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General infroduction
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1. Protein dehydration

Therapeutic proteins and vaccines prepared in a liquid dosage
form may be sensitive to stress, often undergoing physical and chemical
degradation, such as deamidation, oxidation and aggregation in
response to pH, femperature, agitation and surface adsorption [1, 2].
This instability of liquid protein formulations may negatively impact the
safety and efficacy upon administration. In contrast, a dried protein is
generally more stable because of the lack of water for reactant
mobilization [2]. Thus, protein dehydration is a means for developing
stable protein/vaccine formulations with prolonged shelf-life, as
compared to liquid protein formulations.

The most commonly used profein drying methods are
lyophilization and spray-drying [3, 4]. For lyophilization, protfein
formulations are frozen and the water is removed by sublimation at low
pressure [4]. In the case of conventional spray-drying, a protein solufion
is atomized via a nozzle, and dried using heated air in a spraying tower
[5]. In order to maintain the desired stability, and correspondingly the
protein activity, the residual water content in dried protein formulations
should generally be no more than 3% (w/w). Lyophilization and spray-
drying methods are used to prepare commercially available
pharmaceuticals and biologics, such as peptides [6], hormones [7-9],
enzymes [10], blood plasma [11], DNA [12], inactivated viruses in
vaccines [13, 14] and proteins [15-17]. However, both processes are not
without their limitations; lyophilization is costly and time consuming, and
the freezing and drying steps can lead to the denaturation and
aggregation of proteins [18], while the combination or individual effect
of heat and the air/water interface in conventional hot air spray-drying
method may destabilize proteins [19-21].

An alternative to these drying methods is to use supercritical
carbon dioxide (scCOz2), where high pressure COz2 is used as the drying
medium. CO2 is non-toxic, non-flammable, inexpensive, readily
available and recyclable [22], and is a supercritical fluid above 75.8 bar
and 31.5 °C (Fig. 1). It is possible to fune the density, and thus the solvent
power, of the scCO2 by changing pressure and temperature [23]. It has
previously been shown that scCOz2 spray drying can be used to prepare
proteins powders from formulations containing immunoglobulin G,
insulin, lysozyme, or myoglobin [24, 25]. One of the major benefits of
drying processes with scCOz is that the dehydration can be carried out
at ambient temperature, thereby avoiding the thermal denaturation of
protein. In this thesis, spraying a protein formulation intfo scCO2 has been
investigated as a protein dehydration process.
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Pressure

Gas

T,
Temperature
Fig. 1 Phase diagram, as a function of pressure (P) and temperature
(T), of a substance that can occur as a supercrifical fluid (SCF).
Supercritical CO2 occurs above the critical point (C), i.e., where

pressure and temperature are = 75.8 bar and = 31.5 °C. The
picture is taken from Nalawade et al. [38].

2. Supercritical carbon dioxide spray drying methods for proteins

With the supercritical CO2 spray drying process, a protfein
formulation filled in a high pressure syringe pump is atomized by the CO>
via a nozzle at a constant flow rate into a drying vessel filled with scCO>
[26] (as shown in Fig. 2). The water removal from the atomized droplets
is carried out in the vessel by mass transfer between water and CO>
phases at a constant operating pressure and temperature. The
atomization process influences the rate of water evaporation upon
drying and the particle size of the resulting protein powder. For a batch
process, the dried protein products are collected on a filter after the
depressurization of the vessel. Powdered products of model proteins
such as lysozyme [27], myoglobin [28] and immunoglobulin G [28] have
already been prepared in order to evaluate the dehydration method
by the scCO- spray drying process. However, in some cases, the scCO2
spray drying could destabilize proteins or induce the formation of
aggregates.

As the solubility of water is low in scCO2, modifiers (such as
dimethyl sulfoxide (DMSQO) [29]. DMFA [28], ethanol [28], methanol [30],
ethyl acetate [28], dichloromethane (DCM) and 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP) [31]) have been added to the scCO2to enhance the
drying kinetics. In a previous drying study, ethanol was used to enhance
the solubility of water in scCO2 when spray drying protein-tfrehalose
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formulations. However, residual ethanol was found in the resultant CO»-
dried powder, which may lead to destabilization of the proteins, as
detected by changes in protein structure and an increase in aggregate
formation [32]. To eliminate the ethanol, a secondary drying step, such
as vacuum drying, was required [33]. For these reasons, the use of
organic solvents in COz2 spray drying is not desired.

Y

protein (liq)

XscCOZ

Heater

co,

PR, A
CO,+H,0

Fig. 2 Schematic set-up of the CO2 spray dryers used in this study. P and
T are the abbreviations of pressure and temperature, while Xscco2
and Yproteiniq) indicate the flows of scCO2 and liquid protfein
formulation.

3. The challenge of supercritical drying methods and the choice of
excipients on protein integrity

In confrast with numerous studies about harmful effects of
lyophilization and conventional spray drying on protein structure [34-36],
there is only limited information available in the public domain about the
effects of scCO2 drying methods on the stability of proteins, both during
processing and storage. Since the drying process using scCO:2
fundamentally differs from freeze-drying and spray drying, the
detrimental effects on protein integrity may also be different. The main
factors of scCO2 drying, such as pressure, femperature, atomization,
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acidification, flow rates of carbon dioxide or protein solution, may affect
the stability of proteins.

From previous studies, it has been observed that scCO2 drying
affects the structure and bioactivity of excipient-free protein
formulations [32, 33]. Upon reconstitution of the dried products, the
bioactivities of lysozyme [37] and lactate dehydrogenase [37] had
decreased as compared fo their original solutions. Moreover, changes
in the protein structures were found, with one study showing a decrease
in the a-helix content or an increase in the R-sheet structure of lysozyme
[29]. For scCO2 spray dried myoglobin (with or without a sugar excipient),
no changes in the secondary structure were observed after the drying
process, although there was a decrease in the heme-myoglobin
interaction as well as the formation of insoluble myoglobin residues [26].
In this case, adding a sugar excipient helped stabilizing the protein [26].

When freeze-drying proteins, formulation excipients (e.g., buffer,
sugar and surfactant) are often used to stabilize the protfein during
drying [3]. For example, trehalose is an osmolyte that can form H-bonds
with a proftein molecule, helping to maintain the structure and
functionality of the protein when it is subjected to chemical and/or
thermal stress, dehydration and freeze damage from ice crystal
formation during freeze-drying [3]. For scCO2 spray drying, the
processing conditions are very different compared to freeze drying, and
may therefore require different excipients and formulations to achieve
the same protein stability. To date, however, the efficacy of protein
stabilizers during scCO2 spray drying has yet to be fully elucidated.
Moreover, the complexity of the pressurization system and the properties
of scCO:2 (e.g., atomizing scCO2 and scCO2 drying medium) make it
difficult to study the influences of scCO2 spray drying parameters on
protein integrity. However, through a systematic study of the processing
parameters, it may be possible to better understand the scCO2 spray
drying mechanisms and the role of formulation excipients in maintaining
the protein integrity, making it ultimately possible to tune the processing
conditions in order to prepare stable dried protein formulations.

4. Aims of thesis

The main goals of this thesis are to understand the scCO:2 spray
drying mechanisms and parameters that influence the stability of
proteins, to evaluate the excipients fo stabilize protein formulations
during scCOz2 spray drying, and fo study the scalability of the scCO:2
spray drying process. For this study, lysozyme and myoglobin were used
as model proteins. More specifically, the detailed aims are as follows:
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e To study the scCO2 spray drying parameters (i.e., pressure,
protein solution and COx: flow rate, feed volume) without the use
of organic solvents, in order to produce dried protfein
formulations with minimal residual water content in a single
drying step

e To evaluate the scalability of the scCO2 spray drying process

e To gain fundamental insight into the effect of the CO2 spray
drying parameters at sub- and supercritical conditions (65-130
bar and 25-50°C) on the stability of myoglobin

e Tounderstand the effect of the CO2/water interface and pH shift
on heme destabilization and aggregation in myoglobin solutions
using a gas bubbling method at atmospheric conditions.

e To evaluate the influence of pharmaceutical excipients on the
stability of myoglobin in terms of heme binding and aggregation
during scCOz2 spray drying

5. Outline of the thesis

Particle characterization methods are important for evaluating
the properties of drug-containing particles engineered by scCO:
processes, in order to ensure that they exhibit the desired characteristics
for drug delivery. Chapter 2 is a review of the particle characterization
technigues most commonly used in evaluating particles produced by
scCOz technology.

As the use of organic solvents in scCO2 was previously shown to
affect protein integrity, a single-step organic solvent free scCO2 spray
drying process is investigated in Chapter 3, with the aim fo produce a
dried protfein powder with a target residual water content of max. 3%
(w/w). The residual water content of the powdered product is studied as
a function of pressure, volume of protein feed solution, and the flow rates
of both the CO2 and the protein solution. The study is carried out by using
lysozyme as a protein model. The best processing conditions are further
used to prepare dried formulations of other model proteins, including a-
lactalbumin, a-chymoftrypsinogen A and a monoclonal antibody. In
addition, the scalability of the scCO2 spray drying process is evaluated
by simply controlling the atomization by maintaining the same gas-fo-
liguid mass ratio on each scale.
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Even when using the best conditions obtained in Chapter 3,
scCO2 spray drying without organic solvent still resulted in the
destabilization of the model protein myoglobin, as was seen from the
partial loss of heme and the formation of protein aggregates. The study
of Chapter 4 aims to reveal the influence of the critical parameters
associated with the scCO2 spray drying process, such as pressure,
temperature, pressurized CO2 and the combined spraying and drying
steps, on myoglobin’s structural integrity. In relatfion to this, Chapter 5
shows the effect of acidification and the COz/water interface on
myoglobin stability using a gas bubbling method under atmospheric
condifions. The results are compared to those obtained with N2 gas
bubbling, which has been used as a control, fo study the influence of
gas/water interface on proteins without lowering the pH. Building upon
the results from Chapters 4 and 5, Chapter 6 demonstrates the effect of
pharmaceutical excipients on myoglobin, for further development of
stable dried myoglobin formulations prepared via scCO2 spray drying.
Finally, the overall results are summarized and the main conclusions and
prospects are discussed in Chapter 7.
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Abstract

This review focuses on characterization methods for
drug/excipient parficles produced with supercritical CO2 (scCO2)
particle engineering technologies. Proper characterization of particles
can guide opfimization of their production process and provide an
indication of theirin vivo behavior. In particular, characterization
techniques for particle size distribution and morphology, drug loading
and release, structure of matrix components, biotherapeutic activity,
porosity analysis, particle surface, surface charge,
toxicology/biocompatibility and residual solvent/water analysis, are
discussed. Moreover, we discuss particle analytical tfechniques that are
not commonly used in the scCOa2 research field but are of potential use
for pharmaceutically relevant scCO2-engineered particles. These
techniques often work synergistically in parficle characterization by
mutually supporting the interpretation of their outcomes, which is crucial
to efficiently develop a successful production process of drug/excipient
particles.
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1. Introduction

Therapeutic agents, such as small molecules, proteins and
vaccines are often formulated in a mafrix that may consist of
biopolymers, sugars, polysaccharides, porous materials (e.g., silica) or
inorganic compounds. The preparation of these maftrices in particle form
has been shown to improve drug delivery in several ways, e.g., by
allowing the use of less invasive administration routes, improving drug
stability, conftrolling the release profile, increasing bioavailability and/or
selectively targeting of particular tissues or cell types [1-3]. Some
pharmaceutical particle products have already obtained market
approval and are currently used in established treatments of diseases
[4]. One example is an anficancer agent, formulated as
paclitaxel/albumin nanoparticles with improved solubility and delivery
of the drug into endothelial cells when compared fto fradifional
paclitaxel formulations [5].

Various characteristics of the parficles have been shown to
greatly influence the performance of the particulate formulation.
Particle size, among others, is of significance in the process of drug
administration, where typically particles with a size range between 0.1-
0.3 um are used forintravenous (V) delivery, 10-200 um for subcutaneous
or inframuscular delivery [6], 1-5 um for pulmonary delivery and 0.1-100
um for oral delivery [7]. In most cases, particles have to reach their target
site through the blood circulation system. After entering the vascular
bed, particles can escape from the circulation through openings, also
called fenestrations, of the endothelial barrier. The size limits of these
openings for different organs has been summarized elsewhere and is a
contributing factor to the typical particle size dependent biodistribution
of particles in the body. Although it is roughly said that particles have to
be smaller than 150 nanometer to cross the endothelial barrier, there are
several reports that indicate penetration of particles much larger than
the limits of these opening [8]. These observations have mainly to do with
pathological conditions where the vasculature and the fenestrations
undergo changes in size and allow penetration of larger particles. For
instance nanoparticles as large as a couple of hundred nanometer in
diameter have been used to target tumor cells [, 10]. In a different area
of application, the particle size is a critical factor in induction of
immunogenicity in  vaccine delivery systems [11, 12]. Briefly,
nanoparticles target the CD8* T cell responses and dendritic cells while
microparticles (2-3 um) activate macrophages. Size is just one attribute
of particle characteristics and there is a vast amount of information
concerning the relevance of other properties of particles in various
pharmaceutical applications.
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The above-mentioned relations between the particle
characteristics and their window of potential function indicate that,
regardless of the application, the engineering of particles for drug
delivery requires comprehensive characterization of the physical,
chemical and biological attributes of the particles. A good
characterization provides required data for understanding the property-
function relations and for the opfimization of particle production
processes and therapeutic efficacy. Thus, careful selection of
characterization techniques is crucial for the development of stable and
effective drug delivery particles.

Particle preparation for pharmaceutical applications is typically
carried out by conventional techniques, such as miling, solvent
evaporation and spray drying [13], or relafively new methods such as
supercritical carbon dioxide technology, cryogenic technologies, and
nanomilling [14]. Milling involves the use of a mechanical force to break
up a material into smaller particles, typically in the range of 1-100 um.
While such methods are inexpensive, the particle size and homogeneity
that can be achieved are often limited [15]. Particle formation by
solvent evaporation is a simple method for preparing particles over a
broad size range. However, residual solvents can remain in the particles
[16], which may lead to cytotoxicity upon administration. Spray drying
produces powder product by atomizing a solution to form droplets that
are subsequently dried by hot air. While it is a fast and easily scalable
process that is capable of achieving narrow particle size distributions in
the range of 0.1 to 1000 um, the high temperatures needed for drying
can lead to degradation of biological compounds [17-19]. Cryogenic
technologies, such as freeze drying, rely on sublimation to produce dried
products. They are considered fo be a mild process and are generally
used for the dehydration of biotherapeutics. However, the particle size
of freeze-dried products is not well-controlled. Moreover, such methods
are energy intensive and time consuming [20].

Among these techniques, the use of supercritical CO2 (scCO2) to
create multicomponent drug/excipients particles is of particular interest
for several reasons [21]. ScCO2 has a relatively mild critical pressure (7.4
MPa) and temperature (301.4 K), allowing processing of thermolabile
substances at desirable temperatures [22-24]. It is also inexpensive,
nontoxic and relatively inert [25].

Moreover, scCO2 technology can be used to process a broad
range of drug formulations from a variety of materials with controlled size
distributions and specific particle morphologies [21, 26-29], in particular
to develop drug carrier systems [26, 30, 31] and fo improve drug
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bioavailability [32]. A review article of Campardelli et al. [31] infroduced
several scCO2-based particle production techniques that allow for
preparation of solid nanoparticles, nanostructured and nanoporous
microparticles, and nanoporous materials. The literature cited in this
review demonstrates that there is a large, heterogeneous array of
particles for pharmaceutical applications that have been engineered
by using scCO2 technology [33]. These parficles have been
characterized by various techniques and literature data show that the
methods used to characterize drug/excipient particles are numerous
and aiming for a broad range of properties, while no standard tesfing
procedure has been implemented (Table 1 and Fig. 1). Moreover, it is
apparent from these articles that the influence of the processing
conditions in scCO2 processes on the resultant particle characteristics is
not well understood, compared to conventional particle production
methods.

The aim of this review is to discuss the strategies and methods
used for the characterization of scCO2-produced drug-containing
particles. In particular, the techniques are categorized with respect to
their targeted properties, i.e., particle size distribution and morphology,
drug loading and release, structure of matrix components,
biotherapeutic activity, surface chemistry, porosity, surface charge,
toxicology/biocompatibility and residual solvent/water. This review will
take info consideration the strengths and weaknesses of each
characterization technique, and also include a list of methods that may
potentially be useful as additional characterization methods for particles
produced with scCO2 technology. Table 2 summarizes techniques that
have been used to characterize particles prepared by scCO2
technologies (indicated by an asterisk when such a technique is used in
one of the cited articles in Table 1) as well as techniques that have been
used for particles prepared with other methods and can be useful for
characterizing drug-containing particles engineered by scCO:2
technologies. In the review of each technique special attention will be
paid to highlighting the way characterization can help improving the
production and application of particulate drug delivery systems.
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The frequency of use (%)

100 1

80

604

40

20 4

Druglexcipient
structure

|
Size, distribution | Drug loading
and morpholegy | and release

Particle characterization techniques

Fig. 1 The frequency of use of particle characterization techniques used in

scCO2 technology. Abbreviations; AFM (Atomic force microscopy), Cytox
(Cytotoxicity by in vitro and in vivo assay), DLS and LS (dynamic light
scattering and laser diffraction), DSC (Differential scanning calorimetry),
EDX (Energy dispersion X-ray spectroscopy), FTIR (Fourier transform infrared
spectroscopy), HPLC (high performance liquid chromatography with UV
detector), IVR (In vitro release and dissolution study), Porosity (Brunauer-
Emmett-Teller surface area analysis and Barrett-Joyner-Halenda
determination, N2 absorption and pore size distribution), SEM (Scanning
electron microscopy), Solvent analysis (Gas chromatography), TGA
(Thermogravimetric analysis), TEM (Transmission electron microscopy),
UV/Vis (UV/Vis spectroscopy), XPS (X-ray photoelectron spectroscopy).
XRD (X-ray diffraction), and ZP (Zeta potential measurement).
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Chapter 2

2. Supercritical carbon dioxide-mediated particle engineering

2.1. scCO2 as a solvent

Several methods use scCO2 as a solvent for drug and/or
excipient, and rely on a reduction in pressure to induce particle
formation. The first method of this category is often referred to as the
Rapid Expansion of Supercritical Solutions (RESS) fechnique [34]. After the
constituents are dissolved in scCO2, the mixture is depressurized over a
nozzle. The resulting expansion of scCO2 reduces its solvation power,
leading fo supersaturation of the mixture and precipitation of the solute
to form particles. The use of this technique is offen limited, as scCO2
remains a poor solvent for most of the polymers and pharmaceutical
compounds, making RESS-like processes a less viable option for the
production of particles containing them [33].

One way to overcome the limited solubility is by using an organic
co-solvent, which can be added to increase the solubility of drug or
polymer in the scCO2. However, when working with organic solvents,
there is the risk that some solvent remains in the particles, therefore
requiring additional drying steps to remove it. Moreover, the solvent may
also cause particle agglomeration [33]. Variations of the RESS method
include a non-solvent RESS process (RESS-N), which relies on the
differences in solubility of an excipient and drug in scCO2 to promote the
precipitation of the excipient on the already prepared drug particles to
create microparticles with a core-shell structure [35-37], and the
spraying of the supercritical solution info a liquid solvent (RESOLV), to
obtain a suspension of micro- or nanosized particles [33, 38].

The second technique that makes use of scCO2 as a solvent is
scCO2-assisted impregnation. When a saturated solution of drug in
scCOzis brought intfo contact with insoluble excipient particles, the drug
can be loaded into the particles by two mechanisms [39]. In the first
approach, rapid depressurization of the scCO2/drug solution allows for
the drug to be deposited inside the particles, which often consist of a
polymer or silica matrix. During such a process, it is possible that the drug
can deposit outside the excipient particles, leading to an
inhomogeneous mixture of drug and excipient molecules. The second
mechanism involves drug adsorption by the excipient, which relies on an
interaction (e.g., H-bonding) between the solid excipient particles and
the drug [39]. When the excipient is a polymer, scCO2serves not only as
a solvent for the drug, but also promotes diffusion of the scCO2 solution
intfo the polymer matrix by swelling of the polymer[40].
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In the third method, that is Supercritical Fluid Emulsion Extraction
(SFEE) technique, a scCO2 solvent can be used to dissolve and extract
the organic phase of an emulsion. In this case, the drug and other
particle constituents are dissolved in the organic phase of a traditional
oil-in-water emulsion and scCO2 is a non-solvent for the particle
constituents that can exiract the organic solvent very rapidly and
efficiently. The extraction of the organic phase will produce an aqueous
suspension of microparticles, which can subsequently be filtered and
dried to obtain a powder. One of the benefits of SFEE is that the particle
size can be confrolled by manipulating the size of the droplets in the
emulsion [41]. In addition, the aqueous phase is supposed to prevent
agglomeration [41]. This method was originally developed by Shekunov
et al. [42] for the preparation of pure nanoparticles of cholesterol
acetate, griseofulvin and megestrol. It has also been used to create
drug/polymer particles with Eudragit® and poly(lactic-co-glycolic
acid) (PLGA) [41, 43-46].

2.2. scCO2 as a non-solvent

The fact that most drugs and polymers have a poor solubility in
scCO2 can also be exploited in particle formation techniques, where the
scCOz2is then used as an anti-solvent. In processes like Supercritical Anti-
Solvent (SAS) and Precipitation with Compressed Anti-solvent (PCA), a
solution of drug and excipients is sprayed into a precipitation chamber
containing scCOz2 [47]. As the scCOz2 dissolves into the sprayed droplets,
the solubility of the constituents in the droplet decreases, leading to the
precipitation of micro- or nanosized particles [48]. These anfi-solvent
processes often lead to very small (down to nm size range) particles, as
the rapid precipitation limits the possibility for the parficles to grow.
However, an additional organic solvent is often employed in anfi-solvent
processes to enhance the mass transfer between scCO2 and
drug/excipient solution, leading to remaining of a residual organic
solvent content in particles [47], which may cause cytotoxicity upon
drug administration.

Several modifications of the scCO2 anti-solvent process have
been developed, to improve the atomization and to create particles
with narrower size distributions. Chattopadhyay et al. [49] developed the
Supercritical Anti-Solvent with Enhanced Mass Transfer (SAS-EM) process,
where an atomizing tip with ultrasonic frequency is used to improve mass
transfer between scCO2 and the drug/excipient solution. The same
technique was used by Lee et al. [50] to produce microparticles of
paclitaxel and poly L-lactic acid (PLA). In a variation of this method
called the Supercritical Anti-Solvent Drug-Excipient Mixing (SAS-DEM)
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process, a drug solution is sprayed intfo a suspension of excipients in
scCO2. This causes the drug to precipitate in composite particles
containing the excipient. This method is used to avoid agglomeration of
drug particles and improve the dissolution rate by increasing the surface
area [51-53].

2.3. scCO7 as a solute

scCO2 can dissolve in many polymeric matrices, causing swelling
and lowering of the glass transition temperature [47]. This behavior is
exploited in the Particles from Gas Saturated Solutions (PGSS) process, as
it allows for intimate mixing of a molten polymer and an (insoluble) drug.
Subsequent rapid depressurization of the scCO2 saturated molten
mixture over a nozzle causes a rapid and homogeneous cooling of the
sample, which induces precipitation of solid drug/polymer particles [54].
This method has been used recently to make protein/polymer particles
with several different polymers such as PLGA, PLA and copolymers of PLA
and polyethylene glycol (PEG) [55-57]. In addition, the PGSS technique
has been used to prepare protein-loaded lipid-based particles with a
high protein loading and a controlled released profile [33, 58]. In this
case, the technique has been referred to as Gas-Assisted Melfing
Atomization (GAMA). Despite the ability of the process in producing
particles, it has been reported that the PGSS process is disadvantageous
for preparation of particles in the sulbmicron size range [59].

Moreover, scCO2 can help to improve a traditional hot-melting
dispersion method for manufacturing micronized particles, by lowering
the melting temperature of dispersed active agents [60]. As shown in a
study by Cha et al. [61], the suppression in melting by the supercritical
allows for intfimate mixing between a molten drug (fenofibrate) and a
mesoporous carrier (magnesium aluminometasilicate, Neusilin UFL2) at
only 50 °C, in confrast to the hot-melting method, which was conducted
at 90 °C.

2.4. scCO2 as a drying medium

In a commonly used tfechnique called Solution-Enhanced
Dispersion by ScCO2 (SEDS), the solution is mixed with scCO2 prior o
spraying through a coaxial nozzle [33]. This increases the mass transfer
between the sprayed solution and scCOq, reducing both the drying time
and the extent of particle agglomeration. Alternatively, a similar
scCOz/solution mixture can be sprayed into a liquid phase, to create a
dispersion as in the case of Suspension Enhanced Dispersion by scCO2
(SpEDS) [62-64]. Another modificafion of the SEDS technique was
developed by Zhang et al. [65]: the reverse-emulsion-Solution Enhanced
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Dispersion by scCO2 (reverse emulsion-SEDS), in which an oil-in-water
emulsion containing both drug (5-fluorouracil) and polymer was dried
using an SEDS-like process. However, the emulsion sprayed into the
scCO2 medium was not treated with scCOz prior to spraying. The reverse
emulsion-SEDS is also comparable to the emulsion-combined PCA [66,
67].

Similar to the SEDS process, scCOz is used as a low temperature
drying medium, which is partficularly beneficial for thermolabile
substances [68]. In the scCO2 spray drying process, a protein formulation
is pumped into the drying system, where it is atomized by the scCO2 via
a nozzle into a drying vessel filled with scCO2 [69]. The water removal
from the atomized droplets is carried out in the vessel by mass transfer
between water and scCO2 phases. The scCO2 spray drying has been
used to prepare dried formulations of lysozyme [69], myoglobin [69, 70]
and immunoglobulin G [71] in our laboratories. The two other fechniques
in this category are scCO2 assisted atomization (SAA) and carbon
dioxide-assisted nebulization with a bubble dryer (CAN-BD) [72, 73]. In
both cases, scCOz2 is mixed with a solution of the drug/polymer prior to
spraying, to create either an emuilsion or a solution. The emulsion/solution
is then sprayed into a vessel at lower pressure, where the expansion of
scCO:q facilitates the formation of microdroplets, allowing for fast drying
(several ms) despite the low tfemperatures (32 - 52 °C) [74, 75]. The SAA
tfechnique has been used recently to create gentamicin/albumin
particles and gentamicin/alginate/pectin particles [76, 77]. SAA and
CAN-BD processes are similar to PGSS drying for preparing particles of p-
carotenoid in lecithin as described by Paz et al. [78]. It has been
suggested that proteins can suffer from an acidification by CO.,
however, a suitable buffer can control the pH of protein formulations
during scCO2 drying processes [70].

3. Particle characterization

The order of the presentation of particle characterization
techniques that are discussed in this review paper is based on the
frequency of their use for the analysis of scCO2 engineered particles. As
presented in Fig. 1, more that 50% of the analyses by particle
characterization methods have aimed for investigating one of these
three categories of properties: 1) particle size distribution and
morphology, 2) drug loading and release and 3) drug and excipient
structure. Other properties such as surface chemistry and charge, in vitro
and in vivo drug activity and efficacy, toxicology and others have been
less studied.
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3.1. Particle size distribution and morphology
3.1.1.  Dynamic light scattering (DLS) and laser diffraction (LD)

Dynamic light scattering (DLS) or photon correlatfion
spectroscopy measures the variation of the intensity of scattered light
over time to determine the diffusion coefficient and therewith the
average equivalent-sphere hydrodynamic diameter of particles in a
suspension [79, 80]. This technique can measure particle size in the range
of about 1-1000 nm. DLS measurements are easy fo perform and this
technigue is quite common due to the availability of the necessary
equipment in most laboratories. However, small fraces of large particles
and agglomerates can skew the results, because they scatter light more
efficiently than smaller particles do [8].

DLS analysis was applied to study the effects of the production
parameters of the SAS process with ultrasonic vibration to prepare
uniform PLGA-coated curcumin nanoparticles in the range of 40-63 nm.
The results showed that low power of the ultrasonication (60 W) resulted
in poor mixing of pure curcumin particles, whereas curcumin
aggregation occurred with a high ultrasonic power (420 W) [81]. Another
study by Zhang et al. [65] used DLS to defermine influences of operating
parameters of a reverse-emulsion SEDS process on the particle size
distribution of 5-fluorouracil (an antitumor drug) loaded in a copolymer
PLA/PEG. The results suggested that the nanoparticles with a narrow size
distribution were obtained when the pressure of the SEDS process was
high, but the operational tfemperature and solution flow rate were low.
In this study, the DLS results were supported by the images from scanning
electron microscopy (SEM).

Laser diffraction (LD), similar to DLS, is based on analysis of the
scaftered light. It is in principle a commonly used static light scattering
method in which particle sizes are determined based on an intensity of
scaftered light as a function of scattering angle. LD is suitable for
measurement of the particle size in the range of submicron to millimeter.
LD has been used in studies of Kang et al. [66] and Chen et al. [67] 1O
observe drug-loaded, porous PLA microparticles prepared by PCA
process. The particles were designed for pulmonary drug delivery. In
theory, inhaled drug/excipient particles should have an aerodynamic
diameter (aerodynamic diameter is a function of geometric size and
particle density) in a range of 1-5 um to reach the alveolar airways [82].
The results of the LD measurement suggested that the geometric particle
sizes of drug-loaded porous microparticles were about 10-20 um.
However, due to the porosity of particles resulting in a lower density, the
aerodynamic diameter of drug-loaded PLA porous microparticles was
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about 3 um [66, 67]. Therefore, porous particles with a geometric size
greater than 10 um may have a desired aerodynamic size due to the
low mass densities of particles [83, 84].

3.1.2.  Scanning electron microscopy (SEM)

SEM is used to visualize the morphology or shape of particles in a
dry state. SEM uses a focused beam of electrons to scan the sample.
Various types of signals (secondary or back-scattered electrons and X-
rays) coming from the sample can be detected to create an image, or
gain information about the elemental composition of the surface. The
resolution of a SEM image can be as small as 1 nm [85], while at the
lowest magnification particles as large as hundreds of microns can be
imaged. Based on SEM images, Sane and Limtrakul [86] showed that PLA
nanoparticles loaded with a model drug (retinyl palmitate) from RESOLV
process were different in size due to presence or absence of a
component of retinyl palmitate and excipients in the precipitating
solution. SEM also gave clear images of the agglomerates of retinyl
palmitate/PLA nanoparticles. However, particles seen in SEM images are
dry and therefore their size can be smaller than their hydrodynamic
diameter determined from DLS or some other light inferaction methods
[86]. Moreover, SEM images can be also used for estimation of particle
porosity and the elemental analysis of a particle surface [41, 52, 87], as
explained below.

3.1.3.  Transmission electron microscopy (TEM)

Using TEM, particles with a size range of 1 nm - 5 um can be
imaged [88]. The intensity of electrons after interacting fo a specimen is
detected at the other side of the sample, and then used to create a
sample image [89]. Although better resolutions can be achieved with
TEM (0.1 nm) than with SEM, the sample preparation tends to be more
complex. TEM is also used to visualize the distribution of the constituents
in particles and distribution of particles after uptake [13, 90, 91]. It is
noteworthy that the use of a focused electron beam in TEM may
damage the structure of material samples during the imaging.

A few examples of TEM for particle engineered by scCO;
processes are available (see Table 1). TEM micrographs have been used
to observe the internal structure of particles, e.g., to evaluate whether
there are pores or localized structures in particles that indicate effective
loading with a drug. Kalani and Yunus [13] showed the 15.5 nm thickness
of a PLA outer shell filled with paracetamol inside, after coprecipitating
in antisolvent CO2 process. In addition, the TEM can be coupled with
energy dispersion X-ray specfroscopy in order to analyze presence of
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elements from a drug and excipient in nanoparticles prepared by
Suspension-Enhanced Dispersion by Supercritical CO2 (SpEDS), which is
a modified version of the SEDS process mentioned in section 2.4 [90].

3.1.4. Optical microscopy (OM)

The use of visible light to magnify an object by an objective and
eyepiece lens is probably the oldest particle characterization technique
for micron sized particles. OM has been applied for observing the
formation of the waten/oil/water. emulsion of drug/PLGA microspheres
[41, 44]. The primary wateri/oil emulsion consisted of a water phase (a
drug suspension in a solution of polyvinyl alcohol (PVA) in ethanol or
DMSQO) in an oil phase (PLGA in ethyl acetate), while the secondary
waterz solution was ethyl acetate-saturated aqueous PVA solution. The
emulsion was later infroduced into the supercritical fluid emulsion
extraction (SFEE). After depressurization, the microspheres were formed
while residual organic solvents in the water/oil/water. emulsion were
extracted. The images of OM can be used for simple and fast screening
of emulsion droplet formation. However, other techniques such as SEM
or TEM may be required to observe more details of particle morphology
(41, 44].

3.1.5. Nanoparticle tracking analysis (NTA)

NTA analyzes particles in liquid solutions using the visualization of
the light scattered by single particles and tracking of the Brownian
motion of those particles. The instrument consists of a laser light
scaftering microscope with a charge-coupled device (CCD) camera,
which enables the visualization and recording of the movement of
nanoparticles in suspension, and a software, which will frack and identify
individual nanoparticles moving under Brownian motion and relates the
movement to a partficle size according to the Stokes-Einstein equation.
This technique is suitable for particle sizes between 30 and 1000 nm, and
particle concentrations in the range of 107-109/ml [92]. The
measurement requires a small amount of a sample solution (less than 1
ml).

In a study of Nuchuchua et al. [71], NTA was used to determine
of the nanoparticle size distribution and concentration in the
reconstituted samples of dried protein/trehalose formulations prepared
by scCOz2 spray drying. This study allowed for detection of nanoparticles
in reconstitutions that could be protein aggregates. These results also led
to further studies on the optimization of formulations in order to minimize
the aggregation of proteins induced by scCO:2 spray drying [71].
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3.1.6. Fluid imaging technology

Depending on the design and flow cell characteristics, fluid
imaging microscopy (also called flow imaging microscopy) measures
particles in range of 1 to hundreds of um. Flow imaging microscopy
methods capture picture frames when a solution stream (containing
particles) passes through a flow cell centered in the field of-view of a
custom magnification system having a well characterized and
extended depth-of-field. The images are analyzed to collect data with
respect to count, size, concentration, as well as other aspects like shape
and conftrast parameters [93-95].

ScCOz2 spray drying processing parameters such as pressure,
temperature, pressurized CO2 and spray drying, were studied with
respect to their effects on myoglobin aggregation. By fluid imaging
microscopy, the formation of myoglobin aggregates was observed in
the range of larger than 1 ym after the myoglobin/trehalose formulation
was incubated in the pressurized CO2 (65-130 bar and 25-50°C) without
spray drying. The aggregation was explained to have been induced by
CO2 acidification as the pH of the myoglobin formulafion was
decreased from 6.2 to about 5 [70]. This study is among the few that
raised awareness that the scCO:2 processing under uncontrolled
conditions may destabilize proteins. In other research studies on scCO>
particle formation, biodegradable particles containing biologics were
successfully analyzed by flow imaging microscopy [56, 57].

3.1.7. Light obscuration (LO)

Light obscuration is the blockage of light by particles in a
suspension, when particles pass through the lit pathway. Analysis of the
shadow of particles allows for extracting particle size distribution and
concentration. This technique is able to measure particle sizes in the
range of 1-200 um. LO is currently, besides optical microscopy, the listed
technique in the US and European pharmacopeias for giving
specifications of sub-visible particle concentration in parenteral solutions
[96-98]. LO, however, would give an inaccurate estimation of particle
sizes and concenftratfions where there is a low opftical contrast or small
difference in the refractive index of the particles and the suspending
fluid [93]. Despite the attractive features, LO has not been a frequently
used particle characterization method in the area of particle
engineering by scCO2 fechniques. In the single example included in
Table 1, Sathigari et al. [52] obtained the particle size distribution of
antfifungal ifraconazole microflakes with and without additives by LO
and SEM. However, the average particle size from LO was smaller than
the estimated average size derived from SEM images. As shown by the
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images, the itfraconazole without additives had more of a rectangular
shape, while the itraconazole with additives formed the spherical cluster
of rectangular shape, called microflakes. This study showed that LO has
limitations in analyzing non-spherical particles.

3.1.8.  Scanning mobility particle sizer spectrometry (SMPS)

Scanning mobility particle sizer spectrometry (SMPS) is typically
used for measuring aerosols in the range of 2.5-1000 nm [99, 100]. The
particles are brought to a bipolar charger to create electrical charges
on particles, which are then separated in an electrical field in a
differential mobility analyzer (DMA). The separation is by means of their
electrical mobility (depending on particle diameter and charge). SMPS
is particularly useful for determining size of particles in a solid dosage
form, which is applicable to determine particles for inhaled drugs [101]
and other powdered products [100].

SMPS was intfegrated in a RESS sefup to monitor the size of
naproxen-loaded PLA particles during the expansion in an aerosol
phase. The particle size distribution was obtained and related to the
particle production time in the RESS process. Pure naproxen particles
showed an increase in the median diameter with increasing the
processing time, whereas the naproxen-PLA did not. Thisimplied that PLA
helps to reduce the agglomeration of naproxen [46]. In this case, the in
siftu SMPS in the RESS process assisted fo determine the particle size
distribution before the end of the particle preparation process.

3.1.9. Flow field-flow fractionation (Flow FFF)

Flow field-flow fractionation (flow FFF) has become an interesting
analytical separation technique used as a standard method for size
characterization of protein aggregates and high molecular weight
polymers (>10 MDa) as well as nano- and micro-sized particles. The
separation is based on variations in the diffusion coefficient, described
in the Stokes-Einstein equation, as a function of diameter, tfemperature
and viscosity of samples [47]. Many operation sefups have been
developed such as symmeftrical and asymmetrical parallel plate flow
channels [48-51], frapezoidal asymmetrical parallel plate flow FFF [52-54]
and circular hollow fiber flow FFF [55]. The underlying principle of the
technique, however, remains the same.

Trapezoidal asymmetrical parallel plate flow FFF is a standard
commercially available asymmetrical parallel plate flow FFF (AF4) [47].
In brief, the particles are infroduced into a separation chamber on the
top of a membrane near the inlet of the channel flow medium. Particles
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are pushed and concentrated on the membrane by means of a cross
flow. The different diffusion coefficient of particles allows the small
particles which diffuse back faster to be rearranged on top of the larger
ones. When the secondary flow in the direction of channelis introduced,
the small particle sizes will be firstly eluted at the channel outlet, followed
by the larger particles due to gradient flow speed that is faster in the
center and slower towards the edges of the channel.

AF4 coupling with a refractometer, UV/Vis and fluorescence
spectrophotometers and a multi-angle light scattering detector allows
for determining the size and concenftration of particles [92]. As shown by
a study of MUller et al. [102], TiO2 nanoparticles in a sunscreen were
investigated for the labeling of nanoparticle-containing consumer
products with respect to the EU regulation on cosmetics and food.
Before analyzing the TiO2 nanoparticles, a scCO2 extraction process was
chosen instead of using a solvent extraction method to remove lipid
componentsin asunscreen. Using the AF4 method, the UV detector was
used to determine the concentration of TiO2 nanoparticles while the light
scaftering detection module gave information concerning the
nanoparticle size. The results showed that the size and concentration of
the TiO2 nanoparticles in the sunscreen were comparable to that of the
unformulated nanoparticles. An aggregation of TiO2 nanoparticles was
also observed by the AF4 technique. Despite its capacity, particularly
the wide size range of detection, the AF4 method has not been used to
characterize scCO2-engineered particles.

3.1.10. Disc cenfrifugal sedimentation

With this technique particles are separated based on settling
velocity upon arotation of a disc centrifuge plate [103, 104]. This method
is used for nanoparticle characterization. To determine the size, particles
are infroduced into a rotating disc, which is filled with a slight density
gradient fluid for stabilization with respect to the sedimentation velocity.
Upon cenfrifugation, particles are spun out through the fluid and
detected by light aftenuation. This settling velocity can be correlated to
the size of the particles. The rheological properties of the fluid (density,
viscosity) are calculated using polyvinyl chloride standard particles with
known density and hydrodynamic diameter. This method has been
shown fo be able to distinguish small differences in the size of
nanoparticles in a dispersion, which is quite challenging for many other
techniques such as DLS[105].
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3.1.11. Tunable resistive pulse sensing (TRPS)

This technique measures the mobility of individual parficles. The
system is composed of a tunable membrane with an orifice (a sensing
zone), the two sides of which are covered with an electrolyte solution.
An electrical current is applied to both sides of the electrolyte solution.
When particles are infroduced at one side and pass through the orifice;
the electrical current of the system wiill be temporarily changed giving a
signal of short-lived electrical impedance for each particle. The height
of the signal represents the particle size, whereas the frequency of the
signals is a measure of the concenfration of particles. The flow of
particles through the orifice is confrolled by a vacuum unit. Due to the
electrophoretic mobility, this technique can also perform zeta potential
measurements using Smoluchowski's approximation [106, 107]. TRPS is
applicable to measure submicron-sized particles, such as 100-400 nm
liposomes [108], 570 nm conductive polymer microgels [109], 1T um
magnetic spheres and aggregates [110] and emulsions less than 1 um
size [106]. Although TRPS has not been used to analyze particles
prepared by scCO:2 processes, it is may be a promising method to
determine individual particles in a suspension.

3.2. Drug loading and release

Drug loading is a process to incorporate drugs into carriers,
dependent on the physicochemical properties of drugs and excipients.
Incorporation process is based on several mechanisms of interactions
between the drugs and the carrier such as hydrogen bonding, ionic
interaction, dipole interaction, physical entrapment, precipitation,
covalent bonding or surface absorption [111]. Typically in order to
measure the total amount of drug in the particles, drug/excipient
particles are often dissolved in an agueous medium or organic solvent
and the amount of the drug in the solution is measured by using a variety
of techniques that will be discussed below [112, 113].

Drug release is a reverse process of detachment of the drug from
carriers, to be ready for pharmacological action. A study of drug release
can provide information of drug-excipient interactions and a prediction
of in vivo behavior [111]. By using in vitro drug release tests, the particle
production process can be optimized to achieve the desired release
characteristics before in vivo pharmacokinetic tests are performed. In
addition, in vitro results can guide certain aspects of the design of in vivo
studies, such as sampling fimes [51]. In a typical in vitro release study, a
separation of the drug from a particle matrix is needed. Often this
separation is achieved by means of dialysis. A dialysis membrane will
separate particles from released drug that can diffuse through the
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membrane into a release medium [114]. The release medium is
collected at time intervals and analyzed by a selection of techniques
that allow precise determination of the drug concentration. Use of
cenftrifugation and filtering is also common for separation of the released
drug from the particles. In vitro drug release is usually measured in
physiological buffers at the physiological temperature (37°C) [115].
Phosphate-buffered saline (PBS), with a pH of 6.8 or 7.2, is the most
commonly used dissolution buffer for scCO2 engineered particles (Table
1). Simulated gastric or intestinal fluid has also been used as a dissolution
medium when the purpose is oral delivery. Sometimes additional
reagents such as surfactants (e.g., polysorbate 20, polysorbate 80 or
sodium dodecyl sulfate) or bacteriostatic agents are added to the
dissolution medium to prevent surface adsorption of the released drug
or to hinder bacterial growth in long-term release experiments [116, 117].

For preparation of controlled release particles by scCO2
processes, various carriers have been used such as 1-vinyl-2-pyrolidone,
dextran, PLA, PLGA and PEG (Table 1). Often the drug release
mechanisms are complicated, for instance, for PLGA particles drug
release involves drug diffusion through water-filled pores and a polymer,
osmotic pumping, and polymer erosion. A drug release mechanism
could be predicted by the release profiles in the so-called phase |, Il and
lIl. In the tri-phasic profile, phase lis a burst release due to the attribution
of drugs on the surface of particle, followed by a slow release profile
(phase 1l) of drug diffusion through matrix pores with the beginning of
PLGA degradation. Phase lll is a second burst release after the PLGA
erosion [44-46]. Drug loaded PLGA microspheres showed differences in
tfri-phasic release profiles of phase |, Il and lll, depended on particle size,
morphology and drug loading [44-46, 55-57]. An example study of Porta
et al. [46] prepared insulin-loaded PLGA microspheres by a double
emulsion method with scCOz2 solvent extraction. The results showed that
the size of PLGA microparticles did not influence the loading degree but
had great effects on the release of insulin particularly on the first day of
the experiment.

3.2.1.UV/Vis and fluorescence spectrophotometry and liquid
chromatography

UV/Vis and fluorescence spectroscopy are common techniques
for quantifying the drug loading in the particles and released drugs (see
Table 1 and Fig. 1). Whereas UV/Vis spectroscopy is more
straightforward, fluorescence spectroscopy may be a preferred choice
in cases where the sensitivity of UV/Vis is not sufficient or when excipients
have UV absorbance and interfere with the UV signal. For that purpose
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the drug is sometimes labelled with a fluorescence tag in order to have
a stronger and more selective signal. In addition, there are a variety of
biochemical assays in which interaction of secondary molecules with
the drug results in a color change that is detectable by UV or
fluorescence signals. In another widely used approach, UV and/or
fluorescence detection coupled to the liquid chromatography are
employed for deftermination of the loading and release. Liquid
chromatography allows for separatfion of the drug from excipients,
leading fo enhanced selectivity. Moreover, concentrating the drug
component in chromatography fechnique may increase sensifivity.  As
seen in Table 1, the application of UV/Vis and liquid chromatography is
very broad for determining various categories of drug compounds, such
as proteins [69, 70, 118, 119], nonsteroidal anti-inflammatory drugs [41,
87, 120] and many others [81].

3.2.2.Thermogravimetric analysis (TGA)

Another method that has been used to study the drug loading is
TGA. During a typical TGA analysis, a sample is gradually heated, while
continuously being weighed, thereby measuring the weight gain/loss as
function of the temperature. Mass loss may result from solvent
evaporation, dehydration or degradation of the drug or excipients [121].
TGA can be used to quantify inorganic components in particles by
performing the analysis up to a temperature at which drugs or other
constituents are degraded. For example, in a study by Li-Hong et al.
[122], where ibuprofen was loaded into silica microparticles with the
assistance of scCO2, the TGA curve associated with ibuprofen
evaporation was found at an elevated temperature (150-250 °C) in the
loaded silica microparticles. This study allowed for determination of the
ibuprofen loading degree in the silica particles, showing that an increase
in operating pressures of the scCO2 impregnation process resulted in an
increase in the degree of ibuprofen loading in silica microparticles.

3.3. Structure of drug/excipient components

Particles made by scCO2 are drug/excipient complexes
prepared with different drug depositions or encapsulation approaches
that can result in chemical and/or physical changes in the native
structure of the original components. Below we discuss methods to
determine the structure of drug/excipient components after particle
engineering processes by scCOa.
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3.3.1.Differential scanning calorimetry (DSC)

DSC allows for the identification of the temperatures at which
thermal transitions like melting, glass transition and degradation occur
[123]. The most common use of DSC in scCO2 particle characterization
is to compare the thermal characteristics of particles produced with
scCO2 technology with those of the individual components and/or
physical mixtures. The absence of a melting and/or crystallization
transition in a DSC thermogram may indicate that the material is in an
amorphous state. The formation of particles exhibiting a disordered
structure of drug and excipient, mostly results in an apparent increase in
solubility, dissolution rate and oral bioavailability [124].

Additionally, a DSC thermogram can be used to indicate the
presence of a molecular interaction between certain particle
constituents. In a study by Kang et al. [112], after indomethacin was
loaded in a polymeric matrix by using a SED process, the glass transition
temperatures of the excipients and the melting point of the drug were
lower than those of the physical mixture, indicative of a molecular
interaction between the drug and the polymers. In another study by Cha
et al. [61], the area under the melting peak in the thermogram was used
to quantify the fraction of crystaline drug (fenofibrate) in particles
prepared by a melt-absorption method using scCOs.. In this study, some
level of disorder in the final product was desired in order to promote drug
dissolution rate and bioavailability. DSC could therefore be used to
optimize the production process by comparing crystallinity of particles
produced with different techniques and under different conditions.

3.3.2.8pectroscopic methods
3.3.2.1. Fourier-transform infrared spectroscopy (FTIR)

Infrared (IR) spectroscopy exploits the fact that certain chemicall
groups absorb IR light at characteristic wavelengths, depending on
inter- and inframolecular interactions [125]. Comparing the FTIR spectra
of the pure materials with that of a particulate formulation can confirm
the presence of infended constituents in the particles. In addition, the
technigue can be used to show (the absence of) molecular interactions
between the constituents within a particle. Peak shifts in the spectrum of
the particles indicate a molecular interaction or other changes in the
bond associated with the peak.

After the particle formation by a SEDS process, no molecular
interactions between puerarin and PLA was found. The FTIR signals were
identical to those associated with the original structure of both
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components [63]. In addition, FTIR analysis supported a release study of
puerarin from PLA particles by indicating that a representative peak of
puerarin component completely disappeared after puerarin was
released for 48 hours from microparticles [63]. Similar release studies were
observed in the cases of 5-fluorouracil-SiO2-PLA and methotrexate in
multilayer PLA microspheres, obtained from SAS and SED processes [62,
64], respectively. These results suggested the physical co-precipitation of
drug/excipient by the scCO2 processes. In another study, a complex of
fenofibrate and mesoporous silica (SBA-15) was prepared by the scCO2-
assisted impregnation and studied by FTIR. FTIR spectra revealed a shift
in the peak associated with the silanol group of the silica constituent of
the particle, which the authors ascribed to hydrogen bonding between
the carbonyl group of the drug (fenofibrate) and the silanol group in the
silica. This molecular interaction between drug and excipient indicated
an effective loading of fenofibrate into the silica carrier [126]. In the work
of Jovanovi¢ et al. [118], lysozyme formulations with and without sugar
excipient were dried using a scCOz2 spray drying process. The structure
of a-helix and infermolecular B-sheet of the reconstituted lysozyme was
determined using FTIR. A decrease in the a-helix content (representing
lysozyme destabilization) and an increase in the B-sheet content
(indicating the formation of protein aggregates) were found in the case
of lysozyme formulatfion without sugar. The results demonstrate the
stabilizing effect of sugar on the protein during the scCO:2 spray drying
process.

3.3.2.2. Fluorescence spectroscopy

Fluorescence spectroscopy is a light inferaction technique used
for the detection of fluorophores (fluorescent molecules), which absorb
electromagnetic radiation with a specific energy (called the excitation
wavelength) and emit the energy at a specific wavelength called the
emission wavelength [127]. For protein research, tryptophan residues are
often selectively excited at 295 nm, because their emission intensity and
wavelength  maximum are strongly dependent on their local
environment, and thus can be used to probe changes in protein
conformation [70, 128]. Intrinsic tfryptophan fluorescence emission
spectra of polyclonal IgG were similar before and after exposure of the
protein to a scCOz2 spray drying process, suggesting that its fertiary
structure was fully preserved [119]). Fluorescence spectroscopy was
used to determine the heme loss of myoglobin after scCO2 spray drying.
Basically, the tryptophan residues in myoglobin are quenched by heme,
giving a low fluorescence intensity for native myoglobin. However, the
scCOz2 spray dried myoglobin showed an increase in the fluorescence
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intensity, specifically suggesting that the heme was partially removed
from myoglobin during the sccOz spray drying process [69, 70].

3.3.2.3. Circular dichroism spectroscopy

Another spectroscopic method is circular dichroism (CD), which
is used fo determine the chirality of chemical compounds, which give
unequal absorption of leff-handed and right-handed polarized light
[129]. CD is a useful technique to determine the secondary structure of
proteins in the far-UV wavelength range (190-250 nm), and the tfertiary
structure in the near-UV wavelength range (250-350 nm) as well as the
specific binding properties of proteins (e.g., ligand binding) [69-71, 130,
131]. For a series of scCO2 spray dried protein formulations based on
lysozyme, a-lactalbumin, a-chymotrypsinogen A and monoclonal
antibody, no changes in the Far-UV CD or Near-UV CD spectra were
observed compared to the untreated formulations [71]. This suggests
that there is no change in the secondary or tertiary structures of these
proteins after scCO2 spray drying. In a case study of myoglobin,
however, the visible CD signal from the bound heme group at 409 nm
was decreased after the scCOa2 spray drying process, while the far-Uv
signal of myoglobin was not altered when compared to the untreated
myoglobin, suggesting that the heme binding site was altered, which
could be due to the loss or dislocation of the heme group during the
scCOz spray drying process [69, 70].

3.3.3.X-ray diffraction (XRD)

X-ray powder diffraction is used for characterization of the
crystallinity in solid materials. For a crystalline material, sharp X-ray
diffraction peaks will be visible, which are absent in an amorphous
material. This technique has been used for scCO2 particle
characterization. The absence of sharp peaks observed in the spectrum
of the particles indicated absence of the crystalline state in the nilotinib
(tyrosine  kinase inhibitor)/hydroxypropyl methylcellulose  hybrid
nanoparticles prepared by the scCO: anti-solvent process. The
amorphous structure was shown to lead to an improvement in several
properties such as desired dissolution rate of nilofinib, improved Gl
absorption and bioavailability in male beagle dogs [132]. XRD was also
used to study the crystallinity of sugar excipients in a scCO:2 spray dried
protein formulation. Immediately after spray drying, the X-ray diffraction
peaks of sucrose were absent, but were later detected after 1 month
storage at 4 °C [118]. The presence of a crystalline state is in many cases
undesirable, as it can be an indication that the drug and other
excipients are not molecularly dispersed. Presence of crystalline
structure in the drug or excipients may suggest that the drug is locally
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deposited on the surface of microparticles (rather than being mixed).
For example, the incomplete encapsulation of 10-hydroxycamptothecin
in PLA by a scCO2 anti-solvent process led to appearance of clear peaks
form the crystalline structure of the 10-hydroxycamptothecin [133]. In a
different study, the polymorphism of the anti-inflammatory drug diflunisal
was observed by XRD, after its precipitation in polyvinylpyrrolidone in a
scCO2 anti-solvent process. The polymorphism of diflunisal influenced its
dissolution [134].

3.4. Particle surface analysis
3.4.1.Energy dispersion X-ray spectroscopy (EDX)

When a sample is irradiated with an electron beam, electrons
present in the sample can be displaced from their electron shell. When
this ‘vacancy’ in the electron shell is filled by an electron from a higher
energy electron shell, X-rays are emitted to release excess energy. The
energy of these X-rays is characteristic for the element from which they
are emifted, which is exploited in the EDX fo investigate the elemental
composition of a sample [135].

By combining this technique with SEM, a presence of a
discriminating element (that is present in one particle constituent, but
not in others) can be visualized within the SEM/EDX image. In several
studies this method has been used to investigate the distribution of the
drug within parficles, or to confirm that drug/polymer particles were
produced. In a study by Kalani et al. [13], the absence of chlorine in a
final product confirmed the successful elimination of the chlorinated
solvent used during SAS process. Della Porta et al. [41, 45] showed the
distribution of piroxicam or diclophenac sodium on a PLGA matrix after
scCO2 processes, by analyzing the distribution of the sulfur atom of
piroxicam and the chlorine atom of diclophenac sodium. The SEM/EDX
images showed low intensity of fenofibrate's chloride atom when
fenofibrate was successfully impregnated in mesoporous silica using the
scCOz2 loading process, compared to its physical mixture [136]. A similar
result was found when fenofibrate was distributed info the pores of
Neusilin® UFL2 (magnesium aluminometasilicate) [61]. Moreover, the
group of Compardelli et al. [137] coupled EDX analysis fo TEM to analyze
hollow gold nanoparticles (HGNs) in PLA nanospheres, which were used
fo encapsulate rhodamine using a non-solvent CO2 process. The EDX
spectrum presented the composition of gold (the Au peak), and also
the residual impurity of cobalt and chlorine from the synthesis of HGNs.
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3.4.2.X-ray photoelectron spectroscopy (XPS)

XPS is used to measure the elemental composition of the
particle surface. The technique is comparable fo EDX, but the sample
iradiation occurs with X-rays instead of an electron beam. In XPS, the
electrons displaced by the X-rays (photoelectrons) are detected. The
energy of the photoelectrons are characteristic for the elements
emitting them and the number of photoelectrons emitted is directly
proportional to the abundance of an element [138]. The biggest
difference between the application of EDX and XPS is that XPS measures
the elemental composition of the particle surface at its outermost layer
up to tens of nm in depth whereas EDX provides elemental information
from a depth of hundreds of nm to a couple of um. The chance that
photoelectrons escape the sample decreases exponentially with
increasing depth. XPS was used by Montes et al. [139] fo demonstrate
that a shell was actually in place in particles that had a core-shell
structure. In this study, using a SAS process to encapsulate amoxicillin in
ethyl cellulose particles, UV/Vis spectrophotometry gave about 35-50%
loading efficiency of amoxicillin. However, the photoelectrons emission
of the nitrogen atom in amoxicillin was not found on the particle surface
by XPS, suggesting that the amoxicilin was located in the core
surrounded by the ethyl cellulose shell. In a study by Chen et al. [87], XPS
was used to investigate the localization of FesO4 nanoparticles within
PLA-magnetic microparticles, which were prepared using the
Suspension-Enhanced Dispersion by supercritical CO2 (SpEDS) process.
The authors concluded that the nanoparticles were successfully
encapsulated inside the microparticles, rather than adhering to the
surface.

3.4.3. Atomic force microscopy (AFM)

AFM is used for studying the topography of a particle surface.
AFM analysis is based on the interaction force between a tiny tip (usually
made from silica or silicon nitride) on a cantilever and the sample when
the fip is dragged on a sample surface. The interaction results in the
deflection of the cantilever that is reflecting a laser light to a photo
diode detector. The deflection data is therefore recorded and turned
info a constructed image on the operating computer during measuring.
AFM is mostly used to create high-resolution images in the nano-scale
range [140]. The drug loading in particles may change a particle surface
as found in a study of Della Porta et al. [45] where they studied the
surface roughness of drug/PLGA microsphere particles produced by a
scCO2 technique and an emulsion method. The surface of drug/PLGA
particles from both preparation methods was moderately wrinkled,
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whereas that of the pure PLGA particles was smooth, indicating that the
wrinkles on particle’s surface may be related to the drug dispersion in
the PLGA polymer.

3.5. Porosity analysis

3.5.1.Brunauer-Emmett-Teller (BET) surface area analysis and
Barrett-Joyner-Halenda (BJH) pore size and volume
analysis

In pharmaceutics, a porous drug carrier such as mesoporous
silica and magnesium aluminometasilicate, provides a high surface area
fo increase drug loading capacity [61, 141, 142]. Porous particles are
characterized in terms of surface area and porosity analysis before
loading drugs in order to check pore availability. After filling with drugs,
the surface area and porosity of the particles are normally decreased.
The analysis of gas adsorption is a widely used characterization
technique for porous materials [143]. The measurement is commonly
conducted at -196 °C, the gas molecules (typically N2) are allowed to
absorb as a monolayer on the free surface of the particles. A rise in
pressure leads to complete gas filling into pores. Changes pressure and
analysis of the adsorption phenomena can be used to calculate the
surface area and pore size and volume distributions by using theoretical
equations by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH), respectively [144, 145]. However, the gas absorption would be
influenced by a heterogeneous surface of the particles [143].

Neusiin  UFL2 is a fine porous powder of magnesium
aluminometasilicate used for drug absorption. Cha et al. [61] used the
above-mentioned method to analyze the surface area and pore size
distribution of Neusilin UFL2 excipients. The specific surface area and
total pore volume of Neusilin UFL2 decreased with an increasing
fenofibrate-to-Neusilin UFL2 ratio. As compared to hot-melt adsorption
and solvent evaporation methods, the supercritical CO2 method
facilitated complete pore filling of fenofibrate into the pores of Neusilin
UFL2. Similar results were obtained by Ahern et al. [136] and Li-hong et
al. [122] who reported a reduction of the pore volumes of silica
microspheres after drug loading processes with scCOa.

3.5.2.High-pressure mercury intrusion porosimetry (HPMIP)

In a typical infrusion porosimeftry, a non-wetting liquid is infruded
info a porous material at high pressure. Mercury is the most commonly
used substance for this application due to its non-wetting properties on
solid surfaces. An external pressure is used to force mercury into the
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pores, to overcome the surface tension of the liquid and the angle of
contact with the solid surface. The employed pressure and volume of
mercury after intrusion and extrusion is used to determine the pore size
and volume network, pore size distribution, density and particle size.
[146]. This fechnique can be applied for pore sizes between 3.5 nm and
500 um [146]. For HPMIP to be effective, the pore structure needs to be
accessible via the surface of the particle, and also interconnected.
Usually HPMIP shows smaller pore sizes compared with SEM or opfical
micrographs [146].

In recent studies [66, 67], solid microspheres of lysozyme/PLA with
ammonium bicarbonate (used to make pores) were formed by the PCA
process. In order to obtain porous microparticles, the ammonium
bicarbonate was eliminated in a vacuum step and HPMIP and SEM were
used to determine the porosity of particles, which was then used to
evaluate their potential aerodynamic behavior. The result showed that
anincrease in particle porosity led to a decrease in a density of particles,
which in turn influenced the aerodynamic behaviour [66, 67].

3.6. Surface charge

The zeta potential is a measure of the surface charge of particles
in a suspension [147]. More specifically, it is the average electrostatic
potential between the slipping plane of a particle and a point in the fluid
phase (away from the particle) [148]. Zeta potential is not measured
directly, but theoretical models are used to calculate it [149].

Zeta potential is often used to predict the colloidal stability of
drug-loaded particles produced by scCO:2 processes [91, 132, 150]. A
large absolute zeta potential will result in repulsion between particles,
which increases the colloidal stability of suspensions by reducing
agglomeration [151]. Absolute zeta potentials above 30 mV are
generally required for sufficient electrostatic stabilization, although steric
stabilization can supplement a relatively low electrostatic stabilization.
The zeta potential was used as an indicator to evaluate incorporation of
positively-charged lysozyme in negatively-charged CaCOs particles
during a scCO2 process. The results showed that the negative zeta
potential of CaCOs particles was decreased when lysozyme was
incorporated into the particles [152].

A particle’s zeta potential also may affect its pharmacokinefics,
mucoadhesion and toxicity, but these aspects have not been
addressed in studies dealing with scCO2 engineered particles presented
in Table 1. Zeta potential has been manipulated to achieve a desired
targeting or biodistribution. Chitosan, a deacetylated derivative from a
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naturally occurring polysaccharide, can be used to produce particles
with a positive zeta potential [153]. This positive charge gives the
particles mucoadhesive properties where the negative charge of the
mucus and mucosal surface promote electrostatic interaction with the
particles [153, 154]. Zeta potential has also been reported to affect
profein adsorption; for instance, positive zeta potentials result in more
adsorptfion of bovine serum albumin, which has a negative zeta
potential at pH 7.4 [9, 155, 156]. The cytotoxicity of nanoparticles has also
been related to their surface charge; positively charged particles tend
to be more cytotoxic in non-phagocytic cells and could cause
membrane damage. Negatively charged particles are more likely to
cause infracellular damage and apoptosis [157].

3.7. Biotherapeutic activity and efficacy

A major goal in clinical pharmacology is to understand the dose-
effect of designed drugs on biotherapeutic efficacy. The intrinsic activity
has to do with the determination of biological responses regarding to an
affinity of drug binding to a receptor, while the potency is related to the
amount of drug required to give a therapeutic effect. For drug delivery
applications, it has been suggested that particle formation by scCO>
processes can improve biotherapeutic efficacy, drug targetfing or
reduce drug toxicity. However, as shown in this review paper, most of
the studies so far are mainly focused on optimizing conditions for the
preparation of drug/excipient nano- and microparticles for an
application and only a limited number of studies go beyond particle
preparafion. The testing of drug activities in these papers are mostly
carried out by in vifro methods that are related to the original activities
of model drugs such as enzyme activity [66, 152], antioxidant property
[158], antibacterial activity [76] and cell culture based assays (e.g., cell
proliferation and anfitumor activity) [91, 112] [67]. In addition, a few
cited articles show that nano- and microparticles engineered by scCO>
technology are applicable to vaccine and therapeutic protein delivery.
For these specific applications, animal models (e.g., rats, rabbits and
monkeys) are used to observe drug bioavailability after infravenous,
oral, subcutaneous, and pulmonary administration. Drug levels and
therapeutic efficacy in biological systems are usually determined by
withdrawing blood serum from the animals [55, 65]. Particle based
formulations often show improved biotherapeutic efficacy and
bioavailability with the effect of a sustained drug release. For instance,
a single shot tetanus toxoid/PLGA microparticles from the PGSS
(NanoMix™) process was able to maintain the anfigen activity for five
months and potentially repeat the stimulation of antigen presenting cells
that, in turn, could lead to the elimination of the need for booster
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dosage of the vaccine [55]. In another example, 5-fluorouracil-loaded
PLA-PEG/PEG nanoparticles prepared using the reverse emulsion-SEDS
process showed a prolonged drug release and half-life, as well as an
increase in diffusion info a fumor tissue. Compared to the non-
particulate 5-fluorouracil, the nanoparticles improved an inhibition rate
on tumor cells and increased the lifespan by a factor two [65].

3.8. Toxicology

In vitro experiments are important for the initial toxicological
studies of micro/nanoparticles because they can provide mechanistic
information and are inexpensive compared to animal studies [159, 160].
There are several in vitro assays for cytotoxicity, which can measure cell
viability or test for a certain mechanism of toxicity [161]. Cell viability
assays evaluate ftoxicity of particles by monitoring processes like
membrane integrity, metabolic activity and DNA synthesis. Mechanistic
assays monitor specific types of toxicity, such as DNA damage or
oxidative stress. However, the absorption/emission spectra and light
scaftering of nanoparticles can in some cases result in false
positive/negative signals in colorimetric assays [159]. In other cases
particles interfere with the assay though unintended chemical reactions
with reagents; for instance, several types of particles have been shown
to interfere with the MTT assay, by reducing the tetrazolium salt to the
product, resulting in a reported cell viability of over 100% [161]. Therefore,
it is important to confirm absence of interference of a particle with the
in vitro toxicology assay in order to ensure that the results are valid [162].

Zhang et al. [65] observed an in vivo hepatotoxicity on rats after
administering  5-fluorouracil-loaded  PLA-PEG/PEG  nanoparticles
prepared by areverse emulsion-SEDS process. The liver cells stained with
haemotoxylin and eosin dyes were investigated by using electron
microscopy. The nanoparticles from the scCO2 process showed no
harmful drug hepatotoxicity on rats comparable to the untreated group.

3.9. Residual solvent and water content analysis

Organic solvents are occasionally used in scCO2 particle
engineering techniques or during preparation of emulsion samples.
Residual solvents in the final product may cause toxicity and therefore
certain limits for residuals in the pharmaceuticals have been proposed
by the ICH harmonized guideline Q3C (R5) [101]. Residual organic
solvents can be analyzed by the static head-space method of gas
chromatography (GC). The sample is incubated at relative high
temperature to allow the evaporation of solvents as a gas phase, which
will be separated in a stationary column. Generally speaking scCO2
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technigques usually help to remove residual organic solvents because of
solubility of organic solvents in scCOa2. After the depressurization process,
the solvent concentration in particle products is often less than other
conventional encapsulation methods [18, 21, 33, 81, 102].

The residual water content of dried particles has been shown to
influence the stability of the particles and also that of incorporated
biopharmaceuticals during storage. [71, 163] A common method to
determine the residual water content is Karl Fischer fitration [71].
Alternatively, TGA can be used to determine the amount of residual
moisture and/or solvent in a sample by monitoring the weight loss when
the sample is heated. For example, TGA coupled with FTIR was used by
Bouchard et al. [164] in order to determine the amount of residual water
and ethanol in scCO2 dried protein formulations.

3.10.  Other specific properties

The particle characterization techniques described above may
not be exhaustive and other characterization techniques may be
needed, depending on the type or the functionality of particles. An
example of a drug delivery functionality is mucoadhesion, which can be
desired if the target fissue is one with a mucosal surface, such as targets
in respiratory and gastrointestinal systems [165], or when systemic effects
following mucosal administration are the aim [166]. In a study by Patel
et al. [113], an ex vivo wash off test was performed after applying
microparticles to a piece of rat sftomach mucosa. This allowed the
authors tfo evaluate mucoadhesion, prior to any in vivo experiments.

Another example of particles that require additional
characterization are magnetic particles. Magnetic particles can be
used as an MRI contrasting agent, but could also be guided to the target
tissue with a magnetic field [167]. In two scCO2 particle engineering
studies, particles were created containing FeszO4, a drug and a polymer
[87, 90]. The saturation magnetization of the particles was measured by
a vibrating sample magnetometer, to confirm that particles with
desirable magnetic properties were successfully created.

4. Summarizing discussion

The analysis of the information gathered in this review (Fig. 1)
indicates that when particle products are obtained, normally, particle
size and morphology are investigated as key properties that points to the
success of the particle preparation process [11]. Concerning this class of
properties, it is noteworthy that, often, a single characterization method
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is unable to provide a full picture with respect to the size and
morphology. For instance, although light scattering methods such as
dynamic light scattering (DLS) and laser diffraction (LD) are often chosen
to obtain information about particle size and size distribution, these
methods have serious shortcomings especially when the analyzed
sample has a wide size distribution [92]. Moreover, DLS and LD do not
give information about the number of parficles. In addition, the particle
size is usually presented in the form of an average diameter, however,
many parficles are produced in asymmetric shapes with different ratios
of horizontal and vertical projections. Shape factor often causes
considerable disagreements between measured average diameter
and real size for a range of particle size analyzers. As a result, to improve
the reliability of particle size determination, it would be recommendable
to use a couple of techniques that use different physical principles (so
called orthogonal methods), such that method specific limitations do
not compromise the overall picture [168]. In this context it is
recommendable to use one of the imaging-based techniques, to give
information about the size, shape and other general aspects at the
same time [8].

Furthermore, the drug loading degree and in vifro drug release
are among the most studied parameters that help understanding the
quantity and quality of drug incorporatfion in a particulate system.
However, it is important to realize, that the other properties may be
determining parameters for pharmaceutically relevant particles,
particularly because the scCOz2 processes may change the structure of
drugs and carriers. For instance, Keles et al. [169] found that scCO:2
enhanced the hydrolysis of PLGA (that was used as a matrix carrier for
the drug), thereby creating a porous structure when the ratio of lactide
to glycolide was low. Similarly, the particle formation process may also
lead to the degradation of active ingredients, such as protfein drugs that
have been shown to undergo destabilization by CO2 acidification [70].
Other processing parameters in scCO2 technologies may also cause
degradation (e.g., structural change, loss of activity and aggregation)
of proteins.

Therefore, analysis of the drug/excipient structure is the next
widely studied category of properties in particles prepared with scCO2
technologies. Considering the susceptibility of biopharmaceuticals to
degradation and also the fast growth of this group of drugs in modern
medicine, special consideration regarding the characterization of
particles that carry these drugs will be underway. A number of studies
have used analytical techniques (such as UV/Vis spectroscopy, circular
dichroism, fluorescence spectroscopy, size-exclusion chromatography
and flow-imaging microscopy) for mere purpose of characterization of
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protein structure and aggregation [70, 71]. These tools were also able to
characterize typical scCO2 dried proteins such as lysozyme, a-
lactalbumin, a-chymotrypsinogen A, monoclonal antfibody and
myoglobin [70, 71]. Considering that it is difficult to recommend a set of
standard analytical techniques for determining protein integrity due to
the diversity and specificity of each protein as well as the type of
particles, the selection of fechniques is based on the product of interest.
Numerous fundamental fechniques for characterization of therapeutic
proteins are summarized and explained elsewhere [170, 171].

Following these principal properties, surface chemistry of the
particles as well as surface charge are among the ones that have been
addressed in the scCOz literature. Some important properties such as
porosity of particles, pharmacological activity and cytotoxicity are also
studied although less frequently. Some other parameters such as storage
stability of the scCO2-engineered particles have not been addressed
despite the fact that insufficient stability can hinder the applicability of
particles for drug delivery applications [172].

Observed differences in the frequency of use of partficle
characterization techniques are in principle related to how basic the
properties are and for what purpose they are prepared. We cannot rule
out the possibility that it may also depend on less scientific factors such
as the straightforwardness of a certain characterization or availability of
equipment in the workplaces. In addition, availability of knowledge
concerning the relations between a certain property and function
would result in an incentive for in-depth characterization in that area.
For instance, recent knowledge concerning the stability issues
associated with biopharmaceuticals has led to extra attention to the use
of methods that address those. Overall, establishment of a good
scientific ground for preparation of particles with desired size and
loading properties would make room for more thorough
characterization with respect to other potentially relevant properties
such as bioactivity, toxicology, clinical trials and long-term particle
stability.



DN Chapter 2

saopd By} JO saINsy

pupn adoys sy} JNOgD SALDULIOIUI AIDA
‘UOIIDIIUSDUOD JNOCD UOYDULIOUI ON
‘BuipOD SAONPUOD D

BuAiddp so yons juswiypal) sjidwips Spasn
SISAIpUD JndybBnoiyy moq

‘s9|o1upd paup 104

‘win Jo spalpuny O O}

dn wu may o Jo abuni 8y} ul $aPIUDd 104

abpuwil ub JoNISUoDAl

O} PasN S uoiDUIIOUI SIY] *Paos8p

1 92DUNS 8U} JO 1NO BuIOD SuoILOSR
AIDPUO23s 10 PaISDIHODY pUb
SODUNS BY} YJIM SJODIBUI DS uoljos3

+(W3s)
Ado2os0ooiw uoiO9e BuluunoS

uoypuoul SAPYS ON

‘UOIJOULIOUI UOIDIIUSIUOD ON

‘g1dwins jJo Junown ablip| saunbay
‘vidwps pinbr]

‘abupi azis

alauliu 0} uoIdIWgns sy} ul s8oiupd 104

sg|Bup
o[dyjnuwi o uoisuadsns O ul saPIURd AQ
1uBi oypys Jo BuualnDs 8y} JO SISAIPUY

«(@1) uooPYIP 18507

uonpuLojul 3doys ON

‘UOI}OULIOUI UOIDIIUSIUOD ON

‘s91dwips as1ads|pAjod SzADUD O} JNduNG
‘uoisuadsns

D ul saond pup ssidwns pinbij 104

‘wu 000 -G Jo abupi ay} ul saound 104

{(ainypradway

puD ‘ASOISIA ‘8IS 3|21UDd 0} pajplal aIp
sjuawaAow 321upd wopupl) 8zis pup
UOIOW UDIUMOIG JI8Y} O} uoisuadsns o

ul sg)oiupd woly Buiuuod [pubis Buusppnos
461l Sy} JO UOIPLDA S} S3IDISY

+($7Q) Buuayos by JIDUAQ

ABojoydiow
PUD UOHAGIYSIP BZIS 3|OIRd °|
SUO[JDIapPISUO0D anbjuyoa}

1ayjo pup sywy Ajiqooiddy

a|didund

UOHDZUSJODIDYD J|IHIDJ

‘Buussuibua soipd 1oy saibojouyda) 2DDDS Ul INJasn Ajpyuaiod pup pasn sanbiuyda) uopzusionInyd S|o1UDd *Z 3jqp)



Chapter 2 [IEENINN

sa[o1iHDd 3y} JO SaINjP3d)

pupn adoys sy} tNOgn aADULIOUl AISA
‘UOIDULIOIUI UOIDIUSIUOD SSPIACI
‘aidwips pinbr

‘wir Jo spaipuny

o} wrl o Jo sbuni 8y} Ul $3DIUPd 104

pabouw pup 1aquinyd
MOLDU D Ul PAMO)} UoIsuSdsns a[oIDd

sAdoosorou BuiBouw piny

uoypULIOUI SADYS ON

‘UOIIPWIOIUI UOHDIUSIUOD SSPIAOI]
sisAjoup apnd pun Buipiodal

o3pIA Buunp sbuyas Japswpind sidiynw
‘uoisuadsns

o ul dpPIIRd pup saidwps pinby 104

‘wiu 000 1-0g 10 86uni 8y} ul s8P1UDd 104

az1s 3y} o}
saoiund Jo juswaaow ayy Buyojal pup
uoisuadsns P ul s3OIUDd [PAPIAIPUL WO}

Buiwod |pubis Buuaypas Jybi 1o Bupobly

+(VIN}
SISA|oUD Bupjoni) S[DIUDAOUDN

sa[ouInd 8y JO saINipasy

pun adoys sy} [NOgD aADULIOUl AIDA
‘UoIDIJUSDUOD JNOCD UOYDULIOUI ON
SISAIpUD JIndybBnoiyy mo

'sodwips Aup pup pinbj yiogq 10} a[goung
‘wir jo spaipuny

0} wirl P Jo abupi sy} ul s81UPd 104

sua| @Ad up
pup }03[qo up jo asn AQ uoyIIUBOW

(WO} Adooasoioiwu jpoudo

saond ayy 1O saINLd)

pupn adoys sy} tNOgn aADULIOUl AISA
‘UOKDIIUSDUOD JNOCD UOKDULIOJUI ON
SISAIpUD JIndybBnoiyy moq

‘s9jo1upd paup 104

‘wir jo spaipuny o

o} dn wiu may D Jo abun. sy} ul sao1upd 10y

abouwi ub JoNISUOD3l

O} PasN S UOOWIOJUI SIY] ‘P3JO3I8P

aIo 3dwps Uy} By} JO SpIs IBYJ0

Y} JO N0 BuIWoD SUoOd|S pup 3jdwDs
Uiy} SY§ Y§Im sjoDIaul Lpag uouosg

«{W31) Adoosotonu
uQ.O3] UOISSIlISUDI)




NN Chapter 2

SeDUDYD JOWS O} SAIHSUSS S| |Dubis aulesog

‘aidwips pinbr

‘az1s 810d a8y} pup saupIquISW

JO @dA} ay} uo Buipuadsp abupi

ozis wirl 10 abupil 8zis wWu dy} ul saoIupd 104

saoiupd

JO azIs 8y} o} jpuoipodoid s| 9ouUDpjsisal
SIYL *SOPIS OM} BY} USOM}SQ 9DUDJSISAI
[02UO3[S BUlBsPd 8y} 8duaNjUIl

a10d moupu o Buissod saound

(sd3L)
Buisuas asind aAlsisal s|qouny

UOIDWLIOUI UOYDIIUSIUOD [2311p ON
‘s9)o1uDd uoPIQIDD

uo Buipuadap uolpUILLIBISP SZIS
‘JusipoIb

Ayisuap piny 8y jo uoyoziwido 10) pasN
‘aidwips pinbr

‘WU Jo spaipuny

O} WU M3} D Jo abBupi 8y} Ul sao1und 104

uoipbBNLIUSD 18pun saRIuDd
JO AJID0JBA UODIUBWIPSS 8y} JO SISAiDUY

uolpUBWIPaS [PBNJUIUSD JsIg

uoypuIoul 8dDys ON

‘painbal s dwos yo0s 10 uoyoZIWRdO
‘sojdwips pinbij 104

‘wirl

M3} D O} WU JO abBupni 8y} Ul s8o1upd 104

soiadolid
uoIsNYIp juspuadap azis JO J|NSa1 D SO
JouUUDYD MOj) B Ul saoRd Jo uoybIndas

(4434 mod)
UOLDUOKODI} MO-PISY MO

uoypuLojul 8dpys oN
‘s9o1ppd AIp 104
‘WU 000 |-Z 10 abupi sy} Ul sa2iund 104

8IS By} O} PaoIdl pUD PaZADUD
Ajigow J1ay} pup pabioyd sa[oIDg

+(SdWS) Adoosouoads
Jozis spopd Ayjiqow Buluupog

uoypbuLojul 8dpys oN

‘sopInd

JU82dN|SUDI} JO 8oUBsaId O SAIHSUSS
‘UOIDLUIOJUI UOHDIUSIUOD SSPIAOIY
‘aidwips pinbr

‘wir Jo spaipuny

o} wid o Jo abubi 8y} ul saIUDd 104

azis 3y} Jhogp uoybwioyUl }86 0O}
MOPDUYS 3y} JO SISAIDUD pup uoisuadsns
o ul sao1ud Ag ybi Jo Budolg

«(O1) uoypINosqo b




Chapter 2 [IECHNNNN

‘Juiod Buljsw ‘ainypiadwia;
uoljisuniy ssoib ‘AjuloisAid sdwps
uo uolpuoiul BuluIbIqO 10} S|GDYINS

Buunp sjusAs [pusyy Buuojiuow
10} anbiuyosy [polApUDOWISY]L

+(0$Q) Ajewiopd
Buluupos [pyuaag

sjusuodwod
aididxa/6nip jo ainponys ‘¢

a|dwps Aiq

‘Buypsy 0} uoOPaI IBY}

uo Buipuadaq s181UpD pup sjusuodwod
JO junown sy} Buunsbaw 10} S[gDNS

JUNOWID JIBY} O} JI S8jDJ8l
pup paspaidul | ainjpiadwa; usym
sjusuodwiod Jo uoppIBap 3y} SMOJ|04

LSISA[OUD SupduARIBOULIBY]

SUWIN|OD JO 86DX00|q O} SALISUSS
‘paziwydo o) aAby

wnipaw uound pup aspyd uoybindsas
‘sjusuodwod paypindas

JBYLO JNOQD UOIIDULIOUI SSPIAOIY

‘aspyd uoypipdss ay; ul BuiAjund

puD BuyDIUBDUOD O} BNP SJUNOWD
IB|IDWS A[SAIDIB] JO UOIDBJBP 10} BUMO|V
‘a1dwps pinbry

‘SJUBLUBINSDAW UOHDIUSIUOD 10} S[DJINS

SI0JO88P 9oUas3I0N|}

puUD AN SO YoNs $10}0818p JO abupi b
Buisn J1 JO uolPIUSOUOD 8y} Buunspaw
pup uwNn[od P ul Bnip sy} Jo uoypipdas

{Aydoiboypowoiyd pinbi
‘B6°a) 5100} Aydpibojpwoiyd

papasu uoypipdas/saoipd

wiol} JybBi paispos AQ 8ouaisuay|
‘so[dwips awos 10}

ybiy AjoAojes 89 Abw il Uod38p dY|
‘a1dwps pinbry

‘sBrup JO uolLJUBDUOD By} Buluus}ap
10} 9|qpI81 pup PIOMIOHYDBIDAS

Brup ay} JO uoPJUBDUOD

8y} o} J1 Buypal pup abupi SIA/AN

8y} ul yibusipApm uippsd o o Bnip ay}
Uim Jybj| Jo uoyonIBjul 8y} JO SISAIDUY

LAdoosolpoads
82U82saloN)) PUD SIA/AN

aspaja1 pup buippo] bnig ‘g

SZ|Iqo}s
O} JINDILIP SI PUD JUSWIUOIAUS Sy} Ul




DTN Chapter 2

abojusdiad JO UOIDUILLISISP 10) SMOJY
‘a1dwips AIp 104
‘AjurpysAID S|dwIDS JO SISAIDUD 10} S|gDHNS

[OLUS}DW Sy} Ul SWOD JO 18plIo 8y} O}
P3JD|81 PUD PBZADUD [DLISOW Sy} YHIM
Buiopiaul Abi-X Jo sutaypd uoyoDIIa

LuoyopIIP ADI-X

[oubis

@D 3y} JO uoyBINDIDD BY} 10} pepasu

SID BZIS SPSAND PUD UOIDIJUSDUOD UMOUY
‘paipdaud Alysaly aq pinoys sidwps pinbr]
‘suigjoud jo Apsdoid

Buipuiq o1oads pup saINpoNIs AIDIIS}

pun AIppuodss upoid Buiuwisaq
‘spunodwod |payD

aioydouionyy usaib ayy 10} Jyby JO uoIssIS
pupD UoAIOSaD WNWIXDUWI Y} MOW PINOYS
‘UODIUSDUOD

apnbapn ub yum ajdwps pinbrg
‘sajoydolon|4

SISAIDUD dSAIPJIUPND ON

‘SISAIPUD 81NyoNugs udpoid 10y SMO|Y
‘uoypipdaid s dwps spasN

‘a1dwips pinby o Aip 104

‘JUSWIUOIIAUD

1I8Y} Yyim uoiopiaiul 1y} pup sdnoib
[D2IWBYD 8y} JNOGD UODWIOUI SSPIAOI

"6y pazuojod

8y} JO S|puUbis JUSIBHIP OM} YONS JO J|Nsal
D SO S| SADM [DPIOSNUIS 8Y] ‘punoduwod
[PaY2 O JO bl pazupjod papuby-jybu
pup papupy-49] Jo uondiosao jpnbaun

1uby 1o yibusiADM
o109ds 8y} JO uoissid pup uoydiosqay

sdnolb [pojwayd
UIPUSD JO SNIDJS UOLDIGIA Y} O} JI $81Djal
pup b paioiul Jo uoldiosap SMO[|04

«(@D) wsioyoip N2 -

LAdoosonoads
sougdsalony -

«(Y114) Adoosoyoads
paloyul WIOSUDIE JIBUNOS -
‘spoyjaw oidoosoloads

sjuauoduwiod [DNPIAIPUI 8y} JO JoIADY3]
By} INOgD oul punNoIBIODY SPasN
‘sajdwns Aup pup pinbj

saspyd [puajow
ul sabupyd ayj josep o} Buibay




N
wn

sisA|pup Apsolod S

sapsodwod 10} 9|gpHNS

AupjNoInd ‘epow asoyd uj [pusow

10 adA} 8y} 1NOGD uoBWIOUI BAIB UDD)
‘9IpOsOUDU

a8y} 1o dow jpoydpibodoy o sepIAcld
‘NYIS Ul Paxyy IO AP JBYLIS $S9ODUNS PIOS 104
‘Aydpibodoy

2ODUNS BY} JO SISAIDUD 10} S|GDHINS

Chapter 2

20éDLNS
a3y} Jo sainpay) paydoibodoy ayj Jo
Bujasy sy} o} anp di} 8y} JO SJUBSWSAOW
8y} Buimoyjo} pup dip sul O Yjim

9idwips a8y} JO 8oDUNS By} JO Buluup g

«(Wdav)
Adoosoioiw 9210) J1woLyY

{wu o1 -0 Jo yydap) adppns

BY} JO 1I8AD| JSOWIBINO Sy} ULIO} UOIDUIIOU|
‘vidwips Aig

‘90DUNS

3y} JO SISA[PUD [POIWBYD 10} S|gDYHNS

SJUBWIIS 3y} JO 8dA] pup aduppuUNgD
By} JNOgD uoyDLLIOUI SAID SUOILDJS By}
10 ABISUa pup JUNOWD 8y} ‘82DLUNS By}
wiol) pajiws suolposdoioyd JO SISAipuD
pupn Abi-xX ypm saidwps Buyoipou|

«(Sdx) Adoososoads
uolpos@ooyd ADIX

SpuBWSIS JybBi| IO} SAISUSS JON

‘90DuNS

3y} UO spuawWwdld sy} Jo Buiddouw 10§ SMO|Y
‘wir Jo 8|dnos D O} Wu palpuny

M3} D JO yjdap o wioy si [pubis ay)

‘W3S 10} pasn s jsnl ajdwips Ap 104
‘|DUSIOW 3y} JO 92DUNS

B} D SISAIDUD |DJUBWS|S 10} S|GDYINS

PajIws 310 A3y} Yoiym

WOl JUSWISJS Sy} 10§ DYSUSIODIDYD

s1 SADI-X 953y} JO ABIsua sy} “Jayjoup o}
punq AB1sus auo wiol} suUoLO9d JO duwinf
O} anp ADI-X JO UOISSILS Ul $}{NSS1 LIDSQ
UO1O3|3 UD Yjim sajdwips JO uoypIpoL|

«(X@3) Adoosoioads
ApJ-x uoisiadsip ABiaug

Aysiuays asopung

sjusuodwod

|pusjod Jo suiayod uoydDIIP Sy}

uo abpa|MoUy puUNOIBIORg JSPA saanbay
“AjuyoysAID




NN Chapter 2

DJOP UDWNY Y}IM S1D[SLOD Jou Abw
‘$SNOLIOCD| PUD BAISUSAX3
‘JuswdojsAsp [spow [puub Xajdwo)
‘Aopoiye

‘uoiNgusIpoIq ‘Apnys slaupjoonuupyd
‘AHIGDIDADOI] SAISSAO UDD

uolpSIuIWPD

|DIO ‘A] ‘SnOBUDINDGNS “B°a

‘S|ppow [pwiup

Ul wiaysAs Aisalsp Brup ayy jo Buysa)

LAPNIS OAIA U]

SADSSO By} AJALIOD SAIJDPIXOLIUD
UM sjusidioxs JO 8ouaISudiul [DIUS}Od ‘AHAJOD JOWNJHUD ‘ADSSD [DUSIODGIIUD
‘JUSWIUOIAUD ‘AHAILOD 8WwAzUS JO SISAjpuD “*6°8

[02150j0IsAYd By [PPOW O} NS

‘punoduwiod aAOD 8y} uo Buipuadsag

LADSSD AHAIIOD OJIA Uf

Aopoye
pup ApAloD synadoiayjolg °Z

pasn Jayng ay} Jo yibualys

21uo! pup Hd uo spuadsp [plusjod plaz
‘vidwips pinbr]

‘|1oyuaod PIOZ JO JUBSWBINSDIW

uoisuadsns
D uj sapoiupd Jo (sisaioydondals saiddog
18s0)) Apigow oisIoydolos)e Jo SISApuUD

+(dz)
juswaInspaw |plyusjod plaz

abIpoyd 2opung ‘9

BJISOM AINDIBW DIXO]

‘sa10d paso|d 10} S|gDJINS JON
‘vidwips Aig

‘uoyNquUisio

a10d pup awn|oA aiod ‘JIsjswpIp
810d JO UOHDUIWISISP 10} S|GDHNS

ainssaid Aq [puajow
sno1od D ojul AINJ13W JO UOIPSsU|

+ (dIWdH) Jejowisolod
uoisniul Aindisw ainssaid-yoiH

SIOLI® DUl||SpOW O] SAl}ISUSS

‘suolssardw

5|0} 0} P3| Abw uoyLIBWOIBBD SDIDY
‘Ap 8q 0} soy sidwpg

‘soidwips JO

Apsolod sy} JO uoDUILIBISP 10} S|gDINS

sa1od ay} JO $OUSUBIODIDYD

PuD JUNOWD Yjimalay} pup

D3I S2DUNS |D}O} 8y} O} way} Buypjal
‘sal1od oy} JO $s80DuNSs By} O} uoldiospo
sob pup ainssaid sob Jo siIsAjpuy

LUOpbUILLISIOP

(Hrg) ppus|oH-1suAor-jaupg
PUD SISA|IDUY Daly 900UNS
(138) J8lI8]-Howw3-1anounIg




Chapter 2 [IEANNNN

Bunaauidus spsed Z0DIS Ul PIs(y

puibow 10} sjusbo

1SPIUOD POOH Ajpuiou a1p saond
211BUBDW ‘plaly dpBuUbBDW [DUIBIXS

up ym Buyabipy O SISAIDUD 10} S|gqRHNS

pIdYy dsubow
D U] $3|21HDd JO 1I0IADYSQ 8y} JO SISAIDUY

suswainspaw oisubow

SNONW 8y} [9POW 0} JINdIIG
‘sNoNW ypm sapiund
JO uooPIBIUI BUIAPNS 10} S|qDHINS

sainpasoid
OIJIA Ul JO 86UDI D AQ palpNnys 8o0UNS
|DSODNW UO [DLSOW D JO UOISaYpPD aY|

LUoISaypPDOINKY

sajpadoid ayvads BYO ‘0L

sa[OIDd paup Ul Ul JUSIUOD IBJOM
[ONPISa1 83U} JO UOHDUILIBISP I0) S|qDHNS

SUOLODAI JO UOI}O3}SP DUISUWIN[OA
10 DUBWILOI0D puD spunodwod
182y}0 jo uoypuyy Aq ssidwos Aip

Ul JUSLUOD ISJDM [DNPISSI JO JUNOWD 8Y|

LUOHDI}} JOYOs} LY

S@2UDSNS SI}DJOA $58] 10} S8bus|PYD
‘so|dwps Aip 1o pinbr
JUBJUOD JUSAJOS [ONPISSI JO JUSWBINSDIW

paiopuow
uopIndas pup UOHDIOADAS JUSAIOS

+(D9) AydpiBojpwoiyd spo

SISA|puUD Jusjuod
IS|DM PUD JUSAJOS [DNPISDY °4

DJOP UDWNY YHIM 31D[SLOD jou Abw
‘SNOLIOCD| PUD BAIsUSdxX]

S|9POW |DUIIUD Ul PBJDNIDAS AJIDIXO} Bnug

LSOIPNYS [OLUIUD OAIA U

SADSSD By}

UM Spuaidioxs JO 9ousIsuajul |DiIUS}Od
‘JUSWIUOIAUSD

[p2160joIsAyd 8y} [ppow o} JNdIQ

$][22 J8Y}O PUD JSD|qOIqL “S[19D Sunwiwll
‘S[192 Jowiny “*a°1 1[92 O} Ajoixoy BrnuQg

LSADSSD PasDA-[[99 OLIA U}

ABojodixo] ‘g




DTN chapter 2

Abbreviations of scCO:2 engineering processes

Supercritical carbon dioxide (supercritical CO2 or scCO2)
Rapid Expansion of Supercritical Solutions (RESS)
Non-solvent RESS process (RESS-N)

Supercritical solution into a liquid solvent (RESOLV)
Aerosol Solvent Extraction System (ASES)

Supercritical Fluid Emulsion Extraction (SFEE)

Supercritical Anti-Solvent (SAS)

Precipitation with Compressed Anti-solvent (PCA)
Supercritical Anti-Solvent with Enhanced Mass Transfer (SAS-EM)
Supercritical Anfi-Solvent Drug-Excipient Mixing (SAS-DEM)
Particles from Gas Saturated Solutions (PGSS)
Gas-Assisted Melting Atomization (GAMA)
Solution-Enhanced Dispersion by ScCO2 (SEDS)
Suspension Enhanced Dispersion by scCO2 (SpEDS)

Reverse-emulsion-Solution Enhanced Dispersion by scCOz2 (reverse emulsion-
SEDS)

ScCO2 assisted atomization (SAA)
Carbon dioxide-assisted nebulization with a bubble dryer (CAN-BD)
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Abstract

In this study, we evaluated the influence of supercritical carbon
dioxide (scCO2) spray drying conditions, in the absence of organic
solvent, on the ability to produce dry protein/trehalose formulations at
1:10 and 1:4 (w/w) ratios. When using a 4L drying vessel, we found that
decreasing the solution flow rate and solution volume, or increasing the
scCOz2 flow rate resulted in a significant reduction in the residual water
contentin dried products (Karl Fischer titration). The best conditions were
then used to evaluate the ability to scale the scCO2 spray drying process
from 4L to 10L chamber. The ratio of scCO2 and solution flow rate was
kept constant. The products on both scales exhibited similar residual
moisture contents, particle morphologies (SEM), and glass transition
temperatures (DSC). After reconstitution, the Ilysozyme activity
(enzymatic assay) and structure (circular dichroism, HP-SEC) were fully
preserved, but the sub-visible particle content was slightly increased
(flow imaging microscopy, nanoparticle tracking analysis). Furthermore,
the drying condition was applicable to other proteins resulting in
products of similar quality as the lysozyme formulations. In conclusion, we
established scCO2 spray drying processing conditions for protein
formulations without an organic solvent that holds promise for the
industrial production of dry protein formulations.
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1. Infroduction

Proteins are structurally unstable during purification, processing
and storage [1-5]. Several physical and chemical degradation
processes can lead to loss of native protein structure and aggregation
[6, 7], which can negatively impact the safety and efficacy of
therapeutic protein products. In order to improve their shelf-life,
therapeutic protfeins are often formulated in the solid state in the
presence of sugars (e.g., sucrose, trehalose) [8-10] and stored below the
glass fransition temperature of the formulation [11, 12]. The amount of
water present in dry protein formulations has a significant impact on their
stability [5, 13, 14]. In such cases, the remaining water may result from
bound, surface and/or trapped water, and is different for each protein
product [5]. For most freeze-dried protein products, 1% to 3% residual
moisture should be low enough fo maintain the chemical and/or
conformational stability, and therefore the potency of the product over
time. This range is consistent with the regulations published in Title 21 of
the Code of Federal Regulations for Food and Drugs (1990), which
proposes that the maximum residual moisture content should be no
greater than 3%. However, since the influence of water on the stability is
largely dependent on the type of protein as well as its formulation, the
optimal residual moisture level needs to be determined for each protein
product.

The number of available methods for drying protein products is
limited. While lyophilization is commonly used in industry for the
preparafion of dry therapeutfic protein formulations, spray drying
techniques have generated a lot of inferest [15-18]. Among the
available drying technologies, supercritical carbon dioxide (scCO»)
spray drying processes have been found to be advantageous for
protein drying due to fast drying tfimes and mild processing conditions at
near ambient temperatures (>30°C). Moreover, carbon dioxide is
inexpensive, non-toxic and can be recycled. Protein powder production
by different scCO2 processing methods has been reported previously
[19-26]. In this process, a liquid solution (feed solution, containing protein
and/or sugars) and scCO2 pass through a two-fluid nozzle, where the
feed solution is atomized by the scCO2 stream. The liquid drops are dried
as the result of extraction of water and anti-solvent precipitation of
protein and excipients [24, 27]. The finished products can be made in
the form of a powder, granules or agglomerates [28]. By controlling the
atomizing gas/solution flow rates, nozzle sizes and solution
concentrations, free-flowing and uniform spherical particles with a
distinct particle size distribution can be prepared [29].
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Since the solubility of water in scCOz2 is rather limited (about 0.2%
(w/w) at 130 bar, 37°C), organic solvents, such as ethanol, have been
added to the scCO2 phase to enhance the water solubility and thereby
facilitate the drying process [22, 30]. However, organic solvents may
perturb the native protein structure and organic solvent residues can be
enfrapped in the dry products [23], which may compromise their
stability. Furthermore, the removal of residual organic solvent typically
requires an additional drying step. In order to avoid the use of organic
solvents and fo design a single-step drying process to meet the criteria
of residual moisture content, the drying conditions should be adjusted to
compensate for the reduced water uptake in scCOa2. In a previous
paper we showed that dry protein/trehalose formulations could be
produced by supercritical carbon dioxide (scCO2) spray drying without
the use of organic solvents, but the residual moisture content for the
obtained powders was sfill relatively high and a secondary (vacuum)
drying step was used to reduce it [31]. From this, it can be concluded
that the processing conditions were not yet optimal for the production
of protein powders and that further investigation was required to
determine whether a stable product could be achieved in a single
drying step by simply adjusting the processing parameters.

Understanding the operating window of the process is an
important consideration for upscaling and subsequent
commercialization, as this determines the production capacity and
associated operating costs. Up to now, the relationship between the
scCO2 processing parameters (such as pressure, solution and scCO2 flow
rates) and the residual moisture content of supercritically dried products
has not been quantified. Thus, the first aim of this study was to evaluate
the influence of the scCO2 processing conditions, in the absence of
organic solvent, on the ability fo produce dried protein formulatfions with
minimal residual water content in a single drying step.

Although the initial tests were performed on the lab scale, it is
also important to understand the ability to scale scCOz2 spray drying. Up-
scaling is required for production of protein formulations for commercial
applications, whereas downscaling can be beneficial when researching
expensive active pharmaceutical ingredients. Hot-air spray drying is
considered a scalable process [32] that has previously been shown to
depend on several aspects, namely 1) atomization, 2) mixing of droplets
and drying gas, 3) drying kinetfics and residence time and 4) product
collection [32]. It is anticipated that these same aspects are relevant in
scCOz2 spray drying as well. Ideally, all four criteria should be optimized
in order to maintain geometric, kinematic and dynamic similarity of the
process between the different scales. However, the atomization is of key
importance, as it also influences all the other aspects of the drying
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process. Thus it is anficipated that by controlling the droplet size via
atomization, it is possible to achieve the same product quality on
different processing scales, as demonstrated in a hot-air spray drying
study [33]. The criteria for up-scaling and down-scaling of the scCO:2
spray drying have not yet been established. While it is antficipated that
the scaling of the scCO2 process would involve similar aspects to hot-air
spray drying, as mentioned above, it is also recognized that there are
fundamental differences between the ftwo processes, such as
temperature profiles within the vessel and the water uptake capacity of
the drying medium. Nevertheless, the ability to control the droplet break-
up via atomization will also be an important aspect in scCO2 drying, in
order to ensure that a dry powder product is obtained. Thus, the second
aim of this research was to evaluate the feasibility to scale the scCO2
spray drying process by simply confroling the atomization by
maintaining the same gas-to-liquid mass ratio (GLR) on each scale.

In this study, lysozyme has been chosen as a model protein and
frehalose as an excipient in amounts based on previous studies [25, 26,
34]. Dry products were characterized for residual moisture content,
particle morphology and glass transition temperature, and reconstituted
powders for protein integrity and aggregation. To evaluate the general
applicability of the drying process, the best processing conditions
determined for the lysozyme/trehalose formulation were used to
prepare dried formulations of a-lactalbumin, a-chymoftrypsinogen A,
and monoclonal IgG. These formulations were also characterized for
residual moisture content, protein integrity and aggregation.

2. Materials and Methods
2.1. Preparation and characterization of feed solutions

Liquid formulations were composed of hen egg white lysozyme
(70000 U/mg., Sigma-Aldrich, St. Louis, USA) with/without frehalose
(Sigma-Aldrich, St. Louis, USA) in deionized water. In addition to lysozyme,
similar solutions were also prepared with a monoclonal human IgG used
in previous studies [35, 36], a-chymotrypsinogen A from bovine pancreas
and a-lactalbumin type lll from bovine milk, both purchased from Sigmao-
Aldrich, St. Louis, USA. The solutions were prepared at 5% solids content
according to Table 1. The density of the liquid formulations was analyzed
gravimetrically, by weighing the solution upon filing a 25 ml volumetric
flask. The kinematic viscosity was determined using an Ostwald
viscometer (SI Analytics GmbH, Mainz, Germany). The surface tension
was measured by the capillary rise method (Surface tension apparatus,
KIMBLE CHASE, New York, USA). Each sample was measured in triplicate
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at room temperature (22 °C). All liquid formulations were filtered through
a 0.22 um cellulose filter before the measurements and spray drying
experiments.

Table 1. Composition and physical properties of the aqueous feed solutions.

lysozyme/  Total Lysozyme Trehalose Density* Viscosity*  Surface
trehalose solids  conc. conc. (g/cm?) (mPa.s) tension**
(w/wratio) conc. (% w/w) (% w/w) (dynes/cm)
(%
w/w)
0:1 5 0 5.00 1.015 1.03 73.61 £1.44
1:10 5 0.45 4.55 1.014 1.05 72.10+£0.10
1:4 5 1.00 4.00 1.015 1.06 70.96 +0.83

*n =3 (standard deviation < 0.001), experiments were done at 22 °C, ** Measured
surface tension of water was 73.47 £ 0.41 dynes/cm at 22 °C.

2.2. Supercritical carbon dioxide spray-drying processing conditions

Carbon dioxide (grade 3.5) was obtained from Linde Gas
(Schiedam, The Netherlands). The drying experiments were carried out
at different production scales, involving 1L, 4L and 10L drying chambers.
The geometric sizes of the different drying chambers and nozzles are
shown in Table 2. The general set-up has been explained in detail by
Bouchard et al. [30]. Briefly, the scCO2 was supplied by a diaphragm
pump (Lewa, Leonberg, Germany) and the formulation solution was fed
by a syringe pump (Isco, Lincoln, USA). They were then fed together
through a cooxial converging nozzle (Spraying Systems Co. B.V.,
Ridderkerk, The Netherlands) into a vessel containing scCOz2 [22].

Table 2. Geometry of drying chambers and nozzles used for the different
production scales.

Drying Diameter (cm) Length (cm) Nozzle diameter (D)
chamber

Duiquid (€M) Dco2 (cm)
L 6.5 25 0.04 0.16
4L 10 50 0.04 0.16
10L 13 75 0.04 0.24

A 4L batch production scale unit (Separex, F54250
Champigneulles, France) was used for initially optimizing the spraying
conditions, which are summarized in Table 3. The experimental variables
were pressure (E, H), scCOz2 flow rate (A, B), solution volume (D, E, F) and
solution flow rate (B, C, E, G). Once the solution was sprayed, the
resultant powdered product was flushed with fresh scCO» for 30 minutes
before harvesting, fo remove excess water from the spray-drying vessel.
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All products were collected by afilter paper (Whatman® qualitative filter
paper, Grade 1, 25 mm diameter, Diegem, Belgium) at the bottom part
of the drying chamber.

The conditions that gave rise to the lowest residual moisture
content on the 4L system were then scaled accordingly and evaluated
on 1L and 10L scales (Table 3). For these experiments, the temperature
and pressure were kept constant at 130 bar and 37°C, respectively. The
powder was stored in a desiccator af room temperature (22°C) before

further analysis.

Table 3. Spraying conditions used for the different production scales.

Conditions* Pressure Feed rate scCO2 flow  GLR** Feed
(bar) (g/min) (g/min) (x103) volume
(9)
4L production scale
A 130 0.1 208 2.08 15
B 130 0.1 500 5 15
C 130 0.2 500 2.5 15
D 130 0.3 500 1.67 7.5
E 130 0.3 500 1.67 15
F 130 0.3 500 1.67 30
G 130 0.5 500 1 15
H 180 0.3 500 1.67 15
1L production scale
| 130 0.04 208 5 15
J 130 0.08 208 2.5 15
K 130 0.13 208 1.67 15
L 130 0.21 208 1 15
10L production scale
M 130 1 5000 5 150
N 130 2 5000 2.5 150
O 130 3 5000 1.67 150
P 130 5 5000 1 150
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*Effect of pressure: E, H, Effect of scCOs rate: A, B, Effect of feed volume: D, E, F, Effect of
feedrate: B, C, E, G. All conditions were carried out at 37 °C.,**GLR is the atomization mass
ratio of gas-to-liquid through a nozzle, where gas refers fo scCOz in this study.

2.3. Powder characterization
2.3.1. Residual moisture content

The residual moisture content of dried powders was measured in
triplicate with a Karl-Fischer coulometer (Metronm 756F, Herisau,
Switzerland) as per the manufacturer’s instructions. 10 mg of powder,
accurately weighed, was added to 1 ml of methanol and left for at least
30 min. 100 pl of the mixture was then injected into the sample chamber
for analysis. Residual moisture confents were calculated from three
different spray-dried batches at any given spray-drying condition, and
expressed as a percentage of the sample weight (% w/w) with the
standard errors.

2.3.2. Scanning electron microscopy

The morphology of the particles was examined by using a
scanning electron microscope (Jeol JSM-5400, Tokyo, Japan). Particles
were fixed to the specimen holder with conductive double sided tape
before sputtering with a thin layer of gold. The power and magnification
were 10 kV and 3,500 fold, respectively. In order to determine the
particle size, the diameter of forty of the perfectly spherical
microparticles was measured relative to the scale bar in each picture.
The average particle sizes were presented with the standard errors.

2.3.3. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed with a
Polymer Laboratories DSC (PL-DSC, TA instrument, USA) by using a
method reported by Pikal et al. [14]. Briefly, powdered samples of
approximately 5-6 mg were pressed into hermetically sealed pans. The
samples were first heated at 10 °C/min until the Tg was found and then
super-cooled to -20 °C at 100 °C/min. The samples were then subjected
fo a second heating scan at 10 °C/min until 200 °C. The glass fransition
temperature (Tg) is observed as a step transition in the heat capacity as
a function of temperature, as the material changes from the glassy to
rubbery state. For the dry sample formulations, the Tq is reported as the
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mid-point relative to the onset and offset temperature of this step
transition.

2.4. Protein analysis
2.4.1. Protein content

About 5 and 11 mg of dry formulation 1:4 and 1:10, accurately
weighed, were dissolved in 1 ml of water. Owing to the amorphous state
of the powders, the samples dissolved immediately fo form an aqueous
solution, which was gently mixed by hand before experiments. The
protein concentration in solution was theoretically 1 mg/ml and the
solution was subsequently diluted to approximately 0.1 mg/ml prior to
measurement. The protein content was then determined by using a UV
spectrophotometer (Agilent 8453, Agilent Technologies, Santa Clara,
USA) at 280 nm, using extinction coefficients of 2.64, 2.01, 2.00 and 1.69
ml cm' mg-! for lysozyme [37], a-lactalbumin [38], a-chymoftrypsinogen
A [39]. and monoclonal IgG [36], respectively.

2.4.2. Lysozyme activity assay

The enzymatic activity of lysozyme in scCO2 processed powder
was determined using a bacteriolysis assay based on the decrease in
optical density of a Micrococcus lysodeikticus suspension at 450 nm
(Agilent 8453, Agilent Technologies, Santa Clara, USA). Five microliters of
0.01 mg/ml lysozyme was added to 200 ul of 0.2 mg/ml of M.
lysodeikticus. The reaction was carried out in 66 mM phosphate buffer,
pH 6.2. Native lysozyme and blank buffer were used as a positive and
negative control, respectively, as described elsewhere [34].

2.4.3. Circular dichroism spectroscopy

In order to study the structure of processed proteins, far-UVv (190-
260nm) and near-UV (250-320 nm) circular dichroism (CD)
spectroscopy measurements (J-810 Spectropolarimeter, JASCO Inc.,
Easton, USA) were performed at 25 °C, using a 0.1-cm and a 1-cm quartz
cuvette, respectively. Parameters were set at a sensitivity of 100 mdeg,
with a data pitch of 10 nm, a bandwidth of 2 nm, a scanning speed of
100 nm. Samples were freshly prepared in 66 mM phosphate buffer (PB)
at pH 6.2 with a lysozyme concentration of 0.2 and 1 mg/ml for far-Uv
and near-UV CD measurements, respectively. CD spectra of six
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seguential measurements were averaged and corrected for the blank
(PB). The CD signals were converted to molar ellipticity per amino acid
residue ([0]).

2.4.4. High performance size-exclusion chromatography

Samples (50 ul of T mg/ml protein concenfration) were analyzed
by high performance size-exclusion chromatography (HP-SEC) with a
Discovery® BIO Gel Filtration column (300 A pore size) (Sigma-Aldrich, St.
Louis, USA) and Super SW guard column (Sigma Aldrich). A 515 HPLC
pump and 717 Plus autosampler (Waters, Milford, USA) were operated
at a flow rate of 0.7 ml/min. The mobile phase consisted of 100 mM
sodium phosphate buffer, 200 mM sodium chloride, 0.05% (w/v) sodium
azide and 0.1% (w/v) SDS at a pH of 7.2 and was filtered through a 0.2
um filter prior to use. Chromatograms were recorded with an SPD-6AV
UV detector (Shimadzu, Tokyo, Japan) at a wavelength of 280 nm.

2.4.5. Nanoparticle tracking analysis

Sub-micron particles were studied by nanoparticle tracking
analysis (NTA). Dry powder formulations were redissolved in deionized
water at 5% by weight of solid, the same as the concenfration of the
liguid formulations before scCO2 processing. NTA measurements were
performed with a NanoSight LM20 (NanoSight, Amesbury, UK), equipped
with a 640-nm laser. The samples were injected in the sample chamber
with sterile syringes (BD Discardit Il, New Jersey, USA). All measurements
were performed at 22 °C. The software used for capturing and analyzing
the data is the NTA 2.0 Build 127. The samples were measured for 100 s
with manual shutter and gain adjustments [40]. The “single shutter and
gain mode” was used fo capture images of the protein aggregates. The
mean arithmetic size was calculated by using the NTA software. Each
sample was measured in triplicate.

2.4.6. Flow imaging microscopy

Protein formulations (5% solid content) were dissolved in
deionized water and sub-visible microparticles were determined by flow
imaging microscopy using an MFI5200 instrument (Protein Simple,
California, USA). The measurements were controlled by MVAS software
version 1.3. One milliliter of solution was infroduced into a flow-cell with
a dimension of 100 and 1016 um in depth and diameter, respectively.
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The sample stream, at a flow rate of é mi/min, passed through a flow-
celliluminated by a blue LED. Images of the particles were captured by
an optical camera. Pictures were the resolution of 1280x1024 pixels. The
data were analyzed by MVAS software (Release 1.3). Total particle
concentrations are reported for particle sizes larger than 1, 10, and 25
um.

3. Results

3.1. Optimization of the spraying conditions to minimize the water
content

The first step was to study the processing conditions in order to
achieve a dried powder protein formulation with minimal residual
moisture content without the use of organic co-solvents. For these
experiments, we used the 4L drying chamber. Spray drying parameters
such as pressure, scCO; flow rate, solution volume and flow rate, were
varied in this study (see Table 3). Trehalose solution alone was used fo
evaluate the spraying conditions, because it is a hygroscopic material
and the main component in the dried protein formulations.

Increasing the operating pressure from 130 (E) to 180 (H) bar did
not show a significant effect on the residual moisture content, which was
found to be 3.67+£0.04 % and 3.40+0.70%, respectively. Thus, a pressure of
130 bar was used in the subsequent experiments.

Under conditfion E, dried powder was harvested with and without
a post-drying process, and the residual moisture contents measured
immediately. Dried products without post-drying presented
comparatively high residual water contents (4.81+£0.08%). Thus, the post-
drying for half an hour was consistently used in all other experiments.

The residual moisture content was found to increase when the
scCO:z2 flow rate was decreased. The spraying condition B (scCO2 flow
rate 500 g/min) and A (208 g/min) yielded a residual moisture confent
of 2.38+0.12% and 3.50+0.38%, respectively. Therefore, the scCO2 flow
rate was kept at 500 g/min for the subsequent tests, which is the
maximum flow rate for the 4L drying chamber.

Different solution volumes were studied and found to significantly
influence the residual moisture content, as shown in Fig. 1a. Upon
spraying 30 g of sample (F), the residual moisture content was about
6.40+0.38%. When the feed volume was decreased to 15gand 7.5 g (E
and D, respectively), the water content also decreased and
approached a value of approximately 4%. Furthermore, the solution flow
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rate was varied from 0.1 to 0.5 g/min (condition B, C, E, G) and its effect
on the residual moisture content is demonstrated in Fig. 1b. The moisture
content was decreased from about 3.67% to 2.48% when the feed rate
was reduced from 0.3 g/min to 0.2 g/min. A further reduction of the
solution flow rate to 0.1 g/min did not significantly affect the residual
moisture content (2.38%). Conversely, no dried products were obtained
when a solution flow rate of 0.5 g/min was applied.
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Fig. 1 Effect of a) feed solution volume (feed rate: 0.3 g/min) and b) feed rate
(feed volume: 15 g) of an aqueous 5% (w/w) trehalose solution with 500
g/min CO2 flow on the residual moisture content of the obtained powder,
using the 4L drying chamber (conditions D, E, F and B, C, E; see Table 3).

From the above-mentioned results, it is apparent that the lowest
residual moisture content (2.38+0.12%) in the dried formulations was
obtained under condition B (see Table 3), corresponding fo a feed
volume and rate of 15 ml and 0.1 g/min, respectively, and a CO2 flow
rate of 500 g/min (thus, a gas/liquid mass rafio (GLR) of 5000), with a post
drying time of half an hour. When applying these conditions to lysozyme
formulations, containing lysozyme and frehalose in a 1:4 and 1:10 (w/w)
ratfio (Table 1), dry powder products were obtained with a similar residual
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moisture content of 2.47+0.12 and 2.68£0.08%, respectively (Table 4).
Further analysis of the products is reported in section 3.3.

Table 4. Characteristics of powdered products produced at two different
production scales.

Formulation  Moisture Tg (°C) Lysozyme content Lysozyme Average
content (%by weight) activity (%) size of dried
(%by particles**
weight) (pm)
Theore Experiment
tical al
Condition
B*
0:1 2.38+0.12 70.21£1.57 - - - 0.99 +£0.45
1:10 2.68+£0.08 72.04£3.54 9 10.46 £0.00 102.86+1.92 1.11+£0.79
1:4 2.47+£0.12  7222+1.30 20 28.75+0.01  102.27+£0.65 1.29 +0.56
Condition
M*
0:1 2.46x0.12 7374415 - - - 1.04 £0.35
1:10 237020 70.45£3.02 9 11.77£0.00  100.55%+ 2.55 1.08 £ 0.50
1:4 2.62+0.13  73.22+0.96 20 22.82+0.02  102.44+ 4.38 1.25+0.59

*See Table 3, **n = 40

3.2. Scalability of the scCO:2 spray drying process

The scalability of the developed process was tested by using
drying chambers of 1L, 4L and 10L scale. For each system, the maximum
scCOz2 flow rates used were 208, 500, and 5000 g/min, respectively. The
geometry of vessels and the size of the nozzles are listed in Table 2. The
diameter of the scCO2 nozzle on 10L scale was bigger than that of others
to allow for the higher scCO2 flow rate. Notably, dried
lysozyme/trehalose formulations could not be produced under any
condition in the 1L vessel.

In the up-scaling study, four gas-to-liquid mass ratios (GLR 5000,
2500, 1670 and 1000) were applied on both 4L and 10L scale (Table 3,
condifions B, C, E, G and M, N, O, P). Fig. 2 shows the residual moisture
content in frehalose powders as a function of GLR for both scales.
Increasing the GLR significantly reduced the residual moisture content
for both scales, from about 4% to 2.4%. For a GLR of 1000, no dry powders
could be produced; instead a dried thin film was obtained on the paper
filter.

Dry formulations 1:4 and 1:10 of lysozyme and frehalose have
been produced under conditions B and M on 4L and 10L scales
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(corresponding to a GLR of 5000, Table 3). The residual moisture contents
of dried lysozyme formulations were comparable to those of the dried
pure trehalose (Table 4).

. 4L
54 1oL

Residual moisture content (%w/w)

1.67 2.5 5
GLR (x10%)

Fig. 2 Effect of the gas-to-liquid ratio (GLR) on the residual moisture content of
the obtained frehalose powders, using the 4L (black) and 10L (gray)
drying chambers (conditions B, C, E and conditions M, N, O, respectively;
see Table 3).

3.3. Product characterization
3.3.1. Glass transition temperature

The glass fransition temperature (Tg) of the dried formulations
produced under conditions B and M was determined by DSC. Tg values
of about 70-74 °C were observed, independent of formulation
composition and production scale (Table 4).
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3.3.2. Particle morphology

The morphology of the dry powder formulations was observed
by scanning electron microscopy. Fig. 3 shows the trehalose powders
prepared with different feed rates on 4L and 10L scales. The same GLR
for different production scales gives particles that are visually very similar;
they were 1-5 um in range and appeared visually agglomerated. Fig. 4
presents the particle morphology of dry lysozyme/trehalose formulations
(1:4 and 1:10), which show a dimpled surface. The average particle sizes
of dry products produced by different drying chambers, but with the
same GLR (5000), were determined relative to the standard scale barin
their SEM pictures, as reported in Table 4. The average sizes of dried
lysozyme formulation particles on the 4L scale were similar to those of the
10L scale products.

3.3.3. Protein integrity after drying

In order to evaluate the protein integrity in the dry powder
formulations immediately after the production day, the lysozyme
content, activity, structure and aggregate content were analyzed after
reconstitution in ulfrapure water. No insoluble residues were visually
observed for any of the solutions. The enzymatic activity of the
reconstituted lysozyme formulations was fully recovered (Table 4).
Results of far-UV and near-UV spectroscopy suggested that both the
secondary and tertiary structure of lysozyme was totally preserved after
processing (Fig. 5). Moreover, HP-SEC indicated that drying had not
induced any lysozyme aggregation or fragmentation (Fig. 6). However,
nanoparticle tracking analysis (NTA) and flow imaging microscopy
indicated an increase in the number of nanoparticles and
microparticles (Fig. 7 and 8) as compared to liquid formulafions of
lysozyme before the drying process. Upon increasing the lysozyme
content, the number of particles increased. Surprisingly, particles were
also detected for the pure trehalose formulation. Nanoparticle
formation was more pronounced for powders produced in the 4L drying
chamber compared to the 10L vessel (Fig. 7b and c). The size
distributions were similar, with most of the particles in the range of 100 to
400 nm.

In contrast to the nanoparticle counts, the total microparticle
counfts in dried samples produced in the 10L vessel were higher than
those of the 4L scale, as shown in Fig. 8. In addition, formulation 1:4
contained a higher microparticle load than formulation 1:10. The
maijority of the detected particles had a size between 1 and 10 um
(Table 5).
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Fig. 3 Particle morphology of trehalose produced in the 4L (left panel) and the
10L (right panel) drying chambers. GLR are indicated for each spraying
condition. The spraying conditions are B, C, E and M, N, O at the 4L and
10L scale, respectively (see Table 3).
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Fig. 4 Particle morphology of dried formulations of 1:4 and 1:10 of lysozyme and
frehalose produced in the 4L (left panel) and 10L (right panel) drying
chambers with condition B and M (see Table 3) at GLR 5000.
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Fig. 5 Far-UV (a) and near-UV (b) circular dichroism spectra of lysozyme

formulations with trehalose (1:10 and 1:4) before and after drying in the
10L (condition M) drying chambers on the
production day (see Table 3), and after one-year storage. Dried
formulations were reconstituted in water prior to analysis. Unprocessed
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Fig. 6 High performance size-exclusion chromatograms of lysozyme before and
after drying in the 4L and 10L drying chambers by condition B and M (see
Table 3), respectively. Dried formulations were reconstituted in water prior
to analysis. Unprocessed lysozyme of formulation 1:10 and 1:4 was used
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3.3.4. Protein integrity after drying and storage

30

25

20

10° Particlesiml
@

Dried protfein formulations were stored in a desiccator af room
temperature for a year, after which the protein activity and structure
were analyzed. The lysozyme activity of formulation 1:4 dropped to
86.7312.30%, whereas the lysozyme activity of formulation 1:10 was
preserved during storage (105.631£2.38%). Moreover, the secondary and
tertiary structure of lysozyme in both formulations was fully maintained,
as observed by circular dichroism (Fig. 5a, b). In addition, the
nanoparticle and microparticle contents in reconstituted solutions were
not significantly different, compared to the results obtained immediately
after the production day (Fig. 7 and 8).
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Number of sub-micron particles detected by NTA. Lysozyme formulations
with frehalose (0:1, 1:10 and 1:4) were analyzed before (a) and after
drying in the 4L (b) and 10L (c) drying chambers on the production day.
The formulations 1:10 and 1:4 produced at 10L scale were also analyzed
after one-year storage (d). Dried formulations were produced by using
conditions B and M, respectively, and reconstituted in water prior to

analysis.
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Fig. 8 Total number of sub-visible particles (> 1 um) detected by flow imaging
microscopy. Lysozyme formulations with trehalose (0:1, 1:10 and 1:4) were
analyzed before and after drying in the 4L and 10L drying chambers on
the production day. The formulations 1:10 and 1:4 produced at 10L scale
were also analyzed after one-year storage. Dried formulations were
produced by using conditions B and M, respectively, and reconstituted in
water prior to analysis.

Table 5. Number of sub-visible particles (per ml) in formulations before drying
and after reconstitution of dried powders by MFL*

Formulations Before drying 4L 10L%**
Number of particles (> 1 um)

0:1 86+ 16 51315 £ 2032 83122 + 8829
1:10 138+ 11 41438 + 6483 139029 + 9344
1:4 360 + 61 175259+ 7388 508466 + 11737
Number of particles (> 10 um)

0:1 1.39 £1.29 135+ 56 620 £ 103
1:10 2.49 £2.10 502 + 162 899+ 10

1:4 5.16+£1.37 722 £139 2793 £ 512
Number of particles (> 25 um)

0:1 0 3.28£5.67 39.3£16.2
1:10 0.55+0.95 18.6+9.6 20.1 £ 4.1

1:4 0.42+0.74 12.0+5.3 165+ 86

* Values represent mean + standard deviation (n = 3), ** Spraying condition B (see Table
3), *** Spraying condition M (see Table 3)
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3.3.5. Applicability of the developed method to other proteins

Three other proteins, a-lactalbumin, a-chymoftrypsinogen A, and
monoclonal IgG, were substituted for lysozyme in the 1:10 formulation
and dried at 4L scale following condition B (see Table 3). The powdered
products were similar in appearance to the corresponding dry lysozyme
formulation. It was observed that the residual water contents were
constant at 2.65%, 2.42%, and 2.41% for the formulations of a-
lactalbumin, a-chymotrypsinogen A, and IgG, respectively. Upon
reconstitution of the protfein formulations in ulfrapure water, UV-Vis
analysis of these solutions showed that the protein contents were fully
recovered for all formulations except IgG, where only 75% of the protein
was detected in the reconstituted solution. The secondary structures of
processed a-lactalbumin, a-chymotrypsinogen A, and IgG were not
changed (Fig. ?), and their tertiary structures were fully preserved
according to near-UV circular dichroism spectroscopy (data not shown).
HP-SEC did not reveal any protein aggregation or fragmentation peaks
in case of a-lactalbumin, a-chymotrypsinogen A, and IgG. However, a
decrease in the monomer recovery was observed for a-lactalbumin and
IgG., as shown in Fig. 9.

The number of microparticles detected by flow imaging
microscopy for each of the protein formulations is reported in Table 6.
For processed a-lactaloumin, the microparticle concentrations were
very similar to those of the corresponding lysozyme formulation (cf. Table
5). However, the microparticle concentrations for a-chymotrypsinogen
A and IgG were more than one order of magnitude higher than those
for lysozyme and a-lactalbumin.

With respect to the nanoparticle content, NTA showed that the
scCOz2 dried a-lactalbumin, chymoftrypsinogen A, and IgG formulations
contained higher particle concentrations than the respective
unprocessed protfein solufions (Fig. ?). Nevertheless, the nanoparticle
concentrations for all of these processed formulations were considerably
lower than those of the processed lysozyme formulations (cf. Fig. 7). For
IgG. the particle size distribution was slightly shifted to larger particles. For
a-chymotrypsinogen A, the presence of large particles (>1 um) caused
interference in the light scattering in the NTA technique [40], which gave
rise to a strong erroneous signal in the size range below 100 nm (Fig. 9).
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4. Discussion

4.1. Evaluation of the spraying conditions in order to minimize the water
content

The present study clearly shows that the residual moisture
content depends on the spraying conditions, in particular the carbon
dioxide and solution flow rates, and solution volume. However, pressure
is not expected to have a significant influence, as the solubility of water
in scCOz2 is only slightly higher when pressure is increased (0.185 % (w/w)
at 130 bar compared to 0.209 % (w/w) at 180 bar) [41].

Trehalose alone was used in the initial experiments; due to their
hygroscopicity, the drying of sugars is more complicated than drying
proteins alone. The ability to produce free-flowing sugar powders is
stfrongly dependent on both the temperature and relatively humidity
(RH) of the drying medium. If the atomized droplets are unable to dry
sufficiently during the spray drying process, the particles will tfend to
collide and stick to one another, which is referred to as stickiness [42]. For
low-molecular-weight materials such as mono- and discaccharides, the
glass transition temperature (Tg) is a good approximation for the
stickiness temperature [43]. The glass transition temperature of sugars is
strongly influenced by the water activity (RH). Exposure of trehalose to
increasing RH results in a reduction in Tg from 120°C at 0% to 37°C at
40%RH [44]. Consequently, if the RH in the vessel is foo high, then the Tqg
will be lower than the processing femperature, thus leading fo increased
stickiness and product collapse. Based on the results from Heljo et al.
[44], it is anticipated that a free-flowing frehalose powder will only be
obtained if the RH does not exceed 40% under the current processing
conditions.

During the spray drying process, the relative humidity in the
drying vessel tends to increase upon feeding of the aqueous solution.
However, there is also continuous flow of the scCO2 during spraying that
removes the water from the vessel. The rate of water removal (and by
association, the water accumulation) will depend on the mass fransfer
of water from the sprayed solution to the scCO2 phase, and will be
influenced by the relative flow rates of both the aqueous solution and
carbon dioxide. For a given scCOz2 flow rate, it is possible to determine
the time taken for scCOz2 in the vessel to be refreshed, referred to here
as the regeneration time. In the case of the 4L vessel (3080 g CO»), the
regeneration time is 6.16 minutes for a scCO2 flow rate of 500g/min (3080
g CO2/500 g/min). Therefore, in order to avoid excessive water
accumulation during spraying, the solution flow rate should be such that
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most of the water is removed during the time taken to regenerate the
scCOa.

The water saturation limit in scCO2 at 130 bar and 37°C is 0.185%
(w/w). Under these conditions, the 4L vessel contains 3080 g of carbon
dioxide, which would require 5.69 g of water to reach water saturation
(100% RH) under static condifions. In order to limit the RH to 40%, the
amount of water in scCO2 should not exceed 2.27 g during the entire
spraying process in order to obtain dry products. Based on the scCO>
regeneration times, it is possible to calculate the maximum solution flow
rate required to avoid accumulating this amount of water in the vessel.
For a scCO:2 flow rate of 500 g/min, the solution flow rate should be less
than 0.37 g/min (max 2.27 g water is fed into the vessel during 6.16 min).
In the case of lower scCO:z flow rates, this maximum solution flow rate will
also be reduced. In this study, the results showed that the residual
moisture contents of the dry powders were significantly higher in the
case of 0.3 g/min solution flow rate, while 0.1 and 0.2 g/min gave very
similar results. Furthermore, a dried product was not obtained when 0.5
g/min solution flow rate was used in the process. These results are
consistent with the above calculations, and confim that the
appropriate solution flow rate is less than 0.3 g/min under these
conditions. However, it should be noted that these calculations are
based on equilibrium conditions, and have not taken into consideration
the accumulation of water over longer periods of time.

A similar increase in the residual moisture content was also
observed when the volume of solution was increased. A solution volume
of 30 g fed at 0.3 g/min resulted in a high residual moisture content in
the dry product, as clearly shown in Fig. 2. For solution volumes of 7.5 and
15 g, the residual moisture contents decreased and were constant. Thus,
itis apparent that the solution volume (and correspondingly the spraying
time) is also an important factor in minimizing the water accumulation in
the vessel.

Based on these results, it appears that the residual moisture
content in the frehalose powders is dependent on the water
accumulation, and by association the relative humidity in the spraying
vessel. Anincrease in the amount of solution sprayed and/or the solution
flow rate will result in faster accumulation of water. It is hypothesized that
during the course of spraying, the water accumulation affects the drying
process, thus limiting the removal of the water from the sprayed droplets.
The resultant powder products will subsequently contain higher residual
moisture contents with increasing solution volume.
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In this study, the lowest moisture contents of about 2.38-2.46%
were obtained when 15 g of solution was sprayed with a solution flow
rate of 0.2 g/min or less and maximum carbon dioxide flow rate with half
an hour of post-drying time. Around 2.5% moisture content, the glass
fransition temperature of lysozyme/trehalose formulations was about 70
°C. There was no clear relafionship between the formulation
composition and the resultant glass fransition temperature. In
conclusion, the scCOz2 spray drying process was able to produce dry
products with low moisture content, which were within the range of
standard moisture contents for freeze-dried products.

4.2. Evaluation of the scalability of the spray drying process

Having established the influence of the processing conditions on
the residual moisture content, the next step was to evaluate whether it
is possible to obtain the same products upon scaling the process. The
scalability of the scCOz2 spray drying process was investigated for three
different scales (1L, 4L and 10L), with the coaxial nozzle dimensions as
shown in Table 2. The basic settings used for each system were based on
the best conditions determined for the 4L scale. As mentioned earlier,
the ability to obtain the spray-dried products depends on four factors;
atomization, mixing of droplets and drying gas, drying kinetfics and
residence time, and product collection [32]. In this study, we found that
a constant GLR was feasible for up-scaling the scCO:2 spray drying
method, but the vessel dimension is also an important factor to obtain a
powdered product.

4.2.1. Effect of GLR

Upon scaling, maintaining the original droplet size via the
atomization process is of key importance, to ensure that the particle size
and product quality are the same. In case of a two-fluid nozzle, the
droplet size can be controlled by varying the GLR through the nozzle
[32]. Since the physical properties of the lysozyme solutions were not
significantly different in terms of viscosity, density, and surface tension
(see Table 1), the droplet break-up is expected to be the same for each
solution.

For a GLR of 5000, spray-dried products of lysozyme/trehalose
formulations (1:4 and 1:10) contained about 2.5% residual water on both
the 4L and 10L scales. Moreover, when comparing the microparticle
sizes of the dried formulations prepared on both scales, the results were
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also very similar, as can be seen in the SEM pictures. This is consistent with
the previous study [30], where it has been reported that for GLR values
greater than 10, the droplet size is constant.

To sum up, our study showed that it is feasible to scale up scCO2
spray drying by maintaining the same GLR. The quality of the final
products was found to be the same for both the 4L and 10L scale.

4.2.2 Effect of vessel dimensions

In the case of the 4L setup, it was shown that the ability to dry the
protein formulation was dependent on the accumulated water, and
correspondingly the relative humidity (RH), in the vessel. As mentioned
earlier, for trehalose particles, the relative humidity in the vessel should
not exceed 40% [44], on all scales. In the case of the 1L scale, it was not
possible to obtain dry trehalose powders. For this setup, the vessel
contains 750 g of carbon dioxide at 130 bar and 37°C. Under these
condifions, only 0.56 g of water is required to achieve 40% RH and the
regeneration fime of carbon dioxide is also quite short (3.6 minutes for a
CO:2 flow rate of 208 g/min). However, even when spraying at 0.13
g/min, the fime taken to accumulate 0.56 g of water in the vessel is
longer than the regeneration time (4.3 min vs 3.6 min). Thus, the relative
humidity should be below the critical limit. Consequently, the inability to
obtain a dry powder in this case does not appear to be due to the water
accumulation in the vessel.

The other factor to take into consideration is whether there is
sufficient drying time for the droplets, which will depend on the
dimensions of the vessel. In the case of the 4L and 10L vessels, the ratios
of length and diameter (L/D) are 5 and 5.77 respectively (see Table 2),
whereas the L/D ratio for the 1L drying chamber is 3.8, which is notably
lower. Based on these results, as well as data reported in the literature, it
is recommended that the L/D ratio should be higher than 5 for a spray
drying method in order to obtain a dry powder product [45].

4.3 Protein integrity
4.3.1 Lysozyme

In this study, the Ilysozyme/trehalose formulations were
composed of 80.0-90.9% trehalose by weight. The trehalose serves to
protect lysozyme integrity, thus minimizing the formation of larger
structures (e.g., dimer, trimer). In this study, the lysozyme activity and
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stfructure was fully retained after reconstfitution of the processed
materials (Fig 5, Table 4) and only lysozyme monomer was observed by
size exclusion chromatography (Fig. é). Perez-Moral et al. [46] have
demonstrated that increasing the percentage of trehalose or sucrose in
a freeze-dried formulation inhibited the thermal aggregation of B-
lactoglobulin. A significant decrease in B-lactoglobulin dimers was
observed when the amount of sugar was greater than 50% in the
formulations.

While the reconstfituted solutions showed no visible insoluble
residues (no optical density at 350 nm), they were also analyzed for sub-
visible particles, the results of which are shown in Fig. 7 and 8. The
numbers of sub-visible particles in protein formulations are considered
important quality attributes [47]. According to the US and European
pharmacopeias, there is a Ilmit to the number of sub-visible
microparticles that may be present in a protein solution, when observed
by light obscuration (LO). Briefly, parenteral therapeutic proteins should
contain fewer than 6000 parficles/ml larger than 10 um and 600
particles/ml larger than 25 um using the LO method, which reports the
concentration and size of particles in liquid samples in the range of 1-600
um. For this study, we have used flow imaging microscopy, where the
particles in the range of 1-400 um are captured in individual
photographs. The number of particles above 1 um, 10 um and 25 um for
each sample are reported in Table 5, and in all cases are within the
above-mentioned limits.

In order to observe the particle concentration and size in the
range of 30-1000 nm, NTA was used. With NTA, the individual particles
are tracked by Brownian motion. Although there are currently no
regulations concerning particles that are less than 1 um in size, the results
from the NTA can provide information regarding the protein
aggregation in the sub-micron size range [40].

While the pathway of protein aggregation is presently unclear,
induced conditions, such as heat stress or pH shift, enable the smaller
aggregates to agglomerate and present larger particles. This has been
observed in the case of conventional spray drying, where increasing the
temperature induced changes in the secondary structure and
aggregation of an immunoglobulin (IgG) [17].

It should be noted that in this study, a significantly large number
of particles were detected in the dried pure trehalose after
reconstitution. So, it appears that the observed particles are not the
result of profein aggregation alone but may also be due fto
contamination. This is highly likely as the products were not prepared in
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a clean room facility. Moreover, the negligible loss of monomer in HP-
SEC (Fig. 6) indicates that the level of proteinaceous particles was very
low.

In order to evaluate the stability of the protein formulations, the
dry samples produced on the 10L scale were stored in a desiccator at
room temperature (22°C) for 1 year. After this time, the formulation 1:10
retained full preservation of the lysozyme activity and structure. The
number of particles in range of nanometer and micrometer after
redissolving in pure water was not significantly different when compared
to the freshly prepared products. For the formulation 1:4, however, a
decrease in lysozyme activity was found. Consequently, it appears that
in the case of the formulation 1:4 that there is insufficient frehalose to
protect the protein from degradation during storage. These results
suggest that the stability of the protein is not only dependent on the
residual moisture content, but also the formulation composition.

4.3.2 Applicability of the developed method to other proteins

In order to gain insight intfo the applicability of the scCO2 drying
process for other proteins, the best drying conditions found for lysozyme
were used to prepare dried powders of a-lactalbumin, a-
chymoftrypsinogen A, and monoclonal IgG. The same formulation as
implemented for lyosozyme was also used for these proteins. Although
no attempt was made to optimize the formulation for the specific
protfeins, in ferms of the residual moisture content, protein structure and
aggregation, the results for these three proteins were comparable with
those of the processed lysozyme.

The sub-visible particle content of the processed a-lactalbumin
formulation was comparable to that of lysozyme. However, a large
increase of sub-visible microparticles was found for the a-
chymotrypsinogen A and monoclonal IgG formulations. This could be
due to the non-GMP environment and the suboptimal formulation of
each protein. For instance, inclusion of a buffer in the formulation was
shown fo increase the recovery of soluble polyclonal IgG after scCO2-
processing [26], likely because it limited CO2-mediated acidification
during the drying process. Therefore, we expect that the loss of soluble
profein and the formation of sub-visible parficles, as observed for some
of the protein formulations, can be inhibited by tailoring the formulation
to the needs of each protfein. To this end, the mutual influence of
processing and formulation effects on protein stability should be studied.
This was beyond the scope of the present study, but is currently under
investigation.
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5. Conclusion

Lysozyme/trehalose formulations in a solid state were prepared
by an organic solvent-free scCOz spray drying process. In this study, we
found a strong relationship between the residual water content and
processing parameters. In order to minimize the amount of moisture in
the powder product, the relative humidity in the drying vessel should be
conftrolled. This was achieved by using low flow rates of solufion with a
high scCO: flow rate during the drying process. Furthermore, the feed
volume of proftein solution should be limited to avoid an increase in the
relative humidity inside the drying vessel. Our study also demonstrated
the scalability of scCOz2 spray drying from 4L to 10L drying chambers,
which were able to produce the same quality powdered products in
terms of residual moisture content, particle size, and glass fransition
temperature. The enzymatic activity and structure of the model protein
lysozyme were fully preserved in samples produced on both scales.
Moreover, in this study, the best condition from the 4L scale was also
used to prepare other dry protein formulations in a similar manner.
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Abstract

The aim of this study was to gain fundamental insight into protein
destabilization induced by supercritical CO2 spray drying processing
parameters. Myoglobin was used as a model protein (5 mg/ml with 50
mg/ml frehalose in 10 mM phosphate buffer, pH 6.2). The solufion was
exposed to sub- and supercritical CO2 conditions (65-130 bar and 25-
50°C), and COz2 spray drying under those condifions. The heme binding
of myoglobin was determined by UV/Vis, fluorescence, and circular
dichroism spectroscopy, while myoglobin aggregation was studied by
using size-exclusion chromatography and flow imaging microscopy. It
was found that pressure and temperature alone did not influence
myoglobin’s integrity. However, when pressurized CO2 was infroduced
info myoglobin solutions at any condition, the pH of the myoglobin
formulation shiffed to about 5 (measured after depressurization),
resulting in heme binding destabilization and aggregation of myoglobin.
When exposedto COz2, these degradation processes were enhanced by
increasing femperature. Heme binding destabilization and myoglobin
aggregation were also seen after CO2 spray drying, and to a greater
extent. Moreover, the CO2 spray drying induced the partial loss of heme.
In conclusion, pressurized CO2 destabilizes the myoglobin, leading to
heme loss and protein aggregation upon spray drying.
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1. Infroduction

In previous studies, supercritical carbon dioxide (scCOz2) spray
drying has been shown to be applicable for drying formulations of
several proteins, such as lysozyme, a-lactalbumin, a-chymotrypsinogen
A, myoglobin, and monoclonal and polyclonal immunoglobulins.
However, depending on the protein and the processing condifions,
protein aggregation and denaturation were sometimes observed [1-4].
In particular, myoglobin appeared to be especially sensitive to scCO2
spray drying, as reflected by partial heme loss and the formation of
insoluble residues [4]. Moreover, protein powders or protein-containing
particles prepared using other supercritical carbon dioxide techniques
have also shown instability in protein structure, bioactivity and
aggregation, as presented in the review by Cape et al. [5]. Based on
these observations, it is apparent that there are some elements of the
scCO2 drying processes that compromise the stability of myoglobin.

Myoglobin is a heme protein. The heme group is composed of
protoprophyrin IX that surrounds an iron ion, which is embedded in the
heme pocket of myoglobin. The heme binding affinity of myoglobin
depends on the interactions of the heme group with the proximal
histidine and the adjacent hydrophobic amino acids [6, 7].The covalent
bonds between the heme-iron and the imidazole ring of the proximal
histidine can destabilize under acidic condifions. Lowering the pH to
values in the range of 3.5-4.5 also causes protonation of the proximal
histidine buried in the heme pocket, resulting in the unfolding of
myoglobin, and a decrease in the heme binding affinity [7, 8].The heme
can actually be extracted in cold acidified organic solvents, such as
acetone or methylethylketone, to form the heme-free protein,
apomyoglobin [9].

Any changes in heme binding within myoglobin can be
detected spectroscopically, as the absorption, fluorescence and
circular dichroism (CD) spectra are very sensitive to the heme binding
and protfein conformation [4, 10-12]. Fig. 1 shows a ftypical UV/Vis
spectrum of a myoglobin/trehalose formulation, with the heme
absorption at 409 nm (Soret band) and the protein absorption at 280 nm.
The position and shape of the Soret band indicate an oxidized form of
myoglobin with Fe(lll)protoporphyrin [7]. As was observed in a previous
study on scCO:z2 spray drying of myoglobin, a decrease in the relative
intensity of the Soret band (in both UV/Vis and CD spectroscopy) and an
increase in the infrinsic fluorescence signal indicate heme loss [4].
However, the factor(s) responsible for the heme loss during the scCOz
spray drying process remained unclear.
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The scCO2 spray drying process involves atomization and
subsequent drying of a protein solution under pressure with a confinuous
flow of scCOa. During this process, the protein may undergo irreversible
changes in structure and consequently a loss in functionality. Moreover,
an aqueous protein formulation may become acidified during spraying,
due to the reaction between carbon dioxide (CO2) and water to form
carbonic acid [13, 14]. Furthermore, the COz/water interface after the
atomization may induce protein denaturation and aggregation [15, 16].
Given the sensitivity of myoglobin, it is hypothesized that one or more of
these factors could account for the destabilization that was previous
observed for myoglobin formulated with trehalose at 1:10 weight ratio
and 10 mM phosphate buffer at pH 6.2. Therefore, the aim of this study
was to gain fundamental insight into the effect of the sub- and
supercritical CO2 processing conditions on the stability of myoglobin in
that formulation. The individual processing parameters, such as pressure,
temperature, exposure to CO2, and COz spray drying, were investigated
separately. In order to evaluate the influence of each processing
parameter on the integrity of myoglobin, UV/Vis spectroscopy,
fluorescence spectroscopy, CD spectroscopy, high performance size-
exclusion chromatography (HP-SEC), and flow imaging microscopy
analyses were used. It is anficipated that by understanding these
fundamental process-related factors of scCO2 spray drying on the
stability of myoglobin, the conditions and/or the formulation can be
optimized, in order to profect proteins against process-induced
damage.

2. Materials and Methods
2.1 Preparation of liquid myoglobin formulation

A liguid myoglobin formulation was prepared from 5 mg/ml
myoglobin from equine skeletal muscle with 50 mg/ml trehalose in 10
mM sodium phosphate buffer, pH 6.2. All chemicals were obtained from
Sigma-Aldrich, St.Louis, USA.The liquid formulation was filtered through a
0.22-um pore cellulose acetate filter (Millex®-GV, Cork, Ireland) before
performing the experiments.

2.2 Experimental conditions

The effects of pressure and temperature on myoglobin stability
were studied independently by using a high-pressure vessel (TELEDYNE
ISCO, Lincoln, USA).In all cases, the tests were performed using 10 ml of
the liquid myoglobin formulation. The effect of temperature was studied
under atmospheric pressure at 25, 37, and 50 °C (conditions A, B, and
C). The vessel was heated by flowing water from a controlled
temperature water bath (Lauda Cé, LAUDA-K6nigshofen, Germany)
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through a heating jacket that surrounds the vessel. The effect of pressure
was studied at 65 and 130 bar at different temperatures (25, 37, and 50
°C, corresponding to conditions D, E, F, G, H, I). The desired pressure was
achieved by reducing the volume of the vessel with a piston. The
myoglobin/trehalose formulations were kept under the set conditions for
two hours. After completing each experiment, the solutions were
removed from the vessel and left for an hour to cool down to room
temperature prior to analysis.

The effect of CO2 on myoglobin stability was studied by
incubating 10-ml aliquots of the liquid myoglobin formulation with
pressurized COz in the high-pressure vessel. Carbon dioxide (grade 3.5)
was obtained from Linde Gas (Schiedam, The Netherlands). The solution
was exposed to both subcritical and supercritical CO2 at 65 and 130 bar
and 25, 37, and 50 °C (conditions J, K, L, N, O, and P). The CO2 was
brought to the desired pressure with a separate pump system before
being infroduced into the incubation vessel. The volume ratio of the
liguid myoglobin formulation fo CO2 was fixed at 1:10. After forty-minute
incubation time, CO2 was slowly removed by depressurization to
atmospheric pressure. The CO2-incubated liquid myoglobin formulations
were kept at 4 °C for 12 hours before analysis.

In order to exclude the influence of CO2 density on myoglobin
integrity, a series of experiments at a constant CO2 density of 0.77 g/cm3
were conducted. The conditions for these tests were 77 bar and 25 °C,
130 bar and 37 °C, and 188 bar and 50 °C (conditions M, O, Q). The
incubation time, depressurization rate and storage conditions were the
same as for the experiments above.

The effect of CO2 spray drying was investigated at 65 and 130
bar and 25, 37, and 50 °C (condition R, S, T, U, V, and W). A 4-liter spray
drying module (F54250S model from Separex, Champigneulles, France)
was used in this study. The drying vessel was filled with the pressurized
CO2 and brought to the desired temperature and pressure before
feeding in the liquid myoglobin formulation via a high-pressure syringe
pump maintained at 25 °C (TELEDYNE ISCO, Lincoln, USA). The solution
was afomized by the pressurized CO2 stream through a coaxial
converging nozzle (Spraying Systems Co. B.V., Ridderkerk, The
Netherlands). The diameter of the nozzle orifices was 0.16 cm and 0.04
cm for the CO2 and the liquid, respectively. The solution and CO:2 flow
rates were kept constant at 0.2 and 500 g/min, respectively.The spraying
time was 40 minutes, followed by 30 minutes post-drying step with fresh
COg2, to remove any residual moisture from the vessel and consequently
the product. After depressurization, the dried myoglobin formulations
were collected from a paper filter (Whatman® qualitative filter paper,
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Grade 1, 25 mm diameter, Diegem, Belgium). The product was then
stored in a desiccator at room temperature prior to analysis. In addition
to these experiments, one test was performed at 130 bar and 37 °C
without the post drying step, in order to study the effect of post-drying
(condition V-).

All experimental conditions are summarized in Table 1. Each
experimental condition was repeated three times (n=3).

2.3 Protein analysis

2.3.1 Sample preparation for myoglobin analysis

If necessary, liquid myoglobin formulation samples were diluted
in 10 mM phosphate buffer (PB), pH 6.2. For the dried
myoglobin/trehalose formulations, an amount of powder corresponding
to 5 mg myoglobin and 50 mg trehalose was accurately weighed and
dissolved in 1T ml of water, taking info consideration the amount of
phosphate salts and the residual water content after spray drying [3].
The powdered products were dissolved overnight at room temperature
to complete the dissolution of powders. The solutions were subsequently
diluted in 10 mM PB, pH 6.2. The diluted samples were filtered through a
0.22-um pore cellulose acetate filter (Millex®-GV, Cork, Ireland) before
protein structural analysis by UV/Vis, circular dichroism and fluorescence
spectroscopy. The sample concentrations for each analysis are
mentioned below.

2.3.2 Protein recovery and recovery of bound heme

The protein solutions were diluted to approximately 0.1 mg/ml
prior to measurement. The protein content was determined by using a
UV spectrophotometer (Agilent 8453, Agilent Technologies, Santa Clara,
USA). The spectra were collected from 190 nm to 1000 nm. The
myoglobin concentration was calculated using a molar extinction
coefficient of 3.45 x 104 Mlcm?' at 280 nm [17]. The absorbance ratio
between 409 and 280 nm (A409/A280) from each spectrum represents
the absorption of heme group bound to the proximal histidine in the
heme pocket of myoglobin [18]. The percentages of protein content
recovery of the freated myoglobin (see Eqg. 1) were compared to those
of the untfreated liquid myoglobin formulation at 25°C (condition A).

A280 (processed)
A280 (nonprocessed)

Protein recovery(%) = [ ] x 100 (Eq. 1)
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2.3.3 Circular dichroism spectroscopy

In order to study the structure of myoglobin, far-UV (190-250 nm)
and near-UV/Vis (350-450 nm) CD spectroscopy measurements (J-810
Spectropolarimeter, JASCO Inc., Easton, USA) were performed at 25 °C.
Parameters were set at a sensitivity of 100 mdeg, with a data pitch of 10
nm, a bandwidth of 2 nm, and a scanning speed of 100 nm/min.
Samples were freshly prepared with a myoglobin concentration of 0.1
mg/ml and placed in a 0.1-cm and 1-cm quartz cuvette for far-Uv CD
and near-UV/Vis CD measurements, respectively. CD spectra of six
sequential measurements were averaged and corrected for the blank.
The CD signals were converted to molar ellipticity per amino acid residue
(8). The signal of the heme specific site at 409 nm of the samples was
also compared to that of reference solution (25 °C), and shown as a
relative molar ellipficity.

2.3.4 High performance size-exclusion chromatography

Samples (50 pl of T mg/ml protein concentration) were analyzed
by HP-SEC with a Discovery® BIO Gel Filtration column (300 A pore size)
(Sigma-Aldrich, St. Louis, USA). The mobile phase consisted of 150 mM
phosphate buffer, pH 7.0, and was filtered through a 0.2-um filter prior to
use. The flow rate was set at 0.7 ml/min. The chromatograms were
recorded by a UV detector (Agilent 1100 VWD, Santa Clara, USA) and a
fluorescence detector (Agilent 1200 FLD, Santa Clara, USA). The
absorbance of each spectrum at a wavelength of 280 nm was used to
calculate the percentages of myoglobin monomer, aggregates, and
fragments. The monomer recovery of the CO2 incubated (conditions J,
K. L, N, O, P) and CO2 spray dried (conditions R, S, T, U, V, W) myoglobin
was calculated as percentage of the monomer peak area relative to
that of the unfreated sample (condition A). The fluorescence emission
intensity was collected at 350 nm with the excitation at 295 nm. For each
chromatogram, the total peak area of the fluorescence signal intensity
was compared to the absorbance at 280 nm, and shown as laso/ A2so.
Apomyoglobin, which lacks the heme group, was used as a control.

2.3.5 Flow imaging microscopy

The presence of sub-visible microparticles was determined by
flow imaging microscopy using an MFI5200 instrument (Protein Simple,
California, USA). The measurements were controlled and the data
analyzed by MVAS software version 1.3. Prior to analysis, the formulations
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were diluted to a myoglobin concentration of 1 mg/ml. One milliliter of
solution was introduced at a flow rate of é ml/min into a flow cell with
the dimensions of 100 and 1016 um in depth and diameter, respectively,
iluminated by a blue LED. Images of the particles were captured by an
optical camera. Pictures were obtained with a resolution of 1280x1024
pixels. Total particle concentrations are reported for particle sizes larger
than 1, 10, 25 and 50 um.

2.4 Statistical analysis

The data were analyzed by a two-way ANOVA via the
GraphPad Prism to test the myoglobin integrity as a function of
processing parameters (unfreated, pressurized with and without COg,
COz2 spray drying) and temperatures/pressures. Values were considered
significant when p was less than 0.05. The data of each experimental
condition (n=3) are shown as average * standard deviation.

3. Results and discussion

In a previous study, the destabilization of myoglobin after CO2
spray drying was observed, as reflected by the presence of insoluble
residues and heme loss in the resultant product [4]. However, the drying
was carried out in the presence of an organic solvent, which was
thought to conftribute to the destabilization [4]. Upon repeating these
experiments in the absence of organic solvent, however, insoluble
residues and heme loss were still detected (unpublished results), which
implies that one or more of the other factors within the process also
contribute to the destabilization of myoglobin. In order to understand
the influence of the CO:2 spray drying processing parameters on the
instability of myoglobin, a systematic study of each parameter on the
protein’s stability was conducted.

The processing parameters related to the CO2 spray drying were
differentiated into four factors: temperature (25-50°C), pressure
(atmospheric and 65-130 bar), presence of CO»2, and spray drying in a
COz2 environment at 25-50°C and 65-130 bar. No organic solvents were
used in these experiments. Changes in myoglobin structure, in terms of
heme loss and protein aggregation, were monitored to explain how
these parameters influence myoglobin stability.

To analyze heme-bound myoglobin, UV/Vis analysis was
conducted. Myoglobin shows absorption band centered around 409 nm
(Fig. 1), related to absorption of the heme group, which indicates the
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coordination of heme with the nitrogenous base of the proximal histidine
in the heme pocket [18].The absorption at 280 nm reflects the aromatic
amino acid residues the protein. The signal of near-UV/Vis CD at 409 nm
(Fig. 2) will shift and/or decrease depending on the heme r-r+electronic

dipole transition moments with proximal aromatic amino acid residues in
the heme pocket of myoglobin [19, 20]. Myoglobin’s tryptophan
fluorescence signal is highly guenched by the bound heme group [21,
22].Therefore, any increase in the fluorescence emission intensity (Fig. 3)
is directly related to heme loss, leading to an increase in the
concentration of apomyoglobin. As shown in the previous study, heme
loss from myoglobin was not only accompanied by an increase in the
fluorescence emission intensity, but also resulted in a reduced
absorbance at 409 nm (presented by the ratio of 409 nm to 280 nm),
and molar ellipticity at 409 nm (by near-UV/Vis CD) [4]. In addition,
soluble and sub-visible myoglobin aggregates were analyzed by HP-SEC
and flow-imaging microscopy, respectively. The results are discussed
below.

1.0+

— Atmospheric pressure, 25°C
== =Pressurized COZ; 130 bar and 37°C

------ CO, spray dried; 130 bar and 37°C

Absorbance
o
[+, ]

0.0 Ly v v T v v v v T v v v v
300 400 500

Wavelength (nm)

Fig.1 UV/Visspectra of CO2-incubated myoglobin and reconstituted solution of
spray dried myoglobin formulations (both conducted at 130 bar and 37
°C, conditions O and V), compared to that of untreated myoglobin
formulation (condition A).
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Fig.2 Near/Vis-CD spectra (graph a) of COsz-incubated myoglobin and
reconstituted solution of spray dried myoglobin formulations @oth
conducted at 130 bar 37 °C), compared to that of untreated myoglobin
formulation. Relative molar ellipticity (graph b) af the Soret band (409
nm) for myoglobin formulations at atmospheric pressure (conditions A,
B, C), pressurized at 65 bar (conditions D, E, F) and 130 bar (conditions
G, H, I), COzincubated myoglobin formulations at 65 bar (conditions J,
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K, L) and 130 bar (conditions N, O, P) at 1:10 volume ratio of myoglobin
formulation to carbon dioxide, and reconstituted spray dried myoglobin
formulations with half an hour post drying produced at 65 bar
(conditions R, S, T) and 130 bar (conditions U, V, W).The experiments for
the atmospheric pressure, 65 and 130 bar were done at 25, 37, and 50
°C. A significant difference (*) in the relative molar ellipticity af the heme
specific site found in the experimental group of CO2 incubation
(conditions J, K, L, N, O, P) and CO2 spray drying (conditionsR, S, T, U, V,
W), comparing to the untreated samples at conditions A, B, C with p <
0.05.

3.1 Effects of temperature 25-50°C at atmospheric pressure (1 bar) and
65-130 bar without carbon dioxide

The scCOz2 spray drying process takes place under pressurized
conditions at a given temperature. It was first necessary to evaluate
whether temperature and pressure alone affect myoglobin’s structure.
Therefore, pressures at 65-130 bar and temperatures at 25-50 °C used for
the CO2 spray drying conditions were studied. The results of protein
recovery, the ratio of A409/A280 (Table 1), molar ellipficity (as a measure
of myoglobin’s secondary structure (data not shown)), circular dichroism
at the heme specific site (Fig. 2), and fluorescence intensity (Fig. 3b)
indicate that the heme binding site was not perturbed over the pressure
and temperature range studied. In addition, the range of pressures and
temperatures studied did not induce any myoglobin aggregation, as
shown by HP-SEC (Fig. 4) and flow imaging microscopy (Fig. 5, conditions
A-l). Both untreated myoglobin and pressurized myoglobin solutions
contained very low numbers of sub-visible particles. Therefore,
myoglobin was stable under these conditions.

These results are in line with a study by Doster and Gebhardt [23],
who found that a myoglobin solution at pH 7 was only denatured when
exposed to pressures above 3 kbar, as indicated by the opftical spectral
properties of the heme group. Under these high-pressure conditions, only
40% of the a-helix structure of myoglobin was recovered.
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Fig.3 HP-SEC chromatograms (graph a) detected by UV absorption at 280 nm
(upper panels) and fluorescence emission at 350 nm (lower panels) of
COz-incubated myoglobin formulation (left panels) and reconstituted
spray dried myoglobin formulation (right panels) conducted at 130 bar 37
°C, compared to unfreated myoglobin formulation. mAU -
milliabsorbance unit; LU =luminescence units. The relative total peak area

(graph b) of the fluorescence emission signal at 350 nm to protein
absorption at 280 nm (lsso/A2s0) for reference myoglobin formulations
(conditions A, B, C), pressurized at 65 bar (conditions D, E, F) and 130 bar
(conditions G, H, 1), CO2-incubated myoglobin formulations under 65 bar
(conditions J, K, L) and 130 bar (conditions N, O, P) at 1:10 volume ratio of
myoglobin formulation to carbon dioxide, and reconstituted spray dried
myoglobin formulations with half an hour post drying produced at 65 bar
(conditions R, S, T) and 130 bar (conditions U, V, W). See Table 1. A
significant difference (*) of the fluorescence intensity found in the
experimental group of spray drying at conditions R, S, T, U, V, W,
comparing to the untreated non-pressurized samples at conditions A, B,

C with p < 0.05.
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Fig.4 The percentages of dimer, monomer, and fragments (graph a) for
reference myoglobin formulations (conditions A, B, C), pressurized at 65
bar (conditions D, E, F) and 130 bar (conditions G, H, 1), CO2-incubated
myoglobin formulations at 65 bar (conditions J, K, L) and 130 bar
(conditions N, O, P), and reconstituted spray dried myoglobin formulations
with post drying produced at 65 bar (conditions R, S, T) and 130 bar
(conditions U, V, W), as determined by HP-SEC (absorption at 280 nm).The
percentage of monomer recovery (graph b) for myoglobin formulations
incubated with pressurized CO2 at 65 bar (conditions J, K, L) and 130 bar
(conditions N, O, P), and reconstituted spray dried myoglobin formulations
with post drying produced at 65 bar (conditions R, S, T) and 130 bar
(conditions U, V, W).See Table 1 for conditions.
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Fig.5 Particle concentrations larger than 1 ym (a), 10 um (b), 25 um (c) and 50
MM (d) in untreated, pressurized without CO», pressurized with CO2 and
CO2 spray drying myoglobin formulations observed by flow imaging
microscopy. Volume refers to that of undiluted (reconstituted) liquid
myoglobin formulation. See Table 1 for experimental conditions. A
significant difference (*) of the particle concentrations (= 1 um) found in
the experimental group of CO2 incubation.
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3.2 Effects of carbon dioxide at 65-130 bar and 25-50°C

In scCOz2 spray drying, COz2 is responsible for the atomization of
the solution as well as being the drying medium. The properties of CO»,
such as the density, viscosity and surface tension, depend on the
operating pressure and temperature. As myoglobin’s integrity was
maintained upon varying the pressure and temperature, the next step
in this study was to expose the myoglobin solution fo COa2.To this end,
COq2, at given pressures and temperatures, was infroduced info a high-
pressure vessel containing the myoglobin formulation. This experiment
was designed to simulate the exposure of the protein to the CO2
medium at 65-130 bar and 25-50°C, but without the drying process.

After incubating the myoglobin solutions with pressurized CO2 at
sub- and supercritical conditions (65-130 bar 25-50°C), the pH had shifted
from 6.2 to approximately 5.1 (Table 2). The shift in the pH is due to the
production of carbonic acid from the interaction between the CO2 and
the water [13, 14]. Varying the CO2 conditions hardly influenced the final
pH of the solutfion. Furthermore, the original pH (pH 6.2) was not
recovered, even 12 hours after completion of the experiment (Table 2).
This indicates that the 10 mM phosphate buffer at pH 6.2 is not capable
of controlling the pH of the solution upon exposure to pressurized COo.

Table 2. The pH of the myoglobin formulations after CO2 incubation at 25, 37, 50
°C and 65 bar (conditions J, K, L) and 130 bar (conditions N, O, P).The
pH was re-measured 12 hours after depressurization. The untreated
myoglobin formulations at 25, 37, 50 °C were used as a control.

Pressure conditions pH

25°C 37°C 50°C
Atmospheric pressure 6.27 £0.00 6.26 £0.00 6.25+0.00
0 h after depressurization
65 bar 5.20 £0.03 5.31 £0.07 5.38 £0.06
130 bar 5.17 £0.01 5.32£0.05 5.45£0.07

12 h after depressurization
65 bar 5.43+0.04 5.62+001 5.86+0.02

130 bar 5.41 £0.01 5.50 £0.05 594+0.16
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As the pH could only be measured after depressurization, it is
possible that the myoglobin solution was exposed to even lower pH
values during the course of the experiments. Hofland et al. [24] found
that casein solutions (120 g in 1 liter water) exposed to pressurized CO2
showed a pH drop from 6.75 (original pH) to 4.82 upon increasing the
pressure from 1 to 25 bar. The pH remained stable at 4.82, even with a
further increase in pressure. The pH under pressurized conditions was
slightly higher for higher temperatures over a range of 25-50°C. From
these observations, it can be concluded that myoglobin is exposed to
acidic conditions when it comes in contact with high-pressure COa2,
which may confribute to its destabilization, as discussed below.

In this study, the incubation with pressurized CO2 was also found
to affect the integrity and the recovery of myoglobin, as shown by a
decrease in the A409/A280 rafio and the absorbance at 280 nm,
respectively (see Fig. 1 and Table 1). A further decrease in the A409/A280
rafio was observed with increasing temperature. These results indicate a
change in the heme coordination within the heme pocket. It has
previously been shown that a decrease in the pH of a myoglobin solution
results in the protonation of the proximal histidine in the heme pocket,
which causes the disruption of the iron-histidine bond and a change in
the heme absorption spectrum [25, 26]. Thus, it is expected that the
affinity of myoglobin for the heme will be reduced after the exposure to
low pH induced by the pressurized COa2. Indeed, Hargrove et al. [27, 28]
showed that the heme dissociation from myoglobin at pH 5 was >100-
fold faster than at neutral pH at 37°C, as monitored by changes in the
Soret band. Consequently, such conditions may lead to heme
dissociation when myoglobin is exposed to pressurized COo.

In order to determine whether the structure of myoglobin was
influenced by CO2, CDsignals at 409 nm for probing the heme-protein
interaction was studied. The relative molar ellipticity decreased after
exposure to CO2, with a greater decrease observed at higher
temperatures, suggesting a change in the heme specific binding site.
However, the results were not significantly different between 65 and 130
bar at constant temperature (Fig. 2).

In addition, the predominantly a-helical secondary structure of
myoglobin, after the CO2 incubation, did not change under the
conditions studied (Fig. 6). In contrast, Ishikawa et al. [29] showed that
CO2 bubbling under pressurized conditions resulted in irreversible
unfolding of myoglobin. This was achieved at ambient temperatures.
However, it should be noted that these experiments were performed for
myoglobin solutions that did not contain any excipient. Moreover, it is
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possible that the change in myoglobin structure was influenced by the
CO2/water interface because of the gas bubbling method.

—— Atmospheric pressure, 25 °C
600004 . — —Pressurized CO,; 130 bar and 37 °C
- - - CO, spray dried; 130 bar and 37 °C
—~ 400004
©
£
T
e 200004
o
o)
(]
a
@ 0+
-20000 -
'40000 L} L} L} L) ] 1
190 200 210 220 230 240 250

Wavelength (nm)

Fig.6 Far-UV CD spectra of COz-incubated myoglobin and reconstituted
solution of spray dried myoglobin formulations (both conducted at 130
bar and 37 °C, conditions O and V), compared to that of untreated
myoglobin formulation.

The results from UV/Vis and CD spectroscopy showed that the
myoglobin structure changes upon increasing temperature. However,
the fluorescence intensity of myoglobin after the CO2 incubation (Fig. 3)
gave a constant signal, similar to that of the untreated (conditions A, B,
C) and pressurized samples without CO2 (conditions D, E, F, G, H, ). The
ratio between the fluorescence at 350 nm and the absorbance at 280
nm (laso/ A2s0) was determined from the total peak areas observed by HP-
SEC. For the samples exposed to elevated temperature and pressure,
the ratfio of lsso/A20 was 022, and constant in all cases, while
apomyoglobin showed a substantially larger lzso/ A2so0 of 1.19 (not shown).
Consequently, the tryptophan fluorescence signal can be used to
determine the loss of heme from myoglobin. For the myoglobin
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formulations exposed to CO2, no increase in the fluorescence signal was
observed, with the lsso/A2s0values also around 0.22, suggesting that the
heme was still embedded in the heme pocket.

Whereas pressure and femperature without CO2 did noft
influence the total myoglobin concentration, a decrease in the protein
content was found after the CO2 incubation at higher temperatures
(Table 1), with only 85% protein recovery at 65 bar and 130 bar at 50 °C
(condifions L and P). This appears to be due to aggregation of
myoglobin, because a decrease in the monomer content was found
under these conditions (Fig. 4b). Moreover, an increase in concentration
of particles larger than 1 um was observed by flow-imaging microscopy
(Fig. 5). Interestingly, the dimer content was decreased after incubation
with COz (Fig. 4a). Since no oligomers were detected by HP-SEC and the
monomer content was reduced, the dimers proably were converted
info micron-sized aggregates. Altogether, from these results it can be
concluded that the aggregation is most likely the result of the shift in pH.

For the CO2 incubation tests, different temperatures and
pressures were used, which gave rise to different CO2 densities. In order
to evaluate whetherthe CO2 density has an influence on the stability of
myoglobin, several conditions were chosen that have the same CO:2
density (0.77 g/cms3, conditions M, O, and Q). As was observed for the
COz2 incubation tests, the results also showed a reduction in the heme
absorpfion and protein content as the processing ftemperature
increased (Table 1). Moreover, these values obtained at the same
temperature but different pressure (and therefore different density) are
almost the same (Table 1). From this, it can be concluded that changes
in the myoglobin integrity can be aftributed fo the increase in
temperature, and not the differences in CO2 density.

Overall, it can be concluded that exposing the myoglobin
formulation fo pressurized CO2 caused acidification, resulting in a
change in the heme binding and aggregation of myoglobin (monomer
loss and high parficle concentrations). However, the heme was not
removed, as the fryptophan fluorescence signal did not increase. In
addition, the destabilization of myoglobin was promoted by increasing
the processing temperature.
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3.3 Effects of spray drying using carbon dioxide at é5-130 bar and 25-
50°C

Having studied the influence of temperature, pressure and CO2
exposure, the next series of experiments evaluated the influence of the
spraying process on myoglobin integrity.

Upon reconstituting the spray-dried myoglobin, a greater
reduction (p < 0.05) in heme absorbance was found (decreasing to
approximately 85% at both 65 and 130 bar and 50 °C) when compared
to the COz-incubated myoglobin solutions (as seen in Table T and Fig. 1).
The reconstituted myoglobin formulation did not show a significant
difference in the secondary structure (Fig. 6). However, a further
decrease in the molar ellipticity at heme specific site (by CD) was
observed with increasing temperature (Fig. 2). However, the data were
not significantly different as compared to the CO2-incubated group.
Furthermore, the fluorescence signals also increased significantly, which
was not observed in the case of the CO2-incubated myoglobin solutions
(Fig. 3). As an increase in the fluorescence signal corresponds to the
formation of apomyoglobin, these results indicate that a partial loss of
heme occurs during spray drying, at both subcritical and supercritical
CO:2 conditions. In addition, the loss of heme slightly increased with
increasing temperature.

Lower protein recoveries were observed for the reconstituted
spray dried products with less than 80% recovery at the highest
temperatures, as can be seen in Table 1. Furthermore, higher amounts of
dimers (2.5-7.5%) and additionally some fragments (0.5-2%) of myoglobin
were present after spray drying (Fig. 4a) when compared to the
unfreated myoglobin formulation (condition A). A further loss of
monomer in the reconstituted solutions was also found, when compared
to the COz-incubated samples (Fig. 4b). The CO:2 spray drying process
also induced the formation of larger myoglobin aggregates, as shown in
Fig. 5. Moreover, the total particle content was higher in the
reconstifuted solutions of spray-dried myoglobin powders when
compared to the myoglobin solutions incubated with COa. In these
cases, the sub-visible particles were also larger in diameter (Fig. 5).

Upon reconstitution of the spray-dried myoglobin/trehalose
formulation produced at 130 bar and 37°C, the pH was 5.12 £ 0.06.1n a
similar manner to the CO2 incubated solutions, these results suggest that
the atomized myoglobin solution was acidified by the pressurized COa.
In addition, it has been observed before that residual CO2 can be
present in powdered products after depressurization [30], which may
explain the decrease in the pH upon reconstitution.
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In this study, it was concluded that acidification causes a
weakening of the heme binding of myoglobin. When this is combined
with the spray drying process, some of the myoglobin molecules loose
the heme. For the spray drying tests, the spray time was 40 minutes,
which was typically followed by 30 minutes of post-drying. One

experiment was also conducted without post drying. The results showed
that the ratio of A409/A280 and relative molar ellipticity of myoglobin (at
the heme specific site) freated with or without the post drying were not
significantly different (Table 1 and Fig. 2, condition V and V-). Myoglobin
aggregation, with and without the post-drying, were also similar in ferms
of dimer content and sub-visible particle sizes, as shown in Fig. 4 and Fig.
5. This suggests that the heme removal and myoglobin aggregation
occurred during the 40-minute spray drying, when the
myoglobin/trehalose formulation is atomized and dehydrated in the
pressurized CO2 environment.

While the acidification by CO2 mainly affects the heme binding
affinity and aggregation, other parameters of the CO2 spray drying
method may interfere with the myoglobin structure. The atomization step
subjects the solution fo a large CO2/water interface, which may lead to
protein denaturation and aggregation. Moreover, CO2is non-polar and
therefore the protein may reorient so that the hydrophobic components
are exposed to the surface, which may initiate the unfolding of the
protein. Any of these factors, combined with the lowering of the heme
affinity due to acidification by CO», could cause the destabilization of
myoglobin, thus leading to the removal of heme and an increase in
myoglobin aggregation. However, it is difficult to independently study
atomization and drying parameters of the CO2 spray drying method.

3.4 Effect of protein formulation

It is anficipated that this mechanistic study of the influence of the
CO2 spray drying process on myoglobin destabilization could be useful
for the future development of protein formulations for protein drying.
What is apparent from this study is that for pH-sensitive proteins like
myoglobin, the formulation should be carefully selected to avoid a pH
shift during CO2 spray drying. In order to evaluate this hypothesis, the
concentration of the phosphate buffer pH 6.2 was increased up to 150
mM. Under these conditions, it was found that the A409/A280 ratio
showed nearly 100% recovery of the heme (CO2 spray dried at 130 bar
and 37°C) (data not shown). Such high buffer concentrations may not
be ideal, e.g., when the formulation has to be kept isotonic, but could
provide a solution if high-concentration protein formulations are used
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that can be diluted before administration. Also, one could use a higher
buffer pH than 6.2, such as 7.0, which in particular for phosphate would
further increase its buffering capacity.

4. Conclusion

In this study, the influence of the critical CO2 spray drying
processing parameters on the stability of dried myoglobin formulations
was investigated. This was done by monitoring the effect of temperature,
pressure, contact with CO2 and the spray drying steps on myoglobin
sfructure. In the range of 65-130 bar and 25-50 °C, pressure and
temperature alone did not influence the myoglobin integrity. After
incubation with pressurized CO2, the pH of the myoglobin solufion was
about 5, which compromised the heme binding in myoglobin and
induced myoglobin aggregation. Spray drying with pressurized CO2
resulted in the loss of heme and a further increase in myoglobin
aggregation. Moreover, this was exacerbated by an increase in
temperature but not affected by increasing pressure. Overall, the results
indicate that exposure of myoglobin to CO2 destabilizes the myoglobin,
which eventuadlly leads to heme loss and protein aggregation during
COz2 spray drying.
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Abstract

The aim of this study was to investigate the effects of the
CO2/water interface and pH shift on heme destabilization and
aggregation of myoglobin. The studies were carried out by bubbling
either gaseous CO:2 or Nz into solutions of myoglobin in pure water. The
starting pH values of the myoglobin solutions were in the range of 4.0 to
7.0, and the pH was monitored during the bubbling process. CO2 gas
bubbling resulted in a decrease of the pH of the myoglobin solutions,
except for the solution with a starting pH of 4.0. Changes in the heme
binding and the secondary structure, as detected by changes in the
UV/Vis absorption as well as the near- and far-UV/Vis circular dichroism
(CD) spectra, were observed when the pH of the myoglobin solution was
(shifted to) below 4.5. However, the heme still remained in the heme
pocket in myoglobin, as reflected by no change in the intensity of the
protein fluorescence signal. Flow imaging microscopy showed that after
CO2 bubbling, the solutions prepared at pH 6.2-7.0 exhibited amorphous
sub-visible particles of myoglobin aggregates while the solutions with a
starting pH of 4.0-5.3 gave fiber-like particles. Moreover, more myoglobin
aggregates were observed when the solution starting pH was 6.2-7.0
compared to the solutions prepared at pH 4.0-5.3. In confrast, N2 gas
bubbling did not influence the pH and heme binding but still resulted in
myoglobin aggregation. From this, it can be concluded that the gas
bubbling induced myoglobin aggregation due to the creation of the
gas-liquid interface, independent of the gas that was used. However,
only COz2 bubbling resulted in a pH shift, which caused changes in the
heme binding and enhanced the formation of sub-visible myoglobin
aggregates.
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1. Introduction

Proteins are structurally unstable, and the physical and chemical
degradation processes that occur during purification, processing and
storage [1-5] can lead to denaturation and aggregation of the native
protein [6, 7]. In particular, the air/water interface that forms during
agitation/stirring or atomization during spray drying exposes the protein
to the hydrophobic air environment [8]. When protfeins come in contact
with the air/water interface [?9], the hydrophobic components reorient
towards the air phase, thus adopting a non-native protein structure that
can readily aggregate [10-18]. For example, Yu et al. [19] observed the
deactivation of lysozyme upon atomizing lysozyme formulations in air,
whereas the activity was preserved when lysozyme formulations were
sprayed info water. Similarly, another research study on spray
lyophilization of recombinant human interferon-y showed that the
atomization and lyophilization caused the aggregation of the protein
[20].

In previous studies on carbon dioxide (CO2) spray drying of
protein formulations [21, 22], protein aggregates in the sub-visible size
range and/or the presence of insoluble residues in reconstituted
solutions of polyclonal and monoclonal antibodies, myoglobin, o-
chymoftrypsinogen A, lysozyme, o-lactalbumin were observed. In
addition, a comprehensive study of myoglobin exposed fo the different
CO2 spray drying processing condifions showed that acidification by
COz2, in combination with the atomization and drying steps, led to partial
heme loss and aggregation of myoglobin [23]. Briefly, a shiftf to a lower
pH was observed for myoglobin solutions (pH 6.2) when incubated with
CO2 under pressure, dropping to pH 5.0 or lower. Under these conditions,
the heme was destabilized and myoglobin aggregates were formed,
but no release of the heme was observed. However, when spraying the
same formulation into high pressure CO2, aloss of heme was found. From
these results, it was concluded that several factors in the CO; spray
drying process, such as the shift in pH, the CO2/water interface and the
hydrophobicity of pressurized CO2, could possibly contribute to heme
loss and the aggregation of myoglobin [23].

As it is difficult to individually monitor the influence of these three
parameters during the CO2 spray drying process, it was proposed to
investigate the effect of the CO2/water interface and the pH shift on the
heme destabilization and aggregation of myoglobin by bubbling
myoglobin solufions with CO2. This bubbling method allows for rapid
regeneration of the gas/water interface, when compared to other
techniques such as stirring [10]. To exclude any potential influence of
formulation excipients, 5 mg/ml myoglobin solutions were prepared in
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water at different pH values in the range of 4.0-7.0. During bubbling, the
pH was monitored in sifu. Myoglobin’s structural integrity was observed
by UV/Vis spectroscopy, fluorescence spectroscopy, circular dichroism,
size-exclusion chromatography, and flow imaging microscopy analysis.
In order to separate the influence of pH and the gas/water interface on
the myoglobin integrity, N2 gas was used as a control, as it does not
influence the pH but shows only the effect of the gas/water interface on
myoglobin.

2. Materials and Methods
2.1 Preparation of myoglobin solution

Firstly, 5 mg/ml myoglobin (Sigma-Aldrich, St. Louis, USA) was
dissolved in pure water, giving a pH of 8.4, and then fitrated with 0.2 M
HCI to determine the amount of acid needed to achieve the desired
pH. The pH was measured in situ while adding the acid solution
(SevenCompact™ pH/lon S220, Mettler-Toledo AG, Schwerzenbach,
Switzerland). In this study, the pH values of the solutions were 4.0, 4.5, 5.3,
6.2, and 7.0. Once the equivalent volume of acid solution was known,
new solutions were prepared where the acid was mixed into the water
prior fo dissolving 5 mg/ml myoglobin, in order to obtain the correct pH
while avoiding exposure of myoglobin to extremely low pH values. All
myoglobin solutions were filtered through a 0.22 um cellulose filter before
starting the bubbling experiments, resulting in a final myoglobin
concentration of about 3.5 mg/ml.

2.2 Experimental set-up

For the bubbling experiments, a 50 ml three-neck round-bottom
flask (2Z334545-1EA, Sigma-Aldrich, St. Louis, USA) was filled with 10 ml of
myoglobin solution and placed in a water bath confrolled at a
temperature of 25 °C. Nitrogen or carbon dioxide gas was infroduced
info the myoglobin solution at a constant flow rate of 1.7 litre per hour
for 60 minutes, whereas a non-bubbled solution incubated for the same
time period was used as a reference control solution. The pH was
measured in situ and recorded every 5 seconds by a SevenCompact™
pH/lon $220 (Mettler-Toledo AG, Schwerzenbach, Switzerland). The
experimental sef-up is shown in Fig. 1.
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Fig. 1 The bubbling apparatus shows A) N2 or CO2 gass, B) pH probe, and C) gas
outlet. The experiments were carried out at a gas flow of 1.7 I/h for an hour
at 25°C.

2.3 Protein analysis
2.3.1 Protein content and heme binding

Samples of the myoglobin solufions were directly diluted to a
concentration of 0.1 mg/ml myoglobin in 10 mM citrate buffer with the
same pH as the myoglobin solution after 60 minutes bubbling. The diluted
protein solution was filtered through a 0.22 um pore filter prior to analysis.
The protein content was determined by a UV spectrophotometer
(Agilent 8453, Agilent Technologies, Santa Clara, USA). The spectra were
collected from 190 nm to 1000 nm. The myoglobin concentration was
calculated using the molar extinction coefficient of 3.45 x 104 M-lcm-! at
280 nm [24]. The absorbance ratio between 409 and 280 nm (A4o9/A2s0)
from each spectrum indicated the heme group binding fo the proximal
histidine in the heme pocket of myoglobin [22]. The percentages of
protein content recovery of the freated myoglobin were compared to
those of the untreated liquid myoglobin formulation at 25°C according
to equation 1:

A280 (processed)
A280 (nonprocessed)

Protein recovery(%) = [ ] x 100 (Eq. 1)
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2.3.2 Circular dichroism (CD) spectroscopy

The structure of myoglobin was observed by measurements of
far-Uv CD (190-250 nm) and near-UV/Vis (350-450 nm) CD spectroscopy
(J-810 Spectropolarimeter, JASCO Inc., Easton, USA). Analyses were
performed at 25 °C. The parameters were set at a sensitivity of 100 mdeg,
a data pitch of 10 nm, a bandwidth of 2 nm, and a scanning speed of
100 nm/min. Samples were diluted to 0.1 mg/ml myoglobin by adding
10 mM citrate with the same pH as the myoglobin solution after
bubbling. The samples were placed in a 0.1 and 1 cm quartz cuvette for
far-Uv CD and near-UV/Vis CD, respectively. CD spectra of six sequential
measurements were averaged and corrected for the blank. The CD
signals were converted to molar ellipticity per amino acid residue ([6],
deg cm2dmol’). The fraction of a-helix (fu) was estimated by using Eq. 2,
where [6]222 is the molar ellipticity per amino acid residue at 222 nm [25]:

fi = ([B]222 — 3,000)/(-36,000 — 3,000) (Eq. 2)

2.3.3 High performance size-exclusion chromatography

Samples of 50 ul of T mg/ml myoglobin (Mb) in 10 mM citrate pH
6.2 filtered through a 0.22 um pore filter were analyzed by high
performance size-exclusion chromatography (HP-SEC) with a Discovery®
BIO Gel Filtration column (300 A pore size) (Sigma-Aldrich, St. Louis, USA).
The mobile phase, consisting of 150 mM phosphate buffer at a pH of 7.0
filtered through a 0.1 um pore filter prior to use, had a flow rate of 0.7
ml/min. The UV and fluorescence chromatograms were recorded by a
UV detector (Agilent 1100 VWD, Santa Clara, USA) and a fluorescence
detector (Agilent 1200 FLD, Santa Clara, USA). The fluorescence emission
intensity (I) was collected at 325, 337 and 350 nm with the excitation at
295 nm. For the same sample, the peak area of the fluorescence signal
was compared to that of protein absorptfion (280 nm), and shown in
terms of 1/A2s0. The |/A2s0 value of 1.19 for apomyoglobin (free-heme,
apoMb) was used as areference, as observed in previous study [23]. The
amount of apomyoglobin was estimated by fluorescence data, as
shown in Eqg. 3. In addition, the peak area of myoglobin monomers was
used to calculate the monomer recovery of the bubbled myoglobin, as
compared to that of the non-bubbled sample.
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Estimated apomyoglobin (%)
_ [1/A280 of bubbled Mb - 1/A280 of nonbubbled Mb

1/A280 of apoMb - 1/A280 of nonbubbled Mb

]xlOO

(Eqa. 3)
2.3.4  Flow imaging microscopy

Sub-visible microparticles were analyzed by flow imaging
microscopy using an MFI5200 instfrument (Protein Simple, California, USA).
The measurements were confrolled by MVAS software version 1.3. One
milliliter of undiluted myoglobin solution was infroduced into a flow-cell
with the dimensions of 100 and 1016 pm in depth and diameter,
respectively. The sample stream, at a flow rate of é ml/min, passed
through a flow cell iluminated by a blue LED. Images of the particles
were captured by an optical camera. Pictures were obtained with a
resolution of 1280x1024 pixels. The data were also analyzed by MVAS
software. Total particle concentrations are reported for particle sizes
larger than 1, 5, 10 and 25 pm. Measurements were made for samples
both before and after bubbling.

3. Results

In this study, CO2 and N2 gas were bubbled info a myoglobin
solution to investigate the heme-binding and aggregation of myoglobin,
as a function of the pH and the presence of the gas/water interface.

3.1 pH during bubbling of the myoglobin solution

During the CO2 gas bubbling experiments, changes in pH were
observed. While the pH of the myoglobin solution prepared at pH 4.0
remained practically the same, the solutions with a starting pH of 4.5 and
higher shifted to lower pH values after three minutes of CO2 bubbling
(Fig. 2). The myoglobin formulations prepared at pH 5.3, 6.2 and 7.0
showed a fast drop in pH within the first few minutes to 4.6, 4.8 and 5.0,
respectively, and remained at these pH values until the end of the CO>
bubbling process. In contfrast, when N2 gas bubbles were intfroduced into
the myoglobin solutions, the original pH values of each of the myoglobin
formulations did not change, as seen in Fig. 2. Thus, it is apparent that
during the bubbling process, CO2 dissolves into the water to form
carbonic acid, causing a pH shiff. N2, however, does not react with
wafter, and consequently has no influence on the solution pH.
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Fig. 2 In situ pH measurements of 5 mg/ml myoglobin solutions at pH 4-7 during
nitrogen (a) and carbon dioxide (b) bubbling at a flow rate of 1.7 I/h. The
experiments were carried out for an hour.

3.2 Heme binding and secondary structure of myoglobin upon gas
bubbling

As the pH is reduced during CO2 bubbling, it is possible that this
affects the integrity of the protein. For the non-bubbled myoglobin
solutions, the heme binding in myoglobin was studied over the pH range
4.0 - 7.0. Prior to bubbling, the solufions with a starting pH of 5.3 and
higher exhibited very similar A4oe/A2s0 ratios, molar ellipticities at 409 nm
and fluorescence signals, suggesting that the myoglobin structure is not
affected by the starting pH and is similar fo the native form (Table 1 and
Figures 3, 4 and 5). For the non-bubbled solution with a starting pH of 4.5,
however, aslight change in the structure was observed, with areduction
in the A49/A20 and alpha-helix fraction (Table 1). Moreover, a small
increase in the fluorescence signal was also detected (Fig 5a),
indicating that there is less quenching by the heme. The CD dataq,
however, was very similar for all non-bubbled solutions with a starting pH
of 4.5 and higher (Fig. 3a and Fig. 4a). These results suggest that the
heme binding changes as a function of pH, with the changes starting to
occur around pH 4.5.
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For the non-bubbled solution with a starting pH of 4.0, the results
are very different compared to the other starting solutions. There is a
clear change in the heme binding to the proximal histidine, as observed
by a reduction of both the Aasoe/Azs0 ratfio (Table 1) and the molar
ellipticity at 409 nm (Fig. 3). Furthermore, the secondary structure of
myoglobin was perturbed, as observed by a decrease in the negative
CD band representing the a-helix structure (Fig. 4 and Table 1).
Moreover, an increase in the fluorescence signal indicates less heme
qguenching of myoglobin’s infrinsic fluorescence (Fig. 5a). After bubbling
this same solution with CO2, the structure of myoglobin showed no further
changes. Similar results were also found after N2 bubbling at pH 4.0 (data
not shown). These results confirm that under these conditions, the low
pH, rather than the exposure to the gas/water interface, is the main
factor behind the structural changes observed in the myoglobin
structure. The behaviour is also consistent with what was previously
observed by Ishikawa et al. [26] in a similar bubbling study. Moreover,
they also saw that the secondary structure of myoglobin at pH 4.0 is
reversibly folded when the pH is brought to neutral.

Upon bubbling the myoglobin solution with a starting pH of 4.5,
the pH shifted to 4.3. This drop in pH led to similar changes in the
myoglobin structure and heme binding as was observed at pH 4.0, as
mentioned above. However, under these conditions (pH 4.3), the heme
remained in the heme pocket after bubbling, as there was no change
in the infrinsic fluorescence emission signal when compared to the
fluorescence intensity of the non-bubbled myoglobin solution (Fig. 5).
These results were similar to those of a non-bubbled myoglobin solution
prepared in 10 mM citrate buffer at pH 4.3 (data not shown). In contrast,
N2 gas bubbling at pH 4.5 was less defrimental to myoglobin’s structure,
although a slight decrease in the Asos/Azso ratio was observed (Table 1).
This suggests that for the solution with pH 4.5, the changes in the
myoglobin sfructure after bubbling with CO2 are again caused by the
slight but significant acidification.

Solutions with pH 5.3 and higher showed a substantial reduction
in pH upon CO2 bubbling. However, the pH shift did not measurably
affect the myoglobin structure and the heme binding (Table 1 and Fig.
5). Similarly, N2 gas bubbling did not change the myoglobin structure
when compared to the non-bubbled solutions. Moreover, for the
solutions with pH values in the range of 4.5 to 7.0, the N2 bubbling had
almost no effect on the ratio of As9e/Azso (Table 1), secondary structure
(Table 1), molar ellipticity at 409 nm (data not shown), and intrinsic
fluorescence intensity (data not shown). So, the N2 gas bubbling does
not influence the pH of the solutions and the myglobin structure.
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Fig. 3 Near-UV/Vis CD spectra of the myoglobin solutions at pH 4-7 before (a)
and after one-hour CO2 bubbling (b) at a flow rate of 1.7 I/h.
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Fig. 5 Infrinsic fluorescence emission intensity of the myoglobin solutions at pH 4-
7 before (a) and after CO2 bubbling (b) at a flow rate of 1.7 I/h.

Table 1. UV/Vis absorption ratio at 409 and 280 nm (A49/A280) and a-helix
fraction (fu) derived from the far-UV CD signal at 222 nm of myoglobin
(non-bubbled, N2 and CO2 gas bubbling).

5mg/ml As09/A280° fu (222 nm)®
myoglo Non- N2 CO2 Non- N2 CO2
bin bubbled bubbled
pH 4 1.29 + 1.26 = 1.18 = 0.43* 0.48 + 0.50 £
0.06 0.05 0.03 0.02 0.06 0.02
pH 4.5 487 + 4,97 + 2,61+ 0.65+ 0.69 + 0.55*
0.14 0.04 0.03 0.01 0.01 0.02
pH 5.3 578 % 5.88 % 581+ 0.75% 0.76 = 0.73
0.10 0.04 0.15 0.02 0.01 +0.01
pH 6.2 5.58 + 5.61 % 5.47 + 0.70+ 0.71% 0.70
0.04 0.01 0.23 0.04 0.05 0.06
pH7.0 523+ 524+ 5.53 + 0.67 + 0.71% 0.75+
0.09 0.01 0.04 0.04 0.02 0.03

a Data were obtained from the ratio of the absorbance at 409 and 280 nm by UV/Vis

spectroscopy (see methods section).

bThe a-helix fraction of myoglobin before and after N2 and CO- bubbling with a gas flow

rate of 1.7 I/h (see eq. 2 in the methods section).



INETN Chapter 5

3.3 Myoglobin aggregation upon gas bubbling

Bubbling exposes the protein at the gas/water interface, which
may lead to denaturation, and correspondingly aggregation, of the
protein. Bubbling with any gas will contfinuously renew this interface, thus
it is hypothesized that both N2 and CO2 bubbling will lead to protein
aggregation. Indeed, the concentfrafion of sub-visible particles
increased after N2 bubbling and showed similar values over the pH
range studied (Fig. 6). Correspondingly, the CO2-bubbled myoglobin
solution prepared at pH 4.0-5.3 showed a similar increase in the particle
concentration when compared to the N2-bubbled solutions prepared at
pH 4.0-7.0. For all these solutions, the morphology of the aggregates in
the range 25-40 um was fibril-like. In contrast, CO2-bubbling of myoglobin
solutions prepared at pH 6.2-7.0 showed a 7-fold increase in the number
of particles larger than 1 um, as compared to the corresponding No-
bubbled myoglobin solutions (Fig. 6). Moreover, the aggregates that
formed during the CO2 bubbling of these solutions were amorphous (see
Table 2 and 3 for representative examples of particles). In all cases, the
particles were irregular with an amorphous appearance, as commonly
observed for proteinaceous particles [27, 28]. Furthermore, no gas
bubble-like particles were observed. From these results it is clear that the
particle formation is dependent on the gas/water interface and the pH
shift.

HP-SEC of the samples showed no formation of myoglobin dimers
or oligomers (data not shown). However, some monomer loss (up to 20%)
was observed after N2 and CO2 bubbling, indicating the formation of
insoluble aggregates (data not shown). Since there was no clear trend
in the extent of monomer loss with respect to incubation pH and N2
versus CO2 bubbling, these results will not be discussed further.
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at a flow rate of 1.7 I/h.

Table 2. Images of myoglobin aggregates captured by flow imaging
microscopy for the myoglobin solutions at pH 4.0-7.0 after N2 bubbling.
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Table 3. Images of myoglobin aggregates captured by flow imaging
microscopy for the myoglobin solutions at pH 4.0-7.0 after CO2

bubbling.
Original Particle images (in range 25-40 um)
myoglobin
solutions*
pH 4.0 (4.0) | F-1.p-58 S
t F-2.P-76 F-3.p-2
F-5.p8 F-5.P-15
Fo.P0 k"¢ F-8.P-85
F-4.P-84 i
paill i
F-7.P-8
:
pH 4.5 (4.3) F-77.P-3 F-109.P-7
-~
RARPS F-75.P-11 o .
> ’ F.72.P-2 j F-119.P-1
F-145P-9 F-157.P-9 F-185,P-10 F-200,P-5
s | |
& “ PO - a
pH 5.3 (4.6) F-178.P-12
F-58,P-5 F-100.P-8 :
p' F-86.P-8 F-101.P8 \ F-190.P-8
3 i 5
B i *‘ | N8 |0 LA
F-218P2 .
F.201.P-4 F-218.P-4
. |~




SN Chapter 5

pH 6.2 (4.8) F-4,P-34 F-5.P-71 F.6.P.68

F-1.P-37 F-1.P-44 - F-5.P-31 F.7.P-52
» [ ¥ (- Y =

'8.P'73 F-1°,P'83 F-11.P-19

.~

pH 7.0 (5.0) | F-1.P-4 F-8.P-6

j F-5.P-43 Fep17 FOP24 pgpag

-7.P-25 F-7.P-38 F-8.P-45 F-11.P-22

o o &

*The number in a bracket is the final pH of myoglobin solutions after CO2
bubbling.

m

-

£

m

4

4. Discussion
4.1 Effect of gas bubbling on the heme binding of myoglobin

In the atomization process in CO2 spray drying [23], the CO2
comes in contact with water at the surface of droplets (CO2/water
interface). As supercritical CO2 is non-polar, the protein in the droplets
will be exposed to the hydrophobic CO2 atf the droplet interface. Under
these conditions, the protein may reocrient, to expose the hydrophobic
heme pocket of myoglobin towards fo this surface, leading to protfein
unfolding at the droplet interface. In additional to this surface effect, the
drying of the droplets occurs by the mass transfer of water into the CO»
phase as well as the diffusion of COz into the droplets. It is the latter that
has been shown to cause acidification of the protein formulation, which
also led to protein denaturation as shown by changes in the UV-Vis and
CD spectra [23]. However, given that the CO2 spray drying process takes
place in a sealed high pressure vessel, it is not possible to determine
whether the CO2/water interface or the acidification is the predominant
factor influencing the resultant protein destabilization.

It was anticipated that the gas bubbling study with CO2 and N2
would help to differentfiate the influence of these two factors on the
destabilization and aggregation of myoglobin. Although this method
uses the myoglobin solution as the bulk phase (in contrast to the
supercritical CO2 being the bulk phase in the case of the spray drying
process), the bubbles will still create a gas/water interface that may be
representative of the behaviour observed during spraying. Moreover,
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the bubbling method has previously been shown to enhance the protein
aggregation rate 40 fimes compared to stiring, due to rapid
regeneration and renewal of interfaces [3]. Furthermore, bubbling with
CO2 was expected to result in the acidification of myoglobin solutions in
a similar manner to what was observed during the high pressure spray
drying process, as COz2 reacts with the water to form carbonic acid. A
similar pH shift has previously been observed for a milk solution (120 g in
1000 g water), where the pH was also found to decrease from 6.8 to
about 5 when exposed fo high pressure CO2 under static conditions at
20-40 bar [29]. In contrast, the solutions exposed to N2 bubbling were not
expected to show any pH shift, as N2 does not form an acid in water.

As anficipated, bubbling with N2 resulted in no change in the pH,
while bubbling with CO2 showed a shift in pH to values lower than 5.0 for
all the myoglobin solutions, except those with the starting pH of 4.0.
However, only the myoglobin solution prepared at pH 4.5 showed a
change in the a-helix and heme binding of myoglobin (as observed by
UV/Vis and CD at the Soret band), which was due fo the shiff in pH fo
4.3. These results suggest that the heme experiences partial dislocation
or dissociation within the myoglobin upon reducing the pH [30-32]. For
this same solution, however, no change in the fluorescence signal was
observed after bubbling, suggesting that the heme remains within the
heme pocket. Based on these observations, it would seem that
myoglobin is in an acid-denatured state under low pH conditions, and
that the structure resembles a molten globule [33-35]. Additionally,
myoglobin may present as an intermediate form between the native
heme-bound and heme-dissociated forms at pH below 4.5 [33, 34].

In contrast, the fluorescence data for the myoglobin solution with
a starting pH of 4.0 indicates that there is a clear change in the heme
binding (Fig. 5). In general, an increase in the fluorescence signal
indicates that the myoglobin structure is less quenched by heme [33, 37-
39]. This is also supported by the A4s/A2so ratio, which decreases when
the heme binding to the proximal histidine at the heme pocket is
changed [40, 41]. For the completely heme-free form of myoglobin
(apomyoglobin) extracted by acid-methylethylketone [42], the ratio of
fluorescence intensity to protein absorption (I/A2g0) is higher than that of
myoglobin [23]. It is offen assumed that any increase in the fluorescence
signal corresponds to a loss of heme. However, it has also been shown
that the infermediate form of myoglobin, which allows solvent molecules
(typically water) to access the tryrosyl residues of tryptophan, can also
result in an increase in the fluorescence signal [33]. Moreover, Stiebler et
al. [43] reported that about 0.5 nmol/ml of heme was soluble in acidified
aqgueous solution (0.5 M sodium acetate buffer pH 4.8), which would
correspond to about 0.0005% of the total heme in the myoglobin
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solutions before CO2 bubbling. Taking all this info consideration, it
appears that destabilization of the heme binding of myoglobin that
occurs af pH 4 is most likely the result of the presence of the intermediate
form of myoglobin. Moreover, it is expected that this acid denaturation
will be reversible, as no heme will be lost from the myoglobin structure
[44].

From this study, it can be concluded that if the pH is lower than
4.5 (either from the starting pH or induced by the formation of carbonic
acid), the myoglobin undergoes acid denaturation that results in
structural changes. In contrast, the gas/water interface has no influence
the myoglobin structure.

4.2 Effect of gas bubbling on the formation of myoglobin aggregates

During the bubbling experiments, aggregation of myoglobin was
observed from an increase in the sub-visible (micron-size) partficle
concentration. The results were independent of the bubbling gas and
the pH of the starting solution, suggesting that the gas/water interface
induces aggregation. The mechanism of protein aggregation can be
explained by the unfolding of the protein on the boundary between the
gas and water, thereby forming a protein film. Xiao and Konermann [45]
observed the unfolding of myoglobin on the surface of N2 bubbles using
hydrogen/deuterium exchange mass spectrometry. During sparging
(bubbling), the non-polar residues of amino acids buried in myoglobin
were exposed to the gas phase, resulting in an unfolded conformation
of myoglobin. Moreover, Wiesbauer et al. [10] showed that after air
bubbling, the exposure of the hydrophobic surface of recombinant
human growth hormone (rhGH) resulted in precipitation, as detected by
staining the insoluble aggregates with the hydrophobic dye ANSA (8-
anilino-1-naphthalenesulfonic acid). The aggregates of rhGH also
showed an increase in P-sheet structure, as observed by Fourier-
fransform infrared spectroscopy.

As N2 does not influence the pH of the solution, the N2 bubbling
tests show the direct effect of the gas/water interface on the formation
of aggregates. As shown in the data from flow imaging microscopy (Fig.
6), the concentration of sub-visible particles increased after N2 bubbling,
with a similar particle concenfration observed in all myoglobin solufions,
independent of the pH. The morphology of the sub-visible aggregates
of myoglobin is elongated, similar in appearance fo protein fibrils. This
could be aresult of an increase in intermolecular interactions, which has
been observed in the case of rhGH aggregates induced by air bubbling
[10].
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In a similar manner to N2, the CO2 bubbling also induces sub-
visible particle formation, but the associated pH shift with CO2 bubbling
appears to influence the morphology of sub-visible myoglobin
aggregates. For the myoglobin solutions with an original pH of 4.0-5.3,
the particle morphologies and concentration are similar to the results
obtained for the N2-bubbled solutions; fibril-like microparticles are
present, which may also be the result of infermolecular interactions in
myoglobin induced by the influence of the gas/water interface, as
mentioned above. For the myoglobin solutions with a starfing pH 6.2-7.0,
however, the particles are agglomerated and non-uniform, which is
likely to be related to combined effects of a lowering in the pH of the
solutions in addition to exposure to the gas/water interface.

In conclusion, bubbling myoglobin solutions with N2 or CO2 results
in the formation of fibrillar micron-sized aggregates when there is no shift
in the pH. However, non-uniform and amorphous aggregates in the
micron-size range are produced when the bubbling is combined with a
large shift in the pH of the solution.

4.3 CO:2 bubbling and spray drying studies on myoglobin
destabilization

During the CO2 bubbling experiments, changes in the secondary
structure and heme binding of myoglobin begin to occur when the
resultant pH is decreased fto 4.3. In contrast, the CO2 spray dried
myoglobin formulation exhibited changes in the heme binding but not
in the secondary structure [23]. Upon reconstitution of the spray dried
myoglobin powder, the resultant pH was about 5.0, which would suggest
that the pH during CO2 spray drying most likely reaches a value of 5.0 or
lower. However, given that the secondary structure does not change
during drying, the conditions required for acid-denaturation apparently
had not been met.

From the bubbling experiments, the drop in pH that led to
changes in the heme-binding and secondary structure within
myoglobin. In the case of the COz2 spray drying experiments, the size of
atomized droplets is much smaller than the bubbles and thus the pH of
the droplets is expected to rapidly decrease. At the same time however,
the atomized droplets are also undergoing the drying process, which will
decrease the mobility of the myoglobin molecule and its ability to
unfold. Based on the results from the CO2 spray drying experiments, it
appears that the time for drying is shorter than the time for acidification,
thereby minimizing the acid denaturation and thus preserving the
secondary structure of myoglobin [46].
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With regards to the bubbling experiments, only the solutions with
a pH of 4.0 showed an increase in the fluorescence signal, which is
thought to be indicative of the presence of an intermediate form of
myoglobin rather than the loss of heme [47]. In the case of CO2 spray
drying, however, a greater increase in the fluorescence signal for
myoglobin was observed, corresponding to about 10% loss of heme [23].
Moreover, the secondary sftructure was comparable to the non-
processed myoglobin formulations [23]. Although the mechanism by
which the heme is lost during CO2 spray drying is not entirely clear, it is
most likely the combination of the lowering of the pH and the solvent
properties of supercritical CO2. During scCO2 spray drying, the liquid-like
densities of supercritical CO2 (750 kg/m?3 at 120 bar and 37°C, in contrast
to acetone, which has a density of 791 kg/m3) may enabile it to function
in a similar way to the organic solvent in the removal of heme [48].
Moreover, as the greatest exposure of heme to CO2 occurs at the
droplet surface, the partial heme loss from myoglobin is expected to
primarily take place at the COz/water interface of the myoglobin
droplets, where the water is more rapidly acidified. In the case of the
bubbling study, however, the CO2 is present as a gas (density ~2 kg/m3),
and therefore, cannot act as a solvent. Furthermore, no other organic
solvent is present to assist with the removal of the heme, which remains
embedded in the hydrophobic heme cavity [49, 50].

In addition, it should also be noted that the aggregation of
myoglobin upon spray drying is about 5-fold greater than in the CO:2
bubbling experiment, when comparing the total sub-visible particle
concentration of the reconstituted myoglobin formulation dried at 130
bar and 25°C [23] to that of the gas bubbled solution (starting pH 6.2) at
25°C. The exposure to CO2 during spray drying will be substantially
greater than in the case of the bubbling experiments, as CO2 is the
continuous phase in the case of CO2 spray drying, while the myoglobin
solution is the continuous phase in the bubbling experiments. Moreover,
there will also be differences in the interface area, CO2 exposure time
and regeneration of CO:2 for the atomized myoglobin droplets when
compared to the gas bubbles. Aside from myoglobin, other proteins,
such as lysozyme, monoclonal antibodies, a-chymotrypsinogen A, and
a-lactalbumin, also showed a significant increase in the number of sub-
visible particles after the spray drying process [21]. Overall, it can be
concluded that the CO2 spray drying process increases the likelihood
that the protein is exposed to the CO2, leading to unfolding of the
protein structure at the droplet surface and consequently aggregation
of the protein.
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5. Conclusion

In order to understand the influence of the gas/water interface
on the aggregation of myoglobin, a series of gas bubbling tests were
conducted for myoglobin solufions over a pH range of 4.0-7.0. For the
solutions with a starting pH of 4.0, changes in the secondary structure
and heme binding were observed, even in the absence of gas bubbling.
From this, it can be concluded that the pH alone plays a role in
destabilizing the myoglobin structure. This was confirmed by the nitrogen
gas bubbling tests, which does not affect the pH of the solutions, the
secondary structure or the heme binding site of myoglobin. However, N2
bubbling does cause the formation of fibrillar sub-visible myoglobin
aggregates over the entire pH range studied. Conversely, CO2 bubbling
causes a shift in pH for the solutions over the starting pH range of 4.5-7.
Yet, changes in the myoglobin secondary structure and the heme
binding were only found when the CO2 bubbling shifts the pH of the
solution to 4.3, again supporting the conclusion that there is a critical pH
below which the myoglobin is destabilized. However, no heme loss was
observed during the CO2 gas bubbling due to the absence of the
organic solvent needed for heme exiraction. While sub-visible
aggregates were observed for all the CO2 bubbling tests, the
combination of the gas/water interface and the pH shift influence the
morphology of the aggregates. For the starting solutions in the pH range
of 4.0-5.3, the effect of CO2/water interface on myoglobin aggregation
is similar to that of the N2/water interface, as fibril-like sub-visible
aggregates are formed with a similar concentration. For the solutions
prepared at pH 6.2-7.0, however, the COz/water interface in
combination with the CO2 acidification resulted in the formation of non-
uniform myoglobin aggregates. From these results, it can be concluded
that the myoglobin aggregation is largely influenced by the gas/water
interface, but that the morphology of the aggregates is also dependent
on the extent to which the pH shifts.
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Abstract

It was observed previously that supercritical CO2 (scCO2) spray
drying causes the destabilization of myoglobin resulting in heme loss and
myoglobin aggregation. This destabilization was found to be induced by
a drop in pH during the spray drying process, from which it was
concluded that the excipients were ineffective in this formulation (1:10
weight rafio of myoglobin fo trehalose in 10 mM phosphate buffer pH
6.2). Therefore, the aim of this study was to investigate the effect of
formulation excipients (i.e., frehalose, buffers, polysorbate 80) on their
ability to maintain myoglobin integrity during scCO2 spray drying.
Myoglobin formulations were prepared at a starting pH of 6.2. The
myoglobin integrity was evaluated after reconstitution of the dried
formulations. It was found that while trehalose was unable to control the
pH of myoglobin formulations, it did result in a significant decrease of
heme loss. By using of 50-150 mM phosphate buffer, 10 mM citrate, or 25
mM histidine in the myoglobin/trehalose formulations, the pH was
maintained at 6.2 during scCOz2 spray drying, resulting in a full retention
of the heme in myoglobin, as observed by UV/Vis, circular dichroism and
fluorescence spectfroscopy. Myoglobin aggregation, in terms of
monomer loss and sub-visible particle formation, decreased when the
pH of myoglobin/frehalose formulations was stable, except in the case
of citrate buffer. The addition of a surfactant, polysorbate 80, did not
help to minimize the myoglobin aggregation. Interestingly, the
formulation without any buffer or surfactant but with a high
concentration of myoglobin was self-buffering, which led to the
stabilization of heme binding and a significant reduction in myoglobin
aggregation. From this study, it can be concluded that a carefully
selected formulation excipients help to maintain the protein integrity
during scCOz2 spray drying.
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1. Introduction

Supercritical carbon dioxide (scCO2) can be used as an
atomizing gas and drying medium in a spray drying process to prepare
dried protein formulations. ScCOz2 spray drying methods have previously
been used to prepare several dried protein formulations with lysozyme,
a-lactalbumin, a-chymoftrypsinogen A, myoglobin, monoclonal and
polyclonal immunoglobulin [1-4]. However, for a myoglobin formulation
consisting of 5 mg myoglobin and 50 mg trehalose in 10 mM phosphate
buffer at pH 6.2, heme loss and myoglobin aggregation were found after
CO2 spray drying [5]. Further evaluation of the product showed that the
pressurized CO2 caused significant acidification of the myoglobin
formulation, with the pH decreasing from 6.2 to about 5.0. Subsequently,
the acidification led to a partial removal of the heme during spray
drying, as was evident from analyzing the reconstituted dried myoglobin
formulations in water. Based on these results, it appears that the
myoglobin formulation is lacking sufficient buffering capacity of the
phosphate buffer to maintain the pH during spraying.

In a previous study, scCO2 spray-dried IgG formulations
(originally consisting of 10 mM phosphate or citrate pH 5 and 6.2) that
were freated with N2 gas maintained the original pH of the protein
formulations upon reconstitution [2, 6]. However, aggregation of I1gG
was still observed, as detected by a decrease in the monomer content
and an increase in the amount of dimers and oligomers [2]. This implies
that while treating the powdered product with N2 gas helps to eliminate
any residual CO2 (and correspondingly acidity upon reconstitution), it
cannoft reverse the defrimental effect of pH on protein integrity that
occurs during the spray drying process. Ideally, a protein formulation
should contain a proper buffering agent to resist any changes in the pH
of formulations during processing, which may not only cause physical
degradation, such as unfolding and aggregation, but also chemical
degradation, such as deamination, oxidation and proteolysis [7-10].
Therefore, the first aim of this study is fo evaluate the effect of different
buffer agents on their ability to stabilize myoglobin during scCOz2 spray

drying.

It has also been shown that the use of sugars, such as frehalose
and sucrose, help to preserve the a-helix structure in lysozyme after
reconstitution, as compared to the sugar-free formulation [3]. For
myoglobin, a previous study showed markedly changes in the heme
binding of the scCO2-dried myoglobin formulation when the myoglobin
was formulated with trehalose, as compared to the trehalose-free
myoglobin formulation [1]. Thus sugars appear to have a stabilizing
effect on the protein during scCOz2 spray drying. The second aim of this
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study is to evaluate further the role of trehalose in stabilizing myoglobin
during scCOz2 spray drying.

In a spray drying process, the atomization creates gas/water
interfaces, leading fo protein inactivation and/or aggregation [11, 12].
Nonionic surfactants (e.g., polysorbate 20, polysorbate 80) are generally
used as biopharmaceutical excipients, in order to decrease the
absorption of proteins at this gas/water interface [13, 14]. In case of a
hot air spray-dried lactate dehydrogenase (LDH) formulation, the loss of
LDH activity, unfolding and aggregation that occurred during
atomization was decreased when 0.05%wt polysorbate 80 was present
in the formulation [15]. Furthermore, the surface of dried LDH particles
prepared with 0.1%wt polysorbate 80 was smoother than the formulation
without the surfactant, due to a decrease in the surface tension of the
LDH formulation [15]. A similar result was also observed when polysorbate
20 was added to a recombinant human growth hormone formulation
[16]. From a previous study of CO2 gas bubbling in myoglobin solutions,
it has become clear that the CO2/water interface influences both the
morphology and concenfration of sub-visible myoglobin aggregates
(see Chapter 5). Similar results were seen after scCOz2 spray drying, from
which it was concluded that the COz/water interface leads to
myoglobin aggregation. In order to decrease the surface-induced
protein aggregation during scCO2 spray drying, a surfactant can be
added to act as a barrier at the COz/water interface. Thus, the third aim
of this study is to evaluate the influence of a surfactant, polysorbate 80,
on reducing protein aggregation during scCOz2 spray drying.

In all cases, the dried myoglobin formulations were freshly
prepared and reconstituted in water on the production day. The
myoglobin structure and aggregation were examined by UV-Vis,
fluorescence and circular dichroism spectroscopy, as well as size-
exclusion chromatography and flow-imaging microscopy.
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2. Materials and methods
2.1 Materials

All chemicals, salt-free myoglobin from equine skeletal muscle,
frehalose dihydrate, sodium phosphate monobasic dihydrate, sodium
phosphate dibasic dihydrate, citric acid monohydrate, tris base (Trizma
base®), histidine and polysorbate 80, were purchased from Sigma-
Aldrich, St. Louis, USA.

2.2 Preparation of liquid myoglobin formulations

Liquid formulations for the scCOz spray drying experiments were
prepared at pH 6.2 and 8.2, as shown in Table 1 and 2. To study the
buffering capacity of buffers in the scCO2 spray drying system, 55 mg/ml
frehalose solutions were prepared in water, 10-150 mM phosphate
buffer, 10 mM citrate buffer, 25 mM histidine buffer or 10-150 mM Tris
buffer (formulations T1-T12). Furthermore, in order to study effects of
frehalose and buffer salts on myoglobin integrity, 5 mg/ml myoglobin
with and without 50 mg/ml trehalose were prepared in pure water, 10-
150 mM phosphate, 10 mM citrate and 25 mM histidine (shown as
formulations M1-M2, and MTI1-MTé). Solutions consisting of 5 and 20
mg/ml myoglobin with a 1:10 (w/w) myoglobin:trehalose ratio in water
(formulations MTT and MT10), were used to observe the self-buffering
and self-stabilizing properties of myoglobin. Finally, the effect of the
surfactant on myoglobin aggregation was studied by adding 0.002% -
0.050% w/v polysorbate 80 in 25 mM histidine pH 6.2 (formulations MT7-
MT9).

In all cases, the pH of the formulations slightly increased when
myoglobin was dissolved in water with a starting pH 6.2. To adjust the pH
of the myoglobin formulations, the solutions were fitrated with 0.2 M HCI
to determine the amount of acid needed to achieve the working pH.
Later, new myoglobin formulations were prepared by adding the
required amount of the acid solutfion info the aqueous solutions prior to
dissolving the myoglobin. As myoglobin did not completely dissolve, the
liguid formulations were filtered through a 0.22-um pore cellulose
acetate filter (Millex®-GV, Cork, Ireland) before starting the spray drying
experiments. After filtration, the myoglobin concentrations were
reduced to about 70% of the starting concentration in the non-filfrated
formulations.
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2.3 Spray drying conditions

For all formulations, the scCO2 spray drying was operated at 130
bar and 37°C in a 4-lifre spray drying module (F54250S model from
Separex, Champigneulles, France). The drying vessel was filled with the
pressurized CO2 and brought to the desired temperature and pressure
before feeding in the liquid myoglobin formulation via a high-pressure
syringe pump maintained at 25 °C (TELEDYNE ISCQO, Lincoln, USA). The
protein solution was atomized by pressurized CO2 stream through a
coaxial converging nozzle (Spraying Systems Co. B.V., Ridderkerk, The
Netherlands). The diameter of the nozzle orifices were 0.16 cm and 0.04
cm for the CO2 and the liquid, respectively. The protein solution (about 8
ml) and CO2flow rates were kept constant at 0.2 ml/min and 500 g/min,
respectively. The spraying time was 40 minutes, followed by 30 minutes
post-drying with fresh CO2, to remove any residual moisture from the
vessel and consequently the product [4]. After depressurization, the
dried myoglobin formulations were collected from a paper filter
(Whatman® qualitative filter paper, Grade 1, 25 mm diameter, Diegem,
Belgium). Each experimental condition was tested at least twice.

2.4 Protein analysis
2.4.1 Sample preparation for myoglobin analysis

To achieve a desired protein and trehalose concentration of 53.5
mg/ml and 55 mg/ml of the dried myoglobin/trehalose formulations and
the dried frehalose formulations were reconstituted in 1 ml of water by
taking info account the solid confent of myoglobin after filtration,
frehalose and buffer salts along with the residual water content [3].The
powdered products were dissolved overnight at room temperature to
complete the dissolution. The reconstituted solutions were subsequently
diluted with their original agueous-based medium without myoglobin
(see Table 1 and Table 2). However, the dilution of the samples MT7 to
MT9 (histidine with polysorbate 80) was carried out in 25 mM histidine
without the surfactant. The diluted samples were filtered through a 0.22-
um pore cellulose acetate filter (Millex®-GV, Cork, Ireland) before
protfein structural analysis by UV/Vis, circular dichroism and fluorescence
spectroscopy. The sample concentrations for each analysis are
mentioned below.
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2.4.2 Protein and bound heme recovery

The protein solutions were diluted to approximately 0.1 mg/ml
prior to measurement. The protein content was determined by using a
UV spectrophotometer (Agilent 8453, Agilent Technologies, Santa Clara,
USA). The spectra were collected from 190 nm fto 1000 nm. The
myoglobin concentration was calculated using a molar extinction
coefficient of 3.45 x 104 M-lcm ! at 280 nm [16]. The absorbance ratio
between 409 and 280 nm (A4o9/A2s0) from each spectrum represents the
retention of the heme group bound to the proximal histidine in the heme
pocket of myoglobin [17].The percentages of protein content recovery
of the treated myoglobin were compared to those of each untreated
liquid myoglobin formulation at 25°C (see EqQ.2).

Azgo (processed)

Protein recovery(%) = [ x 100 (Eq. 2)

Ajpgo (nonprocessed)

2.4.3 Circular dichroism spectroscopy

In order to study the structure of myoglobin, far-UV (190-250 nm)
and near-UV/Vis (350-450 nm) CD spectroscopy measurements (J-810
Spectropolarimeter, JASCO Inc., Easton, USA) were performed at 25 °C.
The parameters were set at a sensitivity of 100 mdeg, with a data pitch
of 10 nm, a bandwidth of 2 nm, and a scanning speed of 100 nm/min.
Samples were freshly prepared with a myoglobin concentration of 0.1
mg/ml and placed in a 0.1-cm and 1-cm quartz cuvette for far-Uv CD
and near-UV/Vis CD measurements, respectively. CD spectra of six
sequential measurements were averaged and corrected for the blank.
The CD signals were converted to molar ellipticity per amino acid residue
([6], deg cm? dmol'). The fraction of a-helix (fu) was estimated by using
Eqg. 3 [17]. where [B]222 is the molar ellipticity per amino acid residue at
222 nm.The signals of the samples were compared to that of untreated
solution and shown as % recovery at the a-helix fraction at 222 nm.

fi = ([8]222 - 3,000)/(-36,000 - 3,000) (Eq. 3)

2.4.4 High performance size-exclusion chromatography (HP-SEC)

Samples of 50 pyl of 1 mg/ml protein concentration were analyzed
by HP-SEC with a Discovery® BIO Gel Filtration column (300 A pore size)
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(Sigma-Aldrich, St. Louis, USA). The mobile phase consisted of 150 mM
phosphate buffer, pH 7.0, and was filtered through a 0.2-um filter prior to
use. The flow rate was set at 0.7 ml/min. The chromatograms were
recorded by a UV detector (Agilent 1100 VWD, Santa Clara, USA) and a
fluorescence detector (Agilent 1200 FLD, Santa Clara, USA). The
absorbance of each spectrum at a wavelength of 280 nm was used to
calculate the percentages of myoglobin monomer, aggregates, and
fragments relative to that of the unfreated samples. The fluorescence
emission infensity was collected at 350 nm with the excitation at 295 nm.
For each chromatogram, the total peak area of the fluorescence signal
infensity was compared to the absorbance at 280 nm, and shown as
laso/A2s0. Apomyoglobin, which lacks the heme group, was used as a
conftrol [5].

2.4.5 Flow imaging microscopy

The presence of sub-visible microparticles was determined by
flow imaging microscopy using an MFI5200 instrument (Protein Simple,
Cadlifornia, USA). The measurements were controlled and the data
analyzed by MVAS software version 1.3. Prior to analysis, the formulations
were diluted to a myoglobin concentration of 1 mg/ml (no filfration).
One miilliliter of solution was infroduced at a flow rate of 6 mi/min into a
flow cell with the dimensions of 100 and 1016 um in depth and diameter,
respectively, illuminated by a blue LED. Images of the particles were
captured by an optical camera. Pictures were obtained with a
resolution of 1280x1024 pixels. Total particle concentrations are reported
for particle sizes larger than 1 ym.

3. Results
3.1 Formulations

In order to evaluate the effect of the formulations on the ability
to stabilize myoglobin during scCOz2 spray drying, three different systems
have been studied; trehalose only formulations (T1-T12), myoglobin only
formulations (M1-M2) and myoglobin/trehalose formulations (MT1-MT10),
as shown in Table 1 and 2. The role of excipients in maintaining the pH
during spraying (which is thought to contribute to protein stabilization)
was investigated by first studying the formulations in water only (T1, M1,
MT1), and then by adding buffer (10-150 mM phosphate buffer, 10 mM
citrate buffer or 25 mM histidine buffer) at pH 6.2. For the trehalose only
formulations, tests were also conducted using 10-150 mM phosphate
and Tris buffer at pH 8.2. In the case of the histidine buffer, the surfactant,
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polysorbate 80, was added in different concentrations (0.002-0.050%) to
evaluate whether changing the surface tension influences the protein
stability during spray drying. Finally, the self-buffering capacity of
myoglobin was studied as a function of concentration (MT1 compared
to MT10).

3.2 pH upon reconstitution

During scCOz2 spray drying, the pH of the myoglobin solufions
decreased due to the reaction between CO2 and water in the droplets
to form carbonic acid. Dried myoglobin formulatfions (starting pH 6.2)
gave a final pH of about 5.0 after reconstituting in water [5]. An
investigation into the effect of buffer agents (e.g. buffer salts and self-
buffering protein) on the ability to control the pH of myoglobin
formulations in the scCO2 spray drying system was carried out for the
above-mentioned formulations.

For the frehalose only formulations (Table 1), the frehalose alone
cannot confrol the pH during spraying. The reconstitution of dried
frehalose gave a pH of about 4.0 instead of pH 6.2 (see formulation T1).
For the formulations containing phosphate buffer, a lack of buffer
control of the pH was seen in cases of 10 and 50 mM phosphate buffer
at pH 6.2 (T2 and T3). However, increasing the concentration of
phosphate buffer up to 150 mM at pH 6.2 resulted in the gradual
stabilization of the pH, as shown in the formulations T2-Té. In contrast,
phosphate buffer at pH 8.2 over the concentration range 10-150 mM
(formulations T7 and T8) did not show sufficient buffering capacity to
maintain the original pH after scCOz2 spray drying. Therefore, phosphate
buffer at pH 6.2 was used to prepare myoglobin/frehalose formulations,
while the phosphate buffer at pH 8.2 was excluded in the further study.

In order to investigate whether other buffers allow for better pH
control, particularly at low buffer concentrations, tests were also
performed using citrate, histidine, and Tris base, as these buffers have
pKa values close to the starting pH values of 6.2 [18] and 8.2 (T9-T12). As
shown in Table 1, both citrate and histidine were able to control the pH
of the formulations to values near pH 6.0. However, the Tris base did not
maintain the original pH 8.2 over the concentration range studied. In
actual fact, this study showed that neither phosphate buffer nor Tris
could maintain the pH of the formulations at 8.2 during the scCO2 drying
process. Consequently, only the buffers with pH 6.2 were used for further
investigation.
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For myoglobin formulations without trehalose at a starting pH 6.2
(M1-M2), myoglobin alone lacked sufficient buffering capacity, as the
pH of the formulations was about 3.5-4.4 after reconstitution. However,
for the myoglobin/trehalose formulations (MT2-MT9), the addition of 50-
150 mM phosphate buffer resulted in a stable pH at 6.2 after scCO2 spray
drying. Moreover, 10 mM citrate (MT5) was also able to maintain the pH
around 6.2 while 25 mM histidine (MT6) showed a slight decrease in pH
for the reconstituted formulation. However, adding a surfactant (0.002-
0.050% polysorbate 80) did not influence the buffering capacity of 25
mM histidine. For the formulations prepared at a high concentration (20
mg/ml, MT10), myoglobin exhibited self-buffering capacity as shown by
a higher reconstituting pH (pH 5.0), in confrast o the reconstituted
formulation with only 5 mg/ml myoglobin (pH 4.2). All results are
summarized in Table 2.

3.3 UV/Vis spectra of myoglobin

When analyzing the UV/Vis spectra of myoglobin, a decrease in
the ratio of Asos/Az2s0 reflects changes in the heme-binding [5, 19]. As
seen in Table 2, myoglobin alone prepared in water and 10 mM
phosphate buffer (formulations M1 and M2) showed a significant
decrease in the A4s/A2so ratio. Upon adding frehalose, a higher Asos/Azgo
rafio was observed for both the formulations in water and 10 mM
phosphate buffer (formulations MT1 and MT2). In contrast, the Asos/A2so
rafio was fully preserved when myoglobin was formulated with high
concentrations of phosphate buffer, citrate and histidine with and
without polysorbate 80. Similarly, the ratio was also maintained at 100%
when myoglobin was prepared in water with a concentration of 20
mg/ml.

3.4 Circular dichroism (CD)

Far-UV CD specftfroscopy, which was used to monifor the
secondary structure of myoglobin, showed similar specfra when
comparing the untfreated and dried myoglobin formulations (data not
shown). The results are presented as %recovery of the estimated
myoglobin a-helix fraction at 222 nm, with values close to 100% for alll
formulations (Table 1). For the formulations containing 25 mM histidine
(with and without a surfactant), an interference in the far-Uv CD signal
was observed due to the chirality of histidine [20, 21].
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From the CD spectra, changes in the heme binding are observed
as a shift and/or decrease in the molar ellipticity at the Soret band (409
nm) [22, 23]. For the myoglobin formulations without frehalose (Fig. 1a),
a significant decrease in the molar ellipticity at 409 nm was observed
after spray drying when compared to the untreated solutions. However,
the addition of frehalose helped to stabilize the heme in the spray dried
myoglobin formulations (Fig. 1b), as shown by an increase in the molar
ellipticity at 409 nm relative to both the trehalose-free formulations.

A comparison of the Soret band for the different buffers and
buffer concentrations is shown in Fig 2. For the 5 mg/ml
myoglobin/trehalose solutions prepared in water (MT1) and 10 mM
phosphate buffer (MT2), the results show that there is a slight decrease
in the signals after spray drying. For the other formulations with the
various buffers and 20 mg/ml myoglobin, the signals are relatively stable
compared to the untreated formulations (Fig. 2). However, adding the
surfactant to the formulations (MT7-MT9) resulted in a slight decrease in
the molar ellipticity after spray drying (Fig. 3).

Myoglobin without trehalose Myoglobin with trehalose
800 7
a) Untreated M1 b) —— Untreated MT1
Untreated M2 Untreated MT2
—-—Spray-dried M1 —— Spray-dried MT1
—— Spray-dried M2 —— Spray-dried MT2

6 (deg cm’ dmol™)

360 380 400 420 440

Wavelength (nm)

Fig. 1 Near/Vis-CD spectra at the Soret band (409 nm) of myoglobin without trehalose (a)
and with frehalose (b). Spray-dried myoglobin formulations were conducted at 130
bar and 37 °C. M1 = myoglobin in water, M2 = myoglobin in 10 mM phosphate
buffer, MT1 = myoglobin/trehalose in water and MT2 = myoglobin/trehalose in 10
mM phosphate buffer. All untreated solutions were freshly prepared at pH 6.2. For
formulation compositions, see Table 2.
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800 -
a)

600
= Untreated MT2

400 4 Untreated MT4 R
'''''' Spray-dried MT2 e T

2004 --- Spray-dried MT4

b)

] —untreated MT5
Untreated MT6
~~~~~~ Spray-dried MT5
- = = Spray-dried MT6

c)

= Untreated MT1
Untreated MT10
~~~~~~ Spray-dried MT1
- - - Spray-dried MT10

360 380 400 420 440
Wavelength (nm)

Near/Vis-CD spectra at the Soret band (409 nm) of untreated myoglobin
with frehalose and scCOz2 spray-dried myoglobin with frehalose, prepared
in (a) phosphate buffer, (b) citrate and histidine, and (c) buffer-free
solution. Spray-dried myoglobin formulations were conducted at 130 bar
and 37 °C. MT2 and MT4 = myoglobin/trehalose in 10 and 150 mM
phosphate buffer, MT5 = myoglobin/frehalose in 10 mM citrate, MT6 =
myoglobin/trehalose in 25 mM histidine, MT1 and MT10 = 5 and 20 mg/ml
myoglobin with 50 and 200 mg/ml, respectively, of trehalose in water. All
unireated solutions were freshly prepared at pH 6.2. For formulation
compositions, see Table 2.
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Untreated s¢CO,-spray-dried
a) —0% wiv tween 80 (MTE) b) — 0% wiv tween 80 (MTE)
—0.002% wiv tween 80 (MT7) e ,002% wiv tween 80 (MTT)
800 ——0.005% wiv tween 80 (MT8) ] ——0.005% wiv tween 80 (MT8)
m—0.05% wiv tween 80 (MT9) —0.05% wiv tween 80 (MT%)
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Fig. 3 Near/Vis-CD spectra af the Soret band (409 nm) of untreated formulations
(a) and scCOz2 spray-dried myoglobin/trehalose formulations (b). Spray-
dried myoglobin formulations (MT6-MT9 in 25 mM histidine, pH 6.2)
contained 0-0.05% polysorbate 80 were prepared at 130 bar and 37 °C.
For formulation compositions, see Table 2.

3.5 Intrinsic tryptophan fluorescence emission intensity

The tryptophan fluorescence signal is highly quenched when
heme is bound in the heme pocket [24, 25], and consequently, native
myoglobin gives a low fluorescence signal. In the absence of any
change in the myoglobin secondary structure, an increase in the
fluorescence emission intensity is most likely due to the loss of heme to
form apomyoglobin [5]. The fluorescence data, presented as the ratio
of the fluorescence emission signal at 350 nm to protein absorption at
280 nm (laso/A2s0), is shown in Fig. 4. For the myoglobin-only formulations
in water and 10 mM phosphate buffer pH 6.2 (formulations M1 and M2),
asignificantincrease in the fluorescence signal was observed after spray
drying. Adding trehalose results in a reduction in fluorescence signal, but
the lsso/Az2s0 ratfios were still slightly higher than those of the untreated
formulations (formulations MT1 and MT2). All other formulations showed
no change in the heme binding as the lsso/A2so ratio was low in all cases.
However, it seemed that the structure of myoglobin was even more
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guenched by heme in the presence of histidine, as a decrease in the
fluorescence signals were observed in formulations MT6-MT9.

Without
trehalose

With trehalose

[l Untreated myoglobin
B cO, spray-dried myoglobin

Total peak area of I, /A,

N ah N D A <D ) D D <D <N O
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Fig. 4 The relative total peak area of the fluorescence emission signal at 350 nm
to protein absorption at 280 nm (lsso/Azs0) for reconstituted spray dried
myoglobin formulations with half an hour post drying produced at 130 bar
and 37 °C. Formulations M1-M2 are 5 mg/ml myoglobin in water and 10
MM phosphate pH 6.2. Formulations MT1-MT? are 5 mg/ml myoglobin with
50 mg/ml trehalose. Formulation MT10 is 20 mg/ml myoglobin with 200
mg/ml frehalose.

3.6 Myoglobin aggregation

In a previous study [5], the untreated myoglobin solutions showed
1% of dimer and 99% of monomer according to HP-SEC. After scCOz2
spray drying, the dimer (2.5-7.5%) and small fragments (0.5-2.0%) were
present in the reconsfituted solution of spray-dried myoglobin
formulations. However, in this present study, neither dimers/oligomers nor
small fragments of myoglobin in any formulation before and after spray
drying were detected by HP-SEC (dafa not shown). Yet, a loss in the
monomer content was still observed (Table 1), which may be correlated
with the formation of insoluble aggregates (removed by filtration).
Myoglobin without trehalose in 10 mM phosphate buffer pH 6.2
(formulation M2) showed the highest loss in monomer content, while the
formulation with trehalose (formulation MT2) helped to reduce the
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monomer loss. Myoglobin aggregation sfill occurred when citrate and
histidine buffers were used. However, a reduction in the extent of
aggregation was found when the concentration of phosphate buffer
was increased (50-150 mM) or when a high protein concentration (20
mg/ml myoglobin) was used.

In line with the formation of insoluble aggregates, sub-visible
particles (= 1 um) were detected in the different formulations (Fig. 5).
Adding frehalose to the myoglobin-only formulation resulted in a
substantial reduction in the number of sub-visible particles (cf. M1 and
MT1). Similarly, the use of a buffer also reduced the presence of sub-
visible particles, independent of the type of buffer. Moreover, a
decrease in the sub-visible particle content was also observed upon
increasing the phosphate buffer or myoglobin concentration.

75 =
€

74
-
A
E
7] =
Q
o
£ 87
5 |
o 64
‘Do g
-~ 4

2 -

04

QR N D S B e QIAROE S
& X P R X R @ 2 &S & & N

RN NEROERAIN B D < &

& o &S S o S g @ @ &

o N L e e S P & & P &

N o wor o2 S
T
&\&‘ &\“ oS
DA

Fig. 5 Particle concentrations larger than 1 um in the reconstituted scCO2 spray
dried myoglobin formulations (produced at 130 bar and 37 °C with half
an hour post drying) observed by flow imaging microscopy. Volume refers
to that of undiluted (reconstituted) liquid myoglobin formulation.
Formulations M1-M2 are 5 mg/ml myoglobin in water and 10 mM
phosphate pH 6.2. Formulations MT1-MT9 are 5 mg/ml myoglobin with 50
mg/ml trehalose. Formulation MT10 is 20 mg/ml myoglobin with 200 mg/ml
frehalose.
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4. Discussion

In a previous study [5], it was shown that 10 mM phosphate buffer
at pH 6.2 (formulation MT2) lacked sufficient buffering capacity to
stabilize myoglobin during scCOz2 spray drying, resulting in the partfial loss
of heme due to CO2 acidification of the sprayed solution. In this current
work, the effect of excipients (i.e., frehalose, buffer species, and
surfactant) and myoglobin concentration on the stability of myoglobin
during scCOz2 spray drying has been studied.

4.1 Effect of trehalose during CO2 spray drying

Trehalose is an osmolyte that can form H-bonds with a protein
molecule, helping to stabilize the protein when it is subjected to
chemical and/or thermal stress, or dehydration [26-28]. During freeze-
drying, trehalose also helps to prevent freeze damage of proteins from
ice crystal formation [27, 28]. It was hoped that trehalose would also
assist in stabilizihg myoglobin during CO2 spray drying, where the
atomized protein formulation is exposed to a hydrophobic environment
and acidification by pressurized CO»2. However, previous tests showed
that changes in the myoglobin structure and aggregation still occurred,
even for a formulation containing a 10:1 trehalose to protein ratio [5].
Yet, when comparing the myoglobin stability for formulations with (MT1
and MT2) and without (M1 and M2) trehalose, the trehalose clearly helps
to stabilize the myoglobin structure (Table 2 and Fig. 1), and decreases
the formation of myoglobin aggregates (Table 2 and Fig. 5). As
expected, however, trehalose alone did not stabilize the pH of the
formulation (Table 1 and Table 2), as it is not a buffer.

4.2 Effect of phosphate buffer at pH 6.2 during CO:2 spray drying

It was previously observed that myoglobin/trehalose formulations
containing 10 mM phosphate buffer pH 6.2, were acidified during CO>
spray drying [5], which induced instability in the heme-binding and
myoglobin aggregation. From these results, it was concluded that
controlling the pH is crucial for stabilizing the myoglobin and ensuring
that the functionality is maintained.

Phosphate buffer has pKa values of 2.2, 7.2 and 12.4. In fact, a
buffer solution is typically used to control the pH of a solution within a
range of the pKa £ 1, and is most effective when the working pH is equal
to the pKa of a buffer (Fig. 6). As the phosphate buffer at pH 6.2 used for
the myoglobin formulations is on the limit of the effective operating pH
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range, it had a low buffering capacity. Furthermore, the pH of the
formulations was shifted out of the buffering range (Table 1 and 2) during
the COz2 spray drying process, thereby rendering this buffer completely

ineffective.
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Fig. 6 Buffer capacities of 10 mM citrate buffer, 25 mM histidine buffer
and 150 mM phosphate buffer at pKa 5.5, 6.0, and 7.2,
respectively, calculated from Van Slyke [18, 38].

Aside from the pH range (relative to the pKa), the buffering
capacity of a specific buffer is also dependent on its concentration. The
effect of increasing the concentration of phosphate buffer at pH 6.2 on
the ability fo stabilize the pH during COz2 spray drying is shown in Table 1
and Table 2 for frehalose and myoglobin formulations, respectively. For
all the phosphate buffer formulations studied, only 150 mM phosphate
buffer showed a complete stabilization of the pH, for both the trehalose-
only formulation (Té) and the myoglobin/trehalose formulation (MT4). For
the MT4 formulation, the heme binding of myoglobin was also fully
preserved, as observed by 100% recovery of Asgs/A2so ratfio (Table 2) and
molar ellipticity at the Soret band (Fig. 2), and the constant fluorescence
signal (Fig. 4). Moreover, maintaining the pH of the formulation markedly
decreased the formation of myoglobin aggregates, with 100% of the
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myoglobin and monomers recovered (Table 2), as well as a significant
decrease in the sub-visible particle concentration when compared to
the myoglobin/frehalose formulations with 10 to 50 mM phosphate
buffer. From these results, it can be concluded that a high concentration
of phosphate buffer can stabilize the pH of the myoglobin formulation
during scCO2 spray drying, even if the pH is near the limit of the effective
buffering range.

While using high phosphate buffer concentrations has positive
effects on the myoglobin integrity, there are several negative aspects to
consider when using such high concentrations. From a processing
perspective, the high concentration of phosphate buffer caused the
scCOz2 spray-dried protein formulations to be very hygroscopic. This not
only made it difficult fo collect the powdered samples, but also means
that the residual water content may be higher than the recommended
3% for dried protfein formulafions [4]. Moreover, the use of high
phosphate buffer concenfrations may also have a negative effect on
the protein integrity during storage, e.g., by causing crystallization of
powdered protein formulations [29]. Furthermore, such high
concentrations may also lead to hypertonicity, which can cause
undesirable local fissue irritations upon administration [30]. For these
reasons, the use of high salt concentrations is not recommended for
protein formulations.

4.3 Effect of other buffers during CO: spray drying

In this current study, the stability of the heme binding and the
degree of myoglobin aggregation were also investigated in citrate and
histidine buffer solutions at pH 6.2. Citrate is composed of fri-carboxylic
groups with the pKa at 3.1, 4.4 and 5.5, leading to a large buffering
capacity over the pH range 2.5-6.5 [18]. Histidine has different pKa
values, at 1.8, 6.0 and 9.3 from the carboxylic group, pyrrole NH, and
ammonium group, respectively [18], and is used for pH control of
parenteral formulations in a pH range of 5.5-6.5 [31]. These buffer salts
are generally used to cover the working pH range of about 3.0-8.0.
However, the choice of a buffer as a protein excipient will vary
depending on the formulation, as different buffer ions can have an
effect on the chemical and conformational stabilization (or perhaps
destabilization) of proteins. For instance, in a study by Zheng and Janis
[32], the deamination of asparagine (Asn55) in humanized monoclonal
anfibody was much higher in phosphate buffer than in citrate buffer.
From the research of Jovanovic et al. [2], CO2 spray-drying of
immunoglobulin G (IgG) in 10 mM acetate pH 5.0 resulted in about 50%
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loss of the protein, whereas almost 100% of the IgG was recovered when
formulated with 10 mM citrate and phosphate pH 5.0-6.2.

In the current study, it was found that the pH of the CO:2 spray
dried myoglobin/trehalose formulation was maintained when 10 mM
citrate pH 6.2 was used. This is due to the broad buffering capacity range
of the citrate [18]. Although the heme binding was maintained, the
citrate buffer did cause marked myoglobin aggregation, as seen by a
loss of monomers and fotal protein content. This aggregation could be
the result of the Hofmeister salting-out effect during the drying process,
where specific anions can lead to protein precipitation. The effect is
typically greater in the case of multivalent anions, such as citrate [33].
Moreover, the salting-out is likely to be exacerbated during scCO2 spray
drying, as the citrate concentration in the atomized myoglobin
formulations will increase during drying, which might lead to
precipitation of the protein.

Histidine at a concentration of 25 mM af pH 6.2 (formulation MTé)
was also shown to be effective in maintaining the pH of the myoglobin
formulation during the scCO2 drying process. Moreover, it appeared to
have some favourable effect on the myoglobin structure, as a decrease
in the myoglobin fluorescence signal was observed, which suggests that
there is greater quenching by the heme (Fig. 1). This may indicate that
the histidine can help fo stabilize the heme binding. Moreover, histidine
decreased the aggregation of dried myoglobin, as compared to a
myoglobin with 10 mM phosphate buffer pH 6.2 (formulation MT2) [5]. In
lyophilization, histidine has also been shown to lower the aggregation of
recombinant factor VII-SQ [34] and human anti-IL8 monoclonal
antfibody [31].A histidine concentratfion lower than 25 mM was not
tested, because the final pH of the dried formulation MTé had slightly
dropped as compared to the dried formulation MT5 with 10 mM citrate.

When comparing these results to those of the phosphate buffer
at pH 6.2, it can be concluded that the protein formulations with a
working pH closed to the pKa of buffer agents (e.g., cifrate and histidine)
give the greatest buffering effect [18]. Consequently, these buffers can
be used at a low concentration, as shown for histidine and citrate in the
present study. Histidine was the best choice for controling the pH of
myoglobin formulations during scCO2 spray drying, as unlike citrate it was
found to be effective in stabilizing the protein structure and decreasing
the protein aggregation.
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4.4 Effect of protein concentration during CO: spray drying

In the absence of any buffer excipients, a comparison of the
powders with and without protein showed that the solution pH after
reconstitution was higher for the protein-containing formulation (MT2)
than for the formulation without protein (12). A similar behaviour was also
observed upon increasing the myoglobin concentration from 5 mg/ml
to 20 mg/ml (cf MT1 and MTI10), with the higher concentration
formulation exhibiting a higher pH after reconstitution. These results
demonstrate the self-buffering effect of myoglobin. Aside from
minimizing the pH shift, this self-buffering effect also resulted in the self-
stabilization of myoglobin, as seen by an increase in the heme recovery,
monomer and total profein content when the myoglobin formulation
was prepared in water (formulation MT10) as compared to myoglobin in
10 mM phosphate buffer (formulation MT2). The self-buffering effect of
the myoglobin formulations is due to the ionizable amino acid residues
in the polypeptide. In a previous study [30], the buffering capacity of
monoclonal anfibody (mAb) in the pH range of 5.0-6.0 was determined
by acid/base titration. From these tests, it was found that 50 mg/ml mAb
in water is equivalent to 6 mM citrate or 14 mM histidine, while 220 mg/ml
mAb corresponds fo 30 mM citrate or 50 mM histidine [18]. It was
anficipated that an increase in the myoglobin concentration to values
higher than 20 mg/ml would maintain the pH of the protein formulation
even closer to the original pH 6.2. However, this has not been further
studied due to the limited solubility of myoglobin under the formulation
conditions tested (data not shown).

Aside from minimizing the pH drop, the 20 mg/ml myoglobin
formulation in water at pH 6.2 also showed a decrease in the myoglobin
aggregation, even in the absence of buffer salts. Aggregate formation
has been previously shown to be influenced by the CO2/water interface
which forms during COz2 spray drying (see Chapter 5). The amphiphilic
structure of proteins can act as a natural surfactant, forming an active
barrier on the surface of bubbles and foams [35]. Therefore, it is
anficipated that myoglobin behaves as a surfactant on the atomized
droplets during scCO2 spray drying. An increase in the concentration of
myoglobin would help to decrease the exposure of the hydrophobic
components of myoglobin (e.g., heme) to the hydrophobic CO:
environment and 2) to reduce the surface tension at the surface of
atomized droplets, resulting in heme stabilization and reduction of
myoglobin aggregation during the CO2 spray drying process.

These experiments suggest that it is possible to develop buffer
free protein formulations that assist in stabilizing the protein during CO2
spray drying. By working with such self-buffering protein formulations,
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potentially adverse interactions between the protein and buffer salts are
avoided. However, achieving the desired self-buffering capacity for a
specific protein requires finding the right protein concentration [18]. In
any case, each protein is expected to have a specific self-buffering
capacity due to the difference in amino acids present in the primary
structure. Therefore, before developing a buffer-free formulation for
scCOz2 spray drying, the self-buffering capacity of a protfein should be
observed at the intended working concentrations and pH. Working with
higher concentrations of protein may present challenges in solution
preparation, as was seen in case of myoglobin and in general with
monoclonal antibodies [36]. Moreover, for highly potent protfeins that
are dosed in the microgram range, such as cytokines and epoetin, high-
concentration formulations are no optfion. These cases would
necessitate the use of classical buffers.

4.5 Effects of surfactant

From the formulations investigated in this study, myoglobin
formulated with trehalose in 25 mM histidine at pH 6.2 (formulation MT6)
showed the best results in ferms of maintaining both the pH and
myoglobin infegrity. However, despite the observation that the
reconstituted pH was close to the original pH, this formulation also
exhibited some aggregation after CO2 spray drying. It was previously
reported that myoglobin aggregation most likely occurs during scCO>
spray drying due to exposure of the protein at the interface between
the atomized myoglobin droplets and the pressurized CO2 [5]. Based on
these results, it was hypothesized that adding a surfactant to this
formulation will act as a barrier between the water phase and the COa»,
thus limiting the exposure of the myoglobin to the CO2. By doing so, the
myoglobin is expected to remain in a hydrophilic environment, thereby
inhibiting the protein unfolding that leads to aggregation. In this study,
polysorbate 80 was included in the 25 mM histidine formulation (MTé) in
order to prevent surface-induced protein aggregation (formulations
MT7-9).

In biopharmaceutics, nonionic surfactants such as polysorbate
20 and polysorbate 80 are generally used to stabilize protein
formulations in a solution [37]. However, in this current study, the addition
of polysorbate 80 resulted in almost no improvement in the myoglobin
monomer recovery when compared to the formulation without
surfactant (Table 2). Moreover, even at the highest polysorbate
concentration fested there was neither a reduction in the total sub-
visible particle concenfration (Fig. 5) nor an increase in the total
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myoglobin content after spray drying (Table 1). From these results, it can
be concluded that the surfactant is ineffective under these conditions,
which may be related to the surfactant concentration, the choice of
buffer excipients and the scCO:2 spray drying conditions. It has previously
been observed that nonionic biocompatible surfactants, like
polysorbate 80, can be used to prepare COz/water and water/CO2
nano- and microemulsions, but require relatfively high surfactant
concentrations  (fypically  0.5-1.0%wt. exceeding polysorbate
concentrations up to max. 0.1%wt typically used in protein formulations),
depending on the pressure and femperature, stirring rate, water and salt
concentrations [38].

5. Conclusion

We investigated the role of the formulation excipients on
stabilizihng myoglobin during scCO2 spray drying. In particular, the
excipients used in the formulation should maintain the heme and overall
structure of myoglobin while minimizing aggregation. While trehalose
helped to retain the heme within the binding pocket, it was unable to
prevent the acidification of the myoglobin solutions during spraying,
which resulted in some heme loss and myoglobin aggregation. Heme
stabilization in myoglobin was achieved when the pH of protein
formulations was maintained at pH 6.2, by using a high concentration of
phosphate buffer or a low concentration of citrate or histidine buffer.
Furthermore, the phosphate and histidine buffers, but not the citrate
buffer, reduced myoglobin aggregation. In the absence of classical
buffers, myoglobin presented self-buffering and self-stabilizing properties
at high concentration. The addition of polysorbate 80 to the myoglobin
formulation did not have a significant effect on reducing myoglobin
aggregation. From this study, it can be concluded that excipients are
required to protect the protein against process-induced damage during
scCOz2 spray drying.
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Summary and prospective
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Supercritical carbon dioxide (scCOz2) processing technologies
are a broad and diverse array of techniques that can be used to
engineer nano- and microparticles for a variety of pharmaceutical
applications, such as allowing the use of less invasive administration
routes, improving drug stability, confroling the release of drug,
increasing bioavailability and/or selectively targeting of parficular tissues
or celltypes [1-3]. In each case, the scCO2 can be used in different ways,
for example as a solvent or anfi-solvent, in order to obtain particles with
the desired drug delivery profile and therapeutic efficacy [4-6]. As the
functionality of the resultant nano-/microparticles is often related to the
particle characteristics (such as the efficiency of the drug loading,
particle size and morphology), it is necessary to provide proper particle
characterization, in order to obtain crucial data for the development
and optimization of the production process and the product. A review
of these characterization techniques is presented in Chapter 2.

Supercritical carbon dioxide spray drying is a dehydrafion
technique, which has been proposed as an alternative for freeze-drying
and conventional spray-drying, fo prepare dried therapeutic protein
formulations and other biologics at ambient temperature, thereby
avoiding thermal denaturation [7]. As the solubility of waterin COzis low,
organic solvents, such as ethanol and acetone, were often introduced
as co-solvents, to enhance the water evaporation. However, the use of
co-solvents can lead to destabilization and aggregation of proteins [8].
Preliminary tests in the absence of a co-solvent resulted in up to 10%wt
residual water content in the protein formulation after scCO2 spray
drying [9]. Yet, according fo Title 21 of the Code of Federal Regulations
for Food and Drugs (1990), the maximum residual moisture content in
freeze-dried protein formulations should be no greater than 3%wt, in
order to preserve the protein integrity during storage. Therefore, one of
many challenges in scCO2 spray drying is finding suitable conditions to
prepare stable dried protein formulations similar to freeze-dried
products, with less than 3%wt of residual water content without the need
for organic solvents. In Chapter 3, it is shown that the residual water
content in scCO2 spray dried powders is related to the processing
parameters. The experiments were carried out for lysozyme/trehalose
formulations at 1:0, 1:4 and 1:10 weight ratios. To decrease the residual
water content, the relative humidity in the high pressure CO2 drying
medium should be controlled by using a high CO2 to solution flow rate
rafio and low solution volume. Under these conditions, the resulting dried
profein formulation had a residual water content of about 2.5%wt.
However, the use of low solution flow rate and volume limits the
production capacity of the scCO2 spray drying process. In Chapter 3
also the scalability of scCOz2 spray drying is examined by maintaining a
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constant gas (CO») to liquid flow rate ratio (GLR) on a pilot-scale unit.
When using the same GLR value in 4- and 10-litre drying vessels of the
scCO2 spray dryers, the final powdered products had comparable
quality in terms of the droplet size, residual water content, protein
structure and activity and particle size and morphology.

From the results obtained in Chapter 3, the best conditions were
used to prepare scCO2 spray dried formulations of other proteins. While
the protfein integrity for polyclonal and monoclonal antibodies, o-
chymoftrypsinogen A, lysozyme and a-lactalbumin was maintained after
drying, the 1:10 myoglobin/trehalose formulation showed heme
destabilization and myoglobin aggregation, which most likely was
process induced. Parameters related to the scCO2 spray drying process,
such as pressure, temperature, high pressure CO2 and spray drying, were
individually studied, in order to assess their influence on heme binding
destabilization and myoglobin aggregation. In the range of 65-130 bar
and 25-50°C, pressure and femperature alone did not influence the
myoglobin integrity. However, the results showed that myoglobin
instability was induced by exposure to pressurized CO.. Furthermore, the
pH of the myoglobin formulation was found to decrease from 6.2 to
about 5.0, leading to a partial loss of heme during spray drying. This study
is presented in Chapter 4. The changes in myoglobin structure were
monitored by UV-Vis spectroscopy, circular dichroism spectroscopy and
size-exclusion chromatography. However, the nature of the interaction
between CO2 and myoglobin was not investigated. Consequently, it is
not known whether the pressurized CO2 only causes physical instability
of the myoglobin structure, or whether there is actually a chemical
reaction occurring between them. For this, the chemical modification of
profeins should be observed in order to befter understand the
mechanisms by which the myoglobin integrity is affected by scCO2, e.g.,
by using mass spectroscopy in combination with Fourier transform
infrared spectroscopy (FTIR) spectroscopy [10].

During spray drying, atomization results in the formation of
droplets and correspondingly a gas/water interface. Protein molecules
can adsorb at the interface, leading to reorientation of the protein
structure that results in protein destabilization and aggregation [11, 12].
However, the critical parameter study of the CO2 spray drying process
as described in Chapter 4 was not able to directly show the influence of
atomization on myoglobin instability. For this reason, a gas bubbling
sfudy was conducted, as a means to evaluate the influence of
CO2/water interface and acidification by CO2 on myoglobin integrity.
Chapter 5 shows a series of CO2 and N2 gas bubbling tests on myoglobin
solutions over a range of pH 4.0-7.0. CO2 gas bubbling decreased the
pH of the myoglobin solutions prepared at starting pH 4.5-7.0. However,
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changes in the secondary structure of myoglobin were only found when
the myoglobin solution had a final pH of 4.3, although no loss of heme
was observed. In case of myoglobin solutions with a starting pH of 4.0-
5.3, the effect of CO2/water interface resulted in the formation of sub-
visible myoglobin aggregates (1-100 um diameter) with a fiber-like
morphology. For the myoglobin solutions with a starting pH of 6.2 and
7.0, however, the CO2/water interface in combinatfion with the CO2
acidification resulted in sub-visible aggregates with a highly irregular
morphology. Moreover, the concentration of the aggregates was five
times higher than what was observed for the solutions with the low
starting pH. In contrast, N2 gas bubbling did not affect the pH of the
solutions, and consequently there was no change in the secondary
structure and the heme binding site of myoglobin. However, N2 bubbling
also led to the formation of fiber-like myoglobin aggregates, but in this
case, they were observed over the entire pH range studied. From these
results, it was concluded that the gas/water interface induces the
formation of aggregates, while the gas/water interface in combination
with the drop in pH results in conformational changes and changes in
the particle morphology.

The effects observed in the CO2 bubbling study are not entirely
comparable to those occurring at the gas/water interface formed
during CO:z2 spray drying, due to the different properties of gaseous and
supercritical CO2 as well as the difference in processing conditions.
However, the bubbling method still suggests that heme destabilization is
induced by acidification, whereas myoglobin aggregation can be
caused by exposure of the protein to the COz/water interface and the
CO2 acidification, depending on the starting pH of the protein solutions.
Moreover, this protein instability appears to be a surface-induced
process, which is most likely enhanced in pressurized COo». Furthermore,
the pH shift also suggests that the protein formulation needs a buffer
agent to control the pH of the formulation upon exposure to COa. In this
study, protein aggregation was evaluated in terms of the sub-visible
particles and morphology by flow-imaging microscopy and the partial
loss of monomer and protein by UV/Vis and size-exclusion
chromatography. However, in order to infrinsically understand the
mechanism of protein aggregation, the molecular interactions that lead
to aggregation should be investigated. For example, the secondary
structure of protein aggregates can be studied by FTIR [13].

In order to understand the role of the formulation in stabilizing
myoglobin, a series of tests were conducted using different excipients.
Chapter 6 shows effects of sugar (frehalose), buffer agents (phosphate,
citrate and histidine) and a surfactant (Tween 80) on the heme binding
and aggregation of myoglobin during COz spray drying. The heme was
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stabilized in the myoglobin structure when trehalose was added to the
myoglobin formulations. The pH of the myoglobin/trehalose formulations
was maintained at pH 6.2 after CO2 spray drying when introducing buffer
salts such as 50-150 mM phosphate, 10 mM citrate and 25 mM histidine,
with full recovery of the heme observed. Myoglobin aggregation was
gradually reduced with an increasing concentrafion of phosphate
buffer. Moreover, a high concentration of myoglobin exhibited self-
buffering properties, leading fto the stabilization of heme and a
significant reduction in myoglobin aggregation. The use of the
surfactant was hypothesized to act as a barrier at the interface of the
high pressure CO2 and atomized protein droplets, thereby minimizing
protein adsorption at the interface that leads to protein aggregation.
However, Tween 80 did not show any significant effect in reducing
myoglobin aggregation. As discussed in Chapter 5, it is likely that the
pressurized COqz/water interface is not the same as the interface
between gaseous CO2 and water observed in the gas bubbling study,
from which it may be inferred that the surfactant will not have the same
effect in the supercritical CO2 environment as it does under atmospheric
conditions. Moreover, polysorbates have been shown to be unstable
under certain condifions, undergoing autfoxidation, side-chain
cleavage, formation of short-chain acids upon exposure to changes in
pH and tfemperature, as well as light exposure [14-16]. It is possible that
one or more of these factors may influence the surfactant properties of
Tween 80 during scCOz2 spray drying.

As shown in Chapter 6, it was of key importance to avoid
significant acidification and exposure of the myoglobin to the
hydrophobic CO2 during scCO2 spray drying, in order to stabilize the
heme binding in myoglobin and to reduce myoglobin aggregation [17].
The integrity of myoglobin was preserved by adding frehalose and a
suitable buffer agent. While it is antficipated that other proteins may also
be destabilized during scCO2 spray drying, it should not be assumed that
the formulation that was used to stabilize myoglobin will be applicable
in all cases. Given the diversity of proteins, the choice of the pH and the
use of stabilizihng agents (e.g., disaccharides, polyols, buffers and
surfactants) should be tailored for each specific protein. Moreover, it is
anficipated that working with a high protein concentration may allow
for buffer-free protein formulations. However, the self-buffering capacity
of each individual protein should be fundamentally studied, in order to
understand what protein concentration is needed to maintain the pH
during scCO2 spray drying. The self-buffering property of proteins can be
observed by following a similar experimental approach as outlined in a
study by Karow et al. [18]. By acid-base fitration, the buffering capacity
of proteins at any working pH can be investigated in terms of the
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equivalent amount of hydrogen or hydroxide ions used for changing
one unit of the starting pH of a protein solution.

In general, scCO2 spray drying is a promising process for
preparing stable dried protein formulations for research and commercial
purposes. Similar fo other drying techniques, care should be ftaken to
choose the appropriate processing conditions and formulation (Chapter
3, 4 and 6). Although only proteins were studied in this thesis, it is
anficipated that the scCOa2 spray drying technique is also applicable to
peptides, genetic materials (DNA and RNA) and vaccines. Moreover,
scCOz2 spray drying could be used as a technique to engineer a broad
range of different types of drug delivery systems, such as particles with
core-shell structures, tunable matrix compositions, and hierarchical
structures, such as microparticles decorated with nanoparticles [19].
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NEDERLANDSE SAMENVATTING

Superkritische  koolstofdioxide (scCO2) procestechnologieén
bestaan uit een breed scala aan technieken die gebruikt kunnen
worden om nano- en microdeeltjes te verwerken voor verschillende
farmaceutische toepassingen. Voorbeelden hiervan zijn het gebruik van
minder invasieve foedieningsroutes, het verbeteren van de stabiliteit
van geneesmiddelen, het reguleren van de afgifte van het
geneesmiddel, het verbeteren van de biologische beschikbaarheid
en/of het selectief targeten van een bepaald type weefsel of cel [1-3].
Voor elke toepassing kan de scCO2 op verschillende manieren worden
gebruikt, bijvoorbeeld als oplosmiddel of als anti-oplosmiddel om
zodoende deeltjes te verkrijgen met het gewenste
geneesmiddelafgifteprofiel en therapeutische werking [4-6]. Het is
noodzakelijk om de deeltjes op een juiste wijze te karakteriseren om
zodoende noodzakelike data te verkrijgen voor de ontwikkeling en de
opfimalisatie van het productieproces en het product. De functionaliteit
van de verkregen nano-/microdeeltjes zijn namelik vaak gerelateerd
aan de kenmerken van het deeltje. Een overzicht van analytische
technieken voor het karakteriseren van zulke deeltjeskenmerken wordt
gegeven in Hoofdstuk 2.

scCOz2 sproeidrogen is een alternatieve dehydratietechniek, in
plaats van vriesdrogen en conventioneel sproeidrogen, om gedroogde
therapeutische eiwitformuleringen te bereiden. scCO:2 sproeidrogen
gebeurt bij een relafief lage temperatuur, waardoor thermische
denaturatie voorkomen wordt [7]. Vanwege de lage oplosbaarheid van
water in scCO2 worden organische oplosmiddelen, zoals ethanol en
aceton, vaak geinfroduceerd als co-oplosmiddel om verdamping te
bevorderen . Echter, het gebruik van een co-oplosmiddel kan leiden tot
destabilisatie en aggregatie van eiwitten [8]. Uit onderzoek blikt dat
scCO2 sproeidrogen zonder co-oplosmiddel resulteert in  de
aanwezigheid van maximaal 10 wt% residueel water (restvocht) in de
gedroogde eiwitformulering [?]. Echter, volgens paragraaf 21 van de
Code of Federal Regulations for Food and Drugs (1990) zou het
maximale aanwezige vochtgehalte niet hoger moeten zijn dan 3 wi% in
gevriesdroogde eiwitformuleringen om te voorkomen dat de
eigenschappen van het eiwit veranderen bij opslag. Een van de vele
vitdagingen bij scCO2 sproeidrogen is het vinden van geschikte
omstandigheden voor de bereiding van stabiele gedroogde
eiwitformuleringen met minder dan 3 wi% restvocht zonder



gebruikmaking van organische oplosmiddellen. Hoofdstuk 3 geeft weer
dat het restvochtgehalte in scCO2 gesproeidroogd poeder gerelateerd
is aan de procesparameters in zo'n co-oplosmiddelvrij proces. Deze
experimenten zijn vitgevoerd voor lysozym/trehalose-formuleringen bij
1:0, 1:4 en 1:10 gewichtsverhoudingen. De relatieve luchtvochtigheid in
het hogedruk CO2 droogmedium kon beperkt worden door een hoge
verhouding te kiezen van de toevoersnelheid van het gas (COz2) t.0.v.
die van

de te drogen oplossing (GLR = gas liquid ratio) en door het volume van
deze oplossing laag te houden. Hiermee kon het restvochtgehalte in de
verkregen gedroogde eiwitformulering beperkt worden tot ongeveer
2.5 wt%. Het gebruik van een lage toevoersnelheid en een klein volume
beperkt echter de capaciteit van het scCO; sproeidroogproces. In
Hoofdstuk 3 is daarom ook de schaalbaarheid van scCO2 sproeidrogen
onderzocht. Door gebruikmaking van dezelfde GLR waarde in 4- en 10-
liter droogvaten van de scCOz sproeidrogers, waren de gedroogde
eindproducten vergelikbaar wat betreft druppelgrootte,
restvochtgehalte en andere producteigenschappen (eiwitstructuur- en
activiteit, deeltjesgrootte en morfologie van de gedroogde poeders).

Uit de resultaten, verkregen in Hoofdstuk 3, zijn de beste condities
geselecteerd voor de bereiding van scCO2 gesproeidroogde
formuleringen van andere eiwitten. De eigenschappen van polyklonale
en monoklonale antilichamen, a-chymoftrypsinogeen A, lysozym en o-
lactalbumine waren behouden na het drogen in aanwezigheid van
trehalose  (gewichtsverhouding eiwit/trehalose  1:10). De 1:10
myoglobin/trehalose-formulering liet echter destabilisatie van de
binding van de heemgroep en myoglobine-aggregatie zien,
hoogstwaarschijnlijk als gevolg van het droogproces. Om dit te
onderzoeken zijn aan het scCO2 sproeidroogproces gerelateerde
parameters, zoals druk, temperatuur, hoge druk CO2 en sproeidrogen
afzonderlijk onderzocht. Tussen 65-130 bar en 25-50 °C bleken de
parameters druk en tfemperatuur onafhankelijk van elkaar geen invioed
te hebben op de eigenschappen van myoglobine. Deze resultaten
tonen aan dat de myoglobine-instabiliteit vermoedeliik is veroorzaakt
door de blootsteling aan CO2 onder druk. Verder nam de pH van de
formulering af van 6.2 naar 5.0, wat leidde tot een gedeeltelijk verlies
van de heemgroep ftijdens het sproeidrogen. Dit onderzoek is
beschreven in Hoofdstuk 4. De verandering in de myoglobinestuctuur is
onderzocht met UV-VIS spectroscopie, circulair  dichroisme
spectroscopie en size-exclusion chromatografie. Echter, de aard van de
intferactie tussen CO2 en myoglobine is niet onderzocht. Hierdoor is het
onbekend of CO2 onder druk alleen fysische instabiliteit van de
myoglobinestructuur veroorzaakt, of dat er een chemische reactie



optreedf. Om dit te onderzoeken zouden de eventuele chemische
modificaties van het eiwit als gevolg van blootsteling aan scCO2
geanalyseerd moeten worden, bijvoorbeeld door gebruikmaking van
massaspectroscopie in combinatie met infraroodspectroscopie [10].

Tiidens sproeidrogen, leidt atomisering tot de vorming van
druppels en overeenkomstig een gas/water-grensviak. Eiwitmoleculen
kunnen adsorberen aan het grensvilak, wat leidf fot de heroriéntatie van
de eiwitstructuur wat resulteert in eiwitdestabilisatie en -aggregatie [11,
12]. Echter, het parameteronderzoek van het scCOz sproeidroogproces,
zoals beschreven in Hoofdstuk 4, heeft niet direct de invioed van de
atomisering op myoglobine-instabiliteit rechtstreeks aangetoond. Om
deze reden is onderzocht in hoeverre het CO2/water-grensviak en de
verzuring door CO2 de myoglobinestructuur beinvioeden. Hoofdstuk 5
beschrijfft een reeks van testen waarbij CO2- en Nz-gasbellen
doorgevoerd zijn door myoglobine-oplossingen met diverse initiéle pH-
waarden tussen 4.0-7.0. De CO2-gasbellen verlaagden de pH van de
oplossingen met initi€le pH-waarden fussen 4.5-7.0. Veranderingen in de
secundaire structuur van myoglobine werden alleen gevonden
wanneer de myoglobine-oplossing een eind pH had van 4.3. Onder alle
onderzochte omstandigheden bleef de heemgroep gebonden aan het
eiwit. Bij myoglobine-oplossingen met een initiéle pH van 4.0-5.3
resulteerde het doorvoeren van CO2-gasbellen in de vorming van sub-
zichtbare myoglobine-aggregaten (1-100 um diameter) met een
vezelachtige morfologie. Bij de myoglobine-oplossingen met een initiéle
pH van 6.2 en 7.0 resulteerde het CO2/water-grensviak, in combinatie
met de door CO2 veroorzaakte verzuring, in sub-zichtbare aggregaten
met een zeer onregelmatige morfologie. Bovendien was de
concentratie van de aggregaten viff keer zo hoog als voor de
oplossingen met de lage start pH. Daarentegen vertoonden de Na-
gasbellen geen invloed op de pH van de oplossingen, waardoor geen
verandering in de secundaire structuur en de heembinding van
myoglobine opfrad. Echter de N2-gasbellen leidden wel fot de vorming
van vezelachtige myoglobine-aggregaten over het gehele
bestudeerde pH-traject. Uit deze resultaten kan geconcludeerd worden
dat het gas/water-grensvlak leidt tot de vorming van aggregaten, terwijl
het gas/water-grensviak in combinatie met de daling van de pH leidt
tot  conformationele  veranderingen en  wizigingen in  de
deeltjesmorfologie.

Om de rol van de formulering bij het stabiliseren van myoglobine
te begrijpen, is een serie testen uitgevoerd met diverse hulpstoffen.
Hoofdstuk 6 foont effecten van suiker (trehalose), buffers (fosfaat, citraat
en histidine) en een oppervlakte-actieve stof (polysorbaat 80) op de



heembinding en aggregatie van myoglobine gedurende scCO2
sproeidrogen. De pH van de myoglobine/trehalose-formuleringen is
constant gehouden op 6.2 na scCOz2 sproeidrogen bij de infroductie van
bufferzouten, zoals 50-150 mM fosfaat, 10 mM citraat en 25 mM histidine,
waarbij de binding van de heemgroep volledig behouden bleef.
Aggregatie van myoglobine werd geleidelik gereduceerd met een
toenemende concentratie fosfaatbuffer. Bovendien bleek een hoge
concentratie myoglobine zelf-bufferende eigenschappen te vertonen,
leidend tof de stabilisatie van de heembinding en een significante
vermindering van myoglobine-aggregatie. Tegen de verwachting in
bleek polysorbaat 80 geen significante bescherming te bieden tegen
de aggregatie van myoglobine. Wellicht dat polysorbaat 80 in de
scCO2-omgeving niet hetzelfde effect heeft als onder atmosferische
omstandigheden. Bovendien is aangetoond dat polysorbaten instabiel
ziin onder bepaalde omstandigheden: ze ondergaan auto-oxidatie en
fragmentatie bij blootstelling aan veranderingen in pH en temperatuur,
en de blootstelling aan licht [13-15]. Het is mogelijk dat één of meer van
deze factoren de eigenschappen van polysorbaat 80 kunnen
beinvloeden fijdens scCOz2 sproeidrogen.

Zoals weergegeven in Hoofdstuk é, is het van groot belang om
significante verzuring en blooftsteling van het myoglobine aan de
hydrofobe CO2 gedurende het scCO2 sproeidroogproces te voorkomen,
om daarmee de heembinding in myoglobine te stabiliseren en
myoglobine-aggregatie te verminderen [16]. De eigenschappen van
myoglobine kunnen worden behouden door de toevoeging van
trehalose en een geschikte buffer. Hoewel wordt verwacht dat andere
eiwitten kunnen destabiliseren tijdens scCO2 sproeidrogen, mag niet
worden aangenomen dat de formulering die gebruikt werd om
myoglobine fe stabiliseren in alle gevallen toepasbaar is. Gezien de
diversiteit van eiwitten, moet de keuze van de pH en het gebruik van
stabiliserende hulpstoffen worden aangepast voor elk specifiek eiwit.
Bovendien is de verwachfing dat het werken met een hoge
eiwitconcentratie het mogelik maakt om buffer-vrije eiwitformuleringen
te gebruiken. De zelf-bufferende capaciteit dient echter voor elk eiwit
te worden onderzocht bij de gewenste pH, om te kunnen begrijpen
welke eiwitconcentratie nodig is om de pH tijdens scCO2 sproeidrogen
te handhaven, bijvoorbeeld zoals beschreven in een studie van Karow
etal [17].

Op basis van dit proefschrift kan gesteld worden dat scCO2
sproeidrogen een veelbelovende techniek voor het bereiden van
stabiele gedroogde eiwitformuleringen voor commerciele en
onderzoeksdoeleinden. Vergelikbaar met andere droogfechnieken



moet erop gelet worden dat de juiste procescondities en formuleringen
gekozen worden (Hoofdstuk 3,4 en 6). Hoewel in dit proefschrift alleen
eiwitten bestudeerd zijn, kan scCO2 sproeidrogen ook tfoegepast
worden op peptiden, genetisch materiaal (DNA en RNA) en vaccins.
Bovendien kan scCO:2 sproeidrogen worden gebruikt als een techniek
om een groot aantal verschillende geneesmiddelafgiftesystemen te
ontwikkelen [18].
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