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FREEZE-DRYING MICROSCOPY -
Unravelling the Complexities of Freeze-
Drying Pharmaceuticals With Advanced
Microscopy Techniques

INTRODUCTION

Degradation of stored material, either through
autolysis or the growth of spoilage organisms, is
primarily dependent on the presence of water.
Products that are prone to degradation, such as food
and pharmaceuticals, must be stabilized by
immobilizing or reducing of the water content. For
example, vaccines and other biological materials can
be stabilized by chilling or freezing, but transporting
samples in a frozen state is expensive, and
breakdown of freezers may result in the complete loss
of valuable product. Alternatively, water can be
removed from labile products through air-drying using
high processing temperatures, but this can alter the
product’s physical and chemical properties and is
therefore unsuitable for pharmaceuticals.’
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Freeze-drying (lyophilization) removes most of the
water in a sample under low temperature and vacuum
conditions, providing a dry, active, shelf-stable, and
readily soluble product. It is therefore a widely used
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technique in the manufacture of protein biomolecules
for therapeutic and diagnostic applications.? As well
as stabilizing drug products for transport and
preventing degradation, freeze-drying reduces the
volume of the sample, thus it requires less storage
space and can be stored under ambient conditions.

Lyophilized drugs are representing an increasing
proportion of the market, with the upward trend
particularly strong in the biologics segment, where

innovation and drug development is advancing rapidly.

In addition, the complexity and strict storage
conditions needed to preserve the biological drug
activity make freeze-drying a popular formulation
technique.

Although used by laboratories since the 1880s and
upscaled to industrial scale in the 1930s with
commercially available systems, freeze-drying is an
incredibly complex process, and research is ongoing
to better understand and optimize the process. The
three main stages of the freeze-drying cycle (freezing,
primary drying, and secondary drying) are often
altered and adapted to specific properties of a drug
product, and adjustments may be required when
scaling up from research and development (R&D) to
production. In addition, freeze-drying is a notoriously
lengthy process, so pharma and biotech companies
can decrease costs by optimizing freeze-drying
protocols to speed up timelines and increase product
yields.
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DIGGING DEEPER INTO LYOPHILIZATION

Being able to directly visualize the freeze-drying
process is essential in minimizing the time and cost it
takes to develop a protocol for drug development and
manufacture. Freeze-drying microscopy (FDM), first
developed in the 1960s, combines light microscopy
techniques, such as phase contrast and polarized
light, with a thermal stage that can accurately control
temperature and pressure.

FDM has since become a widely used method that
can uniquely determine how a drug product will react
to different thermal conditions. Of particular interest
are the temperature and pressure required for each of
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the freezing and drying stages. One of the critical
parameters is the collapse temperature (Tc) — the
temperature at which the structure of the formulated
product weakens and is no longer able to support
itself — which can only be reliably measured using

FDM. FDM can also be used to determine the eutectic ____.__...a

temperature (Teu) — the lowest possible melting
temperature over all of the mixing ratios for the
involved component species in a mixture of
substances — and the potential formation of a barrier
due to formation of a product/matrix “skin.”

Researchers at the UK's National Institute for
Biological Standards and Control (NIBSC), led by Dr.
Paul Matejtschuk, are using the latest FDM technology
to investigate the development of formulation and
freeze-drying processes, with a focus on protein
therapeutics. The group uses FDM to establish how
different formulations affect the freeze-drying
process; for example, how drug manufacturers can
overcome the challenges of freeze-drying from
organic solvents, or stabilizing drug delivery systems
such as liposomes.

OPTIMIZING FREEZE-DRIED LIPOSOMAL
FORMULATIONS

Liposomal delivery systems are increasingly used in
the pharmaceutical industry due to their versatility and
their unique ability to entrap both lipophilic and
hydrophilic compounds. There are four main types of
liposomal delivery platforms that offer varying
degrees of stability and specificity (Figure 1).
Although there are many liposomal drug formulations
currently in clinical trials and several on the market,
their high cost and challenges surrounding physical
and chemical stability have limited their widespread
commercial development.
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B PEGylated liposome : C Ligand-targeted liposome
Schematic representation of the different types of liposomal drug delivery
systems. (A) Conventional lipesome — Liposomes consist of a lipid bilayer that can be
composed of cationic, anionic, or neutral (phospho)lipids and cholesterel, which encloses
an aqueous core. Both the lipid bilayer and the aqueous space con incorporate hydropho-
bic or hydrophilic compounds, respectively. (B) PEGylated liposome — Liposome charac
teristics and behavior in vive can be modified by addition of a hydrophilic polymer coating,
polyethylene glycol (PEG), to the liposome surface to confer steric stabilization.
(€) Ligand4argeted liposome — Liposomes can be used for specific targeting by attaching
ligands (eg, ontibodies, peptides, and carbohydrates) te its surface or to the terminal end
of the attached PEG chains. (D) Theranostic liposome — A single system consisting of a
nanoparlicle, a targeting element, an imaging compenent, and a therapeutic component.
[Reproduced from reference 3 in accordance with Creative Commons Attribution License
(CC BY)]

Liposomes are prone to oxidation or hydrolysis
caused by chemical and physical degradation, drug
leakage, formation of aggregates, and fusion.*® These
changes can alter a drug’s formulation properties,
affecting not only the product’s shelf-life, but also the
in-vivo bio-distribution and pharmacokinetic
properties of the drug formulation.®8

Although aqueous liposomal formations are available
on the market, their susceptibility to chemical and
physical degradation, as well as the cost of cold-chain
distribution, mean that other methods of stabilization
are often required. Freeze-drying is therefore a popular
and widely studied technique for stabilizing liposomal
delivery systems.

The team at NIBSC and Strathclyde recently
investigated the liposomal freeze-drying process to
improve its reproducibility and compatibility with the
high-throughput screening of liposomes. Specifically,
the study aimed to identify the formulation and
process parameters ideal for the freeze-drying of
empty and protein loaded liposomes using Ovalbumin
(OVA).? The group also considered the formulation
parameters with regard to presence of protein, lipid
selection, lipid charge (neutral, cationic, and anionic),
lipid concentration, and the final concentration of the
cryoprotectant sucrose, as all of these factors are
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Freeze drying microscopy of OVA- containing 1mg/ml 1,2-distearoyl-sn-glyc-
oro-3-phosphocholine (DSPC):Chol liposomes, formulated with 7.5% sucrose.
Magnification was 20x using plane polarized light. A two microlitre aliquot
was frozen at a rate of 10°C/min to -50°C (image A), with the freezing point
of this sample eccurring at -18.6°C (Image B). Drying was achieved by appli-
cation of a 0.1mBar vacuum and the temperature then being raised at a con-
trelled rate. Drying was observed below the cellopse temperature (Image €),

which was determined to occur around -34°C (Image D). (Reproduced with
permission from International Journal of Pharmaceutics)®

Results showed the presence of protein adds stability
to both neutral and charged formulations, with the
same amount of OVA retained after freeze drying
(Table 1). The minimal to no leakage of the OVA
suggests that pre-cooling the shelf and rapid freezing
could prevent egress resulting from the formation of
large crystals. In contrast, the liposomal size changed
upon rehydration, with cationic liposomes showing the
greatest increase in size.

TABLE 1

Formulations Lipid Concentration | Ovalbumin | Sucrese | EE Before EE After
{mg / mL) (mg f mL) (%) (%) (%)

4 0.25 5 37 £02 3 20.2

. 4 0.25 10 37+02 3203
DR 10 0.25 5 39+0.3 33:1.0
10 0.25 10 39£03 40 £3.0

4 0.25 5 =03 3 +0.7

4 10.25 10 3410 33 £0.2

IR 10 0.25 5 362045 35.21.1
10 0.25 10 3605 W £ 0.4

Characterising empty and Ovalbumin (OVA) encapsulation efficiency
(EE) (as a % of 0.25 mg/mL initial OVA) 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC):Chol and 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC):Chol liposomes post freeze-drying. A range of
formulation variables, including lipid concentration, type, and
amount of final sucrose concentration, was investigated. The physic-
echemical properties (size and pelydispersity) were measured using
dynamic light scattering, with encapsulation calculated using high-
performance liquid chromatography coupled with evaporative light
scattering detector (HPLC-ELSD). The results represent three batches,
* 5D.(Reproduced with permission from International Journal of
Pharmaceutics)®

The study demonstrated the ability to freeze-dry
liposomal formulations in microplates, as well as vials
for the rapid screening, preservation, and optimization
of liposomal formulations. Liposomal
physicochemical characteristics were preserved
regardless of the formulation type, with no loss of
protein observed. This positions the freeze-drying
process outlined in this experiment as a feasible,
transferable, quantifiable, and rapid method for
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screening and improving the longevity potential of
pharmaceutical liposomal products.

OPTIMIZING TOMORROW'S DRUGS

As the biologics market continues to grow, the
demand for lyophilized formulations is set to increase.
Biopharma companies, when scaling up freeze-drying
processes from the development stage, require
methods to examine each stage and optimize the
speed and cost of the process. The availability of
accurate FDM methods is therefore vital for the in-
depth investigation of freeze-drying processes and
structures. Freeze-drying proteins presents unique
challenges due to the need to preserve their biological
activity, necessitating equipment that can measure
parameters, such as Tc and Te, to ensure the correct
temperatures are adhered to.

FDM is being used to analyze the most challenging
formulations, such as liposome drug delivery systems,
that require sophisticated stabilization methods. By
altering and adapting the three main freeze-drying
stages to specific formulations, researchers at NIBSC
are providing the tools needed for the pharma industry
to improve its drug development processes and
maintain drug stability when scaling up to production.
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drugs and vaccines, thus providing
practical solutions for current
healthcare problems. She is an
internationally recognized expert in
the field of liposomes and
particulate drug delivery research
with a strong track-record of high
impact publications, with
approximately 130 peer-reviewed
manuscripts plus 5 textbooks and
6 patents.
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