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Abstract 
 

In the past two decades, biopharmaceuticals have provided a breakthrough in improving the quality 

of lives of patients with various cancers, autoimmune and genetic disorders etc. With the growing 

demand of biopharmaceuticals, the need for reducing manufacturing costs is essential without 

compromising on the safety, quality, and efficacy of products. Freeze-drying is the primary 

commercial means of manufacturing solid biopharmaceuticals. However, Freeze-drying is an 

economically unfriendly means of production with long production cycles and heavy capital 

investment, resulting in high overall costs. This thesis reviews several alternative drying technologies 

such as continuous Freeze-drying, Spray-drying, Active-freeze-drying, Spray-freeze-drying, PRINT® 

Technology etc. that have not yet gained popularity for manufacturing parenteral biopharmaceuticals 

and focuses on assessing the stability of two proteins i.e., Lysozyme by Freeze-drying and Spray-

drying, and a commercial therapeutic enzyme by Active-freeze-drying and Spray-drying. The key 

findings of this thesis showed that lysozyme was a robust protein, and its efficacy was enhanced in 

the presence of excipients such as sucrose and trehalose post Freeze-drying and Spray-drying. To 

substantiate experimental results, molecular dynamics simulations were performed that elucidated a 

conformation change (without unfolding) may have resulted in increased flexibility of the active sites. 

Furthermore, Enzyme ‘A’, a commercial therapeutic enzyme, was susceptible to process-induced 

stress post Active-freeze-drying and Spray-drying, thereby, resulting in increased protein 

aggregation. However, the inclusion of Arg-HCl in the formulation of Enzyme ‘A’ significantly 

improved the reconstitution time by 63 % and turbidity by 83 % and promoted the suppression of 

insoluble aggregates post Spray-drying. In agreement with experimental results, molecular dynamics 

simulations showed that while Arg-HCl was capable of acting as the main stabilizer, it interacted the 

most with the positively and negatively charged residues on the surface of Enzyme ‘A’ and also acted 

as a neutral crowder resulting in reduced protein-protein interactions. The last segment of this thesis 

thoroughly evaluates and discusses the potential of Multi-Angle Dynamic Light Scattering (MADLS) 
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as a 3-in-1 screening tool for the determination of particle size, product concentration and protein 

aggregation of three proteins including Bovine Serum Albumin (BSA), a commercial monoclonal 

antibody (mAb) and a therapeutic enzyme. A good calibration curve with an R2 of > 0.95 was obtained 

between the particle number concentration by MADLS and protein concentration by UV-Vis 

spectroscopy for the 3 proteins whereas an excellent quadratic correlation (R2 = 0.9938) was observed 

between MADLS and SEC for the quantitative estimation of protein aggregation in the enzyme. 

Therefore, the approach provided using MADLS can be employed as a rapid screening method for 

the analysis of aberrations in different formulations and products prior to other Quality Control (QC) 

tests to speed up the batch release process.  

Overall, some of these alternative drying technologies offer a paradigm shift towards continuous 

manufacturing and allow controlled dry particle characteristics. The potential impact of these novel 

technologies can significantly reduce time, energy and costs associated with the manufacturing of 

biopharmaceuticals. The inclusion of Process Analytical Technology (PAT) and offline 

characterization techniques (described in Chapter 1), in tandem, provide additional information on 

the on the Critical Process Parameters (CPPs) and Critical Quality Attributes (CQAs) of 

biopharmaceutical products. Moreover, molecular modelling is a powerful tool that can reveal 

atomic-scale details to study the mechanisms of interactions of excipients with biologics. These 

technologies together can be envisaged to increase the manufacturing capacity of biopharmaceuticals 

at reduced costs as well as open avenues for further research and development.   
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1 Chapter 1: 

Literature Review 
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1.1 Introduction to Biopharmaceuticals  

 

Emerging from Pharmaceuticals and the application of Biotechnology, biopharmaceuticals differ 

from conventional drugs (Crommelin et al., 2003; Li, 2015). The terms “Biopharmaceuticals”, 

“Biotechnology medicines”, “Biologics” etc. are used interchangeably by different authors 

(Crommelin et al., 2003; Walsh, 2010; Li, 2015). Biologics or biopharmaceuticals are biotechnology-

derived active drug substances produced using recombinant DNA technology and controlled gene 

expression techniques from living host cells (Declerck, 2012). Biopharmaceuticals are composed of 

either peptides, proteins, glycoproteins and nucleic acids or composite combinations of biomolecules. 

They are produced and isolated from a variety of natural sources including animals, humans, microbes 

etc. (Declerck, 2012; Li, 2015). Monoclonal and polyclonal antibodies, antibody-drug conjugates, 

recombinant proteins, nanobodies, enzymes, hormones, vaccines and gene therapy products are a few 

examples of biopharmaceuticals that are being currently manufactured (Walsh, 2010; Gervasi et al., 

2018). The first biologic peptide hormone – Humulin was developed and marketed by Genentech and  

Eli Lilly in 1982 (Junod, 2007; Conner et al., 2014) and the first commercial therapeutic monoclonal 

antibody, Orthoclone OKT3, was approved in 1986 (Ecker et al., 2015). In contrast to conventional 

pharmaceuticals, it is difficult to identify, isolate and characterize therapeutic proteins produced from 

mammalian cells. The activity of biologics can be negatively affected by temperature, moisture, 

prolonged storage, denaturants, organic solvents, shear stress, oxygen and changes in pH (Arakawa 

et al., 2001; Wang et al., 2007; Declerck, 2012; Li, 2015; Milne, 2016; Wang and Roberts, 2018). 

The Pharmaceutical and Biopharmaceutical industry describe manufacturing, research and 

development, testing and distribution of medicines based on: 1) Safety; medicines must be safe to use 

in terms of potential risks such as carcinogenicity, reprotoxicity and genotoxicity, 2) Quality; high 

quality product must be achieved using cGMP (Current Good Manufacturing Practices) as specified 

by the International Council for Harmonisation (ICH) Q7 guidelines, 3) Efficacy; drugs must be 

effective to produce desired output, particularly a therapeutic response in patients (ICH, 2000). The 

Food and Drug Administration (FDA) in the USA, European Medicines Agency (EMA) and National 
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Competent Authorities (NCA) in the EU, Health Products Regulatory Authority (HPRA) in Ireland, 

Bundesinstitut für Arzneimittel und Medizinprodukte (BfARM) in Germany and Health Canada are 

a few agencies concerned with licensing, registration, development, manufacturing, marketing 

approval and labelling of pharmaceuticals and biopharmaceuticals. According to ICH, it aims to 

achieve greater harmonization in all aspects of pharmaceuticals including product registration, 

interpretation of technical guidelines, testing and research and development of new drugs. 

A major class of biopharmaceuticals are recombinant proteins with therapeutic significance. These 

proteins are derived using biotechnological processes. Major biological sources include microbes, 

mammalian cells, genetically modified cells, organs, tissues etc. from which mammalian cell lines 

are used for large scale production of monoclonal antibodies. (Valderrama-Rincon et al., 2012; 

Durocher and Butler, 2009). A lot of advancements are being developed to improve the production 

of biologics (Jozala et al., 2016). Glycosylation is one of the most common post-translational 

modifications (PTM) that takes place in the endoplasmic reticulum and Golgi apparatus (Planinc et 

al., 2016). This is an important area of research as stability, solubility, clearance, immunogenicity 

and structure of the protein product are affected by changes in the patterns of glycosylation (Kobata, 

2008; Kaneko et al., 2006). Table 1.1 differentiates between pharmaceuticals and biopharmaceuticals. 

Table 1.1: Differences between Pharmaceuticals and Biopharmaceuticals (adapted from Declerck, 

2012; Li, 2015).  

Characteristic Pharmaceuticals Biopharmaceuticals 

Size Small, low molecular mass. Large, high molecular mass. 

Structure Simple and well-defined. Complex, heterogeneous. 

Manufacturability 
Easy, reproducible API by chemical 

reactions. 

Complex, not fully reproducible 

through living systems. 

Characterization Completely characterized. Difficult to characterize. 

Stability Stable, less sensitive to stress. Unstable, sensitive to stress. 

Immunogenicity Mostly nonimmunogenic. Immunogenic. 

 



4 

 

Proteins are usually highlighted and represent a major class of biopharmaceuticals due to their high 

versatility, having varied physiological functions in the human body. Proteins typically function as 

catalysts, receptors, membrane channels, macromolecular carriers, cellular defence agents etc. 

(Zawaira et al., 2012). Table 1.2 shows a few examples of commercially manufactured 

biopharmaceuticals.  

 

Table 1.2: Selected commercial Biopharmaceutical Products (FDA, 2022).  

Product 

Name 
Manufacturer Product Type 

Therapeutic 

Indication 

Comirnaty®  

(BNT162b2) 

BioNTech 

/ Pfizer 
m-RNA Vaccine Immunization for COVID-19 

Prevenar 13® 

(Pneumococcal 13-valent 

Conjugate Vaccine) 

Pfizer 
Conjugate 

Vaccine 

Immunization for Streptococcus 

pneumoniae.  

Humira® 

(Adalimumab) 
AbbVie 

Monoclonal 

Antibody 

Rheumatoid, Psoriatic Arthritis, 

Ankylosing Spondylitis, Crohn’s 

disease, Plaque Psoriasis.  

Keytruda® 

(Pembrolizumab) 
Merk Humanized Antibody 

Melanoma, various Lung 

Cancers, Lymphoma, Carcinoma 

etc. 

Stelara®  

(Ustekinumab) 
Janssen Monoclonal Antibody 

Plaque Psoriasis, Active 

Psoriatic Arthritis, Crohn’s 

disease.  

Kadcyla® 

(Transtuzumab 

emtansine) 

Roche 
Antibody-Drug 

Conjugate 
Breast Cancer 

Jemperli®  

(Dostarlimab) 
GSK Monoclonal Antibody Endometrial Cancer 

Vimzim® 

(Elosulfase alfa) 
BioMarin Enzyme 

Mucopolysaccharidosis 

Type IVA 

Zolgensma® 

(Onasemnogene 

abeparvovec-xioi) 

Novartis Gene therapy Spinal muscular atrophy (SMA) 
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1.2 Manufacturing Process: Upstream, Downstream and Fill Finish Technology 

 

It is anticipated and asserted that biopharmaceuticals will constitute up to 50 % of all drugs in 

development within the next 5 to 10 years (Jozala et al., 2016). Bioprocessing, a crucial part of 

biotechnology for biologics, includes a wide range of techniques. Bioprocessing is broken into three 

major processes known as upstream, downstream and fill finish processing. A typical schematic of a 

biopharmaceutical production process is shown in Figure 1.1.  

 

Figure 1.1: Schematic of a Biopharmaceutical Production Process. Adapted from (Conner et al., 

2014).  
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1.3 Biopharmaceutical Drying Technologies 

 

Biopharmaceuticals are relatively unstable molecules and susceptible to stresses by a number of 

factors. Nevertheless, 66 % of biologics are formulated and marketed as liquid doses, while 34 % of 

biologics are lyophilized in the European market (Gervasi et al., 2018). The removal of water or 

solvents offers numerous benefits compared to formulated liquid products. Some benefits include 

improved shelf-life and stability, ease of handling and storage, reduced transportation costs and 

energy consumption (Jain et al., 2012; Walters H. et al., 2014; Cicerone et al., 2015; Langford et al., 

2017; Sebastião et al., 2019). Several drying technologies reported in literature for pharmaceutical 

applications include Freeze-drying, Active-freeze-drying, Spin-freeze-drying, Spray-drying, Spray-

freeze-drying, Microglassification, Vacuum Foam Drying, Electrospinning, Supercritical Fluid 

Drying, Microwave-assisted-freeze-drying and other hybrid drying techniques. Some of these drying 

techniques have been summarized in Table 1.3 and discussed in the following sub-sections.  
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Table 1.3: Potential drying technologies for biopharmaceutical application.  

Drying Technology 

 

Key Features Molecule / Biomolecule 

Processed 

Batch / Continuous 

processing 

Product 

Yield 

Achievable 

RMC (w/w) 

Dry Product 

Characteristics 

Potential Process-

induced Stress 

Aseptic Equipment 

Manufacturer 

References 

Single Dose Drying Technologies 

 Batch  

Freeze-drying  

Gentle drying, improved shelf-

life, reduced cold chain 

requirement. 

 

A wide range of enzymes, 

antibodies, hormones, 

vaccines, gene therapy 

products etc. 

Batch. ≥ 98 % ≤ 1 % 

• Intact, porous cake.  

• Cake surface area ~ 

300 – 400 mm2.  

• Cold denaturation. 

• Ice-liquid interfacial 

denaturation. 

SP Scientific, IMA 

Life, GEA Lyophil, 

Optima Pharma, 

MillRock Technology.  

(Tang and Michael J. 

Pikal, 2004; De Beer et 

al., 2009; Nail et al., 
2017; Ganguly et al., 

2018; Gervasi et al., 

2018; Harguindeguy 

and Fissore, 2021). 

Spin-freeze-drying  

Spinning on longitudinal axis, 

large surface area and heat/mass 

transfer, no shear stress.  

 

Alcohol dehydrogenase, 

IVIG. 
Continuous. 

Not 

available. 

 

 

≤ 1 % 

 

• Intact dry layer along 

the inner surface of 

vials. 

• Dry layer surface area 

~ 2500 mm2.  

 

• Cold denaturation. 

• Ice-liquid interfacial 

denaturation. 

 

Prototype available by 

RheaVita. 

(Corver, 2012; De 

Meyer et al., 2015; 

Lammens et al., 2018; 

Vanbillemont, 

Carpenter, et al., 2020). 

Continuous Freeze-drying of 

suspended vials  

Controlled nucleation via VISF 

and homogeneous heat transfer, 

continuous flow of vials.   

Aqueous solutions of 

sucrose and mannitol.  
Continuous. 

Not 

available. 

 

~ 1 % 
• Intact, porous cake.  

 

• Cold denaturation. 

• Ice-liquid interfacial 

denaturation. 

Not available. 

 

(Capozzi et al., 2019) 

Foam drying in vials 

Rapid evaporation/boiling at low 

vapour pressure and ambient 

temperature, no freezing 

required, lower energy 

consumption. 

Vaccines, rhumAb, 

bacteria. 
Batch. 

Not 

available. 

 

 

> 1 – 3 % 
• Dry foam structure.  

• Lower specific surface 

and lower water 

desorption rate.  

• Stress due to surface 

tension and 

cavitation. 

 

Not available. 

(Abdul-Fattah et al., 

2007; Ohtake, R. A. 

Martin, et al., 2011; 

Ohtake, R. Martin, et 

al., 2011).  

 

 

Microwave vacuum drying 

Rapid dehydration, reduction in 

freeze-drying cycle time by ≥ 80 

%, comparable product 

appearance and enzyme activity.  

Haemoglobin, catalase,  

live virus vaccine.  
Semi-continuous. 

Not 

available. 

 

 

 

 

 

~ 1.8 %  

• Dried cake with an 

average SSA of 1.52 

m2/g comparable to 

the SSA of freeze-

dried (1.61 m2/g) 

counterpart.  

• Cold denaturation 

during flash freezing.  

• Thermal denaturation 

due to plasma 

discharge at high 

electromagnetic field 

intensity.  

• Heterogenous heating 

and arcing may cause 

burning of product.  

EnWave.  

 

(Durance et al., 2020; 

Bhambhani et al., 2021; 

EnWave, 2021).  

Bulk Drying Technologies 

Active-freeze-drying  

Bulk processing of product, free 

flowing powder, small particle 

size, improved properties with 

continuous stirring for certain 

products.  

 

Ketoconazole. Batch. 85 – 94 % 

 

 

< 0.5 % 

 

• Free-flowing powder 

• Particle size: 1 – 100 

µm.  

• Stress due to 

continuous stirring by 

impeller. 

• Ice-liquid interfacial 

denaturation. 

• Cold denaturation. 

Hosokawa Micron B.V. 

 

(Van Der Wel, 2012; 

Touzet et al., 2018; 

Hosokawa Micron 

B.V., 2019).  

Spray-drying  

Continuous and rapid drying, 

particle engineering, free-flowing 

powder, low energy, and 

equipment cost. 

 

Raplixa®, Exubera®, 

Lysozyme, BSA, mAbs, 

siRNA and other 

biomolecules listed in 

Table 1.5. 

Continuous. 

 

 

 

 

> 50 – 95 % 

 

 

 

 

 

 

 

 

 

 

≳ 1 – 2 %  • Free-flowing powder. 

• Particle size: 300 nm – 

100 µm.  

• Shear due to 

atomization. 

• Air-liquid interfacial 

denaturation. 

• Thermal denaturation 

due to residence time 

at high outlet 

temperatures.   

SPX Flow 

Technologies - 

Anhydro, GEA Niro, 

Fluid Air, Ohkawara 

Kakohi Co. Ltd.  

(White et al., 2005; 

Vehring, 2008; Bowen 

et al., 2013; Silva et al., 

2013; Walters H. et al., 
2014; FDA, 2015; 

Wang et al., 2018; Wu 

et al., 2019; Ziaee et 
al., 2020; Vehring et 

al., 2020; Uddin et al., 
2021). 
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Drying Technology 

 

Key Features Molecule / Biomolecule 

Processed 

Batch / Continuous 

processing 

Product 

Yield 

Achievable 

RMC (w/w) 
• Dry Product 

Characteristics 

• Potential Process-

induced Stress 

Aseptic Equipment 

Manufacturer 

References 

Spray-freezing and Dynamic 

Freeze-drying  

Uses frequency driven prilling 

nozzle. Primary, secondary 

drying occurs in rotary freeze 

drying chamber. 

 mAb. Continuous. > 97 % 

 

 

< 1 % 

 

• Free-flowing powder. 

• Particle size: < 300 

µm – 1000 µm.  

• Shear due to 

frequency nozzle and 

atomization. 

• Cold denaturation. 

Meridion Technologies.  

(Struschka et al., 2016; 

Lowe et al., 2018; Luy 

et al., 2018). 

Lynfinity® Technology  

Uses piezoelectric spray nozzle 

to produce dried spheres. 

Primary, secondary drying occurs 

on cascading vibratory shelves.  

Not available. Continuous. 
Not 

available. 

 

 

≤ 1 % 

 

• Free-flowing powder. 

• Particle size: ~ 600 

µm. 

• Shear due to 

piezoelectric nozzle 

and atomization. 

• Cold denaturation. 

 

IMA Life.  

 

(DeMarco and Renzi, 

2015; IMA Life, 

2019b). 

PRINT®  

Tunable shape, size, and 

morphology of nano and 

microparticles, enhanced surface 

properties and API 

bioavailability, large-scale 

production is possible. 

Lysozyme, BSA, DNase, 

IgG, siRNA, ribavirin, 

vaccines. 

Continuous. 
Not 

available. 

 

 

 

Not available. 

• Free-flowing powder.  

• Particle size: 2 – 200 

µm. 

• Customizable particle 

shape and 

morphology. 

 

• Cold denaturation. 

• Roller pressure may 

induce shear stress.  

 

Liquidia Corporation.  

(Kelly and DeSimone, 

2008; Garcia et al., 

2012; Galloway et al., 
2013; Xu et al., 2013; 

DeSimone, 2016; 

Wilson et al., 2018). 

MicroglassificationTM  

Controlled particle size, 

morphology, release and 

dissolution, no excipients used. 

 

BSA, lysozyme, α-

chymotrypsin, catalase, 

horseradish peroxidase, 

ELP. 

Batch. 
Not 

available. 

Assumed 

comparable to 

Freeze-drying by 

the authors. 

• Particle beads.  

• Particle size: 1 - > 10 

µm.  

Not available. Not available. 

 

(Aniket et al., 2014; 

Aniket, Gaul, et al., 
2015; Aniket, Tang, et 

al., 2015). 

Electrospinning 

Gentle, rapid drying (~ 0.1 s) and 

reconstitution due to high surface 

area. Ultra-fine particles by 

electrical atomization. Requires 

viscous solutions. Comparable 

product stability.  

Infliximab, zein, siRNA, 

inulin, β-galactosidase, 

lysozyme.  

Continuous.  ~ 80 % 

 

 

~ 6.5 % • Dry particles size: < 

10 µm. 

• Shear due to 

electrical 

atomization.  

Bioinicia.  

(Jain et al., 2014; 

Karthikeyan et al., 

2015; Wagner et al., 

2015; I. Abraham et al., 

2019; Domján et al., 

2020). 

Supercritical Fluid drying 

Rapid drying, drying can occur 

via Spray-drying in the presence 

of supercritical fluid (e.g., CO2) 

at low temperatures (> 32° C) 

and pressure (~ 103 Bar) or via 

supercritical antisolvent 

precipitation. Particle engineering 

possible, no freezing required.   

Albumin, alkaline 

phosphatase, catalase, 

chymotrypsin, insulin, 

lactase, rhDNase, trypsin, 

urease, lysozyme, 

myoglobin, IgG, LDH.  

Continuous.  
Not 

available.  

 

 

 
 
≳ 1 % 

• Free-flowing powder. 

• Micron-sized particles 

(≥ 200 nm – 50 µm).  

• Shear due to 

atomization.  

• Fluid-fluid interfacial 

denaturation.  

• High pressure 

denaturation. 

Extratex, Natex, 

Separex. 

(Sellers et al., 2001; 

Jovanović et al., 2004; 

Bouchard et al., 2007; 

Jovanović, Bouchard, 

Hofland, et al., 2008; 

Jovanović, Bouchard, 

Sutter, et al., 2008; 

Long et al., 2019). 

API, Active Pharmaceutical Ingredient; BSA, Bovine Serum Albumin; DNase, Deoxyribonuclease; ELP, Elastin-like Polypeptide; IgG, Immunoglobulin G; LDH, Lactate dehydrogenase; mAb, monoclonal antibody; rhDNase, 

recombinant human Deoxyribonuclease; siRNA small interfering Ribonucleic Acid; SSA, Specific Surface Area 
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1.3.1 Single Dose Drying Technologies 

 

1.3.1.1 Conventional Batch-freeze-drying 

 

The earliest mention of the possibility of drying a frozen product under moderate vacuum was 

reported and demonstrated by Bordas and Jacques-Arsene d’Arsonval in Paris in 1906 (Rey and May, 

2004). It was asserted that products such as sera and vaccines would remain stable and could be 

preserved for a long time (Rey and May, 2004). This led to the introduction of the term ‘Freeze-

drying’. Earl W. Flosdorf et al. 1935, published their work on lyophilisation. The term is derived 

from Greek literature, ‘lyophile’; which describes the ability of the product to rehydrate again (E. W. 

Flosdorf et al., 1935). Significant work on the mass production of lyophilised human plasma was 

carried out by Earl Flosdorf, Ronald Greaves and Francois Henaff (Flosdorf and Mudd, 1935, 1938; 

Rey, 1935; Ke et al., 1942; Greaves, 1946; Jenke, 2014). Furthermore, Ernst Boris carried out notable 

work on the preparation of antibiotics and sensitive biochemicals through freeze-drying (Rey and 

May, 2004). Moreover, this technique has been an effective way of recovering water-damaged books 

and documents by removing water from them (Waters, 1993). In the 21st century, freeze-drying is 

being used extensively in the pharmaceutical and biopharmaceutical industry and holds great 

significance for further exploring its suitability along with other drying techniques.  

Several advantages of freeze-drying have been identified in the past making it one of the most 

extensively used techniques for the manufacturing of biologics. Lyophilization allows improved 

shelf-life of heat-sensitive and labile protein therapeutics along with easy handling and transport 

(Carpenter and Chang, 1996; Tang and Michael J. Pikal, 2004). Chemical decomposition is reduced 

at very low temperatures, keeping the product stable (Harrison, 1994). Also, the high specific surface 

area of the freeze-dried cake provides fast and complete reconstitution of the product (Harrison, 

1994). Moreover, this technique can be used to concentrate products with low molecular weight and 

those that are too small in size to be filtered (Shalaev et al., 2008). To date, lyophilization has been 

the gold standard for stabilising a wide range of biomolecules including antibodies, hormones, 

enzymes, fusion proteins etc. (Gervasi et al., 2018).  



10 

 

However, several drawbacks associated with lyophilization have been reported. Firstly, processing 

times could vary from days in optimized cycles to weeks in the case of poorly developed cycles (Nail 

and Gatin, 1993; Tang and Michael J. Pikal, 2004). Secondly, along with high operational and 

maintenance cost (Walters H. et al., 2014), exergy analyses have shown major energy losses during 

primary drying leading to reduced efficiency in the overall process (Liapis and Bruttini, 2008; Liu et 

al., 2008). Thirdly, concerns related to heat and mass transfer and scaling up the process have been 

discussed which depend on the dryer design, container closure and load condition etc. (Patel and 

Pikal, 2011; Ohori et al., 2021). Moreover, many biologics are sensitive to freeze-drying related 

stresses such cold denaturation and denaturation at the air-liquid interface (Chang et al., 1996; Jonas, 

1997; Kunugi and Tanaka, 2002). Also, issues of vial to vial and within vial heterogeneity caused due 

to phase separations studied by Raman and FTIR spectroscopy during the process of freeze-drying 

have been discussed (Salnikova et al., 2015).  

Vial-based batch freeze-drying is limited to processing small volumes of product which increases the 

requirement for a large number of vials. The intervention of manual labour during the process can 

increase the risk of contamination despite GMP cleanroom practices (Varshney and Singh, 2015). 

Moreover, being a static process, it increases the risk of failure of the entire batch during process 

failure. Heterogeneous heat transfer allows vials situated on the edge of the shelves to dry faster than 

vials present in the centre due to better heat transfer from the walls of the chamber (Lammens et al., 

2018). In addition, certain high concentration lyophilised protein cakes can take very long to 

reconstitute compared to free-flowing powders produced by alternate drying techniques (Dani et al., 

2007; Cao et al., 2013). Free-flowing powders are also beneficial in terms of their distribution and 

filling into different types of containers (Varshney and Singh, 2015). To combat various challenges 

associated with batch type freeze-drying, a few modifications to the conventional lyophilization 

process and approaches towards continuous manufacturing have been discussed in sections 1.3.1.2, 

1.3.1.3 and 1.3.1.4.  
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1.3.1.1.1 Principle and Process of Freeze-drying 

 

Freeze-drying or lyophilization typically involves removal of the solvent from the solution. It is based 

on the principle that frozen water from the product is sublimed to obtain a dried solid product (Smith 

et al., 2017). Antibiotics, bacteria, vaccines, sera, cells, tissues, proteins, and biotechnological 

products are a few examples of freeze-dried products. Freeze-drying consists of three major steps: 1) 

Freezing of the product which involves solidification of the product at very low temperatures. The 

product is solidified until it reaches its crystalline and/or amorphous state (Harrison, 1994), 2) 

Primary drying involves vaporisation of water directly from its solid to gaseous state at low 

temperature and pressure (Nireesha et al., 2013). This is known as sublimation of water. 3) Secondary 

drying which involves desorption of bound water to obtain the appropriate residual moisture level. 

This is carried out at elevated temperatures and low pressure (Harrison, 1994). The final step involves 

conditioning and storage of the dried product at optimum conditions. The steps involved in the 

process of vial-based pharmaceutical freeze-drying technology are further elaborated as follows: -  

a. Pre-treatment of the product is a sample preparation method required prior to its freezing. 

Concentrating or diluting the product, addition of substances that confer stability and improve its 

processing and increasing the surface area are some methods used during pre-treatment. It is 

carried out to preserve product appearance, stabilize reactive products and to decrease high 

vapour pressure solvents (Wang, 2000; Nireesha et al., 2013). The formulated drug substance is 

filled in glass vials with the required fill volume. All the vials in a batch are partially stoppered 

and equilibrated to the shelf temperature of 5 ○C prior to freezing (Figure 1.2).  

b. Freezing of the product is carried out at very low temperatures between – 40 ○C and – 80 ○C (Rey 

and May, 2004). This is done to solidify the product completely as most components freeze below 

their eutectic/melt point (Tm) or the frozen-state glass transition temperature (Tg’). The product 

is ramped down to – 40 ○C to ensure complete solidification of amorphous and crystalline 

components (Figure 1.2). The product must be adequately frozen since it requires a change in the 

state of matter directly from solid to vapour phase to successfully carry the process of drying. 
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Small ice crystals are produced as a result of rapid cooling which leads to faster sublimation but 

slower secondary drying, whereas large ice crystals are formed when the temperature is dropped 

slowly allowing less restriction in the secondary drying process (Roy and Gupta, 2004).  

 

 

Figure 1.2: Schematic evolution of a Freeze-drying cycle. Adapted from (LyophilizationWorld, 

2020). 

 

The two ways in which freezing may occur are: Firstly, product in which water is the solvent is 

subjected to temperatures below their eutectic point. In this case, the solute concentration changes 

and water is separated in the form of ice as the temperature is lowered. It is important to 

completely freeze the product by lowering the temperature below their eutectic point, which may 

otherwise lead to the formation of small gaps of unfrozen material in the lattice that could 

interfere with the structural stability of the product and the drying process. Annealing is an 

optional additional step performed to completely crystallize crystalline or amorphous 



13 

 

components and to study the impact of crystallization in the formulation (Hawe and Frieß, 2006; 

Dixon et al., 2009; Al-Hussein and Gieseler, 2012). During the annealing step, the shelf 

temperature is ramped up to – 20 ○C and held for 2 h (Figure 1.2). The product temperature at 

this point is kept below its eutectic melt. Post 2 h, the shelf temperature is ramped down to – 40 

○C. Secondly, a solution could undergo glass formation during freezing. In this case, the viscosity 

of the entire product solution increases as high as 1012-14 Pa·s with decreasing temperature (Sun 

and Davidson, 1998). The product freezes at the glass transition point to form a solid (Nireesha 

et al., 2013; Khairnar et al., 2013). Thermo analytical techniques such as DSC (Differential 

Scanning Calorimetry) (Hatley, 1992) can be used to determine the freezing point and the solid-

state glass transition temperature (Tg). 

c. Primary drying is based on the principle of sublimation wherein the solid state is directly 

transformed into gas without forming any liquid. The sublimation of water occurs at temperatures 

and pressures below its triple point (Figure 1.3) i.e. 0.0099○C (~ 273.16 K) and 6.117 mBar 

(4.579 mm Hg or 611.7 Pa), respectively (Nireesha et al., 2013). Partially stoppered vials allow 

the migration of water vapor from the vials to the condenser. The primary drying phase 

constitutes the largest fraction of a freeze-drying cycle (Figure 1.2). During this step, an adequate 

balance has to be established between heat input (heat transfer) and sublimation of water (mass 

transfer) to ensure successful drying of the product (Rey and May, 2004). The temperature is 

certainly increased to speed up the process of sublimation keeping the pressure low. The rate of 

sublimation increases with a decrease in chamber pressure. Very low pressures less than 0.0066 

mBar (50 mTorr) hamper the sublimation process and limit the rate of heat transfer to the product 

(Khairnar et al., 2013). It is important that the pressure in the chamber must be lower than the 

vapour pressure of the product to allow the molecules to migrate from high to low pressure to 

facilitate the process of sublimation. Increased temperature at lower pressure is ideal for 

sublimation, however, the product temperature must remain below its Tg’ or melting point (Tm) 

as shown in Figure 1.2 (Rey and May, 2004; Tang and Michael J Pikal, 2004). An increase in the 
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temperature above Tg’ or Tm may result in decreased product stability as a consequence of 

increased flexibility and mobility in the molecular structure. It has been reported that a rise in 

temperature of 1○C makes the drying process 13% faster (Craig et al., 1999).  

 

 

Figure 1.3: Phase diagram of water. Adapted from (Barley, 2020).  

 

d. Secondary drying is also known as the desorption phase. This phase is carried out to reach the 

optimum residual moisture level. Moisture content of less than 1% can be achieved during 

secondary drying (Khairnar et al., 2013). At this stage, the water molecules bound to the protein 

molecules and the trapped water molecules in the glass phase are removed at much higher 

temperatures (Roy and Gupta, 2004). As shown in Figure 1.2, the temperature is increased to the 

maximum allowed temperature for the dried product which is typically between 20 ○C to 40 ○C 

(Khairnar et al., 2013) and the process requires one third to one half of the time required for 

primary drying (Nireesha et al., 2013). This temperature is maintained below the Tg of the 

product. This also implies that the shelf temperature is increased many fold, keeping the chamber 

pressure at its minimum. Desorption is independent of the sample thickness, but is a function of 

the porosity of the sample product (Craig et al., 1999).  
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e. Final storage and reconstitution is also a critical step which must be carried out with great care 

and diligence to ensure maintained product stability and efficacy that has been achieved in the 

preceding steps (Rey and May, 2004). Stoppering of vials under adequate vacuum conditions is 

considered to be safe. Moreover, for products in bulk or in ampules, the extraction of the product 

from the equipment is carried out in a tight gas chamber by remote operation. The moisture level, 

water, light and other contaminants level must be controlled (Rey and May, 2004). Typically, 

freeze-dried biologics are stored between – 20 ○C to 4 ○C. Water, salt solutions or solvents are 

ways to restore the initial concentration of the product. This is also used to either dilute or 

concentrate the product.  

 

1.3.1.1.2 Types of Freeze-dryers and Equipment 

 

The three broad categories of freeze-dryers reported in the literature include Manifold freeze-dyers, 

Rotary freeze-dryers and the Tray style freeze-dryers (Nireesha et al., 2013). The difference between 

the three types of freeze-dryers lies in the method by which the dried substance is interfaced with a 

condenser. A short circular tube is used to connect multiple containers with the dried product to a 

condenser in a manifold dryer (Wang, 2000). Ambient conditions are required to provide heat for the 

product to sublime. Manifold dryers are typically used to dry liquid products in small containers in a 

laboratory setting. Rotary dryers are used for drying pellets and pourable substances. Uniform drying 

is achieved through a cylindrical reservoir that is rotated in a rotary dryer during the process of drying 

(Korey and Schwartz, 1989). Tray style dryers consist of shelves on which vials are placed on trays. 

They are larger than manifold dryers and are used for products for long-term storage. These dryers 

are capable of performing both primary as well as secondary drying (Nireesha et al., 2013).  

The lyophilisation chamber must allow thermal conductivity and should be capable of being tightly 

sealed at the end of the cycle. The chamber must also minimize the amount of moisture that could 

permeate its walls. The essential components of a freeze-dryer consist of a refrigeration system, 
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chamber, process condenser, vacuum system, and a control system. These are briefly discussed as 

follows:  

a. Refrigeration System: The initial freezing process is carried out here. It cools the ice 

condenser present inside the freeze-dryer (SP Scientific, 2018). The compressor is also 

employed to cool the shelves in the product chamber. Significant energy is required for the 

freezing step which is aided by liquid nitrogen (Nireesha et al., 2013).  

b. Chamber: Also known as the lyophilisation chamber, it is a vacuum tight box containing 

stainless steel shelves that are insulated on the outside. Shelves are used to hold product 

present in vials, flasks etc. Shelves act as heat exchangers which facilitate the removal of 

energy during freezing and provide energy during the process of drying.  

c. Vacuum System: It is employed to remove the vaporised solvent during the drying process. 

Operational pressures below the eutectic point are reached during freeze-drying (Jordi Palau, 

2018). The vacuum pressure is typically between 50 – 100 µbar (Nireesha et al., 2013) and 

multiple pumps are connected for large chambers.  

d. Process Condenser: A condenser is known as the cold trap which accumulates the vapours 

being sublimed which are then condensed into ice. The condensed solid ice is then removed 

at the end of the drying process.  

e. Control System: It provides an automated system to control the freeze-dryer. Time, shelf 

temperature and pressure are the parameters programmed during the cycle. 

 

1.3.1.1.3 Effects of Freeze-drying on Protein Stability 

 

Proteins, being the most abundant biological macromolecules in the living system and cells, are 

highly complex structures which accounts for their diverse biological functions (Nelson & Cox, 

2012). Amino acids are the building blocks of proteins, typically consisting of a carboxyl group, an 

amino group, a hydrogen atom, and R-groups. Each amino acid joins to another amino acid covalently 
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forming a peptide, consequently, many peptides join to form a polypeptide chain. A native protein 

present in its folded conformation having the lowest Gibbs free energy, is thermodynamically stable 

(Nelson and Cox, 2012). The stability of proteins, typically biopharmaceuticals, is expressed in terms 

of their storage, transportation and operationability (Roy and Gupta, 2004). Biologics, being highly 

sensitive to external stress in terms of temperature, sheer, pH, and denaturing agents, are deemed 

suitable if they are pharmaceutically and thermodynamically stable.  

Pharmaceutical stability of biologics is of utmost concern as it refers to the ability of the protein to 

be processed, stored and distributed without any irreversible change in its primary structure, 

conformation or its state of aggregation. This instability is also known as degradation of the protein 

(Pikal, 2004). Protein inactivation can be either reversible or irreversible (Mozhaev, 1993). An 

unfolded protein can go back into its native state if the denaturing agent is removed during a reversible 

change, whereas irreversible changes due to prolonged heat treatment can denature the protein 

permanently (Roy and Gupta, 2004). Pharmaceutical instability may occur on a short time scale or 

on a long-time scale during processing or storage, respectively. On the other hand, thermodynamic 

stability refers to a shift in the position of equilibrium between the native and the unfolded 

conformations. A stable protein would require high temperatures or high concentrations of chemical 

denaturant to shift the equilibrium towards the unfolded state. Proteins may show thermodynamic 

instability during the process of freeze-drying, but may be pharmaceutically stable upon its 

reconstitution (Pikal, 2004). Unfolded and partially folded protein conformations may lead to 

degradation through irreversible aggregation (Brems et al., 1985). Aggregation occurs when 

hydrophobic residues of an unfolded protein are exposed, leading to intermolecular hydrophobic 

interactions.  

The process of drying is employed to remove free and bound water to minimize the moisture content 

available to the protein present. The removal of water is important as it is a destabilizing agent for 

the long-term preservation of the desired protein product. The presence of water allows hydrophobic 

interactions with the native protein conformation, thereby, destabilizing it. In the absence of water, 
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the amino acid side chains interact with each other, thereby, locking up the conformation, preventing 

it from further interactions. This rigid conformation is devoid of its catalytic activity leading to a 

stable conformation in its dry state (Ahern et al., 1987; Poole and Finney, 1983). It has also been 

stated (Pikal, 2004) that the process of freeze-drying leads to the phenomenon of freeze concentration 

which refers to an increase in the protein and any potential reactant’s concentrations, leading to an 

increase in the rate of biomolecular degradation reactions. Thus, in spite of the decrease in the 

temperature, the reaction rate would increase. Moreover, deviations and perturbations in the protein 

conformation may be as a result of protein adsorption to surfaces. This is because liberation of 

dissolved air during thawing may generate numerous bubbles that provide a significant area for 

protein adsorption (Pikal, 2004). 

 

1.3.1.2 Spin-freeze-drying of Unit Doses 

 

The method of Spin-freezing was first patented by Becker in 1957, patent no. DE967120 (Becker, 

1957). This method was then employed for Freeze-drying and patented by Broadwin in 1965, patent 

no. US3203108A and Oughton et al. in 1999, patent no. US5964043 (Broadwin, 1965; Oughton et 

al., 1999). With modifications to the patents and to the conventional freeze-drying process, authors 

invented a novel continuous freeze-drying process for unit doses (Corver, 2012; De Meyer et al., 

2015). A major characteristic of this continuous freeze-drying technology is the rotation of vials 

containing the liquid product of interest along their longitudinal axis, therefore, this is known as Spin-

freeze-drying (Figure 1.4).   
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Figure 1.4: Spin-freezing of a vial along its longitudinal axis and (b) Spin-freeze-dried vials. 

Reprinted from (De Meyer et al., 2015).  

 

The process begins with the continuous Spin-freezing step wherein vials containing the liquid product 

of interest are spun rapidly, typically at 2500 – 3000 rpm, along their longitudinal axis for a period 

of time. The axial rotating motion results in the formation of a dispersion layer on the inner walls of 

the vial with a relatively uniform thickness of 1 mm (Corver, 2012). Subsequently, the rotating vials 

are exposed to a flow of sterile cryogenic gas, such as nitrogen or carbon dioxide, which is 

temperature controlled. This further results in a large surface area, as the frozen product is spread all 

over the inner walls of the vial, thereby, allowing fast and homogenous freezing/heating of the 

dispersion layer (De Meyer et al., 2015). The process of solidification takes about 1 – 2 min and the 

product is typically subjected to a temperature between – 40 °C and – 60 °C for another 10 – 20 min 

(Corver, 2012). To achieve crystallization and the desired morphology of the excipients, further 

modifications are made to the cooling process conditions in a temperature-controlled chamber. 

Following the cooling step, the vials are transferred to the primary drying chamber through a 

conveyor belt system. Each vial is held in a heat conducting jacket or a pocket in the chamber with 

the desired pressure and temperature conditions. The jacket surrounds the outer surface of the vials 

to facilitate homogenous distribution of heat through conduction or radiation. Subsequently, the vials 

are transferred to the secondary drying chamber for desorption of residual water content. Figure 1.5 

depicts a schematic for the continuous drying system. The drying step lasts for about 30 min to 2 h 
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(Corver, 2012). It was reported that the total processing time is reduced by 10 – 40 times depending 

on the vial dimensions and the product formulation (De Meyer et al., 2015). Moreover, by adding 

multiple parallel lines, the continuous freeze-drying process can be easily scaled up, unlike the 

conventional method of lyophilization.  

 

Figure 1.5: A schematic of the continuous Spin-freezing-drying system. Adapted from (De Meyer 

et al., 2015).  

 

De Meyer et al. through their study, compared and evaluated spin-freeze-drying and conventional 

freeze-drying in terms of their sublimation rates and the total drying time (De Meyer et al., 2015). 

Using Equation 1.1, the calculated optimum rotation speed was 2500 rpm resulting in a uniform layer 

of the liquid product. They elucidated the effect of five different formulations with different dry 

product resistance, fill volume, freezing method, freezing rate, shelf temperature and chamber 

pressure on the amount of sublimed water after two hours of drying using a full factorial design of 

experiments. Data analysis showed that the freezing method significantly contributed to the amount 

of sublimed water after a period of 2 h on the spin frozen vials compared to batch freezing. This was 

due to the fact that the presence of a thinner product layer and large surface area in the inner walls of 

the vials contributed to much higher sublimation rates. The sublimation rates were calculated using    

Equation 1.2. 
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 𝜔 =  √
∆ℎ ∗ 2𝑔

𝑟1
2 ∗ 𝑟2

2  
    Equation 1.1: 

Angular Velocity  

 

Where ω is the angular velocity in rad/sec, Δh is the height of the spin frozen product layer, g is the 

gravitation constant and r1 and r2 are the layer thickness at the bottom and the top of the vial 

            
𝑑𝑚

𝑑𝑡
= [

𝐴

𝑅𝑝
] (𝑃𝑃 − 𝑃𝑐) 

   Equation 1.2: 

Sublimation Rate 

 

where dm/dt is the sublimation rate in g/h, A is the surface area of the frozen product layer in cm2, 

Rp is the area-normalized dried product resistance in cm2 m Torr h g-1, Pp is the vapour pressure of 

ice in m Torr and Pc is the chamber pressure in m Torr.  

Amongst the other factors studied, increasing the shelf temperature and the chamber pressure 

increased the sublimation rates. However, the freezing rate and the fill volume did not have a 

significant impact on the sublimation rates during spin freeze-drying and batch freeze-drying (De 

Meyer et al., 2015). Furthermore, through another full factorial design, they studied the effect of the 

five formulations and pressure upon the total drying time. The chamber pressure was observed to 

have an unexpectedly greater effect on the spin frozen vials due to inadequate contact between the 

vial and the holder, whereas the effect of chamber pressure on the batch frozen vials was relatively 

smaller than the shelf temperature itself. This was again due to the fact that the product surface area 

on the inner walls of the vial was much greater for spin frozen vials (2533 mm2) than the traditionally 

frozen vials (373 mm2) (De Meyer et al., 2015). Shelf temperature was reported to be the most 

influential factor on the rate of sublimation of the spin and the batch frozen vials. Higher values of 

sublimed water obtained for spin frozen vials were due to a much higher rate of sublimation. 

Innovatively, an NIR probe coupled to a Nicolet Antasris II FT-NIR analyser was connected to the 

vial holder to demonstrate the primary and secondary drying endpoint in the spin frozen vials. The 

NIR probe had a spot size of 28 mm2 and the collected spectra was in the range 10000 cm-1 to 4500 

cm-1. Results showed a decrease in the intensity of ice peaks around 5000 cm-1 and 6700 cm-1 after 
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58 min, before which no change in the spectra were observed. This was because of the poor 

penetration depth of the NIR beam into the inner side of the frozen layer. The disappearance in the 

ice crystal bands and increase in the spectra signal of the formulation marked the end of the primary 

drying phase. Similarly, the disappearance of the free water band at 5160 cm-1 with no further spectral 

changes after 152 min marked the end of the secondary drying phase.  

Through another study, the effect of shear stress, sedimentation and diffusion velocity was studied 

by Lammens et al. on the activity and aggregation of alcohol dehydrogenase (ADH) during Spin 

freeze-drying (Lammens et al., 2018). Using Equation 1.3 (modified Equation 1.1), they elucidated 

that a smaller relative deviation in the frozen product layer between the top and bottom of the vial 

was obtained with a higher rotation velocity. Secondly, a lower rotation velocity was required for 

high fill volume and vice-versa. The shear stress and the shear rate were calculated using Equation 

1.4 and Equation 1.5. 

 𝜔 =  √
ℎ ∗ 𝑔

2𝜋 ∗ ∆𝐿 ∗ 𝑟𝑝,𝑖
 

 Equation 1.3: Angular 

Velocity (modified) 

 

Where ω is the rotation velocity and ΔL is the difference in the layer thickness between the top and 

the bottom (similar to Equation 1.1).                                                                                                

  𝜏 =  𝑣
𝜔

𝐿
  

 Equation 1.4: Shear 

Stress 

 

Where τ is shear stress in Pa, ν is viscosity of the solution in Kg m-1 s-1 and L is fluid layer thickness 

in m.                                                                                                                    

  𝛾 =
𝜏

𝑣
 

 Equation 1.5: Shear 

Rate 

 

Where γ is shear rate in s-1, τ is shear stress in Pa and ν is viscosity of the solution in Kg m-1 s-1. 
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The calculated shear rates at 2900 rpm, 800 rpm and 400 rpm for 2 – 4 min were 2145 s-1, 591 s-1 and 

295 s-1 respectively. These values were comparatively lower than the shear rates (4000 s-1 – 20,000 s-

1) generated during some processes such as cross-flow filtration and lobe pumping (Gomme et al., 

2006; Stroev et al., 2007; Bee, Stevenson, et al., 2009; GE, 2014) indicating that Spin-freezing would 

not negatively impact ADH. It is worthwhile understanding that the liquid in the vial experiences 

maximum shear when the vial is accelerated from rest. As the vial attains the maximum desired 

rotational velocity, the relative rotational velocity of the vial with respect to the liquid reduces, 

thereby, reducing the shear rate. This is analogous to a person sitting in a moving aircraft experiencing 

negligible force with respect to the aircraft. However, further product-specific evaluation is required 

to study the effect of Spin-freezing on labile biopharmaceuticals. No significant loss in the activity 

of spin frozen ADH was observed. Moreover, no permanent aggregates were seen in the DLS results 

of the spin frozen samples as compared to the original sample. This confirmed that the shear rate 

experienced during Spin-freezing did not affect the stability of ADH. Furthermore, inhomogeneity 

associated with sedimentation velocity (6.59 × 10-9 m s-1) and stress experienced due to diffusion 

velocity (diffusion coefficient = 6.10 × 10-11 m2 s-1) during spin freezing were shown to have 

negligible effects on proteins within 10 min of spin freezing (Lammens et al., 2018). Two of these 

factors become inapplicable at the end of freezing as a decrease in the temperature will reduce the 

sedimentation and diffusion velocity. In addition, the sedimentation velocity of viruses and bacteria 

were evaluated. It was found that the sedimentation velocity of viruses was 5730 times higher and 

that of bacteria was up to 20,000 times higher compared to the sedimentation velocity of proteins. 

This meant that viruses and bacteria are more prone to inhomogeneity in the frozen product layer due 

to sedimentation.  

More recently, the impact of Spin-freeze-drying was studied on the stability of a commercial 

polyclonal antibody, human intravenous immunoglobulin (IVIG), manufactured by Baxter 

Healthcare Corporation (Vanbillemont, Carpenter, et al., 2020). The authors concluded that the 

stability of the Spin-freeze-dried protein was comparable to its conventionally freeze-dried 
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counterpart. Since low shear rates and no major air-liquid interfaces were generated, Spin-freezing 

did not impact the stability of the protein. These results were consistent with results shown previously 

(Lammens et al., 2018).  

In terms of aseptic manufacturing, a GMP-like engineering prototype for Spin-freeze-drying has been 

developed by RheaVita and Ghent University (Corver et al., 2018). The authors propound that this 

technology can be scaled-up by adding 5 parallel lines within an area of 25 m2 to produce 10,000 

Spin-freeze-dried vials per day. In comparison to the throughput delivered by the Spin-freeze-drying 

prototype, a commercial batch freeze-dryer, within an area of 30 m2, can deliver 100,000 vials with 

a capacity of 2 mL over a 3-day cycle. In conclusion, Spin-freeze-drying technology has shown to be 

a potential competitor to batch freeze-dying in terms of process associated stresses and PAT, though 

the feasibility of implementing more than 5 parallel lines to generate a higher throughput along with 

the associated costs in a cGMP environment would be an interesting area of study. 

 

1.3.1.3 Continuous Freeze-drying of suspended vials 

 

More recently, Capozzi et al. developed a new concept of continuous freeze-drying known as 

continuous freeze-drying of suspended vials (Capozzi et al., 2019). As shown in Figure 1.6, the 

freeze-drying setup consists of a sequence of modules for different unit operations connected together 

to ensure a continuous flow of vials. The vials are suspended over a track with multiple rows that 

allow the transfer of vials through chambers with different temperature and pressure conditions. Each 

chamber is separated by a load-lock system that facilitates the transfer of vials between different 

modules. As the vials are continuously being loaded into the lyophilizer, they are filled and partially 

stoppered. After filling, the vials enter the freezing zone where freezing occurs either through 

spontaneous or controlled nucleation using vacuum-induced surface freezing (VISF). Heat transfer 

during freezing is achieved by cooling gas through forced air convection or radiation. A significant 

reduction in temperature gradients within the product results in the formation of larger and uniform 

pores which is achieved by the suspended-vial configuration. This further results in a faster 
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sublimation rate, thereby, reducing the total drying time compared to conventional freeze-drying. In 

addition, VISF reduces vial-to-vial ice crystal inhomogeneity which results in a homogenous porous 

structure amongst vials. Following the process of freezing, the vials subsequently move into the 

primary and secondary drying chamber. The desired pressure is applied to initial sublimation. 

Controlled heat transfer is achieved through circulating heat transfer fluid in the radiating surfaces. 

This feature helps to overcome the drawback of heterogeneous heat and mass transfer during 

conventional freeze-drying. It was shown that this type of configuration reduced the primary drying 

time by 3 – 4  times and the total drying time was reduced by a factor of 6 with an approximated total 

drying time of 6 h (Capozzi et al., 2019; Pisano et al., 2019). Moreover, the size of this continuous 

freeze-drier would be 6 – 8 times smaller compared to a conventional batch lyophilizer (Capozzi et 

al., 2019). Further insights on continuous lyophilization are available in their recently published 

chapter (Pisano et al., 2022).  

 

 

Figure 1.6: Continuous freeze-drying of Suspended Vials (Capozzi et al., 2019).  
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1.3.1.4 Other Concepts for Continuous Freeze-drying Technology 

 

A few other patents for continuous shell/spin freeze-drying were filed. As stated in Patent No. 

DE967120, Becker’s concept of continuous freeze-drying includes a guide capsule that carries each 

vial inside the drying chamber (Becker, 1957). The vial containing liquid is rapidly rotated and frozen 

under vacuum. Next, the guide capsule transfers the vial into a drying chamber and this process is 

subsequently repeated with other vials. Under the influence of gravity, the vials are rolled down inside 

the drying chamber, which consists of a long, winding heated conduit (Becker, 1957; Pisano et al., 

2019). Furthermore, Broadwin developed a continuous freeze-drying concept based on shell-freezing 

as described in Patent No. US3202108A (Broadwin, 1965). This design consists of a vacuum chamber 

with a rotating shaft that holds bottles containing the product to be dried. As a result of centrifugation, 

the liquid mass is spread all along the internal surface of the bottle assuming a shell shape. This 

increases the available surface area of the liquid, thereby, increasing the rate of sublimation or 

heating. The liquid is frozen, and vacuum is applied. Dehydration is achieved by reducing the 

temperature to – 15°C. At this point, the centrifuge is stopped, and heat is applied to evaporate any 

unfrozen liquid. Subsequently, the temperature is reduced to – 50°C to allow complete dehydration 

of the frozen shell (Broadwin, 1965; Pisano et al., 2019). To allow a relatively higher throughput, 

Oughton et al.  described a continuous freeze-drying process in their Patent No. US5964043 titled 

“Freeze-drying process and apparatus” (Oughton et al., 1999). The apparatus comprised of qui-spaced 

apertures of a magazine in which  vials were placed for drying. The vials were transported to different 

zones during the process using a conveyor. The vials filled with the desired product were removed 

from the magazine and frozen with the help of an inert gas while being rotated horizontally. The 

rotation velocity was controlled to allow the formation of shell with a relatively uniform thickness. 

After the completion of the freezing step, the vials were placed in the magazine and transferred into 

the vacuum tunnel that contains heating blocks. The heating blocks present provide heat energy to 

the vials, thus, speeding up the rate of drying. The vials are then transported to a plugging zone for 

capping and labelling (Oughton et al., 1999; Pisano et al., 2019). 
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1.3.2 Bulk Drying Technologies 

 

1.3.2.1 Active-freeze-drying 

 

In contrast to tray-based bulk freeze-drying, Hosowaka Micron B.V. developed stirred bulk freeze-

drying known as “Active-freeze-drying” based on Patent No: EP1601919A2 (Van Der Wel, 2012). 

The Active-freeze-drying process allows lyophilization of heat-sensitive bulk materials ranging from 

solutions, suspensions and pastes to wet solids with minimal handling (Touzet et al., 2018; Capozzi 

et al., 2019; Hosokawa Micron B.V., 2019; Pisano et al., 2019). The final dried product is obtained 

as a free-flowing powder, unlike lyophilized cakes. As an additional feature, the characteristics of 

certain products can be improved by stirring or agitation (Hosokawa Micron B.V., 2019). Moreover, 

a higher rate of heat transfer and reduced drying times can be achieved (Touzet et al., 2018). This 

technology can be applied to foods, pharmaceuticals, nanomaterials, polymers, ceramics, catalysts 

and glass powder (Hosokawa U.K., 2019). The process flow includes a jacketed conical vacuum 

dryer, an impeller, a collection filter, a product collector and a vacuum pump as shown in Figure 1.7 

(Touzet et al., 2018; Hosokawa Micron B.V., 2019).  
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Figure 1.7: (a) A pictorial representation and (b) a process flow diagram of the Active-freeze-

drying process. Adapted from (Touzet et al., 2018). 

 

The working principle involves dynamic freezing of the product in a conical stirred drying chamber 

with the help of a freezing medium. The chamber is surrounded by a controlled heating/cooling jacket. 

Frozen granules of different sizes and shapes are obtained as a result of a Vacuum Induced Surface 

Freezing technique (VISF) and stirring motion (Touzet et al., 2018). Subsequently, sublimation takes 

place at a suitable pressure and heat is distributed through the jacket along with the stirring motion. 

Mixing provides a large surface area for sublimation leading to a higher rate of heat transfer, thereby, 

reducing the drying time (Touzet et al., 2018). Sublimation starts at the outer layers eventually 

moving towards the inner layers of the frozen granules. Due to stress induced by the stirring motion, 

the dried layer is continuously disintegrated into fragments which reduces resistance to vapour flow. 

These fragments are driven into the collector by vacuum. The drying process is finished when the 

product temperature is in equilibrium with the chamber wall temperature.  

Touzet et al. conducted a pilot-scale study on Active-freeze-drying of nanocrystal-based 

ketoconazole drug showing that the technique efficiently produced reconstitutable  nanocrystal 
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powder (Touzet et al., 2018). The effect of four different process parameters namely, freezing method 

(fast and slow), nanocrystal concentration (10 % w/w and 20 % w/w), the jacket temperature (0 °C 

and 30 °C) and the screw rotation speed (minimal and maximal) were studied on the process 

performance and product characteristics using a two-level fractional factorial design. The process 

performance was studied in terms of the average rate of vapour transfer, yield and drying time, 

whereas the CQAs of the product examined were particle size and re-dispersibility of the dried 

fragments. Out of the four process parameters, the jacket temperature significantly contributed to the 

rate of sublimation and the yield. An increase in the jacket temperature approximately doubled the 

rate of sublimation (Touzet et al., 2018). The majority of the dried fragments were obtained in the 

collector at a critical rate of vapour flow below which no migration of the dried fragments was 

observed. Moreover, an increase in the jacket temperature resulted in the collection of significantly 

larger fragments due to the corresponding increase in the vapour flow rate allowing the transfer of 

large fragments from the chamber into the collector, thereby, leading to a higher yield. Secondly, 

large fragments, as shown by SEM (Figure 1.8), were also obtained by increasing the nanocrystal 

concentration as a result of a stronger nanocrystal network structure as compared to the lower 

nanocrystal concentration.  

 

 

Figure 1.8: (A) SEM picture of  10 % w/w ketoconazole drug crystals (B) SEM picture of 20 % 

w/w ketoconazole drug crystals (Touzet et al., 2018).  



30 

 

Furthermore, particle size analyses of the nanocrystal suspensions were carried out using wet laser 

diffraction on a Mastersizer® 2000. All reconstituted Active-freeze-dried powders showed the 

presence of aggregates between 1 – 100 µm, along with reduced presence of the original population 

by volume compared to the initial nanocrystal suspension. The presence of aggregates induced by 

freeze-drying reduced the surface area available for rehydration by 45 – 50 % (Touzet et al., 2018). 

It was stated that no surface loss was observed over the period of 2 weeks of storage post freeze-

drying and the nanocrystal suspensions were physically stable. In order to overcome the challenge of 

aggregation, the concentration of D-α-tocopherol polyethylene glycol 100 succinate (TPGS) in the 

formulation was increased by three-fold. A significant reduction in the fraction of aggregates was 

observed, thereby, leading to an increased availability of the surface for re-dispersion. However, this 

did not reduce the reconstitution time of the dried nanocrystals. Lastly, they also demonstrated that 

lowering the freezing temperature from – 19 °C to – 33 °C led to reduced aggregation (Touzet et al., 

2018).  

While this technology employs the principle of freeze-drying to produce bulk powder, it is still a 

batch process. Continuous operation and automated recovery of the dried product is yet to be 

addressed. Moreover, the continuous stirring motion throughout the freezing and drying process can 

be detrimental to the stability of proteins. Continuous stirring can lead to increased foaming in the 

liquid product, thereby, exposing the protein to interfacial denaturation and aggregation (Duerkop et 

al., 2018). During the freezing step, breaking up of ice crystals by continuous stirring can interfere 

with ice nucleation and the cooling rate which may lead to instability at the ice-liquid interface 

(Authelin et al., 2020). Furthermore, continuous stirring in an insulated vessel can lead to a relative 

increase in temperature and so, it is crucial to accurately monitor the product temperature during 

sublimation. Sublimation above the Tg’ may lead to product collapse (Meister and Gieseler, 2009; 

Meister et al., 2009; Ohori and Yamashita, 2017). Active-freeze-drying technology may be more 

suited for small molecules and stable biopharmaceuticals, though the feasibility of this technique 

needs investigation for commercially manufactured parenteral biopharmaceuticals.  



31 

 

1.3.2.2 Spray-drying  

 

Spray-drying is a technique with potential applications in the pharmaceutical industry. It is one of the 

few techniques used to produce dried powder formulation from liquid, slurry or low-viscosity paste 

(Celik and Wendell, 2010). The earliest description of spray-drying of products was stated in a patent 

in 1872, titled “Improvement of Drying and Concentration Liquid Substances by Atomizing” (Percy 

SR, 1872). It has been reported that spray-drying has been employed across a wide variety of fields 

including food products, chemicals, fabrics, electronics and cosmetics (Masters, 1985; Jain et al., 

2012). Enzymes (amylase, trypsin, lipase, protease) (Samborska et al., 2005; Namaldi et al., 2006; 

Forbes et al., 2007; Costa-Silva et al., 2014; De Jesus and Maciel Filho, 2014; Abdel-Mageed et al., 

2019), antibiotics (Kho et al., 2010; Chan et al., 2013; Park et al., 2013), APIs (Lee et al., 2013; 

Oliveira and Poco, 2013; Paudel et al., 2013), vitamins (vitamin B12, ascorbic acid) (Uddin et al., 

2001; Ahmed et al., 2010; Sarti et al., 2012; Estevinho et al., 2016) and excipients (lactose, mannitol) 

(Chandrapala and Vasiljevic, 2017; Mönckedieck et al., 2017; Martins et al., 2019) are a few 

examples of pharmaceutical products that have been spray-dried (Celik and Wendell, 2010). The 

production of nanomaterials including nanoparticles, nanocatalysts and nanodrugs is another possible 

application of spray-drying (Wisniewski, 2015).  

Several advantages of spray-drying have been reported. Firstly, it eliminates the need for a large 

number of unit operations which makes it cost-effective and improves production efficiency (Jain et 

al., 2012). The manufacturing cost associated with spray-drying is only 20 % of the manufacturing 

cost associated with freeze-drying (Roser, 1991; Santivarangkna et al., 2007). Secondly, it is said to 

be a rapid, continuous one-step process which means that the drying equipment will keep producing 

the spray-dried product as long as the slurry / liquid feed is being constantly fed into the equipment 

(Celik and Wendell, 2010; Walters H. et al., 2014). Properties such as particle size and shape can be 

controlled and engineered by spray-drying (Vehring, 2008). Thirdly, this technique can take 

thermolabile products into consideration. The evaporation process takes approx. milliseconds to a 

few seconds and the process is very instantaneous, thereby, minimizing exposure to high temperatures 
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(Celik and Wendell, 2010). The production of millions of small droplets provides a large surface area 

for heat and mass transfer allowing rapid evaporation. Moreover, it increases the dissolution rate and 

bioavailability of APIs that are not easily soluble in water and a uniform particle size can be achieved 

using a suitable atomizer during the process (Aulton, 2007). SPX Flow Inc. has had aseptic spray-

dryers that have been inspected by the FDA and produced clinical supplies for phase 3 pivotal studies. 

The authors have demonstrated the use of Anhydro MS-35 spray-dryer to successfully produce dry 

powder-based mAbs (Bowen et al., 2013; Gikanga et al., 2015). 

 

1.3.2.2.1 Principle and Process of Spray-drying 

 

The process of spray-drying involves the conversion of liquid feed into solid product (Celik and 

Wendell, 2010). It is based on the principle that sprayed liquid medium droplets containing the desired 

product are introduced into a hot gas stream allowing evaporation of the droplet, thereby, producing 

solid particles which are then separated from the gas stream and collected as dry powder (Wisniewski, 

2015; Jain et al., 2012). Each droplet exposed to the hot gas stream is dried to form an individual 

solid particle. The phenomenon of drying and particle formation both occur in this process (Vehring, 

2008). The drying process is continued until the desired moisture content is achieved in the dried 

particle. As mentioned earlier, the evaporation process rapidly decreases the temperature of the gas, 

keeping the droplet temperature low, allowing the drying of thermo-sensitive products. This is a very 

fast process and the contact of the product with the gas is quite short (Wisniewski, 2015). It has been 

noted that thermolabile products such as vaccines can be spray dried at 150○C (Roser, 2005). The 

process of spray drying typically consists of four major steps (Wisniewski, 2015; Jain et al., 2012; 

Mezhericher, 2011): 1) Atomization of the liquid feed, 2) introduction of the sprayed droplets into 

the hot gas stream, 3) drying and particle formation, and 4) separation and collection of the dried 

powder product from the hot gas stream. Figure 1.9 depicts a typical spray-drying schematic.  
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Figure 1.9: Schematic of spray-drying process (Celik and Wendell, 2010). 

 

The spray-drying process begins with atomization of the liquid feed containing the product. 

Atomization, also known as droplet generation, involves the disintegration of the liquid feed into 

numerous fine droplets. Figure 1.10 depicts the critical process parameters for the spray-drying 

process. The liquid feed is sprayed by a peristaltic pump through the nozzle. At this point, the process 

parameters of interest include feed flow rate (pump speed), air inlet temperature, spray flow rate, 

nozzle size and nozzle pressure (Figure 1.10). A higher pump rate corresponds to high inlet mass 

which requires higher energy to evaporate the droplet to particles. This leads to an increase in the 

difference between the air inlet temperature and outlet temperature resulting in a product with high 
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residual moisture content (RMC) (Büchi Labortechnik AG, 2002) (Figure 1.10). The atomising air  

flow rate is the amount of compressed air required to disperse the solution/suspension through the 

nozzle. Higher atomising flow rates result in smaller particle size. The particle size of the product is 

directly proportional to the feed concentration (Büchi Labortechnik AG, 2002).  

For optimum evaporation of the liquid and to achieve the desired properties of the particle, the 

atomized droplet must exhibit a high surface to mass ratio  (Celik and Wendell, 2010; Masters, 1985). 

Larger surface area is one of the factors that hastens the evaporation process. Particle character is one 

of the important factors controlled by the droplet size which brings in the importance of the choice of 

atomizer (Aulton, 2007). The different types of atomizers are discussed in section 1.3.2.2.2.1. It has 

also been reported that higher thermal efficiency of a dryer could be achieved by using a high 

concentration of solutes in the liquid feed (Wisniewski, 2015). This is because low amounts of solvent 

would be available for evaporation. Moreover, to confront high temperatures during drying, the liquid 

medium (solvent) should be thermostable (Wisniewski, 2015).  

The atomization process follows introduction of the sprayed droplets into the heated gas stream to 

allow evaporation of the solvent. This takes place in the drying chamber. An air dispenser uses 

perforated plates or channels that allows the flow of gas into the chamber, ensuring the flow of gas 

evenly to all parts of the chamber. The position of the atomizer and the spraying pattern play a critical 

role in the way in which the sprayed droplets interact with the heated stream of gas (Celik and 

Wendell, 2010; Wisniewski, 2015). The atomizer and the air disperser, usually fixed into the roof of 

the chamber, are present adjacent to each other to ensure even mixing. Also, the air entering through 

the air disperser is devoid of any temperature gradients which would otherwise lead to uneven drying 

of the product (Celik and Wendell, 2010).  
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Figure 1.10: A schematic diagram of the spray-drying process with a cyclone separator and possible 

sites for protein denaturation. Blue dotted lines represent the sprayed droplets. The red dotted lines 

represent the trajectory of the particles.  

 

There are three distinct types of air flow patterns and spray droplet movements that take place inside 

the drying chamber depending upon its design (Jain et al., 2012; Aulton, 2007). 1) The co-current 

flow pattern involves the flow of the atomized spray droplets and drying air in the same direction as 

depicted in Figure 1.11 (a). It allows rapid evaporation to take place and the dry air cools in a short 

duration. This configuration is suitable for thermolabile products such as enzymes, peptides and 

proteins (Celik and Wendell, 2010). The product is not subject to thermal degradation. 2) The counter-

current flow involves movement of sprayed droplet and air in exactly opposite directions as shown 

in Figure 1.11 (b). Each of them enters from the two opposite ends of the drying chamber. This 

configuration has been reported to result in increased powder flowability and is described to be 

suitable for non-heat-sensitive products (Celik and Wendell, 2010). 3) Lastly, the mixed flow 

arrangement is a combination of the co-current and the counter-current air flow patterns (Figure 1.11 
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(c)). This type of configuration can be implemented in a relatively small sized drying chamber. The 

product powder is exposed to higher particle temperature as it reaches the low drying chamber (Celik 

and Wendell, 2010).  

 

 

Figure 1.11: Spray-air contact patterns: (a) co-current flow, (b) counter-current flow, (c) mixed 

flow (Büchi Labortechnik AG, 2002). 

      

The following step ‘drying’, also known as droplet evaporation, occurs in the drying chamber. As 

discussed by Celik and Wendell, the drying vessel could either have a large cylinder height and a 

short diameter or short height and a large diameter (Celik and Wendell, 2010). The spray-drying 

process is a convective process under the influence of a heated carrier gas. This convective process 

involves heat and mass transfer when the atomized liquid droplets are in contact with the heated 

stream of gas. Heat is transferred from the gas to the droplet and mass is transferred from the droplet 

to air when the droplet is vaporized. The three main phases of the drying rate curve have been depicted 

in Figure 1.12 (Celik and Wendell, 2010).  



37 

 

 

Figure 1.12: Typical Drying Rate Curve (Celik and Wendell, 2010).  

 

These include: 1) the initial drying phase in which the droplet evaporation rate is constantly 

accelerating. During this phase, the temperature of the drying air is decreased rapidly, and the droplet 

surface temperature rises slightly. It takes about 1.5 s to achieve the majority of the evaporation (Celik 

and Wendell, 2010). This phase continues until an equilibrium is established between the droplet 

surface and surrounding air; the droplet evaporation rate becomes constant. 2) During the constant 

rate of the drying phase, the majority of the droplet moisture content is removed. The temperature 

and partial pressure of the droplet surface is nearly constant and is represented as the wet bulb 

temperature (Snyder, 2012). When the moisture removal rate becomes rate-limiting to the drying rate, 

the drying process enters into the falling-rate phase. 3) The final phase, also known as the falling-rate 

phase, depicts the retarding drying rate. Retardation occurs due to the exposed solid layer of the spray- 

dried particle that acts as a rate-limiting factor in the drying process, as most of the moisture content 

is removed in the earlier stages. Until there is an equilibrium established between the droplet moisture 

content and the surround air stream, the evaporation rate continues to deaccelerate.  

Grisso et al. showed solution droplet data using free fall, evaporation and drying. Initial droplet 

diameter and final drop diameter and demonstrated evaporation time were compared as shown in 

Table 1.4 (Grisso et al., 2013).  
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Table 1.4: Evaporation of Pesticide Solution Droplet in Free Fall (Grisso et al., 2013).  

Droplet Diameter 

(m) 

Terminal Velocity 

(m/s) 

Final Drop Diameter 

(m) 

Time to Evaporate 

(s) 

20 0.012 7 0.3 

50 0.075 17 1.8 

100 0.273 33 7.0 

150 0.510 50 16 

200 0.720 67 29 

 

The final step in the process of spray-drying is the separation of the dried powder from the drying air. 

At this point, the two important process parameters are the outlet temperature and the aspirator flow 

rate (Figure 1.10). The outlet temperature is the maximum temperature that the product experiences 

during spray-drying (Büchi Labortechnik AG, 2002). The aspirator air flow rate is an important 

parameter that impacts the degree of migration/separation in the cyclone and the residual moisture 

content (RMC) in the product. A higher aspirator rate results in a higher degree of separation in the 

cyclone, whereas a lower aspirator rate results in lower RMC (Büchi Labortechnik AG, 2002). This 

is because the residence time of the particles in the spray-dryer is increased, experiencing outlet 

temperature for a longer duration, thereby, leading to lower RMC (Büchi Labortechnik AG, 2002).  

Two different methods of separation have been discussed, namely, cyclone separation and baghouse 

filtration (Snyder and Lechuga-Ballesteros, 2008). Both of these methods arose from dust pollution 

control and chemical processing industries with the motive of reducing particles (Heumann, 1997). 

Choosing the appropriate separation system depends on the formulation stability and powder 

characteristics of the product. The cyclone separation method follows the principle of the difference 

in density of the dispersed phase and the continuous medium (Snyder, 2012). When both phases are 

subjected to acceleration within a vortex, the smaller particles deviate from the continuous phase due 

to velocity lag and migrate to the outer wall of the cyclone which is then collected. Cyclone design, 

particle size distribution and the operating conditions are factors that determine the efficiency of the 

cyclone separation method. On the other hand, the baghouse particle separation system employs a 
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depth filter or a size-exclusion membrane filter to filter out the powder particles from the flowing gas 

stream (Snyder, 2012). As the gas flows through the filter, the powder particles are restricted to flow 

through, forming a layer on the filter media. The filters are normally geometrically cylindrical 

(Heumann, 1997). The final product is collected via a high pressure back-pulse mechanism wherein 

the powder is removed off the filter media. 

 

1.3.2.2.2 Spray-drying Equipment 

 

1.3.2.2.2.1 Atomizer  

 

Based on the source of energy, three types of atomizers, namely, 1) centrifugal atomizers (rotary 

atomizers), 2) kinetic energy nozzle (pneumatic nozzle atomizers) and 3) pressure nozzle atomizers 

have been discussed and implemented (Aulton, 2007; Jain et al., 2012). Rotary atomizers have 

replaced simple jet atomizers that prevent blockage due to deposition of residual solid on the nozzle 

(Aulton, 2007). Rotary atomizers comprise of a rotating wheel or a disc onto which the liquid feed is 

fed. The liquid stream is disintegrated into tiny droplets. It has been reported that the disc rotates in 

the range of 5000 to 25,000 rpm, with wheel diameter of 5 to 50 cm (Celik and Wendell, 2010). The 

liquids feed rate and viscosity are directly proportional to the mean size of the droplet, whereas the 

disc speed is inversely proportional to the mean size of the droplet. These atomizers are reliable, easy 

to use and can incorporate high feed rate and feed rate fluctuations (Jain et al., 2012). A rotary 

atomizer is shown in Figure 1.13.  
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Figure 1.13: Rotary Atomizer (GEA Pharma Systems). 

 

 

Pneumatic nozzle atomizers or two-fluid nozzles generate high frictional forces over the liquid’s 

surface through compressed air, thereby, disintegrating the liquid feed into tiny spray droplets. 

Typically pressure in the range of 200 to 350 kPa is required (Celik and Wendell, 2010). A typical 

two-fluid nozzle is shown in Figure 1.14.  

 

 

Figure 1.14: Cross-sectional representation of a two-fluid nozzle (GEA Pharma Systems).  

 

 

Pressure nozzles typically involve a pressurized liquid stream forced by a pump through a nozzle 

orifice. The disintegrated fine droplets emerge in a cone-shaped spray pattern as a result of the 

rotatory motion of the liquid feed inside the nozzle. Spiral grooved or swirl inserts within the nozzle 

facilitate the rotatory motion. While pressure nozzles can handle high concentration feeds at high 

feed rates, the sprayed powders are less homogeneous and coarser with the size of 120 – 300 µm 

(Celik and Wendell, 2010). Figure 1.15 shows a cross-sectional view of pressure nozzles. 



41 

 

 

Figure 1.15: Cross-sectional view of pressure nozzles (GEA Pharma Systems; Celik and Wendell, 

2010).  

 

1.3.2.2.2.2 Chamber  

 

In a typical spray-drying chamber, the drying droplets are rotated by the tangentially entering air 

stream to increase the residence time, thereby, increase the time for drying (Aulton, 2007). In a 

pharmaceutical clean room environment, a filter and heat exchanger are employed to filter and heat 

the clean air. A separate filter bag or cyclone filter is used to recover the dust carried by the outlet air 

stream. Just like in a few pharmaceutical manufacturing sites, 80% recycled air is used as it is cost 

effective and the efficiency of the drying process is increased if 60% of the exhaust air is recycled to 

the air inlet of the spray-dryer (Aulton, 2007).Three different sizes of spray-dryers have been reported 

in the literature. With the laboratory-scale spray-dryer, having a volume of 100 – 200 mL, product 

weighing up to a few grams can be spray-dried using an aqueous or organic solution. The pilot-scale 

spray-dryer is capable of evaporating 7 kg of water per hour with geometrical dimensions of the 

chamber diameter and height being 800 mm and 3 m respectively (Aulton, 2007). Lastly, the 

industrial-scale model could have a chamber diameter and height of 3.5 m and 6 m respectively, being 

capable of evaporating 50 – 100 kg of water per hour (Aulton, 2007).  



42 

 

1.3.2.2.2.3 Product 

 

For the final spray-dried product, in terms of the particle’s characteristic shape, hollow spheres with 

a small hole in the centre have been reported (Aulton, 2007). This is because evaporation occurs first 

on the outer surface of the droplet leaving behind residual liquid in the centre. Later, this internal 

liquid evaporates leaving a hole in the centre of the sphere. This leads to the formation of a spherical 

product (Aulton, 2007).  

 

1.3.2.2.3 Stability of Spray-dried Proteins  

 

Studies focusing on the effect of spray-drying on the stability and shelf-life of monoclonal antibodies 

have been carried out. Excipients such as trileucine are reported to effectively protect the protein from 

sheer stress caused during the transformation of the liquid droplet into a dried particle (Lechuga-

Ballesteros et al., 2008). During this time, the droplet viscosity is low enough to allow conformational 

mobility within the protein which makes the molecule more likely to undergo potential unfolding, 

subsequently leading to protein aggregation (Snyder, 2012). Non-reducing sugar excipients such as 

sucrose, raffinose and trehalose have also been reported to stabilize proteins in their amorphous state 

at low moisture levels (Snyder, 2012). Another commonly spray-dried pharmaceutical excipient is 

lactose (Gohel & Jogani, 2005; Jain et al., 2012).  Moreover, spray-drying has been implemented on 

proteins and antibodies for pulmonary drug delivery (Schüle et al., 2008). ExuberaTM, an inhaled 

insulin product developed by Pfizer Inc., is an example of a spray-dried product (discontinued) (White 

et al., 2005). Exubera’s formulation components include sodium citrate, sodium hydroxide, glycine 

and mannitol (FDA, 2006). RaplixaTM, a Human Fibrin Sealant developed by ProFibrix (The 

Medicines Company), is manufactured by Nova Laboratories Ltd. via spray-drying technology (FDA, 

2015). The product contains 824 mg/g trehalose, 11 mg/g calcium chloride, human albumin, sodium 

chloride, sodium citrate and L-Arginine hydrochloride (FDA, 2015).  
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Initially, anti-IgE antibody formulations with mannitol were reported to show better flowability for 

inhalation applications, but then it was stated that formulations with trehalose resulted in higher 

protein stability compared to mannitol due to its tendency to recrystallize (Costantino et al., 1998; 

Andya et al., 1999). Later on, protein stabilizers such as trehalose, sorbitol and sucrose were preferred 

in spray-drying formulations and were demonstrated to show their efficacy on antibodies (Maury et 

al., 2005; Dani et al., 2007). Dani et al. tested a 1: 0.8 mAb : trehalose ratio by weight and concluded 

that this formulation was enough for the stabilization of spray-dried IgG antibody (Dani et al., 2007). 

Additionally, Maury et al., carried out different mAb : trehalose (ratio by weight) formulations at 130 

○C inlet air and 90 ○C outlet air temperatures with 5 % residual water content in the spray-dried 

powders. They concluded that 20 – 30 % of sugar content was sufficient to safe guard the antibody 

in terms of its stability (Maury et al., 2005).  

In spite of studies carried out on the stability of antibodies, the effect of elevated temperature stress 

(>180 ○C) on monoclonal antibodies due to high inlet temperatures of large-scale spray-dryers was 

still a concern (Bowen et al., 2013). Bowen et al. conducted further studies by testing different mAb 

: trehalose formulations (2:1 and 1:2 ratio by weight, respectively) (Bowen et al., 2013). Their study 

focused on the physical stability of these mAbs by deducing the percentage of monomers present 

after storing the spray-dried product at 40 ○C for a couple of months. In conclusion, they stated that 

aggregation was observed in both spray-dried and freeze-dried product due to a decrease in the 

percentage of monomers, but more importantly the percentage of monomers was lower in the freeze-

dried product even though the residual water content in the freeze-dried product was quite low 

compared to the spray-dried product (Bowen et al., 2013).  

More recently, Ajmera and Scherließ  screened a large number of amino acids and their combinations 

to study their stabilizing effect on spray-dried Catalase, lysozyme and Pandemrix influenza vaccine 

containing Haemagglutinin in the ratios 1:1 and 2:1 (amino acid : protein) (Ajmera and Scherließ, 

2014). Standard catalase and lysozyme and their formulations were spray-dried at an air inlet 

temperature of 180 °C and the outlet air temperature between 90 – 95 °C. The feed flow rate was kept 
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between 5 – 7.5 mL/min, nozzle size was 1.5 mm, air speed was 470 L/h and the aspirator flow rate 

was kept at 35 m3/min. The vaccine containing haemagglutinin and its formulations were spray-dried 

at an air inlet temperature of 120 °C and the air outlet temperature was between 50 – 55 °C. Through 

experimental results, they showed that arginine, glycine and protein in the ratio [(1+1) +1] resulted 

in a very good stabilizing effect post spray-drying compared to the non-formulated protein itself. 

They elucidated their results through bioactivity, FTIR, XRD, particle size and accelerated storage 

stability analysis on relatively large proteins, catalase and haemagglutinin, as well as a small protein 

lysozyme (Ajmera and Scherließ, 2014).  

In comparison to spray-drying, drug administration methods such as nebulization and nasal spray 

expose proteins to air-liquid interfaces, shear and temperature, which may cause deterioration in the 

CQAs of biopharmaceuticals (Niven et al., 1995, 1996; Albasarah et al., 2010; Hertel et al., 2015; 

Bodier-Montagutelli et al., 2020; Fröhlich and Salar-Behzadi, 2021). Examples of some commercial 

and clinical dry powder-based biopharmaceuticals administered via the parenteral route, inhalation 

or nebulization are collated in Table 1.5. The stability and composition of such products can provide 

more insight while studying the impact of the atomization process during spray-drying or spray-

freeze-drying.
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Table 1.5: Some commercial / clinical powder-based biopharmaceuticals and some biopharmaceuticals 

administered via spraying or nebulization.  

Biopharmaceutical and 

Manufacturer 

Biomolecule API 

 

Formulation 

Excipients 

 

Manufacturing Process 

(Administration 

Method) 

Reference 

Exubera® by Pfizer / Nektar 

(Discontinued). 
Insulin (Hormone)  

Sodium citrate 

dihydrate, mannitol, 

glycine, sodium 

hydroxide.  

Spray-dried powder. 

(Inhaled for diabetes)   

(FDA, 2006; White 

et al., 2005) 

Raplixa® by Profibrix, The 

Medicines Company 

(Commercial). 

Fibrin and 

Thrombin. 

Trehalose, calcium 

chloride, human 

albumin, sodium 

chloride, sodium citrate, 

L-arginine 

hydrochloride. 

Spray-dried powder. 

(Powder applied on 

surface of bleeding tissue 

for uncontrolled bleeding) 

(FDA, 2015a; 

Manufacturing 

Chemist, 2015) 

Afrezza® / Technosphere 

insulin (TI) by Mannkind 

(Commercial). 

Recombinant 

Human Insulin. 

 

 

 FDKP, Polysorbate 80. 

Technospheres® by 

precipitation, adsorption 

and freeze-drying. 

(Inhaled for diabetes) 

(McElroy et al., 

2013; Sarala et al., 

2012; Tsai-Turton, 

2014) 

Inbrija® by Acorda 

Therapeutics  

(Commercial). 

Levodopa 

(aromatic amino 

acid). 

 

DPPC and sodium 

chloride.  

Arcus® Technology – 

spray-dried powder.  

(Inhaled for off episodes 

in patients with 

Parkinson’s disease).  

(Acorda 

Therapeutics, 2021; 

FDA, 2018) 

Somatuline® LA by Ipsen  

(Commercial).  

Lanreotide acetate 

(octapeptide 

analogue of 

somatostatin 

hormone).  

 

 

PLGA, mannitol, 

carmellose sodium, 

polysorbate 80.  

Phase separation and 

spray-dried microspheres.  

(Powder and solvent for 

prolonged-release 

suspension for injection 

against multiple 

conditions). 

(EMA, 2013; HPRA, 

2019; Pinto et al., 

2021) 

Trelstar® LA by Verity 

Pharmaceuticals 

(Commercial).  

Triptorelin 

pamoate (synthetic 

decapeptide 

analogue of GnRH 

hormone).   

 

 

PLGA, mannitol, 

carboxymethycellulose 

sodium, polysorbate 80.  

Phase separation and 

spray-dried microspheres.  

(Powder and solvent for 

prolonged-release 

suspension for injection 

for the treatment of 

prostate cancer) 

(Pinto et al., 2021; 

Vhora et al., 2019) 

Sandostatin® by Novartis 

(Commercial).  

Octreotide acetate 

(cyclic 

octapeptide).  

 

Mannitol, D,L-lactic 

and glycolic acids 

copolymer, 

carboxymethylcellulose 

sodium.  

Dry powder prepared by 

Phase separation and 

spray-drying. 

(Injectable suspension for 

the treatment of 

acromegaly etc.)  

(FDA, 1988; Hou et 

al., 2018; Vhora et 

al., 2019) 

TOBI® Podhaler™ by 

Novartis  

(Commercial).  

Tobramycin 

(Antibacterial 

aminoglycoside). 

 

DSPC, calcium 

chloride, and sulfuric 

acid. 

PulmoSphere™ by spray-

drying. 

(Orally inhaled for cystic 

fibrosis against 

Pseudomonas 

aeruginosa).  

(FDA, 2015b; Weers 

and Tarara, 2014) 

Fludase® by Ansun 

Biopharma (NexBio) 

(Clinical Trial Phase 2). 

DAS181 sialidase 

(recombinant 

neuraminidase). 

 

Histidine, trehalose, 

citric acid, magnesium 

sulphate, acetate buffer.  

TOSAP.  

(Dry powder for oral 

inhalation against 

influenza like illness) 

(Bodier-Montagutelli 

et al., 2018; ECRI, 

2011; Mack et al., 

2012; Moss and Li, 

2015) 

 

CSJ117 by Novartis 

(Clinical Trial Phase 2) 
Anti-TSLP 

antibody fragment.  

Leucine, trileucine, 

mannitol and trehalose. 

PulmoSolTM engineered 

powder.  

 

(Dry powder inhaled for 

asthma).  

(Fröhlich and Salar-

Behzadi, 2021; Liang 

et al., 2020; 

NCT04410523, 

2021) 



46 

 

Biopharmaceutical and 

Manufacturer 

Biomolecule API 

 

Formulation 

Excipients 

 

Manufacturing Process 

(Administration 

Method) 

Reference 

 

Aerovant® by Aerovance / 

Bayer  

(Clinical Trial Phase 2).  

Cytokine – 

Pitrakinra. 

Different formulations 

including sucrose, 

mannitol or trehalose, 

leucine or poly (amino 

acid) and citrate, acetate 

or lactate buffer were 

evaluated.  

 

Spray-dried powder. 

(Inhaled for asthma) 

(Bodier-Montagutelli 

et al., 2018; Liang et 

al., 2020; Otulana, 

2011; Vehring et al., 

2020; Wenzel et al., 

2007)  

Abrezekimab (VR942) by 

UCB Pharma, Vectura.  

(Clinical Trial Phase 2).  

CDP7766 (IL-13 

mAb fragment). 

Trehalose dihydrate, L-

leucine and phosphate 

buffer.  

 

Spray-dried powder. 

(Inhaled for asthma) 

(Burgess et al., 2018; 

Giles Morgan et al., 

2017; Liang et al., 

2020; Vectura 

Limited, 2015; 

Vehring et al., 2020) 

Pulmozyme® by Genentech / 

Roche 

(Commercial).  

Deoxyribonuclease 

I. 

 

Calcium chloride 

dihydrate, sodium 

chloride. 

Liquid formulation. 

(Inhaled through jet 

nebulizer against cystic 

fibrosis to improve 

pulmonary function). 

(Bodier-Montagutelli 

et al., 2018; FDA, 

2014b) 

 

Miacalcin® by Novartis / 

Mylan  

(Commercial). 

Polypeptide 

hormone 

(Calcitonin). 

 

 

Sodium chloride, 

benzalkonium chloride, 

hydrochloric acid.  

Liquid formulation. 

(Nasal spray for the 

treatment of 

postmenopausal 

osteoporosis). 

(FDA, 2017; Ozsoy 

et al., 2009) 
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Authors have also demonstrated approaches to identify CPPs and formulation components for spray-

drying proteins (Batens et al., 2018; Grasmeijer et al., 2019; Ziaee et al., 2019). The outlet 

temperature was found to be the most critical factor that affected the enzymatic activity of lysozyme. 

High outlet temperatures, ultrasonic vibrations and mechanical stress produced from ultrasonic 

nozzles had a negative impact on the activity of lysozyme (Ziaee et al., 2020).  

While the impact of spray-drying on proteins has been studied in terms of temperature, the effect of 

shear and interfacial denaturation during atomization and spraying is also crucial as some proteins 

are susceptible to such stresses (Broadhead et al., 1993; Mumenthaler et al., 1994; Y. F. Maa and 

Hsu, 1997; Y. F. Maa et al., 1998; Koshari et al., 2017; Grasmeijer et al., 2019; Wilson et al., 2019; 

Ziaee et al., 2020). Understanding the impact of spraying conditions prior to dehydration, can provide 

more insight while developing and choosing excipients for spray-drying proteins. Typically, the 

liquid feed is drawn into a two-fluid nozzle at velocity, νliq and exits the nozzle tip with a diameter, 

di (Figure 1.16). A resultant velocity, νav is generated at the mixing zone with the help of an atomizing 

gas flow rate, νgas. The shear rate generated from a two-fluid spray nozzle has been estimated using 

Equation 1.6 (Hede et al., 2008; Ghandi et al., 2012). 

 

 

 

 
𝛾 =

[2 (𝜈𝑎𝑣 −  𝜈𝑙𝑖𝑞)]

𝑑𝑖
 

            Equation 1.6: Shear Rate 

through spray nozzle 

 

Where γ is the shear rate in s-1, νav is the average velocity at mixing point in m/s, νliq is the velocity of 

liquid in m/s and di is the inner diameter of the nozzle tip in mm. νav is a function of the mass flow 

rates (kg/s) of the gas and liquid and must not be confused with the arithmetic mean of their velocities.  
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Figure 1.16: A schematic representation of external mixing in a two-fluid nozzle.  

 

Using Equation 1.6, authors have shown that the shear rates generated from a two-fluid nozzle at 

different atomizing flow rates and liquid densities can range from 97,000 s-1 to 992,000 s-1 (Ghandi et 

al., 2012; Morgan et al., 2020). Shear-induced inactivation for some proteins can occur at < 2000 s-1 

for ≥ 20 min (Charm and Wong, 1981; Ashton et al., 2009), while some proteins may remain stable 

up to a shear rate of > 250,000 s-1 for > 30 min (Bee, Stevenson, et al., 2009; Duerkop et al., 2018). 

Bekard et al. elucidated that the α-helical content in poly-L-lysine was inversely proportional to the 

square root of shear strain and the extent of unfolding decreased with increasing molecular weight 

due to greater cohesive forces (Bekard et al., 2011). Such shear levels can be experienced during 

similar drying methods such as spray-freeze-drying and so, it is crucial to study the stability of 

biopharmaceuticals as a function of shear and atomization.  

In conclusion, spray-drying is one of the most popular industrial drying technologies and has been 

studied over a wide range of products over the past few decades. The challenges associated with the 

CPPs of spray-drying of labile parenteral biopharmaceuticals, choice of formulation excipients and 

their molecular mechanism of interactions with biopharmaceuticals during spray-drying require 

further product-specific study.  
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1.3.2.2.4 Microencapsulation via Spray-drying 

 

Microencapsulation is the process of producing tiny particles or droplets embedded in a matrix or 

surrounded by a coating for numerous applications. It can provide a physical barrier between the core 

analyte of interest and other components present (Gharsallaoui et al., 2007). A few reported benefits 

of microencapsulation to the food industry are easier handling, controlled release of the core material 

and reduced reactivity and transfer rate of the core with environmental factors (Shahidi and Han, 

1993; Gharsallaoui et al., 2007). As described by Gharsallaoui et al., a microcapsule is a small 

uniformly coated sphere that comprises of the core, internal phase/fill and the wall (also known as 

shell, coating or membrane) (Gharsallaoui et al., 2007). The morphology of the microcapsule 

produced can be of various types such as simple, irregular, multi-core and multi-wall etc. (Gibbs et 

al., 1999; Gharsallaoui et al., 2007). Spray-drying is one of the commonly used processes for 

microencapsulation applications primarily in the food industry (Gouin, 2004). Other 

microencapsulation techniques include spray-cooling, spray-chilling, air suspension coating, 

centrifugal extrusion, coacervation, lyophilization, liposome entrapment, molecular inclusion, 

interfacial polymerization etc. (Shahidi and Han, 1993; King, 1995; Gibbs et al., 1999; Gouin, 2004; 

Desai and Park, 2005; Gharsallaoui et al., 2007). Microencapsulation through spray-drying typically 

involves four stages: 1) preparation of the emulsion or dispersion, 2) homogenization of the prepared 

dispersion, 3) atomization of the dispersion and 4) dehydration of the particles (Dziezak, 1988; 

Shahidi and Han, 1993). The process involves preparation of an emulsion or dispersion of the core 

substance in the wall solution. The core material which is usually hydrophobic is heated and 

homogenized in the solution of an immiscible coating agent. This emulsion must be stable over a 

period of time. The viscosity and droplet size of the emulsion are important factors to be considered 

before spray-drying. Low viscosity and droplet size are desirable (Drusch, 2007). Atomization of 

high viscosity dispersions can lead to formation of large and elongated particles that negatively affect 

the drying time (Rosenberg and Sheu, 1996). Lastly, spray-drying the emulsion leads to the formation 

of microcapsules.  
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In terms of the spray-drying operating conditions, the feed temperature, air inlet and outlet 

temperature are important parameters to be considered (Liu et al., 2004). An increase in the feed 

temperature decreases the viscosity and the droplet size, however, high temperatures can also degrade 

heat-sensitive components in the feed. Even though higher air inlet temperatures can induce cracks 

in microcapsule membrane and degradation and loss of volatile components, lower air inlet 

temperatures can lead to reduced evaporation rates which results in the formation of high density 

membrane microcapsules with high water content, poor fluidity and increased agglomeration 

(Zakarian and King, 1982; Gharsallaoui et al., 2007). This implies that optimization of spray-drying 

parameters is necessary to obtain good microencapsulation efficiency. As summarised and reported 

by Gharsallaoui et al., 50°C – 80°C is the optimum outlet temperature for the microencapsulation of 

food products (Gharsallaoui et al., 2007). Moreover, the addition of lactose to whey protein improved 

the formation of crust during spray-drying. This was because lactose formed a continuous glass phase 

which also increased the hydrophilic nature of the wall material, thereby, limiting the diffusion of 

solvent through the wall (Moreau and Rosenberg, 1996; Rosenberg and Sheu, 1996). The efficiency 

of microencapsulation can be improved by using a suitable wall coating material based on physico-

chemical properties, molecular weight, thermal properties, diffusibility, crystallinity and emulsifying 

properties (Gharsallaoui et al., 2007). The presence of a limited number of materials with good water 

solubility and the need for post processing of fine microcapsules are two drawbacks of 

microencapsulation via spray-drying (Gharsallaoui et al., 2007).  

 

1.3.2.2.4.1 Microencapsulation of Proteins 

 

Amara et al., demonstrated encapsulation of the model protein lysozyme by coacervation via spray-

drying (Amara et al., 2016). They prepared 7.142 g/L lysozyme and 30 g/L low methoxyl amidated 

pectin suspensions in 5 mM imidazole-acetate buffer at pH 7. The lysozyme suspensions containing 

20 % maltodextrin were spray-dried at an air inlet temperature of 180 °C and air outlet temperature 

of 90 °C. The nozzle size was 0.5 mm and the feed flow rate was 0.5 L/h (Amara et al., 2016). 

Turbidity measurements indicated lower maximum turbidity of spray-dried lysozyme-pectin 
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complexes compared to the unprocessed samples at the same concentration. As shown in Figure 1.17, 

the turbidity of the spray-dried samples and unprocessed samples decreased as the concentration of 

pectin was increased from 0.4 – 1 g/L after which a plateau was achieved. It was elucidated that 

reduced electrostatic interactions between anionic pectin and cationic sites on lysozyme resulted in 

dissociation of aggregates when the concentration of pectin was increased. On the other hand, the 

turbidity of the spray-dried samples was relatively higher in this region than the original material due 

to strong electrostatic repulsions induced, making the complexes more prone to thermal aggregation 

during spray-drying. Secondly, bioactivity results showed a decrease in the activity of rehydrated 

spray-dried lysozyme by 36.5%. A significant decrease in the bioactivity of untreated and spray-dried 

lysozyme was observed at the highest and lowest pectin concentrations, however, the bioactivity of 

lysozyme was protected at intermediate pectin concentrations as shown in Figure 1.18. Moreover, 

fluorescence spectroscopy results indicated that the tertiary structure of lysozyme was preserved. Low 

lysozyme aggregates were also observed at intermediate pectin concentrations (Amara et al., 2016). 

In conclusion, the activity of lysozyme can be effectively preserved using this technique though 

further study is required to elucidate its secondary and tertiary structure using FTIR and CD 

spectroscopy.  
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Figure 1.17: Turbidity of unprocessed and spray-dried lysozyme-pectin samples measured using 

UV-vis spectroscopy at 600 nm (Amara et al., 2016).  

 

 

Figure 1.18: Bioactivity of unprocessed and spray-dried coacervated lysozyme at different pectin 

concentrations (Amara et al., 2016).  

 

Microencapsulation of nisin, a peptide synthesised by Lactococcus lactis was also demonstrated 

(Amara et al., 2017). 10 g/L Nisin suspensions were prepared with 30 g/L pectin and 30 g/L alginate 

in 5 mM imidazole acetate buffer at pH 5. The prepared suspensions were spray-dried at an air inlet 

temperature of 180 °C and air outlet temperature being 90 °C. The nozzle size was 0.5 mm and the 
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feed flow rate was 0.5 L/h (Amara et al., 2017). Turbidity and particle size measurements of nisin-

pectin and nisin-alginate showed an increase and decrease, respectively, in the turbidity and particle 

size post spray-drying as shown in Figure 1.19. This indicated that spray-drying promoted and 

demoted aggregation in nisin-pectin and nisin-alginate complexes, respectively. Moreover, Figure 

1.20 showed that the antimicrobial activity of nisin was the highest and that of nisin-alginate was the 

lowest. This result was in agreement with the data obtained from UV-Vis spectroscopic analysis 

showing that alginate could effectively protect the bioactivity of nisin post spray-drying.  

 

 

Figure 1.19: Turbidity of unprocessed and spray-dried nisin-pectin and nisin-alginate complexes 

(Amara et al., 2017).  

 

 

Figure 1.20: Antibacterial activity of spray-dried nisin, nisin-pectin and nisin-alginate complexes 

against Kocuria rhizophila and Listeria innocua (Amara et al., 2017). 
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1.3.2.3 Spray-freeze-drying  

 

The development of drying technologies over decades has shown vast implications in the food and 

the pharmaceutical industries. These techniques have been considered to exhibit promising results in 

terms of time, cost, efficiency, ease of use and reliability in the biopharmaceutical industry as well. 

Another such technique having potential applications in the area of bioproducts, and biologics is 

Spray-freeze-drying (SFD). Spray-freeze-drying was first introduced by Werly and Baumann in 1964 

in their paper titled “Production of Submicronic Powder by Spray-freezing” (Werly and Bauman, 

1964). Whilst being an unconventional drying technique, it produces distinctively powdered products 

and incorporates the benefits associated with conventional freeze drying as well (Ishwarya et al., 

2015). SFD is considered superior over other drying techniques in terms of product quality, structure 

and the retention of volatile and bioactive products (Ishwarya et al., 2015).  

Several advantageous of SFD have been mentioned. Firstly, SFD provides enhanced solubility of 

newly developed APIs that are not readily soluble in water (Vo et al., 2013). Secondly, the ultra-fast 

freezing process allows the drug product to be amorphously distributed in the excipient material. This 

minimizes the phase separation between the excipient and the drug substance (Wanning et al., 2015). 

Thirdly, along with producing flowable powder, SFD allows controlled particle-size distribution and 

is considered advantageous over conventional freeze-drying (Wanning et al., 2015). Moreover, it is 

considered that SFD can process thermally sensitive products, which was a concern of spray-drying, 

(Cheow et al., 2011) and provides improved reconstitution characteristics of polymeric nanoparticles 

(Ali and Lamprecht, 2014). Furthermore, SFD is favourable in terms of time, cost and energy 

consumption over conventional drying techniques (Claussen et al., 2007).  

 

1.3.2.3.1  Principle and Process of Spray-freeze-drying 

 

SFD is typically understood as three major steps involving atomization of the liquid feed into droplets, 

freezing or solidification of the droplets in the presence of a cold fluid and sublimation of the droplets 

at low pressure and temperature (Leuenberger, 2002). SFD is a unique combination of freeze-drying 
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and spray-drying (Filkova et al., 2007). Further application of SFD in encapsulation of sensitive 

active compounds has been mentioned (Ishwarya et al., 2015). This technique has been specifically 

attractive for its ability to encapsulate sparingly soluble drugs in water, producing particles with 

unique aerodynamic properties for pulmonary delivery (Leuenberger, 2002; Sweeney et al., 2005; 

D’Addio et al., 2012; Y. Wang et al., 2012). The spray-freezing step can occur by either spraying the 

liquid feed into a cold dry gas, by spraying into cryogenic liquid or by spraying the feed into cryogenic 

liquid in a gaseous headspace region (Ishwarya et al., 2015). Likewise, it has also been mentioned 

that the freeze-drying step can be carried out under vacuum, at atmospheric pressure, at sub-

atmospheric pressure or in a fluid bed under atmospheric or sub-atmospheric pressure (Ishwarya et 

al., 2015). 

The three major steps in the process of SFD are as follows:  

1) Atomization of liquid feed, just like in the process of spray-drying, generates numerous tiny 

droplets by disintegrating the liquid feed containing the drug substance. Here the liquid stock 

could be either a solution or a suspension. SFD drying employs a variety of nozzles just as in the 

spray-drying process. These include hydraulic (one fluid) nozzles, pneumatic (two fluid) nozzles 

and ultrasonic nozzles. One fluid nozzle and two fluid nozzles are commonly worked with on 

SFD (Al-Hakim et al., 2006). In the case of SFD, freezing may occur inside the nozzle due to the 

low temperatures in the spray-freezing step. Plastic nozzles or nozzle heaters are used to avoid 

this (Ishwarya et al., 2015). The droplet size is determined by the atomization step and is not 

altered by the freezing or spray-freezing steps. In terms of obtaining economic production of high 

quality products, the choice of atomizer is important (Fellows, 2009).  

2) Freezing of liquid droplets follows the atomization step. Thermal energy is transferred from the 

liquid droplet to the cold gas or cryogen to form ice particles. The effects of solutes and 

suspended particles on freezing and nucleation were studied. Hoffer reported that soluble salts 

caused depression in the freezing point of droplets, whereas insoluble salts increased the freezing 

point of the droplets (Hoffer, 1961). It was concluded that the depression in the freezing point 

was a function of solute concentration (Hoffer, 1961). The freezing phenomenon has been 
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explained in a number of steps (Figure 1.21) (Hindmarsh et al., 2003; MacLeod et al., 2006; 

Hindmarsh et al., 2007): (a) Liquid cooling and supercooling; wherein the liquid droplets are 

cooled from an initial state to a supercooled state below the normal freezing point. (b) Nucleation; 

involving sufficient supercooling to allow formation of ice crystals. (c) Recalescence; at this step, 

supercooling permits further growth of the crystal. This results in an abrupt rise in temperature 

as latent heat of fusion is liberated during crystal growth. This phase terminates as the droplets 

reach an equilibrium freezing temperature.  

 

Figure 1.21: Time - Temperature data during spray-freezing of a droplet of coffee solution (MacLeod 

et al., 2006).  

(d) The freezing phase continues until further growth of the crystal is restricted by the rate of 

heat transfer to the surrounding atmosphere from the droplet. During this phase, the freezing 

point may be further lowered due to an increase in the solute concentration. This phase leads to 

a steady state wherein the temperature of the droplets falls near to that of the ambient air 

temperature.  

3) The final step in the SFD process is similar to that of a conventional freeze-drying (lyophilisation) 

process. It involves primary drying which is followed by secondary drying as discussed in section 

1.3.1.1.1.  
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1.3.2.3.2 Spray-freezing and Dynamic-freeze-drying Technology by Meridion Technologies 

 

Meridion Technologies developed the SprayCon Lab® spray-freeze-dryer based on two patents by 

Sanofi Pasteur SA, Patent No: US10006706B2 (Luy et al., 2018) and US9347707B2 (Struschka et 

al., 2016). A schematic of the production-scale spray-freeze-drying process by Meridion 

Technologies is shown in Figure 1.22 (a). The transfer liquid vessel and the spray-freezing chamber 

are positioned over the rotary freeze-dryer connected through a cooled tube and a flap that tightly 

separates both process areas. The dried product is transferred from the drying chamber through a 

transfer tube into filling vessels Figure 1.22 (b) (Luy and Stamato, 2020).  

This process is divided into two broad steps, namely, spray-freezing and dynamic freeze-drying. The 

spraying process employs a frequency-driven prilling nozzle. The liquid feed disintegrates into round 

droplets at the resonance frequency and are guided by gravity into the freezing chamber. The flow 

rate, nozzle frequency, viscosity and orifice diameter influence the droplet size. It has been reported 

that approximately 1000 – 5000 droplets/s can be generated (Mishra, 2015; Luy and Stamato, 2020). 

The freezing chamber is a double-walled, cylindrical vessel into which the droplets are frozen using 

a cryogenic medium (liquid N2 and gas N2). The droplets are not directly in contact with N2 (l). Sterile 

N2 (g), at an operating temperature in the range of – 80 °C to – 150 °C is filled inside the chamber 

where heat exchange occurs by convention. Several parameters such as gas temperature, droplet size, 

Tg, total solid content and the height of the freezing chamber impact the rate of freezing of the 

droplets. Typically, uniform frozen spheres of a size of 300 – 1000 µm can be generated in 1 – 3 s of 

travelling 1.5 m – 3.5 m (Luy and Stamato, 2020).  
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Figure 1.22: (a) A pictorial representation, (b) process flow diagram of the Spray-freeze-Drying 

process and (c) Spray-freeze-dried microspheres by Meridion Technologies. Adapted from (Luy 

and Stamato, 2020).  

 

Post spray-freezing, the dynamic freeze-drying process involves a rotary freeze-dryer made of a 

cylindrical drum located inside a double-walled vacuum drum. For sterile operation, the freezing 

chamber and rotary freeze-dryer are connected through an isolation valve. The rate of sublimation is 

increased as a result of the constant rotary motion of the drum along its longitudinal axis and increase 

in temperature. Conductive heat transfer to the product is achieved by silicon oil that flows through 

the double-walled surface and by IR radiators installed inside the drum. The vacuum is set to 100 

µbar or lower. Moreover, the cross-sectional area for the flow of water vapour is significantly 

increased through the opening located at either ends of the drum. By reverse rotation of the drum, the 

dried bulk product spheres are taken up by discharge scoops that are directed downwards through a 

funnel for final collection or filling Figure 1.22 (a) (Luy and Stamato, 2020).  

Free-flowing, homogeneous spray-freeze-dried spheres generated using SprayCon Lab® technology 

by Meridion Technologies and Lynfinity® technology by IMA Life are shown in Figure 1.23 (a) and 

(b) respectively. Lynfinity® technology is described in section 1.3.2.3.3.   
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Figure 1.23: Spray-freeze-dried spheres by (a) Meridion Technologies (Luy and Stamato, 2020) 

and (b) IMA Life (IMA Life, 2019b). 

 

Reported benefits of this technology are described here. Unlike conventional lyophilization, the large 

surface area of the frozen spheres confers increased heat and mass transfer, thereby, reducing the total 

drying time. Reduction in the water vapour diffusion length is achieved in a spray-frozen microsphere 

with a diameter of 1 mm and maximum diffusion length 500 µm compared to a 10 mm thick freeze-

dried cake with a maximum diffusion length of 10000 µm (Luy and Stamato, 2020). Heat transfer is 

achieved by both the rotating drum surface as well as the IR radiators. Residual moisture content of 

the dried microspheres of ≤ 1 % can be achieved. While a recommended total solid content of 5 – 10 

% in the product feed allows strong spherical structures, drying of the product feed with higher solid 

content of up to 40 % can be achieved in a short drying time. Moreover, even though particle size of 

< 300 µm is achievable during spray-freezing, the presence of high solid content reduces the risk of 

loss of particles due to a high rate of sublimation. The risk of particle loss for product feed with low 

solid content can be reduced by generating larger particle sizes i.e. 2 – 3 mm (Luy and Stamato, 

2020). It has been reported that the time required for spray-freezing a 100 L bulk with 20 % solid 

content is ~ 10 to 20 h and the time required for dynamic freeze-drying is ~ 24 h with > 97 % yield 

(Luy and Stamato, 2020).  

 

 



60 

 

1.3.2.3.3 Continuous Aseptic Spray-freeze-drying Technology by IMA Life 

 

IMA Life America INC. invented and patented a bulk freeze-drying process design using a 

combination of Spray-freezing and Stirred drying, Patent No: US9052138B2 (DeMarco and Renzi, 

2015). The process flow begins with the freezing step involving spraying of the bulk product along 

with an aseptic freezing medium into an aseptic freezing vessel. This is followed by introduction of 

a vacuum to the frozen powder to initiate sublimation. The frozen material is stirred using a spiral 

blade agitator at a low speed. Subsequently, the frozen powder is heated to increase the rate of 

sublimation. Lastly, the vacuum is released to obtain the final freeze-dried product.  

With modifications to the patent, IMA Life developed the Lynfinity® spray-freeze-dryer. A schematic 

diagram of the Lynfinity® process is depicted in Figure 1.24. The spraying process begins with the 

generation of uniform droplets under the influence of frequency vibrations as the product feed is made 

to flow through a temperature-controlled droplet zone. The disintegrated product feed passes through 

the nozzle into the freezing column where the freezing process begins. The stainless-steel freezing 

column is lined with a double walled jacket that utilizes liquid nitrogen and silicone oil for controlling 

the temperature in the chamber. The cooling gas is maintained at temperatures below – 130 °C. As 

the droplets are sprayed into the column, they are instantaneously (in less than 5 feet from the point 

of ejection with an average volumetric diameter of 500 µm) frozen allowing them to maintain their 

shape (Figure 1.24 (b)) (IMA Life, 2019c). The frozen spheres are collected at the base of the freezing 

chamber (Figure 1.24).  

Before entering the drying module, an intermediate chamber allows the product to be transferred from 

the freezing column at atmospheric pressure to the drying chamber under vacuum conditions without 

disrupting the continuous process. The movement of frozen spheres inside the drying chamber is 

carried out at a controlled rate on cascading shelf stacks using gentle vibratory agitation. Agitation 

through vibration along with heat through heat transfer fluid initiates rapid sublimation and prevents 

agglomeration of the spheres inside the drying chamber. Post drying, the dried spheres are collected 

as bulk in the collection chamber (Figure 1.24) (IMA Life, 2019c). Unlike a conventional freeze-

dryer, the Lynfinity® contains dual ice condensers allowing continuous operation (IMA Life, 2019c).  
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Figure 1.24: (a) A pictorial representation, (b) process flow diagram of the LYnfinity® Spray-freeze-

drying process and (c) Spray-freeze-dried spheres by IMA Life. Adapted from (IMA Life, 2019a).  

 

The Lynfinity® production-scale spray-freeze-dryer is show in Figure 1.25. Anticipated benefits of 

this technique over conventional freeze-drying include bulk processing with minimal handling of 

trays without the need for post-processing operations such as granulation and milling (Siow et al., 

2018) along with higher productivity and lower downtime (IMA Life, 2019c). Secondly, it confers 

increased efficiency of heat and mass transfer between the product, trays and shelves (IMA Life, 

2019c). Thirdly, it may establish a continuous process in a sterile environment with greater 

throughput flexibility (DeMarco and Renzi, 2015). The specific surface area of the dried spheres was 

measured using BET and was found to be 7.03 m2/g, compared to freeze-dried cakes (0.47 m2/g), 

allowing greater interaction with solvent during rehydration (IMA Life, 2019b). Moreover, the dried 

spherical product can be distributed into syringes, vials, inhalation systems etc. which is not possible 

with freeze-dried cakes (IMA Life, 2019c). Continuous bulk processing can allow the use of more 

PAT tools for real-time process and product monitoring.  
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Figure 1.25: LYnfinity® Spray-freeze-dryer. Reprinted from (IMA Life, 2019c).  

 

1.3.2.3.4 Effects of Spray-freeze-drying on the stability of pharmaceuticals  

 

When talking about the stability of biologics, protein denaturation and aggregation are hurdles that 

have been dealt with and are still a concern. Pharmaceutical aggregation occurs due to high surface 

energy. This makes the product unstable and unfit for therapeutic purposes and prevents it from 

delivering the intended properties at the target site (Ishwarya et al., 2015). To combat such stability 

concerns, it has been asserted that the use of freezing adjuvants and excipients that provide an 

encapsulation effect prior to the atomization process can be a beneficial approach (Ishwarya et al., 

2015). One of the factors responsible for influencing protein stability was observed to be specific 

surface area (SSA) as denaturation is facilitated at the air-particle interface and so reduced surface 

area promoted protein stability (Costantino et al., 2000; Yu et al., 2004). It has been mentioned that 

high SSA is required to maintain proper drug release and encapsulation, hence, a balance between 

the levels of protein and SSA needs to be achieved (Costantino et al., 2000).  
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Furthermore, IMA Life reported some product quality attributes post spray-freeze-drying using 

Lynfinity® technology. Comparable reconstitution time was observed between spray-freeze-dried and 

conventionally lyophilised products. Increased turbidity was observed in the rehydrated spray-freeze-

dried product due to particle aggregation (Figure 1.26) (IMA Life, 2019b). On the other hand, 

increased wettability and faster reconstitution was reported in polyvinyl alcohol and 

polyvinylpyrrolidone based drug formulations that exhibit poor water solubility. Additionally, a 

potential benefit of using surfactants in protein formulations could reduce protein aggregation, 

thereby, reducing turbidity in rehydrated spray-freeze-dried samples (IMA Life, 2019b).  

 

Figure 1.26: Rehydration characteristics of control drug product (left) and spray-freeze-dried product 

(right) (IMA Life, 2019b). 

 

1.3.2.4 PRINT® Technology  

 

Particle Replication in Non-Wetting Templates, also known as PRINT® technology, originated from 

lithographic techniques applied in the microelectronics and semiconductor industry. PRINT® is a 

micro-moulding based particle design / engineering technology employed to generate monodisperse, 

uniquely shaped (i.e. filaments, rods, spheres, discs, toroids) micro and nano-particles of hydrogels, 

polymers, APIs etc. with tunable size and morphology  (Kelly and DeSimone, 2008; Garcia et al., 

2012; Galloway et al., 2013). The fabrication of PRINT® particles was first demonstrated by Rolland 

et al. (Rolland et al., 2005) and the pharmacokinetic characteristics of these particles as delivery 

vectors were first studied by Euliss et al. and Gratton et al. (Euliss et al., 2006; Gratton et al., 2007). 

Kelly and DeSimone demonstrated the generation of protein particles, namely, insulin and albumin 

using PRINT® technology (Kelly and DeSimone, 2008). With the incorporation of cGMP practices, 

this technique has been scaled-up with continuous roll-to-roll system which allows continuous 
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particle production for pre-clinical and clinical study of pharmaceutical inhalation powders by 

Liquidia Corporation (DeSimone, 2016; Liquidia Corporation, 2021). 

The process flow for generating PRINT® particles reported by authors is discussed here (Gratton et 

al., 2007; Kelly and DeSimone, 2008; Garcia et al., 2012). Perfluoropolyether (PFPE) was poured 

onto a prepared silicon master template containing the desired etching patterns of 2 µm, 5 µm and 

200 nm sized shapes to produce a mould containing the same sized cavities (Figure 1.27 (a)). 

Following the preparation of the PFPE mould, aqueous protein samples containing insulin, albumin 

and albumin mixtures with siRNA or paclitaxel were sandwiched between the cavities present in the 

mould and a high surface energy polyethylene film (Figure 1.27 (b)). A pressure of 50 psi was applied 

through a roller to prevent the formation of layers between the filled cavities and to laminate the 

samples present between the mould and the film (Figure 1.27 (c)). Subsequently, the polyethylene 

film was removed and the mould containing the samples was freeze-dried (Figure 1.27 (d)). The 

dehydration process can also occur through either photocuring, vitrification or evaporation (Xu et al., 

2013). A liquid harvesting layer, made of either polycyano acrylate (PCA) or polyvinyl pyrrolidinone 

(PVP), was casted onto a glass slide (Figure 1.27 (e)). Post freeze-drying, the PFPE mould was placed 

over the adhesive harvesting film (Figure 1.27 (f)). Once the harvesting layer was dried, the PFPE 

mould was removed yielding dried protein particles on the adhesive film (Figure 1.27 (g)). Finally, 

free-flowing protein powder was recovered by dissolving the adhesive film (Figure 1.27 (h and i)). 

SEM images of the uniquely shaped powders are shown in Figure 1.28.  
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Figure 1.27: The process flow diagram of PRINT® Technology. Reprinted (adapted) from (Kelly and 

DeSimone, 2008; Garcia et al., 2012; Hofmann et al., 2019) with permission from ACS and Hindawi 

Publishing Corporation. 
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Figure 1.28: SEM images of (a) 200 × 200 nm cylindrical BSA-Lactose, (b) 10 µm pollen IgG-

Lactose, (c) 1.5 µm torus DNase and (d) 1.5 µm torus siRNA PRINT® fabricated particles. Reprinted 

(adapted) from (Garcia et al., 2012) with permission from Hindawi Publishing Corporation. 

 

It was shown that no aggregation was observed in albumin and insulin particles generated via PRINT® 

technology. Additionally, Pulmozyme (DNase) and siRNA therapeutic molecules were processed 

using PRINT® technology (Garcia et al., 2012). Minimal aggregation was observed in the size 

exclusion chromatography (SEC) profile of DNase PRINT® microparticles with comparable enzyme 

activity to native DNase and the chemical structure of PRINT® generated siRNA particles was 

preserved without any denaturation.  

Furthermore, PRINT® technology was combined with a scalable Spray-Assisted layer-by-layer (LbL) 

technique to enhance the characteristics of the fabricated nanoparticles (Morton et al., 2013). The 

combination of these techniques offer improved stability, sustained drug release and improved 

physicochemical properties of nanoparticles (Poon, Chang, et al., 2011; Poon, Lee, et al., 2011; 

Morton et al., 2013). In this case, the polyvinyl alcohol (PVA) harvesting layer was crosslinked using 

50 % glutaraldehyde and 10 % hydrochloric acid to reduce its solubility in water. This was carried 
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out to prevent any loss of particles during the spraying process. An aqueous solution of cationic 

polyelectrolyte was sprayed at a concentration of 1 mg/mL onto the nanoparticles for 3 s. To remove 

excess cationic polyelectrolyte, a wash step with water was included for another 3 s. This was 

followed by another spray of anionic polyelectrolyte at a concentration of 1 mg/mL for 3 s and a final 

wash with water. The sprayed-LbL particles were finally recovered by sonification, 0.45 µm filtration 

and ultracentrifugation. DLS analysis showed consistent monodisperse particles with the 

polydispersity ranging between 0.01 and 0.1 and hydrodynamic diameter between 190 nm – 246 nm 

for uncoated and coated nanoparticles (Morton et al., 2013). A decrease in the hydrodynamic diameter 

of coated particles was observed due to contraction forces on the PVA layer. The shape and integrity 

of the recovered particles was confirmed by electron microscopy images wherein particles were 

entirely coated by polyelectrolytes. Moreover, the biological functionality of these particles was 

retained and could be fine-tuned by altering the film thickness as per its application.  

Furthermore, researchers developed cylindrical nanoparticles of commercially available vaccines, 

such as Fluzone® (Sanofi-Pasteur), Fluvirin® and AgriFlu® (Novartis) and Afluria® (Merck), using 

this technology (Galloway et al., 2013). PRINT® fabricated vaccine particles showed 200-fold 

improved antigen binding along with enhanced immune response. It was elucidated that the shape, 

size along with other surface properties play an important role in the interaction of these nanoparticles 

with other biomolecules in their surroundings (Galloway et al., 2013). Xu et al. demonstrated the 

fabrication of transiently insoluble BSA particles after being cross-linked by a disulphide-based 

cross-linker using PRINT® with new opportunities for drug and gene delivery (Xu et al., 2012). More 

recently, results of a phase 1 clinical trial study reported for a PRINT® fabricated dry-powder ribavirin 

formulation by GSK showed improved physicochemical properties, efficient and convenient delivery 

of API to the lungs (Dumont et al., 2020).  

Overall, this technology has shown promising results for some inhaled proteins, gene therapy 

products and vaccines with the ability for continuous production in a large-scale cGMP facility, 

though the stability of large parenteral mAbs and enzymes via PRINT® will be an interesting area of 

study.  
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1.3.2.5 MicroglassificationTM 

 

In therapeutic protein formulations water substitution by excipients, generally saccharides and 

polyalcohols, stabilize therapeutic proteins in their dehydrated state (Allison et al., 1999) (Liao et al., 

2002) (Mensink et al., 2017a). Aniket et al. developed a new technique called MicroglassificationTM 

for the preservation of proteins by dehydrating protein microdroplets in an immiscible drying solvent 

(Aniket et al., 2014). The technique was performed at room temperature and produced stable, 

excipient-free protein microglassified beads. The technique was performed using two chambers; one 

containing BSA solution and the other filled with an organic solvent (Su et al., 2010) (Aniket et al., 

2014). A small plug of organic solvent, either pentanol or decanol, was withdrawn into a micropipette. 

The micropipette was then positioned into the chamber containing BSA solution and the desired 

amount of protein was pulled into it. The micropipette was then positioned back into the organic 

chamber, releasing a single droplet of the protein solution which was held firmly at the tip of the 

micropipette in the organic chamber. By doing so, water from the single droplet was extracted into 

the organic chamber, thereby, leading to the formation of a microglassifiedTM bead (Figure 1.29). 

 

 

Figure 1.29: (a) Optical image of MicroglassifiedTM BSA in decanol. (b) SEM image of 

MicroglassifiedTM beads (Aniket et al., 2014).  

 

Through one of their studies, they demonstrated this technique on model protein BSA and studied the 

reconstituted protein characteristics using FTIR, fluorescence, XRD and gel electrophoresis (Aniket 

et al., 2014). BSA concentration, measured using UV-Vis spectroscopy, Bradford assay and BCA 
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assay, exhibited full protein recovery with no sign of insolubility. FTIR analyses showed that the 

secondary structure of microglassifiedTM BSA was restored upon rehydration. Minor changes 

observed in the α-helix and β-sheet content of BSA were reversible and did not result in protein 

unfolding. The fluorescence spectra of native and rehydrated microglassifiedTM BSA were 

comparable, showing that the tertiary structure of BSA was preserved. The microglassifiedTM beads 

were purely amorphous which was shown through X-ray diffraction spectroscopy. This was due to 

rapid dehydration of the microdroplet which did not give enough time for crystallization. 

Furthermore, protein aggregation was studied through gel electrophoresis. The reconstituted 

microglassifiedTM BSA resulted in 3.3 % of aggregates, whereas the rehydrated lyophilized sample 

exhibited a higher content of aggregates (10 %) showing that microglassificationTM induced lower 

stress on the protein compared to lyophilization (Aniket et al., 2014). They also used a digital DR-

A1 Abbe refractometer as an independent method to determine protein concentration in the 

microglassifiedTM bead. As water is withdrawn from the protein droplet into the drying medium, the 

density of the protein microdroplet increases, which increases the refractive index of the droplet. This 

change in the refractive index of the microdroplet with respect to the drying solvent is correlated to 

the change in the protein concentration. Accelerated storage results for microglassifiedTM BSA 

showed that by increasing the saturation factor of water to 0.4 – 0.5, there was a drastic decrease in 

the soluble monomeric content of BSA after just the first 10 min of storage at 65 °C. This meant that 

by increasing the availability of water to the microglassifiedTM bead, an increase in the formation of 

protein aggregates was observed for a total of 60 min of storage at 65 °C. Native gel electrophoresis 

along with A278 nm measurements were used to quantify the percentage of BSA monomer.  

Through another study, microglassificationTM was performed on lysozyme, α-chymotrypsin, catalase 

and horseradish peroxide (Aniket, Gaul, et al., 2015). Five different organic solvents, namely, n-

pentanol, n-octanol, n-decanol, triacetin and butyl lactate were used as immiscible drying solvents. 

In this study, the refractive index method was used to measure the water solubility in the drying 

solvent. It was reported that butyl lactate showed higher water solubility compared to other solvents 

(Aniket, Gaul, et al., 2015). FTIR analyses showed that even though distortions in the secondary 
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structural conformation of microglassified enzymes, mainly transformation from the α-helix to β-

sheet structure were observed, these changes reverted to their native-like conformation upon 

reconstitution. Moreover, the microglassifiedTM enzymes exhibited significantly higher activity in n-

pentanol compared to triacetin and butyl lactate. Accelerated storage results for lysozyme showed 

significant reduction in enzyme activity of the microglassifiedTM and lyophilised samples after 1 

month of storage at 40 ºC. Bioactivities of both microglassifiedTM and lyophilized enzyme were 

comparable. Through FTIR analyses, the reduction in enzyme activity was explained by the 

significant decrease in the β-sheet content and increase in the random structures. Post 1 month and 

up to 3 months of storage, minimal changes in the enzyme activity and secondary structure content 

was observed (Aniket, Gaul, et al., 2015).  

Furthermore, the potential to MicroglassifyTM a recombinant biopolymer – elastin-like polypeptide 

(ELP) with controlled size and morphology for chemotherapy has been shown (Aniket, Tang, et al., 

2015). More recently, this technique has seen application in the fabrication of biolasers for biosensing 

and optical device implantation purposes (Nguyen et al., 2019; Nguyen and Ta, 2020). In summary, 

this technique has demonstrated the potential as a novel drying technique on a wide range of enzymes 

without the incorporation of any excipients at room temperature. Further study is required to elucidate 

its application to large-scale biopharmaceutical manufacturing along with the time associated with 

the formation of MicroglassifiedTM beads and their reconstitution. Moreover, the evaluation of 

MicroglassificationTM on commercial enzymes, mAbs, vaccines and the development of high 

concentration biopharmaceutical parenteral formulations are areas that can increase the scope of this 

technique. 

In summary, this technique has demonstrated the potential as a novel drying technology on a wide 

range of enzymes without the incorporation of any excipients at room temperature. Efforts have been 

made to implement this technique at bulk scale, though further study is required to elucidate its 

application to large-scale biopharmaceutical manufacturing along with the time associated for the 

formation of microglassifiedTM beads and reconstitution. Evaluation of microglassificationTM on 

commercial lyophilised biologics, development of high concentration biopharmaceutical parenteral 
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formulations and controlled release of drugs by encapsulation are areas that can increase the scope of 

this technique.  

 

1.3.3 Other Drying Technologies 

 

In addition to some of the potential alternative drying technologies described in this review, other 

drying techniques such as Microwave drying, Foam drying, Vacuum drying, Supercritical Fluid 

drying, Electrospinning, Fluidized bed drying, Hybrid drying etc. are gradually gaining popularity as 

alternatives to freeze-drying of biopharmaceuticals as well but are beyond the scope of this review. 

Recently, authors have demonstrated Microwave vacuum drying via REVTM technology to produce 

efficacious and stable biopharmaceuticals, including a live virus vaccine, with an 80 % reduction in 

the time associated with batch freeze-drying (Bhambhani et al., 2021). Similar studies exploiting 

microwaves for the drying of mAbs, have been found in literature as Microwave-assisted freeze-

drying (Gitter et al., 2018, 2019). Moreover, Electrostatic Spray-drying (ESD) is a promising 

technology as exposes products to reduced thermal stress than traditional spray-drying (Tejasvi 

Mutukuri et al., 2021). Furthermore, various other microsphere generation technologies under 

evaluation have been listed in Table 1.6. For further reading on other drying technologies, readers are 

referred to the cited reviews herein (Walters H. et al., 2014; Emami et al., 2018, 2022; Vass et al., 

2019a; Durance et al., 2020; Lovalenti and Truong‐Le, 2020; Thorat et al., 2020; Pardeshi et al., 

2021; Farinha et al., 2022; Munir et al., 2022).  
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Table 1.6: Microsphere Technologies under evaluation for pharmaceuticals. 

Microsphere Technology Manufacturer Reference 

Q-SpheraTM Technology MidaTech Pharma (Seaman et al., 2019; Midatech Pharma, 2021) 

iSPHERETM Technology Pulmatrix (Pulmatrix, 2021) 

Kureha Microsphere Technology Kureha (Kureha, 2019; Vhora et al., 2019) 

Plexis® Technology Auritec Pharmaceuticals (Auritec Pharmaceuticals, 2016; NCT03626714, 2019) 

StratumTM Technology Orbis Biosciences (Dormer et al., 2016; Vhora et al., 2019) 

FormEZETM Microparticle 

Technology 

Evonik Industries (Evonik, 2015; Vhora et al., 2019) 

 

 

1.4 Biopharmaceutical Characterization  

 

As described in the ICH Q5E guidelines, product comparability subject to any changes in the 

manufacturer’s manufacturing process requires the evaluation of the impact of an alternative process 

on the safety, quality and efficacy of biopharmaceutical products (ICH, 2004). Any aberrations in the 

CQAs of biopharmaceutical products post drying can be assessed using various analytical and 

characterization techniques. Figure 1.30 shows a comprehensive list of techniques currently 

employed to study some of the product CQAs in the solid and liquid-state. Some of these techniques 

are not employed for routine analyses but can provide additional information in understanding the 

impact of CPPs on product CQAs. These techniques are broadly categorised as spectroscopic, 

chromatographic and thermoanalytical techniques.  

While some chromatographic and spectroscopic techniques are employed as QC release tests, they 

fail to provide intricate and high-resolution information in understanding protein stability and their 

interactions with excipients in the solid-state. Solid-state Hydrogen Deuterium Exchange – Mass 

Spectrometry (ssHDX-MS) (Moorthy et al., 2014; Wilson et al., 2019; Kammari and Topp, 2020) 

and solid-state Photolytic Labelling – Mass Spectrometry (ssPL-MS) (Iyer et al., 2013, 2016) are 
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novel, high resolution mass spectrometric techniques that have provided further insights in 

understanding and elucidating protein stability. HDX-MS has been previously demonstrated to study 

the conformational stability of proteins in liquid solutions (Wales and Engen, 2006; Tsutsui and 

Wintrode, 2007; Houde et al., 2011), in frozen solutions (Zhang et al., 2011, 2012) and protein 

adsorption onto solid surfaces (Zhang and Smith, 1993; Buijs et al., 1999, 2000, 2003). One of the 

potential applications of this technique is predictive stability. Moreover, this technique offers an 

insight into protein degradation in the solid-state which is a poorly understood area. In addition to the 

application of NMR in studying protein-excipient interactions (Tian et al., 2007; Yoshioka et al., 

2011; Mensink et al., 2016; Chen, Ling, et al., 2021), time-domain Nuclear Magnetic Resonance 

Spectroscopy (TD-NMR) has been demonstrated to determine the residual moisture content (RMC) 

in freeze-dried biopharmaceuticals (A. Abraham et al., 2019). Also, NMR coupled with Magnetic 

Resonance Imaging (MRI) has been studied to determine complete reconstitution of freeze-dried 

products (Partridge et al., 2019). More recently, the determination of reconstitution time of freeze-

dried BSA has been demonstrated using fluorescence spectroscopy (ElKassas et al., 2021). 

Furthermore, advancements in CD spectroscopy have allowed researchers to study intricate 

information in the lower vacuum ultraviolet (VUV) region (< 190 nm) using Synchrotron Radiation 

Circular Dichroism Spectroscopy (SRCD) spectroscopy (Wallace et al., 2004; Miles and Wallace, 

2006, 2020; Miles et al., 2008; Wallace, 2009, 2019). SRCD has also seen application in protein 

photostability, photoisomerization, protein-ligand interactions and RNA characterization (Hussain et 

al., 2018; Nasser et al., 2018; Auvray et al., 2019; Wien et al., 2021).  

Overall, the characterization techniques listed in Figure 1.30 may have certain merits and demerits 

on their own but if employed as complimentary techniques, they can provide further insights on 

biopharmaceutical stability. These characterization techniques combined with different drying 

technologies can help the biopharmaceutical industry in choosing appropriate methods for 

manufacturing and testing their products. Some of these techniques are described in the following 

sections.  
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Figure 1.30: Offline analytical and characterization techniques for biopharmaceutical products. 

AUC, Analytical Ultracentrifugation; BCA, Bicinchoninic acid Assay; CD, Circular Dichroism 

Spectroscopy; DLS, Dynamic Light Scattering; FTIR, Fourier Transform Infrared Spectroscopy; 

HIAC, High Accuracy Fluid Particle Counting; NIR, Near Infrared Spectroscopy; NMR, Nuclear 

Magnetic Resonance Spectroscopy; NTA, Nanoparticle Tracking Analysis; RMM, Residual Mass 

Measurement; RP-HPLC, Reverse Phase – High Performance Liquid Chromatography; SDS-PAGE, 

Sodium Dodecyl Sulfate – Polyacrylamide Gel Electrophoresis; SEC, Size Exclusion 

Chromatography; SEM, Scanning Electron Microscopy; ssHDX-MS, solid-state Hydrogen 

Deuterium Exchange – Mass Spectrometry; ssPL, solid-state Photolytic Labelling; SRCD, 

Synchrotron Radiation Circular Dichroism Spectroscopy; UV–Vis, Ultraviolet–Visible 

Spectroscopy. 
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1.5 Formulation aspects for Drying Technologies 

 

The majority of freeze-dried biopharmaceutical formulations contain buffers, salts, amino acids, 

sugars, bulking agents, surfactants, tonicifiers, preservatives etc. (Gervasi et al., 2018; Bjelošević et 

al., 2020). Minimizing pH shifts, protein mobility in the solid-state and denaturation at air-liquid 

interfaces, increasing colloidal stability and providing increased solubility etc. are some of the key 

roles played by formulation components. Buffer salts such as sodium phosphate show a tendency to 

crystallize, thereby, causing pH shifts during freezing and depress critical temperatures of 

formulations crucial for freeze-drying (Kolhe et al., 2009; C. Wu et al., 2015). These challenges may 

be eliminated for spray-drying of formulations containing such buffers.  

Some of amorphous saccharides provide improved stability for freeze-dried and spray-dried proteins 

(Green and Angell, 1989; Carpenter et al., 1994; Kreilgaard et al., 1999; Chang, Shepherd, Sun, 

Ouellette, et al., 2005). Trehalose, compared to sucrose, is less frequently used in freeze-dried 

formulations but is the most preferred disaccharide for spray-drying (Pinto et al., 2021). Trehalose 

can significantly protect biopharmaceuticals at higher temperatures during spray-drying due to its 

high Tg (>100 °C) (Liao et al., 2004; Simperler et al., 2006; Massant et al., 2020). Authors have 

demonstrated that while sucrose preserves the protein’s secondary structure during dehydration, 

trehalose provides protection during long-term storage of freeze-dried and spray-dried lysozyme 

(Starciuc et al., 2020). Apart from disaccharides, cyclodextrin is widely used in spray-dried protein 

formulations (Pinto et al., 2021). A good stabilizing effect was observed at a 2:1 (protein : sugar) 

ratio, respectively and an optimized inclusion of both trehalose and sucrose could improve the overall 

stability of lysozyme (Liao et al., 2003; Sun et al., 2022). A 9:1:10 blend of mannitol, trehalose and 

lysozyme, respectively, exhibited higher bioactivity and stability post spray-drying (Hulse et al., 

2008). Moreover, the inclusion of ethanol as a co-solvent improved the aerosol performance of spray-

dried lysozyme by exhibiting a higher percentage of fine particle fraction (FPF) compared to the 

water-based lysozyme formulation (Ji et al., 2016). In spite of their benefits, it is important to note 

that trehalose and sucrose may crystalize in their frozen state as well as in their dried state during 

storage at accelerated temperature and moisture and cause damage to protein structure and stability 
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(Singh et al., 2011; Singh, 2018). Therefore, biopharmaceutical products are processed and stored 

below their Tg or eutectic temperature. 

On the other hand, crystalline bulking agents such as mannitol and glycine may not necessarily confer 

protein stability but provide robust and elegant freeze-dried cakes structures (Johnson et al., 2002; 

Varshney et al., 2007; Peters et al., 2016; Thakral et al., 2023). Mannitol has also been reported to 

reduce the reconstitution times in high concentration freeze-dried cakes (Kulkarni et al., 2018) and 

improve the aerosol performance of spray-dried anti-IgE formulations and salbutamol (Costantino et 

al., 1998; Kaialy et al., 2010; Molina et al., 2019). Mannitol is the most popular monosaccharide in 

dried biopharmaceuticals (Gervasi et al., 2018; Pinto et al., 2021), although, crystallization of 

mannitol in the absence of amorphous stabilizers can negatively impact protein structure and stability. 

Crystallization of mannitol leads to phase separation that reduces the possible number of interactions 

between the protein and excipient, thereby, rendering the protein unstable (Wilson et al., 2019). 

Approximately, 20 – 40 % of sugar content is sufficient to safe guard the antibody in terms of its 

stability (Maury et al., 2005; Dani et al., 2007). In spite of studies carried out on the stability of 

antibodies, the effect of elevated temperature stress (>180 ○C) on mAbs due to high inlet temperatures 

of large-scale spray-dryers was still a concern. Bowen et al. conducted studies by testing different 

commercial mAb : trehalose formulations (2:1 and 1:2 ratio by weight, respectively) and stated that 

the percentage of monomers was lower in the freeze-dried product even though the residual water 

content  was quite low compared to the spray-dried product (Bowen et al., 2013). A yield of > 95 % 

and improved storage stability was reported for commercial mAbs post spray-drying (Gikanga et al., 

2015). More recently, authors have shown comparable stability of sucrose-containing myoglobin and 

lysozyme post freeze-drying and spray-freeze-drying (Mutukuri et al., 2021). Along with trehalose, 

sucrose and mannitol, excipients such as polyethylenimine, hyaluronic acid, leucine, phenylalanine, 

arginine, cysteine and glycine have been used for spray-freeze-drying of some biopharmaceuticals 

(Adali et al., 2020; Chaurasiya and Zhao, 2020).  

Amongst amino acids, L-arginine and L-arginine hydrochloride have been reported to increase 

protein stability and solubility and reduce the viscosity of protein solutions (Shah et al., 2012; Inoue 
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et al., 2014; Stärtzel et al., 2015; Stärtzel, 2018). Interestingly, it has been reported that arginine along 

with other excipients and by itself in protein formulations is capable of acting as the main stabilizer 

(Tsumoto et al., 2004; Baynes et al., 2005; Shukla and Trout, 2011b; Reslan et al., 2017). Moreover, 

the stabilizing effect of a large number of amino acids and their combinations were studied on spray-

dried catalase, lysozyme and Pandemrix influenza vaccine containing haemagglutinin (Ajmera and 

Scherließ, 2014). A combination of arginine, glycine, and protein in the ratio of [(1+1) +1] resulted 

in a very good stabilizing effect post spray-drying. Amongst the commonly used excipients for 

proteins, a combination of trehalose, arginine and protein in a ratio of 1:1 (excipient : protein) by 

weight improved the properties of spray-dried mAbs in terms of reconstitution time and stability 

(Massant et al., 2020). Furthermore, leucine, isoleucine and trileucine have been reported to 

effectively protect the protein from sheer stress caused during atomization and improve powder 

flowability, dispersibility and aerosolization (Ganderton et al., 1999; Staniforth et al., 2001; Lechuga-

Ballesteros et al., 2008; Schüle et al., 2008; Zillen et al., 2021). While histidine is the most popular 

amino acid used in liquid and freeze-dried protein formulations (Gervasi et al., 2018), leucine is the 

most preferred in spray-dried protein formulations (Pinto et al., 2021).  

In addition, surfactants play a major role in reducing aggregation due to protein exposure at air-liquid, 

solid-liquid and liquid-liquid interfaces (Y. F. Maa et al., 1998; Chernysheva et al., 2018; Chen, 

Mutukuri, et al., 2021). These interfaces may be generated during freezing, atomization, 

reconstitution etc. Therefore, consideration in selecting appropriate excipients specific to the product 

and process right at the formulation development stage is crucial to ensure product stability. A 

summary of some of the commonly used excipients for freeze-drying and spray-drying has been 

described in Table 1.7, though further investigations are required to elucidate the mechanism of 

stabilization by excipients for other drying technologies. 
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Table 1.7: Key roles of some commonly used excipients for Freeze-drying and Spray-drying of 

biopharmaceuticals. 

Excipients Examples Freeze-drying Spray-drying 

Amorphous 

saccharides 

Sucrose 
Preservation of protein secondary structure by glassy-state stabilization, H-bonding 

(Liao et al., 2002, 2003; Starciuc et al., 2020). 

Trehalose 

Protection during long-term storage by glassy-state stabilization, H-bonding and high 

Tg (>100 °C) (Liao et al., 2004; Simperler et al., 2006; Massant et al., 2020; Starciuc et 
al., 2020). 

Raffinose n/a. 

Glassy-state stabilization, high Tg (114 °C), 

increased fine particle fraction and 

aerosolization (Amaro et al., 2011; Zhao et 

al., 2018; Alhajj et al., 2021). 

Glucose 

Reducing sugars not preferred due to 

pH shifts and Maillard reaction 

(Mensink et al., 2017).  

Glassy-state stabilization (Ying et al., 2012). 

Lactose 

Improved particle dispersibility (Seville et al., 

2007; Pilcer et al., 2012; Horn et al., 2020) but 

high hygroscopicity (Hebbink and Dickhoff, 

2019). 

Polyols 

Mannitol 

Bulking agent and reduced 

reconstitution time (Kulkarni et al., 

2018; Mehta et al., 2013). 

Improved aerosol performance (Costantino et 

al., 1998; Kaialy et al., 2010; Molina et al., 
2019). 

Sorbitol Plasticize α-motions but antiplasticize β-motions in combination with non-reducing 

amorphous sugars (Cicerone and Soles, 2004; Chang, Shepherd, Sun, Tang, et al., 
2005). Glycerol 

Amino Acids 

Leucine, 

isoleucine, 

trileucine 

n/a. 

Protection from atomization stress, improved 

powder flowability, dispersibility and 

aerosolization (Seville et al., 2007; Lechuga-

Ballesteros et al., 2008; Alhajj et al., 2021). 

Arginine 

Increased protein stability, solubility 

and reduced viscosity (Inoue et al., 

2014; Shah et al., 2012; Stärtzel, 2018; 

Stärtzel et al., 2015).  

Improved protein stability, reduced turbidity 

and reconstitution time (Ajmera and 

Scherließ, 2014; Massant et al., 2020). 

Glycine Bulking agent (Varshney et al., 2007). 
Improved protein activity and stability 

(Ajmera and Scherließ, 2014). 

Histidine 
Amino-acid buffer (Al-hussein and 

Gieseler, 2013; Liao et al., 2013).  

Improved protein activity and stability 

(Ajmera and Scherließ, 2014). 

Surfactants 

Non-ionic 

(Tween 80, 20) 

Reduced air-liquid interfacial protein adsorption, reduced aggregation, improved 

protein refolding (Y. F. Maa et al., 1998; Arsiccio and Pisano, 2018; Chernysheva et 

al., 2018). 

Anionic 

(Sodium 

stearate, 

magnesium 

stearate) 

n/a. 

Moisture protectant, improved pore formation 

and aerosolization (Parlati et al., 2009; Tewes 

et al., 2014; Yu et al., 2018). 

Pulmonary 

(DPPC, DSPC) 
n/a. 

Improved aerosolization and surface 

enrichment properties (Weers and Tarara, 

2014; Cuvelier et al., 2015; Miller et al., 

2015). 

Other 

polysaccharides 

Cyclodextrin  
Improved protein stability, elegant 

cake appearance (Haeuser et al., 2020).  

Glassy-state stabilization, improved powder 

flowability, anti-hygroscopicity (Branchu et 

al., 1999; Serno et al., 2010; Zhao et al., 

2018). 

Inulin Improved protein stability (Hinrichs et al., 2001; Ke et al., 2020). 

DPPC, Dipalmitoyl phosphatidylcholine; n/a, not application or not available. 
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1.6 Feasibility of PAT for Drying Technologies 

 

As per the ‘Pharmaceutical Development’ ICH Q8(R2) guidelines, PAT is a QbD approach to design, 

analyse and control manufacturing (ICH, 2009). Several PATs have been explored in literature, 

however, some drawbacks associated with their feasibility during batch freeze-drying have been 

identified. Most of the PATs provide an average result of the batch and cannot be implemented in-

line, invasively or non-invasively for all individual product vials during processing. The risk of 

damage due to sterilization in the drying chamber makes these tools unfit for commercial cGMP 

cycles. On the contrary, most of these PATs can be potentially employable, in-line or at-line for unit 

doses or bulk product for some of the alternative drying technologies.   

Typically, pressure and temperature sensors are used to monitor freeze-drying cycles (Nail and 

Johnson, 1992; Nail et al., 2017; Fissore et al., 2018). This is essential for the development and 

optimization of freeze-drying cycles and to account for the RMC in freeze-dried cakes. Optical fiber 

sensors (OFS) (Kasper et al., 2013) and wireless data loggers such as temperature remote 

interrogation system (TEMPRIS) (Schneid and Gieseler, 2008) and TrackSense® (Ellab, 2020) are 

other available options for product temperature monitoring during freeze-drying. Comparative 

measurements between the pirani gauge and the capacitance manometer, and between the temperature 

probes and the shelf temperature are used to determine the primary drying end-point (Nail et al., 

2017; Fissore et al., 2018). In comparison, Tunable Diode Laser Absorption Spectroscopy (TDLAS) 

and Mass Spectrometry (MS) have been used as better alternatives (Gieseler et al., 2007; Patel, 

Chaudhuri, et al., 2010; Patel, Doen, et al., 2010; Ganguly et al., 2018). Along with estimating the 

primary drying end-point, vapour flow rate, average product temperature, heat transfer coefficient 

and mass transfer resistance, these tools can also be used to monitor the secondary drying end-point 

and RMC with high sensitivity and accuracy (Gieseler et al., 2007; Schneid et al., 2009; Patel, 

Chaudhuri, et al., 2010; Ganguly et al., 2018). Ganguly et al. showed that MS was highly sensitive 

to an average cake moisture of < 3 % in the late secondary drying phase (Ganguly et al., 2018). 

Additionally, MS can be used to detect silicon oil and helium gas leaks in a freeze-dryer. In contrast 
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to some of the drawbacks associated with these tools during batch freeze-drying, TDLAS and MS 

can be potentially configured with most of the continuous drying technologies to estimate the RMC 

for all individual vials or bulk product.  

More interestingly, authors explored potential applications of Near Infrared – Chemical Imaging 

(NIR-CI) and 4D Micro-Computed X-ray tomography and imaging for Spin-freeze-drying 

(Brouckaert et al., 2018; Goethals et al., 2020; Vanbillemont, Lammens, et al., 2020). NIR-CI was 

able to capture different polymorphs of mannitol and the distribution of residual moisture in mannitol 

and mannitol-sucrose containing Spin-freeze-dried vials whereas 4D Micro-Computed X-ray 

tomography and imaging were able to detect intra-vial differences in the mass transfer resistance and 

primary drying end-point. Also, a NIR probe coupled to a FT-NIR analyser was connected to the vial 

holder to demonstrate the primary and secondary drying end-point (De Meyer et al., 2015). However, 

concerns relating to heat generation from NIR radiating halogen bulbs, mechanical challenges, and 

the feasibility of implementing this PAT in a cGMP environment need to be addressed. Moreover, 

Near Infrared – Frequency Modulated Spectroscopy (NIR-FMS) is a non-invasive, easy and a quick 

method for determining headspace oxygen and moisture levels in freeze-dried vials (Lin and Hsu, 

2002; Cook and Ward, 2011b, 2011a; Victor et al., 2017). Correlation observed between Karl Fisher 

analysis and NIR spectroscopy can make it easier to predict the RMC post drying (Brouckaert et al., 

2018; Carfagna et al., 2020). This technique can be employed in-line or at-line to analyze all dried 

vials or bulk product generated via some of the alternative drying technologies. Furthermore, NIR, 

MIR and Raman spectroscopy have been used as potential PATs for process control and quality 

assurance of infant formula and dairy ingredients powders (Wang et al., 2018). NIR and Raman 

spectroscopy have also been employed in-line to study the protein conformational stability and 

aggregation (Pieters et al., 2012, 2013; Nitika et al., 2021). A NIR or a Raman probe can be positioned 

to analyze vials as they move across different drying chambers during continuous freeze-drying of 

suspended vials. Similarly, a probe can be placed in-line at the different stages of Active-freeze-
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drying, spray-drying, and spray-freeze-drying or at-line during powder filling into unit doses. These 

PATs can also reduce batch release test time from fill finish to the market. 

Particle size is one of the major CQAs for free-flowing powder-based products. Laser diffraction has 

been used both in-line and at-line to measure the particle size distributions during spray-drying (Chan 

et al., 2008). Moreover, a variety of different PATs such as Spatial Filtering Velocimetry (SFV), 

Focused Beam Reflectance Measurements (FBRM), Photometric Stereo Imaging (PSI) and Eyecon® 

technology have been explored for analysing dry powder particle size (Silva et al., 2013). These PATs 

can be configured in-line or at-line for Active-freeze-drying, spray-freeze-drying and PRINT® 

Technology to measure the particle size of dry powder. However, discrepancies observed in the 

particle size measurements of the PATs have been discussed by the authors (Silva et al., 2013) and 

so, users must consider pre-requisite knowledge on the theory, mechanism and equipment for 

appropriate results.  

In summary, RMC, protein structural conformation and aggregation, particle size and polymorphism 

of excipients are some of the major CQAs for biopharmaceutical products that can be monitored using 

PATs. Monitoring CPPs such as product temperature, drying rate etc. are as important as product 

CQAs  and so, some of the continuous drying technologies offer a greater advantage from PAT 

perspective. Table 1.8 summarizes the application of some PATs based on authors’ assessments for 

only some of the drying technologies. The potential compatibility of these PATs with other drying 

technologies listed in Table 1.8 has not been found in literature and is based on opinion.    
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Table 1.8: Potential / compatible PAT for Drying Technologies. 

PAT  Application Batch Freeze-

drying 

Active-freeze-

drying 

Spin-freeze 

drying 

Spray-freeze-

drying 

Continuous Freeze-drying 

of suspended vials 

Spray-drying PRINT® 

Temperature Probes: 

 

• Thermocouples and RTDs (Nail et al., 
2017; Fissore et al., 2018).  

 

• Wireless Probes: TrackSense®, 

TEMPRIS (Schneid and Gieseler, 2008; 

Ellab, 2020).  

 

• Optical Fibers (Kasper et al., 2013). 

Average product temperature mapping. Yes 

 

Yes 

(RTDs can be 

installed At-

line) 

No 

Yes 

(RTDs can be 

installed At-line) 

Yes 

(Wireless probes can be 

installed in-line) 

Yes 

(RTDs can be 

installed At-line) 

n/a 

Product temperature mapping for all individual 

vials or bulk product. 
No 

Yes 

(At-line) 
No 

Yes 

(At-line) 
No 

Yes 

(At-line) 
n/a 

• IR Thermography (Harguindeguy and 

Fissore, 2021). 

Product temperature mapping for all individual 

vials or bulk product only within the camera’s 

field of view.  

Yes, but the 

center vials are 

calculated based 

on average.  

Yes Yes Yes Yes 
Yes 

(At-line) 

Yes 

(At-line) 

• NIR Spectroscopy (De Beer et al., 2009; 

Pieters et al., 2012; Mensink et al., 2015; 

Wang et al., 2018). 

 

• Raman Spectroscopy (De Beer et al., 

2009; Pieters et al., 2013; Wang et al., 

2018; Nitika et al., 2021). 

In-line protein structure analysis, protein 

aggregation and distribution of excipient 

polymorphs for all individual vials or bulk 

product. 

No, but can 

provide an 

average 

measurement. 

Yes Yes 
Yes 

(At-line) 
Yes 

Yes 

(At-line) 

Yes 

(At-line) 

• NIR-FMS (Lin and Hsu, 2002; Cook and 

Ward, 2011b, 2011a; Victor et al., 2017; 

Carfagna et al., 2020).  

In-situ vial headspace oxygen and moisture 

measurements for all individual vials or bulk 

product. 

No, but can 

provide an 

average 

measurement. 

Yes No 
Yes 

(At-line) 
Yes 

Yes 

(At-line) 
n/a 

• NIR-CI  (Brouckaert et al., 2018). 

In-situ RMC estimation and distribution of 

excipient polymorphs in all individual vials or 

bulk product.   

Yes Yes Yes Yes Yes 
Yes 

(At-line) 
Yes 

• TDLAS (Kessler et al., 2006; Gieseler et 
al., 2007; Kuu et al., 2009, 2011; Schneid 

et al., 2009, 2011; Sharma et al., 2019). 

 

• MS (Nail et al., 2017; Fissore et al., 

2018; Ganguly et al., 2018). 

In-situ RMC, drying end point, vapor flow rate 

estimation for all individual vials or bulk product. 

No, but can 

provide an 

average 

measurement. 

Yes Yes Yes Yes Yes Yes 

• MS (Connelly and Welch, 1993; Barfuss, 

2014; Ganguly et al., 2018). 

In-line silicon oil or gas leak detection. 

 
Yes Yes Yes Yes Yes Yes Yes 

• Laser 

Diffraction 

 

• Light 

Microscopy 

 

• SFV 

 

• PSI 

 

• FBRM 

 

• Eyecon® 

(Chan et al., 2008; 

Silva et al., 2013; 

Petrak et al., 2018; 

Dos Reis et al., 2021). 

In-line / at-line dry powder particle sizing. n/a Yes n/a Yes n/a Yes Yes 

RTDs, Resistance Temperature Detectors; n/a, not application or not available. 
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1.7 Scale-up Packaging, and Validation aspects for Drying Technologies 

 

Scale-up and technology transfer involve moving a pharmaceutical manufacturing process from one 

facility to another i.e. from a development / pilot-scale to a commercial-scale or an intra-site / inter-

site fill finish line to line transfer. As per ICH Q12 guidelines, technology transfer may also be 

required for lifecycle changes across different commercial facilities (ICH, 2019).  

Freeze-drying in vials requires the qualification of not only the drying process, but several other 

critical fill finish operations such as compounding, filtration and vial filling. This brings in further 

technical and compliance requirements such as mixing studies, filter bacterial retention, fill volume 

cycle development, media fill qualification and environmental monitoring (FDA, 2014c). Moreover, 

large loading times (4 – 12 h) for vial filling impacts process efficiency, may lead to issues such as 

product splashing and/or foaming and may also impact product stability upon increased validated 

time out of refrigeration (Rathore and Rajan, 2008; Patel et al., 2017). Along with large loading times, 

large unloading times and vial inspection also impact the efficiency of commercial operations and 

slows the inventory turnover time in the most expensive footprint area of a commercial site i.e., 

controlled areas for aseptic fill finish. Such additional steps are eliminated for Active-freeze-drying, 

spray-drying and spray-freeze-drying technologies. These drying technologies can also provide the 

option for drug substance (DS) – drug product (DP) validation as continuous processes and eliminate 

the requirement for additional validation steps, thereby, minimizing the complexities associated with 

the regulatory filing and qualification of an end-to-end fill finish process (Pisano, 2020). Also, with 

the bulk product stored in the dried state as opposed to the liquid or frozen state, cold chain shipping 

validation of the bulk can be reduced. On the negative side, a more comprehensive cleaning validation 

for alternative drying technologies may be a requirement as per cGMP. 

Furthermore, many of the freeze-dried biopharmaceuticals such as Eloctate® (FDA, 2014b), Alprolix® 

(FDA, 2014a), Fabrazyme® (FDA, 2010a) etc. are manufactured in multiple dose strengths. Batch 

freeze-drying for multiple dose strengths require completely different fill finish processes with 
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additional qualification and validation for primary packaging components supply chain, fill finish 

line equipment, sterilization methods, fill volume, freeze-drying cycles, capping, inspection, 

container closure integrity etc. In contrast, alternative drying technologies such as Active-freeze-

drying, spray-drying, spray-freeze-drying etc. make it easier to fill and pack free-flowing product into 

different container types such as vials, ampules, syringes, sachets etc. at multiple dose strengths. This 

also helps in simplifying infusion requirements at clinics.  

To enable successful scale-up and technology transfer, drying processes require a QbD approach 

where the process boundaries are well defined and provide adequate robustness for commercial 

operations (Nail and Searles, 2008; Cullen et al., 2022). Small scale process modelling for freeze-

drying is complex as each individual vial behaves as its own drying system, is subject to variability, 

and is a function of vial heat transfer coefficient, freezing temperature and location on the shelf. 

Active-freeze-drying, spray-drying and spray-freeze-drying, for example, are not as hindered by the 

challenges of drying in individual containers as they provide a more predictive and consistent 

manufacturing performance.  

In terms of scalability, moving an existing commercial product from a batch freeze-drying process to 

an alternative drying process is regarded as a major regulatory change and comprehensive 

comparability data would be required as part of implementation and approval (Pisano, 2020). The 

significant cost of biopharmaceutical DS, commercial line time for engineering, validation batches, 

long term stability data and the requirement for filing a change mean any efficiency gain obtained by 

alternative drying processes may be offset by such costs. Overall, the most viable route to introduce 

alternative drying processes may very well be on the back of the development and industrialization 

of new products. 
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1.8 Aims and objectives of this thesis 

 

The scope of this thesis focuses on the manufacturability and the effect of novel drying technologies 

on the safety, quality and efficacy of biopharmaceuticals. Specific aims of this thesis include:  

 

1. To identify novel drying techniques and to compare alternative drying techniques, such as 

Spray-drying, Active-freeze-drying, Spray-freeze-drying, etc. in order to assess the potential 

benefit of alternative technologies for the processing of biopharmaceutical products. 

 

2. To assess a novel alternative process, including the incorporation of excipients, which will be 

cost effective and efficient for processing of biologics.  

 

3. To explore analytical methodologies in tandem to assess the novel formulation produced with 

a view to developing a rapid, screening method for biologics. 

 

4. To develop molecular models using molecular dynamics simulations to understand the impact 

and the mechanism of interaction of excipients with biologics. 
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2 Chapter 2: 

Freeze-Drying of Lysozyme 
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2.1 Introduction 

 

Freeze-drying or lyophilisation is the primary commercial means of producing solid 

biopharmaceuticals. Even though aqueous biopharmaceutical formulations are preferred as 

injectables, in some cases protein-water interactions raise concerns for biochemical degradation 

pathways such as hydrolysis, deamination, oxidation, etc. resulting in aggregation and/or denaturation 

of the protein (Carpenter et al., 2002). The removal of water confers several benefits such as improved 

stability, prolonged shelf-life, ease of storage and reduced cost in transportation at ambient 

temperatures (Moeller and Jorgensen, 2008; Langford et al., 2017).  

Lysozyme, also known as muramidase, lysozyme c or Mucopeptide N-acetylmuramoylhydrolase (EC 

3.2.1.17) is an antimicrobial enzyme belonging to the Glycoside hydrolase family (Sigma; Mörsky, 

1983). Lysozyme acts by catalysing the hydrolysis of b-(1 → 4) glycosidic linkages between N-

acetylmuramic acid and N-acetyl-d-glucosamine residues present in the mucopolysaccharide cell wall 

of typically gram positive microbes (Helal and Melzig, 2008). The primary and secondary structure 

of lysozyme are shown in Figure 2.1 (Protein Data Bank 1DPX). The primary structure of lysozyme 

consists of 129 amino acids and the molecule has a molecular weight of 14.3 kDa. The secondary 

structure consists of 7 helices; 53 residues (40 - 45 % a α-helical content) and 9 strands; 14 residues 

(10 - 19 %  β-sheets), 23 – 27 % β-turn and 13 – 14 % random structures (Protein Data Bank 1DPX; 

Levitt and Greer, 1977; Dong et al., 1992; Luo et al., 1994; Kong and Yu, 2007). The tertiary 

conformation of lysozyme is shown in Figure 2.2 (Protein Data Bank 1DPX).  
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Figure 2.1: Amino Acid sequence of lysozyme (retrieved from: Protein Data Bank 1DPX).  

 

Various mechanisms have been reported that partly explain the stabilizing effect of different 

excipients during protein dehydration (Elversson and Millqvist-Fureby, 2005; Ajmera and Scherließ, 

2014):  

a) The “water replacement hypothesis” states that stabilizers form hydrogen bonds at specific 

sites on the surface of the protein during dehydration. As water is removed from the protein 

solution, the hydrogen bonds between the protein and water molecules are disrupted. The 

hydrogen bonds formed between the stabilizer and protein create a water-like environment 

that stabilizes the native structure of the protein (Carpenter et al., 1994; Allison et al., 1999; 

Kreilgaard et al., 1999).  

b) The “glass dynamics mechanism” explains that amorphous stabilizers form a rigid, inert 

matrix around protein molecules wherein the motion of the protein is coupled to the motion 
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of the matrix, thereby, limiting its structural relaxation and thus stabilizing the tertiary 

structure (Green and Angell, 1989; Chang, Shepherd, Sun, Ouellette, et al., 2005).  

c) The theory of “preferential exclusion” states that excipients in solution preferentially exclude 

themselves from the surface of proteins, thereby, stabilizing the native structure of the protein 

as a result of increased chemical potential and interaction with water molecules (Arakawa and 

Timasheff, 1982; Carpenter et al., 1994; Lerbret et al., 2008; Sudrik et al., 2019).  

d) The “reducing surface adsorption hypothesis” states that protein adsorption at the surface of 

the drying layer is reduced in the presence of surfactants, thereby, preventing protein 

denaturation at the air-liquid interface (Y.-F. Maa et al., 1998). Moreover, the mechanism of 

dilution of protein, upon addition of sugars, reduces molecular interactions amongst protein 

molecules, thereby, reducing protein aggregation in the solid state (Costantino et al., 1994).  

 

Figure 2.2: 3-D simulated structure of (a) lysozyme, (b) intramolecular H-bonds and H-bonds 

between lysozyme and water molecules, (c) H-bonds between lysozyme and 40 % sucrose. α-helix 

(red), β-sheets (yellow), loops (green), H-bonds (Blue and yellow dotted lines), water molecules 
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(white cross), sucrose molecule (blue and red sticks), chlorine molecule (green ball). Pictures 

generated using PDB (Protein Data Bank 1DPX; Protein Data Bank 3T6U) and Pymol 2.3.4 software.  

 

The thermal stability of the freeze-dried lysozyme formulations was found to be a function of 

excipient-enzyme mass ratio with the trehalose-based formulation exhibiting a higher Tg to the 

equivalent sucrose-based formulation (Liao et al., 2003). While the trehalose-based lysozyme 

formulation was thermally more stable, the sucrose-based formulation containing glycerol preserved 

the secondary structure of the enzyme more effectively (Liao et al., 2002, 2004). Lewis et al. studied 

the freeze-drying behaviour of sucrose-based lysozyme, BSA and IgG formulations at different 

concentrations and freeze-drying conditions (Lewis et al., 2010). Using several biophysical 

techniques, it was shown that the behaviour of the three proteins was more evident at higher 

concentrations (25 mg/mL) and elucidated that at higher concentrations the proteins significantly 

influenced the behaviour of the formulation, whereas stabilizers influenced the formulations at lower 

protein concentrations (5 mg/mL). The stability and protein structure of the three proteins was 

preserved even at aggressive primary drying conditions resulting in shorter drying time (Lewis et al., 

2010). The enzyme activity and stability of marine lysozyme was best protected by trehalose and 

tween 80 together, rather than trehalose, sucrose and maltose individually post freeze-drying (Ji et 

al., 2009). Through in situ micro-Raman Spectroscopy investigations on lysozyme and 

chymotrypsinogen, it was elucidated that trehalose stabilizes proteins during the ice sublimation and 

desorption phases of freeze-drying (Hedoux et al., 2013).  Moreover, Blumlein and McManus studied 

the liquid state reversibility of unfolding via thermal denaturation of lysozyme at different protein 

concentrations (20 mg/mL – 100 mg/mL) and solution conditions (Blumlein and McManus, 2013). 

They concluded that the reversibility index (RI) was a function of pH and ionic strength. Refolding 

of lysozyme decreased with an increase in ionic strength of the buffer and no refolding was observed 

at pH ≥ 7.0. The denaturation temperature for lysozyme ranged from 69.9 °C – 85.1 °C at different 

pH values. Additionally, the inclusion of trehalose and maltose increased the denaturation 
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temperature, but did not necessarily help in protein refolding (Blumlein and McManus, 2013). 

Structural refolding, reduced adsorption of lysozyme at interfaces and preservation of its secondary 

structure and bioactivity was observed when the enzyme was formulated at a pH furthest from its 

isoelectric point (pH 11) at lower ionic strength (Malzert et al., 2002; Blumlein and McManus, 2013).  

Furthermore, the effect of freeze-drying and spray-drying on mannitol-based lysozyme formulations 

at different protein concentrations were studied using X-ray powder diffraction. It was observed that 

polymorphic forms of mannitol shifted from β-mannitol to δ-mannitol post freeze-drying, whereas a 

shift from β-mannitol to α-mannitol was observed post spray-drying (Grohganz et al., 2013). They 

concluded that the change in mannitol polymorphs was process dependent rather than dependent on 

temperature itself. Interestingly, studies on aggressively freeze-dried cycles, resulting in cake 

collapse, have shown no detrimental effect on the stability of a variety of enzymes, monoclonal 

antibodies and other proteins (Wang et al., 2004; Chatterjee et al., 2005b; Schersch et al., 2010, 2012; 

Horn et al., 2018). Horn et al. reported significant reduction in the primary drying cycle from 47 h to 

7 h with comparable protein stability in both cycles (Horn et al., 2018). While crystalline mannitol as 

a bulking agent may not necessarily confer protein stability, it provides robust and elegant cake 

structures upon freeze-drying (Johnson et al., 2002; Varshney et al., 2007; Peters et al., 2016). In 

terms of the reconstitution time of lyophilised cakes, it was reported that mannitol can potentially 

reduce the reconstitution time in high concentration lyophilized protein formulations (Kulkarni et al., 

2018). Crystalline mannitol cakes were observed to reduce the reconstitution time compared to 

partially crystalline cakes. Fully crystalline cakes promoted phase separation which improved cake 

wettability and penetration of the reconstitution liquid into the interior of the cake (Kulkarni et al., 

2018). The reconstitution times of certain high concentration lyophilized protein products, namely, 

Raptiva® 100 mg/mL (FDA, e), Nucala® 100 mg/mL (FDA, d) are < 5 min whereas products such as 

Ilaris® 150 mg/mL (FDA, c), Xolair® 144.64 mg/mL (FDA, f), Cosentyx® 150 mg/mL (FDA, b) and 

Cimizia® 200 mg/mL (FDA, a) can take up to 15 – 40 min to reconstitute.  
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In addition, the effect of glycerol in trehalose-based lysozyme formulation was analysed. Glycerol 

was found to have a plasticizing effect during the primary drying phase and an antiplasticizing effect 

during the secondary drying phase of freeze drying (Starciuc et al., 2017). Using Raman imaging, it 

was found that the molecular mobility of lysozyme was increased in the presence of glycerol and 

trehalose during the removal of frozen water, whereas the conformational distortion of the protein 

was reduced in the presence of glycerol and trehalose during the secondary drying phase. Glycerol 

formed stronger hydrogen bonds with the hydroxyl groups of trehalose than those between water and 

trehalose, thereby, creating a stronger network in the amorphous matrix. This antiplasticizing 

property of glycerol was enhanced after the water desorption phase keeping the protein embedded 

within the matrix (Starciuc et al., 2017). More recently, a novel study was conducted on lysozyme, 

recombinant human albumin (rHA), mAb and an insect antifreeze protein (iAFP) to investigate 

protein-ice interaction using High-Resolution Synchrotron X-Ray Diffraction (Bhatnagar et al., 

2019). Their results showed that lysozyme exhibited minor microstrain and so it interfered the least 

with hexagonal ice crystal formation compared to other proteins. rHA and mAb interacted strongly 

with ice crystal formation which could interfere with the growth of ice crystals from liquid to ice 

phase during freezing. They asserted that proteins interacted in an indirect manner, as the proteins 

were partitioned into the quasi-liquid layer and did not show direct sorption onto ice crystals 

(Bhatnagar et al., 2019).  

This chapter focuses on the characterization of the model protein lysozyme and the impact of 

lyophilization on the protein. The enzyme was studied in 3 different formulations to investigate the 

effect of individual excipients on the protein prior to and post lyophilization. The protein was 

characterized in terms of its thermal properties using Freeze-drying Microscopy (FDM) and 

Differential Scanning Calorimetry (DSC) and its structural properties using Fourier Transform 

Infrared Spectroscopy (FTIR) and Circular Dichroism (CD). Additional techniques such as Size-

Exclusion Chromatography (SEC) was employed to study the protein’s aggregation profile, X-Ray 

Diffractometry (XRD) to identify crystalline and amorphous components, Dynamic Light Scattering 
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(DLS) for particle size analysis, Karl Fisher titration and Light House to measure the residual 

moisture content and headspace moisture and pressure post lyophilization. While lysozyme is well-

studied, this study was carried out to generate benchmark data for a model protein to compare and 

evaluate the feasibility of alternate drying technologies on lysozyme and large biopharmaceuticals.  

 

2.2 Materials and Methods 

 

2.2.1 Preparation of lysozyme formulations 

 

The model protein lysozyme from Chicken Egg White, Trehalose, and Histidine were procured from 

Merck / Sigma Aldrich, Ireland. Mannitol and Polysorbate 80 (Tween 80) were obtained from Fisher 

and Sucrose was obtained from Merck / Sigma Aldrich and Pfanstiehl and all were used without 

modification. 4 different formulations of lysozyme were prepared in 5 mM Histidine Buffer 

containing 10 mg/mL protein and 40 mg/mL excipient. 0.01% v/v Tween 80 was added into 3 of 

these formulations. The fourth was retained as a standard. All bulk formulations were buffered to pH 

6.30 – 6.35 as shown in Table 2.1.  

 

Table 2.1: Lysozyme formulations.  

Formulation 

 

Standard 

(Lysozyme) 

Lysozyme 

Trehalose 

(Formulation 1) 

Lysozyme 

Mannitol 

(Formulation 2) 

Lysozyme 

Sucrose 

(Formulation 3) 

Buffer 

(concentration) 

Histidine 

(5 mM) 
Histidine 

(5 mM) 

Histidine 

(5 mM) 

Histidine 

(5 mM) 

Excipient 

(concentration) 

None 
Trehalose 

(40 mg/mL) 

Mannitol 

(40 mg/mL) 

Sucrose 

(40 mg/mL) 

Protein 

(concentration) 

Lysozyme 

(10 mg/mL) 
Lysozyme 

(10 mg/mL) 

Lysozyme 

(10 mg/mL) 

Lysozyme 

(10 mg/mL) 

Surfactant 

(concentration) 

None 
Tween 80 

0.01% (v/v) 

Tween 80 

0.01% (v/v) 

Tween 80 

0.01% (v/v) 

Measured pH 6.3 6.3 6.3 6.3 

 



94 

 

2.2.2 Glass Transition and Eutectic/Melt Temperature analyses 

 

The eutectic temperature (Teu) in the frozen state and melt temperature (Tm) in the dried state and the 

glass transition temperatures of the frozen (Tg’) and dried (Tg) samples were measured using the TA 

DSC Q2000. 20 µL of each liquid sample was sealed in an aluminum pan. For liquid samples, 

modulated DSC was ramped from – 60 °C to 60 °C at 2 °C/min with modulation amplitude of ±1 °C 

and modulation period 100 s. Approximately, 10 – 15 mg of each solid sample was sealed in an 

aluminum pan at relative humidity ≤ 5 %. Modulated DSC was ramped from 0 °C to 200 °C at 2 

°C/min with modulation amplitude of ± 1 °C and modulation period of 100 s for solid samples. 

Samples were analyzed in triplicate (n = 3).  

 

2.2.3 Freeze-drying Microscopy (FDM) 

 

The collapse temperature of amorphous material and the melt temperature of crystalline substances 

were measured using FDM. Approximately, 1.5 L of sample was pipetted on to the sample block. 

The sample was frozen at – 40 °C at 20 °C/min and a vacuum of 0.1 mBar was applied after 10 min 

of freezing. The frozen sample was ramped at 0.5 °C/min until the material started collapsing in the 

drying front. The onset collapse of the material was recorded every 5 s. Samples were analyzed in 

triplicate (n = 3).  

 

2.2.4 Lyophilization 

 

All bulk materials were freeze-dried in a LyoStar II from SP Scientific. 5 mL of sample was pipetted 

into 20 mL Schott vials with a total of 35 sample vials of product surrounded by placebo. A few vials 

were probed using thermocouples to monitor the product temperature. Different recipes were 

employed as mentioned in Table 2.2, Table 2.3 and Table 2.4 to lyophilize each formulation. Post-

lyophilization, the vials were rubber stoppered, crimped and stored at 5 ± 2 °C. 
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Table 2.2: Lyophilization recipe for lysozyme standard. 

Lysozyme Standard – A301118 

Freezing 1 2 3 

Shelf Set-Point (°C) 5 - 35 - 35 

Ramp Rate (°C/min) 0 0.5 0 

Time (min) 60 0 180 

Primary/ Secondary  4 5 6 

Shelf Set-Point (°C) 0 25 - 

Ramp Rate (°C/min) 0.5 0.5 - 

Time (min) 2100 600 - 

Vacuum SP (µBar) 135 135 - 

 

 

 

Table 2.3: Lyophilization recipe for lysozyme formulated with trehalose and sucrose 

independently. 

Lysozyme with Trehalose and Sucrose - A051018 and A191118 

Steps 1 2 3 

Shelf Set-Point (°C) 5 - 45 - 45 

Ramp Rate (°C/min) 0 0.5 0 

Time (min) 60 0 180 

Primary/ Secondary  4 5 6 

Shelf Set-Point (°C) - 10 25 - 

Ramp Rate (°C/min) 0.5 0.5 - 

Time (min) 2100 600 - 

Vacuum SP (µBar) 135 135 - 
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Table 2.4: Lyophilization recipe for lysozyme formulated with mannitol. 

Lysozyme with Mannitol – B301118 

Steps 1 2 3 4 

Shelf Set-Point (°C) 5 - 45 - 20 - 45 

Ramp Rate(°C/min) 0 0.5 0.5 0.5 

Time (min) 60 120 120 120 

Primary/Secondary 5 6 7 8 

Shelf Set-Point 0 25 - - 

Ramp Rate 0.5 0.5 - - 

Time 2100 600 - - 

Vacuum SP (mBar) 0.135 0.135 - - 

 

 

2.2.5 Vial headspace moisture analyses 

 

The vials headspace moisture (mBar) was measured using the FMS Light House® instrument post 

lyophilization. The device was calibrated using calibration standards. All samples were analyzed in 

triplicate (n=3).  

 

2.2.6 Residual Moisture Content (RMC) analyses 

 

The lyophilized cake residual moisture was measured using Karl Fisher, KF Titrando by Metrohm. 

The vials were prepared at relative humidity ≤ 5 % and capped with Karl Fisher caps. The samples 

were subjected to a temperature of 100 °C, the blank vials were at 120 °C and the water standard was 

subjected to a temperature of 170 °C (as per the manufacturer’s recommendation).  
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2.2.7 Concentration, Turbidity and Reconstitution Time Analyses 

 

All freeze-dried formulations were reconstituted with 5 mL Milli-Q® ultrapure water and the 

concentration and turbidity were measured in a 1x1 cm transparent glass cuvette using a UV 

spectrometer (Spectro Star nano by BMG Labtech) at 280 nm and 350 nm, respectively. The 

concentration was calculated using Beer lambert’s law (Equation 2.1) and the molar extinction 

coefficient for the lysozyme used was 2.64 mL mg-1 cm-1 (Blumlein and McManus, 2013). The 

reconstitution time was measured using a stopwatch.  

 

 
𝐴 =  𝜀 . 𝐶 . 𝐿 Equation 2.1: Beer 

Lambert’s Law 

 

Where A is the absorbance (unit less quantity),  

ε is the molar extinction coefficient in mL mg-1 cm-1,  

C is the concentration in mg/mL,  

L is path length in cm.  

 

 

2.2.8 Secondary Structure analyses using FTIR Spectroscopy 

 

All freeze-dried lysozyme formulations were analyzed using the Thermo Fisher Nicolet ATR-FTIR 

spectrophotometer. Approximately, a few milligrams of solid samples were placed onto the ATR 

crystal and analyzed using the FTIR spectrophotometer. 164 scans were collected at a resolution of 4 

cm-1 from 4000 cm-1 to 400 cm-1 and the Norris second derivative was analyzed from 1700 cm-1 to 

1600 cm-1 across the amide I region. All samples were analyzed in triplicate (n=3).  
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2.2.9 Secondary and Tertiary Structure analyses using CD Spectroscopy 

 

The secondary structure of lysozyme was studied using the Far UV CD across 180 nm – 260 nm, at 

every 1 nm for 2 s per point with a 1 nm bandwidth. A 0.1 mm cuvette was used with 1 mg/mL 

protein concentration. The Near UV CD region was used to study Tryptophan, Tyrosine and Phenyl 

alanine residues in the protein’s tertiary structure across 260 nm – 320 nm, at every 1 nm for 5 s per 

point with a 1 nm bandwidth. 0.3 mg/mL of protein was analyzed in a 1 cm cuvette using the 

ChiraScan CD spectrophotometer by Applied Photophysics. A temperature study was performed at 

every 10 steps from 20 °C to 80 °C at the rate of 1°C per minute. All samples were analyzed in 

triplicate (n=3). Secondary structure predictions were performed using the CDSSTR algorithm on the 

DICHROWEB online server (Whitmore and Wallace, 2004, 2007; Wallace, 2020).  

 

2.2.10 Dynamic Light Scattering (DLS)   

 

Lysozyme formulations were analyzed for particle size distribution (PSD) using single-angle 

Dynamic Light Scattering (Zetasizer µV by Malvern Panalytical). 1 mL of sample was filtered 

through a 0.45 m filter into a transparent disposable cuvette. The equilibration time was 120 s. 

Additionally, lysozyme samples prepared in reaction buffer and histidine buffer were centrifuged at 

20,000 g at 4 °C for 20 min to study soluble and insoluble aggregates. The supernatant and the pellet 

were separated and analyzed separately using DLS. All samples were analyzed in triplicate (n=3). 

 

2.2.11 Size Exclusion Chromatography (SEC) 

 

The aggregation profiles of lysozyme in different formulations were analyzed on the Agilent 1200 

HPLC with TSK gel 3000 SWXL column. The mobile phase was 100 mM sodium phosphate at pH 

6.7. The flow rate was 0.5 mL/min with an injection volume of 20 µL. Multiwavelength signals were 

recorded at 210 nm, 214 nm, 254 nm, 260 nm, 280 nm.  
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2.2.12 Powder X-Ray Diffraction (pXRD) 

 

Qualitative XRD analyses was performed using Rigaku Miniflex to identify amorphous and 

crystalline states of the lyophilised cakes of lysozyme. The lyophilized cake was crushed and 

homogenised and a few milligrams of powder was smeared onto a standard glass holder inside a 

glovebox at relative humidity ≤ 5 %. The sample was scanned from 3° to 60° at the rate of 3° per 

minute every 0.02° steps. The applied voltage was 40 kV, and the current was 15 mA.  

 

2.2.13 Enzyme Activity 

 

The antimicrobial activity of lysozyme was measured against Micrococcus lysodeikticus. The 

turbidimetric assay for lysozyme was performed in a 1 x 1 cm transparent glass cuvette. All sample 

solutions and suspensions were prepared and diluted in reaction buffer. 100 µL of approximately 7.5 

µg/mL (300 U/mL) of lysozyme was added to 2.5 mL of 0.1 mg/mL Micrococcus lysodeikticus 

suspension. The reaction mixture in the glass cuvette was immediately mixed by inversion and placed 

into a UV spectrometer (Spectro Star nano by BMG Labtech). The decrease in the absorbance at 450 

nm was recorded every minute for 8 min at 25 °C. The units of enzyme/mg were calculated using 

Equation 2.2 and Equation 2.3. As per Sigma’s definition, “one unit will produce a ΔA450 of 0.001 

per minute at pH 6.24 at 25 °C, using Micrococcus lysodeikticus as a substrate in a 2.6 mL reaction 

mixture.” (Sigma Aldrich, 2017).     

𝑈𝑒  = [(∆𝐴450
𝑆 ) − (∆𝐴450

𝐵 )] ∗
[𝑑𝑓]

[0.001𝑉𝑒]
 

  

  Equation 2.2: 

Units of 

Enzyme/mL 

 𝑈𝑠 = [
𝑈𝑒

We
] 

 Equation 2.3: Units of 

Enzyme/mg 
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Where, ∆𝐴450
𝑆  is the slope of the test sample, ∆𝐴450

𝐵  is the slope of the blank, df is the dilution 

factor, 𝑉𝑒 is the volume of sample in m, 𝑈𝑒 is the units of enzyme/mL, We is the weight of enzyme 

in mg.  

 

2.2.14 Statistical Analyses 

 

Where necessary, the data was represented as the means ± standard deviation. Where appropriate, the 

data was analyzed statistically by one-way ANOVA using Tukey’s post-hoc test and a p-value < 0.05 

was considered statistically significant.  

 

2.3 Results and Discussion 

 

2.3.1 Freeze-drying Microscopy  

 

Since primary drying accounts for the largest fraction of the freeze-drying cycle, the product must be 

maintained below its Tg
’ (glass transition temperature of amorphous material in the frozen state), Teu 

(eutectic temperature of crystalline material in the frozen state) and Tc (collapse temperature) to 

prevent its collapse during sublimation (Tang and Michael J Pikal, 2004). FDM was carried out to 

determine the collapse temperature of the formulations. The collapse temperature values are shown 

in Table 2.5.  

 

 

 

 

 

 



101 

 

Table 2.5: Critical/Collapse Temperatures of lysozyme formulations. 

Sample 
Average Tc (Onset) 

Temperature (°C) 
Literature Tc (°C) 

Lysozyme Trehalose -27.95 ± 0.07 
-28°C (Tc Trehalose) (Cook, 

2003) 

Lysozyme Mannitol  
-26.10 ± 12.56 

(micro-collapse) 

-1.4°C (Teu Mannitol) (Cook, 

2003), 

-28.1°C (Tc Mannitol) (Horn and 

Friess, 2018) 

Lysozyme Sucrose -31.05 ± 0.01 -31°C (Tc Sucrose) (Cook, 2003) 

 

 

Formulations containing amorphous excipients, namely trehalose and sucrose, showed white spots 

(glass transition) in the drying front followed by a total collapse (Figure 2.3). The formulation 

containing trehalose exhibited a higher collapse temperature compared to sucrose. The crystalline 

component, mannitol, exhibited a micro-collapse, but did not show a complete collapse unlike the 

amorphous materials as shown in Figure 2.3. The critical temperature values for lysozyme trehalose 

(-27.95 °C) and sucrose-based formulation (-31.05 °C) were very comparable to literature values 

(Table 2.5) showing that trehalose and sucrose were present in their amorphous state upon freezing. 

The lysozyme mannitol-based formulation did not show a complete melt at -1.4 °C, instead micro-

collapse was observed at - 26.10 °C. This value was similar to its Tg’ (- 26.87 °C) in Table 2.6. The 

high standard deviation observed in the collapse temperature of the lysozyme mannitol formulation 

could be due to partial crystallization of mannitol. Moreover, this technique is based on visual 

identification and so, the onset of micro-collapse can be subjective (Figure 2.3). Horn et al. reported 

a collapse temperature of - 28.1 °C for pure non-crystalline mannitol using an optical fiber system 

(Horn and Friess, 2018). These values demonstrated that mannitol in the presence of lysozyme did 

not crystallize completely upon freezing. Dixon et al. showed that two fusion proteins inhibited 

mannitol crystallization when the amount of mannitol was below 45 % of the dry weight of the 

lyophilized cake and protein concentration was greater than 10 mg/mL. It was elucidated that proteins 

during freezing and annealing can impact the nucleation of mannitol and growth of crystals through 

viscosity effects or through interactions at the molecular level (Dixon et al., 2009). As suggested by 
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Bhatnagar et al., the interference of protein molecules in the crystallization process during freezing 

could also be a possible reason for partial crystallization of mannitol (Bhatnagar et al., 2019). 

  

 

Figure 2.3: Figure showing the drying front (left), collapse onset (middle) and total collapse (right) 

for trehalose, mannitol and sucrose based formulations on the FDM. 

 

2.3.2 Glass Transition and Melt Temperature Analyses 

 

Tg’ values for each formulation are shown in Table 2.6. Frozen-state DSC was performed prior to 

freeze-drying to determine the Tg’ of the amorphous material and the Teu for the crystalline material. 

This technique complements FDM as it determines the Tg’ which is a few degrees lower than the 

collapse of a material (Tang and Michael J. Pikal, 2004). Therefore, the primary drying step must be 

carried out at temperatures lower than the Tg’ or Teu to prevent collapse of the material (Tang and 
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Michael J. Pikal, 2004). The Tg’ values of all formulations were close to the Tg’ values of pure 

trehalose, mannitol and sucrose reported in literature (Table 2.6). The Tg’ values for histidine (- 6.24 

°C) and lysozyme in histidine buffer (- 5.46 °C) were the highest. The Tg’ values of trehalose (- 29.47 

°C), mannitol (- 31.6 °C) and sucrose (- 32.62 °C) were very comparable to literature values (Table 

2.6), whereas the Tg’ values of lysozyme formulations containing trehalose, mannitol and sucrose 

were relatively higher than that of individual excipients due to the presence of lysozyme and histidine 

exhibiting very high Tg’ by themselves. Factors affecting the glass transition temperature of materials 

include molecular weight, molecular structure and mobility, free volume, moisture content etc. 

(Montserrat and Colomer, 1984; Zeng et al., 2001; Roudaut et al., 2004; Jadhav et al., 2014). The 

Fox-Flory equation elucidates the correlation between Tg and molecular weight (Equation 2.4). A low 

molecular weight results in low Tg, whereas an increase in molecular weight results in an asymptotic 

increase in the Tg (Larrain et al., 1981; Brady et al., 2017). Due to the complex structure and high 

molecular weight, proteins and amino acids exhibit high glass transition temperatures.  

 

 𝑇𝑔 = 𝑇𝑔
∞ − 𝐾 ∗ 𝑀−1  

Equation 2.4: Fox-

Flory Equation 

 

Where Tg is the glass transition temperature of the material,  

Tg
∞ is the glass transition temperature at infinite molecular weight, 

M is the molecular weight of the material and K is a constant.  
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Table 2.6: Tg’ of frozen-state lysozyme formulations. 

Sample Measured Tg’ (°C) Literature Tg’ (°C) 

Histidine buffer -6.24 ± 0.13 - 

Lysozyme in Histidine buffer -5.46 ± 0.35 - 

Lysozyme Trehalose -25.05 ± 0.85 - 

Lysozyme Mannitol -26.87 ± 0.07 - 

Lysozyme Sucrose -29.86 ± 0.53 - 

Trehalose -29.47 ± 0.02 -30°C (TaPrime Consulting) 

Mannitol -31.60 ± 0.02 -31°C (TaPrime Consulting) 

Sucrose -32.62 ± 0.10 -32°C (Lewis et al., 2010) 

 

The thermal properties of the freeze-dried cakes were determined by solid-state DSC. The Tg and Tm 

of freeze-dried materials are shown in Table 2.7. The lysozyme trehalose and sucrose-based 

formulations exhibited Tg, unlike the mannitol-based formulation which exhibited a melt temperature 

(Tm). This was because the mannitol-based formulation was annealed during the freezing phase of 

the freeze-drying process to allow complete crystallization of mannitol. This method has been used 

previously to study the impact of mannitol crystallization on proteins (Lu and Pikal, 2004; Hawe and 

Frieß, 2006; Liao et al., 2007; Al-Hussein and Gieseler, 2012). The lysozyme formulation containing 

trehalose showed a significantly higher Tg compared to the sucrose-based formulation. These results 

were consistent and comparable to the Tg values of the two sugars reported in literature (Table 2.7). 

Lyophilized lysozyme alone exhibited a very high Tg (142.15 °C). The Tg values of various proteins, 

namely, Ovalbumin (170 °C), α-Casein (165 °C), lysozyme (179 °C), Bovine Serum Albumin (156 

°C) and Human Growth Hormone (136 °C) have been reported (Jirgensons, 1962; Whitaker and 

Tannenbaum, 1977; Matveev et al., 1997; Pikal et al., 2007). The Tg of pure lysozyme observed (142 

°C) was lower than the reported value (179 °C) in literature due to high RMC in the original lysozyme 

powder procured from Sigma Aldrich. The strong glass-like behavior of proteins, evident from their 
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Tg values, was attributed to a large strength parameter with a very large Tg range (Fan et al., 1994; 

Green et al., 1994; Pikal et al., 2007).  

The measured Tg or Tm of all formulations results were verified using the Fox equation (Equation 

2.5) as reported in Table 2.7. The experimental Tg or Tm values obtained for each formulation were 

consistent, except for the formulation containing lysozyme and histidine buffer only.  

  
𝑊𝑇

𝑇𝑔/𝑚𝑒𝑙𝑡
= (

𝑊1

𝑇𝑔1
) + (

𝑊2

𝑇𝑔2
) + (

𝑊3

𝑇𝑔3
) + ⋯   

        Equation 2.5: Fox 

Equation 

 

Where WT is the total weight of the formulation,  

Tg/melt is the glass transition or the melt temperature of the formulation, 

W1, W2, W3 are the weight fractions of individual components in the formulation,  

Tg1, Tg2, Tg3 are the glass transition or melt temperature of the components. 

 

Table 2.7: Tg and Tm of lyophilised lysozyme formulations. 

Sample Measured Tg / Tm (°C) 
Predicted Tg / Tm (°C) 

By Fox-Equation 
Literature Tg / Tm (°C) 

Lysozyme Powder 

(as received) 
142.15 ± 0.05 (Tm) 

 

- 

Tg = 179 (Whitaker and 

Tannenbaum, 1977; Matveev et 

al., 1997) 

Histidine Powder  

(as received) 
134.77 ± 5.74 (Tm) - - 

Lysozyme and Histidine 

(Lyo Cake) 
174.39 ± 5.05 (Tm) 141.6 - 

Lysozyme Trehalose 

(Lyo Cake) 
108.48 ± 3.62 (Tg) 110.6 

Tg = 103.0 ± 1.6 (Liao et al., 

2004), 106.85 (Simperler et al., 

2006) 

Lysozyme Mannitol 

(Lyo Cake) 
155.67 ± 1.94 (Tm) 160.25 Tm = 166.0 (Ye and Byron, 2008) 

Lysozyme Sucrose 

(Lyo Cake) 
67.23 ± 1.21 (Tg) 68.49 

Tg = 60.8 ± 1.5 (Liao et al., 2004), 

59.85 (Simperler et al., 2006) 
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The Tg of the freeze-dried formulations were calculated by substituting the weight fraction and glass 

transition temperatures of individual components in Equation 2.5. While the experimental values for 

the freeze-dried trehalose and sucrose-based formulations were consistent with the Fox equation, 

higher deviations were observed in the lysozyme mannitol and histidine-based formulation. The Fox 

equation does not incorporate factors such as density, heat capacities, variations in the conformational 

entropy and the interactions between components in a formulation, so, it does not provide a good 

prediction for the thermal properties of materials (Shamblin et al., 1998; Seo et al., 2006; Pinal, 2008; 

Weng et al., 2014).  

 

2.3.3 Freeze-drying 

 

3 different conventional lyophilization cycles were employed to study the impact of freeze-drying on 

lysozyme and its formulations. Formulations containing trehalose and sucrose were freeze-dried 

using the same recipe, batch number A051018 and A191118 respectively, whereas mannitol followed 

a different cycle with an additional annealing step, batch number B301118. The additional step was 

introduced to study the impact of annealing on the protein. Lysozyme was freeze-dried without any 

excipients or stabilizers in a separate cycle with an increased freezing temperature and reduced 

primary drying duration (batch number A301118). These parameters were altered as pure lysozyme 

and lysozyme in histidine buffer exhibited a very high Tg’ (- 5.46 °C) compared to other formulations 

and so it could be sublimed at higher temperature, thereby, preventing its collapse (Tang and Michael 

J Pikal, 2004). From Figure 2.4, it is evident that the product temperature remained below the Tg’ of 

the formulation until most of the water was sublimed. Thermocouples were used to monitor the 

product temperature during the lyophilization process. Figure 2.4 depicts the lyophilization cycle for 

lysozyme in histidine buffer. The product was frozen at -35 °C for 3 h. The temperature was ramped 

up to 0 °C to increase the rate of sublimation. The temperature probes indicated that the product 

temperature was still below its Tg’ until the product temperature reached the shelf temperature 

approximately after 21 h. The product was maintained at 0 °C for approximately 20 h. During the 
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secondary drying step, the shelf temperature was ramped up to 25 °C for 10 h which allowed the 

desorption of residual water from the lyophilized cake. In this case, no further loss of water was 

observed during secondary drying in the Pirani pressure gauge, as shown in Figure 2.4. The product 

temperature was maintained at 5 °C. This marked the end of the lyophilization cycle. 

 

 

Figure 2.4: Lyophilization cycle for lysozyme in histidine buffer.  

 

 

Lyophilized products are assessed in terms of visual cake appearance, container closer defects, RMC, 

reconstitution time and other release and stability tests for regulatory requirements. This is carried 

out to ensure that the product’s safety, quality and efficacy requirements are met. According to 

“Lyophilization of Parenteral (7/93)” by the FDA, one of the major concerns in terms of cake 

appearance is meltback (FDA, 2014c). Meltback is referred to as partial or total collapse of the freeze-

dried cake due to a change of state from solid to liquid. Other related problems include poor solubility, 

increased rehydration time, partial loss of potency, presence of less stable crystalline or amorphous 
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state etc. (FDA, 2014c). Moreover, several other defects with respect to visual cake appearance have 

been reported. These include product ejection (Wittaya-Areekul et al., 2002), slanted cake (Patel et 

al., 2017), puffing (Patel et al., 2017), lifted cake (Patel et al., 2017), cake shrinkage and cracked 

cake (Rambhatla et al., 2005; Ullrich et al., 2015b, 2015a, 2015c), broken cake (Patel et al., 2017), 

vial fogging (Abdul-Fattah et al., 2013), lyo ring, splashing, skin and foam formation (Kochs et al., 

1991; Esfandiary et al., 2016), volcano (Searles et al., 2001), cake texture and colour, dried product 

between vial and stopper, and the presence of droplets on the interior walls of the vial (Patel et al., 

2017). The acceptance criteria for lyophilised cake appearance varies across the industry and certain 

markets can be very particular. The acceptability of cake appearances as per Patel et al., 2017 is 

summarized in Table 2.8.  

 

Table 2.8: Acceptability of Lyophilized Cake Appearance (adapted from Patel et al., 2017).  

Cake Appearance Does it impact CQAs? Is it acceptable? 

Total Collapse Yes No 

Meltback Yes No 

Product Ejection Yes No 

Product between vial and stopper Yes No 

Puffing, lifted cake, splashing Yes No 

Cake shrinkage and cracking No Yes 

Dusting, chipping, fogging No Yes 

Broken cake No Yes 

Lyo ring Yes No 

Bubble and foam No Yes 

Volcano No Yes 

Glassy droplet No Yes 

Partial Collapse No Yes 

Texture No Yes 

Colour No Maybe 
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The lyophilized lysozyme cake is shown in Figure 2.5. The cake was shrunken, very brittle and light. 

It contained cracks and grooves. This was because of the absence of any stabilizing or bulking agent. 

Cake shrinkage has been linked to cake collapse but may not necessarily be a consequence of cake 

collapse (Patel et al., 2017). A direct and inverse correlation between cake shrinkage, cracking and 

the amount of unfrozen water has been reported. The removal of unfrozen water during freeze-drying 

builds up mechanical stress in the cake which is manifested as volume contraction (cake shrinkage) 

or cake cracking (Rambhatla et al., 2005; Ullrich et al., 2015b, 2015a, 2015c).  

 

Figure 2.5: Lyophilized cakes of lysozyme in histidine buffer. 

 

 

No direct correlation was observed between cake shrinkage, cracking and unfrozen water during the 

drying of trehalose, sucrose and maltose-based solutes. With the increase in the concentration of 

trehalose, cake shrinkage decreased and cracking increased and vice-versa (Patel et al., 2017). 

Lyophilized lysozyme cake containing trehalose as an excipient is shown in Figure 2.6. The cake 

appeared intact and strong, but not rigid. No major cracks or spaces could be seen, and the cake 

appeared dry. The cake was slightly shrunken and flipped when the vial was inverted. Possible 

reasons could include the presence of amorphous components and reduced adsorption and adhesion 

to the inner walls of the vials due to the presence of SiO2 coating in Schott vials which is used to 

minimize interaction between the drug product and the container (Schott; Ullrich et al., 2015a). The 

lyophilization cycle for formulation containing trehalose was similar to that of sucrose.  
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Figure 2.6: Lyophilized cakes of Lysozyme formulated with trehalose. 

 

Furthermore, the impact of freezing rate was studied by Ullrich et al. on cake shrinkage and cracking. 

A decrease in the freezing rate from 0.4 °C/min to 0.2 °C/min led to an increase in cake shrinking 

rather than cracking (Ullrich et al., 2015c). The freeze-drying cycle of the lysozyme formulation 

containing mannitol included an annealing step to study the impact of crystallization. Annealing is 

preferred to crystallize crystalline components during freeze-drying to avoid any compromise with 

storage stability (Lueckel et al., 1998). Moreover, crystallization during the primary drying phase 

may result in vial breakage (Williams et al., 1986). A slow freezing step is preferred during the 

annealing step (Williams et al., 1986; Tang and Michael J. Pikal, 2004).  

The lyophilization cycle of lysozyme mannitol is shown in Figure 2.7. The product was frozen at – 

40 °C for 2 h. During the annealing step, the shelf temperature was ramped up to – 20 °C for 2 h and 

then lowered back to – 40 °C for 2 h. This step was implemented to crystallize mannitol in the frozen 

state (Tang and Michael J. Pikal, 2004). The heating and cooling rate were 0.5 °C/min at every step. 

The shelf temperature was raised to 0 °C to increase the rate of sublimation. As shown in Figure 2.7, 

the product temperature was maintained below its eutectic temperature to prevent collapse of the 

frozen material. The primary drying step continued until 46 h, after which the shelf temperature was 

ramped up to 25 °C for 10 h to initiate secondary drying. In this case also, no further loss of water 

was observed during secondary drying through the Pirani pressure gauge. The product was later 

brought to 5 °C which marked the end of the process.  
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Figure 2.7: Lyophilization cycle for lysozyme formulated with mannitol. 

 

Figure 2.8 shows the lyophilized cake of the lysozyme formulation containing mannitol. The cake 

appeared very strong, intact and rigid showing crystallization of mannitol. It has been reported that 

annealing resulted in moderate shrinkage (Ullrich et al., 2015c; Patel et al., 2017). Crystallization of 

the bulking component, mannitol explains the rigid and intact cake structure with minimal cake 

shrinkage and cracking. Additionally, volcano formation (spike in the cake) was observed in this case 

(Figure 2.8). Volcano formation is observed in the frozen matrix as a result of inward radial freezing 

due to limited or no space for expansion between the cake and the inside wall of the glass vial (Patel 

et al., 2017). This aberration has no impact on the product’s CQAs and is acceptable.  
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Figure 2.8: Lyophilized cakes of lysozyme formulated with mannitol. 

 

Figure 2.9 depicts the lyophilization cycle for the lysozyme formulation containing sucrose. The 

product was frozen at - 45 °C for 2 h and then the shelf temperature was ramped up to -10 °C to 

increase the rate of sublimation. At this point, even though the product temperature was slightly above 

its Tg’, no collapse was observed in the lyophilized cake. Freeze-drying above the Tg’ in certain high 

concentration amorphous protein formulations, with no compromise on the product’s physical and 

chemical stability has been reported (Depaz et al., 2016). It is important to note that the Pirani gauge 

took more than 15 h to drop from ~ 207 µbar to ~ 128 µbar. This could have been due to different 

cake resistances amongst product and placebo vials at the end of primary drying. High cake resistance 

increases the resistance to mass transfer of water vapor, thereby, increasing the time required to 

complete the primary drying phase (Paptoff and Overcashier, 2002; Awotwe-Otoo et al., 2013). The 

primary drying step continued until 42 h after which the shelf temperature was increased to 25 °C to 

initiate secondary drying. This step continued for 10 h in this case. As a result of different cake 

resistances, further loss of water was observed during secondary drying through the Pirani gauge as 

shown in Figure 2.9. This confirmed that the residual moisture after the primary drying phase was 

relatively higher than other formulations. The product temperature was held at 5 °C which marked 

the end of the cycle.  
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Figure 2.9: Lyophilization cycle for lysozyme formulated with sucrose. 

 

The lyophilized lysozyme formulation containing sucrose can be seen in Figure 2.10. The cake 

appeared to be similar to the cake containing trehalose. The cake was strong, intact and devoid of any 

major cracks, but was not rigid. In this case, the cake flipped when the vial was inverted, thereby, 

showing cake shrinkage due to the presence of purely amorphous components and minimum product 

interaction with the container.  

 

 

Figure 2.10: Lyophilized cakes of lysozyme formulated with sucrose. 
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Lam and Patapoff introduced two methods of encapsulation for freeze-dried cakes in Dow Corning 

Sylgard 184 polydimethylsiloxane (PDMS) for visualizing intricate cake structures normally not 

visible to naked eyes (Lam and Patapoff, 2011). They studied the physical impact of different freezing 

methods, namely, normal freezing, directional ice growth and ice growth via rapid freezing on freeze-

dried cake structure and appearance. Through a fluorescence imaging system, they were able to obtain 

cross-sectional cake images with better resolution, magnification and contrast (Lam and Patapoff, 

2011). More recently, Haeuser et al. used a variety of techniques such as three-dimensional laser 

scanning, polydimethylsiloxane embedding, scanning electron microscopy (SEM) and 

microcomputed tomography (µ-CT) to study and characterize freeze-dried cakes (Haeuser et al., 

2018). They concluded that even though all imaging techniques gave complementary information on 

cake structures at different levels, µ-CT was the most powerful non-invasive tool to qualitatively and 

quantitatively measure changes in cake structure and appearance and could be used during process 

development and at-line monitoring of lyophilized pharmaceutical products (Haeuser et al., 2018). 

These techniques can be employed to study and characterize lyophilized cakes in the future.  

 

2.3.4 Vial headspace moisture analyses 

 

The vial’s headspace moisture was measured using the Light House® instrument (LightHouse 

Instruments, 2018). This is based on Frequency Modulated Spectroscopy (FMS). This non-invasive 

technique employs laser light of wavelength 1400 nm which is passed through the vial’s headspace 

and is collected onto a photo detector (Cook and Ward, 2011b, 2011a). This frequency resonates with 

the internal vibrational frequency of the water molecule, thereby, measuring the moisture 

concentration as vapor pressure. The moisture vapor pressure varied between 0.21 – 0.36 mbar for 

all lysozyme formulations (Figure 2.11).  

It is interesting to note that a coefficient of determination (R2 = 0.97) was achieved showing a good 

correlation between the vials’ headspace moisture and the RMC for all freeze-dried lysozyme 

formulations (Figure 2.12). The residual moisture content is reported in section 2.3.5 (Figure 2.13). 
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This correlation can be used to estimate the average RMC in freeze-dried cakes in a batch of lysozyme 

formulations containing either trehalose, mannitol or sucrose using the non-invasive FMS Light 

House® instrument without the need for Karl Fischer titration. On average, it takes 3 – 4 s per vial to 

measure the headspace moisture using FMS Light House®, whereas it can take ≥ 30 min per vial to 

measure the RMC using Karl Fischer titration. This technique can significantly reduce time and the 

need for sample preparation for a number of drug product vials for batch release testing. Moisture 

mapping of freeze-dried vials can further help in lyophilization cycle development. Moreover, this 

technique can be configured as a PAT tool for real-time in-process measurements. Recently, authors 

have developed non-invasive models to determine the RMC in freeze-dried cakes using FMS (Affleck 

et al., 2021; Pu et al., 2022).  

 

Figure 2.11: Vial headspace moisture content in lyophilized lysozyme formulations (n = 3).  
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Figure 2.12: Correlation between Vial headspace moisture and RMC for all lysozyme formulations 

(n = 3).  

 

2.3.5 Residual Moisture Content analyses 

 

The RMC in the lyophilized lysozyme cakes was measured using Karl Fischer titration and was found 

to be in the range 0.32 % – 1.23 % as shown in Figure 2.13. The RMC values were within the 

specifications for lyophilized biologics (≤ 2.0 %) as per Table 2.9. The relatively high RMC in 

lysozyme sucrose cakes observed can be explained as per Figure 2.9. High cake resistance hinders 

the rate of vapor flow resulting in higher moisture levels. This is evident with the further loss of water 

observed during the secondary drying phase through a spike in the Pirani gauge between 40 – 45 h 

(Figure 2.9).  
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Figure 2.13: RMC in lyophilised lysozyme formulations (n = 3).  

 

Table 2.9: General specifications for lyophilized biologics. 

Method Specification 

Residual Moisture ≤ 2.0 % 

Reconstitution Time ≤ 10 minutes 

Dimer ≤ 8 % 

Aggregation ≤ 3 % 

 

 

2.3.6 Concentration, Turbidity and Reconstitution Time analyses 

 

The reconstituted freeze-dried vials are shown in Figure 2.14. While several methods such as 

Bradford Protein Assay (Bradford, 1976), Bicinchoninic Acid (BCA) Assay (Smith et al., 1985), 

Lowry (Alkaline Copper Reduction) Assay (Lowry et al., 1951) and other dye based assays have 

been used historically to measure the concentration of proteins (Noble and Bailey, 2009), the UV 

absorbance-based technique at 280 nm is a simple method to quantify proteins with minimum sample 

preparation. This method works in the range of 20 – 3000 µg/mL (Noble and Bailey, 2009).  
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Moreover, UV absorbance in the light scattering region (320 nm – 350 nm) can be performed to 

identify and quantify turbid protein samples or suspended particles (Leach and Scheraga, 1960). In 

some cases, UV absorbance at 205 nm can result in more sensitivity and less variability amongst 

different protein molecules as a large number of peptide bonds absorb more photons at 205 nm (Noble 

and Bailey, 2009). Measurements at 205 nm are typically carried out at short path lengths and where 

the number of peptide bonds are more compared to aromatic amino acids.  

The UV absorbance-based method at 280 nm along with Beer Lambert’s Law (Equation 2.1) was 

used to calculate the concentration of the reconstituted freeze-dried lysozyme samples. The freeze-

dried cakes were reconstituted within 1.5 min as the vials were gently rotated at an angle of 45°. The 

concentration of rehydrated freeze-dried lysozyme formulations was comparable to the original 

formulated bulk (10 mg/mL), as shown in Table 2.10. A simple way of visually estimating protein 

aggregation in terms of the level of turbidity was performed by categorizing the rehydrated protein 

solution as clear, slightly opalescent, opalescent, very opalescent, slightly cloudy, cloudy and very 

cloudy (Eckhardt et al., 1994). Visually no distinction could be made between clear and opalescence 

in the reconstituted vials (Figure 2.14), so, the optical density of these samples was recorded at 350 

nm (Table 2.10).            

           

 

Figure 2.14: Reconstituted freeze-dried (a) lysozyme trehalose, (b) lysozyme mannitol and (c) 

lysozyme sucrose. 
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Table 2.10: Reconstitution time, concentration and turbidity of rehydrated freeze-dried lysozyme 

formulations. 

Sample Reconstitution Time (min) Concentration (mg/mL) Optical Density A
350

 

Freeze-dried excipient-free 

Lysozyme 
1.0 9.99 ± 0.007 0.030 ± 0.0010 

Freeze-dried Lysozyme 

Trehalose 
1.5 9.09 ± 0.09 0.026 ± 0.0057 

Freeze-dried Lysozyme 

Mannitol  
2.0 10.31 ± 0.05 0.037 ± 0.0106 

Freeze-dried Lysozyme 

Sucrose  
1.0 9.70 ± 0.04 0.046 ± 0.0127 

 

Figure 2.15 depicts the optical density of rehydrated freeze-dried lysozyme formulations in the light 

scattering region (350 nm). Mahler et al. studied the impact of shaking and shearing stress on chimeric 

mouse/human mAb (IGg1) formulation in terms of turbidity and protein aggregation (Mahler et al., 

2005).  They reported some absorbance values at 350 nm as clear solution (0.008 – 0.019), slightly 

opalescent solution (0.0029 – 0.0035), opalescent solution (0.049 – 0.086) and very opalescent 

solution (0.139 – 2.196) (Mahler et al., 2005). Moreover, the optical density of some reconstituted 

freeze-dried lactate dehydrogenase (LDH) was reported to be in the range of 0.005 – 0.024 (Al-

hussein and Gieseler, 2013). They elucidated that the turbidity values of protein formulations 

containing citrate and histidine buffer was lower than formulations containing phosphate buffers. 

Protein denaturation in terms of the presence of insoluble aggregates was minimum in formulations 

containing histidine, whereas protein denaturation in terms of the presence of soluble aggregates 

could not be quantified using this technique (Al-hussein and Gieseler, 2013). They also reported that 

turbidity values of LDH samples was the lowest at pH 6 and enzyme activity decreased with increase 

in turbidity (Al-hussein and Gieseler, 2013). Based on the turbidity values (Table 2.10 and Figure 

2.15), the rehydrated freeze-dried lysozyme samples can be categorized as clear/slightly opalescent 

solutions indicating minimal presence of insoluble aggregates.  
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Figure 2.15: Optical Density of reconstituted freeze-dried lysozyme formulations measured at 350 

nm. 

 

2.3.7 Secondary Structure analyses using FTIR Spectroscopy 

 

Infrared spectra of lysozyme formulations were collected using Attenuated Total Reflectance (ATR) 

Fourier Transform Infrared (FTIR) spectroscopy to study the secondary structure of the protein in the 

dried state, particularly across the amide I region. Figure 2.16 represents the FTIR spectra of 

lysozyme formulations in the dried state post lyophilization. The basic FTIR spectrum shape of 

lysozyme is similar to the spectrum shown in literature (Lewis et al., 2010). An α-helical structure is 

assigned between 1654 cm-1 – 1658 cm-1, β-sheets structure is assigned at 1624 cm-1 and 1641 cm-1 

and bands between 1655 cm-1 and 1710 cm-1 were assigned to β-sheets and turns in the protein 

structure (Susi and Byler, 1986; Dong et al., 1990; Liao et al., 2002; Yang et al., 2015). Moreover, 

the bands around 1638 cm-1 and 1683 cm-1 are assigned to intramolecular β-sheets and the bands at 

1616 cm-1 and 1695 cm-1 are ascribed to intermolecular β-sheets (Dong et al., 1994) (Allison et al., 

1999) (Al-Hussein and Gieseler, 2012).   

Freeze-dried lysozyme in the absence of any excipient (saccharide) showed a shift in the α-helix band 

at 1643 cm-1, whereas the α-helix bands for formulations containing trehalose, mannitol and sucrose 

were present between 1650 cm-1 – 1660 cm-1. This shift in the frequency of α-helix band of lysozyme 
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without any excipient was due to the presence of weak hydrogen bonds, whereas formulations 

containing excipients exhibited α-helix bands at higher wavenumbers due to the presence of strong 

hydrogen bonds between lysozyme and the excipient. This shift can further be elucidated by the 

mechanism for the stabilization of proteins proposed by various authors (Carpenter et al., 1994; 

Allison et al., 1999; Kreilgaard et al., 1999; Ajmera and Scherließ, 2014). The water replacement 

hypothesis states that proteins form hydrogen bonds with stabilizers during dehydration. These 

hydrogen bonds protect and stabilize proteins from external stress. In the absence of stabilizers, weak 

hydrogen bonding can be observed in the lyophilized spectra of lysozyme (blue) in Figure 2.16.  

Broader and smaller bands seen at 1616 cm-1 and 1690 cm-1 indicated the presence of intermolecular 

β-sheets and Turn structures and bands around 1680 cm-1 were ascribed to the intramolecular β-sheet 

structure. Lysozyme formulations containing trehalose and sucrose showed an intact α-helical peak 

at 1655.1 cm-1 and 1654.6 cm-1 respectively, post lyophilization. A small shoulder was observed in 

the spectra of trehalose and sucrose-based formulations which can be seen between 1640 cm-1 and 

1650 cm-1. Unordered structure or random coils have been reported to be present between 1640 cm-1 

and 1650 cm-1 (Krimm and Bandekar, 1986; Kong and Yu, 2007). More recently, random coils were 

reported to be present at ~ 1646 cm-1 (Wilson et al., 2019). Therefore, in-line with the water 

replacement hypothesis, these results showed that the secondary structure of lysozyme, in the 

presence of saccharides, was preserved post freeze-drying.  
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Figure 2.16: Solid-State second derivative FTIR Spectrum of lysozyme formulations. 164 scans were 

collected at a resolution of 4 cm-1 from 4000 cm-1 to 400 cm-1 and the Norris second derivative was 

analyzed from 1700 cm-1 to 1600 cm-1 across the amide I region. 

 

2.3.8 Secondary and Tertiary Structure analyses using CD Spectroscopy 

 

Information about the secondary structure composition of lysozyme was obtained through the far 

ultraviolet region (180 nm – 260 nm) of the CD spectrum. In this region, peptide bonds are the 

chromophores that absorb electromagnetic radiation below 240 nm (Kelly et al., 2005). Figure 2.17 

shows a comparison between the lysozyme formulations in the liquid state prior to and post 

lyophilization. The α-helical content of the protein was seen at 208 nm (strong band) and 222 nm 

(weak band) (Figure 2.17) (Kelly et al., 2005; Nemzer et al., 2013) showing that the protein is rich 

in helical content. A weak band at 218 nm corresponded to β-sheet structures (Lewis et al., 2010). 

Absorption peaks due to β-sheet structures are weaker in helical rich proteins. Typically, proteins rich 

in β-sheet structures show a negative peak ~ 215 nm and a positive peak ~ 195 nm (Sreerama, 2003; 

Wallace, 2009). Moreover, natively disordered or unfolded proteins show a small peak around 180 
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nm – 185 nm and a broad negative peak around 195 nm – 198 nm (Matsuo et al., 2007; Wallace, 

2009). Some disordered proteins exhibited a single negative peak at 200 nm (Miles and Wallace, 

2020). These peaks were absent in all lysozyme formulations showing that the protein’s secondary 

structure was intact post lyophilization.  

Absorption occurs as electrons in the chromophore are excited from ground state to a higher energy 

state. Peptide bonds in the far UV region exhibit two electronic transitions, i.e., an n → π* and a π → 

π* transition. A broad negative peak at 222 nm is due to n → π* transition and a negative peak at 208 

nm and a positive peak at 192 nm correspond to π → π* transition (Figure 2.17) (Kelly et al., 2005; 

Bulheller et al., 2007; Miles and Wallace, 2020). The positive peak (192 nm) and the negative peak 

(208 nm) arise due to the splitting of the higher energy level during the π → π* transition. This occurs 

due to the coupling of adjacent chromophores absorbing in this region (Gilbert and Hirst, 2004). 

Proteins rich in β-sheet structures exhibit π → π* transitions with a much lower intensity than α-

helical content (Miles and Wallace, 2020). The comparable far UV CD spectra of lysozyme prior to 

and post lyophilization showed that the secondary structure of lysozyme was preserved (Figure 2.17).  
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Figure 2.17: Far UV CD spectrum of lysozyme formulations across 180 nm – 260 nm, at every 1 nm 

for 2 s per point with a 1 nm bandwidth.  

 

Quantitative analysis of the far UV CD spectrum obtained in Figure 2.17 was performed using 

CDSSTR analysis program on the DICHROWEB server (Whitmore and Wallace, 2004, 2007; 

Wallace, 2020). The secondary structure predictions are shown in Table 2.11. A NRMSD value of < 

0.05 represents a good fit of the sample data with the reference set. The lysozyme trehalose-based 

formulation exhibited higher helical content and lower sheet content prior to and post lyophilization. 

Unlike other formulations, the helical (47 %) and sheet (6 %) content of the trehalose-based 

formulation was not consistent with the data reported for native lysozyme (Protein Data Bank 1DPX; 

Kong and Yu, 2007; Siddhanta et al., 2015). Interestingly, Ji et al. reported 49 % helical and 6 % 

sheet content in a lysozyme formulation containing trehalose, ethanol and water which was correlated 

to the higher intensity of the α-helix peak observed using FTIR spectroscopy (Ji et al., 2017).  
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Table 2.11: CDSSTR analysis of lysozyme formulations prior to and post lyophilization. Secondary 

structure predictions were performed using DICHROWEB (Whitmore and Wallace, 2004, 2007; 

Wallace, 2020). The reference set was adapted from Abdul-Gader et al., 2011.  

Sample Helix Sheet Turn Unordered NRMSD 

Lysozyme Histidine Pre-Lyo 42 % 8 % 17 % 32 % 0.024 

Lysozyme Histidine Post-Lyo 41 % 10 % 16 % 33 % 0.022 

Lysozyme Trehalose Pre-Lyo 47 % 6 % 16 % 31 % 0.022 

Lysozyme Trehalose Post-Lyo 48 % 7 % 16 % 31 % 0.024 

Lysozyme Mannitol Pre-Lyo 41 % 9 % 16 % 32 % 0.026 

Lysozyme Mannitol Post-Lyo 41 % 11 % 15 % 33 % 0.023 

Lysozyme Sucrose Pre-Lyo 42 % 10 % 16 % 32 % 0.023 

Lysozyme Sucrose Post-Lyo 42 % 10 % 16 % 33 % 0.022 

 

The tertiary structure of lysozyme was studied in the far ultraviolet region (260 nm – 320 nm) of the 

CD spectrum. Aromatic amino acids and disulphide bonds are the chromophores that absorb in this 

region. Tryptophan, Tyrosine and Phenylalanine residues exhibit a characteristic band between 290 

nm and 305 nm, 275 nm and 282 nm, 255 nm and 270 nm, respectively (Kelly et al., 2005). 

Absorption by aromatic amino acid side chains correspond to π → π* vibronic transitions (Miles and 

Wallace, 2020). In certain proteins, aromatic side chains can produce higher intensity signals in the 

far UV CD region also, but are generally small compared to absorption by peptide bonds (Krittanai 

and Johnson, 1997; Kelly et al., 2005; Miles and Wallace, 2020). In Figure 2.18,  a band at ~ 289 nm 

shows the presence of Tryptophan, a broader band at ~ 283 nm indicates the presence of Tyrosine 

and Phenylalanine exhibits a weaker band at ~ 265 nm. In this case, the shape and magnitude of the 

spectra depends on the number and type of aromatic amino acids, their mobility and local 

environment, i.e., polar groups, H-bonding, spatial orientation with the molecule and neighboring 

protein molecules (Kelly et al., 2005; Miles and Wallace, 2020). Moreover, disulphide bonds also 

produce weak absorption bands around 260 nm due to n → σ* transitions (Woody, 1995). The 
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comparable near UV CD spectra of lysozyme prior to and post lyophilization demonstrates that its 

tertiary structure was preserved (Figure 2.18).  

 

Figure 2.18: Near UV CD spectrum of lysozyme formulations across 260 nm – 320 nm, at every 1 

nm for 5 s per point with a 1 nm bandwidth.  

A temperature ramp study was performed to observe the shift in the spectra of lysozyme in the far as 

well as in the near UV CD regions as shown in Figure 2.19 and Figure 2.20 respectively. Figure 2.19 

depicts the far UV CD spectra recorded every 10 °C from 20 °C to 80 °C. The protein was observed 

to be intact until 40 °C. Reduced alpha helical content with the increase in temperature was observed 

due to the decrease in absorbance showing the unfolding of the protein’s secondary structure. 

Moreover, an isosbestic point was observed at 201 nm where the absorbance of the protein remained 

constant at different temperatures. A similar shift in the CD spectra of lysozyme was seen in the near 

UV region, shown in Figure 2.20. Complete flattening of the spectrum showed that the protein lost 

its tertiary structure at 80 °C.  
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The structural stability of a protein is studied in terms of its denaturation temperature along with other 

conditions such as pH, ionic strength etc. (Cooper, 1999; Chi et al., 2003; Zhang and Cremer, 2009). 

The denaturation temperature of lysozyme and BSA solutions have been reported to be 73 °C and 58 

°C, respectively (Giancola et al., 1997; Almeida et al., 2004; Iwashita et al., 2017; Perez and Oliveira, 

2017). Perez and Oliveira elucidated this using DSC, CD, SAXS (Small Angle X-ray scattering) and 

Fluorescence spectroscopy (Perez and Oliveira, 2017). They showed significant differences in the 

CD spectra of lysozyme at 20 °C and 90 °C indicating loss of secondary structure. Moreover, using 

SAXS and IFT analysis, they showed that at 70 °C radius of gyration of lysozyme increased but the 

molecular mass remained unchanged, whereas at ≥ 75 °C there was an increase in the size as well as 

the molecular weight of the protein indicating protein denaturation and aggregation. Lysozyme is a 

relatively stable molecule with higher denaturation temperature (73 °C) due to strong disulphide 

bridges and a lower molecular mass compared to BSA which contains a large number of amino acids 

and is more prone to structural flexibility and instabilities (Giancola et al., 1997; Hirai et al., 1998; 

Voets et al., 2010; Sun et al., 2015; Perez and Oliveira, 2017). Furthermore, Blumlein and McManus 

reported the melt transition temperature of lysozyme to be 74.6 °C (Blumlein and McManus, 2013). 

This data is consistent with the results obtained in Figure 2.19 and Figure 2.20.  

 

Figure 2.19: Temperature denaturation of lysozyme in the Far UV CD region. 
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Figure 2.20: Temperature denaturation of lysozyme in the Near UV CD region. 

 

To further quantify the differences between the secondary structure of lysozyme at room temperature 

(native) and at 80 °C, the CDSSTR analysis was run on the DICHROWEB online server (Table 2.12). 

A reduction in the helical and turn structures and an increase in the sheet and unordered structures 

indicated the loss of the protein’s secondary structure at 80 °C, eventually leading to denaturation of 

the protein compared to its native state.  

 

Table 2.12: CDSSTR analysis of lysozyme formulation at room temperature and 80 °C. Secondary 

structure predictions were performed using DICHROWEB (Whitmore and Wallace, 2004, 2007; 

Wallace, 2020). The reference set was adapted from Abdul-Gader et al., 2011.  

Sample Helix Sheet Turn Unordered NRMSD 

Lysozyme (native) 42 % 8 % 17 % 32 % 0.024 

Lysozyme at 80 °C 7 % 35 % 13 % 42 % 0.073 
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2.3.9 Dynamic Light Scattering  

 

Liquid-state particle size analyses was studied using DLS. Figure 2.21 shows the PSD by percentage 

intensity and percentage mass in a rehydrated freeze-dried lysozyme trehalose formulation. A 

multimodal PSD with three peaks were observed at ~1.5 nm, ~15 nm and ~100 nm in the size 

distribution by intensity, whereas only one peak was observed at ~1.5 nm in the size distribution by 

mass. The peak at ~1.5 nm may correspond to monomeric lysozyme (Figure 2.21). Due to the poor 

resolution of the single-angle DLS instrument (Den Engelsman et al., 2011; Weinbuch et al., 2015), 

the peaks for lysozyme, histidine and sucrose are unresolved between 0.5 nm – 4 nm (Figure 2.21). 

A similar size distribution profile was observed in all formulations prior to and post lyophilization. 

The polydispersity index (PDI) values (Table 2.13) for all samples was > 0.7 indicating that all 

samples contained particles of different sizes in the solution (Malvern Panalytical, 2011).  

The hydrodynamic diameter of lysozyme was reported to be in the range 3.6 nm – 4.6 nm across a 

pH range of 4 – 10 (Bezemer et al., 1999; Wei et al., 2019; Zhang et al., 2020). Upon increasing the 

ionic strength, the hydrodynamic diameter of lysozyme decreased due to the presence of a compact 

diffuse layer surrounding the protein, thereby, reducing the diameter of the shear plane of the charged 

protein (Zhang et al., 2020). The hydrodynamic diameter of lysozyme was reported to be 4.1 nm at 

pH 7.4 (Bezemer et al., 1999) whereas it was 3.64 nm at pH 3.3 (Valstar et al., 1999). This data was 

only consistent with results shown below in Figure 2.22 (a). The additional peaks shown in Figure 

2.21 could not be identified.  
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Figure 2.21: Representative PSD for all freeze-dried lysozyme formulations. 

 

Since all 3 formulations were highly polydisperse, the Z-average values (Table 2.13) do not represent 

a true average of the monomeric protein and can be ignored. It is a reliable parameter for unimodal 

distributions (Malvern Panalytical, 2011). The presence of additional peaks may either correspond to 

agglomerates of impurities or aggregates of lysozyme. According to the manufacturer, Merck / Sigma 

Aldrich, the product’s purity is ≥ 90 % (lysozyme) and the remaining ~10 % includes buffer salts 

such as sodium acetate and sodium chloride. The presence of additional peaks at ~100 nm – 200 nm 

in sucrose and sucrose containing protein solutions, which can interfere with the size analysis of 

proteins, have been reported (Kaszuba et al., 2008; Hawe et al., 2011; Weinbuch et al., 2015). 

Weinbuch et al. reported the presence of interfering signals at ~100 nm – 200 nm in sugar containing 

lysozyme and IgG1 solutions using DLS and nanoparticle tracking analysis (NTA) (Weinbuch et al., 

2015). They investigated the presence of these peaks in various sugars (sucrose, trehalose, fructose, 

maltose and galactose) from various suppliers and different grades. They concluded that peaks 

appearing at ~100 nm – 200 nm were agglomerates of various impurities such as dextrans, ash and 
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aromatic colorants that may be present even after the refinement process. They demonstrated the 

removal of these impurities using a filter with a pore size of 0.02 µm (Weinbuch et al., 2015). 

Moreover, Hawe et al. elucidated that surfactants, if present above the critical micelle concentration, 

could interfere with DLS measurements as they reported the presence of polysorbate 80 micelles at 

~12 nm in the adalimumab formulation (Hawe et al., 2011).  The presence of peaks at ~100 nm in all 

lysozyme formulations (Figure 2.21 and Table 2.13) may correspond to impurities.  

On the contrary, the presence of additional peaks in the range of 60 nm – 1000 nm were attributed to 

protein aggregates relative to the size of the monomeric protein (Panchal et al., 2014; Wang et al., 

2016). Panchal et al., using a Zetasizer ZS90 (Malvern Instruments), demonstrated that DLS was 

unable to resolve particles of size 20 nm from ≤ 200 nm, but were able to resolve 20 nm particles 

from ≥ 200 nm (Panchal et al., 2014). They observed peaks shifts when the concentration of different 

sized particles in a mixture was varied. Furthermore, it was shown that for polydisperse solutions, 

DLS was unable to accurately measure the particle size (Filipe et al., 2010).  

Since the PDI for all lysozyme formulations was > 0.7, DLS was not a suitable technique for 

quantitative analysis of PSD. Furthermore, all samples were centrifuged to separate the monomeric 

protein to obtain a monodisperse solution. 

 

Table 2.13: Z-average, Polydispersity Index and PSD for reconstituted freeze-dried lysozyme 

formulations. 

Sample 
Z-Average 

(nm) 
PDI 

Peak 1 (nm); 

Intensity (%) 

Peak 2 (nm); 

Intensity (%) 

Peak 3 (nm); 

Intensity (%) 

Lysozyme 

Trehalose 
8.84 1 

1.54; 

25.4 

15.51; 

10.8 

103.1; 

63.8 

Lysozyme 

Mannitol 
8.86 1 

1.54; 

20.0 

11.22; 

26.8 

94.03; 

53.2 

Lysozyme 

Sucrose 
26.33 1 

1.4; 

14.3 

14.81; 

8.1 

136.1; 

77.6 
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To separate out the additional peaks corresponding to either soluble or insoluble particulates, all 

lysozyme formulations were centrifuged at 20,000 g at 4 °C for 20 min. Post centrifugation, the 

supernatant and pellet (left over) were separated and analyzed separately using DLS. Visibly, no 

precipitates were observed in the pellet. Figure 2.22 (a) illustrates the PSD of centrifuged lysozyme 

formulated in reaction buffer. A single peak present at ~ 4.4 nm confirmed the presence of monomeric 

lysozyme. This value was consistent with literature values (Bezemer et al., 1999; Wei et al., 2019; 

Zhang et al., 2020). A low polydispersity index (0.14) and Z-average (3.96 nm) were observed 

showing that centrifugation was able to separate the monomer and the large-sized species in the 

solution. On the other hand, greater sized particulates were separated out as observed in the pellet 

post centrifugation (Figure 2.22 (b)) as heavier particles settle down under the influence of centrifugal 

force and lighter particles are pulled towards the central axis of rotation. 

Unlike Figure 2.22 (a), all other lysozyme formulations analyzed exhibited a multimodal distribution 

present in the supernatant as well as the left-over pellet post centrifugation (Figure 2.22 (b)). The PDI 

for all formulations except lysozyme in reaction buffer was ~ 0.7 (Table 2.14). This indicated that 

those solutions were polydisperse and were not suitable for DLS analysis. To further identify and 

quantify the particles present with greater size than that of lysozyme, size exclusion chromatography 

(SEC) was employed. 
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Figure 2.22: PSD of centrifuged supernatant (a) and pellet (b) for  lysozyme in Reaction Buffer. 

 

 

 

(a) 

(b) 
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Table 2.14: Z-average and Polydispersity Index for centrifuged lysozyme formulations. 

Sample 
Z-Average 

(nm) 
PDI 

Peak 1 (nm); 

Intensity (%) 

Peak 2 (nm); 

Intensity (%) 

Peak 3 (nm); 

Intensity (%) 

Lysozyme in 

Reaction Buffer 

(supernatant) 

3.96 0.14 
4.45; 

100.0 

0; 

0 

0; 

0 

Lysozyme in 

Reaction Buffer 

(pellet) 

8.71 0.62 
3.70; 

52.9 

81.85; 

15.7 

236.9; 

27.3 

Lysozyme in 

Histidine Buffer 

(supernatant) 

4.35 0.72 
1.54; 

45.7 

94.03; 

54.3 

0; 

0 

Lysozyme in 

Histidine Buffer 

(pellet) 

24.49 0.73 
1.4; 

31.4 

98.47; 

68.6 

0; 

0 

Lysozyme 

Trehalose 

(supernatant) 

13.79 1 
1.53; 

21.0 

11.76; 

6.6 

108.0; 

72.0 

Lysozyme 

Trehalose (pellet) 
56.58 0.94 

1.34; 

22.7 

0.84; 

1.2 

129.9; 

86.8 

Lysozyme 

Mannitol 

(supernatant) 

25.17 1 
1.61; 

17.3 

21.43; 

2.10 

136.1; 

79.9 

Lysozyme 

Mannitol (pellet) 
81.61 0.66 

1.34; 

9.2 

129.9; 

88.8 

1250; 

2.0 

Lysozyme 

Sucrose 

(supernatant) 

9.59 1 
1.54; 

25.5 

14.14; 

8.80 

103.1; 

65.7 

Lysozyme 

Sucrose (pellet) 
- - - - - 

 

  

2.3.10 Size Exclusion Chromatography 

 

Quantitative analysis was carried out to further study the aggregation profile and the PSD in lysozyme 

formulations using SEC. This technique is a release test method for biologics and has been employed 

widely to quantify protein aggregates (L. Wu et al., 2015; Farrell et al., 2016; Iwashita et al., 2017; 

Moorthy et al., 2018; Wilson et al., 2019). The BioRad protein calibration standard was run through 

TSK gel 3000 SWXL with an exclusion limit range from 10,000 Da to 500,000 Da. The molecular 

weight of the components in the standard are shown in Table 2.15. The calibration standard was used 

to then identify the elution of lysozyme in rehydrated freeze-dried formulations. All components 

eluted in the decreasing order of their molecular masses and were detected using a multiwavelength 

detector at 214 nm exhibiting greatest absorbance (Figure 2.23 and Table 2.16).  
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Table 2.15: BioRad Gel Filtration Standard Components. 

Component Molecular Weight (Da) 

Thyroglobulin (bovine) 670,000 

γ- Globulin (bovine) 158,000 

Ovalbumin (chicken) 44,000 

Myoglobin (horse) 17,000 

Vitamin B12 1,350 

 

 

 

 

Figure 2.23: Chromatogram showing the elution of different proteins based on their molecular 

mass. 

 

 

Table 2.16: Retention Time and Peak Area for the elution of BioRad Gel Filtration Standards. 

Analyte RT Area Area % 

1 10.809 14132.7 5.70 

Thyroglobulin 11.512 52195.9 21.05 

3 13.676 10821.1 4.36 

γ- Globulin 16.141 68518.8 27.63 

Ovalbumin 18.519 54767.1 22.09 

Myoglobin 21.110 31767.8 12.81 

Vitamin B12 23.987 15713.5 6.33 
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Lysozyme formulations at concentrations of 10 mg/mL and 1 mg/mL were injected on the HPLC. 

Figure 2.24 illustrates a chromatogram showing the elution of lysozyme formulated in histidine buffer 

at 23.57 min. This peak eluted between Myoglobin (molecular weight = 17,000 g/mol and RT = 21.11 

min) and Vitamin B12 (molecular weight = 1350 g/mol and RT = 23.98 min) confirming it to be a 

monomer of lysozyme (molecular weight = 14,307 g/mol and RT = 23.57). The SEC method 

employed was not able to provide a high resolution of separation between lysozyme (RT = 23.57) 

and Vitamin B12 (RT = 23.98), as both components lied on the lower side of the exclusion limit. A 

slight shoulder with a peak area of 0.69 % was observed at 22.71 min just before the elution of the 

monomeric lysozyme peak. No peaks were observed between 0 – 22 min indicating the absence of 

high molecular weight species (HMWS). Similar chromatographic profiles were obtained for all other 

lysozyme formulations (Figure 2.25).  

 

 

Figure 2.24: Chromatogram showing the elution of lysozyme (10 mg/mL) formulated in histidine 

buffer. 

 

 

Table 2.17: Retention Time and Peak Area for lysozyme and its aggregates. 

Analyte RT Area Area % 

HMWS 22.71 1133.6 0.69 

Lysozyme 23.57 162907.5 99.30 
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The proportion of aggregates present were between 0.6 – 0.8 % of the total area and no additional 

peaks were observed indicating the absence of HMWS (Figure 2.25). These results indicated the 

presence of a very small fraction of lysozyme dimers but did not further elucidate the presence of 

additional peaks observed using DLS.  

Lewis et al. employed two columns with different size exclusion limits (G3000SWXL and 

G2000SWXL) in series on their HPLC system to study the protein aggregation in gently and 

aggressively freeze-dried lysozyme, BSA and IgG (Lewis et al., 2010). They found that the 

proportion of HMWS formed after 13 weeks of storage at 40 °C in lysozyme was ~ 0.35 % and in 

BSA was ~ 13 %.  The proportion of aggregates reported were similar for both proteins at 5 mg/mL 

and 20 mg/mL. No differences in the formation of aggregates was observed when both proteins were 

freeze-dried gently and aggressively. A significant difference in the proportion of aggregates of IgG 

protein was reported at 5 mg/mL (~ 0.7 %) and 20 mg/mL (~ 2 %) at exaggerated storage conditions 

(Lewis et al., 2010). The presence of lysozyme dimer with a molecular weight of 28.6 kDa has been 

reported (Thomas et al., 1996; Onuma and Inaka, 2008; Cegielska-Radziejewska et al., 2010; Utsumi 

et al., 2017). Moreover, a chromatographic method was demonstrated to separate lysozyme dimers 

from a solution containing 66 mg/mL lysozyme in Tris-HCl buffer at pH 7.5 (Onuma and Inaka, 

2008). They observed the appearance and disappearance of lysozyme dimers using SEC and SDS-

PAGE. They elucidated that covalently bonded (strongly bonded) dimers appeared at the 28.6 kDa 

band in SDS-PAGE and weakly bonded dimers that showed non-specific hydrophobic interaction 

dissociated to form monomers at the 14.3 kDa band (Onuma and Inaka, 2008). Furthermore, out of 

the 78 identified hen egg white proteins, ovalbumin, ovotransferrin and lysozyme C are regarded as 

its major constituents (Mann, 2007). Iwashita et al. reported co-aggregation between ovalbumin and 

lysozyme in a mixture containing both the proteins using SEC and SDS-PAGE (Iwashita et al., 2017). 

Lysozyme alone did not show aggregation and remained as a soluble monomer even after heat 

treatment for 30 min. The peak area of heat-treated lysozyme decreased with respect to the peak area 

of native lysozyme, but no additional peaks were observed indicating the absence of soluble 
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aggregates. However, aggregation in lysozyme was observed only by increasing the relative amounts 

of ovalbumin in the mixture (Iwashita et al., 2017).  

 

Figure 2.25: Aggregation profile of freeze-dried lysozyme formulations. 

 

 

Some of the results from literature studies suggest that the additional peaks observed in DLS could 

either correspond to agglomerates of residual amounts of impurities or HMWS of lysozyme present 

below the limit of detection of the SEC method which are highly sensitive to light scattering. To 

explain the aggregation profile of lysozyme, alternative HPLC detectors and analytics would be 

required.  
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2.3.11 Powder X-Ray Diffraction (pXRD) 

 

A qualitative powder XRD method was employed to identify formulations as amorphous and 

crystalline post lyophilization. Figure 2.26, Figure 2.27 and Figure 2.28 depict the X-ray diffraction 

patterns for lysozyme formulations containing trehalose, mannitol and sucrose, respectively. The 

XRD pattern for trehalose and sucrose-based formulations showed a broad peak from 3° to 60° 

suggesting the scattering of x-rays in many directions as a result of a random arrangement of atoms 

in the 3-D space indicating the presence of amorphous phase in the samples (Figure 2.26 and Figure 

2.28, respectively). On the other hand, the XRD pattern for the mannitol-based formulation showed 

sharp distinct peaks of high intensity at periodic intervals from 3° to 60° suggesting x-ray scattering 

only in certain directions as a result of the presence of crystalline phase in the sample (Figure 2.27). 

Moreover, the XRD pattern of the mannitol-based formulation was compared to the different 

polymorphic forms of mannitol reported in literature. The XRD pattern in Figure 2.27 closely 

resembles the δ polymorphic form of mannitol (R. Smith et al., 2017). Post freeze-drying, δ mannitol 

has been reported in the presence of lysozyme (Grohganz et al., 2013). Therefore, lysozyme 

formulations containing trehalose and sucrose were amorphous and the formulation containing 

mannitol was crystalline post lyophilization. These results were consistent with the solid-state DSC 

results (section 2.3.2). A Tg was observed for amorphous lysozyme formulations (trehalose and 

sucrose) and a Tm was obtained for the crystalline lysozyme formulation containing mannitol. A 

crystalline lysozyme formulation containing mannitol was obtained as a result of the annealing step 

during the freeze-drying cycle. Crystallization of mannitol in protein formulations has been reported 

in literature (Johnson et al., 2002; Tang and Michael J. Pikal, 2004; Chatterjee et al., 2005a, 2005b).  
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Figure 2.26: XRD pattern of Lysozyme formulation containing Trehalose. 

 

 

 

Figure 2.27: XRD pattern of Lysozyme formulation containing Mannitol. 
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Figure 2.28: XRD pattern of Lysozyme formulation containing Sucrose. 

 

 

2.3.12 Enzyme Activity 

 

The enzyme activity of freeze-dried lysozyme formulations measured against Micrococcus 

lysodeikticus is shown in Figure 2.29. The specific enzyme activity was calculated using Equation 

2.2 and Equation 2.3. The lysozyme standard in reaction buffer (control) was considered to exhibit 

100 % activity as per the manufacturer’s recommendation (Sigma Aldrich, 2017). Statistical 

differences amongst the enzyme activities of all lysozyme formulations were performed using one-

way ANOVA – Tukey’s post-hoc test (Appendix, Figure A2.1). On average, the enzyme activities of 

all freeze-dried lysozyme formulations were significantly higher than their pre-dried counterparts and 

the control (p-value < 0.05) except the sucrose-based formulation. Increased efficacy of biologics 

may not always be advantageous and desired based on the product’s target efficacy range. The 

enzyme activities of pre-dried and freeze-dried lysozyme sucrose were comparable with no statistical 

differences (p-value > 0.05). Moreover, no significant differences were observed amongst for the 

enzyme activities of freeze-dried lysozyme formulations with a p-value of > 0.05. Therefore, the 

enzyme activity of all freeze-dried formulations was preserved.  
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Figure 2.29: Enzyme activity for freeze-dried lysozyme formulations. 

 

 

2.4 Conclusion  

 

In conclusion, this study has provided information on the protein in terms of its thermal and structural 

properties in its solid as well as in its liquid state. Lysozyme was observed to be a robust protein prior 

to and post lyophilization with no major loss in its structure, though alternative techniques are 

required to study its aggregation profile along with long-term stability studies.   

The most informative analytics implemented to study the protein’s structural conformational stability 

included DSC, FTIR, CD and enzyme activity. Studying the thermal properties of the protein allowed 

the assessment of the critical temperatures required to carry out freeze-drying. Even though lysozyme 

alone exhibited a very high Tg, the lysozyme formulation containing trehalose showed a relatively 

higher Tg in both the liquid and solid states amongst other excipients. This implied that the protein 

could be protected at higher temperatures during a potential spray-drying process.   

The second derivative FTIR spectrum provided information on the secondary structure of lysozyme. 

It was observed that the secondary structure of lysozyme with saccharides was preserved compared 
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to excipient-free lysozyme. Moreover, the FTIR spectrum of formulated lysozyme post lyophilization 

provided information on the intricate features including α-helix, β-sheets and turn structures. The 

lyophilized formulations containing excipients showed the presence of strong hydrogen bonds 

between lysozyme and the excipient compared to lysozyme in the absence of any excipients. 

Formulations with trehalose, mannitol and sucrose showed comparable α-helix bands, which were 

also comparable to literature values.  

Moreover, CD spectroscopy results demonstrated that the protein was robust even in the absence of 

a stabilizer. Lysozyme retained its secondary and tertiary structure upon rehydration by showing a 

reproducible spectrum prior to and post lyophilization. Reconstitution did not have any effect on the 

secondary and tertiary structure of lysozyme. Furthermore, the temperature study provided 

information on the denaturation temperature of lysozyme and was observed to be intact up to 40 °C. 

Additionally, the preservation of enzyme activity of lysozyme was also demonstrated while the 

freeze-dried formulations exhibited higher enzyme activity than their pre-dried counterparts.  

Furthermore, a good correlation (R2 = 0.97) was obtained between Karl Fisher and the FMS for the 

lysozyme formulations. This result can be used as a preliminary model for further developing 

moisture maps for different lyophilized drug products. On average, it takes 3 – 4 s per vial to measure 

the headspace moisture using FMS Light House®, whereas it can take ≥ 30 min per vial to measure 

the RMC using Karl Fischer titration. This technique can significantly reduce time and the need for 

sample preparation for a number of drug product vials for batch release testing. Moisture mapping of 

freeze-dried vials can further help in the development and optimization of lyophilization cycles. Also, 

this technique can be configured as a PAT tool for real-time in-process measurements. Additionally, 

increased enzyme activity was observed in the freeze-dried samples which demonstrated the 

preservation of efficacy.  

Overall, this chapter has demonstrated a wide range of analytics that can be employed for the analysis 

of both liquid and lyophilized biologic drug products while also generating benchmark data for the 
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chosen model protein lysozyme. The data generated is useful for comparability studies for 

investigating alternative drying technologies such as spray-drying. The feasiblity of spray-drying 

lysozyme and a commerical therapeutic biopharmaceutical has been demonstrated in chapters 3 and 

4, respectively.  
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3 Chapter 3:  

Spray-Drying of Lysozyme 
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3.1 Introduction 

 

Spray-drying is an alternative drying technology that has potential application in the 

biopharmaceutical industry. The working principle and advantages of this technology has been 

previously discussed in section 1.3.2.2 of chapter 1.  

Studies focusing on the stability of spray-dried lysozyme have been carried out. Liao et al. spray-

dried lysozyme in the presence of trehalose and sucrose at different protein to sugar ratios with an 

inlet/outlet temperature range of 85/59 °C to 180/134 °C (Liao et al., 2002, 2003). They concluded 

that while trehalose-based formulations provided better stability in terms of higher Tg, sucrose was 

found to provide better protection to the native structure of lysozyme. A good stabilizing effect was 

observed at a 2:1 (protein : sugar) ratio and an optimized inclusion of both trehalose and sucrose 

could improve the overall stability of lysozyme (Liao et al., 2002, 2003). A 9:1:10 blend of mannitol, 

trehalose and lysozyme, respectively, exhibited higher bioactivity and stability post spray-drying 

which was studied using FT-Raman spectroscopy and biological activity assay of lysozyme (Hulse 

et al., 2008). Additionally, studies were performed to improve the aerosol performance and particle 

characteristics of spray-dried lysozyme. Ethanol as a co-solvent improved the aerosol performance 

of spray-dried lysozyme by exhibiting a higher percentage of fine particle fraction (FPF) compared 

to the water-based lysozyme formulation (Ji et al., 2016). Minor aberrations in the secondary structure 

of spray-dried lysozyme were observed at intermediate ethanol fractions using FTIR and CD 

spectroscopy. The changes in the secondary structure of lysozyme were reversible upon 

reconstitution. The bioactivity of spray-dried ethanol and water-based lysozyme solutions was 

significantly reduced by ~ 25 % which was reported to be due to the spray-drying process rather than 

ethanol itself (Ji et al., 2016). The addition of trehalose, Tween 20 and phosphate buffer saline (PBS) 

individually in ethanol-water based lysozyme formulations resulted in 5 % – 10 % increase in the 

bioactivity of lysozyme post spray-drying (Ji et al., 2017).  
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More recently, Ajmera and Scherließ screened a large number of amino acids and their combinations 

to study their stabilizing effect on spray-dried Catalase, Lysozyme and Pandemrix influenza vaccine 

containing Haemagglutinin in the ratios 1:1 and 2:1 (amino acid : protein) (Ajmera and Scherließ, 

2014). Standard catalase and lysozyme and their formulations were spray-dried at an air inlet 

temperature of 180 °C and the outlet air temperature between 90 – 95 °C. The feed flow rate was kept 

between 5 – 7.5 mL/min, nozzle size was 1.5 mm, air speed was 470 L/h and the aspirator flow rate 

was kept at 35 m3/min. The vaccine containing haemagglutinin and its formulations were spray-dried 

at an air inlet temperature of 120 °C and the air outlet temperature was between 50 – 55 °C. Through 

experimental results, they showed that arginine, glycine and protein in the ratio [(1+1) +1] resulted 

in a very good stabilizing effect post spray-drying compared to the non-formulated protein itself. 

They elucidated their results through bioactivity, FTIR, XRD, particle size and accelerated storage 

stability analysis on relatively large proteins, catalase and haemagglutinin, as well as a small protein 

lysozyme (Ajmera and Scherließ, 2014). Furthermore, the identification of critical process parameters 

(CPP) during spray-drying of proteins is equally important. Temperature, shear and protein 

adsorption at the air-liquid interface have been associated with protein aggregation and denaturation 

(Broadhead et al., 1993; Y. F. Maa et al., 1998; Koshari et al., 2017; Wilson et al., 2019; Ziaee et al., 

2020). Through a DoE, Ziaee et al. demonstrated that the outlet temperature was the most critical 

factor that affected the enzymatic activity of lysozyme (Ziaee et al., 2020). Along with high outlet 

temperatures, ultrasonic vibrations and mechanical stress produced from ultrasonic nozzles had a 

negative impact on the activity of lysozyme. Further understanding of the impact of process 

parameters on the protein and its formulation components is required to improve the stability of 

proteins post spray-drying.  

This chapter focuses on the impact of different spray-drying methods on a model protein lysozyme 

and the effect of individual excipients (trehalose, mannitol and sucrose) on the protein which were 

subsequently compared to the freeze-dried counterparts studied in chapter 2. While lysozyme is an 

extensively studied protein in literature, it’s protein-excipient interactions are not completely 
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understood. Along with some of the analytics employed in chapter 2 such as DSC and Karl Fisher 

titration, UV-Vis spectroscopy, DLS, SEC and enzyme activity, molecular dynamics (MD) 

simulations were performed to substantiate experimental results and to also understand the behaviour 

of lysozyme at the molecular level post spray-drying. MD simulations assessed the stability of the 

lysozyme in terms of root mean-square deviation (RMSD), native contacts, secondary structure 

prediction and root mean square fluctuations (RMSF), thereby, providing information on the overall 

conformation as well as the secondary and tertiary structure of the protein.  
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3.2 Materials and Methods 

 

 

3.2.1 Preparation of Formulations 

 

All samples were procured and prepared as per section 2.2.1.  

 

3.2.2 Spray-Drying 

 

Formulated lysozyme was spray-dried in a 4M8-Trix Spray-dryer from Procept installed with a 

cyclone-based separator. Table 3.1 shows the process parameters employed during the spray-drying 

of lysozyme formulations. Process parameters that were altered during the process include air inlet 

temperature, outlet temperature, air flow rate, pump speed (feed flow rate) and the nozzle size. About 

50 mL of each formulation was spray-dried with different process parameters and the spray-dried 

samples were transferred into 20 mL Schott glass vials inside a glove bag purged with nitrogen gas. 

The vials were overlaid with nitrogen gas, rubber stoppered, crimped, and stored at ~ 5 °C. Before 

analyses, 253.89 ± 0.50 mg of spray-dried powder for each formulation was weighed into a new 20 

mL Schott glass vial at relative humidity ≤ 5 %. All spray-dried lysozyme formulations were 

compared to their freeze-dried counterparts. It is important to note that excipient-free lysozyme was 

spray-dried, but the obtained yield was below 30 % due to the absence of excipient resulting in a very 

low total solid content at the target concentration leading to insufficient material for characterization. 
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Table 3.1: Process parameters for spray-drying lysozyme formulations. 

No. Factors 1 2 3 4 5 6 7 8 9 10 

1 

Air Inlet Temp 

(°C) 90 100 120 180 150 120 150 180 180 200 

2 

Outlet Temp 

(°C) 38.9 43.1 48.7 91.5 70.9 70.9 82.8 95.8 103.5 107.2 

3 

Air Flow Rate 

(L/min) 100-110 100-110 100-110 80-90 100-110 80-90 80-90 80-90 80-90 80-90 

4 

Pump Speed 

(%) 50 50 50 50 50 25 25 25 25 20 

5 

Spray Rate 

(m3/min) 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

7 

Nozzle Pressure 

(Bar) 2 2 2 2 2 2 2 2 2 2 

8 

Nozzle Size 

(mm)  0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.2 0.4 

 

 

3.2.3 Glass Transition Temperature and RMC analyses 

 

The Tg / Tm of spray-dried samples were measured using a DSC (TA Q2000). Approximately, 5 – 10 

mg of each solid sample was sealed in an aluminum pan at relative humidity ≤ 5 %. Modulated DSC 

was ramped from 0 °C to 200 °C at 2 °C/min with modulation amplitude of ± 1 °C and modulation 

period of 100 s for solid samples. Samples were analyzed in triplicate (n = 3). The RMC of the spray-

dried lysozyme formulations was measured using Karl Fischer titration (Karl Fischer Titrator by 

Metrohm). The vials were prepared at relative humidity ≤ 5 % and capped with Karl Fisher caps. The 

samples were subjected to a temperature of 100 °C, the blank vials were at 120 °C and the water 

standard was subjected to a temperature of 150 °C (as per the manufacturer’s recommendation).  

 

3.2.4 Concentration, Turbidity and Reconstitution Time  

 

Method was performed as per section 2.2.7.  
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3.2.5 Dynamic Light Scattering 

 

All spray-dried formulations were analyzed for PSD using the Malvern Zetasizer µV. 1 mL of sample 

was filtered through a 0.45 m filter into a transparent disposable cuvette. The equilibration time was 

300 s. All samples were analyzed in triplicate (n=3). 

 

3.2.6 Size Exclusion Chromatography  

 

Method was performed as per section 2.2.11.  

 

3.2.7 Enzyme Activity  

 

Method was performed as per section 2.2.13. 

 

3.2.8 Molecular Dynamics Simulations  

 

Molecular dynamics (MD) simulations were carried out using the Gromacs 2018.4 package (Van Der 

Spoel et al., 2005) with a time step of 2 fs using the Leap frog integrator (Verlet, 1967; Hockney et 

al., 1974). Bond lengths to hydrogen were constrained using the LINCS algorithm (Hess, 2007). 

Long-range electrostatics were treated by the Particle mesh Ewald (PME) method (Darden et al., 

1998). Protein and solvent molecules were coupled separately to an external heat bath (300 K) with 

the coupling time constant of 1 ps using the velocity rescaling method (Bussi et al., 2007). CHARMM 

glycan parameters (Guvench et al., 2011) were used for excipient molecules, while peptide molecules 

were represented by the CHARMM 36m (Huang et al., 2016) force field. All systems were minimized 

for 100 ps and equilibrated for 500 ps in constant volume NVT ensemble. Production phases of 200 

ns in the NPT ensemble were then carried out. MD simulations were performed on lysozyme to 

understand protein-excipient interactions during spray-drying. To simulate the high-temperature 
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environment of spray-drying, lysozyme was modelled at three different temperatures, 300K (27 °C), 

340K (67 °C) and 380K (107 °C) in water solution in the presence of trehalose, sucrose and mannitol, 

and in the absence of excipient. The simulations were performed for two different excipient 

concentrations, the starting concentrations of experimental solution prior to spray-drying (labelled as 

1x), to study the protein in its original solution, and at ten times the starting concentrations (labelled 

10x), to study its behavior in its partially dried state as the excipients form more large-area, specific 

interactions with the surface of the protein. The data were analyzed in terms of excipient-induced 

changes in the protein structure as monitored through root mean square deviation (RMSD) of residues 

away from their starting positions (from X-ray crystal structure PDB ID 4WLD), distance between 

active site residues, fraction of native contacts, root mean square fluctuation (RMSF) with respect to 

the time-averaged structure as a measure of the flexibility of the protein and the preservation of 

secondary structure.  

 

3.2.9 Statistical Analyses  

 

Method performed was as per section 2.2.14. 
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3.3 Results and Discussion 

 

3.3.1 Glass Transition Temperature and RMC 

 

The results for thermal and RMC analyses for spray-dried lysozyme formulations are shown in Table 

3.2 and Figure 3.1. The RMC of the lysozyme trehalose-based formulation was significantly reduced 

from 4.87 % to 1.11 % w/w by employing different process parameters during spray-drying (Table 

3.2). This was possible by increasing the air inlet temperature, thereby, attaining high outlet 

temperatures as shown in literature (Büchi Labortechnik AG, 2002). Consistent with reported results 

(Masters, 1991; Maa et al., 1997; Büchi Labortechnik AG, 2002; Vass et al., 2019b; Ziaee et al., 

2019), reducing the feed flow rate, the aspirator air flow rate and the nozzle size also resulted in high 

outlet temperatures. These methods were used to achieve a lower moisture content (≤ 2 % w/w) in 

lysozyme mannitol and sucrose-based formulations at inlet temperatures ≥ 180 °C. It was found that 

the spray-dried lysozyme mannitol-based formulation exhibited a Tm of 152 °C, showing the 

crystallization of mannitol post spray-drying at a concentration of 40 mg/mL (Table 3.2).  

Several authors have demonstrated spray-drying of water-based lysozyme formulations and other 

proteins at gentle and extreme inlet/outlet temperatures varying from 70/50 °C to 180/134 °C and the 

reported RMC in the dried formulations were in the range of 2.5 % - 9.5 % w/w (Maa et al., 1997; 

Elkordy et al., 2002; Liao et al., 2002, 2003; Hulse et al., 2008; Ajmera and Scherließ, 2014; Saß and 

Lee, 2014; Ziaee et al., 2020). Saß and Lee achieved lower RMC (1.38 % - 3.26 % w/w) in spray-

dried organic solvent and water-based lysozyme solutions (Saß and Lee, 2014). Moreover, it was 

reported that increasing the concentration of mannitol to ≥ 30 % of the total solid content in the 

formulation resulted in crystallization during spray-drying (Chew and Chan, 1999; Lee, 2002) and 

was confirmed using Wide-Angle X-Ray scattering (WAXS) (Costantino et al., 1998; Schaefer and 

Lee, 2015a).  
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Table 3.2: Tg / Tm and RMC of spray-dried lysozyme formulations using different process 

parameters.  

Spray-dried 

formulation 

Air inlet/outlet 

Temperature 

(°C), Air flow rate 

(L/min), pump speed 

(%), nozzle size (mm) 

Tg / Tm (°C) 
RMC %  

(± 0.1 %) 
Yield (%) 

 

 

 

 

 

 

 

Lysozyme Trehalose 

(Formulation 1) 

90/38.9, 110, 50, 0.4 61.14 ± 0.49 4.87 

60 – 70  

100/43.1, 110, 50, 0.4 65.14 ± 0.24 4.33 

110/45, 110, 50, 0.4 68.74 ± 0.3 3.96 

120/48.7, 110, 50, 0.4 69.51 ± 1.36 4.06 

120/70.9, 80, 25, 0.4 90.82 ± 0.52 2.09 

150/70.9, 100, 50, 0.4 89.79 ± 0.32 2.17 

150/82.8, 80, 25, 0.4 89.08 ± 1.14 2.24 

180/91.5, 80, 50, 0.4 102.96 ± 3.59 1.33 

180/95.8, 80, 25, 0.4 99.86 ± 2.13 1.29 

180/103.5, 80, 25, 0.2 102.42 ± 0.65 1.11 

 

Lysozyme Mannitol 

(Formulation 2) 

180/89.3, 80, 25, 0.4 150.46 ± 4.68 (Tm) 0.61 

75 – 80  

200/107.2, 80, 20, 0.4 152.53 ± 3.47 (Tm) 0.51 

 

 

Lysozyme Sucrose 

(Formulation 3) 

150/82.8, 80, 25, 0.4 61.76 ± 0.08 1.42 

60 – 65  180/95.8, 80, 25, 0.4 66.05 ± 0.28 0.90 

200/102.1, 80, 20, 0.4 67.88 ± 1.11 0.78 

The yield obtained for the mannitol-based formulation was relatively higher due to the low 

hygroscopic nature of mannitol. The yield increased with decreasing residual moisture content. Yield 

was not the primary target of these experiments and so this parameter was not optimized.  

 

The Tg or Tm of each formulation was consistent with their freeze-dried counterparts, except for the 

spray-dried trehalose-based formulation which exhibited a relatively lower Tg of 102.42 °C at an 

RMC of 1.11 % w/w. The Tg of the freeze-dried lysozyme trehalose cake was 108.48 °C. This is 

because of the relatively higher RMC obtained post spray-drying. Tg decreases steadily with an 
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increase in water content to a point after which no further decrease is observed (Reimschuessel, 1978). 

Water acts as a plasticizer and forms reversible hydrogen bonds with hydrophilic polymers, thereby, 

increasing molecular mobility in materials, resulting in a decrease in the Tg or Tm of materials 

(Reimschuessel, 1978; Drake et al., 2018).  

Figure 3.1 shows an inverse correlation (R2 > 0.98), between the Tg and the RMC in the spray-dried 

lysozyme trehalose and sucrose-based formulations at different outlet temperatures, well-known in 

theory (Drake et al., 2018). The correlation can be exploited to develop improved empirical models 

to predict the RMC and Tg of different biologic formulations at different spray-drying conditions as 

also shown by authors for the optimization of freeze-drying cycles (Gervasi et al., 2019). 

 

 

Figure 3.1: Co-relation between Tg and RMC for lysozyme formulations at different air inlet/outlet 

temperatures. 
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3.3.2 Concentration, Turbidity and Reconstitution Time Analyses 

 

Upon rehydration, the behaviour of spray-dried lysozyme formulations was different compared to 

their freeze-dried counterparts. A visual representation of the reconstituted freeze-dried and spray-

dried lysozyme formulations is shown in Figure 3.2. The spray-dried powder took slightly longer (1.5 

min – 3.5 min) to reconstitute, as it formed small clumps and sedimented at the bottom of the vial as 

shown in Figure 3.3. As shown in Figure 3.2, the spray-dried vials appeared opalescent compared to 

the rehydrated freeze-dried vials.  

    

 

Figure 3.2: (a) Reconstituted lysozyme trehalose freeze-dried (left) and spray-dried (right), (b) 

reconstituted lysozyme mannitol freeze-dried (left) and spray-dried (right), (c) reconstituted 

lysozyme sucrose freeze-dried (left) and spray-dried (right). The spray-dried samples correspond to 

inlet/outlet temperatures of 180/103.5 °C (trehalose), 180/89.3 °C (mannitol), 180/95.8 °C (sucrose).  

 

 

Figure 3.3: Rehydration behaviour of spray-dried lysozyme powder. 

 

Particle agglomeration in spray-dried powders of rhuMAb25/trehalose and native phosphocaseinate 

and have been reported (Andya, Y. F. Maa, et al., 1999a; Gaiani et al., 2007). The agglomerated 
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protein particles took longer to rehydrate than the non-agglomerated particles. Particle agglomeration 

has been associated with high moisture content as a result of large droplet size and reduced rate of 

heat and mass transfer (Vehring, 2008; Schaefer and Lee, 2015a, 2015b; Ziaee et al., 2020). 

Moreover, drying at a lower inlet temperature would result in increased RMC, thereby, increasing the 

stickiness amongst particles (Gaiani et al., 2007).  Since comparable moisture levels ( ≤ 2 % w/w) 

were obtained between the freeze-dried and spray-dried samples, moisture is less likely the cause for 

aggregation than high temperature and shear in the spray-dried samples. Moreover, the concentration 

of lysozyme in the reconstituted spray-dried vials measured using UV-vis spectroscopy was 

comparable to the concentration of lysozyme post freeze-drying (Table 3.3). The reconstitution times 

of freeze-dried and spray-dried mannitol-based formulations were higher due to the presence of 

crystalline mannitol with a greater solid content of 40 %. Cakes with higher density and a higher total 

solid content resulted in longer reconstitution time (Kulkarni et al., 2018).  

Table 3.3: Reconstitution time, concentration and turbidity of reconstituted freeze-dried and spray-

dried lysozyme formulations. 

Sample Reconstitution Time (min) Concentration (mg/mL) Optical Density A
350

 

Freeze-dried excipient-free 

Lysozyme 
1.0 9.99 ± 0.007 0.030 ± 0.0010 

Spray-dried excipient-free 

Lysozyme 
1.5 9.49 ± 0.015 0.086 ± 0.0010 

Freeze-dried Lysozyme 

Trehalose 
1.5 9.09 ± 0.09 0.026 ± 0.0057 

Spray-dried Lysozyme 

Trehalose  
1.5 9.77 ± 0.10 0.070 ± 0.0095 

Freeze-dried Lysozyme 

Mannitol  
2.0 10.31 ± 0.05 0.037 ± 0.0106 

Spray-dried Lysozyme 

Mannitol  
3.5 9.27 ± 0.79 0.069 ± 0.0153 

Freeze-dried Lysozyme 

Sucrose  
1.0 9.70 ± 0.04 0.046 ± 0.0127 

Spray-dried Lysozyme 

Sucrose  
1.5 10.03 ± 0.96 0.132 ± 0.0113 
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Visual turbidity observed in the rehydrated spray-dried vials was studied in the light scattering region. 

Results showed higher light scattering in the reconstituted spray-dried vials (0.06 – 0.13) compared 

to their freeze-dried (0.02 – 0.05) counterparts (Figure 3.4). Various authors have reported turbid 

protein solutions post spray-drying (Broadhead et al., 1993; Mehta et al., 1996; Y.-F. Maa and Hsu, 

1997; Y. F. Maa et al., 1998; Andya, Y. F. Maa, et al., 1999b; Tzannis and Prestrelski, 1999). This 

has been associated with protein denaturation and aggregation due to process related stress such as 

sheer, temperature and denaturation at the liquid-air interface. To detect and quantify the presence of 

aggregates or impurities, the spray-dried samples were further analysed using DLS and SEC in section 

3.3.3 and 3.3.4, respectively.  

 

Figure 3.4: Optical Density of reconstituted freeze-dried and spray-dried lysozyme formulations 

measured at 350 nm. 

 

3.3.3 Dynamic Light Scattering 

 

Figure 3.5 (a), (b) and (c) shows the PSD by percentage intensity and percentage mass in rehydrated 

spray-dried lysozyme formulations at extreme temperatures. Monomeric lysozyme was present at ~ 

1.5 nm in trehalose and mannitol-based formulations but was absent in the sucrose-based formulation. 

Since all 3 formulations were highly polydisperse, the Z-average values (Table 3.4) do not represent 

a true average of the monomeric protein and can be ignored. In this case, these results are qualitative 
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rather than being quantitative. Consistent with the results obtained in chapter 2, section 2.3.9, 

multimodal distributions were obtained both prior to and post drying and reconstitution of lysozyme 

formulations. While the absence or reduced intensity of the monomer peak at ~ 1.5 nm and the 

presence of additional peaks from 9 nm – 300 nm could indicate protein aggregation, peaks in that 

range were also ascribed to the presence of impurities which require alternative techniques for the 

identification and quantification of the multimodal distribution as also discussed in chapter 2, section 

2.3.9.  

 

 

(a) 
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Figure 3.5: PSD of spray-dried (a) lysozyme trehalose, (b) lysozyme mannitol and (c) lysozyme 

sucrose. 

 

(b) 

(c) 
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Table 3.4: Z-Average, Polydispersity Index and PSD for freeze-dried and spray-dried lysozyme 

formulations. 

Sample 
Z-Average 

(nm) 
PDI 

 

Peak 1 (nm); 

Intensity (%) 
Peak 2 (nm); 

Intensity (%) 

Peak 3 (nm); 

Intensity (%) 

Freeze-dried 

Lysozyme 

Trehalose 

8.84 1 
1.54; 

25.4 

15.51; 

10.8 

103.1; 

63.8 

Freeze-dried 

Lysozyme 

Mannitol 

8.86 1 
1.54; 

20.0 

11.22; 

26.8 

94.03; 

53.2 

Freeze-dried 

Lysozyme 

Sucrose 

26.33 1 
1.4; 

14.3 

14.81; 

8.10 

136.1; 

77.6 

Spray-dried 

Lysozyme 

Trehalose 

83.38 0.76 
1.68; 

7.80 

21.31; 

1.80 

21.43; 

3.50 

Spray-dried 

Lysozyme 

Mannitol 

29.30 0.67 
1.76; 

9.90 

9.33; 

1.80 

21.43; 

16.5 

Spray-dried 

Lysozyme 

Sucrose 

162.2 0.42 
34.02; 

2.9 

44.89; 

2.4 

216.0; 

94.7 

 

Lysozyme formulations were subjected to extreme outlet temperatures (≤ 107 °C) during spray-

drying which could be a possible reason for turbidity and the presence of additional peaks in the 

rehydrated solutions. Factors affecting the process stability of proteins such as shear, temperature and 

denaturation at liquid-air interface have been reported (Maa et al., 1997; Y. F. Maa et al., 1998; Lee, 

2002; Ziaee et al., 2020). Ziaee et al. demonstrated a design of experiments to identify parameters 

that affect lysozyme post spray-drying (Ziaee et al., 2020). The outlet temperature was determined to 

be the most significant parameter affecting the stability and enzyme activity of lysozyme. The 

maximum wet bulb temperature (45 °C) during atomization at a very high air inlet temperature of 

132 °C and the shear force experienced through the nozzle, without the application of heat, had a 

negligible effect on lysozyme. To further verify and quantify the presence of lysozyme aggregates in 

rehydrated spray-dried formulations, all samples were analyzed using SEC (section 3.3.4).  
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3.3.4 Size Exclusion Chromatography 

 

While UV-Vis spectroscopy and DLS indicated the presence of aggregates in the spray-dried 

lysozyme formulations, the proportion of aggregates present were only between 0.6 – 0.8 % of the 

total area by SEC and no additional peaks were observed, indicating the absence of higher aggregates 

(HMWS2) as shown in Figure 3.6. The aggregation profile of spray-dried lysozyme was similar to 

freeze-dried lysozyme and the same method was employed as described in chapter 2, section 2.2.11. 

These results could not further elucidate the presence of additional peaks observed using DLS.  

 

 

Figure 3.6: Aggregation profile of lysozyme formulations represented as monomers and high 

molecular weight species (HMWS). 

 

Several studies have shown protein denaturation and aggregation via spray-drying. Increasing the air 

inlet temperature from 60 °C to 140 °C led to inactivation of β-galactosidase (Broadhead et al., 1993). 

The inclusion of  1 % w/w hydroxypropyl-β-cyclodextrin  in a β-galactosidase formulation reduced 

its inactivation at a high  inlet/outlet temperature of 190 °C/61 °C (Branchu et al., 1999). The 

incorporation of a sucrose/protein ratio of 1:1 protected trypsinogen at a high inlet/outlet temperature 

of 120 °C /85 °C (Tzannis and Prestrelski, 1999). Interestingly, the major reason for aggregation of 

0.0E+00

2.0E+04

4.0E+04

6.0E+04

8.0E+04

1.0E+05

1.2E+05

1.4E+05

1.6E+05

1.8E+05

HMWS2 HMWS1 Monomer

P
e
a
k
 A

re
a

Freeze-dried Lysozyme Histidine Freeze-dried Lysozyme Trehalose Freez-dried Lysozyme Mannitol

Freeze-dried Lysozyme Sucrose Spray-dried Lysozyme Trehalose Spray-dried Lysozyme Mannitol



163 

 

spray-dried recombinant growth hormone (rhGH) and tissue-type plasminogen activator (tPA) was 

the adsorption of protein at liquid-air interfaces rather than shear or temperature (Mumenthaler et al., 

1994; Y.-F. Maa and Hsu, 1997). The addition of surfactants and Zinc ions suppressed the generation 

of soluble aggregates of rhGH (Mumenthaler et al., 1994; Y.-F. Maa and Hsu, 1997; Y. F. Maa et al., 

1998). Moreover, the extent of aggregation of rhGH increased at higher protein concentrations at air-

liquid interfaces but were not observed when subjected to high shear stress.  

More recently, ssHDX-MS analyses has shown that spray-dried lysozyme trehalose, sucrose and 

mannitol-based formulations exhibited greater aggregation compared to their freeze-dried 

counterparts (Wilson et al., 2019). Decreased storage stability of proteins in terms of loss of monomer 

has been correlated with higher uptake of deuterium (Moorthy et al., 2014, 2018; Wilson et al., 2019). 

This correlation has been studied on myoglobin, BSA, β-lactoglobulin and lysozyme. The maximum 

extent of deuterium exchange was observed to be the highest in mannitol-based formulations in all 

proteins. The incorporation of deuterium depends on the intermolecular interactions between the 

protein and excipients. Moreover, crystallization of mannitol resulted in phase separation, thereby, 

decreasing the protein-excipient interaction (Wilson et al., 2019). It was also shown than mannitol 

samples exhibited higher protein aggregation compared to sucrose and trehalose-based samples. 

Moreover, the presence of a higher fraction of heterogeneous population in spray-dried samples was 

attributed to exposure of protein sites at liquid-air interface and high shear forces during the 

atomization process of spray-drying (Koshari et al., 2017; Wilson et al., 2019).  

It is important to note that some of the limitations of DLS and SEC have been explored with different 

protein modalities in chapter 5. Nonetheless, other analytics such as AUC would be required to 

quantify and elucidate the presence of aggregates and/or impurities in spray-dried and freeze-dried 

lysozyme formulations along with the optimization of the SEC method with other detectors.  
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3.3.5 Enzyme Activity  

 

The enzyme activities of pre-dried, freeze-dried and spray-dried lysozyme formulations are shown in 

Figure 3.7 and were calculated using Equation 2.2 and Equation 2.3 (chapter 2). The lysozyme 

standard in reaction buffer (control) was considered to exhibit 100 % bioactivity as per the 

manufacturer’s recommendation (Sigma Aldrich, 2017). Statistically significant differences in the 

enzyme activity of the reconstituted freeze-dried and spray-dried lysozyme formulations were 

determined using one-way ANOVA (ANalysis Of VAriance) with post-hoc Tukey HSD (Honestly 

Significant Difference) test shown in Figure A3.1 of Appendix. Statistically, no significant 

differences were observed amongst the enzyme activities of formulated lysozyme prior to drying and 

were comparable to the control (p > 0.05). The enzyme activities of freeze-dried and spray-dried 

lysozyme trehalose were not statistically different, but they were significantly higher than their pre-

dried counterpart (p < 0.05). In the presence of mannitol, the enzyme activity of freeze-dried 

lysozyme was significantly higher than its spray-dried and pre-dried counterpart. While the activity 

of spray-dried lysozyme mannitol was preserved and comparable to its pre-dried counterpart and the 

control, the presence of crystalline mannitol has been associated with phase separation which results 

in decreased protein-excipient interactions (Moorthy et al., 2014; Wilson et al., 2019). Therefore, the 

effect of high temperature along with rapid crystallization of mannitol during spray-drying could 

possibly explain the relatively lower enzyme activity. Moreover, this may also be attributed to the 

different polymorphs of mannitol formed during the two drying processes. In the presence of 

lysozyme, a shift from β-mannitol to α-mannitol was reported post spray-drying while the α-

polymorph was reported to be less stable (Hulse et al., 2009; Grohganz et al., 2013), which may 

contribute to the relatively lower enzyme activity of lysozyme compared to its freeze-dried 

counterpart. The shift in the polymorphic forms of mannitol has been attributed to the drying process 

rather than the effect of temperature (Grohganz et al., 2013). Additionally, the presence of both 

amorphous and crystalline mannitol have also been reported post spray-drying of BSA which resulted 

in its partial stabilizing effect on BSA (Chen, Ling, et al., 2021). On the contrary, authors showed 
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that mannitol stabilizes lysozyme against aggregation while also exhibiting greater enzyme activity 

compared to sucrose in the liquid state (Singh and Singh, 2003). More recently, authors showed that 

the crystallization of mannitol to its hemihydrate form did not impact protein stability (Sonje et al., 

2022, 2023).  

Furthermore, the enzyme activities of pre-dried, freeze-dried and spray-dried lysozyme sucrose were 

comparable, and no significant differences were observed between the formulations containing 

trehalose and sucrose. Even though the lysozyme formulations were spray-dried at extreme 

temperatures, the freeze-dried and spray-dried lysozyme trehalose and sucrose formulations showed 

consistently higher activity compared to the control.  

Ziaee et al. reported a 10 % – 20 % decrease in the activity of spray-dried excipient-free lysozyme at 

a high inlet/outlet temperatures of 97 °C /70 °C and 130 °C /70 °C (Ziaee et al., 2020). Ajmera et al. 

reported ~ 15 % decrease in spray-dried excipient-free lysozyme at an inlet/outlet temperature of 180 

°C /95 °C and ~ 20 % decrease when stored at 40 °C /75 % RH for a month (Ajmera and Scherließ, 

2014). Increased activity was observed when a lysozyme formulation containing glycine and arginine 

were spray-dried. Moreover, improved enzyme activity results were obtained for spray-dried catalase 

and Pandemrix influenza vaccine in the presence of glycine and arginine (Ajmera and Scherließ, 

2014).  

Overall, in agreement with the theories of stabilization of proteins by amorphous saccharides and 

excipients described earlier in chapter 2, section 2.1, the enzyme activity of lysozyme in the presence 

of trehalose and sucrose was enhanced post drying while mannitol preserved its activity post 

rehydration. To further gain insights into the stability of the lysozyme formulations, molecular 

dynamics simulations were performed in section 3.3.6.  
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Figure 3.7: Relative enzyme activities of pre-dried and post-dried lysozyme formulations. 

 

 

3.3.6 Molecular Dynamics Simulations  

 

The root mean-square deviations (RMSD) for 1x and 10x concentrations of lysozyme formulations 

at 300 K, 340 K and 380 K are shown in Figure 3.8. The RMSD illustrates the overall conformational 

changes occurring in the protein’s structure over time. The RMSD of lysozyme exhibited lower values 

at 10x compared to 1x, in particular for 340 K and 380 K, suggesting that the protein’s native structure 

was better preserved at higher excipient concentration with an increase in temperature. However, it 

is important to note that the protein without excipient showed greater stability similar to that of high 

excipient concentration (Figure 3.8 (a)). The stability of lysozyme was attributed to strong disulphide 

bridges and low molecular mass (Sun et al., 2015; Perez and Oliveira, 2017). These results so far not 

only demonstrate the inherent stability of lysozyme, but they also show that there is an interplay 

between the protein and the excipients. At low concentration (Figure 3.8 (b - d)), all the excipients 

induced conformation changes in the protein at 380 K, beyond the changes observed for the base 

solution. Sugars bind to specific residues driving changes in the protein conformation enabled by the 

increase in kinetic energy. At high concentration, lysozyme’s conformation was better stabilized. 
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Figure 3.8 (f) and (h) briefly explore a different conformation before falling back to the native one. 

This showed that the binding of sugars to more residues contributed to the protein stability together 

with a crowding effect. Moreover, mannitol (Figure 3.8 (g)) showed the smallest deviation from the 

native structure, even compared to the base solution. The larger, yet stable, RMSD was observed at 

high concentration for the three excipients suggesting that the protein underwent a conformation 

change without unfolding. At experimental timescales, this conformation change could take place in 

the solutions at 300 K prior to spray-drying, which could explain the enhanced activity measured for 

some protein-excipients powders (Figure 3.7).   

 

Figure 3.8: Plot of RMSD for 1x concentration of (a) excipient-free lysozyme, (b) lysozyme 

trehalose, (c) lysozyme mannitol and (d) lysozyme sucrose. The corresponding 10x concentration 

solutions are shown in panels (e) to (h). Temperatures are 300K (black), 340K (red) and 380K (green). 

 

Figure 3.9 shows the native contacts timelines for lysozyme at 10x. While the RMSD represents the 

overall conformational changes (or the absence of any) in proteins, the native contacts are more 

specifically sensitive to the tertiary structure. In all cases, even at 380K, the protein retained 85 % of 

its native contacts. There is still a striking difference between excipients. At 300 K and 340 K, all 

excipients preserved the native contacts better than the excipient-free solution. This is in good 

agreement with the RMSD. However, at 380 K, trehalose and sucrose showed a greater loss in the 
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native contacts compared to the excipient-free solution. Only mannitol consistently conserved the 

native contacts, which is consistent with the RMSD.  

 

Figure 3.9: Native contacts of (a) lysozyme, (b) lysozyme trehalose, (c) lysozyme mannitol and (d) 

lysozyme sucrose at 300K (black), 340K (red) and 380K (green). 

 

Figure 3.10 shows the secondary structure for all systems high concentration. No significant changes 

in the secondary structure were observed, except for the system containing sucrose at high 

temperature wherein the fraction of secondary structure including α-helices, β-sheets, etc. were 

observed to increase. This confirmed that the conformational changes captured by the RMSD 

corresponded mostly to the native contacts, and thus, the tertiary structure. This is in agreement with 

literature reports that sucrose provides better preservation of the secondary structure of lysozyme, as 

it provides a greater number of intramolecular H-bonds (Liao et al., 2002; Singh, 2018; Starciuc et 

al., 2020). By contrast, trehalose makes a greater number of intermolecular H-bonds with water, 

thereby, reducing the molecular mobility of the overall glassy matrix, which may provide protection 

against high temperature and long-term storage. Authors showed that trehalose played a role by 

clustering at different regions on the surface of lysozyme which resulted in better stabilization of 
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tertiary structure compared to the secondary structure (Fedorov et al., 2011). The lysozyme trehalose 

and sucrose containing systems enabled conformational changes at high temperature that lead to an 

equally or more folded protein. This change is more likely responsible for the enhanced activity 

reported in our experiments. Moreover, it has been reported that trehalose increases the backbone 

mobility providing more flexibility and access to the active site residues glutamic acid (GLU35) and 

aspartic acid (ASP52) (Fedorov et al., 2011) which substantiates our results shown in section 3.3.5 

and Figure 3.9. However, mannitol preserves the native state of the protein which is confirmed 

experimentally by an enzymatic activity similar to that of the protein in excipient-free solution prior 

to drying. A similar result for mannitol was reported in the presence of lysozyme showing greater 

enzyme activity and protection against protein aggregation (Singh and Singh, 2003).  

 

 

Figure 3.10: Secondary structure prediction for 10 x concentration of (a) lysozyme, (b) lysozyme 

trehalose, (c) lysozyme mannitol and (d) lysozyme sucrose at 300 K (black), 340 K (red) and 380 K 

(green). 
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Finally, the root mean-square fluctuations (RMSF) (Figure 3.11) averaged over time and projected 

per residue help identify which regions of the protein were the most prone to the observed changes. 

Higher fluctuations of lysozyme residues were again observed for trehalose and sucrose at 380K, 

mainly around residues 15 – 20, 35, and 100 – 125 that included β-bridges and turn structures. 

Trehalose showed increased fluctuations in the 40 – 50 region. It is important to note that in all cases 

residue 70 fluctuated the most which corresponds to disordered regions. Mannitol, however, 

dampened residue fluctuations compared to the excipient-free solution, which showed its ability to 

stabilize the native structure of lysozyme in solution even at high temperature.  

 

 

Figure 3.11: RMSF at 10 x concentration for residues of (a) lysozyme, (b) lysozyme trehalose, (c) 

lysozyme mannitol and (d) lysozyme sucrose at 300 K (black), 340 K (red) and 380 K (green). 
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3.4 Conclusion 

 

A wide range of analytics have provided information on the quality and efficacy of the spray-dried 

model protein lysozyme. RMC of ≤ 2 % was achieved for all spray-dried lysozyme formulations, as 

per the specifications for freeze-dried biologic products. This was possible by employing different 

process parameters during spray-drying. High air inlet and outlet temperatures, low feed flow rates 

and aspirator flow rates, and smaller nozzle sizes resulted in lower RMC and greater Tg / Tm. 

Moreover, the correlation between the RMC and the Tg at different outlet temperatures, consistent 

with the Fox equation, can be exploited to develop sophisticated models to predict the residual 

moisture content and Tg / Tm for different formulations post spray-drying. Furthermore, the 

rehydrated spray-dried solutions appeared opalescent, even though the measured protein 

concentration was comparable to their freeze-dried counterparts. Slight opalescence indicated the 

presence of insoluble aggregates which was further analysed using DLS and SEC. While DLS showed 

polydisperse lysozyme solutions, no aggregates were observed by SEC in both freeze-dried and 

spray-dried samples. Some of the advantages and limitations of DLS and SEC have been explored in 

chapter 5, though further optimization of the SEC method for lysozyme along with the 

implementation of other analytics would be required for the quantitative analysis of protein 

aggregation.  

The enzyme activity results substantiated with molecular dynamics simulations demonstrated the 

robustness of lysozyme by itself and in the presence of different excipients. The enhanced enzyme 

activities of both freeze-dried and spray-dried lysozyme trehalose and sucrose were attributed to the 

conformational changes (without unfolding) observed in its tertiary structure, thereby, providing 

more flexibility and access to its active sites. While the simulations showed that mannitol preserved 

the native structure of lysozyme in its partially dried state, the relatively lower activity of spray-dried 

lysozyme mannitol could be attributed to the formation of a less stable polymorph post spray-drying. 

Overall, spray-drying has shown to be a potentially favourable method in obtaining dried lysozyme 



172 

 

formulations with significantly lower drying time and comparable efficacy, though further 

optimization of the spray-drying process and the formulations can help achieve better results.  
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4 Chapter 4:  

Drying of a Therapeutic Enzyme 
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4.1 Introduction 

 

With the rising demand for more complex Active Pharmaceutical Ingredients (APIs) to treat various 

diseases, parenteral biopharmaceuticals are formulated as either liquid or solid products. In order to 

overcome the disadvantages associated with conventional shelf-based freeze-drying, alternative 

drying methods must be evaluated in the development of efficient, safe and cost-effective drying 

technologies for the manufacturing of biologics (Sharma et al., 2021). More recently, spray-drying 

technology has been successfully employed for a wide range of antibodies (Massant et al., 2020; 

Duran et al., 2021; Fiedler et al., 2021; Shepard et al., 2021, 2022; Tejasvi Mutukuri et al., 2021; Pan 

et al., 2022). As assessed in chapter 3, spray-drying is a promising candidate for the 

biopharmaceutical industry, however, factors such as uncontrolled dehydration, large increases in 

temperature, shear and protein adsorption at interfaces have been reported to affect the stability of 

proteins (Rajan et al., 2021).  

Protein aggregation/denaturation is one of the major challenges faced in the biopharmaceutical 

industry (Wang, 1999; Wang et al., 2010; Moussa et al., 2016; Wang and Roberts, 2018). This can 

occur throughout the lifecycle of biologics, i.e. upstream, downstream and fill finish manufacturing, 

storage, shipping and manual handling (Mahler et al., 2009; Moussa et al., 2016). The factors 

responsible for protein aggregation have been broadly classified as intrinsic (structural conformation 

of the protein) and extrinsic (environment conditions such as temperature, pH, shear etc.) (Wang and 

Roberts, 2010). 3 pathways or mechanisms for protein aggregation have been proposed in literature 

(Wang et al., 2010; Moussa et al., 2016). These include:  

1. Protein self-association through chemical linkages and colloidal interactions.  

2. Aggregation through non-native conformations such as partially unfolded intermediates and 

unfolded states.  

3. Aggregation through covalent interactions caused by chemical degradation reactions.  
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Evidence from literature has shown spray-drying induced stresses such as temperature, shear and 

adsorption at air-liquid interfaces on large and small proteins; namely, β-galactosidase, trypsinogen, 

recombinant growth hormone, tissue-type plasminogen activator, myoglobin, bovine serum albumin, 

catalase, Pandemrix influenza vaccine, lysozyme etc. (Broadhead et al., 1993; Mumenthaler et al., 

1994; Y.-F. Maa and Hsu, 1997; Y. F. Maa et al., 1998; Tzannis and Prestrelski, 1999; Ajmera and 

Scherließ, 2014; Moorthy et al., 2014, 2018; Koshari et al., 2017; Wilson et al., 2019; Ziaee et al., 

2020). However, mechanisms of stabilization of proteins with a wide range of excipients have been 

postulated and have shown to provide protection against process induced instability. (Green and 

Angell, 1989; Carpenter et al., 1994; Costantino et al., 1994; Allison et al., 1999; Chang, Shepherd, 

Sun, Ouellette, et al., 2005; Elversson and Millqvist-Fureby, 2005; Mensink et al., 2017b).  

In this chapter, we characterised the stability of Active-freeze-dried and spray-dried Enzyme ‘A’, a 

therapeutic, low concentration sucrose-based product of Sanofi, and compared our measurements 

with molecular dynamics models, allowing us to identify the protein-surface interaction networks 

created with excipients including sucrose, trehalose, arginine and arginine hydrochloride post spray-

drying. These excipients are among the most commonly used stabilizers in freeze-dried and spray-

dried protein formulations (Sharma et al., 2021) yet little is known about their mechanisms of 

interaction with proteins during freeze-drying and spray-drying (Bjelošević et al., 2020; Pinto et al., 

2021). Here, the critical quality attributes (CQAs) of Enzyme ‘A’ were evaluated in terms of its dry 

powder characteristics and reconstitution properties measured by DSC, UV-Vis spectroscopy, DLS, 

SEC, enzyme activity and supported by atomically-detailed MD simulations of the protein-excipient 

co-assembly in aqueous solution. To the best of our knowledge, the stability of spray-dried Enzyme 

‘A’ has not been studied before. Here we resolve its protein–excipient interaction networks and 

mechanism of stabilization by alternative drying methods.   
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4.2 Materials and Methods 

 

4.2.1 Preparation of Enzyme ‘A’ formulations 

 

Trehalose, L-arginine (Arg) and L-arginine hydrochloride (Arg-HCl) were purchased from Sigma 

Aldrich, Ireland. Formulated liquid and lyophilized Enzyme ‘A’ with 5 % (w/v) sucrose and 100 mM 

methionine in sodium phosphate buffer at pH 6.5 was received from Sanofi, Waterford, Ireland. 5 % 

(w/v) each of trehalose, Arg and Arg-HCl were separately added to the as-received liquid formulation 

to make the alternative formulations. The original Enzyme ‘A’ formulation with sucrose was Active-

freeze-dried and spray-dried, whereas the alternative formulations of Enzyme ‘A’ were only spray-

dried. Unless specified, Enzyme ‘A’ by itself refers to the original sucrose-based formulation. It is 

important to note that excipient-free Enzyme ‘A’ was not processed as the received drug from Sanofi 

Waterford was a pre-formulated drug substance including excipients. The removal of excipients 

would require additional buffer exchange using TFF filtration which was out of scope of this chapter. 

 

4.2.2 Active-freeze-drying. 

   

The Active-freeze-drying process was performed in the Active-freeze-drier (AFD-5) by Hosokawa 

Micron B.V., Netherlands. Enzyme ‘A’ was frozen and transformed into snowflake like ice particles 

with the help of constant stirring at a temperature of – 40 °C and pressure 4 mBar. The transformation 

of frozen granules took approximately 1.5 h. Primary drying was performed at 320 µBar while the 

temperature of the wall of the vessel was – 35 °C. This phase lasted for 46 h. The temperature of the 

wall of the vessel was set to – 20 °C during the secondary drying phase. After the process was 

completed, the dried powder was transferred and sealed into aluminium packets. 
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4.2.3 Spray-drying 

 

Spray-drying of Enzyme ‘A’ was performed using Procept’s 4M8-Trix Spray-dryer installed with a 

cyclone-based separator. Table 4.1 depicts the process parameters employed during the spray-drying 

of Enzyme ‘A’. Process parameters that were altered during the process included air inlet temperature, 

outlet temperature, pump speed (feed flow rate), nozzle pressure and nozzle size. All other alternative 

formulations of Enzyme ‘A’ were spray-dried at air inlet temperatures of 120 °C and 60 °C as per 

Table 4.1. For each spray-drying method, about 25 mL of the formulated drug substance was spray-

dried and the bulk dried powder were transferred into 20 mL Schott glass vials inside a glove bag 

purged with nitrogen gas. The vials were overlaid with nitrogen gas, rubber stoppered, crimped and 

stored at ~ 5 °C. Before analysis, the spray-dried powder was weighed into a new 20 mL Schott glass 

vial at relative humidity of ≤ 5 %. Moreover, to assess the impact of shear on the enzyme, the received 

formulated drug substance was sprayed through the spray nozzle with nozzle diameters of 0.4 mm 

and 1.2 mm, at a nozzle pressure of 0 bar and 4 bar and feed flow rates of 1 mL/min and 4 mL/min 

without drying. The sprayed liquid was collected in a glass beaker.  

Table 4.1: Spray-drying Process Parameters for Enzyme ‘A’. 

No. Factors 1 2 3 4 5 6 

1 Air Inlet Temp (°C) 90 120 150 200 60 45 

 2  Outlet Temp (°C) 51.3 66.4 76.9 97.3 35.6 25 

3 

Air Flow Rate 

(L/min) 80 - 90 80 - 90 80 - 90 80 - 90 80 - 90 80 - 90 

4 Pump Speed (%) 20 20 
20 

20 25 25 

5 Air Speed (m3/min) 0.3 0.3 0.3 0.3 0.3 0.3 

6 

Nozzle Pressure 

(Bar) 1.63 1.63 1.63 1.63 1 1 

7 Nozzle Size (mm) 0.4 0.4 0.4 0.4 0.8 0.8 
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4.2.4 Glass Transition Temperature and RMC 

 

The Tg / Tm of the Active-freeze-dried and spray-dried Enzyme ‘A’ were measured using Differential 

Scanning Calorimetry (DSC) – TA Q2000. Approximately, 5 – 10 mg of each dried sample sealed in 

an aluminum pan at relative humidity ≤ 5 %. Modulated DSC was ramped from 0 °C to 120 °C at 2 

°C/min with modulation amplitude of ± 1 °C and modulation period of 100 s for solid samples. 

Samples were analyzed in triplicate (n = 3). The RMC of Active-freeze-dried and spray-dried Enzyme 

‘A’ was measured using Karl Fischer titration (Karl Fischer Titrator by Metrohm). The vials were 

prepared at relative humidity ≤ 5 % and capped with Karl Fisher caps. The samples were subjected 

to a temperature of 100 °C, the blank vials were at 120 °C and the water standard was subjected to a 

temperature of 150 °C (as per the manufacturer’s recommendation).  

 

4.2.5 Homogeneity, Turbidity and Reconstitution Time analyses 

 

The freeze-dried, Active-freeze-dried and spray-dried Enzyme ‘A’ samples, including the alternative 

formulations, were reconstituted with 5 mL of deionized water and the concentration and turbidity 

were measured in a 1x1 cm transparent glass cuvette using a UV-Vis spectrometer (Spectro Star nano 

by BMG Labtech) at 280 nm and 350 nm, respectively. The concentration was calculated using Beer 

lambert’s law with the molar extinction coefficient of 2.41 mL mg-1 cm-1. The reconstitution time 

was measured using a stopwatch.  

 

4.2.6 Multi-Angle Dynamic Light Scattering (MADLS) 

 

All samples were analysed by the Zetasizer Ultra (Malvern Panalytical Ltd.) equipped with a 

nominally 10 mW He-Ne laser at a wavelength of 633 nm. 1 mL of sample was measured in a 1 cm 

x 1 cm transparent disposable cuvette. The cell position was set to 4.64 mm to allow for measurement 

of the sample across all detector angles. All MADLS measurements were collected at 3 different 
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angles of detection, namely, back scatter (174.7°), side scatter (90°) and forward scatter (12.78°) with 

an equilibration time of 120 s.  The refractive index of the protein and water used were 1.45 and 1.33, 

respectively. The viscosity of the low concentration dispersant for the enzyme at 25 °C was 0.8872 

mPa.s. The equilibration time was 120 s. All samples were analyzed in triplicate (n ≥ 3). 

 

4.2.7 Size Exclusion Chromatography 

 

The aggregation profiles of all Enzyme ‘A’ samples (including the alternative formulations) were 

analyzed using SEC on the Agilent 1200 HPLC with a Diode Array Detector. The mobile phase 

contained 20 mM Sodium Phosphate dibasic and 200 mM Sodium Chloride at pH 6.5. All samples 

were analyzed on a TSK gel 3000 SWXL column with a flow rate of 0.5 mL/min at 25 °C and an 

injection volume of 75 µL. 

 

4.2.8 Enzyme Activity 

 

The enzyme activity of all freeze-dried and spray-dried Enzyme ‘A’ samples were tested by the 

Analytical Science Department at Sanofi, Waterford. The enzyme activity of Enzyme ‘A’ was 

measured based on the hydrolysis of a substrate. The assay protocol contains proprietary information 

which cannot be disclosed. The results obtained for enzyme activity are shown in section 4.3.5.  

 

4.2.9 Molecular dynamics simulations 

 

MD simulations were performed on Enzyme ‘A’ and its alternative formulations to understand the 

influence of excipient-specific protein–excipient interactions on protein stability during spray-drying. 

To simulate the high-temperature environment of spray-drying, the enzyme was modelled at three 

different temperatures, 300K (27 °C), 340K (67 °C) and 380K (107 °C) in water solution in the 
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presence of sucrose, sucrose + Arg-HCl, and sucrose + trehalose. The simulations were performed 

for two different excipient concentrations; the starting concentrations of experimental solution prior 

to spray-drying (labelled 1x) to study the protein in its original solution, and at ten times the starting 

concentrations (labelled 10x), to study its behavior in its partially dried state as the excipients form 

more large-area, specific interactions with the surface of the protein. The data was analyzed in terms 

of excipient-induced changes in the protein structure as monitored through root mean square deviation 

(RMSD) of residues away from their starting positions (from X-ray crystal structure PDB ID 4WLD), 

fraction of native contacts, root mean square fluctuation (RMSF) with respect to the time-averaged 

structure as a measure of the flexibility of the protein, and preservation of secondary structure. MD 

simulations are carried out using the Gromacs 2018.4 package (Van Der Spoel et al., 2005) with a 

time step of 2 fs using the Leap frog integrator (Verlet, 1967; Hockney et al., 1974). Bond lengths to 

hydrogen were constrained using the LINCS algorithm (Hess, 2007). Long-range electrostatics were 

treated by the Particle mesh Ewald (PME) method (Darden et al., 1998). Protein and solvent 

molecules were coupled separately to an external heat bath (300 K) with a coupling time constant of 

1 ps using the velocity rescaling method (Bussi et al., 2007). CHARMM glycan parameters (Guvench 

et al., 2011) were used for excipient molecules, while peptide molecules were represented by the 

CHARMM 36m (Huang et al., 2016) force field. All systems were minimized for 100 ps and 

equilibrated for 500 ps in constant volume NVT ensemble. Production phases of 1 µs in the NPT 

ensemble were then carried out for each formulation.  

 

4.2.10 Statistical Analyses 

 

Method performed was as per section 2.2.14. 
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4.3 Results and Discussion 

 

4.3.1 Glass Transition Temperature and RMC 

 

The results for thermal and RMC analyses for freeze-dried and Active-freeze-dried Enzyme ‘A’ are 

shown in Table 4.2. The RMC and the Tg of Active-freeze-dried Enzyme ‘A’ were very comparable 

to its freeze-dried counterpart. The reported Tg of sucrose is ~ 60 °C (Liao et al., 2004; Simperler et 

al., 2006) while the Tg of the formulation (~ 79 °C) was elevated as proteins and amino acids exhibit 

a higher Tg compared to sugars (Matveev et al., 1997; Pikal et al., 2007). The low RMC (0.17 %) 

achieved during Active-freeze-drying was as a result of a very long drying cycle that can be optimized 

further. The length of the primary drying phase can be reduced by installing a condenser, by using a 

tube of large diameter connecting the drying vessel and the vacuum pump, and/or by increasing the 

surface area of the filter to improve the removal of water vapour (Hosokawa Micron B.V., 2019).  

 

Table 4.2: Tg and RMC of freeze-dried and Active-freeze-dried Enzyme ‘A’. 

Sample Tg (◦C) RMC (%) 

Freeze-dried Enzyme ‘A’ + 

sucrose 
79.78 ± 0.69 0.11 ± 0.02 

Active-freeze-dried 

Enzyme ‘A’ + sucrose 
78.60 ± 0.37 0.17 ± 0.02 

 

The results for thermal and RMC for spray-dried Enzyme ‘A’ are shown in Table 4.3. The inlet and 

outlet temperatures are represented as inlet/outlet (Table 4.3). The RMC was significantly reduced 

from 4.95 % to 1.91 %. This was achieved by employing similar process parameters as reported in 

chapter 3, section 3.3.1 (Büchi Labortechnik AG, 2002; Vass et al., 2019a; Ziaee et al., 2019). For 

example, in the fourth row of Table 4.3 it can be seen that Enzyme ‘A’ was aggressively spray-dried 

at an inlet/outlet temperature of 200/97.3 °C, significantly above its Tg, with an air flow rate of 80 
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L/min, a pump speed (feed flow rate) of 20 %, a nozzle pressure of 1.63 bar and a nozzle size of 0.4 

mm. A Tg of 45.52 °C and an RMC of 2.63 % was obtained. Similarly, the enzyme was gently spray-

dried at an inlet/outlet temperature of 45/25 °C, where the enzyme remained significantly below its 

Tg. The air flow rate and the pump speed were kept constant at 80 L/min and 20 %, respectively. In 

this case, the nozzle pressure was kept at 1 Bar and a nozzle size of 0.8 mm was employed. The Tg 

(28.99 °C) obtained was lower and the RMC (4.95 %) was increased. Through gentle spray-drying 

process conditions, the enzyme was kept below its freeze-drying secondary drying temperature (35 

°C). These conditions were employed to study the effect of both temperature and shear on the enzyme 

and to achieve comparable CQAs with respect to its freeze-dried counterpart.  

 

Table 4.3: Tg and RMC of Enzyme ‘A’ spray-dried at different process parameters. 

Sample 

Air inlet/outlet 

Temperature 

(°C), Air flow rate 

(L/min), pump speed 

(%), nozzle pressure 

(Bar), nozzle size (mm) 

Tg (°C) 
*RMC % 

(± 0.1 %) 

Spray-dried  

Enzyme ‘A’ + sucrose. 

90/51.3, 80, 20, 1.63, 0.4 41.31 ± 2.04 3.47 

120/66.4, 80, 20, 1.63, 

0.4 
49.21 ± 0.77 2.13 

150/76.9, 80, 20, 1.63, 

0.4 
52.43 ± 1.85 1.91 

200/97.3, 80, 20, 1.63, 

0.4 
45.52 ± 0.19 *2.63 

60/35.6, 80, 20, 1, 0.8 33.73 ± 4.78 4.84 

45/25, 80, 20, 1, 0.8 28.99 ± 0.91 4.95 

*The resultant yield of the spray-dried Enzyme ‘A’ formulations varied in the range of 60 – 65 %. 

The yield decreased as the RMC increased due to the hygroscopic nature of sucrose. The yield was 

not the primary target of these experiments and so this parameter was not optimized. The RMC 

obtained was higher for the 200/97.3 run than the 150/76.9 run due to a failure of the 200/97.3 run 

towards the end of the cycle resulting in insufficient drying of the powder obtained.  
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From Table 4.3, it can again be noted that along with lowering the inlet/outlet temperatures, the nozzle 

pressure (1 Bar) was decreased, and the nozzle size (0.8 mm) was doubled as part of the gentle spray-

drying conditions. These parameters were altered to study the combined effect of shear and 

temperature on the protein. The effect of nozzle size on the particle size, morphology and the RMC 

have been studied in literature (Grasmeijer et al., 2019; Ziaee et al., 2019, 2020).  

As reported in chapter 3, section 3.3.1, an inverse correlation (R2 = 0.974) between the Tg and the 

RMC in spray-dried Enzyme ‘A’ at different outlet temperatures (Figure 4.1) verified the consistency 

of results and can be employed to generate empirical models for the prediction of RMC and Tg during 

spray-drying of biologic drug products. Moreover, comparable CQAs can be achieved by further 

optimizing the spray-drying process. 

 

Figure 4.1: Correlation between Tg and RMC for Enzyme ‘A’ at different air outlet temperatures.  

 

 

 

 

R² = 0.974

20

25

30

35

40

45

50

55

60

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

G
la

s
s
 T

ra
n
s
it
io

n
 T

e
m

p
e
ra

tu
re

 (
°C

)

Residual Moisture Content (%)

Spray-Dried Enzyme A Linear (Spray-Dried Enzyme A)



184 

 

4.3.2 Homogeneity, Turbidity and Reconstitution Time analyses  

 

The behaviour of rehydrated freeze-dried, Active-freeze-dried, and spray-dried Enzyme ‘A’ can be 

seen in Figure 4.2. A clear solution was obtained within 1 min of reconstitution of the freeze-dried 

cake (Figure 4.2 (a) and Table 4.4). The Active-freeze-dried and spray-dried samples took ≥ 15 min 

to reconstitute compared to the freeze-dried samples Table 4.4. Unlike the rehydrated freeze-dried 

vials that appeared clear, the reconstituted Active-freeze-dried and spray-dried vials appeared highly 

turbid due to the presence of high amounts of insoluble particles formed during the two drying 

processes. These insoluble particles are protein aggregates. Turbid protein solutions associated with 

aggregation have been reported by various authors (Mehta et al., 1996; Y. F. Maa et al., 1998; Andya, 

Y. F. Maa, et al., 1999b; Tzannis and Prestrelski, 1999; Giurleo et al., 2008; Yamaguchi et al., 2013; 

Owczarz and Arosio, 2014).  

            

Figure 4.2: Reconstituted Enzyme ‘A’: (a) freeze-dried, (b) Active-freeze-dried and (c) spray-dried. 

The behaviour of dried powder in these samples just before complete reconstitution can be seen in 

the Appendix, Figure A4.1. Upon the addition of ultrapure water, the majority of the particles in the 

Active-freeze-dried powder began to float on water, whereas the majority of the particles in the spray-

dried powder formed small clumps and sedimented at the bottom of the vial. This showed that the 

particle size and the density of Active-freeze-dried powder was significantly lower than particles in 

the spray-dried powder. Possible reasons for the presence of insoluble agglomerates causing turbidity 

may be due to temperature, shear, adsorption at liquid-air interfaces and dehydration stresses induced 

via the two drying processes. Moreover, higher moisture content, as present in spray-dried samples, 
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increases the stickiness amongst particles that also results in particle agglomeration (Vehring, 2008; 

Schaefer and Lee, 2015a, 2015b; Ziaee et al., 2020).  

It has been reported that simply shaking protein solutions can induce aggregation (Mahler et al., 2005; 

Wang et al., 2010). Vigorous shaking or stirring increases the kinetic energy as well as creates liquid-

air interfaces. This allows proteins to adsorb at the interface resulting in exposure of hydrophobic 

residues to air. These exposed hydrophobic residues tend to induce aggregation (Wang, 1999; Wang 

et al., 2010). The creation of these interfaces further facilitate the impact of sheer stress on proteins 

(Yu et al., 2006; Abdul-Fattah et al., 2008; Bee, Chiu, et al., 2009). The stirring motion involved in 

the Active-freeze-drying process could be one of the major reasons for protein aggregation of Enzyme 

‘A’. While the formulated drug substance as well as the rehydrated spray-dried Enzyme ‘A’ solutions 

were handled with care, the atomization of liquid feed during the spray-drying process could be 

responsible for the creation of liquid-air interfaces leading to aggregation of the enzyme. Although 

temperature and shear are responsible for some protein aggregation (Andrews et al., 2008; Bee, Chiu, 

et al., 2009), protein adsorption at the liquid-air interface has also been reported to be the major reason 

for aggregation in spray-dried recombinant growth hormone (rhGH), tissue-type plasminogen 

activator (tPA) and other proteins (Mumenthaler et al., 1994; Y.-F. Maa and Hsu, 1997; Kumar et al., 

2009; Mukherjee et al., 2009).  

The measured protein concentrations in freeze-dried, Active-freeze-dried and spray-dried Enzyme 

‘A’ vials were not consistent (Table 4.4). On average, the concentration of the protein in the Active-

freeze-dried and spray-dried samples was 5.01 ± 0.55 mg/mL. The change in the protein 

concentrations in the Active-freeze-dried and spray-dried samples corresponded to the relative 

change in the concentrations of the monomers and higher aggregates in the solution. Moreover, the 

optical densities of all reconstituted samples were measured in the light scattering region (350 nm) as 

shown in Appendix, Figure A4.2. While measuring the scattering of light at 350 nm as a function of 

protein aggregation is not the best quantitative method, it does provide a quick estimate of the level 

of turbidity in protein solutions (Al-hussein and Gieseler, 2013). The spray-dried samples were 
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represented as per the inlet/outlet temperatures that they were subjected to. Significant differences in 

the optical densities of rehydrated Enzyme ‘A’ samples have been shown in Figure A4.3 of the 

Appendix. Light scattering due to particles in Active-freeze-dried samples was the highest amongst 

all samples (p < 0.05) suggesting that the sample was highly aggregated. The optical densities of 

gently spray-dried Enzyme ‘A’ samples at an air inlet/outlet temperature of 60/35.6 °C and 45/25 °C 

were significantly lower (p < 0.05) than the aggressively spray-dried samples at air inlet/outlet 

temperatures of 120/66.4 °C, 150/76.9 °C, 200/97.3 °C. These results indicate that lower temperatures 

and a larger nozzle size resulted in less turbid solutions. Furthermore, to assess the impact of shear 

alone, the sprayed enzyme solution through the spray nozzle (without drying) exhibited aggregate 

levels of < 2 % and O.D. of < 0.1 which were comparable to the reconstituted freeze-dried product. 

This confirmed that temperature significantly affected the stability of Enzyme ‘A’, rather than just 

shear alone.  

Additionally, the impact of other excipients on the stability of spray-dried Enzyme ‘A’ was also 

evaluated (Figure 4.3). The reconstituted spray-dried Enzyme ‘A’ formulations containing 

sucrose/trehalose, sucrose/Arg and sucrose/Arg-HCl are shown in Figure 4.3 (c – e), respectively. 

The turbidity of reconstituted spray-dried Enzyme ‘A’ was significantly improved in the presence of 

sucrose/trehalose, sucrose/Arg and sucrose/Arg-HCl compared to the turbidity in sucrose by itself 

(Figure 4.3 (b)).  
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Figure 4.3: Reconstituted Enzyme ‘A’ (a) freeze-dried with sucrose (control), (b) spray-dried with 

sucrose, (c) spray-dried with sucrose/trehalose, (d) spray-dried with sucrose/Arg, (e) spray-dried with 

sucrose/Arg-HCl.  

 

A significant improvement in the reconstitution behaviour of spray-dried Enzyme ‘A’ sucrose/Arg 

and sucrose/Arg-HCl was observed and was consistent with the results obtained for the O.D. in the 

light scattering region (Figure 4.4), reconstitution time and concentration as shown in Table 4.4. As 

shown in Figure 4.4, a reduction in the O.D. of the spray-dried enzyme formulation with 

sucrose/trehalose was also observed, while the O.D. of the reconstituted formulation containing 

sucrose/Arg and sucrose/Arg-HCl was significantly lower than that of sucrose and sucrose/trehalose. 

Moreover, a significant reduction in the reconstitution time was observed for sucrose/Arg (8 min) and 

sucrose/Arg-HCl (5.5 min) but the formulation containing sucrose/trehalose did not show any 

reduction in the reconstitution time (15 min) (Table 4.4). A reduction in the reconstitution time and 

improved stability in the presence of arginine was also reported for humanized IgG4 monoclonal 

antibodies (Massant et al., 2020). Also, the enzyme concentrations obtained for the formulations 

containing sucrose/trehalose, sucrose/Arg and sucrose/Arg-HCl were consistently within the 

specification range of the product (4.0 ± 0.5 mg/mL).  
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Table 4.4: Reconstitution time, concentration and turbidity of reconstituted freeze-dried, Active-

freeze-dried and spray-dried Enzyme ‘A’. 

Sample Reconstitution Time (min) Concentration (mg/mL) Optical Density A
350

 

Freeze-dried Sucrose (Control) 1 4.15 ± 0.05 0.074 ± 0.05 

Active-freeze-dried Sucrose        > 15 5.01 ± 1.16 3.50 ± 0.00 

Spray-dried Sucrose (60 °C) 15 4.47 ± 0.17 0.450 ± 0.10 

Spray-dried Sucrose (120 °C)  15 5.56 ± 2.44 0.890 ± 0.03 

Pre-dried Sucrose/Trehalose - 4.01 ± 0.02 0.030 ± 0.001 

Spray-dried Sucrose/Trehalose (60 

°C) 
15 3.81 ± 0.01 0.271 ± 0.002 

Spray-dried Sucrose/Trehalose (120 

°C)  
15 4.00 ± 0.01 0.228 ± 0.001 

Pre-dried Sucrose/Arginine - 3.88 ± 0.06 0.029 ± 0.001 

Spray-dried Sucrose/Arginine (60 °C) 8 3.43 ± 0.01 0.106 ± 0.001 

Spray-dried Sucrose/Arginine (120 

°C) 
8 3.93 ± 0.01  0.090 ± 0.003 

Pre-dried Sucrose/Arg-HCl - 4.38 ± 0.03 0.068 ± 0.001 

Spray-dried Sucrose/Arg-HCl (60 °C) 5.5 3.97 ± 0.05 0.179 ± 0.01 

Spray-dried Sucrose/Arg-HCl  

(120 °C) 
5.5 4.01 ± 0.01 0.149 ± 0.001 
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Figure 4.4: Optical density of reconstituted spray-dried Enzyme ‘A’ formulations.  

 

4.3.3 Multi-Angle Dynamic Light Scattering 

 

To further identify and elucidate the reason for high turbidity and reconstitution time in the above 

samples, the PSD was studied using multi-angle DLS (MADLS). MADLS is an improvement in the 

single-angle DLS technique and has been evaluated and discussed extensively in chapter 5. The PSD 

by intensity of the rehydrated freeze-dried, Active-freeze-dried and spray-dried Enzyme ‘A’ samples 

are shown in Figure 4.5. It was observed that the monomeric protein was present around 10 nm with 

a minor fraction of HMWS present around 95 nm in freeze-dried samples (Figure 4.5 (a)). Moreover, 

the Z-average (10.65 nm) and a PDI of 0.3 indicated a fairly monodisperse solution (Table 4.5). A 

clear solution was obtained with the absence of insoluble protein aggregates as shown in section 4.3.2, 

Figure 4.2 (a) and Figure 4.3 (a).  
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Table 4.5: Z-Average and PDI for freeze-dried, Active-freeze-dried and spray-dried Enzyme ‘A’. 

Sample 
Z-Average 

(nm)  

PDI 

 

Freeze-dried 

Enzyme ‘A’ 
10.65 0.30 

Active-freeze-dried Enzyme ‘A’ 146.2 0.39 

Spray-dried Enzyme ‘A’ 185.5 0.50 

 

The PSD of spray-dried and Active-freeze-dried Enzyme ‘A’ are shown in Figure 4.5 (b) and (c). The 

reduced distribution by intensity of the monomer and the shift in the particle sizes from 10 nm to 

15.05 and 22.36 nm along with an increased distribution by intensity of multiple peaks between 100 

nm and 500 nm, clearly indicated protein aggregation compared to Figure 4.5 (a). This was later 

confirmed by SEC in section 4.3.4. The presence of additional peaks in the range of 60 nm – 1000 

nm have been attributed to protein aggregates previously (Panchal et al., 2014; Wang et al., 2016). 

The results obtained so far were consistent with those presented in section 4.3.2. Higher reconstitution 

time, increased turbidity and the presence of higher molecular weight species elucidate protein 

aggregation. The continuous stirring motion during the freezing step in the Active-freeze-drying 

process may have accounted for shear and liquid-air interface-induced protein aggregation (Touzet et 

al., 2018; Hosokawa Micron B.V., 2019). Enzyme ‘A’, being a large molecule, is susceptible to 

process-induced stresses. Similarly, the PSD of spray-dried samples indicated protein aggregation 

which confirmed the presence of a large fraction of insoluble protein aggregates leading to a turbid 

solution (Figure 4.2 (c) and Figure 4.3 (b)). In this case, high temperature significantly contributed to 

the increase in protein aggregates leading to a turbid solution with high reconstitution time.  

The PSD of Enzyme ‘A’ in the presence of co-excipients trehalose, Arg and Arg-HCl are shown in 

Figure 4.5 (d – h). While a minor shift in the monomer peak (12.93 nm) was observed in the presence 

of sucrose/trehalose prior to drying (Figure 4.5 (d)), the enzyme showed a multimodal distribution 
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post spray-drying (Figure 4.5 (e)), thereby, indicating protein aggregation. In the presence of 

sucrose/Arg, a monodisperse PSD was observed with a peak at 14.9 nm (Figure 4.5 (f)). Post spray-

drying, a multimodal distribution was obtained with the peak at 14.77 nm that exhibited the highest 

light scattering intensity (70 %) (Figure 4.5 (g)). While there was a shift in the monomodal monomer 

peak size from 10 nm to 14 nm (Figure 4.5 (f)), it is important to note that DLS results in this case 

can be deceiving as fundamentally DLS isn’t a high resolution technique and could not resolve 

monomer-dimer species, so, other complementary techniques such as SEC were employed in section 

4.3.4.  The peak at ∼ 14 nm was confirmed as the dimer of the enzyme by SEC in section 4.3.4, while 

the monomer peak was masked by the dimer peak. Factors impacting MADLS particle size accuracy, 

precision and resolution have been thoroughly evaluated and discussed in chapter 5. Furthermore, the 

PSD of pre-dried and spray-dried sucrose/Arg-HCl (Figure 4.5 (h)) was similar to the PSD obtained 

for sucrose/trehalose (Figure 4.5 (d)). Although, a multimodal PSD was obtained for spray-dried 

Enzyme ‘A’ with sucrose/Arg-HCl, Arg-HCl played a significant role in suppressing insoluble 

aggregates and decreasing the reconstitution time as also reported in section 4.3.2. 



192 

 

 

Figure 4.5: MADLS PSD of Enzyme ‘A’ (a) freeze-dried sucrose, (b) spray-dried sucrose, (c) Active-

freeze-dried sucrose, (d) pre-dried sucrose/trehalose, (e) spray-dried + sucrose/trehalose, (f) pre-dried 

sucrose/Arg, (g) spray-dried sucrose/Arg and (h) spray-dried sucrose/Arg-HCl.  

 

4.3.4 Size Exclusion Chromatography 

 

SEC was performed to quantify protein aggregates present in all freeze-dried, Active-freeze-dried 

and spray-dried samples of Enzyme ‘A’. The loss of monomer of the enzyme is shown in Figure 4.6 

and the aggregation profiles in reconstituted freeze-dried, Active-freeze-dried and spray-dried 

Enzyme ‘A’ samples are shown in Figure A4.4 of the Appendix. With respect to freeze-dried Enzyme 

‘A’, a 20 % and a 15 % loss of monomer was observed in the Active-freeze-dried and spray-dried 

samples, respectively (Figure 4.6). The decrease in the monomer content was associated with the 

increase in protein aggregates. While the freeze-dried samples showed only 3.69 % dimers and no 

HMWS, the Active-freeze-dried samples showed a higher dimer (4.12 %) and HMWS (10.76 %) 

content. The MADLS results obtained in section 4.3.3 were only qualitative while SEC provided a 
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quantitative aggregation profile. The two techniques complemented each other by confirming the 

presence of higher aggregates. These results confirmed process-induced protein aggregation, as 

discussed in section 4.3.2 and 4.3.3.  

With respect to the alternative formulations of Enzyme ‘A’, the formulation containing sucrose/Arg 

exhibited maximum loss of monomer (70 – 80 %) which was ascribed to a significant pH shift from 

6.5 to 9.8. The large shift in the pH resulted in significant dimerization (> 50 %) of the enzyme, 

thereby, leading to maximum loss of the monomer. The loss of monomer in the formulations 

containing sucrose, sucrose/trehalose and sucrose/Arg-HCl were comparable, though on average the 

loss of monomer was 5% higher in sucrose/Arg-HCl (Figure 4.6). This showed that even though Arg-

HCl played a significant role in suppressing insoluble aggregation, it resulted in fragmentation of the 

monomer as observed by SEC. The loss of monomer has been associated with a decrease in protein 

stability and concentration in formulations of lysozyme and myoglobin (Mutukuri et al., 2021). Loss 

of monomer due to increased protein aggregation can lead to increased immunogenicity and 

decreased product efficacy (Moussa et al., 2016). However, in some cases dimerization and 

oligomerization can be integral to protein activity (Marianayagam et al., 2004).  

 

Figure 4.6: Percentage loss of monomer in Enzyme ‘A’ formulations by SEC. 
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Several theories have been reported to explain the mechanism of stabilization of proteins by arginine. 

According to preferential interaction, arginine preferentially excludes itself from the surface of 

lysozyme, BSA and α-chymotrypsinogen A, particularly at high concentrations, leading to an increase 

in the transfer free energy, thereby, stabilizing the protein against unfolding and aggregation (Kita et 

al., 1994; Schneider and Trout, 2009; Shukla and Trout, 2011a). An alternative explanation based on 

surface tension posits that at high arginine concentrations, the rate of increase in the surface tension 

is low, which suggests that arginine forms molecular clusters that interact with the hydrophobic 

surface of proteins, thereby, suppressing protein aggregation (Das et al.; Tsumoto et al., 2005; 

Arakawa et al., 2007). A third theory, based on the solubility of amino acids, proposes that arginine 

increases the solubility of amino acids by weakening both hydrophobic and polar interactions, thus, 

suppressing protein aggregation (Das et al.; Arakawa et al., 2007). Finally, the excluded-volume 

effect, also known as the gap effect, states that the presence of excipients such as arginine creates an 

energy barrier between protein molecules which decreases the rate of protein aggregation (Baynes 

and Trout, 2004; Baynes et al., 2005; Shukla and Trout, 2010). In spite of the reported mechanisms 

for protein stabilization by arginine, protein destabilization by arginine has also been reported (Kim 

et al., 2016). The guanidinium group present in arginine contributes to the destabilizing effect as 

guanidine hydrochloride (GdnHCl) is a well-known chaotrope, while the destabilizing effect of 

GdnHCl is lower than that of arginine itself (Ishibashi et al., 2005). This is in agreement with the 

results obtained here with Enzyme ‘A’ for Arg vs. Arg-HCl.  

 

4.3.5 Enzyme Activity 

 

Figure 4.7 shows the relative retained enzyme activity of the different Enzyme ‘A’ formulations and  

Table 4.6 summarizes the CQAs of freeze-dried and spray-dried Enzyme ‘A’ formulations. The 

spray-dried formulations containing sucrose, sucrose/trehalose and sucrose/Arg-HCl exhibited 

increased enzymatic activity compared to the freeze-dried formulation containing sucrose (control), 
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while the formulation containing sucrose/Arg exhibited the lowest activity due to significant loss of 

monomer and an increase in dimerization of Enzyme ‘A’ as shown by SEC in section 4.3.4. A similar 

increase in the enzyme activity of spray-dried lysozyme was reported in chapter 3, section 3.3.5. To 

further elucidate and understand the obtained activity results and the stability of Enzyme ‘A’, MD 

simulations were performed in section 4.3.6.  

 

 

Figure 4.7: Relative retained enzyme activity of the different spray-dried Enzyme ‘A’ formulations.  

 

Table 4.6: A summary of CQAs of freeze-dried and spray-dried Enzyme ‘A’ formulations.  

Sample pH Recon Time Turbidity Monomer loss Activity 

Freeze-dried 

Enzyme ‘A’ 
6.5 1 0.074 ± 0.05 control 

100 

Spray-dried 

Enzyme ‘A’ 
6.5 15 0.890 ± 0.03 12.06 

173 

Spray-dried 

Enzyme ‘A’ + 

Trehalose 

6.5 15 0.890 ± 0.03 15.6 
194 

Spray-dried 

Enzyme ‘A’ + 

Arg 

9.8 8 0.090 ± 0.003 78.12 
6.9 

Spray-dried 

Enzyme ‘A’ + 

Arg-HCl 

6.5 5.5 0.149 ± 0.001 17.7 
180 
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4.3.6  Molecular Dynamics Simulations 

 

The comparison of all properties at low and high concentrations of excipients (Appendix, Figure A4.5 

– A4.8) showed that the macromolecular crowding of the excipients on the protein surface tends to 

reduce the change in the protein conformation induced by the increase in temperature. At high 

concentrations, similar to the local environment in a droplet as drying takes place, the differential 

effects of each excipient on the protein structure were clearly shown in the molecular models. Figure 

4.8 shows the fraction of native contacts that were conserved during the simulation. This captured 

changes in the tertiary structure. At room temperature (300 K) and at the temperature reached during 

the spray-drying (340 K) process, both sucrose and the sucrose/Arg-HCl mixture conserved a large 

fraction of the native contacts, suggesting a minimal change in the tertiary structure. Furthermore, in 

both cases, the fraction converged towards an equilibrium value. The fraction of native contacts 

conserved was also larger for sucrose/Arg-HCl, in good agreement with experimental results showing 

the stabilization effect of Arg-HCl. This result was also substantiated with the increase in the 

secondary structure of the sucrose/Arg-HCl system at 340 K (Appendix, Figure A4.10). 

Sucrose/trehalose, however, only conserved the protein structure at room temperature, but failed to 

do so at a higher temperature of 340 K corresponding to operating temperature of the spray-dryer. 

Again, this was consistent with experimental results showing increased reconstitution time and a large 

fraction of insoluble aggregates. 380 K was used as a control temperature, as the spray-dryer could 

potentially reach such a high value. For all excipients, a loss of native contacts was observed but with 

sucrose and sucrose/Arg-HCl reaching a new equilibrium at 340 K and 380 K and, therefore, a new 

conformation. Similar enzyme activity results obtained for lysozyme in chapter 3, section 3.3.5 could 

possibility explain the increased efficacy observed in Enzyme ‘A’ as a result of increased flexibility 

and access to the active site residues although an assessment of the distance between active site 

residues with respect to the native conformation would be required using coarse-grained models.  
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Figure 4.8: Plot of the fraction of native contacts of Enzyme ‘A’ with 10x concentration of (a) 

Sucrose, (b) Sucrose/Arg-HCl and (c) Sucrose/Trehalose.  

 

The RMSF, depicted in Figure 4.9, shows the fluctuations of each residue of Enzyme ‘A’. Sucrose 

maintained very low fluctuations at 300 K and 340 K, as does Arg-HCl, although the domains 100-

110 and 145-155 showed slightly larger fluctuations. At 380 K however, Arg-HCl dampened protein 

dynamics compared to sucrose-alone, in particular around the termini. The presence of trehalose 

resulted in large fluctuations starting from 340 K. The regions 50-200 and 450-528 were particularly 

affected and explained the loss of native contacts. These results corroborate the experimental findings 

that the combination of sucrose and Arg-HCl was the most suitable for Enzyme ‘A’ during spray-

drying. 

 

 

Figure 4.9: Plot of the RMSF of Enzyme ‘A’ with 10x concentration of (a) Sucrose, (b) Sucrose/Arg-

HCl and (c) Sucrose/Trehalose. 
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Figure 4.10 shows the total number of excipient molecules bound to the protein and the number of 

protein amino acid residues coordinating these bound excipient molecules at 300 K and 380 K. While 

sucrose and trehalose interacted likewise via fewer hydrogen bonds (Figure 4.10 (a) and (b)), Arg-

HCl interacted at a significantly greater level at both 300 K and 380 K with other excipients and the 

amino acid residues of the enzyme (Figure 4.10 (c) and (d)). A detailed representation of the number 

of sucrose, Arg-HCl and trehalose molecules in close vicinity of each amino acid residue of Enzyme 

‘A’ at 300 K and 380 K is shown in Figure 4.10 (c) and (d), respectively. The simulations revealed 

that Arg-HCl interacted the most with the negatively and positively charged residues on the surface 

of Enzyme ‘A’. The interaction of Arg-HCl was preferentially higher with glutamic acid (Glu) and 

aspartate (Asp) residues. Authors have shown that the inclusion of Arg and Glu increases protein 

solubility, stability and prevents aggregation (Golovanov et al., 2004). Moreover, the polar group of 

Arg interacted with Asp and Glu residues via hydrogen bonds present on the surface of E3 ubiquitin-

protein ligase, while the other charged groups interacted with other Arg and Glu molecules in the 

solution (Shukla and Trout, 2011b). Such increased interactions lead to a crowding effect on the 

surface of the protein, thereby, suppressing protein-protein associations. These results were consistent 

with the Excluded-Volume effect discussed in section 4.3.4. Furthermore, Arg-Arg and Arg-lysine 

interactions were fairly pronounced at both 300 K and 380 K though an increase in the number of 

Arg-HCl molecules in close vicinity of proline (Pro), tyrosine (Tyr) and glutamine (Gln) were 

observed at 380 K. This showed that Arg also interacted with polar uncharged, aromatic and aliphatic 

residues of the enzyme but to a lesser extent. Non-specific interactions of Arg with hydrophobic and 

aromatic residues has also been reported to improve solubility and reduce the development of 

aggregation-prone intermediate states (Li et al., 2010; Shah et al., 2012). Therefore, MD simulations 

have clearly demonstrated the unique protein-excipients interactions of Enzyme ‘A’ and elucidate the 

mechanism by which Arg-HCl improves the stability of spray-dried Enzyme ‘A’ in line with 

postulated mechanisms in literature. 
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Figure 4.10: (a, b) Number of excipient molecules (sucrose, arginine, and trehalose) binding to the 

protein is shown in black, while the corresponding number of coordinating protein amino acids is 

depicted in red. (c, d) Number of sucrose (black), arginine (red) and trehalose (green) molecules 

bound to the protein as a function of the protein amino acid type. (a, c) Data obtained in simulations 

at 300 K and (b, d) for simulations at 380 K.  
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4.1 Conclusion 

This chapter has reported some of the CQAs of Active-freeze-dried and spray-dried Enzyme ‘A’ in 

order to evaluate its processability. The Active-freeze-dried enzyme showed comparable RMC and 

Tg to the freeze-dried counterpart. Further optimization can be performed to reduce the total drying 

time as suggested by Hosokawa Micron, Netherlands. A significant reduction in the RMC and 

increase in the Tg of Enzyme ‘A’ was achieved at higher outlet temperatures via spray-drying. 

Consistent with the Fox equation, a good correlation was observed between the RMC and the Tg at 

different outlet temperatures. Moreover, the total drying time was significantly lower during spray-

drying (1 L in 1.1 days at the rate of 0.9 L/day or 4 h for 150 mL) compared to a 55 h freeze-drying 

cycle (1 L in 2.3 days at the rate of 0.065 L/day). However, poor reconstitution properties were 

observed post both Active-freeze-drying and spray-drying. The product concentration, reconstitution 

time and turbidity of the spray-dried and Active-freeze-dried samples were significantly different 

compared to the freeze-dried sample. The presence of insoluble and soluble protein aggregates were 

observed in these samples using three different analytical techniques. While UV-Vis spectroscopy, 

DLS and SEC complemented each other, SEC was a reliable quantitative method for protein 

aggregation. The reasons for process-induced protein aggregation during Active-freeze-drying could 

be attributed to shear due to stirring and improper handling of the formulated bulk (other factors have 

also been discussed in section 1.3.2.1 of chapter 1), whereas process-induced protein aggregation 

during spray-drying was attributed to high temperature and dehydration rather than shear alone. 

Furthermore, the combined experimental and modelling dataset demonstrated the feasibility and 

mechanism of spray-drying as an alternative to freeze-drying for the manufacture of a parenteral 

biopharmaceutical.  

Amongst the co-excipients studied in this chapter, it was found that the inclusion of Arg-HCl 

significantly reduced the reconstitution time of spray-dried Enzyme ‘A’ by 63 % and its turbidity by 

83 % and was capable of acting as the main stabilizer, while the presence of both sucrose and trehalose 

did not improve the reconstitution time. In terms of protein aggregation, only the sucrose/Arg and 
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sucrose/Arg-HCl based formulations were able to suppress the formation of insoluble aggregates, but 

Arg by itself resulted in significant dimerization of Enzyme ‘A’ which further resulted in maximum 

loss of monomer and enzyme activity. However, Arg-HCl also promoted fragmentation which 

resulted in 5 % higher loss of monomer while its protein aggregation suppressing effect dominated 

its destabilizing effect. Despite the destabilizing effect, the enzyme activity of spray-dried Enzyme 

‘A’ was enhanced by more than 50 %. A good agreement between the experimental results and 

molecular dynamics simulations provided further insights on protein–excipient interactions. The 

simulations revealed that while sucrose and trehalose interacted likewise and showed the least 

protection against the formation of insoluble aggregates, Arg-HCl interacted the most with the 

negatively and positively charged residues of Enzyme ‘A’. More specifically, the preferential 

interaction of Arg-HCl was the greatest with Glu and Asp residues on the surface of the enzyme, 

though it also interacted with other polar uncharged, hydrophobic aromatic and aliphatic residues to 

a lesser extent. Along with the specific interactions of Arg-HCl with Enzyme ‘A’, these results were 

consistent with the Excluded-Volume effect hypothesis wherein Arg acted as a neutral crowder to 

suppress protein aggregation and was the probable mechanism of stabilization of Enzyme ‘A’ by Arg-

HCl post spray-drying. Therefore, the inclusion of appropriate formulation components with respect 

to the spray-drying process is a key consideration for selecting an alternative drying process. Product-

specific data coupled with molecular dynamics simulations can provide intricate insights required for 

product-process development and optimization in the biopharmaceutical industry.  
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5 Chapter 5:  

Evaluation and Screening of Biopharmaceuticals using 

multi-angle Dynamic Light Scattering 
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5.1 Introduction 

 

It is well known that proteins are sensitive molecules and susceptible to physical and chemical 

instability resulting in aggregation, denaturation, etc. (Arakawa et al., 2001; Wang et al., 2007; 

Declerck, 2012; Wang and Roberts, 2018). Protein aggregation is one of the critical quality attributes 

(CQAs) that can lead to increased immunogenicity and decreased product efficacy (Moussa et al., 

2016), though in some cases dimerization and oligomerization can be integral to protein activity 

(Marianayagam et al., 2004). To ensure the safety, quality and efficacy of these products as per the 

International Council for Harmonisation (ICH) guidelines and current good manufacturing practices 

(cGMP), various analytical and characterization techniques are employed prior to batch release 

(Sharma et al., 2021). Historically, several methods such as Bradford protein assay, Bicinchoninic 

acid (BCA), Lowry’s assay and other dye-based methods have been used to assess protein 

concentration. However, the drawbacks associated with these methods include the requirement for 

additional reagents, sample preparation, compatibility with sample type, interference from multiple 

absorbing species and analysis time (Knight and Chambers, 2003; Olson and Markwell, 2007). 

Currently, UV-Vis spectroscopy and chromatographic methods including reversed-phase high 

performance liquid chromatography (RP-HPLC) and size exclusion chromatography (SEC) are the 

quality control (QC) release tests for concentration, purity, aggregation and degradation (FDA, 

2010b). However, the chromatographic methods are destructive techniques which typically require 

long equilibration and analysis times, while there is a requirement for additional reagents and 

consumables, including buffers and columns. Although some ultra high pressure liquid 

chromatographic (UHPLC) methods can have shorter run times, method development and validation 

for each product and different formulations are time consuming. Even though SEC employs mild 

isocratic and elution conditions that confer minimal impact on the conformational stability, protein 

aggregates with weak intermolecular affinity can dissociate into monomers in the mobile phase 

(Fekete et al., 2014; Al-Ghobashy et al., 2017). Along with these techniques, several process 

analytical technologies (PATs) available for product and process characterization have been 
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summarized in literature (Sharma et al., 2021). Of these, DLS (Patel et al., 2018), UV-Vis 

spectroscopy (Ramakrishna et al., 2022), Raman spectroscopy (Pieters et al., 2013; Nitika et al., 

2021), infrared (IR) spectroscopy (Wang et al., 2018) and flow imaging techniques (Zölls et al., 2012) 

can be employed to characterize and analyse protein structure and aggregation. These techniques are 

non-destructive, can reduce analysis time and monitor all individual vials or bulk product with high 

specificity and reproducibility, thereby, speeding up the batch release process.  

Multi-angle dynamic light scattering (MADLS) is an improvement in the single-angle DLS technique 

for the analysis of multimodal size distribution of particles with better resolution in the size range of 

0.3 nm – 1 µm (Bryant and Thomas, 1995; Bryant et al., 1996; Naiim et al., 2015; Malvern 

Panalytical, 2022). This method is an indicator of protein aggregation or impurities that may be 

present (Weinbuch et al., 2015). Moreover, parameters such as the interaction parameter (kD) and the 

second virial coefficient (B22) are widely used to quantify protein-protein interactions using DLS and 

static light scattering (SLS) (Corbett et al., 2019). While there are other methods available such as 

DLS plate reader, CTechTM SoloVPE® and analytical ultra-centrifugation (AUC) for the 

determination of particle size, product concentration, and aggregation, respectively, multi-angle DLS 

removes angular dependence and is capable of analysing at low sample volumes (20 µL) without the 

need for extensive method development, additional reagents, information about the molar extinction 

coefficient and calibration (Markova et al., 2021). 

DLS is based on the principle of Brownian motion and Rayleigh scattering. Brownian motion is 

characterised by the collisions of different sizes of particles and their subsequent changes in directions 

and velocities. As a laser is passed through the solution, the incident ray is reflected and scattered in 

all directions. The energy of the scattered and incident light is the same with no loss of energy; this 

phenomenon is known as Rayleigh scattering. The autocorrelation function measures the scattered 

light fluctuations over time. The autocorrelation coefficient is given by Equation 5.1 and the 

hydrodynamic diameter is deduced from the Stokes-Einstein’s equation (Equation 5.2). Readers are 
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referred to the cited references herein on the detailed theory of DLS (Bhattacharjee, 2016; Malvern 

Panalytical, 2018; Austin et al., 2020).  

 
𝐺 (𝜏) = 1 +  𝛽. 𝑒−2𝐷.𝑞2.𝜏                Equation 5.1: 

Autocorrelation Coefficient 

 

𝐷 =
𝑘𝐵. 𝑇

3 𝜋. 𝜂. 𝑑
    

   

              Equation 5.2: Stokes-

Einstein Equation 

where 𝐺 (𝜏) is the autocorrelation function at lag time 𝜏, 𝑞 is the scattering vector, 𝛽 is the coherence 

factor, 𝐷 is the diffusion coefficient, d is hydrodynamic diameter, 𝑘𝐵 is the Boltzmann constant, 𝑇 is 

the temperature, 𝜂 is the viscosity of the fluid.  

In addition, this technique has been demonstrated to measure the particle concentration of 

nanoparticles (Austin et al., 2020). The number of particles is deduced by Equation 5.3.  

 𝑁𝑑 =  𝜌𝑑 . 𝐴. 𝐿 

 

             Equation 5.3: Particle 

Number Equation 

Where 𝑁𝑑 is the number of particles per mL, 𝜌𝑑 is the particle concentration distribution, 𝐴 is the 

cross-sectional area of the scattering volume and 𝐿 is the length of the scattering volume.  

Previously, correlations between DLS and SEC have been shown by authors (Al-Ghobashy et al., 

2017; Bhirde et al., 2020), though quantification of protein aggregation is hard to achieve by DLS 

alone. While MADLS along with orthogonal techniques have been employed for the characterization 

of a wide range of CQAs of adeno-associated viruses (AAVs) and lipid-based nanoparticles (LNPs) 

(Cole et al., 2021; Markova et al., 2021), polystyrene nanoparticles and extracellular vesicles (Vogel 

et al., 2021), the 3-in-1 capability of MADLS for the screening of particle size, concentration and 

aggregation of different protein-based biopharmaceuticals has not been explored. In this study, we 
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evaluated the application of MADLS in tandem with UV-Vis spectroscopy and SEC and provide a 3-

in-1 approach for the screening of particle size, particle concentration and protein aggregation for 

three different proteins. To increase the scope of this study, a generic protein standard - Bovine Serum 

Albumin (BSA), a high concentration and high molecular weight monoclonal Antibody (mAb) and a 

therapeutic enzyme were selected.  

 

5.2 Materials and Methods 

 

5.2.1 Preparation of solutions 

 

BSA (A9647, heat shock fraction, ≥ 98 %), sodium phosphate monobasic and dibasic were purchased 

from Merck / Sigma Aldrich, Ireland. 10 mg/mL BSA was prepared in 10 mM sodium phosphate 

buffer at pH 7.2 . Sucrose-based formulated drug substances, a low concentration enzyme (4 mg/mL) 

and a high concentration mAb (150 mg/mL), were received from Sanofi, Waterford, Ireland. All 

protein solutions were filtered using a 0.22 µm cellulose acetate filter.  

 

5.2.2 Treatment of BSA 

 

Five dilutions of BSA were prepared as per Table 5.1. 10 mg/mL of native BSA was heated at 

temperatures of 65 °C for 30 min and 24 h, and at 90 °C for 3 h. A mixture of the native (25 °C) and 

the heat-treated (65 °C for 24 h) BSA solution in the ratio of 9:1 (900:100 µL)  was prepared by 

pipetting 100 µL of the heat-treated solution to 900 µL of the native solution to make up a final 

volume of 1 mL. Similarly, mixtures of the native and heat-treated solutions were prepared in the 

different ratios by volume shown in Table 5.1.  
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5.2.3 Treatment of the mAb 

 

Ten dilutions of the mAb were prepared as per Table 5.1. Two different concentrations of the mAb 

at 150 mg/mL and 9.37 mg/mL were heat-treated at a temperature of 65 °C for 10 min and 30 min. 

A mixture of the native (25 °C) and heat-treated (65 °C) mAb solution in the ratio of 1:1 (500:500 

µL) was prepared by pipetting 500 µL of the heat-treated solution to 500 µL of the native solution to 

make up a final volume of 1 mL. Similarly, different mixture ratios by volume were prepared as 

shown in Table 5.1.   

 

5.2.4 Treatment of the Enzyme 

 

Nine dilutions of the enzyme were prepared as per Table 5.1. 4 mg/mL of the native enzyme was 

heat-treated at a temperature of 65 °C for 10 min. A mixture of the native (25 °C) and heat-treated 

(65 °C) enzyme solution in the ratio of 99:1 (990:10 µL) was prepared by pipetting 10 µL of the heat-

treated solution to 990 µL of the native solution to make up a final volume of 1 mL. Similarly, 

different mixture ratios by volume were prepared as shown in Table 5.1.   
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Table 5.1: Sample preparation and treatment methods for the analysis of the selected proteins. 

Protein 
Dilutions 

(mg/mL) 
Heat Treatment  

Mixture ratios by volume of 

the native and heat-treated 

solutions (µL) 

BSA 

 

10 

5 

1 

0.5 

0.1 

 

10 mg/mL at  

65 °C for 30 min, 

65 °C for 24 h,  

90 °C for 2 – 3 h. 

900:100 (9:1) 

500:500 (1:1) 

990:10 (99:1) 

mAb 

 

150 

75  

37.5 

18.75 

9.37 

7 

4.68 

2.34 

1.17 

0.58 

 

150 mg/mL and  

9.37 mg/mL at 65 °C for  

10 – 30 min.  

500:500 (1:1) 

850:150 (17:1) 

900:100 (9:1) 

Enzyme 

 

4 

3 

2.5 

2 

1.5 

1.25 

1 

0.5 

0.25 

 

4 mg/mL at 65 °C for  

7 – 10 min.  

 

990:10 (99:1) 

975:25 (39:1) 

950:50 (19:1) 

850:150 (17:3) 

700:300 (7:3) 

500:500 (1:1) 

300:700 (3:7) 

150:850 (3:17)  

 

 

The different heat-treatment conditions and mixture ratios chosen for the 3 proteins were based on 

their propensity to aggregate and form polydispersed solutions. The native and heat-treated samples 

were mixed together to obtain different known ratios by volume of the monomer to aggregate in a 

defined range for analysis by MADLS.  
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5.2.5 Multi-angle Dynamic light scattering 

 

All samples were analysed by the Zetasizer Ultra (Malvern Panalytical Ltd.) equipped with a 

nominally 10 mW He-Ne laser at a wavelength of 633 nm. 1 mL of sample was measured in a 1 cm 

x 1 cm transparent disposable cuvette. The cell position was set to 4.64 mm to allow for measurement 

of the sample across all detector angles. All MADLS measurements were collected at 3 different 

angles of detection, namely, back scatter (174.7°), side scatter (90°) and forward scatter (12.78°) with 

an equilibration time of 120 s. The refractive index of the protein and water used were 1.45 and 1.33, 

respectively. The viscosity of the low concentration dispersant for BSA and the enzyme at 25 °C was 

0.8872 mPa.s. The viscosity of the high concentration mAb was corrected using the measured values 

by rheometry (HAAKETM MARSTM Rheometer by Thermo Scientific). MADLS data was acquired 

and processed by the ZS XPLORER software version 1.3.2.27 (Malvern Panalytical Ltd.). The 

dispersant’s scattering mean count rate (kcps) was measured prior to particle concentration 

measurements. 

 

5.2.6 UV-Vis Spectroscopy 

 

All protein concentrations were measured in a 1x1 cm transparent quartz cuvette by a UV-Vis 

spectrometer (Spectro Star nano from BMG Labtech) at 280 nm with molar extinction coefficients of 

0.67 mL mg-1 cm-1 (BSA), 1.41 mL mg-1 cm-1 (mAb) and 2.41 mL mg-1 cm-1 (enzyme) using Beer 

Lambert’s Law (Equation 2.1). 

 

5.2.7 Size Exclusion Chromatography  

 

The aggregation profile of enzyme samples was determined using High Performance Liquid 

Chromatography (HPLC 1260 by Agilent Technologies) with a UV-Vis detector at 280 nm, at a flow 

rate of 0.5 mL/min through a TSK gel 3000 SWXL column with an injection volume of 20 µL. The 
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mobile phase contained 20 mM sodium phosphate dibasic and 200 mM sodium chloride at pH 6.5. 

All data were analysed on the Empower Chromatography Data System (WatersTM).  

 

5.3 Results  

 

5.3.1 Protein Size and Particle Concentration Analyses  

 

In this section, MADLS assessment for particle size and concentration measurements was performed 

to define the operational range, linearity, and reproducibility for the three proteins.  

 

5.3.1.1 BSA 

 

The hydrodynamic diameter of monomeric BSA was measured to be 7.5 nm across a concentration 

range of 0.1 – 10 mg/mL with an RSD of 4.5 %. While all samples were monomodal with a 

polydispersity index (PDI) of < 0.2, small artifacts were observed at low concentration in the size 

range of 20 – 200 nm but with poor reproducibility. The PSD by intensity along with the 

corresponding correlograms are reported in Figure 5.1 (a, b). All particle number concentration 

measurements were performed as per section 5.2.5. A coefficient of determination (R2) of 0.9999 

with an average RSD of 22 % was obtained between the particle number concentration by MADLS 

and the concentration by UV-Vis spectroscopy (Figure 5.2 (a)). This result is well-known and 

consistent with literature results (Austin et al., 2020). The RSD of the particle concentration increased 

to 30 % at low concentrations in the range of 0.1 – 0.5 mg/mL. Furthermore, it was observed that the 

RSD of the particle concentration at a concentration of 10 mg/mL was 23.3 %. Additionally, an R2 

of 0.9963 with an average RSD of 2.5 % obtained for the derived mean count rate (DCR) verified 

that linearity was maintained within a particle concentration range of 0.1 – 10 mg/mL (Figure 5.2 

(b)). Therefore, the calibration curve obtained by MADLS can be used as a quick screening tool to 
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assess the concentration and size of native BSA in tandem with conventional techniques such as UV-

Vis spectroscopy.  

 

 

Figure 5.1: BSA (a) peak size and (b) their corresponding correlograms in the concentration range 

of 0.1 – 10 mg/mL. 

 

 

Figure 5.2: Correlation curve for (a) the particle concentration, (b) the derived mean count rate of 

BSA. 
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5.3.1.2 mAb 

 

The particle size and concentration of the mAb was measured over a wide concentration range of 0.5 

– 150 mg/mL as per Table 5.1. The hydrodynamic diameter of the mAb (9.65 nm) was observed to 

be consistent within a concentration range of 1.17 – 37.5 mg/mL with an RSD of 3.6 % and PDI < 

0.15. The viscosity-corrected hydrodynamic diameter at high concentrations of 150 mg/mL (8.23 

mPa.s) and 75 mg/mL (2.33 mPa.s) resulted in a lower particle size. The PSD by intensity along with 

their corresponding correlograms are shown in Figure 5.3. The operational particle concentration 

range between MADLS and UV-Vis spectroscopy was observed in the range of 1.17 – 9.37 mg/mL 

with an R2 of 0.9963 and an average RSD of 24 % (Figure 5.4 (a)). At high mAb concentrations of ≥ 

18 mg/mL, the coefficient of determination significantly dropped to an R2 of 0.15 represented by the 

inset reported in Figure 5.4 (a). An RSD of up to 60 % observed in the concentration range of 1.17 – 

2.34 mg/mL. Additionally, the DCR showed linearity (R2 = 0.9887) and reproducibility (average RSD 

of 4.8 %) in the concentration range of 1.17 – 9.37 mg/mL which verified the linearity of particle 

concentration (Figure 5.4 (b)). Therefore, the calibration curve obtained in the operational 

concentration range can be employed in tandem with orthogonal techniques to assess any aberrations 

in the size and concentration of the native mAb by MADLS.  

 

 

Figure 5.3: mAb (a) peak size, and (b) their corresponding correlograms in the concentration range 

of 1.17 – 150 mg/mL. 
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Figure 5.4: Correlation curve for (a) the particle concentration and (b) the derived mean count of 

the mAb.  

 

5.3.1.3 Enzyme 

 

The hydrodynamic diameter of the monomeric enzyme (9.4 nm) was consistent over a concentration 

range of 0.5 – 4 mg/mL with an RSD of 8 %. A PDI of 0.3 was obtained with a multimodal distribution 

by intensity. The additional peaks between 20 – 500 nm indicated the presence of high molecular 

weight species (HMWS) of the enzyme. The RSD of the peaks appearing at 88.9 nm and 400 nm was 

10 % and 4.3 %, respectively, though the peak at 400 nm was only observed at low concentrations as 

evident from the delay in the gradient of the correlation coefficient at 0.5 mg/mL. The PSD by 

intensity along with their corresponding correlograms are shown in Figure 5.5. The operational 

particle concentration range between MADLS and UV-Vis spectroscopy was observed to be 0.5 – 2 

mg/mL with an R2 of 0.9514 and an average RSD of 19 % (Figure 5.6 (a)). An RSD of ≤ 20 % was 

observed both at lower concentrations in the range of 0.5 – 1 mg/mL and at higher concentrations of 

> 2.5 mg/mL above which the correlation curve began to drop with an R2 < 0.90 as represented by 

the inset in Figure 5.6 (a). In this case, the R2 of the particle concentration obtained was comparatively 

lower to that of BSA (0.9999) and the mAb (0.9963). Additionally, the DCR was linear (R2 = 0.9745) 

and reproducible over a concentration range of 0.5 – 2 mg/mL (Figure 5.6 (b)). Therefore, the 
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calibration curve obtained in the operational concentration range for the polydispersed enzyme 

solution by MADLS can be employed as a screening method to assess any deviations in the size and 

concentration of the enzyme.  

 

 

Figure 5.5: Enzyme (a) peak size and (b) their corresponding correlograms in the concentration range 

of 0.5 – 4 mg/mL. 

 

 

Figure 5.6: Correlation curve for (a) the particle concentration and (b) the derived mean count rate 

of the enzyme.  
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5.3.2 Protein Aggregation Analyses 

 

In this section, MADLS was employed to measure protein aggregation of the three proteins.  

 

5.3.2.1 BSA 

 

As per section 5.3.1.1, the hydrodynamic diameter of monomeric BSA was measured to be 7.5 nm 

(Figure 5.7 (a)). Upon heat-treating the protein at 65 °C and 90 °C, a shift in the particle size was 

observed at 17 nm and 20 nm, respectively, though the sample remained monomodal (PDI < 0.2) 

(Figure 5.7 (b) and (c)). The prepared mixtures of the native and the heat-treated (65 °C for 24 h) 

protein in the ratio of 1:1 (500:500 µL) and 9:1 (900:100 µL) showed the presence of two peaks at 5 

– 8 nm and 16 – 13 nm (Figure 5.7 (d) and (e)), respectively. The presence of one additional peak in 

the sample mixtures (Figure 5.7 (d) and (e)) indicated the presence of high molecular weight species 

(HMWS) of BSA as shown by SEC in literature [30,31], but these aggregation peaks were not 

observed in all sample mixtures. On increasing the fraction of the native protein in the mixture to 

99:1 (990:10 µL), a monodisperse sample (PDI ≤ 0.2) was obtained with a single peak at 7 nm (Figure 

5.7 (f)). This showed that MADLS analyses were unable to detect and resolve dimers and/or HMWS 

from the native protein at a low concentration. Therefore, in this case MADLS would not be the most 

appropriate technique for the analyses of aggregation of BSA but can be employed as a rapid 

screening method to detect any deviation in the PSD of the native protein.  
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Figure 5.7: PSD by intensity of BSA: (a) native at 25 °C, (b) at 65 °C for 24 h, (c) at 90 °C for 3 h, 

(d) a mixture of the native and heat-treated (65 °C for 24 h) sample in the ratio of 500:500 µL, (e) a 

mixture of the native and heat-treated (65 °C for 24 h) sample in the ratio of 900:100 µL, (f) a mixture 

of the native and heat-treated (65 °C for 24 h) sample in the ratio of 990:10 µL.  

 

5.3.2.2 mAb  

 

In the operational range, as described in section 5.3.1.2, the hydrodynamic diameter of the mAb was 

measured to be 9.65 (Figure 5.8 (a)). Upon heat-treating the mAb at 65 °C for 10 – 30 min, a 

monomodal distribution was obtained at 9.37 mg/mL (Figure 5.8 (b) and (c)), whereas a multimodal 

distribution by intensity was observed at 150 mg/mL but with poor reproducibility (Figure 5.8 (d) 

and (e)) (PDI > 0.2). Moreover, a monomodal distribution was obtained on analysing mixtures of the 

native and heat-treated samples at different ratios of 1:1 (500:500 µL) and 17:1 (850:150 µL) (Figure 

5.8 (f) and (g)). This suggests that MADLS was unable to resolve the dimers and/or HMWS and 

would not be suitable for the analyses of aggregation of the mAb but can be employed as a rapid 

screening tool to detect any change in the native mAb PSD.   
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Figure 5.8: PSD by intensity of the (a) native mAb at 9.37 mg/mL, (b) 65 °C for 10 min at 9.37 

mg/mL, (c) 65 °C for 30 min at 9.37 mg/mL, (d) 65 °C for 10 min at 150 mg/mL, (e) 65 °C for 30 

min at 150 mg/mL. Mixtures of the native and heat-treated mAb in the ratios of (f) 500:500 µL and 

(g) 850:150 µL at 9.37 mg/mL.  

 

5.3.2.3 Enzyme  

 

The hydrodynamic diameter of the monomeric enzyme at 4 mg/mL was observed to be 10.9 nm (RSD 

= 2.5 %) along with a HMWS at 90 nm (RSD = 8%), as shown in Figure 5.9 (a). The HMWS peak at 

90 nm, confirmed by SEC analyses, was attributed to ‘HMWS1’ of the enzyme. Upon heat-treating 

the enzyme at 65 °C for 10 min (Figure 5.9 (b)), the monomer showed a shift in the particle size (7.9 

nm) with a lower intensity distribution of 11.47 %, while the particle size of the HMWS1 was 

significantly lowered to 26.7 nm with an increase in the intensity distribution (88.15 %) and an 
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additional minor peak at ~ 400 nm corresponded to ‘HMWS2’ of the enzyme. An average RSD of < 

20 % was achieved for the distribution by intensity of the heat-treated sample. 

While the monomer, ‘HMWS1’ and ‘HMWS2’ of the enzyme were well resolved by MADLS, as the 

size ratio of each species was greater than a factor of 3, resolution of the dimer was not observed. 

Nonetheless, to further evaluate the resolution and reproducibility of MADLS measurements of the 

aggregated samples, a mixture of the native and the heat-treated (65 °C for 10 min) solution in the 

ratio of 99:1 (990:10 µL) (Figure 5.9 (c)), showed the presence of 3 distinct peaks at 11 nm, 91.62 

nm and 407 nm which were identified as the monomer, ‘HMWS1’ and ‘HMWS2’, respectively, by 

SEC. In this case, an average RSD of < 10 % was achieved for the PSD by intensity. Similarly, upon 

decreasing the fraction of the monomer in the mixtures (Figure 5.9 (d - h)), a relative decrease and 

increase in the intensity distribution of the monomer and ‘HMWS1’, respectively, was observed. The 

relative changes in the intensity distribution for the different ratios of the monomer and ‘HMWS1’ 

were confirmed by the corresponding changes in the peak areas by SEC as shown in Figure 5.10. 
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Figure 5.9: PSD by intensity of the (a) native enzyme, (b) 65 °C for 10 min. Mixtures of the native 

and heat-treated enzyme (65 °C for 10 min) in the ratios of (c) 990:10 µL, (d) 975:25 µL, (e) 950:50 

µL, (f) 700:300 µL, (g) 500:500 µL, (h) 300:700 µL.  

 

It is important to note that while the resolution of dimers was not observed by MADLS, the 

concentration of dimers remained < 6 % in all samples and did not change significantly as evident 

from the SEC profile in Figure 5.10. Moreover, the presence of ‘HMWS2’ of the enzyme could not 

be detected in the different mixtures by SEC as the concentration of ‘HMWS2’ was below the limit 

of detection while MADLS was able to detect trace amounts of ‘HMWS2’ with greater sensitivity 

due to light scattering. 
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Figure 5.10: Aggregation profiles of the different mixture ratios by volume of the monomer and 

HMWS1 of the enzyme.  

 

Interestingly, a plot between the ratios of the peak areas of the ‘HMWS1’ and the monomer by SEC 

versus the ratios of the light scattering intensities of the ‘HMWS1’ and the monomer by MADLS of 

the prepared mixtures, including 5 unknown test samples, exhibited an excellent quadratic correlation 

with an R2 of 0.9938 (Figure 5.11). The levels of ‘HMWS1’ in the enzyme samples are shown in 

Table 5.2. The level of aggregation increased in the order from Zone A – D (Figure 5.11). The 

percentage of ‘HMWS1’ in test samples 1 and 2 was in the range of 0.1 – 2 %, whereas that in test 

sample 3 was between 10 – 14 % and in test sample 4 and 5 was in the range of 15 – 20 %.  
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Figure 5.11: A quadratic correlation between the peak area ratios of the HMWS1 and monomer by 

SEC and the light scattering intensity ratios of the HMWS1 and monomer by MADLS 
 of the enzyme.  

Table 5.2: Obtained levels of HMWS1 in the enzyme samples.  

Zone Sample 
SEC ratio 

(HMWS1:Monomer) 

DLS ratio 

(HMWS1:Monomer) 

Level of HMWS1 

(%) 

A 

(Blue) 

 

990:10 0.0123 0.2341 

0.1 – 2 

975:25 0.0116 0.3101 

950:50 0.0187 0.5202 

Test sample 1 0.0038 0.1922 

Test sample 2 0.0023 0.8305 

   

B 

(Purple) 

 

850:150 0.0521 1.5000 

3 – 8 700:300 0.0489 0.4301 

500:500 0.0855 1.2344 

   

C 

(Black) 

 

300:700 0.1433 3.5180 

10 – 14 150:850 0.1679 4.7630 

Test sample 3 0.1296 3.2161 

   

D 

(Orange) 

   

15 – 20 
Test sample 4 0.2098 7.6852 

Test sample 5 0.2714 13.1030 
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5.4 Discussion 

 

5.4.1 Protein Size  

 

The observed hydrodynamic diameter of BSA was in agreement with the reported values (Jachimska 

et al., 2008; Anton Paar, 2018), whereas the hydrodynamic diameters of the mAb and enzyme were 

consistent within the operational concentration range. In the case of the mAb, lowering of particle 

size at high concentrations of 150 mg/mL and 75 mg/mL occurred as a result of multiple scattering. 

At high concentration, multiple scattering results in a decrease in the particle size (Malvern 

Panalytical, 2014; Austin et al., 2020; Ragheb and Nobbmann, 2020). The phenomenon of multiple 

scattering occurs wherein the probability of re-scattering of the scattered photon increases, thereby, 

decreasing the accuracy of particle size measurements. Moreover, an increase in the decay time in 

the correlation coefficient at higher concentrations explained the diffusion behaviour of the mAb 

particles at higher viscosities (Figure 5.3 (b)). In the case of the enzyme, while the accuracy of size 

measurements of multimodal distributions decreases due to multiple scattering as well as molecular 

crowding and restricted diffusion, an RSD of ≤ 10 % was achieved for the size measurements of all 

the multimodal peaks of the enzyme showing reduced peak widths, improved resolution and 

reproducibility compared to single-angle DLS measurements as shown in Figure A5.1 of the 

Appendix.  

 

5.4.2 Particle Number Concentration 

 

In terms of the particle concentration measurements, an R2 of > 0.95 achieved between UV-Vis 

spectroscopy and MADLS defined the operating particle concentration range for all the proteins 

which was verified by the DCR. The increase in the uncertainty of particle concentration 

measurements for all the proteins at low and high concentrations is attributed to particle number 

fluctuations and multiple scattering, respectively, which was also reported for gold, silica and 

polystyrene nanoparticles (Austin et al., 2020). This represents the lower and upper limit of the 
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operating particle concentration range of the nanoparticle (Bhattacharjee, 2016; Austin et al., 2020). 

Particle number fluctuations arises due to an insufficient number of particles present in the scattering 

volume wherein the amplitude distribution of the scattered particles does not follow a Gaussian 

distribution (Hopcraft et al., 2005). Moreover, a change in the dynamic equilibrium between the 

buffer molecules adsorbed at the surface of the protein and those dispersed in the solution may 

contribute to the increase in the RSD of the particle number measurements (Austin et al., 2020). 

Authors have reported an RSD of 80 % in the particle concentration measurements of agglomerated 

SiO2 nanoparticles at high concentration and an RSD of up to 30 % at low concentration (Austin et 

al., 2020) which is consistent with the results shown in section 5.3.1. As evident from the case of the 

enzyme, it is important to note that many protein solutions are not completely monodisperse as they 

may contain low concentrations of dimers/oligomers in dynamic equilibrium with monomers, which 

also play a role in increasing the uncertainty in measurements. Additionally, other factors such as 

restricted diffusion, electrostatic repulsion and reversible self-associations must also be considered to 

account for the error in particle size and concentration measurements (Malvern Panalytical, 2014). 

Overall, the concentration calibration curve can be employed for the rapid screening of any deviations 

in both the product concentration and particle size in-lieu of conventional techniques such as UV-Vis 

spectroscopy.  

 

5.4.3 Protein Aggregation  

 

The ability of MADLS to detect and resolve protein aggregates in heat-treated samples of BSA, the 

mAb and the enzyme was selective and dependent on the size ratio, nature and the relative 

concentrations of the monomer and the aggregates in the solution. In the case of BSA, a significant 

shift in the peak size from 7.5 nm to 20.8 nm of the heat-treated samples (Figure 5.7 (b - c)) indicated 

the presence of dimers and/or HMWS, but a resolution of the monomer, dimer, trimer was not 

observed distinctly as achieved by SEC (Sahin et al., 2016). A bimodal distribution of peaks was only 
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observed in the mixtures with HMWS > 10 % by volume (Figure 5.7 (d - e)). Similarly, in the case 

of the mAb, a shift in the monomodal peak from 9.65 nm to 22.38 nm (Figure 5.8 (a - c)) indicated 

the presence of HMWS, but bimodal distributions were observed in only 2 heat-treated samples at 

150 mg/mL with poor resolution, reproducibility and accuracy (Figure 5.8 (d) and (e)). The skewed 

particle sizes of the bimodal distributions of BSA and the mAb are attributed to multiple scattering 

by the presence of multiple species. Also, the absence of the monomer peak in both heat-treated BSA 

and mAb suggest that the monomer peak was masked by the signals from the HMWS peak. Moreover, 

the absence of HMWS peaks in the mixtures could suggest the dissociation of HMWS into monomers 

at low concentration (Al-Ghobashy et al., 2017). Nonetheless, SEC is required to determine the 

complete aggregation profile of the two proteins. Therefore, the poor resolution and reproducibility 

of the multimodal measurements for these cases show that MADLS would not be the most appropriate 

method for the analyses of aggregation of BSA and the mAb but can be employed as a rapid screening 

tool to detect any changes in the native PSD of these proteins.  

In the case of the heat-treated enzyme, improved resolution and reproducibility was achieved between 

the monomer and the aggregates for the samples containing aggregates < 50 % by volume (Figure 

5.9 (a – f)). At higher aggregate concentration, the light scattering signals from the aggregates 

dominated the monomer peak and so, MADLS struggled to completely resolve the conjoining peaks 

(Figure 5.9 (g – h)). Conversely, a resolution between 20 nm and < 200 nm particles could not be 

achieved by single-angle DLS (Panchal et al., 2014). A reduction in particle size of the 10.9 nm peak 

to 7.9 nm (referred to as the monomer peak) may be due to the conversion of dimers to higher order 

aggregates. A reduction in particle was a result of multiple scattering due to increased viscosity and 

polydispersity of the aggregated sample, thereby, decreasing the accuracy of particle size 

measurements. DLS is fundamentally not a high-resolution technique, and as such cannot distinguish 

between monomers and dimers. In some cases, the peak attributed to monomers also comprises of 

dimers, resulting in the peak mean being skewed towards a larger particle size (Austin et al., 2020). 

These dimers may subsequently form higher order aggregates, removing them from this population 
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mode in the distribution. Upon the formation of these aggregates, the peak corresponding to 

monomers moved back towards smaller particle size, resulting in both a decrease in particle size for 

this mode, and a reduction in light scattering intensity. Additionally, localised changes in viscosity 

can be a result of crosslinking or mesh-like network formation of HMWS (von Bülow et al., 2019). 

Localised changes in viscosity can result in phenomena such as hindered or restricted diffusion. These 

effects can result in particles being measured as larger than they would be expected to be due to 

reduced Brownian motion as a consequence of being in localised high viscosity areas. It is important 

to note that MADLS could not resolve monomer-dimer species of the selected protein nanoparticles 

in this study, and therefore, unless an alternative analysis procedure is used, the technique is unlikely 

to be useful in resolving monomer-dimer species in pharmaceutical-grade formulations, which 

typically have dimer levels ≤ 8 %. 

The presence of a quadratic correlation between MADLS and SEC for the enzyme indicated that 

MADLS dominated the data as the intensity of scattered light is proportional to the sixth power of 

the particle diameter and inversely proportional to the fourth power of the wavelength (Zhu et al., 

2014). As the concentration of large aggregates increases, more light is scattered by DLS compared 

to the light absorbed by the aggregates during SEC. Such a correlation was not observed for BSA and 

the mAb due to low resolution of the size ratio and concentration of the monomer and HMWS by 

MADLS.  

 

5.4.4 Practical relevance  

 

Typically, SEC is a batch release method and DLS is a characterization method in the early stage of 

development, scale-up and technology transfer of drug products. Development and scale-up activities 

for biopharmaceutical drug products require several characterization tests with limited product 

material and time constraints. While DLS by itself may not provide all the information as obtained 

by SEC and other analytical tests, it is employed as a batch to batch comparability method in tandem 
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with other tests. Through this study, we suggest that this approach can be employed for rapid 

screening of the particle size, concentration and the estimation of the level of aggregation in 

biopharmaceutical formulations provided the aggregates of the biologic are stable, well resolved, and 

reproducible during MADLS measurements. Moreover, the screening of these CQAs by MADLS 

during early-phase biopharmaceutical development can help in selecting samples for further analysis 

by SEC and other QC tests, thereby, reducing the number of samples and experiments required for 

testing and analysis. 
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5.5 Conclusion  

 

This study was able to assess the 3-in-1 capability of MADLS technology for the measurement of 

particle size, particle concentration, and aggregation for 3 different protein modalities in tandem with 

UV-Vis spectroscopy and SEC. It was observed that the accuracy, resolution, and reproducibility of 

MADLS measurements are dependent on the nature of the protein nanoparticle. Despite the different 

levels of polydispersity in the 3 protein solutions, a good calibration curve with an R2 of > 0.95 was 

obtained between the particle number concentration by MADLS and protein concentration by UV-

Vis spectroscopy. In terms of the accuracy and precision of the measurements, key factors such as 

multiple scattering and particle number fluctuations are responsible for defining the operating particle 

concentration range. Additionally, restricted diffusion, electrostatic repulsion, and reversible self-

associations can also play a role in increasing the uncertainty in MADLS measurements. In terms of 

evaluating protein aggregation, MADLS provided better resolution and reproducibility for the 

multimodal distribution by the intensity of the enzyme. The observed quadratic correlation (R2 = 

0.9938) between MADLS and SEC for the enzyme and the approach provided in this study to assess 

the 3 CQAs. Overall, MADLS is a promising analytical technique that can be employed as an early-

stage screening method for the analysis of different formulations and products prior to other analytical 

tests. While it may not qualify as a standalone QC release test, it can provide analysts and regulators 

with additional orthogonal data to complement traditional methods.  
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6 Chapter 6:  

Conclusion and Future Work 
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6.1 Conclusion  

 

This thesis has summarized and demonstrated some of the potential process and analytical 

technologies to produce and characterize dry powder-based biopharmaceuticals as a novel alternative 

to conventional freeze-drying technology. To combat the drawbacks associated with lyophilization, 

the effects of freeze-drying and spray-drying on the CQAs of lysozyme and the effects of Active-

freeze-drying and spray-drying on the CQAs of Enzyme ‘A’ were evaluated using several orthogonal 

techniques. Through both drying processes, comparable RMC was achieved as per the product’s 

specifications.  

In terms of the processing time, spray-drying showed a significant reduction in the total drying time. 

The total drying time for Enzyme ‘A’ was significantly lower during spray-drying (1 L in 1.1 days at 

the rate of 0.9 L/day or 4 h for 150 mL) compared to a 55 h freeze-drying cycle (1 L in 2.3 days at 

the rate of 0.065 L/day). Similar drying times were recorded for lysozyme. These processing times 

only represent laboratory-scale equipment studies and cannot be compared to commercial-scale 

manufacturing equipments, however, they do demonstrate considerable potential. While the total 

Active-freeze-drying time for Enzyme ‘A’ was 70 h (2.9 days), the length of the drying cycle can be 

optimized further by installing a condenser, by using a tube of a larger diameter connecting to the 

drying vessel and the vacuum pump and by increasing the surface area of the filter to improve the 

removal of water vapour.  

As shown in Chapters 2 and 3, lysozyme was observed to be robust post freeze-drying and spray-

drying. In the presence of trehalose and sucrose, the enzyme activity of lysozyme was enhanced post 

drying, while the enzyme activity was preserved in the presence of mannitol. These results were 

consistent with the molecular dynamics simulations for lysozyme showing that the enzyme was stable 

by itself and in the presence of mannitol while the increased efficacy of the dried lysozyme 

formulations containing trehalose and sucrose was attributed to a conformational change (without 

unfolding) allowing more access to its active sites. However, the limitations of DLS and SEC in 
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elucidating protein aggregation of lysozyme would require alternative analytics and method 

optimization. Moreover, the correlation observed between FMS and KF for the determination of vial 

headspace moisture content and cake moisture, respectively, in lysozyme formulations can be 

exploited to develop moisture maps and may also be employed as a potential PAT for freeze-drying.   

Furthermore, chapter 4 assessed the feasibility of drying a therapeutic enzyme using two alternative 

drying technologies. The reconstitution properties of Active-freeze-dried and spray-dried Enzyme 

‘A’ were poor. It was found that dehydration via spray-drying significantly impacted the CQAs of 

the enzyme rather than shear alone. The inclusion of Arg-HCl significantly improved the 

reconstitution characteristics of spray-dried Enzyme ‘A’, with a 63 % reduction in the reconstitution 

time and an 83 % decrease in the optical density, even though the loss of monomer was 5 % higher 

showing that arginine played a duel role of stabilizing as well as destabilizing the enzyme. However, 

the destabilizing effect was minuscule as compared to its stabilizing effect. These results were 

supported by molecular dynamics simulations showing that Enzyme ‘A’ was better stabilized in the 

presence of Arg-HCl in terms of RMSD, RMSF, native contacts and secondary structure prediction.   

Finally, chapter 5 demonstrated the 3-in-1 capabilities of multi-angle DLS for the evaluation and 

screening of biopharmaceutical CQAs, namely, particle size, product concentration and protein 

aggregation. Improved resolution and precision was achieved by MADLS compared to single-angle 

DLS. Through this study, a good calibration (R2 of > 0.95) was achieved for the particle number 

concentration measurements of BSA, a high concentration mAb and a low concentration enzyme, and 

an excellent correlation (R2 = 0.9938) was achieved between MADLS and SEC for the quantitative 

estimation of protein aggregation in the enzyme. While this chapter discuss the advantages as well as 

limitations of MADLS, the approach provided in this chapter can be employed for early-stage 

biopharmaceutical formulation development and screening of samples prior to further analysis by 

other orthogonal tests.  
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Overall, batch freeze-drying is a well-established drying technology for the majority of 

biopharmaceutical products. Many of the alternative drying technologies have increasingly shown 

promising prospects for manufacturing solid biopharmaceuticals without compromising on the safety, 

quality and efficacy of biopharmaceutical products. These potential drying technologies are 

significant to the biopharmaceutical industry as they will not only reduce time, energy consumption 

and associated costs with the manufacturing of life-saving drugs, but also help in mitigating any risks 

with the supply of drugs during pandemics such as Covid-19. While some of the alternative methods 

offer continuous manufacturing at reduced operational costs, the impact of CPPs such as temperature, 

shear, etc. on product CQAs is the fundamental requirement for the selection of drying technologies. 

Although drying technologies, namely, Spin-freeze-drying, Spray-freeze-drying, Spray-drying, 

PRINT® and MicroglassificationTM have shown positive results on the stability of some proteins and 

inhaled biopharmaceuticals, their impact on a wide range of parenteral biopharmaceuticals is yet to 

be studied. Through product-specific research, sufficient stability data is required to move from 

conventional freeze-drying to continuous manufacturing. Along with CPPs, the choice of formulation 

components with respect to the drying process and the product is crucial to ensure product stability. 

Moreover, the molecular mechanism of interaction of biopharmaceuticals with specific excipients in 

the solid-state is poorly understood. Some of the advanced characterization techniques and PATs in 

tandem can offer faster and in-depth analysis in understanding and evaluating the product-process 

relationship. While most of the alternative drying methods can offer significant benefits with the 

usage of PATs, their feasibility at commercial scale requires further exploration. In terms of scale-

up, packaging and validation aspects, some of the alternative drying processes offer a greater 

advantage in reducing the complexities associated with the validation of multiple fill finish unit 

operations. The commercial scale operation for some alternative drying technologies has been 

demonstrated with proven potential in the biopharmaceutical industry though some scale-up 

challenges are yet to be addressed. 
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This thesis has demonstrated some promising technologies with vast potential for the future of the 

biopharmaceutical industry while also contributing experimental insights on the stability and 

behaviour of different generic and therapeutic proteins. The research presented in this body of work 

opens avenues for further research and innovation to address some of the gaps discussed in future 

work. 
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6.2 Future Work 

 

With respect to the body of work shown in this thesis, recommendations for future work are enlisted 

in the following areas:  

1. To optimize the SEC method coupled with a light scattering detector or a mass spectrometer 

along with the evaluation of alterative analytics such as AUC to address the limitations of 

DLS and SEC (with a UV-Vis detector) for the analysis of aggregation in lysozyme. 

Moreover, increasing the scope of advanced analytical techniques such as ssHDX-MS, ssPL-

MS, NMR, neutron scattering and Raman Spectroscopy to study protein-matrix interactions, 

aggregation and structural conformations including secondary and tertiary structure of 

proteins.  

 

2. To assess the polymorphs of mannitol formed post drying using XRD to understand the 

stabilizing and/or destabilizing of behaviour of mannitol crystallization on lysozyme along 

with the inclusion of other solid-state analytical techniques such as dynamic vapor sorption 

(DVS), scanning electron microscopy (SEM), laser diffraction, ssNMR etc. that can provide 

further information on dry particle characteristics that impact the reconstitution time and 

protein-matrix interactions of parenteral products.  

 

3. Optimization of the formulation of Enzyme ‘A’ with Arg-HCl along with the incorporation 

of suitable surfactants to achieve best results post spray-drying. Moreover, a design of 

experiments (DoE) is a useful statistical tool to evaluate process parameters significantly 

contributing to protein aggregation and denaturation during the atomization and drying phase. 

Additionally, to determine the Tg of alternative formulations of Enzyme ‘A’ to assess its long-

term stability in the dried state.  
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4. Investigating the CPPs impacting the CQAs of Active-freeze-dried Enzyme ‘A’ along with 

the optimization of the Active-freeze-drying cycle in terms of the total drying time to produce 

bulk dry powder.  

 

5. Investigating the feasibility of other drying technologies including Spray-freeze-drying, 

Electrostatic Spray-drying, Spin-freeze-drying, PRINT® Technology, etc. for manufacturing 

biopharmaceuticals.  

 

6. Studying the stability of other biologics such as monoclonal antibodies, nanobodies, fusion 

proteins, hormones, gene therapy products, etc. using the above mentioned technologies along 

with the incorporation of appropriate formulation excipients with respect to the product and 

process.  

 

7. Lastly, developing coarse-grained models using molecular dynamics simulations to 

understand aggregation pathways and mechanisms of protein-excipient and protein-protein 

interactions of lysozyme, Enzyme ‘A’ and other biologics.  
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8 Appendix 
 

 

Supplementary Information for Chapter 2  
 

 

 

Figure A2.1: Statistical significance for the bioactivity of pre-dried and freeze-dried lysozyme 

formulations using one-way ANOVA – Tukey’s post-hoc test (n = 3).  
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Figure A2.2: Frozen-state DSC thermograms of (a) lysozyme trehalose, (b) lysozyme mannitol, (c) 

lysozyme sucrose.  

 

Figure A2.3: DSC thermograms of (a) freeze-dried lysozyme trehalose, (b) freeze-dried lysozyme 

mannitol, (c) freeze-dried lysozyme sucrose.  
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Supplementary Information for Chapter 3  
 

 

 

Figure A3.1: Statistical significance for the bioactivity of pre-dried, freeze-dried and spray-dried 

lysozyme formulations using one-way ANOVA – Tukey’s post-hoc test (n = 3). 
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Figure A3.2: DSC thermograms: (a) spray-dried lysozyme trehalose, (b) spray-dried lysozyme 

mannitol, (c) spray-dried lysozyme sucrose. 

 

 

Figure A3.3: Enzyme activity of lysozyme as a function of decrease in absorbance at 450 nm: (a) 

control, (b) freeze-dried lysozyme trehalose, (c) spray-dried lysozyme trehalose, (d) freeze-dried 

lysozyme mannitol, (e) spray-dried lysozyme mannitol, (f) freeze-dried lysozyme sucrose. X-axis 

represents time in min and Y-axis represents absorbance at 450 nm.  
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Supplementary Information for Chapter 4 
 

 

Figure A4.1: Rehydration behaviour of (a) Active-freeze-dried and (b) Spray-dried Enzyme ‘A’. 

 

 

Figure A4.2: Optical Density of reconstituted Freeze-dried, Active-freeze-dried and Spray-dried 

Enzyme ‘A’ at 350 nm. The Spray-dried values are represented as Inlet/Outlet temperatures.  
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Figure A4.3: Statistical significance for differences in the turbidity of rehydrated Freeze-dried, 

Active-freeze-dried and Spray-dried Enzyme ‘A’. The x-axis represents the confidence interval. 

 

Figure A4.4: Aggregation profile of Freeze-dried, Active-freeze-fried and Spray-dried Enzyme ‘A’ 

represented as monomers, dimers and high molecular weight species (HMWS). 
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Figure A4.5: RMSD of Enzyme ‘A’ in 1X concentration (left) and 10X concentration (right) at 

300K (black), 340K (red) and 380K (green). 

 

 

Figure A4.6: Secondary structure prediction of Enzyme ‘A’ for 1X concentration (left) and 10X 

concentration (right) of Enzyme ‘A’ at 300K (black), 340K (red) and 380K (green). 

 

 

Figure A4.7: Root mean-square fluctuations of Enzyme ‘A’ for 1X concentration (left) and 10X 

concentration (right) of Enzyme ‘A’ at 300K (black), 340K (red) and 380K (green). 
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Figure A4.8: Fraction of native contacts of Enzyme ‘A’ for 1X concentration (left) and 10X 

concentration (right) of Enzyme ‘A’ at 300K (black), 340K (red) and 380K (green). 

 

 

Figure A4.9: Plot of the RMSD of Enzyme ‘A’ with 10x concentration of (a) Sucrose, (b) 

Sucrose/Arg-HCl and (c) Sucrose/Trehalose. 

 

 

Figure A4.10: Plot of the secondary structure distribution of Enzyme ‘A’ with 10x concentration of 

(a) sucrose, (b) sucrose/Arg-HCl and (c) sucrose/trehalose. 
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Supplementary Information for Chapter 5 
 

 

 

Figure A5.1: (a) MADLS, (b) Back Scatter, (c) Side Scatter and (d) Forward scatter measurements 

of the enzyme.  
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