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ABSTRACT 

With the recent growth in demand for biologics across the globe, it remains critical to 

manufacture these biologics in solid-state to improve stability as well as to increase the ease of 

transportation across the world. To meet these increased demands, it is of paramount importance 

to use various processing methods that have shorter processing times. It is also important to 

understand the impact of the processing methods and various formulation components on the 

stability of the proteins.  In Chapter 1, a review of the various processing methods that are used in 

the industry along with additional processing methods that are being investigated will be discussed. 

The common drying methods such as lyophilization and spray drying along with the novel 

techniques as well as specific examples of processing parameters to improve the processing 

conditions that better suit the protein formulations will be mentioned.  

The studies in Chapter 2 examined the effects of processing methods (freeze drying and 

spray freeze drying) and the excipients on the protein structure and physical stability. Protein solids 

containing one of two model proteins (lysozyme or myoglobin) were produced with or without 

excipients (sucrose or mannitol) using freeze drying or spray freeze drying (SFD). The protein 

powders were then characterized using solid-state Fourier transform infrared spectroscopy 

(ssFTIR), differential scanning calorimetry (DSC), circular dichroism spectrometry (CD), size 

exclusion chromatography (SEC), BET surface area measurements, and solid-state hydrogen-

deuterium exchange with mass spectrometry (ssHDX-MS). ssFTIR and CD could identify little to 

no difference in the structure of the proteins in the formulation. ssHDX-MS was able to identify 

the population heterogeneity, which was undetectable by conventional characterization techniques 

of ssFTIR and CD. ssHDX-MS metrics such as Dmax and peak area showed a good correlation with 
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the protein physical instability (loss of the monomeric peak area by size exclusion chromatography) 

in 90-day stability studies conducted at 40oC for lysozyme.  The higher specific surface area was 

associated with greater loss in monomer content for myoglobin-mannitol formulations as 

compared to myoglobin-only formulations. Spray freeze drying seems a viable manufacturing 

technique for protein solids with appropriate optimization of formulations. The differences 

observed within the formulations and between the processes using ssHDX-MS, BET surface area 

measurements, and SEC in this study provide an insight into the influence of drying methods and 

excipients on protein physical stability. 

Based on this work, it was identified that spray freeze drying can be a viable alternative to 

produce solid-state protein formulations with similar stability as the freeze drying process. 

However, due to the long processing times and scale-up issues involved in the spray freeze drying 

process, there is a necessity to explore additional drying processes. Chapter 3 focuses on using 

another novel technique known as electrostatic spray drying (ESD) to produce solid-state protein 

formulations at lower drying temperatures than conventional spray drying and its effect on protein 

stability. A mAb formulation was dried by either conventional spray drying or electrostatic spray 

drying with charge (ESD). The protein powders were then characterized using solid-state Fourier 

transform infrared spectroscopy (ssFTIR), differential scanning calorimetry (DSC), size exclusion 

chromatography (SEC), and solid-state hydrogen/deuterium exchange with mass spectrometry 

(ssHDX-MS). Particle characterizations such as BET surface area, particle size distribution, and 

particle morphology were also performed. Conventional spray drying of the mAb formulation at 

the inlet temperature of 70oC failed to generate dry powders due to poor drying efficiency; 

electrostatic spray drying at the same temperature at 5kV enabled the formation of powder 

formulation with satisfactory moisture contents. Deconvoluted peak areas of deuterated samples 
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from the ssHDX-MS study showed a good correlation with the loss of the monomeric peak area 

measured by size exclusion chromatography in the 90-day accelerated stability study conducted at 

40oC. Low-temperature (70oC inlet temperature) drying with an electrostatic charge (5kV) led to 

better protein physical stability as compared with the samples spray-dried at the high temperature 

(130oC inlet temperature) without charge. 

This study shows that electrostatic spray drying can produce solid monoclonal antibody 

formulation at a lower inlet temperature than traditional spray drying with better physical stability. 

While ESD can be a viable option for thermal-sensitive formulations, it is important to understand 

the impact of various formulation components on the stability of the proteins while using spray 

drying. Based on our previous studies, a good understanding of the effect of different sugars and 

the presence of surfactants on the spray-dried proteins has been established. However, the impact 

of the selection of buffer on protein stability has not been studied. In Chapter 4, the effect of buffer 

salts on the physical stability of spray dried and lyophilized formulations of a model protein, 

bovine serum albumin (BSA) were examined. BSA formulations with various buffers were dried 

by either lyophilization or spray drying. The protein powders were then characterized using solid-

state Fourier transform infrared spectroscopy (ssFTIR), powder X-ray diffraction (PXRD), size 

exclusion chromatography (SEC), solid-state hydrogen/deuterium exchange with mass 

spectrometry (ssHDX-MS), and solid-state nuclear magnetic resonance spectroscopy (ssNMR). 

Particle characterizations such as BET surface area, particle size distribution, and particle 

morphology were also performed. Results from conventional techniques such as ssFTIR did not 

exhibit correlations with the physical stability of studied formulations. Deconvoluted peak areas 

of deuterated samples from the ssHDX-MS study showed a satisfactory correlation with the loss 

of the monomeric peak area measured by SEC (R2 of 0.8722 for spray-dried formulations and 
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0.8428 for lyophilized formulations) in the 90-day accelerated stability study conducted at 40oC. 

PXRD was unable to measure phase separation in the samples right after drying. In contrast, 

ssNMR successfully detected the occurrence of phase separation between the succinic buffer 

component and protein in the lyophilized formulation, which results in a distribution of 

microenvironmental acidity and the subsequent loss of long-term stability. In summary, this study 

demonstrated that buffer salts have less impact on physical stability for the spray-dried 

formulations than the lyophilized solids. 

The study in Chapter 5 looked at examining the physical stability of spray freeze dried 

(SFD) bovine serum albumin (BSA) solids produced using the radio frequency (RF)-assisted 

drying technique. BSA formulations were prepared with varying concentrations of trehalose and 

mannitol, with an excipient-free formulation as control. These formulations were produced using 

traditional spray freeze drying (SFD) or RF-assisted spray freeze drying (RFSFD). The dried 

formulations were then characterized using solid-state Fourier transform infrared spectroscopy 

(ssFTIR), Karl Fischer moisture content measurement, powder X-ray diffraction (PXRD), size 

exclusion chromatography (SEC), solid-state hydrogen/deuterium exchange with mass 

spectrometry (ssHDX-MS). Traditional characterization tools such as ssFTIR and moisture 

content did not have a good correlation with the physical stability of the formulations measured 

by SEC. ssHDX-MS metrics such as the maximum deuterium uptake (Dmax) (R
2 = 0.791) and 

deconvoluted peak areas of the deuterated samples (R2 = 0.914) showed a satisfactory correlation 

with the SEC stability data. RFSFD improved the stability of formulations with 20 mg/ml of 

trehalose and no mannitol and had similar stability with all other formulations as compared to SFD. 

This study demonstrated that the RFSFD technique can significantly reduce the duration of 
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primary drying cycle from 48 h to 27.5 h while maintaining or improving protein physical stability 

as compared to traditional lyophilization. 

Lastly, Chapter 6 consists of a summary of the conclusions formed from the work presented 

in this thesis. Furthermore, suggestions for future work are provided based on observations of 

results, less-explored areas of formulation and processing conditions as well as characterization 

tools to understand effects on protein physical stability.  
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 DRYING TECHNOLOGIES TO PRODUCE SOLID-

STATE BIOTHERAPEUTICS 

Adapted with permission from: Chen, Y., Mutukuri, T.T., Wilson, N.E., Zhou, Q.T., 2021. 

Pharmaceutical protein solids: drying technology, solid-state characterization and stability. 

Advanced Drug Delivery Reviews. 172, 211 

1.1 Introduction  

The growth of the biopharmaceutical products in the market has been enormous in the 

recent past even with the number of challenges faced in formulating these products (Chen, 1992; 

Frokjaer and Otzen, 2005; Shire et al., 2004; Tiwari et al., 2012). Most of these biopharmaceutical 

products are manufactured for the purpose of parenteral administration (Zhou and Li Wan Po, 

1991). While solution formulations will be easier to use for parenteral administration, solid 

formulations of proteins often offer enhanced physical and chemical stability as compared to their 

solution counterparts (Cicerone et al., 2015a). Apart from the enhanced physical and chemical 

stability, solid-state formulations also provide an advantage during the transportation of the 

product.  

It is important to make sure that the protein structure is maintained even after drying as any 

changes in protein conformation can lead to aggregation or precipitation resulting in loss of 

functionality or even causing immunogenicity (Manning et al., 2010). Disaccharide excipients 

such as sucrose and trehalose are commonly used in the formulations to retain the protein structure 

and enhance storage stability when the formulations are subjected to drying. The impact of 

excipient selection on the stability of the formulations is enormous (Allison et al., 2000; Chang 

and Pikal, 2009; Sou et al., 2016) and the use of disaccharide excipients has been studied 

extensively in solid-state protein formulations produced using lyophilization (Costantino et al., 

1998b; Koshari et al., 2017b; Yoshioka et al., 1999a). 
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Lyophilization (Lyo) or freeze drying (FD) is currently the widely used method for drying 

biopharmaceutical products. The process has been in use for decades and there are certain 

disadvantages associated with it such as 1) it is a batch process; 2) it is time-consuming; 3) it is 

energy-intensive with low energy usage efficiency; 4) the produced solid has a cake-like form. The 

unit dosages that are produced using this process limit the application of the solid-state 

formulations to parenteral administration as additional processing such as milling may be required 

to produce particles for applications such as needle-free ballistic injections or inhalation therapies 

(Burkoth et al., 1999b; Costantino et al., 2000). Apart from the stresses induced due to the process 

of lyophilization itself, the stresses from milling will increase the risk of structural perturbation in 

the solid-state products. Due to this, there is an ongoing interest in the use of other drying 

techniques that can be used to produce solid-state biopharmaceutical products. However, there are 

drying stresses associated with each of those drying techniques. In order to prepare formulations 

that are suited for the various drying techniques, it is important to understand the drying techniques 

and their feasibility for producing solid-state products. This review focuses on understanding the 

principles of existing drying techniques and the feasibility of the techniques to be used for 

producing solid-state products. 

1.2 Lyophilization/Freeze Drying (Lyo/FD) 

Lyophilization or freeze drying is a controlled process of dehydrating under a vacuum at 

low temperatures. The word “lyophilization” is derived from ancient Greek literature and it means 

“to make solvent-loving”. The method originated in prehistoric times when it was used by the 

Eskimo and Aztecs to preserve food (Adams, 1996). The usage of the method on a laboratory scale 

and understanding of the basic principles of the process started at the end of the 1880s. The 

advancement of refrigeration and vacuum technologies and the increased necessity to process heat-
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sensitive antibiotics and blood products in the 1930s enabled the production of the industrial scale 

freeze-dryer to be used in the food and pharmaceutical industries. Proteins were one of the earliest 

substances to be lyophilized and the demand for bulk preparations of plasma proteins during World 

War II paved a path for lyophilization of biomolecules on an industrial scale (Adams, 1996; 

Mackenzie, 1985). Lyophilization has since evolved as the most widely used technique for 

manufacturing of biomolecules for therapeutic and diagnostic applications.  

1.2.1 Description of Process 

The process of lyophilization involves a range of steps. Sample freezing is the first step, 

which immobilizes the solution components, reduces the thermal denaturation, and prevents 

foaming of the product when a vacuum is applied. It also creates an ice-crystal matrix in the sample 

that facilitates the drying of the product. Sample freezing is generally followed by primary drying 

where the principle of drying is through sublimation of ice-crystals formed during sample freezing. 

Primary drying is followed by secondary drying where the moisture adsorbed on the dried 

amorphous structure is removed by desorption at ambient or higher temperatures. Sealing the 

samples in a vacuum or under an inert gas takes place after the secondary drying. The use of 

vacuum or inert gas is to exclude reactive and destabilizing atmospheric gases like oxygen or 

carbon dioxide and prevent the adsorption of moisture by the freeze dried sample. The samples are 

then removed and stored and/or distributed for their intended use (Adams, 1995; Oetjen, 1999).  

1.2.2 Design of Lyophilization Process 

Lyophilization is a batch process that is time-consuming and energy-intensive. A non-

optimized freeze drying cycle may lead to longer drying time and damage to the product (Beals et 

al., 1997; Franks, 1990; Nail and Gatlin, 2016; Pikal, 1990). In order to design an optimized freeze 
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drying cycle, it is important to understand the critical properties of the sample and use that 

information to design an effective process. The critical properties of the formulation that needs to 

be lyophilized are the stability of the drug and the properties of the excipients used as well as the 

collapse temperature of the final formulation (Tang and Pikal, 2004). The role of the stabilizing 

excipients will be discussed elsewhere in this theme issue.  

The temperature above which the macroscopic structure of the lyophilized product 

collapses during lyophilization is known as the macroscopic collapse temperature (Tc) (MacKenzie, 

1966). Tc in general is about 2 0C higher than the glass transition temperature (Tg') of the 

formulation in the frozen state(Pikal and Shah, 1990). If the solute is crystallized in the frozen state, 

then the Tc is about 2 oC higher than the eutectic temperature (Teu). If the frozen solute contains a 

mixture of amorphous and crystalline matrix then the amorphous matrix collapses if the product 

temperature (Tp) is above the Tg'.   A macroscopic collapse occurs if both Tg' and Teu are below the 

product temperature. If Tg' is below Tp and Teu is above Tp then the crystalline matrix doesn’t 

collapse and provides mechanical support to the amorphous matrix that collapses thereby 

preventing macroscopic collapse (Shalaev and Franks, 1996). Tc is close to Teu in a formulation 

containing amorphous and crystalline matrices dominated by the crystalline matrix. Therefore, to 

obtain an acceptable product, it is important to lyophilize a formulation at a temperature that is 

less than Tc (Pikal, 1990).  

Every step in the lyophilization process takes a different time to finish and has a significant 

impact on the final product. Hence, it is important to understand each of the freezing, primary 

drying, and secondary drying steps to design a process where each of the steps is optimized for a 

specific formulation.  
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1.2.3 Freezing 

Freezing is the first step in the lyophilization process. This step often induces stresses on 

the protein such as protein-protein interactions leading to aggregation due to an increase in protein 

concentration, crystallization of buffer salts leading to pH change, and protein degradation at the 

ice-aqueous interface. The effect of these stresses can be minimized by formulation changes and 

designing a proper freeze drying cycle. In the freezing step, numerous freezing methods like 

nitrogen freezing, ramped cooling, or loading vials onto a precooled shelf may result in a difference 

in cooling effect and ice crystal growth size (Jiang and Nail, 1998). It has been reported that slower 

cooling rates (0.50C/min) led to the larger supercooling effect and loading vials onto precooled 

shelves reduced the supercooling effect but increased the heterogeneity in supercooling among the 

vials (Jiang and Nail, 1998). Another study indicated that the slower cooling rates increased the 

potential of phase separation in formulations that are susceptible to phase separation, and led to 

protein damage and longer freezing times (Heller et al., 1999). A moderate cooling rate (1oC/min) 

has been suggested as an acceptable freezing rate where moderate levels of supercooling and ice 

surface area along with fast freezing times can be observed (Tang and Pikal, 2004). The final 

freezing temperature of the formulation is dependent on the Tg' and/or Teu of the formulation and 

is generally 2oC less than the Tg' or Teu. It is suggested to hold the vials at the final temperature for 

some time depending on the fill volumes, e.g., 1h for fill depth of 1cm or less and 2h for fill depth 

of 1-2 cm (Tang and Pikal, 2004). Annealing is a step where the product is held at a temperature 

higher than the final freezing temperature for a certain amount of time (Lu and Pikal, 2004). It is 

generally applied when the freeze drying cycle is designed for formulations with components that 

can potentially crystallize such as the bulking agent mannitol (Tang and Pikal, 2004). The purpose 

of annealing is to ensure the crystallizing components can completely crystallize before the 
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primary drying step as crystallization during the primary drying may lead to vial breakage 

(Williams et al., 1986). 

1.2.4 Primary Drying  

Primary drying is the longest step in the lyophilization process. In this step it is important 

to optimize the product temperature (Tp) as an increase in the product temperature leads to a 

decrease in the primary drying cycle time. It is reported that a 1oC increase in Tp can decrease the 

primary drying time by 13% (Pikal, 1990). Therefore, a balance in Tp should be considered 

between drying cycle time and product stability. Tp depends on multiple factors such as the 

formulation, freeze dryer’s shelf temperature, and chamber pressure. Tp should be below the Tc in 

order to prevent collapsing of the product. A safety margin i.e., the difference between the Tp and 

Tc was suggested to be 2oC for longer cycles(>2 days), 5oC for shorter cycles(<10h), and 3oC for 

cycles in between (10h – 2 days) (Tang and Pikal, 2004). The chamber pressure (Pc) is another 

crucial parameter in designing a primary drying cycle as it influences the rate of sublimation. 

Generally, a Pc well below the vapor pressure of the ice as the sublimation rate can be represented 

by the equation 

Equation 1: 
𝑑𝑚

𝑑𝑡
=

𝑃ice−𝑃c

𝑅p+𝑅s
 

where dm/dt is the rate of ice sublimation (g/hour per vial), Pc is the chamber pressure, Pice is the 

equilibrium vapor pressure of ice at the sublimation interface temperature (Torr), and Rp and Rs 

are the resistance to water vapor transport from the sublimation interface (Torr·h/g) due to the dry 

layer and stopper respectively (Pikal et al., 1983). This suggests that the smallest chamber pressure 

results in the highest sublimation rate. However, it has also been studied that the very low chamber 

pressure may result in greater heterogeneity in the heat transfer among the vials thereby resulting 
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in larger Tp differences between the vials (Pikal et al., 1984). In general, a chamber pressure 

between 50 mTorr and 200 mTorr is used as maintaining a chamber pressure below 50 mTorr is 

difficult, and using over 200 mTorr may not add any value. An optimum chamber pressure can be 

calculated using the equation below to obtain a target product temperature (Tp) (Tang and Pikal, 

2004). 

Equation 2: 𝑃c = 0.29 · 10(0.019·𝑇p) 

 

where Pc is the chamber pressure (Torr) and Tp is the product temperature (oC).  

Developing a shelf temperature-time profile for efficiently achieving the product 

temperature during primary drying is another important factor in designing an optimized 

lyophilization cycle. Once the process is started, the shelf temperature may need readjustment if 

the product temperature deviates from the target temperature. The end point of primary drying can 

be detected using several methods (Pikal et al., 1984). Thermocouples within the vials can also be 

used to measure the end point of the drying cycle. However, it has been reported that the vials 

containing the thermocouples usually have lower levels of supercooling leading to larger ice 

crystals and faster ice sublimation and therefore, a faster primer drying cycle (Roy and Pikal, 1989). 

Dew point sensors have also been used to detect vapor composition change and can indicate the 

end of the primary drying cycle (Roy and Pikal, 1989). 

1.2.5 Secondary Drying  

The next step in the process is secondary drying where the adsorbed water is removed 

through desorption. Depending on the formulation and the primary drying cycle, the primary dried 

product may contain 5-20% w/w residual water and secondary drying is performed to reduce the 



 

 

30 

residual water content to a preferred amount which is generally less than 1-2 % (Tang and Pikal, 

2004). To prevent collapsing of the amorphous solid product, a slow ramp rate (0.1 - 0.15oC/min) 

of temperature is preferred. For crystalline products, a little higher ramp rate (0.3-0.4oC/min) is 

suggested. It is reported that the chamber pressure does not affect the desorption rate if the chamber 

pressure is maintained under 200 mTorr (Tang and Pikal, 2004). Secondary drying time is also 

dependent on the type of the solid matrix as it takes more time to desorb water in an amorphous 

matrix as compared to a crystalline matrix. It also depends on the solute concentration as higher 

solid contents in the solution state lead to a smaller specific surface area and a longer time to 

complete secondary drying. It is suggested that the secondary drying should be done at higher 

temperatures for shorter periods than the lower temperature for longer periods (Pikal et al., 1990), 

as long as such a higher temperature will not cause any stability concern.   

1.2.6 Use of mathematical modeling in Lyophilization  

Optimization of the lyophilization process in the past was empirical with a trial and error 

approach (Tang and Pikal, 2004). Mathematical models based on partial differential equations 

(PDE) (Lombraña and Diaz, 1987a, b; Sadikoglu et al., 1998; Sadikoglu et al., 2003) and model 

predictive control (MPC) (Mahmood and Mhaskar, 2008; Nail et al., 2002; Zavala and Biegler, 

2009) were one of the earlier predictive tools to optimize the lyophilization cycle. However, these 

models involved a lot of parameters, and determining the values of some parameters 

experimentally was difficult (Fissore and Barresi, 2011). Another development to understand the 

lyophilization process and to optimize the cycles is the use of computational fluid dynamics (CFD). 

Some studies have been recently conducted using CFD to understand the mass and heat transfer 

within various sections of the lyophilizer such as the drying chamber and the condenser (Barresi 

et al., 2018; Marchisio et al., 2018). The parameters of the different cycles in lyophilization might 
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differ even for the same product when the operation takes place in a lab-, pilot- or production-scale 

lyophilizer (Fissore and Barresi, 2011). This is due to the position of the vials, and the change in 

the mass and heat transfer from the vials in the lyophilizer at different scales. Therefore, an 

optimized process obtained in the lab- or pilot-scale equipment often may not be transferred 

directly to production-scale equipment without modifications. Therefore, mathematical models 

based on the dominant parameters in the lyophilizer have been developed, which may facilitate the 

scale-up of the process (Daraoui et al., 2010; Goldman et al., 2018; Pikal et al., 2002). It has been 

observed that at a higher temperature of the product, there is a reduction in frost layer thickness 

that offers less resistance to vapor flow within the vial resulting in the improvement of the primary 

drying efficiency. This led to the development of a scale-up theory that focuses on primary drying 

(Fissore and Barresi, 2011; Kodama et al., 2014; Pisano et al., 2013). 

While the use of mathematical models to optimize the lyophilization has helped develop 

better recipes optimizing the process, there has also been a development of the in situ process 

parameters measuring and monitoring technology that helps in modifying and improving these 

models. This technology is also known as process analytical technology (PAT) can be used to 

study the temperature and pressure data in the lyophilizer and can be used to deepen the knowledge 

of the principles behind lyophilization. Some of the PAT currently used are listed in Table 1.1. 

Table 1.1: PAT for monitoring the freeze drying process 

PAT method Parameter measured Integrated into 

the system 

Reference 

Thermocouple Product temperature (Tp) Yes (Roy and Pikal, 1989) 

Resistance thermal 

detectors (RTD) 

Product temperature (Tp) Yes (Roy and Pikal, 1989) 

Temperature remote 

interrogation system 

Product temperature (Tp) Yes (Schneid and Gieseler, 

2008) 
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Table 1.1 continued 

PAT method Parameter measured Integrated into 

the system 

Reference 

Manometric 

temperature 

measurement (MTM) 

Sublimation interface 

temperature (Tice) and 

Product temperature (Tp) 

Yes (Kawasaki et al., 2018; 

Milton et al., 1997; 

Tang et al., 2005; 

Velardi et al., 2008) 

Valveless monitoring 

system (VMS) 

Product temperature (Tp) Yes (Pisano et al., 2016) 

Temperature 

measurement by 

sublimation rate 

(TMbySR) 

Product temperature (Tp) Yes (Kawasaki et al., 2019) 

Capacitance 

Manometer 

Chamber Pressure (Pc) Yes (Nail and Gatlin, 1985; 

Nail and Johnson, 

1992) 

Pirani Gauge Chamber Pressure (Pc) Yes (Nail and Johnson, 

1992) 

Lyotrack Vapor saturation in the 

chamber 

Yes (Mayeresse et al., 

2007) 

Residual gas analyzer Analysis of gas and vapor 

in the chamber 

Yes (Connelly and Welch, 

1993; Jennings, 1980; 

Mayeresse et al., 2007; 

Nail and Johnson, 

1992) 

Karl Fischer Moisture content 

measurement 

No (May, 2016) 

Thermogravimetric 

analysis (TGA/LOD) 

Moisture content 

measurement 

No (May, 2016) 

Computrac® Vapor 

Pro® XL 

Moisture content 

measurement 

No (Brookfield, 2016) 

Near IR  spectroscopy 

(NIR) 

Moisture content 

measurement 

Yes (De Beer et al., 2009) 

Raman Spectroscopy Moisture content 

measurement 

Yes (De Beer et al., 2009) 

Tunable diode laser 

absorption 

spectroscopy     

(TDLAS) 

Water vapor concentration Yes (Gieseler et al., 2007) 
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1.2.7 Advancements and Future of Lyophilization  

1.2.7.1 Microwave-Assisted Freeze Drying 

Several new technologies are being developed to improve lyophilization. Although 

currently being tested at a smaller lab-scale level, microwave-assisted freeze drying (MFD) is one 

such technology. In MFD, freeze drying is assisted with a microwave heat source to increase the 

drying rate while improving the product quality (Fan et al., 2019). In a recent study, the application 

of MFD in a modified laboratory scale vacuum dryer has shown to have resulted in a reduction in 

drying time by over 75%. The study also showed that samples produced by MFD have shown 

similar stability during accelerated stability studies when compared to conventional freeze drying 

for monoclonal antibody formulations used in the study (Gitter et al., 2018). However, more 

studies are needed to study the scale-up capability of this technology to be used in an industrial 

scale lyophilizer.  

1.2.7.2 Continuous Freeze drying 

Continuous manufacturing is gaining popularity in the pharmaceutical industry attributed 

to the advantages such as operation flexibility, improved manufacturing efficiency, real-time 

quality assurance, and reduction in investment and operative costs (Kleinebudde et al., 2017). In 

biopharmaceutical products, around 50% of the FDA and EMA approved drugs are lyophilized 

solid products despite the high operating costs and long processing time of the lyophilization 

process (Burns, 2009). The current lyophilization process is a batch operation with several 

disadvantages such as uneven heat transfer leading to vial inhomogeneity even within a single 

batch, batch to batch product quality variability (De Meyer et al., 2015). While continuous freeze 

drying is not a new concept to the food industry with the application of continuous freeze drying 
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of food products taking place since the 1960s, the transition of the technology to be used for 

pharmaceutical products have not prevailed due to the strict requirements regarding the sterility, 

product quality and accurate dosage at a large-scale industrial production level. The principles 

behind the operation and the current use of these continuous freeze driers has been discussed in 

detail in a recent review article (Pisano et al., 2019).  

Continuous freeze driers that work on single dosage units appear to be favorable for 

biopharmaceutical products. As it is not straightforward for the transition from the existing batch 

freezer driers to the continuous freeze driers, there are only a limited number of concepts that have 

been developed over the years for continuous freeze drying of unit doses. Shell/spin freezing 

followed by vacuum drying is one such concept where a series of patents have been registered. 

During this process, the vial with the solution is rotated during freezing causing a thin layer to 

form on the surface and then further dried  (De Meyer et al., 2015). Becker’s concept (Becker, Oct 

1957), Broadwin’s process (Broadwin, Aug 1965), and Oughton’s freeze-dryer (D.M.A. Oughton, 

Oct 1999) use this concept of the shell/spin freezing. A recent patent by Corver (Corver, Aug 2012) 

looks at a new approach to using the shell/spin freezing followed by continuous drying. Another 

new continuous freeze drying concept has been proposed in which the vials are suspended over a 

track that moves through chambers with different temperature and pressure conditions (Capozzi et 

al., 2019). It is said that in this method a vacuum induced surface freezing can be used to produce 

controlled nucleation thereby reducing the vial to vial variability. Overall, continuous freeze 

drying on single dose units offers a promising way forward in the effort to reduce the time 

consumed and the operating costs of the traditional lyophilization process with potential capability 

to incorporate process analytic technology (PAT). 



 

 

35 

1.3 Spray Drying (SD) 

Spray drying is a process in which atomization of a solution, suspension, or emulsion into 

a high-temperature gaseous medium takes place to produce dried powder (Pency, 1872). The dairy 

(Schuck, 2002), and the food (Gharsallaoui et al., 2007; Truong et al., 2005) industries were among 

the first to employ this technique on an industrial scale before the pharmaceutical industry. 

Producing dried powders through spray drying offers many advantages such as consistent powder 

quality, continuous and controllable process with high drying efficiency, availability of a wide 

range of driers, and scale-up capability with high output 

1.3.1 Description of the Process  

In a laboratory scale spray dryer, there are four main components: drying chamber, 

atomizer/nozzle, aspirator, and particle collection cyclone (Ameri and Maa, 2006). In a typical 

spray drying process, a feed stock is pumped through the atomizer/nozzle to produce droplets with 

a desired size range. These droplet sizes can be altered based on a different type of atomizer/nozzle, 

viscosity, solid concentration, and the feed rate of the solution through the atomizer. The atomized 

droplets then enter the drying chamber where a high temperature gas stream evaporates the solvent 

and solid particles are formed. The temperature and the gas for the gas stream should be selected 

depending on factors such as solvent type, material degradation temperature, glass transition 

temperature, etc. The dried particles are then collected in a cyclone. The physical properties of the 

final product such as particle size, density, and morphology can be altered by changing the process 

and formulation conditions. 
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1.3.2 Spray dryer setup 

In general, spray drying can be performed in two modes: closed-loop and open-loop setups. 

A closed-loop setup is generally preferred in situations where the solvent is organic, as organic 

solvents cannot be released into the environment directly and also due to the high temperature 

nature of the process which might induce a risk of fire or explosion. It is also preferred in situations 

where the final product is susceptible to oxidation. In this setup, the outlet gas is routed back into 

the condenser for the organic solvent to be collected. In most cases, an inert gas such as nitrogen 

is used to prevent the risk of explosion and reduce the exposure of the product to oxygen. An open 

loop setup is widely used when the solvent is aqueous. Air is mostly used as the drying gas in the 

open loop setup. However, nitrogen can also be used depending on the final product properties. In 

this setup, the outlet gas is directed into the exhaust with a filter to collect ultra-fine particles 

(Aundhia et al., 2011).  

Atomization is a critical step in the spray drying process as the particle size, morphology, 

and residence time of the droplets/particles in the drying chamber are dependent on the atomization 

of the feed solution. While the type of atomizer used affects the atomization process, other factors 

such as shearing and inertial stresses, viscosity, and size distribution of the droplets also influence 

the angle and velocity of the atomization (Ledet et al., 2015). There are several atomizer/nozzles 

available to be used in the spray drying process including a rotary atomizer, single-fluid nozzle, 

multi-fluid nozzle, and ultrasonic nozzles. The rotary atomizers come in two types – atomizer 

wheel and atomizer disc. The atomization occurs when the feed liquid passes through or across 

from the rotating disc/wheel where centrifugal forces of the disc break the feed liquid into droplets 

(Lefebvre and McDonell, 2017). The typical droplet size that is formed using this atomizer is 10-

500 μm (Williams III et al., 2016). This type of atomizer is favored for viscous solutions as it has 
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been demonstrated to result in relatively uniform droplet size. They also have high feeding 

capacities making them suitable for industrial-scale operations (Ledet et al., 2015). For the single-

fluid nozzle, the fluid is pressurized and passed through an orifice causing the fluid to break into 

droplets (Williams III et al., 2016). In a multi-fluid (pneumatic) nozzle, the solution feed is 

atomized by an atomizing gas stream (generally air or inert gas) which breaks the feed into droplets 

at the nozzle tip. These multi-fluid nozzles usually produce fine droplet sizes (10-100 μm) and are 

widely used in the pharmaceutical industry (Williams III et al., 2016). The multi-fluid nozzles 

include a 2-fluid nozzle where the solution feed is atomized by the gas stream, 3-fluid nozzles 

where the nozzle can be used to atomize 2 different feed solutions either for microencapsulation 

(Sunderland et al., 2015) or multifunctional layered microparticles (Pabari et al., 2012), and 4-

fluid nozzles where 3 different feed solutions can be atomized using a drying gas for three-

component systems (Chen et al., 2006). The ultrasonic nozzle generates droplets by vibrating at a 

high frequency (Cal and Sollohub, 2010). By using this nozzle, a relatively larger droplet size 

range (5-1000 μm) (Williams III et al., 2016) can be produced. Another advantage of the ultrasonic 

nozzle is to circumvent the risk of nozzle clogging, which could occur for the multi-fluid nozzles 

(Williams III et al., 2016). 

The drying gas flow pattern in the drying chamber of a spray dryer can be different 

depending on the design of the spray dryer. The flow patterns that are commonly used in a spray 

dryer system are co-current, counter-current, and mixed flow. In a counter-current setting, the gas 

enters from the bottom of the chamber and leaves from the top while the feed solution enters from 

the top and the particles formed due to the drying of the droplets settle at the bottom (Piatkowski 

and Zbicinski, 1970). In this arrangement, the residence time of the droplets/particles in the drying 

chamber is more than the other two arrangements allowing for higher heat transfer and resulting 
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in better drying. However, this arrangement is not preferred for materials that are heat sensitive. 

In a co-current setup, both the feed solution and drying gas enter from the top of the drying 

chamber, and the particles are collected at the bottom using a cyclone. This is the common 

arrangement of drying gas flow for most pharmaceutical products, especially biopharmaceuticals. 

Mixed flow is a combination of counter-current and co-current flow patterns. In this setup, the 

atomization of the feed takes place in the central part of the drying chamber with the atomized feed 

solution being sprayed upwards or downwards based on the thermal sensitivity of the material 

while the drying gas enters from the top of the drying chamber (Masters, 1985; Ziaee et al., 2019). 

1.3.3 Spray Drying of Biopharmaceuticals  

Many biopharmaceutical products such as protein- and peptide-based formulations show 

less stability in the liquid state as compared to the solid state at ambient temperature (Maa and 

Prestrelski, 2000a). Lyophilization has been the most commonly used method to produce solid 

state biopharmaceuticals for a long time. With the development of novel drug delivery systems 

such as long acting microspheres (Tracy, 1998), powders for transdermal delivery (Chen et al., 

2002), and pulmonary delivery (Maa et al., 1999), lyophilization can no longer be used to satisfy 

the product requirements that are necessary for these new delivery methods and the need for 

alternative drying techniques increased. Spray drying is one such technique that is a unit process 

that provides significant control over the powder properties and offers the feasibility of scale-up 

as well. However, the use of relatively high temperatures for solvent evaporation is a limitation 

when it comes to drying thermo-sensitive biopharmaceutical products that could destabilize and 

denature at high temperatures. Mezhericher et al (Mezhericher et al., 2008) gave a detailed 

description of the drying process of a droplet in a spray dryer. While spray drying eliminates some 

of the stresses in lyophilization due to ice formation, freeze concentration of solute, and pH 
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imbalances, it introduces air-liquid interfacial stresses and thermal stresses. The stresses and their 

impacts on stability of biological solids will be discussed in detail in a later section. Our recent 

work has shown that the influence of drying methods on physical stability (or protein aggregation) 

of protein solids is highly dependent on the protein type and excipient choice (Wilson et al., 2020; 

Wilson et al., 2019a). There could be stability issues when the protein is dried without protecting 

excipients regardless of the drying method, as the hydrogen bonds are disrupted and the secondary 

structure of the protein is changed due to process stresses (Wilson et al., 2020). The use of suitable 

excipients that preserve the hydrogen bonds during the drying process has been extensively studied. 

A few of the excipients that are expected to satisfy the hydrogen bonding requirements to preserve 

the secondary structure of the proteins include sugars such as sucrose (Hulse et al., 2008), trehalose 

(Ógáin et al., 2011), and polyols (sorbitol (Maury et al., 2005)). Other excipients such as 

surfactants (Haj-Ahmad et al., 2013), polymers (Jacob et al., 2006), antioxidants (Akers and 

DeFelippis, 2012), and amino acids (Ajmera and Scherließ, 2014) may also improve the stability 

of the proteins during spray drying; however one should be cautious about the potential negative 

effects of such excipients on the stability of protein solids, especially for those which will 

crystallize during the drying. While mannitol is a commonly used excipient for lyophilization 

formulation due to the ability of the mannitol to form a crystalline matrix that supports the 

amorphous matrix and prevents macroscopic collapse of the lyophilized cakes, use of mannitol by 

itself as an excipient is not advisable as it has been shown that mannitol has a tendency to 

crystallize and phase separate and thereby resulting in poor stability (Wilson et al., 2019a). 

Type of excipient, protein/excipient ratio, total solids concentration in the feed solution, 

inlet/outlet temperature, solution feed rate, atomizer type, and atomizing pressure may influence 

the powder properties. Yield, physical and chemical stability, morphology, therapeutic efficiency, 
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and powder flow characteristics are some of the parameters that need to be optimized after spray 

drying (Ameri and Maa, 2006). Often these parameters are interrelated, and optimization of these 

parameters becomes complicated. Models based on single droplet drying have been used in tandem 

with experimental setups to understand the heat and mass transfer within a droplet (Perdana et al., 

2011; Schutyser et al., 2012). DoE, CFD, heat, and mass transfer modeling have also been used 

by various research groups to understand the impact of formulation and process in both the lab- 

and industrial-scale spray dryers (Jamaleddine and Ray, 2010; Keshani et al., 2015; Maltesen et 

al., 2008).  

Spray drying has been applied to produce biological solids for inhalation and topical 

products. Insulin is one of the biopharmaceutical products that has been developed for pulmonary 

drug delivery owing to its high thermal stability and fast absorption. Exubera® spray-dried insulin 

received FDA approval for pulmonary delivery. The formulation of Exubera® consisted of 

recombinant insulin (60%), mannitol, sodium citrate, glycine, and small amounts of sodium 

hydroxide  (for pH adjustment) (White et al., 2005). While the product was considered to be 

successful technically in terms of drug delivery, it was withdrawn from the market within a year 

owing to its poor sales (Heinemann, 2008). Another pharmaceutical product, Raplixa®, is the first 

FDA-approved sterile spray drying solid products of proteins (McKeage, 2015). 

1.4 Spray Freeze Drying (SFD) 

Spray freeze drying is one of the relatively new drying techniques (Benson and Ellis, 1948) 

used to manufacture thermo-sensitive food products like whey protein, coffee, maltodextrin, and 

milk powder(Ishwarya et al., 2015). Although spray freeze drying has not been widely adopted to 

manufacture commercial pharmaceutical products, there is an increased interest in applying spray 

freeze drying for manufacturing thermo-sensitive biopharmaceutical solids.  
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1.4.1 Description of Process 

During SFD, the feed solution is sprayed into a cold vapor phase or a cryogenic liquid. The 

atomized droplets either freeze during their movement through the cold vapor phase or upon 

contact with the cryogenic liquid. The frozen droplets are subjected to drying using the same 

principles of freeze drying. It offers the advantage of producing particles for products that are 

thermo-labile. Various setups have been explored on how to handle the frozen droplets (Costantino 

et al., 2000; Costantino et al., 2002; Gieseler, 2004; Maa et al., 1999). Atmospheric freezing, spray 

freezing into liquid (SFL), and spray freezing with compressed carbon dioxide are some of the 

variations of this process that were explored (Emami et al., 2018; Rogers et al., 2001; Wanning et 

al., 2015).  

1.4.2 Spray Freeze Drying of Biopharmaceutical 

Factors such as the chemical composition, atomization rate, feed rate, and temperature of 

the cryogenic fluid play a crucial role in ensuring the stability and controlling the density and 

particle size distribution of the spray freeze-dried particles (Wanning et al., 2015). Moreover, the 

super cooling phenomena due to the use of a cryogenic liquid may cause a reduction of the ice 

crystallization effects and pH shifts that can be seen in freeze drying. The production of porous 

spherical particles during SFD increases the surface area and thereby may reduce the time for 

sublimation and secondary drying. The spherical shape of SFD particles may result in relatively 

satisfactory flowability. The porous structure generally leads to a low density of the particle, which 

may contribute to better aerosolization behavior for inhalation products (Zhu et al., 2020).  

Effects of atomizing conditions and variability in formulations containing bovine serum albumin 

(BSA) on the particle size and stability were studied where particle size was found to be inversely 

related to the specific surface area and the amounts of BSA aggregates (Costantino et al., 2000; 
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Costantino et al., 2002). In a study by Maa et al., (Maa et al., 1999) on spray drying vs spray freeze 

drying of anti-IgE Mab and rhDNase formulations, they showed that the spray freeze-dried 

powders had better aerosol performance than the spray-dried powders, likely owing to the porous 

structure of the particles. Other studies on salmon calcitonin (Poursina et al., 2016) and parathyroid 

hormone (Poursina et al., 2017) also showed that SFD resulted in products with good flow 

properties. In a recent study conducted by our lab group, we found that the spray freeze-dried 

formulations of lysozyme and myoglobin showed similar stability results as freeze-dried 

formulations for the formulations containing non-crystallizing cryoprotectants (sucrose) as an 

excipient (Mutukuri et al., 2021). In another study, insulin with/without tyloxapol and lactose was 

spray freeze-dried (Rogers et al., 2002). Irrespective of the presence of lyoprotectants, spray 

freeze-dried insulin showed little to no degradation suggesting that the use of spray freeze drying 

resulted in a solid product that is stable (Rogers et al., 2002). Spray freeze drying of influenza 

vaccines showed better stability compared to liquid formulations (Maa et al., 2004). Enzyme 

activity of Trypsinogen was also evaluated in a study after SFD (Sonner et al., 2002). After 

processing approximately 15% of the loss from initial activity with a small amount of aggregation 

of 1.4% was observed.  

Spray freeze drying shows a promise in terms of particle morphology and flow properties 

making it a favorable drying method for pulmonary delivery. It presents itself as a technique that 

offers advantages such as fast freezing and drying times as compared to freeze drying for 

biopharmaceutical production. Nevertheless, more research is warranted to fully understand the 

impact of the process on the physical and chemical stability as well as the therapeutic efficacy of 

the products.  
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1.5 Other Emerging Drying Techniques 

Apart from the above-mentioned drying techniques, there have been some emerging drying 

techniques developed to produce biopharmaceutical solids such as super critical fluid drying 

(SCFD), foam drying, and electrostatic spray drying.  

In SCFD, materials like carbon dioxide, ethylene, or methanol are used above their critical 

temperature and pressure to facilitate dehydration. Compared to ethylene and methanol, carbon 

dioxide is a non-toxic, non-inflammable material with a critical temperature of approximately 31oC 

and critical pressure of approximately 73 bar. Jovanović et al. (Jovanović et al., 2004) proposed 

two approaches to use the SCFD process for the production of biopharmaceutical products. The 

first theory is to use a super critical fluid (SCF) as an anti-solvent for water extraction leading to 

the protein being concentrated and precipitated followed by spray freezing and drying them to 

remove the remaining water and obtain a final product. In the second approach, the SCF dissolved 

at high pressure is used as the propellant to atomize the feed solution in a two-fluid nozzle. Results 

have shown that SCFD can be used to produce adjustable particle sizes, uniform spherical particles, 

and acceptable flow properties (Jovanović et al., 2008; Maltesen and Van De Weert, 2008; 

Nuchuchua et al., 2014). Additional research is necessary to understand the long-term storage 

stability and therapeutic efficacy of the products produced by SCFD. 

Foam drying is another relatively new process proposed for producing biopharmaceutical 

solids, in which the solution is converted to dried foam (Ohtake et al., 2011a). In this method, the 

solution is boiled or foamed under reduced vapor pressure, followed by water evaporation leading 

to the formation of a solidified foam structure (Walters et al., 2014). Foam drying offers the 

advantage of drying at near-ambient temperatures without ice formation that may lead to protein 

instability. However, the process usually takes long hours to days to complete. In a study with the 
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Ty21a vaccine, foam drying demonstrated a stability of 42 weeks at 25 oC (Cryz Jr et al., 1996); 

while a commercial freeze-dried vaccine VivotifTM showed stability of 2 weeks at the same 

temperature (Ohtake et al., 2011b).  In another study, foam drying of an IgG1 mAb formulation 

with varying levels of sucrose showed better storage stability than freeze drying and spray drying 

(Cicerone and Soles, 2004). The increased storage stability is ascribed to the foam drying process 

producing products with lower specific surface area and surface accumulation of the protein 

(Cicerone and Soles, 2004) as lower surface area is related to lower monomer loss in protein 

formulations (Costantino et al., 2000). Although foam drying appears to exhibit better stability, it 

presents several challenges such as surface tension stresses leading to cavitation of the dried 

product, reduced water desorption rate resulting in longer secondary drying times, and the risk of 

freezing due to evaporative cooling. The drying kinetics is not fully understood and research in a 

fundamental understanding of this topic is needed to optimize the drying cycle and improve 

product stability. Moreover, the scalability of this process for producing biopharmaceutical 

products deserves further investigations. 

Electrostatic spray drying has been recently developed as an alternative to traditional spray 

drying. In this process, an electric charge is applied to the feed solution before spray drying the 

feed solution. Within these charged droplets, solvent (usually water) due to its high-polar nature 

picks up a higher proportion of electrons and attains a greater charge density, while the solute 

molecules that are generally less polar in nature than the water pick up fewer electrons. Such effect 

leads to a solute-rich core and a solvent-rich shell within the droplet, which facilitates better drying 

efficiency and low-temperature drying (www.chemengonline.com, 2017). Spray dryers with these 

technologies are commercially available with a varying range of scales from bench-top lab 

equipment to full-scale industrial manufacturing (www.fluidairinc.com). 
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The concept of electrostatic spray drying has been previously evaluated to produce 

nanoparticles (Gomez et al., 1998), nanosuspensions (Thakkar and Misra, 2020), and microspheres 

for encapsulation (Wang et al., 2019). Commercially available electrostatic spray dryers have been 

used for encapsulation where modified food starch, vitamin C, strawberry flavor, and sunflower 

oil were encapsulated (Joseph P. Szczap and Associates). During encapsulation, an emulsion 

containing the non-polar active ingredient and polar solvent and carrier material is spray-dried 

using the electrostatic spray dryer. The non-polar active ingredient picks up fewer electrons 

forming the core and the carrier and solvent picking up more electrons form the shell during the 

droplet formation and upon drying of the droplet, encapsulation of the active ingredient inside the 

carrier occurs. Since it is a relatively new technology, the published results for the use of this 

technology on biologics are scarce. More research work is warranted to provide a clearer 

understanding of the mechanisms of how charging affects the drying efficiency of pharmaceutical 

materials.  

1.6 Conclusion 

Overall, there is a significantly increased number of biopharmaceutical products in the 

market over the past decade. Although traditional lyophilization is still the mainstay drying 

technique for the production of biopharmaceutical solid products, for now, alternative technologies 

have been employed to circumvent key shortcomings of lyophilization as a time-consuming batch 

process with extensive use of energy in a very inefficient way. Spray drying appears to be a viable 

alternative to the traditional lyophilization in producing biopharmaceutical solids, particularly for 

developing inhalation products. Approval of the sterile spray drying protein product by the FDA 

may ease some concerns on the sterility of spray-dried products. In addition, the emergence of 

other new drying technologies that are specifically designed for biological products will facilitate 
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the development of commercial solid biopharmaceutical products in the future; while there is an 

urgent demand in research for a fundamental understanding of how the process and formulation 

will affect the quality of the biopharmaceutical solids. The following sections of this review will 

discuss how the process stresses affect the quality of biological solid products and how the solid-

state characterization techniques can facilitate the understanding of stability for biopharmaceutical 

solids.  

1.7 References 

Adams, G., 1995. Freeze-Drying—The Integrated Approach. Pharmaceutical Manufacturing 

International, 177-180. 

Adams, G.D., 1996. Lyophilization of vaccines, Vaccine Protocols. Springer, pp. 167-185. 

Ajmera, A., Scherließ, R., 2014. Stabilisation of proteins via mixtures of amino acids during spray 

drying. International Journal of Pharmaceutics 463, 98-107. 

Akers, M.J., DeFelippis, M.R., 2012. Peptides and proteins as parenteral solutions. Pharmaceutical 

formulation development of peptides and proteins, 145. 

Allison, S.D., Manning, M.C., Randolph, T.W., Middleton, K., Davis, A., Carpenter, J.F., 2000. 

Optimization of storage stability of lyophilized actin using combinations of disaccharides 

and dextran. Journal of pharmaceutical sciences 89, 199-214. 

Ameri, M., Maa, Y.-F., 2006. Spray drying of biopharmaceuticals: stability and process 

considerations. Drying technology 24, 763-768. 

Aundhia, C., Raval, J., Patel, M., Shah, N., Chauhan, S., Sailor, G., Javia, A., Mahashwari, R., 

2011. Spray Drying in the pharmaceuticaul Industry-A Review. Journal of Pharmaceutical 

Research 2, 63-65. 

Barresi, A.A., Rasetto, V., Marchisio, D.L., 2018. Use of computational fluid dynamics for 

improving freeze-dryers design and process understanding. Part 1: Modelling the 

lyophilisation chamber. European Journal of Pharmaceutics and Biopharmaceutics 129, 

30-44. 

Beals, J., Edwards, M., Pikal, M., Rinella Jr, J., 1997. Formulations of obesity protein. USA: Eur 

Pat Appl (Eli Lilly and co. USA). EP, 48. 

Becker, W., Oct 1957. Gefriertrocknungsverfahren., Germany. 



 

 

47 

Benson, S.W., Ellis, D.A., 1948. Surface Areas of Proteins. I. Surface Areas and Heats of 

Absorption1. Journal of the American Chemical Society 70, 3563-3569. 

Broadwin, S.M., Aug 1965. Centrifugal freeze drying apparatus. 

Brookfield, A., 2016. Computrac Vapor Pro XL. 

Burkoth, T.L., Bellhouse, B.J., Hewson, G., Longridge, D.J., Muddle, A.G., Sarphie, D.F., 1999. 

Transdermal and transmucosal powdered drug delivery. Crit Rev Ther Drug Carrier Syst 

16, 331-384. 

Burns, L.R., 2009. The biopharmaceutical sector’s impact on the US economy: Analysis at the 

national, state, and local levels. Washington, DC: Archstone Consulting, LLC. 

Cal, K., Sollohub, K., 2010. Spray drying technique. I: Hardware and process parameters. Journal 

of pharmaceutical sciences 99, 575-586. 

Capozzi, L.C., Trout, B.L., Pisano, R., 2019. From batch to continuous: freeze-drying of suspended 

vials for pharmaceuticals in unit-doses. Industrial & Engineering Chemistry Research 58, 

1635-1649. 

Chang, L., Pikal, M.J., 2009. Mechanisms of protein stabilization in the solid state. Journal of 

Pharmaceutical Sciences 98, 2886-2908. 

Chen, D., Maa, Y.-F., Haynes, J.R., 2002. Needle-free epidermal powder immunization. Expert 

Review of Vaccines 1, 265-276. 

Chen, R., Takahashi, H., Okamoto, H., Danjo, K., 2006. Particle design of three-component system 

for sustained release using a 4-fluid nozzle spray-drying technique. Chem Pharm Bull 

(Tokyo) 54, 1486-1490. 

Chen, T., 1992. Formulation concerns of protein drugs. Drug Development and Industrial 

Pharmacy 18, 1311-1354. 

Cicerone, M.T., Pikal, M.J., Qian, K.K., 2015. Stabilization of proteins in solid form. 

Cicerone, M.T., Soles, C.L., 2004. Fast dynamics and stabilization of proteins: binary glasses of 

trehalose and glycerol. Biophysical journal 86, 3836-3845. 

Connelly, J.P., Welch, J.V., 1993. Monitor lyophilization with mass spectrometer gas analysis. 

PDA Journal of Pharmaceutical Science and Technology 47, 70-75. 

Corver, J.A.W.M., Aug 2012. Method and system for freeze-drying injectable compositions, in 

particular pharmaceutical compositions. 

Costantino, H.R., Carrasquillo, K.G., Cordero, R.A., Mumenthaler, M., Hsu, C.C., Griebenow, K., 

1998. Effect of excipients on the stability and structure of lyophilized recombinant human 

growth hormone. J Pharm Sci 87, 1412-1420. 



 

 

48 

Costantino, H.R., Firouzabadian, L., Hogeland, K., Wu, C., Beganski, C., Carrasquillo, K.G., 

Cordova, M., Griebenow, K., Zale, S.E., Tracy, M.A., 2000. Protein spray-freeze drying. 

Effect of atomization conditions on particle size and stability. Pharm Res 17, 1374-1383. 

Costantino, H.R., Firouzabadian, L., Wu, C., Carrasquillo, K.G., Griebenow, K., Zale, S.E., Tracy, 

M.A., 2002. Protein spray freeze drying. 2. Effect of formulation variables on particle size 

and stability. Journal of pharmaceutical sciences 91, 388-395. 

Cryz Jr, S., Pasteris, O., Varallyay, S., Fürer, E., 1996. Factors influencing the stability of live oral 

attenuated bacterial vaccines. Developments in biological standardization 87, 277-281. 

D.M.A. Oughton, P.R.J.S., D.B.A. MacMichael, Oct 1999. Freeze-drying process and apparatus. 

Daraoui, N., Dufour, P., Hammouri, H., Hottot, A., 2010. Model predictive control during the 

primary drying stage of lyophilisation. Control Engineering Practice 18, 483-494. 

De Beer, T., Vercruysse, P., Burggraeve, A., Quinten, T., Ouyang, J., Zhang, X., Vervaet, C., 

Remon, J.P., Baeyens, W., 2009. In-line and real-time process monitoring of a freeze 

drying process using Raman and NIR spectroscopy as complementary process analytical 

technology (PAT) tools. Journal of pharmaceutical sciences 98, 3430-3446. 

De Meyer, L., Van Bockstal, P.-J., Corver, J., Vervaet, C., Remon, J.P., De Beer, T., 2015. 

Evaluation of spin freezing versus conventional freezing as part of a continuous 

pharmaceutical freeze-drying concept for unit doses. International Journal of 

Pharmaceutics 496, 75-85. 

Emami, F., Vatanara, A., Najafabadi, A.R., Kim, Y., Park, E.J., Sardari, S., Na, D.H., 2018. Effect 

of amino acids on the stability of spray freeze-dried immunoglobulin G in sugar-based 

matrices. European Journal of Pharmaceutical Sciences 119, 39-48. 

Fan, K., Zhang, M., Mujumdar, A.S., 2019. Recent developments in high efficient freeze-drying 

of fruits and vegetables assisted by microwave: A review. Critical reviews in food science 

and nutrition 59, 1357-1366. 

Fissore, D., Barresi, A.A., 2011. Scale-up and process transfer of freeze-drying recipes. Drying 

Technology 29, 1673-1684. 

Franks, F., 1990. Freeze drying: from empiricism to predictability. Cryo-Lett. 11, 93-110. 

Frokjaer, S., Otzen, D.E., 2005. Protein drug stability: a formulation challenge. Nature Reviews 

Drug Discovery 4, 298-306. 

Gharsallaoui, A., Roudaut, G., Chambin, O., Voilley, A., Saurel, R., 2007. Applications of spray-

drying in microencapsulation of food ingredients: An overview. Food research 

international 40, 1107-1121. 

Gieseler, H., 2004. title., Verlag nicht ermittelbar. 



 

 

49 

Gieseler, H., Kessler, W.J., Finson, M., Davis, S.J., Mulhall, P.A., Bons, V., Debo, D.J., Pikal, 

M.J., 2007. Evaluation of tunable diode laser absorption spectroscopy for in‐process water 

vapor mass flux measurements during freeze drying. Journal of Pharmaceutical Sciences 

96, 1776-1793. 

Gitter, J.H., Geidobler, R., Presser, I., Winter, G., 2018. Significant Drying Time Reduction Using 

Microwave-Assisted Freeze-Drying for a Monoclonal Antibody. Journal of 

Pharmaceutical Sciences 107, 2538-2543. 

Goldman, J.M., More, H.T., Yee, O., Borgeson, E., Remy, B., Rowe, J., Sadineni, V., 2018. 

Optimization of Primary Drying in Lyophilization During Early-Phase Drug Development 

Using a Definitive Screening Design With Formulation and Process Factors. Journal of 

Pharmaceutical Sciences 107, 2592-2600. 

Gomez, A., Bingham, D., de Juan, L., Tang, K., 1998. Production of protein nanoparticles by 

electrospray drying. Journal of Aerosol Science 29, 561-574. 

Haj-Ahmad, R.R., Elkordy, A.A., Chaw, C.S., Moore, A., 2013. Compare and contrast the effects 

of surfactants (Pluronic® F-127 and Cremophor® EL) and sugars (β-cyclodextrin and 

inulin) on properties of spray dried and crystallised lysozyme. European Journal of 

Pharmaceutical Sciences 49, 519-534. 

Heinemann, L., 2008. The failure of exubera: are we beating a dead horse? Journal of diabetes 

science and technology 2, 518-529. 

Heller, M.C., Carpenter, J.F., Randolph, T.W., 1999. Protein formulation and lyophilization cycle 

design: Prevention of damage due to freeze‐concentration induced phase separation. 

Biotechnology and Bioengineering 63, 166-174. 

Hulse, W.L., Forbes, R.T., Bonner, M.C., Getrost, M., 2008. Do co-spray dried excipients offer 

better lysozyme stabilisation than single excipients? European journal of pharmaceutical 

sciences 33, 294-305. 

Ishwarya, S.P., Anandharamakrishnan, C., Stapley, A.G.F., 2015. Spray-freeze-drying: A novel 

process for the drying of foods and bioproducts. Trends in Food Science & Technology 41, 

161-181. 

Jacob, S., Shirwaikar, A., Srinivasan, K., Alex, J., Prabu, S., Mahalaxmi, R., Kumar, R., 2006. 

Stability of proteins in aqueous solution and solid state. Indian journal of pharmaceutical 

sciences 68. 

Jamaleddine, T.J., Ray, M.B., 2010. Application of computational fluid dynamics for simulation 

of drying processes: A review. Drying technology 28, 120-154. 

Jennings, T., 1980. Residual gas analysis and vacuum freeze drying. PDA Journal of 

Pharmaceutical Science and Technology 34, 62-69. 



 

 

50 

Jiang, S., Nail, S.L., 1998. Effect of process conditions on recovery of protein activity after 

freezing and freeze-drying. European Journal of Pharmaceutics and Biopharmaceutics 45, 

249-257. 

Joseph P. Szczap and Associates, F.A., Aurora, IL, USA, Spray Drying Process Improved Using 

Low-Temperature Electrostatic Atomization. 

Jovanović, N., Bouchard, A., Hofland, G.W., Witkamp, G.-J., Crommelin, D.J., Jiskoot, W., 2004. 

Stabilization of proteins in dry powder formulations using supercritical fluid technology. 

Pharmaceutical research 21, 1955-1969. 

Jovanović, N., Bouchard, A., Sutter, M., Van Speybroeck, M., Hofland, G.W., Witkamp, G.-J., 

Crommelin, D.J., Jiskoot, W., 2008. Stable sugar-based protein formulations by 

supercritical fluid drying. International journal of pharmaceutics 346, 102-108. 

Kawasaki, H., Shimanouchi, T., Sawada, H., Hosomi, H., Hamabe, Y., Kimura, Y., 2019. 

Temperature Measurement by Sublimation Rate as a Process Analytical Technology Tool 

in Lyophilization. Journal of Pharmaceutical Sciences 108, 2305-2314. 

Kawasaki, H., Shimanouchi, T., Yamamoto, M., Takahashi, K., Kimura, Y., 2018. Scale-up 

procedure for primary drying process in lyophilizer by using the vial heat transfer and the 

drying resistance. Chemical and Pharmaceutical Bulletin 66, 1048-1056. 

Keshani, S., Daud, W.R.W., Nourouzi, M., Namvar, F., Ghasemi, M., 2015. Spray drying: An 

overview on wall deposition, process and modeling. Journal of Food Engineering 146, 152-

162. 

Kleinebudde, P., Khinast, J., Rantanen, J., 2017. Continuous manufacturing of pharmaceuticals. 

John Wiley & Sons. 

Kodama, T., Sawada, H., Hosomi, H., Takeuchi, M., Wakiyama, N., Yonemochi, E., Terada, K., 

2014. Optimization of primary drying condition for pharmaceutical lyophilization using a 

novel simulation program with a predictive model for dry layer resistance. Chemical and 

Pharmaceutical Bulletin 62, 153-159. 

Koshari, S.H.S., Ross, J.L., Nayak, P.K., Zarraga, I.E., Rajagopal, K., Wagner, N.J., Lenhoff, 

A.M., 2017. Characterization of protein-excipient microheterogeneity in 

biopharmaceutical solid-state formulations by confocal fluorescence microscopy. 

Molecular Pharmaceutics. 

Ledet, G.A., Graves, R.A., Bostanian, L.A., Mandal, T.K., 2015. Spray-drying of 

biopharmaceuticals, Lyophilized Biologics and Vaccines. Springer, pp. 273-297. 

Lefebvre, A.H., McDonell, V.G., 2017. Atomization and sprays. CRC press. 

Lombraña, J., Diaz, J., 1987a. Coupled vacuum and heating power control for freeze-drying time 

reduction of solutions in phials. Vacuum 37, 473-476. 



 

 

51 

Lombraña, J., Diaz, J., 1987b. Heat programming to improve efficiency in a batch freeze-drier. 

The Chemical Engineering Journal 35, B23-B30. 

Lu, X., Pikal, M.J., 2004. Freeze-drying of mannitol-trehalose-sodium chloride-based 

formulations: the impact of annealing on dry layer resistance to mass transfer and cake 

structure. Pharm Dev Technol 9, 85-95. 

Maa, Y.-F., Nguyen, P.-A., Sweeney, T., Shire, S.J., Hsu, C.C., 1999. Protein inhalation powders: 

spray drying vs spray freeze drying. Pharmaceutical research 16, 249-254. 

Maa, Y.-F., Prestrelski, S.J., 2000. Biopharmaceutical powders particle formation and formulation 

considerations. Current pharmaceutical biotechnology 1, 283-302. 

Maa, Y.F., Ameri, M., Shu, C., Payne, L.G., Chen, D., 2004. Influenza vaccine powder 

formulation development: spray‐freeze‐drying and stability evaluation. Journal of 

pharmaceutical sciences 93, 1912-1923. 

MacKenzie, A., 1966. Basic principles of freeze-drying for pharmaceuticals. Bulletin of the 

parenteral drug association 20, 101. 

Mackenzie, A., 1985. A current understanding of the freeze-drying of representative aqueous 

solutions. Science et Technique du Froid (France). 

Mahmood, M., Mhaskar, P., 2008. Enhanced stability regions for model predictive control of 

nonlinear process systems. AIChE journal 54, 1487-1498. 

Maltesen, M.J., Bjerregaard, S., Hovgaard, L., Havelund, S., Van De Weert, M., 2008. Quality by 

design–Spray drying of insulin intended for inhalation. European journal of pharmaceutics 

and biopharmaceutics 70, 828-838. 

Maltesen, M.J., Van De Weert, M., 2008. Drying methods for protein pharmaceuticals. Drug 

Discovery Today: Technologies 5, e81-e88. 

Manning, M.C., Chou, D.K., Murphy, B.M., Payne, R.W., Katayama, D.S., 2010. Stability of 

protein pharmaceuticals: an update. Pharm Res 27, 544-575. 

Marchisio, D.L., Galan, M., Barresi, A.A., 2018. Use of computational fluid dynamics for 

improving freeze-dryers design and process understanding. Part 2: Condenser duct and 

valve modelling. European Journal of Pharmaceutics and Biopharmaceutics 129, 45-57. 

Masters, K., 1985. Spray drying handbook. Spray drying handbook. 

Maury, M., Murphy, K., Kumar, S., Mauerer, A., Lee, G., 2005. Spray-drying of proteins: effects 

of sorbitol and trehalose on aggregation and FT-IR amide I spectrum of an immunoglobulin 

G. European journal of pharmaceutics and biopharmaceutics 59, 251-261. 



 

 

52 

May, J.C., 2016. 11 Regulatory Control of Freeze-Dried Products: Importance and Evaluation of 

Residual Moisture. Freeze Drying/Lyophilization of Pharmaceutical and Biological 

Products, 288. 

Mayeresse, Y., Veillon, R., Sibille, P., Nomine, C., 2007. Freeze-drying process monitoring using 

a cold plasma ionization device. PDA-Journal of Pharmaceutical Science and Technology 

61, 160-174. 

McKeage, K., 2015. Raplixa™: a review in improving surgical haemostasis. Clinical drug 

investigation 35, 519-524. 

Mezhericher, M., Levy, A., Borde, I., 2008. Heat and mass transfer of single droplet/wet particle 

drying. Chemical Engineering Science 63, 12-23. 

Milton, N., Pikal, M.J., Roy, M.L., Nail, S.L., 1997. Evaluation of manometric temperature 

measurement as a method of monitoring product temperature during lyophilization. PDA 

Journal of Pharmaceutical Science and Technology 51, 7-16. 

Mutukuri, T.T., Wilson, N.E., Taylor, L.S., Topp, E.M., Zhou, Q.T., 2021. Effects of drying 

method and excipient on the structure and physical stability of protein solids: Freeze drying 

vs. spray freeze drying. International Journal of Pharmaceutics 594, 120169. 

Nail, S.L., Gatlin, L.A., 1985. Advances in control of production freeze dryers. PDA Journal of 

Pharmaceutical Science and Technology 39, 16-27. 

Nail, S.L., Gatlin, L.A., 2016. Freeze-drying: principles and practice, Pharmaceutical Dosage 

Forms-Parenteral Medications. CRC Press, pp. 367-396. 

Nail, S.L., Jiang, S., Chongprasert, S., Knopp, S.A., 2002. Fundamentals of freeze-drying, 

Development and manufacture of protein pharmaceuticals. Springer, pp. 281-360. 

Nail, S.L., Johnson, W., 1992. Methodology for in-process determination of residual water in 

freeze-dried products. Dev Biol Stand 74, 137-150; dicussion 150-131. 

Nuchuchua, O., Every, H., Hofland, G., Jiskoot, W., 2014. Scalable organic solvent free 

supercritical fluid spray drying process for producing dry protein formulations. European 

Journal of Pharmaceutics and Biopharmaceutics 88, 919-930. 

Oetjen, G.-W., 1999. Industrial freeze-drying for pharmaceutical applications. Drugs and the 

pharmaceutical sciences 96, 267-335. 

Ógáin, O.N., Li, J., Tajber, L., Corrigan, O.I., Healy, A.M., 2011. Particle engineering of materials 

for oral inhalation by dry powder inhalers. I—Particles of sugar excipients (trehalose and 

raffinose) for protein delivery. International journal of pharmaceutics 405, 23-35. 

 



 

 

53 

Ohtake, S., Martin, R., Saxena, A., Pham, B., Chiueh, G., Osorio, M., Kopecko, D., Xu, D., 

Lechuga-Ballesteros, D., Truong-Le, V., 2011a. Room temperature stabilization of oral, 

live attenuated Salmonella enterica serovar Typhi-vectored vaccines. Vaccine 29, 2761-

2771. 

Ohtake, S., Martin, R.A., Saxena, A., Lechuga‐ballesteros, D., Santiago, A.E., Barry, E.M., 

Truong‐Le, V., 2011b. Formulation and stabilization of Francisella tularensis live vaccine 

strain. Journal of pharmaceutical sciences 100, 3076-3087. 

Pabari, R.M., Sunderland, T., Ramtoola, Z., 2012. Investigation of a novel 3-fluid nozzle spray 

drying technology for the engineering of multifunctional layered microparticles. Expert 

Opin Drug Deliv 9, 1463-1474. 

Pency, S.E., 1872. Improvement in drying and concentrating liquid substances by atomizing. 

Perdana, J., Fox, M.B., Schutyser, M.A., Boom, R.M., 2011. Single‐droplet experimentation on 

spray drying: evaporation of a sessile droplet. Chemical Engineering & Technology 34, 

1151-1158. 

Piatkowski, M., Zbicinski, I., 1970. Analysis of the Mechanism of Counter-current Spray Drying, 

pp. 89-101. 

Pikal, M., Rambhatla, S., Ramot, R., 2002. The impact of the freezing stage in lyophilization: 

effects of the ice nucleation temperature on process design and product quality. American 

Pharmaceutical Review 5, 48-53. 

Pikal, M., Shah, S., Roy, M., Putman, R., 1990. The secondary drying stage of freeze drying: 

drying kinetics as a function of temperature and chamber pressure. International journal of 

pharmaceutics 60, 203-207. 

Pikal, M., Shah, S., Senior, D., Lang, J., 1983. Physical chemistry of freeze-drying: measurement 

of sublimation rates for frozen aqueous solutions by a microbalance technique. Journal of 

pharmaceutical sciences 72, 635-650. 

Pikal, M.J., 1990. Freeze-drying of proteins. Part I: process design. BioPharm 3, 18-27. 

Pikal, M.J., Roy, M., Shah, S., 1984. Mass and heat transfer in vial freeze‐drying of 

pharmaceuticals: Role of the vial. Journal of pharmaceutical sciences 73, 1224-1237. 

Pikal, M.J., Shah, S., 1990. The collapse temperature in freeze drying: Dependence on 

measurement methodology and rate of water removal from the glassy phase. International 

Journal of Pharmaceutics 62, 165-186. 

Pisano, R., Arsiccio, A., Capozzi, L.C., Trout, B.L., 2019. Achieving continuous manufacturing 

in lyophilization: Technologies and approaches. European Journal of Pharmaceutics and 

Biopharmaceutics 142, 265-279. 



 

 

54 

Pisano, R., Fissore, D., Barresi, A.A., 2016. Noninvasive Monitoring of a Freeze-Drying Process 

for tert-Butanol/Water Cosolvent-Based Formulations. Industrial & Engineering 

Chemistry Research 55, 5670-5680. 

Pisano, R., Fissore, D., Barresi, A.A., Rastelli, M., 2013. Quality by design: scale-up of freeze-

drying cycles in pharmaceutical industry. AAPS PharmSciTech 14, 1137-1149. 

Poursina, N., Vatanara, A., Rouini, M.R., Gilani, K., Najafabadi, A.R., 2016. The effect of 

excipients on the stability and aerosol performance of salmon calcitonin dry powder 

inhalers prepared via the spray freeze drying process. Acta Pharmaceutica 66, 207-218. 

Poursina, N., Vatanara, A., Rouini, M.R., Gilani, K., Rouholamini Najafabadi, A., 2017. Systemic 

delivery of parathyroid hormone (1–34) using spray freeze-dried inhalable particles. 

Pharmaceutical Development and Technology 22, 733-739. 

Rogers, T.L., Hu, J., Yu, Z., Johnston, K.P., Williams III, R.O., 2002. A novel particle engineering 

technology: spray-freezing into liquid. International Journal of pharmaceutics 242, 93-100. 

Rogers, T.L., Johnston, K.P., Williams III, R.O., 2001. Solution-based particle formation of 

pharmaceutical powders by supercritical or compressed fluid CO2 and cryogenic spray-

freezing technologies. Drug development and industrial pharmacy 27, 1003-1015. 

Roy, M.L., Pikal, M.J., 1989. Process control in freeze drying: determination of the end point of 

sublimation drying by an electronic moisture sensor. PDA Journal of Pharmaceutical 

Science and Technology 43, 60-66. 

Sadikoglu, H., Liapis, A., Crosser, O., 1998. Optimal control of the primary and secondary drying 

stages of bulk solution freeze drying in trays. Drying Technology 16, 399-431. 

Sadikoglu, H., Ozdemir, M., Seker, M., 2003. Optimal control of the primary drying stage of freeze 

drying of solutions in vials using variational calculus. Drying Technology 21, 1307-1331. 

Schneid, S., Gieseler, H., 2008. Evaluation of a new wireless Temperature Remote Interrogation 

System (TEMPRIS) to measure product temperature during freeze drying. AAPS 

PharmSciTech 9, 729-739. 

Schuck, P., 2002. Spray drying of dairy products: state of the art. Le Lait 82, 375-382. 

Schutyser, M.A., Perdana, J., Boom, R.M., 2012. Single droplet drying for optimal spray drying 

of enzymes and probiotics. Trends in Food Science & Technology 27, 73-82. 

Shalaev, E.Y., Franks, F., 1996. Changes in the physical state of model mixtures during freezing 

and drying: Impact on product quality. Cryobiology 33, 14-26. 

Shire, S.J., Shahrokh, Z., Liu, J., 2004. Challenges in the development of high protein 

concentration formulations. Journal of Pharmaceutical Sciences 93, 1390-1402. 



 

 

55 

Sonner, C., Maa, Y.F., Lee, G., 2002. Spray-freeze-drying for protein powder preparation: particle 

characterization and a case study with trypsinogen stability. J Pharm Sci 91, 2122-2139. 

Sou, T., Forbes, R.T., Gray, J., Prankerd, R.J., Kaminskas, L.M., McIntosh, M.P., Morton, D.A.V., 

2016. Designing a multi-component spray-dried formulation platform for pulmonary 

delivery of biopharmaceuticals: the use of polyol, disaccharide, polysaccharide and 

synthetic polymer to modify solid-state properties for glassy stabilisation. Powder 

technology 287, 248-255. 

Sunderland, T., Kelly, J.G., Ramtoola, Z., 2015. Application of a novel 3-fluid nozzle spray drying 

process for the microencapsulation of therapeutic agents using incompatible drug-polymer 

solutions. Arch Pharm Res 38, 566-573. 

Tang, X.C., Nail, S.L., Pikal, M.J., 2005. Freeze-drying process design by manometric temperature 

measurement: design of a smart freeze-dryer. Pharmaceutical research 22, 685-700. 

Tang, X.C., Pikal, M.J., 2004. Design of freeze-drying processes for pharmaceuticals: practical 

advice. Pharmaceutical research 21, 191-200. 

Thakkar, S., Misra, M., 2020. Electrospray drying of docetaxel nanosuspension: A study on 

particle formation and evaluation of nanocrystals thereof. Journal of Drug Delivery Science 

and Technology 60, 102009. 

Tiwari, G., Tiwari, R., Sriwastawa, B., Bhati, L., Pandey, S., Pandey, P., Bannerjee, S.K., 2012. 

Drug delivery systems: An updated review. Int J Pharm Investig 2, 2-11. 

Tracy, M.A., 1998. Development and scale‐up of a microsphere protein delivery system. 

Biotechnology progress 14, 108-115. 

Truong, V., Bhandari, B.R., Howes, T., 2005. Optimization of cocurrent spray drying process for 

sugar-rich foods. Part II—Optimization of spray drying process based on glass transition 

concept. Journal of Food Engineering 71, 66-72. 

Velardi, S.A., Rasetto, V., Barresi, A.A., 2008. Dynamic parameters estimation method: advanced 

manometric temperature measurement approach for freeze-drying monitoring of 

pharmaceutical solutions. Industrial & Engineering Chemistry Research 47, 8445-8457. 

Walters, R.H., Bhatnagar, B., Tchessalov, S., Izutsu, K.-I., Tsumoto, K., Ohtake, S., 2014. Next 

generation drying technologies for pharmaceutical applications. Journal of pharmaceutical 

sciences 103, 2673-2695. 

Wang, J., Helder, L., Shao, J., Jansen, J.A., Yang, M., Yang, F., 2019. Encapsulation and release 

of doxycycline from electrospray-generated PLGA microspheres: Effect of polymer end 

groups. Int J Pharm 564, 1-9. 

Wanning, S., Sueverkruep, R., Lamprecht, A., 2015. Pharmaceutical spray freeze drying. 

International journal of pharmaceutics 488, 136-153. 



 

 

56 

White, S., Bennett, D.B., Cheu, S., Conley, P.W., Guzek, D.B., Gray, S., Howard, J., Malcolmson, 

R., Parker, J.M., Roberts, P., 2005. EXUBERA®: pharmaceutical development of a novel 

product for pulmonary delivery of insulin. Diabetes technology & therapeutics 7, 896-906. 

Williams III, R.O., Watts, A.B., Miller, D.A., 2016. Formulating poorly water soluble drugs. 

Springer. 

Williams, N.A., Lee, Y., Poll, G.P., Jennings, T.A., 1986. The effects of cooling rate on solid phase 

transitions and associated vial breakage occurring in frozen mannitol solutions. PDA 

Journal of Pharmaceutical Science and Technology 40, 135-141. 

Wilson, N.E., Mutukuri, T.T., Zemlyanov, D.Y., Taylor, L.S., Topp, E.M., Zhou, Q.T., 2020. 

Surface Composition and Formulation Heterogeneity of Protein Solids Produced by Spray 

Drying. Pharmaceutical Research 37, 14. 

Wilson, N.E., Topp, E.M., Zhou, Q.T., 2019. Effects of drying method and excipient on structure 

and stability of protein solids using solid-state hydrogen/deuterium exchange mass 

spectrometry (ssHDX-MS). International Journal of Pharmaceutics 567, 118470. 

www.chemengonline.com, 2017. ELECTROSTATIC SPRAY DRYING PROTECTS HEAT-

SENSITIVE PRODUCTS. https://www.chemengonline.com/electrostatic-spray-drying-

protects-heat-sensitive-products/. 

www.fluidairinc.com, Electrostatic Spray Dryer. 

http://www.fluidairinc.com/electrostatic_spraydryer.html. 

Yoshioka, S., Aso, Y., Kojima, S., 1999. The effect of excipients on the molecular mobility of 

lyophilized formulations, as measured by glass transition temperature and NMR 

relaxation- based critical mobility temperature. Pharmaceutical Research. 

Zavala, V.M., Biegler, L.T., 2009. Optimization-based strategies for the operation of low-density 

polyethylene tubular reactors: nonlinear model predictive control. Computers & Chemical 

Engineering 33, 1735-1746. 

Zhou, X.H., Li Wan Po, A., 1991. Peptide and protein drugs: I. Therapeutic applications, 

absorption and parenteral administration. International Journal of Pharmaceutics 75, 97-

115. 

Zhu, C., Chen, J., Yu, S., Que, C., Taylor, L.S., Tan, W., Wu, C., Zhou, Q.T., 2020. Inhalable 

Nanocomposite Microparticles with Enhanced Dissolution and Superior Aerosol 

Performance. Molecular Pharmaceutics 17, 3270-3280. 

Ziaee, A., Albadarin, A.B., Padrela, L., Femmer, T., O'Reilly, E., Walker, G., 2019. Spray drying 

of pharmaceuticals and biopharmaceuticals: Critical parameters and experimental process 

optimization approaches. European Journal of Pharmaceutical Sciences 127, 300-318.  

file:///C:/Users/cmcoffey/Downloads/www.chemengonline.com
https://www.chemengonline.com/electrostatic-spray-drying-protects-heat-sensitive-products/
https://www.chemengonline.com/electrostatic-spray-drying-protects-heat-sensitive-products/
file:///C:/Users/cmcoffey/Downloads/www.fluidairinc.com
http://www.fluidairinc.com/electrostatic_spraydryer.html


 

 

57 

 EFFECTS OF DRYING METHOD AND EXCIPIENT ON 

THE STRUCTURE AND PHYSICAL STABILITY OF PROTEIN SOLIDS: 

FREEZE DRYING VS. SPRAY FREEZE DRYING 

Adapted with permission from: Mutukuri, T.T., Wilson, N.E., Taylor, L.S., Topp, E.M., Zhou, Q.T., 

2021. Effects of drying method and excipient on the structure and physical stability of protein 

solids: Freeze drying vs. spray freeze drying. International Journal of Pharmaceutics. 594, 120169. 

2.1 Introduction 

Solid formulations of proteins often offer enhanced physical and chemical stability as 

compared to their solution counterparts, although this stability is dependent on the excipient type, 

protein-to-excipient ratio, protein concentration, and drying method (Cicerone et al., 2015b). 

Currently, freeze drying or lyophilization is the most widely used technique to produce solid 

formulations of proteins. In this process, the protein solution is first frozen, and water is then 

sublimed during primary drying. Secondary drying removes additional moisture and achieves the 

product’s desired final moisture content (Carpenter et al., 2002). Freeze drying has several 

disadvantages: 1) it is a batch process; 2) it is time-consuming; 3) it is energy-intensive with low 

energy usage efficiency; 4) the produced solid has a cake-like form. Additional processing such as 

milling may be required to produce particles for applications such as needle-free ballistic injections 

or inhalation therapies (Burkoth et al., 1999a; Costantino et al., 2000). Furthermore, lyophilization 

induces stresses such as cold denaturation, exposure to ice-water interfaces, and freeze-

concentration, which can damage the protein (Chang et al., 2005).  

Spray drying is also used to produce protein solid formulations (Langford et al., 2018). 

Spray drying is high throughput and the properties of the spray-dried particles can be manipulated 

to achieve desired flowability (Maa and Prestrelski, 2000b). Exubera, an inhalable insulin product, 

and Raplixa, a blend of thrombin and fibrinogen powders, are both produced using spray drying 
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(Lee, 2002; White et al., 2005). However, the stresses generated by spray drying, including 

relatively high temperature,  may negatively affect protein structure and stability (Abdul‐Fattah et 

al., 2007; Manning et al., 2010). 

Spray freeze drying is a relatively new technique that produces powders without high 

temperature stress (Sonner et al., 2002). Spray freeze drying consists of three steps: 1) generation 

of solution droplets; 2) freezing of the droplets; 3) drying of the particles. Excipients such as 

sucrose, trehalose, and mannitol are commonly used in formulations to retain the protein structure 

and enhance storage stability. The use of these excipients has been studied extensively (Costantino 

et al., 1998b; Koshari et al., 2017a; Yoshioka et al., 1999b). Despite this, there is a need to study 

the effects of the processing conditions and their interactions with the formulation on protein 

structure and stability (Abdul-Fattah et al., 2007; Koshari et al., 2017a; Moussa et al., 2018; Wilson 

et al., 2019b). For example, although mannitol has been extensively used in SFD of protein solids 

(Sonner et al., 2002), adding mannitol to freeze-dried or spray-dried proteins leads to physical 

instability (e.g. aggregation) due to the crystallization of mannitol during processing and storage 

(Costantino et al., 1998b). 

Traditionally, solid-state Fourier-transform infrared (ssFTIR), circular dichroism (CD), 

and fluorescence spectroscopies are used to detect changes in secondary and tertiary solid-state 

protein structures (Koshari et al., 2017a; Schüle et al., 2007; Souillac et al., 2002). These methods 

provide information about global structural changes but often cannot give detailed information 

about more subtle local structural changes that may affect storage stability. Examining the local 

environment of the protein molecules in the dried state at a higher resolution than that achieved 

with traditional methods may facilitate in designing formulations with better long-term storage 

stability. Solid-state hydrogen/deuterium exchange with mass spectrometry (ssHDX-MS) is one 
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such high-resolution technique that has shown a good correlation between the amount of deuterium 

incorporation and protein physical stability (Moorthy et al., 2014; Moorthy et al., 2018; Wilson et 

al., 2020; Wilson et al., 2019b). ssHDX-MS has been used to analyze the effects of processing 

methods like lyophilization (Moorthy et al., 2014; Moorthy et al., 2018) and spray drying (Moussa 

et al., 2018; Wilson et al., 2020; Wilson et al., 2019b) on protein conformation in the solid state, 

in some cases showing conformational sub-populations.  

In this report, protein conformation and physical stability were compared between 

formulations produced either by freeze drying or by spray freeze drying. Two model proteins – 

lysozyme and myoglobin – were formulated either with sucrose, mannitol, or without any 

excipients and processed using either freeze drying or spray freeze drying. The excipient and 

formulations were selected based on previous studies (Moussa et al., 2018; Wilson et al., 2020; 

Wilson et al., 2019b). Sucrose, mannitol, and no excipient formulations are chosen in this study 

because sucrose is a known and very widely used stabilizing excipient while a lack of excipient or 

an excipient that phase separates from the protein i.e., crystallized mannitol, results in 

destabilization of the protein. This variation in formulations was done to understand the differences 

in the processes and the effect of the processes on the excipients and in turn on the stability of the 

proteins. The dried formulations were then characterized using ssFTIR, CD spectroscopy, powder 

X-ray diffraction, modulated differential scanning calorimetry, BET surface area measurements, 

and ssHDX-MS. Physical stability studies were performed by determining the loss in the 

monomeric peak area using size exclusion chromatography.  
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2.2 Experimental 

2.2.1 Materials 

Lysozyme from chicken egg white, myoglobin from equine skeletal muscle, sucrose, and 

D-mannitol were purchased from Sigma Aldrich (St. Louis, MO). Protein solutions were dialyzed 

at 4°C using Slide-A-Lyzer™ dialysis cassettes (Thermo Scientific, Rockford, IL) in a 2.5 mM 

phosphate buffer solution. Phosphoric acid was used when necessary to adjust the pH of the buffer 

solution to 6.8. Dialyzed solutions were then diluted to obtain final solutions with or without 

excipients for a total solid content of 20 mg/mL (Table S1). The final solutions were filled into 2R 

borosilicate glass vials (200 μL per vial) for freeze drying or spray freeze drying. 

2.2.2 Spray Freeze Drying 

An ultrasonic nozzle (Büchi, New Castle, DE) was used to disperse the solution into a 250 

mL borosilicate glass beaker containing liquid nitrogen at a 3 mL/min flowrate. Upon evaporation 

of the liquid nitrogen, the frozen particles were transferred to 20 mL borosilicate vials for drying. 

The drying step was performed using a Revo® laboratory-scale lyophilizer (MillRock Technology, 

Kingston, NY). Vials were loaded at a shelf temperature of -4°C. Once loading was complete, 

primary drying was initiated by decreasing the chamber pressure to 70 mTorr and decreasing the 

shelf temperature to -35°C for 24h. After primary drying was complete, secondary drying was 

performed by increasing the temperature to 25°C for 16h while maintaining the chamber pressure 

at 70 mTorr. 
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2.2.3 Freeze Drying 

Freeze drying occurred by freezing the solutions in the 2mL 2R borosilicate glass vials, 

which were submerged into liquid nitrogen, followed by drying using a Revo® laboratory-scale 

lyophilizer (MillRock Technology, Kingston, NY). The freezing was done using liquid nitrogen 

to have faster freezing rates as controlled nucleation was done in a previous study for similar 

formulations (Moussa et al., 2018; Wilson et al., 2019b). The shelf temperature was held at -25°C 

while the vials were being loaded to prevent the melting of the frozen solutions. The vials were 

equilibrated for 5 min and the primary drying cycle was initiated by decreasing the chamber 

pressure to 70mTorr and decreasing the temperature to -35°C for 24h. The chamber pressure was 

maintained at 70mTorr and the temperature increased to 25°C for 12h for secondary drying. A 10% 

vial fill volume was chosen so that each 2mL vial had 4 mg of the sample after drying. 

2.2.4 Karl Fischer Titration for Moisture Content Analysis 

The moisture content of the freeze dried and spray freeze dried powders was determined 

by coulometric titration using an 831 KF Coulometer (Metrohm, Riverview, FL). One mL of 

anhydrous methanol (septum sealed bottle DriSolv®, Sigma Aldrich, St. Louis, MO) was used to 

reconstitute the powder. The reconstituted suspensions were injected into the cell and Riedel-de 

Haën Hydranal® Coulomat reagent (Honeywell Research Chemicals, Seelze, Germany) was used 

for titration until the end point was reached.  

2.2.5 X-ray Powder Diffraction 

A Rigaku SmartLab X-ray diffractometer (The Woodlands, TX) with Bragg-Brentano 

geometry and a Cu Kα X-ray source was used to determine crystallinity in the freeze dried and 

spray freeze dried powders. Samples were removed from the vials and flattened onto a glass slide, 
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which was then loaded for analysis. Diffraction intensity was measured as a function of 2θ between 

4 and 40 degrees with a scanning rate of 4°/min and a step size of 0.02o. 

2.2.6 Solid-State Fourier Transform Infrared Spectroscopy 

A Nicolet Nexus spectrometer (Thermo Scientific, Waltham, MA) equipped with Smart 

iTR accessory was used in attenuated total reflectance (ATR) mode to conduct the ssFTIR 

measurements for secondary structural analysis. After the samples were loaded and compressed 

against the diamond, spectra were collected in the range of 800 to 4000 cm-1 in absorbance mode 

with co-addition of 120 scans obtained at 4 cm-1 resolution. The resulting spectra were processed 

using OPUS 6.5 analysis software (Bruker, Billerica, MA) with baseline correction, smoothing, 

normalization, and second derivatization.  

2.2.7 CD Spectroscopy 

The protein samples were subjected to CD spectroscopy before and after drying. The initial 

formulations were diluted to a protein concentration of 0.1mg/mL and the dried powders were 

reconstituted and diluted to the same concentration. The diluted solutions were analyzed using a 

JASCO J-815 spectrometer (JASCO Analytical Instruments, Easton, MD). Spectra were collected 

using a cell of 1mm path length in the far-UV range between 190-250 nm with a 0.2 nm bandwidth 

at 20°C. The online K2D3 program was used to analyze the CD spectra collected and estimate the 

secondary structure.  

2.2.8 Modulated Differential Scanning Calorimetry 

Inside a nitrogen glove box, 2 - 4 mg of spray freeze dried or freeze dried powders were 

loaded into hermetic aluminum pans and sealed. These pans were then loaded in a Discovery Series 
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DSC 25 differential scanning calorimeter (TA Instruments, New Castle, DE). The samples were 

heated from -5°C to 180°C with a ramp rate of 1°C /min and a modulation of ±1°C every 120 s. 

Glass transition temperature (Tg) and melting temperature (Tm) was determined by analyzing the 

data using the TRIOS software package (v4.3.0, TA instruments, New Castle, DE). 

2.2.9 Surface Area Measurement 

A Tristar II 3020 (Micromeritics, Norcross, GA) was used to measure the surface area of 

the freeze dried and spray freeze dried samples. The samples were degassed with nitrogen for 8 

hours to remove residual moisture. A 6-point BET method (Brunauer et al., 1938) using helium 

adsorption was used to determine the surface area of the powders.  

2.2.10 Stability Studies by Size Exclusion Chromatography (SEC)  

Protein aggregation was measured using SEC in storage stability studies with triplicate 

samples. The powders were weighed (2 - 4 mg per vial), sealed, and stored in an oven at 40°C. The 

vials of each formulation were removed from the oven at different time points (15, 30, 60, and 90 

days) and reconstituted to obtain a protein concentration of 1 mg/mL. To remove any insoluble 

aggregates prior to SEC analysis, the reconstituted solutions were centrifuged at 12,000 rpm for 

10 min at 4°C and the supernatant was collected for analysis. A 1200 series high performance 

liquid chromatography (HPLC) system (Agilent Technologies, Santa Clara, CA) with a TSK gel 

G2000SWXL column (Tosoh Bioscience LLC, King of Prussia, PA) operating isocratically for 16 

min at a flow rate of 1mL/min was used to analyze the samples. A mobile phase of sodium 

phosphate buffer (pH 6.8) was used.  The physical instability of the samples was determined by 

calculating the percentage loss of area under the curve for the monomeric peak. 
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2.2.11 Solid-State Hydrogen Deuterium Exchange with Mass Spectrometric Analysis 

(ssHDX-MS) 

ssHDX-MS measurements were performed according to previously reported procedures 

(Moorthy et al., 2014). Powders were placed in vials and stored in a sealed desiccator at 25°C with 

an RH of 11% maintained using a D2O solution saturated with lithium chloride. After the vials 

were exposed to D2O vapor, three vials of each formulation were removed from the desiccator at 

specific timepoints (4, 12, 24, 48, 120, and 240 h), capped, and submerged in liquid nitrogen to 

prevent back exchange. Vials were then stored at  -80°C until analysis. Fully deuterated control 

samples were prepared by dissolving the proteins in a solution containing 3 M guanidine 

hydrochloride, which was then placed in vials containing 9:1 dilution of D2O to protein solution 

dissolved in guanidine hydrochloride and stored for 24 h at 60°C. The solutions were then 

quenched in a 4:1 solution of quench buffer (a solution of 0.1% formic acid in water with a pH of 

2.5) and immediately analyzed. 

The extent of deuterium incorporation was determined by reconstituting the samples in 2 

mL of chilled quench buffer. Ten μL of the reconstituted solution was injected into a protein 

microtrap (Michrom Bioresources, Inc., Auburn, CA). A high-pressure liquid chromatography 

system (1200 series, Agilent Technologies, Santa Clara, CA) was used to desalt the samples with 

10% acetonitrile (with 0.1% formic acid) and 90% water for 1.7 min followed by elution over 7 

min with a gradient of 90% acetonitrile (with 0.1% formic acid) and 10% water. To limit back 

exchange, the columns were kept in a custom-made refrigeration unit held at 4oC (Keppel et al., 

2011). A 6520 Q-TOF mass spectrometer (Agilent Technologies, Santa Clara, CA) in the mass 

range of 200-2000 m/z was used to obtain the mass spectra of the samples. The spectra were 

deconvoluted and the protein mass and mass change were obtained by analyzing the spectra using 

the MassHunter Workstation software (Agilent Technologies, Santa Clara, CA). In deconvolution, 
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a maximum entropy function was used by an algorithm that converts mass envelopes of the 

detected charged states into mass values. 

The deuterium incorporation kinetics were fitted to a mono-exponential model: 

Equation 3: 𝐷(𝑡) = 𝐷𝑚𝑎𝑥(1 − 𝑒𝑘𝑡) 

where D(t) is the number of deuterons incorporated at time t, Dmax is the maximum number of 

deuterons that can be incorporated in the samples as determined experimentally, and k is the 

observed exchange rate constant. 

2.2.12 Statistical Analysis  

Statistical analysis was performed using Prism Software (GraphPad, La Jolla, CA). A two-

way ANOVA with Turkey’s test was used for comparisons among groups. 

2.3 Results 

2.3.1 Moisture Content 

In general, the freeze dried and spray freeze dried formulations achieved similar moisture 

contents of ~ 3% (w/w). The myoglobin-sucrose formulation was an exception, producing a lower 

moisture content when spray freeze dried (2.1. ± 0.2%) than when freeze dried (3.1. ± 

0.2%)(p<0.005) (Table 2.1).  
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Table 2.1: Moisture content of freeze dried and spray freeze dried samples (Mean ± SD, n=3) 

 

Formulation 

Moisture Content (%w/w) 

Freeze Drying Spray Freeze Drying 

Lysozyme Only 3.2 ± 0.5 3.3 ± 0.3 

Lysozyme – Sucrose 2.9 ± 0.2 3.2 ± 0.1 

Lysozyme – Mannitol 3.0 ± 0.1 3.1 ± 0.4 

Myoglobin Only 3.2 ± 0.2 3.3 ± 0.2 

Myoglobin – Sucrose 3.1 ± 0.2 2.1 ± 0.2 

Myoglobin – Mannitol 3.1 ± 0.1 2.8 ± 0.4 
 

 

 

 

 

 

2.3.2 DSC Analysis 

Glass transition temperature (Tg) was determined for samples containing sucrose as an 

excipient (Table SII). Freeze dried samples containing sucrose had Tg values similar to those 

published previously (Simperler et al., 2006). Tg of the lysozyme-sucrose formulation was similar 

for the two processes whereas the Tg of the myoglobin-sucrose formulation showed a difference 

of ~8.7oC. This can be attributed to the difference in moisture content (Table 1). Melting 

temperatures (Tm) of the mannitol-containing formulations were determined (Table SII). Tm values 

of the lysozyme-mannitol formulations were similar between the two processes (Burger et al., 

2000). However, the Tm was observed to be lower for myoglobin-mannitol formulations than for 

lysozyme-mannitol formulations. Neither Tg nor Tm could be determined for the formulations 

without excipients.  

2.3.3 X-ray Powder Diffraction 

Sucrose-containing and excipient-free formulations exhibited no crystalline peaks for 

either process (Figure 2.1). Mannitol-containing formulations were crystalline. Different 
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polymorphic forms of mannitol were detected. These forms varied with both formulation and 

process (Figure A.1 and Figure A.2)  

 

Figure 2.1: PXRD diffractograms of lysozyme (A) and myoglobin (B) formulations 

2.3.4 Secondary Structural Analysis by ssFTIR and CD spectroscopy 

A ssFTIR spectrum in the amide I region was analyzed for each formulation (Figure 2.2). 

For lysozyme (Figure 2.2-A) and myoglobin (Figure 2.2-B), FTIR bands were observed at ~1625 

cm-1 (β-sheet), 1646 cm-1 (random coil), ~1658 cm-1 and ~1656cm-1 (α-helix), 1675 cm-

1(turns/loops), and 1690 cm-1(turns). The band near 1656 cm-1 showed shifts in wave number 

among the different formulations and processes, suggesting some effects on the α-helical regions 

of the proteins(Kumosinski and Farrell, 1993). In general, the excipient-free formulations showed 

greater structural differences between the freeze dried and spray freeze dried samples than those 

containing sucrose or mannitol, as indicated by band shifts and loss of band definition on ssFTIR 

(Figure 2.2). For mannitol-containing formulations, slight structural perturbations were observed 

for both proteins, as indicated by changes in band position (Figure 2.2).  For sucrose-containing 

formulations, lysozyme spectra were similar between the two processes, while myoglobin showed 
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minor differences in band position (Figure 2.2). CD spectra were collected in the range of 190-250 

nm for all formulations before processing and after reconstitution. Peaks were observed at ~196 

nm, ~209nm, and ~223nm (Figure 2.3) and are assigned to the α-helix regions in the secondary 

structure of the protein (Greenfield, 2006). The CD spectra indicate that, after reconstitution, the 

secondary structure of proteins is retained even for the formulations in which structural 

perturbation is observed in the solids by ssFTIR.  

 

Figure 2.2: Solid-state FTIR spectra of lysozyme (A) and myoglobin (B) formulations 

 

Figure 2.3: CD spectra of lysozyme (A) and myoglobin (B) formulations 



 

 

69 

2.3.5 Protein Conformation and Solid-State Interactions using ssHDX-MS 

Deuterium incorporation in the dried formulations was used as a function of time in order 

to measure protein conformation and interactions between proteins and excipients in the solid state. 

Deuterium incorporation in ssHDX-MS has been shown to be affected by factors such as excipient 

type, temperature, relative humidity, and processing method (Iyer et al., 2016; Sophocleous et al., 

2012).  These effects reflect differences in the hydrogen-bond network in the solid state, which 

encompasses both the intramolecular hydrogen bonds that contribute to protein structure, as well 

as intermolecular hydrogen bonds between the protein and the matrix.  

The extent of deuterium incorporation was compared between the drying processes and 

among the formulations. In the lysozyme formulations (Figure 2.4), the extent of the exchange 

showed no significant differences between processes for the sucrose- and mannitol-containing 

formulations. However, significant differences (p<0.05) were observed for the lysozyme-only 

formulation until 5-day (120 h) timepoints. For the myoglobin formulations (Figure 2.4), no 

significant differences were observed for the sucrose-containing and protein-only formulations, 

but a significant difference between processes (p<0.0001) was observed for the mannitol-

containing formulations. For both proteins, the mannitol-containing formulations and protein-only 

formulations had greater deuterium incorporation than those containing sucrose. Differences in 

deuterium uptake reflect differences in protein structure and/or intermolecular interactions 

between the protein and excipients in the solid state. Greater deuterium incorporation is an 

indication of fewer intermolecular interactions and/or a loss of protein higher order structure. 
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Figure 2.4: Hydrogen/deuterium exchange kinetics in the solid state for lysozyme (A) and 

myoglobin (B) (n = 3, mean ± SD; error bars not shown when less than the height of the 

symbol.)  

A mono-exponential model (Equation 3) was used to fit the deuterium incorporation 

kinetics in ssHDX-MS and the rate constant (k) and maximum deuterium uptake (Dmax) values 

were obtained as regression parameters (Figure 2.5). For a given formulation, the rate constants 

(Figure 2.5) were not significantly different between the two processes, except for the myoglobin-

mannitol formulation (p<0.05). With regard to the maximum deuterium uptake (Figure 2.5), there 

was no significant difference between the two processes for any formulation.  
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Figure 2.5: Deuterium incorporation kinetics fitted to the mono-exponential model in Equation 3. 

(n = 3, mean ± SD; error bars not shown when less than the height of the symbol.) 

We also examined differences in the deconvoluted deuterated mass envelopes for the 

ssHDX-MS samples. For sucrose-containing formulations of both proteins (Figure 2.6), there were 

no significant differences between the processes. As expected, the spectra showed peaks that were 

slightly broadened when compared to undeuterated samples (Moussa et al., 2018; Wilson et al., 

2019b). Greater broadening was observed for mannitol-containing and protein-only formulations. 

At a given level of deuteration, greater peak broadening is consistent with a broader distribution 

of deuterated states, reflecting a more heterogenous population of protein conformational states 

and/or matrix environments. For formulations containing mannitol (except freeze dried lysozyme), 

two distinctive peaks were observed in the mass envelopes for both processes across the 

formulations (Fig.  S4). This shows that there are two different populations of protein conformation 

and/or environment within the formulations, one of which is more protected from deuterium 

exchange than the other. For the protein-only formulations and the freeze dried formulation of 
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lysozyme with mannitol, there is a broad shoulder to the left of the peak, suggesting a more 

protected population that is not well resolved in mass from the main peak. 

 

Figure 2.6: Deconvoluted mass spectra of lysozyme (A) and myoglobin (B) formulations 

 

 

Figure 2.7: Peak area of deconvoluted mass spectra as a function of deuterium uptake of 

lysozyme (A) and myoglobin (B) formulations (n = 3, mean ± SD; error bars not shown when 

less than the height of the symbol.) 
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The deconvoluted mass spectra were normalized and their peak areas were measured. The 

areas are reported as a percentage of the experimentally-determined fully-deuterated sample peak 

area and depicted as a function of the deuterium uptake (Figure 2.7). With an increase in deuterium 

incorporation, an initial peak broadening and an increase in peak area are expected since there will 

necessarily be a greater distribution of deuteration states as compared to the native (undeuterated) 

state. At very high levels of deuterium incorporation, when deuteration is nearly complete i.e. 

when every exchangeable hydrogen in the protein backbone is exchanged with deuterium, peak 

broadening and peak area are expected to again decrease, reflecting the increasing homogeneity of 

the population. This decrease in peak area was observed here for the fully deuterated control 

(Figure 2.7). For lysozyme, at a given percent deuterium incorporation, the peak area is generally 

greatest for the freeze-dried formulation containing protein only (Figure 2.7). This is an indication 

that the distribution of conformations and or matrix interactions are greatest for lysozyme under 

these conditions. For myoglobin, at a given percent deuterium incorporation, the peak area is 

generally greatest for the spray-freeze dried formulation containing protein only (Figure 2.7), again 

indicating the broadest distribution of states. For both proteins and processing methods, the sucrose 

formulations show low deuterium incorporation and low peak area (Figure 2.7), consistent with 

both protection from the exchange and relatively narrow distribution of protein states in the matrix.   

2.3.6 Surface Area Measurements 

It has been previously reported that the freezing rate affects the formation of ice crystals 

and in turn results in surface area changes (Nakagawa et al., 2007) and/or polymorphs of the 

material (Poornachary et al., 2013). The SEM images (Figure A.3) show that the morphological 

structures of the powder particles were different (Poornachary et al., 2013). Such a difference in 

morphological structure could affect the surface area of the material. As surface area is known to 



 

 

74 

have an impact on the stability of proteins in solid form (Costantino et al., 2000; Iyer et al., 2016), 

surface area measurements were conducted for the myoglobin formulations (Table 1.1). For 

sucrose-containing and excipient-free formulations, spray freeze drying resulted in greater surface 

area than freeze drying for myoglobin. However, freeze drying resulted in greater surface area than 

spray freeze drying for mannitol-containing myoglobin formulation. The freeze dried formulations 

without mannitol showed lower surface area and the values may reflect microscopic collapse of 

the cakes. However, this is expected due to lack of a crystalline matrix within the formulation that 

generally tends to support the amorphous matrix and prevent the collapse of the dried formulations 

(Pikal, 1990). 

Table 2.2: BET surface area of myoglobin formulations (m2/g) (n=6) 

Formulation 

Freeze drying Spray freeze drying 

Mean SD Mean SD 

Myoglobin only 0.12 0.02 1.41 0.13 

Myoglobin - sucrose 0.67 0.07 2.05 0.08 

Myoglobin - mannitol 6.14 0.07 4.67 0.07 

2.3.7 Stability Studies 

For both proteins, the sucrose-containing formulations showed a lower percentage loss in 

SEC monomeric peak area than the mannitol-containing and protein-only formulations (Figure 

2.8). For lysozyme formulations with mannitol, the freeze dried samples showed a slightly greater 

loss in monomeric peak area than the spray freeze dried samples at 60-day and 90-day time points 

(p<0.05). In contrast, for myoglobin formulations with mannitol, the spray freeze dried samples 

showed a slightly greater loss in monomeric peak area than the freeze dried samples at 60-day and 



 

 

75 

90-day time points (p<0.05). No statistically significant differences were observed for these 

formulations during the initial time points till 30 days. For all other formulations, no statistically 

significant differences were observed in protein stability between the two processes, as measured 

by loss of monomeric peak by SEC. A rise in higher molecular weight species (HMWs) was 

observed for all the formulations where monomer loss has been observed.    

 

Figure 2.8: Physical stability of lysozyme (A) and myoglobin (B) formulations on storage at 

40oC (n = 3, mean ± SD; error bars not shown when less than the height of the symbol.) 

2.3.8 Correlation of traditional techniques and ssHDX-MS with stability studies 

Traditional characterization techniques used in the study such as ssFTIR and CD 

spectroscopy are correlated to the stability studies (Figure 2.9). ssHDX-MS results such as the 

maximum deuterium uptake (Dmax), peak areas of deconvoluted spectra, and the rates of the 

deuteration kinetics (k) were also correlated to stability (Figure 2.10). 
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Figure 2.9: Correlation of 90-day physical stability results with ssFTIR (A) and CD spectroscopy 

(B) (n = 3, mean ± SD; error bars not shown when less than the height of the symbol.) 

 

Figure 2.10: Correlation of 90-day physical stability results with Dmax(A), the peak area of 

deuterated samples (B), and deuterium exchange rate k (C).  (n = 3, mean ± SD; error bars not 

shown when less than the height of the symbol.) 
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2.4 Discussion 

While the effects of freeze drying on the stability of protein formulations have been widely 

studied, relatively few investigations have been conducted on other drying techniques, such as 

spray freeze drying. In this study, a variety of formulations are produced through freeze drying 

and spray freeze drying and then characterized using physicochemical methods. Storage stability 

studies were also performed.  

The significant difference in the moisture content for the myoglobin-sucrose formulations 

resulted in a difference in the glass transition temperature. However, no significant difference in 

either ssHDX-MS or the SEC results were observed for this particular formulation suggesting that 

the moisture content variation did not impact the deuteration kinetics or the physical stability of 

the samples. PXRD results showed that the mannitol-containing formulations were crystalline. The 

mannitol’s crystal polymorphs varied with different formulations and processes. Spray freeze 

drying produced a polymorphic mannitol form that was a mixture of α and β forms for both the 

protein formulations; and freeze drying produced γ form for the lysozyme-mannitol formulation. 

Spray freeze drying produced a mixture of β and γ forms for the myoglobin-mannitol formulation. 

The crystallinity can be attributed to the higher mannitol content i.e., >30% (w/w) of the total solid 

content (Maa et al., 1997). Proteins have also been shown to affect the polymorphic form of 

mannitol depending on the type of drying process being used (Grohganz et al., 2013).  

Traditionally, the glass transition temperature is used as a parameter to identify the 

difference in formulations. However, due to the formulations used in this study i.e., formulations 

with crystalline excipients and without any excipients, DSC results could not be used to derive a 

correlation between the glass transition temperature and stability of the protein formulations.  
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CD spectra (Figure 2.3) showed little-to-no difference among different formulations in 

terms of the secondary structure retention after reconstitution. ssFTIR showed some differences in 

the protein structures (Figure 2.2). While there is very little difference between the processes for 

sucrose-containing formulations for both the proteins, ssFTIR peak broadening, and peak shifts 

were observed for the mannitol-containing and protein-only formulations, suggesting a change in 

protein structure for these formulations in both the processes. Figure 2.9 showed that ssFTIR had 

a strong correlation with physical stability for the spray freeze dried lysozyme. For all other 

formulations, neither ssFTIR nor CD spectroscopy data showed a strong correlation with stability 

and is consistent with some of the previous findings (Moorthy et al., 2014; Wilson et al., 2019b). 

Analyzing the peak areas of the normalized mass spectra as a function of deuterium uptake 

percentage in ssHDX-MS samples (Figure 2.7) did show differences. Presence of heterogeneity in 

the formulation results in peak broadening of the deconvoluted deuterated samples. While an initial 

peak broadening and an increase in peak area were expected, mannitol-containing samples of both 

lysozyme and myoglobin showed two distinct populations (Figure A.4) that the conventional 

methods were not able to identify. This may be either due to aggregation or pre-aggregation of the 

species that phase separated from the mannitol or due to isolation of certain species that are trapped 

as inclusions within the crystalline matrix of the mannitol. Any of the aforementioned reasons will 

limit the protein exposure to D2O. This phenomenon of distinct species was not observed for 

amorphous formulations, suggesting that crystallization of mannitol during drying may be 

responsible for this phenomenon. Moreover, these distinct species had approximately the same 

mass as the undeuterated protein, suggesting that deuterium exchange in these subpopulations is 

nearly completely inhibited. In addition, the distinct species appear more prominent with spray 
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freeze drying than with freeze drying, suggesting that spray freeze drying enhances these 

subpopulations. 

In the ssHDX-MS samples, maximum deuterium uptake (Dmax) was similar between the 

two processes for the same formulation (Figure 2.5). However, the deconvoluted peak areas as a 

function of percentage deuterium uptake (Figure 2.7) showed differences between the processes, 

meaning there is a difference in the heterogeneity of protein states in the formulations. Previous 

reports have shown that ssHDX-MS results are better correlated with physical stability than other 

more traditional characterization techniques such as DSC and ssFTIR (Moorthy et al., 2014; 

Moorthy et al., 2018; Wilson et al., 2019b). Our data shows that the Dmax and peak area of 

deuterated samples for the freeze dried lysozyme formulations are better correlated with stability 

than for the spray freeze dried lysozyme formulations (Figure 2.10) and k values have a better 

correlation with stability for lysozyme formulations with both the processes compared to 

myoglobin formulations (Figure 2.10) than traditional characterization techniques. Myoglobin 

formulations without excipients and with mannitol have similar Dmax and peak areas, possibly 

because the crystallization of mannitol leads to phase separation, producing a protein-rich phase 

that behaves much like excipient-free samples. However, myoglobin formulations do not show a 

good correlation between SEC data and ssHDX-MS peak area, which may be due to the high % 

loss in monomeric peak area observed in the mannitol formulations as compared to the protein-

only formulations (Figure 2.8).  

Sucrose-containing formulations showed a lower loss in monomeric peak area than 

mannitol-containing and excipient-free formulations. This is likely due to crystallization and phase 

separation of mannitol and lack of protection due to the absence of excipient, respectively. While 

mannitol-containing formulations showed statistically significant differences in monomer loss 
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between processes for both proteins starting at 60 days, the differences may be a result of 

formulation effects rather than processing effects. For lysozyme, excipient-free formulations 

showed a greater loss in monomeric peak area than mannitol-containing formulations. The 

deconvoluted spectra (Figure 2.6) and the peak area of deconvoluted spectra as a function of 

deuterium uptake (Figure 2.7) showed that for lysozyme formulations, the excipient-free 

formulations have a higher structural perturbation and population heterogeneity than sucrose and 

mannitol formulations. This may suggest a reason for the higher loss in monomeric peak area for 

the excipient-free lysozyme formulations. While the SEC results for myoglobin formulations show 

significant differences between mannitol and excipient-free formulations, the peak area of 

deconvoluted spectra as a function of deuterium uptake (Figure 2.7) shows similar population 

heterogeneity. This suggests that while peak area may be a better representation of the populations 

present in the formulation, it is not necessarily a direct predictor of the physical stability of storage 

in this case. However, the deconvoluted spectra (Figure 2.6) show that the mannitol-containing 

formulations have second distinctive peaks that were not observed in the deconvoluted spectra of 

the excipient-free formulations. These second peaks may correspond to an aggregation-prone 

subpopulation and may help to explain the significant loss in monomeric peak area in mannitol-

containing myoglobin formulations (Figure 2.8). 

The effect of freezing rate on ice crystallization has been previously reported (Nakagawa 

et al., 2007).  Surface area measurements were made (Table 2.2) because freeze drying and spray 

freeze drying have different freezing rates, which are known to affect the crystallite size and 

specific surface area. While surface area effects are not evident in sucrose-containing formulations, 

it aids in understanding the higher percentage loss in monomeric peak area for myoglobin-mannitol 

formulations as compared to the myoglobin-only formulations. From the BET surface area results 
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(Table 2.2), the significantly greater surface area of the myoglobin-mannitol formulations as 

compared to the myoglobin-only formulations may be another reason for the greater loss in 

monomeric content that was observed (Figure 2.8). The greater surface area of the myoglobin-

mannitol formulations vs. the myoglobin-only formulations may have led to greater surface 

exposure of either the native protein or the partially unfolded protein during the stability studies. 

Such exposure may have led to surface-induced aggregation and greater percent loss of monomeric 

peak area (Costantino et al., 2000).  

In the protein formulations and processes studied here, in general, there is no substantial 

difference in SEC and ssHDX data between freeze drying and spray freeze drying, particularly for 

the sucrose-containing formulations. Our study indicates that spray freeze drying is a promising 

viable manufacturing method for protein solids; nevertheless, formulations should be examined 

and optimized for those proteins that are susceptible to the shear stress generated during the 

spraying process. The mannitol-containing formulations had different polymorphs, the effect of 

these polymorphs on the protein-excipient interaction and physical stability is unclear and warrants 

further studies. The population heterogeneity was generally greater in mannitol-containing and 

excipient-free formulations than that in sucrose-containing formulations, as indicated by ssHDX-

MS peak area (Figure 2.7), and agrees with some of the previous studies (Moussa et al., 2018; 

Wilson et al., 2020; Wilson et al., 2019b). While remarkable differences between the formulations 

were observed, the differences between the formulations due to processing effects were limited, at 

least to the proteins and formulations involved in this study.  

2.5 Conclusions 

The effects of processing method and formulation were studied for myoglobin and 

lysozyme powders produced by freeze drying and spray freeze drying. Characterization techniques 
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such as ssFTIR, CD spectroscopy, and ssHDX-MS were used to study the effects of the processing 

method on protein structure and were related to physical stability. ssFTIR identified some 

differences in protein structure between the formulations produced using the same process. While 

differences between formulations were observed, neither ssFTIR nor CD identified notable 

differences between the processes and provided no information about population heterogeneity 

within a formulation. ssHDX-MS identified the presence of population differences and detected 

differences between processes. Dmax and peak area data from ssHDX-MS showed a good 

correlation to physical stability for lysozyme formulations. The deconvoluted spectra of the 

ssHDX-MS identified the presence of distinctive species corresponding to “pre-aggregation” 

subpopulations in the myoglobin-mannitol formulations, which may be associated with the higher 

loss in monomer content. Higher specific surface area may also contribute to the greater loss in 

monomer content for the myoglobin-mannitol formulations. The results demonstrate that spray 

freeze drying can produce solid-state proteins in the particle form with comparable physical 

stability to the cakes produced by freeze drying for sucrose-containing formulations.  
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 ELECTROSTATIC SPRAY DRYING FOR 

MONOCLONAL ANTIBODY FORMULATION 

Adapted with permission from: Mutukuri, T.T., Maa, Y.-F., Gikanga, B., Sakhnovsky, R., Zhou, 

Q.T., 2021. Electrostatic Spray Drying for Monoclonal Antibody Formulation. International 

Journal of Pharmaceutics. 607, 120942 

3.1 Introduction 

Generally, protein formulations in the solid form have better physical and chemical 

stability than those in the solution state (Cicerone et al., 2015b).  In the pharmaceutical industry, 

lyophilization is the mainstay drying technique for manufacturing protein solid products 

(Carpenter et al., 2002). However, lyophilization is a batch process and time- and energy-

consuming (Langford et al., 2018). The cake-like solid form produced using this technique is not 

suitable for applications that require specific particle sizes such as inhalation therapies; additional 

steps such as milling are needed to generate particles with a required size for these therapeutic 

applications (Burkoth et al., 1999a; Costantino et al., 2000). The mechanical stresses induced by 

milling may result in the degradation of proteins (Johnson, 1997).  

Spray drying is another technique for producing solid-state protein formulations with 

advantages such as high throughput, and the ability to obtain the desired flowability and/or 

aerosolization (Maa and Prestrelski, 2000b; Zhang et al., 2021). During spray-drying, a solution is 

atomized to form small droplets that are then exposed to a drying gas to produce solid particles 

(Ameri and Maa, 2006). Solvent is removed by evaporation during this process and therefore 

resulting in dried particles (Lin et al., 2015). There is an increasing interest to produce biological 

solids using spray drying (Cun et al., 2021). For example, pharmaceutical products such as 

Exubera® (inhalable insulin) and Raplixa® (a blend of thrombin and fibrinogen powder) are spray-

dried (Lee, 2002; White et al., 2005). While spray drying offers advantages in terms of material 
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properties and processing times, process stresses such as high temperature, atomization stresses, 

and air-liquid interfacial stresses may have an adverse effect on protein stability (Abdul‐Fattah et 

al., 2007; Chen et al., 2021b; Manning et al., 2010). Such effects of the spray drying process on 

the stability of the formulation are dependent on the protein type and formulation (Bowen et al., 

2012; Bowen et al., 2013). 

Electrostatic spray drying (ESD) is a technique that uses an electrostatic charge to the feed 

solution in order to dry at lower temperatures than conventional spray drying. The application of 

an electronic charge results in the polar solvent picking up more electrons than the solute. This 

results in presence of higher amounts of solvents at the surface during droplet formation thus 

resulting in better drying efficiency at lower temperatures. The concept of applying an electrostatic 

charge to spray drying feed solution has been previously attempted to produce nanoparticles 

(Gomez et al., 1998), nanosuspensions (Thakkar and Misra, 2020), and microspheres for 

encapsulation (Wang et al., 2019). This study aimed to explore the feasibility of producing protein 

solid formulations by electrostatic spray drying at a lower drying temperature than traditional spray 

drying. Secondary structure and physical stability were compared among formulations produced 

by traditional spray drying and electrostatic spray drying. A monoclonal antibody formulation 

(mAb) was obtained from Genentech, Inc. (South San Francisco, USA). The characterization of 

the solid formulations was done using ssFTIR, powder X-ray diffraction, modulated differential 

scanning calorimetry, and ssHDX-MS. Particle characterization techniques such as Karl-Fischer 

coulometric titration for moisture content analysis, laser diffraction for particle size distribution, 

scanning electron microscopy (SEM) for particle morphology, and BET for surface area 

measurement were also conducted for the dried powders. Physical stability was determined by 
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measuring the loss in the monomeric peak area of samples stored at 40°C over 90-days using size 

exclusion chromatography (SEC).  

3.2 Materials and Methods 

3.2.1 Materials 

A Monoclonal Antibody (mAb) formulation (containing 27% w/w trastuzumab) 

formulated with trehalose dihydrate (approximately 65% w/w), sodium phosphate buffer 

(approximately 8% w/w), and polysorbate 20 (approximately 0.4% w/w) was obtained from 

Genentech, Inc., (South San Francisco, CA, USA) as a frozen solution. The frozen solution was 

thawed at 4°C for 24 h, mixed by gentle inversion, filtered using a 0.22 µm filter, and then subjected 

to lyophilization or electrostatic spray drying. Sodium phosphate monobasic and sodium 

phosphate dibasic heptahydrate were purchased from Millipore Sigma (St. Louis, MO, USA). A 

supersaturated solution of lithium chloride (Thermo Fisher Scientific, Waltham, MA, USA) in 

D2O (Cambridge Isotope Laboratories, Inc., Andover, MA, USA) was used to maintain the RH at 

11% in the desiccator for HDX studies.  

3.2.2 Electrostatic Spray Drying 

A laboratory-scale electrostatic spray dryer (PolarDry® Model 0.1, Fluid Air, Naperville, 

IL, USA) was employed to perform electrostatic spray drying. To save the mAb formulation, a 

surrogate formulation with BSA was prepared with the same excipients and the same total solid 

content as the mAb formulation in the preliminary study to optimize the operating parameters for 

electrostatic spray drying. BSA was considered as a surrogate protein due to its susceptibility to 

thermal stresses compared to other model proteins that were studied previously such as lysozyme 
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and myoglobin. The parameters chosen based on the optimization study are listed in Table 3.1. 

Usually, lab-scale spray drying has been done at inlet temperatures between 120-140°C (Bowen et 

al., 2012; Chen et al., 2021b). In this study, inlet temperatures of 130°C and 70°C (40-50% less 

than 130°C) were chosen to investigate the effects of low-temperature drying. The preliminary data 

showed that traditional spray drying with an inlet temperature of 70°C did not form dry powders 

due to insufficient drying with droplets dripping to the bottom of the drying chamber. However, 

electrostatic spray drying with a 5kV charge at the inlet temperature of 70°C successfully formed 

the powder which was collected in the filter sock. The spray drying using the same machine 

without charge is deemed as traditional/conventional spray drying in this study.   

Table 3.1: Electrostatic spray drying conditions for mAb formulations 

Electrostatic 

spray 

drying 

conditions 

Inlet 

Temperature 

(oC) 

Drying 

gas flow 

rate 

(Nm3/hr) 

Atomizing 

Gas 

pressure 

(kPa) 

Flow rate 

(rpm)/(ml/min) 

Voltage 

(kV) 

Condition 1 130 4.5 250 20/2.5 0 

Condition 2 130 4.5 250 20/2.5 5 

Condition 3 70 4.5 250 10/1.25 5 

3.2.3 Karl Fischer Titration for Moisture Content Analysis 

A 917 KF Coulometer (Metrohm, Riverview, FL, USA) was used to perform a coulometric 

titration and determine the moisture content of the dried powders. The samples were reconstituted 

in one mL of anhydrous methanol (septum sealed bottle DriSolv®, Millipore Sigma St. Louis, MO, 

USA) and injected into the cell. The titration endpoint was determined using the Riedel-de Haën 

Hydranal® Coulomat reagent (Honeywell Research Chemicals, Seelze, Germany). The weight of 

the injected amount and moisture content in ppm were recorded and converted to w/w%.   
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3.2.4 X-ray Powder Diffraction (PXRD) 

A Rigaku SmartLab X-ray diffractometer (The Woodlands, TX, USA) consisting of a Cu 

Kα X-ray source and Bragg-Brentano geometry was applied to identify the presence of 

crystallinity in the dried powders. A scanning rate of 4°/min with a step size of 0.02o between 4 

and 40 degrees was used to obtain the diffraction intensity as a function of 2θ. 

3.2.5 Solid-State Fourier Transform Infrared Spectroscopy (ssFTIR) 

Attenuated total reflectance (ATR) mode on a Nicolet Nexus spectrometer (Thermo 

Scientific, Waltham, MA, USA) equipped with Smart iTR accessory was used to obtain the ssFTIR 

measurements for the protein secondary structural analysis. A range of 800 to 4000 cm-1 in 

absorbance mode at 4 cm-1 resolution was used to collect the data. All spectra were corrected for 

moisture content and CO2. OPUS 6.5 analysis software (Bruker, Billerica, MA, USA) was used to 

process the spectra with baseline correction, smoothing, normalization, and second derivatization.  

3.2.6 Modulated Differential Scanning Calorimetry (mDSC) 

Inside a nitrogen glovebox maintained at an RH of less than 10%, 2 - 4 mg of the dried 

powders were loaded into Tzero aluminum pans (TA Instruments, New Castle, DE, USA) and 

sealed using Tzero hermetic lids (TA Instruments, New Castle, DE, USA). The sample pans were 

loaded into a Discovery Series DSC 25 differential scanning calorimeter (TA Instruments, New 

Castle, DE, USA). A heating ramp rate of 2°C /min from -5°C to 180°C with modulation of ±1°C 

every 60 s was used. Glass transition temperature (Tg) was determined using the in-built TRIOS 

software package (v4.3.0, TA instruments, New Castle, DE, USA). 
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3.2.7 Particle Size Distribution 

A Mastersizer 3000 (Malvern Panalytical, Malvern, United Kingdom) equipped with an air 

dispersion unit - Aero S was used to measure the particle size distribution of the dried samples. 

Each sample (approximately 10-20 mg) was dispersed through the measuring zone using 

compressed air at 4 bar. The sizes below which 10% (D10), 50% (D50), and 90% (D90) of the 

material are contained were determined by the built-in software. 

3.2.8 Scanning Electron Microscopy (SEM) 

The morphology of the dried samples was visualized using a Teneo Volumescope (Fei, 

Hillsboro, OR, USA). Powders mounted on sample holders were sputter-coated with platinum for 

60 s and analyzed under vacuum using a voltage of 2 kV and a working distance of 8.9 – 10 mm 

to determine morphological properties. 

3.2.9 Surface Area Measurement 

The surface area of the dried samples was measured using a Tristar II 3020 (Micromeritics, 

Norcross, GA, USA). The residual moisture in the samples was removed by degassing them with 

nitrogen for 12 hours. A 6-point BET method (Brunauer et al., 1938) using helium adsorption was 

applied to determine the surface area.  

3.2.10 Stability Studies by Size Exclusion Chromatography (SEC)  

SEC was used to measure protein aggregation after storage at the accelerated stability 

conditions. The samples were weighed (2 - 4 mg per vial), sealed, and stored at 40°C. Each sample 

was reconstituted to obtain a protein concentration of 1 mg/mL at different time points (15, 30, 60, 

and 90 days). 100μL of each reconstituted sample was analyzed in a 1260 Infinity II series high-
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performance liquid chromatography (HPLC) system (Agilent Technologies, Santa Clara, CA, 

USA) equipped with a TSK gel G2000SWXL column (Tosoh Bioscience LLC, King of Prussia, 

PA, USA) and operated at a flow rate of 1 mL/min with a mobile phase of sodium phosphate buffer 

(100 mM concentration at pH 6.8, made with sodium phosphate monobasic and sodium phosphate 

dibasic heptahydrate). The percentage loss of area under the curve for the monomeric peak was 

used to determine the physical instability of the sample. 

3.2.11 Solid-State Hydrogen Deuterium Exchange with Mass Spectrometric Analysis 

(ssHDX-MS) 

Deuterium incorporation into formulations has been used to measure protein conformation 

and protein interactions with other components in the solid matrix (Iyer et al., 2016; Sophocleous 

et al., 2012). Excipients, temperature, processing method, and conditions are known to be some of 

the factors that influence deuterium incorporation which can be measured using a mass 

spectrometer.  

Uncapped vials with 2-4 mg of the samples were stored at 25°C in a sealed desiccator 

maintained at 11% RH using a saturated lithium chloride in D2O solution. Once the samples were 

exposed to D2O vapor for specific times (4, 12, 24, 48, 120, and 240 h), three vials of each sample 

were removed from the desiccator and capped. To prevent back exchange, the temperature of the 

samples in the vials was reduced rapidly by submerging the vials in liquid nitrogen and storing 

them at -80°C until analysis.  

The dried samples subjected to hydrogen-deuterium exchange were reconstituted in 1 mL 

of ice-cold quench buffer (a solution containing 0.1% formic acid in MS water with a pH of 2.5). 

Ten μL of the reconstituted solution was injected into a protein microtrap (Michrom Bioresources, 

Inc., Auburn, CA, USA). Desalting of the sample was done using a 0.1% formic acid in acetonitrile 
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and water in a 1:9 ratio for 2 min in a high-pressure liquid chromatography system (1200 series, 

Agilent Technologies, Santa Clara, CA, USA) followed by elution over 11 min with a gradient of 

0.1% formic acid in acetonitrile and water in a 9:1 ratio. The protein microtrap was kept in a 

custom-built refrigeration unit held at 4oC (Keppel et al., 2011) to limit the back exchange of the 

deuterons within the samples. A 6230 TOF LC/MS (Agilent Technologies, Santa Clara, CA, USA) 

was operated in the mass range of 200-3200 m/z to obtain the mass spectra of the sample. The 

spectra were analyzed using the MassHunter Workstation software (Agilent Technologies, Santa 

Clara, CA, USA) to obtain the deconvoluted peaks, protein mass, and the change in the protein 

mass. The deuterium incorporation data obtained were fitted to a mono-exponential kinetics model. 

3.2.12 Statistical Analysis  

A two-way ANOVA with Turkey’s test was used for comparisons among groups with a p-

value of 0.05 (Prism software version 9, GraphPad, La Jolla, CA, USA). 

3.3 Results 

3.3.1 Preliminary optimization Study 

For the process optimization of the PolarDry® Model 0.1, three operation parameters such 

as temperature, feed rate, and voltage have been considered and the responses such as yield, 

moisture content, and outlet temperature were reported in Table 3.2. The inlet temperatures and 

flow rates were selected based on literature as well as previous studies. The flow rate for the low-

temperature drying has been adjusted based on drying efficiency. The equipment is designed to 

operate between 0-20 kV hence the entire range of the applicable voltage has been tested at an 

increment of 5 kV. The atomizing pressure and gas flow rate have been kept constant.  
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It has been observed that the application of charge over 5 kV resulted in a reduced yield 

without adding any benefit in terms of the moisture content or outlet temperature. This is due to 

the particles retaining charge and sticking to the drying chamber. Therefore, voltages over 5kV 

have not been used for the mAb formulation. For those samples that dry powder that was not 

formed, results are reported as blank responses.  

Table 3.2: Process optimization study results for the PolarDry® Model 0.1electrostatic spray 

drying 

Formulation 

Varying 

Factor 1 

Varying 

Factor 2 

Varying 

Factor 3 

Response 

1 
Response 2 Response 3 

Inlet 

Temperature 

(0C) 

Flow 

rate 

(rpm)/ 

(ml/min) 

Voltage 

(kV) 
Yield (%) 

% Moisture 

content (n=3) 
Outlet 

Temperature 

(0C) Mean S. D 

BSA 

Formulation         

(BSA + 

Trehalose + 

surfactant - 

48 mg/ml) 

130 25 / 3.5 

0 47.37 3.04 0.04 67-74 

5 43.97 3.01 0.20 67-74 

10 38.45 2.91 0.28 67-74 

15 29.72 3.35 0.21 67-74 

20 26.14 3.95 0.43 67-74 

100 20 / 2.5 

0 53.42 5.24 0.55 48-56 

5 51.47 5.77 0.77 48-56 

10 46.49 7.20 1.62 48-56 

15 27.47 6.93 1.43 48-56 

20 21.42 5.59 0.99 48-56 

70 

20/2.5 

0 - - - - 

5 - - - - 

10 - - - - 

15 - - - - 

20 - - - - 

15 / 

1.875 

0 - - - - 

5 50.12 5.20 0.60 32-37 

10 46.75 4.89 0.21 32-37 

15 27.91 5.07 0.12 32-37 

20 21.58 5.45 0.14 32-37 

10 / 1.2 

0 - - - - 

2 54.54 5.66 0.20 32-37 

5 50.73 4.97 0.61 32-37 

10 41.47 4.83 0.43 32-37 



 

 

95 

3.3.2 Moisture Content 

The moisture content of the low-temperature spray drying showed a slightly higher 

moisture content than the high-temperature drying conditions. However,  no statistically 

significant difference (p > 0.05) in moisture content among the three spray-dried samples has been 

observed (Table 3.3).  

3.3.3 mDSC Analysis 

Glass transition temperature (Tg) data are presented in Table 3.3. The Tg values of the high-

temperature drying are observed to be similar i.e., ~58 oC with no statistically significant difference 

observed between them. The electrostatic spray-dried sample processed at 700C and 5kv exhibited 

significantly lower Tg values of ~42 oC than high-temperature drying samples (p<0.001). 

3.3.4 Particle Size Distribution 

Samples have similar D10 and D50 values in their particle size distributions; the spray-dried 

sample without electrostatic charge showed a slightly higher span as compared to the samples 

spray-dried with an application of electrostatic charge (Table 3.3). This is due to the higher D90 

value observed in the samples produced through high-temperature drying without the application 

of charge. 

3.3.5 Surface Area Measurements 

The surface area of the high-temperature drying samples is observed to be similar i.e., ~1.1 

m2/g. However, the samples dried using low-temperature drying showed a significantly higher 

surface area of ~1.8 m2/g (p<0.0001) than the samples dried at higher temperatures (Table 3.3).
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Table 3.3: Moisture content, glass transition temperature, particle size distribution, and surface area of dried samples (Mean ± SD, 

n=3) 

Processing 

Condition 

Moisture content 

(%w/w) 

Glass Transition 

Temperature (Tg in oC) 
Particle size (μm) Surface area (m2/g) 

Mean SD Mean SD D10 D50 D90 Span Mean SD 

ESD -1300C, 0kv 5.24 0.03 58.37 0.98 0.28 2.56 10.20 3.88 1.13 0.33 

ESD -1300C, 5kv  4.95 0.24 58.08 0.59 0.28 2.50 7.21 2.77 1.08 0.02 

ESD -700C, 5kv  5.64 0.43 42.15 0.16 0.27 2.37 7.54 3.07 1.79 0.03 
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3.3.6 X-ray Powder Diffraction 

All dried mAb formulations were amorphous without apparent crystalline peaks in their 

PXRD patterns (Figure B.1). 

3.3.7 Secondary Structural Analysis by ssFTIR 

Amide I region of the ssFTIR spectrum was analyzed for each formulation (Figure 3.1). 

FTIR bands were observed at ~1635 cm-1, suggesting the presence of extended loops (Fu et al., 

1994; Kumosinski and Farrell, 1993) that are generally associated with monoclonal antibodies. 

While a reduction of peak intensity has been observed for high-temperature drying with charge as 

compared to other conditions, no difference in peak locations within the ssFTIR spectra has been 

observed between the dried samples.  
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Figure 3.1: Solid-state FTIR spectra of dried mAb formulations 
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3.3.8 Particle Morphology 

The morphology of the dried samples was visualized using scanning electron microscopy 

(Figure B.2). All spray-dried samples were spherical with a smoother surface irrespective of the 

processing conditions used.  

3.3.9 ssHDX-MS 

The amount of deuterium uptake by the dried protein formulations as a function of time 

was used to measure protein conformation and interactions between proteins and excipients in the 

solid-state. The deuterium incorporation was compared among the processing conditions for the 

mAb formulation using a mono-exponential model (Equation 3).  

Spray-dried samples with charge showed no significant difference in deuterium uptake kinetics 

(p>0.05) and were significantly different from the spray-dried samples without charge (p < 0.05). 

The rate of deuterium uptake (k) and the maximum deuterium uptake (Dmax) values determined 

from the mono-exponential model are reported in Table 3.4.  
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Figure 3.2: Hydrogen/deuterium exchange kinetics in the solid-state for the mAb formulations (n 

= 3, mean ± SD; error bars cannot be shown when smaller than the height of the symbol.)  
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Table 3.4: Deuterium incorporation kinetics fitted to the mono-exponential model (Mean ± SD, 

n=3) 

Processing 

condition 

k (h-1) Dmax 

Mean S. D. Mean S. D 

ESD - 130oC, 0kV 0.02742 0.00072 154.5 2.0 

ESD - 130oC, 5kV 0.02688 0.00113 150.4 0.4 

ESD - 70oC, 5kV 0.02657 0.00081 150.0 1.7 

 

The deconvoluted mass spectra of the mAb formulations were examined after exposing the 

samples to D2O for 240 h (Figure 3.3). The spectra were compared with the undeuterated mAb 

formulation that was not subjected to any drying. The sample spray-dried at the higher temperature 

without charge showed a slightly higher degree of peak broadening than other samples. The 

broadened peaks indicate a broader distribution of deuterated states, suggesting the presence of a 

heterogeneous population of protein conformational states in the formulation.  
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Figure 3.3: Deconvoluted mass spectra of mAb formulations 
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For the mAb formulation, there has been no difference observed between samples dried 

with the application of charge while high-temperature drying without any charge showed a 

significantly greater peak area than other processing conditions. This indicates that the population 

heterogeneity within the formulation is the highest for the high-temperature spray-dried 

formulations.   

3.3.10 Physical Stability 

Accelerated stability studies were conducted at 40°C over 90 days (Figure 3.4). The spray-

dried sample at a higher temperature without any charge, in general, showed higher monomer loss 

as compared with the sample dried at a lower temperature with charge. 
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Figure 3.4: Physical stability of mAb formulations on storage at 40oC (n = 5, mean ± SD; error 

bars cannot be shown when smaller than the height of the symbol.) 

3.3.11 Correlation of solid-state characterization with physical stability 

A correlation of the 90-day time point of the stability data with solid-state characterization 

was performed. The band intensity of the peaks observed at 1635 cm-1from the ssFTIR showed a 

rank ordering of the formulations as ESD samples at 70oC, 5kV > SD samples at 130oC, 0kV > 
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ESD samples at 130oC, 5kV while Tg showed a rank ordering of the dried formulations to be SD 

samples at 130oC, 0kV > ESD samples at 130oC, 5kV > ESD samples at 70oC, 5kV (Figure 3.5). 

These rank orderings of the formulations by ssFTIR and Tg are not the same as observed in the 

stability results (Figure 3.4). However, ssHDX-MS results, such as the peak areas of deconvoluted 

spectra, showed a better correlation to stability and had the same rank ordering as the stability 

results as shown in Figure 3.5. 

 

Figure 3.5: Correlation of 90-day physical stability results with ssFTIR band intensity (A), Tg 

(B), and % peak area of the deuterated samples measured by ssHDX (C) (n = 3, mean ± SD; 

error bars cannot be shown when smaller than the height of the symbol) 
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3.4 Discussion 

In this study, a mAb formulation was conventional spray-dried (without charge) and 

electrostatic spray-dried (with charge) to compare the techniques. The impact of solid-state 

properties on the accelerated storage stability of these samples was examined. High-temperature 

spray drying may be aggressive for thermal sensitive biologics, which may disrupt protein 

conformation and impact shelf-life (Ameri and Maa, 2006; Wu et al., 2019). The SEC (Figure 3.4) 

and ssHDX-MS (Figure 3.2, Figure 3.3) results have shown that the low-temperature spray-dried 

samples have slightly better physical stability than the spray-dried samples, which could be due to 

reduced thermal stresses during drying. The key finding of this study is that electrostatic spray 

drying can produce dry powder of the mAb formulation at the low inlet temperature of 70°C with 

satisfactory moisture content, while spray drying without charge is unable to generate dry powder 

at the same temperature. The result indicates that electrostatic spray drying has much higher drying 

efficiency as compared with the samples dried at the high drying temperature without charge 

(Table 3.3), which is beneficial to those thermo-sensitive biological products. Such an improved 

drying efficiency is attributable to the application of electrostatic charge that resulted in an 

increased movement of the solvent towards the surface during the droplet formation. Within the 

electrostatic spray-dried samples, those samples dried at the low temperature had higher moisture 

content and lower Tg but showed better physical stability than the samples dried at the high 

temperature. This indicates that the effect of drying temperature on protein stability is more 

significant than residual moisture content and Tg. Thus, electrostatic spray drying provides a viable 

way to manufacture powder formulation of thermo-sensitive biological products.  

ssFTIR showed little to no difference in the peak positions for the formulations processed 

under different conditions. No structural perturbation was observed for all tested samples. 

Traditionally, the secondary structure measured by ssFTIR is used to predict the stability of the 
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samples as the perturbations observed in the secondary structure could be related to the 

denaturation of the proteins. In this study, ssFTIR could not distinguish the secondary structure 

differences in the formulations processed under different conditions. 

 Glass transition temperature by mDSC is another parameter that has been previously used 

to identify the difference in formulations as well as predict the stability of the samples. It was 

reported that the increased mobility of the proteins contributes to the aggregation when stored at 

temperatures above its glass transition temperature (Duddu and Dal Monte, 1997). However, in 

this study, the correlations between Tg and stability results are poor (Figure 3.5).  

ssHDX-MS is a characterization technique used to examine the population heterogeneity 

of the dried protein. It is used to measure the differences in the intramolecular and intermolecular 

hydrogen bonding networks of the samples in the dried state. The intramolecular and 

intermolecular hydrogen bonds comprise the bonds that contribute to the structure of the protein 

formulation. The deconvoluted peaks (Figure 3.3) of the samples after 240 h of deuteration were 

analyzed and a peak shift, as well as peak broadening of the deconvoluted peaks, was observed 

with an increase in deuteration of the samples. This is due to the difference in deuteration states of 

the species in the sample. A higher peak shift indicates an increase in deuterium incorporation into 

the samples and a larger peak broadening suggests the presence of higher population heterogeneity 

within the sample. Among the spray-dried samples, the samples dried at higher temperatures 

showed larger peak broadening, suggesting that the low-temperature drying resulted in more 

homogeneous samples as compared to high-temperature drying.  ssHDX-MS results such as peak 

areas (Figure 3.5) showed a clear correlation with physical stability for the dried mAb formulations, 

which is consistent with the previous findings (Moorthy et al., 2014; Moorthy et al., 2018; 

Mutukuri et al., 2021; Wilson et al., 2019b).  
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3.5 Conclusions 

This study demonstrated that electrostatic spray drying could produce dry powder of the 

mAb formulation with satisfactory moisture content at the low inlet temperature of 70°C, which 

could not be achieved using the same spray drying setting without charge. The electrostatic spray 

dried mAb formulation at 70°C and 5kV had superior storage physical stability than those produced 

at 130°C without charge, as predicted by the ssHDX-MS data. The results indicate that electrostatic 

spray drying at low temperatures is a feasible option for producing thermal-sensitive protein solid 

formulations. Further studies are warranted to test other thermo-sensitive biological products. 
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 EFFECT OF BUFFER SALTS ON PHYSICAL 

STABILITY OF SPRAY-DRIED PROTEIN FORMULATIONS 

4.1 Introduction 

Solid-state protein formulations are developed to offer better physical and chemical 

stability as compared to the formulations in solution-state (Cicerone et al., 2015b). Lyophilization 

is the most commonly used drying technique to produce protein solids (Carpenter et al., 2002). 

However, lyophilization is a batch process that is time- and energy-intensive (Langford et al., 

2018); other alternative drying techniques are being considered to produce solid protein 

formulations such as spray drying (Chen et al., 2021c). 

Spray drying is a technique to produce solid formulations where the solution is atomized 

into small droplets followed by drying of the droplets to form solid particles (Ameri and Maa, 

2006). Due to the high throughput nature and short processing time, there is an increasing interest 

in using spray drying to produce protein formulations (Cun et al., 2021). Pharmaceutical products 

such as Exubera® (inhalable insulin) and Raplixa® (a blend of thrombin and fibrinogen powder) 

have been developed using spray drying (Lee, 2002; White et al., 2005). While spray drying offers 

advantages in terms of material properties and processing time, process stresses such as high 

temperature, atomization stresses, and air-liquid interfacial stresses may have an impact on the 

stability of the spray-dried protein solids (Chen et al., 2021c). It is important to understand the 

effect of different excipients on the stability of the formulation (Ferrati et al., 2018). The impact 

of components such as sugars and surfactants has been previously studied (Wilson, 2020; Wilson 

et al., 2020; Wilson et al., 2019b).  

Buffers have been added into protein formulation to maintain pH (Carpenter et al., 2002; 

Cleland et al., 1993; Manning et al., 2010; Wang, 1999). pH is an important factor to maintain the 
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stability of protein formulations as many proteins are stable only over a range of pH (Trissel, 2007). 

Apart from maintaining the pH of the formulations, the role of buffers in protein conformational 

and colloidal stability in the solution state has been reviewed (Ugwu and Apte, 2004; Zbacnik et 

al., 2017). Buffers are also shown to interact with other excipients in the formulations such as 

sugars (Ohtake et al., 2004). Such interactions have been shown to influence the solid-state 

properties such as glass transition temperature (Tg) (Ohtake et al., 2004). Various studies have 

demonstrated that buffers tend to phase separate either by precipitation (Gomez et al., 2001) or 

subsequent crystallization (Sundaramurthi et al., 2010a, b; Sundaramurthi and Suryanarayanan, 

2011), which cause abrupt pH change during the freezing step of lyophilization process. However, 

interactions of buffers with other components and their impact on protein stability for spray-dried 

protein formulations are not well studied. 

For example, high-level miscibility between multiple components in protein formulations 

is critical for ensuring protein's long-term stability in the solid state (Cicerone et al., 2015b; 

Mensink et al., 2017; Randolph, 1997). A large number of studies have reported that phase 

separation between protein and protective sugars or bulking agents or buffer salts can result in 

either higher rates of protein aggregation and unfolding or a larger extent of protein structural 

damage (Heller et al., 1999; Mensink et al., 2016; Sun and Davidson, 1998). In fact, phase 

separation can readily occur during the lyophilization and spray drying processes in response to 

the stresses such as crystallization, pH changes, dehydration, ionic strength change, interfacial 

stress (ice-liquid), and ice crystal formation (Butreddy et al., 2021; Dong et al., 2009; Piedmonte 

et al., 2007; Randolph, 1997; Suihko et al., 2005; Sundaramurthi et al., 2010b). Given the negative 

effect of phase separation on protein stability, miscibility is an important factor to consider 

regarding interpreting the stability of lyophilized and spray-dried protein formulations.  
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In recent years, ssNMR has been increasingly recognized as an advanced tool for 

elucidating the molecular mechanism of drug delivery and stability (Li et al., 2021b; Phyo et al., 

2021). For example, it has been utilized as a high-resolution spectroscopic technique to evaluate 

the miscibility and homogeneity between small-molecule drugs and excipients in solid dispersions 

(Duan et al., 2020; Li et al., 2020; Sarpal and Munson, 2021), and between protein and excipients 

in lyophilized and spray-dried proteins (Chen et al., 2021a; Mensink et al., 2016; Suihko et al., 

2005). These miscibility tests are generally carried out by measuring the heteronuclear-detected 

1H (e.g., 13C-detected) relaxation time of different components in drug and protein formulations, 

including spin-lattice relaxation in the laboratory (T1) and rotating frame (T1ρ). If the T1 and/or T1ρ 

values of different components are statistically similar, the formulation is assumed to have a good 

homogeneity between multiple components with a domain size from several to hundreds of 

nanometers (Chen et al., 2021a; Li et al., 2021b). Such criterion is constructed based on the spin 

diffusion theory. Typically, 1H-1H spin diffusion is very fast and 1H magnetization can be 

transferred between 1H nuclear spins that are spatially close. For major pharmaceutical 

components, the 1H magnetization usually can be effectively transferred over a distance of 20-100 

nm in cases of several seconds of 1H diffusion (Li et al., 2021b). Therefore, if the T1 
1H relaxation 

times are statistically different in a multi-component system, the inhomogeneous mixing is 

identified at a domain size of approximately 20-100 nm. Similarly, T1ρ experiments can probe the 

homogeneity of the domain sizes of several nanometers to tens of nanometers considering the T1ρ 

for most pharmaceutical components is on the order of 10 ms (Li et al., 2021b). Most recently, our 

group has applied such spin diffusion ssNMR method to assess the homogeneity of BSA and 

various excipients such as mannitol and trehalose in spray-dried protein samples (Chen et al., 

2021a). The BSA-trehalose formulation demonstrated an excellent homogeneity while a 
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significant phase separation with a heterogeneous domain size at the 20-100 nm scale was 

observed in the BSA-mannitol formulation. 

This study aimed to understand the impact of different buffers on the structural and 

physical stability of spray-dried protein solid formulations. While there are many buffers available, 

commonly used buffers such as phosphate, succinate, and citrate buffers with sodium and 

potassium counter-ions are used in this study. Formulations were prepared with a model protein 

BSA and a sugar - trehalose dihydrate in 200 mM buffers at a pH of 6.0. The formulation details 

are presented in Table 1. Secondary structure and physical stability were compared among 

formulations produced by spray drying and lyophilization. Characterization techniques such as 

solid-state Fourier transform infrared spectroscopy (ssFTIR), powder X-ray diffraction (PXRD), 

modulated differential scanning calorimetry (mDSC), solid-state hydrogen/deuterium exchange 

with mass spectrometry (ssHDX-MS), solid-state nuclear magnetic resonance spectroscopy 

(ssNMR), Karl-Fischer coulometric titration, laser diffraction, and scanning electron microscopy 

(SEM) were performed. Physical stability was determined by measuring the loss of monomeric 

peak area using size exclusion chromatography (SEC) after storage at 40°C over 90 days.  

4.2 Materials and Methods 

4.2.1 Materials 

Sodium phosphate monobasic, sodium phosphate dibasic heptahydrate, succinic acid, 

sodium hydroxide, potassium hydroxide, citric acid, sodium succinate, and potassium succinate 

were purchased from Millipore Sigma (St. Louis, MO, USA). A supersaturated solution of lithium 

chloride (Thermo Fisher Scientific, Waltham, MA, USA) in D2O (Cambridge Isotope Laboratories, 

Inc., Andover, MA, USA) was used to maintain the RH at 11% in the desiccator for ssHDX studies. 
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BSA formulations (containing 10 mg/ml of BSA) with trehalose dihydrate (10 mg/ml) and buffer 

(200 mM concentration) were prepared and filtered using a 0.22 µm filter, and then subjected to 

lyophilization or spray drying. 

Table 4.1: Formulation details 

Formulation 

Content (mg/mL) 

Protein 

(BSA) 

Sugar 

(Trehalose 

dihydrate) 

Buffer 

(Counter-

ion) 

Buffer (pH 6.0) 

200 mM 

concentration 

Total 

solids 

content 

BSA with trehalose and 

sodium phosphate 

buffer (BSA_Pho_Na) 

10 10 
Phosphate 

(Na) 
23.36 43.36 

BSA with trehalose and 

potassium phosphate 

buffer (BSA_Pho_K) 

10 10 
Phosphate 

(K) 
22.38 42.38 

BSA with trehalose and 

sodium succinate buffer 

(BSA_Suc_Na) 

10 10 
Succinate 

(Na) 
29.86 49.85 

BSA with trehalose and 

potassium succinate 

buffer (BSA_Suc_K) 

10 10 
Succinate 

(K) 
29.28 49.28 

BSA with trehalose and 

sodium citrate buffer 

(BSA_Cit_Na) 

10 10 Citrate (Na) 24.85 44.85 

BSA with trehalose and 

potassium citrate buffer 

(BSA_Cit_K) 

10 10 Citrate (K) 33.40 53.40 

BSA with trehalose and 

no buffer (BSA_Buffer 

free) 

10 10 Buffer free 0 20 
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4.2.2 Spray Drying 

A Büchi Mini Spray Dryer B290 (New Castle, DE, USA) was used to produce spray-dried 

formulations. The formulations were fed into the spray drier at a flow rate of 2 mL/min and dried 

at an inlet temperature of 120°C with an outlet temperature of 55-60°C. Air was used as the 

atomizing gas at a volumetric flow of 600 L/h. The spray-dried samples were collected into 20 mL 

2R borosilicate glass vials and subjected to additional drying in a vacuum oven at 25°C for 12 

hours at 100 mTorr to attain a moisture content of <2% which is comparable to their lyophilized 

counterparts. 

4.2.3 Lyophilization 

Lyophilization was conducted by placing 20 mL 2R borosilicate glass vials with a fill 

volume of 7.5 ml in a LyoStar® 3.0 laboratory-scale lyophilizer (SP Scientific, Gardiner, NY, 

USA). The shelf temperature was maintained at 5°C until the vials were loaded onto the shelf. The 

vials were then equilibrated for 1 h at 5°C and the temperature was then ramped to -35°C in 2h and 

held at -35°C for 5h. The primary drying cycle was initiated by decreasing the chamber pressure 

to 100  mTorr over 1h, and ramping the temperature to -20°C for another hour. The temperature 

was held at -20°C for 36h. The pressure of 100 mTorr was maintained in the chamber and the 

temperature was raised to 20°C over 5h and held for 10h during secondary drying.  

4.2.4 Karl Fischer Titration for Moisture Content Analysis 

A 917 KF Coulometer (Metrohm, Riverview, FL, USA) was used to determine moisture 

content of the dried powders. Triplicates of the dried samples were prepared for each formulation 

and samples were reconstituted in 1 mL of anhydrous methanol (septum sealed bottle DriSolv®, 

Millipore Sigma St. Louis, MO, USA) and injected into the measurement cell. Titration endpoint 
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was determined using the Riedel-de Haën Hydranal® Coulomat reagent (Honeywell Research 

Chemicals, Seelze, Germany). The weight of injected amount and moisture content in ppm were 

recorded and converted to w/w%.   

4.2.5 pH Study 

The pH of formulations was measured using an InLab Micro pH electrode (Mettler Toledo, 

Columbus, OH, USA). The pH was measured in the initial solution state before drying as well as 

after reconstituting the dried formulations.   

4.2.6 Powder X-ray Diffraction (PXRD) 

All dried samples were tested using a Rigaku SmartLab X-ray diffractometer (The 

Woodlands, TX, USA) consisting of a Cu Kα X-ray source and Bragg-Brentano geometry. The 

diffraction intensity as a function of 2θ was obtained at a step size of 0.02o at a scanning rate of 

4°/min between 4 and 40 degrees. 

4.2.7 Solid-State Fourier Transform Infrared Spectroscopy (ssFTIR) 

Attenuated total reflectance (ATR) mode on a Nicolet Nexus spectrometer (Thermo 

Scientific, Waltham, MA, USA) equipped with Smart iTR accessory was used to obtain the ssFTIR 

spectra for the protein secondary structural analysis. A range of 800 to 4000 cm-1 in absorbance 

mode at 4 cm-1 resolution was used to collect the data. All spectra were corrected for moisture 

content and CO2. OPUS 6.5 analysis software (Bruker, Billerica, MA, USA) was used to process 

the spectra with baseline correction, smoothing, normalization, and second derivatization.  
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4.2.8 Modulated Differential Scanning Calorimetry (mDSC) 

Samples for modulated differential calorimetry were prepared as triplicates for each 

formulation inside a nitrogen glovebox and maintained at an RH of less than 10%. Each Tzero 

aluminum pan (TA Instruments, New Castle, DE, USA) was loaded with 2-4 mg of dried sample 

and sealed using Tzero hermetic lids (TA Instruments, New Castle, DE, USA). A Discovery Series 

DSC 25 differential scanning calorimeter (TA Instruments, New Castle, DE, USA) was operated 

with a heating ramp rate of 2°C /min from -5°C to 180°C and modulation of ±1°C every 60 s. An 

in-built TRIOS software package (v4.3.0, TA instruments, New Castle, DE, USA) was used to 

determine glass transition temperature (Tg). 

4.2.9 Particle Size Distribution 

An Aero S equipped Mastersizer 3000 (Malvern Panalytical, Malvern, United Kingdom) 

was used to measure particle size distributions of the spray-dried samples. Each sample 

(approximately 50 mg) was dispersed using compressed air at 4 bar. The sizes below which 10% 

(D10), 50% (D50), 90% (D90), and Span (calculated as [D90-D10]/D50) were determined by the built-

in software. 

4.2.10 Scanning Electron Microscopy (SEM) 

Morphology of the dried samples was visualized using a Teneo Volumescope (Fei, 

Hillsboro, OR, USA). Samples were sputter-coated with platinum for 1 min and analyzed under 

vacuum to determine morphological properties. A voltage of 2 kV at a working distance between 

9.3 – 10.2 mm was used. 
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4.2.11 Surface area measurement using BET 

Specific surface area of the samples was measured using a Tristar II 3020 (Micromeritics, 

Norcross, GA, USA). Samples were degassed at room temperature for 12 hours with nitrogen. A 

6-point BET method (Brunauer et al., 1938) using nitrogen adsorption was used to determine 

surface area. 

4.2.12 Stability Studies by Size Exclusion Chromatography (SEC)  

Protein aggregation after storage at the accelerated stability conditions of 40°C was 

measured using size exclusion chromatography. Four replicates of each dried formulation were 

prepared for each time point with each replicate containing 2-4 mg of the sample. Samples were 

prepared in a nitrogen glove box at an RH of less than 10% to avoid additional moisture uptake. 

At different time points (0,15, 30, 60, and 90 days), samples were collected and reconstituted to 

obtain a protein concentration of 1 mg/mL. An aliquot (0.1ml) of each reconstituted sample was 

subjected to analysis using a 1260 Infinity II series high-performance liquid chromatography 

(HPLC) system (Agilent Technologies, Santa Clara, CA, USA) equipped with a TSK gel 

G3000SWXL column (Tosoh Bioscience LLC, King of Prussia, PA, USA). Sodium phosphate 

buffer (100 mM concentration at pH 6.8, made with sodium phosphate monobasic and sodium 

phosphate dibasic heptahydrate) with a flow rate of 1 mL/min was used as mobile phase. 

Percentage loss of area under the curve for the monomeric peak was used to determine physical 

instability of the sample. 
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4.2.13 Solid-State Hydrogen Deuterium Exchange with Mass Spectrometric Analysis 

(ssHDX-MS) 

Deuterium uptake has been used to measure protein interactions with excipients and effect 

of different buffers on the solid matrix of the dried formulations (Iyer et al., 2016; Moorthy et al., 

2014; Moorthy et al., 2018). Three replicates of each dried formulation at specific time points (0, 

4, 12, 24, 48, 120, and 240 h) were prepared with each replicate containing 2-4 mg of the sample. 

The uncapped vials with samples were exposed to D2O vapors by placing them in a sealed 

desiccator stored at 25°C and maintained at 11% RH using a saturated lithium chloride in D2O 

solution. After each time point, sample vials were submerged in liquid nitrogen to prevent back 

exchange of the deuterium and then stored at -80°C until analysis.  

Samples subjected to hydrogen-deuterium exchange were reconstituted using an ice-cold 

quench buffer (a solution containing 0.1% formic acid in MS water with a pH of 2.5) to obtain a 

concentration of 0.2 mg/ml. Ten μL of the reconstituted solution was injected into a protein 

microtrap (Michrom Bioresources, Inc., Auburn, CA, USA) kept in a custom-built refrigeration 

unit held at 4oC (Keppel et al., 2011) to limit the back exchange of the deuterons within the samples. 

A high-pressure liquid chromatography system (1200 series, Agilent Technologies, Santa Clara, 

CA, USA) was used to desalt the samples using a 1:9 ratio of acetonitrile and water (both 

containing 0.1% formic acid) for 2 min followed by elution over 7.2 min using a ratio of 9:1 of 

acetonitrile and water (both containing 0.1% formic acid). A 6230 TOF LC/MS (Agilent 

Technologies, Santa Clara, CA, USA) was tuned to operate in the mass range of 200-3200 m/z to 

obtain mass spectra of the sample. Deconvoluted peaks, protein mass, and change in protein mass 

of the samples subjected to hydrogen-deuterium exchange were obtained by analyzing the spectra 

using the MassHunter Workstation software (Agilent Technologies, Santa Clara, CA, USA). A 

mono-exponential kinetics model was used to fit the deuterium uptake data.  
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4.2.14 Solid-State Nuclear Magnetic Resonance (ssNMR)  

All ssNMR experiments were conducted on a Bruker AVANCE III HD 400 spectrometer 

(Bruker BioSpin Corporation, Billerica, MA) with a 1H frequency of 400.13 MHz in Materials and 

Biophysical Characterization NMR (MBC-NMR) laboratory at Merck & Co., Inc. (West Point, 

PA). A 4 mm H/X double-channel Magic angle spinning (MAS) probe was tuned to 1H and 13C 

resonances and the samples were spun at a MAS frequency of 12 kHz. Three types of experiments 

were performed in the present study, including 1D 1H-13C cross polarization (CP) and 13C-detected 

1H T1 and T1ρ measurements. In the spectral acquisition, the 1H magnetization was excited by a 1H 

90° pulse with a length of 2.5 μs and then transferred to 13C via CP transfer by matching 

Hartmann−Hahn condition. To enhance the CP transfer efficiency, a 50-100% ramped CP was 

used on the 1H channel and the CP contact time was set to 1 ms. A high-power decoupling of 100 

kHz on the 1H channel was applied during data acquisition. 1D 1H-13C CP spectra were acquired 

with 1.5 s of recycle delay and averaged for 10 to 20k scans, which corresponds to the experimental 

times of 4 to 8 h. 13C-detected 1H spin-lattice relaxation (T1) measurements were performed using 

a saturation-recovery sequence in a pseudo-2D mode, in which a delay time (τ1) was purposely 

applied on 1H channel after saturation pulse to allow the 1H magnetization relax towards 

equilibrium value. Pseudo-2D experiments were acquired with 7 different τ1 delays in the range of 

0.5−8 s. 13C-detected 1H spin-lattice relaxation in the rotating frame (T1ρ) measurements employed 

a spinlock pulse sequence with a variable spinlock period (τ2) applied on 1H channel before the 

1H-13C CP transfer. The 1D 13C CP spectra were processed with Fourier transformation, Gaussian 

multiplication, and zero filling. 1H T1 and T1ρ values of BSA, trehalose, and buffer acids were 

obtained by fitting the integrated peak areas of each component as a function of respective τ1 and 

τ2 values into the T1 and T1ρ exponential functions. All 13C chemical shifts were referenced to the 

α-glycine 13C’ resonance signal at 176.49 ppm on the tetramethyl silane (TMS) scale. 
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4.2.15 Statistical Analysis 

GraphPad Prism software version 9 (GraphPad, La Jolla, CA, USA) was used for statistical 

analysis of the data. Welch’s t-test was used to compare the data sets and a p-value of <0.05 is 

determined as statistically different.  

4.3 Results 

4.3.1 Moisture Content 

While differences in moisture content were observed among the formulations produced by 

the same drying method, there were no statistically significant differences (p > 0.05) observed in 

moisture content between two processes for a specific formulation except for formulation with 

potassium citrate buffer (Table 4.2).  

4.3.2 pH  

All the formulations except the formulation with sodium citrate buffer showed no change 

in the pH post reconstitution as compared to the pH before drying (Table 4.2). 

4.3.3 mDSC Analysis 

Tg values showed differences among the formulations produced by the same drying method. 

Between the two drying methods, the formulations containing potassium buffers along with the 

buffer-free formulations showed significantly lower (p < 0.05) Tg for lyophilization as compared 

to spray drying. No statistically significant difference in Tg value was observed between spray 

drying and lyophilization for the formulations with sodium buffers.
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 Table 4.2: Moisture content, pH, and Glass transition temperature of spray-dried and lyophilized formulations (n=3).  

Formulation 

Spray Drying Lyophilization Spray Drying Lyophilization Spray Drying Lyophilization 

Moisture 

Content (%) 

Moisture 

Content 

(%) 

pH pH 
Tg 

(°C) 

Tg 

(°C) 

Mean SD Mean SD 

Pre-

proces

sing 

Post 

reconst

itution 

Pre-

proce

ssing 

Post 

reconsti

tution 

Mean SD Mean SD 

BSA_Pho_Na 
0.75 0.16 0.88 0.22 6.10 6.03 6.10 6.10 67.08 0.64 69.33 1.75 

BSA_Pho_K 
0.94 0.14 0.62 0.34 6.10 6.10 6.10 6.10 64.01 1.99 61.45 0.15 

BSA_Suc_Na 
1.03 0.36 1.29 0.15 6.10 6.07 6.10 6.07 86.13 5.05 82.08 0.53 

BSA_Suc_K 
1.36 0.11 1.50 0.09 6.10 6.06 6.10 6.04 73.68 7.26 48.1 0.83 

BSA_Cit_Na 
1.6 0.45 1.45 0.13 6.10 5.74 6.10 6.38 110.62 4.84 113.42 1.65 

BSA_Cit_K 
1.54 0.35 0.81 0.14 6.10 6.10 6.10 6.10 101.53 2.87 92.13 2.33 

BSA_Buffer free 
1.41 0.19 1.63 0.45 6.10 6.45 6.45 6.45 92.39 0.31 85.83 1.02 
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4.3.4 Particle Size Distribution 

Particle size distributions of the spray-dried samples are reported in Table 4.3. All the 

formulations except those with potassium succinate buffer have similar D10, D50, and D90 values. 

The formulation with potassium succinate buffer showed a significantly higher particle size 

distribution. 

Table 4.3: Particle size distribution of spray-dried formulations (n=3). 

Formulation 

D10 (μm)             D50 (μm)          D90 (μm) Span 

Mean SD Mean SD Mean SD Mean SD 

BSA_Pho_Na 0.435 0.074 3.26 0.19 7.73 0.59 2.233 0.027 

BSA_Pho_K 
0.436 0.105 3.39 0.23 7.44 0.21 2.070 0.127 

BSA_Suc_Na 0.471 0.058 3.24 0.39 7.15 0.89 2.064 0.078 

BSA_Suc_K 
1.165 0.176 5.63 0.74 13.10 1.78 2.106 0.090 

BSA_Cit_Na 0.446 0.018 3.05 0.32 7.50 0.63 2.326 0.217 

BSA_Cit_K 0.413 0.010 2.98 0.30 7.24 0.34 2.303 0.172 

BSA_Buffer free 0.820 0.024 4.83 0.33 10.53 0.40 2.010 0.068 
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4.3.6 Particle Morphology 

All spray-dried samples had raisin-like structures. Some particles in the formulations with 

potassium succinate and without any buffer have a more spherical shape with a smoother surface 

(Figure 4.1). The lyophilized formulation with potassium succinate has a distinctive rounded 

fibrous structure (Figure 4.2), while all other lyophilized formulations had a sheet-like structure. 

 

Figure 4.1: SEM images of spray-dried formulations.
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Figure 4.2: SEM images of lyophilized formulations.
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4.3.7 Powder X-ray Diffraction 

All dried formulations showed no apparent crystalline peaks after drying (Figure 4.3). 

However, the formulation with potassium phosphate buffer showed crystalline peaks after storage 

starting from 15 days (Figure 4.4). For the lyophilized formulation with potassium succinate buffer, 

minor peaks started to appear at 30 days (Figure 4.4). For the spray-dried formulation with 

potassium succinate buffer, minor crystalline peaks started to appear at 60 days (Figure 4.4). For 

the lyophilized formulation with sodium phosphate, minor peaks started to appear at 90 days 

(Figure 4.4) All other formulations did not show apparent peaks after storage. 

 

Figure 4.3: PXRD diffractograms of the spray-dried and lyophilized formulations right after 

drying.  
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Figure 4.4: PXRD diffractograms of the spray-dried and lyophilized formulations after storage. 
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4.3.8 Secondary Structural Analysis by ssFTIR 

ssFTIR spectrum was analyzed in the Amide I region and the 2nd derivative has been plotted 

(Figure 4.5). FTIR bands were observed at ~1656 cm-1, suggesting the presence of α-helix loops 

(Fu et al., 1994; Kumosinski and Farrell, 1993). While a reduction of peak intensity has been 

observed among formulations, there is no significant difference in peak locations between the dried 

samples. 

 

Figure 4.5: Solid-state FTIR spectra of the spray-dried and lyophilized formulations. 

4.3.9 Surface area measurement using BET 

Surface area of the spray-dried or lyophilized formulations is similar to all the formulations 

produced by the same process, except for potassium succinate buffer. The spray-dried formulation 

with potassium succinate buffer showed a significantly lower (p<0.001) surface area than all other 

spray-dried formulations; while the lyophilized formulation with potassium succinate buffer 

showed a significantly higher surface area (p<0.0001) than all other lyophilized formulations.
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Table 4.4:Surface area of spray-dried and lyophilized samples (m2/g) (n=6). 

Formulation 
Spray Drying Lyophilization 

Mean SD Mean SD 

BSA_Pho_Na 4.93 0.48 0.68 0.07 

BSA_Pho_K 4.81 0.03 0.74 0.09 

BSA_Suc_Na 5.16 0.38 0.71 0.05 

BSA_Suc_K 3.08 0.08 4.67 0.12 

BSA_Cit_Na 5.14 0.07 0.62 0.11 

BSA_Cit_K 5.21 0.13 0.72 0.08 

BSA_Buffer free 5.14 0.22 0.64 0.13 

 

4.3.10 ssHDX-MS 

Deuterium uptake as a function of time was plotted using a mono-exponential model 

(Equation 3) (Figure 4.6). Within spray-dried samples, the potassium succinate formulation 

showed significantly higher (p<0.001) deuterium uptake compared to all other formulations; no 

significant difference in deuterium uptake kinetics (p>0.05) was observed among the spray-dried 

formulations except for potassium succinate. Within lyophilized samples, the formulations with 

potassium succinate and potassium phosphate buffers, as well as the buffer-free formulation 

showed higher deuterium uptake than all other lyophilized samples (p < 0.001, p<0.01, and p<0.05, 

respectively). The rate of deuterium uptake (k) and the maximum deuterium uptake (Dmax) values 

determined from the mono-exponential model are reported in Table 4.5. Within spray-dried 

formulations, the formulation containing potassium succinate buffer showed a significantly higher 

rate of deuterium uptake (p<0.001) as well as a higher maximum deuterium uptake (p<0.001) as 

compared to other spray-dried formulations. The lyophilized formulations with potassium 
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succinate and potassium phosphate buffers and buffer-free formulations showed a significantly 

higher rate of deuterium uptake (p<0.001) and higher maximum deuterium (p<0.001) than other 

lyophilized formulations.  

 

Figure 4.6: Hydrogen/deuterium exchange kinetics of the spray-dried and lyophilized 

formulations (n = 3, mean ± SD; error bars cannot be shown when smaller than the height of 

symbols).  

 

Table 4.5: Rate of deuterium uptake (k) and maximum deuterium uptake (Dmax) of the spray-

dried and lyophilized samples (n=3). 

Formulation 

Spray Drying Lyophilization 

k (h-1)  Dmax k (h-1)  Dmax 

Mean SD Mean SD Mean SD Mean SD 

BSA_Pho_Na 0.0285 0.0054 53 4 0.0339 0.0014 59 0 

BSA_Pho_K 0.0337 0.0032 81 2 0.0565 0.0052 94 1 

BSA_Suc_Na 0.031 0.0045 68 5 0.0369 0.0071 64 4 

BSA_Suc_K 0.0454 0.0036 156 2 0.0594 0.0037 143 2 

BSA_Cit_Na 0.0194 0.0012 61 0 0.0237 0.0009 68 1 

BSA_Cit_K 0.0249 0.0016 67 4 0.0258 0.0034 58 2 

BSA_Buffer free 0.0375 0.0047 74 2 0.0492 0.0029 79 1 
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Samples subjected to 240h of ssHDX were deconvoluted using the mass spectrometer 

(Figure 4.7).  The spectra were then compared with the undeuterated BSA samples as well as the 

experimentally determined fully deuterated samples. For both spray drying and lyophilization 

processes, the formulations with potassium succinate buffer showed greater peak shifts and higher 

peak broadening than all other formulations. This suggests that the heterogeneity among the 

protein population was higher for the formulation with potassium succinate buffer. 

 

Figure 4.7: Deconvoluted mass spectra of the spray-dried and lyophilized formulations.  
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Figure 4.8: Physical stability measured by SEC for the spray-dried and lyophilized formulations 

upon storage at 40oC (n = 4, mean ± SD; error bars cannot be shown when smaller than the 

height of the symbol.) 

4.3.12 Molecular Miscibility and Microenvironmental Acidity from ssNMR 

The molecular mixing of protein and sugar has been regarded as a critical factor for long-

term stability. Besides, the microenvironmental acidity as controlled by the distribution of buffer 

components in the solid protein formulation may also modulate the protein stability. (Li et al., 

2021a; Roessl et al., 2015; Thorat et al., 2020)  In the present study, the 13C-detected 1H relaxation 

method was utilized to evaluate the homogeneity of BSA formulations in order to examine the 

effect of buffer salts on protein stability. The mixing of protein, sugar and buffer components have 

been evaluated. Figure 4.9-A presents the 1D 13C CPMAS spectra of pure BSA and lyophilized 
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succinate buffer). No significant alternation of chemical shifts and peak linewidths of BSA peaks 

was observed by the addition of trehalose and buffer salts. Moreover, no significant spectral 
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formulations. The carbonyl peak of succinic acid in the lyophilized formulation is much narrower 

than that in the spray-dried formulation and displays a distribution of multiple resonances. 

Meanwhile, the linewidth of the sharpest carbonyl peak of succinic acid in lyophilized BSA is 

roughly two-fold than that of the pure crystalline counterpart. A possibility for these two 

observations is that the amorphous succinic acid was partially converted to a crystalline form in 

lyophilized BSA, which results in the peak sharpness for the carbonyl peak. However, we did not 

observe PXRD peaks of crystalline succinic acid.  

To understand the state of succinic acid in lyophilized BSA formulation, we further 

measured the 13C-detected 1H T1 of neat crystalline succinic acid, and the results were presented 

in Table C.1. The two peaks of crystalline succinic acid both exhibit 1H T1 values of >200 s. The 

drastic decrease of 1H T1 of succinic acid from >200 s for pure crystalline to ~2.9 s in lyophilized 

BSA formulations indicates the presence of the amorphous phase of succinic acid in lyophilized 

BSA formulations, although it does not exclude the possibility of presence of nano- or 

microcrystalline forms. All these possible forms of succinic acid may not be detectable by PXRD. 

The wide distribution of carbonyl resonances in lyophilized BSA formulations likely results from 

the chemical shift change, which may suggest a distribution of microenvironment acidity. 

To evaluate the miscibility of the formulation, Table C.2 lists the respective 13C-detected 

1H T1 and T1ρ values for BSA, trehalose, and buffer salts. All formulations showed similar T1 for 

three components in the range of 2-3 s, indicating good miscibility on the scale of 20–100 nm 

(excluding formulation with phosphate buffer where the 1H T1 cannot be measured for phosphate 

due to the lack of 13C atoms). Figure 4.10 plots the T1ρ values for multiple components in all BSA 

formulations. For spray-dried formulations, the differences in T1ρ are statistically small. Moreover, 

a similar level of T1ρ was also observed in lyophilized BSA with citrate buffer. In contrast, a 
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distinct T1ρ difference was seen for BSA/trehalose and succinic acid, where the T1ρ of succinic 

acid is almost two-fold and three-fold longer than BSA and trehalose, respectively. Such 

heterogeneity imparted by succinic acid can have a notable effect on protein physical stability. As 

the SEC results shown previously, the lyophilized BSA with potassium succinate buffer delivers 

the highest monomer loss, which can be ascribed to the poor miscibility between succinic acid and 

BSA/trehalose in the formulation. In addition, the similar physical stabilities of BSA in other 

formulations were also evidenced by the similar levels of T1ρ.  

 

 

 

Figure 4.9: 1D 13C CP-MAS NMR spectra of pure lyophilized BSA and spray-dried and 

lyophilized BSA formulations with trehalose, buffers, and potassium counter-ion at T0: (A) full 

spectral comparison; and (B) expanded carbonyl peaks of succinic acid for spray-dried and 

lyophilized BSA formulations and crystalline succinic acid. Lyo: lyophilization; SD: spray 

drying; K: potassium; Tre: trehalose; Pho: phosphate buffer; Suc: succinate buffer; Cit: citrate 

buffer; Xtal: crystalline; FWHM: full width at half maximum. 
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Figure 4.10: 13C-detected 1H T1ρ of BSA, trehalose, and buffer salt in lyophilized (A) and spray-

dried (B) BSA formulations with potassium counter-ion at T0. Tre: trehalose; Pho: phosphate 

buffer; Suc: succinate buffer; Cit: citrate buffer; K: potassium. 

4.4 Discussion 

In this study, seven different formulations were dried using either lyophilization or spray 

drying to study the effect of buffer on the physical stability of protein solids. Our SEC data (Figure 

4.8) indicated that the choice of acids and counter-ions has a significant impact on the physical 

stability of the protein solid. In particular, the potassium succinate formulation has significantly 

poorer physical stability for both spray drying and lyophilization processes. To understand the 

mechanism of such protein instability, we have performed several characterization studies. First, 

we excluded the impact from the moisture content because all formulations had similar moisture 

content levels. 

With a purpose to investigate if pH change after drying processes contributes to the 

different physical stability behavior,  we compared the pH of the original prepared feed solutions 

with those reconstituted from the dried formulations (Table 4.2). All the formulations except the 

formulation with sodium citrate buffer showed no change in pH. However, such a change in pH 
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did not lead to the physical instability of the sodium citrate formulation. In addition, the instability 

of the potassium succinate formulation was not attributed to pH change.  

The potassium succinate formulation showed differences in the morphology (Figure 4.1-

D, Figure 4.2-D) and surface area (Table 4.4) for both spray drying and lyophilization processes. 

The morphology of lyophilized formulation with potassium succinate buffer appeared highly 

porous as compared to a cake-like structure for the rest of the lyophilized formulations, which led 

to a significantly higher surface area (p<0.0001). As for the spray-dried formulations, the 

morphology of the potassium succinate formulation and the buffer-free formulation was smoother 

and more spherical as compared to the rest of the formulations that had a raisin-like appearance 

(Figure 4.1- D, G). For the spray-dried formulation with potassium succinate buffer, the particle 

sizes were significantly larger (p<0.001) than other spray-dried formulations. In contrast to the 

lyophilization, the surface area of the potassium succinate formulation was significantly lower than 

other spray-dried formulations (p<0.05). This may be due to the larger particle sizes as well as the 

smoother morphology observed. Therefore, the impact of particle morphology on protein 

instability is not clear in this study.  

We applied ssFTIR to investigate potential changes in the protein structure. The 

wavenumber of 1656 cm-1 (Figure 4.5) corresponds to the dominant α-helix structure of BSA as 

observed in the Amide I region. Our results demonstrated that the peak intensities at 1656 cm-1 

varied between the formulations, suggesting a change in the hydrogen-bonding interactions of the 

protein within the formulations. Lyophilized buffer-free formulations showed slight structural 

perturbations (Figure 4.5) i.e., the formation of random coils at 1630 cm-1. While differences in 

ssFTIR spectra have been observed, the spectra could not be correlated with the storage instability 

(Figure C.1-A).  
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Tg has been widely used to predict the storage stability of the protein solids (Sundaramurthi 

et al., 2010a). Usually, a lower Tg suggests higher molecular mobility of the protein in the solid-

state, which may increase the aggregation tendency of the protein (Duddu and Dal Monte, 1997). 

In this study, the Tg values of the spray-dried and lyophilized formulations were similar for a given 

formulation except for the formulation with potassium succinate buffer. It is interesting that Tg 

showed a good correlation with stability for the lyophilized formulations (Figure C.1-B), but not 

for the spray-dried formulations (Figure C.1-B).  

ssHDX-MS has been used recently to detect the presence of population heterogeneity and 

change in the intermolecular and intramolecular interactions of the protein in the solid matrix 

(Moorthy et al., 2014; Moorthy et al., 2018; Moussa et al., 2018). The deuterium uptake kinetics 

(Figure 4.6) data showed that the formulation with potassium succinate buffer had higher 

deuterium uptake for both processes. Moreover, the deconvoluted mass spectra (Figure 4.7) 

indicated a higher peak broadening and greater peak shift for this formulation. HDX results 

explained the poor stability behavior of potassium succinate formulation from the aspect of 

intermolecular and intramolecular interactions of the protein in the solid matrix.  

We further explored the source of instability for the potassium succinate formulation. The 

PXRD results (Figure 4.3) showed the potassium phosphate and potassium succinate formulations 

crystallized during the storage; while all other formulations remained amorphous. Crystallization 

of excipients generally leads to phase separation of the excipients from the proteins in the solid 

matrix resulting in a direct negative impact on the stability of the proteins (Costantino et al., 1998a; 

Izutsu et al., 1993). Interestingly, the negative impact of buffer crystallization on the physical 

stability of the protein solids is much less in the spray-dried formulation as compared to the 

lyophilized formulation. Sundaramurthi et al. has examined the mechanism of crystallization of 
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succinate buffer during the freeze drying process (Sundaramurthi et al., 2010a). They demonstrated 

that when succinate buffer at pH > pKa2, there is a decrease in the freeze-concentrate pH then an 

increase, attributable to the sequential crystallization of the basic (disodium succinate) followed 

by the acidic (monosodium succinate and succinic acid) buffer components. It was indicated that 

pH and the buffer concentration of the pre-lyophilized solution had a significant impact on the 

content of crystalline salts in the final lyophile. However, during the spray drying process, droplets 

are dried very rapidly without prolonged freezing and sublimation steps, which may result in a less 

negative effect on the physical stability of the solid protein formulation.  

In the present study, ssNMR has been utilized as a high-resolution method to quantify the 

molecular miscibility in these multi-component BSA formulations. All formulations exhibit a 

similar amplitude of 13C-detected 1H T1(Table C.2). Therefore, these ternary systems were 

considered homogenous on a length scale of 20-100 nm. Interestingly, the 13C-detected 1H T1ρ 

values are significantly different for trehalose/BSA and succinic acid in lyophilized formulations 

(Figure 4.10). Particularly, succinic acid exhibits a distinct T1ρ value from trehalose and BSA. This 

provides strong evidence of heterogeneity at a domain size of less than tens of nanometers. 

Moreover, relatively narrow, and multiple carbonyl peaks of succinic acid in this sample have been 

observed (Figure 4.9-B). Such a distribution of chemical shifts suggests the different 

microenvironmental acidity. For example, a change of acidity in frozen solution or lyocake of 

protein formulations has been shown to negatively impact the stability (Li et al., 2021a; Roessl et 

al., 2015; Thorat et al., 2020). 13C and 15N chemical shifts of the buffer component, histidine, have 

been utilized as a molecular probe of the microenvironmental pH. Indeed, this distribution of solid-

state acidity from the observed immiscibility well correlates with the physical stability of BSA 

formulations, where the highest monomer loss was detected by SEC in lyophilized BSA with 
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succinate buffer (Figure 4.8). These results have further demonstrated ssNMR as a method to probe 

protein-excipient miscibility and microenvironmental acidity (Chen et al., 2021a; Li et al., 2021a).  

4.5 Conclusions 

This study demonstrated that buffer salts have a significant impact on the physical stability 

of the protein formulations produced by spray drying and lyophilization. It is noteworthy that 

buffer salts has a less impact on protein stability for the spray-dried formulations than the 

lyophilized solids.  While the effect of different counter-ions was not observed for the protein 

formulations with citrate and phosphate buffers, potassium succinate buffer showed poorer 

physical stability of proteins after storage under accelerated stability conditions as compared to 

sodium ions. ssHDX-MS data showed that intermolecular and intramolecular interactions of the 

protein in the solid matrix contributed to the physical instability of the potassium succinate 

formulation. ssNMR data demonstrated that the phase separation of the buffer components, which 

was not measurable by PXRD, played a significant role in the instability of the lyophilized 

potassium succinate formulation.  
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 RADIO FREQUENCY – ASSISTED SPRAY FREEZE 

DRYING FOR PHARMACEUTICAL PROTEIN SOLIDS 

5.1 Introduction 

Biopharmaceutical products have an intrinsic instability in their solution state and are often 

subjected to drying using lyophilization or spray drying (Cicerone et al., 2015b). The stability of 

the solid biopharmaceutical products often relies on the selection of the excipients and ratio of the 

excipients along with the drying methods (Cicerone et al., 2015b). Lyophilization is the most 

widely used drying process for biopharmaceutical products (Geidobler and Winter, 2013; Gieseler 

et al., 2007; Kasper et al., 2013). Despite the recent advancements in lyophilization, the process 

remains to be energy- and time-intensive due to various steps involved in the process (Chen et al., 

2021c). The lyophilization process also typically results in drug product formulations that are cake-

like solids making it a process not suitable to produce drug products needle-free ballistic injections 

or inhalation therapies (Burkoth et al., 1999a; Costantino et al., 2000). Recently, the use of 

microwave technology to reduce the drying duration of biopharmaceuticals has gained interest 

(Bhambhani et al., 2021; Gitter et al., 2018, 2019). The shorter drying cycle time due to the 

increased heat transfer by microwaves makes it an attractive technology to incorporate into the 

lyophilization process.  

There are other processes such as spray drying that can produce solid formulations with 

desired particle characteristics (Langford et al., 2018; Maa and Prestrelski, 2000a). However, the 

high-temperature stresses generated during the spray drying process may have a negative impact 

on the stability of some proteins (Abdul‐Fattah et al., 2007; Manning et al., 2010). Spray freeze 

drying (SFD) is another technique that can be used to engineer particles without heat stress(Maa 

et al., 1999; Mutukuri et al., 2021). In the SFD process, the feed solution is atomized using a nozzle 
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and the droplets are frozen using a cryogenic medium. These frozen droplets are then transferred 

into a lyophilizer where they are subjected to primary and secondary drying cycles to obtain the 

final powder product. SFD process has been previously studied to produce several pharmaceutical 

products such as vaccines (Audouy et al., 2011; Maa et al., 2003; Wang et al., 2012), solid 

dispersions (Tong et al., 2011), and nanoparticles (Gao et al., 2011). In our previous study 

(Mutukuri et al., 2021), we have observed that spray freeze drying resulted in similar physical 

stability as compared to freeze-drying for lysozyme and myoglobin when formulated with a 

stabilizing excipient such as sucrose.  

In this study, we look into the application of the novel RF-assisted drying technology to 

spray freeze dry the protein formulation. A model protein – Bovine Serum Albumin (BSA) was 

formulated with varying levels of trehalose and mannitol to study the impact of RF-assisted drying 

on the physical stability of the protein solids. Various ratios of trehalose dihydrate and mannitol 

(with no excipient formulation as control) are chosen in this study because trehalose is a widely 

used stabilizing excipient. Mannitol has been an excipient that is widely used in spray freeze drying 

to improve flowability. Different trehalose to mannitol ratios was selected to understand their 

impact on the stability of the proteins. The dried formulations were then characterized using solid-

state Fourier transform infrared spectroscopy (ssFTIR), powder X-ray diffraction (PXRD), BET 

surface area measurements, particle size distribution, particle morphology, and solid-state 

hydrogen/deuterium exchange (ssHDX-MS). Physical stability studies were performed by storing 

the samples at 40oC for 3 months and determined as the loss in the monomer content using size 

exclusion chromatography (SEC).  
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5.2  Materials and Methods 

5.2.1 Materials 

A BSA formulation (containing 20 mg/ml of protein) was formulated with varying 

concentrations of trehalose dihydrate and/or mannitol as well as the excipient-free formulation 

with a potassium phosphate buffer (pH 6.8, 2.5 mM concentration) was prepared and filtered using 

a 0.22 µm filter. Bovine Serum Albumin (BSA), trehalose dihydrate, mannitol, potassium 

phosphate monobasic, and potassium phosphate dibasic were purchased from Millipore Sigma (St. 

Louis, MO, USA). To maintain the RH at 11% in the desiccator for ssHDX studies, a 

supersaturated solution of lithium chloride (Thermo Fisher Scientific, Waltham, MA, USA) in 

D2O (Cambridge Isotope Laboratories, Inc., Andover, MA, USA) was used. 

Table 5.1: Formulation details  

Formulation 

Content (mg/mL) 

Protein 

(BSA) 

Excipient 1 

(Trehalose 

dihydrate) 

Excipient 2 

(Mannitol) 

Total solids 

content 

Tre 20, Mann 0 20 20 0 40 

Tre 15, Mann 5 20 15 5 40 

Tre 10, Mann 10 20 10 10 40 

Tre 5, Mann 15 20 5 15 40 

Tre 0, Mann 20 20 0 20 40 

Tre 0, Mann 0 20 0 0 20 
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5.2.2 Spray Freeze Drying (SFD) 

An ultrasonic nozzle (Büchi, New Castle, DE) was used to disperse the solution into a 250 

mL borosilicate glass beaker containing liquid nitrogen at a 3 mL/min flowrate. Upon evaporation 

of the liquid nitrogen, the frozen particles were transferred to 20 mL borosilicate vials with a 50% 

fill volume. The frozen samples were then dried by placing the 20 mL 2R borosilicate glass vials 

in a Revo® laboratory-scale lyophilizer (MillRock Technology, Kingston, NY). The shelf 

temperature was maintained at -35°C until the vials were loaded onto the shelf. The vials were then 

equilibrated for 30 mins at -35°C. The primary drying cycle was initiated by decreasing the 

chamber pressure to 100 mTorr for 1h and ramping the temperature to -20°C for another hour. The 

temperature was held at -20°C for 48h. The pressure of 100 mTorr was maintained in the chamber 

and the temperature was raised at 0.15°C/min to 25°C and held for 10h during the secondary drying. 

5.2.3 Radio Frequency-Assisted Spray Freeze Drying (RFSFD) 

A Radio Frequency-assisted heating technique was used on the Revo® laboratory-scale 

lyophilizer (MillRock Technology, Kingston, NY) to perform RFSFD. The experimental setup, 

shown in Figure 5.1, comprises five main components, namely, a reverberation chamber (RC), a 

signal generator, a power amplifier, an antenna inside the RC, and two stepper motors connected 

to stirrers, which are placed inside the RC. The RC is a metallic box containing a transmitting 

antenna, which acts as a source of the RF power inside the chamber. The antenna is connected, 

through coaxial cables, to a power amplifier, which is used to amplify a high-frequency (18GHz 

in this application) electromagnetic signal obtained from the signal generator. The total power 

delivered to the RC has been set to 15 W. Figure 5.2 shows the connections between the different 

RF components. 
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When the antenna radiates electromagnetic waves inside the RC, waves experience 

multiple reflections, creating many resonances inside the chamber. The number of resonances, and 

hence, field uniformity increases with frequency. If the stirrers inside the chamber are static, the 

field distribution would retain a fixed distribution, creating hot and cold spots inside the RC and 

yielding field nonuniformity. We continuously rotate the two stirrers inside the RC to change the 

field distribution at different time instants to overcome this problem. The two stepper motors’ 

speed and direction of rotation are controlled through a MATLAB program and a controller. 

Formulations are spray frozen in the same way as described above for spray freeze drying. The 

spray frozen particles are collected into 2R borosilicate vials with 50% fill volume is placed onto 

a precooled shelf and inside the RC. During the primary drying, the spray frozen samples absorb 

the power from the RF resulting in an increased product temperature and reduced primary drying 

cycle times.  

 

 

Figure 5.1: RF-assisted lyophilization experimental setup 
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Figure 5.2: RF System Diagram 

5.2.4 Karl Fischer Titration for Moisture Content Analysis 

A coulometric titration using a 917 KF Coulometer (Metrohm, Riverview, FL, USA) was 

performed to determine the moisture content of the dried powders. 2-4 mg of dried powder with 

three replicates for each formulation were weighed in a 2 ml borosilicate vial. The samples were 

then reconstituted in one mL of anhydrous methanol (septum sealed bottle DriSolv®, Millipore 

Sigma St. Louis, MO, USA). The reconstituted solution was injected into the titration cell. Using 

the Riedel-de Haën Hydranal® Coulomat reagent (Honeywell Research Chemicals, Seelze, 

Germany) the titration endpoint was determined. The weight of the injected solution with sample 

and moisture content in ppm were recorded and converted to w/w%.   
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5.2.5 X-ray Powder Diffraction (PXRD) 

All the dried samples were tested for crystallinity using a Rigaku SmartLab X-ray 

diffractometer (The Woodlands, TX, USA) equipped with a Cu-Kα radiation source and a highly 

sensitive D/tex ultra-detector. Powders were scanned from 4 to 40° 2θ with a step size of 0.02° 

and a rate of 4°/min. A current of 44 mA with a voltage of 40 kV was used for the experimental 

operation. 

5.2.6 Modulated Differential Scanning Calorimetry (mDSC) 

SFD or RFSFD powders were weighed (~1-2 mg), loaded into hermetic aluminum pans, 

and sealed inside a nitrogen glove box maintained under 10% RH. These pans were then loaded in 

a Discovery Series DSC 25 differential scanning calorimeter (TA Instruments, New Castle, DE). 

The samples were heated from -5°C to 200°C with a ramp rate of 2°C /min and a modulation of 

±1°C every 60 s. Using the in-built TRIOS software package (v4.3.0, TA instruments, New Castle, 

DE) the glass transition temperature (Tg) and/or the melting temperature (Tm) of the samples were 

determined. 

5.2.7 Solid-State Fourier Transform Infrared Spectroscopy (ssFTIR) 

A Nicolet Nexus spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with an 

attenuated total reflectance (ATR) sample stage and a smart iTR accessory was used to obtain the 

ssFTIR measurements for the protein secondary structural analysis. Each sample was subjected to 

128 scans in the absorbance mode over a range of 800 to 4000 cm-1 and a resolution of 4 cm-1. 

OPUS 6.5 analysis software (Bruker, Billerica, MA, USA) was used to correct the spectra for 

moisture content and CO2 followed by baseline correction, smoothing, normalization, and second 

derivatization.  
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5.2.8 Particle Size Distribution 

A Mastersizer 3000 (Malvern Panalytical, Malvern, United Kingdom) equipped with a dry 

dispersion unit - Aero S was used to measure the particle size distribution of the SFD and RFSFD 

samples. A triplicate of each formulation (approximately 25 mg per replicate) was dispersed using 

compressed air at 4 bar and measured over an obscuration range of 1-10%. The built-in software 

determined the sizes below which 10% (D10), 50% (D50), 90% (D90), and Span (calculated as [D90-

D10]/D50). 

5.2.9 Scanning Electron Microscopy (SEM) 

SFD and RFSFD samples were sputter-coated with platinum for 1 min and loaded into a 

Teneo Volumescope (FEI, Hillsboro, OR, USA) and analyzed under vacuum to determine 

morphological properties. A working distance of 10 m.m. was used with a magnification of 1000x 

and a voltage of 2 kV to obtain the images of the samples. 

5.2.10 Surface area measurement using BET 

The samples were loaded into 3/8 inch O.D. BET tubes and degassed with nitrogen for 12 

hours at room temperature using The FlowPrep™ 060 (Micromeritics, Norcross, GA, USA). The 

specific surface area of the degassed samples was measured using a 6-point BET method (Brunauer 

et al., 1938) with nitrogen adsorption on a Tristar II 3020 (Micromeritics, Norcross, GA, USA). 

5.2.11 Stability Studies by Size Exclusion Chromatography (SEC)  

The formation of higher molecular weight species (HMWs) due to aggregation of the 

protein during storage was measured by subjecting the dried samples to accelerated stability 

conditions of 40°C. Four replicates of every dried formulation with 2-4 mg of sample per replicate 
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for each time point were prepared in a nitrogen glove box maintained at an RH of less than 10% 

to avoid additional moisture uptake. Samples were collected at 0, 15, 30, 60, and 90-day time 

points and reconstituted to a protein concentration of 1 mg/mL. The reconstituted samples were 

then analyzed by size exclusion chromatography using a TSK gel G3000SWXL column (Tosoh 

Bioscience LLC, King of Prussia, PA, USA) within a 1260 Infinity II series high-performance 

liquid chromatography (HPLC) system (Agilent Technologies, Santa Clara, CA, USA). A mobile 

phase of sodium phosphate buffer prepared with sodium phosphate monobasic and sodium 

phosphate dibasic heptahydrate (pH 6.8, 100mM concentration) was used at a flow rate of 1 

mL/min. The percentage area under the curve of the monomeric peak for samples before and after 

subjecting them to the drying and storage conditions was used to determine the physical instability 

of the sample. 

5.2.12 Solid-State Hydrogen Deuterium Exchange with Mass Spectrometric Analysis 

(ssHDX-MS)  

To perform the hydrogen/deuterium exchange in the dried formulations, a desiccator with 

a saturated LiCl solution in D2O was prepared to reach a relative humidity (RH) of 11% at room 

temperature. Samples were prepared by distributing 2-4 mg of dried formulation into 2 ml 

borosilicate vials. Triplicates of each formulation were prepared for each time point of 4, 12, 24, 

48, 120, and 240 h. The hydrogen-deuterium exchange reaction takes place when the uncapped 

vials with dried samples are placed into the desiccator and exposed to D2O vapors. The hydrogen-

deuterium exchange reaction is quenched after every time point by taking the vials out of the 

desiccator and immersing them in liquid nitrogen. After quenching, the vials are capped and stored 

at −80 °C until analysis. 
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Deuterium uptake of the protein i.e., BSA in each dried sample was analyzed using an LC-

MS system (1200 Series HPLC; 6230 TOF LC/MS; Agilent Technologies, Santa Clara, CA). each 

replicate was reconstituted to a protein concentration of 0.2 mg/ml using an ice-cold quench buffer 

(a solution containing 0.1% formic acid in MS water with a pH of 2.5). A protein microtrap 

(Michrom Bioresources, Inc., Auburn, CA, USA) placed inside a custom-built refrigeration unit 

maintaining ~ 3-4oC (Keppel et al., 2011) was injected with 10 μL of the reconstituted sample. 

The custom-built refrigeration unit is used to limit the back exchange of the deuterons by 

maintaining the low temperature of the solvents, columns, and loops. The samples were desalted 

for 2 min using a constant flow of solvent A i.e., solvent containing MS-grade water with 0.1% 

formic acid, and solvent B i.e., solvent containing MS-grade acetonitrile with 0.1% formic acid in 

a ratio of 9:1. Protein was eluted over 7.2 min using a gradient flow of solvent A and solvent B 

from a ratio of 9:1 to 1:9. The MS was tuned to operate and obtain spectra in the mass range of 

200-3200 m/z.  

5.2.13 Statistical Analysis 

GraphPad Prism software version 9 (GraphPad, La Jolla, CA, USA) was used for statistical 

analysis and curve-fitting of the data collected. The data sets were compared using a Welch’s t-

test with a p-value of <0.05 (*) is considered to be significantly different. 

5.3 Results 

5.3.1 Moisture Content 

No statistically significant differences (p > 0.05) were observed in moisture content between the 

SFD and RFSFD processes for a specific formulation (Table 5.2). However, a decrease in 
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moisture content among the formulations with an increase in the mannitol concentration was 

observed for both processes.  

Table 5.2: Moisture content results of SFD and RFSFD formulations (n=3) 

Formulation 
Spray Freeze Drying 

RF - Assisted Spray 

Freeze Drying 

Mean SD Mean SD 

Tre 20, Mann 0 5.46 0.12 5.62 0.53 

Tre 15, Mann 5 5.34 0.18 5.30 0.19 

Tre 10, Mann 10 4.74 0.09 4.92 0.70 

Tre 5, Mann 15 4.82 0.04 4.84 0.53 

Tre 0, Mann 20 4.68 0.36 4.79 0.34 

Tre 0, Mann 0 6.67 0.23 6.73 0.27 

5.3.2 Particle Size Distribution 

The particle size distributions of the SFD and RFSFD samples are reported in Table 5.3. For all 

the formulations except the formulation with 15 mg/ml of mannitol, RFSFD resulted in a slightly 

broader particle size distribution as compared to SFD.  
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Table 5.3: Particle size distribution of SFD formulations (n=3) 

 

Process 
Formulation 

D10 D50 D90 Span 

Mean SD Mean SD Mean SD Mean SD 

 

SFD 
Tre 20, Mann 0 15.1 0.2 49.5 0.2 118.0 0.4 2.076 0.016 

 

SFD 
Tre 15, Mann 5 9.6 0.0 40.1 0.1 106.0 0.2 2.407 0.012 

 

SFD 

Tre 10, Mann 

10 
11.3 0.4 45.4 0.2 80.3 0.5 1.521 0.011 

 

SFD 
Tre 5, Mann 15 13.4 0.2 48.3 0.2 123.0 0.0 2.282 0.008 

 

SFD 
Tre 0, Mann 20 14.3 0.2 47.5 0.2 124.0 0.0 2.308 0.017 

 

SFD 
Tre 0, Mann 0 15.9 0.3 43.7 0.2 94.9 0.6 1.809 0.026 

 

RFSFD 
Tre 20, Mann 0 14.2 0.2 49.0 0.2 127.0 0.0 2.304 0.003 

 

RFSFD 
Tre 15, Mann 5 11.8 0.3 46.8 0.1 129.0 0.0 2.506 0.008 

 

RFSFD 

Tre 10, Mann 

10 
7.68 0.1 59.5 0.3 162.0 0.0 2.595 0.009 

 

RFSFD 
Tre 5, Mann 15 7.27 0.1 35.1 0.1 84.9 0.3 2.211 0.005 

 

RFSFD 
Tre 0, Mann 20 5.58 0.0 35.4 0.3 99.5 1.7 2.652 0.031 

 

RFSFD 
Tre 0, Mann 0 15.3 0.1 43.7 0.2 100.6 0.6 1.954 0.009 
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5.3.3 mDSC Analysis 

Glass transition temperatures (Tg) and melting temperatures (Tm) were determined for SFD and 

RFSFD samples (Table D.3). Tg was observed only for the formulations containing 20 mg/ml and 

15 mg/ml of trehalose. For the formulations where Tg was observed, no statistical difference 

(p>0.05) was observed among the formulations and between the processes. For the rest of the 

formulations, Tg was not observed and hence only Tm was reported (Table D.3). No statistical 

difference (p>0.05) in Tm values was observed in the Tm values of formulations between the SFD 

and RFSFD formulations. However, the formulation with 10 mg/ml of trehalose and mannitol each 

showed greater Tm (p<0.05) than the rest of the formulations for both processes. Neither Tg nor Tm 

was observed for the formulations without any excipient. 

5.3.4 Particle Morphology  

The morphology of the SFD and RFSFD samples were visualized using scanning electron 

microscopy and are presented in Figure 5.3 and Figure 5.4 respectively. Both the processes resulted 

in porous spherical particles for all the formulations.
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Figure 5.3: SEM images SFD formulations of A - Tre 20, Mann 0; B - Tre 15, Mann 5; C - Tre 

10, Mann 10; D - Tre 5, Mann 15; E - Tre 0, Mann 20; and F - Tre 0, Mann 0  
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Figure 5.4: SEM images of RFSFD formulations of A - Tre 20, Mann 0; B - Tre 15, Mann 5; C - 

Tre 10, Mann 10; D - Tre 5, Mann 15; E - Tre 0, Mann 20; and F - Tre 0, Mann 0
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5.3.5 Surface area measurement using BET 

The surface area of the samples are presented in Table 5.4. For formulations without any 

mannitol i.e., excipient free formulation and formulation with only trehalose as the excipient, the 

surface areas were similar. However, for the samples containing mannitol in the formulation, 

irrespective of the amount of mannitol present in the formulations, RFSFD resulted in significantly 

lower surface areas as compared to SFD (p<0.001).   

Table 5.4: Surface area of SFD and RFSFD samples (m2/g) (n=6) 

Formulation 
Spray Freeze Drying 

RF- Assisted Spray Freeze 

Drying 

Mean SD Mean SD 

Tre 20, Mann 0 19.16 0.07 19.00 0.13 

Tre 15, Mann 5 15.63 0.01 10.37 0.40 

Tre 10, Mann 10 15.64 0.16 10.96 0.20 

Tre 5, Mann 15 21.04 0.10 10.45 0.16 

Tre 0, Mann 20 19.60 0.23 8.86 0.08 

Tre 0, Mann 0 19.41 0.05 19.36 0.06 

 

5.3.6 X-ray Powder Diffraction 

All the formulations except formulations containing 15 mg/ml and 20 mg/ml of mannitol 

were amorphous without apparent crystalline peaks after drying (Figure 5.5). 
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Figure 5.5: PXRD diffractograms of SFD and RFSFD formulations before storage stability 

 

However, PXRD of the samples under storage showed that the formulation with 10 mg/ml 

of mannitol which was amorphous before storage (Figure 5.5) started showing the presence of 

crystalline peaks at 15 days (Figure 5.6). For the RFSFD formulation with 5 mg/ml of mannitol, 

minor crystalline peaks appear at 30 days Figure 5.6-B). These minor peaks are however not visible 

at 60 days and 90 days for the same formulation. All other formulations remained amorphous under 

storage stability conditions. 
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Figure 5.6: PXRD diffractograms of SFD and RFSFD formulations under storage stability 

conditions 

 

5.3.7 Secondary Structural Analysis by ssFTIR 

ssFTIR spectra were analyzed in the Amide I region and the 2nd derivative has been plotted 

(Figure 5.7). FTIR bands were observed at ~1656 cm-1, for SFD formulations suggesting the 

presence of α-helix loops (Fu et al., 1994; Kumosinski and Farrell, 1993). A reduction of peak 

intensity, as well as a peak shift, has been observed for formulation without any excipient for both 

processes. RFSFD resulted in a peak shift has for formulations containing 10 mg/ml or more 

mannitol content. ssFTIR suggests that the RFSFD resulted in an overall greater structural 

perturbation of the formulations as compared to SFD.   
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Figure 5.7: Solid-state FTIR spectra of dried SFD and RFSFD formulations. 

 

5.3.8 ssHDX-MS 

Deuterium uptake of the SFD and RFSFD formulations as a function of time was plotted 

using a mono-exponential model (Equation 3) (Figure 5.8). Within the dried formulations for both 

the processes, significantly higher deuterium uptake compared to the rest of the formulations was 

observed in formulations with 15mg/ml (p<0.01) and 20 mg/ml (p<0.001) of mannitol as well as 

excipient free formulations (p<0.001). No significant differences in deuterium uptake kinetics 

(p>0.05) were observed among the rest of the formulations. Between the processes, the 

formulation containing 15 mg/ml of mannitol showed higher deuterium uptake for SFD as 

compared to RFSFD (p<0.01). However, RFSFD resulted in higher deuterium uptake compared 

to SFD (p<0.001) for formulation with 20 mg/ml of mannitol and excipient-free formulation.  For 

the rest of the formulations, no statistically significant difference (p>0.05) was observed between 

the processes. The rate of deuterium uptake (k) and the maximum deuterium uptake (Dmax) values 

determined from the mono-exponential model are reported in Table 5.5. 
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Figure 5.8: Hydrogen/deuterium exchange kinetics in the solid-state for the SFD and RFSFD 

formulations (n = 3, mean ± SD; error bars cannot be shown when smaller than the height of the 

symbol.)  

 

Table 5.5: Deuterium uptake kinetics of SFD and RFSFD samples (n=3) 

Formulation 

Spray Freeze Drying 
RF – Assisted Spray Freeze 

Drying 

k (h-1)  Dmax k (h-1)  Dmax 

Mean SD Mean SD Mean SD Mean SD 

Tre 20, Mann 0 0.0943 0.0006 86 1 0.0900 0.0161 87 4 

Tre 15, Mann 5 0.0839 0.0057 92 1 0.1056 0.0437 89 3 

Tre 10, Mann 10 0.1011 0.0319 95 3 0.1072 0.0271 90 4 

Tre 5, Mann 15 0.0959 0.0150 120 1 0.1081 0.0064 106 2 

Tre 0, Mann 20 0.0852 0.0310 173 4 0.1297 0.0287 186 4 

Tre 0, Mann 0 0.1840 0.0152 173 13 0.1714 0.0247 196 3 
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SFD and RFSFD formulations subjected to 240h of ssHDX were deconvoluted and the 

spectra are represented in Figure 5.9 along with undeuterated BSA samples as well as the 

experimentally determined fully deuterated samples. For both the processes, formulations with 10 

mg/ml or less amount of mannitol showed similar peak areas and peak shifts compared to the 

undeuterated samples. formulations containing 15 mg/ml and 20 mg/ml of mannitol along with 

excipient free formulations showed increased peak areas and greater peak shifts compared to the 

rest of the formulations for both the processes. This is a representation of greater population 

heterogeneity among these formulations compared to the rest of the formulations. Between the 

processes, RFSFD resulted in a greater peak shift for formulation with 20 mg/ml of mannitol as 

compared to SFD. For the rest of the formulations, the peak shifts are similar between the processes.  

 

Figure 5.9: Deconvoluted mass spectra of the SFD and RFSFD formulations.  

5.3.9 Physical Stability 

Accelerated stability studies to measure monomer loss in the SFD and RFSFD formulations 

were conducted at 40°C over 90 days (). For both SFD and RFSFD, no statistically significant 

difference was found among formulations with 20 mg/ml, 15 mg/ml, and 10 mg/ml of trehalose. 
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Formulations with 15 mg/ml, and 20 mg/ml of mannitol and excipient free formulations showed 

significantly lower (p<0.001) monomer content than the rest of the formulations for both processes. 

Between the processes, RFSFD resulted in significantly better monomer retention than SFD 

(p<0.001) for formulation with 20 mg/ml of trehalose. For the rest of the formulations, no 

significant difference was observed between the processes (p>0.05). Table S1 and Table S2 give 

a detailed comparison of the statistical difference observed among the formulations for SFD and 

RFSFD respectively.    

 

 

Figure 5.10: Physical stability of SFD and RFSFD formulations on storage at 40°C (n = 4, mean 

± SD; error bars cannot be shown when smaller than the height of the symbol.) 
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Figure 5.11: Correlation of moisture content (A), surface area (B), ssFTIR band intensity (C), 

maximum deuterium uptake - Dmax (D), rate of deuterium uptake - k (E), and percentage peak 

area of deconvoluted peaks (F) with stability results.
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Figure 5.11 continued 

 

 

5.3.10 Correlation of characterization tools with stability 

Characterization tools such as moisture content, specific surface area, ssFTIR, and ssHDX-

MS used in this study were correlated to stability (Figure 5.12). Figure 5.12: Correlation of 

moisture content (A), surface area (B), ssFTIR band intensity (C), maximum deuterium uptake - 

Dmax (D), rate of deuterium uptake - k (E), and percentage peak area of deconvoluted peaks (F) 

with stability results. 
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5.4 Discussion 

This study focuses on comparing solid-state properties and physical stability of protein 

solids produced by traditional SFD and RFSFD. RF technique substantially reduced drying time 

from 48 h to 27.5 h. The data from the accelerated stability study () indicated that the differences 

observed between the RFSFD and SFD processes were non-significant for five of the six 

formulations in the study. For the formulation where a significant difference has been observed in 

SEC data, RFSFD resulted in better stability as compared to SFD. Various characterization tools 

were used in the study to understand the mechanism behind the stability results observed.  

The differences in moisture content between the processes were not observed for a specific 

formulation. While there were differences in moisture content observed among the formulations 

for a given drying process, no correlation was observed between the moisture content and SEC 

stability data (Figure 5.12-A). Morphological differences were not observed between the RFSFD 

and SFD formulations (Figure 5.3, Figure 5.4). Both the processes resulted in porous spherical 

particles for all the formulations. With an increase in the concentration of mannitol in the 

formulation, the particle surface appears to be less smooth as compared to the formulations without 

mannitol. This may be due to the crystallization of the mannitol on the surface of the dried particles 

(Lee et al., 2011; Littringer et al., 2013). Differences in the particle size distributions (Table 5.3) 

and surface areas (Table 5.4) have been observed between the processes. RFSFD resulted in a 

significant increase in span (p<0.01) as compared to SFD for all the formulations. For surface 

areas, formulations without any mannitol (i.e., formulation with 20 mg/ml of trehalose and 

excipient free formulation) showed similar surface area between the two processes. However, all 

the mannitol-containing formulations showed a significant decrease in surface area (p<0.001) with 

RFSFD as compared to the SFD process. Even with the differences in surface areas observed, the 
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correlation between the surface area (Figure 5.12-B) or particle size distribution with the physical 

stability of the formulations is not observed in this study. 

ssFTIR was used to detect the presence of structural perturbation in the secondary structure 

of the proteins. BSA has a dominant α-helix structure in the Amide I region that can be observed 

at 1656 cm-1 (Figure 5.7). ssFTIR results in this study demonstrated that for the SFD formulations 

all the formulations except the excipient free formulation showed peaks at 1656 cm-1 suggesting a 

greater structural perturbation for the excipient free formulations. While peak shifts have not been 

observed in the remaining SFD formulations, peak intensities of the formulations differed 

indicating a change in the hydrogen-bonding interactions of the protein within these formulations. 

Among RFSFD formulations, only formulations with 20 mg/ml and 15 mg/ml of trehalose showed 

peaks at 1656 cm-1. Formulation without excipient had a peak at 1648 cm-1 and the rest of the 

formulations showed a peak at 1660 cm-1 (Figure 5.7). This suggests that the RFSFD resulted in 

greater structural perturbation and change in the hydrogen-bonding interactions for all the 

formulations as compared to SFD. However, the differences observed in ssFTIR spectra did not 

correlate with the storage stability of the samples (Figure 5.12-C). 

Presence of crystallinity within the dried formulation has known to be a cause of instability 

of the proteins as crystallization leads to phase separation of the protein and excipient in the solid 

matrix (Costantino et al., 1998a; Izutsu et al., 1993). The impact of crystallization on the stability 

of SFD formulations has been previously studied (Mutukuri et al., 2021). In this study, we looked 

at the presence of crystallinity in the SFD and RFSFD samples using PXRD (Figure 5.5). For both 

the processes, formulations with 15 mg/ml and 20 mg/ml of mannitol showed the presence of 

crystallinity upon drying with the rest of the formulations staying amorphous. However, upon 

storage, formulation with 10 mg/ml of mannitol started showing the presence of crystalline peaks 
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for both processes (Figure 5.6). This suggests that the crystallization of mannitol in the 

formulations containing 5 mg/ml and 10 mg/ml of mannitol was inhibited due to the presence of 

high ratios of amorphous material i.e., trehalose and protein. The PXRD results also indicate the 

presence of crystallinity in the formulations with 15 mg/ml and 20 mg/ml of mannitol resulting in 

a significant monomer loss (Table D.1, Table D.2) for these formulations.  

ssHDX-MS has recently been established as a technique to detect the presence of 

population heterogeneity and differences in the intermolecular and intramolecular interactions of 

the protein in the solid matrix (Moorthy et al., 2014; Moorthy et al., 2018; Moussa et al., 2018). 

The deuterium uptake kinetics data (Figure 5.8) showed that the formulations with 15 mg/ml and 

20 mg/ml of mannitol as well as the excipient free formulation had higher deuterium uptake 

compared to the rest of the formulations for both processes. The deconvoluted mass spectra (Figure 

5.9) indicated a higher peak broadening and greater peak shift for these formulations. HDX results 

gave us an understanding of the higher monomer loss in these formulations due to intermolecular 

and intramolecular interactions of the protein in the solid matrix. Moreover, the ssHDX metrics 

such as maximum deuterium uptake - Dmax, and peak area of deconvoluted peaks showed a better 

correlation to stability (Figure 5.12-D, F) compared to other traditional characterization tools.  

5.5 Conclusions 

This study demonstrated that RF-assisted drying is a promising tool in reducing the primary 

drying time while maintaining or improving stability of proteins as compared to traditional 

lyophilization. ssFTIR, moisture content, surface area and particle size did not exhibit a good 

correlation with the physical stability of the formulations. ssHDX-MS data showed that differences 

in the intermolecular and intramolecular interactions of the protein with the excipients in the solid 

matrix contributed to the physical instability of certain formulations 
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 CONCLUSIONS AND FUTURE RECOMMENDATIONS 

The effects of different processing methods and different formulation components on the 

structural and physical stability of the proteins were examined in this work. Various 

characterization such as ssHDX-MS, ssFTIR, DSC, and CD spectroscopy was used to examine the 

structure and population heterogeneity of the protein in dried samples. SEC was used to determine 

the monomer retention in the samples and the characterization tools are used to establish a 

correlation with accelerated stability. 

In the first study, the effects of the processing method and formulation were studied for 

myoglobin and lysozyme powders using characterization techniques such as ssFTIR, CD 

spectroscopy, and ssHDX-MS. These techniques gave us an understanding of the effects of the 

processing method on protein structure and were related to physical stability. While differences 

between formulations were observed, traditional techniques such as ssFTIR and CD could not 

identify notable differences between the processes and provided no information about population 

heterogeneity within a formulation. ssHDX-MS was able to identify the presence of population 

differences and detected differences between processes where the deconvoluted spectra of the 

ssHDX-MS identified the presence of distinctive species corresponding to “pre-aggregation” 

subpopulations in the myoglobin-mannitol formulations, which may be associated with the higher 

loss in monomer content. Higher specific surface area may also contribute to the greater loss in 

monomer content for the myoglobin-mannitol formulations. The study demonstrated that spray 

freeze drying can produce solid-state proteins in particle form with comparable physical stability 

to the cakes produced by freeze drying for sucrose-containing formulations. 

The second study demonstrated that low-temperature spray drying is possible with 

electrostatic spray drying to produce dry powder of the mAb formulation with a satisfactory 
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moisture content which could not be achieved without an application of electrostatic charge. The 

electrostatic spray dried mAb formulation at 70°C and 5kV had superior storage physical stability 

than those produced at 130°C without charge, as predicted by the ssHDX-MS data. This study 

indicated that electrostatic spray drying at low temperatures is a feasible option for producing 

thermal-sensitive protein solid formulations. 

The third study demonstrated that buffer salts have a significant impact on the physical 

stability of the protein formulations produced by spray drying and lyophilization. It is noteworthy 

that buffer salts has a less impact on protein stability for the spray-dried formulations than the 

lyophilized solids. The dependency of the stability based on the counter-ions used was negligible 

with citrate and phosphate buffers, However, the differences with counter-ions were evident in 

succinate buffer when potassium succinate buffer showed poorer physical stability of proteins after 

storage under accelerated stability conditions as compared to sodium succinate buffer. ssHDX-MS 

data showed that intermolecular and intramolecular interactions of the protein in the solid matrix 

contributed to the physical instability of the potassium succinate formulation. ssNMR data 

demonstrated that the phase separation of the buffer components, which was not measurable by 

PXRD, played a significant role in the instability of the lyophilized potassium succinate 

formulation.  

The fourth study demonstrated that RF-assisted drying is a promising tool in reducing the 

primary drying time while maintaining or improving stability of proteins as compared to traditional 

lyophilization. Traditional characterization tools such as ssFTIR, moisture content, surface area 

and particle size did not exhibit a good correlation with the physical stability of the formulations. 

However, ssHDX-MS data showed that differences in the intermolecular and intramolecular 
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interactions of the protein with the excipients in the solid matrix contributed to the physical 

instability of certain formulations and resulted in a better correlation with stability.  

Based on the results of the current work, various suggestions can be made to further 

investigate the effects of drying methods and formulation components on the stability of protein 

formulations. In the study discussed in Chapter 2, freeze drying, and spray freeze drying were used 

to study the effects on the formulations. However, two proteins with two excipients in a fixed ratio 

were used in the study. This left scope to investigate the effect of different ratios of proteins on 

excipients which was evaluated in Chapter 5.  

In examining the feasibility and impact of the novel electrostatic spray drying method in 

Chapter 3, only one formulation with a sugar-containing excipient of trehalose was examined. 

From this work, a linear dependency of the temperature of the spray drying was observed and 

could be correlated with the stability of the proteins. However, the impact of various excipients 

and the ratios of excipients in a formulation for electrostatic spray drying is still unclear. Further 

studies that include the change in the protein to excipient ratios and type of excipients are necessary 

to fully evaluate the processing effects of electrostatic spray drying. Furthermore, studies need to 

be performed to optimize the processing parameters to maximize the yield while using the 

electrostatic spray drier. 

In Chapter 4, various buffer salts with sodium and potassium counter-ions have been used 

to understand the impact of the buffers and counter-ions on the stability of the protein. However, 

in the study, a fixed ratio of the protein and sugar along with a fixed concentration of the buffer 

was used in the formulations. This leaves scope to study the impact of varying sugar to buffer 

concentration in the formulations and understand the role of the sugar to buffer concentration on 

the miscibility as well as stability of the formulations. It also leaves room to evaluate the use of 
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excipients such as mannitol or leucine along with the stabilizing excipients such as sucrose and/or 

trehalose to improve the flowability of the dry particles. Apart from using different excipients in 

different ratios, a three fluid nozzle (3FN) can also be used to encapsulate a protein-sugar mixture 

in a crystalline excipient that improves the flowability of the material and help in improving the 

stability of the samples by not directly impacting the matrix interactions of the protein and 

stabilizing excipients.  

Chapter 5 studied the impact of using RF-assisted drying to reduce the drying time during 

the primary drying cycle. However, the fill volumes of the vials with spray frozen particles were 

close to 50%. The impact of fill volumes on the moisture content as well as the primary drying 

times is something that needs to be investigated further.  

For all the studies, since the alternative drying techniques produced particles, it is important 

to study the aerosolization capability of the formulations using Next Generation Impactor (NGI) 

or Multistage Liquid Impinger (MSLI) to optimize the formulations for stability and flowability.    
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 2 

Table A.1: Formulation composition  

Protein Excipient Protein:Excipient 

Ratio (w/w) 

Total solids (mg/ml) 

Lysozyme Sucrose 1:9 20 

Mannitol 1:9 20 

Excipient free 1:0 20 

Myoglobin Sucrose 1:9 20 

Mannitol 1:9 20 

Excipient free 1:0 20 

 

Table A.2: Glass transition temperature (Tg) and melting temperatures (Tm) of the formulations. 

Formulation 
Processing 

condition 

Glass transition 

temperature (Tg) oC 

Melting point 

(Tm) oC 

Lysozyme 

Only 

Freeze drying N/A N/A 

Spray freeze drying N/A N/A 

Lysozyme – 

Sucrose 

Freeze drying 59.2 ± 0.6 N/A 

Spray freeze drying 57.6 ± 2.4 N/A 

Lysozyme – 

Mannitol 

Freeze drying N/A 162.2 ± 1.2 

Spray freeze drying N/A 161.5 ± 3.7 

Myoglobin 

Only 

Freeze drying N/A N/A 

Spray freeze drying N/A N/A 

Myoglobin – 

Sucrose 

Freeze drying 59.8 ± 0.7 N/A 

Spray freeze drying 68.5 ± 0.8 N/A 

Myoglobin – 

Mannitol 

Freeze drying N/A 144.2 ± 0.8 

Spray freeze drying N/A 140.2 ± 3.7 
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Figure A.1: XRPD results of lysozyme - mannitol formulation 

 

 

 

 

Figure A.2: XRPD results of myoglobin - mannitol formulation 
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Figure A.3: SEM images of A. lysozyme -mannitol (FD), B. lysozyme - mannitol (SFD), C. 

myoglobin – mannitol (FD), D. myoglobin – mannitol (SFD) 

 

 

Figure A.4: Deconvoluted mass spectra of lysozyme -mannitol (A), and myoglobin - mannitol 

(B).
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 3 
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Figure B.1: PXRD diffractograms of electrostatic spray dried mAb formulation 

 

 

 

Figure B.2: Scanning electron microscopy images of the mAb formulations that were spray-dried 

at 1300C and 0kv (A), at 1300C and 5kv (B), at 700C and 5kv (C).
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 4 

 

 

 

 

Figure C.1: Correlation of ssFTIR (A) and Tg (B) with accelerated storage stability.
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Figure C.2: Correlation of ssHDX metrics - Dmax (A), k (B), and Peak areas of deconvoluted 

peaks (C) with accelerated storage stability. 

 

Table C.1: 13C-detected 1H T1 of crystalline succinic acid 

 

Peak -CH2 -COOH 

T1 (s) 213.3 259.0 
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Table C.2: 13C-detected 1H T1 and T1ρ values of the components in spray-dried and lyophilized 

BSA formulations. 

 

Formulations 

T1 (s) T1ρ (ms) 

BSA Trehalose Buffer BSA Trehalose Buffer 

BSA-Lyo 1.0 ± 0.0 – – 7.4 ± 0.4 – – 

BSA-Tre-Cit-K-

Lyo 
3.0 ± 0.6 3.1 ± 0.3 2.7 12.6 ± 0.9 12.0 ± 1.4 12.8 

BSA-Tre-Pho-

K-Lyo 
2.5 ± 0.1 2.6 ± 0.1 – 8.9 ± 0.5 7.4 ± 0.3 – 

BSA-Tre-Suc-

K-Lyo 
2.5 ± 0.1 2.4± 0.1 2.9 ± 0.3 6.6 ± 0.8 4.5 ± 0.3 13.7 ± 3.8 

BSA-Tre-Cit-K-

SD 
2.4 ± 0.1 2.5 ± 0.2 2.7 20.4 ± 2.1 24.6 ± 2.5 26.0 

BSA-Tre-Pho-

K-SD 
2.4 ± 0.4 2.4 ± 0.2 – 8.0 ± 0.9 7.3 ± 0.8 – 

BSA-Tre-Suc-

K-SD 
2.9 ± 0.4 2.8 ± 0.2 2.6 ± 0.3 13.7 ± 0.8 12.0 ± 0.9 12.1 ± 1.1 
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APPENDIX D. SUPPORTING INFORMATION FOR CHAPTER 5 

Table D.1: Statistical comparison of stability data of SFD formulations 

SFD 
Tre 20, 

Mann 0 

Tre 15, 

Mann 5 

Tre 10, 

Mann 10 

Tre 5, 

Mann 15 

Tre 0, 

Mann 20 

Tre 0, 

Mann 0 

Tre 20, 

Mann 0 - ns ns * ** *** 

Tre 15, 

Mann 5 ns - ns * ** ** 

Tre 10, 

Mann 10 ns ns - ns ** ** 

Tre 5, 

Mann 15 * ** ns - ns ns 

Tre 0, 

Mann 20 ** ** ** ns - ns 

Tre 0, 

Mann 0 *** ** ** ns ns - 

 

Table D.2: Statistical comparison of stability data of RFSFD formulations 

RFSFD 
Tre 20, 

Mann 0 

Tre 15, 

Mann 5 

Tre 10, 

Mann 10 

Tre 5, 

Mann 15 

Tre 0, 

Mann 20 

Tre 0, 

Mann 0 

Tre 20, 

Mann 0 - ** ** *** *** *** 

Tre 15, 

Mann 5 ** - ns ** ** *** 

Tre 10, 

Mann 10 ** ns - * ** *** 

Tre 5, 

Mann 15 *** ** * - ns * 

Tre 0, 

Mann 20 *** ** ** ns - ns 

Tre 0, 

Mann 0 *** *** *** * ns - 
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Table D.3: Glass transition temperature (Tg) and melting temperature (Tm) of SFD and RFSFD 

samples 

Formulation 

Spray Freeze Drying 
Radio Frequency - Assisted Spray 

Freeze Drying 

Tg Tm Tg Tm 

Mean SD Mean SD Mean SD Mean SD 

Tre 20, Mann 

0 
41.5 1.7 158.1 4.8 40.3 2.9 159.7 5.0 

Tre 15, Mann 

5 
48.7 4.6 169.1 3.9 42.8 5.0 170.8 4.9 

Tre 10, Mann 

10 
- - 171.5 1.4 - - 177.3 3.5 

Tre 5, Mann 

15 
- - 140.6 1.6 - - 142.8 0.5 

Tre 0, Mann 

20 
- - 148.2 2.6 - - 147.5 1.7 

Tre 0, Mann 0 - - - - - - - - 
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