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ABSTRACT 

With expanding interest in the use of novel processing methods for biologics, it remains 

critical to develop formulations capable of stabilizing the conformational state of proteins and 

ensuring long-term physical stability. Under manufacturing conditions, proteins are exposed to a 

variety of stresses that can be detrimental to the physical stability of their native structure. In 

Chapter 1, a review of the effects of physical stresses induced by manufacturing methods will be 

discussed, with emphasis on their effect on initiating denaturation and aggregation. The common 

physical stresses discussed will include temperature, surface-induced stresses, pH effects, 

freezing, dehydration, and pressure. Specific examples of degradation under these stresses will 

be mentioned, with formulation approaches that can be used to protect against these factors. 

Studies in Chapter 2 examined the effects of formulation and manufacturing methods 

(lyophilization and spray drying) on protein structure and physical stability. Powders containing 

one of four model proteins (myoglobin, bovine serum albumin, lysozyme, β-lactoglobulin) were 

formulated with either sucrose, trehalose, or mannitol and dried using lyophilization or spray 

drying. The powders were characterized using solid-state Fourier transform infrared 

spectroscopy (ssFTIR), solid-state fluorescence spectroscopy, differential scanning calorimetry 

(DSC) and solid-state hydrogen/ deuterium exchange mass spectrometry (ssHDX-MS). SsFTIR 

and fluorescence spectroscopy identified minor structural differences among powders with 

different excipients and drying methods for some proteins. Using ssHDX-MS, differences were 

observed among protein formulations containing sucrose or trehalose and mannitol, and/or with 

varying processing conditions, including proteins like β-lactoglobulin, for which standard 

characterization techniques showed no differences. Proteins processed by spray drying typically 

showed greater heterogeneity by ssHDX-MS than those lyophilized; these differences were not 
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detected by ssFTIR or solid-state fluorescence spectroscopy. The ssHDX-MS metrics were better 

correlated with protein physical instability measured by size-exclusion chromatography in 90-

day stability studies (40°C, 33% RH) than with the results of DSC, ssFTIR, or fluorescence 

spectroscopy. Thus, ssHDX-MS detected subtle changes in conformation and/or matrix 

interactions for these proteins that were correlated with storage stability, suggesting that the 

method can be used to design robust solid-state protein drug products and processing methods 

more rapidly. 

From this work, it was established that population heterogeneity in spray-dried 

formulations was higher than those that were lyophilized, potentially due to the impact of the air-

liquid interface. In order to investigate how excipients can influence the composition of protein 

at the surface and population heterogeneity, Chapter 3 and 4 focus on spray drying of proteins 

formulated with sugar-containing excipients and on the effects of surfactant inclusion, 

respectively. For examining the impact of saccharide-containing formulations, spray-dried 

formulations of myoglobin or BSA were prepared without excipient or with sucrose, trehlaose, 

or dextrans. Samples were characterized by ssFTIR, DSC, size exclusion chromatography (SEC), 

and scanning electron microscopy (SEM). Protein surface coverage was determined by X-ray 

photoelectron spectroscopy (XPS), while population differences were determined by ssHDX-MS. 

From these techniques, structural differences were exhibited with the inclusion of different 

excipients, with dextran formulations indicating perturbation of secondary structure. XPS 

indicated sucrose and trehalose reduced protein surface concentration better than dextran-

containing formulations. Using ssHDX-MS, the amount of deuterium incorporation and 

populations present were largest in samples processed with dextran. Linear correlation was found 

between protein surface coverage and ssHDX-MS peak area (R
2
=0.8530) for all formulations 
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with saccharide-containing excipients. This suggests that lower molecular weight species of 

saccharides tend to enrich the particle surface and reduce protein concentration at the air-liquid 

interface, resulting in reduced population heterogeneity and improved physical stability, as 

identified by ssHDX-MS. 

In Chapter 4, the impact of surfactants on surface composition heterogeneity and physical 

stability of spray-dried protein formulations were examined. XPS was applied to determine 

surface composition and ssHDX-MS was used to measure the population heterogeneity of 

protein in the formulations. Polysorbate 20 or poloxamer 188 were included in formulations 

containing no bulking agent, sucrose, or mannitol, and spray-dried. From XPS results, adding 

surfactants greatly reduced protein concentrations on the particle surface. SsHDX-MS data did 

not show significant differences in deuterium exchange or protein populations with the inclusion 

of surfactant, except in the case of mannitol-containing formulations. With both techniques, 

physical stability could not be correlated to the population heterogeneity due to the difficulty in 

probing the complex interactions of surfactant at the interface. These results provide insight on 

the challenges of using ssHDX-MS to examine the complex interactions of proteins and 

surfactants in the solid state. Further studies are warranted to better understand the impact of 

surfactants on protein stability in spray-dried formulations. 

Lastly, Chapter 5 details a summary of the conclusions formed for the work in this thesis. 

Suggestions for potential directions for future work are provided based on observations of results 

and less-explored areas for manufacturing methods and formulation effects on protein physical 

stability.   
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 EFFECT OF MOLECULAR-SCALE MANUFACTURING CHAPTER 1.

STRESSES ON PROTEIN STRUCTURE 

1.1 Introduction 

With the expanding use of biologics in the pharmaceutical industry, the continued 

development in understanding how processing affects protein stability and function remains vital 

for formulation design. Proteins typically exist in nature as large, folded structures held together 

by different types of interactions, including hydrogen bonds, van der Waal’s forces, electrostatic 

interactions, and hydrophobic interactions.
1
 These interactions are critical for the specific 

functions of a protein molecule, including binding and solubility. While protein molecules have 

some flexibility that is required for its function, maintaining the native conformational state is a 

challenge in the development of biologic drug products.
2
  

Proteins used in pharmaceutical development can undergo a number of processing steps, 

both during synthesis of the product, purification, processing, and storage and handling.
3
 The 

number of steps can be impacted by the desired dosage form as well, with different challenges 

associated with keeping the proteins in an aqueous solution or by drying to a solid state.
2
 In 

industry, the most common approach to produce a solid state product is by lyophilization. This 

technique utilizes freezing and drying steps in order to remove moisture and achieve a stable 

product.
4
 In recent years the number of drying methods utilized have expanded in the 

pharmaceutical industry, such as spray drying, spray freeze drying, and foam drying, among 

other methods that are still being further explored.
5
  

Each of these processing methods has varying stresses that can alter the protein’s native 

conformation, with some of the common stresses experienced for lyophilization and spray drying 

listed in Figure 1.1. For these stresses, a high amount of strain is placed on the protein’s 
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interactions with itself and its environment, which can lead to an energetically unfavorable state, 

whereby dissociation of the structure occurs.
1
 Denaturing stress can impact proteins on different 

structural levels, such as damage to the secondary, tertiary, or quaternary structure depending on 

the strength of the stress during processing. In addition, intermediate states may be formed, 

where the protein has a slightly altered conformation.
6
 These intermediates can refold into the 

native state, or may be further denatured and aggregate. 

 

 

Figure 1.1: Common stresses found during processing with lyophilization and spray drying 

. 

 

While some individual stresses are capable of conformational denaturation alone, 

manufacturing exposes the proteins to a number of unique stressors at the same time that can 

harm or destabilize the drug product. The effect of these stressors is dependent on the rate and 

strength of exposure to each stress, as well as the formulation parameters used to manufacture a 

biologic to its final state.
7
 In this review, the common stresses that are found to cause physical 
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denaturation of the protein structure during manufacturing will be presented, as well as 

formulation strategies that are used to prevent unfolding and aggregation from occurring. 

1.2 Temperature 

One of the most common pathways for protein denaturation occurs as a result of exposure 

to temperature changes. The thermodynamics for protein unfolding for a two-state model can be 

understood as an equilibrium state between the folded native state (N) and the unfolded, 

denatured state (D).
1
 This is represented by the equilibrium equation: 

𝐾 = [𝐷]/[𝑁]       (1.1) 

with K representing the equilibrium constant. Furthermore, the Gibbs free energy between the 

unfolded and folded state, ΔGu can be given by the equation:  

∆𝐺𝑢 = −𝑅𝑇𝑙𝑛𝐾 = ∆𝐻𝑢 − 𝑇∆𝑆𝑢    (1.2) 

where R is the ideal gas constant, T is the temperature, ΔHu is the change in enthalpy of 

unfolding, and ΔSu is the change in entropy of unfolding. 

For globular proteins, the thermodynamic stability is marginal, with the free energy of the 

folded state only being 5-20 kcal/mol higher than its unfolded state.
8
 The activation energy 

necessary for unfolding to occur is typically in the 25-150 kcal/mole range, which is weaker than 

covalent or ionic bonds.
7
 During exposure to changes in temperature, proteins undergo a change 

in their free energy that is dependent on its stabilizing and destabilizing forces, which, as 

previously mentioned, includes hydrogen bonds, van der Waal’s forces, electrostatic forces, and 

hydrophobic interactions. The strengths of these forces are dependent on both global and local 

interactions of the structure with its environment and within the protein itself. The induction of 

unfolding can be highly temperature-dependent, and is accompanied with a large increase in the 
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heat capacity (given by ΔCp).
9
 Since the change in enthalpy and entropy of unfolding are both 

temperature-dependent, these properties can be understood as: 

         ∆𝐻(𝑇) = ∆𝐻𝑚 + ∆𝐶𝑝(𝑇 − 𝑇𝑚)     (1.3) 

∆𝑆(𝑇) = ∆𝑆𝑚 + ∆𝐶𝑝ln⁡(
𝑇

𝑇𝑚
)     (1.4) 

where Tm is the midpoint of thermal unfolding on a curve and ΔHm and ΔSm are the values of the 

changes in the enthalpy and entropy of unfolding, respectively, at Tm. These parameters can be 

inserted into Equation 1.2 to give: 

∆𝐺𝑢(𝑇) = ∆𝐻𝑢(𝑇𝑚) − 𝑇∆𝑆𝑢(𝑇𝑚) + ∆𝐶𝑝[(𝑇 − 𝑇𝑚) − 𝑇𝑙𝑛 (
𝑇

𝑇𝑚
)]   (1.5) 

To better demonstrate the effects of these values in measurable terms (by differential 

scanning calorimetry), a modified Gibbs-Helmholtz equation can be used to express the free 

energy of unfolding by its dependence on temperature.
10

 This theory is derived from the 

understanding that as the free energy of unfolding approaches zero, the midpoint of the change in 

entropy approaches ΔHm/Tm, which can be given by the expression:  

∆𝐺𝑢(𝑇) = ∆𝐻𝑚 (1 −
𝑇

𝑇𝑚
) + ∆𝐶𝑝[(𝑇 − 𝑇𝑚) − 𝑇𝑙𝑛 (

𝑇

𝑇𝑚
)]    (1.6) 

With this equation the free energy of unfolding can be plotted as a function of 

temperature (Figure 1.2). As shown, the kinetics for protein unfolding is shown to be parabolic, 

with the free energy of unfolding reaching zero at two different temperatures. Beyond these 

values, the free energy becomes negative, which makes unfolding energetically favorable, and 

thus could lead to aggregation.  
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Figure 1.2: A protein stability curve for the Gibb’s free energy of unfolding as a function of 

temperature, given in Equation 1.6. Repurposed from Reference 9. 

 

 

While a two-state model is used to elaborate on the free energy of unfolding, proteins in 

nature do not exist in only two specifically folded states. Intermediates with varying levels of 

partially folded and unfolded protein structures exist and have been identified.
11-13

 This is 

demonstrated for different proteins where unfolding begins to occur before reaching a calculated 

unfolding temperature, as the intermediates act as nuclei for denaturation and aggregation. At 

higher temperatures, this leads to a process called high temperature denaturation, while at lower 

values cold denaturation occurs. 

1.2.1 High Temperature Denaturation 

For thermally labile compounds, high temperatures used for drying pose a significant risk 

to their stability, particularly in the case of biologics.
14

 Manufacturing approaches for the drying 

of proteins using high temperature include spray drying
5
 and convective oven drying.

15
 During 
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spray drying, a solution containing the biologic formulation is atomized by air into droplets. 

These particles are briefly exposed to a hot drying gas which remove water and form the dry 

solid particle to be collected. In a convective oven dryer, solutions or dry samples are exposed to 

elevated temperatures for a set period of time to reach desired moisture content. These values are 

significantly higher than the denaturation temperature, or melting point, of most proteins, which 

usually begin to unfold in a range between 40-80°C.
16

  

As indicated in Figure 1.2, at this high temperature unfolding is energetically favorable. 

As the temperature increases, so does the kinetic energy of the bonds that make up the protein. 

As a result, increasing heat can lead to the disruption of hydrogen bonds and the interactions of 

nonpolar amino acids groups, which leads to denaturing.
1
 There exist many possible 

intermediates that can form during unfolding, which can be dependent on the drying rate utilized 

as well as the excipient composition when exposed to high thermal stresses.
11

 For example, 

above 50°C β-lactoglobulin showed decreasing α-helical and β-sheet content with increasing 

disordered structure. Above 60°C, aggregation is observed and an increase in intermolecular β-

sheet content.
17

 For thermally-sensitive proteins, the denatured states tend to form irreversible 

aggregates, even upon reconstitution, since aggregation occurs quickly upon unfolding from this 

stress.  

For most proteins during spray drying, however; thermal denaturation is not normally 

observed even at temperatures above 100°C due to the self-cooling effect by solvent 

evaporation.
18

 Due to this self-cooling effect, the temperature will normally not rise about the 

wet bulb temperature, which is the lowest temperature present on a droplet’s surface during 

evaporation. The wet bulb temperature increases as the drying process continues, but the interior 

of the particle maintains a temperature 10-15°C lower.
19

 Once a critical concentration on the 
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surface of the droplet has been reached, secondary drying will occur until the particle reaches the 

dry bulb temperature, which is close to the outlet temperature of the spray-dryer.
18

 While this 

high temperature drying is taking effect, the melting temperature of the formulation is increasing 

due to dehydration, a stress which will be addressed in a later section.  

With all protein formulations, the time of exposure and temperature used play a critical 

role in the level of denaturation that can be observed. Avoiding long exposure times to high 

temperature is one such approach, which is why using a lower inlet temperature on a spray-dryer 

is preferred, since outlet temperature has been well-documented to affect the level of 

denaturation and aggregation more than inlet temperature.
20-22

 Primary structure of the proteins 

also plays a significant role, as compounds containing a greater amount of hydrophobic amino 

acid residues tend to have a higher stability against thermal stress than more hydrophilic 

proteins.
18

 The selection of excipients that form strong hydrogen bonding with the protein are 

also capable of providing protection against high temperature denaturation and improving the 

overall stability.
23

  

1.2.2 Cold Denaturation     

Temperature effects on the unfolding of proteins are parabolic, as shown in Equation 1.6. 

While high temperature effects are well-documented, there also exists the possibility for 

denaturation at low temperatures for globular proteins, where the free energy for unfolding is 

similar to that of the higher temperature-induced state.
24

 This cold stress can be induced during 

the freezing step in a manufacturing process like lyophilization, or during normal storage at sub-

zero temperatures. Unlike at high temperatures, however; unfolding at lower temperatures is 

thought to occur by a different mechanism. In cold denaturation, the speculated factor for 

unfolding is due to changes in the interaction between water and the nonpolar groups of the 
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protein.
25-27

 As the temperature drops below a certain point, it becomes entropically unfavorable 

for water and the hydrophobic amino acids to not interact in its native state. As a result, the 

hydrophobic groups become hydrated, which weakens hydrophobic interactions used to stabilize 

the globular molecule. This change in hydrophobicity results in the collapse of tertiary structure.   

Experimental evidence has been shown to indicate that globular proteins are capable of 

possessing a cold denaturation temperature.
28

 Two examples are in β-lactoglobulin and 

apomyoglobin. In the case of β-lactoglobulin, it was demonstrated that the intermediates formed 

as a result of thermal stresses were different depending on the temperature used, which supports 

the theory that unfolding at cold temperature occurs by a different mechanism.
12

 Similarly, 

apomyoglobin has been studied by Sabelko et al. and demonstrated that stability is related to the 

protein’s hydrophobic core at colder temperatures.
13

 In this instance, below the denaturation 

temperature, the helices forming the core of apomyoglobin become detached, followed by the 

observation of unfolding.  

While high-temperature unfolding is well-reported in literature, cold-induced stresses 

have not been as prevalent, even though most globular proteins are expected to denature at both 

high and low temperatures.
29,30

 This is due to difficulty in analysis in aqueous solutions below 

0°C, where freezing can occur. Freezing can induce a variety of conformational stresses, 

including cold denaturation, which makes isolation of this particular stress for study difficult. 

Typically this can be overcome by the use of a denaturant such as urea, although there have been 

reports of cold denaturation occurring at temperatures above freezing. 
31,32

  

While this stress is capable of affecting pharmaceutically relevant molecules, such as 

monoclonal antibodies
33

, unfolding by cold denaturation is largely reversible.
30

 By increasing the 

temperature through thawing an aqueous solution or by reconstituting a lyophilized sample, the 
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aggregation or denaturation that occurred is reversed. In addition, for dried samples the 

protective effect is increased due to the removal of water, where storage of the product in 

freezing conditions will likely not result in significant stress. Storage conditions will also 

determine whether or not denaturation will occur, as for most proteins the temperature of 

unfolding is below -20°C in an aqueous solution.
28

 In terms of formulations, the use of a 

cryoprotectant, such as sucrose or trehalose
34

, will also further improve the stability against this 

stress factor during processing. 

1.3 Surface-Induced Denaturation/Shear 

During processing of protein formulations, it is inevitable that solutions will be exposed 

to some type of foreign interface, whether by filtration, filling, or drying methods.
35

 Exposure to 

these interfaces can result in interactions of the protein by adsorption, which can lead to shearing 

conditions and unfolding in relation to its environment. This is due to the amphipathic nature of 

proteins, which leads to high concentrations orienting at the surface because of their polar and 

nonpolar side chains.
36,37

 For this type of denaturation stress, there are two potential hypotheses 

regarding the underlying principles that lead to unfolding: (1) Surface-induced denaturation due 

to surface adsorption, aggregation of intermediate states, and/or recycling of unfolded proteins 

into solution; or (2) Shear-induced denaturation by structural changes of proteins in bulk solution 

by shear force, aggregation of intermediate states, or solid surface adsorption.
7
 In recent studies, 

it has been demonstrated that shear alone is not a significant enough factor to lead to structural 

changes for a protein, even at conditions higher than those that would be found in traditional 

manufacturing processes.
38

 For unfolding, a force of 20-150 pN is generally required for proteins, 

such as a monoclonal antibody. Shear alone is only capable of generating a force of 0.06 pN, far 

lower than what is required.
39

 This indicates that another foreign interface in tandem with shear 
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may be the critical factor in generating a high enough stress that would lead to denaturation. The 

three types of these surface-induced stresses found in manufacturing are solid-liquid, air-liquid, 

and liquid-liquid interfacial stresses.  

1.3.1 Solid-Liquid Interfacial Stress 

During all phases of processing, protein formulations will be exposed to solid surfaces, 

either in a vial or device for storage of the drug product
40

, membranes during dialysis
41

, or the 

equipment used in the manufacturing process.
42

 The determining factor concerning whether the 

protein will adsorb to a surface depends on the surface interacting with the protein, and the state 

of the protein’s bonding interactions, in particular electrostatic and hydrophobic interactions.
38

  

 If the protein favorably interacts which the solid surface it is being processed in, the protein can 

adsorb onto the surface. During this adsorption the protein may be folded or partially unfolded, 

with a higher probably of adsorption occurring for a partially unfolded protein, as the exposure 

of the hydrophobic residues increases the number of possible interactions with the surface.
37,43

 

The initially adsorbed samples act as nuclei at this interface, whereby additional molecules 

passing through the solid can attach to these sites, increasing the size of the aggregates.  

The stability of the structure also plays an important role. As defined by Nakanishi et al., 

there are two classes of proteins based on their stability that determines which types of surfaces 

will lead to adsorption: “hard” and “soft” proteins.
37

 For a hard protein there is a high internal 

stability, or strong hydrophobic interactions, which help to maintain the protein structure against 

adsorption. For these types of molecules, adsorption at the solid interface is unlikely on a 

hydrophilic surface unless there is a strong electrostatic interaction that disrupts the protein 

structure, or if there is a strong hydrophobic surface used. An example of this is lysozyme, which 

has a higher amount of aggregation due to adsorption that occurs on a more hydrophobic surface, 
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polytetrafluoroethylene, than on glass.
44

 For soft proteins, a low internal stability, or weaker 

hydrophobic interactions, is present, which allows for adsorption on any surface where there is a 

gain in conformational entropy by unfolding and attaching to a solid interface. An example of a 

soft protein is a monoclonal antibody, which can unfold during adsorption to stainless steel.
45

 

The ionic strength of the solution can affect the likelihood of solid-liquid interfacial stress 

occurring during formulation. Increasing the ionic strength can weaken the repulsion interactions 

found between the protein and solid during processing, leading to aggregation.
46

 In addition, the 

pH of the solution can also dictate the electrostatic interactions that can occur between a protein 

and its environment during processing. One example is catalase, which can bind to 

hydroxyapatite even when protein and surface are both negative due to the high ionic strength of 

the buffering agent.
47

 

There also can be interfacial stress induced by the breaking off of proteins or solid into 

the solution of the formulation that can lead to additional aggregation.
36

 Denatured proteins may 

desorb from the surface and move back into solution, and serve as additional sites of nucleation 

where proteins can unfold and aggregate. The equipment used for manufacture can also 

introduce particulates into solution by leaching or shedding of sub-visible particles from the 

equipment during frequent, regular usage.
48

 These particulates can serve as additional nucleation 

sites that further increase aggregate formation and denaturation. 

  To reduce the interfacial stress present from the equipment on affecting the protein, 

selection of materials that are unfavorable to adsorption for hard proteins is one approach. 

Controlling the pH and ionic strength to prevent electrostatic attractions is another possibility. 

For soft proteins, sugars and surfactants can prevent aggregation by interactions that reduce the 

amount of protein interacting with the solid surface, such as the case of preventing interaction 
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with the ice interface during lyophilization.
49,50

 Reducing the flow rate of the material being 

processed can also limit the combined effects of shear with solid-liquid interfacial stress that can 

promote adsorption during processing.
38

 

1.3.2 Air-Liquid Interfacial Stress 

Of the interfacial stresses, the air-liquid interface is considered the most problematic, as 

air is present in nearly all types of pharmaceutical processing.
43

  One such example of exposure 

of a protein solution to an air-liquid interface is spray drying
51,52

, where air is used to atomize 

droplets to control particle size during drying. In addition, this stress can be induced upon 

completion of unit operations, from filling, which introduces an air headspace
53

, to agitation 

during shipping and handling.
54

   

During exposure to this air-liquid interface, the amphiphilic nature of the protein can lead 

to adsorption at the surface, which leads to a higher concentration of protein found at the 

interface than present in solution.
52

 As the protein moves to the surface, there may be exposure 

of the hydrophobic core due to unfolding in order to equally align at the surface. This unfolding 

leads to an increased denaturation and protein damage present at the surface, which increases its 

tendency for other proteins to aggregate as crowding occurs.
55

 Similarly, the increase in protein 

concentration at this interface leads to an increase in the number of interactions of protein 

molecules by a decrease in free volume, which can cause additional conformational dissociation 

and alteration of the tertiary structure. As an example, this surface reduction can be caused in 

manufacturing by increasing the atomizing air flow used for drying. The increase in atomization 

air flow rate for spray-freeze drying bovine serum albumin led to a decrease in particle size, but 

an increase in the number of aggregates observed by increased protein interactions at the air-

liquid interface.
56
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To reduce the possibility of denaturation and aggregation at the air-liquid interface, 

several approaches can be taken. Reducing the exposure of protein to air during processing is one 

approach, whereby decreasing the headspace reduces the area of exposure and thus the potential 

for surface aggregation.
35

 In manufacturing situations where the use of air cannot be avoided (i.e. 

spray drying), the use of surfactants can alleviate this issue.
57-59

 Surfactants are also amphipathic 

molecules which directly compete with proteins for adsorption at the surface. This in turn 

decreases the presence of proteins found at the air-liquid interface, reducing the occurrence of 

denaturation and aggregation. Conversely, avoiding the excipients that increase a protein’s free 

energy of unfolding is also important, such as sucrose, which has been found to increase the 

aggregation of an immunoglobulin during storage.
60

  

1.3.3 Liquid-Liquid Interfacial Stress 

In the presence of a two-fluid system, proteins may adsorb to the interface and become 

denatured. This type of processing stress can often be found during purification
61

, encapsulation 

of protein molecules by emulsion-based methods
62

, or in the event of contamination by another 

foreign liquid.
63

 Similar to solid-liquid interfacial stress, protein molecules orient themselves at 

the interface between solvents to reduce surface tension. In order for the reduction in surface 

tension to occur, the protein may undergo rearrangement of its native structure so that the 

exposure of hydrophilic and hydrophobic residues will reduce the free energy found at the 

surface and stabilize the solution.
64

  

There are several factors that affect the extent of denaturation that can occur. The 

properties of the two fluids can determine the amount of adsorption that results, particularly if 

there are significant solubility differences for the protein being processed.
65

 The difference in 

solvent area exposed and interfacial tension between solutions in an aqueous-organic solvent 
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system affects the extent of denaturation, as has been demonstrated for some enzymes.
66

 Unlike 

at a solid-liquid or air-liquid interface, at a fluid interface the protein tends to have greater 

molecular mobility, due to the interface having a higher mobility.
64

 This can lead to increased 

aggregation in solution due to recycling of denatured proteins back into the bulk.  

Similar to the other interfacial stress systems, the use of excipients are capable of 

reducing the denaturing stress found in these systems. Surfactant has been shown to prevent the 

adsorption of proteins under this type of stress similar to its activity for other interfacial 

stresses.
67

 Selection of solvents used for methods of processing can prevent unfolding and loss of 

structure experienced, such as avoiding the use of polyethylene glycol-dextran solutions in 

lyophilization, which causes phase separation on freezing.
68

 Additionally, avoiding 

contamination by oils, such as silicon oil, can prevent the presence of a fluid-interface forming 

during processing and handling.
63

  

1.4 Dehydration/Moisture Content 

Dehydration is a critical step in formation of solid protein formulations, which is 

accomplished by many of the previously mentioned processing conditions such as 

lyophilization
69

 and spray drying.
70

 A critical component during dehydration is to remove water 

without disrupting the interactions that stabilize the protein structure. Decreasing moisture 

content has typically been shown to increase the long-term stability of the drug products
71

, as 

long as samples can be stored in appropriately dry conditions. Unintended exposure to moisture 

prior to rehydration can have deleterious effects on protein efficacy, as components may begin to 

precipitate and aggregate when exposed to small amounts of water.
72

 

Proteins in aqueous solutions exist in a hydrated state, with a fluid hydration shell that 

envelops the biologic molecule.
73

 During the drying process, whether by high temperature drying 
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or sublimation, the surface area of protein in contact with the hydration shell decreases as a result 

of water removal. This change reduces the number of water molecules available for interaction 

with the protein. This leads to increased exposure between protein molecules or with excipients 

as the solution becomes more concentrated, and thereby increases the occurrence of 

intermolecular interactions with the components of the formulation that can stabilize the drug 

product.
1,74

  

There exists a point where the removal of water can be detrimental to protein structural 

stability. As a result of moisture removal, the free energy of the protein will change, and become 

less stable. To overcome this energy difference and move to a more stable state, the protein can 

unfold from its native conformation and form intramolecular interactions with itself or aggregate 

by forming intermolecular interactions with nearby protein molecules.
73

 These increased 

interactions can result in destabilization of the structure, especially in instances where there is 

not an excipient that replaces the hydrogen bonding that was disrupted by moisture removal.
75

 

To prevent aggregation from intermolecular interaction between proteins, the selection of 

excipient is critical in formulation development. Commonly used excipients include 

carbohydrates such as sucrose and trehalose
70

, as well as sugars like mannitol.
58

 These excipients 

are considered important due to their stabilizing ability of the protein. One widely accepted 

theory for the use of these compounds is in their ability to serve as a hydrogen bond replacement 

for water.
76,77

 Due to the number of hydrogen molecules and flexibility of these excipients, 

proteins can form strong hydrogen bonds with them upon depletion of the hydration shell with 

the excipient preferentially excluded from the surface.
78,79

 This leads to increased structural 

stabilization as the protein does not require unfolding to reach a thermodynamically favorable 

state.  
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A significant issue in excipient selection that can occur during drying and storage is on the 

state of the excipient molecule. In ideal concentrations, the excipients and protein both remain 

amorphous in a structurally stable state.
21

 At excess concentrations of excipient, however, 

molecules of the excipient can form interactions with each other, leading to nucleation or small 

crystals. In minute amounts, these crystals may not have any deleterious effects on the 

formation.
80,81

 If, however, these crystals act as nuclei for other excipient molecules, it can 

potentially remove available hydrogen bonds for the protein by exclusion. This phase separation 

in turn can lead to increased perturbation of the protein’s structure, and lead to denaturation. In 

addition, preventing moisture exposure prior to rehydration for use is another important aspect to 

consider, as increased moisture uptake is capable of causing phase separation of the excipients.
82

 

Crystallization may occur during storage, which will also disrupt the stabilization of the structure. 

Therefore, it remains important to consider not only the use of excipients, but how to prevent 

water exposure. 

Another important factor to consider is the drying method utilized. During sublimation in 

freeze-drying, the initial hydration shell is removed during primary drying by a change in 

pressure while the solution is frozen.
4
 This is followed by a secondary drying in which the 

remaining bound water found within the folded protein is also removed by using an increase in 

temperature. This freezing and thawing cycle can impact the bonds of the protein, depending on 

the remaining moisture content, as the protein may still be interacting with an ice interface that 

can lead to unfolding, as previously mentioned.
83

 For drying by high temperature, a vacuum 

oven or droplet atomization can be used to dry the particles. With a vacuum oven, monitoring the 

temperature and pressure is necessary to ensure proteins are not subjected to high temperature 

conditions or over-drying that can cause structural damage.
15

 With atomization for drying, the 
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removal of water from the droplet can also pull protein molecules to the surface, creating a 

higher concentration at the surface and increasing exposure to an air-liquid interface that can 

further lead to loss in conformation.
52

 

As stated earlier in this section, to prevent dehydration effects on proteins the use of 

stabilizing excipients that supplement hydrogen bonding is a common approach.
77

 For example, 

in a spray-dried lysozyme sample, the use of sucrose and trehalose were able to protect the native 

structure after completion of drying.
70

 In addition, prevention of the samples from exposure to 

excess moisture by proper sealing and storage can prevent phase separation from occurring due 

to rehydration.    

1.5 pH 

Although not a directly induced stress, the solution pH is an important factor in 

determining the interactions of solutes in their environment that should be monitored during 

processing, as it can be altered by manufacturing steps. The pH dictates the charge state of 

exposed amino acids, either positive or negative, by protonating or deprotonating an amino acid 

side chain.
8
 This in turn affects the electrostatic interactions of the protein by altering the total 

charge of the molecule, which can have both local and global effects on the stability of the 

structure
84

 as well as its solubility.
16,85

  

At its isoelectric point (pI), the protein has a net neutral charge, and as a result has its 

lowest solubility at this point.
85

 Shifting the pH by either decreasing it (more acidic conditions) 

or increasing (to more basic conditions) will alter the net charge and increase protein solubility. 

At higher acidic or basic conditions, destabilization of the structure can result. This is due to the 

effects of electrostatic interactions that lead to nonspecific repulsions of the amino acids due to 

increases in charged state.
86

 Higher charge results in increased repulsion, which can move amino 
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acid chains apart, leading to unfolding of the molecule as it moves to a state with lower free 

energy. In contrast, increasing electrostatic charges may also lead to the formation of salt bridges. 

In this instance ion pairing, which occurs between amino acid chains of opposite charge, form a 

strong electrostatic bond that stabilizes the protein conformation.
87

  

Electrostatic interactions can also develop between proteins which are capable of 

stabilizing or unfolding, depending on the pH. Proteins that are highly charged at similar states 

(either negative or positive) create high repulsive interactions. In a colloidal solution, these 

repulsions stabilize the proteins and make aggregation energetically unfavorable. However; at 

pH values where proteins possess both negative and positive charges (typically when closer to 

the pI); an anisotropic distribution of charges can result, leading to the formation of dipoles for 

the molecule.
87

 These dipoles could then favorably interact with other protein molecules, leading 

to the formation of aggregates.  

There are a number of conformational states that a protein can take depending on the pH 

utilized. As previously stated, the two-state model of folded and unfolded protein states is not 

accurate, as there are distinct intermediate states that can be identified for an unstable protein 

formulation. At extreme pH values, proteins can undergo some conformational changes where 

they exist in a partially folded state, called the “molten globule” state.
88

 In this state, the protein 

maintains its secondary structure similar to its natively folded state. However; its overall shape 

tends to be slightly larger, as the hydrophobic core is exposed to the solvent, and the tertiary 

structure is absent under detectable methods. This is a late-folding state, which while useful for 

analysis and understanding protein folding, is undesirable in a formulation, as these states can 

lead to changes in folding of the protein upon processing or exposure to other stresses.  
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pH of the solution prior to processing has a significant impact on the folded state and  other 

stresses on denaturation.
89

 As an example, Rhizopus niveus lipase was monitored at several 

different pH states by Rabbani et al.
90

 The conformation of this compound had differences in its 

secondary and tertiary structure depending on state (alkaline, neutral, acidic, or molten globule). 

Upon exposure to increasing temperature, the lipase underwent denaturation at different 

temperatures. Other proteins, such as staphylococcal nuclease
91

, α-lactalbumin
92

, and β-

lactamase
93

 have also demonstrated pH dependence on affecting secondary and tertiary structure. 

This illustrates that pH selection is an important consideration for formulation development. 

  To reduce the effects of pH on denaturation, selection of the appropriate buffer 

component and pH is critical. Ideally, the solubility should be far enough away from the pI to 

stabilize the protein without resulting in significant unfolding by repulsive interactions.
85

 

Concentration also needs to be taken into consideration. At low concentrations, the salts can 

reduce electrostatic interactions. If concentrations become too high, then buffer components can 

bind to the protein surface, reducing the stability of the native conformation.
94

 Another 

possibility is preferential exclusion or salting out of the protein in solution. In addition, the 

processing approach can have an impact on the buffer solubility and affect the pH and ionization 

strength of the solution, such as the freezing stress before drying
95

, which will be discussed in the 

next section. 

1.6 Freezing 

During techniques like lyophilization and spray-freeze drying, as their names imply, the 

temperature of the solutions is decreased until the solvent is frozen before utilizing a drying step. 

Unlike previously discussed stresses, freezing involves a combination of different factors that 

can destabilize protein structure, including cold denaturation
4
, interfacial stresses

49
, phase 
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separation
81

, and changes in the concentration of the protein and its excipients.
96

 Freezing of a 

solution proceeds by super-cooling, ice nucleation, and then crystal growth.
97

 Under super-

cooling, the liquid state is maintained below the temperature at which ice formation occurs, and 

then solidifies quickly upon the release of latent heat.
98

 As super-cooling leads to formation of 

ice crystals, the proteins and excipients become excluded from the sites of ice nucleation as the 

solubility decreases, leading to increased interaction of materials in the matrix as they become 

concentrated. The ice nuclei begin to increase in size as the lower temperature is maintained until 

the water in the system has been crystallized.  

The rate of cooling dictates the number of ice nuclei formed and the size of the crystals, 

which is dependent on the formulation design for a protein
83

. Slower rates of cooling lead to less 

nuclei formation, but larger crystals. Conversely, a high cooling rate leads to the formation of 

smaller crystals in high amounts. This increase in ice crystals leads to a high surface area by 

which proteins may adsorb, which can lead to damage and loss of secondary and tertiary 

structure. For example, a fast-freezing step used for lactate dehydrogenase showed higher 

structural damage and lower activity recovery than for a slow-freezing rate due to the higher 

presence of ice interfaces.
83

  

The reduction of solubility due to freezing can have effects on the formulation, depending 

on the solubility of each component at reduced temperatures. Differences in solubility can lead to 

phase separation, where certain components may crystallize out instead of forming an 

amorphous matrix.
99

 For example, a stabilizing excipient in solution may crystallize at a 

temperature higher than that of another one, such as raffinose, which can crystallize depending 

on the lyophilization method used.
100

 This reduces the number of interactions present with the 

excipient, which can expose the protein to cold denaturation stresses or increase the number of 
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intermolecular interactions between proteins. Typically these issues are avoided by the use of 

thermally stabilizing excipients which can precipitate out of solution at similar temperatures.
101

 

Another factor that can be affected by freezing is the ionization and pH strength of the solution. 

As previously mentioned, pH affects the ionization of the protein, which affects the overall 

charge and interactions between amino acid chains.
84

 The loss of moisture results in a decrease in 

hydrophobic interactions, and also increases the ionization strength of the solution, and thus the 

charge state of the protein. In addition, buffer components may crystallize at different 

temperatures, which can lead to significant changes in pH that lead to denaturation. For example, 

in a phosphate buffered solution, a dibasic sodium salt will have a significant drop in pH (from 7 

to 4) between -0.5°C to -9.9°C, whereas only a minor pH shift can be observed for potassium 

salts.
95,102

 

One approach to control the exposure of proteins to the ice in solution is to control the 

size of the nuclei formed during the freezing step. In lyophilization, this process is accomplished 

by controlled ice nucleation, whereby the size of the ice crystals is controlled by a variety of 

factors.
103

 By increasing the size of the ice crystals formed, the surface area exposed to proteins 

is decreased, resulting in less possible aggregation at these interfacial sites. Conversely, smaller 

ice crystals may be formed prior to drying to reduce exposure time to cold denaturation by 

reducing the drying time. The use of surfactants can also be used to reduce the adsorption of 

proteins at this interface, such as polysorbate 80.
49

 

1.7 Pressure 

Proteins have elastic properties, which is a necessary attribute to overcome changes in 

environment
104

, as well as critical for function when binding to specific sites for efficacy.
2
 At 

high enough pressures, changes in this elastic effect can alter the volume of the protein in a 
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defined space in solution, resulting in conformational changes. The change in volume as a result 

of the change in free energy due to pressure can be given by the equation: 

∆𝑉 = 𝑑(∆𝐺)/𝑑𝑝     (1.7) 

where ΔV is the change in volume, ΔG is the change in Gibbs free energy, and p is the pressure 

of the system.  

The change in volume is a combination of three separate factors: the space occupied by 

the atoms of the protein, the volume where solvent is excluded (such as the hydrophobic core), 

and the volume difference that results due to the interaction between the protein and solvent.
105

 

High pressures will alter each of these factors, which can result in either disassociation of protein 

molecules or unfolding. The rate of dissociation by denaturation or disassociation due to pressure 

can be given by the equation: 

𝐾𝑑(𝑝) = 𝐾𝑑𝑜exp⁡(
𝑝∆𝑉

𝑅𝑇
)      (1.8) 

where Kd is the equilibrium constant for dissociation or denaturation at pressure p, and Kd0 is the 

equilibrium constant for structural destabilization at atmospheric pressure.
106

  

Weak stabilization interactions in the protein, such as ionic and hydrophobic bonding, 

maintain conformational stability, which can be broken at higher pressures.  For oligomeric 

proteins, which are primarily connected by electrostatic and hydrophobic interactions, only 

moderate pressures (0.5-2 kbar) are required for dissociation.
107

 Depending on the 

conformational stability of the protein, unfolding can lead to cavitation, whereby the 

hydrophobic core is exposed to solvent, which would disrupt the previously stable intra-protein 

interactions. The formation of these denatured states under high pressures is favorable due to the 

reduction in volume, as unfolded protein structures have higher compressibility than those in the 
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folded state.
108

 This denaturation can result in the loss of secondary structure, as seen in 

myoglobin
109

, and favor the formation of aggregates.  

 While high pressure can impact the stability of protein formulations, the pressure 

conditions required are typically 2-4 kbar.
110

 These values are significantly greater than those 

produced in standard manufacturing processes. However, higher pressures can be used in 

concentrating proteins in solution and reducing the percentage of aggregates by dissociation. 

During refolding from non-native aggregates produced during protein synthesis, increasing 

pressure has been shown to improve the recovery of properly folded states, both with and 

without chaotropic agents.
111,112

 Similarly, at pressures between 1-3 kbar, dissociation of 

oligomers into monomeric units has been utilized as an effective method of stabilization.
113

  

1.8 Conclusions 

The development of a drug product often requires exposure to a significant number of 

stresses. These stresses alone may be minor and largely reversible for many proteins, but in 

combination can have a detrimental effect on protein structure, leading to the formation of 

irreversible damage and aggregation. The selection of excipients can be used to reduce the 

impact these stresses have on the formulation, helping to maintain the intact structure. By 

understanding the impact these manufacturing stresses have on a protein’s conformation, 

formulation design can be utilized to minimize these effects and achieve stable, efficacious drug 

products. 



 

 

39 

 

1.9 References 

1. Hill JJ, Shalaev EY, Zografi G. Thermodynamic and dynamic factors involved in the 

stability of native protein structure in amorphous solids in relation to levels of hydration. 

Journal of Pharmaceutical Sciences. 2005;94(8):1636-1667. 

2. Ohtake S, Kita Y, Arakawa T. Interactions of formulation excipients with proteins in 

solution and in the dried state. Advanced Drug Delivery Reviews. 2011;63(13):1053-

1073. 

3. Abdul-Fattah AM, Kalonia DS, Pikal MJ. The challenge of drying method selection for 

protein pharmaceuticals: Product quality implications. Journal of Pharmaceutical 

Sciences. 2007;96(8):1886-1916. 

4. Bhatnagar BS, Bogner RH, Pikal MJ. Protein Stability During Freezing: Separation of 

Stresses and Mechanisms of Protein Stabilization. Pharmaceutical Development and 

Technology. 2007;12(5):505-523. 

5. Langford A, Bhatnagar B, Walters R, Tchessalov S, Ohtake S. Drying technologies for 

biopharmaceutical applications: Recent developments and future direction. Drying 

Technology. 2018;36(6):677-684. 

6. Casal HL, Köhler U, Mantsch HH. Structural and conformational changes of β-

lactoglobulin B: an infrared spectroscopic study of the effect of pH and temperature. 

Biochimica et Biophysica Acta (BBA) - Protein Structure and Molecular Enzymology. 

1988;957(1):11-20. 

7. Physical Stability of Protein Pharmaceuticals. In: Formulation and Process Development 

Strategies for Manufacturing Biopharmaceuticals. 



 

 

40 

 

8. Chi EY, Krishnan S, Randolph TW, Carpenter JF. Physical Stability of Proteins in 

Aqueous Solution: Mechanism and Driving Forces in Nonnative Protein Aggregation. 

Pharmaceutical Research. 2003;20(9):1325-1336. 

9. Franks F, Hatley RHM, Friedman HL. The thermodynamics of protein stability: Cold 

destabilization as a general phenomenon. Biophysical Chemistry. 1988;31(3):307-315. 

10. J. BW, A. SJ. Protein stability curves. Biopolymers. 1987;26(11):1859-1877. 

11. Moriyama Y, Watanabe E, Kobayashi K, Harano H, Inui E, Takeda K. Secondary 

Structural Change of Bovine Serum Albumin in Thermal Denaturation up to 130 °C and 

Protective Effect of Sodium Dodecyl Sulfate on the Change. The Journal of Physical 

Chemistry B. 2008;112(51):16585-16589. 

12. Azuaga AI, Galisteo ML, Mayorga OL, Cortijo M, Mateo PL. Heat and cold denaturation 

of β-lactoglobulin B. FEBS Letters. 1992;309(3):258-260. 

13. Sabelko J, Ervin J, Gruebele M. Cold-Denatured Ensemble of Apomyoglobin:  

Implications for the Early Steps of Folding. The Journal of Physical Chemistry B. 

1998;102(10):1806-1819. 

14. Maltesen MJ, van de Weert M. Drying methods for protein pharmaceuticals. Drug 

Discovery Today: Technologies. 2008;5(2):e81-e88. 

15. Haque MA, Aldred P, Chen J, Barrow C, Adhikari B. Drying and Denaturation 

Characteristics of α-Lactalbumin, β-Lactoglobulin, and Bovine Serum Albumin in a 

Convective Drying Process. Journal of Agricultural and Food Chemistry. 

2014;62(20):4695-4706. 

16. Wang W. Instability, stabilization, and formulation of liquid protein pharmaceuticals. 

International Journal of Pharmaceutics. 1999;185(2):129-188. 



 

 

41 

 

17. Panick G, Malessa R, Winter R. Differences between the Pressure- and Temperature-

Induced Denaturation and Aggregation of β-Lactoglobulin A, B, and AB Monitored by 

FT-IR Spectroscopy and Small-Angle X-ray Scattering. Biochemistry. 1999;38(20):6512-

6519. 

18. Abdul‐Fattah AM, Kalonia DS, Pikal MJ. The Challenge of Drying Method Selection for 

Protein Pharmaceuticals: Product Quality Implications. Journal of Pharmaceutical 

Sciences. 2007;96(8):1886-1916. 

19. Masters K. Understanding and applying spray dryers in chemical processing. Powder 

Bulk Eng. 1990:36-44. 

20. Mumenthaler M, Hsu CC, Pearlman R. Feasibility Study on Spray drying Protein 

Pharmaceuticals: Recombinant Human Growth Hormone and Tissue-Type Plasminogen 

Activator. Pharmaceutical Research. 1994;11(1):12-20. 

21. Maa Y-F, Costantino HR, Nguyen P-A, Hsu CC. The Effect of Operating and 

Formulation Variables on the Morphology of Spray-Dried Protein Particles. 

Pharmaceutical Development and Technology. 1997;2(3):213-223. 

22. Haque MA. Drying and Denaturation of Proteins in Spray Drying Process. 2015. 

23. Maury M, Murphy K, Kumar S, Mauerer A, Lee G. 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. 2005;59(2):251-261. 

24. Jaenicke R. Protein structure and function at low temperatures. Philosophical 

Transactions of the Royal Society of London B, Biological Sciences. 

1990;326(1237):535-553. 



 

 

42 

 

25. Yoshidome T, Kinoshita M. Hydrophobicity at low temperatures and cold denaturation of 

a protein. Physical Review E. 2009;79(3):030905. 

26. Yoshidome T, Kinoshita M. Physical origin of hydrophobicity studied in terms of cold 

denaturation of proteins: comparison between water and simple fluids. Physical 

Chemistry Chemical Physics. 2012;14(42):14554-14566. 

27. Dias CL, Ala-Nissila T, Wong-ekkabut J, Vattulainen I, Grant M, Karttunen M. The 

hydrophobic effect and its role in cold denaturation. Cryobiology. 2010;60(1):91-99. 

28. Privalov PL. Cold Denaturation of Protein. Critical Reviews in Biochemistry and 

Molecular Biology. 1990;25(5):281-306. 

29. Smeller L. Pressure–temperature phase diagrams of biomolecules. Biochimica et 

Biophysica Acta (BBA) - Protein Structure and Molecular Enzymology. 2002;1595(1):11-

29. 

30. Lopez CF, Darst RK, Rossky PJ. Mechanistic Elements of Protein Cold Denaturation. 

The Journal of Physical Chemistry B. 2008;112(19):5961-5967. 

31. Hatley RHM, Franks F. The effect of aqueous methanol cryosolvents on the heat- and 

cold-induced denaturation of lactate dehydrogenase. European Journal of Biochemistry. 

1989;184(1):237-240. 

32. Pastore A, Martin SR, Politou A, Kondapalli KC, Stemmler T, Temussi PA. Unbiased 

Cold Denaturation:  Low- and High-Temperature Unfolding of Yeast Frataxin under 

Physiological Conditions. Journal of the American Chemical Society. 

2007;129(17):5374-5375. 

33. Lazar KL, Patapoff TW, Sharma VK. Cold denaturation of monoclonal antibodies. mAbs. 

2010;2(1):42-52. 



 

 

43 

 

34. Tang X, Pikal MJ. The Effect of Stabilizers and Denaturants on the Cold Denaturation 

Temperatures of Proteins and Implications for Freeze-Drying. Pharmaceutical Research. 

2005;22(7):1167-1175. 

35. Nitin R, S. RR. Current Perspectives on Stability of Protein Drug Products during 

Formulation, Fill and Finish Operations. Biotechnology Progress. 2008;24(3):504-514. 

36. Cromwell MEM, Hilario E, Jacobson F. Protein aggregation and bioprocessing. The 

AAPS Journal. 2006;8(3):E572-E579. 

37. Nakanishi K, Sakiyama T, Imamura K. On the adsorption of proteins on solid surfaces, a 

common but very complicated phenomenon. Journal of Bioscience and Bioengineering. 

2001;91(3):233-244. 

38. Thomas CR, Geer D. Effects of shear on proteins in solution. Biotechnology Letters. 

2011;33(3):443-456. 

39. Bee JS, Stevenson JL, Mehta B, et al. Response of a Concentrated Monoclonal Antibody 

Formulation to High Shear. Biotechnology and bioengineering. 2009;103(5):936-943. 

40. Tzannis ST, Hrushesky WJM, Wood PA, Przybycien TM. Adsorption of a Formulated 

Protein on a Drug Delivery Device Surface. Journal of Colloid and Interface Science. 

1997;189(2):216-228. 

41. Truskey GA, Gabler R, DiLEO A, Manter T. The Effect of Membrane Filtration Upon 

Protein Conformation. PDA Journal of Pharmaceutical Science and Technology. 

1987;41(6):180-191. 

 

 



 

 

44 

 

42. Tyagi AK, Randolph TW, Dong A, Maloney KM, Hitscherich C, Carpenter JF. IgG 

particle formation during filling pump operation: A case study of heterogeneous 

nucleation on stainless steel nanoparticles. Journal of Pharmaceutical Sciences. 

2009;98(1):94-104. 

43. Manning MC, Chou DK, Murphy BM, Payne RW, Katayama DS. Stability of Protein 

Pharmaceuticals: An Update. Pharmaceutical Research. 2010;27(4):544-575. 

44. Colombié S, Gaunand A, Lindet B. Lysozyme inactivation under mechanical stirring: 

effect of physical and molecular interfaces. Enzyme and Microbial Technology. 

2001;28(9):820-826. 

45. Bee JS, Davis M, Freund E, Carpenter JF, Randolph TW. Aggregation of a Monoclonal 

Antibody Induced by Adsorption to Stainless Steel. Biotechnology and bioengineering. 

2010;105(1):121-129. 

46. Wahlgren M, Arnebrant T, A. Paulsson M. The Adsorption from Solutions of β-

Lactoglobulin Mixed with Lactoferrin or Lysozyme onto Silica and Methylated Silica 

Surfaces. Vol 1581993. 

47. Barroug A, Lernoux E, Lemaitre J, Rouxhet PG. Adsorption of Catalase on 

Hydroxyapatite. Journal of Colloid and Interface Science. 1998;208(1):147-152. 

48. S. BJ, David C, Suzanne S, et al. Monoclonal antibody interactions with micro‐ and 

nanoparticles: Adsorption, aggregation, and accelerated stress studies. Journal of 

Pharmaceutical Sciences. 2009;98(9):3218-3238. 

49. Chang BS, Kendrick BS, Carpenter JF. Surface-induced denaturation of proteins during 

freezing and its inhibition by surfactants. Journal of Pharmaceutical Sciences. 

1996;85(12):1325-1330. 



 

 

45 

 

50. Wendorf JR, Radke CJ, Blanch HW. Reduced protein adsorption at solid interfaces by 

sugar excipients. Biotechnology and Bioengineering. 2004;87(5):565-573. 

51. Maa Y-F, Nguyen P-AT, Hsu SW. Spray-Drying of Air–Liquid Interface Sensitive 

Recombinant Human Growth Hormone. Journal of Pharmaceutical Sciences. 

1998;87(2):152-159. 

52. Webb SD, Golledge SL, Cleland JL, Carpenter JF, Randolph TW. Surface adsorption of 

recombinant human interferon‐γ in lyophilized and spray‐lyophilized formulations. 

Journal of Pharmaceutical Sciences. 2002;91(6):1474-1487. 

53. Sharma B. Immunogenicity of therapeutic proteins. Part 2: Impact of container closures. 

Biotechnology Advances. 2007;25(3):318-324. 

54. Kiese S, Papppenberger A, Friess W, Mahler H-C. Shaken, Not Stirred: Mechanical 

Stress Testing of an IgG1 Antibody. Journal of Pharmaceutical Sciences. 

2008;97(10):4347-4366. 

55. Ameri M, Maa Y-F. Spray Drying of Biopharmaceuticals: Stability and Process 

Considerations. Drying Technology. 2006;24(6):763-768. 

56. Costantino HR, Firouzabadian L, Hogeland K, et al. Protein Spray-Freeze Drying. Effect 

of Atomization Conditions on Particle Size and Stability. Pharmaceutical Research. 

2000;17(11):1374-1382. 

57. Wiesbauer J, Prassl R, Nidetzky B. Renewal of the Air–Water Interface as a Critical 

System Parameter of Protein Stability: Aggregation of the Human Growth Hormone and 

Its Prevention by Surface-Active Compounds. Langmuir. 2013;29(49):15240-15250. 



 

 

46 

 

58. Costantino HR, Laleh F, Chichih W, et al. Protein spray freeze drying. 2. Effect of 

formulation variables on particle size and stability. Journal of Pharmaceutical Sciences. 

2002;91(2):388-395. 

59. Patapoff TW, Esue O. Polysorbate 20 prevents the precipitation of a monoclonal antibody 

during shear. Pharmaceutical Development and Technology. 2009;14(6):659-664. 

60. Serno T, Carpenter JF, Randolph TW, Winter G. Inhibition of Agitation-Induced 

Aggregation of an IgG-Antibody by Hydroxypropyl-Beta-Cyclodextrin. Journal of 

Pharmaceutical Sciences. 2010;99(3):1193-1206. 

61. Mazzola Priscila G, Lopes Andre M, Hasmann Francislene A, et al. Liquid–liquid 

extraction of biomolecules: an overview and update of the main techniques. Journal of 

Chemical Technology & Biotechnology. 2007;83(2):143-157. 

62. Sah H. Stabilization of proteins against methylene chloride/water interface-induced 

denaturation and aggregation. Journal of Controlled Release. 1999;58(2):143-151. 

63. Jones LS, Kaufmann A, Middaugh CR. Silicone Oil Induced Aggregation of Proteins. 

Journal of Pharmaceutical Sciences. 2005;94(4):918-927. 

64. Brash JL, Horbett TA. Proteins at Interfaces. In: Proteins at Interfaces II. Vol 602. 

American Chemical Society; 1995:1-23. 

65. Owusu RK, Cowan DA. Correlation between microbial protein thermostability and 

resistance to denaturation in aqueous: organic solvent two-phase systems. Enzyme and 

Microbial Technology. 1989;11(9):568-574. 

66. Colja L, Sjef B, Kees V, Cees V. Rules for optimization of biocatalysis in organic 

solvents. Biotechnology and Bioengineering. 1987;30(1):81-87. 



 

 

47 

 

67. Miller R, Fainerman VB, Makievski AV, et al. Dynamics of protein and mixed 

protein/surfactant adsorption layers at the water/fluid interface. Advances in Colloid and 

Interface Science. 2000;86(1):39-82. 

68. Heller MC, Carpenter JF, Randolph TW. Effects of Phase Separating Systems on 

Lyophilized Hemoglobin. Journal of Pharmaceutical Sciences. 1996;85(12):1358-1362. 

69. Breen ED, Curley JG, Overcashier DE, Hsu CC, Shire SJ. Effect of Moisture on the 

Stability of a Lyophilized Humanized Monoclonal Antibody Formulation. 

Pharmaceutical Research. 2001;18(9):1345-1353. 

70. Liao Y-H, Brown MB, Nazir T, Quader A, Martin GP. Effects of Sucrose and Trehalose 

on the Preservation of the Native Structure of Spray-Dried Lysozyme. Pharmaceutical 

Research. 2002;19(12):1847-1853. 

71. Zaks A. Protein-water interactions. Role in protein structure and stability. 

Pharmaceutical Biotechnology. 1992;2:249-271. 

72. Forbes RT, Davis KG, Hindle M, Clarke JG, Maas J. Water vapor sorption studies on the 

physical stability of a series of spray‐dried protein/sugar powders for inhalation. Journal 

of Pharmaceutical Sciences. 1998;87(11):1316-1321. 

73. Timasheff SN. Protein Hydration, Thermodynamic Binding, and Preferential Hydration. 

Biochemistry. 2002;41(46):13473-13482. 

74. Allison SD, Chang B, Randolph TW, Carpenter JF. Hydrogen Bonding between Sugar 

and Protein Is Responsible for Inhibition of Dehydration-Induced Protein Unfolding. 

Archives of Biochemistry and Biophysics. 1999;365(2):289-298. 



 

 

48 

 

75. Oobatake M, Ooi T. Hydration and heat stability effects on protein unfolding A2 - 

DOYAMA, Masao. In: Kihara J, Tanaka M, Yamamoto R, eds. Computer Aided 

Innovation of New Materials II. Oxford: Elsevier; 1993:1307-1310. 

76. Liuquan C, Deanna S, Joanna S, et al. Mechanism of protein stabilization by sugars 

during freeze‐drying and storage: Native structure preservation, specific interaction, 

and/or immobilization in a glassy matrix? Journal of Pharmaceutical Sciences. 

2005;94(7):1427-1444. 

77. Liao Y-H, Brown MB, Quader A, Martin GP. Protective Mechanism of Stabilizing 

Excipients Against Dehydration in the Freeze-Drying of Proteins. Pharmaceutical 

Research. 2002;19(12):1854-1861. 

78. Carpenter JF, Crowe JH. The mechanism of cryoprotection of proteins by solutes. 

Cryobiology. 1988;25(3):244-255. 

79. Hageman MJ. The Role of Moisture in Protein Stability. Drug Development and 

Industrial Pharmacy. 1988;14(14):2047-2070. 

80. Andya JD, Maa Y-F, Costantino HR, et al. The Effect of Formulation Excipients on 

Protein Stability and Aerosol Performance of Spray-Dried Powders of a Recombinant 

Humanized Anti-IgE Monoclonal Antibody1. Pharmaceutical Research. 1999;16(3):350-

358. 

81. Izutsu K-i, Kojima S. Excipient crystallinity and its protein-structure-stabilizing effect 

during freeze-drying. Journal of Pharmacy and Pharmacology. 2002;54(8):1033-1039. 

82. Costantino HR, Langer R, Klibanov AM. Aggregation of a Lyophilized Pharmaceutical 

Protein, Recombinant Human Albumin: Effect of Moisture and Stabilization by 

Excipients. Bio/Technology. 1995;13:493. 



 

 

49 

 

83. Enhong C, Yahuei C, Zhanfeng C, R. FP. Effect of freezing and thawing rates on 

denaturation of proteins in aqueous solutions. Biotechnology and Bioengineering. 

2003;82(6):684-690. 

84. Dill KA. Dominant forces in protein folding. Biochemistry. 1990;29(31):7133-7155. 

85. Kakalis LT, Regenstein JM. Effect of pH and Salts on the Solubility of Egg White 

Protein. Journal of Food Science. 1986;51(6):1445-1447. 

86. Kristinsson HG, Hultin HO. Changes in Conformation and Subunit Assembly of Cod 

Myosin at Low and High pH and after Subsequent Refolding. Journal of Agricultural and 

Food Chemistry. 2003;51(24):7187-7196. 

87. Chi EY, Krishnan S, Kendrick BS, Chang BS, Carpenter JF, Randolph TW. Roles of 

conformational stability and colloidal stability in the aggregation of recombinant human 

granulocyte colony-stimulating factor. Protein Science : A Publication of the Protein 

Society. 2003;12(5):903-913. 

88. Kuwajima K. The molten globule state as a clue for understanding the folding and 

cooperativity of globular‐protein structure. Proteins: Structure, Function, and 

Bioinformatics. 1989;6(2):87-103. 

89. Yi L, Ogunnaike BA, Roberts CJ. Multi‐variate approach to global protein aggregation 

behavior and kinetics: Effects of pH, NaCl, and temperature for α‐chymotrypsinogen A. 

Journal of Pharmaceutical Sciences. 2010;99(2):645-662. 

90. Rabbani G, Ahmad E, Zaidi N, Fatima S, Khan RH. pH-Induced Molten Globule State of 

Rhizopus niveus Lipase is More Resistant Against Thermal and Chemical Denaturation 

Than Its Native State. Cell Biochemistry and Biophysics. 2012;62(3):487-499. 



 

 

50 

 

91. Fink AL, Calciano LJ, Goto Y, Nishimura M, Swedberg SA. Characterization of the 

stable, acid‐induced, molten globule‐like state of staphylococcal nuclease. Protein 

Science. 1993;2(7):1155-1160. 

92. Dolgikh DA, Gilmanshin RI, Brazhnikov EV, et al. α‐lactalbumin: compact state with 

fluctuating tertiary structure? FEBS Letters. 1981;136(2):311-315. 

93. Goto Y, Calciano LJ, Fink AL. Acid-induced folding of proteins. Proceedings of the 

National Academy of Sciences of the United States of America. 1990;87(2):573-577. 

94. Arakawa T, Timasheff SN. Mechanism of protein salting in and salting out by divalent 

cation salts: balance between hydration and salt binding. Biochemistry. 

1984;23(25):5912-5923. 

95. Van Den Berg L. pH changes in buffers and foods during freezing and subsequent 

storage. Cryobiology. 1966;3(3):236-242. 

96. Heller MC, Carpenter JF, Randolph TW. Protein formulation and lyophilization cycle 

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

Biotechnology and Bioengineering. 1999;63(2):166-174. 

97. Bam NB, Randolph TW, Cleland JL. Stability of Protein Formulations: Investigation of 

Surfactant Effects by a Novel EPR Spectroscopic Technique. Pharmaceutical Research. 

1995;12(1):2-11. 

98. Shibata H. Vacuum Drying of Porous Solids under Supercooling. Drying Technology. 

2006;24(5):541-550. 

99. Izutsu K-i, Kojima S. Freeze-Concentration Separates Proteins and Polymer Excipients 

Into Different Amorphous Phases. Pharmaceutical Research. 2000;17(10):1316-1322. 



 

 

51 

 

100. Chatterjee K, Shalaev EY, Suryanarayanan R. Raffinose Crystallization During Freeze-

Drying and Its Impact on Recovery of Protein Activity. Pharmaceutical Research. 

2005;22(2):303-309. 

101. Sarciaux J-M, Mansour S, Hageman MJ, Nail SL. Effects of buffer composition and 

processing conditions on aggregation of bovine IgG during freeze-drying. Journal of 

Pharmaceutical Sciences. 1999;88(12):1354-1361. 

102. Parag K, Elizabeth A, Satish KS. Impact of freezing on pH of buffered solutions and 

consequences for monoclonal antibody aggregation. Biotechnology Progress. 

2010;26(3):727-733. 

103. Patel SM, Bhugra C, Pikal MJ. Reduced Pressure Ice Fog Technique for Controlled Ice 

Nucleation during Freeze-Drying. AAPS PharmSciTech. 2009;10(4):1406. 

104. Heremans K, Smeller L. Protein structure and dynamics at high pressure1Dedicated to 

the memory of Gregorio Weber (1916–1997), a pioneer in high pressure biophysics.1. 

Biochimica et Biophysica Acta (BBA) - Protein Structure and Molecular Enzymology. 

1998;1386(2):353-370. 

105. Webb JN, Webb SD, Cleland JL, Carpenter JF, Randolph TW. Partial molar volume, 

surface area, and hydration changes for equilibrium unfolding and formation of 

aggregation transition state: High-pressure and cosolute studies on recombinant human 

IFN-γ. Proceedings of the National Academy of Sciences. 2001;98(13):7259-7264. 

106. Silva JL, Foguel D, Royer CA. Pressure provides new insights into protein folding, 

dynamics and structure. Trends in Biochemical Sciences. 2001;26(10):612-618. 



 

 

52 

 

107. Mozhaev VV, Heremans K, Frank J, Masson P, Balny C. High pressure effects on protein 

structure and function. Proteins: Structure, Function, and Bioinformatics. 1996;24(1):81-

91. 

108. Savadkoohi S, Kasapis S. High pressure effects on the structural functionality of 

condensed globular-protein matrices. International Journal of Biological 

Macromolecules. 2016;88(Supplement C):433-442. 

109. Smeller L, Rubens P, Heremans K. Pressure Effect on the Temperature-Induced 

Unfolding and Tendency To Aggregate of Myoglobin. Biochemistry. 1999;38(12):3816-

3820. 

110. Royer CA. Revisiting volume changes in pressure-induced protein unfolding. Biochimica 

et Biophysica Acta (BBA) - Protein Structure and Molecular Enzymology. 

2002;1595(1):201-209. 

111. Gorovits BM, Horowitz PM. High Hydrostatic Pressure Can Reverse Aggregation of 

Protein Folding Intermediates and Facilitate Acquisition of Native Structure. 

Biochemistry. 1998;37(17):6132-6135. 

112. Seefeldt MB, Kim Y-S, Tolley KP, Seely J, Carpenter JF, Randolph TW. High-pressure 

studies of aggregation of recombinant human interleukin-1 receptor antagonist: 

Thermodynamics, kinetics, and application to accelerated formulation studies. Protein 

Science : A Publication of the Protein Society. 2005;14(9):2258-2266. 

113. St. John RJ, Carpenter JF, Randolph TW. High pressure fosters protein refolding from 

aggregates at high concentrations. Proceedings of the National Academy of Sciences of 

the United States of America. 1999;96(23):13029-13033. 

 



 

 

53 

 

 EFFECTS OF DRYING METHOD AND EXCIPIENT ON CHAPTER 2.

STRUCTURE AND STABILITY OF PROTEIN SOLIDS USING SOLID-

STATE HYDROGEN/DEUTERIUM EXCHANGE MASS 

SPECTROMETRY (SSHDX-MS) 

Adapted with permission from: Wilson NE, Topp EM, and Zhou QT. Effects of Drying Method 

and Excipient on Structure and Stability of Protein Solids Using Solid-state 

Hydrogen/Deuterium Exchange Mass Spectrometry (ssHDX-MS). Int J Pharm 567:118470. 

Copyright 2019 Elsevier. 

2.1 Introduction 

The instability of a pharmaceutical protein in solution may necessitate the development 

of a product in the solid form, which often shows enhanced stability. Factors influencing the 

stability of solid protein formulations include excipient type and amount, protein concentration, 

protein:excipient ratio and drying method.
1
 For pharmaceutical proteins, the mainstay drying 

technique is lyophilization. During lyophilization, a solution is frozen and water is removed 

under vacuum in various stages.
2
 Following the freezing stage, frozen water is first removed by 

sublimation during primary drying. Secondary drying follows, during which additional water 

bound to the protein is removed to produce the final product. Stresses encountered during 

lyophilization include cold denaturation, exposure to ice-water interfaces and freeze-

concentration.
3
 Traditionally, pharmaceutical lyophilization is a time-consuming batch process 

with low energy efficiency.
4
 

Spray drying has attracted increasing interest for manufacturing biopharmaceutical solids 

because it can be developed into a continuous process with high throughput, and has the 

capability to achieve satisfactory powder flowability by manipulating particle properties.
5
 

Examples of spray-dried biological products include Exubera, an inhalable insulin product, and 

Raplixa, a blend of thrombin and fibrinogen powders produced by aseptic spray drying.
6,7

 In 
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spray drying, a solution is atomized into small droplets which are briefly exposed to a drying gas 

to produce particles that are collected by a cyclone.
8
 Moisture is removed by evaporation, thus 

resulting in dried particles.
9
 Stresses that may affect the structure and stability of the proteins 

during spray drying are the relatively high temperature and exposure to the air-liquid interface, 

among others.
10

 

Through lyophilization and spray drying, a solid powder containing a biologic product 

can be formed. Due to the processes and the properties of the proteins, the resulting powders are 

usually amorphous rather than crystalline.
11

 With either method, the removal of moisture can 

disrupt the higher-order structure of the proteins, leading to exposure of hydrophobic residues 

that may promote aggregation or increase the risk of chemical degradation.
12

 Excipients that 

stabilize proteins against manufacturing stresses are critical in maintaining protein structural 

integrity and increasing shelf-life stability. While the effect of excipient has been studied 

extensively 
13-15

, relatively little attention has been paid to the effect of processing conditions on 

protein structure and stability, or to the interactions of formulation and process variables.
16,17

 

Common methods for characterizing protein structure such as solid-state Fourier-

transform infrared spectroscopy (ssFTIR), circular dichroism (CD) spectroscopy, and 

fluorescence spectroscopy are capable of identifying global changes in secondary and tertiary 

structure.
14,18,19

 These methods are often unable to detect subtle structural differences of some 

proteins, either secondary or tertiary, which may impact shelf stability in the long term. 

Determining protein structure and local environment with greater structural resolution could 

provide greater insight into the amorphous solid environment experienced by the protein, and 

guide the rational development of stable formulations. Solid-state hydrogen/deuterium exchange 

with mass spectrometry (ssHDX-MS) has been demonstrated to be such a method, showing good 
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correlation between deuterium exchange and physical stability on storage.
20,21

 In this technique, a 

sample is placed into a dessicator containing deuterium oxide (D2O) at a controlled humidity. In 

this chamber, exposed hydrogen atoms can be exchanged with deuterium, although due to back 

exchange only hydrogen atoms on the amide backbone can be monitored by mass spectrometric 

methods.
22

 This provides information on the intra- and intermolecular hydrogen bonding 

interactions in the formulation matrix that can stabilize protein structure and affect physical 

stability. 

Previously, ssHDX-MS analysis of the effects of processing conditions on monoclonal 

antibody (mAb) formulations showed different sub-populations of the mAb in spray-dried 

samples with different deuterium incorporation, suggesting differing protein conformations 

and/or matrix interactions.
17

 However, only one type of protein (mAb) was examined in that 

work and the aggregation stability was not determined. In the work reported here, four model 

proteins of myoglobin (16.7 kDa), lysozyme (14.3 kDa), bovine serum albumin (BSA, 66.5 kDa), 

and β-lactoglobulin (18.4 kDa) were formulated with different excipients and processed by either 

lyophilization or spray drying. These proteins were selected due to differences in structure and 

size to examine a broad range of protein characteristics.
11,23

 Excipient and formulation selection 

was based on previous studies with a mAb.
17

 The samples were characterized using conventional 

techniques of ssFTIR, fluorescence spectroscopy, x-ray powder diffraction, and differential 

scanning calorimetry (DSC), and ssHDX-MS. Stability studies (i.e. protein instability determined 

by loss of monomeric peak on size exclusion chromatography (SEC)) were performed to identify 

the effects of processing conditions. The results indicated that conventional techniques did not 

identify differences between processing methods. By using ssHDX-MS, however, differences in 

the population of protein species were measured in dried samples produced from different 
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formulations and drying methods, which showed correlation with storage stability for some of 

the proteins studied. 

2.2 Materials and Methods 

2.2.1 Materials 

Lysozyme from chicken egg white, bovine serum albumin, myoglobin from equine 

skeletal muscle, and β-lactoglobulin from bovine milk were purchased from Sigma Aldrich (St. 

Louis, MO). Protein solutions were dialyzed at 4°C in a 2.5 mM phosphate buffer solution using 

Slide-A-Lyzer™ dialysis cassettes (Thermo Scientific, Rockford, IL). Solution pH was adjusted 

to 6.8 using phosphoric acid where necessary. Dialyzed solutions were then diluted to final 

concentrations of protein and excipient, as indicated in Table A1, for a total solid content of 20 

mg/mL. Solutions were then either spray-dried or filled into 2R borosilicate glass vials (0.2 mL 

per vial) for lyophilization.  

2.2.2 Spray drying 

Formulations were spray-dried using a Mini Spray Dryer B-290 (Büchi, New Castle, DE). 

An inlet and outlet temperature of 100 °C and 50-55°C, respectively, with a liquid feed rate of 2 

mL/min and an air volumetric flow rate of 600 L/h were used. The collected powders were then 

distributed into 2R vials (~4mg per vial) and further dried in a lyophilizer for 24 h at 30°C and 

100 mTorr  to reduce moisture content to values similar to those of lyophilized samples (~2%). 

The purpose of this additional drying step was to ensure that any potential effects on protein 

structure and stability are not the consequence of moisture content differences in the dried 

powders.  
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2.2.3 Lyophilization 

Lyophilization was performed with a Revo® laboratory-scale lyophilizer (MillRock 

Technology, Kingston, NY). Vials were loaded at a shelf temperature of 25°C, with placebo 

sucrose solutions (0.2 mL per vial at a concentration of 20 mg/mL) surrounding the samples. The 

solutions were equilibrated for 5 min, then ramped to 5°C and held isothermally for 15 min. The 

shelf temperature was then ramped to -5°C and held for 15 min. To induce freezing, the 

temperature was ramped to -40°C and held isothermally for 60 min. Primary drying was then 

initiated by ramping the temperature to -35°C and then holding isothermally for 24 h with a 

chamber pressure of 70 mTorr. For secondary drying, the chamber pressure was maintained, 

while the temperature was ramped to 25°C and held for 12 hr.  

2.2.4 X-ray Powder Diffraction 

The crystallinity of lyophilized and spray-dried powders was assessed using a Rigaku 

SmartLab X-ray diffractometer (Rigaku, The Woodlands, TX) equipped with a Cu Kα X-ray 

source and Bragg-Brentano geometry. Powders were removed from vials and pulverized onto a 

glass slide, then loaded onto the slide-holder. Diffraction intensity was measured as a function of 

2θ between 5 and 40 degrees. A step size of 0.02° and a scan rate of 35°/min were used. 

2.2.5 Solid-State Fourier Transform Infrared Spectroscopy 

ssFTIR measurements were conducted in attenuated total reflectance mode using a 

Nicolet Nexus spectrometer (Thermo Scientific, Waltham, MA) equipped with a Smart iTR 

accessory. Powders were loaded and compressed against the diamond by a metal anvil. The 

spectra were collected in the absorbance mode in the range of 800 to 4000 cm
-1

, with 120 scans 

and 4 cm
-1

 resolution. Using OPUS 6.5 analysis software (Bruker, Billerica, MA), the results 

were processed using baseline correction, smoothing, normalization, and second derivatization.  
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2.2.6 Solid-State Fluorescence Spectroscopy 

Intrinsic fluorescence of the solid samples was measured in front surface mode using a 

Cary-Eclipse spectrofluorometer (Agilent, Santa Clara, CA). The powders (20 mg each) were 

pulverized, loaded into a sample holder, and pressed against a fused silica plate so that the 

surface was fully covered with powder. Spectra were collected with a photomultiplier tube of 

600, with an incident angle of 25 degrees and a slit width of 5 nm. Excitation occurred at 280 nm, 

with emission spectra collected between 300-400 nm. The intensities of the spectra as collected 

were normalized using Prism Software (GraphPad, La Jolla, CA).  

2.2.7 Differential Scanning Calorimetry (DSC) 

Under nitrogen, 2-4 mg of powder were loaded into hermetic aluminum pans and sealed. 

Samples were loaded into a Discovery Series DSC 25 differential scanning calorimeter (TA 

Instruments, New Castle, DE). The sample was analyzed by heating it, starting at -5°C with a 

ramp rate of 1°C/min to an ending temperature of 180°C. Using the TRIOS software (v4.3.0, TA 

Instruments, New Castle, DE), the Tg or Tm was determined. 

2.2.8 Stability Studies by Size Exclusion Chromatography (SEC) 

The stability of the samples was determined by measuring the level of protein aggregates 

using SEC. Samples were sealed in a desiccator at 40 °C over a saturated solution of magnesium 

chloride, which generated an environment of 33% relative humidity (RH). At each time point (15, 

30, 60, and 90 days), three vials were removed and diluted to protein concentrations of 1 mg/mL. 

Solutions were centrifuged at 12,000 rpm and 4°C for 10 min to remove insoluble aggregates, 

and the supernatant was then removed and placed in HPLC vials for analysis. Samples were 

analyzed on a high performance liquid chromatography system (HPLC, 1200 series, Agilent 

Technologies, Santa Clara, CA) using isocratic flow of 50 mM sodium phosphate, 100 mM 
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sodium chloride solution (pH 6.8) over 15 min at a flow rate of 1 mL/min.  The column used was 

a TSKgel® G3000SWXL HPLC Column from Sigma Aldrich (St. Louis, MO). Instability was 

determined as a percentage of loss of the area under the curve for the monomeric peak of a 

sample before storage under accelerated conditions, with the exception of BSA, where initial 

aggregate peaks were also included in determining monomer content. 

2.2.9 Solid-State Hydrogen Deuterium Exchange with Mass Spectrometric Analysis (ssHDX-

MS) 

Vials containing the powder samples were placed in a sealed desiccator at 25°C 

containing a D2O solution at 11% RH, which was maintained using a saturated solution of 

lithium chloride. For each formulation, three vials were removed at various time points (4, 12, 24, 

48, and 120 h) following exposure to D2O vapor. Following removal of each sample, exchange 

was quenched by rapidly cooling the sample on dry ice. Samples were then stored in a -80°C 

freezer until analysis. Fully deuterated samples were prepared by dissolving the protein in a 

solution containing 3 M guanidine hydrochloride, and then placed into a vial containing a 9:1 

dilution of D2O. This solution was then stored at 60°C for 24 hours before being quenched in a 

4:1 solution of quench buffer and immediately analyzed.  

To determine the extent of deuterium incorporation, samples were reconstituted in 2 mL 

of a chilled 0.1% formic acid solution (pH 2.5) and 10 µL were injected into a protein microtrap 

(Michrom Bioresources, Inc., Auburn, CA). Using a high performance liquid chromatography 

system (1200 series, Agilent Technologies, Santa Clara, CA), the samples were desalted for 1.7 

min with 90% water, 10% acetonitrile with 0.1% formic acid, then eluted over 7 min with a 

gradient of 10% water, 90% acetonitrile with 0.1% formic acid. The columns were housed in a 

custom-built refrigeration unit
24

 maintained at ~0°C to minimize back exchange. The mass 

spectra of the samples were determined using a 6520 qTOF mass spectrometer (Agilent 
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Technologies, Santa Clara, CA) in the mass range 200-2000 m/z. Deconvolution of the 

undeuterated and deuterated samples was used to obtain the masses of the protein, using the 

MassHunter Workstation Software (version B.04, Agilent Technologies, Santa Clara, CA) to 

calculate the maximum entropy function. This algorithm converts the mass envelopes of the 

detected charge states into mass values which correspond to the different species present. 

The kinetics of deuterium incorporation was fitted to the mono-exponential model: 

                                              𝐷(𝑡) = 𝐷𝑚𝑎𝑥(1 − 𝑒𝑘𝑡)             (2.1) 

where D(t) is the number of deuterons taken up at time t, Dmax is the maximum number of 

deuterons incorporated, and k is the observed rate constant of deuterium incorporation. 

2.2.10 Statistical Analysis 

The effects of process and excipient on exchange kinetics were compared statistically 

using Prism Software. For multiple comparisons, a one-way ANOVA followed by Tukey’s Test 

was used.  

2.3 Results 

2.3.1 Effect of Formulation and Drying Process on Moisture Content and Excipient 

Crystallinity 

All formulations were dried to a moisture content ≤3% (Table A1). For most 

formulations, the moisture content of the spray-dried samples was slightly less than those that 

were lyophilized. This can be attributed to the additional drying step at 30°C for the spray-dried 

samples, which was used to make the moisture content comparable to their lyophilized 

counterparts.  

XRPD measurements for formulations containing sucrose or trehalose were consistent 

with completely amorphous solids for all processing conditions (Fig. A1). Samples containing 
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mannitol showed minor peaks on XRPD, indicating the presence of crystalline mannitol. This 

crystallinity is probably related to the high mannitol content; mannitol greater than 30% (w/w) of 

the total solid content typically undergoes crystallization.
25

  

2.3.2 DSC Analysis  

Tg values were determined for sucrose- and trehalose-containing formulations, while Tm 

was determined for mannitol-containing formulations due to crystallinity. Samples containing 

sucrose had a lower Tg than other formulations (Table A2), consistent with previous reports.
26

 

Samples containing trehalose showed process-dependent differences in Tg, with spray-dried 

samples having a higher Tg than those that were lyophilized. These results may be due to the 

additional drying step and the lower residual moisture content of the spray-dried samples (Table 

A1). For samples containing mannitol the Tm was found to be ~159-163°C, which is consistent 

with crystalline mannitol.
27

 

2.3.3 Secondary Structural Analysis by ssFTIR 

Amide I region of ssFTIR spectra was collected for each formulation and used to 

compare protein secondary structure (Fig. 2.1). The FTIR bands for myoglobin were in general 

agreement with spectra reported previously 
11

 and prior to processing (Fig. A3), with a band at 

~1656 cm
-1

 indicating α-helical structure (Fig. 2.1A). For myoglobin formulations containing 

trehalose, the bands were similar, with only a slight decrease in intensity for the spray-dried 

formulation (Fig. 2.1A). In myoglobin samples containing mannitol, a decrease in band intensity 

and increased broadening were observed relative to lyophilized samples. In sucrose-containing 

myoglobin formulations, lyophilization showed slight structural perturbation, with a band shift to 

1658 cm
-1

, which still is consistent with α-helix structure.  
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For the spray-dried formulations of BSA (Fig. 2.1B), FTIR bands were observed at 

~1656 cm
-1

, which corresponds to α-helix structure, as reported previously for BSA.
28

 A 

decrease in band intensity was observed for spray-dried vs. lyophilized formulations, with the 

exception of the trehalose formulation, for which band intensities were similar. BSA spray-dried 

with mannitol showed a slight increase in the breadth of the band (Fig. 2.1B), which suggests 

perturbation of the α-helix.  

For β-lactoglobulin (Fig. 2.1C), FTIR bands were observed at ~ 1638 cm
-1

 (β-sheet 

content), ~1660 cm
-1

 (turns), and ~1690 cm
-1

 (β-sheet content). In all spray-dried formulations of 

β-lactoglobulin, a band shift to ~1640 cm
-1

 was observed, along with significant broadening, 

suggesting an increase in structural heterogeneity of the β-sheet. Band intensity at ~1640 cm
-1

 

was less in the trehalose- and mannitol-containing formulations for both processing conditions.  

For lysozyme (Fig. 2.1D), FTIR bands were observed at ~1625 cm
-1

 (β-sheet), 1646 cm
-1

 

(random coil), ~1658 cm
-1

 (α-helix), 1675 cm
-1 

(turns/loops), and 1690 cm
-1 

(turns). No 

significant differences in peak pattern or intensity were observed among the different 

formulations and processing conditions.  
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Figure 2.1: Solid-state FTIR spectra of formulated myoglobin (A), BSA (B), β-lactoglobulin (C), 

or lysozyme (D). 

 

2.3.4 Tertiary Structural Analysis by Intrinsic Fluorescence 

Intrinsic fluorescence has been used previously to measure the exposure of tryptophan to 

its environment
29

, which corresponds to changes in tertiary structure. A fully exposed tryptophan 

residue in the solid state has a fluorescence maximum at ~334 nm. Changes in folding 

correspond to shifts in the peak. Peak intensity is not considered significant in the solid state 

because concentration dependence is unlikely to occur.
29

  

C 
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For all myoglobin formulations, the protein concentration was too low for accurate 

measurements by the instrument (Fig. 2.2A). For BSA (Fig. 2.2B), the fluorescence peak of all 

lyophilized samples occurred at 324 nm, while for spray-dried samples there was a blue shift to 

320 nm. As the moisture content of the spray-dried samples is slightly less than the lyophilized 

samples, this may be attributable to hydration differences rather than differences in folding. For 

β-lactoglobulin (Fig. 2.2C), no significant peak shifts were observed due to formulation or 

processing conditions.  

Lysozyme formulations (Fig. 2.2D) all showed significant differences in peak position 

that depended on formulation and processing conditions. Both mannitol-containing formulations 

displayed red shifts (332 nm for lyophilized, 336 nm for spray-dried) relative to other excipients. 

Sucrose-containing formulations had a peak at 324 nm for lyophilized samples, and at 327 nm 

for spray-dried. No difference in processing conditions was observed for any protein formulated 

with trehalose (Fig. 2.2).  
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Figure 2.2: Solid-state fluorescence spectroscopy of myoglobin (A), BSA (B), β-lactoglobulin 

(C), or lysozyme (D). 

 

2.3.5 Protein Conformation and Matrix Interactions Using ssHDX-MS 

Protein conformation and matrix interactions between protein and excipients in the solid 

state were monitored by deuterium incorporation as a function of time. Several factors can affect 

the rate of exchange, including inter- and intramolecular interactions in the dried matrix, relative 

humidity, temperature, and the mass transport of D2O vapor into the sample.
30,31

 In this study, 

the temperature and relative humidity were kept constant.  
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In a previous study, we showed for a monoclonal antibody that mass transport was 

complete within 48 h, and that the density of the powder did not affect mass transport.
17

 

Similarly, as shown for each protein in Figure 2.3, mass transport does not affect the extent of 

deuterium incorporation, although for the smaller proteins mass transport is completed before the 

first time point (4 h). This further confirms that density does not significantly affect the rate of 

deuterium exchange.  

The extent of deuteration was used to compare the differences among formulations and 

drying processes for each protein. In the myoglobin formulations (Fig. 2.3A), 5 days of 

deuterium exchange showed no significant differences between spray drying and lyophilization 

for the sucrose and trehalose-containing formulations. Spray-dried myoglobin samples 

containing mannitol showed slightly greater deuterium uptake than the lyophilized samples. For 

all other proteins studied, no differences in deuterium uptake as a function of time were observed 

for formulations produced by different methods. Mannitol-containing formulations had higher 

deuterium incorporation than those containing sucrose or trehalose, which were comparable. 

This suggests the differences in deuterium incorporation are primarily dependent on 

intermolecular interactions between the protein and mannitol or trehalose within the solid, as 

found in previous studies.
20
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Figure 2.3: Kinetics of hydrogen/deuterium exchange in the solid state for myoglobin (A), BSA 

(B), β-lactoglobulin (C), and lysozyme (D). 

 

In addition to determining total deuterium incorporation by ssHDX-MS, the deuterated 

mass spectra were also examined to identify any differences in the shape and width of the mass 

envelopes. Differences were observed based on both formulation and processing conditions. For 

all proteins studied, no differences were observed pre-processing and prior to deuterium 

exchange (Fig. A4). For myoglobin, sucrose and trehalose (Fig. 2.4A and B), formulations 

showed no differences in their spectra after 5 days of deuteration, and the spectra were slightly 

broadened relative to that of the undeuterated protein, as expected.
17

 In contrast, substantial peak 

broadening was observed in the spectra of mannitol-containing lyophilized and spray-dried 
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formulations, as compared to the undeuterated protein (Fig. 2.4C). This peak broadening may be 

attributed to greater heterogeneity of protein conformations and/or matrix interactions in the 

solid formulation, which results in a broader range of deuteration states. As mass spectrometry 

cannot distinguish between intermolecular and intramolecular interactions, population 

heterogeneity is used to refer all possible differences in inter- and intramolecular hydrogen 

bonding as identified by ssHDX-MS. The presence of two peaks in the lyophilized mannitol 

powder is consistent with two distinct populations, one of which is more protected from 

deuterium exchange (Fig. 2.4C). In contrast, the spray-dried formulation has a broad shoulder on 

the left side of its peak, suggesting a distribution of protein populations that are not well-resolved. 

Similar observations were made for all formulations containing lysozyme (Fig. 2.5).The 

deconvoluted mass envelope for undeuterated BSA indicates the presence of isoforms (Fig. 2.6). 

During deuterium exchange, peak broadening results in some degree of merging of these species, 

making it difficult to distinguish the effects of excipients and processing conditions. In sucrose- 

and trehalose-containing formulations (Fig. 2.6A and B), similar peak broadening was observed 

for both lyophilized and spray-dried samples. Mannitol-containing samples (Fig. 2.6C) showed 

greater peak broadening than the sucrose and trehalose formulations.  

In β-lactoglobulin, the deconvoluted mass envelopes were consistent with two 

predominant species and some additional isoforms (Fig. 2.7). An average of the deuterium 

uptake for each of each of the dominant species was used to calculate deuterium uptake (Fig. 

2.3C). Upon deuteration, solid samples containing either sucrose or trehalose (Fig. 2.7A and B) 

produced similar mass envelopes, with the exception of a shoulder to the right of each main peak 

for samples produced by spray drying. This suggests the presence of a second population that 

differs from the main peak in protein conformation and/or matrix interactions for the spray-dried 
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samples. For β-lactoglobulin samples containing mannitol (Fig. 2.7C), two distinct peaks were 

observed in lyophilized formulations, again consistent with different populations, although part 

of this peak splitting may be due to deuteration of the lower molecular weight isoforms. In 

contrast, the spray-dried formulation has a broad shoulder on the left, suggesting a higher 

concentration of less deuterated protein in the spray-dried formulation than in the lyophilized 

formulation.   

 

Figure 2.4: Deconvoluted mass spectra of formulations prepared by lyophilization or spray 

drying with myoglobin and sucrose (A), trehalose (B), or mannitol (C).
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Figure 2.5: Deconvoluted mass spectra of formulations prepared by lyophilization or spray 

drying with lysozyme and sucrose (A), trehalose (B), or mannitol (C). 

 



 

 

71 

 

 

Figure 2.6: Deconvoluted mass spectra of formulations prepared by lyophilization or spray 

drying with BSA and sucrose (A), trehalose (B), or mannitol (C).
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Figure 2.7: Deconvoluted mass spectra of formulations prepared by lyophilization or spray 

drying with β-lactoglobulin and sucrose (A), trehalose (B), or mannitol (C). 

 

 

2.3.6 Stability Studies 

90-day stability studies were conducted at 40°C and 33% RH to determine the effects of 

excipients and formulation on protein stability. For most of the studies (Fig. 2.8), the percentage 

of aggregates was greatest in formulations containing mannitol, with the exception of myoglobin 

spray-dried with sucrose and all formulations of lysozyme. In the lysozyme formulations, spray-

dried samples had greater aggregate content than the lyophilized samples. With BSA, the 

formulations all contained aggregates prior to drying as BSA normally form dimers at 



 

 

73 

 

physiological pH. The samples containing sucrose and trehalose remained consistent in the 

aggregate content throughout the study.  

 

Figure 2.8: Stability studies of formulations containing myoglobin (A), BSA (B), β-lactoglobulin 

(C), or lysozyme (D). 

 

2.4 Discussion 

While the effects of excipients on the stability of lyophilized proteins have been well-

studied, relatively few published reports have investigated the effects of different drying methods 

for various formulations. ssHDX-MS has been shown to be useful in investigating the effects of 

formulation on protein structure and matrix interactions in solid powders. In the present study, 
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ssHDX-MS has been used together with orthogonal methods to characterize dried powders of 

four different model proteins produced using different excipients and drying methods.  

The kinetics of deuterium incorporation in ssHDX-MS were fitted to the mono-

exponential model (Fig. 2.9). For the proteins studied, with the exception of myoglobin, there 

were no significant differences in the rate constants (k) of deuterium incorporation with changes 

in formulation or drying method (Fig. 2.9A). This suggests that the rate of deuteration is not 

affected by the density of the sample, regardless of formulation or processing condition. For 

myoglobin, there was a statistically significant difference in the rate of deuteration for spray-

dried formulations with sucrose or mannitol (Fig. 2.9A). This difference is likely due to the 

crystallization of mannitol, resulting in more rapid deuteration. With regard to the maximum 

extent of deuterium exchange (Dmax, Fig. 2.9B), there were significant differences between 

formulations containing mannitol and those with sucrose or trehalose for all proteins analyzed. 

This may also be due to mannitol crystallinity.  
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Figure 2.9: Deuterium exchange kinetics for protein formulations fitted to the mono-exponential 

model in Equation 2.1. 

 

With myoglobin, none of the standard methods of analysis were able to detect structural 

differences. However, drying method related differences were detected using ssHDX-MS when 

examining the peak areas of the normalized deconvoluted mass spectra as a function of the 

percentage of deuterium exchanged (Fig. 2.10). In ssHDX-MS, mannitol samples showed two 

distinct populations that were not identified by conventional methods. Some broadening of the 

spectra and corresponding increases in peak area are expected over the deuteration time course, 

since the ensemble of protein molecules displays a distribution of deuteration kinetic behavior. 

The distinct populations observed for myoglobin cannot be attributed to this phenomenon, which 

instead may suggest the presence of aggregates or isolated populations trapped within a 
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crystalline mannitol matrix, either of which will limit exposure to D2O. Interestingly, there were 

no differences in deuteration for myoglobin processed with sucrose or trehalose, which differs 

from previous studies of a monoclonal antibody, where differences in deuterium incorporation 

for these two excipients were observed.
17

  

There was little difference in ssFTIR spectra with either changes in excipient or 

processing conditions, with the exception of β-lactoglobulin (Fig. 2.1). The shifting and 

broadening of the ssFTIR peaks for spray-dried β-lactoglobulin suggest an increase in the 

heterogeneity of protein structural states in the solid sample (Fig. 2.1C). In ssHDX-MS studies of 

β-lactoglobulin samples, there were no significant differences in the extent of deuterium uptake 

over time with different drying methods (Fig. 2.3C). However, the deconvoluted mass spectra 

showed shoulders on the right for sucrose and trehalose formulations (Fig. 2.6A,B) and on the 

left for mannitol samples (Fig. 2.6C) that were spray-dried, consistent with greater heterogeneity 

in these samples (Fig. 2.6). In addition, the peak areas of the deconvoluted mass envelopes for 

spray-dried formulations were consistently greater than corresponding lyophilized samples 

throughout the deuteration time course (Fig. 2.11), further suggesting population heterogeneity. 

Solid-state fluorescence spectra showed process related differences for BSA and β-

lactoglobulin (Fig. 2.2B,C). For BSA, these changes in the exposure of the hydrophobic 

tryptophan may be due to the lower moisture content of the spray-dried samples after the 

additional drying step.  In ssHDX-MS analysis of these samples, spray-dried samples showed 

higher peak areas of the deconvoluted mass envelopes than lyophilized samples (Fig. 2.11). This 

suggests that either interactions between the protein and the matrix are weaker and more variable 

in the spray-dried samples and/or that there is a broader distribution of protein structures. Similar 

inferences cannot be made for BSA samples due to merging of peaks.  
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Figure 2.10: Peak areas of the deconvoluted mass envelope as a function of deuterium 

incorporation for myoglobin. Peak areas are measured as a percentage of the area of the fully 

deuterated (FD) sample. 

 

 

 

Figure 2.11: Peak areas of the deconvoluted mass envelope as a function of deuterium 

incorporation for BSA. 
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Figure 2.12: Peak areas of the deconvoluted mass envelope as a function of deuterium 

incorporation for β-lactoglobulin. 

 

 

Figure 2.13: Peak areas of the deconvoluted mass envelope as a function of deuterium 

incorporation for lysozyme. 

 

Conventional methods for analyzing proteins in solid powders were not strongly 

correlated to stability on storage (Fig. 2.14), a finding consistent with a previous study by our 

group.
20

 ssHDX-MS metrics were more strongly correlated with stability. In previous reports, 

higher deuterium uptake has been correlated with decreased storage stability,
20,21

 suggesting that 
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weaker intermolecular interactions between protein and excipient or changes in intramolecular 

interactions in the protein lead to both greater deuterium incorporation and poorer stability. For 

the proteins studied here, mannitol formulations showed greater deuterium uptake, presumably 

due to phase separation caused by the crystallization of the excipient (Fig. 2.3). This phase 

separation reduces the number of possible interactions between protein and excipient, exposing 

more sites for deuterium exchange to occur. Mannitol samples also had the highest aggregate 

content on storage, with the exception of spray-dried myoglobin with sucrose (Fig. 2.8), which is 

likely due to the crystallization of sucrose during storage (Fig. A2). Similar results were obtained 

when correlating stability with either the deconvoluted peak area or the maximum deuterium 

incorporation (Fig. 2.14D and E). This suggests that while peak area may be a better indicator of 

the populations present in the sample, it is not necessarily a better predictor of physical stability 

on storage. 

In the proteins and formulations studied here, population heterogeneity was generally 

greater in spray-dried samples than in lyophilized samples, as indicated by ssHDX-MS peak area 

(Figs. 2.4-7, 10-13). This may be related to exposure of protein, preferentially distributed to the 

air-liquid interface of the droplets, to high shear during atomization. A previous report of 

structural heterogeneity of a spray-dried monoclonal antibody is in agreement with this finding.
14

  

Our previous studies have also shown heterogeneity in the surface composition of spray-dried 

particles.
32,33

 Proteins have higher molecular weight and lower rates of diffusion than the small-

molecule excipients
34

, which may limit redistribution of the protein away from the interface 

during drying. Further studies characterizing heterogeneity in dried particles and its effects on 

protein structure and stability are warranted.   
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Figure 2.14: Correlation of stability to ssFTIR (A), solid-state fluorescence spectroscopy (B), Tg 

(C), Dmax (D), and peak area of deuterated samples (E). 

2.5 Conclusions 

The effects of processing conditions and excipients on protein structure and physical 

stability were studied by ssHDX-MS and conventional characterization methods of ssFTIR, 

solid-state fluorescence spectroscopy, and DSC. While the conventional approaches detected 

some differences between processes and formulations, there was no strong correlation with 

physical stability. With ssHDX-MS, a greater correlation to physical stability was found, with 

greater level of instability generally corresponding to higher Dmax and peak area. In addition, 

ssHDX-MS was capable of identifying the population heterogeneity within a protein formulation, 

with increased heterogeneity occurring in spray-dried formulations as compared to the 

corresponding lyophilized samples. The results demonstrate that ssHDX-MS can be used as a 

tool not just for predicting physical stability, but also in the identifying differences in processing 

conditions which could lead to the development of more robust protein formulations. 



 

 

81 

 

2.6 References 

1. Cicerone MT, Pikal MJ, Qian KK. Stabilization of proteins in solid form. Advanced Drug 

Delivery Reviews. 2015;93:14-24. 

2. Carpenter JF, Chang BS, Garzon-Rodriguez W, Randolph TW. Rational design of stable 

lyophilized protein formulations: theory and practice. Pharm Biotechnol. 2002;13:109. 

3. Chang L, Shepherd D, Sun J, et al. Mechanism of protein stabilization by sugars during 

freeze-drying and storage: Native structure preservation, specific interaction, and/or 

immobilization in a glassy matrix? Journal of Pharmaceutical Sciences. 

2005;94(7):1427-1444. 

4. Langford A, Bhatnagar B, Walters R, Tchessalov S, Ohtake S. Drying technologies for 

biopharmaceutical applications: Recent developments and future direction. Drying 

Technology. 2018;36(6):677-684. 

5. Maa Y-F, J Prestrelski S. Biopharmaceutical Powders: Particle Formation and 

Formulation Considerations. Vol 12000. 

6. Lee G. Spray-Drying of Proteins. In: Carpenter JF, Manning MC, eds. Rational Design of 

Stable Protein Formulations: Theory and Practice. Boston, MA: Springer US; 2002:135-

158. 

7. White S, Bennett DB, Cheu S, et al. EXUBERA®: Pharmaceutical Development of a 

Novel Product for Pulmonary Delivery of Insulin. Diabetes Technology & Therapeutics. 

2005;7(6):896-906. 



 

 

82 

 

8. Ameri M, Maa Y-F. Spray Drying of Biopharmaceuticals: Stability and Process 

Considerations. Drying Technology. 2006;24(6):763-768. 

9. Lin Y-W, Wong J, Qu L, Chan H-K, Zhou QT. Powder production and particle 

engineering for dry powder inhaler formulations. Current pharmaceutical design. 

2015;21(27):3902-3916. 

10. Abdul‐Fattah AM, Kalonia DS, Pikal MJ. The Challenge of Drying Method Selection for 

Protein Pharmaceuticals: Product Quality Implications. Journal of Pharmaceutical 

Sciences. 2007;96(8):1886-1916. 

11. Sinha S, Li Y, Williams TD, Topp EM. Protein Conformation in Amorphous Solids by 

FTIR and by Hydrogen/Deuterium Exchange with Mass Spectrometry. Biophysical 

Journal. 2008;95(12):5951-5961. 

12. Manning MC, Chou DK, Murphy BM, Payne RW, Katayama DS. Stability of Protein 

Pharmaceuticals: An Update. Pharmaceutical Research. 2010;27(4):544-575. 

13. Costantino HR, Carrasquillo KG, Cordero RA, Mumenthaler M, Hsu CC, Griebenow K. 

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

growth hormone. J Pharm Sci. 1998;87(11):1412. 

14. Koshari SHS, Ross JL, Nayak PK, et al. Characterization of Protein–Excipient 

Microheterogeneity in Biopharmaceutical Solid-State Formulations by Confocal 

Fluorescence Microscopy. Molecular Pharmaceutics. 2017;14(2):546-553. 



 

 

83 

 

15. Yoshioka S, Aso Y, Kojima S. 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. 

1999;16(1):135-140. 

16. Abdul‐Fattah AM, Truong‐Le V, Yee L, et al. Drying‐induced variations in physico‐

chemical properties of amorphous pharmaceuticals and their impact on stability (I): 

Stability of a monoclonal antibody. Journal of Pharmaceutical Sciences. 

2007;96(8):1983-2008. 

17. Moussa EM, Wilson NE, Zhou QT, Singh SK, Nema S, Topp EM. Effects of Drying 

Process on an IgG1 Monoclonal Antibody Using Solid-State Hydrogen Deuterium 

Exchange with Mass Spectrometric Analysis (ssHDX-MS). Pharmaceutical Research. 

2018;35(1):12. 

18. Souillac PO, Middaugh CR, Rytting JH. Investigation of protein/carbohydrate 

interactions in the dried state. 2. Diffuse reflectance FTIR studies. International Journal 

of Pharmaceutics. 2002;235(1):207-218. 

19. Schüle S, Frieß W, Bechtold-Peters K, Garidel P. Conformational analysis of protein 

secondary structure during spray-drying of antibody/mannitol formulations. European 

Journal of Pharmaceutics and Biopharmaceutics. 2007;65(1):1-9. 

 

 



 

 

84 

 

20. Moorthy BS, Schultz SG, Kim SG, Topp EM. Predicting Protein Aggregation during 

Storage in Lyophilized Solids Using Solid State Amide Hydrogen/Deuterium Exchange 

with Mass Spectrometric Analysis (ssHDX-MS). Molecular Pharmaceutics. 

2014;11(6):1869-1879. 

21. Moorthy BS, Zarraga IE, Kumar L, et al. Solid-State Hydrogen–Deuterium Exchange 

Mass Spectrometry: Correlation of Deuterium Uptake and Long-Term Stability of 

Lyophilized Monoclonal Antibody Formulations. Molecular Pharmaceutics. 

2018;15(1):1-11. 

22. Majumdar R, Middaugh CR, Weis DD, Volkin DB. Hydrogen-Deuterium Exchange 

Mass Spectrometry as an Emerging Analytical Tool for Stabilization and Formulation 

Development of Therapeutic Monoclonal Antibodies. Journal of Pharmaceutical 

Sciences. 2015;104(2):327-345. 

23. Moriyama Y, Watanabe E, Kobayashi K, Harano H, Inui E, Takeda K. Secondary 

Structural Change of Bovine Serum Albumin in Thermal Denaturation up to 130 °C and 

Protective Effect of Sodium Dodecyl Sulfate on the Change. The Journal of Physical 

Chemistry B. 2008;112(51):16585-16589. 

24. Keppel TR, Jacques ME, Young RW, Ratzlaff KL, Weis DD. An efficient and 

inexpensive refrigerated LC system for H/D exchange mass spectrometry. J Am Soc Mass 

Spectrom. 2011;22(8):1472. 



 

 

85 

 

25. Maa Y-F, Costantino HR, Nguyen P-A, Hsu CC. The Effect of Operating and 

Formulation Variables on the Morphology of Spray-Dried Protein Particles. 

Pharmaceutical Development and Technology. 1997;2(3):213-223. 

26. Simperler A, Kornherr A, Chopra R, et al. Glass Transition Temperature of Glucose, 

Sucrose, and Trehalose:  An Experimental and in Silico Study. The Journal of Physical 

Chemistry B. 2006;110(39):19678-19684. 

27. Burger A, Henck J-O, Hetz S, Rollinger JM, Weissnicht AA, Stöttner H. 

Energy/Temperature Diagram and Compression Behavior of the Polymorphs of d-

Mannitol. Journal of Pharmaceutical Sciences. 2000;89(4):457-468. 

28. Fu K, Griebenow K, Hsieh L, Klibanov AM, Robert L. FTIR characterization of the 

secondary structure of proteins encapsulated within PLGA microspheres1An article of 

related interest has been published by Yang et al. in J. Pharm. Sci., 88(2), Feb. 1999, 

accepted Nov. 1998.1. Journal of Controlled Release. 1999;58(3):357-366. 

29. Sharma VK, Kalonia DS. Steady-State Tryptophan Fluorescence Spectroscopy Study to 

Probe Tertiary Structure of Proteins in Solid Powders. Journal of Pharmaceutical 

Sciences.92(4):890-899. 

30. Iyer LK, Sacha GA, Moorthy BS, Nail SL, Topp EM. Process and Formulation Effects 

on Protein Structure in Lyophilized Solids Using Mass Spectrometric Methods. Journal 

of Pharmaceutical Sciences.105(5):1684-1692. 



 

 

86 

 

31. Sophocleous AM, Zhang J, Topp EM. Localized hydration in lyophilized myoglobin by 

hydrogen-deuterium exchange mass spectrometry. 1. Exchange mapping. Molecular 

pharmaceutics. 2012;9(4):718-726. 

32. Bhujbal SV, Zemlyanov DY, Cavallaro A, Mangal S, Taylor LS, Zhou QT. Qualitative 

and Quantitative Characterization of Composition Heterogeneity on the Surface of Spray 

Dried Amorphous Solid Dispersion Particles by an Advanced Surface Analysis Platform 

with High Surface Sensitivity and Superior Spatial Resolution. Molecular 

Pharmaceutics. 2018. 

33. Mangal S, Xu R, Park H, et al. Understanding the Impacts of Surface Compositions on 

the In-Vitro Dissolution and Aerosolization of Co-Spray-Dried Composite Powder 

Formulations for Inhalation. Pharmaceutical Research. 2018;36(1):6. 

34. Vehring R, Foss WR, Lechuga-Ballesteros D. Particle formation in spray drying. Journal 

of Aerosol Science. 2007;38(7):728-746. 

 

 

 

 

 

 

 

 

 



 

 

87 

 

 SURFACE COMPOSITION AND FORMULATION CHAPTER 3.

HETEROGENEITY OF PROTEIN SOLIDS PRODUCED BY SPRAY 

DRYING 

3.1 Introduction 

To address stability concerns for protein formulations in solution, additional drying steps 

are often used to better stabilize proteins in the solid state. The most common drying approach in 

the pharmaceutical industry is lyophilization, which freezes the solution, followed by primary 

and secondary drying under reduced pressure to remove water from the protein and produce a 

solid product.
1
 While this technique is well-understood in pharmaceutical product development, 

it is a time-consuming batch process with low energy-usage efficiency, and may expose sensitive 

biologics to freezing-related stresses.
2
 Consequently, alternative drying techniques have been 

explored for solid formulation development of pharmaceutical proteins. 

Spray drying is a processing method that has been widely used in the food industry
3,4

, and 

has increasingly attracted interest for biopharmaceutical manufacturing.
5
 This technique has been 

successfully used to produce marketed biological products, such as Raplixa and Exubera.
6,7

  

During spray drying, a solution is fed into a spray nozzle, where liquid is atomized into droplets 

that are briefly exposed to a drying gas at a set temperature. These droplets are rapidly dried into 

solid particles by evaporative diffusion of water, and then collected by cyclone. As with 

lyophilization, proteins are subjected to additional stresses during spray drying, which include 

high temperature, dehydration, and air-liquid interfacial stresses, among others.
8
 

Exposing proteins to these stressors can lead to deleterious conformational changes 

which affect drug product stability, depending on the extent and length of exposure to each stress. 

One of the most problematic stresses in spray-drying is exposure of the protein to the air-liquid 
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interface.
9
 The amphiphilic nature of the protein can lead to adsorption at the surface, leading to 

higher concentrations of protein at the interface than dispersed in solution.
10,11

 Protein migration 

to the surface can cause exposure of the hydrophobic core in order to align at the interface. This 

unfolding leads to increased denaturation and protein damage, which increases the tendency for 

aggregation to occur during drying.
10

 

To reduce this stress, excipients, such as surfactants, can be used to directly compete with 

the protein for adsorption at the surface.
12

 Less explored are the effects of hydrogen-bonding 

excipients, such as sugars, and the effects of excipients with increasing molecular weight, on 

reducing the protein surface composition, as well as their effects on formulation heterogeneity. 

Previously, solid-state hydrogen/deuterium exchange with mass spectrometry (ssHDX-MS) has 

been used to demonstrate the effects of drying methods and formulation composition on 

population heterogeneity
13

, which was found to correspond to physical stability.
14

 In ssHDX-MS, 

a sample is stored in a desiccator containing a saturated salt solution in deuterium oxide (D2O). 

Exposed hydrogen atoms along the protein amide backbone are exchanged with deuterium, 

which can be monitored by mass spectrometry. This exposure and protein sensitivity to exchange 

provides information on the hydrogen bonding interactions in the formulation matrix, which may 

be related to the conformational stability of the protein and its physical stability.
15

   

In the work reported here, the model proteins bovine serum albumin (BSA) and 

myoglobin were formulated with sugar excipients of low and high molecular weight to examine 

their impact on particle surface composition and protein conformational heterogeneity, following 

spray drying. The excipients selected were sucrose, trehalose, dextran of molecular weight 

20,000 or 70,000 g/mol (listed as dextran 20K or 70K, respectively) based on their differences in 

size.
16,17

 The samples were characterized regarding secondary structure using solid-state Fourier-
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transform infrared spectroscopy (ssFTIR), the levels of formed aggregates by size exclusion 

chromatography (SEC), and glass transition temperature (Tg) by differential scanning 

calorimetry (DSC). In addition, surface composition was determined by X-ray photoelectron 

spectroscopy (XPS), and the population heterogeneity was determined by ssHDX-MS. Using 

these techniques, a correlation between surface composition and population heterogeneity was 

determined for the spray-dried proteins studied. 

3.2 Materials and Methods 

3.2.1 Materials 

Bovine serum albumin, myoglobin from equine skeletal muscle, and sucrose (Bioextra, 

≥95%, GC) were purchased from Sigma Aldrich (St. Louis, MO). D-(+)-trehalose dehydrate was 

purchased from Fisher Scientific (Fair Lawn, NJ). Dextrans of molecular weight 20,000 and 

70,000 were procured from Afla Aesar (Ward Hill, MA) and Tokyo Chemical Industry Company 

(Portland, OR), respectively. Protein-containing solutions were dialyzed with a 2.5 mM 

phosphate buffer solution at 4°C for 24 hours using Slide-A-Lyzer™ dialysis cassettes from 

Thermo Scientific (Rockford, IL). Phosphoric acid was used when necessary to adjust solution 

pH to 6.8. Excipient-containing solutions in the same buffer conditions were prepared separately, 

and then diluted with the dialyzed solutions for a final concentration of 10 mg/mL protein and 10 

mg/mL excipient.  

3.2.2 Spray drying 

Samples were spray-dried using a Büchi Mini Spray Dryer B290 (New Castle, DE) with 

an inlet temperature of 100°C and outlet of 50-55°C. Solutions were atomized by an air 

volumetric flow rate of 600 L/h with a liquid feed rate of 2 mL/min. Dried powders were 
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collected and distributed into 2R borosilicate glass vials (~4 mg per vial) and further dried in a 

vacuum oven at 30°C and 100 mTorr for 24 hours to reduce moisture content to ~2-3%. 

Additional drying was performed to reduce the effects that varying moisture may have on protein 

structure and stability. 

3.2.3 Karl Fischer Titration for Moisture Content Analysis 

Moisture content was determined by coulometric titration using an 831 KF Coulometer 

(Metrohm, Riverview, FL). Samples were reconstituted with 1 mL of methanol (anhydrous, 

septum sealed bottle DriSolv®, Sigma Aldrich, St. Louis, MO). The suspension was then 

injected into the cell and titrated with Riedel-de Haën Hydranal® Coulomat reagent (Hoechst 

Celanese Corp., Germany) for 5 min to reach end point for moisture determination. Samples 

were measured in triplicate.  

3.2.4 X-ray Powder Diffraction  

A Rigaku Smart Lab X-ray diffractometer (The Woodlands, TX) equipped with a Cu Kα 

X-ray source and Bragg-Brentano geometry was used to determine the solid form of the dried 

samples. Powders were pulverized onto a glass slide and loaded onto a slide holder for analysis. 

The diffraction intensity was measured between 5 and 40 degrees as a function of 2θ with a step 

size of 0.02° and scan rate of 5°/min. 

3.2.5 Solid-state Fourier Transform Infrared Spectroscopy (ssFTIR) 

Measurements were conducted with a Thermo Scientific Nicolet Nexus spectrometer 

(Waltham, MA) in the attenuated total reflectance mode. Samples were loaded onto a Smart 

iTR™ accessory and compressed against the diamond by a metal anvil. Spectra were collected in 

absorbance mode with 120 scans in the range of 800 to 4000 cm
-1

 with a 4 cm
-1

 resolution. 
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Results were processed with OPUS 6.5 analysis software (Bruker, Billerica, MA) using baseline 

correction, smoothing, normalization, and second derivatization.  

3.2.6 Modulated Differential Scanning Calorimetry (mDSC) 

Dried powder (2-4 mg) was loaded into hermetic aluminum pans and sealed in a 

nitrogen-purged glovebox. Samples were loaded into a Discovery Series DSC 25 differential 

scanning calorimeter (TA Instruments, New Castle, DE), with an empty pan as reference. 

Powders were heated from 25°C to 225°C with a modulation of ±1°C every 120 s. Glass 

transition temperatures (Tg) were determined using the TRIOS software (v4.3.0, TA Instruments, 

New Castle, DE). 

3.2.7 Size Exclusion Chromatography (SEC) 

The extent of aggregation after spray drying was determined using size exclusion 

chromatography (SEC). Solutions and dried powders were diluted to protein concentrations of 1 

mg/mL and centrifuged for 10 min at 12,000 rpm and 4°C to remove insoluble aggregates. The 

supernatant was then removed and used for analysis. A high performance liquid chromatography 

system (HPLC, 1200 series, Agilent Technologies, Santa Clara, CA) was used for analysis with 

an isocratic flow of 50 mM sodium phosphate, 100 mM sodium chloride solution at pH 6.8 over 

15 min at a 1 mL/min flow rate. Eluted samples were detected at 280 nm by a diode array 

detector. A TSKgel® G3000SWXL HPLC Column (Sigma Aldrich, St. Louis, MO) was used for 

size exclusion analysis.  

3.2.8 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) measurements were performed as described 

previously.
18

 Briefly, the XPS data were collected by an AXIS Ultra DLD spectrometer (Kratos 
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Analytical Inc., Manchester UK) using monochromatic Al Kα radiation (1486.6 eV). The 

surfaces of these samples are irradiated with an X-ray beam, which causes core-level electrons to 

be emitted with a specific kinetic energy unique to each element and chemical bonds with other 

atoms. The kinetic energy of the photoelectrons is measured by an energy analyzer. This 

technique has been previously used for protein surface coverage for other compounds and 

formulations.
19,20

  

High resolution and survey XPS spectra were obtained using constant pass energies of 20 

and 160 eV, respectively. Data were processed using CasaXPS software. To determine the 

percentage elemental composition of the formulations, areas of the O 1s, N 1s, and C 1s peaks 

were calculated following a Shirley background subtraction. Corrections on the corresponding 

Scofield relative sensitivity factors and inelastic mean free path of the photoelectrons were also 

applied. The sulfur peaks were not used in these calculations due to its low concentration (<1%) 

and low relative sensitivity factor. The atomic percentage of nitrogen was used to determine 

protein surface coverage. Four replicates were measured and the results averaged.  

3.2.9 Scanning Electron Microscopy (SEM) 

Morphological differences of spray-dried powders were visualized using a Nova 

NanoSEM 200 system (Fei, Hillsboro, OR). Sample powders were mounted onto a sample 

holder and sputter-coated with carbon graphite. Particles were then analyzed under vacuum to 

determine morphological properties. 

3.2.10 Solid-State Hydrogen/Deuterium Exchange with Mass Spectrometric Analysis (ssHDX-

MS) 

Vials containing the dried formulations were stored in a sealed desiccator containing a 

deuterium oxide (D2O) solution saturated with lithium chloride to maintain relative humidity at 
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11% and 25°C. At various time points (4, 12, 24, 48, 120, and 240 h), three vials per formulation 

were removed and the exchange reaction quenched by rapidly cooling the samples on dry ice. 

Vials were then stored at -80°C until analysis by mass spectrometry. To produce a fully 

deuterated control, protein was dissolved in a solution containing 3M guanidine hydrochloride, 

then aliquoted into a vial containing a 9:1 dilution of D2O: solution. This solution was then 

stored for 24 hours at 60° before quenching in a 4:1 solution of quench buffer (chilled 0.1% 

formic acid solution, pH 2.5) and immediately analyzed.  

For mass spectrometric analysis to determine the extent of deuterium incorporation, 

samples were reconstituted in 2 mL of quench buffer, and 10 µL were injected into a protein 

microtrap (Michrom Bioresources, Inc., Auburn, CA). Using an HPLC system (1200 series, 

Agilent Technologies, Santa Clara, CA), samples were desalted in the microtrap column for 1.7 

min with 90% water, 10% acetonitrile with 0.1% formic acid, followed by elution over 7 min to 

a gradient of 10% water, 90% acetonitrile with 0.1% formic acid. To minimize back exchange, 

columns were housed in a custom-built refrigeration unit with the temperature maintained at 4°C. 

Mass spectra of samples were determined using a 6520 qTOF mass spectrometer (Agilent 

Technologies, Santa Clara, CA) in the 200-2000 m/z range. Deconvolution of the samples to 

determine the mass range of the proteins was performed using the Mass Workstation Software 

(version B.04, Agilent Technologies, Santa Clara, CA). The maximum entropy function was 

used for this calculation, which converts the mass envelopes of the detected charge states into 

values that correspond to the different species present in the formulation. 

The kinetics of deuterium incorporation was fitted using the mono-exponential model: 

𝐷(𝑡) = 𝐷𝑚𝑎𝑥(1 − 𝑒𝑘𝑡)          (3.1) 
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where D(t) is the number of deuterons exchanged at time t, Dmax is the maximum number of 

deuterons that can be incorporated into the sample, and k is the observed rate constant for 

deuterium incorporation. 

3.2.11 Statistical Analysis 

The effects of excipient choice on moisture content, surface composition, exchange 

kinetics, and physical stability were compared statistically using Prism Software (GraphPad, La 

Jolla, CA). A one-way ANOVA with Tukey’s Test was used for multiple comparisons among 

formulations.  

3.3 Results 

3.3.1 Moisture Content and Thermal Stability 

Formulations all had similar moisture content at the end of vacuum drying (Table 3.1). 

The amorphous nature of these formulations is indicated by the XRPD patterns (Fig. 3.1); no 

crystallinity was observed for any system. 

For samples where Tg could be determined, sucrose-containing formulations had the 

lowest Tgs for both myoglobin and BSA, with values between 74-78°C. These values are 

consistent with those reported for amorphous sucrose.
21

 Samples with trehalose also had Tg 

values consistent with previous reports 
21

, and were approximately 40°C higher than sucrose-

containing systems. Dextran-containing formulations had the highest Tg values for both 

myoglobin and BSA, and were consistent with values for dextran alone.
22

 Differences in glass 

transition between protein samples can be due to differences in moisture content, which has been 

demonstrated to impact glass transition.
23

  

  



 

 

95 

 

Table 3.1: Moisture content and Tg for protein formulations. (n=3) 

Formulation Moisture Content (%) Tg (°C) 

Myoglobin Only 2.5 ± 0.7 ND 

Myoglobin-Sucrose 2.5 ± 0.6 77.2 ± 2.8 

Myoglobin-Trehalose 2.5 ± 0.7 112.9 ± 2.1 

Myoglobin-Dextran 20K 3.7 ± 0.6 210.8 ± 0.4 

Myoglobin-Dextran 70K 3.0 ± 0.3 219.2 ± 0.5 

BSA Only 3.1 ± 0.3 ND 

BSA-Sucrose 2.4 ± 0.1 74.7 ± 3.8 

BSA-Trehalose 2.5 ± 0.3 105.0 ± 1.3 

BSA-Dextran 20K 3.9 ± 0.3 213.3 ± 0.3 

BSA-Dextran 70K 2.8 ± 0.1 223.2 ± 0.3 

 

Figure 3.1: X-ray powder diffraction patterns of BSA (A) and myoglobin (B) formulations. 

Samples were formulated without excipient or with sucrose, trehalose, dextran 20K, or dextran 

70K. 
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3.3.2 ssFTIR Spectroscopy for Secondary Structural Analysis 

The amide I region of the ssFTIR spectra (Fig. 3.2) was evaluated to compare the 

secondary structure of each protein formulation. For BSA (Fig. 3.2A), sucrose- and trehalose-

containing formulations had bands at 1653 and 1655 cm
-1

, respectively, which correspond to α-

helical structure and is in general agreement with previously reported spectra.
24

 For samples of 

BSA spray-dried without excipient, there is a band at 1653 cm
-1

, however there is a reduction in 

band intensity and increased broadening, which suggests structural perturbation.  

For myoglobin formulations (Fig. 3.2B) containing dextran 20K and 70K, bands were 

detected at 1656 and 1658 cm
-1

, respectively, with greater band broadening and intensity 

reduction than sucrose- and trehalose-containing samples, although less than for pure spray-dried 

BSA. In myoglobin formulations, sucrose- and trehalose-containing samples both had bands at 

1653 cm
-1

 corresponding to α-helical structure.
25

 For dextran-containing formulations, both 

showed a band shift to 1654 cm
-1 

and slight broadening relative to formulations containing lower 

molecular weight excipients. Similar to BSA, this suggests an increase in structural perturbation 

of the α-helices. For pure spray-dried myoglobin, a broad band at 1651 cm
-1

 was observed, 

indicating structural perturbation of the predominantly α-helical structure of the protein.  
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Figure 3.2: Solid-state FTIR spectra of formulated BSA (A) and myoglobin (B). 

 

3.3.3 SEC for Monomer Content Determination Post-Drying 

SEC was used to determine the level of aggregates formed after drying (Fig. 3.3). For 

BSA, the monomer content for all formulations was similar (~83-86%) with the exception of 

those spray-dried with dextran 70K (~78%). The presence of higher-order aggregates is expected 

under these buffering conditions, as BSA exists as a mixture of monomers and dimers at pH 

6.8.
26

 For myoglobin samples, all had similar monomer content (~97%). 
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Figure 3.3: Size exclusion chromatography for monomer percentage of BSA and myoglobin 

formulations. (*Indicates p<0.05) 

 

3.3.4 Protein Surface Coverage by XPS 

XPS was used to determine the protein composition on the top 10 nm of a particle surface 

(Fig. 3.4). For excipient-free samples of both BSA and myoglobin, concentrations of nitrogen 

were in agreement with the bulk composition of each protein (~16% nitrogen, Fig. 3.4A). The 

addition of excipients to each of the protein formulations resulted in reduced nitrogen 

composition at the surface, with sucrose and trehalose leading to a significantly greater reduction 

in surface protein composition as determined from XPS results relative to dextran-containing 

formulations (Tables B1-4). For the proteins studied, a greater reduction in surface protein 

concentration was observed in myoglobin as compared to BSA samples. 
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Due to the absence of nitrogen in the excipients, the amount of nitrogen present at the 

surface can be used to determine the atomic percentage composed of protein (Fig. 3.4B). 

Sucrose- and trehalose-containing formulations resulted in the greatest reduction of surface 

protein, while dextran-containing formulations had the least, regardless of differences in 

molecular weight. However, the concentration of protein at the surface suggests heterogeneous 

distribution of molecules in the dried particle, with surface enrichment. The estimated atomic 

percentage of protein was calculated using the equation: 

𝐴𝑡.%𝑃𝑟𝑜𝑡𝑒𝑖𝑛 =
𝑊𝑡.%𝑃𝑟𝑜𝑡𝑒𝑖𝑛/⁡𝑀𝑊𝑡.𝑃𝑟𝑜𝑡𝑒𝑖𝑛

(
𝑊𝑡.%𝑃𝑟𝑜𝑡𝑒𝑖𝑛
𝑀𝑊𝑡.𝑃𝑟𝑜𝑡𝑒𝑖𝑛

)+(
𝑊𝑡.%𝐸𝑥𝑐𝑖𝑝𝑖𝑒𝑛𝑡

𝑀𝑊𝑡.𝐸𝑥𝑐𝑖𝑝𝑖𝑒𝑛𝑡
)
∗ 100       (3.2) 

where At. % is the atomic percent of the molecule, Wt. % is the weight percentage of the 

molecule in the formulation, and MWt. is the molecular weight of the molecule. In a 1:1 w/w 

ratio of protein:excipient, a homogeneous matrix would yield an estimated surface composition 

of 0.5, 23.1 and 51.3 atomic percentage protein for sucrose, trehalose, and dextran formulations 

of BSA, respectively. In myoglobin, expected protein composition values would be 2.0, 54.1, 

and 80.5% protein for sucrose, trehalose and dextran formulations, respectively. Therefore, there 

is an excess concentration of protein at the surface, suggesting that the protein is not dispersed 

homogeneously within the matrix. 
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Figure 3.4: Quantification of X-ray photoelectron spectroscopy results for percentage of nitrogen 

on surface (A) and atomic percentage of protein found on the surface (B). 

 

3.3.5 ssHDX-MS for Protein Conformational Interactions 

Matrix interactions in the formulations of dried particles were monitored by measuring 

deuterium incorporation as a function of time using ssHDX-MS (Fig. 3.5). To control varying 

factors that can affect the rate and extent of deuterium uptake
15,27

, samples were kept at a 

constant temperature and relative humidity. 

For both protein formulations, samples without excipient had the highest amount of 

deuterium incorporation. This is expected due to lack of hydrogen-bonding interactions provided 

by the saccharide-based excipients used in other formulations in this study. Dextran-formulated 

samples with two different molecular weights had similar levels of exchange, with uptake being 

less than the unprotected samples. The high incorporation in these samples relative to those 

containing sucrose or trehalose is likely due to the large size and lack of molecular flexibility in 
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dextran. Rigidity of dextran may prevent intermolecular hydrogen bonding interactions with the 

protein in specific sites due to conformational differences
17

 or phase separation.
28

 Samples of 

sucrose and trehalose had similar levels of deuterium uptake, and were the lowest of the 

formulations studied. 

 

Figure 3.5: Kinetics of hydrogen/deuterium exchange in the solid state for BSA (A) and 

myoglobin (B). 

 

Deconvoluted mass spectra of the formulations following deuterium exposure over 10 

days were examined by ssHDX-MS to identify potential differences in shape and width of mass 

envelopes. This can provide information about formulation differences that affect the protein 

populations present. For BSA without excipients (Fig. 3.6A), increased deuterium exposure leads 

to lower resolution of the isoforms present under mass spectrometric analysis. This can be 

attributed to variability in the protection of proteins within the matrix, so that each of the 

isoforms will experience varying degrees of deuteration. Similar results are observed for 

formulations containing dextran 20K and 70K (Fig. 3.6D and E). For samples dried with sucrose 
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or trehalose (Fig. 3.6B and C), the deconvoluted mass envelope is better preserved during the 

process, with some slight broadening with increasing deuterium incorporation.  

There are fewer isoforms in myoglobin samples (Fig. 3.7), and a clearer resolution of 

mass envelopes was achieved in ssHDX-MS. As observed for the excipient-free formulation (Fig. 

3.7A), there is a distinct broadening of the mass envelope relative to the undeuterated sample. 

This suggests a distribution of deuteration and/or conformational states is present in less-

protected samples. Similar to BSA, the protein samples processed with sucrose or trehalose (Fig. 

3.7B and C) showed lower levels of deuteration and mass envelopes similar to the undeuterated 

state. Likewise, drying with either of the dextrans (Fig. 3.7D and E) resulted in peak broadening 

and greater deuterium uptake, although less than the samples without excipient. 

 

Figure 3.6: Deconvoluted mass spectra of formulations prepared by spray drying BSA without 

excipient (A) or with sucrose (B), trehalose (C), dextran 20K (D) or dextran 70K (E). 
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Figure 3.7: Deconvoluted mass spectra of formulations prepared by spray drying myoglobin 

without excipient (A) or with sucrose (B), trehalose (C), dextran 20K (D) or dextran 70K (E). 

 

To better examine the effects of formulation and spray drying on protein populations, the 

peak areas of the normalized deconvoluted mass spectra as a percentage of an experimentally 

fully-deuterated sample were examined as a function of deuterium incorporation (Fig. 3.8). As in 

previous work, this ratio is thought to reflect differences in the distribution of protein 

conformational states and matrix interactions in the sample, and may be correlated with long-

term physical stability.
13,14

 When formulated with an excipient, both BSA (Fig. 3.8A) and 

myoglobin (Fig. 3.8B) show increasing peak area with increasing deuterium incorporation. At a 

given level of deuterium incorporation, formulations containing dextran showed greater peak 

area than those formulated with sucrose or trehalose, consistent with greater population 

heterogeneity. This suggests that loss of the hydrogen-bonding interactions provided by the 
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saccharide-based excipients leads to a greater number of conformational states and/or matrix 

interactions after drying.  

 

Figure 3.8: Peak areas of the deconvoluted mass envelope as a function of deuterium 

incorporation for BSA (A) and myoglobin (B). Peak areas are measured as a percentage of the 

area of the fully deuterated (FD) sample. 

 

3.3.6 SEM for Particle Morphology 

The morphology of the spray-dried particles was examined using scanning electron 

microscopy (Fig. 3.9). Pure spray-dried BSA (Fig. 3.9A) exhibited highly wrinkled particles, 

which is consistent with literature reports.
29

 Particles spray-dried with this protein retain these 

morphological characteristics despite the addition of excipients. 

Differences in particle morphology were observed for myoglobin formulations. Without 

excipient, spray-dried myoglobin (Fig. 3.9F) exhibits spherical particles with a dimpled surface, 

which is attributed to buckling due to pressure differences during drying. In sucrose- and 
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trehalose-containing samples (Fig. 3.9G and H), highly wrinkled particles were formed. For both 

samples processed with dextran (Fig. 3.9I and J), the particles collapsed with a mushroom-cap 

shape. 

 

Figure 3.9: Scanning electron microscopy images of spray-dried particles. BSA formulations 

were processed without excipient (A) or with sucrose (B), trehalose (C), dextran 20K (D) or 

dextran 70K (E). Samples of myoglobin were formulated without excipient (F) or with sucrose 

(G), trehalose (H), dextran 20K (I) or dextran 70K (J). 

 

3.4 Discussion 

With the growing exploration of alternative drying approaches for biopharmaceuticals, 

understanding the effects of process and formulation on protein conformation, protein surface 

coverage, and population heterogeneity are important in developing robust products. Previously, 

our group has shown that drying method and formulation affect protein populations as measured 

by ssHDX-MS, which correlates well with protein aggregation on storage.
14

 In the present study, 

ssHDX-MS was used together with XPS and other characterization techniques to explore the 
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effects of formulation on population heterogeneity in protein formulations processed by spray 

drying. 

The amide I region of ssFTIR spectra (Fig. 3.2) indicated secondary structural differences 

of protein formulations with and without excipients. For both BSA and myoglobin, the excipient-

free formulations showed greater structural disorder than excipient-containing samples, which 

was expected due to lack of a stabilizing excipient. Inclusion of sucrose or trehalose resulted in 

better preservation of native structure, which is consistent with previous reports.
24,25

 In 

formulations containing dextran 20K or 70K, some structural perturbations were noted. As these 

dextran excipients are significantly larger than sucrose or trehalose, they may be less able to 

interact with the protein to stabilize the secondary structure.
17

 In addition, dextran has been 

shown to undergo phase separation in some protein formulations after lyophilization.
28,30

 For this 

study, only a single glass transition temperature was observed for each formulation (Table 3.1), 

which suggests a single phase, although there are challenges in identifying multiple phases based 

on assessment of calorimetric Tgs. 

Surface coverage of the proteins was measured by XPS in order to examine the effects of 

excipients on protein surface distribution following drying. For surface-sensitive proteins, 

reducing the concentration of protein at the air-liquid interface during drying can lead to reduced 

aggregation and help retain efficacy.
20

 In the present study, higher molecular weight excipients 

(i.e., dextrans) resulted in greater protein concentrations on the surface when compared to 

formulations with lower molecular weight excipients (Fig. 3.4). As previously mentioned, this is 

probably due to the lack of molecular flexibility in the dextrans, which may be incapable of 

providing site-specific protection of the protein, which can lead to concentration of the protein at 

the surface and decreased physical stability. 
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All excipient-containing formulations had higher protein surface concentrations than the 

theoretical concentrations for a 1:1 w/w ratio of protein:excipient (Fig. 3.4B). The higher surface 

concentration of the biomolecules suggests slow diffusion of proteins during the drying process. 

This surface enrichment has been demonstrated to depend on the Peclet number, Pe, given by the 

equation: 

Pe=k/Ds              (3.3) 

where k is the evaporation rate of solvent and Ds is the diffusivity of a component in the solvent 

system
31

, in this instance a droplet. Under spray drying conditions, the rapid evaporation of the 

solvent and the differences in diffusion rates of the components in the formulation can lead to a 

heterogeneous distribution of materials in the dried particle. Proteins, which are surface active 

molecules with high molecular weight, have a propensity to concentrate at the air-liquid interface, 

producing a surface concentration greater than that in the bulk. This results in a final product 

with more unprotected protein on the surface exposed to the environment, which can result in 

reduced long-term stability. 

The kinetics of deuterium incorporation by ssHDX-MS was fitted to the mono-

exponential model (Equation 3.1) to quantify any differences in the rate of exchange in the 

various formulations (Table 3.2). For BSA, there were no differences in rate constant, k, for 

deuterium incorporation among samples. However, BSA formulations containing dextran had 

higher Dmax values than those dried with sucrose or trehalose.  This suggests that the excipient 

used had a significant effect on the extent of deuterium uptake that can occur over time. In 

myoglobin samples, k was also similar across all formulations. As with BSA, Dmax values for 

myoglobin formulations were similar for sucrose and trehalose, which were lower than that of 

the dextran formulations.  
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Table 3.2: Deuterium exchange kinetics for protein formulations fitted to the mono-exponential 

model in Equation 1. (n=3) 

Formulation Dmax k (h
-1

) 

Myo Only 34.2 ± 1.6 0.067 ± 0.015 

Myoglobin-Sucrose 8.8 ± 0.4 0.043 ± 0.008 

Myoglobin-Trehalose 9.6 ± 0.5 0.058 ± 0.013 

Myoglobin-Dextran 20K 19.6 ± 1.0 0.049 ± 0.012 

Myoglobin-Dextran 70K 20.6 ± 0.9 0.045 ± 0.009 

BSA Only 197 ± 6.5 0.028 ± 0.005 

BSA-Sucrose 78.7 ± 5.1 0.011 ± 0.002 

BSA-Trehalose 85.7 ± 4.3 0.016 ± 0.002 

BSA-Dextran 20K 139.3 ± 2.4 0.019 ± 0.003 

BSA-Dextran 70K 155.8 ± 5.1 0.019 ± 0.003 

 

Differences in ssHDX-MS peak areas suggest differences in the heterogeneity of the 

protein conformation and/or matrix interactions in the samples (Fig. 3.8). As with the structural 

perturbations observed in ssFTIR, formulations with higher molecular weight excipients showed 

increased heterogeneity by ssHDX-MS than those with lower molecular weight excipients. In 

formulations without any excipient, BSA showed less ssHDX-MS peak broadening consistent 

with a narrower distribution of states than samples spray-dried with excipients, albeit with higher 

deuterium incorporation. This inconsistency cannot be attributed to aggregation, as the monomer 

content was the same for samples analyzed by SEC. The more homogeneous distribution of 

states for the excipient-free formulation may be due to consistent unfolding or partial unfolding 

of the protein throughout the matrix, or to other types of protein-protein intermolecular 
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interactions, which may produce similar conformations while not providing increased hydrogen-

bonding interactions. 

To examine the relationship between protein surface concentration and population 

heterogeneity, the ssHDX-MS peak area was plotted as a function of the concentration at the 

interface determined by XPS (Fig. 3.10). Due to the differences in interactions that may be found 

in protein-only formulations, these samples were treated as outliers and excluded from the 

correlation. In formulations containing saccharide-based excipients, a strong linear trend exists 

between surface coverage and peak area, with higher surface concentrations corresponding to 

increased population heterogeneity. This may be due to the unprotected protein at the surface, 

which can unfold, leading to loss of conformation and an increase in observed heterogeneity. 

Interestingly, this correlation was found to be consistent across not only different formulations, 

but with the two different proteins as well. Together, the results suggest that lower molecular 

weight excipients  capable of hydrogen-bonding to proteins in the solid state,  also reduce surface 

enrichment of proteins, producing  a more homogeneous distribution of protein states and better 

physical stability.  
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Figure 3.10: Correlation of percentage surface composition of protein to peak area of the 

deconvoluted mass envelope relative to an experimentally fully-deuterated sample. 

 

3.5 Conclusions 

The effects of spray drying and sugar-containing excipients on protein structure, surface 

coverage, and population heterogeneity were examined by ssFTIR, XPS, and ssHDX-MS. For all 

techniques, distinct differences were observed in secondary structure, surface coverage, and 

conformation when processed without excipient and with excipients of different molecular 

weights. The concentration of protein at the surface of the dried particle showed a linear 

correlation with protein population heterogeneity (as indicated by ssHDX-MS peak area) when 

formulated with a sugar-containing excipient. The use of low molecular weight, hydrogen bond-

replacing excipients during spray drying thus can reduce both the destabilizing stress at the 

surface and formulation heterogeneity, leading to improved physical stability and more 

homogeneous biopharmaceutical products. 
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 EFFECTS OF SURFACTANTS ON SURFACE CHAPTER 4.

COMPOSITION AND PHYSICAL STABILITY OF SPRAY-DRIED 

PROTEIN FORMULATIONS 

4.1 Introduction 

In biopharmaceutical development, one processing method with increasing interest to 

produce solid powders is spray drying. This is attributed to its capabilities for high throughput 

and to achieve powders with desirable flowability and particle properties
1
, as well as usefulness 

for bulk storage.
2
 With this method, a protein formulation in solution is atomized into droplets 

through a spray nozzle. These droplets are then briefly exposed to a drying gas at a high 

temperature, which removes moisture by evaporative diffusion.
3
 From this, a solid particle is 

formed, with its morphology dictated by the formulation and processing parameters.
4,5

 This 

material is then collected via cyclone.  

One of the most challenging stresses encountered during drying is the presence of the air-

liquid interface, which is found not only in spray drying
6
, but in other drying approaches such as 

lyophilization.
7
 Due to the amphiphilic nature of proteins, exposure to this interface can lead to 

surface adsorption, producing concentration differences between the surface and bulk of the 

solution. Alignment of protein at the surface to reduce interfacial tension can result in exposure 

of its hydrophobic core
3,8

, which could lead to increased denaturation and damage to the protein. 

This increases the tendency for aggregation to occur, and results in heterogeneous distribution of 

protein following drying. 

In order to reduce the impact of this interfacial stress, formulations containing excipients 

that directly compete with proteins at the surface are used. One of the most commonly used 

excipients is surfactants
9,10

, which like proteins are also surface active molecules. Similar to 
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proteins, their amphipathic nature leads to increased concentrations at the air-liquid interface, 

which in turn reduces protein concentration by directly competing for interfacial placement. This 

leads to a decrease in aggregation and denaturation, which has been demonstrated for other 

biologic formulations.
10-12

 

Although spray drying typically produces particles with observable microheterogeneity
13

, 

there has been little examination into the impact of excipients on improving the conformational 

heterogeneity present in protein formulations. Previously, our group has demonstrated that 

population differences between drying processes can be identified using solid-state 

hydrogen/deuterium exchange with mass spectrometry.
14,15

 By examining the peak area of the 

deconvoluted mass spectrum, the heterogeneity can be determined relative to other formulations. 

In addition, it has been found that increased peak area correlates to poorer stability due to the 

population differences that can impact long-term physical stability.
14

 While this technique has 

been used for comparison between different bulking excipients and drying methods, it has not 

been applied to excipients with complex interfacial interactions with proteins, such as surfactants. 

In the present study, the effects of polyol excipients and the inclusion of surfactants were 

studied to determine their impacts on the surface composition and physical stability of protein 

formulations. For this work, myoglobin was formulated without an excipient or with sucrose or 

mannitol, which are common pharmaceutical excipients. Myoglobin was selected as a model 

protein, as earlier studies have identified that different excipients can affect the population 

heterogeneity and physical stability.
14

 Surfactants polysorbate 20 or poloxamer 188 were also 

included or excluded in the formulation prior to drying. Samples were characterized by solid-

state Fourier Transform Infrared spectroscopy (ssFTIR) and X-ray powder diffraction (XRPD) 

for protein structural differences and excipient state, respectively. Glass transition temperature or 
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melting point was determined where possible. The effect of excipients on protein surface 

composition was determined using X-ray photoelectron spectroscopy (XPS), and bulk population 

properties were identified by ssHDX-MS. Physical stability of the formulations were studied 

under accelerated conditions for comparison to other techniques. These techniques were used to 

determine the impact on the inclusion of surfactants on formulation heterogeneity, and the 

viability of ssHDX-MS to correlate these results to population differences and physical stability. 

4.2 Materials and Methods 

4.2.1 Materials 

Myoglobin from equine skeletal muscle, sucrose (Bioextra, ≥95%, GC) and D-mannitol 

were purchased from Sigma Aldrich (St. Louis, MO). Surfactants poloxamer 188 and tween 20 

were procured from Corning (US) and Fisher Scientific (Fair Lawn, NJ) respectively. Protein 

solutions were purified by dialysis in a 2.5 mM phosphate buffer solution for 24 hours at 4°C 

using Slide-A-Lyzer™ dialysis cassettes (Thermo Scientific, Rockford, IL). The pH of the buffer 

solution was adjusted to 6.8 using phosphoric acid when necessary.  

For excipient-free formulations, myoglobin was diluted to a concentration of 20 mg/mL. 

Solutions containing excipient were prepared separately under the same buffering conditions. 

These solutions were then used to dilute protein solutions for an excipient:protein molar ratio of 

400:1 and a total solids content of 20 mg/mL. For surfactant-containing formulations, a separate 

solution was also prepared and added to the solution for a 0.05% w/v addition of surfactant. 

4.2.2 Spray Drying 

Formulations were processed by spray drying using a Mini Spray Dryer B-290 (Büchi, 

New Castle, DE). An inlet temperature of 100°C, an outlet of 50-55°C, liquid feed rate of 2 
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mL/min, and an air volumetric flow rate of 600 L/h were the processing parameters used. 

Following drying, samples were collected and distributed into 2R borosilicate glass vials (~4 mg 

distributed per vial) and further dried in a vacuum oven at 30°C and 100 mTorr for 24 hours.  

4.2.3 Moisture Content Analysis by Karl Fischer Titration 

Moisture content was determined as described previously.
15

 Briefly, an 831 KF 

Coulometer (Metrohm, Riverview, FL) was used for coulometric titration. Formulations were 

reconstituted with 1 mL of anhydrous methanol (septum sealed bottle DriSolv®, Sigma Aldrich, 

St. Louis, MO). Suspension were injected into the cell and titrated with Riedel-de Haën 

Hydranal® Coulomat reagent (Hoechst Celanese Corp., Germany) until reaching end point for 

moisture determination (~5 min). Samples were measured in triplicate.  

4.2.4 X-ray Powder Diffraction 

Potential crystallinity in spray-dried powders was assessed using a Rigaku SmartLab X-

ray diffractometer (The Woodlands, TX) equipped with a Cu Kα X-ray source and Bragg-

Brentano geometry. Samples were removed form vials and pulverized onto a glass slide, then 

loaded for analysis. Diffraction intensity was measured between 5 and 40 degrees as a function 

of 2θ. A scanning rate of 5°/min and a step size of 0.02° were used. 

4.2.5 Solid-State Fourier-Transform Infrared Spectroscopy (ssFTIR) 

Measurements for ssFTIR were conducted in attenuated reflectance mode using a Nicolet 

Nexus spectrometer (Thermo Scientific, Waltham, MA). Samples were loaded onto a Smart 

iTR™ accessory equipped onto the spectrometer, and was compressed against a diamond by a 

metal anvil. Formulation spectra were collected in the absorbance mode with 120 scans in the 

range of 800 to 4000 cm
-1

 with 4 cm
-1

 resolution. Results were processed and analyzed with 
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OPUS 6.5 software (Bruker, Billerica, MA) using baseline correction, smoothing, normalization 

and second derivatization.  

4.2.6 Modulated Differential Scanning Calorimetry (mDSC) 

Each sample of dried powder (2-4 mg) was loaded under nitrogen into hermetic 

aluminum pans and sealed. Samples were loaded into a TA Instruments Discovery Series DSC 

25 differential scanning calorimeter (New Castle, DE). An empty pan sealed under nitrogen was 

used as reference. Powders were heated from 25°C to 180°C at a ramp rate of 1°C/min and a 

modulation of ±1°C every 120 s. Glass transition temperatures (Tg) or melting temperatures (Tm) 

were determined using TRIOS software (TA Instruments, New Castle, DE).  

4.2.7 X-ray Photoelectron Spectroscopy (XPS) 

Measurements to determine surface composition were performed as described 

previously.
16

 Briefly, data was collected by an AXIS Ultra DLD spectrometer (Kratos Analytical 

Inc., Manchester, UK). Sample surfaces are irradiated with a monochromatic Al Kα radiation 

source (1486.6 eV), resulting in emission of core-level electrons which possess a specific kinetic 

energy unique to each element and chemical state, which is measured by an energy analyzer. 

Constant pass energy of 20 eV and 160 eV were used to obtain high resolution and survey XPS 

spectra, respectively, and processed using CasaXPS software.  

Percentage elemental composition was determined by calculating the O 1s, N 1s, and C1s 

peaks following Shirley background subtraction and applied corrections on corresponding 

Scofield relative sensitivity factors and ineleastic mean free path of the photoelectrons. Four 

replicates were measured and the results averaged. In this study, the sulfur peaks of myoglobin 

were not used due to concentrations of <1% in the elemental composition and corresponding 

calculations. Theoretical atomic percentages of protein were estimated using the equation: 
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𝐴𝑡.%𝑃𝑟𝑜𝑡𝑒𝑖𝑛 =
𝑊𝑡.%𝑃𝑟𝑜𝑡𝑒𝑖𝑛/⁡𝑀𝑊𝑡.𝑃𝑟𝑜𝑡𝑒𝑖𝑛

(
𝑊𝑡.%𝑃𝑟𝑜𝑡𝑒𝑖𝑛
𝑀𝑊𝑡.𝑃𝑟𝑜𝑡𝑒𝑖𝑛

)+(
𝑊𝑡.%𝐸𝑥𝑐𝑖𝑝𝑖𝑒𝑛𝑡

𝑀𝑊𝑡.𝐸𝑥𝑐𝑖𝑝𝑖𝑒𝑛𝑡
)
∗ 100       (4.1) 

 

where At. % is the atomic percent of the protein, Wt. % is the weight percentage of the molecule 

in the formulation, and MWt.is the molecular weight of the molecules. 

4.2.8 Stability Studies by Size Exclusion Chromatography (SEC) 

Physical stability of samples was determined by monitoring the level of protein 

aggregations using SEC. Samples were sealed and stored in a 40°C oven. At each time point (15, 

30, 60, and 90 days), vials were removed in triplicate for each formulation and reconstituted to a 

protein concentration of 1 mg/mL. Solutions were centrifuged at 12,000 rpm and 4°C for 10 min 

to condense insoluble aggregates. Supernatant was then removed and placed into vials for 

analysis. Samples were analyzed on a 1200 series high performance liquid chromatography 

(HPLC) system Agilent Technologies, Santa Clara, CA) using an isocratic flow over 15 min at a 

flow rate of 1 mL/min. The solvent system was composed of a 50 mM sodium phosphate, 100 

mM sodium chloride solution of pH 6.8. A TSKgel® G3000SWXL HPLC Column from Sigma 

Aldrich (St. Louis, MO) was used for size separation. Physical instability was determined by 

percentage of aggregates formed over time. 

4.2.9 Scanning Electron Microscopy (SEM) 

SEM was used to examine morphological differences for dried particles. Powders were 

mounted onto a sample holder and sputter-coated with carbon graphite for 60 s. Samples were 

visualized using a Nova NanoSEM 200 system (Fei, Hillsboro, OR).  
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4.2.10 Solid-State Hydrogen/Deuterium Exchange with Mass Spectrometric Analysis (ssHDX-

MS) 

Deuterium incorporation was examined according to methods used in previous 

studies.
14,15,17

 Briefly, vials containing the spray-dried formulations were stored in a sealed 

desiccator containing a deuterium oxide (D2O) solution saturated with lithium chloride 

(producing a relative humidity of 11%) at 25°C. At time points of 4, 12, 24, 48, 120, and 240 h, 

three vials for each formulation were removed, capped, and submerged in liquid nitrogen to 

quench the exchange reaction. Vials were then stored at -80°C until analysis to prevent back-

exchange from occurring. For baseline of peak area increase, an experimentally fully deuterated 

sample was also prepared in solution. For these samples, myoglobin was dissolved in a solution 

containing 3 M guanidine hydrochloride at pH 6.8, then placed into a vial containing a 9:1 

dilution of D2O under similar buffering conditions. This solution was stored at 60°C for 24 hours, 

then quenched in a 4:1 solution of quench buffer (0.1% formic acid solution, pH 2.5) and 

immediately analyzed.  

To determine extent of deuterium incorporation, samples were reconstituted in 2 mL of 

chilled quench buffer, then 10 µL were injected into a protein microtrap (Michrom Bioresources, 

Inc., Auburn, CA). Using a 1200 series HPLC system, samples were desalted for 1.7 min with 90% 

water, 10% acetonitrile with 0.1% formic acid in each solvent, then eluted over 7 min to a 

gradient of 10% water, 90% acetonitrile with 0.1% formic acid. To minimize back-exchange, 

columns were stored in a custom-built refrigeration unit maintained at 4°C. The mass spectra of 

spray-dried samples was determined using a 6520 qTOF mass spectrometer (Agilent 

Technologies, Santa Clara, CA), with deuterated samples being analyzed in the 200 – 2000 m/z 

mass range. MassHunter Workstation software (Agilent Technologies, Santa Clara, CA) was 

used to deconvolute the samples and obtain information on the masses of the protein and change 



 

 

123 

 

in spectra. Deconvolution was calculated by the maximum entropy function using an algorithm 

that converts the mass envelopes of detected charged states into mass values.  

Kinetics of deuterium incorporation was fitted to a mono-exponential model: 

                                                 𝐷(𝑡) = 𝐷𝑚𝑎𝑥(1 − 𝑒𝑘𝑡)                                                             (4.2) 

where D(t) is the number of deuterons exchanges at time t, Dmax is the maximum number of 

deuterons that could be incorporated into the sample, and k is the observed rate constant of 

exchange. 

4.2.11 Statistical Analysis 

Statistical differences in moisture content, surface composition, deuterium exchange 

results, and physical stability were compared using Prism Software (GraphPad, La Jolla, CA). A 

two-way ANOVA with Tukey’s test was used for multiple comparisons between formulations 

with different bulking agents, and with or without surfactant inclusion. 

4.3 Results 

4.3.1 Moisture Content and Glass Transition Temperature 

Formulations were found to have different levels of moisture content (Table 4.1) 

depending on the bulking agent (p<0.0001). Without sucrose or mannitol, myoglobin samples 

had slightly higher moisture contents.  For samples without a bulking agent glass transition 

temperature could not be determined. In samples containing sucrose, Tg was between 61-63°C 

(Table 4.1), consistent with expected values for sucrose
18

. Surfactants did not result in a 

significant difference in Tg (p>0.05). Likewise; the Tm of mannitol-containing formulations was 

the same regardless of the inclusion of surfactant, between 159-162°C (p>0.05). For XRPD 

patterns (Fig. 4.1), those without a bulking agent and formulations with sucrose were found to be 
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amorphous. Samples formulated with mannitol all exhibited crystallinity (Fig. 1C), which is 

consistent with previous reports for protein formulations possessing mannitol in high 

concentrations.
4
 

Table 4.1: Moisture content and DSC measurements for myoglobin formulations 

Formulation Moisture Content (%) Tg or Tm (°C)* 

Myoglobin Only 4.4 ± 0.7 N.D. 

Myoglobin-PS20 3.4 ± 0.3 N.D. 

Myoglobin-Pol188 2.3 ± 0.6 N.D. 

Myoglobin-Suc 1.9 ± 0.6 61.8 ± 3.3 

Myoglobin-Suc-PS20 2.2 ± 0.7 61.1 ± 1.1 

Myoglobin-Suc-Pol188 2.0 ± 0.3 62.7 ± 0.8 

Myoglobin-Mann 1.4 ± 0.2 162.2 ± 0.3 

Myoglobin-Mann-PS20 1.2 ± 0.5 161.2 ± 0.6 

Myoglobin-Mann-Pol188 1.1 ± 0.1 159.9 ± 0.3 

*Tg for formulations with sucrose, Tm for formulations containing mannitol. Thermal transitions 

could not be determined for formulations without bulking agent. 
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Figure 4.1: X-ray diffraction patterns for spray-dried myoglobin formulations without a bulking 

agent (A), with sucrose (B), or with mannitol (C). 

 

4.3.2 Secondary Structural Analysis 

Secondary structure of each protein formulation was examined using the collected 

ssFTIR spectra of the amide I region. For myoglobin formulations spray-dried without a bulking 

agent (Fig. 4.2A), there is a band present at 1652 cm
-1

 corresponding to α-helical structure. The 

broadness and low intensity of the band relative to other samples suggests structural perturbation, 
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which is anticipated for proteins processed without a stabilizing excipient. Similar results are 

observed with the inclusion of polysorbate 20 or poloxamer 188 without any stabilizing excipient.  

In formulations containing sucrose (Fig 4.2B), without a surfactant, a band is found at 

1655 cm
-1

, which corresponds to that of myoglobin. In addition, all sucrose-containing 

formulations were consistent with preservation of the α-helical structure of the protein, which is 

consistent with literature.
17

 For sucrose-containing formulation with surfactants, structural 

preservation was also observed, although there was a slight band shift to 1657 cm
-1

. 

Formulations containing mannitol showed the greatest degree of structural perturbation 

(Fig. 4.2C). The primary band at 1658 cm
-1

 corresponded to the α-helix. For mannitol-containing 

samples without surfactant, broadening of the band was observed, with a small band at 1644 cm
-1

. 

This band indicates the presence of disordered α-helix which indicates damage to the secondary 

structure of myoglobin. In samples of mannitol process with surfactant, an additional band at 

1644 cm
-1

 can be observed, which suggests that surfactant may contribute to some preservation 

of this disordered structure caused by the presence of mannitol. 
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Figure 4.2: Solid-state FTIR spectra of myoglobin formulations dried without a bulking agent 

(A), with sucrose (B), or with mannitol (C). 

 

4.3.3 Protein Surface Coverage by XPS 

XPS was used to determine the composition of the top 10 nm of the surface of the spray-

dried particles. Myoglobin processed without excipients was used as the baseline to determine 

effects of additives on nitrogen (Fig. 4.3A) and atomic percentage of protein surface composition 
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(Fig. 4.3B). For myoglobin only, the nitrogen concentrations were in agreement with the atomic 

percentages of the protein, with a value of ~16%. Inclusion of excipients resulted in reduction of 

nitrogen present at the surface. Without a polyol excipient, surfactant resulted in a significant 

decrease (p<0.0001), despite being present in low concentrations in the formulation (0.05% w/v). 

Addition of a bulking agent resulted in a greater reduction in nitrogen content, although this can 

be attributed to higher concentrations used in the formulation. The presence of both a polyol and 

surfactant resulted in the highest reduction of nitrogen present at the surface (p<0.0001) for all 

other formulations as compared to the protein-only formulation). 

Due to the lack of nitrogen in the atomic composition of the excipients, the amount of 

nitrogen on the surface can be directly attributed to the composition of protein (Fig. 4.3B). In 

formulations with a polyol excipient, the addition of surfactant reduced protein concentrations to 

~50% while only composing ~2.4% of the total weight of the sample. Formulations containing 

sucrose or mannitol reduced the protein surface composition to ~33% and 39%, respectively. 

Addition of a surfactant to these samples further resulted in a significant reduction in surface 

protein. For sucrose-containing formulations, a significant difference was observed between the 

use of polysorbate 20 and poloxamer 188 (p<0.0001), with protein compositions of ~12% and 

~6%, respectively. For formulations with mannitol, both surfactants resulted in similar reduction 

in protein composition at the surface (~16%). 
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Figure 4.3: Quantification of X-ray photoelectron spectroscopy results for percentage of nitrogen 

(A) and atomic percentage of protein (B) found on the surface. 

 

4.3.4 ssHDX-MS for Conformation Interactions 

Hydrogen-bonding interactions in the formulation matrix were studied by ssHDX-MS 

(Fig. 4.4), which can provide information on the conformational differences in the formulation, 

as well as serve as a predictor of physical stability.
14,19

 For formulations processed without 

myoglobin, the inclusion of surfactant did not significantly affect deuterium uptake (p>0.05). 

Mannitol-containing samples had similar levels of uptake to the unprotected formulations, with 

samples containing poloxamer 188 exhibiting the highest deuterium incorporation (p<0.0001). 

For samples containing sucrose, there was significantly lower uptake compared to other 

formulations (p<0.0001). The inclusion of surfactant in these samples had no observable effect 

on exchange over time.  
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Figure 4.4: Kinetics for deuterium exchange of myoglobin formulations observed by ssHDX-MS. 

(n=3) 

 

To examine the effects of formulation on spray-dried protein populations, the peak area 

of the normalized deconvoluted mass spectrum was calculated as a percentage of experimentally 

fully-deuterated samples (Fig. 4.5). These values were then plotted as a function of deuterium 

incorporation. As shown in other work, protein population differences can be attributed to 

conformational or molecular interactions variances.
14,15

 In this study, formulations processed 

with mannitol exhibited the highest amount of species present, regardless of the addition of 

surfactant. Formulations with sucrose exhibited the lowest degree of population heterogeneity.  
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For all formulations under study, increasing deuterium uptake typically showed increased 

population heterogeneity, which is expected due to increasing differences in exchangeability for 

deuterium. In the formulations without a bulking agent (Fig. 4.5B), protein formulations without 

a surfactant did not exhibit a significantly lower heterogeneity than those with polysorbate 20 or 

poloxamer 188 (p>0.05). Surfactant-containing samples had similar levels of heterogeneity. In 

formulations with sucrose (Fig. 4.5C), a similar trend was observed where samples with sucrose 

had the lowest heterogeneity, but no significant difference with the exclusion or inclusion of 

surfactant (p>0.05). In mannitol-containing formulations (Fig. 4.5D), those containing 

polysorbate 20 or poloxamer 188 possessed a higher amount of heterogeneous species than 

myoglobin processed with only mannitol (p<0.01). Of those, samples with poloxamer 188 had 

the highest heterogeneity.  
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Figure 4.5: Peak areas of the deconvoluted mass envelope as a function of deuterium exchange 

for all myoglobin formulations (A), and samples formulated without a bulking agent (B), with 

sucrose (C), or with mannitol (D). Peak areas were calculated as a percentage of the area of an 

experimentally fully deuterated sample. 

 

4.3.5 SEM for Particle Morphology 

Samples without a polyol excipient had a dimpled morphology (Fig. 6). In myoglobin 

samples dried with sucrose and without surfactant, there was a presence of particles with 

dimpled and wrinkled morphologies. The inclusion of a surfactant resulted in spherical particles 

without the dimpled shape. 
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Samples processed with mannitol possessed distinct differences compared to other 

samples. For all samples, agglomeration was observed, with no discernible morphology. The 

presence of crystallinity could be observed on the surface, which is expected due to the high 

concentration of mannitol present.  

 

Figure 4.6: SEM images of particles morphology for spray-dried samples formulated without 

bulking agent (A), with polysorbate 20 (B), or with poloxamer 188 (C). Samples containing 

sucrose were dried without surfactant (D), with polysorbate 20 (E), or with poloxamer 188 (F). 

Samples containing mannitol were processed without surfactant (G), with polysorbate 20 (H), or 

with poloxamer 188 (I). 
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4.3.6 Stability Studies 

Accelerated stability studies were conducted for 90 days at 40°C to examine the effects of 

excipients on the stability of spray-dried myoglobin formulations (Fig. 4.7). Samples without a 

bulking agent but containing polysorbate 20 or poloxamer 188 (Fig. 4.7A) showed a slight 

reduction in monomeric content compared with those without surfactants (p<0.05). The most 

stable formulation was myoglobin formulated with sucrose but without surfactants (Fig. 4.7B), 

which maintained the highest monomeric content throughout the accelerated study. With the 

addition of surfactant, significant differences in aggregation were observed (p<0.0001) for the 

sucrose-containing protein formulations. Sucrose formulations containing polysorbate 20 had the 

highest observed decrease in protein monomer. Mannitol-containing formulations had similar 

levels of aggregation with and without surfactant (Fig. 4.7C), with formulations containing 

polysorbate 20 having the higher amount of aggregation (p<0.05). 

 

 

Figure 4.7: Accelerated stability studies at 40°C for myoglobin formulations without a bulking 

agent (A), with sucrose (B), or with mannitol (C). 
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4.4 Discussion 

While surfactants are an important excipient utilized in the biopharmaceutical industry to 

reduce the presence of protein at the air-liquid interface, very little work has been done to 

explore its impact on formulation heterogeneity. In addition, ssHDX-MS has not been examined 

as a physical-stability predictive tool on the effects of surfactants in a solid protein formulation. 

Previously, our group has demonstrated that both formulation and processing effects can have an 

impact on the observed conformational heterogeneity, which correlated well to loss in monomer 

content.
14

 In the present study, ssHDX-MS and other characterization techniques were used to 

identify the effect of the inclusion of surfactant in spray-dried formulations with different 

bulking agents. 

In the ssFTIR spectra (Fig. 4.2), secondary structural differences were identified between 

formulations with different excipients. Myoglobin formulations without a bulking agent 

exhibited disorder of the α-helical structure after spray drying. This is expected due to the lack of 

a stabilizing excipient that can sufficiently replace the hydrogen bonds lost by the removal of 

water. The inclusion of surfactant did not show an impact on the secondary structure likely due 

to their low concentration in the formulation. Formulations containing sucrose preserved the 

native structure of the protein, which has been previously observed for studies utilizing this 

excipient with myoglobin.
17,20

 This is due to the capability of the excipient to serve as hydrogen 

bond-replacement molecules. Similarly, surfactant did not have an observable impact on the 

secondary structure. In mannitol-containing formulations, structural perturbation was observed, 

with indications of disordered α-helices. Crystallization of mannitol during spray drying led to 

damage of protein structure, resulting in the observed disorder. At the concentrations under study, 

mannitol has a tendency to crystallize, which leads to less interaction of the excipient with 

proteins. This reduced excipient interaction can result in poor physical stability. Surfactants in 
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this study displayed a more pronounced presence of the disordered helix, which may suggest 

surfactant could impact protein secondary structure in the solid state for structurally unstable 

proteins.  

XPS provided information on the surface coverage of protein on particles after spray 

drying (Fig. 4.3). In formulations without a surfactant, excluding the protein-only formulation, 

there was an excess of protein present at the interface, suggesting the excipients of sucrose and 

mannitol were not capable of producing a homogeneous distribution in the dried particles. This is 

likely due to the inability of these excipients to directly compete for adsorption of the interface of 

the solution prior to the drying step. Following drying, there is protein enrichment on the surface 

of a dried particle, as the rate of evaporation is faster than the diffusion of solutes.
21

 With the 

addition of surfactant, there is a significant reduction of protein on the surface. While less protein 

at the interface has been demonstrated to improve stability for a shear-sensitive biomolecule
22

, 

this reduction of protein on particle surface is also indicative of an inhomogeneous distribution. 

This can be observed by estimating the theoretical atomic percentage of protein at the surface for 

a homogeneously distributed particle. As calculated using Equation 4.1, the expected atomic 

percentages of protein on the surface should be ~74% for no bulking agent and with polysorbate 

20, ~95% with no bulking agent and with poloxamer 188, and <1% for all other formulations. 

This indicates that despite an improvement in the homogeneity of protein in the particle, the 

formulation remains largely heterogeneous. 

The deuterium uptake results of ssHDX-MS were fitted to the mono-exponential model 

indicated in Figure 4.8. For the maximum extent of deuterium incorporation, there is a 

significant difference between formulations without a bulking agent or with mannitol, and those 

containing sucrose (p<0.0001). Higher Dmax values for protein-only formulations or those with 
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only the addition of surfactant are due to the lack of a water-replacing excipient that can account 

for the lost hydrogen-bonding interactions post-drying. The additions of low polysorbate 20 or 

poloxamer 188 are not capable of accounting for the lost intermolecular interactions, due to the 

low concentration of excipient and the surface activity of the molecules that favors interfacial 

interactions. This can also be observed in the denaturation of secondary structure following spray 

drying, where surfactant inclusion does not result in preservation of the α-helical structure of 

myoglobin. In mannitol-containing formulations, the increased amount of deuterium uptake and 

high Dmax values is likely due to the crystallization of mannitol. Crystallization of the excipients 

reduces the amount of molecules available for hydrogen-bond stabilization for proteins, and 

allows for greater exposure for deuterium exchange. For the rate constant, k, a similar trend can 

be observed, although for mannitol-containing samples, the inclusion of surfactant resulted in a 

slight increase in k values (p<0.05). This may suggest that surfactants contribute a destabilizing 

effect on the protein in the presence of another destabilizing excipient that leads to an increased 

rate in deuterium uptake, although no difference could be identified in the Dmax compared to 

mannitol-only formulations. 
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Figure 4.8: Deuterium exchange kinetics for ssHDX-MS results fitted to the mono-exponential 

model in Equation 4.2.  

In this study, the impact of a bulking agent on protein heterogeneity can be identified and 

quantified by XPS and the peak area of the ssHDX-MS results. The addition of sucrose, a 

hydrogen bond-donating excipient, interacts with the proteins and provides protection from 

exchange and reduces the heterogeneity. In contrast, a destabilizing excipient like mannitol, 

which crystallizes, will have some reduction of protein on surface as measured by XPS, but does 

increase instability when measured by ssHDX-MS. With the inclusion or exclusion of surfactant, 

however, it is difficult to determine significant differences by ssHDX-MS with the exception of 

mannitol-containing formulations. One possibility for this is the limitation of ssHDX-MS as a 

tool for bulk analysis. While ssHDX-MS provides information on the exposure of protein for the 

entire formulation, it is not possible to determine deuterium exchange for the surface only. This 

may mask the contributions of excipient for protection from deuterium exchange when 

examining peak area due to low concentration at the interface. Another possibility could be due 

to the interaction of surfactant with proteins. For some biomolecules, it has been demonstrated 

that surfactants can reduce protein surface enrichment by forming interactions with the protein, 

such as hydrogen bonding of polysorbate 20 to bovine serum albumin.
23

 However, for other 

molecules, such as monoclonal antibodies
24

, these interactions are very weak, making it difficult 

to measure the interfacial behavior of non-ionic surfactants. In addition, other studies have 

indicated no protein concentration in solution is reduced at the interface by steric hindrance.
25

 

The complexity of surfactant interactions at the interface likely may not be due to hydrogen-

bonding contributions in the solid-state, which cannot be identified by ssHDX-MS. 

Formulations that do exhibit statistically significant differences in heterogeneity are those 

possessing mannitol. For these samples, surfactant inclusion in an already unstable formulation 
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contributes to greater heterogeneity. This suggests that the addition of surfactant to less suitable 

formulations would contribute to greater heterogeneity, and therefore worse physical stability. 

For formulations that do not contain a bulking agent, other stabilizing contributions from 

myoglobin (such as electrostatic interactions, for example) may result in more consistent 

heterogeneity in samples, despite surfactant inclusion. In those containing sucrose, the molar 

ratio used has been determined to be suitable for a stabilizing protein formulations,
26

 which 

likely results in the negligible contribution of surfactant observed by ssHDX-MS. 

In the accelerated stability studies, the inclusion of surfactants in most formulations was 

found to result in a slight increase in aggregation after 90 days; those spray-dried with sucrose 

exhibited the most significant decrease in physical stability. This difference is likely due to the 

crystallization of sucrose due to exposure at high temperatures and humidity (Fig. C1), which has 

previously been shown to occur under accelerated storage conditions.
14,27

 Another possibility is 

due to oxidation or hydrolysis reactions with surfactants, which could result in chemical 

degradation of the formulations.
28,29

 While there is no pH change in the samples upon 

reconstitution that would indicate chemical degradation of the surfactants (Fig. C2), there is a 

possibility that the buffering capacity may be sufficient for protecting the formulation from an 

observable shift. These minor aggregation differences due to chemical degradation could not be 

identified by ssHDX-MS or XPS.  

4.5 Conclusions 

The impact of surfactant inclusion in formulation containing different bulking agents was 

examined. Using XPS, significant differences in atomic protein percentage at the particle surface 

were found with different formulations. With ssHDX-MS, differences in protein populations 

could be identified between formulations with and without surfactant only in the case of 



 

 

140 

 

mannitol, an unstable formulation due to crystallization of the bulking agent. For both techniques, 

no definitive correlation could be made between the composition heterogeneity and physical 

stability, due to the limitations in measuring the complex interactions of surfactant and protein at 

the air-liquid interface.  
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 CONCLUSIONS AND RECOMMENDATIONS CHAPTER 5.

In this work, the effects of different processing methods and excipients were examined in 

relation to the conformational state of proteins, the heterogeneity of the populations present, and 

their physical stability. Different characterization techniques, such as ssHDX-MS and XPS, were 

used to characterize these differences and establish a correlation, if any existed, to physical 

stability as determined by SEC. With these techniques, significant correlations were found to 

occur with the heterogeneity of protein populations, as well as identifying the capabilities of 

existing methods for protein screening when using excipients that may form interactions besides 

hydrogen bonding.  

In the first study, processing and excipient effects on protein structure were analyzed in 

order to determine what correlation, if any, existed between these techniques and physical 

studies. Samples were studied using ssFTIR, solid-state fluorescence spectroscopy, DSC, and 

ssHDX-MS. For the conventional analytical techniques, no strong correlation could be 

determined due to the challenge in using a bulk analytical method to identify the 

microheterogeneous states that can exist in protein formulations. With ssHDX-MS, a greater 

correlation was found with physical stability corresponding to higher Dmax and peak area values. 

This is likely due to the capability of the analytical technique to better identify the population 

heterogeneity. These results demonstrated that spray-dried formulations exhibited higher 

heterogeneity compared to lyophilized samples. This study showed that ssHDX-MS can be used 

not only as a tool for predicting physical stability, but also for identifying population differences 

in proteins due to drying method or excipients used, which could improve development of more 

robust biologic products. 
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For the second study, protein formulations spray-dried with different sugar-containing 

excipients were prepared to examine their effect on protein structure, surface coverage, and 

population heterogeneity. Samples were analyzed by ssFTIR, XPS, DSC, and ssHDX-MS. With 

these techniques, distinct differences were observed for proteins when processed with or without 

excipients of differing molecular weights. For structure, the addition of dextrans or the exclusion 

of an excipient showed a loss of α-helices. When comparing protein surface coverage by XPS 

and heterogeneity by the peak area of ssHDX-MS results, a linear correlation was observed for 

formulations with a sugar-containing excipient. Low molecular weight, hydrogen bond-replacing 

excipients during spray drying could reduce the destabilizing stress at the air-liquid interface and 

the population heterogeneity. This could lead to improved physical stability and homogeneity in 

spray-dried biopharmaceuticals. 

In the third study, the effects of surfactant inclusion in spray-dried protein formulations on 

surface composition, population heterogeneity, and physical stability were investigated. Surface 

composition was examined by XPS and ssHDX-MS was used to determine the protein 

formulation heterogeneity. Surfactants used in this study were polysorbate 20 and poloxamer 188, 

and were included or excluded in formulations containing no bulking agent, sucrose, or mannitol 

that were spray-dried. For XPS, surfactants greatly reduced protein concentrations on the particle 

surface, although the atomic percentage at the surface still indicated formulation heterogeneity. 

Data for ssHDX-MS did not indicate significant differences in deuterium exchange or protein 

populations between formulations with and without surfactant, except in mannitol-containing 

samples. This may be due to limitations of ssHDX-MS to measure complex interactions of 

protein and surfactant at the air-liquid interface. From these results, no correlation could be 
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identified to the physical stability of myoglobin. Further studies are warranted to better 

understand the impact of surfactants in protein stability for spray-dried formulations.  

For future studies, several recommendations can be made based on the results of the current 

work. In the study of processing methods in Chapter 2, lyophilization and spray drying were 

examined as drying approaches for protein formulations. Alternative drying approaches, such as 

spray freeze drying, foam drying, and others could also be studied to determine if heterogeneity 

as determined by ssHDX-MS can be further correlated to physical stability. In addition, for this 

study, the same molar ratio was applied for all protein formulations to allow for comparison 

between multiple proteins possessing different characteristics. This work also indicated that for 

all formulations, spray-dried samples had greater heterogeneity than those that were lyophilized. 

Examining different molar ratios of excipient with proteins may provide a better understanding 

of concentration effects on population heterogeneity, for both different excipients and drying 

methods.   

In examining excipient effects in Chapter 3, only sugar-containing excipients of sucrose, 

trehalose, and different molecular weight dextrans were examined to understand their impact on 

protein surface composition and population heterogeneity. From this work, a positive linear trend 

was established between the surface percentage of protein and the observed population 

heterogeneity by ssHDX-MS. Examination of other types of excipients, such as those that do not 

contribute hydrogen bonding interactions, may provide additional information on their impact on 

surface composition and protein heterogeneity.  

For the study on surfactant effects in Chapter 4, no discernible correlation could be 

established between the surface composition, population heterogeneity, and the physical stability 

of myoglobin when including or excluding a surfactant in the formulation. From the results, the 
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formulation without excipient had similar monomer content as those with excipients, suggesting 

myoglobin may be less sensitive to the air-liquid interface than other proteins that have been 

studied. Examining surfactant effects with a more interface-sensitive protein may provide 

different results to better understand the effects of surfactant inclusion. In addition, this work 

indicated a potential knowledge gap in understanding the interactions of surfactant and protein in 

the solid state. A study examining different proteins and surfactants may provide information on 

the capabilities of XPS and ssHDX-MS on identifying the complex interactions that occur 

between protein and surfactant. Other solid-state characterization techniques, such as solid-state 

fluorescence spectroscopy, may also identify the effects of surfactant inclusion on protein 

conformation. 
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 2 

 

 

 

 

 

Table A.1: Formulation composition and moisture content. 

Protein Excipient Protein:Excipient 

Ratio (w/w)* 

Moisture 

Content 

Lyo (%) 

Moisture 

Content 

SD (%) 

Myoglobin Sucrose 1:9 1.7 ± 0.2 1.0 ± 0.5 

Trehalose 1.3 ± 0.1 1.0 ± 0.3 

Mannitol 1.1 ± 0.2 0.8 ± 0.1 

β-lactoglobulin Sucrose 1:9 1.5 ± 0.7 1.6 ± 0.1 

Trehalose 1.6 ± 0.3 1.4 ± 0.5 

Mannitol 1.5 ± 0.4 0.8 ± 0.2 

Bovine Serum 

Albumin 

Sucrose 3:2 1.7 ± 0.3 1.2 ± 0.5 

Trehalose 1.5 ± 0.7 1.6 ± 0.1 

Mannitol 1.5 ± 0.1 1.1 ± 0.5 

Lysozyme Sucrose 1:10 2.4 ± 0.5 1.4 ± 0.6 

Trehalose 2.8 ± 0.7 2.1 ± 0.8 

Mannitol 1.9 ± 0.3 1.2 ± 0.2 

*Different protein:excipient ratios correlate to the same molar ratio. Total solid content is 20 

mg/mL.
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Figure A.1: X-ray powder diffraction powders of myoglobin (A), BSA (B), β-lactoglobulin (C), 

or lysozyme (D). Samples were formulated with either sucrose (Suc), trehalose (Tre) or mannitol 

(Mann) and processed by either lyophilization (Lyo) or spray drying (SD). 
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Table A.2: Tg analysis for formulations produced by spray drying for lyophilization (mean ± SD). 

Sample Tg or Tm Lyo 

(°C)* 

Tg or Tm SD 

(°C)* 

Lysozyme/Suc 65.6 ± 0.3 68.1 ± 0.1 

Lysozyme/Tre 95.1 ± 0.9 103.7 ± 0.6 

Lysozyme/Mann 160.6 ± 0.1 163.4 ± 0.1 

BSA/Suc 79.8 ± 0.4 80.4 ± 0.1 

BSA/Tre 109.2 ± 1.7 116.1 ± 3.3 

BSA/Mann 159.5 ± 0.4 161.8 ± 0.2 

Myoglobin/Suc 70.0 ± 0.1 65.2 ± 0.5 

Myoglobin/Tre 106.6 ± 0.1 105.9 ± 0.7 

Myoglobin/Mann 160.1 ± 0.1 160.9 ±0.4 

β-Lactoglobulin/Suc 71.8 ± 0.3 72.0 ± 1.3 

β-Lactoglobulin/Tre 106.5 ± 0.2 108.4 ± 0.7 

β-Lactoglobulin/Mann 160.4 ± 0.4 163.1 ± 0.1 

*Tg for sucrose- and trehalose-containing formulations. Tm for mannitol-containing formulations. 
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Figure A.2: X-ray powder diffraction powders of myoglobin spray-dried with sucrose after 90 

days of storage. 

 

 

Figure A.3: Solid-state FTIR spectra of proteins prior to formulation and processing. 
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Figure A.4: Deconvoluted mass spectra of proteins pre- and post-processing for myoglobin (A), 

BSA (B), β-lactoglobulin (C), and lysozyme (D). 
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 3 

Table B.1: Tukey’s Test for percentage nitrogen on surface for BSA formulations. 

Formulations Compared Adjusted P Value 

Protein Only vs. Sucrose <0.0001 

Protein Only vs. Trehalose <0.0001 

Protein Only vs. Dextran 20K 0.0001 

Protein Only vs. Dextran 70K 0.0001 

Sucrose vs. Trehalose 0.0501 

Sucrose vs. Dextran 20K <0.0001 

Sucrose vs. Dextran 70K <0.0001 

Trehalose vs. Dextran 20K 0.0008 

Trehalose vs. Dextran 70K 0.0009 

Dextran 20K vs. Dextran 70K >0.9999 

 

Table B.2: Tukey’s Test for percentage nitrogen on surface for myoglobin formulations. 

Formulations Compared Adjusted P Value 

Protein Only vs. Sucrose <0.0001 

Protein Only vs. Trehalose <0.0001 

Protein Only vs. Dextran 20K <0.0001 

Protein Only vs. Dextran 70K <0.0001 

Sucrose vs. Trehalose 0.2415 

Sucrose vs. Dextran 20K 0.0049 

Sucrose vs. Dextran 70K 0.0010 

Trehalose vs. Dextran 20K 0.1485 

Trehalose vs. Dextran 70K 0.0244 

Dextran 20K vs. Dextran 70K 0.7636 

 

Table B.3: Tukey’s Test for percentage protein on surface for BSA formulations. 

Formulations Compared Adjusted P Value 

Protein Only vs. Sucrose <0.0001 

Protein Only vs. Trehalose <0.0001 

Protein Only vs. Dextran 20K <0.0001 

Protein Only vs. Dextran 70K <0.0001 

Sucrose vs. Trehalose 0.0428 

Sucrose vs. Dextran 20K <0.0001 

Sucrose vs. Dextran 70K <0.0001 

Trehalose vs. Dextran 20K 0.0006 

Trehalose vs. Dextran 70K 0.0007 

Dextran 20K vs. Dextran 70K >0.9999 
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Table B.4: Tukey’s Test for percentage protein on surface for myoglobin formulations. 

Formulations Compared Adjusted P Value 

Protein Only vs. Sucrose <0.0001 

Protein Only vs. Trehalose <0.0001 

Protein Only vs. Dextran 20K <0.0001 

Protein Only vs. Dextran 70K <0.0001 

Sucrose vs. Trehalose 0.0710 

Sucrose vs. Dextran 20K 0.0005 

Sucrose vs. Dextran 70K <0.0001 

Trehalose vs. Dextran 20K 0.0345 

Trehalose vs. Dextran 70K 0.0031 

Dextran 20K vs. Dextran 70K 0.5221 
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 4 

Table C.5: Two-way ANOVA and Tukey’s Test for atomic percentage protein on surface. 

Source of Variation P Value 

Interaction <0.0001 

Row Factor <0.0001 

Column Factor <0.0001 

Formulations Compared Adjusted P Value 

Myo Only vs. Myo-PS20  <0.0001 

Myo Ony vs. Myo-Pol188 <0.0001 

Myo-PS20 vs. Myo-Pol188 0.1427 

Myo-Suc vs. Myo-Suc-PS20 <0.0001 

Myo-Suc vs. Myo-Suc-Pol188 <0.0001 

Myo-Suc-PS20 vs. Myo-Suc-Pol188 <0.0001 

Myo-Mann vs. Myo-Mann-PS20 <0.0001 

Myo-Mann vs. Myo-Mann-Pol188 <0.0001 

Myo-Mann-PS20 vs. Myo-Mann-Pol188 0.9183 

 

Table C.6: Two-way ANOVA and Tukey’s Test for moisture content. 

Source of Variation P Value 

Interaction 0.0123 

Row Factor 0.0133 

Column Factor <0.0001 

Formulations Compared Adjusted P Value 

Myo Only vs. Myo-PS20  0.0567 

Myo Ony vs. Myo-Pol188 0.0002 

Myo-PS20 vs. Myo-Pol188 0.0344 

Myo-Suc vs. Myo-Suc-PS20 0.7395 

Myo-Suc vs. Myo-Suc-Pol188 0.9665 

Myo-Suc-PS20 vs. Myo-Suc-Pol188 0.8733 

Myo-Mann vs. Myo-Mann-PS20 0.8733 

Myo-Mann vs. Myo-Mann-Pol188 0.7395 

Myo-Mann-PS20 vs. Myo-Mann-Pol188 0.9665 
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Table C.7: Two-way ANOVA and Tukey’s Test for ssHDX-MS sesults. 

Source of Variation P Value 

Interaction <0.0001 

Row Factor 0.0003 

Column Factor <0.0001 

Formulations Compared Adjusted P Value 

Myo Only vs. Myo-PS20  0.2257 

Myo Ony vs. Myo-Pol188 >0.9999 

Myo-PS20 vs. Myo-Pol188 0.2257 

Myo-Suc vs. Myo-Suc-PS20 >0.9999 

Myo-Suc vs. Myo-Suc-Pol188 >0.9999 

Myo-Suc-PS20 vs. Myo-Suc-Pol188 >0.9999 

Myo-Mann vs. Myo-Mann-PS20 0.7454 

Myo-Mann vs. Myo-Mann-Pol188 <0.0001 

Myo-Mann-PS20 vs. Myo-Mann-Pol188 <0.0001 

 

Table C.8: Two-way ANOVA and Tukey’s Test for ssHDX-MS peak area results. 

Source of Variation P Value 

Interaction 0.0003 

Row Factor <0.0001 

Column Factor <0.0001 

Formulations Compared Adjusted P Value 

Myo Only vs. Myo-PS20  0.1894 

Myo Ony vs. Myo-Pol188 0.5321 

Myo-PS20 vs. Myo-Pol188 0.7456 

Myo-Suc vs. Myo-Suc-PS20 0.1388 

Myo-Suc vs. Myo-Suc-Pol188 0.8305 

Myo-Suc-PS20 vs. Myo-Suc-Pol188 0.3496 

Myo-Mann vs. Myo-Mann-PS20 0.0003 

Myo-Mann vs. Myo-Mann-Pol188 <0.0001 

Myo-Mann-PS20 vs. Myo-Mann-Pol188 0.0093 
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Figure C.5: pH profile for formulations under 90-day accelerated stability study following 

reconstitution. 

 

Figure C.6: XRPD results of sucrose-containing formulations following storage at 40°C for 90 

days.
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