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ABSTRACT 

In this dissertation research, specific interactions (excipient-excipient, 

excipient/protein-ice, protein-excipient) governing protein conformational stability and 

crystallization behavior of excipients in the freeze concentrate, were explored. 

Furthermore, the effects of formulation composition (type and mole fractions of 

excipients in the formulation) on afore-mentioned interactions, during freeze-thaw and 

freeze-drying of protein formulations, was investigated. Concentration dependent effects 

of excipients including the bulking agent, lyo/cryo-protectant and surfactant on the 

nucleation and growth of crystalline phases in the freeze concentrate were characterized 

and quantified. Changes in the secondary and tertiary conformations of model proteins 

(such as Bovine Serum Albumin and Immunoglobulin) due to crystallization of 

excipients, were determined as a function of formulation composition during freeze-thaw 

and freeze-drying. Infrared (IR) Spectroscopy was used to detect onset of crystallization 

the bulking agent and lyo/cryo-protectant. X-Ray Diffractometry (XRD) was used to 

characterize the polymorphic form of crystalline phases. Far UV circular Dichroism (CD) 

was used to characterize secondary conformation of protein in thawed and reconstituted 

(freeze-dried) formulations. IR Spectroscopy was used to characterize secondary 

conformation of protein in frozen and freeze-dried formulations. 

A bulking agent – lyo/cryo-protectant – protein system, a typical freeze-drying 

formulation, was chosen for characterization of frozen and freeze-dried formulations.  It 

was observed that high concentrations of non-crystallizing components such as the 

protein and lyo/cryo-protectant (usually a disaccharide such as trehalose) inhibited 

crystallization of the (otherwise readily crystallizing) bulking agent (such as mannitol) 
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and vice versa. At low concentrations, surfactants such as Polysorbate 20, prevented 

growth of crystalline phases due to amphiphilic interface coverage, but when their 

concentrations exceeded the critical micelle concentration (CMC), they enhanced degree 

of crystallinity in the formulation. Structural unfolding of the protein was detected upon 

crystallization of the lyo/cryo-protectant and micelle formation (when surfactant 

concentration exceeded CMC). Detection of protein aggregates in reconstituted solutions, 

confirmed that unfolding induced during freezing, thawing and drying processes, did not 

reverse upon reconstitution. Presence of ice surfaces and other crystalline interfaces (such 

as those introduced by the bulking agent) significantly contributed to protein degradation. 

In our model system, thawing induced stresses such as recrystallization were found to be 

more detrimental than the stresses induced by freezing and desiccation and hence, freeze-

drying yielded better structural recovery of the protein than freeze-thaw in our model 

system. Secondary relaxations arising from the flexible polar groups on the protein 

surface (millisecond time scales) and dynamic ring flips of the monosaccharide units 

about the glycosidic linkage (microsecond time scales) of disaccharides (indicating 

flexibility of glycosidic linkage) were detected in our model freeze-dried system using 

Frequency Domain Dielectric Spectroscopy. In the presence of protein, flexibility of the 

glycosidic linkage was decreased and likewise, presence of disaccharides slowed down 

the dynamics of flexible protein groups, up to a critical protein to disaccharide mass ratio 

(= 0.5). Surfactant and higher protein to disaccharide mass ratios (≥ 0.5) produced the 

opposite effect. These secondary relaxations govern conformational stability of the 

protein and propensity of the disaccharide to crystallize during storage below the Tg.  
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In the final part of the thesis, effects of slow freezing on lyo/cryo-protectant-

protein formulations during cryo-vitrification was investigated. Chemical toxicity of cell 

penetrating lyo/cryo -protectants such as Dimethyl Sulfoxide (DMSO), frequently used 

for cryo-vitrification of organs and tissues, was shown to be dictated by their hydrogen 

bonding behavior (characterized by IR Spectroscopy). At temperatures where hydrogen 

bonding interactions between lyo/cryo-protectant and water were unfavorable, the 

lyo/cryo-protectant directly partitioned in the hydration shell of the protein and caused 

unfolding of the protein, potentially due to hydrophobic interactions. It was also 

ascertained that when the freeze concentrate is vitrified during freezing, rapid thawing is 

a necessity to minimize ice recrystallization during devitrification to minimize the 

damage to the proteins.  

This dissertation research has enhanced an overall understanding of interactions 

between the excipients, protein and crystalline interfaces (of ice and crystalline excipients 

such as bulking agent) as well as protein dynamics in the freeze-concentrate. This 

information is needed to identify stresses arising in the protein micro-environment that 

lead to conformational destabilization (and loss of activity) during preservation of protein 

formulations and is currently absent in literature.  

 

 

 

 

 

 



 vii 

 

LIST OF FIGURES 

 

Figure 1: Preferential Binding and Preferential Exclusion mechanisms of protein 

stabilization. 

Figure 2: Flow chart of the proposed research 

 

Figure 3: Temperature history of the specimens and the corresponding transmitted light 

microscopy images taken throughout the experiment. 

Figure 4: Effect of composition and initial solute concentration on the thermal behavior 

of frozen trehalose-mannitol solutions with Mannitol to trehalose ratio (R) of 0.5 and 2.   

Figure 5: Effect of annealing on the thermal behavior of frozen trehalose-mannitol  

A) Unannealed and B) annealed solutions.    

Figure 6: FTIR spectra encompassing the C-H stretch (3040-2840 cm-1) peak (Row 1), 

the fingerprint (1600-900 cm-1) region (Row 2) of partially frozen solutions and XRD 

patterns of the frozen solutions at the end of annealing.  

Figure 7: A) Normalized Integrated area of C-H bending peak of mannitol during 

equilibrium freezing and annealing. B) Position of the C-O stretching peak of trehalose 

during equilibrium freezing and annealing. 

Figure 8: Transmitted light microscopy images (Row 1) and the corresponding FTIR 

spectra (Row 2) of A) 10%M+8%T+4%BSA and B) 10%M+8%T+15%BSA solutions at 

-18oC after 15 hours of annealing.  



 viii 

Figure 9: Comparison of trehalose crystallinity, protein hydration, and structure before 

and after annealing of frozen X%M+8%T+4%BSA samples at -18oC for 15 hours; X = 2, 

8 and 16%. 

Figure 10: Comparison of trehalose crystallinity, protein hydration, and structure before 

and after annealing at a fixed region of frozen 10%M+8%T+4%BSA+X%D2O samples; 

X = 0, 2 and 5 %. 

Figure 11: Comparison of trehalose crystallinity, protein hydration, and structure before 

and after annealing of frozen 10%M+8%T+X%BSA samples at -18oC for 15 hours; X = 

4, 8 and 16. 

Figure 12: Comparison of trehalose crystallinity, protein hydration, and structure before 

and after annealing of frozen 10%M+8%T+4%BSA+X%Tween20 samples at -18oC for 

15 hours; X = 0.1 and 1. 

Figure 13: XRD patterns of A) 10%M+8%T+15%BSA, and B) 10%M+8%T+4%BSA 

solutions after 20 hours of annealing at -18oC. 

Figure 14: Monomer recovery from fresh samples (white bars) and samples annealed at 

20°C for 20 hours (grey bars) determined by HP-SEC at 280 nm (n=2). Mean ± SD. * P < 

0.05. 

Figure 15: Albumin/DMSO mass ratios (R) measured at 7 different regions of the freeze 

concentrated liquid as a function of decreasing temperatures during near equilibrium 

freezing.  

Figure 16: (A) (ν2 + ν3) NIR band of water at a fixed region in the FCL (B) Ratio of the 

integrated areas of S1, and S2* peaks after deconvolution of the (ν2 + ν3) band at a fixed 

region of the FCL during near equilibrium freezing of 30% DMSO + 10% BSA solution. 



 ix 

Figure 17: Albumin/DMSO mass ratios (R) measured at 7 different regions of the freeze 

concentrated liquid during near equilibrium freezing of 30% DMSO + 10%BSA solutions 

at cooling rates of (A) 0.1oC/min (B) 0.3oC/min (C) 0.5oC/min and, (D) 0.7oC/min. 

Figure 18: (A) Albumin/DMSO mass ratio (R) of the freeze concentrated liquid as a 

function of time in 30% DMSO + 10%BSA solution cooled at 0.3oC/min, held at 

different temperatures (TH: Hold Temperature) (B) Albumin/DMSO mass ratio (R) 

measured of the FCL as a function of time when the solution is held at -15oC after 

cooling at different rates (RC: Cooling Rate).  

Figure 19: (A) XRD pattern of a frozen 30% DMSO + 10% BSA solution at -70oC (B) 

Amide II peak location in IR spectra (C) DSC scans during equilibrium freezing (at 

0.3oC/min) of a 30% DMSO + 10% BSA solution up to -80oC and subsequent heating 

from -80oC to room temperature at 10oC/min. 

Figure 20: Freeze-drying protocol 

Figure 21: Room temperature XRD patterns of freeze-dried sample 

Figure 22: Baseline fitted XRD patterns 

Figure 23: % Crystallinity in freeze-dried samples 

Figure 24: Integrated area of characteristic diffraction peaks in XRD patterns of freeze-

dried samples. 

Figure 25: DSC thermograms during heating of freeze-dried samples. 

Figure 26: % Alpha helix in BSA calculated from deconvolution of Amide I in IR 

spectra of frozen and freeze-dried Mannitol-Trehalose-BSA samples. 

Figure 27: Frequency Domain Dielectric Spectra of freeze-dried  

Mannitol-Trehalose-BSA samples at -20oC 



 x 

Figure 28: Time constants as a function of temperature and activation energies for A) 

Fast trehalose secondary relaxation (Beta 1) B) Slow protein secondary relaxation (Beta 

2) 

LIST OF TABLES 

Table 1: Glass transition temperature(s), Tg’ and the corresponding specific heat shift(s) 

during heating of frozen solutions. 

Table 2: Glass transition temperature(s), T’g, and the corresponding heat capacity change 

(Cp) during heating of frozen solutions, before and after annealing at -18oC for 22 hours. 

Table 3: Glass transition temperature(s), T
g
’, onset of crystallization, area under 

exotherms and eutectic-ice melting temperatures during heating of unannealed samples. 

Table 4: Glass transition temperature(s), T
g
’, and the corresponding heat capacity 

change, ΔC
p
, before and after annealing at -18

o

C for 20 hours. 

Table 5: Glass transition temperature(s), T
g
’, and the corresponding heat capacity 

change, ΔC
p
, before and after annealing at -18

o

C for 20 hours. 

Table 6: Change in the secondary structure of BSA due to freezing and annealing 

= (% in fresh solution) - (% in thawed solution). 

Table 7: CD Analysis of thawed IgG solutions 

Table 8: A) Secondary structure content in fresh and thawed solutions (in %). Far UV 

CD analysis of 30%DMSO+10%BSA (w/w) solutions. B) Ellipticity values at 

characteristic wavelengths in fresh and thawed solutions (in machine units). Near UV CD 

analysis of 30%DMSO+10%BSA (w/w) solutions. 



 xi 

Table 9: A) Effect of thawing rate on secondary structure content in thawed solutions (in 

%). Far UV CD analysis of 30%DMSO+10%BSA (w/w) solutions. B) Effect of thawing 

rate on ellipticity values at characteristic wavelengths in thawed solutions (in machine 

units). Near UV CD analysis of 30%DMSO+10%BSA (w/w) solutions. 

Table 10: Secondary structure content (in fractions) of BSA in reconstituted freeze-dried 

solutions and thawed solutions after freezing and annealing. 

 



 1 

 

1. Introduction 

1.1. Motivation 

In frozen protein formulations, the solutes (protein and stabilizing excipients) 

excluded by the growing ice phase, accumulate in the freeze concentrated liquid (FCL) 

along with the unfrozen water and are gradually freeze concentrated.1 When crystallizing 

solutes are present, freeze concentration continues with reducing temperature until the 

eutectic temperature (Te) is crossed below which, the entire FCL transforms into a 

crystalline phase (called the eutectic phase).2. Alternatively, when non-crystallizing 

solutes are present in the solution, freeze concentration also gradually increases the glass 

transition temperature (Tg’) of the FCL and when the Tg’ of the FCL is crossed, the FCL 

vitrifies and forms an amorphous phase called a glass.3 When both crystallizing and non-

crystallizing solutes are present in the solution, the FCL comprises of both crystalline and 

amorphous phases having characteristic eutectic (crystalline) or glass transition 

(amorphous) temperatures.4 

During freezing, ice crystallizes first and later nucleation of other crystalline 

phases (including excipients) is induced on the surface of the ice crystals.5 Crystallization 

of the excipient renders it ineffective to stabilize the protein against freezing and drying 

induced stresses, in the highly concentrated FCL (See Section 1.2 Background for 

mechanisms).6 Moreover, a growing ice phase (due to decreasing temperature) in 

partially frozen solutions has been shown to produce spatial heterogeneity in the FCL due 

to preferential exclusion of solutes, arising from specific interactions of these solutes with 

the ice phase.7 In local protein rich pockets, formed  during phase separation, protein 
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aggregation is thermodynamically favored due to unavailability of the stabilizing 

lyo/cryo-protectants.8 Moreover, on account of high surface energy (and hence high 

diffusivity of any species on the ice surface),9 ice interfaces are likely to induce 

conformational unfolding of the protein and later irreversible aggregation, due to 

crowding of unfolded proteins in the FCL caused by gradual freeze-concentration.10 

Additionally, gradual freeze concentration of toxic excipients (mainly cryoprotectants 

such as glycerol and Dimethyl Sulfoxide) can cause chemical denaturation of the 

protein.11 As a result, understanding the effects of freeze concentration of protein and 

excipients in the FCL and their mutual interactions is crucial to preventing loss of native 

conformation (and activity) of protein during preservation processes such as freeze-

drying and freeze-thaw.  

Freeze-drying is a popular commercial process employed for long-term 

preservation of therapeutic proteins such as monoclonal antibodies and enzymes.12 The 

process involves a freezing stage where ice crystallization is induced followed by two 

drying stages; primary and secondary drying where ice and residual free water is 

removed13 (See Section 1.2 Background). While alternative preservation techniques such 

cryo-vitrification14 and desiccation15 are also utilized, freeze-drying is usually preferred 

since freeze-dried protein formulations do not require refrigeration and yield higher 

activity recovery than desiccated or cryo-vitrified protein fomulations.16  

Typical excipients used in freeze-drying are the bulking agent and lyo/cryo-

protectant.12, 17 While the bulking agent imparts mechanical strength to the freeze-dried 

formulation and decreases drying time by increasing the collapse temperature,18 the 

lyo/cryo-protectant stabilizes the protein against freezing and drying induced stresses,19 
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mechanisms of which have been discussed later (See Section 1.2 Background (i) 

Inhibition of irreversible protein unfolding and aggregation). Excipients can exist 

either in amorphous or crystalline form during freeze-drying. The desired physical state 

(crystalline/amorphous) of each excipient in a freeze-dried formulation is dictated by its 

functionality.20 In order to stabilize the protein, a lyo/cyo-protectant must remain 

amorphous, a physical phase that lacks the long-range order characteristic of a crystal.21 

On the other hand, the bulking agent needs to crystallize during freezing in order to 

prevent collapse during the subsequent drying stages (See Section 1.2 Background (iii) A 

Strong Cake Structure).20   

The mannitol (bulking agent) - trehalose (lyo/cyo-protectant) combination is 

commonly used in freeze-dried formulations.22 Mannitol is an ideal bulking agent since it 

crystallizes readily upon freezing.23 Similarly, on account of its high glass transition 

temperature, non-reducing nature and chemical inertness, trehalose is an ideal lyo/cry-

protectant.24 When the formulation contains higher relative concentrations of mannitol 

(w.r.t. trehalose), crystallization of mannitol can induce that of trehalose,25 which is 

detrimental to the stability of the protein.26 Alternatively, higher relative concentrations 

trehalose (w.r.t. mannitol) can partially or completely inhibit mannitol crystallization.27 In 

this case, the final freeze-dried specimen will contain amorphous mannitol, which may 

crystallize during transport or storage (due to physical instability).23 This will result in the 

release of sorbed water associated with the amorphous mannitol phase.23 The released 

water will then increase conformational flexibility of the protein,28 causing both 

chemical29 and physical degradation.30 Moreover, the water released can plasticize 

amorphous excipients such trehalose facilitating their crystallization.31 Additionally, 
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incomplete crystallization of mannitol will result in a mechanically fragile final product 

with low collapse temperature18(See Section 1.2 Background (iii) A Strong Cake 

Structure). It is also important to consider the physical form of the crystallized mannitol 

in the final freeze-dried specimen. For example, retention of mannitol hemihydrate in the 

freeze-dried specimen is undesirable as it may release water during storage32 (harmful for 

the reasons mentioned above). Due to the reasons outlined above, it is important to 

closely monitor the crystallization behaviors (propensity, extent and polymorphic form) 

of mannitol and trehalose to ensure that they retain their functionality during freeze-

drying processes. Crystallization behaviors of both excipients (mannitol and trehalose) 

have been investigated in detail in frozen and freeze-dried formulations in Chapters 2 

and 3. 

Freeze-dried formulations are characterized by their structural relaxations (α 

relaxation) above glass transition and Johari-Goldstein (β relaxation) below glass 

transition.33 α relaxation is the global cooperative motion of the freeze-dried matrix 

which is suppressed upon glass transition.34 On the other hand, β relaxations are the local 

non-cooperative motions (such as oscillations, rotations, flipping, etc.) that arise from 

either a part (such as side chain) or the entire molecule of protein or excipient.35 Most 

studies have shown an almost linear correlation between the time constant of α 

relaxations and crystallization kinetics.36 Studies have also shown that below glass 

transition, in the vitrified state, α relaxations are suppressed and diffusive processes such 

as protein degradation occurs as a result of β relaxations.37 Time constant of these β 

relaxations has been correlated with protein aggregation.38 Thus, β relaxations have been 



 5 

characterized in detail in freeze-dried specimens, in the dissertation to predict the 

likelihood of protein degradation during storage (Chapter 5) 

Cryo-vitrification, an alternative preservation process to freeze-drying, is 

preferred for the preservation of larger biological systems (as opposed to proteins) such 

as human organs and tissues.39 Cryo-vitrification necessitates the use of very high 

concentrations of cryo-protectants, which may cause damage due to dehydration and 

various other mechanisms of toxicity including protein denaturation, membrane injury, 

and oxidative damage.40 Organ vitrification protocols for kidneys, ovaries and liver, 

typically use cryo-protectant mixtures containing  glycerol, ethylene glycol and Dimethyl 

Sulfoxide with total concentration as high as 50%w/w41 (In widely used cryo-vitrification 

cocktails such as VS1, VS4, M22).42  

Cryo-vitrification protocols for aqueous samples containing mammalian cells and 

tissues employ very high cooling rates of 10000-12000oC/min to completely inhibit ice 

formation.43 This method prevents equilibration of osmotic pressure across the cell 

membranes, causing cytolysis (cell bursting) in extreme cases.44 Rapid cooling is also 

associated with injury from cold shock and chilling (mainly affecting the membranes) 

and intracellular ice formation45. Additionally, post storage, very rapid rewarming rates 

(≥2200°C/min) are necessary to avoid ice crystallization during devitrification, which 

may not be practical to attain.39d Moreover, additional complications arise during cryo-

vitrification of larger systems (such as organs) such as non-uniform loading (of lyo/cryo-

protectant) during perfusion of the lyo/cryo-protectant mixture and non-uniform 

heating/cooling.42b 
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Due to the reasons outlined above, only small structures such as ovaries,46 blood 

vessels,47 heart valves,48 and corneas49  have been recovered partially, after cryo-

vitrification.42a Although kidneys and hearts have been the most widely studied organs, 

neither (with the exception of rabbit kidneys50) has been reproducibly recovered upon 

vitrification despite extensive studies.42b Given the detrimental effects of rapid freezing, 

ongoing research in this field is directed towards achieving vitrification with slower 

cooling rates (0.1-5oC/min).51 Chemical toxicity, arising from gradual freeze-

concentration of lyo/cryo-protectants in the FCL, during slow freezing, continues to be an 

issue.45 Therefore, mechanisms of lyo/cryo-protectant toxicity (by chemical denaturation) 

during slow freezing of protein formulations have been investigated in Chapter 4 of this 

thesis. 

Since functionality of each excipient is strongly coupled to its physical form 

during and after freeze-drying (Discussed above in detail), characterizing the physical 

forms of excipients is crucial to ensuring that they  retain their functionality.19b While, 

several reports have shown that crystallization behavior of excipients are influenced by 

the presence of other excipients,25b detailed investigation of the effect of formulation 

design (type and mole fractions of) during freeze-drying on the crystallization behavior of 

excipients (lyoprotectant and bulking agent) is still missing. Similarly, suppression of 

structural (α) relaxations in sugar based glasses containing proteins below Tg, has been 

shown33, but detailed investigation of secondary (β) relaxations (which govern kinetics of 

protein degradation during storage37) in freeze-dried protein formulations, is absent. 

Likewise, in cryo-vitrification formulations, mechanisms of cryo-protectant toxicity 

during slow freezing, is not completely understood.40b Overall, an understanding of 
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interactions between the excipients, protein and crystalline interfaces (arising from ice 

and crystallization of excipients) in the FCL is needed to identify stresses arising in the 

protein micro-environment that lead to conformational destabilization (and loss of 

activity) during preservation processes. My dissertation research has been focused on in 

bridging this crucial gap that exists in literature on protein stabilization, by utilizing a 

variety of  complimentary techniques including Calorimetry, IR Spectroscopy, X-Ray 

Diffractometry, Circular Dichroism and Dielectric Spectroscopy. 

 

1.2. Background 

Proteins in aqueous formulations are prone to degradation by various 

mechanisms.52 Chemical degradation processes53 include oxidation (of usually 

methionine residues by reactive oxidative species such as peroxide and superoxides), 

hydrolysis (of peptide bonds initiated by protonation in acidic environment) and 

deamidation (removal of amine groups of asparagine and glutamine residues due to 

nucleophilic attack in acidic environment) which directly affect the protein peptide 

backbone. On the other hand, physical degradation of the protein involves unfolding of 

the protein conformation (3D arrangement of the protein backbone) followed by 

aggregation and precipitation.54 To minimize the kinetics of degradation processes 

(discussed above), aqueous protein formulations need highly controlled storage 

conditions including absence of agitation, temperature, and pH stability, which are 

sometimes not practical (such as during transportation.55  

Freeze-drying (or lyophilization) is a method for long-term preservation and 

storage of protein formulations in ambient conditions.12, 56 In freeze-dried formulations, 
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the kinetics of protein degradation processes (chemical and physical), are slowed down 

(See 1.2 Section Background (i) Inhibition of irreversible protein unfolding and 

aggregation).56a Thus they are much more resistant to temperature and pH fluctuations 

compared to aqueous formulations.56a  

 

The different phases in a freeze-drying process are explained below57: 

1) An initial freezing process involves cooling the protein formulation below the 

homogenous nucleation temperature of the formulation, to induce ice crystallization. The 

solution is then annealed above the glass transition temperature (to ensure sufficient 

mobility for the onset of crystallization of the bulking agent) and below the eutectic 

temperature of the bulking agent to maximize the extent of crystallization of the bulking 

agent (See 1.2 Section Background (iii) A Strong Cake Structure). Moreover, annealing 

causes small ice crystals to coalesce (by Ostwald ripening) into larger crystals.58 Larger 

ice crystals increase the efficacy of drying process.20
 

2) A primary drying phase involves annealing the frozen solution under vacuum (100 

mTorr to 300 mTorr) below the glass transition temperature to prevent collapse (See 

Section 1.2 Background (iii) A Strong Cake Structure). During this phase, ice is 

removed from the frozen product by sublimation.  

3) A secondary drying process involves further drying of the sample under vacuum (100 

mTorr to 300 mTorr) at elevated temperatures (30ºC - 50ºC) during which bound water 

within the product matrix and the water of crystallization from the hydrated crystalline 

phases are removed. Bound water (also called hydration water) comprises water 
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molecules engaged in direct hydrogen bonding interactions with the protein and 

excipients (as opposed to free water.59 Bound water needs elevated temperatures to be 

released from their tight hydrogen bonding interactions.60 

The rational design of freeze drying formulations and the correct choice of 

excipients are critical for effective stabilization, and must meet the following criteria: 

i) Inhibition of irreversible protein unfolding and aggregation   

During freeze-drying, proteins are subjected to stresses such as temperature 

fluctuations, pH fluctuations, loss water of hydration from the protein environment, 

mechanical stresses at the ice interfaces as well as chemical and osmotic stresses arising 

due to high ionic strength in the FCL (due to freeze concentration).61 These stresses lead 

to loss of native structure and activity of the protein (also called denaturation).54a To 

avoid protein denaturation, lyo/cryo-protectants, which are chemicals such as sugars, 

amino acids and polyols, are used.19b It is believed that lyo/cyro-protectants interact by 

hydrogen bonding with the protein in the absence of water (water replacement theory) 

and render the native folded state of the protein thermodynamically favorable, as shown 

in Figure 1A.62 Timasheff's preferential exclusion mechanism is an alternative theory, 

which proposes that preferential exclusion of solutes from the protein vicinity results in 

preservation and tightening (reduced fluctuations) of hydration shell surrounding the 

protein, as shown in Figure 1B.63 Another alternative theory is that the protein is 

embedded in a vitrified sugar matrix, which slows down degradation and thus the native 

state conformation of the protein is retained.64 
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Figure 1. Preferential Binding and Preferential Exclusion mechanisms of protein stabilization6 

 

Few chemicals have the required chemical and physical properties in order to 

function as lyo/cryo-protectants. Bulky polymers such as dextran and starch are incapable 

of hydrogen bonding with the protein during dehydration and are also frequently phase 

separated from the protein.65 Sugars such as mannitol and sorbitol that easily crystallize 

are incapable of interacting with the protein or form a glassy matrix.66 Likewise, 

monosaccharides such as glucose and lactose are chemically reducing in nature and have 

the propensity to degrade proteins by Maillard reaction (a deamidation process).67 On the 

other hand, disaccharides (sugars with two linked monosaccharide units) such as sucrose 

and trehalose, are non-reducing, non-reactive and can easily hydrogen bond with 

proteins.68 Additionally, the high glass transition temperatures of the disaccharides enable 

storage at room temperature, making them ideal lyo/cryo-protectants.68  

Trehalose has been shown to be a more effective lyo/cryo-protectant than sucrose 

in the preservation of proteins such as hemoglobin69 and lysozyme.70 The superior 

stabilizing ability of trehalose is attributed to the following reasons: 

A B 
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• Trehalose is known to be more resistant to acid hydrolysis and the Maillard 

(browning) reaction than sucrose due to its relatively inert glycosidic linkage.71  

• The glass transition temperature reported for trehalose (106oC) is higher than that of 

sucrose (60oC).72 

• Unlike sucrose, trehalose is known to exist in two different polymorphic crystalline 

forms (anhydrous and hydrated) and can transition reversibly between these forms 

without causing any loss of integrity to the crystal structure.73  

• It has been reported that in amorphous trehalose, local pockets of trehalose dihydrate 

exist, which trap residual water molecules.70 

 

ii) Storage below glass transition temperature 

Non-crystallizing solutes in a freeze-drying formulation form a highly viscous 

vitrified matrix below their glass transition temperature (Tg). Tg is a function of mass 

fraction of each excipient 12, 74 as well as the cooling rate.75 In the vitrified matrix, 

embedded proteins are effectively immobilized and the rate of diffusion-controlled 

reactions, including aggregation, and chemical degradation, are reduced.13, 74a A high Tg 

may allow storage at higher temperature, eliminating the need for cold storage. It is 

therefore necessary to design formulations with high glass transition temperatures which 

can be achieved by optimizing the mass fraction of each excipient.17, 74a  

During storage of lyophiles, below Tg, global cooperative motions, called 

structural relaxations, in the amorphous matrix are suppressed.33 But local, non-

cooperative motions, called secondary relaxations, continue to be active even below Tg 
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and govern the kinetics of diffusive transport.35a It has recently been documented that in 

time scales of several months, many degradative reactions occur during storage of freeze 

dried specimens due to secondary relaxations governing protein dynamics.76  

 

iii) A Strong Cake Structure  

The ideal freeze-dried specimen is mechanically robust and porous.20 Porosity 

ensures a high surface area to volume ratio in order to enable rapid solubilization during 

reconstitution to eliminate precipitation and need for agitation (stirring).20 Moreover, 

adequate porosity ensures complete removal of water during secondary drying (to 

maximally lower the Tg (See Section 1.2 Background (ii) Storage below glass transition 

temperature). 19b For a sufficiently porous final product, macroscopic collapse needs to 

be avoided.19b Collapse refers to a situation when the specimen is incapable of supporting 

its own weight (especially during drying) and disintegrates into a puddle, above a 

characteristic collapse temperature .77 In amorphous systems, the collapse temperature 

coincides with the glass transition temperature of the freeze concentrate (Tg
’), above 

which collapse happens due to decrease in viscosity above Tg
’.78 When crystallizing 

components are present, collapse temperature coincides with eutectic temperature of the 

crystalline phases (Te), above which rigidity is lost due to melting of crystals.77  

Both primary and secondary drying need to be conducted below the collapse 

temperature of the formulation (to prevent collapse).78 The rate of drying (primary and 

secondary) is directly proportional to the temperature at which drying is conducted.79 For 

a reasonable drying time the temperature should not fall below -40oC.79 Thus, it is 

preferable to maximize the collapse temperature to reduce the drying time.19a  
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Collapse temperature is increased by using bulking agents which are crystalline 

solutes with high eutectic melting temperatures such as mannitol or glycine, especially 

when the Tg’ of the frozen specimen is low.23 The bulking agent increases the collapse 

temperature when crystallizing out during freezing, and in doing so enable primary and 

secondary drying to be conducted at higher temperatures.18 To achieve the maximum 

possible collapse temperature in the presence of bulking agents, it is necessary to 

maximize their crystallinity. This is achieved by incorporating an annealing step between 

the freezing and primary drying stages.56a Heterogeneous (spatial) crystallization of the 

bulking agent in the sample will cause amorphous phases (with collapse temperature = 

Tg
’) and crystalline phases (with collapse temperature = Te) within the same 

formulation.78 Likewise, complete inhibition of crystallization will lower the collapse 

temperature to the value of Tg
’).78 

 

iv) Maintaining pH 

pH fluctuations during storage changes the charge on protein residues (e.g. amine 

groups in asparagine and glutamine residues), making them susceptible to 

nucleophilic/electrophilic attack and hence chemical degradation by deamidation and 

hydrolysis.80 pH fluctuations can also cause physical degradation by altering the free 

energies of the native vs. unfolded conformations as well as intermolecular electrostatic 

forces between the protein molecules (by changing the surface charge of protein).81 Thus, 

by optimizing the initial pH of the solution and maintaining it with the use of buffers, 

chemical and physical degradation (due to pH fluctuations), can be avoided.82 However, 

certain buffer salts such as chlorides and phosphates have the tendency to precipitate 
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during freezing, causing large pH changes.83 For example, crystallization of the dibasic 

form of sodium results in a drop in pH to less than 4.84 This can be mitigated by limiting 

buffer salt concentration and duration of annealing as these factors can reduce the 

tendency of buffer salts to crystallize.56a, 84 Moreover, the correct choice of buffer salts 

can help, since certain buffers have a lower tendency (e.g. acetates and borates) to 

crystallize than others (chlorides and phosphates).85 Detrimental effects of buffer 

crystallization on the stability of proteins such as interferon-γ during storage have been 

reported.86   

 

1.3. Overview of dissertation 

The main objective of this dissertation was to identify the correlation between the 

physical state of the freeze concentrate and protein stability and to produce a model for 

the prediction of long-term stability of freeze-dried formulations. To accomplish this, the 

following specific aims were pursued: 

S.A.1: Experimentally determine the crystallization behavior (kinetics, extent and the 

physical form of crystalline phases) of excipients in the freeze concentrate. These studies 

were conducted on frozen and freeze-dried Mannitol (bulking agent) -Trehalose 

(lyo/cryo-protectant) formulations in Chapters 2, 3 and 5. Infrared (IR) Spectroscopy was 

used to detect onset of crystallization of mannitol and trehalose and X-Ray 

Diffractometry (XRD) was used to characterize the polymorphic forms of the crystalline 

phases. The effects of varying relative concentrations of mannitol, trehalose, Bovine 

Serum Albumin (BSA) (model protein) and Polysorbate 20 (surfactant) were also 

explored. 
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S.A.2: Characterize protein conformation and correlate it with crystallinity of excipients 

and their hydrogen bonding behavior in the freeze-concentrate. These studies were 

conducted on frozen and freeze-dried Mannitol (bulking agent) -Trehalose (lyo/cryo-

protectant) – BSA (model protein) formulations in Chapters 3 and 5, respectively. The 

effects of varying (relative) concentrations of mannitol, trehalose, BSA and Polysorbate 

20 were analyzed. In Chapter 4, effect of slow freezing and vitrification in the presence 

of Dimethyl Sulfoxide (lyo/cryo-protectant) on BSA (model protein) was explored. Far 

UV circular Dichroism (CD) was used to characterize secondary structure of BSA in 

thawed and reconstituted (freeze-dried) formulations. IR Spectroscopy was used to 

characterize secondary structure of BSA in frozen and freeze-dried specimens, as well as 

hydrogen bonding behavior of the lyo/cryo-protectant. 

S.A.3: Determine time constants of secondary relaxations of the freeze-dried 

formulations as a function of temperature and composition. These studies were conducted 

on freeze-dried Mannitol (bulking agent) -Trehalose (lyo/cryo-protectant) – BSA (model 

protein) formulations in Chapter 5, by Frequency Domain Dielectric Spectroscopy 

(DES). The effects of varying (relative) concentrations of mannitol, trehalose, BSA and 

Polysorbate 20 were observed. 

The outline of the specific aims is shown in Figure 2. A summary of the research is 

provided in Chapter 6.   
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Figure 2. Flow chart of the proposed research 
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2. Crystallization Behavior in Frozen Mannitol-Trehalose Solutions 

2.1. Introduction 

 Lyophilization (freeze-drying) is a drying process with the goal of retaining the 

activity of the active pharmaceutical ingredient (API) in a pharmaceutically elegant end 

product. This goal is usually achieved by adding excipients such as lyoprotectants and 

bulking agents. The lyoprotectant ensures the long term stability of the API while the 

bulking agent imparts mechanical strength to the cake.20 In order to be effective, the 

lyoprotectant  must be retained in the amorphous state, not only during freeze-drying but 

also throughout the shelf-life of the product.87 Therefore, lyoprotectant crystallization 

should be avoided. On the contrary, crystallization of the bulking agent during the 

freezing stage allows primary drying to be carried out at elevated temperatures and is 

hence desirable.4, 19b, 77, 88 

Mannitol, which is frequently used as a bulking agent,4, 19b, 77, 88 crystallizes 

readily in frozen solutions, possibly because its carbon chain adopts an extended, planar 

zigzag structure. Such an event can trigger the crystallization of other co-solutes such as 

buffer salts and lyoprotectant, which would otherwise remain amorphous.89 Selective 

crystallization of a buffer component can result in a pronounced pH shift in the freeze 

concentrate.90 Lyoprotectant crystallization could diminish its effectiveness.87a, 91 

Trehalose crystallization has been reported in frozen systems after long periods of 

annealing, internal seeding or external seeding caused by the crystallization of its co-

1Reprinted from Jena, S.; Suryanarayanan, R.; Aksan, A., Mutual Influence of Mannitol and Trehalose on 

Crystallization Behavior in Frozen Solutions. Pharmaceutical Research 2016, 33(6), 1413-1425. DOI: 

10.1007/s11095-016-1883-7. 
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solutes (buffer salts and bulking agent).21, 25, 90a, 92 On the other hand, the presence of a 

non-crystallizing solute such as sucrose has been known to inhibit the crystallization of 

trehalose.25b   

             Mannitol and trehalose are a popular combination in freeze-dried formulations. 

Yet, there have been disturbing reports that crystallization of mannitol was followed by 

that of trehalose.25 On the other hand, macromolecules, trehalose and sucrose, in a 

concentration dependent manner, can partially or completely inhibit mannitol 

crystallization.27 We hypothesize that (i) trehalose in a concentration dependent manner, 

can inhibit mannitol crystallization in the freeze-concentrate, and (ii) mannitol, in a 

concentration dependent manner can induce trehalose crystallization. Thus, by 

judiciously adjusting the mannitol to trehalose ratio, crystallization of both the solutes 

can be controlled. 

In the present work, we have investigated the effect of mannitol to trehalose ratio 

(R) in aqueous solutions on the propensity of mannitol and trehalose crystallization 

during freezing and prolonged annealing.  In case of mannitol, additional information on 

the extent and kinetics of crystallization were obtained. Several complimentary methods 

were used to characterize and quantify the crystallization of trehalose and mannitol in the 

frozen systems. As a result, the coupling between the crystallization behaviors of 

mannitol and trehalose could be investigated.  Infrared (IR) spectroscopy was used to 

detect crystallization of both solutes. This technique also enabled us to link the flexibility 

of the trehalose molecule about its glycosidic linkage with its crystallization propensity. 

Differential Scanning Calorimetry (DSC) was used to characterize the amorphous freeze 

concentrate before and after annealing. Likewise, low temperature powder X-ray 
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Diffractometry (XRD) enabled us to monitor crystallization and to identify the physical 

forms of the crystallizing phases. Our objectives were to (i) determine the effect of 

mannitol concentration in inducing trehalose crystallization, (ii) determine the effect of 

trehalose concentration in inhibiting mannitol crystallization, and (iii) understand the 

mechanism of solute crystallization and to characterize the crystallizing phases.  

 

2.2. Experimental 

 

D-(+)- trehalose dihydrate (MW 378.33 kDa,  99.9% pure, Sigma-Aldrich, St. 

Louis, MO), and D-mannitol (MW 182.17 kDa, ≥98% pure, Sigma-Aldrich)  were used 

as received. Aqueous solutions were prepared in ultrapure water (see compositions in 

Table 1). 

Differential Scanning Calorimetry (DSC): A differential scanning calorimeter  

(Q2000, TA Instruments, New Castle, DE) equipped with a refrigerated cooling 

accessory was used. The instrument was calibrated using tin.93 About 50 mg of the 

sample solution was weighed in an aluminum pan which was hermetically sealed (Tzero 

pan and lid with a pin-hole).  Dry nitrogen was used as the purge gas at a flow rate of 

∼50 ml/min.  The solution was initially cooled from room temperature down to -50oC at 

20o/min, and then heated at 1o/min back to room temperature.  When there was an 

annealing step, the solution cooled down to -50oC was heated at 1o/min to -18oC where it 

was held for 22 hours.  After the annealing period, the solution was again cooled rapidly 

(20o/min) down to -50oC and then heated at 1o/min back to room temperature. The DSC 

data were analyzed using TA Universal Analysis software. 
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Powder X-ray Diffractometry (XRD): A powder X-ray diffractometer (D8 

ADVANCE; Bruker AXS, Madison, WI) equipped with a variable temperature stage 

(TTK 450; Anton Paar, Graz-Straßgang, Austria) and Si strip one-dimensional detector 

(LynxEye; Bruker AXS, Madison, WI) was used. The experimental solution was cooled 

at 20o/min down to -50oC and then heated at 1o/min back to -18oC where it was held for 

22 hours. After the annealing period, the solution was heated at 1o/min to room 

temperature. During annealing at -18oC, XRD patterns were collected continuously with 

a dwell time of 900 s. Solutions were exposed to Cu Kα radiation (40 kV × 40 mA) over 

an angular range of 5−27° 2θ with a step size of 0.05°. The XRD patterns were analyzed 

using commercially available software. (JADE 2010). 

IR Spectroscopy: The experimental solution (~100 nL) was sandwiched between 

two CaF2 windows, sealed with vacuum grease to generate a solution film ~ 1 μm thick. 

The assembly was then transferred to the infrared microscope attached to the FTIR 

spectrometer, (Thermo-Nicolet Continuum with a mercury cadmium telluride detector, 

Thermo Electron, Waltham, MA) equipped with a freeze-drying cryostage (FDCS 196, 

Linkam Scientific Instruments Ltd., UK). Equilibrium freezing (for details, see the 

following paragraph) was performed down to -18oC where the temperature was held 

constant for 12 hours. Spectra were acquired at a resolution of 4 cm−1 and a total of 128 

scans were averaged in the 4000−930 cm-1 wavenumber range. The data was collected 

continuously from a fixed region (25 μm x 25 μm) in the freeze concentrated liquid 

(FCL) region both during equilibrium freezing and annealing and analyzed using OMNIC 

(Thermo-Nicolet) software. 
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Equilibrium Freezing: Cooling aqueous solutions rapidly would inevitably lead 

to supercooling and uncontrolled freezing at a sub-zero temperature, which could vary 

from run to run. To ensure “identical” freezing conditions in all the solutions, it was 

necessary to control ice nucleation. Firstly, the experimental solution was cooled at 

200/min down to the homogenous nucleation temperature (~ -40oC) and then warmed 

slowly back to equilibrium melting temperature. When a few small crystals could be seen 

dispersed in the solution, the solution was again cooled at a much slower rate of 0.10/min, 

to enable near equilibrium freezing and to avoid concentration variation in the samples 

due to diffusional limitations. The nucleation sites allowed formation and growth of ice 

crystals in the solution. 

 

2.3. Results & Discussion 

While cooling solutions containing non-crystallizing solutes, growth of ice results 

in a freeze-concentrated liquid (FCL) phase. The FCL, upon further cooling, vitrifies. The 

temporal physical and chemical stability of the FCL is of great practical interest. As 

mentioned earlier, excipient crystallization can have a profound effect on the stability of 

the API.  Furthermore, at certain compositions two glass transitions were observed, 

suggesting the existence of multiple “populations” in the FCL.  Detailed analyzes of 

mannitol and trehalose containing solutions were conducted to shed light on the stability 

and composition of the FCL, especially when it is annealed above its glass transition 

temperature(s), a condition very relevant to inter-process storage and freeze-drying.  

Figure 3 shows the transmitted light microscopic images of the solutions at 

different stages of equilibrium freezing followed by annealing at -18oC for 12 hours. As 
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will be discussed in detail later, the dark and spiny structures in the FCL are mannitol 

crystals surrounded by ice. The light colored rectangles seen in some of the images is the 

aperture from which infrared spectra are collected (discussed later).  

 
 

Figure 3. Temperature history of the specimens and the corresponding transmitted light microscopy images 

taken throughout the experiment. 

 

2.3.1. Characterization of glass transition of frozen solutions 

When the mannitol to trehalose ratio was fixed (R = 0.5), and the total solute 

concentration (X) ranged from 3 to 30% w/w, frozen solutions were characterized by a 

single Tg’ value of ~ -39oC (Figure 4A & Table 1).  When R was increased to 2, two 

glass transitions were observed when X ≥ 6 (Figure 4B). Both the Tg’ (~ -43 oC) and Tg” 

(-34 oC) appeared to be independent of the initial solute concentration. However, on 

comparing solutions with a fixed R value (0.5 or 2), it was observed that the magnitude of 

the heat capacity change (ΔCp) was proportional to the initial solute concentration 
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(Figure 4& Table 1). At the low solute concentration of 3% w/w, the absence of the 

lower temperature transition (Tg’) might be attributed to instrumental sensitivity since 

ΔCp associated with Tg’ was less than half of that with Tg” (Table 1).  

 

Figure 4: Effect of composition and initial solute concentration on the thermal behavior during heating of 

frozen trehalose-mannitol solutions (Row 1) with mannitol to trehalose mass ratio (R) of A) 0.5 and B) 2 

and schematic images of the freeze concentrate (Row 2) at corresponding points in the DSC scan for R = 2. 

 

Exothermic crystallization peaks, which overlapped with glass transition, 

observed only in solutions with R = 2 (Figure 4B). At this point, it is possible to assume 

that crystallization of trehalose without annealing, if any, would be negligible compared 

to that of mannitol.25a The total enthalpy of crystallization increased linearly as a function 

of mannitol concentration in the solution (Table 1). The measured value included not 
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only the enthalpy of crystallization of mannitol, but also that of unfrozen water associated 

with the crystallizing phase.  

 

Table 1: Glass transition temperature(s), Tg’ and the corresponding specific heat shift(s), 

Cp, in frozen solutions. R: Mass ratio of mannitol to trehalose 

 
Composition 

(w/w) 

T’g (oC) ΔCp at T’g 

(W/kg.K) 

Enthalpy of Crystallization 

(kJ/kgsample) 

1%M+2%T 

R=0.5 

-38.9 ± 0.3  1.7 ± 0.1 No crystallization observed 

2%M+4%T 

R=0.5 

-38.8 ± 0.1 3.5 ± 0.0 No crystallization observed 

5%M+10%T 

R=0.5 

-38.1 ± 0.2 8.1 ± 0.1 No crystallization observed 

10%M+20%T 

R=0.5 

-38.4 ± 0.3 10.4 ± 0.1 No crystallization observed 

2%M+1%T 

R=2 

-33.9 ± 0.1 4.1 ± 0.2 3.8 ± 0.2 

4%M+2%T 

R=2 

-42.8 ± 0.2 (Tg’) 

-34.1 ± 0.5 (Tg’’) 

2.3 ± 0.3 (Tg’) 

5.5 ± 0.2 (Tg’’) 

8.1 ± 0.1 

10%M+5%T 

R=2 

-42.8 ± 0.1 (Tg’) 

-34.2 ± 0.3 (Tg’’) 

1.5 ± 0.1 (Tg’) 

5.4 ± 0.3 (Tg’’) 

20.8 ± 0.4 

20%M+10%T 

R=2 

-42.3 ± 0.2 (Tg’) 

-34.1 ± 0.1 (Tg’’) 

9.7 ± 0.1 (Tg’) 

21.1 ± 0.3 (Tg’’) 

44.5 ± 0.2 

 
Note: The solutions were initially cooled from room temperature down to -50oC at 20o/min and 

then heated at 1o/min back to room temperature. All measurements were done during heating. 

 

The enthalpy of crystallization of anhydrous D-Mannitol is approximately 120.8 

J/g.94 Using the crystallization enthalpy values in Table 1 and assuming complete 

crystallization of mannitol, (and no crystallization of trehalose; this is explained later), 

the number of water molecules associated with one molecule of mannitol in the FCL 

were found to be 2.2, 2.7 and 3.3 for the 2%M+1%T, 4%M+2%T and 10%M+5%T (R = 

2) solutions, respectively. Thus, with increasing total solute concentration but at a fixed R 

value, there seems to be a small increase in the degree of hydration of mannitol. The 

average hydration number for mannitol from MD simulations has been reported to be 

13.295 The obvious discrepancy could be due to several reasons. While the experimental 
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solutions in this study contained both trehalose and mannitol, only pure mannitol 

solutions were considered for the MD simulations in the cited work. Besides, to calculate 

this number, a very specific radius of 0.425 nm was prescribed for the simulations. This 

may easily be an erroneous assumption, especially for our sample compositions and 

concentrations. 

 

      In the second set of experiments, selected systems were analyzed before and 

after annealing (Table 2 & Figure 5). At R = 0.33, there did not appear to be any 

pronounced change, either in Tg’ or ΔCp, due to annealing (Figure 5). This suggests that 

annealing did not have any effect on the freeze-concentrate composition. When R = 0.5, 

while annealing caused an increase in Tg’, the change in ΔCp was much less pronounced. 

Therefore, we were unable to draw any definitive conclusions. At R = 1, annealing 

resulted in a pronounced increase in Tg’ and a decrease in ΔCp (Figure 5). This can be 

explained by solute(s) crystallization. As observed earlier, the unannealed systems were 

characterized by two glass transition temperatures when R > 1.  A similar effect was 

observed when the value of R was increased (either to 2 or to 3). The Tg’’ appeared to be 

Figure 5: Effect of annealing on the thermal behavior of frozen trehalose-mannitol A) Unannealed and B) 

annealed solutions.    
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independent of R. On annealing, only a single glass transition event, at a temperature 

higher than Tg”, was observed suggesting pronounced change in freeze-concentrate 

composition due to solute(s) crystallization. The accompanying decrease in ΔCp supports 

this conclusion. 

Table 2: Glass transition temperature(s), T’g, and the corresponding heat capacity change 

(Cp), before and after annealing at -18oC for 22 hours.  

R: Mass ratio of mannitol to trehalose. 

 
Composition 

(w/w)     

Tg before 

annealing (oC) 

Tg after 

annealing (oC) 

ΔCp before annealing 

(W/kgK) 

ΔCp after  

annealing  

(W/kgK) 

5%T 

R=0 

-31.8 ± 0.1 -31.7 ± 0.2 3.6 ± 0.2 3.6 ± 0.3 

5%M+15%T 

R=0.33 

-35.8 ± 0.2 -32.5 ± 0.4 7.9 ± 0.5 7.3 ± 0.6 

10%M+20%T 

R=0.5 

-38.4 ± 0.3 -32.2 ± 0.1 10.2 ± 0.1 9.0 ± 0.2 

15%M+15%T 

R=1 

-40.3 ± 0.4 -31.8 ± 0.1 8.4 ± 0.2 5.7 ± 0.3 

20%M+20%T 

R=1 

-40.1 ± 0.2 -32.1 ± 0.1 13.7 ± 0.3 8.7 ± 0.5 

20%M+10%T 

R=2 

-42.3 ± 0.2 (Tg’) 

-34.1 ± 0.1 (Tg’’) 

-32.6 ± 0.3 9.7 ± 0.1 (Tg’) 

21.1 ± 0.3 (Tg’’) 

4.3 ± 0.2 

15%M+5%T 

R=3 

-36.2 ± 0.1 (Tg’) 

-33.6 ± 0.3 (Tg’’) 
-32.5 ± 0.4 5.3 ± 0.2 (Tg’) 

18.1 ± 0.3 (Tg’’) 

2.1 ± 0.1 

5%M 

R=∞ 

-35.4 ± 0.4 (Tg’) 

-30.3 ± 0.1 (Tg’’) 

- 15.9 ± 0.4 (Tg’) 

3.8 ± 0.7 (Tg’’) 

- 

 

Note: In annealed systems the solution was cooled down to -50oC, was heated back up to 

-18oC and annealed for 22 hours.  After annealing, the solution was cooled back down to 

-50oC and then heated at 1o/min back to room temperature. 

 

For a fixed value of R, solutions with different initial solute concentrations were 

investigated. This was done at R = 0.5 and 2 (data in Tables 1 and 2) as well as R = 1 

(Table 3). For all the unannealed systems, the Tg’ was independent of the initial solute 

concentration. Likewise, the magnitude of change in Tg’ and the % decrease in ΔCp after 

annealing were unaffected by the initial solute concentration (R = 1, Table 2). On 
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increasing R, a decrease in Tg’ of the solution was seen, suggesting that mannitol is a 

stronger plasticizer than trehalose. The reason could be that mannitol molecules are 

smaller (less free volume) and can reduce intermolecular interactions more effectively 

than trehalose96. When R > 1, the, the first glass transition (Tg’) was followed by an 

exotherm (mannitol crystallization), which overlapped with the second glass transition 

(Tg’’). When R ≤ 1, Tg’ was not followed by crystallization. 

As seen earlier in the unannealed systems, the magnitude of ΔCp associated with 

glass transition was found to be proportional to the initial solute concentration in 

solutions with identical R value. Another striking observation in all the annealed 

solutions was that a single Tg’ approaching the Tg’ of trehalose (~-32oC)3 was detected 

after annealing. Besides, the magnitude of ΔCp associated with Tg’ after annealing was 

directly proportional to the initial trehalose concentration and independent of mannitol 

concentration. As controls, annealing was applied to pure trehalose (5% w/w) and 

mannitol (5% w/w) solutions (Table 2). The Tg’ for trehalose was determined to be ~ -

32oC, both before and after annealing. There was no change in the ΔCp associated with 

glass transition before and after annealing. This goes on to confirm that trehalose does 

not crystallize by itself even after prolonged annealing for up to 22 hours. In the pure 

mannitol solution, however right before annealing, two glass transitions at approximately 

-35oC and -30oC were observed. After annealing, no glass transition was observed, which 

meant that all the mannitol had crystallized. Tg’ values obtained for trehalose and 

mannitol were in agreement with the values reported previously3. 
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2.3.2. Characterization of crystalline phases in frozen solutions 

XRD enabled characterization of the phases crystallizing from the frozen 

solutions. Trehalose dihydrate was characterized by peaks (Cu Kα radiation; λ=1.5407 Å) 

at 8.8 (10.10 Å), 12.6 (7.00 Å), 13.7 (6.45 Å), and 16.5° 2θ (5.36 Å) while α-anhydrous 

trehalose was identified by peaks at 16.8° (5.26 Å) and 17.8° 2θ (4.98 Å). Mannitol 

hemihydrate was identified by peaks at 9.6° (4.95 Å) and 20.5° 2θ (4.33 Å) while the 

peaks at 22.7 (3.93 Å), 24.4 (3.65 Å), 25.8 (3.46 Å), and 33.5(2.68 Å) 2θ were assigned 

to hexagonal ice97. The XRD patterns obtained at the end of annealing period for the 

15%M + 5%T, 15%M + 15%T and 5%M + 15%T solutions as well as their 

corresponding IR spectra (discussed in detail later) are presented in Figure 6 (row 3). 

In the 15%M+15%T (R = 1) solution, crystallization of mannitol hemihydrate 

was evident as soon as the annealing temperature was reached. There was no evidence of 

the crystallization of any anhydrous polymorph of mannitol. After 4 hours of annealing at 

-18oC, peaks attributable to the α-anhydrous form of trehalose, started to appear. 

Virtually identical results were obtained with the 20%M + 20%T (R = 1) solution (see 

Supplementary information). When the trehalose concentration was decreased (15%M + 

5%T; R = 3), only mannitol hemihydrate crystallization was evident. The peak intensities 

increased as a function of annealing time. On the contrary, when the mannitol 

concentration was decreased (5%M+15%T; R = 0.33) there was no evidence of any 

solute crystallization. Only the peaks attributable to ice were observed (Figure 6; row 3). 
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2.3.3. Characterization of crystallization in the freeze concentrate 

IR spectroscopy, at high spatial resolution (10 m x 10 m), complemented the 

DSC and XRD analyzes. In the experimental setup, a very thin layer of the solution is 

entrapped between two CaF2 windows. This technique enabled data acquisition from 

different spatial regions of a sample. 

In Figure 3, the thin, long, dark brown strands, arranged as radial clusters in the 

solution, are mannitol crystals (confirmed by IR spectroscopy). The mannitol crystals 

seemed to nucleate at the FCL-ice interface. Upon further cooling, the strands projected 

Figure 6: FTIR spectra encompassing the C-H stretch (3040-2840 cm-1) peak (Row 1) and the fingerprint 

(1600-900 cm-1) region (Row 2) of partially frozen solutions. For each composition, spectra at the start of 

equilibrium freezing and at the end of annealing are overlaid.  XRD patterns of the frozen solutions at the end 

of annealing are also provided (Row 3). Note: C, F correspond to temperatures identified in Figure 3. 
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radially outward and penetrated into the FCL region. In the IR spectra (Figure 6; rows 1 

and 2),, collected from a fixed region in the FCL at the beginning of equilibrium freezing 

(corresponding to point C in the temperature profile in Figure 3) and at the end of 

annealing (point F in Figure 3) have been compared. The bifurcation of the C-H 

stretching peak (2970-2910 cm-1)94, 98 indicated solute crystallization. Specifically, 

crystallization of mannitol and trehalose were evident from bifurcation of the C-H in-

plane bending peak (1400-1280 cm-1)94, 98a and the C-O-C stretching peak (1010-975 cm-

1),98b-d respectively. Splitting of the C-H stretching peak and the C-H in-plane bending 

peak began at -4oC, and -11oC during equilibrium freezing of 15%M + 5%T (R = 3), and 

15%M+15%T (R = 1) solutions, respectively. In the 15%M + 15%T (R = 1) solution, 

splitting of the C-O-C stretching peak of trehalose was observed as soon as the annealing 

temperature (-18oC) was reached. However, this was not observed in the spectra of the 

15%M + 5%T (R = 3) solutions confirming the retention of trehalose in the FCL. None of 

the three peaks bifurcated during cooling and annealing of the 5%M + 15%T (R = 0.33) 

solutions, again indicating the absence of solute crystallization. Thus IR spectroscopy 

corroborated the XRD results.  
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The mannitol C-H bending peak area (Figure 7B) and the position of trehalose C-

O stretching peak (Figure 7A) were plotted as a function of temperature during freezing 

and then as a function of annealing time. It is important to mention that both trehalose 

and mannitol had contributions to the C-H bending peak. When both of the solutes were 

amorphous, decreasing the temperature would cause only a small linear increase in the 

integrated area of the C-H bending peak. This increase was attributed to the freeze 

concentration of both mannitol and trehalose. On the other hand, crystallization of either 

solute would lead to a rapid (sigmoidal) and dramatic increase in the peak area. Thus 

Figure 7: A) Position of the C-O stretching peak of trehalose during equilibrium freezing and 

annealing. B) Normalized Integrated area of C-H bending peak of mannitol during equilibrium 

freezing and annealing. 
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integrated area under the mannitol C-H bending peak could effectively be used to 

determine the onset as well as the end point of mannitol crystallization.  

In the 15%M + 15%T (R = 1) solution, with decreasing temperature (due to freeze 

concentration), the area of the C-H bending peak increased in a linear fashion down to -

11oC. Below this temperature, a sigmoidal increase was observed which levelled off at -

16oC (Figure 7B). No further change was observed during annealing. Likewise, in the 

15%M + 5%T (R = 3) solution, the peak intensity increased slightly down to -4oC, at 

which point a rapid sigmoidal response was observed down to -6oC. No change was 

observed during annealing. In the 5%M + 15%T (R = 0.3) solution, the increase in the 

area of the mannitol C-H bending peak was linear throughout equilibrium freezing and 

remained unchanged during annealing. The maximum value of the normalized area 

attained at the completion of mannitol crystallization was considerably higher in the 

15%M + 15%T (R = 1) solution when compared with the 15%M + 5%T (R = 3) solution. 

This can be explained by the rapid growth of ice crystals into the FCL in the 15%M + 

5%T (R = 1) solution, leading to considerable signal attenuation. In samples with R > 1, a 

very large number of ice crystals were present at the start of equilibrium freezing and a 

faster ice growth rate was observed. It was also apparent while visually observing 

samples that ice and mannitol crystals appeared to have a mutual affinity.  

The ν-(C-O) peak at 1150 cm-1 originates from vibrational stretching of the 

glycosidic linkage connecting the two glucose pyranose rings in trehalose99. Therefore, 

this peak position was used to determine the flexibility of the glycosidic linkage of 

trehalose in the FCL. In the 15%M + 5%T (R = 3) and 5%M + 15%T (R = 0.33) 

solutions, the ν(C-O) peak position was unchanged during equilibrium freezing as well as 
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annealing. But in the 15%M + 15%T (R = 1) solution, starting at -11 oC , the peak began 

to shift to lower wave numbers and this continued down to -16oC. The peak position 

remained unchanged on further cooling and also during annealing.  

           The eutectic melting temperature (Te) of trehalose-water binary system is 

−2.5oC100 and the glass transition temperature of trehalose freeze-concentrate is reported 

to be in the range of −32 to −40 °C3. Since crystallization is expected to be most rapid at 

the midpoint between Te and Tg’, annealing was conducted at −18 °C101. The 

crystallization behavior of the solutes during annealing (Table 3) depended on the sample 

composition (R).  

When R > 1, the FCL consisted of two “populations” of amorphous phases, as 

evident from two glass transitions. The enhanced mobility above the Tg’ facilitated solute 

crystallization, which is evident from the exotherm (Figure 4B). XRD and FTIR results 

indicated only the crystallization of mannitol in this temperature range (Figure 6). The 

selective crystallization of mannitol (and the accompanying unfrozen water) would cause 

a change in the composition of the FCL. This “new” FCL is characterized by a glass 

transition at ~ -34 °C (Tg”) and the associated Cp is provided in Table 1.  The second 

glass transition (Tg’’), immediately following the exotherm, strongly suggests 

crystallization-induced heterogeneity in the amorphous freeze concentrated phase. The 

higher temperature glass transition has previously been attributed to an interfacial 

interaction between ice crystals and the amorphous phase.102 Microscopic images clearly 

showed that nucleation (and crystallization) of mannitol occurred at the ice surface. It is 

hypothesized that at the onset of this process, mannitol crystallization was localized to the 

ice-FCL interface. When the associated unfrozen water crystallized, in light of its close 
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physical proximity, it became a part of the ice phase.  This led to heterogeneity in the 

FCL due to formation of a second more concentrated amorphous phase characterized by a 

second glass transition (Tg’’). On the other hand, the interior of the FCL where mannitol 

crystallization had yet not started, remained “water rich” and could be linked to the first 

glass transition (Tg’). Tg’’ was independent of R which suggests that the composition of 

the maximally freeze concentrated phase formed at the ice interface upon mannitol 

crystallization was identical in all solutions. 

In solutions with R > 1, the exotherm observed immediately after Tg’ was 

attributed to solute (and the accompanying unfrozen water) crystallization. The enthalpy 

value was directly proportional to the mannitol concentration (Table 1), suggesting that 

only mannitol crystallized and trehalose remained amorphous (in the absence of 

annealing). XRD provided supporting evidence. 

Effect of annealing. Comparison of the Tg’ and ΔCp values before and after 

annealing, provided clear evidence of crystallization during annealing (Table 2). 

Crystallization occurred in all solutions with R ≥ 1. At R < 1, annealing had no effect on 

either Tg‘ or ΔCp, suggesting no crystallization. The % change in ΔCp can be used as an 

indirect measure of the solute crystallization during annealing.  On this basis, the extent 

of crystallization at R > 1 was much higher than at R = 1.  Interestingly, in solutions with 

R = 1, the absence of the crystallization exotherm in the first heating cycle indicated that 

annealing was necessary to induce crystallization. On the other hand, when R > 1, 

mannitol crystallization was triggered during the first heating cycle even before the 

annealing temperature was reached (Table 2, Figure 5B). Moreover, during annealing, it 

appears that most, if not all of the mannitol crystallized. The eutectic melting 
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temperatures of mannitol-water binary system is −1.5°C.23, 28, 88a In solutions where 

crystallization had occurred, there was a broadening of this endotherm possibly due to the 

overlapping of eutectic and ice melting endotherms.  

In systems with R ≥ 1, when the annealed sample was cooled to -50oC and then 

heated, irrespective of the initial composition, only a single glass transition at ~ -32oC 

was observed (Table 2). Since this was also the observed Tg’ of trehalose solution and the 

magnitude of ΔCp associated with Tg’ after annealing was directly proportional to the 

initial trehalose concentration (independent of mannitol concentration), annealing appears 

to have caused complete mannitol crystallization. Consistently, mannitol was the first 

solute crystallizing from solution.  XRD enabled us to identify the specific physical form 

of mannitol crystallizing from solution. It crystallized as mannitol hemihydrate upon 

annealing the 15%M + 5%T (R = 3) and 15%M + 15%T (R = 1) solutions (Figure 6, 

Row 3). Crystallization of trehalose was observed only when its concentration was high 

(15%M + 15%T; R = 1). Interestingly, trehalose crystallized as an anhydrous phase (α-

polymorph). There are numerous reports of trehalose crystallizing as a dehydrate.21, 25 

However, in all these earlier investigations, the total solute concentrations were quite low 

(≤ 6% (w/w)) and the systems were usually seeded with trehalose dihydrate. Besides, 

trehalose has been known to transition, reversibly, between one crystalline form to 

another, without structural relaxation.103  

IR spectra revealed trehalose crystallization as soon as annealing was initiated. 

However, trehalose anhydrate peaks were observed in the XRD patterns only after 4 

hours of annealing. There are two possible explanations. In these experiments, the 

samples were subjected to different temperature programs. In the IR microscope, the 
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solution was cooled very slowly, at 0.1o/min, from the equilibrium melting point (~ -2oC) 

down to the annealing temperature (-18oC) but in the XRD, the sample was cooled at 

20oC/min from RT to -50oC and heated at 1o/min to the annealing temperature (-18oC). 

The second possibility is that IR is potentially more sensitive than XRD.  

The images showed mannitol crystals nucleating in a very thin layer of solution 

sandwiched between ice crystals and the CaF2 window (Figure 3). Cracks and 

irregularities on the surface of the CaF2 window would serve as ideal sites for nucleation. 

IR spectra collected from a fixed region in the FCL (25 μm x 25 μm) during equilibrium 

freezing and annealing reaffirmed our conclusions derived from the analyzes of the XRD 

patterns and DSC curves. Crystallization of both mannitol and trehalose was seen in the 

15%M + 15%T (R = 1) solution (Figure 6, row 2). But only mannitol crystallized in the 

15%M + 5%T (R = 3) solution. Additional information on the kinetics of mannitol 

crystallization and the mechanism of crystallization of trehalose was obtained. As seen in 

Figure 7B, mannitol crystallization began at -11oC during equilibrium freezing and was 

complete at -16oC, in the 15%M + 15%T (R = 1) solution. In the 15%M + 5%T (R =3) 

solution, mannitol crystallization was observed earlier, beginning at -4oC during 

equilibrium freezing and was complete at -6oC. Thus with an increase in R (mannitol to 

trehalose mass ratio), mannitol crystallization was faster and started at a higher 

temperature.  

Crystallization of either solute would lead to a drastic and rapid increase in the 

area of the C-H in-plane bending peak (1400-1280 cm-1). But since it has been 

established that in all solutions with R ≥ 1, mannitol crystallization was complete before 

the onset of trehalose crystallization, the integrated area of this C-H bending peak could 
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be safely used to track the extent of mannitol crystallization as a function of temperature 

(during equilibrium freezing). This was also the reason why the bifurcation of this peak 

could be used as the basis for mannitol crystallization. The integrated area was essentially 

unchanged in the 15%M + 15%T (R = 1) solution during the entire annealing, despite 

trehalose crystallization (bifurcation of C-O-C stretching peak). This proves that the 

extent of trehalose crystallization was much less than that of mannitol.   

The position of the glycoside peak (C-O stretching) is highly sensitive to the 

flexibility of the two pyranose rings  about their  glycosidic linkage.104 During 

equilibrium freezing of the 15%M + 15%T (R = 1) solution, this peak progressively 

shifted to lower wavenumbers (Figure 7A) in the temperature range where mannitol 

crystallized (-16oC < T < -11oC). This implied that crystallization of mannitol resulted in 

loss of glycosidic linkage flexibility in trehalose in the FCL. This is probably because 

mannitol crystallization led to removal of water molecules from the FCL. Although 

trehalose lacks internal hydrogen bonds, at low concentrations of water, the two glucose 

rings fold over, forming intermolecular hydrogen bonds that greatly reduce the mobility 

of trehalose around its glycosidic linkage.105 During this “stiffening” event, trehalose 

molecules remained in the amorphous state (C-O-C stretching peak did not bifurcate in 

FTIR spectra). But the stiffening was probably what induced crystallization of trehalose 

in the 15%M + 15%T (R = 1) solution, as soon as the annealing temperature at -18oC was 

reached. The crystallization propensity of trehalose has been attributed to the reduced 

flexibility of the glycosidic linkage.106  

In the 15%M + 5%T (R = 3) solution, following mannitol crystallization, there 

was no glycosidic peak shift, implying the absence of trehalose crystallization. This was 
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supported by XRD, wherein the characteristic peaks of crystalline phases of trehalose 

were absent. It is still unclear as to why trehalose crystallization was absent in these 

solutions. A possible explanation could be that since trehalose concentrations were low in 

these solutions, the fraction of trehalose that crystallized was below the detection limits 

of both the DSC and FTIR. An added complication in the IR experiment, as pointed out 

earlier, was the rapid growth of ice crystals into the FCL, leading to considerable signal 

attenuation. To evaluate the crystallization behavior of trehalose, a 20%M + 10%T (R = 

2) solution was subjected to identical thermal protocol in an X-ray diffractometer. 

Crystallization of trehalose during annealing was clearly evident (Supplementary 

information).   

In solutions with R < 1, trehalose appears to be effective in inhibiting mannitol 

crystallization. This inhibitory effect can be attributed to the increase in viscosity of the 

freeze concentrate due to trehalose.90b, 107 Another proposed mechanism is the binding of 

trehalose to the face of growing mannitol crystals.108 The single glass transition, in both 

unannealed and annealed systems, suggests that the FCL is one amorphous phase and its 

composition is unaffected by annealing.  

 

2.4. Conclusions 

In frozen solutions, the glass transition temperature of the amorphous freeze 

concentrate (Tg’), and its crystallization behavior was exclusively a function of the 

mannitol to trehalose mass ratio (R). Crystallization of a significant fraction of the 

mannitol could reduce the flexibility of the glycosidic linkage in trehalose, eventually 

leading to trehalose crystallization. On the other hand, a high trehalose concentration 
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could inhibit mannitol crystallization, by increasing the viscosity of the FCL. It was 

further shown that non-uniform crystallization could lead to spatial heterogeneity in the 

freeze concentrated liquid, giving rise to multiple glass transitions. The next step in this 

study would be to investigate the effect of the presence of proteins in mannitol-trehalose 

solutions. 
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3. Effect of Model Protein and Surfactant on Physical Forms of 

Mannitol and Trehalose in Frozen Solutions 

3.1. Introduction 

 

Freeze-dried protein formulations generally contain several different excipients 

that serve specific functions. This investigation focuses on quantification of the physical 

and thermodynamic states of the bulking agent, and the lyoprotectant (the two main 

excipients in a formulation) in the frozen state, as this directly relates to the stability of 

the active pharmaceutical Ingredient (API) to be stabilized. The bulking agent is desired 

to be crystalline in order to provide structure to the cake in the lyophilized form.4, 77 On 

the other hand, the lyoprotectant must remain amorphous during freeze-drying and the 

subsequent storage period in order to stabilize the API. Crystallization or phase 

separation of the lyoprotectant can impair its ability to protect the API against the stresses 

experienced during freezing and drying.87 Mannitol has a strong tendency to crystallize 

during freezing and therefore, is widely used as a bulking agent.88 Trehalose, a non-

reducing glass-forming sugar with a high glass transition temperature (~ 117° C), is a 

popular lyoprotectant.64, 70, 109  

In the absence of prolonged annealing or external seeding, trehalose could be 

retained in the amorphous state, both during freezing and drying.21, 25a But recently it was 

shown that in the presence of crystallizing co-solutes such as succinic acid and mannitol, 

trehalose could be crystallized from the frozen solution by annealing above the glass 

2Reprinted from Jena, S.; Horn, J.; Suryanarayanan, R.; Friess, W.; Aksan, A., Effects of Excipient Interactions 

on the State of the Freeze-Concentrate and Protein Stability. Pharmaceutical Research 2016, 34(2), 1-17. DOI: 

10.1007/s11095-016-2078-y. 
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transition temperature of the amorphous freeze-concentrate (Tg’).
21, 25 Trehalose 

crystallization can compromise the stability of the API in the final product, leading to 

unfolding and aggregation of the protein.20, 77, 87a, 110 and thus, loss of biological activity. 

Additionally, non-crystalizing co-solutes such as sucrose and proteins, at high 

concentrations, could inhibit mannitol crystallization,25b, 83 compromising the structural 

integrity of the product. We have previously demonstrated that crystallization of frozen 

mannitol-trehalose solutions during annealing above Tg’ was exclusively dictated by the 

mass ratio of mannitol to trehalose (R) in the solution.111 When R < 1, both of the 

excipients remained amorphous, while both mannitol and trehalose crystallized when R ≥ 

1. In the past, the effect of both crystallizing and non-crystallizing solutes such as NaCl 

and proteins including lysozyme, human serum albumin and human monoclonal 

antibodies on the extent of mannitol crystallization and in some cases, the physical form 

of the crystalline mannitol has been studied.23, 27-28, 112 But till date, no report exists on the 

effects of varying concentrations of protein and other excipients such as surfactant and 

deuterium oxide on the physical states of both mannitol and trehalose in frozen and their 

repercussions on the stability of the protein. 

Presence of proteins can alter the glass transition temperature of the freeze 

concentrate as well as its mobility at the annealing temperature,25b, 113 consequently 

influencing the nucleation and growth of crystallizing phases. Surfactants, depending on 

their concentration and chemical structure, inhibit or promote the growth of the 

crystalline phases.114 They are also known to either prevent or promote protein unfolding, 

and precipitation in the frozen state through ice interface coverage, and specific binding 

to the protein surface.115 Polysorbate 20 (hereafter referred to by its popular trade name, 
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Tween 20) is a common non-ionic polysorbate surfactant used for stabilization of 

emulsions and suspensions. Deuterium oxide, used frequently as a solvent in 

spectroscopic studies, has been known to effect specific interaction between macro-

molecules by changing their surface charge density (by H/D exchange).116 Moreover, 

D2O has been shown to protect cells and proteins against thermal denaturation.117  

In this study, changes in the secondary and tertiary structures of bovine serum 

albumin in the frozen state caused by crystallization of the lyoprotectant (trehalose) and 

the bulking agent (mannitol) were investigated. We have previously demonstrated that in 

the absence of an API, crystallization of mannitol and trehalose is governed by the mass 

ratio of mannitol to trehalose in the initial solution.111 We hypothesize here that the 

addition of the API (albumin, in this case) will affect the state (propensity for, and the 

extent of crystallization as well as the physical form of crystallizing phases) of mannitol 

and trehalose in the frozen solution, which will in turn directly affect the stability of the 

API. We further test this hypothesis when certain other excipients (specifically, Tween 20 

and D2O) are included in the formulation.  

For a comprehensive analysis, a multitude of analytical techniques was employed. 

Differential Scanning Calorimetry (DSC) was used to characterize the physical state of 

the amorphous freeze concentrate before and after annealing. Infrared (IR) spectroscopy 

enabled us to detect solute crystallization in the freeze-concentrated liquid (FCL), and 

low temperature powder X-ray Diffractometry (XRD) was used to identify the crystalline 

phases. IR spectroscopy also provided information on protein hydration level and protein 

secondary structure in the frozen state. Circular dichroism (CD) spectroscopy enabled 

characterization of the secondary structure of the protein in thawed solutions, where the 
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low protein concentration rendered IR spectroscopy unreliable. Turbidity analysis was 

conducted to detect the formation of insoluble aggregates, and high performance size 

exclusion chromatography (HPSEC) was used to detect and characterize both soluble and 

insoluble aggregates.  

 

3.2. Experimental 

 

D-(+)- trehalose dihydrate (MW 378.33 kDa,  99.9% purity, Sigma-Aldrich, St. 

Louis, MO), Bovine Serum Albumin (MW 66.5 Da, ≥99% purity, Sigma-Aldrich), 

deuterium oxide (MW 20.03 Da, 99.9% purity, Cambridge Isotope Laboratories, 

Andover, MA), Tween 20 (MW 1227.54 Da, >98.0% purity, Biorad Laboratories, 

Hercules, CA), and D-mannitol (MW 182.17 Da, ≥98% purity, Sigma-Aldrich)  were 

used as received. Aqueous solutions were prepared gravimetrically in ultrapure water. 

Immunoglobulin (IgG) formulations in Sodium Phosphate buffer (10mM, pH 6) were 

shipped from Germany. 

Differential Scanning Calorimetry (DSC): A differential scanning calorimeter 

(Q2000, TA Instruments, New Castle, DE) equipped with a refrigerated cooling 

accessory was used. The instrument was calibrated using tin. About 50 mg of the sample 

solution was weighed in an aluminum pan, which was hermetically sealed (Tzero pan and 

lid with a pin-hole).  Dry nitrogen was used as the purge gas at a flow rate of 50 ml/min. 

The solution was initially cooled from room temperature down to -50oC at 20oC /min, 

held for 2 minutes and then heated at 1oC/min back to room temperature.  When there 

was an annealing step included in the experiment, the solution cooled down to -50oC was 
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heated at 1oC/min to -18oC where it was held for 20 hours.  The eutectic melting 

temperature (Te) of trehalose-water binary system is −2.5oC 100 and the glass transition 

temperature of trehalose freeze-concentrate is reported to be in the range of −32 to 

−40°C.3 Annealing was conducted at −18°C. After the annealing period, the experimental 

solution was again cooled rapidly (20oC/min) to -50oC and then heated at 1oC/min back 

to room temperature. The DSC data were analyzed using TA Universal Analysis 

software. 

Powder X-ray Diffractometry (XRD): A powder X-ray diffractometer (D8 

ADVANCE; Bruker AXS, Madison, WI) equipped with a variable temperature stage 

(TTK 450; Anton Paar, Graz-Straßgang, Austria) and a Si strip one-dimensional detector 

(LynxEye; Bruker AXS, Madison, WI) was used. In experiments including an annealing 

step, the experimental solution was cooled from RT to -50oC at 20oC/min, held for 2 min 

and then heated at 1oC/min back to -18oC where it was held for 20 hours. After the 

annealing period, the solution was heated at 1oC/min back to room temperature. During 

annealing at -18oC, XRD patterns were collected continuously with a dwell time of 900 s. 

Solutions were exposed to Cu Kα radiation (40 kV × 40 mA) over an angular range of 

5−27° 2θ with a step size of 0.05°. The XRD patterns were analyzed using commercially 

available software. (JADE 2010). 

IR Spectroscopy: The experimental solution (~100 nL) was sandwiched between 

two CaF2 windows, sealed with vacuum grease to generate a thin film, ~ 1 μm thick. The 

assembly was then transferred to the infrared microscope attached to the FTIR 

spectrometer, (Thermo-Nicolet Continuum with a mercury cadmium telluride detector, 

Thermo Electron, Waltham, MA) equipped with a freeze-drying cryostage (FDCS 196, 
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Linkam Scientific Instruments Ltd., UK). Solutions were cooled from RT at 10o/min and 

as soon as ice crystallization was microscopically observed, the temperature was rapidly 

brought (at 30oC/min) back up to -18oC, where the sample was held for 20 hours.  IR 

spectra were acquired at a resolution of 4 cm−1 and a total of 128 scans were averaged in 

the 4000−930 cm-1 wavenumber range. The data was collected continuously from a fixed 

region (25 μm x 25 μm) in the FCL region both during equilibrium freezing, and 

annealing and analyzed using OMNIC (Thermo-Nicolet) software. 

UV Circular Dichrosim: Spectra were recorded using a J-815 circular dichroism 

spectropolarimeter (JASCO) using a 1 cm path length quartz cuvette over the range of 

190–260 nm at ambient temperature. Data were collected every 0.2 nm with a bandwidth 

of 1 nm, averaged over 8 scans. An integration time of 8 seconds at 50 nm/min and a 2 

nm slit width were used. The solutions were diluted with ultrapure water to reach a 

protein concentration of 0.2 mg/mL. The background spectra of the solvent medium 

(identical dilution) were subtracted from the final spectra and data were obtained as mean 

residue ellipticity (Ɵ). To estimate protein secondary structure content, analysis of the 

relevant CD spectra was carried out using the CDPro software. The basis set 7 of the 

CDPro software was used. Analysis was performed using the SELCON 3 method.32 

High Performance Size Exclusion Chromatography: Size exclusion 

chromatography was performed using an Agilent 1100 series HPLC system equipped 

with an UV/Vis detector for detection at 280 nm (Agilent Technologies, Santa Clara, 

California, USA). A TSKgel® G3000 SWXL column (dimension: 300 x 7.8 mm, 

TOSOH Bioscience, Stuttgart) and 100 mM sodium phosphate / 150 mM sodium 

chloride buffer at pH 7.4 mobile phase with a flow rate of 0.4 mL/min was used. Samples 
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were annealed in stoppered 2 R vials at -20 °C for 20 hours (heating/cooling rate: 

1°C/min) using a FTS Lyostar 3 freeze-drier (SP Scientific, Stone Ridge, USA). Prior to 

analysis, samples were diluted to 1 mg/mL and centrifuged. The integrated peak intensity 

was determined before and after freeze-thawing after blank subtraction. Monomer 

recovery (in percent) was determined by comparing the integrated intensities of the 

monomers before and after freeze-thawing. 

 Light Obscuration (LO): A PAMAS SVSS-35 particle counter with a HCB-

LD-25/25 sensor (PAMAS – Partikelmess- und Analyzesysteme GmbH, Rutesheim, 

Germany) was used to determine subvisible particles. The system was rinsed with highly 

purified water before each analysis. The rinsing volume was 0.2 ml, followed by four 

measurements of 0.2 ml according to USP 787. PAMAS PMA software was used to 

determine particles ≥ 1 µm, ≥ 10 µm and ≥ 25 µm. The results are given in cumulative 

particles per milliliter. 

Turbidity (A350 nm): Turbidity of the freeze-thawed samples was measured by 

UV/VIS-spectroscopy at 350 nm. A NanoDrop 2000 spectrophotometer (PEQLab 

Biotechnology GmbH, Erlangen, Germany) was used. Each formulation was measured as 

triplicate with its corresponding formulation without protein as blank solution. 

 

3.3. Results & Discussion 

3.3.1. Characterization of glass transition of frozen solutions 

 

We first explored the effect of BSA concentration in solution on the crystallinity 

(propensity and extent) of mannitol in the frozen state. Glass transition temperatures (Tg’) 
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of frozen solutions containing mannitol (10% w/w), trehalose (5%) and increasing 

concentrations of BSA were measured using DSC (Table 3). A single glass transition 

event was identified in all unannealed solutions containing BSA. In these samples, 

immediately following glass transition, an exothermic peak attributable to mannitol 

crystallization was also observed. In the absence of BSA, the DSC scan revealed two 

distinct glass transitions, one before and the other after the crystallization exotherm. 

Mannitol-trehalose systems were investigated in detail earlier (18).  Multiple glass 

transitions suggest heterogeneity in the FCL and arise due to partial mannitol 

crystallization.111 BSA, in a concentration dependent manner, gradually increased the Tg’ 

of the amorphous FCL. The crystallization onset temperature, an indicator of 

crystallization propensity, increased as a function of BSA concentration while the 

enthalpy of crystallization decreased. Upon further heating, a very prominent endotherm 

attributed to the melting of the ice-mannitol eutectic was observed. With increasing BSA 

concentration, the endotherm shifted to higher temperatures.  
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The effect of annealing the frozen solution at -18oC was examined and the results 

are presented in Table 4. Comparing Tg’s and the associated heat capacity change (ΔCp) 

before and after annealing enabled us to determine the change in the composition and size 

of the FCL due to solute crystallization during annealing. In the DSC scans collected 

after annealing, no crystallization exotherm was observed, suggesting complete mannitol 

crystallization during annealing. Additionally, annealing caused a pronounced increase in 

the Tg’. With increasing BSA concentration, there was a progressive increase in Tg’ after 

annealing, while the mass fraction of solute crystallized during annealing (change in ΔCp 

before and after annealing; ΔΔCp) was inversely proportional to the BSA concentration. 

These observations suggest that BSA was predominantly retained in the FCL. 

 

 

Table 3: Glass transition temperature(s), T
g
’, onset of crystallization, area under exotherms and 

eutectic-ice melting temperatures during heating of unannealed samples. 

M: mannitol, T: trehalose, BSA: bovine serum albumin 

Samples were cooled at 20
o

C/min to -60
o

C, held for 2 min and warmed back up to room temperature at 

1
o

C/min. 
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In Table 5, the effect of two additives, Tween 20 and deuterium oxide, on the 

thermal behavior of the frozen annealed solutions is summarized. In our earlier 

investigation, when the trehalose and mannitol concentrations were 8 and 10% (w/w) 

respectively, both the solutes crystallized when annealed.111 However, the solute 

crystallization was incomplete since a Tg’ was observed even in the annealed solutions 

(Table 5).  In the presence of BSA, both before and after annealing, a single glass 

transition was observed. The one exception was the sample containing Tween 20 (1% 

w/w) in which two glass transition events were observed. In the presence of D2O (5% 

w/w) and low concentrations of Tween 20 (up to 0.2% w/w), no exotherms were 

observed while heating the frozen solutions to the annealing temperature (-18oC). On the 

other hand, a higher concentration of Tween 20 (1% w/w) induced crystallization at a 

much lower temperature during heating and also increased the extent of crystallization 

(enthalpy of crystallization) before annealing more than in solutions without D2O or 

Tween 20.  
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In samples containing no additive, there was a pronounced decrease in ΔCp 

associated with glass transition post annealing (~ 49%) and in samples containing 1% 

w/w Tween 20, no glass transition could not be detected after annealing. The change in 

ΔCp was considerably reduced (~27-39%) in solutions containing D2O and Tween 20 (up 

to 0.2% w/w). When frozen solutions containing D2O (>4% w/w) and low concentrations 

of Tween 20 (up to 0.2% w/w) were heated to RT after annealing, the glass transition was 

followed by a weak crystallization exotherm (~ 5 J/g). This could be attributed to residual 

mannitol crystallization. Crystallization exotherms were absent in all other samples, 

suggesting complete mannitol crystallization during annealing. 
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3.3.2. Characterization of crystallization behavior the freeze concentrate 

 

Figure 8: Transmitted light microscopy images (Row 1) and the corresponding FTIR spectra (Row 2) of 

A) 10%M+8%T+4%BSA (forming anhydrous mannitol crystals), and B) 10%M+8%T+15%BSA (forming 

mannitol hemihydrate crystals) solutions at -18oC after 15 hours of annealing. Curves “A” and “B” in the 

IR spectra correspond to spectra taken from a fixed region of the sample at the beginning and the end of 

annealing, respectively. 

 

In Figure 8, transmitted light microscopy images and the fingerprint regions of 

the respective IR spectra of frozen 10%M+8%T+4%BSA (left), and 

10%M+8%T+15%BSA (right) solutions after 15 hours of annealing are shown. The 

physical form of mannitol crystallizing from both solutions was different, based on both 

XRD and IR spectroscopy. The thin, long, dark brown strands, arranged radially in the 

10%M+8%T+4%BSA solution, are mannitol hemihydrate crystals. On the other hand, 

the flat, longitudinal almost translucent structures on the ice surface in the 

10%M+8%T+15%BSA solution are anhydrous mannitol crystals. The bifurcation of the 

C-H stretching peak (2970-2910 cm-1) in the IR spectra indicated solute crystallization.94, 

98 Specifically, crystallization of mannitol was detected from bifurcation of the C-H in-
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plane bending peak (1400-1280 cm-1).94, 98a Likewise, crystallinity of trehalose was 

monitored from bifurcation of its C-O-C stretching peak (1010-975 cm-1).98b-d and the 

shift in its glycosidic peak.111 

 

The peak position of the Amide II band (1570-1530 cm-1) is sensitive to the extent 

of hydrogen bonding of the protein with the polar groups and molecules in its 

microenvironment and thus has been used to determine the hydration level of proteins.118 

With enhanced hydration, Amide II shifted to higher wavenumbers. The Amide I (1700-

1600 cm-1) band is more sensitive to protein secondary structure than Amide II and has 

traditionally been deconvoluted by peak fitting or by secondary derivative analysis in 

order to yield information on the secondary structure content of proteins.119 Second 

Figure 9: Comparison of trehalose crystallinity, protein hydration, and structure before and after 

annealing of frozen X%M+8%T+4%BSA samples at -18oC for 15 hours; X = 2, 8 and 16% (n=2). 

A) Trehalose glycosidic peak location B) Amide II peak location C) Percent alpha helix in secondary 

structure D) Area ratio of Amide II’ and Amide II peaks in the presence of 1% D2O (w/w) 

Compositions that undergo change upon annealing have been marked with *. 
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derivative analysis of the amide I after subtraction of an ice background, revealed 3 

distinct peaks attributed to β-sheets (1640-1620 cm-1), α-helices (1670-1640 cm-1), and 

random coils (1695-1670 cm-1). The relative fraction of each structure was calculated 

using their integrated peak areas. Addition of D2O into the solution results in splitting of 

Amide II into the Amide II’ (1520-1420 cm-1) and Amide II (1570-1520 cm-1).120 The 

extent of deuteration of the protein backbone chains can be determined by comparing the 

peak areas or the intensities of these bands. In FTIR analysis, all solutions were rapidly 

cooled at 10o/min, and then immediately warmed up to the annealing temperature (-18oC) 

as soon as homogenous ice crystallization was visually detected through the microscope. 

The samples were held at -18oC for 15 hours and IR spectra were collected.  

In Figure 9, the effects of mannitol concentration on the crystallinity of trehalose 

and stability of BSA during annealing are presented. In agreement with our previous 

studies, at R < 1 both mannitol and trehalose remained amorphous until the end of the 

annealing period. The native secondary conformation and the degree of hydration of BSA 

were preserved during annealing. When R > 1, mannitol crystallized as a hemihydrate as 

soon as the annealing temperature was reached and 2 hours later, trehalose crystallized as 

the dihydrate (confirmed by XRD). This was followed (after 2 hours of trehalose 

crystallization) by a decrease in hydration and change in the secondary structure of BSA, 

which were evidenced by the shift in Amide II location (by 2.5 cm-1) and reduced α-helix 

content (by 14%). An identical behavior was observed in samples containing equal 

concentrations of mannitol and trehalose (R = 1) with the only difference being that 

mannitol crystallization started 30 minutes into the annealing process. D2O (1% v/v) was 

added to parallel sample solutions of identical composition to obtain information on the 
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tertiary structure of BSA from the relative intensities of the Amide II and Amide II’ 

bands.  When R ≥ 1, unfolding of secondary structure was preceded by that of the 

tertiary structure, which occurred a few minutes before trehalose crystallization was 

detected. 

 

Figure 10: Comparison of trehalose crystallinity, protein hydration, and structure before and after 

annealing of frozen 10%M+8%T+X%BSA samples at -18oC for 15 hours; X = 4, 8 and 16 (n=2). 

A) Trehalose glycosidic peak location B) Amide II peak location C) Percent alpha helix in secondary 

structure. Compositions that undergo change upon annealing have been marked with *. 

 

In the absence of BSA, irrespective of trehalose concentration, mannitol 

crystallized as the hemihydrate, as soon as the annealing temperature was reached. On the 

other hand, when BSA was included in the formulations (Figure 10), both anhydrous and 

hemihydrate forms crystallized (observed both visually and spectroscopically). There was 

also a delay in the onset of mannitol crystallization (2-6 hours) upon holding at -18oC. 

The delay time and the fraction of anhydrous mannitol formed were directly proportional 

to the initial BSA concentration in the solution. When the BSA concentration was raised 
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to 16% w/w, mannitol crystallized entirely in the anhydrous form and trehalose was 

retained amorphous even after 15 hours of annealing (determined from the location of the 

C-O-C glycosidic peak in the IR spectra). There was also negligible change in the 

hydration level and secondary structure (α-helix content) of BSA at the end of annealing. 

 

 

Addition of D2O and Tween 20, in a concentration dependent manner, significantly 

affected the crystallinity of both the sugars as well as BSA stability. Upon addition of up 

to 4% (w/w) of D2O (Figure 11), no difference in observations was noted from the 

sample with no additives (4%BSA+8%T+10%M). However, an initial D2O concentration 

of 5% (w/w) and higher delayed the onset of mannitol crystallization (as hemihydrate) by 

Figure 11: Comparison of trehalose crystallinity, protein hydration, and structure before and after 

annealing at a fixed region of frozen 10%M+8%T+4%BSA+X%D2O samples; X = 0, 2 and 5 % (n=2). 

A) Trehalose glycosidic peak location B) Amide II peak location C) Percent alpha helix in secondary 

structure D) Area ratio of Amide II’ and Amide II peaks. Compositions that undergo change upon 

annealing have been marked with *. 
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about 5 hours, and completely suppressed trehalose crystallization throughout annealing. 

Congruously, the IR spectra revealed enhanced stability of BSA in terms of both 

hydration and secondary structure. Very similar results were seen on using Tween 20 as 

an excipient (Figure 12). 

  

Figure 12: Comparison of trehalose crystallinity, protein hydration, and structure before and after 

annealing of frozen 10%M+8%T+4%BSA+X%Tween20 samples at -18oC for 15 hours; X = 0.1 and 1 

(n=2). A) Trehalose glycosidic peak location B) Amide II peak location C) Percent alpha helix in secondary 

structure. Compositions that undergo change up on annealing have been marked with *. 

 

At low concentrations (up to 0.2 % w/w), Tween 20 delayed mannitol 

crystallization (as hemihydrate) by at least 6 hours and entirely suppressed trehalose 

crystallization. On the other hand, at high concentrations of Tween 20 (>1% w/w), 

mannitol started to crystallize in the anhydrous form as soon as the temperature was held 

at -18°C.  One hour into annealing, crystallization of trehalose was detected. In the 

presence of both high and low concentrations of the surfactant, BSA appeared to be 
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adequately hydrated throughout annealing despite trehalose crystallization. Although 

hydration of protein was retained, at high concentrations of Tween 20 (>1% w/w), a 

significant decrease in α helix and increase in β sheet content was observed 3 hours into 

the annealing.  

3.3.3. Characterization of crystalline phases in frozen solutions 

XRD enabled characterization of the phases crystallizing from the frozen 

solutions. Trehalose dihydrate was characterized by peaks (Cu Kα radiation; λ=1.5407 Å) 

at 8.8 (10.10 Å), 12.6 (7.00 Å), 13.7 (6.45 Å), and 16.5° 2θ (5.36 Å) while α-anhydrous 

trehalose was identified by peaks at 16.8° (5.26 Å) and 17.8° 2θ (4.98 Å). Mannitol 

hemihydrate was identified by peaks at 9.6° (4.95 Å) and 20.5° 2θ (4.33 Å) while δ-

anhydrous form of mannitol was characterized by peaks at 9.7° (9.11 Å) and 24.6° (3.62 

Å) 2θ]. Peaks at 22.7 (3.93 Å), 24.4 (3.65 Å), 25.8 (3.46 Å), and 33.5 (2.68 Å) 2θ were 

assigned to hexagonal ice.97 The XRD patterns obtained at the end of annealing period 

for the 10%M+8%T+15%BSA and 10%M+8%T+4%BSA solutions are presented in 

Figure 13. 

 

Figure 13: XRD patterns of A) 10%M+8%T+15%BSA, and B) 10%M+8%T+4%BSA solutions after 20 

hours of annealing at -18oC. 
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The conclusions drawn from IR analysis were supported by the XRD data. In the 

presence of high concentrations of BSA (15% w/w), the δ anhydrous form of mannitol 

was detected 6 hours into annealing. No peaks attributable to crystalline trehalose could 

be detected throughout annealing. On the other hand, in the frozen solution without 

additives (10%M+8%T+4%BSA), in addition to ice crystallization, mannitol 

hemihydrate peaks appeared after 1 hour of annealing. Two hours following the onset of 

mannitol crystallization, peaks attributable to trehalose dihydrate were detected.    

3.3.4. Characterization of secondary structure of BSA in thawed solutions 

Structural stability of BSA in aqueous state was studied by CD. Sample solutions 

of composition identical to those used in IR spectroscopy and XRD experiments, were 

refrigerated at -20oC for a prolonged duration (20 hours). Far-UV circular dichroism is 

sensitive to the backbone conformation of proteins. CD was used for structural 

characterization of BSA in both freshly prepared solutions and in thawed solutions after 

annealing. Differences in secondary structure of BSA due to annealing and thawing, 

estimated from CD spectra, are shown in Table 6. CD analysis also helped determine if 

refolding of BSA occurred upon thawing the samples (reversibility of freezing induced 

denaturation). Turbidity in some of the solutions, immediately following ice melting, 

indicated solute crystallization. These crystals usually dissolved within 5 minutes of 

thawing.  
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Firstly, mannitol concentration was increased, keeping BSA and trehalose 

concentrations fixed at 4% and 8% w/w, respectively. When R < 1, solutions appeared 

completely transparent as soon as they were thawed, suggesting that solute crystallization 

had not occurred during freezing. Simultaneously, no significant change in the secondary 

structure of BSA was observed upon thawing.  When mannitol concentration was 

increased to 8% w/w, the thawed solutions, even those containing additives (Tween 20 or 

D2O), displayed temporary increase in turbidity.  This was also the case when the BSA 

concentration was raised to 10% w/w. CD analysis revealed a significant decrease in α- 

helix (20%) content and a concomitant increase in β- sheet content (12%). A slight 

increase in the fractions of unordered structures and turns was noted for most of these 

solutions. An interesting observation from the CD data is that the decrease in regular α- 

helix content and increase in the regular β-  sheet content were more pronounced than the 
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changes in the distorted fractions of both structures. The unfolding was exacerbated on 

increasing the mass ratio of protein to trehalose from 0.5 to 1 and 2. With the addition of 

D2O or low concentrations of Tween 20 (up to 0.2% w/w), unfolding of BSA was 

sufficiently inhibited. When surfactant concentration was increased to 1% w/w and 

above, unfolding of BSA was worsened. 

3.3.5. Detection of aggregates in thawed solutions 

Samples with different trehalose to BSA mass ratios at a constant mannitol 

concentration of 10% were analyzed post freezing and thawing. After annealing at -20 °C 

for 20 hours, the formation of both soluble and insoluble aggregates was investigated. 

Since the freezing step, depending on the formulation, facilitates the unfolding of BSA in 

the freeze-concentrate, subsequent aggregation represents a critical parameter for 

formulation development. Macroscopic appearance, turbidity and the number of 

subvisible particles were investigated as indication for protein precipitation.  

The macroscopic appearance was unchanged after annealing of all the tested 

formulations. The solutions were clear without signs of aggregate formation. Since the 

insoluble particles y scatter the light at 350 nm, the solution turbidity was measured. An 

increased absorbance would hence indicate insoluble particles in the sample. There was 

no difference between unstressed and annealed samples. An increasing BSA 

concentration resulted in increasing absorbance values both at 280 and 350 nm whereby 

the turbidity values of all formulations investigated were below 0.06 absorbance units 

indicating the absence of aggregates larger than approx. 35 nm (1/10 of the wavelength of 

350 nm).121 
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Light obscuration was used to characterize the subvisible particles. Particles 

≥ 1 µm, ≥ 10 µm and ≥ 25 µm did not show a significant change between stressed and 

unstressed samples. For particles ≥ 1, 10 and 25 µm, the number of particles per mL were 

below 30,000, 200 and 110 respectively. Overall, light obscuration did not indicate that 

annealing at -20°C for 20 h induced subvisible particle formation. 

 

 

Figure 14: Monomer recovery from fresh samples (white bars) and samples annealed at 20°C for 20 hours 

(grey bars) determined by HP-SEC at 280 nm (n=2). Mean ± SD. * P < 0.05. 

 

Subsequently, two factors were evaluated with HP-SEC analysis: (1) formation of 

soluble higher molecular weight species and (2) monomer recovery. The analysis did not 

indicate the formation of soluble higher molecular weight aggregates. Since these are 

soluble and can be separated by HP-SEC they usually consist only of a few aggregated 

protein molecules.122 Concerning monomer recovery, three compositions had a 

significant lower recovery after annealing (Figure 14). These were the two formulations 

with the highest BSA to trehalose ratio with and without mannitol (10%BSA+2%T and 
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10%BSA+2%T+10%M), as well as the composition with 2% Tween 20 

(4%BSA+8%T+10%M+2%Tween 20). Adding 10% mannitol led to even lower 

monomer recovery (15.1% monomer loss with mannitol vs. 11.4% without mannitol).  

As already shown with CD, high Tween 20 concentrations are detrimental to BSA 

structure. This could be confirmed by HP-SEC analysis. 2% Tween 20 showed a 

monomer recovery of 89.6% whereas the recovery of the surfactant free formulation 

(4%BSA+8%T+10%M) and the formulation only containing 0.2% Tween 20 was almost 

complete (99.8% and 99.0%, respectively). Formulations with lower BSA to trehalose 

ratios also showed a comparable protein recovery before and after annealing. 

The HP-SEC results, in agreement with IR analysis, indicated changes in the 

secondary structure of BSA in these formulations after annealing. As described above, 

three formulations showed a monomer loss > 10% determined by HP-SEC, but no 

increase in soluble higher molecular weight aggregates was detected. Thus, one could 

assume a higher aggregate size and hence an increase in insoluble particles. However, 

macroscopic appearance and the turbidity and light obscuration results ruled this out. We 

consequently assume that the unfolded BSA molecules are still soluble.  However, their 

increased hydrophobicity leads to retention in the HPLC column, preventing elution and 

hence detection. 

3.3.6. Characterization of secondary structure of IgG in thawed solutions 

In physiological pH values (~ 5-7), IgG appeared to be extremely stable and 

resistant to freeze-thaw stresses. Despite extensive annealing, IgG retained its native 

secondary and tertiary conformation, irrespective of formulation composition, as evident 

from Far UV CD values (Table 7). Moreover, no significant changes in turbidity or 
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concentration of subvisible particles or monomer content in thawed solutions. On the 

other hand, significant changes in secondary and tertiary conformation were observed 

when pH of the formulation was lowered. Post thaw Far UV CD analysis revealed a 

decrease in the fraction of strands and turns with a concomitant increase in the fraction of 

helices and unordered structures when frozen and annealed at a pH of 4. This effect was 

exacerbated when pH was further lowered to 3.  

 

 

 

 

Upon adding BSA to mannitol-trehalose systems, the protein in a concentration 

dependent manner, delayed the onset, as well as the kinetics of mannitol crystallization. 

The relative extent of mannitol crystallization in various compositions can be determined 

from the temperature at which the melting endotherm is detected in the DSC scans while 

heating the frozen samples. The mannitol-ice eutectic melting usually occurs at -2.2oC 123 
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while ice melts at a higher temperature (0oC). The measured shift in the melting 

endotherm to higher temperatures, with increasing BSA concentration was due to 

increasing contribution of ice melting to the endotherm which indicated reduced extent of 

mannitol crystallization.  

It has been previously reported that freezing and lyophilization of solutions 

containing mannitol in the presence of proteins such as monoclonal antibodies, lysozyme 

and human serum albumin, substantially reduced the extent of mannitol crystallization in 

a concentration dependent manner.23, 27-28, 112a Pharmaceutical proteins such as 

monoclonal antibodies have also been shown to inhibit mannitol crystallization during 

spray drying.66, 124 Inhibition of crystallization by BSA could be due to its surface activity 

similar to that of a surfactant by virtue of its affinity for interfaces.7 Moreover, DSC 

scans showed that glass transition of the freeze concentrate broadened in solutions 

containing BSA. This could be due to increased entropy of the solution due to presence of 

BSA, and/or some specific interaction between mannitol and BSA.  

At low surfactant concentrations, mannitol crystallization was delayed and 

trehalose crystallization was inhibited in spite of a relatively mobile FCL phase at -18oC 

(i.e., lower Tg’).
35b, 125  This could be attributed to adsorption of surfactant molecules to 

crystal surfaces, which impeded further propagation,114b and the reduced interactive 

forces between the solute molecules.126 At high concentrations, Tween 20 appeared to not 

only facilitate crystallization of mannitol but also increased the extent of trehalose 

crystallization (for example, after annealing, no glass transition could be detected). 

Critical micelle concentration (CMC) of Tween 20 is 0.008% w/w at 25oC.127 At lower 

temperatures, CMC is known to increase.128 Thus, at an initial solution concentration of 
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1% w/w, a very large number of micelles can be expected to form in the FCL. Micelles 

have been associated with increased supersaturation of the crystallizing solute and 

reduced interfacial tension, both of which accelerate the rate of nucleation.114a, 129 

Surfactant assemblies can also promote crystallization by acting as templates for 

nucleation and growth of crystals.130 Besides, a very low Tg’ indicates a comparatively 

mobile (less viscous) FCL at the annealing temperature, ideal for crystal growth.35b, 125 

Mobility of the FCL (diffusivity of any species) is directly proportional to the magnitude 

of the difference between the annealing and glass transition temperatures (Ta-Tg’).
35b, 125, 

131 An important observation from the thermal behavior of frozen solutions before and 

after annealing is that in the presence of low concentrations of Tween 20 and D2O, 

mannitol crystallization was incomplete. This was obvious from the % change in ΔCp 

(Table 4) due to annealing as well as from the appearance of exotherms after annealing 

during warming. Retention of amorphous mannitol in the freeze-dried cake could have 

repercussions such as the formation of a mechanically fragile final product with low 

collapse temperature,20 and release of the sorbed water during storage,28 which can 

increase the mobility in the FCL and result in API instability.  

At high concentrations, Tween 20 and BSA induced the formation of δ-anhydrous 

mannitol form instead of the hemihydrate. Presence of additives including surfactants has 

been known to affect the physical form  of the crystallizing phases.24, 132 Additives either 

promote or inhibit propagation of the crystals along certain directions by engaging in 

specific interactions (e.g. hydrogen bonding) with functional groups along crystal faces. 

In the presence of solutes such NaCl and proteins such as HSA, mannitol has been found 

to crystallize as the δ-anhydrous form. High concentrations of BSA (15% w/w), and D2O 
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(5% w/w) effectively prevented crystallization of trehalose. A possible explanation for 

this is that both BSA and D2O increased Tg’ values, reducing (Ta-Tg’) and hence the 

mobility of the FCL at the annealing temperature. Surface coverage action of BSA could 

also be a factor, as explained before. This also explains the observed delay in mannitol 

crystallization.  

Post-thaw analysis by CD mostly concurred with the changes in protein 

conformation measured by IR spectroscopy in the frozen state. It has been reported 

previously that while cold denaturation and chemical denaturation of proteins in tumor 

cells and monoclonal antibodies is reversible,133 cold denaturation of ovalbumin is 

irreversible.134 It was comprehensively proven that crystallization of trehalose 

destabilizes protein in the frozen state and the subsequent protein unfolding was not 

reversed upon thawing. Crystallization of trehalose signified that the lyoprotectant could 

no longer interact with and stabilize the API in accordance with the water replacement 

theory.38, 62 Besides, proteins have been known to be susceptible to aggregation at 

interfaces,8, 61 and crystal formation gives rise to higher interface area. At high BSA and 

D2O concentrations, the protein was found to retain its hydration and native conformation 

in the frozen state. One reason could be that crystallization of trehalose was avoided in 

these formulations. Besides, there is evidence that D2O protects cells and proteins against 

thermal denaturation and heat shock.117  

An argument in case of samples with high protein to trehalose mass ratios is that 

there are very few trehalose molecules per protein molecule in the FCL for the 

lyoprotectant to be effective, in spite of being amorphous. BSA has been shown 

previously to protect itself (as well as other more labile proteins) against freezing induced 
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stresses by acting as a molecular chaperon 135 and by accumulating at crystalline surfaces 

(forming almost a sacrificial layer) due to its strong affinity for interfaces.7, 54a CD and 

HPSEC results revealed protein unfolding in the thawed solutions at high BSA to 

trehalose mass ratios. This implied that self-stabilization of BSA, which was effective in 

the frozen state, lost its effectiveness during thawing. During thawing, recrystallization 

occurs, especially at slower thawing rates (<20oC/min), perturbing the stability of the 

proteins at the rapidly changing ice–solution interface.136 All frozen solutions analyzed 

by CD were thawed slowly by leaving them exposed to ambient temperatures. This 

hypothesis was later verified when 3 samples of the composition (10%M+4%T+8%BSA) 

were thawed at different rates, after freezing and annealing. The first frozen sample was 

rapidly thawed by immersing it in a water bath maintained at 60oC, the second was 

thawed by leaving it exposed to room temperature, while the third was thawed very 

slowly by immersing it in water in equilibrium with ice (0oC). While no difference was 

observed in the protein structure between the samples thawed at RT and at 0oC, structural 

changes of protein in the rapidly thawed sample were significantly reduced.   

In previous studies of Zakharov et al. on ice recrystallization in the presence of 

BSA, it has been claimed that BSA inhibits ice recrystallization at warmer temperatures. 

137 The thermal protocols used in that and the current study are very different. In the work 

of Zakharov et al., frozen BSA samples were very rapidly warmed (at 6oC/min) to the 

temperature of interest and held. On the other hand, in the current study, frozen samples 

were thawed very slowly to room temperature under ambient conditions before CD 

analysis. This should cause an increased extent of ice recrystallization and thus affect the 

structure of BSA during thawing, as observed in this study. As discussed previously, 
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samples that were thawed rapidly showed significantly reduced effects of 

recrystallization, in agreement with the findings of Zarkharov et al. Reports have shown 

that although a higher concentration of protein increases the glass transition temperature 

of the freeze concentrate (and thus the collapse temperature during drying), the protein 

concentration in the freeze-drying formulation is usually limited in order to ensure a 

higher weight ratio of stabilizer to protein to ensure stability during storage.20 A molar 

disaccharide to protein ratio of 350-400 has been reported to be sufficient to ensure 

protein stabilization during freeze- and spray-drying.138 This should not be a limitation 

for a self-stabilizing API such as BSA. 

At low concentrations of Tween 20, no signs of unfolding and aggregation of 

BSA could be detected. The possible mechanisms of protein stabilization by surfactants 

are ice interface coverage (protects against aggregation at crystalline interfaces 115a), 

screening of the hydrophobic attractive forces between proteins, and enhancement of 

hydration and electrostatic repulsive forces between the proteins.139 On the other hand, at 

an initial concentration of 1% w/w, Tween 20 proved to be even more detrimental to 

protein structure. Free surfactant micelles promote protein aggregation and precipitation 

due to the attractive depletion force between the protein and micelle complexes.139-140 

Aggregates composed of non-native β-sheet structures have been identified while 

freezing globular proteins with non-ionic surfactants due to direct unfavorable binding of 

surfactant with protein surface and interaction with micelles.115b 

Distortion in the geometry of α-helices and β-sheets arise when a few residues 

(about 3-4) at the end of each coil/sheet exposed to the solvent are twisted away from the 

solvent region to maximize their H-bonding capacity. These few residues do not conform 
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to the regular helical geometry of the coil or the planar geometry of the sheets. A very 

interesting observation from secondary structure characterization was that in some 

thawed solutions (where BSA was denatured) there was an increase in the relative 

fraction of distorted α-helix content (vs. regular). This led us to believe that not only did 

the α-helices reduce in quantity but they were also structurally reorganized (distorted) 

into shorter coils. Shortening in length of α-helix coils has been identified as a 

consequence of denaturation.141 Simultaneously, the relative fraction of regular β-sheets 

(vs distorted) was found to increase in the same thawed solutions implying that the β-

sheets got reorganized into more robust non-native β aggregates.32, 142 

Deuterium oxide has been used to quantify tertiary structure unfolding by 

monitoring the H/D exchange.119a, 143 When a folded protein with a well-defined 3 

dimensional structure is exposed to D2O environment, the hydrophobic polypeptide 

chains buried in the interior of the protein remain essentially unchanged and the outer 

hydrophilic chains get preferentially deuterated, which is reflected in the Amide II’ peak.  

When the 3-D tertiary structure starts to unfold, the inner hydrophobic chains get exposed 

to the solvent causing more H/D exchange to occur. The increased extent of deuteration 

is manifested as an increase in peak intensity (and area) of the Amide II’ at the expense 

of the Amide II. Comparing integrated peak area of the Amide II’ and Amide II bands, it 

was shown that tertiary unfolding was a precursor to secondary structure unfolding in 

BSA. This was in agreement with the mechanism and pathways of unfolding of 

membrane proteins, and RNA reported previously.143b, 144 

Formation of aggregates is often a consequence of protein association due to 

irreversible denaturation. Turbidity analysis conducted after 30 minutes (ensuring 
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dissolution of excipient crystals) of thawing did not reveal presence of any insoluble 

aggregates of BSA.  This is not unlikely since BSA is known to mostly form water 

soluble aggregates, which cannot be detected via turbidity studies.145 A significant 

decrease in the monomer content was obtained in thawed solutions, especially the ones 

with high BSA to trehalose mass ratio (5:1) and those with high initial Tween 20 

concentrations (2% w/w). These observations concurred with the post thaw CD analysis. 

However, no large aggregates could be detected in spite of a decrease in the monomer 

content. Furthermore, SEC analysis demonstrated that higher molecular weight BSA 

oligomers did not form upon freezing and annealing (no higher molecular species peak or 

significant void peak formation). Thus, the unfolded protein must have interacted with 

the column and retained in it on account of enhanced hydrophobicity. 

Conformational instability of IgG at acidic pH has been documented previously. 

The reason for this effect is since the IgG surface is anionic under physiological pH 

conditions. The negative charge produces a net repulsive force between neighboring IgG 

molecules. Upon lowering the pH, the negative charges get neutralized due to protonation 

which facilitates intermolecular association and precipitation. Hence, it is not surprising 

that addition of surfactant at concentrations which never approach its Critical Micelle 

Concentration (CMC) during freezing, minimizes rate of aggregation due to surface 

coverage. 

 

3.4. Conclusions 

Addition of surfactant (at low concentrations), protein and D2O delayed 

crystallization of mannitol and inhibited crystallization of trehalose, in a concentration 
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dependent manner. On the other hand, adding high concentrations of surfactant increased 

the extent of crystallization of both sugars. It was established that unfolding of BSA 

occurred when trehalose crystallized. When solutions with high protein to trehalose mass 

ratio (>1) were frozen, BSA retained its native structure due to self-stabilization. But 

during thawing, the self-stabilization effect of BSA diminished and BSA was unfolded in 

the thawed solutions. In the presence of D2O and low concentrations of Tween 20, BSA 

did not undergo structural changes either in frozen state or in thawed solutions.  When 

Tween 20 concentration was increased to 1% w/w, denaturation of BSA was worsened 

due to micelle formation. While, at physiological pH conditions, IgG was stable against 

freeze-thaw, denaturation and aggregation was observed upon lowering pH and applying 

multiple freeze-thaw cycles.  
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4. Slow Freezing of Protein-DMSO Vitrification Solutions 

 

4.1. Introduction 

Feasibility of long-term preservation for isolated cells, tissues, and organs with 

high post-storage viability and function has been a topic of interest for a long time.39 

Recently rejuvenated interest in this area has mainly been fuelled by the growing demand 

for vital (e.g. liver, heart, and kidneys), and non-vital organs (e.g. ovaries, uterus, and 

eyes) for transplantation.39b, 39c Although cryopreservation has achieved some success in 

preserving isolated cells, and certain non-vital tissues, attempts at freezing and storing 

complex organs such as the heart, liver or kidneys have generally resulted in failure.146  

Vitrification, a kinetic phenomenon that occurs during supercooling below a 

characteristic temperature (called the glass transition temperature), is believed to have the 

potential to protect and stabilize cells and tissues by entrapping them in a very viscous 

glass, without exposing them to the detrimental effects of ice.43, 51a If cooled sufficiently 

fast (approximately, at 1 Million °C/s), even pure water can be vitrified, avoiding 

crystallization. However, reaching a cooling rate this high has not been technically 

feasible for specimens larger than a couple of micrometers in size.  

In research studies conducted for vitrification of tissues and organs, very high 

concentrations of specialty chemicals (vitrification agents) are incorporated into the 

solution to ensure that ice crystallization can be inhibited at cooling rates that are 

technically achievable.51a For example, the vitrification protocols developed for isolated 

3Reprinted from Jena, S.; Aksan, A., Effect of high DMSO concentration on albumin during freezing and 

vitrification. RSC Advances 2017, 7, 43611-43620, DOI: 10.1039/C7RA07556A. 
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mammalian cells and very small tissues only require cooling rates around 1000-

1400oC/min, usually attained by immersion in liquid or slush nitrogen.147 However, 

vitrification of large tissues, and organs necessitates achieving vitrification at technically 

less challenging cooling rates of 0.1-5oC/min 51 to also ensure spatial uniformity of 

temperature history within the sample and to minimize freeze/thaw induced mechanical 

stresses.148 The main issue is that avoiding ice nucleation during low cooling rates require 

presence of very high concentrations of vitrification agents. For example, the vitrification 

solutions (such as VS1, VS4, M22) proposed for kidneys, ovaries, and the liver are 

composed of glycerol, ethylene glycol, and Dimethyl Sulfoxide (DMSO) at a total 

concentration as high as 50% w/w.41,42a, 50a, 149 

During slow cooling following ice nucleation, a growing ice phase excludes the 

non-crystallizing chemicals in the solution, forming a freeze concentrated liquid (FCL). 

As the FCL gets more concentrated with decreasing temperature, its glass transition 

temperature (Tg’) increases and the solution eventually vitrifies when its temperature 

reaches the Tg’ of the FCL.3, 150 Combined with low temperatures, and lengthy exposure 

times, presence of high concentrations of vitrification agents could have very detrimental 

effects on the biological macromolecules present in the solution, by inducing severe 

mechanical, thermal, and osmotic stresses, and through other specific chemical 

interactions resulting in protein denaturation, membrane injury, and oxidative damage.40 

This is believed to be one of the major reasons why highly viable large tissues and 

functional organs could not be recovered after cryopreservation and vitrification, while 

partial success could only be claimed for non-vital small tissues such as ovaries,46 blood 

vessels,47 heart valves,48 and corneas.42a, 49 Even though kidney and heart have been the 
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most widely researched organs, neither (with the exception of rabbit kidneys50) has 

recovered functionality post-thaw in a reproducible fashion.42b 

Earlier studies have utilized confocal Raman and IR spectroscopy to study 

freezing induced micro-heterogeneity in the FCL, and the specific ice-solute interactions 

with corresponding changes in protein structure.151 Twomey et al, 7 for example, have 

detected significant changes in the relative ratio of albumin to DMSO in the FCL after 

slow freezing of aqueous albumin-DMSO solutions.7 However, no study to date has 

explored the changes in the FCL in situ during slow cooling and vitrification, and 

identifying the effects of kinetic and thermodynamic transitions of the FCL on the 

macromolecules suspended within.  

In this study, we explored the slow freezing kinetics of high concentration (20-

30% w/w) DMSO solutions containing albumin, by simultaneously measuring the extent 

of association of DMSO and albumin with the ice phase, and quantifying the thermo-

physical state of the FCL (supercooled, vitrified vs. crystalline) in situ at cryogenic 

temperatures using IR spectroscopy. In parallel experiments, we have characterized the 

formation and evolution of the amorphous, and the crystalline phases in the FCL using 

Differential Scanning Calorimetry (DSC), and Low Temperature X-Ray Diffraction 

(XRD), respectively. The tertiary and secondary structures of albumin in fresh, vitrified, 

and thawed solutions were quantified using Circular Dichroism Spectroscopy. What these 

studies have revealed is that under specific circumstances, achieving vitrification may not 

necessarily result in the most favorable outcome, which has very important implications 

in vitrification of large tissues and organs.  
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4.2. Experimental 

Experimental solutions were prepared gravimetrically using DMSO (99.9% 

purity, Sigma-Aldrich, St. Louis, MO), bovine serum albumin (MW 66.5 kDa, ≥99% 

Purity, Sigma-Aldrich, St. Louis, MO), and ultrapure water (UPW).  

Fourier Transform Infrared Spectroscopy (FTIR) Experiments: Fourier 

Transform Infrared (FTIR) spectroscopy was used to study the composition of the freeze 

concentrated liquid (FCL) in frozen samples. The advantages of FTIR include a higher 

signal to noise ratio and the ease of in situ spectra collection. The experimental solution 

(~100 nL) was sandwiched between two CaF2 windows, sealed with vacuum grease to 

generate a thin film, ~ 2 μm thick. The assembly was then transferred to an infrared 

microscope attached to the FTIR spectrometer (Thermo-Nicolet Continuum with a 

mercury cadmium telluride detector, Thermo Electron, Waltham, MA) equipped with a 

freeze-drying cryostage (FDCS 196, Linkam Scientific Instruments Ltd., UK).  Spectra 

were collected at a resolution of 4 cm−1 and a total of 128 IR scans were averaged for 

each spectrum to be analyzed in the 4000−930 cm−1 wavenumber range. The IR spectra 

were analyzed using OMNIC (Thermo-Nicolet) software. 

Aqueous solutions tend to supercool significantly and ice crystallization rarely 

occurs at the equilibrium freezing temperature. In order to ensure repeatability, a method 

was devised to control ice nucleation: Samples were cooled rapidly at 30oC/min down to 

the homogenous nucleation temperature (~-50oC)152 and then warmed back up to the 

equilibrium melting temperature at 1oC/min while the sample was continuously 

visualized through the microscope. When only a few small ice crystals remained in the 

melting sample, heating was stopped and the sample was re-cooled at a slower rate (0.1-
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0.3oC/min) to avoid concentration variations within the sample due to diffusional 

limitations and to ensure near-equilibrium freezing. To model popularly used vitrification 

solutions,41-42 20%, and 30% w/w DMSO solutions containing 6.66 (66.6 mg/mL) and 

10% w/w albumin (100 mg/mL), respectively, were prepared in ultrapure water. The 

initial albumin to DMSO mass ratio in all experimental solutions was 0.33 before 

freezing in accordance with DMSO-protein formulations used in existing studies.7 During 

slow cooling, IR spectra were collected from 7 different regions within the FCL phase of 

each sample, while the temperature was held constant at 2oC intervals between the 

equilibrium freezing temperature and -70oC. To explore the effects of cooling rate, 30% 

DMSO + 10% BSA samples were cooled down at different rates (0.1oC/min, 0.3oC/min, 

and 0.5oC/min) after controlled ice nucleation (as described above). In these experiments, 

spectra were collected from 7 different regions of the FCL while the temperature was 

held constant at 5oC intervals as the samples was cooled down to -53oC. Note that at each 

hold temperature, we waited 30 minutes before collecting spectra in the FCL to ensure 

the sample equilibrated.  

To observe temporal changes in the FCL during isothermal hold, time-lapse IR 

spectra were collected from a fixed region in the FCL for up to 80 minutes: In the first set 

of experiments, 30% DMSO + 10 %BSA solutions cooled at 0.3oC/min (after controlled 

ice nucleation) were held at different temperatures (-15oC, -20oC, -25oC, and -35oC) 

while time-lapse IR spectra were collected. In the second set of experiments, solutions of 

identical composition were cooled at 0.1oC/min, 0.3oC/min, and 0.5oC/min (after 

controlled ice nucleation), and were held at -15oC while IR spectra were collected. All 

experiments were conducted in triplicate. 
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Differential Scanning Calorimetry (DSC) Experiments: A differential 

scanning calorimeter (Q2000, TA Instruments, New Castle, DE) equipped with a cooling 

accessory was used in all experiments. The instrument was calibrated using the melting 

point of tin. Approximately 50 mg of the sample solution was placed in an aluminum 

pan, which was sealed with a pin-holed lid.  Dry nitrogen was used as the purge gas at a 

flow rate of 50 ml/min. 30% DMSO + 10% BSA samples were cooled rapidly at 

30oC/min down to -60oC (below the homogenous nucleation temperature), and warmed 

back up to -9oC at 1oC/min, close to the equilibrium melting temperature (-11oC). The 

samples were then cooled very slowly at a rate of 0.3oC/min down to -80oC and rapidly 

heated back to room temperature at 10oC/min. The DSC data were analyzed using TA 

Universal Analysis software. Sample solutions were analyzed in duplicate. 

Powder X-ray Diffractometry (XRD) Experiments: A powder X-ray 

diffractometer (D8 ADVANCE; Bruker AXS, Madison, WI) equipped with a variable 

temperature stage (TTK 450; Anton Paar, Graz-Straßgang, Austria) and a Si strip one-

dimensional detector (LynxEye; Bruker AXS, Madison, WI) was used. A 30% DMSO + 

10% BSA solution was subjected to a temperature history identical to the one used for 

DSC analysis.  XRD patterns were collected continuously with a dwell time of 900 s 

during slow cooling at 0.30C/min down to -80oC. Solutions were exposed to Cu Kα 

radiation (40 kV × 40 mA) over an angular range of 5−27° 2θ with a step size of 0.05°. 

The XRD patterns were analyzed using commercially available software (JADE 2010). 

Solutions were analyzed in duplicate. 

UV Circular Dichrosim (CD) Experiments: Spectra were recorded using a J-

815 circular dichroism spectropolarimeter (JASCO) using a 1 cm path length quartz 
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cuvette over the range of 190–310 nm at ambient temperature. Data were collected every 

0.2 nm with a bandwidth of 1 nm, averaged over 8 scans. An integration time of 8 

seconds at 50 nm/min and a 2 nm slit width were used. The solutions were diluted with 

ultrapure water to reach a protein concentration of 0.1 mg/mL. The background spectra of 

the solvent medium (identical dilution) were subtracted from the final spectra and data 

were obtained as mean residue ellipticity (Ɵ). To estimate protein secondary structure 

content, analysis of the relevant CD spectra was carried out using the CDPro software. 

The basis set 7 of the CDPro software was used. Analysis was performed using the 

SELCON 3 method.32  

Separate solutions of composition 30% DMSO + 10% BSA (w/w) were subjected 

to controlled ice nucleation followed by slow cooling at 0.3oC/min down to -35oC, -55oC 

or -65oC in the cryostage of the FTIR microscope. The solutions were thawed under 

ambient conditions from (from -35oC, -55oC or -55oC) back up to room temperature. 

Different samples of the same composition were cooled at the same rate (0.3oC/min), but 

rapidly thawed in the cryo-stage at 20oC/min. Protein structure in fresh and thawed 

solutions were analyzed by CD and compared. Solutions were analyzed in duplicate. 
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4.3. Results & Discussions 

4.3.1. Characterization of composition (Albumin to DMSO mass ratio) of the freeze 

concentrate  

DMSO is a polar organic compound, and therefore depresses the freezing 

temperature of water by distorting its hydrogen bonding, inhibiting ice formation.153 

Furthermore, it has been shown that DMSO toxicity is directly proportional to the 

average strength of hydrogen bonding between its polar groups and the intracellular 

water.50a Therefore, it is crucial to understand how DMSO-water interactions change 

during freezing, vitrification, and thawing of an aqueous protein solution. 

Figure 15: Albumin/DMSO mass ratios (R) measured at 7 different regions of the freeze 

concentrated liquid as a function of decreasing temperatures during near equilibrium freezing 

(at 0.3oC/min) of (A) 20% DMSO + 6.66% BSA (B) 30% DMSO + 10% BSA solutions. 
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Concentrations of DMSO and albumin in the FCL at any temperature during 

cooling were calculated using the baseline corrected areas of the amide II band of 

albumin (1525−1570 cm−1),154 (ν2+ν3) combination band of water in the near IR region 

(4500-5500 cm-1),155 and the ν-HCH band (1367−1485 cm−1) of DMSO.156 Note that 

concentration-dependent calibration curves (by varying the amount of albumin in a 30% 

(w/w) DMSO solution, and varying the amount of DMSO in a 30% (w/w) albumin 

solution) at room temperature were constructed. All the calibration curves constructed 

were linear in the range analyzed.  

The change in the mass ratio of albumin to DMSO (R) in the FCL as a function of 

temperature after freezing is shown in Figure 15 for 20% and 30% w/w DSMO solutions 

containing albumin. IR spectra were acquired below -11oC during near-equilibrium 

cooling of the 20% DMSO + 6.67% BSA solution, and below -13oC for the 30% DMSO 

+ 10% BSA solution (2oC below their respective equilibrium freezing temperatures). 

Note that at room temperature (before freezing), R was equal to 0.33 in both samples. 

While cooling down to approximately -33oC (Region I in Figure 15), an increase in R 

was observed, suggesting preferential entrapment of DMSO in the growing ice phase. On 

the other hand, during cooling from approximately -33oC down to -59oC (Region II in 

Figure 15), R decreased, suggesting preferential entrapment of albumin in ice. The 

decrease in R continued down to approximately -59oC, a temperature below which 

(Region III in Figure 15) ice growth was arrested and no further compositional change 

could be observed in the FCL with cooling.  

Albumin and DMSO concentrations in the FCL as determined from the IR spectra 

were subtracted from concentrations predicted by the DMSO-water phase diagram to 
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calculate the amounts of both species entrapped in the growing ice phase. In the 30% 

DMSO + 10% BSA solution, 4.69 mg of DMSO per g of water in the FCL was found to 

be entrapped in ice in Region I, while 1.48 mg of DMSO per g of water in the FCL was 

found to be entrapped in Region II. On the other hand, the amounts of albumin entrapped 

within the ice phase in the same regions were calculated to be 2.84 mg (in Region I), and 

4.16 mg (in Region II) per g of water in the FCL, respectively. In the 20% DMSO + 

6.67% BSA sample, approximately, 7.12 mg, and 1.85 mg of DMSO per g of water in the 

FCL were entrapped in ice in Regions I, and II, respectively. In the same solution, 4.56 

mg, and 6.27 mg of albumin per g of water in the FCL were entrapped in ice in Regions I, 

and II. Variation in the R values calculated from 7 spatially different regions in the FCL 

were calculated as % of the mean R value at each hold temperature and were used as a 

measure of spatial heterogeneity in the frozen sample. In the 20% DMSO + 6.67% BSA 

sample, variation was 4-5% in Region I, 2-3% in Region 2 and 4-5% in Region III. The 

corresponding values calculated for 30% DMSO + 10% BSA sample were 2-3% in 

Region I, 0.5-2% in Region II, and 2-3% in Region III. 
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4.3.2. Probing hydrogen bonding interactions of DMSO with water in the freeze 

concentrate 

 

 
Figure 16: (A) (ν2 + ν3) NIR band of water at a fixed region in the FCL during near equilibrium freezing 

(at 0.3oC/min) of 30% DMSO + 10% BSA solution (* denotes the S2* peak arising due to DMSO-water 

cluster formation) (B) Ratio of the integrated areas of S1, and S2* peaks after deconvolution of the (ν2 + 

ν3) band at a fixed region of the FCL as a function of temperature during near equilibrium freezing of 30% 

DMSO + 10% BSA solution (n=3). 

 

To gain insight into the hydrogen bonding dynamics in the FCL, the (ν2+ν3) 

combination band  of water in the NIR region consisting of the δ-OH (i.e., ν2) and the ν-

OH (i.e., ν3) bands 155b, 157 was probed. In the presence of DMSO, the band was composed 

of 2 peaks (Figure 16A). The higher frequency peak (henceforth referred to as S1)  

located at 5116 cm-1  was previously attributed to water molecules with one active 
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hydrogen bond (HB),  (single HB donor).158 The second peak (henceforth referred to as 

S2*) located at 4800 cm-1 was close to the location of a peak previously observed in neat 

water (4920 cm-1). This peak was attributed to the water molecules that have coordination 

numbers of 3-4, and are simultaneously HB donors and acceptors.158-159 The ratio of the 

integrated, baseline corrected areas of S2* and S1 peaks were plotted as a function of 

decreasing temperature (Figure 16B). The peak ratio did not change during cooling down 

to -28oC. However, below -28oC, the area ratio decreased rapidly. Below -32oC, the S2* 

peak disappeared completely. 

 

Figure 17: (A) (ν2 + ν3) NIR band of water at a fixed region in the FCL during near equilibrium freezing 

(at 0.3oC/min) of 30% DMSO + 10% BSA solution (* denotes the S2* peak arising due to DMSO-water 

cluster formation) (B) Ratio of the integrated areas of S1, and S2* peaks after deconvolution of the (ν2 + 

ν3) band at a fixed region of the FCL as a function of temperature during near equilibrium freezing of 30% 

DMSO + 10% BSA solution (n=3). 
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The effect of cooling rate on FCL composition during slow freezing was also 

investigated (Figure 17) in 30% DMSO + 10% BSA (w/w) solutions. Preferential 

exclusion of either species from ice, reflected by changes in their concentration ratio in 

the FCL (R), was observed only during slow cooling (rates ≤ 0.3OC/min) (Figure 17A, 

B). At faster cooling rates (0.5, and 0.7OC/min) (Figure 17C, D), no significant change 

was observed in R.  

4.3.3. Characterization of secondary structure of BSA in thawed solutions 

 

Amide I band of proteins is commonly used to investigate their secondary 

structures,119a, 119d however, it could not be used in our studies as it overlaps with the 

bending peak of water. Far-UV circular dichroism (190-250 nm) is sensitive to the 

secondary conformation of the protein backbone. On the other hand, near-UV region 

(250-300 nm) of the CD spectra gives information on the tertiary structure. In the native 

state, albumin is known to comprise of 50-54% α-helices, 6-8% β-sheets, 14-15% turns, 
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and 24-25% random structures.160 The far UV region includes ellipticity contributions 

arising from several aromatic residues at characteristic wavelengths; phenylalanine and 

disulphide bonds at 262 nm; tryptophan, close to 300 nm; and tyrosine around 280 nm. 

Secondary structure content of albumin in freshly prepared (unfrozen) solutions and 

frozen/thawed solutions that were cooled down to -35oC, were in good agreement with 

the native state conformation reported in the literature.160(Table 8A, B) There was a slight 

change in the near UV ellipticity values at 262, 280 and 300 nm, which can be assumed 

to be negligible. This indicated that BSA retained its native structure at room temperature 

and during slow freezing down to -35oC. On the other hand, post-thaw secondary 

structure of the albumin cooled down to -55oC revealed a 15% decrease in the fraction of 

α-helices (H(R)+H(d)), 5% increase in the fraction of turns, and 7% increase in the 

fraction of random structures (Table 8A). There was 22% decrease in the fraction of α-

helices, 8% increase in the fraction of turns, and 11% increase in the fraction of random 

structures after thawing the solutions frozen to -65oC. In solutions frozen to -55oC and 

below, the near UV spectra showed an increase in ellipticity at 262 nm and 280 nm, and a 

decrease at 300 nm (Table 8B), indicating increased exposure of aromatic amino acids, 

tyrosine and tryptophan from the hydrophobic core to the polar medium, and presence of 

an asymmetric environment around disulphide linkages.160-161 In summary, irreversible 

unfolding of the secondary and tertiary structures of albumin was observed in the 

presence of DMSO when solutions were cooled down to -55oC and below. 
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We have also explored the effect of thawing rate on the secondary and the tertiary 

structure of albumin. Samples that were cooled down to -65oC and rapidly thawed 

showed 12% decrease in the fraction of α-helices (compared to 22% decrease in the case 

of slow thawing) (Table 9A). For samples cooled down to -55oC, there was a 10% 

decrease in α-helix content when rapidly thawed (compared to 15% decrease in the case 

of slow thawing). Interestingly, thawing rate did not affect the tertiary structure of 

albumin at all (Figure 9B) neither in samples cooled down to -55oC nor in samples that 

were cooled down to -65oC. 
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Figure 18: (A) Albumin/DMSO mass ratio (R) measured at a fixed region of the freeze concentrated liquid 

as a function of time in 30% DMSO + 10%BSA solution cooled at 0.3oC/min, held at different 

temperatures (TH: Hold Temperature) (B) Albumin/DMSO mass ratio (R) measured at a fixed region of the 

FCL as a function of time when 30% DMSO + 10% BSA solution is held at -15oC after cooling at different 

rates (RC: Cooling Rate). 

 

The effect of storage temperature (Figure 18A), and cooling rate (Figure 18B) on 

the stability of the FCL were investigated in 30% DMSO + 10%BSA (w/w) samples 

during isothermal hold. When the solution was cooled at 0.3oC/min from its equilibrium 

freezing temperature and then held at -15oC, R value measured at a fixed region in the 

FCL continued to increase for 30 minutes and then levelled off. It is possible that 

continued ice growth and re-organization at this relatively high cryogenic temperature led 

to a gradual increase in R (i.e. preferential exclusion of DMSO), consistent with trends 

observed during equilibrium freezing. The isothermal increase in R was directly 
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correlated to the isothermal storage temperature (Figure 18A): At hold temperatures of -

35oC and lower, FCL composition did not change with time. The temporal evolution of R 

during isothermal hold at -15oC was not observed when the sample was cooled very 

slowly at 0.1oC/min (Figure 18B). On the other hand, with a relatively higher cooling 

rate of 0.5oC/min, time-lapse IR spectra showed a decrease in R during equilibration at 

the same hold temperature of -15oC. 

4.3.4. Characterization of Crystalline phases in the freeze concentrate 

Figure 19: (A) XRD pattern of a frozen 30% DMSO + 10% BSA solution at -70oC after equilibrium freezing 

(at 0.3oC/min) (B) Amide II peak location in IR spectra taken from 7 different regions of the freeze 

concentrated liquid during near equilibrium freezing (at 0.3oC/min) of 30% DMSO + 10% BSA solution 

(Standard deviation bars were smaller than the marker size and were thus omitted) (C) DSC scans during 

equilibrium freezing (at 0.3oC/min) of a 30% DMSO + 10% BSA solution up to -80oC and subsequent 

heating from -80oC to room temperature at 10oC/min. 
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XRD enabled characterization of the phases crystallizing from the FCL. In the 

XRD patterns obtained from the frozen 30% DMSO + 10%BSA solution, hexagonal ice 

was the only crystalline phase detected (Figure 19A). Note that the peaks at 22.7 (3.93 

Å), 24.4 (3.65 Å), 25.8 (3.46 Å), and 33.5 (2.68 Å) 2θ are assigned to hexagonal ice.97 

Although formation of the water-DMSO trihydrate eutectic has been reported to occur at 

-63 ± 1oC,153 crystallization of DMSO was not detected in the XRD patterns as 

diffraction peaks. Likewise, in the DSC scans (not shown) no crystallization exotherm 

was detected during slow freezing, confirming that DMSO remained amorphous. 

4.3.5. Characterization of glass transition during equilibrium freezing 

Position of the protein Amide II band in IR spectra gives a measure of flexibility 

of the protein backbone. Amide II position (in wavenumber) of albumin in the FCL was 

plotted as a function of temperature during near equilibrium freezing of a 30% DMSO + 

10%BSA solution (Figure 19B). Glass transition of the protein causes stiffening of the 

protein backbone and is reflected by an abrupt change in the slope of the wavenumber (of 

Amide II) vs. temperature curve at a specific temperature (i.e. the glass transition 

temperature).99b, 104 We have observed an abrupt change in slope at -58oC (Figure 19B). 

During slow freezing at 0.3oC/min, a faint glass transition (small baseline shift) at -63oC 

could be detected in the DSC thermograms, indicating vitrification of the freeze 

concentrate (Figure 19C). The glass transition can also be detected at -61oC when the 

frozen solution was re-heated from -80oC back to room temperature at 10oC/min (Figure 

19C), indicating devitrification of the previously vitrified FCL. The variations in the glass 

transition temperatures observed in all these experiments (Figure 19B,C) was due to 
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glass transition being a kinetic and not thermodynamic transition.162 Note that the 

pronounced baseline shift associated with glass transition during heating was due to the 

faster heating rate employed (10oC/min).  

Distinct changes in the composition of the freeze concentrate (FCL) was observed 

during near equilibrium freezing of high concentration DMSO + albumin solutions. 

While cooling down to -33OC (Region I), albumin was preferentially excluded from the 

ice phase (Figure 15). This was attributed to association of the DMSO molecules with 

the surrounding water molecules through hydrogen bonding at ratios of 1:2 163 or 1:3 153 

(DMSO:water), forming clusters. These clusters have significantly reduced diffusivity 

(by a factor of 30),164 and higher affinity for ice (hydrating water molecules reduce the 

effective hydrophobicity of DMSO) compared to free DMSO molecules, and therefore 

are more likely to be entrapped in an advancing ice interface. Appearance of the S2* peak 

in the (ν2+ν3) combination band of water at approx. 4700-4500 cm-1 confirmed the 

formation of the DMSO-water clusters in the FCL. Peaks in the neighborhood of S2* 

have been reported in the literature for solutions containing a kosmotrope such as 

trehalose, and are attributed to a new organization in water HB network due to the 

presence of the kosmotrope.104, 165 Location of the S2* peak at a lower frequency (4800 

cm-1) than the S1 peak (5116 cm-1) suggested stronger HB within the DMSO-water 

clusters.166 In neat water, a high frequency peak has been detected at 5232 cm-1 

originating from HB acceptor free water molecules.155b, 158 This band was entirely absent 

in solutions containing DMSO, indicating that all water molecules in the FCL were 

simultaneously HB donors and acceptors.  
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The water-DMSO clusters collapsed between -28oC and -32oC, as evidenced by 

the decrease in the ratio of the integrated areas of the S2* peak to S1 (Figure 16B). Below 

-32oC, water molecules were only engaged in self-association (and possibly with protein 

molecules). The observed decrease in the population of water-DMSO clusters was in 

agreement with previously reported MD simulations, which predicted thermodynamic 

destabilization of DMSO-water HB complexes in binary solutions when mole fraction of 

DMSO exceeded 0.5.163b, 167 Another interesting observation was that within this 

temperature range, the S2* peak shifted to lower frequencies. This could be caused by the 

increase in the strength of HB and/or change in the water to DMSO ratio in the HB 

complexes. MD simulations predict a transition from 1:2, and 1:3 (DMSO:water) HB 

complexes to 2:1 complexes followed by complete dissociation of all complexes 

(disordering) with progressively increasing mole fraction of DMSO in the solution.163b, 

167a  

While cooling the solution between -33OC and -59OC (Region II), this trend was 

reversed and preferential exclusion of DMSO from the ice phase was observed (Figure 

15). Collapse of DMSO-water clusters below -32OC resulted in DMSO to exist as free 

molecules in the FCL. Free DMSO in water is known to have a higher diffusion 

coefficient than albumin (by a factor of 40).164a Besides, denaturation of albumin, shown 

to occur between -35oC and -55oC by post thaw CD analysis, is associated with increased 

solvation of the unfolded protein.168 High concentrations of unfolded albumin (18% w/w 

at -32OC) in the FCL is likely to cause self-association.169 The aforementioned factors 

lead to a larger hydrodynamic radius and reduced diffusivity of albumin, thereby 

increasing its tendency to be entrapped in ice, as compared to DMSO. Mole fraction of 
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DMSO in the FCL during equilibrium freezing of binary DMSO-water solutions follows 

the liquidus line in the phase diagram and thus should have a known and fixed value at a 

given temperature irrespective of initial DMSO concentration. But the volume of ice is 

larger in more dilute solutions. Identical trends were observed with decreasing 

temperature in the 20%DMSO+6.67%BSA and 30%DMSO+10%BSA (w/w) solutions 

suggesting that the nature of preferential association of albumin and DMSO with ice was 

dictated by the composition of the freeze concentrate (mole fractions of albumin and 

DMSO). Twomey et al. reported preferential exclusion of albumin during freezing to 

temperatures below -8oC and preferential exclusion of DMSO above -8oC in similar slow 

freezing studies.7 In those experiments, composition of the FCL were measured only at 

the end of freezing and compared to solutions at room temperature, as opposed to our 

method of determining FCL composition at regular temperature intervals throughout 

freezing.   

Below -59oC (Region III), FCL composition did not further change with 

decreasing temperature (Figure 15) and crystallization of DMSO tri-hydrate was ruled 

out by low temperature XRD, and DSC experiments (Figure 18A, C). The cessation of 

compositional changes at these temperatures was attributed to increased viscosity of the 

FCL upon glass transition. The heating/cooling DSC scans (Figure 18C), and the 

temperature sensitivity of the Amide II peak (Figure 18B) clearly showed the glass 

transition of the FCL (measured at -58oC by FTIR, at -61oC (during heating), and -63oC 

(during cooling) by DSC). Note that the DMSO concentration in the FCL at these 

temperatures is in the range of 52-55% w/w and the threshold vitrification concentration 

of aqueous DMSO has been reported to be 49% w/w.39d Presence of large proteins such 
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as BSA and hemoglobin in aqueous sugar solutions has been reported to strengthen 

hydrogen bonding interactions in the surrounding medium, increasing the glass transition 

temperature of the medium.170 This explains the higher glass transition temperature 

recorded for the FCL than the value predicted by the Gordon Taylor equation (~-85oC) 

based on the FCL composition at -63oC. Additionally, a distinct glass transition has been 

detected in most hydrated proteins between -73 and -53oC, which suppresses collective 

unharmonic motions in the protein molecule.171 Coupling of the protein dynamics with 

that of that of the amorphous DMSO-water phase has likely increased its glass transition 

temperature as well. The amounts of albumin and DMSO contained in ice during 

equilibrium freezing, calculated from the phase diagram and IR spectra, were greater in 

the 20%DMSO+6.67%BSA sample than in the 30%DMSO+10%BSA sample. This was 

attributed to the larger volume fraction of ice present at any given temperature in the 

more dilute solution.153, 172 Larger ice interface area in contact with the FCL is likely to 

increase the extent of association of DMSO and albumin with ice. Additionally, FCL of 

the 20%DMSO+6.67%BSA solution was more heterogeneous spatially at any given hold 

temperature than the 30%DMSO+10%BSA solution due to the reasons mentioned above. 

At fast cooling rates (≥0.5oC/min), no significant changes in albumin/DMSO ratios was 

obtained during freezing (Figure 17C, D). It is plausible that faster rate of propagation of 

the ice interface resulted in non-equilibrium conditions and arbitrary exclusion of solutes 

from the ice phase, thereby negating the effects of diffusivity and selective interactions of 

the excluded species.  

For mammalian cells, DMSO cytotoxicity has been reported to occur at 

concentrations as low as 1-5% w/w.11, 173 On the other hand, for proteins, detrimental 
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effects of DMSO are protein-dependent and were only observed at very high 

concentrations (>30% w/w) at room temperature.161c, 174 Post-thaw CD measurements 

(Table 8A) revealed that BSA in in the presence of DMSO was stable during slow 

freezing down to temperatures as low as -45oC, despite the DMSO concentration in the 

FCL increased to approximately 45% w/w. In frozen protein formulations, hydrophobic 

organic solvents such as DMSO are known to be excluded from the immediate vicinity of 

the protein molecules (preferential exclusion principle).168  Especially, proteins such as 

such as BSA and lysozyme with ionic surface groups are tightly bound to a hydrating 

water layer, preventing direct contact with DMSO. However, when cooling continued to 

progress below -45oC down to -55oC, the corresponding DMSO concentration in the FCL 

increased from 45% to 57% (w/w), when irreversible unfolding of the secondary and 

tertiary structures of BSA was detected (Table 8A, B). MD simulations have shown that 

at high DMSO concentrations (50-60% w/w), direct binding of DMSO to protein 

becomes favorable due to destabilization of DMSO-water HB complexes.175 

Furthermore, there are reports of destabilizing effects of direct hydrophobic interactions 

with polar organic substances on proteins.176 These results suggest that unfolding of BSA 

during slow freezing occurred in a very narrow temperature range between -45oC and -

55oC, before the FCL vitrified. The unfolding was exacerbated when solutions were 

cooled below the glass transition temperature and were slowly thawed. 

Post-thaw analysis of frozen BSA samples cooled down to -65oC (below the glass 

transition temperature) and warmed rapidly at 20oC/min revealed substantially lower 

structural damage (Table 9A). Interestingly, rapid warming did not produce such a 

pronounced effect for the samples cooled down to -55oC (above the glass transition 
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temperature). This implied that recrystallization during thawing had a stronger effect on 

the protein than DMSO toxicity and temperature induced stresses during cooling. 

Devitrification induces rapid ice growth and recrystallization due to enhanced mobility 

and has been identified to be a major challenge for cell and organ vitrification.39d, 43, 147a A 

rapid heating rate is known to not only delay devitrification during warming but also 

reduces extent of recrystallization,177 and as shown here is necessary to minimize 

damage.  

Equilibration during isothermal hold led to an increase in R measured at a fixed 

location in the FCL. A finite cooling rate would result in some deviation from 

equilibrium conditions. Thus, when temperature is stabilized, there is a finite time within 

which the FCL reaches its equilibrium composition corresponding to the hold 

temperature and ice growth stops.178 This finite time period is a combination of the 

response time of the instrument, thermal equilibration time of the sample as well as the 

time taken by both species (albumin and DMSO) to diffuse within the FCL. Thus, an 

apparent spatial heterogeneity may arise in spectra collected due to non-equilibrium 

concentration and temperature gradients across the sample. This was further confirmed 

when spectra collected after a hold time of 30 minutes (Figures 18, 20) revealed 

significantly reduced heterogeneity in the FCL than the ones collected immediately at the 

beginning of the hold period (not shown).  

The magnitude of increase in R during isothermal hold was inversely correlated to 

the hold temperature. From the slope of the liquidus line in the DMSO-water binary 

phase diagram, it is clear that the differential increase in ice volume with differential 

decrease in temperature (dV/dT) decreases progressively during equilibrium cooling. 
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Temporal changes in composition of the FCL (due to preferential association) at a given 

hold temperature will be proportional to the increase in ice volume during equilibration. 

Therefore, the magnitude of increase in R during equilibration was maximum when the 

hold temperature was -15OC and progressively decreased with decreasing hold 

temperature (Figure 18A). Following equilibration, value of R did not change with time, 

leading us to believe that the extent of association of albumin and DMSO with ice were 

negligible without ice propagation. At a cooling rate of 0.1OC/min, equilibrium 

conditions prevailed, as evidenced by the lack of temporal changes in R when the 

temperature was held constant (Figure 18B). When the solution was cooled at 

0.5OC/min, the ice volume exceeded the corresponding equilibrium value causing it to 

melt during equilibration, as reflected by the decrease in R.  

 

4.4. Conclusions 

Vitrification of the FCL at -63oC inhibited DMSO crystallization and further 

compositional changes in the FCL during slow freezing of albumin-DMSO solutions 

down to -70oC. Continued changes in the concentrations of albumin and DMSO in the 

FCL were observed with decreasing temperature due to preferential association of either 

species with the growing ice phase. The nature and extent of preferential association were 

governed by DMSO-water hydrogen bonding interactions, their relative diffusivities and 

the surface area of ice-FCL interface. When cooled between -45oC and -55oC, unfolding 

of albumin secondary and tertiary structures were observed presumably due to direct 

DMSO-protein binding. However, when solutions were cooled below the glass transition 

temperature and thawed, ice recrystallization induced during devitrification proved to be 
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significantly more detrimental to albumin than exposure to DMSO. Adverse effects of ice 

recrystallization were eliminated with rapid thawing rates (>20oC/min). These results 

implied that while vitrification is desirable for long term stability of the macromolecules, 

subsequent rapid thawing is a necessity. A vitrified sample therefore yielded significantly 

lower protein recovery when thawed slowly than a sample which was simply frozen 

without vitrification. Moreover, adverse effects of high DMSO concentrations mainly 

observed between -45oC and -55oC may be eliminated by increasing the glass transition 

temperature of the FCL using high Tg chemicals (such as disaccharides) in order to 

induce vitrification of the FCL above this temperature range. These should minimize the 

specific chemical adverse effects of DMSO and that of re-crystallization, potentially 

enhancing the viability and functionality of large tissues and organs post-thaw.  
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5. Characterization of Freeze-Dried Mannitol-Trehalose-BSA 

Specimens: Effect of Composition on Crystallinity and Stability 

 
5.1. Introduction 

 

Long term stabilization of labile biological specimens such as therapeutic proteins 

and enzymes is achieved by freeze-drying, which involves encapsulation of the 

macromolecules in a sugar based glass (vitrification).62 The highly viscous glassy phase 

arrests conformational perturbations of the protein.38 The freeze-drying process 

comprises a freezing and annealing stage, followed by primary, and secondary drying 

stages when ice and residual bound water are removed.74a While recovery of activity of 

proteins post freeze-drying has been investigated in the past,12, 17, 84 there is no detailed 

report in literature, which separately investigates destabilization effects of these stresses 

during the freezing and drying stages on proteins.  

A typical freeze-drying  formulation contains several components (called 

excipients) in addition to the protein, such as the bulking agent and the lyo-protectant.20 

Apart from facilitating formation of the viscous glassy phase below a characteristic 

temperature (called glass transition temperature (Tg)), these excipients serve other 

specific functions: The bulking agent imparts mechanical rigidity to the final lyophilized 

product and prevents collapse during primary, and secondary drying.23, 88a The 

lyoprotectant, on the other hand, stabilizes the protein against freezing and drying 

induced stresses.38 Its widely believed that the functionality of these excipients is dictated 

4 
This chapter is part of a publication that is currently in preparation. 
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by their physical forms during freeze-drying.56a While the bulking agent is required to 

crystallize during freezing in order to increase the collapse temperature (i.e., the Eutectic 

temperature),4, 77 the lyoprotectant should be retained amorphous during freeze-drying 

and subsequent storage in order to stabilize the protein (by either one of the alleged 

mechanisms).87a It has been shown that non-crystallizing components such as the protein 

can reduce  crystallinity of the bulking agent while crystallizing components such as the 

bulking agent can induce crystallization of the lyoprotectant.20 As, either of the 

aforementioned events will reduce the efficacy of the freeze-drying process, optimizing 

the formulation composition to achieve the desired physical form of each excipient is 

crucial. 

During storage below the glass transition temperatures (Tg), low frequency 

structural relaxations (called α-relaxations) arising from long range cooperative motions 

are suppressed.179 On the other hand, high frequency secondary relaxations (called β-

relaxations) due to fast local motions, can be significant even below Tg and govern 

diffusive transport.37 It is therefore proposed that excipient nucleation and protein 

degradation is triggered by β relaxation processes in lyophilized specimens during 

storage below Tg.
35a While, α-relaxations have been widely explored in sugar based 

lyophilized glasses,33 there are no detailed reports on identification and characterization 

of secondary relaxation behavior in these glasses. Information on the timescales of β 

relaxations in lyophilized specimens will be a useful parameter to predict the kinetics of 

protein degradation during storage and hence activity recovery upon reconstitution. 
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In this work, our objective has been to separately investigate the physical forms of 

the excipients as well as mechanisms of protein denaturation during the freezing and 

drying stages and predict the conformational stability of protein in the lyophiles during 

subsequent storage from the secondary relaxation behavior. For our studies, mannitol was 

used as the bulking agent and trehalose as the lyo-protectant. Mannitol readily 

crystallizes during freezing and annealing,23 while trehalose is a non-reducing 

disaccharide with a high glass transition temperature.69-70 Bovine Serum Albumin (BSA) 

was selected as the model protein due to its sensitivity to freezing and dehydration.180 In 

the past, frozen mannitol-trehalose-protein solutions have been characterized in detail, 

where it was shown that crystallinity of the excipients and protein conformational 

stability in the freeze concentrated liquid (FCL) (space surrounding the ice crystals, 

comprising unfrozen water and the concentrated solutes) during freezing and annealing 

were governed by specific interactions with other excipients and ice interfaces.111, 177 

Effects of further concentration of the FCL due to primary and secondary drying, on 

excipient crystallinity and protein structure, have not been reported for these systems.  

Room temperature X-Ray Crystallography (XRD) was used to detect the 

crystalline phases present in the lyophiles and quantify the relative crystallinity of each 

polymorph as well as overall crystalline content. Thermal behavior of the lyophiles was 

probed with Differential Scanning Calorimetry (DSC). IR Spectroscopy enabled 

characterization of the secondary structure of BSA in the freeze-dried formulations and 

Far UV Circular Dichroism helped determine the secondary structure content of BSA in 

the reconstituted solutions. Frequency domain Dielectric Spectroscopy was used to probe 

temperature dependent secondary relaxation behavior in the lyophiles. Results were 
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compared to freeze-thaw analysis of Mannitol-Trehalose-BSA solutions with identical 

compositions.181  

 

5.2. Experimental 

 

D-(+)- trehalose dihydrate (MW 378.33 kDa, 99.9% purity, Sigma-Aldrich, St. 

Louis, MO), Bovine Serum Albumin (MW 66.5 Da, ≥99% purity, Sigma-Aldrich) and D-

mannitol (MW 182.17 Da, ≥98% purity, Sigma-Aldrich)  were used as received. Aqueous 

solutions were prepared gravimetrically in ultrapure water. All freeze-drying experiments 

were performed in a Lyostar III (SP Scientific, Stone Ridge, New York) freeze-dryer. 

The freeze-drying cycle consisted of a freezing and annealing step at -20oC (dT/dt = 1 

°C/min) for 15 hours to obtain maximum crystallinity of all crystallizing solutes. Primary 

drying was performed at −40 °C (dT/dt = 0.5 °C/min), below the glass transition 

temperature of the freeze-concentrate of frozen solutions which were in the temperature 

range of -37 to -28oC (depending on initial composition of the formulation). Samples 

were held at -40oC 60 mTorr for 10 hours. For secondary drying, samples were heated to 

20oC (dT/dt = 0.2 °C/min) and held at 60 mTorr for 8 hours.  

 
Figure 20: Freeze-drying protocol 



 102 

 

Differential Scanning Calorimetry (DSC): A differential scanning calorimeter 

(Q2000, TA Instruments, New Castle, DE) equipped with a refrigerated cooling 

accessory was used. The instrument was calibrated using the melting point of tin (SRM 

741a, NIST). About 50 mg of the sample solution was weighed in an aluminum pan, 

which was sealed within a Tzero pan and lid with a pin-hole.  Dry nitrogen was used as 

the purge gas at a flow rate of 50 ml/min. The freeze-dried specimens were initially 

rapidly cooled from room temperature down to -20oC at 20oC /min (to prevent 

irreversible crystallization events during cooling), held for 2 minutes (for thermal 

equilibration) and then slowly heated at 1oC/min to 120oC (to ensure thermal 

equilibration during heating). Thermal events during the heat scan were recorded. All 

samples were cooled at 20oC /min back to room temperature. The DSC data were 

analyzed using TA Universal Analysis software. 

Powder X-ray Diffractometry (XRD): A powder X-ray diffractometer (D8 

ADVANCE; Bruker AXS, Madison, WI) equipped with a variable temperature stage 

(TTK 450; Anton Paar, Graz-Straßgang, Austria) and a Si strip one-dimensional detector 

(LynxEye; Bruker AXS, Madison, WI) was used. XRD patterns were collected 

continuously with a dwell time of 900 s at room temperature. Samples were exposed to 

Cu Kα radiation (40 kV × 40 mA) over an angular range of 5−27° 2θ with a step size of 

0.05°. XRD patterns were analyzed using commercially available software. (JADE 2010). 

IR Spectroscopy: About 20 mg of the pulverized freeze-dried solid was 

sandwiched and uniformly spread between two CaF2 windows. The assembly was then 

transferred to the infrared microscope attached to the FTIR spectrometer, (Thermo-
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Nicolet Continuum with a mercury cadmium telluride detector, Thermo Electron, 

Waltham, MA) equipped with a freeze-drying cryostage (FDCS 196, Linkam Scientific 

Instruments Ltd., UK). IR spectra were acquired at a resolution of 4 cm−1 and a total of 

128 scans were averaged in the 4000−930 cm-1 wavenumber range. The data collected 

from 5 different regions within each sample were averaged and analyzed using OMNIC 

(Thermo-Nicolet) software. 

UV Circular Dichrosim: Spectra were recorded using a J-815 circular dichroism 

spectropolarimeter (JASCO) using a 1 cm path length quartz cuvette over the range of 

190–260 nm at ambient temperature. Data were collected every 0.2 nm with a bandwidth 

of 1 nm, averaged over 8 scans. An integration time of 8 seconds at 50 nm/min and a 2 

nm slit width were used. The reconstituted solutions were diluted with ultrapure water to 

reach a protein concentration of 0.2 mg/mL. The background spectra of the solvent 

medium (at identical dilution) were subtracted from the final spectra and data were 

obtained as mean residue ellipticity (Ɵ). To estimate protein secondary structure content, 

analysis of the relevant CD spectra was carried out using the CDPro software. The basis 

set 7 of the CDPro software was used. Analysis was performed using the SELCON 3 

method.32 

Dielectric Spectroscopy: The dielectric measurements were performed using 

Novocontrol broad band dielectric spectroscope. Complex permittivity of the samples in 

the frequency range of 10-2Hz to 107Hz were obtained for different temperatures. A 

temperature stability of 0.5K was obtained using a liquid nitrogen cryostat with 

Novotherm temperature controller. A 20 mm diameter gold plated stainless steel sample 

cell was used for the measurements and a teflon ring of 0.1mm thickness was used as the 
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separator. The powder samples were well packed between the electrodes to form a 

capacitor 20 mm in diameter and 0.1 mm in thickness. Spectra were taken at a 

temperature range between -60oC to 120oC at intervals of 10oC. Spectra were fitted with 

the Havrilik Nagami model to obtain the time constants associated with each relaxation 

peak. 

 

5.3. Results & Discussion 

 

5.3.1. Characterization of crystalline phases in freeze-dried specimens  

 

XRD enabled characterization of the phases present in the freeze-dried specimens 

(the lyophiles). Trehalose dihydrate was characterized by peaks (Cu Kα radiation; 

λ = 1.5407 Å) at 8.8° (10.10 Å), 12.6° (7.00 Å), 13.7° (6.45 Å), and 16.5° 2θ (5.36 Å) 

while α-anhydrous trehalose was identified by peaks at 16.8° (5.26 Å), and 17.8° 2θ (4.98 

Å).97 Mannitol hemihydrate was identified by peaks at 9.6° (4.95 Å), and 20.5° 2θ (4.33 

Å) while δ-anhydrous form of mannitol was characterized by peaks at 9.7° (9.11 Å), and 

24.6° (3.62 Å)] and diffraction peaks for β-anhydrous form of mannitol appeared at 16.8° 

(5.26 Å) and 18.8° (4.61 Å).97 

In the absence of BSA, mannitol existed as a mixture of hemihydrate, and δ and β 

anhydrous polymorphs in the final lyophile, irrespective of sample composition (not 

shown). Likewise, trehalose was always detected in the α-anhydrous form in the final 

lyophiles (Figure 21). Presence of BSA affected the physical forms the crystalline phases 

in a concentration dependent manner. An initial BSA concentration of 4% w/w did not 

change the polymorphic forms of mannitol (hemihydrate, and δ and β anhydrous forms) 
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and trehalose (α anhydrous form) in the lyophiles. At higher BSA concentrations (6-8% 

w/w), trehalose existed in both dihydrate and α anhydrous forms. At sufficiently high 

BSA concentrations (≥ 10% w/w), the lyophiles contained only the δ anhydrous forms of 

mannitol and trehalose was retained amorphous (Figure 21). Surfactant Tween20 did not 

affect the physical forms of mannitol and trehalose irrespective of concentration (Figure 

21).  

 

 

 

Figure 21: XRD patterns of freeze-dried samples 

Row 1: 10% Mannitol + 8% Trehalose + 4% BSA (w/w)  

Row 2: 10% Mannitol + 4% Trehalose + 8% BSA (w/w)  

Row 3: 10% Mannitol + 2% Trehalose + 10% BSA (w/w)  

Row 4: 10% Mannitol + 8% Trehalose + 10% BSA + 0.2% PS20 (w/w)  

Arrows indicate characteristic peaks (Red: Trehalose dihydrate; Blue: α Anhydrous Trehalose; 

Black: Mannitol Hemihydrate; Green: δ Anhydrous mannitol; Orange: β Anhydrous Mannitol 
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These results were consistent with our published work on XRD characterization 

of frozen mannitol-trehalose-BSA specimens where we showed that mannitol crystallized 

in the hemihydrate form and following 2 hours of annealing, trehalose crystallized in the 

dihydrate form when mass ratio of trehalose to BSA (R) was greater than equal to 1. 

Characterization of the freeze-dried formulations with identical initial compositions 

revealed that mannitol hemihydrate formed during freezing were partially dehydrated to 

yield a mixture of hydrated and anhydrous crystals in the freeze-dried product. On the 

other hand, extent of dehydration of trehalose dihydrate during the primary and 

secondary drying stages was a function of initial BSA concentration (R) in the 

formulation.  

When value of R was reduced to 1 and less, both hydrated and anhydrous forms 

of trehalose were detected in the lyophiles, indicating that high concentrations of BSA 

prevented complete dehydration of trehalose dihydrate crystals formed during freezing, 

which may be attributed to the large bound water content associated with BSA in the 

amorphous phase.182 Hydration water being tightly bound to the protein is likely to be 

released much later during secondary drying causing any anhydrous trehalose crystals 

formed earlier to be rehydrated back to the dihydrate form.183 Trehalose has been known 

to reversibly transition between one crystalline form to another without structural 

relaxation.70 Moreover, high BSA concentrations is expected to reduce the extent of ice 

nucleation and growth during freezing and annealing.184 Decrease in the extent of ice 

formation not only prevents maximal freeze concentration of the FCL, but also, 

minimizes porosity of the product, thereby slowing down the rate of water removal 

during primary and secondary drying20 and preventing dehydration of trehalose 
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dihydrate. DSC heat scans of the freeze-dried samples showed a gradual fall in glass 

transition temperature with decreasing R, confirming that increasing BSA concentrations 

led to increased concentrations of water being retained in the FCL (shown later). At 

sufficiently low values of R (≤ 0.2), XRD analysis of frozen solutions had shown that 

mannitol crystallized in the δ-anhydrous form and trehalose remained amorphous. 

Consistent with these results, the corresponding freeze-dried formulations contained δ-

anhydrous mannitol and amorphous trehalose. Inhibition of trehalose crystallization could 

be attributed to high viscosity of the freeze-concentrate in formulations containing high 

protein concentrations.185  

 

  

To determine the total crystallinity of freeze-dried specimens, the background 

signal was fitted with a curve as shown in Figure 22. The area between the diffraction 

and the background signals was divided by the total integrated area enclosed by the 

diffraction signal to obtain the overall % crystallinity of the freeze-dried specimens 

(Figure 23). The crystallinity decreased progressively with increasing BSA 

concentration. Formulations containing Tween 20 showed increased crystallinity. 

Figure 22: Baseline fitted XRD patterns 
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The integrated areas of the characteristic diffraction peaks of trehalose dihydrate, 

α anhydrous trehalose, mannitol hemihydrate, and β anhydrous trehalose at 2ɵ values 

8.8, 17.8, 9.7 and 16.7, respectively, were plotted for freeze-dried specimens of varying 

compositions to determine the relative amounts of each polymorph in the final lyophile 

(Figure 24).  

Figure 23: % Crystallinity = 
Area between background and diffraction signal

Total area enclosed by diffraction signal
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Figure 24: Integrated area of characteristic diffraction peaks in freeze-dried samples 

 

At low concentrations (≤ 0.2% w/w), surfactant Tween 20 has been shown to 

inhibit crystallization of trehalose during annealing of frozen solutions due to amphiphilic 

interface coverage.186 In the lyophiles, α anhydrous form of trehalose was detected, 

indicating that further freeze concentration of the FCL during drying caused Tween 20 

concentration to exceed the Critical Micelle Concentration (CMC) leading to formation 

of micelles, causing increased supersaturation of the crystallizing solute and reduced 

interfacial tension, both of which accelerate the rate of nucleation129b. Therefore, it is not 

surprising that addition of surfactant at both low and high concentrations led to an 

increase in overall crystallinity in the lyophiles, which was comparable to the crystallinity 

in BSA free lyophiles.  
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5.3.2. Characterization of glass transition of freeze-dried specimens  

 

 

 
 

DSC heat scans of freeze-dried specimens are presented in Figure 25. At R equal 

to 2, a single glass transition was detected at 47oC (Tg) in the 10%M+8%T+4%BSA 

(w/w) formulation. On the other hand, when R was decreased to 0.5, Tg shifted to 38oC, 

despite BSA being shown to increase the Tg’ of frozen solutions.186 With further decrease 

in R, there was no further change in Tg. Following glass transition, crystallization 

exotherms were observed after glass transition when relative concentrations of BSA were 

high (R ≤ 1). The decrease in baseline on heating beyond 70oC was due to evaporation 

and loss of residual moisture. Addition of Tween20 did not change the Tg. 

Addition of high concentrations of BSA relative to trehalose, led to a decrease in 

the glass transition temperature, a definite indication of larger residual water content in 

these lyophiles. This observation confirmed our hypothesis that BSA reduced the extent 

Figure 25: DSC thermograms during heating of freeze-dried samples 

Blue arrows indicate glass transitions and red arrows indicate crystallization exotherms. 
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of freeze concentration of the FCL by decreased the extents of crystallization of 

excipients and ice during freeze-drying (Discussed in the XRD section). The hypothesis 

was further corroborated by the appearance of crystallization exotherms during heating, 

following glass transition, which suggested incomplete crystallization of mannitol or 

trehalose or both sugars during freeze-drying.  

 

5.3.3. Characterization of secondary structure of BSA in freeze-dried specimens 

The Amide I (1700–1600 cm−1) band is more sensitive to protein secondary 

structure than Amide II and has traditionally been deconvoluted by peak fitting or by 

secondary derivative analysis to quantify the secondary structure content of proteins. 

Second derivative analysis of the amide I revealed 3 distinct peaks attributed to β-sheets 

(1640–1620 cm−1), α-helices (1670– 1640 cm−1), and random coils (1695–1670 cm−1). 

The relative fraction of each structure was calculated using their integrated peak areas 

(Figure 26).  

In freeze-dried BSA-trehalose formulations (R=2), the secondary structure of 

BSA was found to contain approximately 53-54% helices which agreed with the native 

conformation of BSA, as shown in literature.142b Up on addition of mannitol (10% w/w), 

% of α-helices detected in freeze-dried specimens was reduced to 45%, clearly suggesting 

perturbations in secondary conformation, attributable to crystallization of trehalose 

during the freeze-drying process (from XRD data). Interestingly, on progressively 

decreasing the trehalose to BSA ratio (R) from 1 to 0.2, the average % of α-helices 

detected in freeze-dried specimens increased to 55%. Despite a fraction of trehalose 

crystallizing during freeze-drying, unfolding of BSA was inhibited due to self-
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stabilization rendered by the protein. Moreover, an increase in the relative concentration 

of BSA w.r.t. trehalose progressively decreased crystallinity of trehalose, further 

justifying the observed enhancement in stability. When present in large concentrations in 

the initial formulation (≥ 2% w/w), freeze concentration of the surfactant Tween20, 

would result in formation of micelles in during the freezing stage (up on exceeding the 

CMC)128, which is likely to induce aggregation and precipitation of the protein due to the 

attractive depletion forces (A depletion force is an effective attractive force that arises 

between large colloidal particles that are suspended in a dilute solution of smaller solutes 

that are preferentially excluded from the vicinity of the large particles) between the 

protein and the micelle complexes.115a Moreover, micelles enhanced crystallinity of 

trehalose, as evident from the quantification of trehalose crystallinity (from XRD 

patterns). 

 

 

Figure 26: % Alpha helix in BSA calculated from deconvolution of Amide I in IR spectra 

of frozen and freeze-dried Mannitol-Trehalose-BSA samples 
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5.3.4. Characterization of secondary structure of BSA in reconstituted solutions 

Secondary structure of BSA in reconstituted samples was characterized by CD 

after resuspending the freeze-dried specimens in water. Secondary structure of BSA in 

reconstituted solutions was compared to that of BSA in freshly prepared trehalose-BSA 

solutions (control). Far-UV CD spectra were fitted using the SELCON 3 model to 

calculate the fractions of each secondary structural element. The results were useful to 

determine if unfolding and aggregation induced during freeze-drying was reversed upon 

reconstitution. The total decrease in helix content (Regular + Distorted) of BSA in the 

reconstituted solutions, determined by CD, was approximately equal to decrease in helix 

content in freeze-dried lyophiles, determined by IR Spectroscopy. Thus, unfolding 

induced during freeze-drying was irreversible and soluble/insoluble aggregates did not 

resolubilize upon resuspension. 

These results were contradictory to our earlier observations from CD analysis of 

thawed solutions after freezing and annealing.186 In most compositions, thawing 

exacerbated the degree of unfolding and aggregation, which had been attributed to 

thawing induced stresses such as ice recrystallization during rewarming. This was 

especially the case in compositions with low trehalose to protein ratio (R), in which self-

stabilization of BSA had proved to be ineffective against thawing. On the other hand, 

freeze-dried samples did not show any further decrease in the fraction of helix recovery 

compared to frozen samples. Therefore, it can be concluded that thawing stresses are a 

major cause of conformational perturbations of proteins. It is also intriguing that stresses 

during primary and secondary drying stages such as dehydration, did not add to the 

conformational instability of BSA, which could be attributed to the presence of trehalose 



 114 

(when retained amorphous) and large concentrations of BSA (self-stabilization).187 

Moreover, both primary and secondary drying stages do not lead to formation of new ice-

FCL interfaces, as opposed to thawing (recrystallization),188 which further supports our 

hypothesis that aggregation of protein at ice interfaces is the cause of thawing induced 

damage. 

 

 

Table 10: Secondary structure content (in fractions) of BSA in reconstituted freeze-dried 

solutions and thawed solutions after freezing and annealing.  

H (r)→ Regular α Helix, H (d) → Distorted α helix, S (r)→ Regular β Sheet, 

 S (d) → Distorted β Sheet 
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5.3.5. Characterization of secondary relaxation behavior in freeze-dried specimens 

Dielectric measurements were conducted at specific temperature points from -

60oC to 120oC at intervals of 10oC. Complex dielectric permittivity recorded at -20oC is 

shown in Figure 27. At temperatures well below the glass transition temperatures of the 

lyophiles, distinct secondary relaxations were detected in the lyophiles. These secondary 

relaxation peaks were fitted with the Havrilik Nagami model (Eqn. 1) to determine their 

time constants at each temperature point (Figure 28).  

 ε ∗= ε∞ +
∆ε

(1 + (𝑖ωτ)𝛼)β
+

𝜎

𝑖𝜔𝜀0
       (1) 

 

where σ is the dc conductivity, ε is the high frequency limit of the dielectric constant, Δε 

is the dielectric strength of the relaxation process and τ is the relaxation time. The shape 

parameters α and β measure the symmetric and asymmetric stretching of the dielectric 

loss peak and its value lies between 0 and 1. The dielectric loss peak of the secondary 

relaxation process is symmetrically stretched with β=1, known as Cole-Cole relaxation, 

and it is used to obtain the relaxation time of the secondary relaxation processes of 

various systems.   

Furthermore, the time constants of each relaxation process obtained as a function 

of temperature were fitted with the Arrhenius model (Eqn. 2) to determine the activation 

energies (EA) associated with these processes (Figure 28).   

 𝜏(𝑇) = 𝜏 𝑒𝐸𝐴/𝑘𝐵𝑇       (2) 
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where EA is the activation energy, kB is the Boltzmann constant, T is the temperature in 

the absolute scale and τ is the relaxation time at infinite temperature.  

In BSA free samples (10%M+8%T), a single secondary relaxation with a time 

constant of 13 μs (EA = 0.69 eV) was detected. When 4% w/w BSA was added to this 

formulation, 2 distinct secondary relaxations were recorded in the final lyophiles, having 

time scales of 98 ms (EA = 0.63 eV) and 2.2 μs (EA = 0.25 eV).  Upon including 0.2% 

w/w Tween20 in the same formulations (10%M+8%T+4BSA), the peaks shifted to 25 ms 

(EA = 0.65 eV) and 12 μs (EA = 0.26 eV). When high concentrations of Tween20 were 

added to the solution (2% w/w), time constants of the secondary relaxations were 22 ms 

(EA = 0.53 eV) and 2.7 μs (EA = 0.3 eV). High surfactant concentration drastically 

increased the conductivity in low frequencies. On decreasing the trehalose to BSA mass 

ratio (R) in the formulations, a single very broad relaxation peak was observed with time 

constants of 27 ms (EA = 0.6 eV) and 1.4 ms (EA = 0.6 eV), for R value corresponding to 

1 and 0.2, respectively.  

  

Figure 27: Frequency Domain Dielectric Spectra of freeze-dried  

Mannitol-Trehalose-BSA samples at -20oC 
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At -20oC, the slower secondary relaxation (millisecond time scale), was attributed 

to motions of flexible polar groups on the protein surface coupled to the hydration 

water189 (denoted as Beta 2). The faster relaxation (microsecond time scale) arose from 

ring flips of the monomeric units of the trehalose molecule about its glyosidic linkage190 

(denoted as Beta 1). Assignment of relaxation processes was performed by comparing the 

activation energies with relaxations detected in lyophilized trehalose and BSA samples 

with existing literature189-190. Time constant of Beta 1 relaxation (Figure 28A) can be 

directly correlated to the flexibility of its glycosidic linkage70. Increased timescales 

indicate a rigid glycoside linkage and hence, an increased propensity of trehalose to 

crystallize.190 Presence of BSA in the lyophiles significantly decreased the time constant 

of Beta 1 indicating an increase in the flexibility of the glycosidic linkage compared to 

trehalose in BSA free samples (10%M+8%T). On the other hand, addition of surfactant 

caused an opposite effect. Lowering of R (≤ 1) in the formulation caused complete 

suppression of Beta 1. 

Figure 28: Time constants as a function of temperature and activation energies for 

A) Fast trehalose secondary relaxation (Beta 1).  B) Slow protein secondary 

relaxation (Beta 2) 
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Compared to lyophilized BSA (Data not shown), addition of trehalose 

significantly increased the time constant of the Beta 2 (Figure 28B) relaxation from 0.68 

ms to 98 ms (in 10%M+8%T+4%BSA w/w). Dynamics (timescales) of the Beta 2 is 

coupled with the dynamics of the water of hydration surrounding the protein.191 Up on 

addition of excipients such as trehalose which are preferential excluded from the 

hydration shell of the protein192 during freeze-drying, progressively decreasing water 

concentrations in the FCL would lead to stiffening of the hydration water as well as the 

flexible protection groups191 (reflected as an increase in the timescales of Beta 2). Up on 

lowering R in the formulation there was decrease in the time constant of Beta 2 

(compared to the 10%M+8%T+4%BSA w/w formulation). It may be argued that 

increased retention of water in the lyophiles (as indicated by the lower Tgs) when 

lowering R, causes insufficient immobilization of the dynamics of hydration water as 

well the protein. 

 It is known that the time constant of Beta 2 is strongly correlated with the 

kinetics of conformational unfolding of proteins during storage below Tg.
37 Our results 

suggest that there is an optimum range of trehalose to protein mass ratios (R > 1) to be 

used to slow down protein relaxations in the lyophiles. Lowering R further will reduce 

the time scale of these motions. Moreover, broadening of Beta 2 at low R (≤ 1) values 

indicates significant heterogeneity in protein dynamics.193 

 

5.4. Conclusions 

Freeze-dried formulations containing mannitol, trehalose and BSA in varying 

compositions were characterized by diverse complimentary techniques. Presence of BSA 
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inhibited the crystallinity of ice as well as both sugars in a concentration dependent 

manner and thus prevented maximal freeze concentration of the FCL. High 

concentrations of BSA (≥ 10% w/w) and Tween20 (≥ 2% w/w) induced mannitol 

crystallization in the anhydrous forms instead of the hemihydrate form during freeze-

drying. Increased retention of water in the final lyophile led to incomplete dehydration of 

trehalose dihydrate crystals formed during annealing of frozen solutions. Thus, initial 

composition of the formulation dictated not only the crystalline phases formed during 

annealing of frozen solutions, but also subsequent dehydration of hydrated crystalline 

phases during drying. At sufficiently high concentrations, BSA completely suppressed 

crystallization of trehalose (≥ 10% w/w). The surfactant on the other hand, enhanced the 

crystallinity of both sugars during freeze-drying. Characterization of secondary 

conformation of BSA in reconstituted freeze-dried samples revealed increased recovery 

of native structure compared to solutions thawed after freezing and extended annealing. 

These results signify the importance of thawing induced stresses in causing structural 

perturbations of the protein, especially when containing lower relative concentrations of 

trehalose w.r.t. BSA. On the other hand, freeze-dried samples containing lower relative 

concentrations of trehalose (w.r.t. BSA), proved to be as stable as (in some cases more) 

others due to self-stabilization by BSA. Stresses during dehydration, on the other hand, 

did not seem to be as deleterious. Frequency domain dielectric spectroscopy 

measurements of the lyophiles showed detected 2 distinct secondary relaxation peaks at 

temperatures below the glass transition which arise from dynamic ring flips of the 

monosaccharide units about the glycosidic linkage of trehalose (Beta 1) and flexible polar 

groups on the protein surface (Beta 2). BSA decreased the time scales of Beta 1 and 
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disaccharides slowed down flexible protein groups up and trehalose decreased the time 

scales of Beta 2 up to a certain trehalose to BSA mass ratio (= 2). Surfactant and lower 

trehalose to BSA mass ratios produced the opposite effect. Moreover, at low trehalose to 

BSA mass ratios (≤ 1), heterogeneity in the protein dynamics was evident. 
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6. Research Summary 

In this dissertation, experimental studies were conducted to characterize the 

physical form the of excipients and protein conformational stability in the Freeze-

Concentrated Liquid (FCL) in frozen and lyophilized samples. The synergistic effects of 

the excipients including the bulking agent and lyo/cryo-protectant, protein and surfactant 

in governing the polymorphic form and quantity of crystallizing phases as well as the 

changes in the secondary and tertiary conformations of the model proteins were 

determined. Apart from specific interactions, excipients exerted these effects by 

regulating the overall viscosity of the FCL and time scales of local relaxations. Use of 

various complimentary techniques enabled us to directly probe the FCL and the protein 

micro-environment, in situ, in frozen and freeze-dried specimens.  Conditions leading to 

undesirable effects such as crystallization of the lyo/cryo-protectant, reduced crystallinity 

of the bulking agent, formation of hydrated crystalline phases and irreversible 

conformational unfolding of the model protein were identified. These results shall enable 

optimization of formulation development during freeze-drying of proteins and cryo-

vitrification of cells and tissues to ensure maximum recovery of activity and longer shelf 

life.  

In Chapter 2, the effect of mannitol to trehalose ratio (R) on the crystallization 

behavior in frozen solutions was investigated. The glass transition temperature of the 

amorphous freeze concentrate (Tg’) as well as propensity and extent of crystallization of 

both sugars were exclusively a function of R. Crystallization of mannitol induce 

stiffening of the glycosidic linkage in trehalose, eventually leading to its crystallization. 

On the other hand, a high relative concentration of trehalose inhibited mannitol 
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crystallization by increasing the viscosity of the FCL. It was also shown that incomplete 

crystallization led to phase separation in the freeze concentrated liquid, giving rise to 

multiple glass transitions.  

In Chapter 3, concentration dependent effects of including protein (BSA), 

deuterium oxide (D2O) surfactant (Tween 20) in frozen solutions on crystallization 

behavior and protein stability was explored. Addition of a surfactant (at low 

concentrations), BSA and D2O to the solution, reduced crystallinity of both mannitol and 

trehalose in a concentration dependent manner. On the other hand, high concentrations of 

surfactant led to micelle formation in the FCL and increased the extent of crystallization 

of both sugars. It was established that unfolding of BSA occurred when trehalose 

crystallized. When solutions with low trehalose to BSA mass ratio (S) were frozen, BSA 

retained its native structure due to self-stabilization. But during thawing, the self-

stabilization effect of BSA diminished and the protein was unfolded. In the presence of 

D2O and low concentrations of Tween 20, BSA did not undergo structural changes either 

in the frozen state or in thawed solution.  When Tween 20 concentration was increased to 

1% w/w, denaturation of BSA was worsened due to micelle formation. At physiological 

pH, IgG was stable against freeze-thaw irrespective of composition. On the other hand, 

denaturation and irreversible aggregation was observed upon lowering pH and applying 

multiple freeze-thaw cycles.  

In the Chapter 4, we introduced controlled ice nucleation followed by slow 

freezing as a means of inducing vitrification of the FCL instead of ultrafast freezing in 

BSA-DMSO solutions. Since cyto-toxicity of DMSO mainly arises from chemical 

denaturation of cell proteins, BSA was chosen as a model protein to simulate the 



 123 

temperature and concentration dependent effects of DMSO. Continued changes in the 

relative concentrations of BSA and DMSO in the FCL were observed with decreasing 

temperature due to preferential association of either species with the growing ice phase. 

The extents of preferential association were governed by DMSO-water hydrogen bonding 

interactions, relative diffusivities of BSA and DMSO and the surface area of ice-FCL 

interface. Vitrification of the FCL at -63oC inhibited DMSO crystallization and further 

compositional changes in the FCL during slow freezing of BSA-DMSO solutions down 

to -70oC. When cooled between -45oC and -55oC, unfolding of secondary and tertiary 

structures of BSA, were observed presumably due to direct DMSO-protein binding. 

However, when solutions were cooled below the glass transition temperature and thawed, 

ice recrystallization induced during devitrification proved to be significantly more 

detrimental to albumin than exposure to DMSO. Adverse effects of ice recrystallization 

were eliminated at rapid thawing rates (>20oC/min). These results implied that while 

vitrification is desirable for long term stability of proteins, subsequent rapid thawing is a 

necessity.  

In Chapter 5, it was our objective to delineate destabilizing stresses as well as 

formation and evolution of crystalline phases during the freezing and drying stages of a 

lyophilization process. Presence of BSA inhibited crystallization of ice as well as both 

sugars (mannitol and trehalose) in a concentration dependent manner and thus prevented 

maximal freeze concentration of the FCL. Increased retention of water in the final freeze-

dried specimens. This led to incomplete dehydration of trehalose dihydrate crystals 

formed during annealing of the frozen solutions. Thus, initial composition of the 

formulation governed not only the crystalline phases formed during annealing of frozen 
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solutions, but also subsequent dehydration of hydrated crystalline phases during drying. 

Characterization of secondary conformation of BSA in reconstituted freeze-dried samples 

revealed increased recovery of native structure compared to solutions thawed after 

freezing and extended annealing. These results signify the importance of thawing induced 

stresses in causing structural perturbations in the protein, especially when containing 

lower relative concentrations of trehalose w.r.t. BSA. On the other hand, freeze-dried 

samples containing low mass ratios of trehalose to BSA (S), proved to be as stable as 

(and in some cases more than) others due to self-stabilization rendered by BSA. Stresses 

during dehydration, on the other hand, did not seem to be as deleterious. Frequency 

domain dielectric spectroscopy measurements of the lyophiles showed two distinct 

secondary relaxation peaks at temperatures below the glass transition, which arise from 

dynamic ring flips of the monosaccharide units about the glycosidic linkage of trehalose 

(Beta 1) and flexible polar groups on the protein surface (Beta 2), having microsecond 

and millisecond time scales, respectively. BSA decreased the time constant of Beta 1 and 

disaccharides decreased the time constant of Beta 2 up to a certain value of S (= 2). 

Surfactant and lower trehalose to BSA mass ratios produced the opposite effect. 

Moreover, when S was less than 1, significant heterogeneity in protein dynamics was 

detected from broadening of Beta 2. 
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7. Future Work 

• Characterize α relaxations of the freeze concentrated liquid (FCL) above glass 

transition temperature in frozen solutions. 

In this dissertation, β relaxations of lyophiles were characterized in order to predict 

the conformational stability of the protein and the physical stability of the lyoprotectant 

during storage below glass transition temperature of the lyophile. In freeze-drying 

processes, annealing of the frozen solutions is conducted above the glass transition 

temperature (Tg’) of the FCL to maximize crystallinity of the bulking agent20 (See 

Section 1.2 Background (iii) A Strong Cake Structure).  At temperatures above Tg’, α 

relaxation will be the dominant relaxation process (not β relaxation).33 My dissertation 

research has shown that during annealing above Tg’, crystallization behaviors of the 

bulking agent and lyoprotectant are dictated by initial composition of the formulation 

(See Chapters 2 and 3). It will be interesting to see the correlation between time 

constants of α relaxation in the FCL and crystallinities of bulking agent and lyoprotectant 

during annealing of frozen solutions above Tg’. Time constants of α relaxation of the FCL 

can be determined by performing frequency domain Dielectric Spectroscopy on frozen 

solutions. I expect to observe an inverse correlation between time constant of α relaxation 

and total crystallinity of both excipients. I anticipate that electrode polarization and high 

conductivity due to mobile water in the FCL will be an issue. 

 

• Explore the effects of varying concentration cryo-protectant on viability of cells 

and expression of heat shock proteins 
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In my dissertation, I focused on the temperature dependent chemical denaturation by 

cryo-protectants on a model protein in frozen solutions. I observed that toxicity 

(denaturation) by the cryo-protectant was coupled to its hydrogen bonding behavior, 

which was in turn coupled to the molar ratio of the cryo-protectant to water in the FCL 

(See Chapter 4). High mole fractions of cryo-protectant (w.r.t. water) due to freeze 

concentration, led to denaturation of the model protein. It will be interesting to see the 

effects of increasing mole fractions of cryo-protectant at room temperature on the 

viability of cells suspended in these solutions. Moreover, I expect the cells to upregulate 

the expression of heat shock proteins in response to cryo-protectant toxicity. Heat shock 

proteins are molecular chaperones that enable retention and in some cases recovery of 

cell viability when cells are exposed to thermal and chemical stresses.194 The expression 

of these proteins can be quantified by performing proteomics (LC/MS) or Western Blots 

on the cell lysate. Based on this quantification, exogenous addition of heat shock proteins 

to suspended cells to for recovery of cell viability upon exposure to varying mole 

fractions of cryo-protectant will be explored. 

 

• Explore the effects of using different cryo-protectant mixtures on toxicity  

It is a well-known fact that toxicity of cryoprotectants in general is reduced by using 

them in combinations/mixtures during cryo-vitrification.195 But how specific cryo-

protectant combinations mutually negate each other’s toxicity (to bring down overall 

toxicity of the mixture) is unclear. Given the coupling between hydrogen bonding 

behavior (See Chapter 4) and cryoprotectant toxicity observed in this dissertation 

research, it will be interesting to see how hydrogen bonding interactions of specific cry-
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protectants (with water), is affected by the presence of other cryoprotectants in the 

mixture. I expect that in a mixture, the hydrogen bonding interactions of the cryo-

protectant with water are favored even at high mole fractions (of cryoprotectant) due to 

unfavorable interactions with fellow cryo-protectants. In aqueous solutions, different 

hydrogen bonded populations of cryo-protectant molecules can be directly detected and 

quantified by deconvolution of their characteristic peaks in IR spectra (e.g. S=O 

stretching peak of DMSO).  

 

• Retention of enzymatic activity during freeze-thaw and freeze-drying 

Our studies on freeze-thaw and freeze-drying processes could be extended to 

preservation of enzymes such as Lactate Dehydrogenase (LDH) and lysozyme, due to 

their physiological importance. Using activity assays (such as ELISAs), it will be 

interesting to correlate activity recovery with conformational unfolding (measured by 

Circular Dichroism) in thawed or reconstituted solutions. I expect that conformational 

unfolding and activity will not be correlated for certain enzymes in which 

unfolding/aggregation does not affect exposure of the active site to the primary (capture) 

antibodies in activity assays. 
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