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ABSTRACT 

 

The number of protein-based pharmaceuticals has rapidly increased in the last decade and their 

share of new active pharmaceutical ingredients is high. Because proteins as molecules are prone to 

stability issues, some protein pharmaceuticals must be formulated as solid dosage forms if their 

stability in aqueous solutions is not sufficient. Freeze-drying is one of the major technologies used 

to produce solid protein pharmaceuticals but it also subjects proteins to many degradative stresses. 

Therefore, stabilizing excipients must be incorporated in the formulations.     

The aim of this thesis was to study isomalt as a novel excipient for freeze-dried formulations. Isomalt 

is a non-reducing sugar alcohol currently used as an excipient in commercially available solid oral 

dosage forms. Isomalt was freeze-dried in four different diastereomer compositions and its solid 

state characteristics were extensively analyzed with diffractometric, thermal and vibrational 

spectroscopic methods, coupled with multivariate analysis and quantum chemical calculations. After 

freeze-drying, the stability of amorphous isomalt was evaluated to observe any changes occurring 

in solid state properties during storage in the presence of moisture. The protein-stabilizing effects of 

isomalt were studied during freeze-drying and subsequent storage with lactate dehydrogenase 

(LDH). Sucrose, a standard freeze-drying excipient, served as a comparison to isomalt in this study. 

Protein stability was analyzed using protein activity tests and circular dichroism and in addition to 

that, the physical stability of the samples was also analyzed. 

The complementary analytical techniques showed that plain isomalt was successfully transformed 

from a crystalline to amorphous form with freeze-drying and three out of the four diastereomer 

compositions studied remained stable during storage. During storage at the highest relative humidity 

condition, one of the diastereomer compositions showed signs of physical instability. All in all, isomalt 

was shown to be a suitable excipient for freeze-drying as its stability in the amorphous form proved 

to be good. When isomalt and sucrose were freeze-dried with LDH, the results showed that LDH 

activity was almost fully retained after freeze-drying with sucrose, whereas isomalt performed 

inferiorly as a stabilizing excipient. During storage however, the protein-stabilizing effects of isomalt 

were noticeable, as only moderate loss in protein activity occurred, whereas samples containing 

sucrose lost most of their LDH activity.           

In summary, isomalt was shown to be a suitable excipient for freeze-dried formulations based on its 

physical properties. Isomalt had also some potential as a protein-stabilizing excipient during freeze-

drying and subsequent storage. Future studies with different proteins are required to evaluate the 

potential of isomalt as a novel cryo- and lyostabilizing excipient in lyophilized protein formulations. 
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1     INTRODUCTION 

 

The amount of proteins as active pharmaceutical ingredients (APIs) in drug preparations has 

increased during the last decade, and the number of new protein drugs will grow substantially in the 

future. Biological products were accounted for 28% of worldwide prescription and OTC sales in 2018, 

when the same number was only 18% in 2010 and the portion is forecasted to grow further, reaching 

32% of all medicine sales worldwide in 2024 [1]. Out of the top selling 100 prescription drug products 

worldwide, 34% were biological medicines in 2010, and the proportion rapidly increased reaching 

53% in 2018 [1]. While protein drugs are becoming ever more popular, developing them is a 

challenge because proteins are complicated and fragile molecules when it comes to their production, 

storage and administration [2]. Many proteins are prone to chemical and/or physical degradation, 

which makes their pharmaceutical formulation development challenging [3]. If stability of the protein 

in an aqueous liquid formulation is a problem, a freeze-dried formulation is often the best choice.  

The stability of proteins in freeze-dried (i.e. lyophilized) formulations is better than in aqueous 

solutions because the degradation reactions can be generally avoided or slowed down to such an 

extent that the protein drug will stay stable for months or years [4]. Freeze-dried protein formulations 

have many positive features, such as robustness against shipping related stresses like agitation, 

high and low temperatures, and they often have good long-term stability, though it must be noted 

that freeze-drying as a process brings about also many possible destabilizing stresses [4]. The 

structure of many proteins may change during freeze-drying, at least partially, if they are not 

stabilized with stabilizing excipients, and many proteins would not survive intact during the freeze-

drying process without the addition of stabilizing excipients [5]. Different groups of excipients can be 

used to stabilize proteins, e.g. sugars and sugar alcohols, polymers, surface active ingredients, salts 

and buffers [5]. The most frequently employed stabilizers are sugars and sugar alcohols, which offer 

stabilization during both freezing and drying stages in a lyophilization cycle and also after the process 

in the dry state during storage. The excipients that are most commonly used for this purpose in 

protein formulations are sucrose and trehalose [6,7].  

Most sugars and sugar alcohols are transformed from a crystalline to the amorphous form during the 

freeze-drying process. The amorphous forms of sugars and sugar alcohols are generally very 

hygroscopic by nature and can absorb large amounts of water in their structure. Water vapor acts 

as a plasticizer for amorphous materials lowering their glass transition temperatures (Tg). If the Tg is 

lowered to such an extent that it approaches the storage temperature of the product, the 

crystallization propensity of the amorphous material tends to increase due to greater molecular 
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mobility [8]. This will lead to loss in the protective functionality of sugars and their performance in the 

formulation is compromised.  

Studying and finding new excipients that could be used as protective agents for freeze-dried 

pharmaceutical proteins formulations is important because currently there are only a limited number 

of excipients that can be used for this purpose. Because the number of protein drugs is going to 

increase in the future, it would be important that there were a broader range of excipients for 

formulation development of protein drugs. The excipients currently used for protein stabilization in 

freeze-dried formulations are not able to stabilize all proteins sufficiently. Furthermore, all the 

currently used protein stabilizing excipients have their own weaknesses since even trehalose, which 

is considered as the golden standard excipient in protein stabilization, has been found to crystallize 

during storage under frozen conditions [9,10]. 
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2     REVIEW OF THE LITERATURE 

 

2.1     Protein structure and stability of pharmaceutical proteins 

 

The complexity of protein structure and the factors affecting their stability make proteins challenging 

as APIs. Commercial protein pharmaceuticals are currently either liquid or lyophilized parenteral 

formulations. The relative proportion of liquid formulations to lyophilized formulations is 

approximately 2:1 [11]. Aqueous liquid formulation is the most economic and easiest option for the 

end user if an aqueous formulation is possible considering the stability of the protein [4]. For some 

proteins, the stability issues in solution are so detrimental that they must be formulated as dry 

products that are reconstituted with water just before dosing. Proteins in the solid state usually 

possess greater stability than in solution, although during long-term storage, degradative reactions 

are inevitable also in the dry state. In the following chapters, the structure of proteins and stability 

issues of proteins in solution and in the solid state are discussed in an overview.      

 

2.1.1     Protein structure 

 

The smallest sub-units of proteins are amino acids. When two amino acids are covalently joined 

through a substituted amide linkage i.e. a peptide bond, this is called a dipeptide. Oligopeptides are 

molecules that are made up of a few amino acids, and as the amount of amino acids in the peptide 

increases, it is called a polypeptide. Polypeptides usually have molecular weights below 10 000, and 

proteins have higher molecular weights than that [12]. Proteins may be comprised of thousands of 

amino acids. The structure of proteins can be described in different levels, namely primary, 

secondary, tertiary, and quaternary structures. Primary structure is the linear chain, or sequence, of 

amino acids forming the protein. The linear polypeptide chain can fold into certain local patterns, 

namely the  helix, the  strand, and turns, which constitutes the secondary structure (Figure 1). As 

the polypeptide chain folds further to acquire its three-dimensional structure, it is called the tertiary 

structure. Finally, proteins that consist of multiple polypeptide chains or subunits are assembled to 

form the quaternary structure of the protein (Figure 2). The same interactions are behind the 

formation of both tertiary and quaternary structures, namely hydrophobic interactions, disulfide 

bonds, hydrogen bonds, and charge-pair interactions.  
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Figure 1. A representation of  helix and  strand modules. Reprinted with the permission of 
Elsevier, from Clark et al 2019 [13]. 

 
 

 
Figure 2. Quaternary structure of L-lactate dehydrogenase according to Alam et al 2017 [14]. 
The four subunits are highlighted with different colors. Image obtained from The Protein Databank 
in Europe (PDBe, http://www.ebi.ac.uk/pdbe/).    
 



5 
 

In an aqueous solution, the protein folds into its energetically most favorable conformation, also 

known as the native state. When a protein folds, it tests a variety of conformations before reaching 

its final native conformation, however this is not a rigid structure, but rather a dynamic system 

capable of adopting a few altering conformations [15]. The three-dimensional structure has a pivotal 

effect on the function of the protein. As a result, if the structure unfolds, the function may be lost, and 

in the case of therapeutic proteins, non-native proteins may even cause an immune response in the 

body. Unfolding from the energetically most favorable native state happens when the protein is 

subjected to an energy that exceeds the activation enthalpy of unfolding, or when the surroundings 

of the protein are changed in such a way that another conformation becomes the energetically most 

stable one. Freeze-drying is an example of a process that causes a change in the surroundings of 

the protein, and hence can lead to protein unfolding. 

 

2.1.2     Stability in solution  

 

Proteins are prone to several degradation reactions in solution and because of that, many proteins 

are structurally unstable in solution. These degradation mechanisms include both chemical and 

physical instabilities. Chemical reactions, that may destabilize proteins, include deamidation, 

proteolysis, oxidation, disulfide scrambling and beta-elimination [16]. Physical instabilities include 

aggregation, denaturation, surface adsorption and particulate formation. The instabilities are caused 

by various stresses that proteins encounter during purification, processing, storage and shipping 

[17]. For example high and low temperatures, freezing, shear strain, exposure to extreme pH, and 

agitation are stresses that can destabilize proteins [4,17]. As a result of the destabilizing reactions, 

the safety and efficacy of the protein pharmaceutical may be jeopardized. Proteins that are 

formulated as a liquid formulation must be chosen carefully to make sure that they withstand all of 

the destabilization stresses. If a liquid formulation is too unstable, a carefully designed lyophilized 

formulation may serve as the answer.  

 

2.1.3     Stability in solid state 

 

The stability of proteins in the solid state is generally better than in solution, but degradation reactions 

still cannot be avoided completely. During storage, proteins may lose their activity even quite rapidly 

if not stabilized properly with excipients [5]. The protein must also be evenly and molecularly 

dispersed within the excipient matrix, so that the mixture is a one phase system. Several factors can 

have an influence in solid state protein stability, including glass transition temperature of the 
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formulation, storage temperature, residual moisture content, formulation pH, excipients used in the 

formulation and their concentration, and crystallization of amorphous excipients [5]. The storage 

temperature and glass transition temperature (Tg) of the formulation are very important factors 

determining the stability of the protein. At Tg the molecular mobility of the material changes 

considerably. Below its Tg, an amorphous material is brittle by nature, thus it is described to be in a 

glassy state. When the material temperature is elevated above its Tg, it transforms into rubbery state. 

A formulation has one Tg if it is a single phase system and two Tgs in the case of phase separation. 

The Tg of the formulation should be high enough so that the storage temperature should never 

exceed the Tg [4]. Crystallization of amorphous excipients is also accelerated if the storage 

temperatures is near or over their Tg. The aforementioned stability stresses may destabilize proteins 

by a variety of mechanisms, including chemical degradation, aggregation, oxidation, non-enzymatic 

browning reaction, deamidation and hydrolysis, thus the destabilizing reactions are essentially very 

much the same in solid state than in solution [5]. The storage stability of solid-state proteins can be 

improved by selecting a storage temperature well below the Tg of the formulation (assuming a one 

phase system), minimizing exposure to atmospheric moisture, and selecting proper excipients for 

the following duties: maintaining suitable pH, giving the product a high Tg value, and stabilizing the 

protein for a sufficiently long period of time.   

 

2.2     Amorphous form 

 

Solid materials can be crystalline or amorphous. It is also possible that a material is only partly 

crystalline and has amorphous regions in its structure; hence it can be called semi-crystalline. In a 

crystalline material the molecules are packed in a defined long-range order that repeats in the same 

way thus forming a crystal (Figure 3). In an amorphous material there is no long-range order. 

Properties of crystalline and amorphous forms are discussed in more detail in the following chapters. 
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Figure 3. A schematic representation of a crystalline substance (a) and an amorphous substance 
(b). The white and black circles represent different molecular species. 
 

2.2.1     Property differences between amorphous and crystalline states 

 

If two batches of a given solid material would be produced, one fully crystalline and the other 

completely amorphous, these two batches would have very differing properties even if they are 

chemically the same material. This is because their molecules are arranged in a completely different 

way, and this has an effect on the physicochemical properties of the material. For example, the 

dissolution rate of a substance can be often improved by transforming it into the amorphous form 

[18], although this doesn’t work for all substances [19]. Another important difference between 

crystalline and amorphous forms is that crystalline materials have a defined melting point, whereas 

amorphous materials do not. This is because the melting point is the temperature where the crystal 

lattice breaks down and since amorphous materials do not have a crystal lattice, and thus they do 

not have a melting point either. 

Crystalline small molecular weight substances can be converted to the amorphous form in a few 

ways. If a crystalline material is melted or dissolved and then solidified fast enough so that the 

molecules cannot align correctly to again form a crystal, it is converted into the amorphous form [20]. 

Processes like these are e.g. quench cooling, freeze-drying and spray-drying. Another way of 

producing amorphous materials is by breaking the crystals of a crystalline substance into smaller 

and smaller domains of order with a high energy process, e.g. milling, until the material eventually 

becomes amorphous. Many polymeric materials are semi-crystalline because their molecules are so 

large that they cannot align perfectly and form crystals.  

An important feature of crystalline substances is their potential for polymorphism. Polymorphs are 

chemically the same substance but they have a different arrangement of molecules inside the crystal. 

Polymorphs often have differing physicochemical properties compared to each other, including 

density, milling and compaction properties, melting point and dissolution rate. Drugs and excipients 



8 
 

can exhibit polymorphism. This is crucial to know when formulating a drug preparation, because, 

most importantly, it can have an effect on the bioavailability of the active ingredient. Because of this, 

it is standard procedure to check if a drug substance exhibits polymorphism when developing new 

products. Usually, if drugs and excipients have two or more polymorphs, only one of the polymorphs 

is the most stable form and the others are metastable and will eventually convert to the stable form. 

This is also called monotropic polymorphism [20]. In monotropic polymorphism, the most stable 

polymorphic form has the highest melting point because its intermolecular bonds are strong. This 

also means that it is hard to remove molecules from the lattice of the stable form, thus its dissolution 

rate is also lower compared to the metastable polymorphs.  

In addition to polymorphism, crystalline materials can also have hydrate or solvate forms. When a 

substance crystallizes and at the same time traps solvent molecules in the lattice, it forms a hydrate 

or a solvate. If the solvent is water, the form is called a hydrate, and if the solvent is something other 

than water, it is called a solvate. Hydrates and anhydrates have differing properties compared to 

each other, such as dissolution rate, and this phenomenon is sometimes called 

pseudopolymorphism. All of these above mentioned properties of crystalline forms also differentiate 

them from the amorphous form. Amorphous materials do not exhibit polymorphism or 

pseudopolymorphism, although many amorphous materials readily absorb water vapor.   

 

2.2.2     Glass transition 

 

Although amorphous materials do not have a melting point, they do have a temperature where the 

physical properties of the material change. This is called the glass transition temperature (Tg). At this 

temperature the molecular mobility changes considerably. Below its Tg, an amorphous material is 

brittle by nature, thus it is described to be in a glassy state. When the material temperature is 

elevated above its Tg, it transforms into rubbery state. If an amorphous material is stored in a 

temperature below its Tg, it can retain its amorphous nature for a longer time because the molecular 

mobility is low in the glassy state. If however the storage temperature is above the Tg of the material, 

it is very possible that the material converts into the crystalline state because of the increased 

molecular mobility in the rubbery state. Crystallization can also occur at temperatures below the Tg, 

although it occurs at a slower rate. 

The glass transition temperature of a material can be altered with excipients called plasticizers. 

Plasticizers are usually small molecules that fit between the molecules of the material in the glassy 

state and increase their mobility. This increase in the molecular mobility lowers the Tg of the material. 

Water can also act as a plasticizer.      
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2.2.3     Crystallization 

 

Because the amorphous form is not stable in the long term, amorphous materials will try to convert 

into a more stable form, the crystalline form. This can happen slowly with time, but some factors can 

speed up the process. Because water is a plasticizer and it lowers the Tg of the material, storing 

amorphous materials in the presence of water vapor induces crystallization. Storage conditions close 

to or over the Tg of the material can also cause crystallization to occur. Because of this, amorphous 

materials should be stored well below their Tg in low relative humidity (RH) conditions.  The material 

can crystallize either as a hydrate or an anhydrate. If an anhydrate is formed, it generally decreases 

the water content of the material. If the material crystallizes as a hydrate, the water content depends 

on the ratio of the solid substance molecules to water molecules in the hydrate structure i.e. it can 

crystallize as a monohydrate, dihydrate etc.  

Heljo et al. (2012) [21] studied the molecular mobility and crystallization tendency of the amorphous 

disaccharides trehalose, sucrose, melibiose and cellobiose in different relative humidity 

atmospheres. They found that the disaccharides absorbed water to different extents and their 

crystallization tendency also differed from each other. Sucrose and cellobiose crystallized at a higher 

rate compared to trehalose and melibiose. Out of the studied disaccharides, amorphous melibiose 

was the most stable as it crystallized only at high relative humidity (RH) (43%) and stayed amorphous 

during storage for a much longer time compared to the other disaccharides.  

 

2.3     Behavior of aqueous solutions when freezing – phase transitions 

 

When liquid water or aqueous solutions are subjected to subzero (°C) temperature conditions, at 

some point a liquid/solid phase transitions take place. Water doesn’t generally freeze spontaneously 

right away when it is cooled to 0ºC as it maintains its liquid state also at subzero temperatures for a 

given time [22]. At that point water is described as being supercooled. The liquid state is maintained 

until at some temperature freezing occurs. Freezing of water begins from the formation of ice nuclei. 

The size of an active nucleus decreases as the temperature decreases, which increases the 

possibility of nuclei formation and freezing. The lower the temperature of supercooled water, the 

higher the ice nucleation rate becomes. Pressure also has an effect on ice nucleation. After the 

nucleation has started, ice crystal formation begins. As cooling progresses further, the quantity of 

ice in the solution increases until all water has frozen into ice. 
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In freeze-drying, phase transitions of water are an important aspect to consider. According to the 

phase diagram of water, it can exist either as vapor, liquid, or solid depending on the surrounding 

temperature and pressure conditions (Figure 4). All of these forms of water are present at some point 

during a freeze-drying cycle, starting from liquid water that freezes into solid ice, which is then 

removed by sublimation as water vapor. The pressure and temperature during freeze-drying must 

be optimized so that at no point during the freeze-drying process frozen ice would melt back into 

liquid water because in those conditions the freeze-drying cycle is often not successful in terms of 

producing a dried formulation with acceptable visual and functional characteristics.   

 

 
Figure 4. The phase diagram of water as a relationship of pressure and temperature. Reprinted 
with the permission of Creative Commons Attribution 4.0 International Licence (CC BY 4.0) from 
OpenStax, Liquids and Solids, in: Chemistry 2e [23]. 
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2.4     Freeze-drying 

 

Freeze-drying, also called lyophilization, is a method of removing water from heat-labile substances. 

It is based on water sublimation from the product driven by a pressure difference between a chamber 

containing the product and another chamber collecting the sublimed water. Freeze-drying is used to 

improve the stability of drugs, especially protein formulations, that otherwise have stability problems 

[24]. Freeze-drying also makes the formulations easier to handle during shipping and storage. 

Besides the benefits, freeze-drying also has some negative features as a drying technique. It is a 

very energy- and time-consuming process, and if the lyophilization cycle is not designed correctly, it 

can take excessive amounts of both. Designing a freeze-drying process is not a simple task, and 

one must always design the process individually for every formulation and take into account the 

properties of the formulation. The stability of the active ingredient and the excipients in the 

formulation both affect the freeze-drying cycle design. Also some temperatures are important when 

designing the cycle: 1) Tg’, which is the glass transition temperature of the maximally freeze-

concentrated amorphous phase of the formulation, 2) Tc, which is the macroscopic collapse 

temperature of the formulation and usually about 2°C higher than Tg’, and 3) Teu, which is the eutectic 

melting temperature of the crystalline components [4,24]. All of these temperatures are formulation 

specific.  

The freeze-drying cycle is commonly divided into three parts: freezing, primary drying and secondary 

drying [24]. In the next sections, 2.4.1-2.4.3, these three stages are discussed in more detail. 

 

2.4.1     Freezing 

 

The first step of a freeze-drying cycle is freezing. In this stage, most of the water separates from the 

solids and forms a phase of its own [24]. Water freezes into ice and this phase separation causes 

solute concentration to rise in the remaining solute phase i.e. freeze concentration (Figure 5). Figure 

5 shows schematically the transitions taking place during freezing. Freezing of the solution follows 

the Tm curve in Figure 5 until the eutectic temperature, Teu, is reached. At this temperature the 

concentration of the solutes that readily crystallize is high enough to enable their crystallization, 

although many solutes do not execute this behavior. The probability of solute crystallization is 

dependent on the complexity of their crystal structure, which for example in the case of sucrose is 

so complex that is does not crystallize during freeze-concentration in experimental time scale [22]. 

In this case, the freezing of water into ice continues, and the viscosity of the solution increases further 

and the solution becomes increasingly supersaturated. When the cooling continues to a sufficiently 
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low temperature, the increasing viscosity slows down ice crystallization until at some characteristic 

temperature ice crystal growth no longer occurs. This temperature is called the glass transition 

temperature of the maximally freeze-concentrated amorphous phase, Tg’ (Figure 5). At this 

temperature the solute concentration is termed Cg’ i.e. the solute concentration of the maximally 

freeze-concentrated amorphous phase. In protein formulations this phase separation described 

above causes the protein concentration to increase in the solid phase and this may induce protein-

protein interactions and consequently protein aggregation. The freezing step also causes other 

stresses that may harm proteins. 

 

 
Figure 5. A schematic state diagram of an aqueous binary solution during freezing [25]. 
Explanations concerning the figure are presented in the paragraph above. Copyright Zaritzky and 
Ferrero 2006 [25]. Reproduced with permission of Taylor and Francis Group, LLC, a division of 
Informa Plc. 
 

The cooling rate in the freezing stage is also a factor that can influence the stability of a protein 

formulation. Different cooling rates produce different ice crystal sizes and therefore affect the surface 

area of ice [24]. A rapid cooling rate generates smaller ice crystals, which results in greater ice 

surface area. Increasing the rate of cooling led to increased damage for several different proteins 

during freeze-thawing, which was attributed to the greater ice surface area [26]. If a slow freezing 

rate is used, it can expose the formulation to phase separation if the formulation is ready to phase 

separate. Usually a moderate cooling rate of approximately 1°C/min is suitable for protein 

formulations [24]. This rate usually minimizes ice structure variation within one vial and from vial-to-

vial. Freezing is usually done stepwise by decreasing the shelf temperature, for example from 

ambient temperature first to 5°C and then to -5°C and from there to the final freezing temperature. 
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The temperature is held constant in the first steps for about 15-30 minutes. The final freezing 

temperature should be below Tg’ or Teu and it should be held there for long enough to ensure that all 

vials have fully frozen into the solid phase. The final freezing temperature can be set at -40°C, for 

example, if the Tg’ or Teu is higher than -38°C. If the vials contain a large volume of the solution, the 

freezing time should be extended accordingly.  

If the formulation contains excipients that readily crystallize, a step called annealing can be used 

during the freezing stage. Annealing is often used to increase crystallization of a crystalline bulking 

agent e.g. mannitol or glycine [27]. Otherwise the bulking agent might start to crystallize during 

product storage which can negatively affect the protein stability. In an annealing step, the 

temperature is raised from the final freezing temperature to 10 or 20°C above the Tg’, but it must be 

kept below Teu [24]. The annealing temperature should be held for several hours and then the 

temperature is lowered back to the final freezing temperature. In a study by Ma et al. (2001) [28], a 

freeze-drying cycle for tumor necrosis factor murine monoclonal antibody (TNF-MAb) with glycine 

as an excipient was developed and the researchers concluded that an annealing treatment in the 

freezing phase was essential in order for TNF-MAb to be dried at a higher product temperature 

during primary drying. This was because the annealing step could promote the maximum 

crystallization of glycine, which dramatically increased the Tg’ of the remaining solution.  

  

2.4.2     Primary drying 

 

The second stage of the freeze-drying cycle is primary drying. During this stage most of the frozen 

water is removed from the formulation by sublimation. Primary drying is the most time- and energy-

consuming step of the freeze-drying cycle, and so it is the stage that should be most carefully 

optimized [24]. The shelf temperature used during primary drying is higher than the final freezing 

temperature. Primary drying is carried out at a temperature that is below Tg’ and Tc, and this 

temperature can be also called the target product temperature, Tp. It is desirable that the Tp would 

be as high as it can be without compromising the quality of the product. In other words, it should be 

as close to Tc as possible. A high primary drying temperature is more economic because it yields a 

faster process. The Tp and the shelf temperature of the freeze-dryer are not the same because 

typically the product temperature is 5-40°C lower than the shelf temperature and changes slightly 

during primary drying [24]. The product temperature can be measured with temperature sensors, 

thermocouples and manometric temperature measurement which is based on pressure rise [24,29]. 

Temperature sensors and thermocouples are placed in the bottom of the vials and their limitation is 

that they do not completely represent the conditions in other vials without a 

thermocouple/temperature sensor, and as a result, the temperature measured within them is not 
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exactly the same as in all of the other vials. Manometric temperature measurement is a non–invasive 

method based on analysis of chamber pressure changes resulting from the flow of water vapor from 

the chamber to the condenser [29]. Milton et al. (1997) [29] evaluated the use of manometric 

temperature measurement in freeze-drying and noticed that manometrically measured temperatures 

were consistently about 2°C lower than temperatures measured with thermocouples. They assumed 

that this difference was largely caused by temperature gradient across the frozen layer. The 

temperature in the vials varies slightly also depending on the location inside the chamber [24]. The 

temperature of the vials positioned in the center is usually colder than the temperature of the vials in 

the back, front and sides because of heat radiation from the chamber walls. This can be minimized 

by positioning empty vials around the sample vials and lining the chamber door with aluminum foil.   

Water sublimation during primary drying is driven by a pressure difference between the chamber 

containing the vials and a condenser chamber collecting the water vapor. Primary drying starts when 

the pressure in the chamber containing the vials is reduced. The pressure used also has an impact 

on the effectiveness of the drying cycle. Primary drying should be carried out at low pressure 

because this improves the rate of ice sublimation [24]. The rate of sublimation is the mass of 

sublimed ice per hour and this is affected by the chamber pressure (Pc). In addition to the mass 

transfer, Pc also affects heat transfer during freeze-drying. The driving force of ice sublimation during 

primary drying is the difference between the vapor pressure of ice and the partial pressure of water 

in the chamber, the latter being basically the same as the chamber pressure. The highest ice 

sublimation rate can be accomplished with the lowest possible chamber pressure, though very low 

pressure can also cause problems like product contamination with pump oil and variation in heat 

transfer between vials. Usually a moderate chamber pressure of 100-150 mTorr is recommended 

[24]. If the target product temperature is known, equation 1 can be used to calculate the optimal 

chamber pressure for the primary drying stage. 

Pc=0,29 ∙ 10(0,019 ∙ Tp)          (1) 

In this equation, Pc is chamber pressure in Torr and Tp is the target product temperature in °C. 

When primary drying ends, there should be no ice left in the vials so the sublimation cannot proceed 

any longer. The time taken to finish the primary drying depends on many factors, including shelf 

temperature, chamber pressure, fill volume of the vials, product resistance to sublimation and heat 

transfer coefficient of the vials [24,30]. There are many ways of detecting the end point of primary 

drying. Because sublimation stops when all ice is removed from the vials, there is no heat removal 

by sublimation from the vials and consequently the product temperature rises to the shelf 

temperature and this is a sign of the end point of primary drying [24]. This can be detected with the 

same temperature measuring systems described earlier in this chapter. However, it must be noticed 

that vials containing a thermocouple/temperature sensor are not representative for the whole batch 
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because their freezing behavior is different and they usually have a shorter primary drying time. If 

they are however used to determine the endpoint of primary drying, an additional safety margin time 

of at least 10% of the primary drying time should be added after the thermocouple vials have finished 

primary drying to insure that the rest of the batch finishes ice sublimation. Other methods based on 

gas composition change are more accurate than thermocouples and temperature sensors. The 

vapor composition in the lyophilization chamber changes from mainly water vapor to mostly air or 

nitrogen when sublimation stops at the endpoint of primary drying. Dew point sensors can be used 

to detect this change. They show a sharp dew point decrease when the gas composition changes 

from water vapor to nitrogen. The third way to detect the end point of primary drying is based on 

comparative pressure measurement. This method uses two pressure gauges, a thermal conductivity 

pressure gauge i.e. Pirani gauge and a capacitance pressure gauge. The Pirani gauge shows a 

higher vapor pressure during primary drying because it is calibrated against air and the thermal 

conductivity of water vapor is about 1.5 times that of air or nitrogen. When sublimation stops at the 

end point of primary drying, the pressure difference between the two pressure gauges decreases 

and approaches zero. If primary drying is ended before all the ice has sublimated, there is a high 

risk of melt-back or collapse problems because the shelf temperature is raised too early.     

 

2.4.3     Secondary drying  

 

The final stage of a freeze-drying cycle is secondary drying. The aim of secondary drying is to remove 

the remaining water from the solute phase by desorption. The solute phase can contain up to 20% 

of residual water after primary drying has ended depending on the formulation, and consequently 

the aim of secondary drying is to reduce this residual water content in order to improve the stability 

of the product [24]. The optimal level of residual moisture content is usually less than 2%, but it might 

vary a bit according to the formulation [5]. If the moisture content of the product after freeze-drying 

is high, it usually decreases the storage stability of the product. 

Secondary drying is carried out at a higher temperature than primary drying so that desorption of 

water happens at a practical rate. The shelf temperature should be increased slowly to avoid any 

collapse of the product [24]. If the product is amorphous, its Tg is quite low early in the secondary 

drying because of the high water content of the product. This is why the risk of collapse is highest at 

the early stages of secondary drying and it becomes smaller as the water content decreases and Tg 

of the product increases. Crystalline products do not have a risk of collapse and this is why a higher 

ramp rate can be used for them compared to amorphous products. After the shelves have been 

heated up to ambient temperature, the ramp rate can also be increased for amorphous products. 

The products should be held at a sufficiently high temperature approximately 3-6 hours to ensure 
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that water desorption reaches the desired level. Crystalline products are easier to dry than 

amorphous products, with the latter demanding longer times and higher temperatures during 

secondary drying. Normally the terminal temperature is about 40-50°C and this can be used also for 

protein formulations. The solute concentration of the product also has an impact on the secondary 

drying conditions and if the concentration is high (more than 10% in the initial solution), higher 

temperatures and/or longer drying times may be needed.  

 

2.5     Freeze-drying of proteins and their protection during the process 

 

Freeze-drying offers the possibility of formulating solid protein pharmaceuticals, which usually 

possess good storage stability in the solid phase, but as a process it subjects proteins to multiple 

destabilizing stresses. As described in Section 2.1, proteins are inherently labile molecules that are 

prone to chemical and physical degradation. In addition to this, during lyophilization, the protein must 

undergo freezing and removal of water to form a solid formulation, while it is a fact that water normally 

is an important contributing factor to the conformational stability of proteins. Resulting from these 

factors, many proteins undergo irreversible or reversible changes during freeze-drying. And even if 

the protein would survive during freeze-drying without damage, the solid formulation does not always 

have the desired storage stability. Stability issues can be addressed with proper process control, but 

fundamentally important for the stability of lyophilized pharmaceutical proteins is formulation science 

and incorporation of stabilizing excipients. These factors are discussed in more detail in the following 

sections. 

 

2.5.1     Freeze-drying-induced stresses to proteins 

 

Freeze-drying subjects proteins to many degradative factors. The freeze-drying process consists of 

two major steps, with both causing multiple stresses to proteins. Firstly, the protein solution is frozen, 

which causes freezing-related stresses. Secondly, the frozen protein solution is freeze-dried under 

vacuum, which subjects proteins to drying stresses. During freezing, the water phase of the 

formulation freezes into ice and phase separation causes protein concentration rise in the solid 

phase [31]. This may induce protein-protein interactions and consequently protein aggregation. 

Freeze-drying also causes other stresses that may destabilize or denature proteins. These stresses 

include low temperature, a rise in buffer salt and other solid concentrations, increase in ionic 

strength, formation of large ice-water interfaces, pH changes, and dehydration [5,24]. The low 
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temperature in the freezing stage itself may cause protein denaturation as Koseki et al. (1990) [32] 

observed in their research. They studied the effects of rapid freezing and thawing at acidic pH on 

the physicochemical properties of ovalbumin and noticed that irreversible changes in protein 

conformation depended on the incubation temperature (between -196 and -10°C) and the protein 

concentration (0.5-10 mg/ml). Most damage in the protein conformation was caused when ovalbumin 

was incubated at around -40°C at low concentration. Another destabilizing stress for proteins is the 

concentration rise of solids [5]. As water in the solution freezes and separates into an ice phase, the 

concentration of all solids in the other phase rises dramatically, and this can increase ionic strength 

and selective crystallization of solutes. Formation of ice-water interfaces during the freezing stage 

can also degrade proteins. Strambini and Gabellieri (1996) [33] studied the freezing of aqueous 

protein solutions and concluded that loosening of the native protein folding and surface-induced 

denaturation was caused by adsorption of protein molecules onto the surface of ice. pH changes 

during freezing caused by buffer salt crystallization may also cause protein destabilization because 

many proteins are stable only in a narrow pH range [5]. Solution pH can induce aggregation and 

many chemical degradation reactions in proteins, such as hydrolysis and deamidation [34]. Finally, 

also dehydration during the drying stage can cause protein denaturation. Because proteins in 

aqueous solutions are fully hydrated and covered by a monolayer of water, also called a hydration 

shell, freeze-drying disrupts the native state of proteins by removing a part of the hydration shell [5]. 

This can cause protein denaturation and aggregation. Dehydration can also inactivate proteins by 

another mechanism if water molecules are an integral part of an active site in a protein. Nagendra 

et al. (1998) [35] studied the activity of lysozyme with different solvent contents and concluded that 

the loss of activity that accompanied dehydration appeared to be caused by the removal of 

functionally important water molecules from the active-site region. Water removal also caused a 

reduction in the size of the substrate binding cleft of lysozyme. 

Different proteins withstand the various stresses caused by freeze-drying to different extents. Some 

proteins can survive both freezing and drying stages unharmed without any stabilizing excipients. 

Vemuri et al. (1994) [36] studied the stabilizing effect of three excipients on recombinant alpha1-

antitrypsin (rAAT) during freeze-drying. They noticed that neither freeze-and-thaw nor lyophilization 

caused any damage to rAAT. A control formulation of rAAT containing no cryoprotectants survived 

during freeze-drying as well as the formulations containing cryoprotecting excipients. Some proteins 

are vulnerable to freezing- and/or drying-induced stresses. Anchordoquy and Carpenter (1996) [37] 

studied stabilization of lactate dehydrogenase (LDH) with polymers during freeze-drying. When LDH 

was freeze-thawed or freeze-dried without polymers, it retained only part of its original activity in a 

concentration-dependent way. With low concentrations (<100 µg/ml), freeze-thawed LDH retained 

less than 60%, and lyophilized LDH less than 40%, of their initial activities. Lyophilization was 

considerably more harmful to LDH than freeze-thawing, especially at higher LDH concentrations 
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(>100 µg/ml). Approximately 60% of the initial LDH activity was recovered after lyophilization, and 

the same result after freeze-thawing was approximately 90%, when the studied LDH concentration 

was 500 µg/ml. 

Protein denaturation caused by freezing and drying stresses can be reversible or irreversible. 

Krielgaar et al. (1998) [38] studied the effects of Tween 20 on freeze-thawing- and agitation-induced 

aggregation of a model protein recombinant human factor XIII (rFXIII). They observed that rFXIII 

(concentration 1 mg/ml) freeze-thawed without Tween 20 exhibited irreversible denaturation and 

aggregation. The loss of native protein increased linearly with increasing number of freeze-thaw 

cycles and after ten cycles resulting in greater than 98% loss of native protein. Prestrelski et al. 

(1993) [39] studied dehydration-induced conformational transitions in several proteins. They found 

that some of the studied proteins, basic fibroblast growth factor (bFGF), γ-interferon (γ-IFN), and α-

casein, exhibited at least partial, irreversible conformational changes upon lyophilization and 

rehydration. γ-IFN and α-casein also exhibited extensive aggregation and precipitation upon 

rehydration. However, for two of the proteins, α-lactalbumin and granulocyte-colony-stimulating 

factor (G-CSF), the dehydration-induced changes appeared to be reversible. The results of this study 

indicate that conformational changes in proteins after dehydration are sometimes irreversible, but 

some proteins appear to be inherently stable under freeze-drying-induced stresses. 

 

2.5.2     The concept of cryo- and lyoprotection of proteins 

 

Stabilization of protein pharmaceuticals is crucial in order for the protein to be able to tolerate the 

manufacturing process and remain stable during the shelf life all the way to administration. 

Furthermore, protein’s conformational stability can reduce the chance of product immunogenicity 

after administration [40]. As described in Section 2.5.1, freeze-drying subjects proteins to multiple 

stresses. Because of this, proteins must be stabilized with excipients that offer protection against the 

freezing step i.e. cryoprotection and against the drying step i.e. lyoprotection [5]. Excipients which 

offer good cryoprotection do not necessarily offer good lyoprotection because the stresses during 

freezing and drying are different. The same can be true with efficient lyoprotective excipients as they 

do not all stabilize proteins effectively during the freezing step. On the other hand, some excipients 

offer both cryo- and lyoprotection, which decreases the number of excipients needed to stabilize a 

protein. In the following sections, some factors that affect protein stability, in addition to different 

groups of excipients that can be used as stabilizers in protein formulations, are discussed in more 

detail. 
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2.5.2.1     Effect of protein concentration on stability 

 

Protein concentration in the samples being lyophilized can have an effect on protein stability. Not all 

proteins exhibit this concentration-dependent behavior but some do [5]. Generally higher 

concentrations of proteins are more resistant to denaturation and aggregation stresses induced by 

freezing and drying. For example, in a study by Carpenter et al. (1990) [41] the recovery of LDH 

activity during freeze-thawing increased from less than 10 % to over 60 % when LDH concentration 

was increased from 10 mg/ml to 175 mg/ml, respectively. Anchordoquy and Carpenter (1996) [37] 

also noticed in their study that the recovered LDH activity after freeze-thawing and lyophilization 

increased significantly when LDH concentration was increased from 10 µg/ml to 500 µg/ml. In 

contrast, denaturation of catalase freeze-dried without a stabilizing agent was found to be unaffected 

by catalase concentration ranging from 1 to 5000 µg/ml [42]. Some theories about the concentration 

dependent self-stabilization of proteins have been suggested [43].  Steric repulsion resulting from 

interactions between neighboring protein molecules may inhibit protein unfolding in highly 

concentrated protein solutions. Another possible theory is that protein unfolding results from stresses 

caused by formation of an ice-water interface and only a limited amount of protein molecules can 

unfold at the interface. Thus, increasing the initial protein concentration would increase the relative 

amount of recovered protein activity after freeze-drying. Because proteins can be also classified as 

polymers, some of the stabilization methods related to polymers discussed in Section 2.5.2.3 can 

also apply to protein self-stabilization.   

 

2.5.2.2     Sugars and sugar alcohols as stabilizing excipients 

 

Probably the most commonly used excipients for protein stabilization during freeze-drying are sugars 

and sugar alcohols i.e. polyols. They usually offer both efficient cryo- and lyoprotection. Many 

different sugars and sugar alcohols have been successfully used in protein stabilization during 

freeze-drying. The most commonly used sugars for this purpose are the disaccharides sucrose and 

trehalose [4,5]. Other sugars and sugar alcohols, including maltose, lactose, glucose, mannitol, 

melibiose, cellobiose, maltitol, lactitol and maltotriitol, have also successfully been able to stabilize 

proteins during freeze-drying [44-48]. A given protein may or may not be successfully stabilized with 

all of the above mentioned sugars/polyols depending on the compatibility of the protein and the 

stabilizer, concentration, physical properties of the stabilizer, and the formulation composition [5]. A 

group of sugars called the reducing sugars are generally regarded as non-feasible in protein 

formulation, although some research papers have proven otherwise [44,49]. Reducing sugars can 

result in changes to proteins’ degree of glycation, which can be harmful to proteins and affect their 
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biological response. This reaction is a non-enzymatic, chemical browning reaction between amino 

compounds and carbonyl compounds, such as reducing sugars [47]. It results in the formation of 

browning pigments. Compounds in this group of sugars include lactose, glucose, maltose, melibiose, 

and maltodextrins [4,49].  Kawai and Suzuki (2007) [47] noticed that lyophilized protein formulations 

stabilized with maltose or lactose developed a brown color during storage, resulting from the reaction 

between the sugars and the protein. In these formulations, protein destabilization was also greater 

than in formulations containing trehalose or sucrose, which are non-reducing disaccharides and 

hence do not cause this reaction with proteins. The reaction between reducing sugars and proteins 

is the reason why non-reducing sugars are almost exclusively used in commercial lyophilized protein 

formulations [11].  

Some sugars and sugar alcohols tend to crystallize readily during freeze-drying or upon storage. For 

example mannitol is a sugar alcohol that has a high crystallization tendency. It is generally used in 

lyophilized protein formulations because of its bulking properties as a cake forming agent. Studies 

have been done where mannitol is used as a lyoprotective excipient, but its crystallization tendency 

has often been a problem for successful protein stabilization [46,50]. Kadoya et al. (2010) [46] 

studied several sugar alcohols, including mannitol, for their lyoprotecting properties with LDH. In their 

investigation, mannitol crystallized during lyophilization. During storage at 50°C for 7 days, LDH 

lyophilized with mannitol retained its activity to some extent (approximately 30 % relative activity 

compared to initial LDH activity) in the largely crystallized solid. In another study, Izutsu and Kojima 

(2002) [50] studied mannitol as a lyoprotective excipient with five different proteins: lysozyme, bovine 

serum albumin, ovalbumin, β-lactoglobulin, and lactate dehydrogenase. They noticed that during 

lyophilization, the crystallization of mannitol varied depending on the co-solute composition and 

freeze-drying method. If mannitol exhibited lower crystallinity, it protected the proteins better from 

undergoing structural changes. Highly crystallized mannitol stabilized the proteins only minimally. 

The results of the study showed that the crystallinity of mannitol determined its protein-structure-

stabilizing effects during freeze-drying. The researchers concluded that mannitol probably loses its 

molecular interaction with proteins when it crystallizes. This molecular interaction would be the key 

to maintain native protein structures.  

The ability of sugars and sugar alcohols to stabilize proteins generally depends on their 

concentration in the formulation [5]. Heljo et al. (2011) [44] studied the stabilization of β-

galactosidase with four different sugars/polyols in three excipient concentrations. The concentrations 

were 1 mg/ml, 10 mg/ml and 20 mg/ml resulting in excipient/protein ratios of 2:1, 20:1 and 40:1, 

respectively. With ratios of 20:1 and 40:1, the protein activity generally remained higher during 

storage than with ratio of 2:1, although the results varied to some extent between different 

sugars/polyols. In other research, Tanaka et al. (1991) [42] studied the cryoprotective effects of 

different sugars on the denaturation of catalase in different sugar/protein ratios. They concluded that 
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the extent of catalase denaturation did not depend on the bulk concentration of the sugar maltose, 

but on the weight ratio of sugar to catalase. Because there is generally an optimum concentration of 

sugar/polyol for protein stabilization, excessive amounts of these excipients are not usually beneficial 

and can even destabilize proteins [5]. Allison et al. (1998) [51] compared an air-drying method to 

freeze-drying to study the loss of activity of actin and its stabilization with sucrose in different 

concentrations. They noticed that sucrose at a concentration of 5 % retained the protein activity 

during freeze-drying better than lower sucrose concentrations. However, increasing sucrose 

concentration to 10 % did not offer any improvement in protein stability during freeze-drying. 

The mechanism by which sugars and sugar alcohols stabilize proteins during freezing and 

lyophilization have been extensively studied, and multiple nonexclusive mechanisms have been 

found. The amorphous nature of sugars is an essential element of their stabilization mechanisms. 

During freeze-drying, as the protein formulation is frozen, the protein transitions into the non-ice 

phase with other amorphous components. It is key that the interaction with amorphous substances 

and the protein is maintained throughout the freeze-drying process to ensure that the protein 

maintains its native structure in the dried solid and after rehydration [52-54]. Sugars have been found 

to stabilize proteins in the liquid state and during freezing by a mechanism called preferential 

exclusion [55,56]. It means that proteins prefer to interact with either water molecules or excipient 

molecules in aqueous solution. Stabilizing excipients are preferentially excluded from the surface of 

the protein as the protein molecules prefer to interact with water molecules, and the native state of 

the protein is stabilized. Preferential exclusion does not apply anymore as the freeze-drying cycle 

proceeds further to the drying phase because the hydration shell of proteins is removed during 

drying. During the freezing stage, sugars and polyols stabilize proteins also by increasing the 

viscosity of the solution, which restricts diffusion of the solute molecules and minimizes the rate of 

chemical reactions if the viscosity is increased enough [57]. During the drying stage, the main 

stabilization mechanism of sugars is formation of amorphous glass i.e. a glassy matrix, which has a 

very high viscosity. In the amorphous glass, proteins are stabilized by hindering protein mobility, 

reduction of conformational changes and by conformational relaxation [58-60]. Excipients that form 

a fragile glass instead of a strong glass, including sucrose and trehalose, are better stabilizing agents 

for proteins [61]. Another important stabilization mechanism of sugars is hydrogen bond formation 

between the excipient molecules and the protein [42]. The importance of hydrogen bonding to protein 

stability becomes apparent especially during storage [62]. Hydrogen bonding satisfies the hydrogen 

bonding requirement of the polar and charged groups of proteins at the end of the drying stage, and 

thus prevents drying-induced denaturation of proteins i.e. the excipients serve as water substitutes 

and preserve the native structure of the proteins. During dehydration, hydrogen bonding between 

excipients and proteins may prevent intra- and interprotein hydrogen bond formation. High 

crystallization tendency of an excipient during lyophilization can deteriorate hydrogen bond formation 
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and destabilize the protein. This has been found to be the case for example with mannitol [27]. 

Hydrogen bonding efficiency between proteins and sugars varies according to their structures and 

this may be one explanation why some sugars stabilize given proteins better than others [5]. Another 

proposed mechanism is the water entrapment hypothesis, which means that excipients may form a 

cage around the protein, which entraps and slows down water molecules [63,64]. It has also been 

proposed that different stabilization mechanisms, namely water replacement by hydrogen bonding, 

glassy matrix formation, and water entrapment, may not actually be different, alternative 

mechanisms, but instead complementary aspects of the same stabilization process resulting from 

formation of a dense hydrogen bonding network between excipient molecules [65]. Finally, sugars 

can stabilize proteins by raising the Tg of the formulation [66]. For example, trehalose has a high Tg 

value and thus it increases the Tg of the formulation, though of course other components in the 

formulation have their own impact on the Tg as well. All in all, it must be noted however, that the 

stabilization mechanisms have been the subject of controversy in the literature, and are still at least 

to some extent assumptions and speculation. No mechanism alone is completely sufficient to explain 

stabilization during freeze-drying.  

 

2.5.2.3     Other common classes of excipients used in lyophilized pharmaceutical protein 

formulations 

 

The freezing step causes ice-water interface formation and due to this, proteins can adsorb to the 

interfaces and denaturize and/or aggregate [5]. By adding surface active agents to the formulation, 

the surface tension of protein solutions is reduced and this decreases the tendency of surface 

adsorption and aggregation at the interfaces. The most commonly used surface active agents in 

protein formulations are non-ionic surfactants, especially Tween 80 [4,5]. Concentrations at which 

they are employed are generally very low, e.g. under 0.5 % (w/v) [4]. Surfactants cannot generally 

act as primary cryo- and lyoprotecting agents, thus they are used as additional stabilizing agents 

together with other excipients. Because surfactants are in liquid state at room temperature, they can 

lower the glass transition temperatures (Tg and Tg’) of the formulation, and hence, excessive 

amounts should be avoided in lyophilized protein formulations.  

Polymers can be used as the primary cryo- and lyoprotecting agent in lyophilized protein formulations 

[5]. Their ability to stabilize proteins is believed to be accredited to one or more of these mechanisms: 

surface activity, preferential exclusion, restricting protein structural movement by increasing solution 

viscosity, and steric hindrance of protein-protein interactions. One of the most popular polymers used 

in protein formulations is serum albumin, e.g. bovine serum albumin (BSA). Also other polymers, 

e.g. dextran, polyethyleneimine, poly(acrylic acid) and α,β-poly(N-hydroxyethyl)-L-aspartamide, 
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have been found to successfully stabilize proteins [67-69]. The stabilization level of polymers 

depends on the structures of the polymer and the protein, and also their concentration has an effect 

on this [5]. Polymers can also destabilize proteins during lyophilization, as was observed in the case 

of dextran and two model proteins, bilirubin oxidase and β-galactosidase [69]. 

Salts and buffers are frequently used in lyophilized protein formulations. Buffers are used to adjust 

the pH of the formulation and salts to make the formulation isotonic if necessary. Because many 

proteins are sensitive to changes in pH and their chemical and physical stability can be largely 

dependent on the pH in aqueous solutions and lyophilized solids, it is important to choose the right 

pH and buffer system for the formulation [70]. For example, lyophilization of β-galactosidase in 

sodium phosphate and potassium phosphate buffers resulted in marked secondary structural 

changes in the protein, presumably caused by significant pH shifts during lyophilization [71]. 

Because protein formulations in the market today are parenteral products, they must be isotonic. 

This is why salts may be added to the formulations. Buffers and salts can have also other functions 

in the formulation, namely as protein stabilizing excipients. For example Izutsu et al. (2009) [72] 

studied the protein-stabilizing effects of selected carboxylic acids and their sodium salts during 

lyophilization with BSA and bovine immunoglobulin G (IgG). They noticed that some of the studied 

buffer salts, including sodium citrates, had a high propensity to form amorphous glasses and they 

were able to maintain the native secondary structure of lyophilized BSA and IgG. The researchers 

presumed that the effectiveness of these buffer salts was caused by their ability to form hydrogen 

bonds that substituted those formed with surrounding water molecules, thus sustaining the native 

protein conformation. 

 

2.6     Isomalt - a non-reducing sugar alcohol 

 

Isomalt is a well-tolerated, non-toxic sugar alcohol, which is traditionally used as a sweetening agent 

in the food industry and as a tableting excipient for pharmaceutical purposes [73-76]. Isomalt is 

included in the British (BP), European (PhEur) and United States (USP-NF) pharmacopoeias and in 

Japanese Pharmaceutical Excipients (JPE) [77-79]. Isomalt is produced by hydrogenating 

isomaltulose in a process containing two steps [73]. Firstly, sucrose is transformed into isomaltulose 

in an enzymatic process. Secondly, the fructose molecule in isomaltulose is hydrogenated, and as 

a result, a mixture of two diastereomers, 6-O-α-D-glucopyranosyl-D-sorbitol (1,6-GPS) and 1-O-α-

D-glucopyranosyl-D-mannitol dihydrate (1,1-GPM), is obtained as an approximate equimolecular 

mixture [80] (Figure 6). This mixture is called isomalt. The two diastereomers, GPM and GPS, 

possess different physicochemical properties compared to one another. GPM crystallizes as a 
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dihydrate and is less soluble than GPS, which crystallizes as an anhydrate. They also have differing 

glass transition temperatures and melting points, 66ºC and 168ºC for GPM, and 55ºC and 166ºC for 

GPS, respectively [81,82]. The 3D-stuctures of the two diastereomers differ from one another, as 

the mannitol chain in the GPM isomer has a nearly planar zigzag conformation but the sorbitol chain 

in GPS exhibits a different conformation [83]. Isomalt is a non-reducing sugar so it does not cause 

an alteration in the degree of glycation of proteins in freeze-dried formulations during storage, which 

may happen with reducing sugars [84].   

    

 

                a                b 
Figure  6. The structures of a) GPM and b) GPS, the two diastereomers of isomalt, together 
comprising the sugar alcohol excipient.  
 

Acute toxicity of isomalt has been studied in rats and the LD50 dose was determined as > 2500 mg/kg 

b.w. through intravenous and intraperitoneal administration routes [85]. Chronic toxicity of orally 

administered isomalt as a part of diet has been studied in animals. In these studies isomalt was 

found to be a safe substance as it did not affect the mortality rate of the animals, no evidence of 

carcinogenic potential of isomalt was observed, no adverse effects on fertility, reproductive 

performance or development were found, no maternal toxicity occurred, and no effects on 

embryonic, fetal development or reproductive performance were seen [86-88]. Also the 

teratogenicity of isomalt has been studied and it did not induce any embryotoxic or teratogenic effects 

in rat fetuses and was non-toxic for pregnant New Zealand White rabbits that were fed isomalt at 

concentrations of 2.5, 5.0, or 10.0% in their diet, and it did not induce any teratogenic or 

embryo/fetotoxic effects within the study conditions [89]. Isomalt has been administered orally to 

humans. No significant changes in serum levels of glucose, insulin, lactic acid, hemoglobin, 

cholesterol, triglycerides, or high-density lipids were observed after isomalt administration; hepatic 

and renal function tests were within normal limits, and internal neurological and cardiovascular 

examinations revealed no modifications during oral administration periods of isomalt [89,90]. Oral 

administration of isomalt causes gastrointestinal side effects in dose-dependent manner in humans. 

Oral doses of 10, 20, or 40 g of isomalt administered in 1-2 week intervals caused intestinal 
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symptoms (abdominal pains, meteorism, flatulence, and diarrhea) that were increased as the 

administered dose increased [89]. 

 

2.7     Summary 

 

The literature shows that the number of protein structured APIs is already substantial and will further 

increase in the future. Because many factors can cause instability to proteins, their formulation as 

stabile pharmaceutical drug preparations can be difficult. Some proteins benefit from a freeze-dried 

formulation, which may offer the protein better physical and chemical stability as it is transformed 

into the dry state instead of an aqueous liquid formulation.  

Freeze-drying as a process consists of three consecutive steps: freezing, primary drying and 

secondary drying. Both the freezing and drying stages expose proteins to stresses that can cause 

their destabilization by a multitude of mechanisms. For this reason, many proteins require effective 

cryo- and lyostabilization during the freeze-drying process offered by excipients. Besides formulation 

design, also the freeze-drying process itself must be well planned and optimized individually for the 

formulation in question.    

Sugars and sugar alcohols are the most widely used stabilizing excipients in lyophilized protein 

formulations. They usually offer both cryo- and lyostabilization because they are believed to stabilize 

proteins by many different mechanisms during the freezing and drying stages. Disaccharides 

sucrose and trehalose are the most commonly used excipients for this purpose in pharmaceutical 

protein formulations.   

New protein stabilizing excipients are needed because not all proteins are sufficiently stabilized 

during freeze-drying with the existing range of excipients used for this purpose currently. Isomalt is 

a non-reducing sugar alcohol that consists of two diastereomers. It is included in several 

pharmacopoeias and is currently already used in marketed orally administered pharmaceutical drug 

products. Thorough published information of its freeze-drying properties has not been previously 

thoroughly investigated and its potential as a protein stabilizing excipient has never been studied. 

The present study addresses these gaps in the information. 
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3     AIMS OF THE STUDY 

 

The aim of this thesis was to study the freeze-drying behavior of isomalt and evaluate the potential 

of isomalt as a novel protein-stabilizing excipient. Emphasis is placed on studying the 

physicochemical properties, including stability, of amorphous isomalt, produced by freeze-drying. 

Because isomalt consists of two diastereomers, GPM and GPS, also the effect of variation in their 

percentage on the freeze-drying and storage stability properties of the excipient is studied. The 

information gained during studies with the pure excipient is used to study the second focus of the 

thesis, the ability of isomalt to stabilize a model protein during freeze-drying and subsequent storage. 

The hypothesis of this study was that a non-reducing sugar isomalt can be used in freeze-dried 

formulations to stabilize proteins. 

 

The specific aims of the present study were: 

 

• To thoroughly study the physicochemical properties, including stability, of amorphous 

isomalt, produced by freeze-drying (I) 

 

• To study the effect of variation in percentage of GPM and GPS on the freeze-drying and 

storage-stability properties of isomalt (I) 

 

• To investigate the ability of isomalt, in four different diastereomer ratios, to stabilize proteins 

during freeze-drying and subsequent storage with the model protein lactate dehydrogenase 

(LDH) (II) 
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4     EXPERIMENTAL 

 

4.1     Materials and formulation preparation (I, II) 

 

Four different grades of isomalt were used in the studies (I, II): galenIQ™ 721, galenIQ™ 720, 

Isomalt GM and pure GPM-diastereomer. All of the isomalt grades were kindly donated by Beneo-

Palatinit GmbH (Germany). The various isomalt grades contained differing contents of GPM- and 

GPS-diastereomers (Table 1). The content of GPM and GPS was determined with HPLC by the 

elution of a Ca+-charged cationic exchanger column with water as the mobile phase at approximately 

80ºC. A differential refractometer was used at constant temperature for detection. By using the four 

supplied isomalt grades, GPM-content of the samples could be varied from 23.5 to 99% and the 

GPS-content from 0.0 to 75.7%. Thus approximate GPM:GPS isomer ratios of 1:3, 1:1, 2:1 and 1:0 

could be studied. The combined GPM and GPS contents of the isomalt grades were 99.2, 99.2, 99.7 

and 99.0% for 1:3, 1:1, 2:1 and 1:0 GPM:GPS mixtures, respectively. Pure isomalt samples for 

freeze-drying (I) were produced by dissolving each of the four isomalt grades in highly purified water 

to produce solutions with a isomalt concentration of 100 mg/ml. 

 

Table 1 Reported GPM- and GPS-contents by the supplier of different isomalt grades used in 
the study. Reprinted with the permission of Springer Nature, from Koskinen et al 2016 [91]. 

 

Isomalt-grade GPM-content (%) GPS-content (%) Approximate GPM:GPS ratio 

galenIQ™ 721 23.5 75.7 1 : 3 

galenIQ™ 720 47.0 52.2 1 : 1 

Isomalt GM 62.7 30.0 2 : 1 

Pure GPM 99.0 0.0 1 : 0 

 

L-Lactic dehydrogenase from rabbit muscle in ammonium sulfate suspension, sucrose and 

tris(hydroxymethyl)aminomethane (TRIS) (II), were acquired from Sigma-Aldrich Co. (St. Louis, 

Missouri, USA). The concentration of 1 M of HCl produced by VWR (Radnor, Pennsylvania, USA) 

was used in the studies (II). Highly purified water (Milli-Q, Millipore Inc., USA) was used in all of the 

studies (I, II).   

The acquired LDH suspension was dialyzed in TRIS-HCl buffer solution (pH 7.4) prior to using it in 

the studies in order to remove the ammonium sulfate from the protein suspension (II). LDH 
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ammonium sulfate suspension (8 ml) was diluted with 8 ml of TRIS-HCl buffer and transferred to 

Spectra/Por ® Biotech regenerated cellulose dialysis membrane, with molecular weight cut off 

25 000 Da (Spectrum Laboratories Inc, Rancho Dominguez, California, USA), that was pretreated 

by soaking it in purified water for 25 minutes. The protein solution was dialyzed for 24 h in TRIS-HCl 

buffer and the buffer was replaced to a fresh one 3 times during the dialysis. The dialyzed protein 

solution was diluted with TRIS-HCl buffer to produce a solution with 0.5 mg/ml LDH concentration. 

The different isomalt grades or sucrose were added to the protein solution to produce a 100 mg/ml 

concentration of excipients, thus corresponding a 1:200 protein/excipient ratio, respectively. LDH 

solution (0.5 mg/ml) with no added sugar excipient was also produced. 

 

4.2     Methods 

 

4.2.1     Freeze-drying (I, II) 

 

The prepared solutions (2 ml in I, 1 ml in II) were transferred to 20 ml freeze-drying vials and the 

solutions were freeze-dried using a Lyostar II freeze-dryer (SP Industries Inc., Warminster, USA). 

Firstly, the vials were equilibrated at 20°C for 10 minutes, then at 0°C for 30 minutes, and after that 

frozen at -40°C for 2 hours using a ramp rate of 1 °C/min throughout the freezing part. For pure 

isomalt solutions (I) primary drying was performed at -20°C and 150 mTorr for 26 hours and 

secondary drying was carried out in four steps: the vials were equilibrated at -10°C, 10°C, 20°C, and 

finally at 40°C, each step with a duration of 2 hours and chamber pressure of 150 mTorr. For samples 

containing sugars with LDH (II) primary drying was performed with a shelf temperature of -30°C and 

pressure of 150 mTorr for 18 hours, and secondary drying was carried out by heating the chamber 

6 ºC per hour to 35 ºC, while retaining pressure at 150 mTorr. After the freeze-drying cycle was 

complete, the chamber temperature was lowered from 40ºC (I) or 35ºC (II) to 25°C and the chamber 

was filled with N2 gas in order to bring the pressure inside the chamber back to atmospheric pressure 

(1.01 x105 Pa). After that, the vials were stoppered under N2 atmosphere inside the chamber by 

compression before opening the chamber door. 

Samples used in XRPD analyses (I) were freeze-dried with an Epsilon 2-4 LSC laboratory scale 

freeze-dryer (Martin Christ GmbH, Osterode am Harz, Germany). The freeze-drying cycle used was 

identical to the one described in the above paragraph (for I) except for the fact that, due to apparatus 

restrictions, the chamber could not be filled with N2 gas after the cycle was complete.  
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4.2.2     Sample storage (I, II) 

 

The freeze-dried isomalt samples (I) were stored in ambient temperature as open vials without 

stoppers in desiccators containing phosphorous pentoxide (P2O5), silica beads or saturated salt 

solution of lithium chloride, thus producing relative humidities of approximately 2, 9, and 16%, 

respectively, and were analyzed periodically on days 1, 3, 7, 10, 14, 18 and 23. The lyophilized LDH 

samples (II) were stored as open vials without stoppers for 21 days in ambient temperature in a 

desiccator containing a saturated salt solution of lithium chloride, thus producing a relative humidity 

approximately 16%. The humidity conditions inside the desiccators were monitored with Tinytag data 

loggers (Gemini Data Loggers, Chicester, United Kingdom) (I, II).   

 

4.2.3     Solid state analysis (I, II) 

 

Differential scanning calorimetry (DSC) was used to measure the glass transition temperatures of 

maximally freeze-concentrated aqueous solutions (Tg’) of different isomalt grades from 50 mg/ml 

solutions with a sampling quantity of approximately 12 mg. A DSC823e (Mettler-Toledo International 

Inc., Greifensee, Switzerland) was employed (I). The solutions were first cooled to -40ºC at 1ºC/min 

and held there for 10 minutes, then heated from -40ºC to 10ºC at 5ºC/min and the Tg’ of each isomalt 

grade was detected from the acquired thermograms. DSC was also used to detect glass transition 

and melting temperatures of the freeze-dried samples and raw materials by using standard (3-7 mg) 

(I, II) and modulated DSC runs (9-15 mg) (I). The samples were transferred to aluminum DSC pans 

and sealed hermetically (I) or closed with a pierced lid (II). Samples prepared to study isomalt 

crystallization were prepared in a glove box with controlled humidity conditions (I). Each sample for 

standard DSC run was made in triplicate and the samples were taken from different vials (n=3) (I, 

II). The standard DSC experiments were carried out by first equilibrating the samples at 25ºC for 3 

(II) or 5 (I) minutes and then heating them at 10ºC/min to 150ºC (I), 160ºC (sucrose) (II) or 180ºC 

(isomalt) (II). The modulated runs were executed as TOPEM experiments by equilibrating the 

samples at 25ºC for 5 minutes and then heating them to 110ºC with a heating rate of 1ºC/min (I). For 

all TOPEM experiments, a temperature amplitude of the pulses of 0.5ºC was used with a switching 

time range of pulse width with a minimum value of 15 s and maximum value of 30 s. All 

measurements (I, II) were carried out under 50 ml/min N2 purge and the results were analyzed with 

STARe Thermal Analysis Software (Mettler-Toledo International Inc., Greifensee, Switzerland).  

The samples freeze-dried separately for X-ray powder diffraction (XRPD) analyses were investigated 

with DSC analysis to confirm that they matched the other samples freeze-dried with the different 
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apparatus (I). These DSC studies were carried out using a Discovery DSC (TA Instruments, 

Newcastle, DE, US). The standard runs were recorded from 25 to 150°C using a 10°C/min heating 

rate. Each sample was measured in triplicate from different vials (n=3). The modulated runs were 

recorded from 25 to 125°C using a 1°C/min heating rate, a modulation temperature amplitude of 1°C 

and a period of 60 s. All samples were hermetically sealed into pans, and sample amounts of 3-5 

mg and 6-8 mg were used for standard runs and modulated runs, respectively. Data were collected 

using Trios software (TA Instruments). 

XRPD was used to analyze the solid state properties of raw materials and isomalt lyophilizates after 

freeze-drying and during storage (I). Samples were studied in duplicate and taken from different vials 

(n=2). XRPD analysis was performed using a PANalytical X’Pert PROMPD X-ray diffractometer 

(PANalytical, Almelo, The Netherlands). Samples were measured in Bragg Brentano reflection mode 

in the range of 5–36°2θ using a PIXel detector (PANalytical) and a step size of 0.039°2θ. Data were 

collected using X’Pert Data Collector (PANalytical). For non-isothermal (variable temperature) XRPD 

(VT-XRPD) measurements an Anton Paar CHC chamber (Anton Paar GmbH, Graz, Austria) was 

mounted on the goniometer of the diffractometer. VT-XRPD scans were obtained from 25 to 115ºC 

and the diffractograms were measured at 25ºC, 45ºC, 75ºC, 90ºC, and 115ºC with a heating rate of 

26ºC/min on average between each step. The heating rate was controlled by a TCU 110 temperature 

controller (Anton Paar GmbH) and the samples were equilibrated at each temperature step for 3 min 

before initiating the scan. Calculated X-ray diffractograms of GPM dihydrate (CSD REFcode: 

BAGZEO) and GPS anhydrate (CSD REFcode: BAVCAC) obtained using the Cambridge Structural 

Database and the associated Mercury software were used as references.  

Fourier-transform infrared spectroscopy (FT-IR) and Raman spectroscopy were performed before 

and after freeze-drying and during storage to detect solid state changes in isomalt samples (I). FT-

IR measurements were carried out with a Vertex 70 FT-IR spectrometer (Bruker Optics Inc., 

Germany) using a Miracle™ single reflection attenuated total reflectance (ATR) accessory (Pike 

technologies, Wisconsin, USA). The FT-IR spectra were recorded with OPUS 5.5 software (Bruker 

Optics Inc., Germany) over the spectral region 650 to 4000 cm-1 with 4 cm-1 resolution, and each 

spectrum was a composite of 64 co-added scans. Raman spectroscopy was performed with a 

Raman Rxn1 system (Kaiser Optical Systems, Inc., MI, USA) equipped with a PhAT probe consisting 

of an array of 50 optical fibers, a 785 nm excitation laser source and silicon charge-coupled device 

(CCD) detector. The HoloGRAMS 4.1 program (Kaiser Optical Systems, Inc., MI, USA) was used to 

record the spectra with an integration time of 2 s by 5 co-added scans. All samples were prepared 

in triplicate with both FT-IR and Raman spectroscopy and taken from different sample vials (n=3) 

The residual water contents of the freeze-dried samples were measured with Karl-Fischer titration 

(KF) (I, II) and thermogravimetric analysis (TGA) (I). KF measurements were carried with V30 
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Volumetric KF Titrator (Mettler-Toledo International Inc., Greifensee, Switzerland) in the following 

manner: the lyophilization vial was weighed, the residual sample amount of approximately 80 mg 

(n=3) was poured in the KF titration vessel, and the vial was weighed yet again to calculate the 

sample mass. The results are presented as an average water content value of three sample vials. 

TGA analysis was conducted with Discovery TGA (TA Instruments, Newcastle, DE, US) for some of 

the samples to verify the results of the KF measurements (I). Samples (approximately 7 mg) were 

weighed into open platinum pans and measured from 25 to 150°C using a 10°C/min heating rate. 

Trios software (TA Instruments, Newcastle, DE, US) was used for data collection. Theoretical water 

contents of the raw materials were calculated based on the mass percentage of GPM and GPS in 

each raw material using the molecular masses of GPM dihydrate (380.32 g/mol), GPS/GPM 

anhydrate (344.32 g/mol) and calculating the theoretical water content resulting from dihydrate water 

of GPM in each GPM:GPS mixing ratio. 

 

4.2.4     Protein activity measurements (II) 

 

LDH activity was measured using lactate dehydrogenase activity assay kit acquired from Sigma-

Aldrich Co. (St. Louis, Missouri, USA). Firstly, the freeze-dried samples were rehydrated with 1 ml 

of purified water, then diluted to an LDH concentration of 0,005 mg/ml and finally pipetted into a 

Nunc MicroWell 96-well plate (Thermo Fisher Scientific, Massachusetts, USA). The reagents of the 

activity assay kit were added to the wells, and the measurements were performed at 37 ºC with a 

Varioskan Flash spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA) measuring the 

absorbance at 450 nm and collecting the readings with SkanIt software (Thermo Fisher Scientific, 

Massachusetts, USA). Each sample was studied in triplicate from different vials (n=3) and two 

parallel wells were made from each vial, and therefore results are presented as mean values of six 

parallel measurements. Protein activities were measured before freeze-drying, after freeze-drying, 

and after 3 weeks of storage. 

 

4.2.5     Protein secondary structure analysis (II) 

 

Circular dichroism (CD) was used to study changes in LDH secondary structure during freeze-drying 

using a Jasco J-720 spectrometer (Jasco Inc., Easton, Maryland, USA). Before measurements, the 

freeze-dried samples were rehydrated with 1 ml of purified water and diluted to 1/5 of the original 

concentration. Samples were scanned in the far UV range from 200 to 250 nm at a speed of 50 

nm/min, an increment of 1 nm, and a response time of 1 s. A quartz cuvette with a path length of 1 
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mm was used and each final spectrum was an average of three consecutive scans. The spectra 

were smoothed with Savitzky-Golay function using a convolution width of 13 points.  The measured 

average ellipticity was converted to mean residue ellipticity (MRE) ([θ]mrw,λ [deg cm2 dmol-1]) 

according to Kelly et al. (2005) [92]. The CD spectrum of LDH was measured before freeze-drying, 

after freeze-drying, and after 3 weeks of storage. In addition, spectra of denatured LDH (after 

equilibration in 1 M HCl for 10 min) and excipient solutions without LDH (to verify no interference 

with the CD spectrum of LDH) were studied. 

 

4.2.6     Computational quantum mechanical modeling (I) 

 

Computational quantum mechanical modeling was performed for Raman and IR spectra to assign 

the vibrational transitions observed in the experimental spectra using the Gaussian09 package [93]. 

Single molecules in the conformations obtained from the asymmetric unit of crystal structures in the 

CSD were used as starting points. Geometry optimization and harmonic vibrational frequency 

calculations were performed in vacuo using density functional theory (DFT), employing the B3LYP 

functional with the basis set 6-31G(d). Calculated vibrational spectra were generated using 

GaussSum v2.2.5 software, and scaled to give the lowest value for the mean absolute deviation for 

band position from experimental data, with scale factors typically around 0.975. Vibrational modes 

were illustrated using Molden [94] , and the predicted spectra were compared with the corresponding 

experimental spectra before vibrational transition assignment.  

 

4.2.7     Multivariate data analysis (I)  

 

Principal component analysis (PCA) was performed for FT-IR and Raman spectroscopy results with 

Simca software (version 13.5 Unicode, Umetrics AB, Umeå, Sweden) to detect even small changes 

occurring in the spectra, especially to detect signs of crystallization during storage stability studies. 

The most relevant regions of the spectra were chosen and regions containing little to no useful 

vibrational information were excluded for the most effective comparison between different spectra. 

In order to remove intensity variation of the spectra unrelated to sample composition, the data was 

pre-processed with standard normal variant (SNV) transformation and mean-centering before PCA. 

The FT-IR spectra were pre-processed and analyzed over the spectral regions 820 to 1500 and 

2750 to 3600 cm-1. The Raman spectra were pre-processed and analyzed over the spectral region 

300 to 1500 cm-1. PCA was carried out with 7 groups for cross validation. 
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4.2.8     Statistical analysis (II) 

 

LDH activity measurements were analyzed using the independent samples Kruskal-Wallis test. The 

enzymatic activity results of different sample vials (n = 3) of each treatment (unprocessed, freeze-

dried without sugars or freeze-dried with isomalt/sucrose) were analyzed using IBM SPSS Statistics 

software version 23.0 (IBM Corp., Armonk, NY, USA). For all analyses, p-values of < 0.05 were 

considered to be statistically significant.     

 

 

5     RESULTS AND DISCUSSION 

 

5.1     Physical stability of freeze-dried isomalt (I) 

 

In the study presented here, the solid state structure of both crystalline isomalt (raw material) and 

freeze-dried isomalt were thoroughly studied. The four studied isomalt ratios, 1:3, 1:1, 2:1 and 1:0 

GPM:GPS, were freeze-dried and stored in three different humidity conditions: 2%, 9% and 16% 

RH. The physicochemical properties and stability of freeze-dried, amorphous isomalt were studied 

after freeze-drying and after subsequent storage. The variation in GPM:GPS content was also 

evaluated for its effect on the freeze-drying properties of isomalt and its stability during storage. 

 

5.1.1     Solid state properties of crystalline and freeze-dried isomalt 

 

Multiple complementary analytical techniques, namely XRPD, DSC, KF titration, TGA, and FT-IR 

and Raman spectroscopy, were used to thoroughly investigate the solid state properties of both 

crystalline and freeze-dried isomalt. Our aim was, firstly to study if the solid state properties of 

crystalline isomalt diastereomer mixtures were identical or differed from one another, and secondly 

to verify if isomalt could be transformed into the amorphous form with freeze-drying and also observe 

any differences between the diastereomer mixtures.  
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Diffractograms of the raw materials of different GPM:GPS mixing ratios are presented in Figure 7. 

Based on the measured diffractograms, the raw materials were clearly crystalline and differences 

could be observed between the diastereomer mixtures. The raw materials containing both isomers, 

1:3, 1:1 and 2:1 GPM:GPS, shared peaks at the same positions, but in many cases their intensities 

increased or decreased as the GPS percentage in the raw material increased. The X-ray 

diffractogram of 1:0 GPM:GPS deviated clearly from the other diffractograms due to being affected 

by preferred orientation as its short needle-like crystals were not ground for the measurement. It 

shared same peaks as the literature reference for GPM dihydrate from the Cambridge Structural 

Database (CSD) (CSD REFcode: BAGZEO)  [95] (Figure 7). After freeze-drying, diffractograms of 

the freshly freeze-dried samples were measured and they showed clear amorphous halos 

suggesting that all of the different GPM:GPS mixing ratios were successfully transformed into the 

amorphous form during the process (Figure 7). 
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Figure 7. The X-ray powder diffractograms of raw materials and freeze-dried GPM:GPS mixtures 
and calculated diffractograms BAGZEO and BAVCAC from CSD shown as reference. Reprinted with 
the permission of Springer Nature., from Koskinen et al 2016 [91]. 
 

DSC measurements of the raw materials showed differences in thermal behavior between different 

isomer mixing ratios (Table 2). For isomalt mixtures containing 1:3, 1:1, 2:1 GPM:GPS, the 

thermograms contained a dehydration peak at 99-105ºC, and after that the 1:1 and 2:1 GPM:GPS 

mixtures exhibited dissolution of anhydrous GPM and GPS at 128ºC and 135ºC. The 1:3 GPM:GPS 

additionally showed melting of anhydrous GPM and GPS at 151ºC. The 1:0 GPM:GPS mixture 

showed melting of GPM dihydrate at 112ºC, exothermic crystallization to anhydrous GPM at 121ºC, 
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and dissolution/melting of GPM anhydrate at 127ºC. Experimental water contents of the raw 

materials matched well with their theoretical values, and the water content of different GPM:GPS 

mixtures rose as the GPM concentration increased (Table 2). Based on XRPD and DSC 

measurements combined with former knowledge of isomalt [96,97], the crystalline isomalt raw 

materials form eutectic mixtures.  

 

Table 2. The thermal events (DSC) and water contents (w/w) (KF titration) of raw materials and 
glass transition temperatures (Tg) (modulated DSC) and residual water contents (w/w) (KF titration) 
of the freshly freeze-dried materials of different diastereomer mixing ratios. Reprinted with the 
permission of Springer Nature, from Koskinen et al 2016 [91]. 
 

  Raw material  Freeze-dried 

 

Endotherm 
(1) 

Exotherm 
(1) 

Endotherm 
(2) 

Theoretical 
water content 

Experimental 
water content 

 Tg Residual 
water content 

1:3 GPM:GPS 99ºC - 151ºC 2.2% 2.8%   42ºC 3.1% 

1:1 GPM:GPS 100ºC - 128ºC 4.5% 4.8%   51ºC 2.8% 

2:1 GPM:GPS 105ºC - 135ºC 6.4% 7.0%   54ºC 0.8% 

1:0 GPM:GPS 112ºC 121ºC 127ºC 9.4% 9.7%   62ºC 0.5% 

 

After freeze-drying, the samples exhibited a good cake structure and no collapse was observed. 

They all had glass transition temperatures below 65ºC (heating rate of 1ºC/min), with the Tg rising 

as the residual water content of the different mixtures decreased (Table 2). Based on this, all isomalt 

mixtures were successfully transformed into the amorphous form with freeze-drying as they did not 

crystallize during the process. All mixtures exhibited only one Tg, demonstrating that they are single 

phase systems. The residual water contents of the freeze-dried samples varied between 0.5 and 

3.1% and they showed a trend of increasing water content with increasing GPS content.  

The different GPM:GPS mixing ratios were analyzed using the complementary vibrational 

spectroscopic methods, IR and Raman spectroscopy, and with both of these techniques the 

crystalline raw material different mixing ratios could be identified based on differences in their spectra 

(Figures 9(a) and 10(a)). The spectral data distinctly shows differences between the crystalline raw 

materials and freeze-dried samples, for example the clear differences in the peaks of freeze-dried 

samples, which are broad and less sharp compared to crystalline raw materials in the IR spectra. 

This is typical for amorphous materials in general. As is typical for sugar alcohols and sugars [98], 

the IR spectra of all raw materials with varying diastereomer contents were very complex. Despite 

not being able to incorporate the pure GPS isomer in the study, the spectral features associated with 

this isomer were deduced by spectral subtraction from the high GPS content sample. 
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Figure 9. FT-IR spectroscopic analysis of the raw and freeze-dried materials. (a) FT-IR spectra 
of the various GPM:GPS ratio material before and after freeze-drying. (b) PCA scores plot of the FT-
IR spectra for the raw and freeze-dried materials and the effect of different storage conditions over 
time. The first two PCs describe 67% of the total spectral variance with the loadings for PC1 (c), and 
PC2 (d) also given. Reprinted with the permission of Springer Nature, from Koskinen et al 2016 [91]. 
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Figure 10. Raman spectroscopic analysis of the raw and freeze-dried materials. (a) Raman 
spectra of the various GPM:GPS ratio material before and after freeze-drying. (b) PCA scores plot 
of the Raman spectra for the raw and freeze-dried materials and the effect of different storage 
conditions over time. The first two PCs describe 74% of the total spectral variance with the loadings 
for PC1 (c), and PC2 (d) also given. Reprinted with the permission of Springer Nature, from Koskinen 
et al 2016 [91]. 
 

The vibrational frequencies for the Raman and IR spectra for the separate isomers GPM and GPS 

were calculated using DFT to assign the vibrational transitions observed in the experimental spectra. 

The vibrations tended to be centered on the chain or the ring. The calculated assignments of GPM 

dihydrate were consistent and matched well with what has been reported previously in the literature 

[98].  

When comparing the FT-IR and Raman spectra of different isomalt mixtures after freeze-drying, they 

were discovered to be nearly identical as observed in Figures 9(a) and 10(a). When the spectra were 

studied with multivariate analysis, the IR spectra formed a general trend in PC space instead of 

distinct groups. This further exemplifies the similarity in the freeze-dried spectra. Similar to IR, the 

Raman spectra of freeze-dried samples were clearly different to those of raw materials with 

broadening and merging of peaks in the regions 800-950 cm-1 and 1000-1200 cm-1, which is 
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consistent with changes expected to be observed when going from a crystalline to amorphous form. 

These findings from both IR and Raman spectra of freeze-dried samples support the XRPD and 

DSC results, which also suggest the formation of the amorphous form upon freeze-drying.  

 

5.1.2     The effect of moisture on stability during storage 

 

After freeze-drying, the storage stability of amorphous isomalt mixtures was studied under three 

different RH conditions: 2%, 9%, and 16%. Because the vials were stored open without stoppers, 

the chosen storage conditions represent well the real humidity conditions inside freeze-dried 

pharmaceutical formulation vials, which are formulated in stoppered glass vials resistant to 

atmospheric humidity. Therefore the highest RH condition used (16%) was considered to already 

cause stress for freeze-dried cakes and hence a storage period of 23 days was chosen for the 

studies. 

All four isomalt mixtures had a good cake structure after freeze-drying and no clear visible changes 

occurred during storage in any of the RH conditions, thus all isomalt mixtures were able to retain the 

cake structure even when subjected to moisture. The samples were studied with variable 

temperature XRPD, but no signs of crystallization were detected after 23 days of storage even at 

16% RH. All GPM:GPS mixing ratios consistently showed amorphous halos in VT-XRPD 

measurements all the way during heating at 25ºC, 45ºC, 75ºC, 90ºC and 115ºC . 

Contrary to VT-XRPD measurements, DSC analysis showed clear differences between the four 

isomalt grades during storage in different relative humidity conditions. It must be however stated, 

that a very important observation in DSC results was that all isomalt mixtures showed a Tg throughout 

storage at all RH conditions. The 1:3 GPM:GPS mixture remained stable at 2% and 9% RH retaining 

its amorphous nature, but showed crystallization exotherms after 1 and 23 days of storage at 16% 

RH (Table 3 a). Because crystallization is a stochastic phenomenon, it is reasonable that 

crystallization was not observed in all samples. Despite the observed exotherms, the 1:3 GPM:GPS 

mixture can be concluded to largely remain physically stable in the amorphous form. The most stable 

mixture out of the four was 1:1 GPM:GPS based on DSC analysis, as no other thermal events were 

seen in the thermograms other than the Tg (Table 3 b). In another published study performed with 

blends of two excipients other than isomalt in the amorphous form, the 1:1 ratio was found to be the 

most stable one, possibly resulting from stabilization of molecular interactions [99], which can be the 

case also with isomalt. The 2:1 GPM:GPS isomer mixture showed an endotherm around 60-80ºC 

already after freeze-drying and throughout storage at all RH conditions but no crystallization peaks 

(Table 3 c). Given the area of the endotherms and because they were non-reversing events in the 
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modulated DSC measurements, these endotherms can be attributed to evaporation of water. The 

thermograms of 1:0 GPM:GPS samples contained the most events. Two endothermic events in the 

region around 70-100ºC were observed straight after freeze-drying and during storage at 2% and 

9% RH (Table 3 d). In addition to the two endotherms (at approx. 60ºC to 85ºC), during storage at 

16% RH, a crystallization peak around 100ºC was observed throughout the time frame studied. The 

endotherms, as with the 2:1 GPM:GPS mixture, showed as non-reversing events and were caused 

by water removal. The sharp crystallization peak around 100ºC indicates that the 1:0 GPM:GPS 

mixture adsorbed more water when stored at higher RH and crystallized into GPM anhydrate 

(verified with FTIR and discussed later in Section 5.1.3) readily during the slow heating of the 

modulated DSC run. Based on the DSC results alone, it seems that a mixture containing both of the 

diastereomers is physically more stable. All in all, despite variation between the different 

diastereomer mixtures, isomalt remained relatively stable in the amorphous form during the storage 

stability studies based on DSC studies. This is supported by a previous study with amorphous 

isomalt, the diastereomer content of which was not specified, where isomalt was observed to remain 

partly amorphous up to 25 days in 80% RH, an extremely high humidity condition [100].   
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Table 3. Modulated DSC results (heating rate 1ºC/min) and residual water contents (KF titration) of a) 1:3 GPM:GPS b) 1:1 GPM:GPS c) 2:1 
GPM:GPS d) 1:0 GPM:GPS isomer mixture during storage. Reprinted with the permission of Springer Nature, from Koskinen et al 2016 [91]. 
 

a) 1:3 GPM:GPS 

 

Glass 
transition  Crystallization  

Residual water 
content (w/w) 

  Tg [ºC]  Onset [ºC] Peak [ºC]    

After freeze-drying 42.4  - -  3.1% 

2% RH       

after 1 day 45.9  - -  2.7% 

after 7 days 52.4  - -  1.5% 

after 14 days 51.8  - -  1.0% 

after 23 days 53.8  - -  0.9% 

9% RH       

after 1 day 43.4  - -  1.8% 

after 7 days 45.6  - -  1.8% 

after 14 days 45.2  - -  1.7% 

after 23 days 45.7  - -  1.9% 

16% RH       

after 1 day 37.1  95.6 105.4  2.7% 

after 7 days 38.7  - -  2.7% 

after 14 days 39.2  - -  2.2% 

after 23 days 39.3  96.0 106.6  2.3% 
 

 

 

 

b) 1:1 GPM:GPS 

 

Glass 
transition 

 Residual water 
content (w/w) 

  Tg [ºC]   

After freeze-drying 51.4  2.8% 

2% RH    

after 1 day 50.7  1.2% 

after 7 days 54.3  1.0% 

after 14 days 54.7  0.9% 

after 23 days 57.2  0.5% 

9% RH      

after 1 day 44.2  2.0% 

after 7 days 46.8  1.6% 

after 14 days 47.2  1.8% 

after 23 days 48.3  1.7% 

16% RH    

after 1 day 40.4  2.3% 

after 7 days 40.7  2.4% 

after 14 days 41.2  2.3% 

after 23 days 41.5  2.3% 
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Table 3. (Continued) 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c) 2:1 GPM:GPS 

 

Glass 
transition  Endotherm 

 Residual water 
content (w/w) 

  Tg [ºC]    Onset [ºC] Peak [ºC]   

After freeze-drying 54.4  68.1 72.9  0.8% 

2% RH  

after 1 day 57.5  70.9 76.6  0.7% 

after 7 days 58.8  71.4 77.6  0.5% 

after 14 days 59.0  72.6 77.7  0.5% 

after 23 days 59.4  73.1 78.9  0.4% 

9% RH   

after 1 day 49.6  64.4 70.6  1.4% 

after 7 days 49.0  63.5 69.6  1.5% 

after 14 days 49.6  65.2 70.2  1.5% 

after 23 days 49.9  64.4 70.1  1.5% 

16% RH 

after 1 day 43.4  59.3 64.9  2.2% 

after 7 days 42.9  58.0 
1st 63.9  
2nd 69.0 

 2.3% 

after 14 days 43.3  58.9 64.2  2.4% 

after 23 days 43.3  59.5 63.9  2.3% 
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Table 3. (Continued) 
 

d) 1:0 GPM:GPS 

 

Glass 
transition  Endotherm 1  Endotherm 2  Crystallization  

Residual water 
content (w/w) 

  Tg [ºC]    Onset [ºC] Peak [ºC]   Onset [ºC] Peak [ºC]   Onset [ºC] Peak [ºC]     

After freeze-drying 62.4  77.0 81.9  91.6 94.4  - -  0.5% 

2% RH             

after 1 day 62.1  76.6 81.4  90.9 94.2  - -  0.6% 

after 7 days 63.3  78.5 82.7  92.2 94.9  - -  0.5% 

after 14 days 64.3  79.5 83.0  92.3 95.2  - -  0.5% 

after 23 days 63.4  79.4 82.9  92.4 95.1  - -  0.5% 

9% RH                

after 1 day 52.8  70.1 74.2  85.1 88.6  - -  1.5% 

after 7 days 51.9  69.6 73.2  84.4 87.7  - -  1.6% 

after 14 days 52.4  69.7 73.2  84.5 87.6  - -  1.8% 

after 23 days 52.6  69.3 72.9  84.3 87.6  - -  1.8% 

16% RH                  

after 1 day 45.9  62.1 67.6  80.0 82.7  101.2 102.9  2.4% 

after 7 days 46.1  60.6 66.9  78.7 82.2  99.9 103.3  2.4% 

after 14 days 45.1  59.8 66.6  78.1 81.9  100.8 102.4  2.5% 

after 23 days 45.3  59.5 66.6  78.0 81.9  99.4 102.9  2.5% 
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The residual water content of all four isomalt mixtures was analyzed with KF titration and the results 

showed, as expected, that the samples contained a higher water content when the humidity percent 

during storage was higher (Table 3). Compared to pre-storage water contents, the 1:3 and 1:1 

GPM:GPS became drier when stored at 2 and 9% RH, and retained approximately the same level 

of water content when stored at 16% RH. Contrary to this, the 2:1 and 1:0 GPM:GPS contained a 

very low water content after freeze-drying, which remained at the same level upon storage at 2% 

RH, but clearly increased when they were stored at 9% and especially at16% RH, indicating the 

hygroscopic nature of amorphous isomalt. This has been previously observed also with pure GPM 

and GPS isomers, which are hygroscopic in the amorphous form absorbing large amounts of water, 

especially when stored at high relative humidity [101]. Even though the studied isomalt samples did 

not crystallize in room temperature during the study period, the adsorbed water acts as a plasticizer 

which promotes crystallization.  

The IR spectra measured during storage stability studies were also analyzed with PCA to compare 

the spectra of different GPM:GPS mixtures to each other and to detect signs that would indicate 

instability or crystallization in any of the samples during storage. In the scores plot for the two first 

principal components PC1 separates crystalline GPM signal (positive PC1) from the amorphous 

freeze-dried spectral signals (negative PC1), and PC2 separates the GPS signal (positive PC2) from 

the GPM signal (negative PC2) (Figure 9 (b)). These observations are supported by the associated 

loadings plots (Figure 9 (c) and (d)). Even though the crystalline raw materials are clearly separated 

based on the GPM:GPS ratios, the freeze-dried mixtures are somewhat overlapping and forming 

only a trend based on the GPM:GPS content, likely due to not having as clear spectral features as 

the crystalline forms. Samples stored in different RH conditions did not show any movement in PC 

space during the storage period indicating that they were stable and did not crystallize in the 

timeframe studied.  

The Raman spectra measured during storage stability studies were also analyzed with PCA in the 

same manner as the IR spectra. In the scores plot for the two first principal components PC1 

separates crystalline raw materials from the amorphous freeze-dried samples associated with 59% 

of the overall variance between the spectra, and PC2 separates the GPM signal (positive PC2) from 

the GPS signal (negative PC2) (Figure 10 (b)). In the associated loadings plots spectral features can 

be observed consistent with these separations (Figure 10 (c) and (d)). No clear differences existed 

between samples stored in different RH conditions, and as in the PCA of IR spectra, no signs of 

instability were observed in the Raman PCA scores plot, indicating that all samples stored at the 

three different RH conditions remained stable in the amorphous form during the time period studied 

(Figure 10 (b)). The PCA of both IR and Raman spectra were able to clearly separate the amorphous 

samples from crystalline raw materials and confirm that all freeze-dried samples remained 

amorphous and did not crystallize during the timeframe studied during storage at 2%, 9%, and 16% 
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RH (Figures 9 (b) and 10 (b)). The amorphous samples of a given GPM:GPS mixture stored in 

different RH conditions were randomly situated in the PCA scores plots, resulting that no trends of 

increasing water content could be observed. The observed good physical stability of amorphous 

isomalt is supported by a previous finding that plain amorphous isomalt in approx. 1:1 GPM:GPS 

mixture, produced by melting, was observed to have the least crystal growth during storage stability 

studies compared to amorphous mixtures of isomalt with oligomeric or polymeric additives [102]. 

 

5.1.3     The effect of diastereomer composition on stability 

 

As recorded in the DSC measurements of the 1:0 GPM:GPS mixture during storage at 16% RH, 

crystallization occurred around 100°C in molulated DSC runs (heating rate 1ºC/min) (Table 3 d). To 

verify the crystallinity of these samples after heating, IR spectrum of the sample remaining in the 

hermetically sealed DSC pan was measured after the modulated DSC run was completed (heating 

up to 110ºC). This IR spectrum was compared to the spectra of GPM dihydrate (1:0 GPM:GPS raw 

material), GPM anhydrate, and to corresponding 1:0 GPM:GPS storage samples, one of which was 

unheated and the other was heated to 110 ºC on a hot plate as rapidly as possible (no heating rate 

control) and allowed to cool (Figure 11). The spectrum of this sample remaining in the pan after 

modulated DSC, corresponded to the spectrum of GPM anhydrate, suggesting that in the hermetic 

conditions with a slow heating rate of 1ºC/min, amorphous 1:0 GPM:GPS stored at 16% RH 

crystallized to GPM anhydrate. Similar behavior was not observed when the corresponding sample 

was heated on a rapid heating rate, as this sample remained amorphous, matching to the spectrum 

of unheated amorphous 1:0 GPM:GPS stored at 16% RH (Figure 11). The same studies were 

performed also for the other diastereomer mixtures (the slowly heated sample remaining in the pan 

after a modulated DSC run, stored at 16% RH, was analyzed with FT-IR and compared to the 

corresponding sample heated rapidly on a hot plate, and to the crystalline raw material). Only 

amorphous spectra were recorded irrespective of their heating rate (slow vs. rapid), suggesting that 

1:3, 1:1 and 2:1 GPM:GPS stored at 16% RH remained amorphous even during heating up to 110ºC.  

Variable temperature XRPD (VT-XRPD), with a heating rate of 1ºC/min up to 115 ºC with 5 

temperature steps, was used simulate the modulated DSC runs, during which 1:0 GPM:GPS stored 

at 16% RH crystallized, in order to see if crystalline peaks could be seen in the diffractograms. The 

VT-XRPD measurements were performed in non-hermetic conditions. In the measured 

diffractograms only amorphous halos were recorded and no peaks were observed throughout the 

measurements up to 115ºC. This suggests that either crystallization occurred but the crystals were 

too small or too few in number for the XRPD to detect them, or that no crystallization occurred due 

to it being a humidity sensitive event. The VT-XRPD measurement was an open system exposed to 
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ambient humidity because it could not be performed in hermetic conditions like the modulated DSC 

runs. This difference between the measurement conditions may be the cause why only amorphous 

halos were recorded during VT-XRPD measurements. Based on the VT-XRPD and FT-IR 

measurements, it could be concluded that 1:0 GPM:GPS stored at 16% RH remained predominantly 

amorphous during storage, however slow heating in a hermetically sealed DSC pan resulted in 

crystallization into the GPM anhydrate. Similar behavior was not observed for any of the other 

diastereomer mixtures, suggesting that the mixtures containing both GPS and GPM were physically 

more stable than 1:0 GPM:GPS, containing only the GPM isomer. 

 

 
Figure 11. Comparison of the FT-IR spectra of 1:0 GPM:GPS after 7 days of storage in 16% RH 
(dark green dashed), the same sample after heating to 110°C with rapid (black) and slow (grey) 
heating rates, GPM anhydrate (pale green), and GPM dihydrate (solid dark green). Reprinted with 
the permission of Springer Nature, from Koskinen et al 2016 [91]. 
 

 



47 
 

5.2     Studying the effects of isomalt on protein stability during freeze-drying 

and subsequent storage (II) 

 

Because amorphous isomalt has exhibited good physical stability during storage at different 

humidities and temperatures in previous studies [91,103], the potential of isomalt as a protein-

stabilizing excipient during freeze-drying was subsequently studied. As in our previous study, isomalt 

was studied in four different diastereomer mixtures and sucrose, a standard freeze-drying excipient, 

was used as control excipient. The aim of the study was to investigate a) if isomalt is able to stabilize 

the model protein LDH during freeze-drying, and b) how subsequent storage at ambient temperature 

and 16% RH affects stability.     

 

5.2.1     Protein activity and secondary structure of LDH 

 

The effects of freeze-drying and subsequent storage on LDH stability with and without sugar 

excipients were analyzed by measuring LDH activity and studying changes in secondary structure 

with CD spectroscopy. Freeze-dried samples containing different isomalt diastereomer mixtures all 

showed higher LDH activities after freeze-drying (47.7-57.0% relative to unprocessed LDH activity) 

compared to samples freeze-dried without sugar excipients (40.9%) (Figure 12). Sucrose 

outperformed all isomalt grades in preserving the enzymatic activity during freeze-drying by retaining 

a mean LDH activity of 95.1%. During storage at 16% RH for 21 days though, isomalt performed 

better than sucrose in preserving LDH activity. Sucrose-containing samples lost most of their 

enzymatic activity during storage, while isomalt-containing samples showed more moderate activity 

loss compared to pre-storage values. The variation between the performance of different isomalt 

grades was relatively small, though the 2:1 GPM:GPS samples retained their LDH activity the best. 

LDH samples without sugar excipient lost their activities almost completely with only a mean activity 

of 10.9% remaining after the storage period. When the activity results were analyzed statistically with 

the Kruskall-Wallis test to detect if statistically relevant differences existed between the excipient 

groups, statistical differences were found both before the storage period (p < 0.0004) and after 

storage (p = 0.006). When analyzing the post-storage LDH activities, unprocessed LDH was not 

included in the Kruskall-Wallis test resulting that only activities of post-storage freeze-dried samples 

were compared. The statistically relevant difference suggests that some or all sugar excipients were 

able to stabilize LDH better during storage compared to LDH without sugar excipients.  
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Figure 12. Relative LDH activities of freeze-dried LDH samples before storage (solid bars) and 
after storage at 16% RH for 21 days (dashed bars) (mean ± sd). Reprinted with the permission of 
Elsevier, from Tuderman et al 2018 [104].  
 

Compared to LDH activity measurements, which showed clear differences between isomalt and 

sucrose, CD spectroscopy results were less conclusive. All lyophilized samples containing either 

sucrose or isomalt had a significant effect in preserving the secondary structure of LDH, although 

some alterations existed compared to unprocessed LDH (Figure 13 a-b). No clear differenced could 

be resolved between sucrose and different isomalt grades as their CD spectra were very similar. In 

the case of LDH lyophilized without sugars, CD spectroscopy showed clear changes in the 

secondary structure displayed as a higher increase in mean residue ellipticity (MRE). This verifies 

the results of LDH activity measurements, where LDH lyophilized without sugars showed the lowest 

activity. After storage, the CD spectra of isomalt- and sucrose-containing samples were slightly 

altered, suggesting that some changes occurred in the secondary structure of LDH during storage 

(Figure 13 c-f). Namely, the two ellipticity minima around 209 and 222 nm were not as distinct post-

storage compared to pre-storage. Loss in ellipticity resulted in the loss of α-helix content and 

increase in the content of β-sheet and other conformations based on previous research [105].  
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Figure 13. CD spectra of a) LDH samples after freeze-drying with a zoom in (b), c) LDH samples 
after storage with a zoom in (d), and pre-storage and post-storage spectra of LDH with isomalt 1:1 
GPM:GPS (e) and sucrose (f). Reference spectra of unprocessed LDH and denatured LDH in HCl 
are included. Reprinted with the permission of Elsevier, from Tuderman et al 2018 [104]. 
 

Based on LDH activity measurements and CD spectra, loss in LDH activity during freeze-drying and 

storage in samples containing isomalt or sucrose are partly explained by changes in LDH secondary 

structure. In the case of LDH samples containing no sugar excipients, CD spectroscopy verified the 

results of LDH activity measurements, as their enzymatic activity was the lowest of all samples and 

their CD spectra showed greater alterations in secondary structure. Besides changes in secondary 
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structure of LDH, other destabilizing effects likely have occurred during storage especially in the 

case of LDH stabilized with sucrose to explain the loss in activity. Especially aggregation is an 

important reason to cause protein instability and could be an important factor also in this study. 

Both isomalt and sucrose were able to stabilize LDH during freeze-drying in comparison to LDH 

lyophilized without sugar excipients based on activity results and CD spectra. Sucrose was the best 

cryo- and lyostabilizing excipient. During storage the stabilizing effects of isomalt were better seen 

as it precipitated only a moderate loss in activity. The mechanisms by which sucrose and isomalt 

stabilized LDH during freeze-drying and subsequent storage are speculative. In general, the 

stabilizing effects of disaccharides and polyols with lyophilized proteins are widely studied but are 

still under in-depth investigation and not universally accepted to this date. Preferential exclusion, 

increase in viscosity of the lyophilization solutions, glassy matrix formation, and/or hydrogen bonding 

may be mechanisms by which sucrose and isomalt were able to stabilize LDH.      

 

5.2.2     Solid state properties of freeze-dried samples 

 

The physical stability of lyophilized LDH samples containing sucrose or isomalt were studied with 

DSC and KF titration before and after storage. All samples exhibited a Tg in their thermograms both 

after freeze-drying and after storage, which suggests that all samples were amorphous and remained 

so also during storage. No crystallization peaks were observed in any of the thermograms. Sucrose-

containing samples had the highest Tg after freeze-drying (63.5ºC), while during storage the Tg 

decreased by approximately 10ºC to 53.7ºC (Table 4). A decrease in Tg was accompanied by an 

increase in the moisture content by 1.1% during storage. Isomalt-containing samples exhibited Tgs 

in the range of 40.3-58.9ºC and moisture contents in the range of 2.2-3.6% after freeze-drying (Table 

4). During storage the water contents of all isomalt-containing samples increased by 0.4-0.7% with 

a concurrent decrease in Tg values.  
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Table 4. Glass transitions and residual water contents (mean ± sd, n =3). Reprinted with the 
permission of Elsevier, from Tuderman et al 2018 [104]. 
 

 Tg (midpoint)   
  

Residual water 
content 

  [ºC]  (w/w)  

1:3 GPM:GPS    
After freeze-drying 40.3±2.2  3.6% 
After storage 36.7±1.8  4.0% 
1:1 GPM:GPS    

After freeze-drying 49.3±1.3  3.1% 
After storage 40.5±3.9  3.8% 
2:1 GPM:GPS    

After freeze-drying 51.5±4.3  2.6% 
After storage 45.1±2.7  3.2% 
1:0 GPM:GPS    

After freeze-drying 58.9±1.9  2.2% 
After storage 48.7±3.1  2.8% 
Sucrose    

After freeze-drying 63.5±2.4  1.9% 
After storage 53.7±2.9  3.0% 

 

A straightforward connection between observed changes in physical stability and LDH stability of 

corresponding samples cannot be drawn. In the case of isomalt, the fact that samples remained 

physically stable during storage is likely one of the reasons why different isomalt grades offered LDH 

stabilization during storage. For sucrose, no clear reasons why it was inefficient in stabilizing LDH 

during storage can be concluded. For example, crystallization, which would have been a known 

reason for instability, was not detected, as no crystallization peaks were seen in thermograms. The 

decrease in Tg from 63.5ºC to 53.7ºC can reflect decrease in LDH stability, because reduced protein 

stability may be linked with the decrease of Tg due to greater protein molecular mobility and thus 

protein reactivity. The increase in moisture content of sucrose containing samples during storage by 

1.1 percentage units may have also precipitated instability. As the moisture content increased, the 

viscosity of the amorphous phase might have decreased resulting in a possible increase in protein 

degradation rate. Combined with the results of CD spectroscopy, which revealed changes in LDH 

secondary structure in sucrose-containing samples, the possible reasons behind the lack of LDH 

stability during storage are numerous.       
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6     CONCLUSIONS AND FUTURE OUTLOOK 

 

In this thesis, the solid state structure and behavior of freeze-dried isomalt were studied as such, 

and as a cryo- and lyostabilizing excipient with model protein LDH. The effect of variation in isomalt 

diastereomer composition (GPM:GPS ratio) was also evaluated in regards to its freeze-drying and 

protein-stabilizing properties. Standard freeze-drying excipient sucrose was used as a comparison 

in the protein stability study. 

With the complementary analytical techniques used, the crystalline isomalt grades in different 

GPM:GPS ratios showed distinct solid state features making it possible to differentiate them from 

each other. Crystalline isomalt was successfully transformed into the amorphous form with freeze-

drying and its physicochemical properties were thoroughly studied. Isomalt remained all in all stable 

during storage in low relative humidity conditions. The variation in percentage of GPM and GPS was 

observed to have an effect on the stability of isomalt. Out of the four isomer ratios studied, the 1:1 

GPM:GPS mixture seemed to be the most stable during storage in the amorphous form as it 

exhibited the least thermal events in DSC studies. The isomalt grade containing only the GPM isomer 

was stable when stored in the lower humidity conditions, but it showed signs of instability when 

stored at the highest humidity condition (16% RH) depicted as crystallization during thermal analysis 

in hermetic conditions. Based on these findings, preferably a mixture containing both GPM and GPS 

isomers should be chosen as a freeze-drying excipient for better amorphous stability. 

Based on the promising findings of the first study, in regards to the properties and stability of isomalt 

as a freeze-drying excipient, the protein-stabilizing effects of isomalt were studied next. Isomalt was 

found to have some protein-stabilizing effects both before and after storage. In comparison to LDH 

freeze-dried without any sugar excipients, isomalt was partially able to stabilize LDH during freeze-

drying. Sucrose was superior to isomalt as a protein-stabilizing excipient during lyophilization. During 

storage isomalt performed well as a stabilizer, resulting in only modest loss in protein activity and 

slight changes in LDH secondary structure, whereas the sucrose-containing samples lost most of 

their activity during storage. The presence of stabilizing sugars was emphasized during storage, as 

LDH samples containing no sugar excipients lost their activity almost completely with only a quarter 

of the pre-storage activity remaining. In regards to the stability differences of different GPM:GPS 

ratios noticed in the first study (1:1 GPM:GPS having the best stability and 1:0 GPM:GPS having the 

lowest stability due to crystallization tendency),  no such corresponding effects on LDH stability were 

noticed. No clear differences can be drawn between the different isomalt grades in regards to their 

ability to stabilize LDH, although the samples containing 2:1 GPM:GPS showed the least loss in 

protein activity. 
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In summary, the physical stability of amorphous isomalt showed that it could be a suitable excipient 

for freeze-dried formulations. Even though isomalt was clearly not the most optimal stabilizer for 

lyophilized LDH, it showed protein stabilizing effects, especially during storage. Based on the results 

of this thesis, our research hypothesis, that isomalt could be used in freeze-dried formulations to 

stabilize proteins, was only partially confirmed. Hence, the potential of isomalt as a novel protein-

stabilizing excipient in lyophilized formulations should be evaluated in further studies with different 

proteins and in combination with other freeze-drying excipients. One possibility for future studies 

would also be to combine isomalt with sucrose or trehalose in a lyophilized protein formulation to 

create a co-amorphous mixture, as they might sometimes have better physical stability. Before 

isomalt could be used in lyophilized protein formulations intended for parenteral use, the intravenous 

toxicity of isomalt must also be studied. 
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ABSTRACT
Purpose Isomalt is a sugar alcohol used as an excipient in
commercially available solid oral dosage forms. The potential
of isomalt as a novel freeze-drying excipient was studied in
order to increase knowledge of the behavior of isomalt when
it is freeze-dried.
Methods Isomalt was freeze-dried in four different diastereo-
mer compositions and its physical stability was investigated
with differential scanning calorimetry, Fourier-transform in-
frared and Raman spectroscopy, X-ray powder diffraction,
Karl-Fischer titration and thermogravimetric analysis in order
to verify the solid state form of isomalt after freeze-drying and
observe any changes occurring during storage in three differ-
ent relative humidity conditions.
Results Isomalt was successfully transformed into the amor-
phous form with freeze-drying and three diastereomer com-
binations remained stable as amorphous during storage; one
of the diastereomer compositions showed signs of physical
instability when stored in the highest relative humidity condi-
tion. The four different crystalline diastereomer mixtures
showed specific identifiable solid state properties.

Conclusions Isomalt was shown to be a suitable excipient for
freeze-drying. Preferably a mixture of the diastereomers
should be used, as the mixture containing only one of the
isomers showed physical instability. A mixture containing a
1:1 ratio of the two diastereomers showed the best physical
stability in the amorphous form.

KEY WORDS amorphous . diastereomer . freeze-drying .
isomalt . physical stability

ABBREVIATIONS
DSC Differential scanning calorimetry
FT-IR Fourier-transform infrared spectroscopy
GPM 1-O-α-D-glucopyranosyl-D-mannitol dihydrate
GPS 6-O-α-D-glucopyranosyl-D-sorbitol
HPLC High performance liquid chromatography
KF Karl-Fischer titration
TGA Thermogravimetric analysis
VT-XRPD Variable temperature X-ray powder diffraction
XRPD X-ray powder diffraction

INTRODUCTION

Amorphous sugars and sugar alcohols can be used to stabilize
protein drugs in freeze-dried and spray dried formulations
(1,2). The amorphous form of sugars and sugar alcohols and
the effect of water vapor on their crystallization has been ex-
tensively studied (3,4). This is because amorphous sugars are
generally very hygroscopic by nature and can absorb large
amounts of water in their structure. Water vapor acts as a
plasticizer for amorphous materials lowering their glass tran-
sition temperatures (Tg). If the Tg is lowered to such an extent
that it approaches the storage temperature of the product, the
crystallization propensity of the amorphous material tends to
increase due to greater molecularmobility (4). This will lead to
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loss in the protective functionality of sugars and their perfor-
mance in the formulation is compromised.

Isomalt is a sugar alcohol (i.e. a polyol) that is used in the
food industry as a sugar substitute and in pharmaceutical in-
dustry as a tabletting excipient (5–8). Isomalt is produced by
hydrogenating isomaltulose in a process containing two steps
(5). Firstly, sucrose is transformed into isomaltulose in an en-
zymatic process. Secondly, the fructose molecule in
isomaltulose is hydrogenated and as a result, a mixture of
two diastereomers, 6-O-α-D-glucopyranosyl-D-sorbitol (1,6-
GPS) and 1-O-α-D-glucopyranosyl-D-mannitol dihydrate (1,
1-GPM), is obtained as an approximate equimolar mixture (9)
(Fig. 1). This mixture is called isomalt. The two diastereomers,
GPM and GPS, possess different physicochemical properties
compared to one another. GPM crystallizes as a dihydrate
and is less soluble than GPS, which crystallizes as an
anhydrate. They also have differing glass transition tempera-
tures and melting points, 66 and 168°C for GPM, and 55 and
166°C for GPS, respectively (10,11). The 3D-str uctures of the
two diastereomers differ from one another, as the mannitol
chain in the GPM isomer has a nearly planar zigzag confor-
mation but the sorbitol chain in GPS exhibits a different con-
formation (12).

In the pharmaceutical context, isomalt can be used as an
excipient in tablets, capsules, sachets, effervescent tablets,
chewable tablets, chewing gum, dry powders for suspension
and as a sugar-free coating agent (13–15). Crystalline isomalt
possesses many positive features, such as good chemical, ther-
mal and microbiological stability, non-hygroscopicity, resis-
tance to acidic and enzymatic hydrolysis and it does not un-
dergo any changes in its molecular structure whenmelted (16).
Isomalt is a non-reducing sugar, which means that it does not
cause alterations in the degree of glycation of proteins in
freeze-dried formulations during storage (17). Because of this
fact, isomalt could be considered as a candidate excipient for
freeze-dried drug formulations. Isomalt is included in the
United States Pharmacopoeia National Formulary,
European and British Pharmacopoeia and in Japanese
Pharmaceutical Excipients (JPE) (18–20), and its use as an
excipient in pharmaceutical formulations is increasing. The

toxicity of orally administered isomalt has been studied in
many investigations and it has been found to be a safe excip-
ient through oral administration (21–24). The parenteral tox-
icity of isomalt has not been yet studied.

Sugars and sugar alcohols are commonly used excipients
for protein stabilization during freeze-drying. They usually
offer both efficient cryo- and lyoprotection (17,25). Because
the number of protein drugs will increase in future, a broader
range of excipients for formulation development of protein
drugs would be desirable (26). The sugar excipients currently
used for protein stabilization in freeze-dried formulations are
not able to stabilize all proteins sufficiently, and the limited
selection of excipients used, namely disaccharides sucrose and
trehalose, is a constriction to formulation scientists. The aims
of the present investigation were to thoroughly study the phys-
icochemical properties, including stability, of amorphous
isomalt, produced by freeze-drying, and the effect of variation
in percentage of GPM and GPS on the freeze-drying and
storage stability properties of the excipient. Analysis has in-
volved the synergistic use of diffractometric, thermal and vi-
brational spectroscopic (coupled with multivariate analysis
and quantum chemical calculations) methods. To the best of
our knowledge, the freeze-drying properties and storage sta-
bility of various forms of isomalt after freeze-drying have not
previously been studied in depth which such a range of tech-
niques. Such in depth analysis is necessary in order to evaluate
if isomalt is suitable as a novel freeze-drying excipient.

MATERIALS AND METHODS

Materials

Four different grades of isomalt were used in this study:
galenIQ™ 721, galenIQ™ 720, Isomalt GM and pure
GPM-diastereomer. All of the isomalt grades were kindly do-
nated by Beneo-Palatinit GmbH (Germany). The various
isomalt grades contained differing contents of GPM- and
GPS-diastereomers (Table I). By using the four supplied
isomalt grades, GPM-content of the freeze-dried samples

Fig. 1 The structures of the two diastereomers, (a) GPM and (b) GPS, together comprising the sugar alcohol excipient isomalt.
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could be varied from 23.5 to 99% and the GPS-content from
0.0 to 75.7%. Thus approximate GPM:GPS isomer ratios of
1:3, 1:1, 2:1 and 1:0 could be studied. The combined GPM
and GPS contents of the isomalt grades were 99.2, 99.2, 99.7
and 99.0% for 1:3, 1:1, 2:1 and 1:0 GPM:GPS mixtures,
respectively. Pure GPS-diastereomer was not used in the
study, because it is not commercially available in sufficient
quantities. Highly purified water (Milli-Q, Millipore Inc.,
USA) was used in all of the studies.

Preparation of the Isomalt Solutions
and Their Freeze-Drying

Each of the four isomalt grades was dissolved in highly puri-
fied water to produce solutions with 100 mg/ml isomalt con-
centration. The prepared solutions (2 ml) were transferred to
20 ml freeze-drying vials and the solutions were freeze-dried
using Lyostar II freeze-dryer (SP Industries Inc., Warminster,
USA). The vials were first equilibrated at 20°C for 10min and
then at 0°C for 30 min. After that the samples were frozen at
−40°C for 2 h. Primary drying was performed at −20°C and
150 mTorr for 26 h. Secondary drying was carried out in four
steps: the vials were equilibrated at −10°C, 10°C, 20°C and
finally at 40°C, each step with a duration of 2 h and chamber
pressure of 150 mTorr. After the freeze-drying cycle was com-
plete, the chamber temperature was lowered from 40 to 25°C
and the chamber was filled with N2 gas in order to bring the
pressure inside the chamber back to atmospheric pressure
(1.01×105 Pa). After that, the vials were stoppered under
N2 atmosphere inside the chamber by compression before
opening the chamber door.

Samples used in XRPD tests were freeze-dried with an
Epsilon 2-4 LSC laboratory scale freeze-dryer (Martin
Christ GmbH, Osterode am Harz, Germany). The freeze-
drying cycle used was identical to the one described in the
above chapter except for the fact that, due to apparatus re-
strictions, the chamber could not be filled with N2 gas after the
cycle was complete.

Storage Stability Testing of the Freeze-Dried Isomalt
Samples

The crystallization tendency of the freeze-dried isomalt sam-
ples was studied by storing them in three different relative
humidity (RH) conditions at room temperature. The samples
were transferred into desiccators straight after the freeze-
drying cycle was complete. The vials were stored open without
stoppers in desiccators containing phosphorous pentoxide
(P2O5), silica beads or saturated salt solution of lithium chlo-
ride, thus producing a relative humidity of approximately 2, 9
and 16%, respectively. The humidity conditions inside the
desiccators were monitored with Tinytag data loggers
(Gemini Data Loggers, Chicester, United Kingdom). The
samples were stored in the desiccators for a total period of
23 days and were analyzed at regular intervals of 1, 3, 7, 10,
14, 18 and 23 days. The crystallization tendencies of amor-
phous isomalt lyophilizates were monitored with differential
scanning calorimetry, X-ray powder diffraction, Fourier-
transform infrared spectroscopy and Raman spectroscopy.
The water content of the samples was studied with Karl-
Fischer titration and thermogravimetric analysis during the
storage testing. For each storage stability testing point, a num-
ber of sample vials needed for analysis on a given day were
taken out of the desiccators and rubber stoppers were placed
on the vials. All possible steps were taken to minimize ambient
moisture uptake during analyses, specifically the vials were
always stoppered between taking out powder samples from
the vials and the analyses were conducted as rapidly as possi-
ble. Each sample vial was used for analyses only during one
storage stability time point so the analyses were always carried
out from untouched sample vials.

Storage stability test samples for XRPD studies were stored
in desiccators containing either silica beads or saturated salt
solution of lithium chloride, thus producing a relative humid-
ity of approximately 9 and 16%, respectively. The sample
vials were stored as open vials without stoppers.

The GPM anhydrate and amorphous 1:1 GPM:GPS mix-
tures produced by melting were prepared as a reference for
storage stability studies. GPM anhydrate was produced by
drying GPM dihydrate (1:0 GPM:GPS) in an oven
(Memmert, Schwabach, Germany) at 105°C for 30 min and
allowed to cool in a desiccator containing silica beads until
room temperature. The 1:1 GPM:GPS mixture was melted
rapidly with a hot plate and left to cool to room temperature
in ambient conditions. After reaching room temperature, the
solidified melt was ground gently with a mortar and a pestle.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was used to support
the freeze-drying cycle design and to monitor the crystalliza-
tion of the lyophilized isomalt samples during their storage.

Table I Reported GPM- and GPS-Contents by the Supplier of Different
Isomalt Grades Used in the Study

Isomalt grade GPM-content
(m-%)

GPS-content
(m-%)

Approximate
GPM:GPS ratio

galenIQ™ 721 23.5 75.7 1 : 3

galenIQ™ 720 47.0 52.2 1 : 1

Isomalt GM 67.4 32.3 2 : 1

Pure GPM 99.0 0.0 1 : 0

The content of GPM and GPS was determined with HPLC by the elution of a
Ca+-charged cationic exchanger column with water as the mobile phase at
approximately 80°C. A differential refractometer was used at constant tem-
perature for detection
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The glass transition temperatures of the maximally freeze-
concentrated aqueous solutions (Tg’) of different isomalt
grades were detected from 50 mg/ml solutions with
DSC823e (Mettler-Toledo International Inc., Greifensee,
Switzerland). The solutions were transferred into aluminum
DSC pans in a quantity of approximately 12mg and were first
cooled to −40°C at 1°C/min and held there for 10 min. After
that the samples were heated from −40°C to 10°C at 5°C/
min and the Tg’ of each isomalt grade was detected from the
acquired thermograms. The measurements were carried out
under 50 ml/min N2 purge.

The glass transition temperatures (Tg) of the freeze-dried
isomalt samples were detected at regular intervals (1, 3, 7, 10,
14, 18 and 23 days) during storage by using standard and
modulated DSC runs. For standard DSC runs 3–7 mg and
for modulated DSC runs 9–15 mg of the sample was trans-
ferred in an aluminum DSC pan and sealed hermetically. The
samples were prepared in a glove box with controlled humidity
conditions. Each sample for standard DSC run was made in
triplicate and the samples were taken from different vials (n=3).
The standard DSC experiments were carried out by first equil-
ibrating the samples at 25°C for 5 min and then heating them
to 150°C at 10°C/min under 50 ml/min N2 purge. The mod-
ulated runs were executed as TOPEM experiments. The sam-
ples were equilibrated at 25°C for 5 min and then heated to
110°C with a heating rate of 1°C/min. For all TOPEM exper-
iments, a temperature amplitude of the pulses of 0.5°C was
selected with a switching time range of pulse width with mini-
mum and maximum values of 15 and 30 s, respectively. The
results were analyzed with STARe Thermal Analysis Software
(Mettler-Toledo International Inc., Greifensee, Switzerland).

The samples freeze-dried separately for XRPD analysis
were investigated to confirm that they matched the formerly
freeze-dried samples with DSC analysis. The DSC studies
were carried out using a Discovery DSC (TA Instruments,
Newcastle, DE, US). Samples were crimped hermetically into
pans. The standard runs were recorded from 25 to 150°C
using a 10°C/min heating rate. Each sample was measured
in triplicate from different vials (n=3). The modulated runs
were recorded from 25 to 125°C using a 1°C/min heating
rate, a modulation temperature amplitude of 1°C and a peri-
od of 60 s. Sample amounts for standard runs and modulated
runs were 3–5 and 6–8 mg, respectively. Data were collected
using Trios software (TA Instruments).

X-ray powder diffraction

XRPD was used to analyze the solid state properties of raw
materials and isomalt lyophilizates after freeze-drying and dur-
ing storage. Samples were studied in duplicate and taken from
different vials (n=2). XRPD analysis was performed using a
PANalytical X’Pert PROMPD X-ray diffractometer
(PANalytical, Almelo, The Netherlands) and a Ni filtered Cu

Kα1 radiation (λ=1.541 Å). Samples were measured in Bragg
Brentano reflectionmode in the range of 5–36°2θ using a PIXel
detector (PANalytical) and a step size of 0.039°2θ. The operat-
ing current and voltage were 40 mA and 45 kV, respectively.
Data were collected using X’Pert Data Collector (PANalytical).
For non-isothermal (variable temperature) XRPD (VT-XRPD)
measurements an Anton Paar CHC chamber (Anton Paar
GmbH, Graz, Austria) was mounted on the goniometer of the
diffractometer. A 0.2 mm deep sample holder was used. VT-
XRPD scans were obtained from 25 to 115°C and the
diffractograms were measured at 25, 45, 75, 90 and 115°C with
a heating rate of 26°C/min in average between each step. The
heating rate was controlled by TCU 110 temperature controller
(Anton Paar GmbH) and the samples were equilibrated in each
temperature step for 3 min before initiating the scan. The mea-
surements were carried out in ambient relative humidity condi-
tions. Calculated X-ray diffractograms obtained from
Cambridge Structural Database were used as references. The
reference structures were BAVCAC for the GPS diastereomer
(27) and BAGZEO for the GPM diastereomer (28).

Spectroscopic Analysis

Fourier-transform infrared spectroscopy (FT-IR) and Raman
spectroscopy were used to detect changes to the solid state of
the isomalt samples before and after freeze-drying and during
storage at regular intervals of 1, 3, 7, 10, 14, 18 and 23 days.
FT-IR measurements were carried out with a Vertex 70 FT-
IR spectrometer (Bruker Optics Inc., Germany) using a
Miracle™ single reflection attenuated total reflectance
(ATR) accessory (Pike technologies, Wisconsin, USA). All
samples were analyzed in triplicate and the samples were tak-
en from different vials (n=3). The FT-IR spectra were record-
ed with OPUS 5.5 software (Bruker Optics Inc., Germany)
over the spectral region 650 to 4000 cm-1 with 4 cm-1 resolu-
tion. Each spectrum was a composite of 64 co-added scans.

Raman spectroscopy was performed with a Raman Rxn1
system (Kaiser Optical Systems, Inc., MI, USA). The spec-
trometer was equipped with a PhAT probe consisting of an
array of 50 optical fibers, a 785 nm excitation laser source and
silicon charge-coupled device (CCD) detector. The spectra
were recorded in triplicate from different vials (n= 3).
HoloGRAMS 4.1 program (Kaiser Optical Systems, Inc.,
MI, USA) was used to record the spectra with an integration
time of 2 s by 5 co-added scans.

Water Content Measurements

The residual water content of the freeze-dried samples was
measured with Karl-Fischer titration (KF) and thermogravi-
metric analysis (TGA). The measurements were carried out
straight after freeze-drying and during storage under different
relative humidity atmospheres with V30 Volumetric KF
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Titrator (Mettler-Toledo International Inc., Greifensee,
Switzerland). The KF measurements were conducted from
the same sample vials as DSC, FT-IR and Raman experi-
ments. The lyophilization vial was weighed, the residual sam-
ple amount of approximately 80 mg (n=3) was poured in the
KF titration vessel and the vial was weighed yet again to cal-
culate the sample mass. The results are presented as an aver-
age of three sample vials.

TGA analysis was conducted for some of the samples to
verify the results of the KF measurements. The studies were
carried out using a Discovery TGA (TA Instruments,
Newcastle, DE, US). Samples of approximately 7 mg were
weighted into open platinum pans. The runs were recorded
from 25 to 150°C using a 10°C/min heating rate. Data were
collected using Trios software (TA Instruments, Newcastle,
DE, US).

The theoretical water contents of the raw materials were
calculated based on the mass percentage of GPM and GPS in
each raw material using the molecular masses of GPM
dihydrate (380.32 g/mol), GPS/GPM anhydrate (344.32 g/
mol) and calculating the theoretical water content resulting
from dihydrate water of GPM in each GPM:GPS
mixing ratio.

Computational Quantum Mechanical Modelling

Quantum chemical calculations of fundamental molecular vi-
brational modes were performed using the Gaussian09 pack-
age (29). Geometry optimization and harmonic vibrational
frequency calculations were performed in vacuo using density
functional theory (DFT), employing the B3LYP functional.
Calculated vibrational spectra were generated using
Gaussum v2.2.5 software, and scaled to give the lowest value
for the mean absolute deviation for band position from exper-
imental data, with scale factors typically around 0.975.
Vibrational modes were illustrated using Molden (30).

Multivariate Data Analysis

In order to better understand the differences between the raw
materials and stability of processed samples over time, princi-
pal component analysis (PCA) of the FT-IR and Raman spec-
tral data were performed with Simca software (version 13.5
Unicode, Umetrics AB, Umeå, Sweden). For the most effec-
tive comparison, the most relevant regions of the spectra were
chosen with regions containing little to no useful vibrational
information excluded. The data was pre-processed with stan-
dard normal variant (SNV) transformation and mean-
centering before PCA to remove intensity variation of the
spectra unrelated to sample composition. The FT-IR spectra
were pre-processed and analyzed over the spectral regions 820
to 1500 and 2750 to 3600 cm-1. The Raman spectra were pre-
processed and analyzed over the spectral region 300 to

1500 cm-1. PCA was carried out with 7 groups for cross
validation.

RESULTS

Characterization of Raw Materials and Freshly
Freeze-Dried Isomalt

Diffractograms of the raw materials of different GPM:GPS
mixing ratios are presented in Fig. 2. Based on the measured
diffractograms the rawmaterials are clearly crystalline and the
differences in diastereomer contents are also reflected in the
diffractograms as they are slightly different from one another.
The raw materials containing both isomers, 1:3, 1:1 and 2:1
GPM:GPS, share peaks at the same positions, but in many
cases their intensities increase or decrease as the GPS percent-
age in the rawmaterial increases. Peaks at positions 15.6, 17.3,
22.0, 22.7/22.8, 24.1/24.2 and 25.4/25.5 °2θ increase in
intensity as the GPS content increases. The peaks in some
cases also shift by 0.1 °2θ to the right with increasing GPM
concentration. The X-ray diffractogram of the raw material
containing only GPM diastereomer, 1:0 GPM:GPS, deviates
clearly from the other raw material diffractograms. It is affect-
ed by preferred orientation, because the crystal habit of the
1:0 GPM:GPS raw material was short needle-like crystals and
they were not ground for the measurement. The
diffractogram of 1:0 GPM:GPS raw material shares the same
peaks as the literature reference for GPM dihydrate from
Cambridge Structural Database (CSD) (28). Some of the com-
mon peaks are highlighted in Fig. 2. It can be seen from the
literature reference diffractogram of GPS (BAVCAC) that the
peaks at 15.6, 17.3 and 22.0 °2θ clearly originate from the
GPS isomer for they are absent from the GPM isomer
diffractogram (27). The peaks at the aforementioned positions
in the measured raw material diffractograms show a clear
trend of growing intensity as their GPS percentage increases.
In contrast, the peaks at 18.8 and 21.3 °2θ originate from
GPM isomer, as they are present only in the GPM dihydrate
reference diffractogram and in the measured raw material
diffractograms, which show a trend of the peak at 21.3 °2θ
increasing in intensity as the GPM concentration of the raw
materials increases (Fig. 2). As isomalt mixtures are composed
of two diastereoisomers, the molecular structure of isomalt
could potentially either be a cocrystal, eutectic or physical
mixture. Based on the measured raw material X-ray diffrac-
tion data, the GPM:GPS mixtures form eutectics because the
mixtures have similar unit cell structures to those of the com-
ponents they are composed of. If they would form cocrystals,
the X-ray crystal structure of the mixtures would be different
from those of the individual diastereomers, GPM and GPS
(31). After the freeze-drying process was completed, the
diffractograms of the freshly freeze-dried samples were

Physical Stability of Freeze-Dried Isomalt Diastereomer Mixtures

Material from: Anna-Kaisa Koskinen, Sara J. Fraser-Miller, Johan P. Bøtker, Ville P. Heljo, Jonathan E. Barnsley, Keith C. Gordon, Clare J. Strachan & Anne M.
Juppo, Physical Stability of Freeze-Dried Isomalt Diastereomer Mixtures, Pharmaceutical Research, published 2016, Springer Nature.

Copyright © 2016, Springer Science Business Media New York



measured and they showed clear amorphous halos suggesting
that all of the different GPM:GPS mixing ratios were
successfully transformed into the amorphous form dur-
ing the process (Fig. 2).

The different GPM:GPSmixing ratios were analyzed using
complementary vibrational spectroscopic methods IR and
Raman spectroscopy. The FT-IR spectra of all of the raw
materials with varying diastereomer contents were very com-
plex, as it is typical for sugar alcohols and sugars (32). FT-IR
and Raman spectra of the raw materials revealed that differ-
ent mixing ratios of the diastereomers could be identified
based on differences in the spectra (Figs. 3a and 4a). In the

IR and Raman spectra there was a trend in the observed band
positions and intensities when moving from high GPM con-
tent to high GPS content. Despite the GPS not coming in the
100% form, the spectral features associated with this isomer
were deduced by spectral subtraction from the high GPS con-
tent sample.

The vibrational frequencies for the Raman and IR spectra
for the separate isomers GPM and GPS were calculated using
DFT to assign the vibrational transitions observed in the ex-
perimental spectra. The vibrations tend to be centered on the
chain or the ring. An illustration of chain-centered, ring-
centered and non-centered vibrations are illustrated in
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Fig. 2 The X-ray powder
diffractograms of raw materials and
freeze-dried GPM:GPS mixtures
and calculated diffractograms
BAGZEO and BAVCAC from CSD
shown as reference.
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Figure S1 in the supplementary material. These vibrational
locations have been used to describe the vibrational assign-
ments for GPM and GPS. The calculated assignments are
given in Table SI. These assignments are consistent with what
has been reported previously in the literature (32).

The IR spectra show many noticeable changes to peak
position and intensity across the vibrational spectra in the
650 to 1500 and 2800 to 3600 cm−1 spectral regions. Some
notable changes include the shifting of the chain centered
mixed vibration at 1005 cm−1 in GPM to 991 cm−1 in GPS,
the presence of the mixed (non-centered) transition at
1038 cm−1 in GPS, which is barely observable as a shoulder
in GPM. Features at 1057 (mixed non-centered), 1086 (mixed
chain centered) and 1107 cm−1 (mixed chain centered) in
GPM shift to 1038, 1079 and 1115 cm−1 in GPS, respectively.
There are also numerous changes in the 830–950 cm−1 region
associated with mixed (ring, chain and non-centered) transi-
tions and the 1150 to 1500 cm−1 region, associated with nu-
merous C-C-H wagging and mixed transitions. The O-H
stretching region also contains significant differences, particu-
larly the presence of the band at 3362 cm−1 in GPM which is

absent in GPS and the band at 3522 cm−1 present in GPS
which is absent in GPM.

The FT-IR spectra of the different mixing ratios measured
after freeze-drying were nearly identical as observed in
Fig. 3a. When multivariate analysis methods were applied,
these spectra formed a general trend in PC space instead of
distinct groups further exemplifying the similarity in these
freeze-dried spectra. Generally the multiple peaks in the re-
gion of 1200–950 cm−1 in the raw material spectra have
merged together forming broad features around 1150 and
1017 cm−1 and a shoulder ~1074 cm−1 in the spectra mea-
sured after freeze-drying. This type of broadening and shifting
of the bands are commonly seen in the formation of the amor-
phous form. This is consistent with the XRPD results which
also suggests the formation of the amorphous form upon
freeze-drying.

Like IR, the Raman spectra of GPM and GPS have ob-
servable spectral differences. Whilst there are many subtle
shifts in band position and intensity, some notable differences
include a shift in the feature at 532 cm−1 (O-H wag, chain
centered) in GPM to 546 cm−1 (mixed non-centered) in GPS,

Fig. 3 FT-IR spectroscopic analysis of the raw and freeze-dried materials. (a) FT-IR spectra of the various GPM:GPS ratiomaterials before and after freeze-drying.
(b) PCA scores plot of the FT-IR spectra for the raw and freeze-dried materials and the effect of different storage conditions over time. The first two PCs describe
67% of the total spectral variance with the loadings for PC1 (c), and PC2 (d) also given.

Physical Stability of Freeze-Dried Isomalt Diastereomer Mixtures

Material from: Anna-Kaisa Koskinen, Sara J. Fraser-Miller, Johan P. Bøtker, Ville P. Heljo, Jonathan E. Barnsley, Keith C. Gordon, Clare J. Strachan & Anne M.
Juppo, Physical Stability of Freeze-Dried Isomalt Diastereomer Mixtures, Pharmaceutical Research, published 2016, Springer Nature.

Copyright © 2016, Springer Science Business Media New York



and the presence of a mixed chain centered transition
at 665 cm−1 and a mixed ring centered transition at
834 cm−1 in GPS which is absent in GPM. GPM con-
tains a C-C ring centered transition at 855 cm−1 which
is absent in GPS. The intensity of the mixed ring cen-
tered transition at 875 cm−1 is more intense in GPM,
with GPS having a second peak at 886 cm−1 assigned
as a mixed ring centered transition.

Like what was observed with the IR data, the Raman spec-
tra of all the freeze-dried GPM:GPS mixtures were nearly
identical as seen in Fig. 4a. After freeze-drying the spectrum
is clearly different to the rawmaterial spectra with broadening
and merging of peaks in the regions 800–950 and 1000–
1200 cm−1. This broadening and shifting of the bands after
freeze-drying is consistent with changes expected to be ob-
served when going from a crystalline to amorphous state, in
which the increased disorder in the samples leads to unique
stretching environments of slightly different energies (band
broadening).

DSC measurements of the raw materials showed differ-
ences in thermal behavior between different isomer mixing
ratios (Table II). The 1:3, 1:1 and 2:1 GPM:GPS mixtures
exhibited a dehydration peak at 99-105°C, after which the
1:1 and 2:1 GPM:GPS mixtures showed a dissolution peak
of anhydrous GPM and GPS at 128°C and 135°C, respec-
tively. The 1:3 GPM:GPS mixture showed a melting peak of
anhydrous GPM and GPS at 151°C. The 1:0 GPM:GPS
mixture exhibited three peaks in its thermograms: first a melt-
ing peak of GPM dihydrate at 112°C, then an exothermic
crystallization peak to anhydrous GPM at 121°C and finally
a dissolution/melting peak of GPM anhydrate at 127°C. The
glass transition temperatures of maximally freeze-
concentrated isomalt solutions (Tg’) were measured for each
diastereomer grade before freeze-drying using DSC and
values of –35, –34, –34 and –32°C were acquired for 1:3,
1:1, 2:1 and 1:0 GPM:GPS mixtures, respectively.

The isomalt samples exhibited good cake structures after
freeze-drying and no collapse was observed (Fig. 5). They all

Fig. 4 Raman spectroscopic analysis of the raw and freeze-dried materials. (a) Raman spectra of the various GPM:GPS ratio materials before and after freeze-
drying. (b) PCA scores plot of the Raman spectra for the raw and freeze-dried materials and the effect of different storage conditions over time. The first two PCs
describe 74% of the total spectral variance with the loadings for PC1 (c), and PC2 (d) also given.
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had glass transition temperatures below 65°C (heating rate of
1°C/min), the Tg rising as the residual water content of the
different mixtures decreased (Table II). Table II shows the
residual water contents of the freeze-dried samples varied be-
tween 0.5 and 3.1%. The residual water contents also showed
a trend as water content rose as the GPS content increased.
The measured water contents of the raw materials matched
well with their theoretical values and the water content of the
different GPM:GPS mixes rose as the GPM concentration
increased (Table II).

Storage Stability Testing

All of the four studied isomalt grades had a good cake struc-
ture after freeze-drying and they retained this structure well
throughout the storage stability studies in all of the three rel-
ative humidity conditions. No cake collapse was detected in
samples stored even in the highest relative humidity condition
(16%). The diffractograms measured with variable tempera-
ture XRPD during storage for up to 23 days revealed no signs
of crystallization. All GPM:GPS mixing ratios consis-
tently showed amorphous halos even during storage in
the highest humidity condition, 16% RH. During

storage stability testing, as the samples were heated up
to 115°C with VT-XRPD, all of the samples showed
amorphous diffractograms all the way during heating
at 25, 45, 75, 90 and 115°C (data not shown).

DSC results showed some clear differences between the
different isomer mixtures during storage in different relative
humidity conditions. The mixture containing the most GPS
isomer, 1:3 GPM:GPS, was stable as amorphous when stored
in 2 and 9%RH desiccators (Table IIIa). When these samples
were stored at 16% RH, crystallization exotherms were ob-
served during heating after 1 and 23 days of storage. The
freeze-dried 1:1 GPM:GPS isomer mixture was physically
the most stable out of the four mixtures based on DSC results,
because it did not crystallize during heating after storage at
any of the relative humidity conditions (Table IIIb). As the
GPM content increased in the mixtures, more events started
to occur in the thermograms measured during storage. The
2:1 GPM:GPS isomer mixture showed no crystallization
peaks in any of the humidity storage conditions but the ther-
mograms had an endotherm around 60–80°C, slightly vary-
ing depending on the humidity at which the samples were
stored. This endotherm could be already seen when the sam-
ples were measured straight after freeze-drying and it
remained in the thermograms throughout storage at all of
the relative humidities (Table IIIc). The 1:0 GPM:GPS sam-
ples containing only GPM isomer showed multiple events in
the thermograms. Straight after freeze-drying and during stor-
age in 2 and 9%RH, the thermograms showed two endother-
mic events in the region of approximately 70–100°C
(Table IIId). When stored in 16% RH, in addition to the
two endotherms between approx. 60 to 85°C, there was also
a crystallization peak around 100°C which was seen immedi-
ately after 1 day of storage and throughout the storage time of
23 days. The residual water measurements showed that as the
humidity percent during storage was higher, the samples also
contained higher water amounts, as expected (Table III).
Freeze-dried isomalt samples were also stored in 23% RH
and in these conditions some of the diastereomer mixtures
(1:3 and 1:1 GPM:GPS) collapsed and the Tg of the samples
was not visible anymore so they did not remain stable in this
higher RH condition (results not shown). It must be however

Table II The Thermal Events (DSC) andWater Contents (w/w) (KF Titration) of RawMaterials and Glass Transition Temperatures (Tg) (Modulated DSC) and
Residual Water Contents (w/w) (KF Titration) of the Freshly Freeze-Dried Materials of Different Diastereomer Mixing Ratios

Raw material Freeze-dried

Endotherm (1) Exotherm (1) Endotherm (2) Theoretical water content Experimental water content Tg Residual water content

1:3 GPM:GPS 99°C – 151°C 2.2% 2.8% 42°C 3.1%

1:1 GPM:GPS 100°C – 128°C 4.5% 4.8% 51°C 2.8%

2:1 GPM:GPS 105°C – 135°C 6.4% 7.0% 54°C 0.8%

1:0 GPM:GPS 112°C 121°C 127°C 9.4% 9.7% 62°C 0.5%

Fig. 5 The cake appearance of freshly freeze-dried isomalt samples.
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Table III Modulated DSC Results (Heating Rate 1°C/min) and Residual Water Contents (KF Titration) of a) 1:3 GPM:GPS b) 1:1 GPM:GPS c) 2:1 GPM:GPS
d) 1:0 GPM:GPS Isomer Mixture During Storage

a) 1:3 GPM:GPS

Glass transition Crystallization Residual water content (w/w)

Tg [°C] Onset [°C] Peak [°C]

After freeze-drying 42.4 – – 3.1%

2% RH

After 1 day 45.9 – – 2.7%

After 7 days 52.4 – – 1.5%

After 14 days 51.8 – – 1.0%

After 23 days 53.8 – – 0.9%

9% RH

After 1 day 43.4 – – 1.8%

After 7 days 45.6 – – 1.8%

After 14 days 45.2 – – 1.7%

After 23 days 45.7 – – 1.9%

16% RH

After 1 day 37.1 95.6 105.4 2.7%

After 7 days 38.7 – – 2.7%

After 14 days 39.2 – – 2.2%

After 23 days 39.3 96.0 106.6 2.3%

b) 1:1 GPM:GPS

Glass transition Residual water content (w/w)

Tg [°C]

After freeze-drying 51.4 2.8%

2% RH

After 1 day 50.7 1.2%

After 7 days 54.3 1.0%

After 14 days 54.7 0.9%

After 23 days 57.2 0.5%

9% RH

After 1 day 44.2 2.0%

After 7 days 46.8 1.6%

After 14 days 47.2 1.8%

After 23 days 48.3 1.7%

16% RH

After 1 day 40.4 2.3%

After 7 days 40.7 2.4%

After 14 days 41.2 2.3%

After 23 days 41.5 2.3%

c) 2:1 GPM:GPS

Glass transition Endotherm Residual water content (w/w)

Tg [°C] Onset [°C] Peak [°C]

After freeze-drying 54.4 68.1 72.9 0.8%

2% RH

After 1 day 57.5 70.9 76.6 0.7%

After 7 days 58.8 71.4 77.6 0.5%

After 14 days 59.0 72.6 77.7 0.5%

After 23 days 59.4 73.1 78.9 0.4%

9% RH

After 1 day 49.6 64.4 70.6 1.4%
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noticed that all of the vials were stored open without stoppers,
so 23% RH is a high humidity condition for unprotected
freeze-dried cakes.

PCA of the IR spectra collected from the rawmaterials and
freeze-dried samples stored under different conditions over
time was used to inspect the spectral differences observed in
the samples and monitor changes to the freeze-dried samples
over time. The scores plot for the first two principal compo-
nents is given in Fig. 3b where it can be seen that PC1 sepa-
rates crystalline GPM signal (positive PC1) from the amor-
phous freeze-dried spectral signals (negative PC1). The second
PC then separate the GPS signal (positive PC2) from the
GPM signal (negative PC2). This separation is corroborated
with the associated loading plots (Fig. 3c and d) which contains
spectral features consistent with GPM in positive PC1 load-
ings and with amorphous in negative PC1 loadings and pos-
itive PC2 loadings with GPS like spectral features and nega-
tive with GPM like spectral features.

The raw materials distinctly separated based on the
GPM:GPS ratios, however the freeze-dried samples only gave
a trend based on the GPM:GPS content. This is likely due to
the amorphous form having less distinct spectral features in
which to separate these samples. All freeze-dried samples
which were stored under different conditions did not appear
to move significantly in PC space indicating that these samples
were stable and did not recrystallize in the timeframe studied.

GPM anhydrate was produced and its spectra were includ-
ed in the PCA plots in order to detect differences between

GPM dihydrate and anhydrate, and also see if the freeze-
dried samples showed similarities with it. Both PCA plots sep-
arate GPM dihydrate from the anhydrate form (Figs. 3b and
4b) showing differences in their FT-IR and Raman spectral
band positions. The freeze-dried samples do not show similar-
ities with GPM anhydrate spectra, for they are separated
along PC1 which differentiates amorphous and crystalline
(Figs. 3b and 4b). Amorphous 1:1 GPM:GPS produced by
melting was also added to the PCA plots to compare if the
amorphous forms of isomalt differ when produced in different
methods. Molten amorphous 1:1 GPM:GPS shows clear
s imi lar i t ies to the freeze-dr ied amorphous 1:1
GPM:GPS, although it is slightly separated from the
freeze-dried samples along PC2 (Fig. 3b) and PC1
(Fig. 4b). Isomalt has very good thermal stability and
does not undergo changes in its molecular structure
when melted, so the negligible changes between molten
and freeze-dried amorphous isomalt are not related to
thermal degradation. The cause of this is different con-
formations of isomalt in solutions and in a melt (33).

PCA analysis was also performed on the Raman spectra.
The resulting scores plot (Fig. 4b) shows clear separation of the
freeze-dried samples from the raw materials along PC1 which
is associated with 59% of the overall variance between the
spectra. Inspection of the associated loadings plot (Fig. 4c)
shows spectral features consistent with crystalline material in
positive PC1 and features consistent with the amorphous/
freeze-dried material in negative PC1 space.

Table III (continued)

After 7days 49.0 63.5 69.6 1.5%
After 14days 49.6 65.2 70.2 1.5%
After 23days 49.9 64.4 70.1 1.5%

16% RH
After 1day 43.4 59.3 64.9 2.2%
After 7days 42.9 58.0 1st 63.9 2nd 69.0 2.3%
After 14days 43.3 58.9 64.2 2.4%
After 23days 43.3 59.5 63.9 2.3%

d) 1:0 GPM:GPS
Glass transition Endotherm 1 Endotherm 2 Crystallization Residual water content (w/w)
Tg [°C] Onset [°C] Peak [°C] Onset [°C] Peak [°C] Onset [°C] Peak [°C]

After freeze-drying 62.4 77.0 81.9 91.6 94.4 – – 0.5%
2% RH
After 1day 62.1 76.6 81.4 90.9 94.2 – – 0.6%
After 7days 63.3 78.5 82.7 92.2 94.9 – – 0.5%
After 14days 64.3 79.5 83.0 92.3 95.2 – – 0.5%
After 23days 63.4 79.4 82.9 92.4 95.1 – – 0.5%

9% RH
After 1day 52.8 70.1 74.2 85.1 88.6 – – 1.5%
After 7days 51.9 69.6 73.2 84.4 87.7 – – 1.6%
After 14days 52.4 69.7 73.2 84.5 87.6 – – 1.8%
After 23days 52.6 69.3 72.9 84.3 87.6 – – 1.8%

16% RH
After 1day 45.9 62.1 67.6 80.0 82.7 101.2 102.9 2.4%
After 7days 46.1 60.6 66.9 78.7 82.2 99.9 103.3 2.4%
After 14days 45.1 59.8 66.6 78.1 81.9 100.8 102.4 2.5%
After 23days 45.3 59.5 66.6 78.0 81.9 99.4 102.9 2.5%
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The second PC separates based on the differences between
the GPM and GPS spectra, with the highest proportion of
GPM (and GPM anhydrate) signal separating into positive
PC2 space and highest levels of signal associated with GPS
in negative PC2 space. The associated loadings plot (Fig. 4d)
shows spectral signals consistent with this separation. The raw
materials separate more strongly than their freeze-dried coun-
terparts. However a trend along PC2 based on the ratio of
GPM:GPS is still observed for the freeze-dried samples.

The Raman based PCA suggests that after 23 days storage
at 2, 9 or 16% relative humidity, the freeze dried material
remains amorphous for all GPM:GPS ratios in the time peri-
od studied. In general, both the FT-IR and Raman score
scatter plots had no clear differences between the positions
of samples stored in different storage conditions (Figs. 3b
and 4b).

Crystallization Tendency of the 1:0 GPM:GPS Isomer
Mixture During Heating

When the isomalt grade containing only the GPM diastereo-
mer was stored in 16% RH, crystallization peaks could be
seen in the modulated DSC runs around 100°C. The FT-IR
spectrum of the sample remaining in the hermetically sealed
DSC pan after heating to 110°C at 1°C/min was measured to
verify its crystallinity. The resulting FT-IR spectrum showed
clearly that the sample was crystalline after the slow heating
with spectral features consistent with the anhydrate rather
than the dihydrate (starting material) form (Fig. 6). To verify
whether the 1:0 GPM:GPS stored in 16% RH crystallizes
when it is heated at a faster rate than 1°C/min, a small

amount of the sample was heated on a hot plate set to
110°C and heated as fast as possible (rate not controlled) with
the FT-IR spectrum collected after cooling. The comparison
of FT-IR spectra of these two samples heated at a different
rates clearly showed that 1:0 GPM:GPS remained amorphous
when heated with a fast heating rate (Fig. 6). The same studies,
where the FT-IR spectrum was measured after heating, were
also performed for the other mixtures containing 1:3, 1:1 or
2:1 GPM:GPS stored in 16% RH, but only amorphous spec-
tra were observed (data not shown), resulting in the conclusion
that the other mixtures remained amorphous during the slow
heating rate up to 110°C.

Variable temperature XRPD measurements conducted in
non-hermetic conditions, where the 1:0 GPM:GPS samples
stored in 16% RHwere heated to 115°C at 1°C/min and the
diffractogram was measured during heating at 5 temperature
steps, were used to see if any crystalline peaks could be seen.
The slow heating rate was used to simulate the modulated
DSC runs, that produced the crystallized 1:0 GPM:GPS sam-
ples. Despite the slow heating rate, the X-ray powder
diffractograms showed only amorphous halos and no peaks
could be observed even when measured at 115°C (data not
shown).

DISCUSSION

The raw materials of different GPM:GPS isomer mixtures
were studied with various complimentary analytical tech-
niques and based on the results it can be concluded that the
crystalline raw materials could be identified from each other
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even though they consist of simply two diastereomers mixed in
different ratios. The diastereomers of isomalt form eutectic
mixtures based onX-ray diffraction and DSC results obtained
from the crystalline rawmaterials and based on former knowl-
edge of isomalt (34,35). Unfortunately, as the pure GPS dia-
stereomer was not able to be included in the study, a full series
of the mixing ratios was not possible. Therefore the results of
the samples with a high GPS content cannot be fully com-
pared to the solid state properties of pure GPS isomer.

Themeasuredmelting points of the rawmaterials, between
127 and 151°C, are lower than those reported for pure GPM
and GPS isomers, 168 and 166°C, respectively (11). In addi-
tion to these high melting point values, a melting point of
107.9°C has been reported for the GPM isomer, describing
that GPM dihydrate melts at this temperature, after which the
crystal water begins to evaporate and after that peaks caused
by evaporation of residual crystal water and melting of GPM
monohydrate at 120–150°C are observed, and finally the
melting point of GPM anhydrate takes place at approx.
170°C (36). Because the existence of GPM monohydrate has
not been confirmed by X-ray diffraction, this conclusion part-
ly lacks evidence and thus in this current study our speculation
is that first a melting peak of GPM dihydrate at 112°C is
observed, then a crystallization peak to anhydrous GPM at
121°C and finally a dissolution/melting peak of GPM
anhydrate at 127°C, for some proof is found in the literature
for this conclusion (35). Our results and the literature studies
suggest that the thermal behavior of the GPM diastereomer is
quite complex. This is also reflected in the thermal behavior of
the different GPM:GPS mixes. Mixtures containing the two
isomers are reported to have a clearly lower melting point
compared to their constituents alone (10,34). The two diaste-
reomers form a eutectic mixture between the isomers, and this
mixture has a significantly lower melting temperature com-
pared to the pure isomers, with the melting peak position
depending on the ratio of the isomers (34). Eutectics tradition-
ally exhibit this behavior (37). It has been reported that isomalt
mixtures containing various amounts of the two diastereo-
mers, with composition of the GPS isomer ranging from 45
to 100%, were observed to have a broad melting peak in the
range between 130 and 154°C (34). In this current study a
melting peak at 151°C was observed for the 1:3 GPM:GPS
mixture, complying well with these previous measurements.
The 1:1 and 2:1 GPM:GPS mixtures showed an endothermic
peak at 128 and 135°C, respectively, and these peaks were
interpreted as dissolution peaks of anhydrous GPM and GPS
based on their shapes, which indicate a dissolution process
starting at the end of the dehydration process and proceeding
with increasing temperature. The possible difference in the
sealing method of DSC pans (hermetic/non-hermetic) be-
tween this current study and the literature references can
affect the melting behavior of different isomalt grades and
the melting peak positions in their thermograms. Also the

fact that the raw materials were not ground for the DSC
measurements of this current study might have a lowering
effect on the melting peak positions of isomalt (38) and it
may also have an effect on the water content of the crystalline
raw materials thus also affecting their melting points.

The vibrational spectral data clearly shows differences be-
tween the crystalline raw materials and freeze-dried samples.
As seen in Fig. 3, the peaks in FT-IR spectra of the freshly
freeze-dried samples are broader and less sharp compared to
the raw materials, which is typical for amorphous materials in
general. The assigned bands of the measured FT-IR spectrum
of 1:0 GPM:GPS raw material match very well with results
previously published regarding the FT-IR spectrum of GPM
dihydrate as are the assignments of the vibrational transitions
based on our DFT calculations (Supplementary information,
Table SI) (32).

Based on the diffractograms, thermograms and Raman
and FT-IR spectra measured straight after freeze-drying, all
of the isomalt grades with different GPM:GPS mixing ratios
were successfully transformed into amorphous during the
freeze-drying process and they did not crystallize during the
process. The different isomer mixing ratios all exhibited only
one Tg, demonstrating that they are single phase systems. For
pure GPM and GPS isomers, Tgs of 65.8 and 55.0°C have
been previously measured with heating rate of 10°C/min (11).
Because of the differences in heating rates and in residual
water contents, the results are not comparable to those of
the current study. When the samples of this study were mea-
sured with standard DSC runs with the heating rate of 10°C/
min, the glass transition temperatures measured straight after
freeze-drying were more in line with those reported previously
(10). Despite this, the results from the modulated runs with
heating rate of 1°C/min showed the thermal events much
more clearly and precisely, and were thus presented in
Tables II and III. The Tg valuesmeasured with samples stored
in 2% RH having a low residual moisture contents were very
close to the previously reported literature values for pure
GPM isomer and for 1:1 mixture of GPM and GPS (10,11).
A Gordon-Taylor model has been previously plotted for
amorphous isomalt and experimental measurements with
isomalt containing up to approximately 22% (w/w) water
complied well with the theoretical Gordon-Taylor equation
values (35).

As seen in Table III, the 1:1 GPM:GPSmixture showed no
other events than a glass transition in any of the storage hu-
midity conditions tested, which demonstrates its excellent sta-
bility in the amorphous form. The 1:1 mixture behaves like a
single phase system since only one Tg and no other events are
detected in DSC analysis. It can be concluded to be the most
stable mix in the amorphous form out of the four isomer
compositions studied. The 1:1 ratio has been previously found
to be the most stable one, when blends of two excipients other
than isomalt where studied for their physical stability in the
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amorphous form (39). The favorable stability of the 1:1 mix-
ture was supposed to result from stabilization of molecular
interactions, which can be the case also with isomalt. The
1:3 GPM:GPS mixture also showed very good stability, al-
though when stored in 16% RH, exothermic events,
interpreted as crystallization, were observed on two stability
testing time points. Because crystallization is a stochastic phe-
nomenon, it is reasonable that crystallization was not observed
in all samples. In the thermal measurements of the 2:1
GPM:GPS mixture, an endothermic event was observed al-
ready when measured after freeze-drying and throughout the
storage stability testing in all humidity conditions. The posi-
tion of the endotherm varied slightly between the humidity
conditions but was consistently in the same area during the 1–
23 days of stability testing of a given humidity condition.
Given the area in which the endotherm was observed, be-
tween 55 and 85°C, and based on their appearance in the
modulated DSC measurements, the endotherms, showing as
non-reversing events, were concluded to be caused by evapo-
ration of water. Thermogravimetric analysis of the samples
showed loss of weight during heating starting approximately
at 50°C, but the difference in the heating rates and pan types
(open in TGA vs hermetically sealed in modulated DSC) of
the TGA and modulated DSC runs results in difference as to
where the water evaporation begins to occur. The 1:0
GPM:GPSmixture showed the most complex thermal behav-
ior. All of the samples showed a glass transition temperature,
indicating that the samples remained amorphous in all of the
humidity conditions, 2, 9 and 16% RH. Two endothermic
events, in some cases partly overlapping, were observed after
freeze-drying and throughout the storage stability studies. The
endothermic events were in the region between 60 and 100°C
and given the region, as with the 2:1 GPM:GPS mixture, the
non-reversing endothermic events were resulted from water
removal. When the mixture containing only GPM was stored
in the highest humidity condition, 16% RH, a clear and sharp
crystallization peak was seen around 100°C, which was not
present in the thermograms of the samples stored in 2 or 9%
RH. 1:0 GPM:GPS mixture adsorbed more water at higher
relative humidity and it crystallized readily during the slow
heating of the modulated DSC run. Based on literature,
amorphous isomalt, the diastereomer content of which was
not specified, has been observed to remain partly amorphous
for up to 25 days in very high relative humidity conditions
(80% RH), also suggesting that isomalt is relatively stable as
amorphous (40).

The water content measurements straight after freeze-
drying revealed that the different mixtures 1:3, 1:1, 2:1 and
1:0 GPM:GPS contained 3.1, 2.8, 0.8 and 0.5% of water,
respectively. The TGA measurements (data not shown)
showed that after freeze-drying the GPS containing mixtures
had a loss of weight profile occurring in two steps under
150°C, while the 1:0 GPM:GPS mixture showed only one

step. Weight loss at the given area is caused by water loss
and the TGA results indicate that the GPS containing mix-
tures contain water in two phases, one from which water is
easily removed after Tg, and one from which water requires
more energy to be removed, caused possibly by being part of
structures with some degree of order in the amorphous phase.
Because of this, the GPM:GPS mixtures containing GPS dry
inferiorly during freeze-drying compared to pure GPM iso-
mer. During storage, the mixtures with the highest GPS con-
tent, 1:3 and 1:1 GPM:GPS, became drier when stored in 2
and 9% RH, and retained approximately the same level of
water content when stored in 16%RH, when compared to the
results measured straight after freeze-drying. The mixtures
with high GPM content, 2:1 and 1:0 GPM:GPS, had a very
low water content after freeze-drying and it remained at the
same level when they were stored in 2% RH, but increased as
the humidity of the storage condition was higher, growing up
to 2.3 and 2.5%, respectively, during storage in 16%RH. The
pure isomers, GPS and GPM, in the amorphous form are
hygroscopic and adsorb large amounts of water, especially
when stored in high relative humidity conditions (41). The
hygroscopic nature of amorphous isomalt after freeze-drying
is evident in the water content measurements of the 2:1 and
1:0 GPM:GPS mixtures, which adsorbed water even when
stored in as low a humidity as 9% RH. Even though the
studied samples did not crystallize in room temperature dur-
ing the study period, the adsorbed water acts as a plasticizer
which promotes crystallization.

The PCA analysis of the spectral data during the storage
stability testing confirmed that no crystallization of the amor-
phous samples happened in any of the humidity conditions.
No trends of crystallization in the amorphous samples could
be seen in the PCA scatter plots of FT-IR or Raman spectra.
In both of the PCA models, there were trends in one or both
PC’s that separated crystalline and amorphous samples, it
would be along this axis that changes in crystallinity would
be expected to be observed. The amorphous GPM:GPS mix-
tures containing different ratios of the two diastereomers
formed a trend with increasing GPM content, even though
overlapping partly in the PCA plots. Samples stored in differ-
ent relative humidity conditions among all of the amorphous
samples of a given mixture were randomly situated compared
to one another and no trends of increasing humidity in the
storage conditions could not be noticed (Figs. 3b and 4b). It
would be expected that if crystallization were occurring at the
surface of the freeze dried particles the ATR-IR would detect
this over the Raman measurements as with the instruments
utilized in this study the Raman measures the bulk material
and the ATR-IR measures the particle surface in contact with
the ATR-IR crystal. Previously, crystallization of approx. 1:1
GPM:GPS mixture of amorphous isomalt (produced by melt-
ing) was tried to inhibit by adding oligomeric or polymeric
additives to isomalt, but it was noticed that pure isomalt
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samples had the least crystal growth compared to samples with
additives (42). This supports the good physical stability of
amorphous isomalt, especially the 1:1 GPM:GPS mixture,
proven in this current study.

The 1:0 GPM:GPS mixture remained amorphous and no
crystallization peaks were observed in thermograms when
stored in 2 and 9% RH. When stored in 16% relative humid-
ity, the mixture adsorbed higher amounts of water and was
more susceptible for crystallization during slow heating in
DSC, even though it still remained at least partly amorphous
in room temperature up to 23 days. According to Dr. Karin
Gehrich from BeneoPalatinit GmbH, moisture has an effect
on the crystallization tendency of isomalt and it can even un-
dergo cold crystallization in the presence of moisture (Karin
Gehrich, oral communication, 18th November, 2015). When
the FT-IR spectrum of the sample containing only GPM iso-
mer, stored in 16% RH, was measured after heating it in a
hermetically sealed DSC pan at 1°C/min to 110°C, a crystal-
line spectrum was observed. The slow heating rate made it
possible for the 1:0 GPM:GPS amorphous mixture to crystal-
lize at about 100°C. No crystallization happened when the
same sample was heated rapidly on a hot plate, nor did the
diffractograms, obtained from standard DSC runs with a
heating rate of 10°C/min, show any crystallization exotherms,
possibly due to the fact that the heating rate was too fast for
nucleation and subsequent crystallization to occur. It is noted
that no signs of the incipient instability of the 1:0 GPM:GPS
amorphous mixture stored in 16% RH, were seen in either
FT-IR or Raman PCA analysis. The X-ray powder
diffractograms measured from the 1:0 GPM:GPS samples
stored in 16% RHwith heating at 1°C/min to 115°C showed
only amorphous halos throughout the measurements up to
115°C, which suggests that either the crystals were too small
for the XRPD to detect or that the crystallization event is
sensitive to ambient moisture. The XRPD measurement was
an open system, where the sample was inevitably exposed to
moisture. The obtained crystalline FT-IR spectrum from the
slowly heated 1:0 GPM:GPS sample was consistent with
anhydrate forms of GPM isomer (Fig. 6). It could be conclud-
ed that the 1:0 GPM:GPS sample, stored in 16% RH,
remained predominantly amorphous during storage, however
slow heating in a hermetically sealed DSC pan resulted in
crystallization into the GPM anhydrate. This was not ob-
served for any of the other isomer combinations, further dem-
onstrating the stabilizing effect of the combination of the two
diastereomers.

Sucrose and trehalose are the most frequently used cryo-
and lyoprotecting sugar excipients in freeze-dried protein for-
mulations. Like isomalt, sucrose and trehalose can be trans-
formed from crystalline to amorphous with freeze-drying and
another important common feature which they share is that
they are all non-reducing sugars. Almost all disaccharides and
polyols used as protein stabilizing excipients in freeze-dried

formulations are non-reducing by nature because reducing
sugars can cause changes in the degree of glycation of proteins,
which can be harmful to the proteins and affect their biolog-
ical response. The physical stability of amorphous sucrose and
trehalose have been extensively studied and they have been
found to have good physical stability in the amorphous form
(43,44). Amorphous trehalose has been found to be more ro-
bust and have a lower crystallization tendency than amor-
phous sucrose (3). At 23°C and 33% RH amorphous sucrose
has been observed to crystallize after 10 days of storage.
Although isomalt was not studied in humidity conditions as
high as these, in 16%RH three out of the four studied isomalt
grades showed good physical stability in the amorphous form
during the whole study period of 23 days. Dry sucrose and
trehalose have Tgs of 70 and 121°C, respectively (45,46). The
Tgs of the four studied isomalt grades were lower than those of
sucrose and trehalose, although the Tg of GPM isomer (1:0
GPM:GPS) stored in 2% RH, with a water content of 0.5%
(w/w), had a Tg of approximately 64°C, very close to that of
dry sucrose. Unlike sucrose and trehalose, which are com-
prised of only one type on molecules, isomalt consists of a
mixture of two diastereomers. The advantage of isomalt is that
its properties can be altered by adjusting the diastereomer
ratio of GPS and GPM in the mixture, which is not possible
with sucrose or trehalose. This feature is already exploited
with crystalline isomalt when different isomalt grades are pro-
duced for specific application needs. The same could apply to
freeze-dried amorphous isomalt, because as seen by the results
of this investigation, the ratio of the two diastereomers has an
effect on their Tg, residual water content and physical stability
during storage.

CONCLUSION

This study represents a thorough analysis of the solid state
structure and behavior of crystalline and amorphous
GPM:GPS isomer mixtures using a range of complimentary
analytical techniques. Crystalline raw materials of the differ-
ent GPM:GPS isomer mixtures could be differentiated from
each other when studied with various analytical techniques.
All of the studied isomalt grades were successfully transformed
from crystalline to amorphous with freeze-drying. The differ-
ent GPM:GPS diastereomer mixtures behaved slightly differ-
ently during storage compared to one another. The amor-
phous mixtures containing 1:3, 1:1 and 2:1 GPM:GPS were
stable during storage, as no obvious signs of crystallinity were
observed. The amorphous isomalt grade containing only the
GPM isomer was stable when stored up to 23 days in the
lower humidity conditions, but during storage at 16% RH,
the excipient started to exhibit instability. Crystallization oc-
curred when the sample was heated slowly during thermal
analysis in hermetic conditions. Amorphous GPM
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transformed in situ to anhydrate when using sealed pans in
thermal analysis. Based on all of the findings of this study,
isomalt could be a suitable excipient for freeze-dried formula-
tions and it is all in all stable in the amorphous form when
stored in low relative humidity conditions. Based on the
DSC and FT-IR results obtained, preferably a mixture
containing both the GPM and GPS isomers should be
selected for freeze-drying based on its better stability.
Out of the four studied mixing ratios, the 1:1
GPM:GPS mixture, which behaved like a single phase
system, appeared to be the best one based on its phys-
ical stability in the amorphous form. A drug formulation
containing amorphous isomalt with only GPM diaste-
reomer would be risky because of its crystallization ten-
dency during storage if the residual water content of the
sample would be high. Isomalt could be a suitable ex-
cipient for freeze-dried formulations with small molecule
active pharmaceutical ingredients and based on its phys-
ical properties, isomalt has potential to be further stud-
ied as a novel excipient for lyophilized protein formula-
t ions . For thi s purpose though the cryo- and
lyoprotecting properties of isomalt should be thoroughly
investigated with different proteins in further studies.
The intravenous toxicity of isomalt must also be studied
before it could be used in freeze-dried formulations
intended for parenteral use.
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A B S T R A C T

The purpose of this research was to study isomalt as a protein-stabilizing excipient with lactate dehydrogenase
(LDH) during freeze-drying and subsequent storage and compare it to sucrose, a standard freeze-drying ex-
cipient. Four different diastereomer mixtures of isomalt were studied. The stability of the protein was studied
with a spectrophotometric enzyme activity test and circular dichroism after freeze-drying and after 21 days of
storage at 16% RH. Physical stability was analyzed with differential scanning calorimetry and Karl Fischer
titration. Statistical analysis was utilized in result analysis. LDH activity was almost completely retained after
freeze-drying with sucrose; whereas samples stabilized with isomalt diastereomer mixtures had a considerably
lower protein activity. During storage the sucrose-containing samples lost most of their enzymatic activity, while
the isomalt mixtures retained the protein activity better. In all cases changes to protein secondary structure were
observed. Isomalt diastereomer mixtures have some potential as protein-stabilizing excipients during freeze-
drying and subsequent storage. Isomalt stabilized LDH moderately during freeze-drying; however it performed
better during storage. Future studies with other proteins are required to evaluate more generally whether isomalt
would be a suitable excipient for pharmaceutical freeze-dried protein formulations.

1. Introduction

The number of proteins as active pharmaceutical ingredients in drug
preparations has increased during the last decade and it will continue to
grow in the future. Biological products accounted for 23% of worldwide
prescription and OTC sales in 2014, with the corresponding number
only 14% in 2006. The proportion is forecast to grow further, reaching
27% of all medicine sales worldwide in 2020 (EvaluatePharma, 2015).
Most of these biological products are monoclonal antibodies and re-
combinant products.

Because proteins are complicated and fragile molecules when it
comes to their production, storage, and administration, developing
protein pharmaceuticals is a challenge (Cromwell et al., 2006). Many
proteins are prone to chemical and/or physical degradation, which
makes their pharmaceutical formulation development difficult (Wang
et al., 2007). If stability of the protein in an aqueous liquid formulation
is a problem, often the best choice is a freeze-dried formulation. The
stability of proteins in freeze-dried (lyophilized) formulations is better
than in aqueous solutions because the degradation reactions can be
generally slowed down to such an extent that the protein drug will stay
stable for months or years (Chang and Pikal, 2009). The structure of
many proteins may change during freeze-drying, at least partially, if

they are not stabilized with excipients such as disaccharides or sugar
alcohols i.e., polyols (Ohtake et al., 2011), which are able to form an
amorphous phase during freeze-drying. This protects proteins from
freezing- and drying-induced degradation reactions. In addition, dis-
accharides and polyols may stabilize proteins after freeze-drying in the
dry state during storage. The excipients that are most commonly used
for this purpose in protein formulations are sucrose and trehalose
(Mensink et al., 2017; Schwegman et al., 2005).

Investigating new excipients that could be used as protective agents
in freeze-dried pharmaceutical protein formulations is highly important
because currently there are only a limited number of excipients that can
be used for this purpose. The excipients currently used are not always
able to stabilize all proteins sufficiently. Also, all stabilizing excipients
have their own downsides since even trehalose, which is considered as
the golden standard in protein stabilization and a good amorphous
stabilizer, has been observed to crystallize during storage under frozen
conditions (Singh et al., 2011; Sundaramurthi and Suryanarayanan,
2010). Because the number of protein drugs is going to increase in the
future, broadening the range of excipients used for their formulation
development is important.

Isomalt is a well-tolerated, non-toxic polyol, which is traditionally
used as a sweetening agent in the food industry and as a tabletting
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excipient for pharmaceutical purposes (Ndindayino et al., 2002; Sáska
et al., 2010; Sentko and Willibald-Ettle, 2012). Isomalt is included in
the British (BP), the European (PhEur) and the United States (USP-NF)
pharmacopoeias as well as in Japanese Pharmaceutical Excipients (JPE)
(British Pharmacopoeia Commission, 2015; European Pharmacopoeia
Online 9th Edition, 2017; United States Pharmacopeial Convention,
2014). Isomalt is a mixture of two stereoisomers, 6-O-α-D-glucopyr-
anosyl-D-sorbitol (1,6-GPS) and 1-O-α-D-glucopyranosyl-D-mannitoldi-
hydrate (1,1-GPM) (Sentko and Willibald-Ettle, 2012). The structures of
the diastereomers are presented in Fig. 1. The glass transition tem-
peratures of these stereoisomers are 66 °C for 1,1-GPM and 55 °C for
1,6-GPS (Cammenga and Zielasko, 1996). Isomalt does not belong to
the group of reducing sugars that may cause an alteration in the degree
of glycation of proteins in freeze-dried formulations during storage
(Leblanc et al., 2016).

Acute toxicity of isomalt has been studied in rats and the LD50 dose
was over 2500mg/kg b.w. with the intravenous and intraperitoneal
administration routes (Musch et al., 1973). The chronic toxicity of or-
ally administered isomalt as a part of diet has been studied in animals
and it was found to be a safe substance. It did not affect the mortality
rate of the animals, and there was no evidence of carcinogenicity, or
adverse effects on fertility, reproductive performance or development
(World Health Organization, 1987). Furthermore, no maternal toxicity
occurred and effects on embryonic, fetal development or reproductive
performance were not observed (Smits-Van Prooije et al., 1990;
Waalkens-Berendsen et al., 1990a,b; World Health Organization, 1987).
Isomalt has also been administered orally to humans. No significant
changes in serum levels of glucose, insulin, lactic acid, hemoglobin,
cholesterol, triglycerides, or high-density lipids were observed
(Thiebaud et al., 1984; World Health Organization, 1987). Hepatic and
renal function tests were within normal limits and no neurological and
cardiovascular changes were observed after oral administration (World
Health Organization, 1987).

To the best of our knowledge, no studies involving the use of isomalt
as a protein stabilizing excipient in freeze-dried formulations have been
published. The physical properties of isomalt and the fact that it is not a
reducing sugar make it an interesting excipient to be studied in this
context. Some polyols, such as mannitol and sorbitol, tend to crystallise
during freeze-drying and/or storage (Al-Hussein and Gieseler, 2012;
Costantino et al., 1998; Kadoya et al., 2010), which reduces their ability
to stabilize proteins. Previously, we have characterized the solid state
changes of isomalt and its diastereomer mixtures during freeze-drying
and storage in the absence of proteins (Koskinen et al., 2016). It was

found that crystalline isomalt could be transformed into the amorphous
form with freeze-drying, and that during storage at up to 16% RH
amorphous isomalt had good physical stability. The mixtures con-
taining both diastereomers of isomalt, GPM and GPS, remained physi-
cally more stable than a mixture containing only the GPM diastereomer.
The amorphous nature and good physical stability, which are important
qualities for protein-stabilizing sugar excipients, further increase the
interest of studying whether isomalt is able to stabilize proteins during
freeze-drying and storage.

The aim of this study was to investigate the ability of isomalt, in
four different diastereomer ratios, to stabilize proteins during freeze-
drying and subsequent storage with the model protein lactate dehy-
drogenase (LDH). The cryo- and lyostabilizing effects of isomalt mix-
tures are evaluated by protein activity measurements and secondary
structure analysis. LDH is a widely used model protein in freeze-drying
related protein studies, and its activity can be quantified with a simple
spectrophotometric in vitro-test (Chatterjee et al., 2005; Cochran and
Nail, 2009). Sucrose, a traditionally used cryo- and lyoprotecting ex-
cipient in freeze-dried protein formulations, was used as a reference in
this study. The chemical structure of sucrose is presented in Fig. 1. In
addition to the fact that sucrose is a relevant reference material because
of its wide use in lyophilized protein pharmaceuticals, it also shares
some similar physicochemical properties with isomalt, such as mole-
cular mass, glass transition temperature, solubility in water at higher
temperatures (over 50 °C), heat of fusion, heat of solution, and viscosity
and water activity of aqueous solutions (Sentko and Willibald-Ettle,
2012).

2. Materials and methods

2.1. Materials

L-Lactic dehydrogenase from rabbit muscle in ammonium sulfate
suspension (product number L2500), sucrose (product number 16104),
and tris(hydroxymethyl)aminomethane (TRIS) (product number
T6066) were acquired from Sigma-Aldrich Co. (St. Louis, Missouri,
USA). One molar HCl (product number 30024.290) was obtained from
VWR (Radnor, Pennsylvania, USA). Four different grades of isomalt
(galenIQ™ 721, galenIQ™ 720, Isomalt GM and pure GPM-stereoisomer)
were kindly donated by Beneo-Palatinit GmbH (Germany). By using the
four supplied isomalt grades, the GPM-content of the freeze-dried
samples was varied from 23.5 to 99% with the GPS-content varying
from 0.0 to 75.7%. Thus approximate GPM:GPS isomer ratios of 1:3

Fig. 1. The structures of a) GPM and b) GPS (the two dia-
stereoisomers of isomalt, together comprising the polyol
excipient) and c) sucrose.
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(galenIQ™ 721), 1:1 (galenIQ™ 720), 2:1 (Isomalt GM), and 1:0 (pure
GPM-stereoisomer) could be studied. Highly purified water (Milli-Q,
Millipore Inc., USA) was used in all of the studies.

The chemical formula of sucrose is C12H22O11 and those for isomalt
are C12H24O11 and C12H24O11·2H2O for the anhydrous and dihydrate
forms, respectively. The molecular structures of sucrose and isomalt
diastereomers share a common group, a glucose monomer and they
have a similar molecular mass (Fig. 1). Besides a glucose ring, sucrose
has a fructose ring in its structure, whereas GPM and GPS isomers
contain mannitol and sorbitol monomers instead of fructose, respec-
tively.

2.2. Preparation of the LDH solutions, freeze-drying and stability studies

The acquired LDH suspension was initially dialyzed in 0.5M TRIS-
HCl buffer solution (pH 7.4) to remove the ammonium sulfate prior to
its use. This involved diluting 8ml of the LDH ammonium sulfate sus-
pension with 8ml of TRIS-HCl buffer and transferring the suspension to
a Spectra/Por ® Biotech regenerated cellulose dialysis membrane, with
molecular weight cut off 25 000 Da (Spectrum Laboratories Inc, Rancho
Dominguez, California, USA). The membrane had previously been
pretreated by soaking in purified water for 25min. The resulting pro-
tein solution was dialyzed for 24 h in TRIS-HCl buffer and the buffer
was replaced three times during the dialysis.

The dialyzed protein solution was diluted with 0.5 M TRIS-HCl
buffer to produce a solution with an LDH concentration of 0.5 mg/ml.
The concentration of the dialyzed protein stock solution was de-
termined spectrophotometrically with UV-1600PC Spectrophotometer
(VWR, Radnor, Pennsylvania, USA) at 280 nm. The different isomalt
grades or sucrose were added to the protein solution to produce a
100mg/ml concentration of excipients, thus corresponding a 1:200
protein/excipient ratio. Protein solution with no added sugar excipient
was also produced. Each of the produced solutions (1 ml) was pipetted
into 20ml freeze-drying vials and freeze-dried using a Lyostar II freeze-
dryer (SP Industries Inc., Warminster, USA). The vials were first equi-
librated at 20 °C for 10min and then at 0 °C for 30min. The samples
were then frozen at −40 °C for 2 h. The freezing ramp rate was 1 °C/
min. Primary drying was performed with a shelf temperature of −30 °C
and pressure of 150mTorr for 18 h. Secondary drying was carried out
by heating the chamber 0.1 °C/min to 35 °C, while retaining the pres-
sure at 150mTorr. Maintaining the pressure in the same level during
primary and secondary drying was found to work with isomalt samples
in a previous study (Koskinen et al., 2016). After the freeze-drying cycle
was complete, the chamber temperature was lowered from 35 °C to
25 °C and the chamber was filled with N2 gas to bring the pressure
inside the chamber back to atmospheric pressure. The vials were then
stoppered in the N2 atmosphere inside the chamber by compression
before opening the chamber door.

The vials intended for storage stability studies were transferred into
a desiccator containing a saturated salt solution of lithium chloride,
thus producing a relative humidity of approximately 16%. In our pre-
vious study even this low relative humidity condition was observed to
cause stress to the physical stability of freeze-dried isomalt samples
stored in the desiccator without stoppers (Koskinen et al., 2016), and
was thus chosen to this current study. The vials were opened inside the
desiccator and were stored without stoppers at ambient temperature of
approximately 22 °C. The humidity percentage inside the desiccator
was monitored with a Tinytag data logger (Gemini Data Loggers, Chi-
chester, United Kingdom). The samples were stored in the desiccator for
21 days.

2.3. Protein activity measurements

LDH activity was measured using a lactate dehydrogenase activity
assay kit (product number MAK066) acquired from Sigma-Aldrich Co.
(St. Louis, Missouri, USA). The freeze-dried samples were first

rehydrated with 1ml of purified water and then diluted to an LDH
concentration of 0,005mg/ml and pipetted into a Nunc MicroWell 96-
well plate (Thermo Fisher Scientific, Massachusetts, USA), after which
the reagents of the activity assay kit were added to the wells. The
measurements were performed at 37 °C with a Varioskan Flash spec-
trophotometer (Thermo Fisher Scientific, Massachusetts, USA) and the
readings were collected with SkanIt software (Thermo Fisher Scientific,
Massachusetts, USA). Each sample was studied in triplicate from dif-
ferent vials (n= 3) and two parallel wells were made from each vial.
Thus the protein activity results are presented as mean values of six
measurements. The mean well-to-well variation between duplicate
samples was 14,21% (minimum 0,09%, maximum 81,41%). LDH ac-
tivity was measured before freeze-drying, after freeze-drying and after
3 weeks of storage. LDH activity of the lyophilized samples was com-
pared to the activity of unprocessed LDH by calculating the relative
activity remaining after processing.

2.4. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was used to monitor the
thermal behavior and solid state properties of the lyophilized samples
and raw materials. The freeze-dried LDH samples were studied after
freeze-drying and after 3 weeks of storage. Approximately 3–7mg of the
sample was transferred in an aluminum DSC pan and closed with a
pierced lid to allow free water evaporation during measurements. Each
sample was made in triplicate and the samples were taken from dif-
ferent vials (n= 3). The DSC experiments were carried out by first
equilibrating the samples at 25 °C for 3min and then heating them at
10 °C/min to 180 °C for isomalt samples, or to 160 °C for sucrose sam-
ples, in order to avoid sample spillage from the pans. The runs were
carried out under 50ml/min N2 purge. The results were analyzed with
STARe Thermal Analysis Software (Mettler-Toledo International Inc.,
Greifensee, Switzerland).

2.5. Circular dichroism

Circular dichroism (CD) was used to study if the secondary structure
of LDH changes during freeze-drying or storage. The freeze-dried
samples were rehydrated with 1ml of purified water and diluted to one
fifth of the original concentration. The CD spectra of the samples were
measured with a Jasco J-720 spectrometer (Jasco Inc., Easton,
Maryland, USA). Samples were scanned in the far UV range from 200 to
250 nm at a speed of 50 nm/min, an increment of 1 nm and a response
time of 1 s. A quartz cuvette with a path length of 1mm was used and
each final spectrum was an averaged from three consecutive scans. The
spectra were smoothed with a Savitzky-Golay function using a con-
volution width of 13 points. The measured average ellipticity was
converted to mean residue ellipticity (MRE) ([θ]mrw,λ
[deg cm2 dmol−1]) using the equation (Kelly et al., 2005)

=[θ] (MRW·θ )/(10·d·c)mrw,λ λ

where MRW was mean residue weight, using 111.2 g/mol for the stu-
died protein, θλ was the measured average ellipticity, d was pathlength
(cm), and c was concentration (g/ml). The CD spectrum of LDH was
measured before freeze-drying, after freeze-drying, and after 3 weeks of
storage. Also the spectrum of denatured LDH was measured after
equilibrating it for 10min with 1M HCl. In addition to that, the ex-
cipient solutions without LDH were studied in order to verify that the
excipients did not interfere with the CD spectrum of LDH in the studied
UV region.

2.6. Water content measurements

The residual water content of the freeze-dried LDH samples was
measured with Karl-Fischer titration (KF). The measurements were
carried out after freeze-drying and during storage with a V30
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Volumetric KF Titrator (Mettler-Toledo International Inc., Greifensee,
Switzerland). The KF measurements were conducted from the same
sample vials as the DSC experiments. Rubber stoppers were im-
mediately placed on the vials when taking them out of the desiccator
and all possible steps were taken to minimize ambient moisture uptake
between DSC and KF analyses, specifically the vials were stoppered
immediately after taking out powder samples from the vials and the
analyses were conducted as rapidly as possible. The lyophilization vial
was weighed, the residual sample amount was poured into the KF ti-
tration vessel and the vial was weighed yet again to calculate the
sample mass. The water content results are presented as an average of
three sample vials.

2.7. Statistical analysis

Results obtained from the LDH activity measurements were ana-
lyzed using independent samples Kruskal-Wallis test. The analyses were
performed on the results of different sample vials (n= 3) of each
treatment (unprocessed, freeze-dried without sugars or freeze-dried
with isomalt/sucrose). Analyses were performed using IBM SPSS
Statistics software version 23.0 (IBM Corp., Armonk, NY, USA). For all
analyses, p-values of< 0.05 were considered to be statistically sig-
nificant.

3. Results and discussion

3.1. Secondary structure

CD spectroscopy was performed on the unprocessed protein as well
as on the freeze-dried protein formulations with excipients before and
after storage. The measured CD spectrum of unprocessed LDH with its
two ellipticity minima at around 209 and 222 nm agree well with
previous CD studies of LDH (Kouassi et al., 2007; Mi et al., 2002; Mi and
Wood, 2004). Based on the CD spectroscopy measurements, the sec-
ondary structure of LDH freeze-dried with sugar excipients was altered
to some extent (Fig. 2a, b). However, an absence of isomalt or sucrose
precipitated more significant LDH secondary structure changes, dis-
played as a higher increase in MRE. A reference CD spectrum of non-
lyophilized LDH denatured with HCl shows a complete destruction of
the secondary structure of LDH. Overall, both isomalt and sucrose had a
significant effect in preserving the secondary structure of LDH during
lyophilization. All LDH samples with different sugar excipients had a
very similar CD spectrum. As such, no clear differences could be re-
solved in the secondary structure of LDH stabilized with either different
isomalt grades or sucrose (Fig. 2a).

The CD spectra of isomalt- and sucrose-containing samples after
3 weeks of storage were slightly altered, suggesting that some changes
to the LDH secondary structure occurred during storage (Fig. 2c–f). The
two ellipticity minima around 209 and 222 were not as distinct as in the
spectra of both untreated LDH and lyophilized samples with sugars
before storage. As an example of the samples having the most changes
during storage, the CD spectra of LDH with 1:1 GPM:GPS and sucrose
before and after storage are illustrated in Fig. 2e and f. The pre-
dominant secondary structure of LDH is α-helix with 39.2% of the re-
sidues in this conformation, 22.4% in β-sheet conformation and 38.4%
in other secondary structures (Kouassi et al., 2007). Loss in ellipticity
observed with LDH both after freeze-drying and after storage with and
without the sugars resulted in decrease in the α-helix content and in-
crease in the content of β-sheet and other conformations (Kouassi et al.,
2007). When comparing the spectra of after-storage samples containing
different isomalt grades or sucrose to one another and to the spectrum
of unprocessed LDH, only small differences could be observed between
the excipients. After storage, the isomalt grade containing a ratio of 1:3
GPM:GPS had the smallest increase in MRE compared to the spectrum
of unprocessed LDH, and the spectrum of 1:1 GPM:GPS had the highest
increase in MRE. The spectra of two other isomalt grades, 2:1 and 1:0

GPM:GPS, and sucrose were in between the former two in regards to
their increase in MRE. Based on this, the isomalt grade with a 1:1
GPM:GPS ratio did not preserve the secondary structure of LDH during
storage as well as the other isomalt grades or sucrose. Because the
differences between isomalt and sucrose were overall quite small, it can
be concluded that during freeze-drying and subsequent storage at 16%
RH isomalt and sucrose preserved the secondary structure of LDH
equally well.

3.2. Protein activity

The measured LDH activity of samples lyophilized with sugars
varied depending on the excipient. Samples containing sucrose as the
stabilizing excipient had the highest LDH activity after freeze-drying
(Fig. 3). The four different isomalt grades showed slight variation be-
tween the GPM:GPS diastereomer mixtures, the 1:3 GPM:GPS samples
having the highest LDH activity after lyophilization. During storage, the
LDH activity decreased in all samples with sucrose-containing samples
having the highest absolute loss in LDH activity.

The enzymatic activities of different samples were analyzed with
Kruskal-Wallis test to observe statistically relevant differences between
the groups. A difference was observed between groups of different
treatments before the storage period (p < 0.0004). Based on the re-
sults of LDH activity results and statistical analysis, sucrose stabilized
LDH best and samples stabilized with isomalt or containing no sugar
excipients showed lower protein activities compared unprocessed LDH
and sucrose-containing samples.

During storage LDH activity decreased in all samples. Sucrose-con-
taining samples had the highest absolute loss in LDH activity during
storage, from 95.6 to 37.2% (relative to unprocessed LDH activity).
Between different isomalt grades the variation in LDH activity loss was
relatively small, though 2:1 GPM:GPS-containing samples retained their
LDH activity the best, the loss being only 1.5% units, from 52.1% before
storage to 50.6% after storage. Compared to the samples containing no
stabilizing excipients, all sugar-containing samples retained a higher
level of LDH activity after storage. When no sugars were included in the
sample, LDH activity was lost almost completely with only 10.9% re-
maining after storage (Fig. 3). As in the case of statistical analysis of
pre-storage results, Kruskal-Wallis test observed a difference between
the different groups after the storage period (p=0.006). Unprocessed
LDH was not included in the analysis, so only post-storage activity re-
sults of freeze-dried samples were compared to each other. This sug-
gests that some or all sugar excipients stabilized LDH better compared
to samples containing no isomalt/sucrose.

In previous studies, when LDH has been freeze-dried without any
stabilizing excipients, LDH activity recoveries between 22.2 and 68.5%
have been recorded, and the remaining LDH activity after lyophiliza-
tion of 40.9% observed in this current study falls in the middle range of
these previous observations (Anchordoquy et al., 2001; Kadoya et al.,
2010; Luthra et al., 2007). The concentration of LDH itself also has an
effect on its recovery after lyophilization, for it has been observed that
as the concentration increases, the remaining LDH activity also in-
creases progressively (Anchordoquy and Carpenter, 1996). In a pre-
vious study, the recovery of LDH increased approximately from 20 to
55% as the LDH concentration was varied between 25 and 500 μg/ml,
respectively (Anchordoquy and Carpenter, 1996). Primary drying does
not appear to be a critical step in the freeze-drying process of LDH, for
no activity loss was observed even in the absence of any stabilizing
excipients, thus secondary drying seems to be the critical phase in the
lyophilization process with respect to retaining LDH activity (Jiang and
Nail, 1998; Luthra et al., 2007).

The difference between sucrose and the four isomalt grades in their
stabilizing effects during lyophilization are better resolved from the
LDH activity measurements than from the CD spectroscopy measure-
ments. The ability of sucrose to preserve a higher activity level of LDH
during freeze-drying was not observed in the CD spectra when
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comparing sucrose to isomalt, for their spectra were very similar
compared to each other. LDH freeze-dried without sugar excipients had
the lowest remaining activity after freeze-drying and this confirms the
CD spectroscopy results, which indicated greater alterations in the
secondary structure of LDH lyophilized without sugars.

The observed loss in LDH activity during storage in samples con-
taining sugars is confirmed by the CD spectroscopy results as the
spectra measured after storage lost some of their shape in the two el-
lipticity minima compared to pre-storage spectra. The better ability of
isomalt to stabilize LDH during storage compared to sucrose observed
from the results of protein activity measurements did not show as clear
differences in their CD spectra measured after storage. Based on the
measured CD spectra, the loss in activity during storage was partly due
to alterations on the secondary structure of LDH, but also other factors
presumably had an effect on the loss of protein activity, especially in
the case of LDH stabilized with sucrose, which lost most of its activity
during storage. Aggregation is one of the most important reasons to
cause physical instability to proteins and it may be one possible reason
of causing loss in activity during storage in this present investigation
(Wang et al., 2007).

Out of all the studied excipients, sucrose was the best cryo- and
lyostabilizing excipient. All isomalt grades stabilized LDH during
freeze-drying producing higher LDH activity values compared to LDH
freeze-dried without any sugar excipients, 1:3 GPM:GPS stabilizing LDH
best out of the different isomalt grades. Especially during storage, the
protein stabilizing effects of different isomalt grades were observed.
The protein samples containing isomalt preserved LDH activity better
during storage compared to the samples without any sugar excipients.
Sucrose has been used as a cryo- and lyostabilizing excipient with LDH
in previous studies, and as in this current study, sucrose has been able
to successfully retain a high LDH activity after freeze-drying and it is
also observed to stabilize LDH after freeze-thawing (Anchordoquy et al.,

Fig. 2. The CD spectra of a) LDH samples after freeze-drying
with zoom in (b), c) LDH samples after 3 weeks of storage at
16% RH with zoom in (d), LDH before and after storage
with e) 1:1 GPM:GPS and f) sucrose. Reference spectra of
unprocessed LDH in water and denatured LDH in HCl are
included. aNon-lyophilized samples blyophilized samples.

Fig. 3. Relative LDH activity after freeze-drying (solid bars) and after storage (dashed
bars) with and without sugar excipients (mean ± sd).
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2001; Kadoya et al., 2010; Luthra et al., 2007). Sucrose in concentra-
tions of 0.025mol/l, 0.1 mol/l and 0.5mol/l with an LDH concentra-
tion of 0.25mg/ml, thus corresponding approximate protein/excipient
ratios of 1:34, 1:137 and 1:685, retained 60.4%, 87.1% and 84.7% LDH
activity after freeze-drying, respectively (Anchordoquy et al., 2001). In
another study, 50mg/ml sucrose resulted in almost complete LDH ac-
tivity recovery after freeze-drying (94.0%), but lower concentrations
(0.05, 0.5 and 5mg/ml) resulted in no stabilization or only partial
activity recovery (Luthra et al., 2007). Unfortunately, the ratio of
protein to excipient cannot be calculated, as the LDH concentration of
the samples was not specified. In the current study, all of the studied
sugars stabilized the protein against destabilizing effects of moisture
during storage better than when no sugars were included in the sam-
ples. Isomalt performed better than sucrose during storage, for the loss
in LDH activity in samples containing different isomalt grades was only
moderate compared to sucrose-containing samples. The protein activity
of samples stabilized with sucrose decreased considerably during sto-
rage as a result of the effect of moisture. In a previous study, at high
storage temperatures (40 or 60 °C) sucrose with a protein/excipient
ratio of 1:1 000 was not able to stabilize LDH when the moisture con-
tent of the samples was high (5.6% w/w), but at a lower storage tem-
perature of 20 °C it performed well as a stabilizing excipient, retaining
LDH activity in the same level before and after 90 days of storage
(Kawai and Suzuki, 2007). Compared to these previous results, the in-
ferior ability of sucrose to stabilize LDH during storage in this current
study can result from the five times lower protein/excipient ratio used
in this study. A very high protein/excipient ratio of sucrose (1: 2000)
has been found to stabilize LDH at a high storage temperature of 50 °C
during a 7-day storage period (Kadoya et al., 2010).

The mechanisms by which disaccharides and polyols stabilize pro-
teins during the stresses caused by lyophilization have been widely
studied, although the discovered mechanisms are not universally ap-
proved and are still under more in-depth investigation. Multiple dif-
ferent mechanisms have been found to affect protein stabilization. In
liquid state and during the freezing stage of lyophilization, sugars and
polyols stabilize proteins by the preferential exclusion mechanism,
which means that the stabilizing excipients are preferentially excluded
from the surface of the protein as the protein molecules prefer to in-
teract with water molecules (Timasheff, 1998). This thermo-
dynamically stabilizes multimeric proteins, like LDH, against stress-in-
duced dissociation, because LDH can undergo low-temperature-induced
subunit dissociation that leads to irreversible structural changes
(Anchordoquy et al., 2001; Jaenicke, 1990). A high concentration of
sucrose or isomalt used in this current study increases the viscosity of
the solutions, which can also stabilize LDH during the freezing stage by
restricting diffusion of the solute molecules and minimizing the rate of
chemical reactions (Hagen et al., 1995). During freeze-drying, sucrose
and isomalt are transformed from crystalline excipients to amorphous
(Carstensen and Van Scoik, 1990; Koskinen et al., 2016), which enables
them to stabilize LDH during the drying stage of lyophilization by
forming a glassy matrix, in which the protein is stabilized by reduction
of conformational changes and by conformational relaxation (Hagen
et al., 1995). The formation of a viscous glassy matrix is considered to
be one of the most important stabilization mechanisms of sugars and
polyols in general (Hagen et al., 1995; Kadoya et al., 2010). Despite
this, according to one previous study, it appears that formation of a
glassy matrix is not important for protection of LDH during freezing
(Anchordoquy et al., 2001). According to another previous study, pre-
ferential exclusion during freezing and vitrification during drying
combined with water substitution might explain how sucrose is able to
stabilize LDH during freeze-drying (Luthra et al., 2007). Another im-
portant stabilization mechanism of sugars is hydrogen bonding (Allison
et al., 1999). Sucrose, along with other sugar excipients, is able to
hydrogen-bond to dried proteins, and because of this they are able to
inhibit the loss of LDH activity during dehydration by preventing pro-
tein unfolding (Anchordoquy et al., 2001). Isomalt and sucrose share

one common group, a glucose monomer, in their structures (Fig. 1).
Besides a glucose ring, sucrose has a fructose ring in its structure,
whereas GPM and GPS isomers contain mannitol and sorbitol mono-
mers instead of fructose. The differences in hydrogen bond formation
between isomalt or sucrose and a protein therefore result from the latter
part of the structures. Both isomalt and sucrose contain OH-groups that
can hydrogen bond to proteins. Theoretically, sucrose and isomalt could
both stabilize LDH by hydrogen bond formation equally well, but since
protein stabilization mechanisms are still under speculation, hydrogen
bond formation is only one of many mechanism behind protein stabi-
lization. According to Allison et al. (1999) hydrogen bonding efficiency
between proteins and sugars varies according to their structures, and
differences between sugars in their ability to stabilize proteins may be
partially due to differences in the extent and intimacy of hydrogen bond
formation. Despite similarities in the molecular structures of sucrose
and isomalt, it cannot be excluded that differences in the extent and
intimacy of hydrogen bond formation to LDH could exist. This may be
one explanation why sucrose stabilized LDH better than isomalt during
freeze-drying.

3.3. Physical properties

The freeze-dried samples did not have a perfect cake structure. In
particular, the samples containing sucrose and isomalt in 1:3 or 1:1
GPM:GPS ratios had collapsed, suggesting that the freeze-drying cycle
could have been further optimized. The protein activity after freeze-drying
increased in the order; without sugar/polyol < 1:1 GPM:GPS < 1:0
GPM:GPS < 2:1 GPM:GPS < 1:3 GPM:GPS < sucrose. Therefore de-
spite their collapse during lyophilization, samples containing sucrose and
1:3 GPM:GPS had the highest protein activities. In previous studies with
collapsed lyophilizates it was observed that collapse during freeze-drying
did not negatively affect stability, and even better protein stability was
observed in collapsed cakes compared to non-collapsed (Fonte et al., 2014;
Schersch et al., 2010). After storage, the LDH activity had decreased the
most relative to pre-storage activity in the order; without sugar/
polyol > sucrose > 1:3 GPM:GPS > 1:0 GPM:GPS > 1:1 GPM:GPS
> 2:1 GPM:GPS. Based on this, it may be possible that the observed
collapse during freeze-drying in samples containing sucrose, 1:3 GPM:GPS
and 1:1 GPM:GPS may have had a negative effect on their storage stability,
although in a series of studies with several proteins, including LDH, it was
observed that lyophilizate collapse during freeze-drying did not negatively
affect protein stability even during long-term storage; however collapse
during storage was associated with decreased protein stability (Schersch
et al., 2010, 2013, 2012). No additional collapse was observed in this
current study during storage.

The freeze-dried samples were studied with DSC before and after
storage to study their solid state properties, including confirming
whether they were amorphous or crystalline. All samples measured
after freeze-drying and 3weeks of storage exhibited a glass transition
temperature (Tg). This and the absence of a crystallization exotherm
and a melting endotherm suggest that they were amorphous after
freeze-drying and remained so during the 3 weeks of storage at 16% RH
(Table 1). The samples containing sucrose had the highest Tg (63.5 °C)
after freeze-drying. After storage the Tg was approximately 10 °C lower
(53.7 °C) due to the moisture content rising from 1.9% before storage to
3.0% after storage. A Tg of 68.5 °C has previously been measured for
pure, dry sucrose (Urbani et al., 1997).

The Tg of samples containing isomalt varied depending on the ratio
of GMP and GPS. After freeze-drying, the samples containing a 1:3 ratio
of GPM and GPS had the lowest Tg of 40.3 °C, and the Tgs of other
isomalt grades were 49.3, 51.5 and 58.9 °C for samples containing 1:1,
2:1 and 1:0 GPM:GPS ratios, respectively. As might be expected, and
also observed in a previous study with amorphous isomalt (Koskinen
et al., 2016), the samples’ residual moisture contents had an effect on
their Tgs: as the Tg of isomalt samples grew higher, their moisture
contents decreased. After freeze-drying, residual moisture contents of
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3.6, 3.1, 2.6 and 2.2% were recorded for the 1:3, 1:1, 2:1 and 1:0
GPM:GPS ratios, respectively. The Tgs of pure isomalt grades have been
studied previously, with values of 42.4, 51.4, 54.4 and 62.4 °C being
reported for the 1:3, 1:1, 2:1 and 1:0 ratios of GPM:GPS, respectively
(Koskinen et al., 2016).

During storage at 16% RH, the water contents of the samples in-
creased by 0.4–1.1 percentage units (Table 1). Consequently, the Tgs
after storage were lower than pre-storage values, at 36.7, 40.5, 45.1 and
48.7 °C for the 1:3, 1:1, 2:1 and 1:0 GPM:GPS ratios, respectively. In a
previous study, freeze-dried pure isomalt samples containing the
GPM:GPS ratios of 1:3, 1:1, 2:1 and 1:0 and stored at 16% RH for
23 days exhibited Tg values of 39.3, 41.5, 43.3 and 45.3 °C, respectively
(Koskinen et al., 2016).

Compared to the pure isomalt samples in similar storage conditions,
which exhibited crystallization peaks in the thermograms of 1:3 and 1:0
GPM:GPS samples (Koskinen et al., 2016), no other thermal events,
except dehydration, were detected after storage in the measured ther-
mograms of this current study. The isomalt Tg and moisture content
changes during storage did not predict the changes observed in LDH
stability during storage. Having said this, the 2:1 GPM:GPS mixture,
which stabilized the protein best, exhibited a modest decrease in Tg and
rise in residual water content when compared to sucrose samples, the Tg

of which decreased markedly with a concurrent large increase in water
content, suggesting that the protein stability could partly be due to
changes in physical stability.

Isomalt diastereomer mixtures and sucrose are crystalline before
lyophilization (Carstensen and Van Scoik, 1990; Koskinen et al., 2016).
The crystallinity of the isomalt/sucrose and TRIS mixtures before
freeze-drying was confirmed by performing DSC on the mixtures of the
different unprocessed isomalt grades and sucrose mixed with TRIS
(Table 2). Sucrose and TRIS exhibited only one peak at 135.7 °C (below
the maximum measured temperature of 160 °C), which was appointed

as melting of TRIS since we measured also pure TRIS, which exhibited a
melting peak at 138.8 °C (onset 134.4 °C). A melting point of 191.5 °C
has previously been measured for D-sucrose, although it also starts to
decompose around this temperature (Hurtta et al., 2004). Out of the
four different isomalt mixtures, 1:3, 1:1, and 1:0 GPM:GPS showed
three endothermic peaks, while 2:1 GPM:GPS showed two peaks
(Table 2). All four isomalt and TRIS mixtures had a melting peak of
TRIS at approximately 135 °C. Previously, for pure isomalt diaster-
eomer mixtures endotherms around 100 °C were interpreted as dehy-
dration (observed with 1:3, 1:1 and 2:1 GPM:GPS), endotherms at
128 °C-135 °C as dissolution of anhydrous GPM and GPS (observed with
1:1 and 2:1 GPM:GPS), an endotherm at 151 °C as melting of anhydrous
GPM and GPS (observed with 1:3 GPM:GPS), an endotherm at 112 °C as
melting of GPM dihydrate (observed with 1:0 GPM:GPS), and an en-
dotherm at 127 °C as dissolution/melting of GPM anhydrate (observed
with 1:0 GPM:GPS) (Koskinen et al., 2016). In the present study, the
endotherms recorded below 100 °C for all isomalt and TRIS mixtures
are likely due to dehydration based on their shape and temperature
range. The other peaks at 129.8 °C (1:3 GPM:GPS), 128.2 °C (1:1
GPM:GPS), and at 109.7 °C (1:0 GPM:GPS) can be due to similar events
as observed in the thermograms of their pure diastereomer counterparts
listed above (Koskinen et al., 2016). Having said this, appointing the
cause of the endotherms is not completely undisputable, given that the
samples are mixtures of two excipients, which can have an interaction.

The different isomalt samples remained physically stable during the
storage period, which is likely to be one of the reasons why isomalt
mixtures were able to stabilize the protein activity during storage. Also,
in previous studies, amorphous isomalt has exhibited high physico-
chemical stability at different humidities and temperatures, which
supports its potential as a freeze-drying excipient in protein formula-
tions (Koskinen et al., 2016; Lipiäinen et al., 2016).

The inferior ability of sucrose to preserve enzymatic activity of LDH
during storage may be due to a number of reasons. The alterations in
secondary structure of LDH, as revealed by CD, explain partly why
sucrose was unsuccessful in preserving LDH activity during storage. The
Tg of sucrose-containing samples decreased from 63.5 to 53.7 °C, which
can also reflect decrease in LDH stability, as reduced protein stability
may be linked with the decrease of Tg closer to storage temperature.
This is because a lower product Tg enables greater protein molecular
mobility and thus increases protein reactivity (Chang et al., 2005a;
Pikal et al., 1991). High hydrogen bond formation between freeze-dried
amorphous sucrose and LDH has been observed to result in efficient
protein stabilization during storage, which deteriorated when the
crystalline nature of sucrose increased (Suzuki et al., 1999). In this
current study however, the DSC measurements did not indicate crys-
tallization of sucrose (no crystallization peak was observed), which
would have been a clear reason for inefficient stabilization during
storage. Since amorphous sucrose is hygroscopic (Carstensen and Van
Scoik, 1990), the moisture content of the samples was increased during
storage and this may also have an inferior effect on the protein stability.
Due to an increase in the water content, the viscosity of the amorphous
phase of sucrose samples might have been decreased and consequently
protein degradation rate could have increased. On the other hand, si-
milar moisture contents have been found to be optimal for protein

Table 1
Glass transitions and residual water contents (mean ± sd, n=3).

Tg (midpoint) Residual water content

[°C] (w/w)

1:3 GPM:GPS
After freeze-drying 40.3 ± 2.2 3.6%
After storage 36.7 ± 1.8 4.0%

1:1 GPM:GPS
After freeze-drying 49.3 ± 1.3 3.1%
After storage 40.5 ± 3.9 3.8%

2:1 GPM:GPS
After freeze-drying 51.5 ± 4.3 2.6%
After storage 45.1 ± 2.7 3.2%

1:0 GPM:GPS
After freeze-drying 58.9 ± 1.9 2.2%
After storage 48.7 ± 3.1 2.8%

Sucrose
After freeze-drying 63.5 ± 2.4 1.9%
After storage 53.7 ± 2.9 3.0%

Table 2
DSC thermal events observed for unprocessed isomalt/sucrose and TRIS mixtures.

Endotherm 1 Endotherm 2 Endotherm 3

Onset [°C] Peak [°C] Onset [°C] Peak [°C] Onset [°C] Peak [°C]

1:3 GPM:GPS 69.7 90.7 121.1 129.8 133.3 135.7
1:1 GPM:GPS 70.6 87.1 118.2 128.2 133.8 135.8
2:1 GPM:GPS 83.8 96.6 133.2 135.4 – –
1:0 GPM:GPS 72.3 103.8 104.7 109.7 132.9 135.5
Sucrose 133.0 135.7 – – – –
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stability in a sucrose-containing IgG1 antibody formulation (Chang
et al., 2005b), so the effect of moisture uptake is not straightforward. In
a previous study, it has been observed that the residual moisture of the
protein sample has an effect on the activity of freeze-dried LDH. High
residual moisture was associated with high relative activity after freeze-
drying, with a residual moisture of 20% or higher yielded almost 100%
relative activity of lyophilized LDH (Jiang and Nail, 1998). In the study
however, the protein was freeze-dried in buffer solution without any
other excipients. Moisture contents as high as these can cause other
stability problems in a freeze-dried protein formulation containing
stabilizing excipients during storage because in the solid state water can
act as a reactant and also dramatically lower the Tg of the formulation
(Chang et al., 2005b). In this current study, residual water contents of
only 1.4–3.6% were measured after freeze-drying, depending on the
sugar excipient included in the formulation. In literature, in a sac-
charide-containing protein formulation water uptake during storage
increased molecular mobility in the glassy matrix but did not clearly
increase the aggregation rate of the protein with water content increase
(Chang et al., 2005b). For a lyophilized IgG1 antibody formulation a
moisture content of 2–3%, which falls in the same region as the samples
in this current study exhibited after lyophilization, was optimal for
protein stability and provided a minimum protein aggregation rate out
of the water contents studied (0–5%) (Chang et al., 2005b).

4. Conclusions

Both sucrose and isomalt were able to stabilize LDH during freeze-
drying to some extent as evidenced by the lower relative enzymatic
activity in samples containing no sugar excipients. Sucrose performed
clearly better than isomalt as a cryo- and lyostabilizing excipient pre-
serving LDH activity almost fully after freeze-drying. However, during
storage the samples stabilized with sucrose lost over half of their initial
activity, whereas isomalt protected LDH better from the storage-in-
duced destabilizing effects. The low protein activity level after storage
suggests that sucrose was not able to stabilize LDH efficiently in the
presence of moisture. During storage, the significance of stabilizing
sugar excipients was emphasized as LDH samples without sugars lost
their activity almost completely, with only a quarter of the pre-storage
LDH activity remaining after the storage period. Even though isomalt
was not the most optimal stabilizing excipient for the studied protein
during lyophilization, it showed some protein-stabilizing effects, espe-
cially during the storage stability studies. In future studies, the ag-
gregation tendency of lyophilized LDH stabilized with isomalt should
be investigated to assess whether aggregation takes place and does it
affect LDH stability. In order to assess the potential of isomalt as a novel
cryo- and lyoprotecting excipient in freeze-dried protein formulations,
more freeze-drying studies should be carried out with different proteins
and in combinations with other excipients. Before isomalt could be used
as an excipient in freeze-dried formulations intended for parenteral use,
also its intravenous toxicity must be studied.
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