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1 INTRODUCTION 

The biopharmaceutical sector is steadily increasing, focusing on the development of 

peptide- and protein-based drugs into stable biopharmaceutical products for the 

medical treatment of especially severe and chronic diseases (e.g., cancer, multiple 

sclerosis, diabetes mellitus, migraine) [1]–[3]. Biopharmaceuticals are composed of 

either peptides, proteins, and glycoproteins or a combination of biomolecules, 

including (monoclonal) antibodies (mAbs), antibody-drug conjugates, recombinant 

proteins, nanobodies, enzymes, hormones, vaccines, and gene therapy products, etc. 

[4], [5]. Since 1986 to date, there are 621 FDA-licensed biologics products (U.S. Food 

and Drug Administration), including more than 250 recombinant therapeutic proteins 

or peptides for clinical use [6], [7]. The Boston Consulting Group showed in a position 

paper of 2022 that sales in biopharmaceutical products have achieved approximately 

EUR 17.8 billion in Germany, representing approximately one third of the entire 

pharmaceutical market. Moreover, 37 biopharmaceutical products were approved in 

Germany in 2022 [8]. However, the formulation and administration of 

pharmacologically relevant proteins and peptides has hitherto been mostly limited to 

the parenteral administration of solutions or liquid dosage forms by intravenous (i.v.), 

intramuscular (i.m.), or subcutaneous (s.c.) injection [9]. The parenteral application is 

often the only option due to a lack of protein stability in the gastro-intestinal tract (GIT)  

[10]. Once a protein reaches GIT e.g., by an oral application, the digestion of proteins 

begins in the stomach by the secretion of gastric juice. The gastric juice mainly 

consists of water, mucus, hydrochloric acid, and pepsin. The enzyme pepsin is 

responsible for breaking down the polypeptide chain of the protein into smaller chains 

of amino acids (AA) by N-terminal cleavage [11]. The oral delivery of peptide- and 

protein-based drugs faces thus an immense challenge, since the GIT acts as a 

physical and biochemical barrier for absorption of proteins resulting in low 

bioavailability of less than 1 to 2 % [12], [13]. Apart from bioavailability, the protein 

stability issues also need to be considered when evaluating alternative formulations 

and modes of administration. In particular, alternatives for the often painful parenteral 

route via non-invasive routes such as solids for peroral, nasal, transdermal 

administration, or inhalation would significantly expand or improve the therapeutic use 

and the compliance of protein-based drugs [14]–[16]. From a formulation point of 

view, many biologics are not stable in liquid formulations due to protein degradation 

resulting in a limited shelf life of the biopharmaceutical product even when the product 

is stored under refrigerated conditions [17]. Common protein degradation pathways 
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are further described in section 1.3. Exubera®, a rapid-acting insulin using a 

pulmonary inhaler for application was a marketed solid protein formulation [18], [19]. 

From a patient’s point of view, solid protein formulations such as Exubera® offer a 

huge advantage when it came to storage of the biopharmaceutical product. In contrast 

to liquid formulations, Exubera® insulin blisters could be stored at room temperature 

for 12 months and did not need refrigeration as compared to the conventional insulin 

products on the market (e.g., liquid insulin in a pen, or pump for s.c. administration) 

[20]. These aspects highlight the need of solid protein formulations since alternative 

administration routes (e.g., oral, transdermal, nasal, pulmonary, etc.) provide the 

opportunity for long-term protein release and minimize the pain associated with 

multiple or daily s.c., i.m., or i.v. administration. At the same time solid 

biopharmaceutical products reduce storage and handling efforts in general and for 

the patients in daily life due to the improved stability in the solid state [20]–[22]. The 

spray-dried amorphous powder insulin formulation Exubera® was withdrawn from the 

US-market in 2007 after it was only available for a year mainly for commercial reasons 

[23]. Despite the withdrawal of a solid biopharmaceutical product like Exubera®,  the 

development of alternative solid protein formulations (e.g., protein-loaded extrudates 

or implants) as well as encapsulation procedures that employ dehydrated protein 

powders due to improved protein stability remain of interest [24]. Conventional and 

promising techniques (e.g., by hot-melt extrusion (HME), spray-drying (SD), freeze-

drying (FD), or spray-freeze drying (SFD)) for the production of solid protein- and 

peptide-based formulations are discussed in sections 1.4.2 and 1.5. A special focus 

is paid on the implementation of scalable formulation technologies for the production 

of solid dosage forms of proteins and peptides with enhanced protein stability [24]–

[28].  

1.1 ORDERS OF PROTEIN STRUCTURE 

Proteins are large macromolecules comprising one or more AA chains that fold into 

various 3D structures to exert a specific biologic or enzymatic function [29]. This 

specific functionality of proteins is highly dependent on the conformational protein 

structure. The final conformational structure of a protein adopted by any polypeptide 

chain is generally determined by energetic considerations, namely when the free 

energy is minimized [30]. The specific protein structure is based on four levels: 

(i) primary, (ii) secondary, (iii) tertiary, and (iv) quaternary structure [31]. The primary 

structure of a protein is comprised of a linear AA chain, where AAs are linked together 
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through peptide bonds to form a polypeptide chain. The next higher order structure 

(i.e., secondary structure) is formed by the polypeptide chains that are stabilized by 

hydrogen bonds between the carbonyl oxygen atom (O) of one AA and the amino 

hydrogen atom (H) of another AA. These hydrogen bonds are responsible for the 

formation of alpha(α)-helices and beta(β)-sheets (Figure 1) [30]. In the case of an α-

helix, the pattern of bonding pulls the polypeptide chain into a helical structure that 

looks like a curled ribbon, whereas a β-pleated sheet appears as a sheet-like structure 

held together by hydrogen bonds [32]. The tertiary structure defines the 3D shape of 

a protein and is based on interactions between the side chains of the polypeptide 

backbone (e.g., formation of disulfide bridges) [30]. Only some proteins show a 

quaternary structure (e.g., antibody molecules and hemoglobin), where two or more 

polypeptides may bond together [33], [34].  

1.2 MODEL PROTEINS 

Some popular proteins, peptides, or antibodies are available for pharmaceutical 

research and have emerged as models for the investigation on protein structure and 

function.  

Insulin (Mw = 5.8 kDa) is a therapeutically relevant blood glucose-reducing peptide 

hormone for the treatment of insulin-dependent diabetes mellitus [35], consisting of 

two peptide chains (A- (21 AAs) and B-chain (30 AAs) that are covalently linked by 

two inter-chain disulfide bonds (A7-B7 and A20-B19) and one intra-chain linkage in 

the A-chain (A6-A11) (Figure 1A) [36]–[38]. The three disulfide bonds are essential 

for the specific overall structure and thus the receptor binding activity of insulin [36]. 

The secondary structure of an insulin monomer is composed of three α-helices, a 

short β-strand, and β-turns [38], [39]. Patients with the autoimmune disease type 1 

diabetes mellitus or patients with type 2 diabetes mellitus when oral antidiabetic 

agents fail to provide adequate glycemic control, are dependent on the s.c. 

administration of insulin via injection, pen, or insulin pump [40], [41].  

The compact globular protein lysozyme (14.3 kDa) consists of one polypeptide chain, 

129 AAs and is cross-linked by four intramolecular disulfide bonds (Figure 1B) [42]. 

The secondary structure of lysozyme is composed of four α-helices, three β-sheet 

structures, a large amount of random coils and β-turns, and a short helical structure 

[43], [44]. Moreover, lysozyme is an ideal model for studying protein behavior due to 

its highly stable 3D structure [45]. Lysozyme is a bacteriolytic enzyme that cleaves 
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the β(1→4)-glycosidic bond between N-acetylmuramic acid (MurNAc) and N-acetyl-

D-glucosamine (GlcNAc) in the polysaccharide that forms the backbone of bacterial 

cell walls [46]. Therefore, most lysozyme activity assays exploit this activity and are 

based on the Micrococcus lysodeikticus lysis and the decrease in optical density over 

time measured by turbidity [47].  

Bovine serum albumin (BSA), which comprises a single-chain midsize globular 

protein composed of 583 AAs with a molecular weight of 

approximately 66.5 kDa, has been widely investigated as a model protein in several 

research fields [48]–[50]. The secondary structure of BSA consists of 67 % α-helical 

structures with 6 turns, and 8 disulfide bridges without any β-sheets (Figure 1C) [51], 

[52]. The native BSA is generally present in solution in the form of native monomers 

with small amounts of oligomers (i.e., dimers, trimers, etc.). Alteration in the ratio of 

monomer to dimer, or the occurrence of trimers or oligomers can be used for 

monitoring of process-related effects on the BSA structure integrity [53], [54].  

 

Figure 1 Crystal structures of A human insulin; B chicken egg white lysozyme; C bovine serum albumin. 

1.3 ANALYTICAL CHARACTERIZATION AND PROTEIN STABILITY IN 

FORMULATION DEVELOPMENT AND DRUG DELIVERY 

Liquid protein formulations exhibit generally a higher risk for degradation during the 

lifecycle of a biopharmaceutical product (e.g., manufacturing, formulation 

development, processing, storage, shipping, clinical use) compared to dried protein 

formulations [17], [55], [56]. This is mainly related due to the higher mobility of protein 

molecules in solution, protein-protein and protein-solvent interactions, and thus 

resulting in an increased probability of chemical reactions and physical instabilities 

[55], [57], [58]. Even in the solid state a protein can undergo spontaneous degradation 
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during formulation, manufacturing, storage, and clinical use [59], [60]. In general, 

degradation can be classified in chemical and physical instability [61] and remains the 

bottleneck for the formulation of protein-based therapeutics. Degradation pathways 

for protein-based drugs can involve chemical instability: oxidation, deamidation [62], 

[63], hydrolysis [64], isomerization [65], beta-elimination [62], racemization [65], 

and/or, disulfide exchange [66]), while physical instability presents itself via: 

denaturation, surface adsorption [62], fibrillation [17], [39], precipitation [62], 

fragmentation, and/or aggregation [62], [63], [67].  

The most prominent physical protein instability is the formation of protein aggregates,  

subvisible, or even visible particles that seriously impacts the shelf life (protein 

stability) and protein functionality (safety, efficacy) [68]–[70]. Protein aggregates are 

formed between two or more monomers [71] while retaining their native structure or 

being miss- or unfolded and can occur at any point throughout the lifetime of a protein 

and even during administration of a biopharmaceutical product [17], [72]. The formed 

aggregates can lead to an increased solution viscosity [73]–[75], injection force [76] 

and thus show potential immunogenicity implications due to reports of undesired 

effects (e.g., formation of anti-drug antibodies in the organism) [61]. Hence, the control 

of any undefined aggregates in a protein formulation is essential prior to its parenteral 

administration [69]. Protein denaturation is also a commonly observed physical 

instability and is mainly caused by high temperature-induced changes of the protein 

secondary structure [51]. Thermal energy alters the intramolecular bonds of the 

protein, resulting in unfolding of the polypeptides. In the denatured state these weak 

interactions are disrupted, leading to the loss of the structures and the biological 

function [77]. 

The general aim of biopharmaceutical characterization is to identify critical process 

parameters and critical material attributes that are affecting the protein stability and 

thus the efficacy, purity, and safety of biopharmaceutical products, i.e., essential 

critical quality attributes (CQAs). The stability of peptide- and protein-based drugs and 

drug products can be negatively affected by: (i) temperature or mechanical stress, 

(ii) moisture, (iii) prolonged storage, (iv) denaturants, surfactants, preservatives, or 

other excipients, (v) organic solvents, (vi) oxygen, (vii) changes in pH levels, etc. [78]–

[80]. Therefore, a well-established and characterized manufacturing process, 

effective in-process controls, and understanding the chemical and physical 

instabilities that can emerge throughout product processing are essential in 
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minimizing protein instabilities [61]. Any aberrations in the CQAs of biopharmaceutical 

products can be evaluated using various analytical and characterization methods.  

 

Figure 2 Overview on methods used to determine and assess protein stability: protein aggregation/ 

fragmentation/ degradation (blue), chemical/ conformational protein stability (green), and thermal protein 

stability/ denaturation (red). 

The necessity for a rational analytical toolbox for determination and characterization 

of a protein (e.g., structural, biological, and physico-chemical characteristics) in 

various stages of formulation development is of crucial importance [17], [81]. Most of 

the analytical methods applied during protein formulation development studies focus 

on the investigation and characterization of proteins in solution or lyophilized proteins 

after their reconstitution [82]–[85]. Figure 2 shows orthogonal and complementary 

analytical techniques to assess product CQAs and to characterize protein aggregates, 

fragments, degradation products, the chemical, conformational and thermal protein 

stability, and protein denaturation behavior [60]. As protein degradation products or 

aggregates compromise the safety and efficacy of a therapeutic protein due to an 

enhanced risk of immunogenicity, monitoring and controlling protein stability is 

essential, especially in regard of aggregates and fragments [80], [86]. For this, size-

exclusion chromatography (SEC), analytical ultracentrifugation (AUC), and SDS-
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PAGE are used, particularly when the protein forms oligomers, or higher molecular 

weight species (HMWS) [87]–[89], while flow imaging microscopy (FIM) is available 

for studying the formation of micrometer-sized protein aggregates [90]–[92]. Dynamic 

and static light scattering (DLS/SLS) enables the detection of nanometer size protein 

aggregates [87], [88]. Methods for conformational analysis mainly includes circular 

dichroism (CD), Fourier transform infrared (FTIR), and intrinsic or extrinsic 

fluorescence spectroscopy [64], [88], [93]. Chromatographic methods such as 

reversed-phase (RP) HPLC/UPLC, (HPLC-)mass spectrometry, IEX chromatography 

and (capillary) isoelectric focusing (cIEF) can be used for the analysis of chemical 

changes, or chemical degradation products (impurities) [88], [94]. DSC (differential 

scanning calorimetry) and DSF (differential scanning fluorescence) are commonly 

used techniques for the evaluation of the thermal stability of a protein (e.g., unfolding 

temperature) [93], [95]. 

1.4 PROTEIN FORMULATION 

The biopharmaceutical products are marketed either as liquid or solid dosage form 

and refrigerated storage (2 to 8 °C) of especially liquid protein formulations is a 

standard prerequisite [78], [96]. Protein stabilization in solution is often achieved by a 

mature combination of various formulation excipients and stabilizing agents [97]. 

These well-developed liquid formulations for a given protein are often a result of a 

material-, time-, and resources-demanding pre-development program [98]. 

Occasionally it is not feasible to develop a sufficiently stable, liquid protein formulation 

and the focused initial development strategy fails to meet the target product 

requirements [3]. Obligatory drug product-specification requirements for a liquid 

biopharmaceutical formulation in a vial include: (i) subvisible particles, (ii) visible 

particles, (iii) extractable volume, and (iv) sterility [99]. Since liquid protein 

formulations are more susceptible to protein instability mechanisms than in the dried 

state, it is recommended to use suitable drying techniques (Figure 3), such as FD, 

SD, or SFD for the immobilization of the protein molecules in a solid matrix system 

[27], [100], [101]. Despite, proteins in the solid state are consequently less prone to 

degradation, conventional solid protein formulations have to be mainly reconstituted 

by patients or medical staff to obtain an applicable product for parenteral 

administration routes like s.c., i.m., or i.v. injection [100], [102]. Alternative solid 

implantable devices or implants without the need of reconstitution prior administration 

are described in section 1.5.1. 
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Figure 3 Schematic diagram of injectable, parenteral protein formulation development; procedure of 

liquid protein formulation development in blue and solid protein formulation development in green; critical 

parameters (red) affecting protein stability and drug product quality. 

1.4.1 PROTEIN STABILIZATION IN LIQUID FORMULATIONS 

In the case of liquid formulations, protein stabilization in solution can be achieved by 

addition of various excipients to the final formulation [56], [67]. As shown in Table 1, 

excipients are “pharmacologically non-active” substances which are added to 

formulations for a specific purpose (e.g., preservation, isotonization, enhancing 

stability or solubility, reducing viscosity and filling or dilution) [103], [104]. Possible 

excipients can range from simple buffer systems to more complex components such 

as preservatives, surfactants, and other stabilizing agents [67], [105].  

 

Table 1 List of commonly used excipients in formulation development of liquid protein formulations 

Category of excipient Purpose Excipient examples References 

Buffer systems Maintaining acceptable 

formulation pH level 

Acetic acid, Bis-tris, 

citrate, histidine, 

phosphate, 

succinate, TRIS 

[67], [105]–[108] 
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Tonicity agents Adjusting osmolality to 

physiologically 

acceptable levels 

(isotonic solutions) 

Salts: sodium 

chloride, sodium 

sulfate 

Non-electrolytes: 

glycerol, mannitol 

[58], [109]–[112] 

Surfactants Preventing aggregation 

and unwanted adsorption 

by surface tension 

reduction 

Polysorbate 20, 

polysorbate 80, 

poloxamer 188 

[113]–[118] 

Preservatives Ensuring sterility/ 

preventing microbial 

growth during shelf life 

m-cresol, benzyl 

alcohol, phenol 

[117], [119], [120] 

Amino acids Stabilizing proteins most 

likely by preferential 

exclusion 

Arginine, histidine, 

lysine  

[121]–[126] 

Identifying the optimal formulation conditions for a designated protein or peptide 

candidate is often achieved by trial-and-error approaches during pre-development 

studies [127], [128]. A mechanistic understanding of how excipients work for a given 

protein candidate is often lacking and thus studying the interaction of excipients with 

proteins is the key to rational and successful stabilization of biopharmaceuticals [105], 

[110].  

1.4.2 PROTEIN STABILIZATION IN SOLID FORMULATIONS 

In comparison, liquid protein formulations typically exhibit a shelf life of 24 months, 

while the dried and mostly lyophilized protein formulations usually exhibit an extended 

shelf life of 36 to 48 months [3]. As water plays a crucial role in protein degradation 

and unfolding, the shelf life and thermal stability of proteins can be markedly 

enhanced by transformation from a liquid to a solid state due to vitrification and water 

replacement theory (Figure 4) [129]–[131]. Biopharmaceuticals are typically stored 

below their glass transition temperature (Tg) where the protein and other solutes are 

concentrated into a highly viscous amorphous, glassy matrix [132]. When a 

biopharmaceutical product is stored above its Tg (e.g., when a cooling system during 

transportation is defective, or when the Tg of the system is lowered to temperatures 

below the storage temperature by moisture transfer to the product) a collapse of the 

solid protein formulation can occur [133]. The mechanism of collapse upon processing 

or storage is described in more detail in section 1.4.2.2. Recently published studies 

have shown that the addition of polyols (e.g., glycerol and sorbitol) at low levels to 

protein formulations enhance the storage stability by reducing the local mobility of the 
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protein molecules, although polyols have often low Tgs and thus are expected to 

destabilize the protein by lowering the Tg of the matrix and increasing mobility [134], 

[135]. Excipients, such as polyols are thus promising protein stabilizers and offer the 

possibility to obtain ambient temperature storage stability where refrigeration is no 

longer required [134]. Circumventing the cold chain by developing solid protein 

formulations may thus significantly reduce the costs of storage and shipping, and 

improve the availability of biopharmaceutical products in tropical areas [136]. All 

drying technologies pursue the same target – removal of water. Removal of water can 

be performed using (i) an evaporation mechanism, (ii) evaporation and atomization 

pathways (e.g., in SD), or (iii) sublimation mechanisms (e.g., in FD or SFD) [101]. 

However, the applied drying technologies may introduce process-related degradation 

to the proteins including (i) aggregation, (ii) unfolding, (iii) denaturation, 

(iv) deamination, and (v) oxidation [134] and proteins can lose their structure and 

functionality upon exposure to (i) atomization, (ii) dehydration, (iii) thermal, 

(iv) freezing, (v) interfacial and/or (iv) shear stress during drying [101]. Upon removal 

of water, the protein requires stabilization by a rational selection of excipients to 

preserve the structural and functional protein integrity against process-induced 

degradation (Table 2). 

 

Table 2 List of commonly used excipients as stabilizers during drying procedures in formulation 
development of solid protein formulations (modified from [101]) 

Category of excipient Purpose Excipient examples References 

Buffer systems Maintaining 

acceptable 

formulation pH level 

Citrate, HEPES, phosphate [134], [137] 

Polyols 

 

Carboanhydrates 

Water replacement, 

glassy state, control 

of collapse 

temperature, 

lyoprotectants, 

cryoprotectants 

Mannitol, polyethylene 

glycol, sorbitol 

Dextran, fructose, glucose, 

lactose, maltose, sucrose, 

trehalose 

[59], [134], [138]–

[141] 

Surfactants Preventing surface 

adsorption by 

interfacial stress 

reduction, preventing 

protein-protein 

interactions  

Polysorbate 20, 

polysorbate 80 

[82], [101], [142]–

[144] 
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Polymers and 

Polysaccharides 

Glassy state  Cyclodextrin, Na-carboxy 

methylcellulose, PLGA, 

polyvinylpyrrolidone (PVP) 

[139], [145]–[147] 

Amino acids Water replacement, 

preventing protein-

protein interactions 

Alanine, arginine, glycine, 

histidine, leucine, 

phenylalanine 

[134], [138], [147] 

The “water replacement theory” (thermodynamic stabilization) and the “glassy matrix 

hypothesis” (kinetic stabilization) are the most common stabilization pathways (Figure 

4) [101], [131]. The water replacement theory is based on the removal of water as 

reactant during drying and the substitution of solvent molecules by excipients with 

functional hydroxyl groups, such as carboanhydrates, polyols, or amino acids [59], 

[101]. The subsequent substitution of water molecules by excipient formed hydrogen 

bonds ensures the 3D protein structure (i.e., anhydrobiosis) [141]. The hydrogen 

bonds formed between protein and excipient molecules are responsible for an 

enhanced robustness of the protein against dehydration stress due to an increase of 

the free energy of unfolding by the hydrogen bonds and thus resulting in protein 

stabilization in the solid state [131], [148].  

The second mechanism of protein stabilization in the solid state is based on the 

formation of an amorphous glass matrix (also called “vitrification”) [131]. Excipients 

such as polyols, polysaccharides, and polymers, can form a rigid, glassy matrix that 

acts like an envelope and presumably shields the protein from abiotic stresses [101]. 

The global mobility of protein molecules is drastically decreased due to an embedding 

of the molecules in the solid glassy matrix [141]. This protein immobilization results in 

a slowdown of potential protein-protein interactions, protein unfolding, or other 

degradations, and thus in an increased stability of the proteins [131], [134], [149].  
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Figure 4 Theories of protein stabilization by excipients; left: Water is substituted during drying by 
excipients (water replacement theory); right: Excipients can form a glassy matrix around the protein 
(glassy matrix hypothesis/ vitrification). 

1.4.2.1 SPRAY-DRYING (SD) 

SD is a well-established continuous particle engineering process that has been 

successfully used to produce hollow particles with smooth or dimpled surfaces [150]. 

The SD process is generally divided into the following phases: (i) Liquid atomization, 

(ii) droplet drying, and (iii) powder particle separation [101]. In the case of protein 

formulation, SD enables rapid drying of a protein-excipient solution atomized in a 

nozzle, which is placed inside the drying chamber for forming fine droplets into a hot 

air stream [19], [146]. The end product – dried powder particles are separated from 

the hot air stream, typically using a cyclone (Figure 3) [101]. SD can be used as a 

beneficial single-step process leading to short processing times and thus enabling an 

application for the continuous manufacturing of biopharmaceutical products [146], 

[151]. Compared to FD, SD is a favored alternative due to its (i) evaporative cooling, 

(ii) lower energy consumption, (iii) good process control and scale-up opportunities, 

and (iv) lower operational costs [150]. The process controllability and adjustability is 

determined by the variability in (i) protein concentration, (ii) feeding flow rate, (iii) flow 

rate of hot air, and (vi) inlet temperature [101], [129]. The major drawbacks of 

commonly used techniques such as SD to formulate or encapsulate proteins in solid 

state in general are (i) the higher residual moisture of the powder particles, 

(ii) generated shear and temperature stress during spraying, and the (iii) exposure to 
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air-liquid interfaces [150]. The thermal stress (reported for inlet temperatures range 

from 70 to 220 °C [19], [152]–[154]) generated during SD and/or shear stress present 

at the outlet of the spray nozzle, may induce protein denaturation and aggregation 

and/or loss of activity [155]. On the one hand, excipients can be incorporated to 

stabilize the spray-dried protein and on the other hand to engineer the properties of 

the dry powder formulation (e.g., particle size, particle morphology, solubility) [101], 

[156]. The mechanism of stabilization of polysaccharides and polymers against the 

thermal stress generated during SD is based on the glassy matrix hypothesis and 

prevents exposure of the protein to the drying medium interface or hot atmosphere 

[101], [141], [155]. However, phase separation of polymers or the crystallization of 

other excipients and formulation components during SD may lead to denaturation or 

the formation of protein aggregation [157]–[159]. 

1.4.2.2 FREEZE-DRYING / LYOPHILIZATION (FD) 

Lyophilization, also known as FD, is the most widely used drying technology for 

biomolecules such as a wide range of hormones, enzymes, vaccines, antibodies, 

gene therapy products, etc. [78], [101]. As shown in Figure 3 for a lab-scale FD cycle, 

glass vials containing the desired volume of the liquid protein formulation are partially 

plugged and loaded into the drying chamber of the freeze dryer. The subsequent 

lyophilization process typically consists of three major steps: (i) Freezing, (ii) primary 

drying, (iii) secondary drying, and an optional reconstitution step [160]. In general, the 

stability of freeze-dried proteins is improved by vitrification and water replacement 

[70], [161]. During freezing, the temperature of the solution in the partially stoppered 

vials is lowered [81]. Freezing of the sample leads to an immobilization of solution 

components due to the formation of an ice-crystal matrix [162]. Furthermore, the 

freezing step avoids foaming of the product when vacuum is applied by the followed 

primary drying step [129]. During primary drying, the ice will be removed from the 

frozen product by sublimation under vacuum [100]. During secondary drying, the 

temperature is increased to remove the absorbed water contained in the matrix by 

desorption to finally produce a dry product [129]. The dry product of a FD process is 

an intact, porous cake. Prior the application of a lyophilized biopharmaceutical product 

to a patient the dry powder cake has to be reconstituted into a solution by adding an 

appropriate solvent (mainly water for injection or saline) [163]. The United States 

Pharmacopeia (USP) defines the endpoint of a proper reconstitution procedure as the 

complete dissolution without any visible particulate or undissolved matter of the solid 
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cake after addition of the reconstitution liquid [164]. Lyophilization process parameters 

such as (i) freezing temperature and rate, (ii) drying temperature, and (iii) the 

formulation mainly affect the cake formation and properties and thus the reconstitution 

time of the FD cake [100]. A rapid reconstitution of protein lyophilizates is an important 

CQA [163]. However, compact lyophilization cakes, especially in the case of highly 

concentrated protein lyophilizates may require very long reconstitution times 

compared to free-flowing powders produced by alternative drying techniques such as 

SD, or SFD [165]. Hence, the required time for a thorough reconstitution can range 

from about 5 to more than 45 minutes and is dependent on process parameters and 

used excipients [163], [165]. Another advantage of freeze-dried proteins is the 

accurately dose, concentration and homogeneous distribution of the protein in the 

lyophilization cake [101]. Furthermore, FD enables controlling of the moisture content 

by adjusting the drying temperature and pressure and thus the freeze-dried proteins 

may contain 1 to 2 % of residual water after secondary drying [100], [166]. However, 

each step of the FD process entails the risk of damages of the protein structure due 

to induced (i) freezing, (ii) dehydration, and/or (iii) interfacial stress to the protein, 

(iv) changes in pH and ionic strength, or (v) ice crystal formation [17], [101]. In 

particular, the generated freezing and dehydration stress during FD may induce 

protein unfolding and the selection of excipients (e.g., cryoprotectants, and 

lyoprotectants)  and process parameters, such as (i) freezing rate, (ii) protein 

concentration, (iii) cooling temperature, and (iv) drying pressure should be carefully 

considered to gain a stable, non-collapsed freeze-dried protein formulation [100], 

[101]. The collapse temperature (Tc) is a critical and the maximum acceptable product 

temperature during the primary drying step in FD [167], [168]. The solute system 

during primary drying remains amorphous and does not crystallize at the Tc and Tc is 

typically 1 to 3 °C above the Tg of the maximally freeze concentrated solution of an 

amorphous formulation [167], [169]. In the case of primary drying above the Tc, the 

lyophilization matrix begins to flow accompanied with a loss of structure in the dried 

region adjacent to the ice-vapor interface due to a glass transition in the amorphous 

product. The viscosity of the amorphous solute phase decreases as the temperature 

simultaneously increases resulting in a loss of the pore structure [167]. Such a 

collapse can occur either during the FD process or during subsequent storage and 

can negatively affect the cake appearance and stability of proteins due to high residual 

water [167], [169]. Therefore, it is of crucial importance to know the Tc of the 

designated formulation and to maintain the temperature of the product below the Tc 



Introduction  15 

 
 

during the primary drying step [170]. Moreover, the Tc is highly dependent on the used 

type of excipient and the mass ratio of excipient-to-excipient and excipients-to-protein 

and drying above the Tc can lead to prolonged reconstitution times [101]. The use of 

crystalline bulking agents (e.g., mannitol and glycine) provides stable and fine cake 

structures, whereas formulations which contain only amorphous saccharides 

(e.g., sucrose), are prone to collapse upon the primary drying step [169]. This is 

contradicted by recently published works, that show that collapse during FD has no 

negative impacts on protein stability during storage at elevated temperatures when 

compared to non-collapsed cakes [171], [172], [133]. In some cases, defined collapse 

is even favored as due to well-conducted collapse drying, the same residual moisture 

as in elegantly dried cakes can be achieved [173]. Schersch et al. showed an 

improved long-term stability of protein formulations which were collapsed by using 

different amounts of excipients or by using different freeze-drying protocols [171], 

[172], [133]. FD can be generally time- and cost-consuming due to long processing 

times (i.e., two to three days) and the requirement of high energy resources, 

respectively [100]. In contrast, well conducted collapse drying can lead to an 

increased cake porosity and to significantly reduced primary drying times and energy 

costs due to the permission of higher vapor flow rates while the elegant cake structure 

can be maintained [174], [175]. In conclusion, FD is the gold standard for the 

production of solid protein formulations and the majority of marketed solid 

biopharmaceutical products are lyophilized (e.g., erythropoietin (NeoRecormon®), or 

mAbs such as Efalizumab (Raptiva®), Omalizumab (Xolair®), Mepolizumab (Nucala®)) 

[100], [163], [176].  

1.4.2.3 SPRAY-FREEZE-DRYING (SFD) 

SFD is besides FD and SD, another effective and versatile technique for converting 

protein solutions, or (nano)suspensions into dried particles [101]. SFD is a process 

that combines the advantages of SD (production of powder from liquids) with FD (i.e., 

heat-gentle drying, formation of highly porous rapidly dissolving product). The SFD 

process is divided into the following phases: (i) Droplet formation by spraying a 

solution through a nozzle, (ii) rapid freezing of liquids as fine droplets when sprayed 

into a chamber which is cooled down by cold air or liquid nitrogen, and (iii) freeze-

drying of the frozen droplets by ice sublimation and thus final formation of dried 

particles [27], [177]. The (i) composition of the spray-solution or -suspension and use 

of excipients, (ii) the protein concentration, (iii) atomization and freezing rate, as well 
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as (iv) the temperature of the cryogenic liquid are decisive key parameters in 

determining the density and particle size distribution of SFD particles [178]. Compared 

to SD, the SFD results in porous and spherical microparticles with good flowability 

[101]. In contrast to the ultimately obtained dried cake in vials in case of lyophilization 

that require re-dissolution in an appropriate solvent before use, the produced 

microparticles by SFD enable a good and rapid reconstitution performance of the final 

product [177]. The combination of spraying of the liquid to fine droplets, freezing 

during descend, and freeze-drying gives the SFD product – microspheres in an 

achievable size range between 50 to 500 µm – some unique characteristics. 

Moreover, the SFD microparticles can be ideally used as a delivery platform enabling 

a large variety of therapeutic approaches that depend on the particle size (e.g., 

smallest SFD particles for pulmonary or nasal administration, or larger SFD particles 

for ophthalmic administration routes) [179]–[181]. SFD is a promising technique to 

produce free-flowing, rapidly-dissolving powder with narrow monomodal particle size 

distributions of small molecules or proteins for various therapeutic applications. The 

SFD was successfully applied in terms of an improved stability of processed model 

proteins (e.g., lysozyme, insulin, BSA, immunoglobulin G (IgG), calcitonin) [27], [28], 

[145], [182]–[184].  

1.5 HOT-MELT EXTRUSION (HME) 

The process of hot-melt extrusion (HME) is used in the pharmaceutical sector as 

continuous and robust manufacturing tool for the production of solid dosage forms 

and either focused on the development of new products or improving products already 

on the market [185], [186]. In the pharmaceutical industry, HME enables the 

formulation of poorly water-soluble small molecule drugs as so-called amorphous 

solid dispersions (ASD) with an improved solubility and bioavailability behavior of the 

active pharmaceutical ingredient (API) [186], [187]. Extrusion processes are classified 

in ram extrusion or screw extrusion [187]. Screw extruders can be divided in two 

general types: (i) Single-screw extruders (SSE) or (ii) twin-screw extruders (TSE), 

containing one or two rotating screws positioned inside a stationary barrel, 

respectively [186]. Furthermore, an extruder is basically composed of (i) a drive unit 

(motor), (ii) the stationary barrel, (iii) and the die [186]. In the HME process the drug-

polymer-excipient mixture is intensively mixed at high shear rates induced by the 

extruder followed by melting, conveying and/or kneading producing extrudates of 

different shapes [187]. TSE provide the opportunity of dispersive and distributive 
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mixing [188], [189]. The powdered starting material is fed at constant feed-rate 

through a hopper into the feeding zone of the extruder barrel and transported to the 

subsequent zones by the turning motion of the screw along the barrel under pre-

heating [190]. The temperature of the extruder barrel can be controlled by external 

heaters. This process of conveying introduces mixing and heat into the material 

through both external heaters and viscous heat dissipation [187]. The material flows 

through the barrel towards the die and experiences an unmolten, semi-molten, and 

molten state during processing [191]. In the case of ASD production, the crystalline 

drug is transformed into an amorphous state, dissolved or melted and dispersed in 

the surrounding stabilizing polymer matrix by applying thermal (i.e., extrusion 

temperatures of 130 to 160 °C) and mechanical (shear forces induced by screws) 

energy to a powdered material being processed [185], [192]. The fully molten material 

is discharged and cooled down resulting in respective extrudate strands (e.g., as drug 

delivery systems such as pellets, granules, implants, sustained release tablets) [193]. 

However, in the die zone of the extruder head pressure is developed, which is 

determined by several factors: (i) the molten blend viscosity, (ii) the flow rate of the 

molten blend, and (iii) the die temperature [194]. In general, HME processing offers 

various advantages for the manufacturing of solid dosage forms compared to other 

processing techniques. HME processing (i) is a solvent-free technique (e.g., without 

the use of organic solvents and thus eliminating time-consuming drying steps), (ii) can 

result in non-porous embedding of drugs at high loadings (up to 80 %) in polymeric 

matrices, (iii) eases the handling of highly potent APIs as it offers a closed system, 

(iv) requires no additional excipients such as surfactants or cryoprotectants, and (v) 

is scalable from lab- to pilot- to production-scale [195]–[198]. However, HME 

processing can exhibit also several limitations: (i) All formulation components must be 

thermally stable at the extrusion temperature during the short duration of the process, 

(ii) requirement of large batch sizes, which result in substantial amounts of drug 

substance and development costs, respectively, (iii) and it is a cost-intensive 

technology in terms of time, equipment, maintenance, and cleaning [187], [192], [199]. 

During ram extrusion, the powdered starting material is introduced into a pre-heated 

cylindrical barrel. After a melting time a driving piston pressurizes the molten material 

through the die and transforms the blend into the desired shape [25].  
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1.5.1 HOT-MELT EXTRUSION PRODUCTS WITH SUSTAINED RELEASE PROPERTIES 

Some HME products with sustained-release properties are approved and can be 

administered via s.c., i.m., intravitreal (IVT) injection, etc. (Figure 5) [200], [201]. 

Conjunctival inserts (Ozurdex® as implant  and Lacrisert® as tablet) are inserted into 

the intravitreal region by a surgery or are placed in the inferior or superior conjunctival 

fornix, respectively [201]. The inner arm implant Implanon® is a single-rod progestin-

only contraceptive implant inserted subcutaneously using a special applicator [202]. 

The sustained release of the contraceptive etonogestrel incorporated in the non-

biodegradable polymer EVA (ethylene-vinyl acetate) is then controlled for three years, 

after which the implant requires removal by a minor surgery [200]. The intravaginal 

ring (IVR) NuvaRing® is a co-extrudate composed of an inner core of EVA and the 

contraceptives etonogestrel and ethylvinyl estradiol [203]. The outer membrane is 

also composed of EVA but with a different VA content and thus enables a controlled 

release of the contraceptives over 21 days [204]. The NuvaRing® is self-administered 

once a month for contraception protection and thus does not require surgical 

intervention for removal [205]. Estring® is another hormonal IVR based on 

polydimethylsiloxane and is left in place for three months for the treatment of 

urogenital atrophy [206].  

 

Figure 5 Overview on sites of FDA-approved implantable devices or implants; modified from [200] and 

[201]. 

1.5.2 HOT-MELT EXTRUSION IN PROTEIN FORMULATION DEVELOPMENT 

Nowadays, there is an increasing awareness to use HME for the production of solid 

protein formulations. Research in this field is continuing to expand the benefits of HME 

processing to sensitive biomolecules, such as peptides and proteins [185]. For 
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instance, HME processing can be used as protein solid-state stabilization approach 

or for the development of long-term release systems for parenteral administration 

(e.g., protein-loaded implants) [24], [207]–[209]. Liquid protein formulations or pre-

filled syringes containing a freeze-dried protein which has to be reconstituted prior 

administration often require storage under refrigerated conditions at -20 to 8 °C to 

maintain the protein stability before administration [78].  

Encapsulation of proteins within solid-state polymeric matrices can improve the 

thermal protein stability, may resulting in less stringent storage conditions (e.g., 

storage at room temperature) [209], [210]. The need of dry powder mixtures as 

starting material for the production of protein-loaded implants tends to be a major 

limitation of HME processing. However, the use of polymer powders as starting 

material in HME can be advantageous, since polymers as stabilizing excipients are 

not or difficult to be processed via SD or SFD either due to the rheological behavior 

of the spray solution that is strongly depended on the polymer and its concentration. 

Additionally, often no common solvent for protein and polymer is available [157]–

[159]. Several authors report, that HME can be used as approach for the production 

of long-term protein delivery systems [24], [207], [208], [211]–[215], by embedding of 

the protein in dissolving or eroding polymer matrices, where the protein is slowly 

released by either diffusion or matrix erosion or a combination of erosion and diffusion 

[214]. At the same time the polymers are not only controlling the protein release but, 

contribute to an increased protein stability related to the solid state [207], [212]. 

Polymers can protect the thermodynamically stable folded structure of a protein after 

the melt extrusion process due to the immobilization of protein molecules in the 

solidified polymeric matrix (i.e., vitrification) [207], [216], [217].  

A polymer of specific interest in combination with proteins is polyethylene glycol 

(PEG), a non-ionic, hydrophilic polymer. PEG is commonly used for liquid-liquid 

partitioning, precipitation of proteins, or protein stabilization in aqueous solutions. 

These applications make PEG by far the most widely used polymer in liquid protein 

formulations [218]. Recent studies suggest that stabilization of proteins in liquid-state 

can be achieved either by PEGylation, or addition of PEG-chains to proteins [21], 

[219], [220]. Covalently bonded to the protein PEG (physical PEGylation) increases 

half-life after parenteral application of a protein solution by size enlargement and 

subsequent slower renal elimination. The stabilization of insulin by PEGylation was 

successfully shown by shielding of the insulin monomeric structure, which is normally  

prone to fibrillation and aggregation [221]. Furthermore, several studies suggest that 



Introduction  20 

 
 

long PEG-chains (e.g., PEG 20,000) present in a liquid formulation can stabilize 

proteins by interacting with the protein surface resulting in an effective volume that is 

inaccessible to solvent molecules in the solution (excluded volume effect). As a result, 

the unfolding rate of the protein is decelerated and thus PEG can consistently lead to 

an enhanced conformational protein stability and beneficial pharmacokinetic effects 

[222], [223]. It might be worth trying to extend the use of PEG as a matrix polymer for 

the solid-state stabilization of proteins. PEG would offer the possibility as model 

polymer due to its (i) low melting temperature (~60 °C, depending on the chain-

length), (ii) hydrophilicity, and (iii) potential as protein stabilizer. Furthermore, higher 

molecular weight PEGs (also known as polyethylene oxide (PEO) depending on its 

molecular weight) offer an potential as matrix polymers for controlled release dosage 

forms and are commercially available in a broad variety of PEO grades and different 

molecular weights (e.g., 100,000, 300,000, 1,000,000) [219]. Another frequently used 

polymer for the production of long-term release systems is Poly-lactic-co-glycolic acid 

(PLGA). PLGA is composed of poly lactic acid (PLA) and poly glycolic acid (PGA) 

[224]. Due to the biodegradability and biocompatibility a surgically removing after 

protein delivery is not required. As the biodegradation rate of PLGA is depending on 

the molecular weight and the monomer ratio the degradation can be tailored and is 

reported to range from several weeks to several months. Higher content of PGA leads 

generally to faster biodegradation rates (e.g., 75:25 or 50:50 lactide to glycolide ratio 

results in biodegradation rates of less than 6 and 3 months, respectively). Moreover, 

PLGA is approved for clinical use in humans by the FDA [225]. EVA is a non-

biodegradable polymer with an extended-release behavior of up to 2 years and can 

be used for the development of long-term releasing implants (Figure 5) [226]–[228]. 

The alteration of ethylene and vinyl acetate (VA) monomer ratios of EVA is used to 

control the release of several molecular weight drugs and can affect the crystallinity 

and thus the melt temperature of EVA [229]. The use of EVA in SD or SFD is limited 

as it is poorly soluble or even insoluble in frequently used solvents such as water, 

ethanol, methanol, n-butyl acetate, or mixtures thereof [19], [152], [227]. Fortunately, 

despite the limited EVA solubility in solvents like dichloromethane, it can be indeed 

easily used in HME processing to produce implantable sustained protein release 

systems due to the broad and low melting temperature of approximately 45 to 55 °C 

at 40 wt.-% VA and low melt viscosity of EVA [226], [227].   

HME based development of implantable sustained protein release systems can be a 

promising alternative to repeated injections of liquid or solid protein formulations due 
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to a single administration of a protein-loaded implant [209], [217]. The main stress 

factors during hot-melt extrusion processes (i.e., elevated temperatures in 

combination with shear forces) potentially affect the protein integrity and consequently 

may cause protein degradation or activity loss and has to be considered during the 

entire process chain  (Figure 6) [60], [230]. Whereas the production of ASDs 

containing small-molecule drugs is achieved at extrusion temperatures of 130 to 

160 °C or higher, HME processing of protein-based drugs is limited to extrusion 

temperatures of less than 100 °C due to their fragile and thermolabile structure [24], 

[192].  

 

Figure 6 Schematic overview on HME processing for the production of protein-loaded implants; modified 

from [209]. 

HME processing provides an embedding of high fraction of protein (i.e., > 40 % 

protein-load) into a polymer by vitrification compared to other formulation 

techniques.The use and availability of small-scale extruders is of crucial importance, 

as due to the cost of protein candidates, processing with commonly used 9- or 12-

mm twin-screw extruders are not financially feasible [55]. Several studies have 

currently focused on the production of protein-loaded implants where model proteins 

and mAbs were embedded in polymeric or lipid-based matrices [24], [207], [208], 

[211], [212], [215], [231]–[233]. The numerous numbers of published works highlight 

the interest on using small-scale HME for the production of protein-loaded implants 

with improved protein stability, or long-term protein releasing behavior. 

Cossé et al. [24] produced protein-loaded implants as sustained release systems by 

small-scale processing using 5- and 9-mm TSE. The HME process was downscaled 

to a small-scale 5-mm TSE (i.e., minimum batch size of 3 g), since the 9-mm TSE 

process required a minimum batch size of 10 g resulting in a high consumption of 

protein powder per batch [234]. The BSA-loaded implants based on PLGA as 

biodegradable polymer were characterized regarding their release properties and the 

in vitro release behavior of the embedded BSA. The study highlighted the feasibility 

of small-scale HME processing to obtain solid dispersions of a protein inside a 
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polymeric matrix providing sustained protein release. The sustained release of BSA 

from PLGA-based implants started after three weeks and was following after a low 

burst release phase. The work revealed that the incomplete release of BSA was 

depending on the interaction of PLGA degradation products such as mono- or 

oligomers and highlights that degradation properties of the polymeric carrier used are 

an essential factor to be considered in protein formulation development [24]. In 

conclusion, the protein release properties and protein stability during in vitro release 

from PLGA-based implants produced by HME are highly dependent on (i) excipients, 

(ii) protein loading, (iii) protein distribution, and (iv) protein surface properties [209]. 

Ghalanbor et al. [207] evaluated the suitability of HME processing for the 

manufacturing of protein-loaded PLGA implants and focused on the protein stability, 

burst release, and release completeness. They highlighted the great potential of HME 

for the production of protein-PLGA implants as the protein release from all implants 

achieved 100 % within 60 to 80 days maintaining nearly complete enzymatic activity 

of the formulated model protein lysozyme. Moreover, HME processing did not 

negatively affect the protein integrity. Furthermore, Ghalanbor et al. [211] used also 

BSA as model protein for the preparation of BSA-PLGA-implants by HME. The focus 

of this work was the investigation of potential mechanisms to explain the incomplete 

protein release over time. The release of BSA from PLGA-based matrix systems is 

often biphasic as an initial burst is followed by a slow and incomplete release. The 

initial burst release was avoided by 25 % BSA-load and by milling the protein prior 

extrusion. Consequently, the BSA release was increased up to 97 % by high-protein 

loads. The potential mechanism behind the incomplete release was explained by 

PLGA-protein interactions mediated by the free cysteine residues of the protein. This 

hypothesis was confirmed by the results of Cossé et al. [24] and further corroborated 

by previously published data of the working group [207] as the used lysozyme exhibits 

no free cysteine residue and lysozyme was completely released from the PLGA 

implants. 

Stanković et al. [233] used novel, biodegradable phase-separated poly(ε-

caprolactone-PEG)-block-poly(ε-caprolactone), [PCL-PEG]-b-[PCL]) multiblock 

copolymers with different block ratios and with a low melting temperature (49 to 55 °C) 

for the production of protein-loaded (e.g., goserelin, insulin, lysozyme, carbonic 

anhydrase, and albumin) implants by HME. Prior HME, the model proteins were 

spray-dried with inulin as stabilizer to obtain a protein powder of uniform particle size. 

The spray-dried protein powders were then incorporated into polymeric implants by 
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HME, whereby all proteins completely preserved their structural integrity as 

determined after extraction of the proteins from the polymeric implants. The work 

revealed, that the protein release rate increased with decreasing molecular weight of 

the proteins and with increasing the PEG content of the polymer [233]. 

Vollrath et al. [212], [213] introduced the production of solid lipid implants (SLI) 

containing 10 to 20 % either of a lyophilized mAb or a Fab-fragment by small-scale 

TSE (5 mm) at 35 °C and 40 rpm. Protein release was observed as sustained over 

120 days. The analytical investigation of the incubation media containing the released 

and concentrated proteins showed a monomer loss of up to 7 % for the mAb, and less 

than 5 % for the Fab-fragment. FT-IR analysis revealed the formation of random coil 

structures towards the end of the release study for the mAb and no changes in 

secondary structure for the Fab-fragment. The results underline the potential of SLIs 

as protein delivery system, especially where long-term release systems are absolutely 

required, for instance in the case of intraocular drug delivery [212], [213]. 

The works published so far are limited to the production of protein-loaded extrudates 

by small-scale HME and characterization of the implants in terms of protein stability, 

protein recovery, and protein release. A mechanistic understanding and investigation 

of how process parameters (e.g., type of extruder, feed-rate, residence time 

distribution) and process-related stress factors (thermomechanical stress profiles 

along the ram extruder or TSE barrel, or in the extruder die) affect protein stability, 

remain “black boxes”. A consistent feeding the powdered starting material is a critical 

step in HME as it enables a stable, reliable, and reproducible process. The used 

powdered starting material described in the literature was either manually fed into the 

small-scale extruders or the authors did not exactly mention how feeding was 

proceeded. Apart from these facts, the use of computational simulations to gain better 

HME process understanding and correlation of the simulation data with experimental 

results of protein stability was hitherto not considered.  
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2 AIMS AND SCOPE 

Solid protein formulations for peroral, nasal or parenteral administration would 

significantly improve the therapeutic use, the compliance, and stability of protein-

based drugs. The aim of this work was to develop, assess and apply innovative 

pharmaceutical stabilization and formulation techniques for protein drugs. A further 

objective was to assess the general suitability of small-scale melt extrusion 

approaches for the production of stable solid protein formulations. This thesis focused 

on hot-melt extrusion processing (ram and twin-screw extrusion) and vacuum 

compression molding as techniques for the production of solid protein-loaded 

extrudates or discs, respectively. The stabilization of model proteins and a peptide 

(i.e., lysozyme, BSA, human insulin, respectively) took place by embedding in 

dissolving or eroding polymer matrices (i.e., PEG 20,000, PLGA 50:50, EVA 

(40 % VA)). Although proteins in solid-state formulations exhibit an enhanced stability, 

the proteins can undergo denaturation, degradation, or aggregation during 

processing. Since a mechanistic formulation development strategy is based on an 

extensive knowledge of the physicochemical peptide and protein stability, appropriate 

analytical methods were applied to evaluate the process-related stability of proteins 

and the peptide in different formulations. 

Specific objectives of the individual projects are described below. 

Introduction of small-scale melt extrusion approaches for the production of 

highly-loaded solid protein-PEG formulations and investigation of process 

stress on protein stability 

This project (chapter 3) aimed to evaluate the impact of process stress on the protein 

stability in highly-loaded solid protein-PEG extrudates produced by small-scale ram 

extrusion and TSE. The applied analytical methods should offer an accurate 

assessment of protein stability in extrudates, enabling the comparison of different melt 

extrusion formulations and process parameters (e.g., shear stress levels, screw 

configurations, residence times). Furthermore, the focus was to provide a 

fundamental basis for future work, including the evaluation of the use of other process 

techniques (e.g., vacuum compression molding), as well as the use of sustained 

release polymers (e.g., PLGA (release over several months, EVA (release up to 

2 years), since conventional HME screening requires considerable amounts of 

material even at a small-scale level (> 2 g batch size).  
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Micro-scale Vacuum Compression Molding as a predictive screening tool of 

protein integrity for potential hot-melt extrusion processes 

HME requires considerable amounts of material (protein powder) even at a small-

scale level. The aim of this project, presented in chapter 4, was the introduction of 

vacuum compression molding (VCM) as a predictive screening tool of protein stability 

for potential HME processing. The focus was to identify appropriate polymeric 

matrices (e.g., PEG 20,000, PLGA 50:50, EVA (40 % VA)) prior to extrusion and 

evaluation of protein stability after thermal stress using only a few milligrams of protein 

powder. The findings were directly correlated with the results of protein-loaded 

extrudates prepared by ram extrusion or TSE, as described in chapter 3.  

Highly protein-loaded melt extrudates produced by small-scale ram and twin-

screw extrusion – evaluation of extrusion process design on protein stability 

by experimental and numerical approaches  

The use of HME processing in protein formulation development is still in its early 

stages. One major drawback in small-scale extrusion (e.g., 5 mm TSE) has been 

identified to be a long residence time of up to 5 min, which subsequently results in an 

increased thermomechanical stress and a potentially negative impact on protein 

stability. It is therefore crucial to carefully balance the process parameters (e.g., feed-

rate, screw design, screw speed, die geometry, L/D-ratio) in order to avoid spots of 

elevated shear and/or thermal stress along the process. The gap towards a 

mechanistic understanding of the interactions between process variables and quality 

attributes needs therefore to be filled via numeric simulation. This project (chapter 5) 

was designed to retrospectively include relevant extrusion process parameters to 

facilitate potential correlations of process parameters (e.g., screw configuration, 

screw speed, temperature profiles, and residence time distributions (RTD)) with 

experimental data on polymer, and protein characteristics (e.g., rheology, melting 

temperature shifts, protein recovery rates, and biological activity). The combination of 

experimental and numerical approaches should reveal a better understanding of HME 

process parameters (e.g., type of extruder, shear rate distribution, RTD) on protein 

integrity. The goal was to enable a fundamental and early starting point for the 

production of protein-loaded extrudates without negatively affecting the protein 

integrity and prior protein formulation development of long-term release systems by 

small-scale HME processing based on 1D and 3D computational simulation with 

experimental data.   
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SUMMARY 

Introduction:  

Since biopharmaceutics play a steadily increasing role in the medical treatment of 

especially severe diseases, the sector of developing protein-based therapeutics is 

similarly growing. These Biopharmaceutics are more complex and have to be 

administered mostly parenteral as liquid formulations compared to other drug 

products based on small-molecule drugs [4]. As protein-based therapeutics often 

exhibit a limited stability in liquid formulations, there is a growing interest in the 

development of solid protein formulations due to improved protein stability in the solid 

state (e.g., production of protein-loaded extrudates or implants) [22], [235]. 

Nowadays, melt extrusion processing can be used for the production of solid protein-

loaded implants or for encapsulation of protein particles in extrudates with focus on 

solid-state protein stabilization. However, the formulation development process of 

many biopharmaceutics often wastes time and resources, and the amount of a 

peptide or protein candidate in early development is limited (i.e., a few milligrams). 

The major drawback of conventional hot-melt extrusion processing is the need of 

sufficient amounts of API and input material. Therefore, melt extrusion approaches on 

a small-scale level are of crucial importance, as, small-scale melt extrusion is 

accompanied with (i) processing small batch sizes (e.g., less than 2 g of a protein 

formulation), (ii) high yield, and (iii) short process times (e.g., shorter than 3 min for 

2 g of a powdered protein formulation). We used small-scale (< 3 g) ram and twin-

screw extrusion for the solid stabilization of proteins (lysozyme, BSA, and human 

insulin) in PEG-matrices. The impact of process stress on protein stability in highly-

loaded solid protein/PEG formulations from small-scale melt extrusion was then 

investigated by several analytical methods. The aim was to provide characterization 

methods to assess process-related protein stability in highly-loaded protein 

extrudates as well as to distinguish between the impact of different small-scale melt 

extrusion processes (i.e., ram and TSE) and extrusion parameters (e.g., shear stress 

levels, screw configurations, residence times) on protein stability. Melt extrusion was 

considered for the production of protein-loaded extrudates in order to further enhance 

protein stability in solid-state formulations compared to the starting material, for 

improved storage and logistic conditions.  
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Materials and methods:  

Powdered lysozyme, BSA, or human insulin (i.e., 40 %) were embedded in 60 % PEG 

20,000 either by ram extrusion at 63 °C or 5-mm twin-screw extrusion at 63 °C using 

two different screw configurations (conveying screws, or screws with a single 90° 

kneading element). Protein stability after extrusion was systematically and analytically 

investigated using the following methods: (i) RP-HPLC for the analysis of degradation 

products and chemical protein stability, (ii) size exclusion chromatography (SEC) for 

monitoring the loss of protein monomers as an indication of aggregate formation or 

fragmentation, (iii) SEM-EDX for visual protein particle distribution over the cross 

section of protein-loaded extrudate, (iv) ss-DSC for the determination of polymer 

melting peaks and protein unfolding temperatures, (v) ss-FTIR for the conformational 

protein stability and secondary structure analysis, (vi) circular-dichroism spectroscopy 

for comparison the molecular conformation and secondary structure elements of 

protein powder before and after melt extrusion, (vii) biological activity assay (only for 

lysozyme), and (viii) thermal stress test for 28 days at 40 °C to assess the protein 

stability under thermal stress (accelerated conditions) applying the before mentioned 

analytical methods. 

Results and discussion:  

During melt extrusion mainly the stress factors heat exposure in combination with 

shear stress, are potentially affecting protein stability and consequently can lead to 

their degradation or inactivation. Within the current study, the analytical investigation 

and characterization of protein stability in highly-loaded protein extrudates was 

demonstrated. The applied analytical methods offered an accurate assessment of 

protein stability in highly-loaded protein PEG-extrudates produced by ram extrusion 

and TSE with regard to the main challenges, i.e., protein instability due to heat 

exposure and shear stress during extrusion. Lysozyme was implemented as a model 

protein and was completely recovered in its active form after extrusion. Differences 

seen between Lysozyme- and BSA- or human insulin-loaded extrudates indicated that 

melt extrusion could have an impact on the conformational stability. In particular, BSA 

and human insulin were more susceptible to heat exposure and shear stress 

compared to Lysozyme, where shear stress was the dominant parameter. 

Consequently, ram extrusion led to less conformational changes compared to TSE. 

Ram extrusion showed good protein particle distribution resulting in the preferred 

method to produce highly-loaded solid protein formulations.   
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SUMMARY 

Introduction:  

The formulation development process of many biologics often wastes time and 

resources, and the amount of a peptide or protein candidate in early development is 

limited (i.e., a few milligrams) [98]. These aspects also need to be considered when 

evaluating alternative formulations formulation strategies, and modes of 

administration. Solid biopharmaceutical formulations offer the potential for increased 

stability and underline the importance of alternative solid protein formulations. Hot-

melt extrusion (HME) can be used for the production of solid protein formulations 

mainly for two reasons: increased protein stability in solid state and/or long-term 

release systems (e.g., protein-loaded implants). However, HME requires considerable 

amounts of material even at small-scale (> 2 g batch size). An early evaluation and 

predictive screening of composition and formulation process parameters on a micro-

scale level is of crucial importance, as, due to the costs of proteins, conventional 

development programs are financially unfeasible. The aim is to enable a good and 

early starting point for the production of solid protein formulations without negatively 

affecting the protein stability and prior cost-intensive protein formulation development 

of long-term release systems. In this study, micro-scale vacuum compression molding 

(VCM) was introduced as a predictive screening tool of protein integrity and polymers 

by overcoming the major drawback of conventional HME screening by using a 

minimum quantity of API and material [236]. VCM (combination of vacuum and 

temperature) was used to prepare cylindrical discs composed of different protein-

polymer mixtures in view of a potential as a predictive screening tool for protein solid-

state stabilization in the selected polymers. VCM is a novel, fusion-based tool for the 

simple preparation of thermoplastic specimens starting from powders, where the 

molten samples are evacuated and compressed into a defined solid form without any 

air inclusions [237]. A fundamental formulation development strategy is based on an 

extensive knowledge of the physicochemical protein stability and thus the protein-

loaded discs were investigated using appropriate analytical methods to evaluate the 

process-related protein stability. The protein stability of 20 % lysozyme, BSA, and 

human insulin embedded in 80 % PEG 20,000, PLGA, or EVA by VCM was 

investigated by DSC, FT-IR, and SEC. The results from the protein-loaded discs 

provided important insights into the solid-state stabilizing mechanisms of protein 

candidates and a good basis for the evaluation of VCM as a predictive screening tool 

for the preselection of appropriate polymeric matrices prior to extrusion. VCM was 
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successfully applied for a set of proteins and polymers, showing, in particular, a high 

potential for EVA as a polymeric matrix for solid-state stabilization of proteins and for 

the production of extended-release dosage forms. Stable protein-polymer mixtures 

with improved protein stability after VCM could be then introduced to a combination 

of thermal and shear stress by HME and further investigated with regard to their 

process-related protein stability. 

Materials and methods: 

Powdered lysozyme, BSA, or human insulin (i.e., 20 %) were embedded in 

80 % PEG 20,000, PLGA (Resomer® RG502 H), or EVA (40 % VA) by VCM. Prior 

VCM, PEG 20,000 flakes were milled utilizing a high-shear mixer, whereas EVA 

granules were milled using a cryogenic mill. VCM was conducted using a VCM tool 

with a 5 mm diameter disc geometry. Approx. 15 mg of each blend was loaded into 

the VCM device and heated under vacuum for 6 or 12 min at a temperature of 65 °C 

for PEG 20,000, or 70 °C for PLGA, and EVA. Protein stability after VCM was 

systematically and analytically investigated using the following methods: (i) SEC for 

monitoring the loss of protein monomers as an indication of aggregate formation or 

fragmentation, (ii) ss-DSC for the determination of polymer melting peaks and protein 

unfolding temperatures, (iii) ss-FTIR for the conformational protein stability and 

secondary structure analysis. The produced protein-loaded 5 mm-discs were directly 

used after production in their final form and without further sample preparation for 

FT-IR and DSC analysis. For SEC analysis, the sample preparation of protein-loaded 

discs was depended on the used polymer. Samples (i.e., physical mixture and protein-

loaded discs) containing PEG 20,000 as polymer were directly dissolved in the mobile 

phase used for SEC analysis. Proteins embedded in PLGA were extracted by the use 

of acetonitrile, whereas for EVA-containing samples, dichloromethane was used 

[227].  

Results and discussion: 

The native state of a protein molecule is its orderly folded and assembled form and 

determines its functionality. The most common stress that can cause a loss of protein 

structure or functionality is an exposure to heat during processing (i.e., thermally 

induced protein denaturation and/or unfolding). The systematic analysis of the 

protein-loaded discs provided important insights into the solid-state stabilizing 

mechanisms of protein candidates since an understanding of molecular interactions 

within the polymeric matrix can support the identification of most promising polymer 
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carriers. The unfolding temperatures of the used proteins and PEG 20,000 or PLGA 

determined by DSC were comparable with or lower than the unfolding temperature of 

the native proteins. However, the unfolding temperature of the proteins in the 

presence of EVA were not reduced or even higher compared to the native protein 

powder. The trend of a potential protein stabilizing effect of EVA as polymer was 

confirmed by FT-IR analysis. The first and second derivatives of FT-IR spectra of VCM 

discs containing 20 % lysozyme, BSA, or human insulin and 80 % EVA were 

comparable to the powdered proteins used to prepare the discs. Since the spectra 

were overlaying, there was no indication of protein denaturation or aggregation as a 

consequence of the exposure to an elevated temperature of 70 °C during VCM 

processing. Moreover, VCM processing was not the trigger for the formation of protein 

fragments or aggregates in the case of lysozyme- and BSA-loaded discs. Human 

insulin-loaded PEG discs prepared by VCM showed further peaks in front of the peak 

of native human insulin, indicating the formation of HMWS in the presence of 

PEG 20,000. Therefore, PEG 20,000 is not an appropriate polymer carrier, since 

interactions of human insulin molecules with hydrophilic PEG chains induced the 

alteration of the local insulin structure.  This hypothesis was also confirmed by the 

results of human insulin-loaded extrudates prepared by ram extrusion or TSE, as 

described in Chapter 3. EVA presented high potential as a polymeric matrix for solid-

state stabilization of proteins (e.g., lysozyme, BSA, and human insulin) or the 

production of protein-loaded implants with extended-release behavior. 

  



Highly protein-loaded melt extrudates produced by small-scale ram and twin-screw 
extrusion - evaluation of extrusion process design on protein stability by 
experimental and numerical approaches  33 

 
 

5 HIGHLY PROTEIN-LOADED MELT EXTRUDATES PRODUCED 

BY SMALL-SCALE RAM AND TWIN-SCREW EXTRUSION - 

EVALUATION OF EXTRUSION PROCESS DESIGN ON 

PROTEIN STABILITY BY EXPERIMENTAL AND NUMERICAL 

APPROACHES 

 

Katharina Dauer1, Kevin Kayser1, Felix Ellwanger2, Achim Overbeck3, Arno 

Kwade3, Heike P. Karbstein2, Karl G. Wagner1,* 

 

1 University of Bonn, Department of Pharmaceutics, Institute of Pharmacy, Bonn, 

Germany 

 

2 Institute of Process Engineering in Life Sciences, Food Process Engineering, 

Karlsruhe Institute of Technology, Karlsruhe, Germany 

 

3 Technische Universität Braunschweig, Institute for Particle Technology (iPAT), 

Braunschweig, Germany  

 

 

 

This part was published as 

K. Dauer, K. Kayser, F. Ellwanger, A. Overbeck, A. Kwade, H.P. Karbstein, and 

K.G. Wagner: Highly protein-loaded melt extrudates produced by small-scale ram and 

twin-screw extrusion - evaluation of extrusion process design on protein stability by 

experimental and numerical approaches, International Journal of Pharmaceutics: X, 

2023, DOI: 10.1016/j.ijpx.2023.100196 

CONTRIBUTION 

I designed the outline of the study, performed literature search, developed the 

analytical methods, produced the protein-loaded extrudates by ram and twin-screw-

extrusion, analyzed the data, interpreted the analytical results, and finally wrote the 

manuscript. 



Highly protein-loaded melt extrudates produced by small-scale ram and twin-screw 
extrusion - evaluation of extrusion process design on protein stability by 
experimental and numerical approaches  34 

 
 

SUMMARY 

Introduction: 

In pharmaceutical industry, hot-melt extrusion (HME) is mainly used as continuous 

and robust manufacturing technology for the production of solid dosage forms (e.g., 

ASDs) [187]. In the last few years, the application of HME was expanded to 

biopharmaceutics and can be used for the production of long-term release systems 

for parenteral administration (e.g., protein-loaded implants) or for solid-state protein 

stabilization [211], [212]. However, conventional HME processing requires batch sizes 

of about 20-30 g, which result in substantial amounts of drug substance and 

development costs, respectively [192], [199]. The amount of protein drug candidates 

within early formulation development studies however, is often limited and thus small-

scale HME is particularly relevant [55]. Small-scale HME ideally enables the 

processing of batch sizes below 3 g accompanied with high yields of the produced 

protein-loaded extrudate under short processing times (e.g., less than 3 min) [25]. We 

introduced small-scale ram extrusion and TSE for the production of solid protein PEG-

formulations (lysozyme and BSA). However, during the residence time in the extruder 

the protein particles are exposed to thermomechanical stress, which can potentially 

affect protein stability [24], [186]. It is therefore crucial to carefully balance the process 

parameters (e.g., feed-rate, screw design, screw speed, die geometry, L/D-ratio) in 

order to avoid spots of elevated shear and/or thermal stress along the process. As 

melt temperature and pressure in small-scale extrusion is usually determined in the 

die only, information on the extent and location of above-mentioned hot spots along 

the process are easily missed. The gap towards a mechanistic understanding of the 

interactions between process variables and quality attributes needs therefore to be 

filled via numeric simulation [192], [238]–[240]. The extrusion process understanding 

and design can be challenging due to fundamental differences in how heat and shear 

stress is generated in extruders of differing types and the significant role 

thermomechanical stress generation plays in determining the final product attributes 

and protein integrity [241]. The aim of the study was to include all relevant extrusion 

process parameters to facilitate potential correlations of process parameters (e.g., 

screw configuration, screw speed, and residence time distributions (RTD)) with 

experimental data on polymer, and protein characteristics (e.g., rheology, melting 

temperature shifts, protein recovery rates, and biological activity). 
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Materials and methods: 

Powdered lysozyme or BSA (i.e., 20, 40, or 60 %) were embedded in 80, 60, or 40 % 

PEG 20,000, respectively either by ram extrusion at 63 °C or 5-mm twin-screw 

extrusion at 63 °C using two different screw configurations (i.e., conveying screws, or 

screws with a single 90° kneading element) and screw speeds (i.e., 100, 150, or 200 

rpm). The physical mixtures were fed into the TSE by using a powder belt conveyor 

at constantly kept feed-rates of 0.4, 0.6, 1.0, 1.4, and 2.0 g/min. A correlation of 

experimental and numerical approaches for the evaluation of extrusion process 

design (e.g., type of extruder, screw configuration and speed, mean residence time) 

on protein integrity was applied. The comparison of extrusion experiments was 

evaluated with the computations of the 1D and 3D simulation software Ludovic® and 

Ansys Polyflow®, respectively. Input parameters for 1D simulation of the MRTs were: 

(i) screw configuration, (ii) screw speed, (iii) temperatures of the segments, (iv) feed-

rate, (v) thermal characteristics of the extruded mixture (i.e., heat capacity, density, 

thermal conductivity, melting temperature, and melt rheology data). The MRTs as a 

function of screw configuration, screw speed, different feed-rates, and protein-load 

were also experimental measured with a color tracer and calculated by using the 

camera system ExtruVis3 and correlated with simulated MRTs. As mechanical stress 

in the extrusion process may lead to damaging of the proteins, 3D software was used 

to characterize mechanical stress profiles during ram extrusion and TSE (i.e., shear 

rate distribution of the die and screw sections). The particle size distribution analysis 

and mechanical single crystal analysis of the used protein powder particles were used 

for the evaluation of applied thermomechanical stress and potential particle grinding 

during extrusion. Protein stability after extrusion was analytically investigated using 

the following methods: (i) RP-HPLC for the determination of protein recovery rates 

from protein-loaded extrudates and analysis of degradation products and chemical 

protein stability, (ii) SEM-EDX for visual protein particle distribution over the cross 

section of protein-loaded extrudates, (iii) ss-DSC for the determination of polymer 

melting peaks and protein unfolding temperatures, (iv) biological activity assay (only 

for lysozyme). 

Results and discussion: 

The extrusion process for embedding protein particles into a polymeric matrix (e.g., 

PEG 20,000) can be separated into two steps for both, the ram extruder and the TSE. 

A thermal and mechanical treatment of the mixture in the reservoir of the ram extruder 
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or in the screw section of the TSE takes place. While for the ram extruder melting and 

extruding, i.e., introducing mechanical stress, were applied sequentially, during TSE 

these processes were introduced simultaneously. The selected polymer PEG 20,000 

is waxy and shows a very high viscosity below the melting temperature (not extrudable 

due to an extensive torque) and a very low viscosity above the melting temperature 

(not extrudable due to liquification). Due to the narrow extrusion process window of 

PEG 20,000 and as mechanical stress in the extrusion process may lead to damaging 

of the proteins the need of computational simulation for gaining insights into extrusion 

process design is of crucial importance. In regard of mechanical stress, 3D 

simulations revealed that the die area of both extruders is comparable. The highest 

shear rates were found close to the wall and gradually decreased towards the center 

of the die channel. For TSE the highest shear rates were present in the screw section 

and particularly in the gap between the screws and between the screw and the barrel. 

The simulation of maximum shear rates raised the expectation of particle grinding 

during extrusion, especially when TSE is used. MRTs determined by TSE 

experiments and 1D simulation (Ludovic®) were compared. However, the MRTs of the 

blends in the heated barrels were short (3 min and less than 80 sec, for ram extrusion 

and TSE, respectively) and thus did not lead to a dissolution or grinding of protein 

particles in the PEG-matrix. The experimental MRTs for the pure PEG and 20 % 

protein-polymer mixture were congruent with simulated data. In mixtures with 40 % or 

60 % protein, the impact on melt rheology behavior and thus the MRT is no longer 

neglectable and was reliably predicted by Ludovic®. Ram extrusion facilitates 

sufficient dispersion of protein particles for all protein-loads (20-60 %). The distributive 

mixing effects of TSE were not necessary for the production of protein-loaded 

extrudates and TSE were thus not superior compared to ram extrusion. In contrast 

mechanical stress within ram extrusion was generated in the die only. Ram extrusion 

had the lowest impact on unfolding temperatures which is in agreement with the 

results of 3D simulation. That die-induced stress was higher for the ram than for the 

TSE die, still much lower than the screw induced stress. A protein-load effect on the 

unfolding temperature was observed for extrudates produced by TSE. The MRT in 

the kneading element was slightly increased, implying that protein particles were 

entrapped within the gaps of the kneading element, resulting to a more frequent 

stressing and an increase in temperature as a result of the increasing viscous 

dissipation. Interestingly a higher protein-load of 60 % was protective resulting in a 

less pronounced decrease of unfolding temperatures.  
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6 SUMMARY AND CONCLUSIONS 

The extension of conventional HME processing to therapeutically relevant proteins 

and peptides has been largely limited by the amount of protein substance available 

for development studies. Therefore, two small-scale HME approaches for embedding 

solid protein particles in polymeric matrices were established. Applying ram extrusion 

and 5-mm TSE required batch sizes of minimal 1.0 g and 3.0 g powder, respectively. 

The starting material for HME processing is composed of a solid freeze- or spray-

dried protein or peptide powder, polymer powder, and optionally other powdered 

additives or excipients. In this work, lysozyme, BSA, and human insulin powder were 

used as proteins and peptide, respectively. TSE is known as continuous 

manufacturing approach and thus required a steady feeding of the powdered material 

into the feeding zone of the extruder. In many works a controlled feeding process in 

small scale HME is neglected and performed manually with a spatula or is not even 

mentioned. In this work, the feeding of powdered starting material was controlled via 

a conveying belt into the extruder barrel of the 5-mm TSE enabling constant feed-

rates during the entire process. The feed-rates were adapted for each type of protein 

powder and the respective protein-loads of 20, 40, and 60 % protein, as the particle 

morphology, residual moisture content and protein-load affected the consistency of 

the feed-rate. The average time for adjusting an optimal feed-rate required 

approximately half an hour. In contrast, a time- and material-consuming adjustment 

of the feed-rate is not required in the case of ram extrusion as no continuous feeding 

was involved. Starting material composed of spherical protein powder particles and 

an average particle size of less than 200 µm such as lysozyme or human insulin 

powder could be fed at very low feed-rates (0.2 and 0.4 g/min), whereas the feeding 

of mixtures containing huge, elongated BSA crystals (450 µm) required up to 10-fold 

higher feed-rates maintaining a consistent TSE process (i.e., 2.0 g/min). The 

extremely low feed-rates were achieved using a self-built feeder based on a 

conveying belt and a powder reservoir hovering at a distinct gap above the belt. A 

major drawback of the used small-scale 5 mm TSE, with a short barrel, was the 

missing possibility of active cooling in the feeding zone. The protein-polymer powder 

adheres to the wall of the feeding opening at the very beginning of the barrel and the 

polymer begins to melt. The process continuity is less stable due to an increased 

clogging of the feeding zone. In contrast, the barrel of the discontinuously operating 

ram extruder (8.25 cm³) was filled with the entire batch of minimal 1.0 up to 8.0 g of 

powder depending on the density of the powder mixture. The powdered starting 
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material is filled in the vertically positioned ram extruder barrel with an active cooling 

possibility via air or water circulation in the feeding zone. A further advantage of the 

ram extruder was the very high yield of nearly 100 %, whereas TSE processing 

resulted in a yield of less than 80 % due to the dead volume between the extruder 

barrel and the screws as well as the die section. Another benefit of ram extrusion 

processing was the embedding of up to 80 % protein substance in a polymeric matrix, 

whereas the maximum achievable protein-load of TSE processing was 60 %, likely to 

the changes in viscoelastic properties of the melt, which prevented plastic flow 

through the die. However, when HME processes with higher throughputs are 

necessary, TSE offers ease scale-up whereas upscaling in ram extrusion is limited 

due to a not infinitely scalable inner volume of the ram extruder barrel. An increase in 

the inner volume results in an impaired heat flow and increased residence times due 

to a changed surface-volume ratio.  

Despite all the limitations with regard to both applied HME processes, ram extrusion 

and TSE were successfully applied as protein solid-state stabilization approach and 

subsequently, for the perspective development of extended-release systems for 

parenteral administration (e.g., protein-loaded implants). A general issue of feeding 

freeze- or spray-dried proteins are the pronounced triboelectric charging which limits 

the accuracy of feeding and further processing like dispensing. HME processing were 

used for embedding of the highly potent and triboelectric charged protein particles in 

a solid matrix. Consequently, the solid-state stabilization of protein particles by HME 

provided a suitable intermediate step and eases the safe handling of the formulated 

proteins for subsequent processing or storage due to the drastically reduced 

triboelectric charging. However, HME processing of proteins was accompanied with 

stress factors, mainly elevated temperatures (< 75 °C) in combination with shear 

forces, that affected to various degrees the protein integrity. Hence, a fundamental 

understanding of extrusion processing by small-scale ram extrusion and TSE was 

essential as an early starting point for the production of stable protein-loaded 

extrudates.  

Chemical degradation of a protein due to oxidation can occur during any stage of 

protein manufacturing, particularly when the protein is exposed to thermomechanical 

stress during processing. Chemical stability analysis of the extracted proteins by RP-

HPLC showed that no oxidation or hydrolysis of the proteins occurred during ram 

extrusion or TSE. The physical protein stability after extrusion was investigated using 

various analytical methods. SEC was used to identify any process-induced protein 
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fragmentation or the formation of HMWS/protein aggregates. The thermomechanical 

stress applied to the proteins during HME processing did not result in the formation of 

protein fragments or protein aggregates in the case of lysozyme and BSA. Human 

insulin in combination with PEG 20,000 showed the formation of approximately 0.2 % 

HMWS. However, the formation of HMWS was independent of the extrusion process, 

since HMWS appeared also in the case of the unprocessed, starting material 

composed of human insulin and PEG 20,000 in a powder mixture. Human insulin 

molecules presumably interact with hydrophilic PEG 20,000 molecules likely due to a 

PEG-induced alteration of the local peptide structure. Despite intensive investigations, 

details about the initial triggers for insulin HMWS formation have remained elusive at 

the molecular level.  

The reported unfolding temperatures for proteins in the solid state are predominately 

high, often above 200 °C and vary slightly according to the protein. In general, proteins 

do not show typical melting behavior, but rather a change in molecular conformation 

from a native to a denatured state at the unfolding temperature. DSC thermograms 

exhibited broad peaks designated as the protein unfolding temperatures, which is 

equivalent to the temperature where 50 % of the protein is in the unfolded state, i.e., 

not completely denatured. Ss-DSC analysis was successfully used for the selection 

of appropriate extrusion temperatures (60 to 65 °C) by means of the determined 

melting temperature of the designated polymer and by selecting an extrusion 

temperature that is far below the unfolding temperature of the used protein. 

Nevertheless, the most common stress that can cause a loss of protein structure is 

elevated temperature and designated as thermally induced protein denaturation 

(unfolding). In general, a significant decrease in the unfolding temperature of the 

protein reflects a decrease in the conformational protein stability. The protein-loaded 

extrudates were thus evaluated with respect to the thermal protein stability after 

extrusion. The ram extrusion process did not significantly affect the unfolding 

temperature of lysozyme. In general, ram extrusion had the lowest impact on protein 

unfolding temperatures, whereas TSE showed significantly reduced unfolding 

temperatures for 20 % and 40 % protein-load, especially in combination with screws 

containing 90° kneading elements. In conventional HME processing, the kneading 

elements of a screw play a decisive role in both melting the polymers and in enhancing 

dispersive as well as distributive mixing of the API-polymer mixture by introducing 

maximum shear stress at no conveying of material. Surprisingly, a protein-load effect 

on the unfolding temperature was observed for extrudates produced by TSE. A higher 
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protein-load of 60 % was protective resulting in a less pronounced decrease of 

unfolding temperatures. We hypothesize that the generated shear stress during TSE 

were distributed to a larger protein particle collective and thus, high protein-loads of 

> 50 % should be favored.  

CD and FT-IR spectroscopy were used to compare the molecular conformation and 

secondary structure elements of protein powder before and after HME processing. 

The conformational stability of lysozyme and BSA was neither negatively affected by 

ram extrusion nor TSE without indication for denaturation (shifts or distortion of bands) 

or aggregation (intermolecular β-sheet formation) as a consequence of the 

thermomechanical stress during ram extrusion or TSE. However, BSA and human 

insulin were more susceptible to thermomechanical stress than lysozyme. A probable 

explanation for the observed differences in the FT-IR spectra of BSA-loaded 

extrudates and the unprocessed BSA reference may be the extrusion procedure, 

since thermomechanical stress can cause reversible changes in protein conformation 

and is associated with a reduction in the α-helical content and an increase in the 

random chain content. The secondary structure elements of BSA could be partially 

unfolded but still presenting a native-like secondary structure and thus no process-

induced loss in functionality occurred. CD and FT-IR spectra of human insulin-loaded 

extrudates prepared by TSE showed clear shifts and changes in secondary structure 

elements. These changes indicated the transformation of α-helix content to β-sheets 

or a disordered structure which enhanced the tendency to aggregate. In particular, 

the α-helical structures were obviously affected by TSE with screws containing a 

kneading element due to higher shear stress and a longer residence time compared 

to non-modular conveying screws. The extent to which the functionality of human 

insulin was negatively affected by HME processing is challenging to assess, since no 

activity assays for insulin are available. The activity assay available for lysozyme 

revealed no loss in activity as the remaining activity was higher than 90 % after ram 

extrusion and TSE and highlights the extreme stability of lysozyme against 

thermomechanical stress. An accelerated thermal stability study (40 °C for 28 days) 

revealed that neither chemical degradation of the stored proteins embedded in PEG-

matrices by ram extrusion or TSE, nor the formation of HMWS occurred. In the case 

of lysozyme and BSA the unfolding temperatures as well as the secondary structure 

elements were not negatively affected or shifted due to the thermal stress during 

storage. In contrast, the physical stability of human insulin was negatively affected 

during storage. However, the amount of formed HMWS was in the same magnitude 
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as the stored unprocessed human insulin powder. Therefore, HME processing was 

not the main driver for the observed physical instability.  

Overall, ram extrusion had the lowest impact on the thermal stability (unfolding 

temperature) and conformational stability (secondary structure changes) of the 

extruded proteins compared to TSE due to lower shear stress. The aim of a 

homogenous embedding of protein powder particles in a polymeric matrix by HME 

without negatively affecting the protein stability was achieved.  

The protein particle distribution over the cross section of extrudates was analyzed by 

SEM-EDX and coefficients of variance (CV) were used to describe the protein particle 

distribution quantitatively. Protein-loaded extrudates prepared by ram extrusion 

showed indeed up to 1.5-fold higher CVs compared to extrudates processed by TSE, 

but the protein recovery rates were still above 97.5 % depending on the size of the 

embedded protein particles. The barrel of the ram extruder does not contain any 

restrictive elements for mixing like the co-rotating screws of a TSE. However, a highly 

homogeneous protein particle distribution could be also achieved by ram extrusion 

especially when the size of protein particles was below 200 µm (d50) as presented by 

lysozyme and human insulin. In contrast, the embedding of elongated BSA crystals 

with a very broad particle size distribution (d50 = 450 ± 70 µm) revealed CVs of 10.0 %, 

7.5 %, and 6.3 % for BSA-loaded extrudates produced by ram extrusion, TSE with 

conveying screws, and TSE with a kneading screw element, respectively. Starting 

material composed of such huge and elongated particles would be generally 

homogenized (i.e., milling and sieving) before processing in terms of achieving a 

consistent particle morphology and size. In this work, the BSA crystals were 

intentionally not pretreated in order to investigate process-related effects on the 

particles like particle size reduction or dissolving. As both ram extrusion and TSE 

revealed homogeneously distributed protein particles over the cross section of the 

extrudates, the dispersive power of TSE revealed not to be necessary. Consequently, 

the ram extruder would be favored for the production of stable protein-loaded 

extrudates in small-scale. The images of the cross sections of protein-loaded 

extrudates showed also that the protein particles were solely embedded in the 

polymeric matrices without dissolution or particle size reduction in the polymer as the 

particle size of the used protein powders was identical for the starting material and 

particles detected in the cross section of extrudates. On protein folding, hydrophobic 

AAs get buried inside the protein such that they are shielded from the surrounding 

water, whereas hydrophilic AAs are positioned outside of the buried core. As the 
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solubility characteristics of a protein depend on process parameters, such as pH, ionic 

strength, mechanical forces, and temperature stress, we expected at least a partial 

dissolution of the protein particles in the hydrophilic, molten PEG. The MRT of the 

protein particles in the extruder was 3 min for the ram extruder and less than 1.5 min 

for the TSE process, dependent on protein-load and TSE process parameters. 

Obviously, MRT in combination with the high viscous melt obstructed the dissolution 

of protein particles. The protein particles acted as a neutral filler in the polymer matrix, 

resulting in a reduced amount of energy as viscous dissipation was increasing. Micro 

compression analysis of the pure protein powder particles showed that BSA crystals 

were more ductile and less fragile than solid lysozyme or human insulin particles as 

the values for breakage force and breakage displacement were 2-times lower for 

lysozyme and human insulin than for BSA. However, the mechanical stress generated 

during ram extrusion and TSE did not exceed the break limit of lysozyme, BSA, or the 

human insulin particles, which might be related to the elastic deformation properties 

of the protein particles compensating local shear stress peaks.  

A mechanistic evaluation of the process parameters including various feed-rates, 

screw designs, screw speeds, die geometry, L/D-ratio, in order to avoid spots of 

elevated shear and/or thermal stress along the process is of crucial importance. The 

gap towards a mechanistic understanding of the interactions between process 

variables and CQAs were therefore filled via numerical simulation by using 1D and 

3D simulation software Ludovic® and Ansys Polyflow®, respectively. A systematic 

adaption of numerical simulation, particularly to a scale as small as 5-mm TSE in 

comparison to ram extrusion, and a subsequent correlation to protein stability of 

dispersed protein particles within a molten polymer matrix was applied. Several 

extrusion process characteristics and material properties (e.g., heat capacity, density, 

melt rheology data) of the investigated polymer-protein mixtures were considered. As 

mechanical stress in the extrusion process may lead to damaging of the proteins, 3D 

software was used to characterize mechanical stress profiles during ram extrusion 

and TSE. Low shear rates were found in the reservoir of the ram extruder. In regard 

of mechanical stress, the die area of both extruders was comparable. For TSE the 

highest shear rates were present in the screw section and particularly in the gap 

between the screws and between the screw and the barrel. In comparison to ram 

extrusion, in a kneading or conveying element TSE extrusion a single protein particle 

in the molten polymer is exposed for 9.5 s or 7.4 s to a 4.5- to 5.5-fold higher shear 

stress, respectively. The MRT in the ram extruder was approximately 3 min and in the 
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TSE extruder either equipped with conveying screws or screws containing a 90° 

kneading element in the range of 18 s to 57 s, or 21 s to 68 s, respectively and 

dependent on the screw speed and feed-rate. Despite the 3-times higher MRT in the 

ram extruder, the overall introduced shear stress was lower compared to TSE as the 

stress was generated in the die only and for a very short time of 0.05 s. However, so 

far, no simple 1D simulation model is available for ram extrusion thus, 3D simulations 

were employed for crucial process steps or areas, respectively. As the die in the ram 

extrusion was identified as the most critical process area, this limitation is negligible. 

The increased shear rate for the kneading element in TSE can be attributed to 

different flow profiles resulting from the restriction of 90° kneading discs. In contrast 

to TSE, ram extrusion offers the potential to prepare highly-loaded solid protein 

formulations at high yield, higher protein-loads of up to 80 %, and at lower shear 

stress.  

TSE strongly profits from both 1D and 3D simulations where 1D identifies critical 

process steps while 3D simulations boost the mechanistic understanding. Ludovic® 

proposes a global analysis of co-rotating TSE processes for describing the material 

behavior evolution along the process. Nonetheless, simulation via Ludovic® is 

expected to better converge with experimental data when using feed-rates higher than 

0.1 kg/h and larger size TSE (e.g., 9-, 11-, or 12-mm) with better instrumentation 

spread over the entire extrusion process (e.g., multiple temperature, die pressure, 

and torque monitoring). A pressure instrumentation for the experimental 

determination of the pressure particularly in the die section, was neither available in 

the small-scale 5 mm TSE nor ram extrusion. Compared to the reliably simulated 

thermomechanical and temperature profiles and RTDs along the TSE barrel and the 

die and as torque could not adequately measured in the 5 mm TSE experiments, 1D 

simulation could not reveal pressure distribution, which would otherwise be standard. 

1D simulation proved to be difficult and may involve a higher risk for wrong 

assumptions regarding the simulated RTDs and temperature profiles as we used very 

low feed-rates in the range of 0.2 to 2.0 g/min corresponding to 0.012 kg/h and 

0.12 kg/h, respectively. The pressure would indeed be an excellent variable to 

validate the 3D simulations of the die section. Advanced instrumentation would 

facilitate improved model validation as pressure and temperature profiles could be 

correlated. In conclusion, the presented combined approach of small-scale extrusion 

and 1D and 3D numerical simulation enabled a good starting point for ram extrusion 

and TSE trials for the production of highly-loaded protein extrudates without 
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negatively affecting protein stability, protein recovery rates, and homogenous 

distributed protein particles. 

Besides the application of numerical simulation approaches, VCM technology was 

successfully implemented as predictive screening tool of protein integrity. Even small-

scale HME processing requires considerable amounts of material (> 2 g batch size). 

The focus of the applied VCM technology was to identify appropriate polymeric 

matrices and formulation compositions prior to HME processing and evaluation of 

protein stability after thermal stress using only a few milligrams of protein. The protein 

stability of lysozyme, BSA, and human insulin embedded in PEG 20,000, PLGA, or 

EVA by VCM was investigated by ss-DSC, ss-FT-IR, and SEC. The produced protein-

loaded discs by VCM were directly used after production in their final form for ss-FT-

IR and ss-DSC analysis without a further and complex sample preparation and thus 

accelerated the formulation screening studies significantly. The systematic analysis 

of the protein-loaded discs provided important insights into the solid-state stabilizing 

mechanisms of lysozyme, BSA, and human insulin. The formulation screening 

revealed that EVA shows a high potential as polymeric matrix carrier for solid-state 

stabilization of proteins, since the unfolding temperature of the proteins in the 

presence of EVA were not reduced but, even higher compared to the native protein 

powder. Since several studies highlight the potential of PEG as protein stabilizer 

mainly in liquid formulations, PEG 20,000 was selected in this work as matrix former 

for an intended solid-state stabilization of the model proteins. In particular, as the 

stabilization of insulin, which is known to be prone to fibrillation and aggregation, by 

PEGylation was successfully shown by shielding of the insulin monomeric structure, 

it was expected that embedding of human insulin in a PEG-matrix would offer a similar 

stabilizing effect. However, the formation of HMWS and thus strong interactions 

between human insulin molecules and PEG 20,000 were observed in all kinds of 

human insulin containing samples independent whether human insulin was co-

processed with PEG or unprocessed. These highly unfavorable interactions between 

PEG 20,000 and human insulin were further confirmed by the polymer screening via 

VCM. As these interactions resulted in the formation of HMWS, PEG 20,000 cannot 

be recommended as polymeric matrix and protein stabilizer for human insulin 

formulations. This fact highlights also the need of suitable and appropriate screening 

tools for an early evaluation of favorable and unfavorable formulation compositions. 

Differences seen between the potential stabilizing effect of EVA and the destabilizing 

effect of PEG 20,000 could be due to the hydrophobic and hydrophilic nature of EVA 
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and PEG 20,000, respectively. PEG may bind to hydrophilic sites on the protein or 

peptide surface by inducing subtle unfolding while EVA may induce subtle compaction 

of the protein or peptide structure forced by repulsive interactions.  

For an intensive analytical screening (n = 3) of a single formulation composition 

(protein-polymer-mixture) by SEC, RP-HPLC, ss-DSC, and ss-FT-IR spectroscopy, 

approximately 15 mg of protein substance was required (corresponding to 20 % 

protein-load). In comparison for the production of a single formulation composition by 

ram extrusion and TSE, 300 or 600 mg of protein substance are required. The amount 

of a peptide or protein candidate in early development is strictly limited to a few 

hundred milligrams and thus small-scale ram extrusion or TSE cannot be used for an 

extensive formulation screening to identify the best formulation conditions. VCM 

technology proved to be an appropriate screening tool for the investigation of potential 

protein solid-state stabilization for melt-based formulations at a micro-scale as well as 

for the evaluation of suitable polymers and excipients for further planned HME 

processing.  

The use of HME for the development of implantable sustained protein release 

systems is a promising alternative to repeated injections of liquid or solid protein 

formulations due to a single administration of a protein-loaded implant. VCM 

technology is a particularly appropriate tool for screening the best polymer matrices, 

excipients, and thus formulation compositions in early stages of pre-development 

programs. Identified stable protein-polymer-excipient mixtures with improved protein 

stability after VCM could be then introduced to a combination of thermal and shear 

stress by HME and further investigated with regard to their process-related protein 

stability. Ram extrusion technology is particularly the best choice in pre-development 

studies for the production of protein-loaded implants based on the identified 

appropriate formulation composition by VCM. As both extruder designs revealed 

homogeneously distributed protein particles over the cross section of the extrudates 

for all protein-loads (20 to 60 %), the distributive power of TSE revealed not to be 

decisive and the dispersive power not high enough to affect the particle size. 

However, the limitation of ram extrusion is the missing ability of distributive mixing. 

Especially in the case of complex protein formulations composed of more than three 

ingredients ram extrusion could reach its limits resulting in less sufficient and 

homogenous protein particle distribution in the implant. In the case of complex protein 

formulation compositions, advanced development studies, or for the preparation of 

clinical samples, TSE technology should be applied to meet the required distributive 
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mixing for homogeneous protein distribution over the entire implant and for process 

scalability. The therapeutic and highly potent protein or mAb is released from the 

produced protein-loaded implant of various shape and size for an extended period of 

time and in a controlled manner and thus enhances the attractiveness for intraocular 

or intrathecal applications for the treatment of age-related macular degeneration, 

chronic uveitis, or neurodegenerative diseases such as amyotrophic lateral sclerosis, 

multiple sclerosis, Parkinson's disease, or Alzheimer's disease, respectively. 
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3.1 GRAPHICAL ABSTRACT 

 

3.2 ABSTRACT 

As protein-based therapeutics often exhibit a limited stability in liquid formulations, 

there is a growing interest in the development of solid protein formulations due to 

improved protein stability in the solid state. We used small-scale (< 3 g) ram and twin-

screw extrusion for the solid stabilization of proteins (Lysozyme, BSA, and human 

insulin) in PEG-matrices. Protein stability after extrusion was systematically 

investigated using ss-DSC, ss-FTIR, CD spectroscopy, SEM-EDX, SEC, RP-HPLC, 

and in case of Lysozyme an activity assay. The applied analytical methods offered an 

accurate assessment of protein stability in extrudates, enabling the comparison of 

different melt extrusion formulations and process parameters (e.g., shear stress 

levels, screw configurations, residence times). Lysozyme was implemented as a 

model protein and was completely recovered in its active form after extrusion. 

Differences seen between Lysozyme- and BSA- or human insulin-loaded extrudates 

indicated that melt extrusion could have an impact on the conformational stability. In 

particular, BSA and human insulin were more susceptible to heat exposure and shear 

stress compared to Lysozyme, where shear stress was the dominant parameter. 

Consequently, ram extrusion led to less conformational changes compared to TSE. 

Ram extrusion showed good protein particle distribution resulting in the preferred 

method to prepare highly-loaded solid protein formulations. 

3.3 KEYWORDS 

hot-melt extrusion, protein stability, solid-state characterization, small-scale   
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3.4 INTRODUCTION 

Since biopharmaceutics play a steadily increasing role in the medical treatment of 

especially severe diseases, the sector of developing protein-based therapeutics is 

similarly growing. Biopharmaceutics are more complex and have to be administered 

mostly parenteral as liquid formulations compared to other drug products based on 

small-molecule drugs [1]. However, the demand of liquid formulations for application 

is in contradiction to an often limited chemical and physical stability in liquid state (e.g., 

formation of aggregates) which is considered as major challenge for the successful 

development and lifecycle of a biopharmaceutical drug product (e.g., manufacturing, 

formulation development, processing, storage, and shipping) [2],[3]. The formation of 

protein aggregates in liquid formulations can lead to an increased immunogenicity, 

viscosity, and injection force. Further aggregation leads to countable sub-visible or 

visible particles, which are both not accepted by the authorities [2],[4–7]. Most of the 

analytical methods applied during protein formulation development studies focus on 

the investigation and characterization of proteins in solution or lyophilized proteins 

after their reconstitution. Analytical characterization methods for liquid protein 

formulations include: (i) RP HPLC for the analysis of degradation products and 

chemical stability, (ii) size exclusion chromatography (SEC) for monitoring the loss of 

protein monomers as an indication of aggregate formation, (iii) circular dichroism (CD) 

and nuclear magnetic resonance (NMR) to probe conformational stability and (iv) light 

scattering methods for estimating the colloidal stability of protein formulations and 

monitoring the appearance of sub-visible particles [8–12].  

In contrast, solid formulations of proteins offer the potential of increased stability 

[13],[14]. Proteins are commonly freeze-dried to overcome the instability issues that 

may occur in liquid protein formulations. Thus, there is a growing interest in the 

development of other solid protein formulations (e.g., protein-loaded extrudates or 

implants) as well as encapsulation procedures that employ dehydrated protein 

powders due to improved protein stability in the solid state. During lyophilization, 

proteins are molecularly dispersed primarily in an amorphous excipient matrix 

resulting in an increased stability [15]. Nowadays, there is an increasing awareness 

to use melt extrusion processing for the preparation of solid protein-loaded implants 

or encapsulation of protein particles in extrudates with focus on solid-state protein 

stabilization. Melt extrusion is used in pharmaceutical industry as continuous and 

robust manufacturing tool for the preparation of solid dosage forms. Melt extrusion (i) 

can result in the embedment of drugs in polymeric matrices, (ii) is a solvent-free (e.g., 
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organic solvents) technique, and (iii) does not require additional excipients such as 

surfactants or cryoprotectants [16],[17]. Melt extrusion processing is also applied for 

the embedding of drug particles or drug crystals at high drug loadings (up to 80 %) as 

well as for the preparation of amorphous solid dispersions, where the drug is 

dispersed on a molecular level in a polymeric carrier [18–20]. Additionally, small-scale 

melt extrusion is accompanied with (i) processing small batch sizes (e.g., less than 

2 g of a protein formulation), (ii) high yield, and (iii) short process times (e.g., shorter 

than 3 minutes for 2 g of a powdered protein formulation). The major drawbacks of 

commonly used techniques such as spray- or freeze-drying to formulate or 

encapsulate proteins in solid-state are mostly (i) the use of low-concentrated protein 

solutions resulting in a limited powder yield, (ii) relatively long processing times, 

(iii) the need of disaccharides or surfactants in the aqueous solution to prevent protein 

aggregation or inactivation, and (iv) the limited process scalability [21–24]. 

Furthermore, the use of polymers as stabilizing excipients is not or difficult to be 

processed via spray-drying due to the rheological behavior of the spray solution and 

is strongly depended on the polymer used. Phase separation of polymers or the 

crystallization of other excipients and formulation components during spray-drying 

may lead to denaturation or the formation of protein aggregation [23],[25],[26]. 

However, the spray solution rheology depends not only on the polymer but also on 

the solvent system and their interaction, and thus determines the sprayability [27]. On 

the other hand, during freeze-drying, the formulations which contain amorphous 

saccharides (e.g., sucrose), are prone to collapse upon the primary drying step and 

the collapse is unfavorable and often negatively affects the storage stability of proteins 

[28]. In contrast, in melt extrusion processing, the polymers can be easily used to 

embed proteins in a polymeric matrix without dissolution of the protein particles in the 

polymer for solid-state stabilization, however, dry protein powders are required for 

melt extrusion processing. In this case, the protein particles act as fillers resulting in 

a reduced amount of energy required for the viscous dissipation during melt extrusion 

processing [29]. Polymers can ensure the thermodynamically stable folded structure 

of a protein during the melt extrusion process due to the immobilization of protein 

molecules in the polymeric matrix, which is critical for a successful protein formulation 

development [30–32]. Furthermore, by melt extrusions processing a high fraction of 

protein can be embed into a polymeric matrix resulting in high-drug loads (i.e., > 40 % 

protein) compared to other formulation techniques. Another benefit of hot-melt 

extruded solid protein formulations compared to lyophilized proteins is the reduced 
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static electricity. Often, the static electricity of lyophilized protein powder is so severe 

that it is impossible to handle it safely (e.g., weighed-in inaccurately, problems during 

sample preparation for analytical investigation).  

However, during melt extrusion processing protein exposure to elevated temperatures 

and shear stress can potentially cause unfolding and degradation, leading to 

irreversible aggregation and/or a loss of functionality and is also a factor that should 

not be underestimated. Especially, information on an intensive assessment of protein 

stability in solid formulations prepared by melt extrusion processes and the impact of 

process stress is not as widely reported. In this study, we focused on the 

characterization of highly-loaded protein extrudates (i.e., 40 % protein content) 

prepared by ram extrusion and twin-screw extrusion (TSE) with regard to the main 

challenges, i.e., protein instability due to heat exposure [33] and shear stress during 

extrusion [34]. The aim was the implementation of a sensitive characterization 

pathway of protein stability in highly-loaded solid protein/PEG formulations. 

Lysozyme, bovine serum albumin (BSA), and human insulin were chosen as (model) 

proteins and peptide, respectively and were embedded in polyethylene glycol (PEG) 

20,000-matrices. PEG is a hydrophilic polymer and next to an increasing half-life of 

the protein also used as potential protein stabilizer by addition of PEG-chains to 

proteins (PEG-ylation) or co-processing with PEG [35–37]. Furthermore, several 

studies suggest that long PEG-chains (e.g., PEG 20,000) can stabilize proteins by 

interacting with the protein surface or by the formation of the excluded volume effect 

to decelerate the unfolding rate of the protein [38],[39]. Furthermore, higher molecular 

weight PEG (also known as polyethylene oxide (PEO) depending on its molecular 

weight) offers a potential as matrix polymer for controlled release dosage forms and 

is commercially available in a broad variety of PEO grades and different molecular 

weights (e.g., 100,000, 300,000, 1,000,000) [36]. We selected PEG 20,000 as model 

polymer due to its (i) low melting temperature (~ 60 °C, depending on the chain-

length), (ii) hydrophilicity and (iii) potential as protein stabilizer. Due to the hydrophilic 

character of PEG 20,000, we favored a solely embedment and dispersion of the 

protein particles in the polymeric matrix without dissolution of the protein particles in 

the polymer. Furthermore, the hydrophilicity of PEG enormously simplified the sample 

preparation and thus the analytical investigations. More specific, the development and 

implementation of a complex protein extraction protocol was not necessary. 

Lysozyme is a commonly used model protein in pharmaceutical and biological 

research [30],[40–42] and was used for the implementation of analytical procedures 
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in the sense of a negative control. The protein stability and integrity of Lysozyme, BSA 

and human insulin after melt extrusion was systematically investigated using (i) RP 

HPLC (chemical stability and protein concentration), (ii) SEC (protein fragment and 

aggregation analysis), (iii) SEM-EDX (protein particle distribution), (iv) DSC (protein’s 

unfolding temperature), (v) FTIR and CD spectroscopy (conformational stability), and 

(vi) activity assay. We provide characterization methods to assess process-related 

protein stability in highly-loaded protein extrudates as well as to distinguish between 

the impact of different small-scale melt extrusion processes (i.e., ram and TSE) and 

extrusion parameters (e.g., shear stress levels, screw configurations, residence 

times) on protein stability. We considered melt extrusion for the production of protein-

loaded extrudates in order to further enhance their stability in solid-state formulations 

compared to the starting material, for improved storage and logistic conditions. 

Another perspective would be the production of protein-loaded implants with 

sustained release profile. The proposed characterization pathway for proteins 

processed via small-scale melt extrusion proved to be a powerful tool to assess the 

formulation stability in PEG matrices and potentially other excipients like PEO, lipids, 

poloxamers, Poly Lactic-co-Glycolic Acid (PLGA), and Ethylene-vinyl acetate (EVA) 

[30],[43–50]. The two latter would subsequently lead to the development of long 

releasing implants and will be discussed in future works [46],[51]. Furthermore, the 

implemented methods should be expanded to or combined with other formulation and 

stabilization techniques (e.g., vacuum compression molding, a combination of spray-

drying and melt extrusion) in order to study process-related effects on protein stability. 
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3.5 MATERIALS AND METHODS 

3.5.1 MATERIALS 

Lysozyme from chicken egg-white, lyophilized powder (Cat. No. L6876, d50 = 137 µm) 

was obtained from AppliChem (AppliChem GmbH, Darmstadt, Germany). Bovine 

serum albumin (BSA) (d50 = 505 µm), sodium chloride, di-sodium hydrogen phosphate 

dihydrate, sodium dihydrogen phosphate dihydrate, acetonitrile and trifluoroacetic 

acid (HPLC gradient grade) were purchased from Merck (Merck KGaA, Darmstadt, 

Germany). Human insulin (d50 = 141 µm) was kindly donated by Sanofi-Aventis 

Deutschland GmbH (Frankfurt, Germany). Polyethylene glycol 20,000 was obtained 

from Carl Roth (Carl Roth GmbH & Co. KG, Karlsruhe, Germany). 

3.5.2 METHODS 

3.5.2.1 PREPARATION OF PROTEIN-LOADED PEG-EXTRUDATES BY RAM AND TWIN-SCREW 

EXTRUSION 

PEG 20,000 flakes were milled utilizing a high-shear mixer (Krups Mixette type 210, 

Krups, Frankfurt am Main, Germany) and passed through a 650 μm sieve to remove 

larger particles. For the preparation of protein-loaded extrudates, a physical mixture 

(3 g) composed of 60 % PEG 20,000 and 40 % protein powder (Lysozyme, BSA, or 

human insulin) were blended for 10 min at 50 rpm using a turbula mixer (Willy A. 

Bachofen AG, Muttenz, Switzerland). The physical mixtures of PEG 20,000 and 

protein powder (Table 1) were either ram extruded (lower shear stress) or hot melt 

extruded by using TSE (higher shear stress). We used a self-built ram extruder for 

the preparation of protein-loaded extrudates with lower shear stress (Figure 1). A 

barrel of 10 cm length and an inner cylindrical hole of 10 mm diameter consisted of 

three heating zones and was equipped with a cylindrical die (diameter 1 mm). 

Extrudates were prepared by feeding 3 g of the physical mixture into the 10 mm hole 

of the ram extruder. The temperature of the upper segment (filling-zone) was set to 

58 °C, and the following two segments were set to 63 °C. The mixture was heated for 

three minutes and the molten blends were subsequently extruded through the 1 mm-

die by a driving piston with a speed of 1 mm/s. TSE was performed using a 5 mm co-

rotating twin-screw extruder ZE 5 (Three-Tec GmbH, Seon, Switzerland) with a 

functional length of 15:1 L/D and two heating zones, equipped with a 1 mm die and 

either a conveying screw configuration, or a screw configuration with a single 
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kneading element, which are presented in Figure 2. The physical mixtures (3 g) were 

fed into the extruder by using a powder belt conveyor (GUF-P Mini AD / 475 / 75, mk 

Technology Group, Troisdorf, Germany) at constantly kept feeding rates of 0.4 g/min 

or 0.8 g/min ± 5 % for Lysozyme, human insulin, or BSA, respectively (Table 1).  

 

Figure 1 Self-built ram extruder. Barrel (10 cm length, inner cylindrical hole Ø = 10 mm) consisted of 

three heating zones and a cylindrical die (Ø = 1 mm). Upper temperature segment (filling-zone): 58 °C, 

middle segments were set to 63 °C. The mixture was heated for three minutes and the molten blends 

were subsequently extruded through the 1 mm-die by a driving piston with a speed of 1 mm/s. 

 

 

Figure 2 Screw configurations of the 5 mm TSE with: A conveying elements (5 mm pitch), B a single 
kneading element (7.5, 5 mm pitch, 90° kneading element (red), 5 mm pitch); Segment 1 (ambient 
temperature), segment 2 (63 °C), and segment 3 (60 °C). 

Table 1 Overview of the compositions and prepared protein-loaded extrudates by ram or twin-screw 
extrusion with applied process parameters; the physical mixtures were prepared in a turbula mixer at a 
frequency of 50 rpm for 10 min.; for ram extrusion the physical mixture was heated for 3 min. at 63 °C 
and extruded with a piston speed of 1 mm/s through a 1 mm-die; for TSE the physical mixture was 
constantly fed (0.4 or 0.8 g/min.) into the heated barrel (63-60 °C) and extruded through a 1 mm-die, 
screw speed was 150 rpm. 

Formulation Protein Components (%) Preparation 

method 

Process parameters 

Protein PEG 20,000  

Lysozyme reference LYS 100 0 -  

Physical mixture LYS 40 60 Turbula mixer 10 min, 50 rpm 

LR40 LYS 40 60 Ram extrusion 3 min, 63°C, 1 mm/s, 1 mm 

LC40 LYS 40 60 TSE (conveying) 0.4 g/min., 150 rpm, 63-

60°C, 1 mm 

 

 

LK40 LYS 40 60 TSE (kneading) 
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BSA reference BSA 100 0 -  

Physical mixture BSA 40 60 Turbula mixer 10 min, 50 rpm 

BR40 BSA 40 60 Ram extrusion 3 min, 63°C, 1 mm/s, 1 mm 

BC40 BSA 40 60 TSE (conveying) 0.8 g/min., 150 rpm, 63-

60°C, 1 mm BK40 BSA 40 60 TSE (kneading) 

 

Human insulin 

reference 

IH 100 0 -  

Physical mixture IH 40 60 Turbula mixer  10 min, 50 rpm 

IHR40 IH 40 60 Ram extrusion 3 min, 63°C, 1 mm/s, 1 mm 

IHC40 IH 40 60 TSE (conveying) 0.4 g/min., 150 rpm, 63-

60°C, 1 mm IHK40 IH 40 60 TSE (kneading) 

3.5.2.2 CHEMICAL STABILITY AND PROTEIN CONCENTRATION IN EXTRUDATES 

Chemical stability and protein concentration in extrudates were determined by HPLC 

(Agilent 1100 Series equipped with, quaternary pump, diode array and multiple 

wavelength detector (DAD), Agilent Technologies, Waldbronn, Germany)) using a 

C18 reversed phase column (NUCLEOSIL 120-3, C18, 5 µm, 125x4 mm). Protein-

loaded PEG-extrudates were dissolved in Milli-Q® water and properly mixed for the 

extraction of protein (n = 3). 1.5 mL of the supernatant was used for analysis. The 

solvent system consisted of water/acetonitrile/trifluoroacetic acid (A: 100/0/0.1, 

B: 0/100/0.1, V/V). A linear gradient method was applied (0-5-7 min 5-95-5 %B) at a 

flow rate of 1 mL/min for 7 min and a column temperature of 30 °C. Samples (10 μL) 

were injected, and chromatograms obtained with an UV-detector were quantified at 

280 nm.  

3.5.2.3 SIZE-EXCLUSION CHROMATOGRAPHY 

SEC was performed with a Superdex 75 Increase 10/300 GL column, 10 × 300 mm 

(Cytiva, Marlborough, MA, USA), where the mobile phase was 50 mM pH 7.0 

phosphate buffer containing 400 mM sodium chloride at a flow rate of 0.8 mL/min and 

a column temperature of 30 °C. Samples were prepared as triplicates by dissolving 

the protein powder, physical mixture, or protein-loaded extrudates in the mobile phase 

with a target concentration of 3 mg/mL protein. Human insulin containing samples 

were pre-dissolved in 0.05 M hydrochloric acid aqueous solution and then diluted with 

the mobile phase. The UV detector (SPD-40 UV Detector, Shimadzu, Japan) 

wavelength was 214 nm. Sample vials were cooled at 15 °C in the autosampler. 20 µL 

of each sample was injected and potential aggregate and/or fragment formation after 
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processing was analyzed in comparison with a chromatogram of the freshly prepared 

protein powder and physical mixture samples. 

3.5.2.4 SCANNING ELECTRON MICROSCOPY COUPLED WITH ENERGY-DISPERSIVE X-RAY 

SPECTROSCOPY (SEM-EDX) AND IMAGE ANALYSIS OF SEM-EDX-MAPS 

A scanning electron microscope (SU 3500, Hitachi High Technologies, Krefeld, 

Germany), equipped with a backscattered electron detector (BSE) was used to 

investigate the morphology of the surfaces and cross sections of the prepared protein-

loaded extrudates. BSE images were collected at an acceleration voltage of 5 kV at 

a variable pressure mode of 30 Pa. The cut extrudates were placed on an aluminum 

stub and sputtered with a thin platinum layer (Sputter Coater, Cressington Scientific 

Instruments, Watford, England). The elemental distributions were investigated by 

SEM combined with an energy-dispersive X-ray detector (EDX) (EDAX Element-C2B, 

Ametek, Weiterstadt, Germany). Protein distribution was examined by elemental 

mapping of the cross sections of extrudates for the characteristic X-ray peak of 

nitrogen. The percentage of detected nitrogen was evaluated by the TEAM software 

(Version 4.4.1, Ametek, Weiterstadt, Germany). Image analysis of SEM/EDX-maps 

was used to parameterize the distribution of the protein particles in the PEG-matrix. 

The percentage of the area with protein was calculated using image editing software 

ImageJ (ImageJ 1.53q, National Institutes of Health, USA). The coefficient of variation 

(CV) of the average protein particle area (nitrogen signal in green) was calculated. 

This relative protein particle area variation (calculated as CV in %) was taken as a 

descriptor for the protein particle distribution. Low levels in CV indicate a homogenous 

protein particle distribution, whereas high levels would represent a high variation of 

protein particle distribution, i.e., an inhomogenous particle distribution [52]. For every 

formulation, three extrudate cross sections (Ø = 1 mm) were analyzed in total for 

mean value and standard deviation calculation of this distribution value. 

3.5.2.5 SOLID-STATE DIFFERENTIAL SCANNING CALORIMETRY (SS-DSC) 

DSC studies of protein powder, physical mixture and extrudates were performed with 

a DSC 2 (Mettler Toledo, Gießen, Germany) equipped with an auto sampler, nitrogen 

cooling and nitrogen as purge gas (30 mL/min). The system was calibrated with 

indium and zinc standards. At least three samples of ∼10 mg were accurately weighed 

in 40 μL aluminum crucibles with a pierced lid. DSC scans were recorded from 25 °C 

to 230 °C using a heating rate of 10 K/min. STARe software (Mettler Toledo, Gießen, 

Germany) was employed for acquiring thermograms. Thermograms were normalized 
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for sample weight and the peak minimum was designated as unfolding temperature 

of the protein. 

3.5.2.6 SOLID-STATE FOURIER TRANSFORM INFRARED SPECTROSCOPY (SS-FTIR) 

ss-FTIR spectra were generated with a Spectrum TwoTM FT-IR spectrophotometer 

equipped with an UATR accessory (PerkinElmer Inc., Waltham, USA). The measured 

samples included protein powders, physical mixtures and extrudates. Protein-loaded 

extrudates were milled with a mortar and pestle prior measurement. A tight pressure 

clamp with a flat tip ensured a good contact between the sample and the reflection 

diamond crystal. Each sample was measured as triplicate. The spectra were recorded 

against an air background between 4000-400 cm-1 with an average of four scans and 

a resolution of 4 cm-1. Data were collected in the absorption mode. First and second 

derivative analysis was performed with GraphPad PRISM Software (San Diego, CA, 

USA). The secondary structure elements (i.e., β-sheet structure, α-helix, β-turn, or 

unordered structures) were considered in the amide-I region (1700-1600 cm-1) of the 

protein. 

3.5.2.7 CIRCULAR-DICHROISM SPECTROSCOPY  

In order to analyze the secondary structure of the proteins, Far-UV-CD was exploited. 

Firstly, samples of pure proteins serving as reference samples were diluted to a 

concentration of 0.4 mg/mL in pure water (BSA and Lysozyme) or 0.5 % formic acid 

in pure water (Insulin human) as insulin turned out to be only poorly soluble at a 

neutral pH. Following this, 40 % protein extrudates were diluted to concentrations 

ranging from 0.4 mg/mL to 1.0 mg/mL of the respective extrudate (0.16 mg/mL protein 

to 0.4 mg/mL protein) with pure water (BSA and Lysozyme samples) or with 0.5 % 

(v/v) formic acid in pure water (human insulin samples). In addition, a solution 

containing 0.6 mg/mL PEG 20,000, resembling the PEG 20,000 concentrations from 

the protein extrudate samples was prepared in pure water and in 0.5 % formic acid in 

pure water. The CD spectra were recorded using a spectropolarimeter (J-715, Jasco 

Corp., Japan) by scanning the sample from 195 to 260 nm at 20 °C using a 0.1 cm 

quartz cuvette. Bandwidth, sensitivity, and scanning speed was set at 0.5 or 1.0 nm, 

100 mdeg and 100 nm/min, respectively. Three spectra were recorded with each 

spectrum being the average of three scans. Initially, datasets were recorded of the 

respective solvents lacking of the respective protein component and of the PEG only 

containing solutions. They were used for subtraction of the solvent, respectively PEG 
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20,000 background from the actual protein containing spectra in the Jasco spectra 

manager software. After subtraction, these spectra were smoothed using the preset 

values in the Jasco spectra manager software. 

3.5.2.8 BIOLOGICAL ACTIVITY OF LYSOZYME 

Lysozyme activity was determined by a fluorescence-based assay (EnzChek® 

Lysozyme Assay Kit, Molecular Probes Europe BV, Leiden, The Netherlands) using 

a suspension of Micrococcus lysodeikticus labeled with fluorescein. The assay 

determines the Lysozyme activity on labeled cell walls of Micrococcus lysodeikticus. 

The fluorescence increase was measured using a microplate reader with a fluorescein 

filter and OptiPlateTM-96 F microwell plates (VICTOR3™ Multilabel Plate Reader; 96-

Well plates black, PerkinElmer Life and Analytical Sciences, Shelton, USA). 

Preparation of DQ Lysozyme substrate stock suspension, Lysozyme standard curve, 

as well as the procedure were conducted according to the manufacturer’s protocol. 

The reaction mixtures were incubated at 37 °C for 30 min, protected from light. The 

fluorescence intensity of each reaction in a microwell plate was measured at 494 nm 

(absorption maximum) and 518 nm (emission maximum). The fluorescence values 

obtained from the control without enzyme were subtracted. 

3.5.2.9 ACCELERATED THERMAL STRESS TEST 

To assess the protein stability under thermal stress (accelerated conditions) protein-

loaded PEG-extrudates and protein powder (reference) were stored at 40 °C for 

28 days. Briefly, protein-loaded PEG-extrudates and protein powder (Lysozyme, 

BSA, and human insulin) were stored in an upright orientation (Eppendorf LoBind, 

0.5 mL, Eppendorf, Hamburg, Germany) at 40 ± 1 °C (Thermocabinet BE400, 

Memmert GmbH & Co. KG, Schwabach, Germany) for 28 days. After 28 days of 

storage, the samples were analyzed by (i) RP HPLC (chemical stability and protein 

concentration), (ii) SEC (protein fragment and aggregation analysis), (iii) DSC 

(protein’s unfolding temperature), (iv) FTIR spectroscopy (conformational stability), 

and (v) activity assay (only for Lysozyme). 

3.5.2.10 STATISTICAL ANALYSIS 

Statistical analysis and testing for statistical significance was carried out using 

GraphPad PRISM Software (San Diego, CA, USA).  
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3.6 RESULTS AND DISCUSSION 

During melt extrusion mainly the stress factors heat exposure in combination with 

shear stress, are potentially affecting protein stability and consequently can lead to 

their degradation or inactivation. Within the current study, the analytical investigation 

and characterization of protein stability in highly-loaded protein extrudates was 

demonstrated. The stability of Lysozyme, BSA, and human insulin after ram extrusion 

and TSE at low temperatures (< 70 °C) was evaluated by RP-HPLC (chemical stability 

and protein concentration), SEC (protein fragment and aggregation analysis), SEM-

EDX (protein particle distribution over extrudate cross section), DSC (unfolding 

temperature of the proteins), CD and FTIR spectroscopy (conformational stability), 

and in case of Lysozyme biological activity (Lysozyme activity assay). 

3.6.1 CHEMICAL PROTEIN STABILITY AND PROTEIN CONCENTRATION IN 

EXTRUDATES  

Chemical degradation of a protein due to oxidation can occur during any stage of 

protein production, purification, formulation and storage and any protein that contains 

Histidine, Methionine, Cysteine, Tyrosine and Tryptophan amino acids is susceptible 

to oxidation [34]. The degradation behavior (i.e., appearance of chemically and 

structurally modified degradation products) of Lysozyme, BSA, and human insulin 

after melt extrusion was monitored by RP-HPLC. Chemical stability analysis of the 

extracted proteins by RP-HPLC showed that no oxidation or hydrolysis of the proteins 

occurred during ram extrusion or TSE at 63 °C. The protein content in extrudates was 

also analyzed by RP-HPLC and compared to the theoretical or target protein 

concentration (Figure 3). The theoretical protein concentration resulted from the 

weighed amounts (40 % protein powder and 60 % PEG 20,000) of the components 

to prepare the respective physical mixture. The actual protein concentration was 

measured by RP-HPLC as mentioned before. The protein concentration in ram 

extrudates showed the highest deviation of target and actual protein concentration 

(Δc = difference between target and actual concentration) compared to extrudates 

prepared by TSE and was 1.9, 1.5, and 2.5 % for Lysozyme-, BSA-, and human 

insulin-loaded extrudates, respectively. TSE with conveying screw configuration 

showed the lowest deviation in protein content Δc = 0.3, 0.8, and 1.5 % for Lysozyme, 

BSA, and human insulin, respectively) and hit the target concentration closest. The 

results also highlight, that the use of conveying screws was satisfactory in terms of 

homogenous protein particle distribution and the use of a single kneading element did 
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not improve the distribution and was thus not superior. In contrast to ram extrusion, 

TSE uses co-rotating screws to press the molten material through a cylindrical die. 

Once the physical powder mixture has passed through the feed system to the screws, 

it is conveyed by the turning motion of the screws along the extruder barrel, which 

introduces mixing and heat into the material through both external heaters and friction 

between the screws, barrel and within the material (viscous dissipation).  

 
Figure 1 Protein concentration in 40 % protein-loaded extrudates (n = 3) prepared by ram extrusion 
(blue) or TSE with only conveying screw configuration (green), or screws containing a single 90° 
kneading element (red), at 63 °C; A Lysozyme-loaded extrudates, B BSA-loaded extrudates, and 

C human insulin-loaded extrudates; bars represent the measured protein concentration; error bars 

represent the standard deviation of three measurements for the protein content by RP-HPLC; the dots 
show the target protein concentration based on the protein concentration of the processed physical 
mixture. 
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3.6.2 FRAGMENT AND PROTEIN AGGREGATION ANALYSIS  

Protein denaturation can occur and lead to aggregation and formation of high 

molecular weight species (HMWS). When the protein is denatured (partially or 

completely), more hydrophobic parts of the molecule are exposed, as well as a higher 

flexibility of the whole protein molecule [15]. However, proteins in solid-state 

formulations can tend to aggregate without any detectable change in secondary 

structure and are therefore indistinguishable from native protein species using 

techniques such as FTIR spectroscopy [53]. SEC is a commonly used method for the 

detection of protein aggregation and fragment formation. The aggregation behavior of 

Lysozyme, BSA, and human insulin after melt extrusion was monitored and HMWS 

or fragments were separated from monomeric derivatives. SEC revealed, that 

extrusion did not trigger the formation of protein fragments or protein aggregates in 

the case of Lysozyme and BSA. Lysozyme was only present as a monomer after 

dissolving the extrudates in eluent. Native BSA occurred as a mixture of monomers 

and dimers, however the ratio of these species was not negatively affected by ram 

extrusion or TSE. Native human insulin appeared as a species at a retention time of 

21 min. A second small peak in front of the peak of native human insulin appeared in 

combination with PEG 20,000. This second population indicated the formation of 

HMWS in the presence of PEG 20,000. However, the amount of HMWS was < 0.2 % 

compared to the monomer species of human insulin. Furthermore, the formation of 

the HMWS was independent of the extrusion process, since HMWS appeared also in 

the case of the unprocessed, physical mixture composed of 40 % human insulin and 

60 % PEG 20,000. This observation highlighted that human insulin molecules 

interacted with hydrophilic PEG 20,000 molecules may be due to a PEG-induced 

alteration of the local peptide structure. Recent studies suggest that stabilization of a 

protein by PEG is dependent on the protein size and its sequence and is thus not 

generally transferable [38]. As these interactions are unfavorable, we cannot 

recommend PEG 20,000 as polymeric matrix and protein stabilizer for human insulin 

formulations.  

3.6.3 PROTEIN PARTICLE DISTRIBUTION OVER THE CROSS SECTIONS OF 

EXTRUDATES 

Protein particle distribution was analyzed by SEM-EDX. Images of the cross section 

of extrudates produced at 63 °C using ram extrusion or TSE were compared. The 

cross-section cut of the extrudates prepared by ram extrusion (Figure 4) showed no 
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pores or cracks inside of the extrudates, whereas the extrudates prepared by TSE 

showed only few pores (Figure 4). Elemental mapping of the protein’s nitrogen atoms 

showed a homogenous distribution of protein particles in extrudates prepared by ram 

extrusion and TSE at 63 °C. Furthermore, the protein particles were solely embedded 

in the hydrophilic matrix of PEG 20,000 and not shredded or dissolved during ram 

extrusion or TSE (Figure 4). Moseson et al. (2022) discuss the dependence of the 

residence time during hot melt extrusion and the dissolution rate of drug crystals in 

the molten polymer. The crystal model drugs showed a significant residual crystallinity 

for short residence times (2 min.), indicating a low crystal dissolution rate [54]. During 

our TSE experiments, the residence times were < 1 min assuming that the time for 

dissolving and dissolution rate of protein powder particles in molten PEG 20,000 was 

extremely small. The shown particle morphology of embedded protein particles 

compared to the used protein powder particles (right column of Figure 4) confirmed 

the hypothesis of a solely embedment in the hydrophilic matrix of PEG 20,000 without 

dissolving or recrystallization of the protein particles during melt extrusion processing. 

The protein particles probably act as filler material resulting in a reduced amount of 

energy required for the viscous dissipation during melt extrusion processing. 

Coefficients of variance were used to describe the protein particle distribution over 

the cross section of extrudates quantitatively. Protein-loaded extrudates prepared by 

ram extrusion showed the highest CV (3.58, 10.07, and 12.39 % for Lysozyme, BSA, 

and human insulin, respectively) compared to extrudates processed by TSE 

(conveying screw configuration: 3.31, 7.48, and 6.59 %; kneading screw 

configuration: 0.41, 6.33, and 8.41 % for Lysozyme, BSA, and human insulin, 

respectively) and is thus associated with a less homogenous particle distribution. 

During ram extrusion the molten blend is forced through the die with the aid of a driving 

piston. The barrel of the ram extruder does not contain any restrictive elements for 

mixing like the co-rotating screws of a twin-screw extruder. However, the homogeneity 

depends on the initial particle size and distribution of the protein particles. In general, 

the small lysozyme particles resulted in low CV at all processing variants. Ram 

extrusion provided also homogenously distributed protein-loaded extrudates when 

small-sized protein particles (< 200 µm) with a narrow particle distribution will be used. 

In contrast to TSE, ram extrusion offers the potential to prepare highly-loaded solid 

protein formulations at high yield, high drug load and at low shear stress. 
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Figure 4 Protein particle distribution of Lysozyme, BSA, human insulin illustrated with EDX-SEM 

elemental mapping of nitrogen (green spots) on cross section of 40 % protein-loaded extrudates 

prepared by ram (blue) or TSE with only conveying screw configuration (green), or screws containing 

a single 90° kneading element (red), at 63 °C; and coefficients of variation (%) of the image analyses 

of SEM-EDX-maps. The scale bar corresponds to 200 µm. SEM-images of the used protein powder 

(black) are shown on the right column. 

3.6.4 UNFOLDING TEMPERATURE  

The globular structure of proteins is referred to as the native state. Unfolding and 

denaturation is mostly accompanied by a loss of that globular structure or the loss of 

secondary or tertiary structures that most proteins adopt. Consequently, upon 

unfolding or denaturation, the protein structure changes its physical state, but 

maintaining the chemical composition [34]. Proteins do not melt, but they change their 

molecular conformation from a native to a denatured state at the unfolding 

temperature. DSC was used to measure the protein unfolding temperature in solid-

state (midpoint being denoted as the Tm value) [30]. At Tm the attractive intra-

molecular forces were overcome, which preserve their native state. The reported 

denaturation temperatures for proteins in the solid-state are predominately high and 

often above 200 °C [30]. DSC thermograms exhibited broad peaks designated as 

unfolding temperatures (Tm) of 204.7 °C, 218.2 °C, and 213.1 °C for native Lysozyme, 
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BSA, and human insulin, respectively (Figure 5). Moreover, Figure 5 shows that the 

unprocessed proteins unfolded and a peak was detected at their apparent 

denaturation temperatures, which varied according to the protein 

[30],[40],[41],[55],[56]. In general, an increasing unfolding temperature reflects an 

increase in conformational protein stability. The physical mixtures composed of 40 % 

protein powder and 60 % PEG 20,000, showed reduced unfolding temperatures for 

all the used proteins compared to the reference samples may be due to the formation 

of an eutectic mixture. This observation was confirmed by DSC scans of physical 

mixtures composed of 20, 40, and 60 % BSA (Supplementary Information, Figure S1). 

The unfolding temperature of BSA was reduced in the presence of PEG 20,000, and 

depending on the amount of polymer (80, 60, and 40 % PEG 20,000, ranking order: 

216.3, 217.3, and 218.6 °C, respectively). Presumably the most common stress that 

can cause a loss of protein structure is elevated temperature and designated as 

thermally induced protein denaturation (unfolding). The presence of a melting peak 

> 200 °C in the DSC scan can indicate conservation of protein conformation after 

extrusion at 63 °C. Lysozyme showed a significantly reduced unfolding temperature 

after TSE with conveying screws (202.1 °C) and a screw configuration containing a 

single kneading element (201.8°C) at 63 °C. The ram extrusion process did not affect 

the unfolding temperature (203.9 °C) of Lysozyme significantly. For BSA and human 

insulin the applied formulation processes significantly affected the unfolding 

temperature towards lower temperatures compared to the reference samples. 

However, the total reduction of unfolding temperatures compared to the reference 

samples were < 1.5 °C and < 4.5 °C for BSA- and human insulin-containing 

extrudates, respectively. DSC was also used to evaluate extrusion processing and 

effects of the used extrusion process on the thermal stability of proteins. Ram 

extrusion resulted in the lowest, whereas TSE with a kneading screw element led to 

the largest reduction of unfolding temperatures of Lysozyme, BSA, and human insulin. 

The thermal unfolding mechanisms of Lysozyme, BSA, and human insulin include the 

appearance of a single melting peak. The proteins exhibit an irreversible unfolding 

mechanism [55] as was seen in the second DSC scan, since the single peak of the 

first scan was completely disappeared (data not shown).   
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Figure 5 Unfolding temperature of protein powders (black), physical mixtures (gray), and 40 % protein-
loaded extrudates prepared by ram extrusion (blue) or TSE with only conveying screw configuration 
(green), or screws containing a single 90° kneading element (red), at 63 °C; A Lysozyme-loaded 
extrudates, B BSA-loaded extrudates, and C human insulin-loaded extrudates; the dotted line shows the 
unfolding temperature of the unprocessed protein (reference). Error bars represent the standard 
deviation of three measurements for the unfolding temperature by DSC; unpaired t-test (two-sample 
assuming equal variances) was used and statistical significance was depicted by asterisks (*): * p < 0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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3.6.5 CONFORMATIONAL STABILITY AND SECONDARY STRUCTURE ANALYSIS 

CD and FTIR spectroscopy were used to compare the molecular conformation and 

secondary structure elements of protein powder before and after melt extrusion. The 

secondary structure information of powdered Lysozyme, BSA, and human insulin was 

used as a reference (Figure 6). The model protein Lysozyme is a small globular 

protein having a molecular weight of 14.4 kDa, five helical regions, five regions of beta 

sheet, a large amount of random coil and beta turns.35 The secondary structure 

elements of Lysozyme as obtained from the Protein Data Bank mainly include α-

helices (34 % – 42 %). and β-sheets (7 % – 12 %) [42],[57]. The native Lysozyme 

spectrum showed two minima around 206 and 220 nm, representing the main features 

of α-helical secondary structure. The conformational stability of Lysozyme in PEG-

extrudates was confirmed by CD and FTIR spectroscopy. The conformational stability 

of Lysozyme was not negatively affected by ram extrusion or TSE. The spectra of 

extrudates containing 40 % Lysozyme and prepared by ram extrusion or TSE were 

comparable to the native Lysozyme powder used to prepare the physical mixture and 

thus the extrudates (Figure 6A). There was also no indication for denaturation (shifts 

or distortion of bands) or aggregation (intermolecular β-sheet formation) as a 

consequence of the heat exposure and shear stress during ram extrusion or TSE at 

63 °C. Previous studies using CD and FTIR spectroscopy have reported the 

secondary structure of BSA (Mw = 66.5 kDa). These studies showed that the α-helical 

content of BSA ranges from 52 % to 68 % also containing 10 % turns, but no β-sheets 

[58–60]. The CD spectra of all BSA samples were mostly overlapping, however in the 

FTIR spectra some shifts are shown. A probable explanation for the observed 

differences in the FTIR spectra at 1652 cm-1 may be the extrusion procedure, since 

extrusion (thermal and shear stress) can cause reversible changes in protein 

conformation and is associated with a reduction in the α-helical content and an 

increase in the random chain content [61],[62]. Human insulin was also studied for 

changes in its secondary structure as a result of temperature and shear stress during 

extrusion processing. Human insulin (Mw = 5.8 kDa) is a peptide and composed of 

two peptide chains (A- and B-chain) including three α-helices and a short β-sheet 

segment (Figure 6B) [63]. CD spectra of human insulin-loaded extrudates prepared 

by TSE showed clear shifts and changes in secondary structure elements. The shifts 

were also confirmed by the FTIR spectra (second derivative). The second derivative 

spectra of the Amide I band suggested a red-shift of the bands around 1650-

1665 cm−1, assigned to turns and β-sheet, which can be caused by small loosening 
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of the turn structures. These changes indicated the transformation of α-helix content 

to β-sheets or a disordered structure which enhances the tendency to aggregate. In 

particular, the band at 1652 cm−1 which corresponds to α helical structures [61], was 

obviously affected by TSE with screws containing a kneading element due to higher 

shear stress and residence time. As can be seen in the CD and FTIR spectra, ram 

extrusion had the lowest impact on secondary structure changes of human insulin 

(Figure 6C).  

 
Figure 6 Left: CD spectra of A Lysozyme, B BSA, and C human insulin (protein reference samples in 

black) in aqueous solution and 40 % protein-loaded extrudates after reconstitution at 20 °C; initial 

ellipticity values were corrected by the respective amount of protein weighed in for the measured 

solution; right: Second derivative of FTIR spectra in the Amide I region (1600-1700 cm−1) of protein 
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powder (black), and 40 % protein-loaded extrudates prepared by ram extrusion (blue) or TSE with only 

conveying screw configuration (green), or screws containing a single 90° kneading element (red), at 

63 °C; gray arrows highlight changes in secondary structure elements. 

3.6.6 PROTEIN STABILITY AFTER ACCELERATED THERMAL STRESS  

An accelerated thermal stability study was applied to obtain protein stability data. At 

the end of the storage period, the samples (unstressed protein powder as reference, 

protein powder and protein-loaded extrudates stored at 40 °C for 28 days) were 

analyzed by HPLC, SEC, DSC, and FTIR spectroscopy. Lysozyme containing PEG-

extrudates were additionally tested for a potential loss of biological activity (refer to 

section 3.7.7). Chemical degradation of the protein after storage at 40 °C was 

investigated by HPLC. The results showed that no oxidation or hydrolysis of the 

proteins occurred after storage. Protein denaturation, protein aggregation or formation 

of HMWS are also potential events occurring during thermal storage of protein 

formulations. The aggregation behavior of Lysozyme, BSA, and human insulin after 

storage was monitored and HMWS or fragments were separated from monomeric 

derivatives by SEC. Results showed, that the thermal storage of Lysozyme-loaded 

extrudates did not result in the formation of protein aggregates. Lysozyme was only 

present as a monomer after dissolving the extrudates in eluent (Figure 7A). Native 

BSA occurred as a mixture of monomers and dimers (Figure 7B). The BSA-containing 

samples (i.e., BSA powder, and BSA-loaded extrudates) stored at 40 °C showed a 

small shoulder of the dimeric peak assuming that trimers were present in the samples. 

BSA trimers occurred also in the stored BSA powder and thus the impact of melt 

extrusion processing was not the driver for the formation of trimers. Native human 

insulin showed a single peak at a retention time of 21 min. (Figure 7C). A second 

small peak in front of the peak of native human insulin appeared after storage at 

40 °C. This second population indicated the formation of HMWS due to thermal stress 

during storage over 28 days. However, the amount of formed HMWS was in the same 

magnitude as the stored unprocessed human insulin powder. 
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Figure 7 Chromatograms of SEC analysis after an accelerated stability study at 40 °C for 28 days. 

Protein powders (initial: black, after 28 days at 40 °C: gray), and 40 % protein-loaded extrudates prepared 

by ram extrusion (blue) or TSE with only conveying screw configuration (green), or screws containing a 

single 90° kneading element (red), at 63 °C; A Lysozyme-loaded extrudates, B BSA-loaded extrudates, 

and C human insulin-loaded extrudates. Right: Magnified areas of the peak of interest. 

Protein unfolding and denaturation is mostly accompanied by a loss of the specific 

globular protein structure or the loss of secondary or tertiary structure elements. DSC 

was used to measure the protein unfolding temperature in solid-state (Figure 8). In 

the case of Lysozyme, the unfolding temperature as well as the secondary structure 

elements were not negatively affected or shifted due to thermal stress (i.e., 28 days 

at 40 °C) (Figure 8A). The unfolding temperature of BSA samples was also not 
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significantly reduced. The FTIR spectra (second derivative) of the unprocessed, 

stored BSA powder showed shifts in secondary structure elements. The shifts in the 

amide I region of BSA-loaded extrudates were comparable to the unprocessed, stored 

BSA powder, indicating that melt extrusion processing did not cause these 

modifications. The stability of the unprocessed and stored human insulin powder was 

significantly affected by thermal stress (Figure 8C) resulting in a reduced unfolding 

temperature and shifts in secondary structure elements compared to the reference. 

The secondary structure and unfolding temperature of human insulin was less 

affected in extrudates produced by ram extrusion or TSE during storage at 40 °C. 

  

Figure 8 Results of accelerated thermal stability study at 40 °C for 28 days. Left: Unfolding temperature 

of protein powder references (black), and 40 % protein-loaded extrudates prepared by ram extrusion 

(blue) or TSE with only conveying screw configuration (green), or screws containing a single 90° 

kneading element (red), at 63 °C determined by DSC; A Lysozyme-loaded extrudates, B BSA-loaded 

extrudates, and C human insulin-loaded extrudates; the dotted line shows the melting unfolding 

temperature of the unprocessed protein (reference). Bars with gray border color represents the unfolding 

temperatures after an accelerated storage stability study at 40 °C for 28 days. Error bars represent the 

standard deviation of three measurements for the melting unfolding temperature by DSC; unpaired t-test 
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(two-sample assuming equal variances) was used and statistical significance was depicted by asterisks 

(*): * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Right: Second derivative of FTIR spectra in the 

Amide I region (1600-1700 cm-1) of protein powder reference (black and gray), and 40 % protein-loaded 

extrudates prepared by ram extrusion (blue) or TSE with only conveying screw configuration (green), or 

screws containing a single 90° kneading element (red), at 63 °C; gray arrows highlight changes in 

secondary structure elements. 

3.6.7 BIOLOGICAL LYSOZYME ACTIVITY AFTER EXTRUSION 

Therapeutic proteins can rapidly denature and lose their function due to applied 

stresses during processing. Despite Lysozyme is known as one of the most stable 

proteins, it is an accepted model for investigating the relationship between protein 

structure and biological function. I.e., if a process results in a significant loss in activity 

of Lysozyme this process would disqualify itself for processing of other (model) 

proteins. The biological activity of Lysozyme was investigated immediately after ram 

extrusion and TSE at 63 °C and an accelerated thermal stress test at 40 °C for 

28 days (refer to section 3.6). Lysozyme embedded in melt extrudates by ram 

extrusion or TSE at 63 °C and after the accelerated stress test maintained full 

enzymatic activity when compared to an unprocessed or initial sample (t-test: 

p < 0.05) as expected (Figure 9). The assay showed a satisfactory activity of 

Lysozyme after ram extrusion and TSE and highlights the extreme stability of 

Lysozyme against heat exposure and shear stress. This observation was confirmed 

by the results of other applied analytical methods in our study (i.e., RP-HPLC, SEC, 

DSC, CD and FTIR spectroscopy) and a prior conducted SDS-PAGE analysis of the 

Lysozyme-loaded extrudates by Elsayed et al. (2022) [64]. Here, the Lysozyme-

loaded PEG-extrudates analyzed by one dimensional SDS-PAGE at reducing and 

nonreducing conditions showed always a clear single band for the samples between 

10 and 15 kDa (∼14 kDa) without indication of impurities or degradation products of 

Lysozyme after melt extrusion processing. 
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Figure 9 Biological activity of Lysozyme powder (black), the physical mixture (gray), and 40 % 

Lysozyme-loaded extrudates prepared by ram extrusion (blue) or TSE with only conveying screw 

configuration (green), or screws containing a single 90° kneading element (red), at 63 °C; initial: 

samples were immediately analyzed after melt extrusion processing; Bars without border represent 

the biological activity of Lysozyme of samples stored at 40 °C for 28 days; Error bars represent the 

standard deviation of three measurements. 
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3.7 CONCLUSION 

In this study, we addressed the investigation of highly-loaded protein PEG-extrudates 

prepared by ram extrusion and TSE with regard to the main challenges, i.e., protein 

instability due to heat exposure and shear stress during extrusion. The applied 

methods, including (i) RP-HPLC (chemical stability and protein concentration), (ii) 

SEC (protein fragment and aggregation analysis), (iii) SEM-EDX (protein particle 

distribution), (iv) DSC (protein’s unfolding temperature), (v) FTIR and CD 

spectroscopy (conformational stability), and (vi) activity assay, enabled the successful 

characterization of protein stability in extrudates (mg-scale) and proved to be very 

useful techniques to study process-related effects on protein stability and changes in 

model proteins induced by melt extrusion processing. PEG 20,000 was introduced as 

a first and simple polymer model due to its low processing temperature (< 70 °C) and 

hydrophilicity (i.e., simplifying the sample preparation and analytical investigations of 

protein-loaded extrudates). This study also offers the potential to compare different 

melt extrusion processes (i.e., ram extrusion vs. TSE (conveying) vs. TSE (kneading)) 

and extrusion parameters (e.g., shear stress levels, screw configurations, residence 

times). PEG 20,000 was used as a model polymer to embed and stabilize the proteins 

by interacting with the protein to decelerate the unfolding rate of the embed proteins. 

We showed the successful and homogenous embedment of proteins in PEG 20,000 

matrices without dissolution of the protein particles in the polymer for solid-state 

stabilization. Nearly complete recovery of active Lysozyme illustrated that ram 

extrusion and TSE did not negatively affect the protein integrity. However, differences 

seen between Lysozyme- and BSA- or human insulin-loaded extrudates indicated that 

melt extrusion processing could have an impact on the conformational stability. In 

particular, BSA and human insulin were more susceptible to shear stress compared 

to Lysozyme. Consequently, ram extrusion led to less conformational changes 

compared to TSE due to lower shear stress. The use of conveying screws in TSE was 

satisfactory in terms of homogenous protein particle distribution and the use of a 

single kneading element did not improve the distribution. Ram extrusion showed also 

a good protein particle distribution and is especially for small-sized protein particles 

(< 200 µm) the preferred method to prepare highly-loaded solid protein formulations 

(i.e., satisfactory protein particle distribution accompanied with lower shear stress 

compared to TSE). As the results showed unfavorable interactions between PEG 

chains and human insulin molecules, the hydrophilic PEG is not the appropriate 

polymeric matrix for embedding human insulin and the stabilizing potential of PEG did 
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not apply in this case. This study proposes the implementation of a sensitive 

characterization pathway of protein stability and investigation of the impact of 

process-related stress on protein stability in highly-loaded solid protein/PEG 

formulations from small-scale melt extrusion. Melt extrusion processing for solid-state 

embedment and stabilization of Lysozyme, BSA, and human insulin in PEG-matrices 

was neither superior nor inferior immediately after processing or an accelerated 

storage stability study. However, the study highlighted that melt extrusion processing 

offers the potential for the production of polymer-based protein embeddings in 

general, e.g., sustained protein release formulations. The applied workflow provides 

a fundamental basis for future work, including the evaluation of the use of other 

process techniques (e.g., vacuum compression molding or a combination of spray-

drying and melt extrusion), as well as the use of sustained release polymers (e.g., 

PEO (release over several weeks) PLGA (release over several months, EVA (release 

up to 2 years) or other excipients (e.g., pH-modifier, surfactants, plasticizer). 
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3.11  SUPPLEMENTARY DATA 

 

Figure S1 Melting temperature of BSA reference (100 % BSA) and physical mixtures (60, 40, and 20 % 

BSA and 40, 60, and 80 % PEG 20,000, respectively), the dotted line shows the melting temperature of 

the unprocessed protein (reference). Error bars represent the standard deviation of three measurements 

for the melting temperature by DSC. Unpaired t-test (two-sample assuming equal variances) was used 

and statistical significance was depicted by asterisks (*): * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001. 
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4.1 GRAPHICAL ABSTRACT 

 

4.2 ABSTRACT 

Hot-melt extrusion (HME) is used for the production of solid protein formulations 

mainly for two reasons: increased protein stability in solid state and/or long-term 

release systems (e.g., protein-loaded implants). However, HME requires considerable 

amounts of material even at small-scale (> 2 g batch size). In this study, we introduced 

vacuum compression molding (VCM) as a predictive screening tool of protein stability 

for potential HME processing. The focus was to identify appropriate polymeric 

matrices prior to extrusion and evaluation of protein stability after thermal stress using 

only a few milligrams of protein. The protein stability of lysozyme, BSA, and human 

insulin embedded in PEG 20,000, PLGA, or EVA by VCM was investigated by DSC, 

FT-IR, and SEC. The results from the protein-loaded discs provided important insights 

into the solid-state stabilizing mechanisms of protein candidates. We demonstrated 

the successful application of VCM for a set of proteins and polymers, showing, in 

particular, a high potential for EVA as a polymeric matrix for solid-state stabilization 

of proteins and the production of extended-release dosage forms. Stable protein-

polymer mixtures with sufficient protein stability after VCM could be then introduced 

to a combination of thermal and shear stress by HME and further investigated with 

regard to their process-related protein stability. 
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4.3 KEYWORDS 

Vacuum compression molding, screening tool, formulation development, protein 

stability, protein characterization, biopharmaceuticals, solid-state stability 

4.4 INTRODUCTION 

The global biopharmaceutical sector is growing, and is developing innovative 

medicines that address a wide range of therapies for severe diseases and other 

human-related needs [1,2]. Moreover, the formulation development process of many 

biologics often wastes time and resources, and the amount of a peptide or protein 

candidate in early development is limited (i.e., a few milligrams) [3]. These aspects 

also need to be considered when evaluating alternative formulations, formulation 

strategies, and modes of administration. In particular, solid biopharmaceutics for 

peroral, nasal, or parenteral administration would significantly expand or improve the 

therapeutic use and the compliance of protein-based drugs [4,5,6]. Furthermore, solid 

protein and peptide formulations offer the potential for increased stability and 

underline the importance of alternative solid protein formulations (e.g., protein-loaded 

extrudates or implants). In addition to protein stability issues, an early evaluation and 

predictive screening of composition and formulation process parameters on a micro-

scale level is of crucial importance, as, due to the costs of proteins, conventional 

development programs are financially unfeasible. The aim is to enable a good and 

early starting point for the production of solid protein formulations with sufficient 

protein stability and prior cost-intensive protein formulation development of long-term 

release systems. The stabilization of proteins can be achieved by embedding the 

protein or peptide powder in eroding or dissolving polymer matrices by scalable 

formulation technologies such as hot-melt extrusion (HME), freeze-drying (FD), or 

spray-freeze drying (SFD) [7,8,9]. HME was introduced with increasing awareness in 

several works as a manufacturing tool for the production of solid protein formulations, 

for instance, as a solid-state stabilization approach or for the development of long-

term release systems for parenteral administration (e.g., protein-loaded implants) 

[8,10,11,12]. The use of HME provides a variety of motives for the formulation of long-

term delivery systems: (i) no use of organic solvents, (ii) high drug loadings in 

polymeric matrices are feasible, (iii) simple scale-up, and (iv) use of additional 

excipients such as surfactants are not mandatory [13,14]. Different types of polymers 

can be simply used to embed proteins or peptides in a matrix for solid-state 

stabilization and optimizing the protein release behavior by HME processing [8,10]. 
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Furthermore, the used polymers can ensure the stable folded structure of a protein or 

peptide during the HME process due to an immobilization of active biomolecules in 

the polymeric matrix [15,16]. However, during HME, the protein and peptide 

molecules are exposed to a combination of temperature and shear stress (designated 

as thermomechanical stress). Both can affect or initiate an unfolding of the protein or 

its degradation, resulting in an irreversible aggregation accompanied by a potential 

loss of protein functionality [15]. In a previously described study, we presented a 

sensitive characterization pathway of protein stability focused on the characterization 

of protein-loaded extrudates at a high drug load (i.e., > 40 %) prepared by ram 

extrusion and twin-screw extrusion (TSE). Here, changes in protein stability affected 

by thermomechanical stress during the extrusion process were investigated [10]. 

Although small-scale HME leads to high yields of an extruded powder mixture, the 

process is still associated with a moderate material input (i.e., > 2 g of the powdered 

protein-polymer mixture) and material loss (e.g., < 0.5 g of the protein-polymer mixture 

due to gaps between the rotating screws in TSE processing). Additionally, innovative 

formulation and screening tools in micro-scale (mg-scale) are highly desirable 

especially in the early phase of formulation development. Furthermore, a fundamental 

formulation development strategy is based on an extensive knowledge of the 

physicochemical peptide and protein stability accompanied with appropriate analytical 

methods to evaluate the process-related stability of active biomolecules in different 

formulations. This study proposes the implementation of micro-scale vacuum 

compression molding (VCM) as a predictive screening tool of protein integrity and 

polymers by overcoming the major drawback of conventional HME screening by using 

a minimum quantity of API and material. VCM was introduced by Treffer et al. [17] 

and is a novel, fusion-based tool for the simple preparation of thermoplastic 

specimens starting from powders, where the molten samples are evacuated and 

compressed into a defined solid form (e.g., cylindrical discs or implants) without any 

air inclusions or voids [17]. Additionally, the design of the VCM tool reduces the 

preparation time of the samples compared to HME processing, which requires time 

for assembling of extruder components, adjusting constant feeding rates, and 

cleaning [17]. Drug-loaded implants are one of the promising solid dosage forms for 

parenteral extended release [15,18]. However, the design of such implants for 

sustained release of proteins is a complex challenge, achieving protein solid-state 

stabilization in combination with a micro-scale screening tool, which is predictive for 

further HME processing. We used three polymer model systems covering a broad 
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range of different properties: (i) polyethylene glycol (PEG) 20,000 is a hydrophilic and 

immediate release polymer, (ii) poly lactic-co-glycolic acid (PLGA) is a biodegradable 

sustained-release polymer, providing a drug release over several months, and (iii) 

ethylene-vinyl acetate (EVA) as non-biodegradable polymer with an extended-release 

behavior of up to 2 years. Various peptides/proteins (i.e., lysozyme, bovine serum 

albumin (BSA), and human insulin) were used as drug models. VCM (combination of 

vacuum and temperature) was used to prepare cylindrical discs composed of different 

protein-polymer mixtures in view of a potential as a predictive screening tool for 

protein solid-state stabilization in the selected polymers. The processability via VCM 

varied according to the used polymer: the process temperature for PEG 20,000 

samples was 65 °C, whereas the samples based on PLGA 50:50 and EVA (40 % VA) 

were produced at 70 °C. In order to study the temperature-dependent stress, the 

process times were selected as 6 or 12 min to obtain homogenous discs. In view of 

protein analysis, a combination of analytical methods, i.e., SEC (protein fragment and 

aggregation analysis), DSC (unfolding temperature of the protein), and FT-IR 

spectroscopy (conformational stability) is reported and information provided on the 

protein stability of the formulated and screened proteins by VCM. The applied 

procedure provides a good basis for the evaluation of VCM as a predictive screening 

tool for the preselection of appropriate polymeric matrices prior to extrusion and 

evaluation of protein integrity after thermal stress. On the one hand, if the process of 

VCM negatively affected the protein stability in protein-polymer mixtures, this 

combination would disqualify itself for further processing by HME. On the other hand, 

stable protein-polymer mixtures with sufficient protein stability after VCM could then 

be introduced to a combination of thermal and shear stress by HME and further 

investigated with regard to their process-related protein stability. 
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4.5 MATERIALS AND METHODS 

4.5.1 MATERIALS 

Human insulin was kindly donated by Sanofi Deutschland GmbH (Frankfurt am Main, 

Germany). Lysozyme from chicken egg-white, lyophilized powder (Cat. No. L6876) 

was obtained from AppliChem (AppliChem GmbH, Darmstadt, Germany). Bovine 

serum albumin (BSA), sodium chloride, disodium hydrogen phosphate dihydrate, 

sodium dihydrogen phosphate dihydrate, acetonitrile, and dichloromethane were 

purchased from Merck (Merck KGaA, Darmstadt, Germany). PLGA (Resomer® 

RG502 H) was purchased from Evonik (Evonik Nutrition & Care GmbH, Darmstadt, 

Germany). Polyethylene glycol (PEG) 20,000 was obtained from Carl Roth 

(Karlsruhe, Germany). Poly(ethylene/vinyl acetate) (EVA; 60:40 (wt)) granules were 

purchased from Polysciences (Polysciences Inc., Warrington, PA, USA). All 

chemicals were of analytical grade or equivalent purity. 

4.5.2 METHODS 

4.5.2.1 PREPARATION OF PHYSICAL MIXTURES AND SAMPLE DISCS BY VCM 

PEG 20,000 flakes were milled utilizing a high-shear mixer (Krups Mixette type 210, 

Krups, Frankfurt am Main, Germany). EVA granules were milled using a cryogenic 

mill (6775 Freezer/Mill® Cryogenic Grinder, SPEX SamplePrep LLC, Metuchen, NJ, 

USA). The EVA granules were loaded into the sample holder and placed in the 

grinding chamber, which maintains cryogenic temperatures due to continuous 

immersion in liquid nitrogen. EVA granules were pre-cooled for 10 min and then milled 

through 3 grinding cycles (10 cycles per second) at 2 min each with 2 min intercool 

time. For the preparation of protein-loaded discs, a physical mixture composed of 

polymer and 20 % protein powder was manually blended with a spatula. The physical 

mixtures of polymer and protein powder were then vacuum compression molded. 

VCM was conducted using a VCM tool (MeltPrep GmbH, Graz, Austria) with a 5 mm 

diameter disc geometry. Approx. 15 mg of each blend was loaded into the VCM device 

and heated under vacuum [17] for 6 or 12 min at a temperature of 65 °C for 

PEG 20,000, or 70 °C for PLGA, and EVA (Table 1). 
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Table 1. Overview of the compositions and prepared protein-loaded discs by VCM.   

Formulation Components (%) Preparation 

method 

Process 

parameters 

Protein Polymer   

LYS reference 100% Lysozyme    

LYS PEG PM 20% Lysozyme 80% PEG 20,000 Phys. mix.  

LYS PEG VCM 6 20% Lysozyme 80% PEG 20,000 VCM 6 min. at 65°C 

LYS PEG VCM 12 20% Lysozyme 80% PEG 20,000 VCM 12 min. at 65°C 

LYS PLGA PM 20% Lysozyme 80% PLGA Phys. mix.  

LYS PLGA VCM 6 20% Lysozyme 80% PLGA VCM 6 min. at 70°C 

LYS PLGA VCM 12 20% Lysozyme 80% PLGA VCM 12 min. at 70°C 

LYS EVA PM 20% Lysozyme 80% EVA Phys. mix.  

LYS EVA VCM 6 20% Lysozyme 80% EVA VCM 6 min. at 70°C 

LYS EVA VCM 12 20% Lysozyme 80% EVA VCM 12 min. at 70°C 

     

BSA reference 100% BSA    

BSA PEG PM 20% BSA 80% PEG 20,000 Phys. mix.  

BSA PEG VCM 6 20% BSA 80% PEG 20,000 VCM 6 min. at 65°C 

BSA PEG VCM 12 20% BSA 80% PEG 20,000 VCM 12 min. at 65°C 

BSA PLGA PM 20% BSA 80% PLGA Phys. mix.  

BSA PLGA VCM 6 20% BSA 80% PLGA VCM 6 min. at 70°C 

BSA PLGA VCM 12 20% BSA 80% PLGA VCM 12 min. at 70°C 

BSA EVA PM 20% BSA 80% EVA Phys. mix.  

BSA EVA VCM 6 20% BSA 80% EVA VCM 6 min. at 70°C 

BSA EVA VCM 12 20% BSA 80% EVA VCM 12 min. at 70°C 

     

IHU reference 100% Human Insulin    

IHU PEG PM 20% Human Insulin  80% PEG 20,000 Phys. mix.  

IHU PEG VCM 6 20% Human Insulin  80% PEG 20,000 VCM 6 min. at 65°C 

IHU PEG VCM 12 20% Human Insulin  80% PEG 20,000 VCM 12 min. at 65°C 

IHU PLGA PM 20% Human Insulin  80% PLGA Phys. mix.  

IHU PLGA VCM 6 20% Human Insulin  80% PLGA VCM 6 min. at 70°C 

IHU PLGA VCM 12 20% Human Insulin  80% PLGA VCM 12 min. at 70°C 

IHU EVA PM 20% Human Insulin  80% EVA Phys. mix.  

IHU EVA VCM 6 20% Human Insulin  80% EVA VCM 6 min. at 70°C 

IHU EVA VCM 12 20% Human Insulin  80% EVA VCM 12 min. at 70°C 

4.5.2.2 SAMPLE PREPARATION FOR SEC ANALYSIS (PROTEIN EXTRACTION PROCEDURES) 

Samples (i.e., physical mixture and protein-loaded discs) containing PEG 20,000 as 

polymer were dissolved in the mobile phase (50 mM pH 7.0 phosphate buffer, 400 mM 

sodium chloride) for SEC analysis (refer to Section 4.5.4.) corresponding to a final 
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protein concentration of 4 mg/mL. For PLGA-containing samples, the physical mixture 

or protein-loaded disc was dissolved in acetonitrile. As described in the literature, 

proteins can be precipitated in acetonitrile without degradation of the protein structure 

[19]. Three cycles of protein precipitation and removal of acetonitrile by pipetting off 

the supernatant and evaporation of residual acetonitrile were applied to separate 

proteins (insoluble) from the polymer matrix (soluble). Then, 4 mg of extracted, dried 

proteins were pre-dissolved in 500 µL Milli-Q® water (i.e., lysozyme and BSA) and 

diluted with 500 µL mobile phase to a target concentration of 4 mg/mL protein. 

Extracted human insulin was an exception, as the human insulin was firstly pre-

dissolved in 0.1 M HCl and then further dissolved with the mobile phase, resulting in 

a final peptide concentration of 4 mg/mL. Proteins embedded in EVA were extracted 

by the use of dichloromethane, as described by Langer et al. [20]. The physical 

mixture or protein-loaded EVA discs were dissolved in dichloromethane, resulting in 

a precipitation of the proteins. Dichloromethane was then covered by a layer of 

Milli-Q® water or 0.1 M hydrochloride acid in order to dissolve the precipitated proteins 

(lysozyme and BSA, or human insulin, respectively) by solvent extraction method. The 

extracted protein was collected by pipetting 500 µL of the supernatant and diluted with 

500 µL of the mobile phase (corresponding to a final protein concentration of 

4 mg/mL). All samples were prepared as triplicates and directly filtered into HPLC 

vials by syringeless filtration (Mini-UniPrep, 0.20 µm PTFE, Whatman, Cytiva, 

Marlborough, MA, USA) and then analyzed using the SEC method.  

4.5.2.3 SIZE-EXCLUSION CHROMATOGRAPHY (SEC) 

Size-exclusion chromatography was performed with a Superdex 75 Increase 10/300 

GL column, 10 × 300 mm (Cytiva, Marlborough, MA, USA), where the mobile phase 

was 50 mM pH 7.0 phosphate buffer containing 400 mM sodium chloride (isocratic) 

at a flow rate of 0.8 mL/min (LC-20AT, Shimadzu, Kyoto, Japan) and a column 

temperature of 30 °C (CTO-10AC VP, Shimadzu, Kyoto, Japan). Samples were 

prepared as triplicates by extracting and dissolving the samples (i.e., pure protein 

(reference sample 1), the physical mixture (reference sample 2), or the protein-loaded 

disc (VCM)) according to Section 4.5.3. Samples vials were cooled at 5 °C in the 

autosampler (SIL-A10, Shimadzu, Kyoto, Japan). Then, 10 µL of each sample was 

injected and potential aggregate and/or fragment formation after VCM was analyzed 

in comparison with a chromatogram of the freshly prepared reference solutions. The 
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UV detection (SPD-40 UV Detector, Shimadzu, Kyoto, Japan) wavelength was 

214 nm. 

4.5.2.4 DIFFERENTIAL SCANNING CALORIMETRY (DSC) 

DSC studies of protein powder, physical mixture, and protein-loaded discs were 

performed with a DSC 2 (Mettler Toledo, Gießen, Germany) equipped with an 

autosampler, nitrogen cooling, and nitrogen as purge gas (30 mL/min). At least three 

samples of ∼15 mg were accurately weighed in 40 μL aluminum crucibles with a 

pierced lid. DSC scans were recorded from 25 °C to 230 °C using a heating rate of 

10 K/min STARe software (Mettler Toledo, Gießen, Germany) was employed for 

acquiring thermograms. 

4.5.2.5 FOURIER-TRANSFORM INFRARED SPECTROSCOPY (FT-IR) 

FT-IR spectra were generated with a Spectrum TwoTM FT-IR spectrophotometer 

equipped with a UATR accessory (PerkinElmer, Inc., Waltham, MA, USA). A tight 

pressure clamp with a flat tip ensured a good contact between the sample and the 

reflection diamond crystal. Each sample (i.e., protein powder, physical mixture, 

protein-loaded discs) was measured as triplicate. The spectra were recorded against 

an air background between 4000 and 400 cm−1 with an average of four scans and a 

resolution of 4 cm−1. Data were collected in the absorption mode. First and second 

derivative analysis of the amide-I region (1600–1700 cm−1) were performed with 

GraphPad Prism v. 8.0.2 (GraphPad Software, La Jolla, CA, USA). 

4.5.2.6 STATISTICAL ANALYSIS 

Statistical analysis and testing for statistical significance were carried out using 

GraphPad PRISM Software (San Diego, La Jolla, CA, USA). An unpaired t-test (two-

sample assuming equal variances) was used for the evaluation of statistical 

significance. 
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4.6 RESULTS AND DISCUSSION 

4.6.1 UNFOLDING TEMPERATURE OF PROTEINS BY DSC 

he native state of a protein is its orderly folded and assembled form and determines 

its functionality. However, this intact structure can be altered by heat, shear stress, 

chemicals, or denaturants. The most common stress that can cause a loss of protein 

structure or functionality is an exposure to heat during processing (i.e., thermally 

induced protein denaturation and/or unfolding). In the case of temperature-dependent 

unfolding, the protein structure is lost due to elevated temperatures or a longer 

exposition at a high temperature [15]. We used DSC for analyzing the protein 

unfolding temperature in solid-state after VCM and compared it to unprocessed 

samples. DSC presented unfolding temperatures of native lysozyme, BSA, and 

human insulin as 204.7 °C, 218.2 °C, and 213.1 °C, respectively (Figure 1), which 

served as reference values [10]. The DSC thermograms of protein powder, pure 

polymers, physical mixtures composed of 20 % protein powder and 80 % polymer, 

and 20 % protein-loaded discs are shown in the Supplementary Materials (Figures 

S1-S3). In general, the occurrence or preservation of a peak in the DSC thermogram 

can indicate the conservation of protein conformation after VCM, and an increasing 

unfolding temperature of the proteins after processing even reflects an increase in 

conformational protein stability. The unfolding temperatures of the physical mixtures 

composed of 20 % protein powder and 80 % PEG 20,000 or 80 % PLGA were 

comparable with or lower than the unfolding temperature of the native proteins. 

However, the unfolding temperature of the proteins in the presence of EVA were not 

reduced or even higher compared to the native protein powder. The residence time 

of the molten protein-polymer mixture in the VCM tool is even higher compared to 

HME (e.g., mean residence time: 1 to 3 min), but 6 min was the minimum residence 

time for complete melting during VCM processing. The longer residence times present 

the worst-case scenario for when VCM should be used as a predictive screening tool 

for the evaluation of protein integrity for potential HME processing. VCM for 6 min 

highlights an optimum processing time since the unfolding temperatures of the 

proteins were not negatively affected compared to the unprocessed protein-polymer 

powder mixtures. The embedding of 20 % lysozyme or BSA in 80 % EVA showed a 

significantly increased unfolding temperature of the protein compared to the native 

protein powder as well as to the unprocessed physical mixture. The results indicate a 

potential protein stabilizing effect of EVA as polymeric matrix. Moreover, in the case 
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of human insulin, the unfolding temperature was least negatively affected by 

embedding in EVA. The two-fold processing time of 12 min was not favorable since 

the unfolding temperatures were reduced compared to the 6 min processing time. 

 
Figure 1 Unfolding temperature of protein powders (white), physical mixtures, and 20 % protein-loaded 
(A: lysozyme, B: BSA, C: human insulin) discs with the polymers: PEG 20,000 (green) at 65 °C, PLGA 
(blue) at 70 °C, or EVA (red) at 70 °C prepared by VCM in 6 or 12 min.; the dotted line represents the 
unfolding temperature of the respective unprocessed protein (reference sample); error bars represent 
the standard deviation of three measurements; statistical significance is depicted by asterisks (*): 
* p < 0.05, ** p < 0.01, *** p < 0.001. 
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4.6.2 SECONDARY STRUCTURE ANALYSIS AND CONFORMATIONAL PROTEIN 

STABILITY BY FT-IR SPECTROSCOPY 

FT-IR spectroscopy was applied for comparison of the molecular protein conformation 

and secondary structure elements of protein powder (i.e., lysozyme, BSA, and human 

insulin) before and after VCM processing. The secondary structure information of the 

native protein powders served as a reference (Figure 2). The trend of a potential 

protein stabilizing effect of EVA as polymer was confirmed by FT-IR analysis. One 

benefit of the use of 5 mm discs was the extremely simplified analytical investigation, 

as the produced specimens showed a high reproducibility, were free of air inclusions, 

and could be directly used after production in their final form and without further 

sample preparation for FT-IR and DSC analysis. The first and second derivatives of 

spectra of VCM discs containing 20 % lysozyme, BSA, or human insulin and 80 % 

EVA were comparable to the powdered proteins used to prepare the discs. Since the 

spectra were overlaying, there was no indication of protein denaturation or 

aggregation as a consequence of the exposure to an elevated temperature of 70 °C 

for 6 or 12 min and vacuum during VCM processing. An exception was the formulation 

composed of 20 % human insulin and 80 % EVA processed for 12 min. Here, the 

spectrum was shifted compared to the reference spectra, indicating that alpha-helical 

structures might be disrupted due to the longer processing time at 70 °C. The use of 

PLGA as a polymer matrix showed no inferior effect on protein stability and was 

comparable to the performance of PEG 20,000. In the case of human insulin-loaded 

PLGA and PEG 20,000 discs, the process of VCM led to slight changes in secondary 

structure elements independent of the applied processing times. As discussed in a 

previous work, the conformational stability of lysozyme was not negatively affected by 

HME processing [10]. The FT-IR spectra of lysozyme-loaded PEG-extrudates 

produced by ram extrusion or twin-screw extrusion (TSE), as described by Dauer et 

al. [10], were comparable to the native lysozyme powder used to prepare the physical 

mixture and thus the extrudates. In contrast, the FT-IR spectra of BSA- and human 

insulin-loaded PEG extrudates produced by TSE showed clear shifts, when screws 

with a kneading element were used. The kneading element results in higher shear 

stress and longer residence times, to which the protein particles during processing 

are exposed. In particular, BSA and human insulin showed a higher susceptibility to 

thermal and shear stress compared to lysozyme [10]. The results of this study 

highlight the suitability of VCM as a screening tool for protein stability prior to HME as 

it follows the same trend regarding DSC and FT-IR analysis.   
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Figure 2 FT-IR spectra (first and second derivative) in the amide-I region (1600–1700 cm−1) of the 
respective protein powder (black); physical mixture composed of 20 % protein powder and 80 % polymer 
(green); and 20 % protein-loaded (A: lysozyme, B: BSA, C: human insulin) discs with the polymers: PEG 
20,000 at 65 °C, PLGA at 70 °C, or EVA at 70 °C prepared by VCM in 6 min (blue) or 12 min (red); dotted 
gray lines highlight secondary structure elements such as α-helices and β-sheets. 
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4.6.3 PROCESS-INDUCED FORMATION OF PROTEIN AGGREGATES OR FRAGMENTS 

BY SEC  

Although proteins in solid-state formulations exhibit an enhanced stability, the 

processed proteins can undergo denaturation, degradation, or aggregation without 

any detectable change in their secondary structure. Consequently, structural changes 

of proteins cannot be distinguished from native protein species using methods such 

as FT-IR spectroscopy [21]. Therefore, thermal-induced protein denaturation or 

aggregation was investigated by SEC. The potential formation aggregation of 

lysozyme, BSA, and human insulin after VCM for 6 or 12 min was monitored and high-

molecular weight species (HMWS)/protein aggregates or fragments were separated 

from native protein species. VCM processing was not the trigger for the formation of 

protein fragments or aggregates in the case of lysozyme- and BSA-loaded discs 

(Supplementary Materials: Figures S4 and S5, respectively). Lysozyme was only 

present as a monomer after dissolving the discs composed of 20 % lysozyme and 

80 % PEG 20,000 in eluent, or after extraction of lysozyme from PLGA- or EVA-based 

discs dissolved in eluent (refer to Supplementary Materials, Figure S4). The used 

unprocessed and native BSA was a mixture of monomers and dimers [10]. Alteration 

in the ratio of monomer to dimer, or the occurrence of trimers or oligomers indicates 

process-related effects on BSA structure. However, the monomer-to-dimer ratio of 

BSA was not negatively affected by VCM (refer to Supplementary Materials, Figure 

S5). Native human insulin appeared as a species at a retention time of 20 min (Figure 

3) and is in good agreement with previously published data [10]. Human insulin-

loaded PEG discs prepared by VCM showed further peaks in front of the peak of 

native human insulin, indicating the formation of HMWS in the presence of PEG 

20,000. With increasing process time from 6 to 12 min, the amount of HMWS was 

also increased. Additionally, the monomeric peak of human insulin was shifted and 

divided into several, non-baseline-separated small peaks. However, the formation of 

the HMWS was not process-related and independent of the VCM process. This is 

corroborated by the fact that HMWS of human insulin occurred also in the 

unprocessed, physical mixture (20 % human insulin, 80 % PEG 20,000). Therefore, 

PEG 20,000 is not an appropriate polymer carrier, since interactions of human insulin 

molecules with hydrophilic PEG chains induced the alteration of the local insulin 

structure [22]. This hypothesis is also confirmed by the results of human insulin-

loaded extrudates prepared by ram extrusion or TSE, as described previously [10]. 

Human insulin-loaded PLGA discs showed a series of small peaks after the 



Micro-scale Vacuum Compression Molding as a Predictive Screening Tool of 
Protein Integrity for Potential Hot-Melt Extrusion Processes  117 

 
 

monomeric peak. Whether this observation is a polymer-, temperature-, or vacuum-

related effect has to be further evaluated by an extrusion experiment. The inference 

is that it is a vacuum-related effect of VCM processing, since the peak areas of human 

insulin from PLGA discs prepared in 6 or 12 min were of the same magnitude. Human 

insulin extracted from EVA discs prepared in 6 or 12 min showed only a single peak 

at a retention time of 20 min, confirming the potential of EVA for the production of 

solid protein-loaded long-term release dosage forms with sufficient protein stability. 
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Figure 3 Chromatograms of SEC analysis; human insulin powder (initial: black), physical mixture 
composed of 20 % human insulin and 80 % polymer (green); and 20 % human insulin-loaded 
discs with the polymers: A: PEG 20,000 at 65 °C; B: PLGA at 70 °C; C: EVA at 70 °C prepared 
by VCM in 6 min (blue) or 12 min (red); insert: magnified area of HMWS (arrows). 
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4.7 CONCLUSIONS 

In this study, VCM proved to be an appropriate screening tool for the investigation of 

potential protein solid-state stabilization for melt-based formulations at a micro-scale 

as well as for the evaluation of suitable polymers and excipients for further planned 

HME processing. The protein-loaded discs were directly used after production in their 

final form for FT-IR and DSC analysis and without a further and complex sample 

preparation. The systematic analysis of the protein-loaded discs prepared by VCM 

provided important insights into the solid-state stabilizing mechanisms of protein 

candidates since an understanding of molecular interactions within the polymeric 

matrix can support the identification of most promising polymer carriers. DSC analysis 

proved to be a useful method for a first and rapid screening of appropriate polymers 

for the embedding of proteins. One benefit of using VCM as an early screening tool is 

to identify potential interactions between protein candidates and test polymers 

provoked by thermal stress during processing. Presenting short sample preparation 

times and flexibility regarding the manufacturing of different specimens, VCM can be 

used as predictive and early screening tool for extruded formulations, especially on a 

micro-scale level. Furthermore, VCM exploits small quantities of material and offers a 

“loss-less” method compared to HME, thus preventing the waste of expensive API 

and material in early formulation development and screening. EVA presented high 

potential as a polymeric matrix for solid-state stabilization of proteins (e.g., lysozyme, 

BSA, and human insulin) or the production of protein-loaded implants with extended-

release behavior. When comparing the used polymers, EVA demonstrated better 

results among all selected polymers. Identified, stable protein-polymer mixtures with 

sufficient protein stability after VCM would then, in a next step, be introduced to a 

combination of thermal and shear stress by HME processing and further investigated 

with regard to their process-related protein stability. 
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4.11 SUPPLEMENTARY DATA 

 

 
Figure S1 DSC thermograms (25 to 230 °C) of lysozyme powder (black), polymers (purple) 
(A: PEG 20,000, B: PLGA, and C: EVA), physical mixture composed of 20 % lysozyme powder and 
80 % polymer (green), and 20 % lysozyme-loaded disc produced by VCM in 6 min (blue) or 12 min (red). 

 

 
Figure S2 DSC thermograms (25 to 230 °C) of BSA powder (black), polymers (purple) (A: PEG 20,000, 
B: PLGA, and C: EVA), physical mixture composed of 20 % BSA powder and 80 % polymer (green), 
and 20 % BSA-loaded disc produced by VCM in 6 min (blue) or 12 min (red). 

 

 
Figure S3 DSC thermograms (25 to 230 °C) of human insulin powder (black), polymers (purple) 
(A: PEG 20,000, B: PLGA, and C: EVA), physical mixture composed of 20 % human insulin powder and 
80 % polymer (green), and 20 % human insulin-loaded disc produced by VCM in 6 min (blue) or 12 min 
(red). 
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Figure S4 Chromatograms of SEC analysis; lysozyme powder (initial: black), physical mixture composed 
of 20 % lysozyme and 80 % polymer (green); and 20 % lysozyme-loaded discs with the polymers: 
A: PEG 20,000 at 65 °C; B: PLGA at 70 °C; C: EVA at 70 °C prepared by VCM in 6 min (blue) or 12 min 
(red). 

 

 

Figure S5 Chromatograms of SEC analysis; BSA powder (initial: black), physical mixture composed of 
20 % BSA and 80 % polymer (green); and 20 % BSA-loaded discs with the polymers: A: PEG 20,000 at 
65 °C; B: PLGA at 70 °C; C: EVA at 70 °C prepared by VCM in 6 min (blue) or 12 min (red). 
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5.1 GRAPHICAL ABSTRACT 

 

5.2 ABSTRACT 

Understanding of generation, extent and location of thermomechanical stress in 

small-scale (< 3 g) ram and twin-screw melt-extrusion is crucial for mechanistic 

correlations to the stability of protein particles (lysozyme and BSA) in PEG-matrices. 

The aim of the study was to apply and correlate experimental and numerical 

approaches (1D and 3D) for the evaluation of extrusion process design on protein 

stability. The simulation of thermomechanical stress during extrusion raised the 

expectation of protein degradation and protein particle grinding during extrusion, 

especially when TSE was used. This was confirmed by experimental data on protein 

stability. Ram extrusion had the lowest impact on protein unfolding temperatures, 

whereas TSE showed significantly reduced unfolding temperatures, especially in 

combination with kneading elements containing screws. In TSE, the mechanical 

stress in the screws always exceeded the shear stress in the die, while mechanical 

stress within ram extrusion was generated in the die, only. As both extruder designs 

revealed homogeneously distributed protein particles over the cross section of the 

extrudates for all protein-loads (20-60 %), the dispersive power of TSE revealed not 

to be decisive. Consequently, the ram extruder would be favored for the production of 

stable protein-loaded extrudates in small scale. 
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5.3 KEYWORDS 

Hot-melt extrusion, protein formulation, solid-state stability, computational fluid 

dynamics, numerical simulation 

5.4 INTRODUCTION 

The biopharmaceutical sector has grown rapidly over the last two decades [1]. 

However, compared to small-molecule based drug products, biopharmaceuticals are 

more complex and have to be parenterally administered mostly as liquid formulation 

[2]. One of the challenges is that many protein-based drugs are not stable in liquid 

formulations. Therefore the solid state is preferred for a wide range of used protein-

based drugs for biopharmaceutical development [3], [4]. Physical and chemical 

stability of protein-based drugs is considered as bottleneck for a successful 

biopharmaceutical development. Even in the solid state, protein degradation can 

occur during the whole life cycle of a protein formulation [4], [5]. As the thermal stability 

of a protein depends on the relation between the degree of protein degradation and 

process-related stress applied the unfolding behavior of a protein is commonly 

studied.  

Lyophilization and spray-drying are the mainly used techniques to convert 

biopharmaceutical formulations from an aqueous to a solid-state formulation providing 

improved stability during storage [6]–[10].  

In pharmaceutical industry, hot melt extrusion (HME) is mainly used as continuous 

and robust manufacturing technology for the production of solid dosage forms [11]. In 

the last few years, the application of HME was expanded to biopharmaceutics and 

can be used for the production of long-term release systems for parenteral 

administration (e.g., protein-loaded implants) or for solid-state protein stabilization by 

embedding proteins in polymeric carriers [12]–[14].  

In early formulation development, 9- or 12-mm co-rotating twin-screw extruders (TSE) 

are frequently used for the production of amorphous solid dispersions (ASD) mainly 

resulting in a solubility enhancement of poorly water-soluble drugs, but still require 

batch sizes of about 20-30 g, which result in substantial amounts of drug substance 

and development costs, respectively [15], [16]. The amount of protein-based drug 

candidates within early formulation development studies however, is often limited and 

thus small-scale HME is particularly relevant [17]. Small-scale HME such as ram 

extrusion and TSE ideally enables the processing of batch sizes below 3 g 
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accompanied with high yields of the produced protein-loaded extrudate under short 

processing times of less than 3 min [18]. The aim is a homogenous embedding of 

protein powder particles in a polymeric matrix by HME without negatively affecting the 

protein stability. The embedding of protein drugs in polymeric or lipid-based matrices 

by HME approaches at a small-scale level has been described in previously published 

works. Ghalanbor et al. assessed the feasibility of HME for preparing lysozyme-

PLGA-implants and showed a complete recovery of active lysozyme from PLGA 

implants [12], whereas Cossé et al. used 5- and 9-mm mini-scale twin screw extruders 

for the preparation of BSA-PLGA-implants. A special focus was paid to the erosion 

properties and the in vitro release of the embedded BSA [19]. Another working group 

introduced the production of solid lipid implants (SLI) containing 10 to 20 % either of 

a lyophilized mAb or a fab-fragment by small-scale TSE (5 mm) at 35 °C and 40 rpm. 

The analytical investigations revealed a process-related impact on the physical 

protein stability as there were a loss in the monomer content of both the mAb and the 

fab-fragment and changes in secondary structure elements of the mAb [14]. The use 

of novel, biodegradable phase-separated poly(ε-caprolactone-PEG)-block-poly(ε-

caprolactone), [PCL-PEG]-b-[PCL]) multiblock copolymers with different block ratios 

and with a low melting temperature (49 to 55 °C) for the production of protein-loaded 

implants was successfully shown by Stanković et al. The spray-dried protein powders 

goserelin, insulin, lysozyme, carbonic anhydrase, and albumin were incorporated into 

the polymers, whereby all proteins completely preserved their structural integrity as 

determined after extraction of the proteins from the polymeric implants [20], [21].  

The works published so far are limited only to the production of protein-loaded 

extrudates by small-scale HME and characterization of the implants in terms of protein 

stability, protein recovery, and protein release. A mechanistic understanding and 

investigation of how process parameters such as type of extruder, feed-rate, 

residence time distribution, and process-related stress factors (thermomechanical 

stress profiles along the ram extruder or TSE barrel, or in the extruder die) affect 

protein stability, remain “black boxes”. Apart from that, the use of computational 

simulations to gain better HME process understanding and correlation of the 

simulation data with experimental results of protein stability was hitherto not 

considered. 

One major issue in small-scale extrusion, especially when 5 mm TSE are used, has 

been identified to be a long residence time of up to 5 min, which subsequently results 

in an increased thermomechanical stress and a potentially negative impact on protein 
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stability [19], [22]. It is therefore crucial to carefully balance the process parameters: 

(i) Feed-rate, (ii) screw design, (iii) screw speed, (iv) die geometry, and (v) L/D-ratio, 

in order to avoid spots of elevated shear and/or thermal stress along the process. As 

melt temperature and pressure in small-scale extrusion is usually determined in the 

die only, information on the extent and location of above-mentioned hot spots along 

the process are easily missed. The gap towards a mechanistic understanding of the 

interactions between process variables and quality attributes needs therefore to be 

filled via numeric simulation [16], [23]–[25]. The present study evaluates ram extrusion 

and TSE as small-scale extrusion designs to produce protein-loaded extrudates. 

During ram extrusion, a powder mixture is loaded into a heated barrel where a piston 

is forced down onto the molten material [18]. The main shear stress generated during 

ram extrusion is found as the reservoir of the ram extruder is tapered into the die 

section. On the contrary, a TSE provides the opportunity of dispersive and distributive 

mixing [26], [27]. The powdered starting material is fed into the feed zone and 

transported to the subsequent zones by the turning motion of the screw along the 

barrel under pre-heating [28]. This process of conveying introduces mixing and heat 

into the material through both external heaters and viscous heat dissipation [11]. In 

the die zone head pressure is developed, which is determined by several factors: 

(i) the molten blend viscosity, (ii) the flow rate of the molten blend, and (iii) the die 

temperature [29]. TSE provides a continuous system with much better mixing, shorter 

residence times, ease of material feeding, high kneading (distributive) and dispersion 

capacities as injection molding or ram extrusion [26].  

For our study, we used the hydrophilic polymer polyethylene glycol (PEG) 20,000 and 

the two model proteins lysozyme and bovine serum albumin (BSA) for the production 

of protein-loaded extrudates by ram extrusion and TSE. PEG 20,000 was selected as 

challenging polymer, since it exhibits a complex crystallization and melting behavior 

[30] and thus a narrow extrusion process window. Due to the low melting temperature 

of PEG 20,000, it enables extrusion at a temperature of below 65 °C, which in 

combination with a short residence time can minimize the risk of heat-induced protein 

degradation during HME processing. PEG 20,000 is waxy and shows a very high 

viscosity below the melting temperature (not extrudable due to an extensive torque) 

and a very low viscosity above the melting temperature (not extrudable due to 

liquification). Additionally, the screw configuration including conveying screws, and 

screws with a single 90° kneading element as well as the screw speed influence the 

resulting mechanical stress on polymer and protein particles [31]. The present work 
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aimed to include relevant extrusion process parameters such as: (i) screw 

configuration, (ii) screw speed, and (iii) residence time distributions (RTD) to facilitate 

potential correlations of the parameters with experimental data on polymer, and 

protein characteristics: (i) rheology, (ii) melting temperature shifts, (iii) protein 

recovery rates, and (iv) biological activity). Comparison of extrusion experiments were 

evaluated with the computations of the 1D and 3D simulation software Ludovic® and 

Ansys Polyflow®, respectively. The goal was to enable a fundamental and early 

starting point for the production of protein-loaded extrudates with sufficient protein 

stability and prior protein formulation development of long-term release systems by 

small-scale HME processing.  
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5.5 MATERIALS AND METHODS 

5.5.1 MATERIALS 

Lysozyme from chicken egg-white (Cat. No. L6876) was obtained from AppliChem 

GmbH (Darmstadt, Germany). Polyethylene glycol (PEG) 20,000 was obtained from 

Carl Roth (Karlsruhe, Germany). Bovine serum albumin (BSA) was purchased from 

Merck KGaA (Darmstadt, Germany). All chemicals were of analytical grade or 

equivalent purity. 

5.5.2 METHODS 

5.5.2.1 PREPARATION OF PHYSICAL MIXTURES AND PROTEIN-LOADED EXTRUDATES BY 

SMALL-SCALE RAM AND TWIN-SCREW EXTRUSION (5 MM) 

PEG 20,000 flakes were milled in 3 cycles of 30 s utilizing a high-shear mixer at a 

fixed shear rate (Krups Mixette type 210, Krups, Frankfurt am Main, Germany) and 

passed through a 650 μm sieve to remove larger particles. For the preparation of 

protein-loaded extrudates, a physical mixture composed of polymer and 20, 40, or 

60 % w/w either of lysozyme or BSA powder was blended for 10 min at 50 rpm using 

a turbula mixer (Willy A. Bachofen AG, Muttenz, Switzerland). The physical mixtures 

of PEG 20,000 and protein powder (Table 1) were either ram extruded or hot melt 

extruded by using twin-screw extrusion (TSE). 

A self-built ram extruder was used for the preparation of protein-loaded extrudates 

with lower shear stress as previously described by [18]. A barrel of 10 cm length and 

an inner hole of 10 mm diameter consisted of three heating zones and was equipped 

with a cylindrical die (diameter 1 mm, length 7 mm). Extrudates were prepared by 

feeding 3 g of the physical mixture into the 10 mm hole of the ram extruder. The 

temperature of the first segment (filling-zone) was set to 58 °C, and the other two 

segments were set to 63 °C. The mixture was molten for three minutes and the blends 

were then extruded through the die by a driving piston with a speed of 1 mm/s.  

TSE was performed using a 5 mm co-rotating twin-screw extruder (ZE 5, Three-Tec 

GmbH, Seon, Switzerland) with a length to diameter ratio (L/D) of 15:1 and two 

heating zones. The outlet of the extruder was equipped with a 1 mm die and either a 

conveying screw configuration, or a screw configuration with a single kneading 

element were used, which are presented in Figure 1. The physical mixtures were fed 

into the extruder by using a powder belt conveyor (GUF-P Mini AD / 475 / 75, mk 
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Technology Group, Troisdorf, Germany) at constantly kept feed-rates of 0.4, and 0.8, 

or 2.0 g/min ± 5 % for lysozyme- and BSA-composed mixtures (Table 1), respectively. 

The screw speed was set to 100, 150, or 200 rpm. Extrudates were collected in the 

steady-state of the extrusion process and the amount of extruded formulations was 

1.5 to 3.0 g depending on the feed-rates and process parameters. 

 

Figure 1 Screw configurations of the 5 mm twin-screw extruder with: A only conveying elements, 
B a single kneading element; 5 mm pitch (green), 7.5 mm pitch (blue), 90° kneading element (red); 
Segment 1 (ambient temperature), segment 2 (63 °C), and segment 3 (60 °C). 

Table 1 Overview of the compositions and prepared protein-loaded extrudates by ram or 
twin-screw extrusion 

Formulation Protein Components (%) Preparation 

method Protein PEG 20,000 

LR20 Lysozyme 20 80 Ram extrusion 

LR40 Lysozyme 40 60 Ram extrusion 

LR60 Lysozyme 60 40 Ram extrusion 

 

BR20 BSA 20 80 Ram extrusion 

BR40 BSA 40 60 Ram extrusion 

BR60 BSA 60 40 Ram extrusion 

     

LC20 Lysozyme 20 80 TSE (conveying) 

LC40 Lysozyme 40 60 TSE (conveying) 

LC60 Lysozyme 60 40 TSE (conveying) 

 

BC20 BSA 20 80 TSE (conveying) 

BC40 BSA 40 60 TSE (conveying) 

BC60 BSA 60 40 TSE (conveying) 

 

LK20 Lysozyme 20 80 TSE (kneading) 

LK40 Lysozyme 40 60 TSE (kneading) 
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LK60 Lysozyme 60 40 TSE (kneading) 

 

BK20 BSA 20 80 TSE (kneading) 

BK40 BSA 40 60 TSE (kneading) 

BK60 BSA 60 40 TSE (kneading) 

5.5.2.2 RESIDENCE TIME DISTRIBUTION (RTD) 

For TSE trials a 5 mm twin-screw extruder (ZE 5, Three-Tec GmbH, Seon, 

Switzerland) was used with two different screw configurations (Figure 1). PEG 20,000 

powder was extruded at 60 and 63 °C at five different feed-rates of 0.4, 0.6, 1.0, 1.4, 

or 2.0 g/min. The screw speed was set to 100 or 200 rpm. In order to investigate a 

potential effect of protein concentration on residence time, MRT measurements of 

powder blends composed of PEG 20,000 and 0, 20, 40, or 60 % protein at a fixed 

feed-rate of 0.6 g/min were also performed. Mean residence times (MRTs) were 

measured with iron oxide as dye tracer (Sicovit® Red 30 E 172, BASF SE, 

Ludwigshafen, Germany) and calculated by using a camera system (ExtruVis3, 

ExtruVis, Riedstadt, Germany). 

5.5.2.3 PARTICLE SIZE DISTRIBUTION ANALYSIS OF PROTEIN POWDER 

Protein powder were analyzed in terms of particle size distribution and particle shape 

via dynamic image analysis (DIA) (Camsizer® X2, Retsch Technology, Haan, 

Germany). The continuous minimum diameter (dxc min) of the analyzed particles was 

used for the particle size determination (n = 4). 

5.5.2.4 MECHANICAL SINGLE CRYSTAL ANALYSIS 

For mechanical analysis, single crystal compression tests were performed using a 

TiboIndenter Hysitron (Ti900, Bruker Minneapolis MN, USA) equipped with a 100 µm 

diameter diamond flatpunch probe. The protein crystals were dispersed on a flat 

sapphire substrate so that the average distance between them was greater than 

200 µm to ensure individual loading. BSA crystals were sieved with a 125 µm mesh 

sieve prior to sample preparation. 

The size of each crystal was determined prior to each loading with the calibrated 

instrument optics by determining the longest axis of the project surface and the length 

approximately perpendicular to it. The load function was displacement controlled to a 

maximum of 10 µm for Lysozyme and 20 µm for BSA crystals at a displacement rate 
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of 1 µm∙s-1. Compression tests were performed in ambient air at a temperature of 

22 °C and humidity between 45 and 60 %. After each compression test, the flat punch 

probe was cleaned of any crystal debris. The force-displacement curves obtained in 

this way were analyzed for fracture events, which appear as discontinuities with a 

clear drop in force. The breaking force and breaking displacement were read from the 

first breaking event in each case. 

5.5.2.5 SCANNING ELECTRON MICROSCOPY COUPLED WITH ENERGY-DISPERSIVE X-RAY 

SPECTROSCOPY (SEM-EDX) 

A scanning electron microscope (SU 3500, Hitachi High Technologies, Krefeld, 

Germany), equipped with a backscattered electron detector (BSE) was used to 

investigate the morphology of the surfaces and cross sections of the prepared 

extrudates. BSE images were collected at an acceleration voltage of 5 kV at a variable 

pressure mode of 30 Pa. The cut extrudates were placed on an aluminum stub. 

Samples were sputtered with a thin platin layer (Sputter Coater, Cressington Scientific 

Instruments, Watford, England). Protein particle distribution was examined by 

elemental mapping of the cross sections of extrudates for the characteristic X-ray 

peak of nitrogen. The elemental distributions were investigated by SEM combined 

with an energy-dispersive X-ray detector (EDX) (EDAX Element-C2B, Ametek, 

Weiterstadt, Germany). The percentage of detected nitrogen was evaluated by the 

TEAM software (Version 4.4.1, Ametek, Weiterstadt, Germany). 

5.5.2.6 DETERMINATION OF PROTEIN CONCENTRATION AND RECOVERY RATE BY RP-

HPLC 

Protein concentration in extrudates was determined by HPLC (LC20AT Solvent 

Delivery Pump, CBM-40lite system controller, SIL-10AF Autosampler, CTO-10A 

column oven, Shimadzu, Kyoto, Japan) using a C18 reversed phase column 

(NUCLEOSIL 120-3, C18, 5 µm, 125x4 mm, MACHEREY-NAGEL GmbH & Co. KG, 

Düren, Germany). Approximately 50 mg of the extrudates were accurately weighed 

and dissolved in Milli-Q® water (n = 3). Samples vials were cooled at 5 °C in the 

autosampler and 10 µL of each sample was injected. The solvent system consisted 

of water/acetonitrile/trifluoroacetic acid (A: 100/0/0.1, B: 0/100/0.1, V/V). A linear 

gradient method was applied (0–5–7 min 5–95–5 %B) at a flow rate of 1 mL/min for 

7 min and a column temperature of 30 °C. Chromatograms were obtained using an 

UV-detector (SPD-40 UV Detector, Shimadzu, Japan) at 220 nm. 



Highly protein-loaded melt extrudates produced by small-scale ram and twin-screw 
extrusion - evaluation of extrusion process design on protein stability by 
experimental and numerical approaches  133 

 
 

5.5.2.7 VACUUM COMPRESSION MOLDING (VCM) 

Samples for rheological and DSC measurements were prepared with a VCM tool 

(MeltPrep GmbH, Graz, Austria) as described by [32]. In brief, a setup with a diameter 

of 20 mm (500 mg) and 5 mm (20 mg) for rheological and DSC measurements was 

used, respectively. PEG 20,000 and mixtures were molded at 65 °C for 5 min. 

5.5.2.8 MELT RHEOLOGY 

An oscillatory, small amplitude (SAOS) rheometer (HAAKE MARS III, Thermo 

Scientific, Karlsruhe, Germany) equipped with a roughened plate-plate geometry 

(d = 20 mm) was used. All experiments were conducted in controlled deformation 

AutoStrain (CDAuto-Strain) mode after equilibration of the samples for 5 min at the 

starting temperature with a gap height of 1.2 mm. PEG 20,000 and PEG 20,000-BSA 

mixtures containing 20, 40, or 60 % w/w BSA were measured using the following 

parameters: amplitude 0.0018 % at 1.0 – 10.0 Hz for the temperatures 62.8, 63.5, 

64.0, 64.5 and 65.0 °C. The amplitude of each blend and plain PEG 20,000 was 

determined to be in the linear viscoelastic range (LVR) by amplitudes sweeps. A 

horizontal time-temperature superposition (TTS) was conducted where feasible 

resulting in master curves shifted to 64.0 °C [33]. The resulting master curve(s) were 

fitted to the power law fit: 

η∗ = K ∙ γn     (1) 

where K is the consistency Index (Pa∙s), γ is the shear rate (s-1) and n is the power 

law index. Subsequently, to allow simulations an expression of temperature 

dependency is necessary. Therefore, temperature sweeps with an underlying heating 

rate of 0.2 °C/min were conducted to allow the determination of the Arrhenius 

activation energy of flow (EA) employing the following equations (2) and (3): 

                                                                   |𝛈∗| = 𝐀 ∙ 𝐞
−𝐄𝐀
𝐑∙𝐓      (2)

   

                                                ln |η∗| = A −
EA

R
∙

1

T
      (3) 

where |η*| is the measured complex viscosity (Pa∙s), A is the pre-exponential factor, 

R is the gas constant (8.314 J∙K-1∙mol-1), T is the respective temperature (K) and EA 

is the slope of the resulting plot. 
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5.5.2.9 DIFFERENTIAL SCANNING CALORIMETRY (DSC) 

DSC studies of PEG 20,000, protein powder, and protein-loaded extrudates were 

performed with a DSC 2 (Mettler Toledo, Gießen, Germany) equipped with an auto 

sampler, nitrogen cooling and nitrogen as purge gas (30 mL/min). The system was 

calibrated with indium and zinc standards. Extrudates were milled with a mortar and 

pestle. At least three samples of ∼10 mg were accurately weighed in 40 μL aluminum 

crucibles with a pierced lid. DSC scans were recorded from 25 °C to 230 °C using a 

heating rate of 10 °C/min. STARe software (Mettler Toledo, Gießen, Germany) was 

employed for acquiring thermograms. Thermograms were normalized for sample 

weight. The heat capacity (input parameter for simulation) of PEG 20,000, pure BSA 

and Lysozyme, and protein-PEG 20,000 mixtures were determined using a multi-

frequency temperature modulation (TOPEM® mode) with an underlying heating rate 

of 2 °C/min, a pulse height of 1 °C, from 25 °C to 100 °C and a constant nitrogen 

purge (30 mL/min). 

5.5.2.10 BIOLOGICAL ACTIVITY OF LYSOZYME AFTER EXTRUSION 

Lysozyme activity was determined by a fluorescence-based assay (EnzChek® 

Lysozyme Assay Kit, Molecular Probes Europe BV, Leiden, The Netherlands) using 

a suspension of Micrococcus lysodeikticus labeled with fluorescein. The assay 

determines the lysozyme activity on the cell walls of Micrococcus lysodeikticus, which 

are labeled to such a degree that fluorescence is quenched. The fluorescence 

increase was measured using a microplate reader with a fluorescein filter and 

OptiPlateTM-96 F microwell plates (VICTOR3™ Multilabel Plate Reader; 96-Well 

plates black, PerkinElmer Life and Analytical Sciences, Shelton, Germany). 

Preparation of DQ Lysozyme substrate stock suspension, lysozyme standard curve, 

as well as the procedure were conducted according to the manufacturer’s protocol. 

The reaction mixtures were incubated at 37 °C for 30 min, protected from light. The 

fluorescence intensity of each reaction in a microwell plate was measured at 494 nm 

(absorption maximum) and 518 nm (emission maximum). The fluorescence values 

obtained from the control without enzyme were subtracted. 

5.5.2.11 SIMULATION OF MEAN RESIDENCE TIME  

The one-dimensional (1D) simulation software Ludovic® V6.0 PharmaEdition 

(Sciences Computers Consultants, Saint Etienne, France) was used for computing 

thermo-mechanical analysis. This approach allows the calculation of various 
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parameters along the screw profile (e.g., temperature, residence time, etc.). The 

model assumes non-isothermal flow conditions and an instantaneous melting prior to 

the first restrictive screw element. Due to the unknown filling ratio of a starve-fed 

extruder, the computation starts at the die and proceeds backwards in an iterative 

procedure until the final product temperature is achieved. Input parameters were: 

(i) screw configuration, (ii) screw speed, (iii) temperatures of the segments, (iv) feed-

rate, (v) thermal characteristics of the extruded mixture (i.e., heat capacity, density, 

thermal conductivity: 0.16 W/m∙K, melting temperature, and melt rheology data). 

5.5.2.12 3D ISOTHERMAL SIMULATION OF THE DIE SECTIONS AND THE SCREW SECTION 

The calculation of the numerical equations was performed with the commercial 

software Ansys Polyflow® by Ansys Inc. (Canonsburg, PA, USA). The software is 

specifically suitable for HME processing and provides a finite element method solver 

for highly viscous media. Simulations were performed on a cluster server, computing 

one node with 32 Intel Xeon Gold 6230 processors and 70 GB of Random-Acess 

Memory. 

The geometric dimensions of the simulated dies correspond to the dimensions of the 

dies of the ram extruder and TSE used in experiments. To reduce the computational 

effort, the geometries were quartered and calculated with symmetry planes. A mesh 

independence study resulted in computational meshes with 162,000 elements for the 

ram extruder die and 347,850 elements for the TSE die. A three-dimensional overview 

of the geometries and according meshes can be found in the Supplementary Material 

(Figure S1-S3). The boundary conditions for the ram extruder were chosen as 1 mm/s 

normal velocity at the inflow, outflow conditions at the outlet, 1 mm/s normal velocity 

at the reservoir wall, zero velocity condition at the conical die inlet wall and the die 

wall. The boundary conditions for the TSE die were chosen as 0.15 g/min mass flow 

rate inlet at the inflow, outflow conditions at the outlet and zero velocity at all walls.  

In order to simulate the rotating screw elements of the TSE, the mesh superposition 

technique was used [34]. A detailed description of the application of the technique 

used on TSE can be found in a recent work [24]. The geometric dimensions of the 

simulated screw elements correspond to the conveying element (5 mm pitch) and the 

90° kneading element shown in Figure 1. A mesh independence study resulted in 

computational meshes with 245,000 elements for the barrel, 206,984 elements for 

each conveying element, and 237,711 elements for each kneading element. A three-

dimensional overview of the geometries and according meshes can be found in the 
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Supplementary Material (Figure S1-S3). The boundary conditions were chosen as 

0.6 g/min mass flow rate inlet at the inflow, outflow conditions at the outlet, zero 

velocity at the outer barrel walls, screw elements and inner barrel walls rotate with 

200 rpm. While wall slip can occur at high shear rates in the extrusion process, it was 

neglected for the simulations for simplicity. Accordingly, the no slip condition was 

assumed at the surface of the barrel and the rotating screw. Due to its symmetry, only 

half a revolution of the screw elements was simulated in 60-time steps.  

Energy equation and gravity acceleration were neglected. Linear velocities and linear 

pressure were chosen for interpolation settings. Iterations on the viscosity were 

performed with a Picard scheme. The material parameters used for the simulations 

correspond to the 100 % PEG batch of the extrusion trials. The density of the material 

was set as 1200 kg/m³. The viscosity was described using a power law fit according 

to section 5.5.2.8. The fitted model is given in equation (4): 

             𝜂(�̇�) = 2,887,070 ∙  �̇�−0.6783 𝑃𝑎 ∙ 𝑠    (4) 

To further analyze the simulation results, particle tracking analysis were performed. 

Therefore, 2000 mass- and volume less, non-interacting particles were randomly 

distributed at the inflow. Based on the velocity field solved, particles move through the 

domain where each point of the trajectories and its corresponding values were tracked 

and recorded. 

5.5.2.13 STATISTICAL ANALYSIS 

Statistical analysis and testing for statistical significance were carried out using 

Prism (GraphPad Software Inc., La Jolla, USA).  
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5.6 RESULTS 

5.6.1 PROTEIN CONTENT IN EXTRUDATES AND PROTEIN PARTICLE DISTRIBUTION 

OVER THE CROSS SECTION OF EXTRUDATES 

The particle size distribution analysis of the used protein powder particles for the 

preparation of highly-loaded protein-extrudates showed a narrow particle size 

distribution for lysozyme (d50 = 133 ± 7 µm), whereas BSA (d50 = 444 ± 70 µm) showed 

a very broad particle size distribution (Figure 2). 

 
Figure 2 Particle size distribution of protein powder (lysozyme and BSA); q3 is the cumulative 

distribution referred to the percentage (%) of particles below that micron size (µm); error bars 

represent the standard deviation of four measurements by DIA. 

The degree of protein powder particle embedding in the polymeric matrix and protein 

particle distribution over the cross section of extrudates produced by ram extrusion or 

TSE was analyzed by SEM-EDX (Figure 3). The surface of the extrudates prepared 

by TSE appeared smoother compared to extrudates produced by ram extrusion. The 

cross-section cut of the extrudates prepared by ram extrusion showed no pores or 

cracks inside of the extrudates, whereas the extrudates prepared by TSE showed 

only few pores. Elemental mapping of the cross sections showed an overall 

homogeneous distribution of protein particles in extrudates prepared by ram extrusion 

and TSE. Furthermore, the protein particles were only dispersed in the PEG- matrix 

and were not dissolved or notably grinded during extrusion. The protein recovery rate 

determined by HPLC was over 97 % for all extruded samples.   
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Figure 3 SEM-images of the used protein powder; protein particle distribution by SEM-EDX and 
elemental mapping of nitrogen (green spots) on cross section of 20, 40, and 60 % protein-loaded 
extrudates (A lysozyme and B BSA) prepared by ram or twin-screw extrusion (screw speed: 150 rpm) at 
63 °C and protein recovery rates determined by RP-HPLC (n = 3) below the SEM-EDX-images. The 
scale bar of SEM-images corresponds to 200 μm. 

5.6.2 MECHANICAL SINGLE CRYSTAL ANALYSIS 

The mechanical properties of the protein crystals were determined using micro 

compression experiments. Figure 4A shows a representative force-displacement 

curve for lysozyme (grey) and BSA with a significant fracture event. For lysozyme, 

46 crystals were examined, 44 of which showed one or more breakage events. For 

BSA, 28 crystals were tested, of which 13 showed an evaluable breakage event. If 

more than one fracture event occurred, only the first one was evaluated, as the 

number and size of the particles for the following loading is unknown. 
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Figure 4 A Representative force - displacement data for the compression of lysozyme (gray) and BSA 
(black) crystals, each with a significant breakage event (arrows). Box plot representation of B breakage 
force and C breakage force/ projection area for lysozyme (gray) and BSA (black); horizontal line in the 
center of the box indicates the median, whiskers are drawn to the 90th and 10th percentiles of the data 
set. 

Figure 4 B and C summarizes the micro-compression results. The values for breakage 

force and breakage displacement were significantly lower for lysozyme than for BSA. 

However, BSA with an average particle size of 94 µm was also coarser than lysozyme 

with an average particle size of 52 µm for the crystals examined by micro-

compression. However, the fracture force for BSA was twice that of lysozyme in 

relation to the projected area. This ratio, which is similar to a fracture stress, tends to 

be a size independent material parameter. For comparison, compression tests of 

native lysozyme crystals in mother liquid are mentioned by [35], who determined a 

mean bursting force of only 238.3 ± 124.5 μN for a comparable particle size 

(48.7 ± 1.6 µm), which corresponds to a fracture stress of about 3.2 ∙ 104 N/mm². 

Therefore, the dried crystals used in this work are comparatively stable. 

5.6.3 UNFOLDING TEMPERATURE 

Unfolding temperatures of lysozyme and BSA in protein-loaded extrudates produced 

by ram extrusion and TSE were determined by DSC (Figure 5). The reported unfolding 

temperatures of the protein powders served as references and were compared to the 
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produced protein-loaded extrudates. Lysozyme- and BSA-loaded extrudates (20, 40, 

and 60 % protein-load) prepared by ram extrusion showed no significantly reduced 

unfolding temperatures compared to the unprocessed neat protein powder. 

Processing of 40 % lysozyme by TSE at 100, 150, and 200 rpm screw speed and at 

a constant feed-rate of 0.4 g/min shifted the unfolding temperature towards lower 

temperatures whereas the unfolding temperatures of 60 % lysozyme-loaded 

extrudates were not significantly reduced and were independent of the applied screw 

speed. The unfolding temperatures of 60 % BSA-loaded extrudates were not reduced 

neither when produced by ram extrusion nor by TSE. 40 % BSA-loaded extrudates 

prepared by TSE with conveying or kneading screw configuration showed significantly 

reduced unfolding temperatures.  

 
Figure 5 Unfolding temperatures of 20, 40, and 60 % protein-loaded (lysozyme and BSA) 
extrudates prepared by ram extrusion (blue) or TSE with only conveying screw configuration 
(green), or screws containing a single 90° kneading element (orange) at 100, 150, or 200 
rpm screw speed, at 63 °C; error bars represent the standard deviation of three 
measurements for the unfolding temperature by DSC; the line shows the melting 
temperature of the unprocessed protein (reference) and the dotted lines represent the 
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standard deviation (n = 3); statistical significance is compared to the reference and depicted 
by asterisks (*): * p < 0.05, ** p < 0.01, *** p < 0.001. 

5.6.4 LYSOZYME ACTIVITY AFTER EXTRUSION 

The biological activity of lysozyme in 40 % lysozyme-loaded extrudates was 

investigated immediately after ram extrusion and TSE with conveying and kneading 

screw configuration, at 100, 150, and 200 rpm and at 63 °C. The activity of lysozyme 

embedded in melt extrudates by ram extrusion or TSE was higher than 90 % and thus 

maintained the full biological activity when compared to the activity of the unprocessed 

lysozyme powder, which was 99.86 ± 5.29 % (t-test: p < 0.05) (Figure 6). 

 
Figure 6 Biological activity of lysozyme of 40 % lysozyme-loaded extrudates prepared by ram 
extrusion (blue) or TSE with only conveying screw configuration (green), or screws containing 
a single 90° kneading element (orange), at 63 °C and 100, 150, and 200 rpm screw speed; 
samples (n = 3) were immediately analyzed after extrusion processing; error bars represent 
the standard deviation of three measurements; the line shows the biological activity of the 
unprocessed lysozyme (reference) and the dotted lines represent the standard deviation 
(99.86 ± 5.29 %).   

5.6.5 RESIDENCE TIME DISTRIBUTION 

In order to receive information about the residence time distribution of the material 

within the extrusion barrel in dependence of feed-rate, screw configuration, and screw 

speed, MRT measurements were performed.  

Figure 7 shows the determined MRT by an experimental and simulative approach for 

five feed-rates, two screw configurations and varying screw speed. For the simulation 

of MRT by Ludovic®, melt rheology data were key input parameters (refer to 

Supplementary Material, Figures S4-6). The experimental MRT for a feed-rate of 
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0.4 g/min was found at 57.0 ± 0.2 s at 100 rpm and 47.4 ± 1.7 s at 200 rpm, with a 

comparably broad distribution using the conveying screw configuration, whereas 

simulation revealed MRTs of 67.1 s at 100 rpm and 63.3 s at 200 rpm. The 

experimental MRT measurements using the screw configuration with a single 

kneading element at a feed-rate of 0.4 g/min resulted in 68.3 ± 6.2 s at 100 rpm and 

58.5 ± 1.1 s at 200 rpm. The simulated MRTs at a feed-rate of 0.4 g/min were found 

at 71.3 s and 68.1 s at 100 rpm and 200 rpm, respectively. 

MRTs for 2.0 g/min at 100 and 200 rpm were found at 29.3 ± 1.0 s and 18.3 ± 0.5 s 

for the conveying screw configuration, and 33.4 ± 1.2 s and 21.6 ± 0.9 s for the 

kneading screw configuration, respectively. The MRTs obtained by simulation were 

21.9 s and 19.2 s for the conveying screw configuration at 100 and 200 rpm, 

respectively, whereas the MRT data for the kneading screws were 21.9 s at 100 rpm 

and 19.8 s at 200 rpm. Higher feed-rates resulted in more narrow residence time 

distributions (data not shown). The simulation accuracy of MRTs was higher at 

increasing feed-rates. For feed rates of 1.0 g/min and higher the simulated MRTs 

were within the experimental MRTs including their standard deviations. The smallest 

deviations between experimental and simulated MRT were found for the conveying 

and kneading screw configuration at a screw speed of 200 rpm.  

 
Figure 7 Mean residence time as a function of screw configuration (conveying, kneading; screw speed: 
100 and 200 rpm); 100 % PEG 20,000 was fed into the extruder at five different feed-rates (0.4, 0.6, 1.0, 
1.4, and 2.0 g/min); error bars represent the standard deviation of three MRT measurements. 

Figure 8 shows the MRT data obtained by experiments or simulations as a function 

of protein concentration at a fixed feed-rate of 0.6 g/min. For the conveying screw 

configuration, the MRT decreased with increasing protein concentration as 0 % 

compared to 60 % protein-load showed a decrease in the experimental and simulated 

MRT of 11.9 s at 100 rpm and 6.2 s at 200 rpm and 12.9 s at 100 rpm and 12.0 s at 
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200 rpm, respectively. For the screw configuration containing a single kneading 

element, the MRT was slightly increased with increasing protein concentration. For 

the mixture containing 60 % protein MRT was prolonged compared to 0 % protein 

load about 6.6 s at 100 rpm and 9.4 s at 200 rpm, while simulation of the MRTs at 100 

and 200 rpm revealed an increase of 4.8 s and 7.3 s, respectively.   

 
Figure 8 Mean residence time as a function of screw configuration (conveying, kneading; screw speed: 
100 and 200 rpm) and protein-load (0, 20, 40, and 60 % protein-PEG 20,000 mixtures) at a feed-rate of 
0.6 g/min; simulated MRT is displayed in gray color; experimental MRT is displayed in red color; error 
bars represent the standard deviation of three MRT measurements; unpaired t-test (two-sample 
assuming equal variances) was used and statistical significance was depicted by asterisks (*) for MRT. 
ns = not significant, significant differences are indicated by asterisks: *, p < 0.05, **, p < 0.01 and, 
***, p < 0.001. 

5.6.6 MECHANICAL STRESS HISTORY IN EXTRUSION PROCESSING 

Figure 9 shows color plots of the shear rate distribution in the dies of the ram extruder 

and the TSE. Low shear rates were found in the reservoir of the ram extruder. As the 

capillary narrows in the direction of flow, the flow is accelerated, resulting in increasing 

shear rates. In the area of the smallest radius, shear rates up to 1,500 s-1 were 

observed. In this area the shear rate increased over the radius of the die and reached 

its maximum at the wall. Likewise, the highest shear rate was also achieved in the 

area of the smallest radius for the TSE with values up to 150 s-1. The shear rate profile 

is similar to the ram extruder, but with values 10-times lower.   
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Figure 9 Color plots of the shear rate distribution of A ram extruder die B twin-screw extruder die 

The shear rate distribution of a fully filled screw section of the TSE is shown for a pair 

of conveying elements and kneading elements in Figure 10. For both type of 

elements, the highest shear rates were observed in the gap between the screw tip 

and the barrel wall as well as in the gap between the rotating elements. The maximum 

shear rates were similar for both element types with values up to 1,500 s-1. For the 

kneading element, the shear rates were higher than 30 s-1 in the whole area, whereas 

for the conveying elements in the channel also low shear rates were found.  

 

Figure 10 Color plots of the shear rate distribution of A TSE conveying elements (5 mm pitch) die B TSE 
90° kneading elements 
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Although the color plots of the different geometries provided information about the 

shear rate distribution, it was not possible to conclude about the mechanical stress 

experienced by the material in these sections. Therefore, particle tracking analyses 

were performed with the solved velocity fields and particle trajectories were obtained. 

The maximum shear rate and residence time were calculated for each trajectory and 

cumulative distributions were created. Figure 11 shows the cumulative distributions 

of the maximum experienced shear rate and the residence time distribution for the 

different dies and screw elements. As expected, the material experienced higher 

shear rates in the screw section than in the die section for both screw configurations 

and in comparison to the shear stress in the ram extruder die. The median (Q0,50) was 

found at 237 s-1 for the ram extruder die, 46 s-1 for the TSE die, 1,295 s-1 for the 

conveying elements, and 1,040 s-1 for the kneading elements.  

Regarding the residence time distribution, it can be observed that particles remained 

longer in the die of the TSE than in the ram extruder die. However, the residence 

times were shorter than in the simulated screw elements. Comparing the screw 

elements, a slightly longer residence time of the particles in the kneading block were 

observed, although the volume which passed the kneading block was similar and the 

mass flow constant, respectively. The median (Q0,50) was found at 0.05 s for the ram 

die, 0.16 s for the TSE die, 7.4 s for the conveying elements, and 9.4 s for the 

kneading elements. 

 
Figure 11 A Cumulative number distribution of the maximum shear rate along the particles tracked for 
the TSE die, the ram die, the conveying elements and the kneading elements B Residence time 
distribution along the particles tracked for the twin-screw extruder die (area of smallest radius only), the 
ram extruder die (area of smallest radius only), the conveying elements and the kneading elements. 
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5.7 DISCUSSION 

While for the ram extruder melting and extruding, i.e., introducing mechanical stress, 

were applied sequentially, these processes were introduced simultaneously during 

TSE and thermomechanical stress was certainly present for the unmolten and molten 

material during TSE processing. Monitoring and characterization of the magnitude 

and duration of the generated thermomechanical stress is often not feasible and 

highlights the need of computational simulation for gaining insights into small-scale 

HME processing including temperature profiles, mechanical stress distributions, and 

RTDs. The particle tracking approach utilized describes infinitesimally small, 

massless particles moving through the resolved flow fields. Accordingly, the motion 

of actual protein particles was only partially replicated.  

In regard of mechanical stress, the die area of both extruders was comparable and 

the highest shear rates were found close to the wall, gradually decreasing towards 

the center of the die channel. Particles dispersed in the PEG-melt passing the die 

rather in the center, subsequently experienced a lower shear stress compared to 

those closer to the wall. For TSE the highest shear rates were present in the screw 

section and particularly in the gap between the screws and the gap between screw 

and barrel. The increased shear rate for the kneading element can be attributed to 

different flow profiles resulting from the restriction of 90° kneading discs.  

The MRTs of the blends in the heated barrels were short, namely 3 min and less than 

80 s, for ram extrusion and TSE, respectively, and thus did not lead to a dissolution 

of protein particles but rather a solely dispersing of protein particles in the PEG-matrix. 

In this study, lysozyme and BSA particles could be regarded as fillers during extrusion, 

since the particle size of the used protein powders was identical for the starting 

material and particles determined in the cross section of extrudates. Ram extrusion 

facilitated sufficient dispersion of protein particles for protein-loads in the range of 20 

to 60 %. Consequently, the distributive mixing power of TSE was not necessary for 

the production of protein-loaded extrudates and TSE was thus not superior in particle 

distribution compared to ram extrusion. The simulation of maximum shear rates raised 

the expectation of particle size reduction during extrusion, especially when TSE was 

used. Micro compression analysis showed that BSA crystals were more ductile and 

less fragile than solid lysozyme particles (Figure 4). However, the mechanical stress 

generated during ram extrusion and TSE was not high enough to break either the 

lysozyme or the BSA particles. Since the protein particles showed also an elastic 

deformation behavior, a compensation of local shear stress peaks during extrusion 
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could be possible [36], [37]. However, a correlation of the simulated mechanical stress 

with the micro compression analysis could not be established in this study, as more 

advanced approaches would be needed, such as coupling CFD simulations with DEM 

simulations [38].  

Ram extrusion had the lowest impact on unfolding temperatures as the main 

mechanical stress was generated only in the die for less than 1 s as confirmed by the 

results of 3D simulation. The ram extrusion process had unexceptionally no negative 

effect on the unfolding temperatures of lysozyme and BSA in the various extrudates 

compared to the unprocessed proteins and were also independent of the protein-load. 

As experimental and simulated data revealed, ram extrusion provides a gentle 

approach for the production of protein-loaded extrudates.  

In contrast, a protein-load effect on the unfolding temperature was observed for 

extrudates produced by TSE. Interestingly a higher protein-load of 60 % was 

protective resulting in a less pronounced decrease of unfolding temperatures. 

According to a correlation of the unfolding temperatures with the simulated 

temperature profiles along the TSE process and MRTs, we hypothesize that the 

generated shear stress during TSE were distributed to a larger protein particle 

collective and thus, protein-loads higher than 50 % should be favored for the 

embedding of a thermally stable protein. For a better understanding of TSE 

processing, MRTs determined by TSE experiments and 1D simulation (Ludovic®) 

were compared. The experimental MRTs for the pure PEG and 20 % protein-polymer 

mixture were congruent with simulated data (Figure 7). In mixtures with 40 % or 60 % 

protein, the impact on melt rheology behavior (Figures S4-6) and thus the MRT is no 

longer neglectable and was reliably predicted by Ludovic®. The MRT in the kneading 

element was slightly increased, implying that protein particles were entrapped within 

the gaps of the kneading element, resulting in an increased viscous dissipation (see 

Figure S7). This is confirmed by the results of unfolding temperatures and provides 

an important correlation for the evaluation of extrusion process design on protein 

stability. The shorter simulated MRTs for the screws comprising the kneading element 

at 100 rpm might resulted in a deviation between the apparent melt viscosity in the 

experiment compared to the anticipated melt viscosity of 1D simulation (Figure 8). As 

the simulation anticipates a molten continuum to begin with, in reality this condition 

needs to be established within the first part of the extrusion process. 1D simulation 

revealed that the highest temperature of the molten blend was achieved by entering 

in the die zone (Figure S7). At 100 rpm the contribution of the introduced viscous 
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dissipation to the overall melt energy was lower compared to 200 rpm (peak 

temperatures: 75.6 °C and 78.1 °C, respectively). As the kneading elements have no 

conveying functionality the mass will pile up in front of the element. As the condition 

of being molten in reality would have been reached later at 100 rpm, this was likely 

the reason of the more pronounced deviation of experimental and simulated MRTs 

using segmented screws at low screw speed.  

Compared to the reliably simulated thermomechanical and temperature profiles and 

RTDs along the TSE barrel and the die and as torque could not adequately measured 

in the 5 mm TSE experiments, 1D simulation could not reveal pressure distribution, 

which would otherwise be standard. For an increased simulation accuracy, improved 

instrumentation especially for pressure and melt temperatures along the entire 

process length would be necessary. Especially, the pressure would indeed be an 

excellent variable to validate the 3D simulations of the die section. Advanced 

instrumentation would facilitate improved model validation as pressure and 

temperature profiles could be correlated. Unfortunately, such advanced 

instrumentation was not available for the applied extruders and will be part of further 

studies.   Additionally, some simplifications during simulation might have added to a 

higher variance, such as isothermal conditions, no wall slippage and no viscosity 

transition from waxy condition into melt. Subsequently, the simulated pressure values 

are likely to be higher than in an experiment. Therefore, simulations were primarily 

intended to compare geometries and to improve process understanding for the 

appropriate selection of protein-related process and formulation demands. 
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5.8 CONCLUSIONS 

A fundamental and early starting point for the production of highly protein-loaded 

extrudates with sufficient protein stability and enabling an understanding of extrusion 

processing prior protein formulation development of potential long-term release 

systems by small-scale extrusion processing was provided. A mechanistic 

understanding and investigation of how process parameters such as type of extruder, 

feed-rate, RTD, and process-related stress factors (thermomechanical stress profiles 

along the ram extruder or TSE barrel, or in the extruder die) affect protein stability, 

was hitherto not considered in the literature. In our study, several extrusion process 

characteristics and material properties such as heat capacity, density, melt rheology 

data of the investigated polymer-protein mixtures have been considered as input 

parameters for 1D and 3D simulations. The combination of experimental and 

numerical approaches resulted in a better understanding of HME process parameters 

including mainly the type of extruder, and residence time distribution on protein 

stability with a special focus on thermal protein stability and a potential process-

induced loss in lysozyme activity. The 1D and 3D simulation software Ludovic® and 

Ansys Polyflow®, respectively proved to be valuable tools for the evaluation of 

extrusion process design and provided important insights into extrusion processing 

optimization and potential scale-up challenges at a small-scale level as critical 

process steps and locations of thermomechanical stress hot spots along the process 

were identified. This approach supports also a rationale to identify appropriate 

extrusion process conditions for the production of highly protein-loaded extrudates 

and to define in perspective the best protein-polymer compositions. In particular, ram 

extrusion was identified as favored method for the production of stable protein-loaded 

extrudates, since the thermomechanical stress was low and still a homogenous 

distribution of protein particles over the cross section was achieved. However, so far, 

no simple 1D simulation model is available for ram extrusion thus, 3D simulations had 

to be employed for crucial process steps or areas, respectively. As the die in the ram 

extrusion was identified as the most critical process area, this limitation is negligible. 

In contrast, TSE strongly profits from both 1D and 3D simulations where 1D identifies 

critical process steps while 3D simulations boost the mechanistic understanding. 

Nonetheless simulation via Ludovic® is expected to better converge with experimental 

data when using higher feed-rates and larger size 9-, 11-, or 12-mm TSE with better 

instrumentation spread over the entire extrusion process (e.g., multiple temperature, 

die pressure, and torque monitoring). The present procedure enables a good starting 
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point for ram extrusion and TSE trials for the production of highly-loaded protein 

extrudates with sufficient protein stability, protein recovery rates and homogenous 

distributed protein particles. 
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5.12 SUPPLEMENTARY DATA 

 

Figure S1 Geometry and computational mesh of the TSE for A barrel B 5 mm pitch conveying 

elements and C 90° kneading elements. 

 

Figure S2 Geometry and computational mesh of the TSE die for A front view and B side view 

of a plane of symmetry. 
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Figure S3 Geometry and computational mesh of the ram extruder die for A front view and 

B side view of a plane of symmetry. 
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Figure S4 Comparison of the activation energy of flow of plain PEG 20,000 and mixtures 
containing BSA.   

 



Highly protein-loaded melt extrudates produced by small-scale ram and twin-screw 
extrusion - evaluation of extrusion process design on protein stability by 
experimental and numerical approaches  156 

 
 

0.00 0.20 0.40 0.60
0.0

0.1

0.2

weight fraction BSA [w/w]

p
o

w
e

r 
la

w
 i

n
d

e
x

 

Figure S5 Comparison of power law index derived from utilizing the power law fit for the 
respective master curves of plain PEG 20,000 and mixtures containing BSA. The master 
curves were employed with a reference temperature of 64.0 °C.  

0.00 0.20 0.40 0.60
106

107

108

weight fraction BSA [w/w]

C
o

n
s

is
te

n
c

y
 [

P
a

s
]

 

Figure S6 Comparison of the consistency derived from utilizing the power law fit for the 
respective master curves of plain PEG 20,000 and mixtures containing BSA. The master 
curves were employed with a reference temperature of 64.0 °C.  
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Figure S7 Exemplary presentation of simulated melt temperature of simulations based on 
input parameters along the extrusion process. The example shows the simulation of 100 % 
PEG 20,000 (top) and 60 % PEG 20,000/ 40 % BSA (bottom) with conveying screw 
configuration (left) and screws containing a single 90° kneading element (red) (right) at 100 
and 200 rpm screw speed with a feed-rate of 0.6 g/min. 

 

 

 

 


