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Chapter I: General Introduction 

1.1 Protein Stability 

Protein-based therapeutics have emerged as one of the most successful drug classes in recent 

decades.1–3 Yet, they are prone to instabilities, which not only limit shelf life and therapeutic 

efficacy but may also trigger adverse immunogenic responses.4–6 Protein instabilities are 

generally classified into four main categories: chemical instability, conformational 

instability, colloidal instability, and instability at interfaces.7 

1.1.1 Chemical Stability 

Proteins are susceptible to various chemical degradation pathways. Oxidation leads to the 

chemical modification of both amino acid side chains and, in some cases, the peptide 

backbone.8 Although many residues can be oxidized, methionine and tryptophan are the 

most prone. Oxidation is promoted by the presence of metal ions, which could be mitigated 

by the addition of chelating agents. Direct exposure to oxygen and light also accelerates the 

process. Methionine is a commonly used excipient to mitigate oxidation.8 Oxidative 

modifications are typically analyzed by HPLC-based methods, including LC-MS, RP-, or 

Protein A chromatography.9 

Deamidation refers to the hydrolysis of the amide side chains of asparagine and glutamine 

to aspartate and glutamate. The rate of deamidation is strongly pH-dependent, with acidic 

conditions slowing the reaction down.8 Deamidation products can be detected by ion-

exchange chromatography10 and capillary gel electrophoresis.11 

Hydrolysis or proteolysis describes the nonenzymatic cleavage of an amide bond within the 

polypeptide chain.8 In monoclonal antibodies (mAbs), this reaction often occurs in the hinge 

region and is influenced by metal ions, buffer composition, and pH. The resulting fragments 

can be characterized by size-exclusion chromatography12 and capillary gel electrophoresis.13 

1.1.2 Conformational Stability 

Conformational stability describes the Gibbs free energy change associated with the 

transition from the native, folded state to the unfolded state.7 The free energy of folding 

arises from multiple forces, including hydrophobic interactions, hydrogen bonding, van der 

Waals interactions, and electrostatic contributions.14,15 Experimental assessment often relies 

on the apparent melting temperature as a surrogate for conformational stability, which can 
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be determined by differential scanning calorimetry or fluorimetry. Thermal transitions in 

secondary structure can, for example, be monitored by circular dichroism and Fourier-

transform infrared spectroscopy.16 Isothermal methods include chemical denaturation using 

denaturants such as guanidine hydrochloride.17 Fluorimetric measurements then provide 

stability-indicating characteristics such as the Gibbs free energy change of unfolding.18 

Conformational stability depends on the intrinsic properties of the protein as well as on 

temperature and solution conditions such as pH and excipients.15 Chemical denaturants like 

urea decrease stability by preferentially binding to the unfolded state. In contrast, stabilizers 

such as sucrose are preferentially excluded from the protein surface, thereby shifting the 

equilibrium toward native ensembles with less solvent exposure.16,19  

1.1.3 Colloidal Stability 

Colloidal stability describes the protein–protein interactions (PPIs) between individual 

protein molecules.7 These interactions impact protein solution viscosity, solubility, and 

aggregation.8 The overall balance of PPIs, dominated by electrostatic forces and van der 

Waals interactions, can be quantified by the second osmotic virial coefficient, A2.16 A 

positive A2 indicates net repulsive interactions, whereas a negative A2 reflects net attractive 

interactions.20,21 Experimental methods commonly used to determine A2 are static light 

scattering and analytical ultracentrifugation.8 An alternative used to characterize PPIs is the 

diffusion interaction parameter kD, which can be more easily obtained by dynamic light 

scattering. A correlation between kD and A2 values has been established.22–24 

The most important factor influencing colloidal stability is solution pH. When proteins carry 

a high net charge, electrostatic repulsion between molecules increases colloidal stability. 

Near the isoelectric point, the colloidal stability of the solution is often decreased.16,25 The 

charge interaction is additionally modulated by ions in solution. Often, added salts screen 

surface charges, thus reducing electrostatic repulsion and decreasing colloidal 

stability.23,26,27 

1.1.4 Interfacial Stability 

Due to their amphiphilic nature, proteins adsorb to interfaces, forming a film.8,28 Such 

interfaces occur at many stages of drug processing, storage, and clinical use. These include 

i) solid–liquid interfaces such as columns, filters, containers, or tubing during transfer and 

filling operations, ii) air–liquid interfaces during mixing, storage, and shipping, iii) ice–
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liquid interfaces during freezing and thawing, and iv) liquid–liquid interfaces in siliconized 

cartridges.29–31 

Proteins may unfold at interfaces.31–38 Proteins with high structural stability at interfaces are 

often termed “hard” proteins, such as lysozyme,36 whereas those with lower structural 

stability are referred to as “soft” proteins, such as BSA34,36 or HSA.33 For mAbs, numerous 

studies have reported no detectable changes in secondary or tertiary structure after interfacial 

interaction.39–42 However, detecting small populations of only partially unfolded species 

remains challenging.37,43 

Dynamic interfaces that can compress and expand are more detrimental to protein stability 

than static ones. This effect e.g. occurs when a vial containing a protein solution is agitated. 

The interfacial compression compacts the already highly concentrated protein layer, 

followed by relaxation of the interface. Protein aggregates formed in this process are released 

into the bulk solution.40,44–47  

Similarly, particle formation has been observed upon pumping of protein solutions.48–50 For 

peristaltic pumping, the particle formation follows the same principle: formation of a protein 

film on the tubing surface, stretching and compression of the film induced by roller 

movement, and release of film fragments into the bulk solution.51–53 Typically, surfactants 

are added to mitigate interfacial stress, which compete with protein molecules for interfacial 

adsorption.54 

1.1.5 Protein Aggregation 

Protein aggregation in biopharmaceutical solutions does not necessarily stop on dimer or 

oligomer level but can lead to subvisible and visible particles, resulting in failure to meet 

regulatory requirements and an increased risk of immunogenicity.55–58 All the 

aforementioned protein instabilities can expedite aggregation. As aggregation involves the 

association of protein molecules into higher-molecular-weight species, colloidal interactions 

play a central role.16 Low conformational stability, leading to partial unfolding, can also 

initiate aggregation.59 Nevertheless, aggregates often contain a substantial fraction of protein 

molecules retaining native-like structure.40–42 Furthermore, deamidation has been shown to 

reduce the colloidal stability of a mAb, thereby increasing its aggregation propensity.60 

Enhanced aggregation has likewise been observed for oxidized antibodies.61 As mentioned 

before, compressible interfaces promote protein aggregation by compacting the protein film 

adsorbed to the interface.  
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1.2 Computational Methods  

1.2.1 Computational Methods for Assessing Protein Aggregation 

In this regard, computational methods are increasingly being explored for assessing protein 

self-interaction and aggregation propensity, as they allow for fast in silico analysis without 

material consumption. Various computational descriptors exist, which mainly identify 

aggregation-prone spots and suggest point mutations to mitigate aggregation.58,62 Most of 

the in silico algorithms are based on the amino acid sequence of the protein.63 Examples 

include Aggrescan, which estimates the aggregation propensity on amino acid level based 

on data derived from measurements of amyloidogenic proteins.64 The TANGO algorithm 

predicts the probability that a peptide segment will form β-strand-mediated aggregates.65 

Other algorithms take the three-dimensional structure of the protein molecule into account. 

AggScore analyzes the distribution of certain surface patches on the protein that drive 

aggregation.66 The spatial aggregation propensity algorithm even employs short Molecular 

Dynamics (MD) simulations of complete mAbs to determine the effective hydrophobicity 

that is dynamically exposed on specific surface regions,67 highlighting the potential of MD 

as a tool for protein stability optimization. 

1.2.2 MD Simulations 

MD is a simulation technique that predicts the movement of atoms over time. It has gained 

importance in investigating protein molecules, elucidating the mechanisms of protein 

folding,68–70 optimizing drug discovery,71–75 designing proteins of enhanced stability,76–78 

and even optimizing biopharmaceutical formulation development.  

MD simulations are based on Newton’s equations of motion. By knowing the potential 

energy and the forces acting on all atoms, the new atomic positions can be computed, which 

is repeated iteratively for every simulation step. To perform these calculations, a force field 

is required, which calculates the interatomic interactions and the potential energy of the 

system using the atomic coordinates.79 Potential functions are typically divided into two 

interaction types. Bonded interactions include bond stretching, angle bending, dihedral, and 

improper dihedral potentials. Nonbonded interactions consist of a Lennard–Jones 

component and Coulomb electrostatics.80 

To prevent energy drifts resulting from numerical integration errors and to reproduce 

experimental conditions, the system is typically coupled to a thermostat, which adjusts 

velocities during integration to keep the temperature constant.81 In a similar way, the 
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pressure of the system can be controlled by rescaling the dimensions of the simulation box, 

resulting in an NPT ensemble.79 Alternatively, simulations can be carried out in a canonical 

(NVT) ensemble, where the volume and temperature are kept constant.82 

1.2.3 Coarse-Grained MD Simulations 

All-atom MD simulations can reproduce properties of biomolecules with high accuracy, but 

are limited by their heavy computational cost. Coarse-grained (CG) force fields have been 

developed as an alternative, in which groups of atoms are represented by beads, i.e., 

interacting mass points that correspond to a group of atoms. This reduces the number of 

particles and interactions that must be computed, while allowing for larger integration time 

steps. Coarse-graining thereby accelerates simulations while preserving essential structural 

and thermodynamic properties.83–85 After the mapping step, in which parts of the molecule 

are grouped into a single bead, a force field must be parameterized to describe the 

interactions between beads. Different methodologies exist for force field development. 

Bottom–up approaches derive CG potentials directly from atomistic simulations, thereby 

preserving structural and thermodynamic properties. Top–down approaches, by contrast, are 

calibrated against macroscopic parameters such as density or partition coefficient, thereby 

improving their correspondence with experimental data.86–89  

The Martini force field, one of the best–known top–down models, employs a four–to–one 

mapping scheme and parameterizes nonbonded interactions against experimental 

thermodynamic data on oil/water partitioning.90 The model aims for broad applicability 

across biomolecules, including lipids, proteins, and polymers, without the need for 

reparametrization.91–93 This is, however, not always the case, as certain shortcomings of the 

force field have been identified. These include, for example, the overestimation of protein-

protein interactions.94–96  

1.2.4 MD Simulations in Protein Formulation Development 

MD simulations are increasingly utilized in formulation development, particularly to gain 

insights into protein stabilization mechanisms at the molecular level. For example, CG MD 

simulations of mAbs illustrate the electrostatic network formation leading to high viscosity 

at high protein concentration.97 A common focus of MD simulations in formulation 

development is the effect of formulation parameters, such as buffer components, on protein 

aggregation.98–101 Other excipients studied for their impact on protein stability include 

surfactants,102 sugars and polyols,103,104 amino acids, and salts such as NaCl.105,106 More 

recently, MD has even been employed to quantitatively predict the aggregation kinetics of 
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mAbs in their respective formulations.107,108 Although previous research provided insights 

into stabilization mechanisms at the molecular level, there remains a need for systematic 

investigations across a broader range of pH values and additives which are supported by 

suitable experimental verification. Additionally, none of these studies included an interface. 

1.2.5 MD Simulations at Interfaces 

Previous work focussed on the molecular interactions between low-molecular-weight 

proteins and solid interfaces as well as the associated conformational changes.109–113 Protein 

aggregation upon adsorption to interfaces was also addressed, including all-atom and CG 

MD simulations of low-molecular-weight proteins at air–liquid and silica–liquid 

interfaces.114–117 These studies, however, focused on the specific protein regions and 

microstructures driving adsorption and aggregation rather than general aggregation 

mechanisms, and were limited to static interfaces. 

Pugnaloni et al. considered a dynamic, compressible interface. They conducted Brownian 

dynamics simulations to investigate the compression and expansion of proteins, represented 

as uniform, monodisperse spheres with predefined interparticle interactions, adsorbed to an 

interface.118 Both PPI and adsorption strength influenced the film properties and protein 

desorption upon interfacial compression and relaxation. The approach did not capture 

realistic interactions arising from the protein structure or formulation conditions, and protein 

aggregation was not quantified.  

In summary, numerous MD studies have explored protein adsorption to interfaces. Only a 

few have also addressed protein aggregation, while none took different dynamic interfaces 

and formulation parameters into account. Additionally, these approaches were limited to MD 

simulations without comparison to experimental data. Research investigating protein 

adsorption and aggregation at different compressible interfaces on a molecular level, while 

also considering formulation conditions and quantitative experimental verification, is 

lacking. These are, however, essential to gain a better understanding of the mechanisms 

driving protein aggregation at these interfaces. 
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Chapter II: Aim and Outline of the Thesis 
The aim of this thesis is to contribute to a deeper understanding of the impact of process and 

formulation parameters on protein aggregation at different compressible interfaces by 

combining molecular dynamics (MD) simulations and experiments. Throughout processing 

and handling of biopharmaceuticals, protein molecules adsorb to various dynamic interfaces 

such as the silicone–liquid interface during pumping or the air–liquid interface upon vial 

agitation. Compression and relaxation of these interfaces upon mechanical stress promote 

protein aggregation, impacting product quality and safety, yet, the underlying mechanisms 

and influencing factors are not fully understood. 

In this study, coarse-grained MD models are developed to describe the phenomena at 

compressible silicone–liquid and air–liquid interfaces. These models are verified and 

complemented by suitable experimental setups, providing insights into the mechanisms and 

the influence of formulation parameters on protein aggregation during pumping and shaking 

on a molecular level. 

First, an MD setup for protein aggregation at a moving silicone–liquid interface, imitating 

tubing, is generated. Verification by experimental data on protein particle formation is 

needed to give a better understanding of the mechanism and impact of process parameters 

on protein aggregation during pumping (Chapter III). Afterward, an improved model is 

used to identify how exactly pH, ionic strength, and protein type influence protein particle 

formation upon mechanical interfacial stress (Chapter IV). Our model of protein 

aggregation at the silicone–liquid interface is then transferred to the air–liquid interface. By 

combining MD with experimental setups designed to isolate and precisely control interfacial 

compression and decompression stress, the mechanisms of particle formation at different 

compressible interfaces can be compared directly (Chapter V). Finally, the model is 

extended to full monoclonal antibodies in different formulations. Correlation of simulation 

results with experimental data on protein particle formation upon shaking allows to estimate 

the aggregation propensity of mAbs during formulation development (Chapter VI). 

Overall, this thesis should demonstrate the value of combining experiments and MD to gain 

insights into interfacial protein aggregation on a molecular level, ultimately supporting 

biopharmaceutical process and formulation development. 
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1. Abstract 

Repeated compression and dilation of a protein film adsorbed to an interface leads to 

aggregation and entry of film fragments into the bulk. This is a major mechanism for protein 

aggregate formation in drug product upon mechanical stress like shaking or pumping. To 

gain better understanding of these events we developed a Molecular Dynamics (MD) setup, 

which would in a later stage allow for in silico formulation optimization. In contrast to 

previous approaches, the molecules of our model protein human growth hormone displayed 

realistic shapes, surfaces, and interactions with each other and the interface. This enabled a 

quantitative assessment of protein cluster formation. Simulation outcomes aligned with 

experimental data on subvisible particles and turbidity, thereby validating the model. 

Computational and experimental results indicated that compression speed does not affect the 

aggregation behavior of pre-formed protein films, but rather their regeneration. Protein 

clusters that formed during compression disassembled upon relaxation, suggesting that 

particles originate from a partly compressed state. Desorption studies via Steered MD 

revealed that proteins from compressed systems are more likely to detach as clusters, 

implying that compression effects at the interface translate into aggregates present in the 

bulk solution. With the possibility to study the impact of different variables upon 

compression and dilation at the interface on a molecular level, our model contributes to the 

understanding of the mechanisms of protein aggregation at moving interfaces. It also enables 

further studies changing formulation parameters, interfaces, or proteins. 
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2. Introduction 

The presence of protein aggregates, particularly protein particles, poses a substantial risk to 

biopharmaceuticals. It can result in the loss of active protein, non-compliance with 

regulatory standards, and an elevated risk of immunogenicity.1–4 Interfaces are known to be 

major stress factors that promote protein aggregation during processing of protein 

solutions.5,6 Proteins are amphiphilic molecules and therefore adsorb to interfaces and form 

a protein film.7–10 Interfaces include for example air–liquid interfaces in form of vial 

headspace or air bubbles.11 Compression and dilation cycles of said film formed at the air–

liquid interface then lead to protein aggregation, layer collapse and detachment of fragments 

into the bulk.8,12,13 Solid interfaces in form of tubing during peristaltic pumping are widely 

used in industry for transfer and filling operations.9,14,15 It has been found that the particles 

observed in peristaltic pumping are the result of a similar mechanism: The formation of a 

protein film on the tubing surface, stretching and compression of the film during roller 

movement, and the subsequent entry of film fragments into the bulk solution.9  

To further elucidate the mechanism, isolate it from competing phenomena, and dissect the 

influence of individual factors on protein aggregation at interfaces, computational tools can 

be employed. Such tools include Molecular Dynamics (MD), where the motions of particles 

in a system are simulated.16 Baoukina et al. used an early version of the Martini coarse 

grained forcefield17 to simulate the collapse of a lipid, not protein, monolayer at the air–

liquid interface.18 Pugnaloni et al. performed Brownian Dynamics simulations of 

compression and expansion of adsorbed particles mimicking protein and surfactant 

molecules.19 Proteins were modeled as monodisperse spheres with uniform, arbitrarily set 

interparticle interactions. Thus, this approach does not account for realistic interactions that 

arise from the protein structure as well as from the conditions in the bulk solution, such as 

pH and ionic strength. The observations were limited to area function and stress response 

and did not consider protein aggregation. Most importantly, quantitative comparisons 

between simulations and experiments were not possible due to the model’s simplicity. 

In this study we built a new MD model to verify the current concept of protein aggregation 

at moving solid interfaces such as tubing. This model should form the basis to examine the 

influence of individual factors on temporary protein oligomerization and enable predictions. 

Compared to previous studies, a more accurate description of the interactions between the 

protein molecules as well as between protein molecules and the interface was needed. 

Therefore, proteins were modeled on an individual amino acid level with realistic shapes 
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and surfaces, although changes in secondary structures could not be captured. The interface 

imitated the commonly used tubing material poly(dimethylsiloxane) (PDMS). After 

establishing the model, we studied the impact of compression factor and speed on protein 

aggregation and desorption. Furthermore, we mimicked multiple pumping cycles to 

investigate the influence of repeated compression–dilation cycles as they occur for example 

upon recycling a protein solution during diafiltration or ultrafiltration. Importantly, the 

semiquantitative evaluation of our simulations was supported by experimental data 

analyzing protein aggregate formation at different size levels upon repeated compression 

and dilation. 
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3. Materials and Methods 

3.1 Computational Details 

3.1.1 Coarse-grained Models 

The crystal structure 1HGU of human growth hormone (hGH) was obtained from RCSB and 

prepared via Schrödinger BioLuminate to fill in missing side chains and assign hydrogen 

bonds. A coarse-grained model was built from the atomistic structure via the martinize2 

script.20 To conserve the protein’s structure, a Gō-like approach was chosen. The Lennard-

Jones well depth was set to 9.4124 kJ/mol, which has been shown to correspond well with 

all-atom simulations.21 To mimic the tubing interface, a polymer slab imitating the properties 

of PDMS22 was generated via Schrödinger BioLuminate and the Polyply python suite.23 

Both structures were energy minimized using a steepest descent algorithm. 

3.1.2 Simulation Details 

The simulations were performed with the GROMACS simulation package versions 2020.4 

and 2021.424–26 and the open-source PLUMED library27 version 2.8.0.28 For all simulations, 

the Verlet cutoff scheme with a buffer tolerance of 0.005 kJ/mol was used. Coulomb 

interactions were treated with the reaction-field method and a cutoff of 1.1 nm, whilst Van-

der-Waals interactions were treated with the cutoff scheme using a cutoff distance of 1.1 nm 

as previously suggested.29,30 

The systems were prepared with an initial size of 85 x 35 x 18 nm. This size was chosen to 

strike a balance between a sufficiently large sample of a tubing section and managing 

computational expenditure, as well as to prevent self-interaction with periodic images. After 

the initial preparation, the system was equilibrated in the NPT ensemble for temperature, 

pressure, density, and root mean square deviation (RMSD) of hGH Cα atoms to stabilize. 

The temperature was set to 298 K and controlled by the stochastic velocity rescaling 

thermostat.31 For the adsorption step, harmonic restraints with a target x-dimensional 

distance of zero between the protein monomers’ center of mass and the polymer slab’s center 

of mass were applied, followed by an additional equilibration step of 400 ns. 

For compression and decompression runs, the simulation box was deformed with a velocity 

of 0.04 m/s. Anisotropic pressure coupling using the Parrinello-Rahman barostat32 and a 

compressibility of zero in all but one dimension was used. Positional restraints of 100 kJ/mol 

were applied on the polymer. If not stated otherwise, 30 systems per condition were 
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analyzed. For the desorption step, harmonic restraints between the protein monomer center 

of mass and the polymer slab center of mass were applied to increase their x-dimensional 

distance. Ten monomers each in ten different systems were pulled. For cluster analysis, the 

average number of monomers per cluster using a cutoff distance of 0.53 nm, equaling twice 

the van der Waals radius of a standard Martini bead,29 was determined. 

3.2 Experimental Details 

3.2.1 Materials 

Human growth hormone (isoelectric point of 5.133) in 10 mM sodium phosphate pH 7.0 was 

used as the model protein. Buffer components were dissolved in highly purified water 

obtained from an Arium pro DI Ultrapure Water System (Sartorius Stedim Biotech GmbH, 

Goettingen, Germany). The pH of the buffers was adjusted using either hydrochloric acid 

(VWR, Darmstadt, Germany) or sodium hydroxide (Bernd Kraft GmbH, Duisburg, 

Germany). Prior to use, the buffers were filtered through 0.2 µm cellulose acetate filters 

(47 mm diameter, Sartorius Stedim Biotech GmbH), while the protein formulations were 

filtered through 0.22 µm poly(ether sulfone) membrane syringe filters (VWR, Darmstadt, 

Germany). Sodium dihydrogen phosphate and disodium hydrogen phosphate were obtained 

from Merck KGaA (Darmstadt, Germany).  

3.2.2 Stretching Studies 

Stretching studies were performed in triplicates as previously established.9 Accusil silicone 

tubing pieces (Watson-Marlow, Falmouth, United Kingdom) of 130 mm length and 6.0 mm 

inner diameter were sealed with stoppers and filled with approximately 2.5 mL of 1 mg/mL 

hGH 10 mM sodium phosphate pH 7.0 solution. Stretching was performed by the TA.Xtplus 

Texture Analyser (Stable Micro Systems, Surrey, UK) at a speed of 5 mm/s for a total of 

500 cycles. For speed studies, compression speeds of 5 mm/s, 10 mm/s, and 40 mm/s were 

used. After stretching, protein solution was removed and analyzed for particles. 

3.2.3 Particle Analysis  

Subvisible particle (SVP) analysis was conducted using light obscuration with a PAMAS 

SVSS particle counter equipped with a PAMAS HCB-LD-25/25 sensor (PAMAS 

Partikelmess- und Analysesysteme GmbH, Rutesheim, Germany), following the guidelines 

outlined in Ph. Eur. 2.9.19. Each sample was subjected to a pre-rinse of 0.3 mL, followed by 

three separate analyses using 0.4 mL of the sample each time. 
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Samples of 1.8 mL were analyzed for turbidity using a TL2360 turbidimeter (Hach Lange 

GmbH, Duesseldorf, Germany). Data is given in formazine nephelometric units (FNU).  

Visible particles were investigated by visual inspection with photo-documentation (Nikon 

D5300 SLR digital camera, Nikon Corporation, Japan).  

3.2.4 Size Exclusion Chromatography (SEC) 

Samples were analyzed using an Agilent 1100 device (Agilent Technologies, Boeblingen, 

Germany) with a G1314A UV detector. 20 µg of sample were injected onto a 7.8 x 300 mm 

TSK Gel G3000 SWXL column (Tosoh Bioscience, Stuttgart, Germany) with 150 mM 

potassium phosphate buffer at pH 6.5 as the mobile phase. 
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4. Results and Discussion 

4.1 An MD Setup to Study Protein Aggregation at Dynamic Interfaces 

Our study was motivated by previous research, which suggests that a protein film initially 

forms, and through roller movement, compacts into aggregates that eventually enter the bulk 

solution.9,15 In a first step, we therefore aimed to simulate this phenomenon (Figure 1). To 

improve time efficiency and to allow us to simulate larger system sizes and timescales, a 

coarse-grained modeling approach was chosen. The Martini 3 forcefield, in which on 

average four heavy atoms are grouped into a bead,29 has widely been used for simulations 

of biomolecules as well as for polymers.23,34–36 We used an in-house reparametrized version 

of the Martini 3 forcefield, allowing for more accurate protein–protein interactions than the 

standard version of the forcefield. Although 4-1 mapping reduces the accuracy when 

compared to all-atom simulations, this is still a major improvement compared to previous 

studies19 where proteins were modeled as monodisperse spheres with uniform, non-realistic 

interaction parameters.  

The interface consisted of linear chains of a PDMS homopolymer, for which we assumed 

the same elastic modulus as for a Pt-cured silicone network. The lack of cross-linking, 

however, leads to a different response to mechanical stress in comparison to silicone tubing. 

While MD is a feasible method to study the mechanical behavior of polymers,37 our primary 

focus was on mimicking the interactions of the surface with the protein molecules and not 

on the mechanical properties of the tubing. We therefore explicitly specified compression 

factor and speed while maintaining a realistic representation of the protein–polymer 

interactions. The forces required for specific compression levels cannot be depicted in our 

model. 

The polymer layer was placed in the center of a box with monomers of the hydrophobic and 

aggregation-prone cytokine hGH38 at pH 7.0 being inserted around it in random orientations. 

The thickness of the layer is sufficient to avoid interaction between proteins attached to 

different sides of the layer. Although the bulk concentration of protein in the experiments is 

substantially lower, the high protein concentration of about 80 g/L in this setup enabled a 

quick realization of the highly enriched hGH phase at the tubing surface. In our simulations, 

we reached about one third of the experimentally determined ≈3.5 mg/m2 adsorbed at pH 7.9 

We employed the technique of Steered Molecular Dynamics (SMD) to generate the protein 

film. In this approach, proteins are artificially pulled toward the interface allowing us to save 



Chapter III 

     30 

computational time. To ensure the accuracy of our simulation, we included an additional 

equilibration step. This step aimed to guarantee that the proteins were not merely pressed 

against the interface as in previous studies,19 but were given the possibility to reorient. 

Furthermore, it allowed for initial cluster formation, resulting from the high protein 

concentration at the interface, to converge. Afterward, the simulation box was compressed 

with different velocities. Compressing the entire box instead of compressing the interface 

only ensures that periodic boundary conditions apply to the polymer interface and the 

associated protein molecules. To accelerate the reduction of the interfacial area available for 

protein, the compression was only permitted in dimension of tubing length and not width. 

Expansion perpendicular to the interface was permitted to keep the box volume constant. 

Relaxation was performed by redeformation in the opposite direction. Positional restraints 

on the polymer ensured that the polymer took up its initial conformation in the relaxation 

step instead of coiling up due to hydrophobic interactions, therefore imitating the restoring 

forces of the elastic polymer. SVPs consist of thousands to millions of monomers,39 but MD 

is only feasible in much smaller scales. To assess the level of aggregation and compare it to 

real-life SVP formation, we characterized the clusters formed at the interface based on the 

number of monomers they contain. 

Thus, in contrast to previous approaches,19 we built an MD model of proteins at moving, 

solid interfaces, where proteins were modeled in a more realistic way. They consisted of 

individual amino acids, had their characteristic surface and shape, as well as realistic 

interactions with each other and the interface. The aggregation behavior could be analyzed 

quantitatively. To validate our model and verify the prevailing theories of protein 

aggregation at moving interfaces, we compared the results of our simulations to 

experimental data. 
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Figure 1: Simulation box with proteins (purple) adsorbed to the polymer slab (dark green) 

on both sides. After adsorption, the box gets deformed by external forces (left), resulting in 

a dense protein film with aggregate formation (right). 

 

4.2 Comparison of Cluster size in Simulations and Particles found 

Experimentally for Increasing Compression Factors 

A dependence of particle count on the compression factor was observed at the air–liquid as 

well as at the tubing–liquid interface. In the initial validation step of our model, the influence 

of this factor was investigated in simulations and compared to experimental results. We 

define compression factor cf as the ratio of maximum and minimum length, or, in terms of 

compressive strain ε, as cf = 1/(1-ε). In compression–relaxation cycles, we subjected the 

hGH formulation to different compression factors ranging from 1.0 to 1.5. Initially, the 

protein solution was clear and free from visible particles. Already at a compression factor of 

1.1, we noticed marked visible particle formation which did not noticeably change when 

increasing the compression factor. As observed in prior studies, no soluble aggregates could 

be detected by SEC.9,40 An increasing compression factor correlates with an increase in the 

SVP count (Figure 2) as well as in turbidity (Fig S1), which agrees with previous studies on 

tubing interfaces.15 For air–liquid interfaces, particle formation also increased with more 

compression.8,13 In our simulations, the system was compressed once and the average 

number of monomers per cluster at the interface was determined. A stronger contraction led 

to an increase in cluster size. Our model can be understood as following the development of 

a protein monomer to a protein aggregate, increasing its probability to grow into an SVP 

later on. Accordingly, we compared the cluster size in our model with the number of SVPs 

in experiments. The trend of an increase in particle number/cluster size with increasing 
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compression was consistent in both experiment and simulation. However, absolute 

numerical values cannot be compared directly due to differences in the overall setups 

between experiment and simulation. Additionally, comparing the size levels of SVPs to our 

cluster sizes is not expedient as all SVPs are on a size level far beyond our simulations. 

Simulations show a plateau in aggregate formation, while experiments indicate the onset of 

a similar trend at comparable compression factors. The simulations show an interaction 

amongst almost all protein molecules on one side of the interface under high compression, 

which accounts for the observed plateau at high compression factors. In tubing the 

association of a large share of proteins within a tubing segment might therefore account for 

the plateau formation. This is similar to the particle formation at air–liquid interfaces, where 

a plateau formation has also been observed.8 

Previous simulation studies at moving interfaces did not look at protein aggregation and 

lacked supporting experimental data. We now established that increasing compression of an 

interface loaded with proteins led to higher degrees of protein cluster formation in the model 

as well as to an increasing turbidity and number of SVPs found in bulk solution 

experimentally. Experiments therefore support our model and vice versa, which shows 

protein film formation and subsequent compression as mode of aggregation and allows for 

a semi-quantitative statement about the extent of protein aggregation. 

 

 

 

 

 

 

 

 

 

 

Figure 2: Average number of monomers per cluster in simulations and subvisible particle 

formation in stretch–relax experiments for compression factors ranging from 1.00 to 1.50.  
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4.3 Influence of Compression Speed on Protein Aggregation 

To assess the influence of compression speed on protein aggregation, our MD system was 

compressed with a speed of 20 mm/s as well as 40 mm/s. Virtually no differences in the 

sizes of the clusters formed at the interface could be observed (Figure 3a). The differences 

between the two speeds were minor with no clear trend visible. Similarly, stretch–relaxation 

experiments on tubing at 5 mm/s and 10 mm/s compression speed yielded no significant 

difference in SVP formation. In contrast, employing a markedly higher speed of 40 mm/s 

resulted in fewer particles (Figure 3b). This phenomenon of higher particle count at lower 

speeds has previously been observed at the tubing interface. It has therefore been proposed, 

that at lower compression speeds, the protein film has more time to rebuild itself by 

interfacial adsorption.9,15 In case of higher speeds, film formation may become incomplete, 

and the interfacial contraction does not render protein aggregates to the same extent. As we 

could not see a difference in protein aggregation in our simulations, where the protein film 

was already preformed, we also conclude that the lower particle count we observe 

experimentally at higher speeds most likely originates from the insufficient time for protein 

film formation, and not from the compression step itself. 

The impact of the compression speed has also been observed Baoukina et al. who found 

more pronounced buckling of a lipid monolayer before folding at higher speed.18 Pugnaloni 

et al. did not observe a difference in film wrinkling for weak protein–protein interactions, 

but more wrinkling in case of strong interactions at higher compression speed.19 
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Figure 3: (a) Average number of monomers per cluster in simulations for two different 

compression speeds and compression factors ranging from 1.00 to 1.30. (b) Subvisible 

particle formation in stretch–relax experiments for different compression speeds at a 

compression factor of 1.30.   

 

4.4 Cluster Formation Upon Multiple Compression–Relaxation Cycles  

Three cycles of compression and subsequent relaxation were performed to imitate multiple 

pumping cycles (Figure 4). As seen before, protein cluster size at the interface increased 

with increasing compression. During relaxation, the cluster size went back to approximately 

the starting level. The same holds true for the second and third cycle, where no significant 

difference to the first cycle could be observed. Clusters therefore form during compression 

and rather break up again in the relaxation step. This can likely be attributed to stronger 

protein–interfacial interactions compared to protein–protein interactions, leading to protein 

adhesion to the interface. This is contrary to observations at the air–liquid interface, where 

an increase in packing density during multiple cycles was reported7. However, the 

compression factor of 4 applied to the air–liquid interface is much higher than the ones 

applied in this study. This higher compression factor could lead to denser packing with 

stronger protein–protein interactions and therefore a decreased tendency for aggregates to 

break up.  

(a) (b) 
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Hence, the particles detected experimentally in the bulk solution are likely a result of 

desorption from the tubing interfaces in a partially compressed state, where proteins tend to 

be aggregated. Nonetheless, we cannot determine whether the detachment occurs during the 

compression or decompression phase. In previous simulations, displacement during 

compression, and not during relaxation was observed.19 In experiments at the air–liquid 

interface protein desorption upon decompression, but not during compression was reported.7 

For smaller peptides, desorption upon compression and readsorption during extension has 

been reported.41 

 

Figure 4: Average number of monomers per cluster in simulations over three cycles of 

compression and subsequent relaxation. In each case, the result after compression is shown. 

 

4.5 Effects of Compression on Aggregates in Bulk Solution 

In our simulations, we could not observe any protein detachment events taking place. This 

is likely due to the presence of strong protein–interfacial interactions and the formation of a 

viscoelastic film,7,41 which kinetically hinders the desorption process. As a result, the 

dynamic equilibrium shifts toward the adsorbed state,11,42 significantly limiting the 

occurrence of desorption events within the limited simulation time.43 We therefore employed 

SMD techniques to induce protein desorption (Figure 5a). We randomly selected ten 



Chapter III 

     36 

monomers from each system, subjected them to pulling forces, and analyzed whether they 

desorbed from the interface as individual monomers or as clusters. Under real-life 

conditions, it is reasonable to assume that detachment does not result from forces acting on 

individual monomers, but rather from other factors such as shear stress44–46 or the reversible 

nature of the thermodynamic equilibrium.47 Our approach was therefore not intended to 

perfectly replicate the desorption process, but rather to see, whether the effects of 

compression and subsequent aggregation observed directly at the interface also transferred 

into bulk solution. 

When comparing the compressed to the non-compressed systems, proteins from compressed 

systems entered the bulk solution significantly more often as clusters (Figure 5b). Higher 

compression therefore led to increased cluster formation not only at the interface but also in 

bulk after desorption, and these clusters mostly remained stable in the dilute phase. 

In a much more simplistic model, individual particle detachment during compression has 

been described in case of weak interparticle interactions. In contrast, in case of stronger 

interactions proteins remained associated with the interface directly or via interaction with 

neighboring associated particles.19 In our more realistic modeling of protein–interfacial and 

protein–protein interactions, no desorption could be observed. This may also be related to 

the smaller compression factors applied in our model of tubing deformation occurring upon 

peristaltic pumping as compared to previous compression studies at the air–liquid interface.  
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Figure 5: (a) Pulling on monomers leads to desorption of protein monomers or clusters. (b) 

Average number of proteins detached as isolated monomers as opposed to clusters in ten 

simulated systems of compression factors 1.3 and 1.5. A t-test was performed with * for p ≤ 

0.05.  

(a) 

(b) 
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5. Conclusions 

In this study, we developed an MD setup to investigate protein aggregation at dynamic, solid 

interfaces. It has previously been found out that the particles observed during peristaltic 

pumping are the result of a mechanism similar to the particle formation at air–liquid 

interfaces. This mechanism includes protein film formation on the tubing surface, stretching 

and compression during roller movement, and film fragments entering the bulk.9 Our MD 

model incorporates the structural and interactive properties of proteins, including their 

surface characteristics, shape, and interactions with both each other and the interface, albeit 

no changes in secondary structure. Experimental data supports our model, showing that 

increasing compression factors result in higher levels of protein cluster formation in the 

model and an increased turbidity as well as number of SVPs found in the bulk solution upon 

stretching and relaxing tubing filled with protein solution. We observed similar plateau 

formation in both simulations and experiments. Simulations demonstrate that the 

compression speed employed does not affect the aggregation tendency of the protein film. 

Instead, their main influence appears to be on the replenishment of the film. This is 

confirmed experimentally.9,15 Simulations show that clusters form at the interface during 

compression but break up during relaxation. This suggests that particles in the bulk solution 

originate from detachment from tubing interfaces in the compressed state, where protein 

aggregation is more likely to occur. High compression results in a decrease in monomer 

content in the bulk solution after steered detachment, indicating that the effects observed at 

the interface can be transferred to the bulk phase.  

Thus, our model confirms and complements the mechanism of protein aggregation at 

moving interfaces. It assesses the impact of individual factors on protein aggregation and 

provides a foundation for further studies. These could include exploring the impact of 

different pH values, by changing the initial protonation state of the proteins, or ionic 

strengths, adding sodium chloride, on the system. After appropriate parametrization, 

excipients like surfactants could be added to the simulation box. Furthermore, various 

interfaces (e.g., different tubing materials, air–liquid interfaces) or the behavior of different 

proteins could be studied. All these expansions could be of use in screening processes during 

formulation and process development. Additionally, further investigations are needed to 

determine the influence of structural changes on protein aggregation at moving interfaces.  
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Figure S1: Turbidity in stretch–relax experiments for compression factors ranging from 1.00 

to 1.50. 

 



Chapter IV 

 45 

Chapter IV: Unraveling the Role of 

Formulation Parameters in Protein Particle 

Formation at Moving Interfaces Using 

Molecular Dynamics and Experiments 
 

This chapter is published as: 

 

Sarter, T., & Friess, W. 

Unraveling the Role of Formulation Parameters in Protein Particle Formation at Moving 

Interfaces Using Molecular Dynamics and Experiments. 

Molecular Pharmaceutics, 2025, 22(3), 4738-4746. 

Department of Pharmacy, Pharmaceutical Technology and Biopharmaceutics, Ludwig-Maximilians-

Universität München, 81377 Munich, Germany 

 

Note from the authors:  

The version included in this thesis is identical with the published article apart from minor 

changes. 

The published article can be assessed online via:  

https://doi.org/10.1021/acs.molpharmaceut.5c00330 

Keywords:  

Molecular Dynamics; Protein Aggregation; Interface; Protein Formulation; Pumping 

 

 

  



Chapter IV 

     46 

1. Abstract 

Interfacial stress during peristaltic pumping can lead to particle formation in 

biopharmaceutical solutions. Since the impact of formulation on protein particle formation 

is not fully understood, we combined Molecular Dynamics (MD) simulations with 

experimental methods to investigate and understand the effects of pH, ionic strength, and 

protein type during peristaltic pumping. Building on our previous work, we improved the 

MD model to provide a more accurate representation of a protein solution at a polymer 

interface. Our results indicate that the pH value affects aggregate formation in a human 

growth hormone solution, both while protein molecules are adsorbed to the interface and 

during the detachment of aggregates into the bulk. Both steps were also directly influenced 

by protein–protein interactions. Studies at high ionic strength suggest that when protein self-

interaction is similar, the amount of protein molecules adsorbed to the interface can be 

decisive of the extent of particle formation. Additional studies employing lysozyme as a 

second protein confirmed that protein–protein interactions are the key factor in protein 

aggregation at interfaces, validating the MD model and our findings across different low-

molecular-weight proteins. Our study uncovers the specific points of action through which 

formulation parameters influence protein particle formation upon mechanical interfacial 

stress. Furthermore, our model enables the prognosis of protein particle formation in silico, 

potentially saving resources in formulation and process development. 
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2. Introduction 

Interfaces are known to promote particle formation in protein solutions, leading to loss of 

active protein, non-compliance with regulatory requirements, and an elevated risk of 

immunogenicity.1–3 The particle formation observed during peristaltic pumping in transfer 

and filling operations of biopharmaceuticals results from such interfacial stress. Protein 

molecules adsorb to the tubing surface, the protein film stretches and compresses again 

during roller movement, and protein film fragments enter the bulk solution as aggregates.4 

Whereas studies on the influence of tubing material5–7 or process parameters4,7,8 have been 

conducted, the influence of the formulation on protein aggregation during peristaltic 

pumping has not been fully characterized. 

Her and Carpenter observed a relationship between protein formulation and particle 

formation during peristaltic pumping, attributing it to altered colloidal stability.6 But also, a 

similar total particle concentration during pumping despite different colloidal stabilities of 

the formulations has been reported.4 Furthermore, the formulation impacts the protein mass 

adsorbed onto the tubing but with only minor effects on particle formation.9 Additionally, 

particle formation upon transfer of an antibody solution with a chemically modified 

stainless-steel piston pump is related to electrostatic interactions.10 Recently, using one 

monoclonal antibody and three different anions, Västberg et al. attributed the effects of ions 

on particle formation during peristaltic pumping to a combination of colloidal and interfacial 

stability; yet they did not differentiate the effects.11 Regardless, the specific mechanisms by 

which formulation parameters influence protein aggregation at interfaces are not fully 

understood.  

In the past, computational methods such as Molecular Dynamics (MD) have become highly 

valuable tools in formulation and process development. To reduce the computational 

demand, high-resolution coarse-grained approaches such as the popular Martini 3 are of 

great importance. In this coarse-grained force field on average four heavy atoms together 

with their hydrogens are grouped into one bead based on thermodynamic partitioning data. 

Water molecules are represented explicitly.12 We recently published an MD model to gain 

mechanistic insights into the dynamics of protein aggregation at moving interfaces, such as 

tubing during peristaltic pumping.13 It allowed for a semiquantitative assessment of protein 

aggregation and was validated experimentally, as simulated cluster sizes corresponded to 

subvisible particle (SVP) formation and turbidity in protein solutions. Building on our 

previous work, we now adapted the model to investigate the effects of pH, ionic strength, 
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and type of protein on aggregation. Using computational as well as experimental methods, 

we wanted to unravel the specific points of action by which formulation parameters 

influence particle formation. We improved our model by implementing a potential at the 

interface, matching experimentally determined values and allowing us to correctly represent 

interactions with and at the interface. We studied our model protein, human growth hormone 

(hGH), at three pH values and variable ionic strength. In addition, we included lysozyme as 

a different low-molecular-weight protein. MD results for aggregation propensity at the 

interface and during the transfer of aggregates into the bulk were compared to experimental 

data on particle formation, protein–protein interactions and adsorbed mass. Additionally, our 

model allowed for a semiquantitative estimation of protein particle formation in silico, 

potentially saving time, cost and labor in formulation and process development. 
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3. Materials and Methods 

3.1 Computational Details 

Simulations were performed as previously described.13 For the steered MD simulations the 

GROMACS simulation package version 2020.4 and the open-source PLUMED library 

version 2.8.0 were used, whereas for all other simulations GROMACS 2021.4 was 

utilized.14–18 A reparametrized version of the Martini 3 coarse-grained force field was used. 

As the original Martini 3 force field tends to overestimate protein–protein interactions, the 

improved version shows better agreement with experimental data on second virial 

coefficient and diffusion coefficient of low-molecular-weight proteins such as lysozyme.19 

Coarse-grained models of the proteins were built from the atomistic structure using the 

martinize2 script,20 with a Go-like model being employed to allow for some flexibility while 

still conserving the molecules’ native structure.21 PROPKA 322,23 was used to assign the 

protonation states.  

A polymer slab imitating the properties of PDMS24 was generated. As protein adsorption to 

PDMS is mediated by both hydrophobic and electrostatic interactions,9,25,26 we applied 

charged beads onto the interface to provide a simplified model imitating the known charge 

of the material. The bead type TQ5 was selected, representing a tiny bead of the Martini ion 

block. For simulations at pH 3 a charge of +1 was assigned, whereas for pH 5 and 7 a charge 

of -1 was chosen (Table S1). 

The Verlet cutoff scheme with a buffer tolerance of 0.005 kJ/mol was used for all 

simulations. Coulomb interactions were treated with the Particle mesh Ewald algorithm27,28 

and a cutoff of 1.1 nm, and Van-der-Waals interactions were handled with the cutoff scheme 

using the same cutoff distance of 1.1 nm as previously suggested.12,29 The system size of 

86x35x18 nm was selected to balance a sufficiently large sample of a tubing section with 

computational resources, while preventing self-interaction with periodic images. 100 protein 

monomers were inserted around the polymer layer. Counterions were added to neutralize the 

system. For hGH at pH 7 and pH 5, 700 and 130 sodium ions were added, respectively. For 

hGH at pH 3, 2330 chloride ions were necessary, whereas for simulations of 50 lysozyme 

molecules 100 chlorides were added. The system was solvated using approximately 350,000 

explicit water molecules. After all structures were energy minimized, the system was 

equilibrated under NPT conditions for temperature, pressure, density, and root mean square 

deviation of hGH Cα atoms to stabilize. The temperature was controlled by the stochastic 

velocity rescaling thermostat30 at 298 K. During pre-studies, a significant amount of 
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simulation time was required until the protein molecules came into initial contact with the 

interface. To save computational resources, we applied harmonic restraints to minimize the 

x-dimensional distance between the center of mass of the individual protein monomers and 

that of the polymer slab, forcing the molecules toward the interface. This artificial step was 

followed by an actual adsorption step of 400 ns. During this adsorption stage, proteins were 

allowed to move freely without constraints to interact with the interface and one another, to 

reorient, and for initial cluster formation to converge. 

The simulation box was compressed with a velocity of 0.04 m/s, equivalent to a strain rate 

of -4.7 ⋅ 105 s-1. To keep the volume constant, the simulation box was expanded 

perpendicular to the interface. Positional restraints on the interface imitated the restoring 

forces of the elastic polymer. 30 independent simulations per condition were performed. 

For detachment studies, harmonic restraints were applied to increase the x-dimensional 

distance between the center of mass of the protein monomers and that of the polymer slab. 

Ten monomers were pulled in each of ten different fully compressed systems. Formed 

aggregates were simulated in equilibrium for 400 ns after detachment. For cluster analysis, 

the average number of monomers per cluster was calculated using a cutoff distance of 

0.53 nm. While other cutoff distances yielded comparable trends (Figure S1), this value 

represents twice the van der Waals radius of a standard Martini bead12 and therefore 

represents a just contact between two hard spheres.  

 

3.2 Experimental Details 

3.2.1 Materials 

hGH (22 kDa, PDB: 1HGU) and lysozyme (14 kDa, PDB: 1DPX) in 10 mM sodium 

phosphate buffer were used as model proteins. hGH solutions at pH 3 and 5 were obtained 

by spiking 9 g/L hGH stock solution (10 mM sodium phosphate, pH 7) into respective 

buffers with a lower pH value to reach the final concentration and pH. pH 7 formulations 

were obtained by diluting the hGH stock solution with 10 mM sodium phosphate buffer pH 

7 and by dissolving lysozyme in the same buffer. Buffers were filtered through 0.2 µm 

cellulose acetate filters (47 mm diameter, Sartorius Stedim Biotech GmbH), whereas the 

protein solutions were filtered through 0.22 µm poly(ether sulfone) membrane syringe filters 

(VWR, Darmstadt, Germany). The final concentrations were verified via the extinction 

coefficient using a Nanodrop 2000 photometer (Thermo Fisher Scientific, Wilmington, 
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USA). Disodium hydrogen phosphate, sodium dihydrogen phosphate and phosphoric acid 

were obtained from Merck KGaA (Darmstadt, Germany). Lysozyme was obtained as a 

lyophilized powder from Sigma-Aldrich (Darmstadt, Germany). 

3.2.2 Stretching Studies 

Stretching studies were conducted in triplicates as previously described.13 Accusil silicone 

tubing pieces (Watson-Marlow, Falmouth, United Kingdom) of 6.0 mm inner diameter were 

filled with protein solution and sealed with stoppers. Stretching was carried out using a 

TA.Xtplus Texture Analyser (Stable Micro Systems, Surrey, United Kingdom) at a speed of 

5 mm/s for a total of 500 cycles, while compression factor was defined as the ratio of the 

maximum and minimum length of the tubing piece. Afterward, the protein solution was 

removed and analyzed for particles. Analysis of the control samples was conducted 

following a 1-hour incubation period in tubing. 

3.2.3 Particle Analysis  

Subvisible particle (SVP) is a broad term that usually describes a micrometer-sized particle 

below the visibility limit of the eye. The origin of these particles can be exogenous but can 

also result from protein aggregates.3 SVP analysis was performed using light obscuration 

with a PAMAS SVSS particle counter (PAMAS Partikelmess- und Analysesysteme, 

Rutesheim, Germany), in accordance with Ph. Eur. 2.9.19 guidelines. After pre-rinse with 

0.3 mL sample, three separate analyses using 0.4 mL of the sample for each measurement 

were performed. 

Turbidity is the result of light scattering caused by submicroscopic particles in a solution.31 

As many factors such as protein concentration and particle size influence the opalescence of 

a protein solution, turbidity measurement is usually used to evaluate unspecific protein 

aggregation in comparative measurements.3 For turbidity analysis, samples were measured 

using a TL2360 turbidimeter (Hach Lange, Duesseldorf, Germany), with data reported in 

formazine nephelometric units (FNU). 

3.2.4 High-Performance Size-Exclusion Chromatography (HP-SEC) 

The amount of adsorbed protein was quantified by HP-SEC.4,32 Six tubing pieces per 

formulation were filled to the top with 1 mL of 1 mg/mL protein solution and incubated 

overnight. The pieces were washed with formulation buffer, filled with 1 mL desorption 

buffer (10 mM phosphate buffer pH 7.0 with 145 mM NaCl and 0.05% sodium dodecyl 

sulfate), and incubated overnight. Samples were analyzed using an Agilent 1100 device 
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(Agilent Technologies, Boeblingen, Germany) equipped with a G1314A UV detector. The 

injection volume was set to 400 µL, and the flow rate was maintained at 0.7 ml/min using 

the desorption buffer as mobile phase. The amount of desorbed protein was quantified by 

HP-SEC with a 7.8 x 300 mm TSK Gel G3000 SWXL column (Tosoh Bioscience, Stuttgart, 

Germany) at 210 nm using protein-specific calibration curves (R2 > 0.9995).  

3.2.5 DLS 

Protein samples with concentrations between 1 and 8 mg/ml were used except for hGH at 

pH 5, which was analyzed between 0.8 and 1.6 mg/ml due to solubility limitations. 25 μL of 

protein solution were filled into the wells of a 384 microwell plate (Corning, New York, 

United States), the plate was centrifuged for 2 min at 2,000 rpm, and measurements were 

performed in triplicates at 25 °C using a DynaPro plate reader III (Wyatt Technology, Santa 

Barbara, USA) with 20 acquisitions of 5 s each. The interaction parameter kD was derived 

from the concentration dependence of the protein mutual diffusion coefficient: 

k! =

D
D"

− 1

c  

with D = mutual diffusion coefficient, D0 = diffusion coefficient at infinite dilution, c = 

protein concentration. 

 

3.2.6 Circular Dichroism (CD) Spectroscopy 

Samples were incubated in their respective buffer for 6 hours to assess conformational 

stability for the duration of a typical stretching study. Near- and far-UV CD spectra were 

obtained using a Jasco J-810 spectropolarimeter (JASCO Deutschland, Pfungstadt, 

Germany). For near-UV spectra, a cuvette with 10 mm wavelength path and a protein 

concentration of 1 g/L was used, whereas for far-UV spectra a cuvette with 1 mm 

wavelength path and a protein concentration of 0.4 g/L was used. Five accumulations each 

were recorded at a speed of 20 nm/min. After subtraction of the buffer spectrums and 

smoothing using the Savitzky-Golay algorithm with 9 smoothing points, the mean residue 

ellipticity (MRE) of the protein at each wavelength was determined.33 
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3.2.7 Differential Scanning Fluorimetry (nanoDSF) 

To determine the thermal stability of hGH formulations, capillaries were filled with 1 g/L 

protein solutions. A 1 °C/min temperature ramp from 20 to 95 °C was applied and the 

intrinsic protein fluorescence intensity at 330 and 350 nm, following excitation at 280 nm, 

was measured using the Prometheus NT.48 system (NanoTemper Technologies, Munich, 

Germany). The apparent protein melting temperature Tm was determined from the maxima 

of the first derivative of the fluorescence intensity ratio curves.  
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4. Results and Discussion 

4.1 Improving the MD Model  

We recently proposed an MD model to investigate protein aggregation at moving interfaces. 

This model accounted for the structural and interactive properties of the protein molecules, 

including their mutual interactions as well as their interactions with the interface. However, 

some shortcomings needed to be addressed to accurately depict the influence of formulation 

parameters on protein aggregation. These specifically included more realistic electrostatic 

interactions between the protein molecules themselves as well as with the polymer interface. 

To this end, we treated Coulomb interactions with the PME algorithm.27,28 Although the 

reaction field method used previously is more computationally efficient, the PME algorithm 

reduces artifacts and allows for more accurate electrostatic interactions.34,35  

 

 

 

 
 

 
 

 
 

 
 

 

Figure 1: MD setup to investigate protein aggregation at moving interfaces. Protein 

molecules (grey) are adsorbed onto the polymer layer (dark green), which has charged beads 

(red) anchored to it.  

 

Furthermore, a zeta potential at silicone tubing interfaces has been observed and quantified 

experimentally.9 This potential is likely caused by the adsorption of ions, such as hydroxide, 

to the tubing interface.36,37 As the adsorption of protein molecules to PDMS is driven by 

hydrophobic as well as electrostatic interactions,9,25,26 we incorporated charged beads on top 

of the interface to introduce a formal charge (Figure 1). The number of beads reflects the 
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proportions of the experimentally determined potential values (Table S1) rather than 

absolute values. 

The implementation of the PME algorithm and a zeta potential allowed for a more realistic 

representation of the phenomena occurring in a protein solution at a polymer interface. This 

adaptation then enabled the use of our MD model for investigating the influence of 

formulation parameters on protein aggregation.  

4.2 Influence of pH Value on hGH Particle Formation 

To assess the influence of pH value on particle formation, hGH solutions at pH 3, 5, and 7 

were filled into tubing pieces and subjected to compression–relaxation cycles at compression 

factors ranging from 1.1 to 1.4. As has been observed previously, higher compression factors 

resulted in an increase in turbidity and SVP count for all formulations.13,38–40 The pH 3 

solution showed by far the least particle formation, which has also been observed for other 

types of proteins such as BSA41 or mAbs.42 The pH 5 and pH 7 solutions behaved similarly, 

with slightly more particles observed at pH 5 (Figure 2).  
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Figure 2: SVPs (a) and turbidity (b) for hGH at pH 3, 5, and 7 determined in stretch-relax 

experiments with compression factors ranging from 1.1 to 1.4. 

 

Table 1 Amount of protein adsorbed to the tubing interface and kD values (Mean ± SD). 

 
  

Formulation Adsorbed protein [mg/m2] kD [mL/g] 
hGH pH 3 4.4 ± 0.9 +41.5 ± 3.2 

hGH pH 5 5.1 ± 0.9 -84.0 ± 8.3 

hGH pH 7 4.9 ± 0.5 -8.6 ± 0.9 

hGH pH 3 + NaCl 6.5 ± 1.3 -12.4 ± 1.0 

Lysozyme pH 7 1.7 ± 0.1 +17.7 ± 1.0 
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Next, we aimed to replicate this setup in silico to elucidate the roots of the differences in 

particle formation and to see if MD is a suitable tool for ranking and to aid understanding 

the aggregation propensity of formulations differing in pH value. Our coarse-grained 

approach employs protein molecules in the native state. Unfolding can take place at 

interfaces and may additionally contribute to aggregate formation. It has been observed that 

adsorption to solid interfaces does not necessarily cause protein unfolding43,44 and particles 

formed under mechanical interfacial stress contain protein molecules with native-like 

(meaning potential higher order structural changes below the limit of detection of the 

analytical method) conformation.40,45,46 Overall, the mechanisms identified in our study 

should apply to native and slightly structurally changed protein molecules. 

First, the amount of protein adsorbed to the tubing was determined experimentally by SEC 

followed by UV detection. As no significant differences could be observed (Table 1), the 

amount of protein loaded onto the interface was not responsible for the differences in particle 

formation of hGH solutions at different pH values. Furthermore, the results suggested that 

our MD simulations should be set up with the same number of protein molecules for hGH 

at pH values 3, 5, and 7. The final amount of protein molecules adsorbed to the interface in 

the model was in the range of the experimentally determined amount. Mathes et al. observed 

a pH-dependency of the amount of protein adsorbed to an interface, which was attributed to 

the interplay between protein–protein and protein–polymer interactions.32 This work, 

however, was performed with a monoclonal antibody on a glass surface over a wider pH 

range. Depending on the protein used and the ionic strength of the solution, other studies 

could only see a limited impact of pH on antibody adsorption to a hydrophobic surface.9,47  
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Figure 3: (a) Average number of monomers per cluster for hGH at pH 3, 5, and 7 determined 

in MD simulations with compression factors ranging from 1.1 to 1.4. (b) Fraction of protein 

molecules detaching as clusters rather than as isolated monomers in ten simulated systems 

for hGH at pH 3, 5, and 7 at a compression factor of 1.4. A t-test was performed with * for 

p ≤ 0.05. 

 

After setting up the MD simulations, we compressed the interface loaded with protein 

molecules and performed a cluster analysis (Figure 3a). The extent of cluster formation in 

the model was previously shown to correlate with turbidity and SVP formation for an hGH 

solution at pH 7.13 Our simulations indicated the lowest cluster formation for the pH 3 

formulation. pH 5 and pH 7 showed comparable cluster formation, with slightly larger 

clusters at pH 5. In addition, we checked whether the pH value also influenced the transfer 

of the protein aggregates formed at the interface into the bulk. As desorption did not occur 

within our limited simulation time, we induced protein detachment by Steered MD (SMD) 

simulations. Compared to the other formulations, hGH molecules desorbed significantly less 

often as clusters at pH 3, and rather as individual monomers (Figure 3b). Again, the pH 5 

and the pH 7 formulations behaved similarly, with a slightly higher tendency to detach in a 

clustered state at pH 5. Formed aggregates did not show signs of disintegration over 400 ns 

of additional simulation time. This indicates persistence and illustrates correspondence with 

the experimental aggregate analysis conducted after several hours. 

(b) (a) 
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The trends for cluster formation at the interface as well as desorption of aggregates found in 

MD simulations corresponded to the experimental results. Thus, MD is a suitable tool to 

estimate the aggregation propensity of an hGH formulation at different pH values. Our 

results further indicate that the pH value influences particle formation directly at the 

interface as well as during the transfer of the aggregates into the bulk. 

4.3 Underlying Causes of pH-Dependent Particle Formation 

Following this, we aimed to determine the exact mechanism by which the pH value 

influences particle formation. As the pH value did not affect the protein load at the tubing 

interface, the cause of the differing particle formation must lie somewhere else. The stability 

of hGH against the mild heat exposure encountered during mechanical stressing of tubing4,8 

was confirmed by nanoDSF with Tm values of 70.5 ± 0.1 and 77 ± 1.2 °C at pH 3 and 7, 

respectively. Protein aggregation is often associated with unfolding,48,49 to which proteins 

are especially prone to at acidic pH values.41,50 We therefore assessed the conformational 

stability of the pH 3 formulation for the duration of our experiments by CD. When compared 

to a pH 7 solution and a denatured reference incubated at pH 1, secondary and tertiary 

structure remained intact at pH 3 (Figure S2). 

One likely cause for the varying particle formation is the strength of the protein–protein 

interactions that changes with pH value.3,48,49,51 We therefore determined the interaction 

parameter kD of our three formulations experimentally (Table 1). The interaction parameter 

kD is related to the second virial coefficient A2 and indicates the tendency of self-interaction. 

Although, unlike A2, the sign does not provide direct information about the net nature of the 

interactions, a highly positive kD suggests net repulsive, whereas a highly negative kD 

suggests net attractive protein self-interaction.52,53 Furthermore, trends of kD were found to 

correspond with those of A2.54 

As expected, due to the highly positive net charge at pH 3, repulsive interactions dominated 

as indicated by a kD value of +41.5 ± 3.2 mL/g. At pH 5, close to the isoelectric point,55 

attractive interactions prevailed (kD = -84.0 ± 8.3 mL/g). With a kD of -8.6 ± 0.9 mL/g, the 

protein–protein interactions at pH 7 were weaker with a slight tendency toward attractive 

interactions. Therefore, more attractive protein–protein interactions correlated with more 

SVPs as well as higher turbidity in our interfacial stress testing. Whereas this has been shown 

previously,51,56,57 the exact point of action of protein self-interaction is not fully understood. 

Sorret et al. suggested that attractive protein–protein interactions lead to stronger interfacial 

gels at the air–liquid interface, which are then more likely to remain aggregated in the bulk.58 
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It was further proposed that, in any case, protein associates form at the interface and are 

transferred into the bulk. The protein–protein interactions then determine whether these 

associates dissolve or persist in solution and can be detected as particles.42,56 Our MD results, 

however, indicate that protein–protein interactions influence aggregate formation during 

both the compression step of the highly crowded interface as well as during the transfer of 

the aggregates from the interface into the bulk. 

4.4 Influence of Ionic Strength on Particle Formation 

So far, only the pH value of our formulation was varied. We next aimed to examine the 

particle formation of a protein solution at pH 3 at high ionic strength by addition of 145 mM 

NaCl. Compared to the pH 3 formulation with low ionic strength, which showed marked 

repulsive protein self-interactions, a lower colloidal stability due to charge shielding was to 

be expected.51,52,59 Indeed, the addition of salt reduced the kD value from +41.5 ± 3.2 g/mL 

to -12.4 ± 1.0 g/mL, indicating more attractive protein–protein interactions, comparable to 

the pH 7 formulation (Table 1). If solely the protein self-interactions were key for particle 

formation, as was the case for the hGH formulations with different pH value, a particle count 

similar to hGH solution at pH 7 could be expected. However, although the kD value was 

similar, the high ionic strength pH 3 formulation showed significantly higher particle 

formation than the pH 7 solution (Figure 4).  
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Figure 4: SVPs (a) and turbidity (b) for hGH at pH 3 + 145 mM NaCl and pH 7 determined 

in stretch-relax experiments with compression factors ranging from 1.1 to 1.4. 

 

SEC data revealed a significantly (p=0.03) higher amount of adsorbed protein molecules in 

the high ionic strength pH 3 formulation, exceeding the amount at pH 7 by approximately a 

factor of 1.3 (Table 1). This higher surface adsorption at high ionic strength corresponds to 

findings for tubing,4,9 glass,32 and the air-water interface.60 We therefore performed MD 

simulations with a 1.3-fold higher number of protein monomers in the simulation box. The 

trends in MD reflected those observed in SVP formation and turbidity (Figure 5). The results 

indicate that at a comparable level of self-interaction, the amount of protein adsorbed to the 

tubing interface can be the prevailing mechanism for protein particle formation. Thus, MD 

can not only provide a prognosis for the aggregation propensity of formulations differing in 

pH values, as shown before, but also after NaCl is added as an excipient. MD also provides 

highly valuable insights regarding the dependence of aggregate formation on both self- and 

surface-interaction. 
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Figure 5: (a) Average number of monomers per cluster for hGH at pH 3 + 145 mM NaCl 

and pH 7 determined in MD simulations with compression factors ranging from 1.1 to 1.4. 

(b) Fraction of protein molecules detaching as clusters rather than as isolated monomers in 

ten simulated systems for hGH at pH 3 + 145 mM NaCl and pH 7 at a compression factor 

of 1.4. A t-test was performed with *** for p ≤ 0.001. 

 

4.5 Influence of the Protein Molecule on Particle Formation 

In order to understand whether our observations were hGH-specific or could be generalized 

to other protein molecules, we performed our experimental and computational analyses with 

lysozyme at pH 7. SVP formation and turbidity were markedly lower for lysozyme than for 

hGH at the same pH value, with the SVP count being approximately seven times higher and 

turbidity twice as high for the stressed hGH samples (Figure 6). The adsorbed lysozyme 

amount was roughly one-third of that of the corresponding hGH formulation (Table 1). 

Considering that the molecular weight of lysozyme is about two-thirds of that of hGH, we 

conducted our lysozyme simulations with half the number of protein molecules compared to 

hGH at pH 7 (Figure 7). The simulations showed very low cluster formation that only 

increased marginally with increasing compression factor. SMD simulations indicated that 

lysozyme molecules preferably detached as isolated monomers rather than clusters. Thus, as 

with hGH, trends in MD corresponded to the experimental data on particle formation for 

lysozyme.  

(a) (b) 
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Even when increasing the number of monomers in the simulation to the level of hGH at pH 

7, aggregate formation for lysozyme was still markedly lower than for hGH (Figure 7). This 

indicated that the level of protein loading at the interface was only one factor explaining the 

differences in particle formation between hGH and lysozyme at pH 7. Protein self-

interaction analysis revealed net repulsive interactions for lysozyme, in contrast to the more 

attractive interactions for hGH at the same pH value (Table 1). Protein–protein interactions 

therefore seem to be the most dominant mechanism influencing protein aggregation at 

interfaces. Furthermore, our findings are valid not only for hGH but also for another type of 

protein. 

a) 
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Figure 6: SVPs (a) and turbidity (b) for hGH and lysozyme at pH 7 determined in stretch-

relax experiments with compression factors ranging from 1.1 to 1.4. 
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Figure 7: (a) Average number of monomers per cluster for hGH and lysozyme at pH 7, with 

either half (0.5x) or the same number (1x) of protein molecules for lysozyme as for hGH, 

determined in MD simulations with compression factors ranging from 1.0 to 1.4. (b) Fraction 

of protein molecules detaching as clusters rather than as isolated monomers in ten simulated 

systems for hGH and lysozyme (0.5x) at pH 7 at a compression factor of 1.4. A t-test was 

performed with *** for p ≤ 0.001. 

  

(a) (b) 
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5. Conclusions 

In this study, we investigated the impact of the protein formulation on particle formation at 

a moving, solid interface using MD and experimental techniques. Previous work could not 

pinpoint the exact mechanisms involved. To address this, we improved our recently 

published MD model on protein aggregation at interfaces by incorporating an interfacial 

potential and improved electrostatic interactions. Our MD results for hGH at different pH 

values matched experimental data, indicating that pH influences aggregate formation both 

directly at the interface and during the transfer of aggregates into the bulk. Both steps are 

influenced by protein–protein interactions, which are therefore relevant not only in the bulk 

but also in earlier stages. Notably, the pH value did not affect the adsorbed mass. A high 

ionic strength formulation showed that at a comparable level of self-interaction, the amount 

of protein adsorbed to the tubing interface can be the predominant mechanism for protein 

particle formation. Therefore, protein–protein interactions appear to be the most dominant 

mechanism influencing protein aggregation at the interface, but they need to be considered 

together with the amount of protein adsorbed onto the interface. Our findings are valid not 

only for hGH but can be generalized to other proteins as shown for lysozyme.  

Hence, our study helps to determine the exact role of formulation parameters in interfacial 

protein aggregation. We further showed that MD is a suitable tool for estimating the 

aggregation propensity of formulations varying in pH, ionic strength, or type of protein. 

Consequently, MD can potentially be used to save time, cost, and labor in formulation and 

process development. In future studies, the impact of the interface type (e.g. air–liquid 

interface) could be investigated. Furthermore, additional research is necessary to assess the 

impact of structural changes on protein particle formation at moving interfaces, as in reality 

the particles formed at the interface can include at least a fraction of at least partially 

unfolded molecules which in not reflected in our coarse-grained model. 
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8. Supporting Information 

Table S1 Interfacial potentials determined experimentally, and charge and number of beads 

fixed on top of the interface in simulations for pH 3, 5, and 7. 

 

 

 

 

 

 

 

 

 

Figure S1 Contact analysis for hGH pH 7 simulations using different cutoff values. 

 

 

Figure S2 Far (a) and near UV CD spectra (b) of hGH formulations at pH 1, pH 3 and pH 7 

after incubation for 6 hours. 

  

pH Exp. potential [mV]11 Charge and number of fixed beads  

3 +15 +130 

5 -15 -130 
7 -35 -300 
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1. Abstract 

Mechanical stress of protein solutions in contact with a compressible interface can cause 

protein aggregation. This is a known problem for air-liquid and silicone-liquid interfaces 

which occur during processing and handling of biopharmaceuticals. A systematic study 

comparing and unraveling the mechanism of particle formation at different compressible 

interfaces is lacking. To this end, we combined novel molecular dynamics simulations and 

established experimental setups that isolate and precisely define compression-

decompression stress to elucidate and compare the mechanism of protein particle formation 

at the silicone-liquid interface, reflecting tubing used in pumping, and air-liquid interface. 

Simulations revealed that protein molecules bind rather loosely to the air-liquid interface 

and show high mobility. During interfacial compression, protein molecules therefore move 

from the air-liquid interface toward the bulk, reducing protein aggregation. At the silicone-

liquid interface, strongly bound protein molecules are forced together upon compression of 

the adsorbed protein film, promoting particle formation already at little compression. 

Aggregates detach easily from the air-liquid interface and compression further facilitates 

detachment. This enhanced detachment from the air-liquid interface renders similar particle 

counts in the bulk for both interface types at high interfacial compression, although 

simulations indicate less aggregate formation directly at the air-liquid interface. Clusters at 

the silicone-liquid interface break up during relaxation, whereas clusters at the air-liquid 

interface persist. This, in combination with more easy detachment leads to the formation of 

smaller particles at the air-liquid interface compared to the silicone-liquid interface. The 

simulations indicate that at high compression speed the highly mobile protein molecules at 

the air-liquid interface do not have sufficient time to interact during compression and form 

fewer particles. Additionally, strong repulsive protein self-interaction resulting from high 

charge at low pH values reduced particle formation at the air-liquid interface more strongly 

due to the high molecular mobility at this interface as compared to the silicone-liquid 

interface. Our findings provide insights into the mechanisms of protein aggregation at 

different compressible interfaces, which is essential for developing strategies to mitigate 

particle formation in biopharmaceutical manufacturing and handling. 
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2. Introduction 

Protein particle formation can lead to loss of activity, failure to meet regulatory 

requirements, and a higher risk of immunogenicity in biopharmaceuticals. Compressible 

interfaces, such as silicone-liquid interfaces (SLI) in the form of tubing during pumping, or 

the air-liquid interface (ALI) upon shaking, are a major root cause for protein particles.1 

Initially, protein molecules adsorb to the interface, forming a film. Already its viscoelasticity 

and the surface pressure indicate the aggregation propensity of the protein molecules.2,3 

Mechanical movement then causes interface compression, thereby additionally compacting 

the already highly concentrated phase of protein molecules and causing network formation.4–

6 The extent of network formation is, among others, dependent on the specific structure and 

rigidity of the protein molecule.7 Subsequently, the interface expands. During this whole 

process protein film fragments transfer as particles into the bulk solution.8–10 The underlying 

mechanistic details of particle formation at moving interfaces, especially the role of the type 

of interface, are, however, still not fully understood.  

The ALI is a transitional zone between the gaseous and aqueous phases, with a thickness of 

approximately 6-8 Å.11 The fluid nature of air leads to a “softer” character of the interface 

compared to rigid solid phases.12 Consequently, monolayers at the ALI are susceptible to 

buckling upon lateral compression.13–15 Protein molecules adsorb to the ALI through 

diffusion and advection, a process that is driven by evaporation.16 However, the strength of 

this adsorption varies significantly between interfaces, as does their hydrophobicity. As 

highlighted by all-atom simulations and experiments, proteins attach more strongly and are 

less mobile at a tetradecane-water interface or a hydrophilic silica-water interface compared 

to the ALI, although a solid silicone-liquid interface was not considered.17,18  

These studies, unfortunately, did not explicitly consider the impact on protein particle 

formation. Particle formation in protein solutions at the ALI has previously been investigated 

simply by shaking or under more controlled conditions of interface changes using rotating 

vials4 or a trough with moving barriers.8,19 Both latter methods underline a compression-

relaxation-based mechanism for protein particle formation and showed a dependence of 

particle number on compression factor and speed. Particle formation upon peristaltic 

pumping of protein solutions follows this mechanism as well, as studies under controlled 

interfacial stress could show.6,10,20 However, differences in experimental conditions 

regarding protein type, formulation, extent of mechanical stress, and analytical readout make 

a comparison of these studies investigating the mobile ALI and the stable SLI impossible. 
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Currently, a systematic approach elucidating similarities and contrasts in the mechanism of 

particle formation at different compressible interfaces is lacking. 

In addition to experiments, molecular dynamics (MD) has emerged as a powerful tool in 

formulation and process development. We recently published a coarse-grained MD model 

that allowed for mechanistic insights into protein aggregation at moving silicone interfaces 

under well-defined process and formulation conditions on a molecular level.21,22 In this 

present study we combined MD simulations with suitable experimental setups that isolate 

and precisely define interfacial compression-decompression stress, although adjacent fluid 

layers may also be affected. We aim to conduct a systematic, comparative study of protein 

aggregation at different interfaces, which is highly relevant for the processing and handling 

of protein drugs.  
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3. Materials and Methods 

3.1 Computational Details 

The GROMACS simulation package version 2024.323–25 was used in combination with a 

reparametrized version of the Martini 3 coarse-grained force field that utilizes the same four-

to-one mapping scheme. The force field was designed to accurately represent bulk self-

interactions of low-molecular-weight proteins and verified against experimental data on 

second virial and diffusion coefficients of protein molecules.26 Coulomb interactions were 

calculated with the particle mesh Ewald algorithm27,28 and a cutoff of 1.1 nm, while Van-

der-Waals interactions were handled with the cutoff scheme using the same cutoff distance 

as previously suggested.29,30 If not stated otherwise, 30 independent simulations per 

condition were performed.  

Human growth hormone (hGH, PDB: 1HGU) was chosen as a model protein. With 191 

amino acids and a molecular weight of 22 kDa, the protein has a characteristic four-helix 

bundle structure and two binding domains to its receptor.31,32 The coarse-grained model of 

hGH was built via the martinize2 script.33 Only the native structure can be accurately 

depicted, which was conserved by a Go-like approach.34 The protonation states were 

assigned by Propka 3.35 Fifty protein monomers and the respective number of sodium 

counterions for neutralization were inserted into a box. We selected the system size of 87 x 

27 x 17 nm to ensure a sufficiently large interface sample and prevent periodic image 

interactions. The simulation box was then filled with water molecules. For ALI simulations, 

the box was extended in the z-dimension to create a vacuum layer mimicking the gas phase, 

as suggested before13,29,36,37. After energy minimization using a steepest descent algorithm, 

the system was equilibrated in a canonical ensemble until temperature and root mean square 

deviation of hGH Cα atoms stabilized. This was followed by an additional equilibration step 

of 400 ns to allow the protein molecules to reorient and for initial cluster formation to 

converge. Convergence criteria for cluster formation were defined as a rolling standard 

deviation below 0.75 monomers/cluster and a slope below 0.075 monomers/cluster per 10 ns 

over a window size of 8 data points. Afterward, the system was unilaterally compressed in 

the x-dimension. If not stated otherwise, the simulation box was compressed and 

decompressed with a velocity of 40 mm/s. This is faster than in corresponding experiments 

to save computational resources.  

As the aggregation state of the protein molecules in MD simulations is determined via a 

clustering algorithm, we refer to protein aggregates as protein clusters when they are 
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assessed in silico. For protein cluster analysis, the average number of monomers per cluster 

was determined using a cutoff distance of 0.53 nm, a value equivalent to twice the van der 

Waals radius of a standard Martini bead.29 Protein beads within the cutoff across periodic 

boundaries are assigned to the same cluster, preventing artificial fragmentation of aggregates 

at box edges. For interfacial contact analysis, the water distribution in the box was assessed. 

We defined the beginning point of the air layer as the 0.1 nm thick region along the z-

coordinate where the number of water molecules did not exceed 200. A contact was defined 

as a maximum distance of 1 nm between a protein bead and the beginning point of the air 

layer. The diffusion coefficient was determined using the gmx_msd function over a duration 

of 320 ns. Simulations at polydimethylsiloxane (PDMS), imitating silicone tubing, were 

performed as described previously.21 In brief, a polymer slab with properties mimicking 

PDMS38 was generated, and charged beads on its surface provide a simplified representation 

of the known charge of the material. For those beads, the bead type TQ5 with a charge of     

-1 was selected, representing a tiny bead of the Martini ion block. After equilibration, the 

box was compressed, and positional restraints were applied to the interface to imitate the 

restoring forces of the elastic polymer. 

3.2 Experimental Details 

3.2.1 Materials 

Solutions of 1 g/L hGH solution in 10 mM sodium phosphate were used. The pH 3 solution 

was prepared by adding 9 g/L hGH stock solution (10 mM sodium phosphate, pH 7) to a 

buffer with a lower pH value to achieve the final concentration and pH. The pH 7 formulation 

was obtained by diluting the hGH stock solution with the respective buffer. All buffers were 

filtered through 0.2 µm cellulose acetate filters (47 mm diameter, Sartorius Stedim Biotech 

GmbH), and protein solutions were filtered using 0.22 µm poly (ether sulfone) membrane 

syringe filters (VWR, Darmstadt, Germany). Final protein concentrations were verified 

using a Nanodrop 2000 photometer (Thermo Fisher Scientific, Wilmington, USA). Buffer 

substances were obtained from Merck KGaA (Darmstadt, Germany).  

3.2.2 ALI Stress Studies 

Compression-decompression studies at the ALI were performed in a custom-made PTFE 

mini-trough of 90 x 30 x 5 mm with two barriers moving at the surface as previously 

described.8 The trough was washed with ethanol, highly purified water, and filled with 

14.5 mL of protein solution. After an incubation period of 30 min, 2.5 mL of the bulk sample 



Chapter V 

     82 

was taken out as a control and replaced. Interfacial stress was applied by the movement of 

the barriers by a distance corresponding to the desired compression factors. Compression 

factor cf is defined as the ratio of maximum and minimum length and is related to 

compressive strain by cf = 1/(1-ε). The samples were stressed for 500 cycles with the two 

barriers moving at 2.5 mm/s each. The impact of compression speed was evaluated by 

additional tests at 40 mm/s. Experiments were performed in quadruplicate. 
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3.2.3 SLI Stress Studies 

Stretching studies were conducted in quadruplicate as previously described22. Accusil 

silicone tubing pieces (Watson-Marlow, Falmouth, United Kingdom) with an inner diameter 

of 6.0 mm were filled with protein solution and sealed. The tubing was subjected to 500 

stretching-relaxation cycles at a speed of 5 mm/s using a TA.Xtplus Texture Analyser 

(Stable Micro Systems, Surrey, United Kingdom). The protein solution was removed and 

analyzed for particles. For control samples, a 1-hour incubation period in the tubing was 

conducted prior to analysis. 

3.2.4 Particle Analysis 

Subvisible particle (SVP) content was determined by light obscuration with a PAMAS SVSS 

particle counter (PAMAS Partikelmess- und Analysesysteme, Rutesheim, Germany), 

adhering to Ph. Eur. 2.9.19 guidelines. Following a prerinse with 0.3 mL of the sample, three 

measurements of 0.4 mL each were performed.  
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4. Results and Discussion 

4.1 Mobility and Interfacial Contacts 

First, we assessed the differences in the flexibility of the interfaces. As a fluid-fluid interface, 

the ALI is softer than the rigid SLI, allowing it to fluctuate.12 This is also reflected in our 

model. Without interfacial compression, the silicone beads of the SLI showed only minimal 

movement in the z-dimension due to positional restraints. In contrast, the positions of the 

water molecules directly at the ALI varied by more than 1 nm during a 200 ns equilibration 

phase (Figure S1). This highlights the markedly higher propensity of the ALI for 

fluctuations.  

We then compared the adsorption state of the protein molecules at the two interfaces in 

silico. At the end of the equilibration phase, all hGH molecules were in close proximity to 

the respective interfaces. Additionally, nearly all protein molecules were also in direct 

contact with the silicone layer and therefore adsorbed to this interface. However, only about 

10% of the molecules were in contact with the air as defined by a maximum distance of 1 

nm between a protein bead and the air layer (Table 1). This was reflected by the 30x higher 

diffusivity of hGH molecules at the ALI than at the SLI. With the high mobility at the ALI 

comes a rapid exchange of the protein molecules which are in contact with the interface. 

Within 100 ns, about 90% of the molecules initially in contact with the ALI were exchanged 

against others close from the bulk. In contrast, no exchange took place at the SLI within this 

time frame. Current literature mostly focuses on the differences between the ALI and oil-

liquid, not solid silicone-liquid interfaces. Protein molecules are known to attach less 

strongly to the ALI than to a tetradecane-liquid interface,17 resulting in higher molecular 

mobility at the air-liquid interface.18 Similarly, an all-atom MD study of different protein 

molecules also observed a stronger coupling and lower lateral diffusion at the oil-liquid 

interface than at the ALI, with no desorption from the oil-liquid interface within the 

simulated time frame.39 

 

Table 1: hGH Behavior at the ALI and SLI in MD Simulations.  

 Air–Liquid Silicone–Liquid 

Molecules with Interfacial Contact after 400 ns 10% 100% 

D [10-7cm2/s] 3.77 ± 0.87 0.12 ± 0.04 

Molecule Exchange within 100 ns 87% 0% 
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4.2 Protein Particle Formation at the Air– and Silicone–Liquid Interface 

and Cluster Formation upon Compression in MD   

Next, solutions of hGH at pH 7 were subjected to compression-relaxation events at the ALI 

and SLI, using setups established previously.6,8,19,40 We note, however, that in the case of the 

SLI setup adjacent fluid layers as well as the bulk solution are also affected by the 

compression-relaxation stress. Previous studies lacked standardized experimental conditions 

to accurately compare particle formation at both these compressible interfaces. Therefore, 

we selected the same formulation, compression factors, compression speed, and number of 

cycles. As was established before, compression-relaxation cycles of interfaces loaded with 

protein molecules lead to an increase in particle formation.5,6,8,20,41  SVP measurements in 

the bulk indicated that the onset of particle formation at the tubing surface occurs at lower 

compression compared to the ALI (Figure 1). A plateau in interfacial particle formation was 

observed for tubing at a compression factor of 1.3. Notably, at that compression factor, the 

SVP count ≥ 1 µm in the bulk formed upon compression and decompression at the ALI did 

not differ from an unstressed control sample. Starting at compression factor 1.5, particles 

formed at the ALI rose with increasing compression factor without plateau formation. For 

monoclonal antibodies, this critical compression factor with a substantial increase in particle 

formation at the ALI has previously been suggested to be at about 3 or 5.4,8 

       

       

  

 

 

 

 

 

 

Figure 1: SVP count ≥ 1 µm in hGH bulk solutions pH 7 at different compression factors at 

the SLI and ALI after 500 compression–relaxation cycles. Rupture of the silicone tubing 

impeded measurements at compression factors above 2.0. 
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MD simulations were performed to elucidate the differences in particle formation (Figure 

2). Already at little compression, marked protein clustering occurred at the SLI. Simulations 

revealed that protein molecules at the SLI stick to the interface with virtually all protein 

molecules being in permanent contact with the SLI. Subsequently, protein molecules are 

forced together, leading to aggregation and particle formation even at little compression. A 

compression factor as low as 1.1 marked the onset point of protein particle formation in 

tubing.20,21 Due to the crowded interface, further increasing the compression level has 

minimal impact on aggregation and particle formation at the SLI, leading to plateau 

formation in clustering within the simulated tubing segment. At the ALI, high mobility and 

weak binding to the interface allow protein molecules to escape toward the bulk phase upon 

compression. This prevents the aggregation of all monomers in an interfacial region under 

little compression. However, enough protein molecules remain near the interface, which then 

accumulate and aggregate upon further compression. While we could not observe a plateau 

in protein particle count in our study, it was suggested that plateau formation at the air-liquid 

interface occurs later at a rather high compression factor of about 8, which we did not study.8   

 

 

 

 

 

 

 

 

Figure 2: Average number of monomers per cluster for hGH pH 7 determined in MD 

simulations at different compression factors at the SLI and ALI.  

 

The extent of clustering in MD simulations was previously shown to correlate with SVP 

formation in an hGH solution upon compression stress.22 As MD data on protein cluster 

formation aligned well with SVP formation at little compression, the extent of aggregation 

at the interface is the primary factor for particle formation. At higher compression, MD 
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simulations at the ALI showed less cluster formation than at the SLI, whereas there was no 

significant difference in particle formation experimentally. Therefore, other factors than the 

extent of aggregation at the interface must contribute to SVP formation. 

Protein molecules detach easily from the ALI (Table 1). Interfacial contact analysis during 

the compression step revealed that at factors 1.3 and 2, 53% and 18% respectively of the 

formed clusters had contact with the interface. Thus, with increasing compression, the 

clusters formed at the ALI have an increasing tendency to detach from the interface and 

move toward the bulk phase. Similarly, Murray observed a substantial increase in β-

lactoglobulin desorption rate from an air-liquid and oil-liquid interface when the surface 

pressure was increased by slow compression of the protein film.17 This pronounced 

desorption from the ALI at high compression could lead to similar particle numbers in the 

bulk, even when the simulated extent of cluster formation at the ALI is lower than at the 

SLI.  

Interestingly, differences in protein particle size were detected (Figure 3). At a compression 

factor of 1.5, the number of SVPs ≥ 1 µm formed at both interfaces is similar. However, 

significantly more large SVPs form at the SLI than at the ALI. MD simulations revealed that 

protein clusters detach easily from the ALI, leading to their detachment before forming 

larger particles. Therefore, at the same SVP count ≥ 1 µm, compression-decompression 

cycles at the SLI induce the formation of larger SVPs. Similarly, the share of SVPs ≥ 10 µm 

in a mAb solution stressed at the ALI was well below 1% of the SVP count ≥ 1 µm42  or ≥ 

2 µm.43 In comparison, when pumping formulations of a mAb, the share of particles ≥ 10 µm 

relative to the SVP count ≥ 1 µm was up to 10% depending on the type of tubing.20 A 

different study on peristaltic pumping of a mAb solution showed that only about 1% of the 

total SVPs were ≥ 10 µm, however, the formulation contained surfactant.44  Competitive 

adsorption between surfactant and protein molecules leads to lower absolute particle 

numbers.45  
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Figure 3: Particle size distribution for hGH pH 7 at the SLI and ALI after 500 compression–

relaxation cycles at a compression factor of 1.5.  

4.3 MD Compression–Relaxation Cycles 

For further understanding, three compression and relaxation sequences were simulated to 

investigate the impact of multiple interfacial stress cycles on protein cluster formation. We 

note, however, that no additional protein molecules were added to the simulation box, 

whereas in experiments new molecules could diffuse from the bulk toward the interface. At 

the SLI, the protein clusters which had formed during compression were torn apart upon 

subsequent relaxation and the average cluster size returned to the initial level with clusters 

not coming loose (Figure 4a). 
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a) 
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b) 

 

 

 

Figure 4: Protein molecules (white) after equilibration, compression, and subsequent 

relaxation at the SLI (green) (a) and ALI with water beads in blue (b). The SLI is shown as 

two-dimensional projection, while the ALI is shown in a three-dimensional perspective. To 

better visualize the ALI, 95% of water beads in the simulation box were randomly removed. 
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At the ALI, protein molecules also formed clusters during the compression phase. These 

clusters persisted during the subsequent relaxation (Figure 4b). Two additional 

compression-relaxation cycles did not cause any further changes in cluster number or 

average cluster size compared to a single compression step. While the strong silicone-protein 

interactions overcome the protein-protein interactions and tear apart the protein clusters 

during stretching of the interface in the relaxation phase, the weaker air-protein interactions 

do not overcome the protein-protein interactions which stabilize the clusters. In addition, 

since spontaneous desorption of the clusters into the bulk phase is far more likely at the ALI, 

most clusters are not even present at the interface anymore.  

While MD simulations of cluster formation at the interfaces showed smaller clusters formed 

at the ALI than at the SLI for high compression factors, experimental results revealed a 

similar total SVP count ≥ 1 µm for both. The high stability of the protein aggregates formed 

at the ALI could contribute to the unexpectedly high SVP count. During the relaxation phase, 

these clusters persist, allowing for more time to spontaneously desorb into the bulk solution 

than for clusters formed at the SLI.  

4.4 Impact of Compression Speed on Protein Aggregation  

The shaking speed of vials containing protein solution directly determines the interfacial 

compression speed and affects aggregation. To evaluate the impact of compression speed on 

particle formation, the protein solution at the ALI was additionally stressed at a 4-fold higher 

speed of 20 mm/s. At high compression speed, significantly less particle formation was 

observed (Figure 5a). To reduce computational cost, the corresponding MD simulations 

employed higher absolute speeds while maintaining the same 4-fold difference between 

compression speeds. A slight trend toward smaller clusters at higher compression speed 

could be observed (Figure 5b). Interestingly, compression speed did not influence the 

cluster size in SLI simulations.22 The stronger interface-protein interactions at the SLI force 

the protein molecules together even at high compression speed. At the ALI, faster 

compression leaves less time for the highly mobile protein molecules to arrange and interact, 

leading to less aggregation.  

 

This is supported by data on the protein film formation process at the two different interfaces 

during the equilibration phase of the MD simulations (Figure S2). After placing the protein 

molecules at the interface, it took twice as long for the initial cluster formation to converge 

at the ALI compared to the SLI. The higher mobility counteracts the aggregation. A study 
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employing markedly lower compression speeds found more SVPs at higher compression 

speeds at the ALI8. Others also observed an increased particle count at a higher compression 

rate, which, however, can be attributed to the 15-fold increased cycle number compared to 

the lower compression rate.19 Similar findings to ours have been observed for silicone.6,20  

Equilibration of surface pressure upon β-casein adsorption took longer at the air-water 

compared to a tetradecane-water interface,46 yet an inverse trend was observed for β-

lactoglobulin.17 However, unfolding could have affected the surface pressure. 

 

a)       b)     

 

Figure 5: SVP formation at compression factor 2.0 (a) and average number of monomers 

per cluster determined in MD simulations (b) at the ALI for different compression speeds. 

A t-test was performed with * for p ≤ 0.05. 

 

 

4.5 Impact of pH Value on Protein Aggregation  

The pH value is key for the charge state of protein molecules and thereby modulates protein–

protein interaction (PPI) as well as protein–interface interaction. Repulsive PPI lead to 

reduced particle formation during shaking and pumping.42,47–51 To better understand the 

impact of PPI, modulated by formulation pH, compression at pH 3 was studied in addition 

to the tests at pH 7. At pH 3, hGH shows repulsive PPI, whereas at pH 7 the interactions are 



Chapter V 

 93 

neutral or slightly attractive.21 The results at the ALI were compared to previously published 

SLI data (Figure 6). 

At both SLI and ALI, fewer particles formed at pH 3 compared to pH 7. At the ALI, 

compression did not increase the SVP count in pH 3 formulations compared to an unstressed 

control sample. In contrast, at the SLI, compression at pH 3 led to significant SVP formation. 

Others saw less particle formation at the ALI for a pH 4.5 PBS formulation of a mAb, not a 

low-molecular-weight protein, compared to a formulation at pH 7.4.19 In addition to 

differences in formulation, more pronounced unfolding of the mAb at pH 4.5 could be 

responsible for increased particle formation.52 

 

a)                          b)     

 

Figure 6: SVP formation at the ALI (a) and SLI (b) at compression factors 1.3 and 1.5 for 

hGH at pH 3 and 7. SLI data from Sarter and Friess, 2025.14 

 

This is in line with the MD simulation results. Smaller clusters formed upon compression of 

the ALI compared to the SLI systems at both pH values (Figure 7). At both interfaces, 

clusters formed at pH 3 were smaller than at pH 7. ALI simulations showed only a minor 

increase in cluster size with rising compression at pH 3. In contrast, SLI simulations revealed 

a marked increase in cluster size from a compression factor of 1.3 onward. Despite the 

pronounced impact on PPI,21 the pH value did not significantly influence protein-interface 

interactions, as the number of molecules with interfacial contact at both the ALI and the SLI 

after 400 ns of simulation time did not significantly differ between pH 3 and pH 7. The pH 

3 formulation was less prone to aggregation at the ALI than at the SLI in both MD 

simulations and experiments. This suggests that repulsive interactions, which are known to 
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reduce protein aggregation, have a stronger effect at the ALI, where the molecules are highly 

mobile. At the SLI, the tightly bound molecules are forced together during compression and 

pulled apart during relaxation, allowing for less impact of the PPI on aggregation.  

a)                b) 

 

 

 

 

 

 

 

Figure 7: Average number of monomers per cluster at the ALI (a) and SLI (b) at 

compression factors 1.3 and 1.5 for hGH formulations pH 3 and 7 determined in MD 

simulations. SLI data from Sarter and Friess, 2025.14  
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5. Conclusion 

Compressible interfaces, such as the SLI or ALI, contribute to particle formation during the 

manufacturing and handling of protein therapeutics. For a better mechanistic understanding, 

we studied the impact of compression of the protein film adsorbed to the ALI and SLI on 

protein aggregation by MD and experimentally under well-defined compression and 

decompression conditions. Weaker binding of the hGH molecules to the ALI than to the SLI 

results in higher mobility and a rapid exchange with bulk molecules. This allows molecules 

to escape from the ALI into the bulk, impeding aggregation upon little compression at this 

interface. Also, clusters formed upon compression in simulations detach from the ALI. With 

increasing compression, detachment becomes more pronounced, which overall favors the 

formation of smaller particles. In contrast, protein molecules bind strongly to the SLI. 

Therefore, compression of the SLI forces hGH molecules together, promoting the buildup 

of larger clusters and aggregates. During the relaxation phase, clusters formed at the SLI are 

torn apart again due to the rigorous attachment of the protein molecules to the interface. In 

contrast, clusters formed at the ALI persist during the relaxation phase, increasing the 

likelihood of small clusters detaching into the bulk. The simulations showed that higher 

compression speed hindered the self-interaction of hGH molecules at the ALI, thereby 

reducing protein clustering. In contrast, the strong interactions between the SLI and the 

protein molecules force the molecules together, even at high compression speeds. For the 

same reason, repulsive PPIs in an hGH formulation at pH 3 have less effect on particle 

formation at this interface. At the ALI, the effects of repulsive PPIs are more pronounced 

due to the higher molecular mobility, leading to fewer particles than at the SLI for the same 

formulation. 

In summary, weak binding and high mobility of hGH molecules at the ALI delay the onset 

of protein particle formation upon compression and favor the formation of smaller protein 

particles. Furthermore, the high molecular mobility amplifies the effects of faster 

compression and repulsive PPI, leading to reduced particle formation. In contrast, at the SLI, 

the strong interface-protein interactions cause protein particle formation even at little 

compression and result in a tendency toward larger particles. Protein aggregation is also less 

affected by high compression speed or repulsive PPI.  

Our combined approach of MD simulations and precisely controlled interfacial-stress 

experiments provides deeper insight into the mechanisms of protein aggregation at different 

compressible interfaces. Future work should extend the MD model to other proteins and 
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excipients, ultimately aiming to estimate and possibly mitigate interfacial particle formation 

in therapeutic protein formulations. Additionally, as protein adsorption can lead to protein 

unfolding and thus particle formation, structural changes should be depicted in the model. 
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Figure S1: Changes in amount of water (a) and PDMS (b) beads located at each z-coordinate 

after 200 ns of equilibration time. Whereas in the PDMS layer mostly inner beads move with 

no effect on the interface, water beads at the boundary to the vacuum phase fluctuate heavily, 

indicating a wobbling motion of the ALI in the z-direction. Arrows indicate the approximate 

location of the interface. 
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Figure S2: Convergence time of cluster formation during equilibration of hGH molecules 

at the SLI and ALI. 
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1. Introduction 

Monoclonal antibodies (mAbs) have become a major class of therapeutics, with at least 212 

currently approved worldwide.1 A key challenge in their development is aggregation, which 

can be triggered, e.g., by heat, freezing and thawing, or formulation conditions that render 

highly attractive protein self-interactions. Another important pathway promoting protein 

particle formation is adsorption to interfaces2–4 in combination with interfacial compression 

and decompression, which can occur, e.g., at the air–liquid interface.5,6  

As protein particle formation can lead to a loss of active protein, non-compliance with 

regulatory standards, and was linked to an increased risk of immunogenicity,2,7,8 the physical 

colloidal instability reflected in the aggregation propensity is routinely assessed in early 

developability studies of novel mAb drug candidates.9–11 A standard procedure is agitation 

on a shaker followed by assessment of the monomer content, higher molecular weight 

species, subvisible particles (SVPs), and visible particles.2,3 However, shaking conditions 

are arbitrary and poorly reproducible, as they depend on factors such as the container type, 

filling volume, and shaker design, highlighting the need for more controlled testing 

conditions. Additionally, stress studies consume large amounts of material, which may not 

be readily available in early stages of formulation and process development.  

New computational methods, which require no material at all, are researched and 

increasingly explored for evaluation of mAb drug candidates and to gain mechanistic 

understanding of their behavior. The commonly used static computational descriptors like 

AGGRESCAN,12 TANGO,13 or AggScore14 are generally designed to identify aggregation 

prone regions and suggest respective point mutations in the protein primary sequence rather 

than changes in the formulation. In contrast, Lai et al. applied machine learning to different 

readout parameters from all-atom Molecular Dynamics (MD) simulations and found decent 

correlation with the aggregation rate of 21 mAbs; all mAbs were formulated in histidine 

buffer at pH 6.0.15 Recently, Wang et al. achieved a good correlation between all-atom MD 

simulations of a mAb fragment and the aggregation kinetics of this fragment in various 

formulations using a range of molecular features as input.16 These studies, however, were 

limited to a single mAb fragment or formulation and did not include an interface. Others 

investigated the aggregation behavior of a low-molecular-weight protein at a static air–liquid 

interface by all-atom and coarse-grained (CG) MD simulations without quantitative 

experimental validation.17   
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Here, we present CG MD simulations of full mAb molecules at the compressible air–liquid 

interface, generalizing our approach across multiple mAbs and formulations. Compared to 

other CG forcefields, our mapping of one bead per amino acid provides a relatively high 

resolution for mAb MD simulations. Our non-equilibrium simulations mimic controlled 

interfacial compression–decompression. The average cluster size at the end of the simulation 

served as the sole in silico readout parameter and was correlated with the experimental SVP 

count in protein solutions after shaking stress. This correlation exceeded that between SVP 

formation and A2, a parameter commonly used to assess the colloidal stability of mAb 

formulations.  
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2. Materials and Methods 

2.1 Computational Details 

The GROMACS simulation package version 2024.318–20 was used in combination with a CG 

forcefield designed in-house to accurately represent mAb–mAb interactions.21 Coulomb 

interactions were calculated with the Particle mesh Ewald algorithm,22,23 and Van der Waals 

interactions were treated with the cutoff scheme using the same cutoff distance of 1.15 nm. 

The crystal structures of the mAbs were prepared via Schrödinger BioLuminate. The mAbs 

were coarse-grained and respective charges were assigned using a custom python script. 10 

independent simulations per condition were performed. 

20 protein monomers and the respective number of ions were inserted into a box of 15 x 26 

x 85 nm. The simulation box was filled with water molecules and extended in one dimension 

to generate a vacuum layer, imitating the gas phase, as suggested before.24–27 

Following energy minimization via a steepest descent algorithm, the system was equilibrated 

in a canonical ensemble until the temperature stabilized. During a 400 ns equilibration step, 

the protein molecules were allowed to reorient and initial cluster formation converged. 

Afterward, the system was compressed at 0.04 m/s up to a compression factor of 2. Protein 

cluster analysis was performed by determining the average number of monomers per cluster 

using a cutoff distance of 1.0 nm.  

2.2 Experimental Details 

2.2.1 Agitation Stress Study 

Three monoclonal IgG1 antibodies formulated at 1 g/L in 20 mM histidine buffer at pH 5.5 

and pH 7.0 were studied. mAb C was also investigated in formulations with an additional 

140 mM NaCl. Buffers were filtered through 0.2 µm cellulose acetate filters (47 mm 

diameter, Sartorius Stedim Biotech GmbH), and the protein solutions were filtered through 

0.22 µm poly(ether sulfone) membrane syringe filters (VWR, Darmstadt, Germany). The 

final concentrations were checked via their extinction coefficient using a Nanodrop 

photometer (Thermo Fisher Scientific, Wilmington, USA). L-Histidine, L-histidine 

hydrochloride monohydrate, and sodium chloride were obtained from Sigma Aldrich 

(Steinheim, Germany). 

4.5 mL of each protein solution was filled into 6R vials under laminar airflow, sealed with 

rubber stoppers, and placed onto an HS 260 basic shaker (IKA®-Werke, Staufen, Germany). 
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Samples were subjected to reciprocal shaking at 200 rpm for 48 h. The protein solution did 

not come into contact with the stoppers. Each formulation was tested in eight replicates. 

2.2.2 Particle Analysis 

Subvisible particles were analyzed via light obscuration with a PAMAS SVSS particle 

counter (PAMAS Partikelmess- und Analysesysteme, Rutesheim, Germany) according to 

Ph. Eur. 2.9.19 guidelines. 0.3 mL of sample was used to pre-rinse, followed by three 

separate analyses using 0.4 mL of sample. 

2.2.3 DLS 

25 µL of mAb solutions between 1 and 6 mg/mL were analyzed in a 384 microwell plate 

(Corning, New York, United States) in triplicates at 25 °C using a DynaPro plate reader III 

(Wyatt Technology, Santa Barbara, USA) with 20 acquisitions of 5 s each. The interaction 

parameter kD was derived from the concentration dependence of the protein mutual diffusion 

coefficient and then converted into the A2 value using the TIM equation.28 
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3. Results and Discussion 

The SVP formation of the three different mAbs upon agitation was dependent on both 

molecule and formulation (Figure 1). All control samples showed similarly low particle 

counts ≥ 1 µm below 1000/mL. mAb A formed the fewest particles in both formulations. At 

low ionic strength, fewer particles were observed at pH 5.5 compared to pH 7.0 for all three 

mAbs. Particle counts of mAb C were higher in the presence of NaCl — with the pH impact 

eliminated — likely due to charge shielding effects.28–30 The CG MD simulations of 

controlled interfacial compression (Figure 2) corresponded to the experimental results. At 

low ionic strength, cluster formation was less pronounced at pH 5.5 compared to pH 7.0. 

Figure 1: SVP formation of mAb A, B, and C in different formulations upon agitation.  

Figure 2: Cluster formation in CG MD simulations of mAb A, B, and C.  

 

Overall, similar trends were observed in experiments and simulations. To evaluate the 

potential of MD as a predictor of aggregation propensity and enable direct comparison with 

experiments, we determined the Pearson correlation coefficient (r) between simulated cluster 

size and experimental particle count ≥ 1 µm (Figure 3). The r = 0.85 indicated adequate 
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correlation, similar to other MD studies assessing the aggregation propensity of mAbs in 

solution without an interface present.15,16  

 

 

 

 

 

 

 

 

Figure 3: Correlation between number of monomers per cluster from MD simulations and 

experimental SVP formation with r = 0.85. 

 

In addition to agitation studies, characterization of the mAb self-interaction by kD and A2 

can be employed in early development.9,31 To evaluate our MD protocol in comparison to 

this established approach, the A2 values of the formulations were determined (Table 1).28 

mAb A showed positive A2 values, indicating net repulsive interactions at the tested pH 

values. mAb C consistently showed negative A2 values, suggesting net attractive 

interactions, and the behavior of mAb B switched between pH 5.5 and pH 7.0. In high ionic 

strength formulations of mAb C, attractive forces were partially screened, resulting in less 

negative A2 values. Although the isoelectric point is around 8 to 9 for all mAbs, the total 

charge and charge distribution differs between mAb A, B, and C. 
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Table 1: A2 values of mAb A, B, and C in the tested formulations. 

 Formulation A2 [10-5·mol·mL/g2] 

A pH 5.5 13.1 ± 0.7 

A pH 7.0 21.0 ± 1.3 

B pH 5.5 7.1 ± 1.7 

B pH 7.0 -3.4 ± 0.4 

C pH 5.5 -19.3 ± 1.8  

C pH 7.0  -16.7 ± 2.1 

C pH 5.5 + NaCl  -8.1 ± 1.7 

C pH 7.0 + NaCl  -9.8 ± 1.4 

 

The experimental SVP formation was correlated with A2, yielding a Pearson correlation 

coefficient of -0.56 (Figure 4). With a more negative A2 value indicating stronger attractive 

interactions, the mAbs tend to show increased particle formation. The result is consistent 

with previous studies that achieved a Spearman correlation of 0.2 between the interaction 

parameter kD and the SVP formation for different mAb formulations.32 Other studies could 

only observe a qualitative relationship between A2/kD and the formation of high molecular 

weight species33 or no relationship at all.34 In contrast, our MD simulations achieved a 

correlation with an r-value of 0.85, demonstrating substantially higher predictive power for 

SVP formation than A₂. 
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Figure 4: Correlation between experimental SVP formation and A2 values with r = -0.56. 

 

The better performance of the MD model can likely be attributed to its ability to, albeit in a 

simplified manner, represent the stress occurring at the air–liquid interface, including 

adsorption and compression. In contrast, A2 measures the behavior of mAbs in a solution 

without an interface. Additionally, A2 represents the net protein–protein interactions. These 

are, however, highly anisotropic due to the distinct shape and amino acid distribution of 

mAbs.35,36 Both these properties can be depicted in our CG MD model. Others suggested 

that protein unfolding can cause poor correlation between A2 and aggregation.33 Our MD 

model does not account for conformational changes yet correlates well with experimental 

particle formation.  
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4. Conclusions 

In this study, we present a CG MD protocol to estimate the aggregation propensity of mAbs 

in different formulations. Previous work in this field was often limited to a single mAb or 

formulation, or relied on more complex multi-parameter readouts. Our approach directly 

mimics the physical stress of agitation by simulating controlled interfacial adsorption and 

compression, using the average cluster size as a single readout parameter. Simulations 

showed a strong correlation with experimental subvisible particle formation observed in 

agitation stress studies. The correlation surpassed that of the second osmotic virial 

coefficient A2, an established biophysical method assessing the colloidal stability of mAb 

formulations. We attribute the superior performance of our MD model to its ability to 

directly replicate the underlying stress mechanism and account for the anisotropic nature of 

protein–protein interactions. Our findings establish this MD protocol as a simple and 

material-free tool for assessing the aggregation propensity of mAbs in early-stage 

development. Additional validation across a broader range of mAbs and formulations, as 

well as against accelerated stability studies, is advised. 
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Chapter VII: Summary 
Protein solutions come in contact with various compressible interfaces such as the silicone 

tubing–liquid interface (SLI) during pumping or the air–liquid interface (ALI) upon vial 

shaking. This leads to protein aggregation, impairing product integrity. Yet, the underlying 

mechanisms remain unclear. The aim of this thesis was to gain molecular–level 

understanding of the impact of process and formulation parameters on the mechanism of 

protein aggregation at the compressible SLI and ALI by combining coarse-grained 

molecular dynamics (MD) simulations with experiments. 

Therefore, in Chapter III, an MD setup was developed to elucidate the mechanism of 

protein aggregation at the SLI and to lay the groundwork for future studies. This model 

incorporated realistic representations of human growth hormone (hGH) molecules and a 

silicone interface and was verified by an experimental setup allowing for controlled, isolated 

interfacial stress. Increasing compression factors led to higher interfacial aggregation in the 

model as well as in experiments. Similar plateau formation in both simulations and 

experiments was observed. Compression speed did not affect the aggregation behavior of a 

protein film that has already been formed, but rather its replenishment. As formed clusters 

break up again during relaxation, particles in the bulk solution originate from interfacial 

detachment in the compressed state. High compression results in a lower monomer content 

in the bulk solution, showing that the observations at the interface also translate into the bulk 

phase.  

The exact effect of formulation parameters on particle formation at the same type of interface 

was studied in Chapter IV. Our model was first improved to provide a more accurate 

representation of protein molecules at tubing. The combination of our MD results for hGH 

at different pH values with experimental data indicated that pH, and thereby protein self-

interaction, affects both aggregate formation directly at the interface and aggregate transfer 

into the bulk, but not the amount of protein adsorbed to the interface. A high ionic strength 

formulation indicated that, when protein self-interaction is similar, the amount of protein 

molecules adsorbed to the interface becomes key for protein particle formation. These 

findings were verified across different low-molecular-weight proteins.  

In Chapter V, our MD model was extended to the compressible ALI, representing protein 

solution in a vial during shaking. Well-defined compression and decompression conditions 

in experiments and simulations allowed for a direct comparison of the protein aggregation 
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mechanisms at the SLI and the ALI. At the ALI, protein molecules show weaker binding, 

higher mobility, and faster exchange with bulk molecules than at the SLI. At the SLI, strong 

interface–protein interactions induce protein particle formation already at little compression, 

leading to larger particles. In contrast, more compression is needed for particle formation at 

the ALI, and smaller particles form at this interface. Clusters at the SLI break up during 

relaxation, whereas clusters at the ALI persist. Faster compression and repulsive PPI lead to 

lower particle formation at the ALI. At the SLI, protein aggregation is less affected by these 

factors. 

In Chapter VI, our simulations were adapted to the highly relevant biopharmaceutical class 

of monoclonal antibodies. Using a single readout parameter, MD simulations correlated well 

with particle formation upon agitation stress. The correlation exceeded that of particle 

formation and the second osmotic virial coefficient, an indicator of colloidal stability. This 

demonstrates that our MD protocol provides a straightforward approach for assessing the 

aggregation propensity of mAbs in different formulations in silico. 

In summary, MD models to reflect the proposed mechanism of protein particle formation at 

compressible silicone–liquid and air–liquid interfaces were developed and verified by well-

controlled interfacial-stress experiments, thereby allowing us to dissect the influence of 

individual factors on protein aggregation. Our combined approach provides insights into the 

mechanism of interfacial protein aggregation on a molecular level, thus providing a basis for 

improving biopharmaceutical process and formulation development. 

 


