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Abstract of Thesis

Chapter 1: General introduction

Biopharmaceuticals, including therapeutic proteins, have developed rapidly. Their high specificity and low
side effects offer remarkable advantages in treating various diseases. However, due to their structural
complexity and intrinsic instability, therapeutic proteins are highly susceptible to various environmental
factors during manufacturing, transportation, and administration. Such factors can trigger protein aggregates,
which can threaten the effectiveness and safety of the biopharmaceuticals. Although previous studies have
elucidated individual aggregation mechanisms induced by single factor such as heat, or agitation, real-world
environments often involve multiple factors acting simultaneously. In this study, a Fc fusion protein,
CTLA4-1g, and a monoclonal antibody, Adalimumab, were employed as model proteins to investigate how temperature
influences agitation—induced aggregation. This research provides mechanistic insight into aggregation
behavior under multiple factor conditions and contributes to establishing a scientific basis for stability
assessment and quality control of biopharmaceuticals

Chapter 2: Evaluation of the effect of temperature on agitation—induced protein aggregation

In chapter 2, aggregates ranging from nanometers to micrometers were characterized using multiple analytical
techniques, including size—exclusion chromatography, dynamic light scattering, and flow imaging microscopy.
The aggregation behaviors differed significantly between elevated temperature and agitation. CTLA4-Ig
aggregated through the bulk solution pathway under elevated temperature, while aggregates formed through
interface—mediated pathway under agitation. When both factors were applied simultaneously, soluble aggregates
showed both patterns, and insoluble aggregates increased by 2-3 order of magnitude compared with individual
factor or control samples. Further synergistic effect analysis revealed that elevated temperature and agitation
had a competitive effect on the amount of thermal induced aggregates while exhibiting a synergistic effect
on the amount of agitation—induced aggregates

Chapter 3: Mechanistic insights into the effect of temperature on agitation—induced protein aggregation
The mechanistic insight into how elevated temperature accelerates agitation—induced aggregation was
investigated in this chapter. Samples containing different ratios of thermal-induced aggregates and monomers
were exposed to the agitation. The amount of agitation—induced aggregates was not affected by the difference
in thermal-induced aggregate ratio, while the size distribution of agitation induced aggregates was affected
Therefore, the acceleration effect of elevated temperature was likely due to accelerating the adsorption of
proteins onto the interface and unfolding at the interface. Aggregation threshold study under combined elevated
temperature and agitation was conducted on both CTLA4-Ig and Adalimumab. The aggregation threshold depended
on temperature and protein type, indicating the complexity and protein specificity of protein aggregation.
Chapter 4: Conclusion

This study demonstrated temperature could accelerate agitation—induced aggregation when both factors were
applied. It highlights the importance of temperature control during agitation stability test to reproduce
real-world conditions. In addition, it also highlighted the value of using elevated temperature during
agitation for accelerated stability tests, analytical method development, and evaluation of stability under
accidental exposure to extreme conditions. Overall, this research provides mechanistic and practical insights
into protein aggregation under multiple environment factors, offering a scientific foundation for improving

stability testing, quality control, and risk management throughout the life cycle of biopharmaceuticals
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