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!ōǎǘǊŀŎǘ 

Environmental conditions regulate the association/aggregation states of protein 

molecules and their action in cellular compartments. Analysing protein behaviour in 

presence of lipid membranes is fundamental for the comprehension of many 

functional and dysfunctional processes. Here, we present an experimental study on 

the interaction between model membranes and a-casein.  

a-casein is the major component of milk proteins and it is recognised to play a key 

role in performing biological functions. The conformational properties of this protein 

as well as its capability to form supramolecular structures, like micelles or irreversible 

aggregates, are key effectors in both functional and pathological effects.  

By means of quantitative fluorescence imaging and complementary spectroscopic 

methods, we were able to characterise a-casein association state and the course of 

events induced by pH changes, which regulate the interaction of this molecule with 

membranes. The study of these complex dynamic events revealed that the initial 

conformation of the protein critically regulates the fate of a-casein, the size and 

structure of the newly formed aggregates and their effect on membrane structures. 

Only protein molecules organized in micellar structures are found to severely modify 

membrane morphology and fluidity. The membrane structure rigidity is found to 

increase, and protein lipid flower-like co-aggregates are formed with protein 

molecules localised in the external part. 

  



   
 

   
 

мΦ LƴǘǊƻŘǳŎǘƛƻƴ  

CƻƭŘƛƴƎΣ ŀƎƎǊŜƎŀǘƛƻƴ ŀƴŘ ƛƴǘŜǊŀŎǘƛƻƴ ƻŦ ǇǊƻǘŜƛƴǎ ǿƛǘƘ ƳŜƳōǊŀƴŜǎ ŀǊŜ ŀǘ ǘƘŜ ōŀǎƛǎ ƻŦ 

ǘƘŜƛǊ ŦǳƴŎǘƛƻƴŀƭ ŀƴŘ ŘȅǎŦǳƴŎǘƛƻƴŀƭ ŀŎǘƛǾƛǘȅмςоΦ ¢ƘŜǎŜ ǇƘŜƴƻƳŜƴŀ ƻŎŎǳǊǊŜƴŎŜ ŀƴŘ 

ŜǾƻƭǳǘƛƻƴ ŀǊŜ ǊŜƎǳƭŀǘŜŘ ōȅ ǘƘŜ ōŀƭŀƴŎŜ ōŜǘǿŜŜƴ ƎŜƴŜǊŀƭ ŘƻƳƛƴŀƴǘ ŦƻǊŎŜǎ ŀǎ 

ŜƭŜŎǘǊƻǎǘŀǘƛŎΣ ƘȅŘǊƻǇƘƻōƛŎΣ ƘȅŘǊƻƎŜƴ ōƻƴŘƛƴƎ ŀƴŘ ±ŀƴ ŘŜǊ ²ŀŀƭǎΩΦ ¢ƘŜǎŜ ƛƴǘŜǊŀŎǘƛƻƴǎ 

ŀǊŜ ŘȅƴŀƳƛŎŀƭƭȅ ƛƴǾƻƭǾŜŘ ƛƴ ǇǊƻǘŜƛƴΩǎ ŦŀǘŜ ŀƴŘ ŀǊŜ ǊŜƎǳƭŀǘŜŘ ōȅ ƳƛŎǊƻπŜƴǾƛǊƻƴƳŜƴǘŀƭ 

ǇǊƻǇŜǊǘƛŜǎпςсΦ /Ŝƭƭ ŦǳƴŎǘƛƻƴǎΣ ǿƘƛŎƘ Ƴƻǎǘ ƻŦǘŜƴ ŀǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ǿƛǘƘƛƴ ƳŜƳōǊŀƴŜ 

ŎƻƳǇŀǊǘƳŜƴǘǎ ƻǊ ƛƴ ǘƘŜƛǊ ŎƭƻǎŜ ǇǊƻȄƛƳƛǘȅΣ ƻŦǘŜƴ ǊŜǉǳƛǊŜ ǇǊƻǘŜƛƴ ǎǘǊǳŎǘǳǊŀƭ 

ǊŜƻǊƎŀƴƛȊŀǘƛƻƴ ŀƴŘ Ƴŀȅ ƻŎŎǳǊ ƛƴ ŎƭƻǎŜ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ ǘƘŜ ƭƛǇƛŘ ōƛƭŀȅŜǊоΣтΦ  

Caseins are relatively small milk proteins (molecular mass in the range of 25 kDa) 

which belong to the family of intrinsically disordered proteins (IDPs)8. They consist of 

ŘƛŦŦŜǊŜƴǘ ŎƻƳǇƻƴŜƴǘǎ ƴŀƳŜƭȅ ʰs1-Σ ʰs2-Σ ʲ-Σ ŀƴŘ ˁ-caseins, the main one being as 

(which includes sh1 and h s2 caseins)9,10. These components differ in their amino acid, 

phosphorus and carbohydrate content, but all of them present an amphiphilic 

structure11. Due to the amphiphilic property, caseins exhibit a strong tendency to self-

aggregate into supramolecular structures, and, specifically, into the form of micellar 

structures which in aqueous solution are held together by the balance of 

hydrophobic, hydrogen and electrostatic interactions9,12. The interaction of casein 

supramolecular structures with biological membranes is involved in their trafficking 

within the cells13. 

Among caseinsΩ ŦŀƳƛƭȅ, aπŎŀǎŜƛƴ ƛǎ ƻƴŜ ƻŦ ǘƘŜ Ƴƻǎǘ ǎǘǳŘƛŜŘ ŀƴŘ ƛǘ ƛǎ ǘƘƻǳƎƘǘ ǘƻ ƘŀǾŜ ŀ 

ŎŜƴǘǊŀƭ ǊƻƭŜ ƛƴ ƳƛŎŜƭƭŜǎ ŦƻǊƳŀǘƛƻƴ ŀƴŘ ƛƴ ǘƘŜ ǘǊŀƴǎǇƻǊǘ ǇǊƻŎŜǎǎ ǿƛǘƘƛƴ ǘƘŜ ǎŜŎǊŜǘƻǊȅ 

ǇŀǘƘǿŀȅ ƻŦ ƳŀƳƳŀǊȅ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎмоΣмпΦ Lǘ ƛǎ ŀ ноΦр ƪ5ŀ ǇǊƻǘŜƛƴ ŀƴŘ ƛǘǎ ƛǎƻŜƭŜŎǘǊƛŎ 

Ǉƻƛƴǘ ƛǎ ƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ пΦпπрΦомрΦ !ǘ ŀƭƪŀƭƛƴŜ ǇIǎΣ ōŜǘǿŜŜƴ ǇI тΦп ŀƴŘ ǇI млΣ ǘƘƛǎ 

ǇǊƻǘŜƛƴ ƛǎ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ŀƴ ƻǾŜǊŀƭƭ ƭƻǿ ƘȅŘǊƻǇƘƻōƛŎƛǘȅΣ ŀƴŘ ōȅ ŀ ƴŜǘ ƴŜƎŀǘƛǾŜ 

ŎƘŀǊƎŜмс ǘƘŀǘ ƛƴŘǳŎŜǎ ǘƘŜ ǇǊƻǘŜƛƴ ǘƻ ǳƴŦƻƭŘ ƛƴǘƻ ŀƴ ƻǇŜƴ ǎǘǊǳŎǘǳǊŜ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ŀ 

ǊŀƴŘƻƳ Ŏƻƛƭ ŎƻƴŦƻǊƳŀǘƛƻƴмтΦ Lƴ ǘƘŜǎŜ ŎƻƴŘƛǘƛƻƴǎ, a-casein possesses a peculiar 

aggregative behaviour and it is prone to interact with ligands and lipid interfaces in 

vivo, including biological membranes14. .ȅ ƭƻǿŜǊƛƴƎ ǘƘŜ ǎƻƭǳǘƛƻƴ ǇI ǘƻ ǾŀƭǳŜǎ ōŜƭƻǿ 

ǘƘŜ ǇLΣ ǘƘŜ ƴŜǘ ǇƻǎƛǘƛǾŜ ŎƘŀǊƎŜ ƻŦ ŎŀǎŜƛƴ ƳƻƭŜŎǳƭŜǎ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ƘȅŘǊƻƎŜƴ ōƻƴŘǎ ŀƴŘ 

ƘȅŘǊƻǇƘƻōƛŎ ƛƴǘŜǊŀŎǘƛƻƴǎ ŀƭƭƻǿǎ ŎŀǎŜƛƴ ŎƘŀƛƴǎΩ ŦƻƭŘƛƴƎ ƛƴǘƻ ƳƻǊŜ ǎǘǊǳŎǘǳǊŜŘ 

ŎƻƴŦƻǊƳŀǘƛƻƴǎ ƭƛƪŜ aπƘŜƭƛȄŜǎ ŀƴŘ bπǎƘŜŜǘǎмтΦ LƳǇƻǊǘŀƴǘƭȅΣ aπŎŀǎŜƛƴ ƳƻƭŜŎǳƭŜǎ ǿŜǊŜ 

ŦƻǳƴŘ ǘƻ ŀǎǎƻŎƛŀǘŜ ƛƴ ƳƛŎŜƭƭŀǊ ǎǘǊǳŎǘǳǊŜǎ ǿƘƻǎŜ ŎƻƳǇŀŎǘƴŜǎǎΣ ƘȅŘǊƻǇƘƻōƛŎƛǘȅΣ ŀƴŘ 

ŘƛŀƳŜǘŜǊ ŘŜǇŜƴŘ ƻƴ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŎƻƴŘƛǘƛƻƴǎΥ ƛΦŜ ŀƭǘŜǊŀǘƛƻƴ ƻŦ ǘƘŜ ǇI Ƴŀȅ ƭŜŀŘ ǘƻ ŀ 

ŎƘŀƴƎŜ ƛƴ ƳƛŎŜƭƭŜ ǎƛȊŜ ŀƴŘ ŀ ŘŜŎǊŜŀǎŜŘ ǎǘŀōƛƭƛǘȅмсΣмуΦ  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/biomembrane


   
 

   
 

The interest in casein micelles is multifold, ranging from basic to applied sciences. ¢ƘŜ 

Ƴŀƛƴ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ŦǳƴŎǘƛƻƴǎ ƻŦ ƳƛŎŜƭƭŜǎ ŀǊŜ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ǎǳǇǇƭȅ ƻŦ ƛƻƴǎ ǎǳŎƘ ŀǎ 

ŎŀƭŎƛǳƳ ŀƴŘ ǇƘƻǎǇƘŀǘŜмп ǘƻ ƴŜƻƴŀǘŜǎ ŀƴŘ ǘƻ ǘƘŜ ǇǊŜǾŜƴǘƛƻƴ ƻŦ ŎŀƭŎƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ 

ƳŀƳƳŀǊȅ ƎƭŀƴŘфΦ Notwithstanding the large number of studies, the structure and the 

stability of casein micelles in different environment is still highly debated19,20. For 

example, there are controversial opinions on the stability of micelles in alkaline 

solutions. Indeed, for several decades, it has been widely accepted that alkaline pH 

disrupts casein micelles but recent results have demonstrated their resistance to 

these pH values21ς23. Furthermore, the assembly of casein micelles and their binding 

to the membranes has been related to functional ǘǊŀƴǎǇƻǊǘ ǇƘŜƴƻƳŜƴŀ ŦǊƻƳ 

ŜƴŘƻǇƭŀǎƳƛŎ ǊŜǘƛŎǳƭǳƳ ǘƻ DƻƭƎƛ ŀǇǇŀǊŀǘǳǎ ƳŀƪƛƴƎ ǘƘŜ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ ƻŦ 

ŎŀǎŜƛƴ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ ōƛƻƭƻƎƛŎŀƭ ƳŜƳōǊŀƴŜǎ ƻŦ ŀƴ ǳƴŘƻǳōǘŜŘ ǊŜƭŜǾŀƴŎŜ ƛƴ 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ŦǳƴŎǘƛƻƴŀƭ ŎŀǎŜƛƴ ǘǊŀŦŦƛŎƪƛƴƎ ƛƴ ŎŜƭƭǎмпΣнпΦ LƴǘŜǊŜǎǘƛƴƎƭȅΣ due to their 

ability to self-assembly and disassembly by changing the pH, they were proposed as 

emerging biomaterials for drug delivery25ς27. Specifically, micelle structures have been 

used for controlled release of hydrophobic bioactive components (such as vitamins) 

and/or hydrophilic molecules that can be embedded in these nano-supramolecular 

structures28. /ŀǎŜƛƴǎ ŘƛǎǘƛƴŎǘƛǾŜ ǎǘǊǳŎǘǳǊŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ L5tǎ ŀƴŘ ǘƘŜ ŎŀǇŀōƛƭƛǘȅ ǘƻ ŦƻǊƳ 

ŀƳȅƭƻƛŘ ŦƛōǊƛƭǎ ƳŀƪŜǎ ŀƭǎƻ ǘƘŜƳ ŀƴ ƛƴǘŜǊŜǎǘƛƴƎ ƳƻŘŜƭ ǎȅǎǘŜƳ ƛƴ ǊŜƭŀǘƛƻƴ ǘƻ ǘƘŜ ŀƴŀƭȅǎƛǎ 

ƻŦ ǇƻǘŜƴǘƛŀƭƭȅ ǇŀǘƘƻƭƻƎƛŎŀƭ ǇǊƻǘŜƛƴπƳŜƳōǊŀƴŜ ƛƴǘŜǊŀŎǘƛƻƴǎнфςомΦ ¢ƘŜ ŀōƛƭƛǘȅ ƻŦ aπŎŀǎŜƛƴ 

ƛƴ ōƛƴŘƛƴƎ ƳŜƳōǊŀƴŜǎ ǎŜŜƳǎ ǘƻ ōŜ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ŀƴǘƛōŀŎǘŜǊƛŀƭ ŀŎǘƛǾƛǘȅ ƻŦ ǎƘƻǊǘ 

ǇŜǇǘƛŘŜǎ ƛǎƻƭŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ǎŜǉǳŜƴŎŜ ƻŦ ǘƘƛǎ ǇǊƻǘŜƛƴонΣооΦ 

Lƴ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅΣ ǿŜ ƘƛƎƘƭƛƎƘǘ ƪŜȅ ŜǾŜƴǘǎ ŀƴŘ ǎǇŜŎƛŜǎ ƻŎŎǳǊǊƛƴƎ ǳǇƻƴ ƛƴǘŜǊŀŎǘƛƻƴ 

ƻŦ aπŎŀǎŜƛƴ ǿƛǘƘ ƴŜƎŀǘƛǾŜƭȅ ŎƘŀǊƎŜŘ ƳƻŘŜƭ ƳŜƳōǊŀƴŜǎ ǘƘŀƴƪǎ ǘƻ ǎǇŀǘƛŀƭƭȅ ǊŜǎƻƭǾŜŘ 

ŀƴŀƭȅǎƛǎΣ ǇǊƻǾƛŘŜŘ ōȅ ŀŘǾŀƴŎŜŘ ƳƛŎǊƻǎŎƻǇȅ ǘƘŀǘ ƻǾŜǊŎƻƳŜǎ ǘƘŜ ƭƛƳƛǘŀǘƛƻƴǎ ƻŦ ōǳƭƪ 

ŜȄǇŜǊƛƳŜƴǘǎ ǿƘŜǊŜ ƪŜȅ ŜǾŜƴǘǎ ŀƴŘ ǇǊƻǘŜƛƴ ƛƴǘŜǊƳŜŘƛŀǘŜ ǎǘŀǘŜǎΣ ƻŎŎǳǊǊƛƴƎ ǳǇƻƴ 

ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ ƳŜƳōǊŀƴŜǎΣ ŀǊŜ ƻŦǘŜƴ ƳŀǎƪŜŘ ŘǳŜ ǘƻ ǘƘŜ ƭŀǊƎŜ ƘŜǘŜǊƻƎŜƴŜƛǘȅ ƻŦ ǘƘŜ 

ǎŀƳǇƭŜ ƛƴ ǘŜǊƳǎ ƻŦ ƴǳƳōŜǊ ƻŦ ǎǇŜŎƛŜǎ ƛƴǾƻƭǾŜŘ όŜΦƎΦΣ ŘƛŦŦŜǊŜƴǘ ŀƎƎǊŜƎŀǘƛƻƴ ǎǘŀǘŜǎΣ 

ǇǊƻǘŜƛƴπƭƛǇƛŘ ŎƻπŀƎƎǊŜƎŀǘŜǎ ŜǘŎΦύ ŀƴŘ ƻŦ ǘƘŜƛǊ ǎǇŀǘƛŀƭ ŘƛǎǘǊƛōǳǘƛƻƴопΦ .ȅ ƳŜŀƴǎ ƻŦ 

ǎǇŜŎǘǊƻǎŎƻǇƛŎ ƳŜǘƘƻŘǎΣ ŦƭǳƻǊŜǎŎŜƴŎŜ ƛƳŀƎƛƴƎ ŀƴŘ wŀǎǘŜǊ LƳŀƎŜ /ƻǊǊŜƭŀǘƛƻƴ 

{ǇŜŎǘǊƻǎŎƻǇȅ όwL/{ύΣ ǿŜ ŀƴŀƭȅǎŜŘ ǘƘƛǎ ƘƛƎƘƭȅ ŎƻƳǇƭŜȄ ŀƴŘ ǎǇŀǘƛŀƭƭȅ ƘŜǘŜǊƻƎŜƴŜƻǳǎ 

ǇƘŜƴƻƳŜƴƻƴΣ ǿƘƛŎƘ ƛƴǾƻƭǾŜǎ ƛύ ǘƘŜ ǇǊƻǘŜƛƴΩ ǎǘǊǳŎǘǳǊŀƭ ŎƘŀƴƎŜǎ ŀƴŘ ƳƻŘƛŦƛŎŀǘƛƻƴ ƛƴ ǘƘŜ 

ŀǎǎƻŎƛŀǘƛƻƴ ǎǘŀǘŜǎ ƛƛύ ƳŜƳōǊŀƴŜǎ ƳƻǊǇƘƻƭƻƎȅ ŎƘŀƴƎŜǎ ŀƴŘ ƛƛƛύ ǎƻƭǾŜƴǘ ŜŦŦŜŎǘǎΦ  

Specifically, ƛƴ ǘƘƛǎ ǎǘǳŘȅ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ tht/ΥthtD Ǝƛŀƴǘ ǾŜǎƛŎƭŜǎ όD±ǎύ ŀƴŘ 

aπŎŀǎŜƛƴ Ƙŀǎ ōŜŜƴ ŀƴŀƭȅǎŜŘ ǳǎƛƴƎ ŀǎ ǎǘŀǊǘƛƴƎ Ǉƻƛƴǘǎ ǘǿƻ ŎŀǎŜƛƴ ƳƻƭŜŎǳƭŀǊ ǎǘŀǘŜǎΥ 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/golgi-apparatus


   
 

   
 

ƳƛŎŜƭƭŜǎ ǎǘŀōƛƭƛǎŜŘ ŀǘ ǇI н ŀƴŘ ŎŀǎŜƛƴ ƛƴ ƛǘǎ ƴŀǘƛǾŜ ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ǎǘŀǘŜ ŀǘ ǇI тΦ 

hǳǊ ǊŜǎǳƭǘǎ ǊŜǾŜŀƭ ǘƘŀǘ ǘƘŜ ƛƴƛǘƛŀƭ ǎǘŀǘŜ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ŜǎǘŀōƭƛǎƘŜǎ ǘƘŜ ŎƻǳǊǎŜ ƻŦ ŜǾŜƴǘǎ 

ǘƘŀǘ ƻŎŎǳǊ ǳǇƻƴ ŎƘŀƴƎŜǎ ƻŦ ǇI ŀƴŘ ƛƴǾƻƭǾŜ ōƻǘƘ ǘƘŜ ŀƎƎǊŜƎŀǘƛƻƴ ǇǊƻŎŜǎǎŜǎ ƻŦ ŎŀǎŜƛƴ 

ƳƻƭŜŎǳƭŜǎ ŀƴŘ ǘƘŜƛǊ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ ƳŜƳōǊŀƴŜǎΦ ¢ƘŜ ǘǿƻ ǎŀƳǇƭŜǎΩ ǎǘŀǘŜǎ ƛƴŘǳŎŜΣ ŀǘ 

ǘƘŜ ǎŀƳŜ Ŧƛƴŀƭ ŎƻƴŘƛǘƛƻƴǎΣ ŀ ŘƛǎǘƛƴŎǘƭȅ ŘƛŦŦŜǊŜƴǘ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ƳƻǊǇƘƻƭƻƎȅ ŀƴŘ ǎǘƛŦŦƴŜǎǎ 

ƻŦ ǘƘŜ ƳŜƳōǊŀƴŜǎΦ ¢ƘŜǎŜ ƻōǎŜǊǾŀǘƛƻƴǎ Ƴŀȅ ōŜ ŜǎǎŜƴǘƛŀƭ to understand the possible 

functional, pathological or therapeutical properties associated to aπŎŀǎŜƛƴ proteins.  

 

нΦ aŀǘŜǊƛŀƭǎ ŀƴŘ aŜǘƘƻŘǎ  

нΦм aŀǘŜǊƛŀƭǎ  

aπŎŀǎŜƛƴ όҗ тл ҈Σ /стулύΣ нπhƭŜƻȅƭπмπǇŀƭƳƛǘƻȅƭπǎƴπƎƭȅŎŜǊƻπоπǇƘƻǎǇƘƻŎƘƻƭƛƴŜ όҗ фф ҈Σ 

tht/πпнттоύΣ нπhƭŜƻȅƭπмπǇŀƭƳƛǘƻȅƭπǎƴπƎƭȅŎŜǊƻπоπǇƘƻǎǇƘƻπǊŀŎπόмπƎƭȅŎŜǊƻƭύ ǎƻŘƛǳƳ ǎŀƭǘ 

όҗ фу ҈Σ thtDπсоотмύΣ сπŘƻŘŜŎŀƴƻȅƭπнπŘƛƳŜǘƘȅƭŀƳƛƴƻƴŀǇƘǘƘŀƭŜƴŜ όҗ фт ҈Σ [ŀǳǊŘŀƴπ

плннтύ ŀƴŘ ŘƛƳŜǘƘȅƭ ǎǳƭŦƻȄƛŘŜ ό5a{hπмлнфрнмлллύ ǿŜǊŜ ǇǳǊŎƘŀǎŜŘ ŦǊƻƳ {ƛƎƳŀ 

!ƭŘǊƛŎƘΦ !ƭŜȄŀ CƭǳƻǊ пуу bI{ ŜǎǘŜǊ ό!нллллύ ǿŀǎ ǇǳǊŎƘŀǎŜŘ ŦǊƻƳ ¢ƘŜǊƳƻ CƛǎƘŜǊ 

{ŎƛŜƴǘƛŦƛŎΦ  

 

нΦн aπŎŀǎŜƛƴ ǎŀƳǇƭŜǎ ǇǊŜǇŀǊŀǘƛƻƴ  

¢ƘŜ ŀƎƎǊŜƎŀǘƛƻƴ ǎǘŀǘŜǎ ƻŦ ōƻǾƛƴŜ πhŎŀǎŜƛƴΣ ƛƴŎƭǳŘƛƴƎ ǎhм ŀƴŘ hǎн ŎŀǎŜƛƴΣ ŀǘ ǇI нΣ ǿŀǎ 

ǎǘǳŘƛŜŘ ŀƴŘ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ƻƴŜ ŀǘ ǇI тΦ tǊƻǘŜƛƴ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ǘƻ ŀ Ŧƛƴŀƭ 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ п ƳƎκƳƭ ƛƴ нр Ƴa I/ƭ ǿƛǘƘ млл Ƴa bŀ/ƭ лΦм a όǇI нύΣ ƻǊ ƛƴ нл Ƴa 

ǇƻǘŀǎǎƛǳƳ ǇƘƻǎǇƘŀǘŜ ōǳŦŦŜǊ όǇI тύ ŀƴŘ ŦƛƭǘŜǊŜŘ ǘƘǊƻǳƎƘ лΦн ˃Ƴ ŎŜƭƭǳƭƻǎŜ ŀŎŜǘŀǘŜ 

ƳŜƳōǊŀƴŜ ŦƛƭǘŜǊǎ ό±²w LƴǘŜǊƴŀǘƛƻƴŀƭΣ рмпπллслύΦ tǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ 

ŘŜǘŜǊƳƛƴŜŘ ōȅ ŀōǎƻǊǇǘƛƻƴΣ ōȅ ƳŜŀƴǎ ƻŦ ŀ ¦±ς±ƛǎ ǎǇŜŎǘǊƻǇƘƻǘƻƳŜǘŜǊ όWŀǎŎƻ ±πтслύΣ 

ǳǎƛƴƎ ŀƴ ŜȄǘƛƴŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ нʁулƴƳ Ґ лΦу όƳƭϊƳƎπмϊŎƳπмύорΦ  

 

нΦо Dƛŀƴǘ ±ŜǎƛŎƭŜǎ ǇǊŜǇŀǊŀǘƛƻƴ  

tƘƻǎǇƘƻƭƛǇƛŘ Dƛŀƴǘ ±ŜǎƛŎƭŜǎ όD±ǎύ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ƳƛȄƛƴƎ tht/ ŀƴŘ thtD in a 2:1 molar 

ratio in 3:2 ŎƘƭƻǊƻŦƻǊƳΥƳŜǘƘŀƴƻƭ ǎƻƭǳǘƛƻƴΦ ¦ǎƛƴƎ ŀ ǊƻǘŀǊȅ ŜǾŀǇƻǊŀǘƻǊΣ рлл m[ ƻŦ ƭƛǇƛŘǎ 

ǎƻƭǳǘƛƻƴ ǿŀǎ ŘǊƛŜŘ ǘƻ form a thin lipid filmΦ !ŦǘŜǊ ƻǾŜǊƴƛƎƘǘ ŘǊȅƛƴƎΣ ƭƛǇƛŘǎ ǿŜǊŜ 

ƘȅŘǊŀǘŜŘ ǿƛǘƘ ōǳŦŦŜǊ ǇƘƻǎǇƘŀǘŜ нл ƳaΣ ǇI тΦ wŜǎǳƭǘƛƴƎ ǎŀƳǇƭŜ ǎƘƻǿǎ ŀ 



   
 

   
 

ƘŜǘŜǊƻƎŜƴŜƻǳǎ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ƳǳƭǘƛƭŀƳŜƭƭŀǊ Ǝƛŀƴǘ ǾŜǎƛŎƭŜǎ ǿƛǘƘ ŘƛŀƳŜǘŜǊ ƻŦ ǎŜǾŜǊŀƭ 

ƳƛŎǊƻƳŜǘŜǊǎ. !ŦǘŜǊ ƭƛǇƻǎƻƳŜǎ ŦƻǊƳŀǘƛƻƴΣ ǎŀƳǇƭŜ ǿŀǎ ŘƛƭǳǘŜŘ мΥмлΦ ! ǎǘƻŎƪ ǎƻƭǳǘƛƻƴ 

ƻŦ [ŀǳǊŘŀƴ όмлл ˃ aύ ǿŀǎ ǇǊŜǇŀǊŜŘ ƛƴ 5a{h ŀƴŘ ǎǘƻǊŜŘ ǇǊƻǘŜŎǘŜŘ ŦǊƻƳ ƭƛƎƘǘ 

ŜȄǇƻǎǳǊŜΦ [ŀǳǊŘŀƴ ǎƻƭǳǘƛƻƴ ǿŀǎ ŀŘŘŜŘ ǘƻ ŘƛƭǳǘŜ D±ǎ ƛƴ ŀ ǇǊƻōŜπƭƛǇƛŘ ƳƻƭŀǊ Ǌŀǘƛƻ ƻŦ 

мΥрлл ŀƴŘ ƭŜŦǘ ǘƻ ŜǉǳƛƭƛōǊŀǘŜ ŦƻǊ о ƘƻǳǊǎ ōŜŦƻǊŜ ƳŜŀǎǳǊŜƳŜƴǘǎΦ 

 

нΦп /ƛǊŎǳƭŀǊ ŘƛŎƘǊƻƛǎƳ ƳŜŀǎǳǊŜƳŜƴǘǎ  

/5 ǎǇŜŎǘǊŀ ƻŦ ос ma hπŎŀǎŜƛƴ ǎŀƳǇƭŜǎ ƛƴ ǇI нΣ ǇI т ŀƴŘ ǇI рΦо ǎƻƭǳǘƛƻƴǎ ǿŜǊŜ 

ǊŜŎƻǊŘŜŘ ƻƴ ŀ WŀǎŎƻ Wπтмр ǎǇŜŎǘǊƻǇƻƭŀǊƛƳŜǘŜǊ ƛƴ ǘƘŜ ŦŀǊπ¦± ǊŜƎƛƻƴ όмфпςнсл ƴƳύΣ 

ǳǎƛƴƎ ǉǳŀǊǘȊ ŎǳǾŜǘǘŜǎ ǿƛǘƘ ŀ ǇŀǘƘ ƭŜƴƎǘƘ ƻŦ лΦр ƳƳΦ CƻǊ ŜŀŎƘ ǎǇŜŎǘǊǳƳΣ ǘƘǊŜŜ 

ŀŎŎǳƳǳƭŀǘƛƻƴǎ ƘŀǾŜ ōŜŜƴ ŀŎǉǳƛǊŜŘΣ ǿƛǘƘ Řŀǘŀ ƛƴǘŜǊǾŀƭ лΦн ƴƳΣ ōŀƴŘǿƛŘǘƘ м ƴƳΣ ǎŎŀƴ 

ǎǇŜŜŘ рл ƴƳκƳƛƴΦ !ƭƭ ǎǇŜŎǘǊŀ ƘŀǾŜ ōŜŜƴ ŀŎǉǳƛǊŜŘ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΦ  

 

нΦр {ǘŜŀŘȅ ǎǘŀǘŜ ŦƭǳƻǊŜǎŎŜƴŎŜ ŜƳƛǎǎƛƻƴ ǎǇŜŎǘǊŀ 

CƭǳƻǊŜǎŎŜƴŎŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿŜǊŜ ŀŎǉǳƛǊŜŘ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ǳǎƛƴƎ ŀ WŀǎŎƻπCtπ

урлл ǎǇŜŎǘǊƻŦƭǳƻǊƻƳŜǘŜǊ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀ WŀǎŎƻ 9¢/πумр tŜƭǘƛŜǊ ŀǎ ǘŜƳǇŜǊŀǘǳǊŜ 

ŎƻƴǘǊƻƭƭŜǊ ƛƴ м ŎƳ ǇŀǘƘ ƭŜƴƎǘƘ ǉǳŀǊǘȊ ŎǳǾŜǘǘŜǎΦ 

 

нΦрΦм tȅǊŜƴŜ ƳŜŀǎǳǊŜƳŜƴǘǎ  

tȅǊŜƴŜ ƛǎ ŀ ƴŜǳǘǊŀƭ ƘȅŘǊƻǇƘƻōƛŎ ŦƭǳƻǊŜǎŎŜƴǘ ǇǊƻōŜ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ŀ ǾŜǊȅ ƭƻǿ 

ǎƻƭǳōƛƭƛǘȅ ƛƴ ǿŀǘŜǊ όлΦт ˃aύ ŀƴŘΣ ŀǎ ŀ ǊŜǎǳƭǘΣ ƛǘ ƛǎ ǎŜƭŜŎǘƛǾŜƭȅ ǎƻƭǳōƛƭƛȊŜŘ ƛƴ ǘƘŜ 

ƘȅŘǊƻǇƘƻōƛŎ ǊŜƎƛƻƴ ƻŦ ŎƻŜȄƛǎǘƛƴƎ ƳƛŎǊƻπǇƘŀǎŜǎ ƛƴ ŀǉǳŜƻǳǎ ƳŜŘƛǳƳΦ ¢ƘŜ ŀƴŀƭȅǎƛǎ ƻŦ ƛǘǎ 

ǾƛōǊƻƴƛŎ ŦƭǳƻǊŜǎŎŜƴŎŜ ǎǇŜŎǘǊǳƳΣ ƛƴ ǇŀǊǘƛŎǳƭŀǊΣ ǘƘŜ Ǌŀǘƛƻ ƻŦ ǘƘŜ ŦƛǊǎǘ ǇŜŀƪ ŀǘ 373 ƴƳ ǘƻ 

ǘƘŜ ǘƘƛǊŘ ǇŜŀƪ ŀǘ 393 ƴƳ όLмκLоύΣ Ƙŀǎ ōŜŜƴ ǿƛŘŜƭȅ ǳǎŜŘ ǘƻ ƳƻƴƛǘƻǊ ǘƘŜ ǇƻƭŀǊƛǘȅ ƻŦ ǘƘŜ 

ƘƻǎǘƛƴƎ ƳƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘǎму.  

¢ƘŜ ŜƳƛǎǎƛƻƴ ǎǇŜŎǘǊŀ ǿŜǊŜ ƳŜŀǎǳǊŜŘ ƛƴ ǘƘŜ ǊŀƴƎŜ орлςррл ƴƳ ǿƛǘƘ ǘƘŜ ŜȄŎƛǘŀǘƛƻƴ 

ǿŀǾŜƭŜƴƎǘƘ ōŜƛƴƎ оол ƴƳΦ ¢ƘŜ tȅǊŜƴŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ мΦл ˃ aΦ  

 

нΦрΦн мπŀƴƛƭƛƴƻ ƴŀǇƘǘƘŀƭŜƴŜπуπǎǳƭŦƻƴŀǘŜ ό!b{ύ ŦƭǳƻǊŜǎŎŜƴŎŜ 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/laurdan


   
 

   
 

мπŀƴƛƭƛƴƻ ƴŀǇƘǘƘŀƭŜƴŜπуπǎǳƭŦƻƴŀǘŜ ό!b{ύ ƛǎ ŀƴ ŀƴƛƻƴƛŎ ǇǊƻōŜ ǘƘŀǘ Ƙŀǎ ōŜŜƴ ǎŜƭŜŎǘŜŘ ǘƻ 

ǎǘǳŘȅ ǘƘŜ ǎǳǊŦŀŎŜ ƘȅŘǊƻǇƘƻōƛŎƛǘȅ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎΦ !b{ ŦƭǳƻǊŜǎŎŜƴŎŜ ƛǎ ǎǘǊƻƴƎƭȅ 

ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ǇƻƭŀǊƛǘȅ ƻŦ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘмуΦ !b{ ŜƳƛǎǎƛƻƴ ǎǇŜŎǘǊŀ ǿŜǊŜ ŀŎǉǳƛǊŜŘ 

ƛƴ ǘƘŜ ǊŀƴƎŜ пллπсрл ƴƳ ǳǎƛƴƎ lŜȄŎҐ орл ƴƳ ǿƛǘƘ ŀƴ ŜȄŎƛǘŀǘƛƻƴ ōŀƴŘǿƛŘǘƘ ƻŦ р ƴƳΣ ŀƴ 

ŜƳƛǎǎƛƻƴ ōŀƴŘǿƛŘǘƘ ƻŦ р ƴƳΣ ŀ ǊŜǎǇƻƴǎŜ ǘƛƳŜ ƻŦ м ǎΣ Řŀǘŀ ƛƴǘŜǊǾŀƭ ƻŦ лΦр ƴƳΣ ŀƴŘ ŀ 

ǎŎŀƴ ǎǇŜŜŘ ƻŦ млл ƴƳκƳƛƴΦ ¢ƘŜ !b{ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ фΦл ˃ aΦ  

 

нΦрΦо [ŀǳǊŘŀƴ ŦƭǳƻǊŜǎŎŜƴŎŜ ŜƳƛǎǎƛƻƴ 
 
[ŀǳǊŘŀƴ ŦƭǳƻǊŜǎŎŜƴŎŜ ŜƳƛǎǎƛƻƴ ŀƴŘΣ ƛƴ ǇŀǊǘƛŎǳƭŀǊΣ ƛǘǎ ƎŜƴŜǊŀƭƛȊŜŘ ǇƻƭŀǊƛȊŀǘƛƻƴ όDtύ 

ǿŜǊŜ ǳǎŜŘ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ŎŀǎŜƛƴ ŀǘ ǇI н ƻƴ tht/ΥthtD ǾŜǎƛŎƭŜǎΦ 

CƭǳƻǊŜǎŎŜƴŎŜ ŜƳƛǎǎƛƻƴ ǎǇŜŎǘǊŀ ǿŜǊŜ ŀŎǉǳƛǊŜŘ ƛƴ ǘƘŜ ǊŀƴƎŜ отлςсрл ƴƳ ŀǎ ŀ ŦǳƴŎǘƛƻƴ 

ƻŦ ǘƛƳŜ ŜǾŜǊȅ р ƳƛƴǳǘŜǎ ŀŦǘŜǊ ŎŀǎŜƛƴ ŀŘŘƛǘƛƻƴ ǘƻ ŀ Ŧƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ос maΦ 

9ȄŎƛǘŀǘƛƻƴ ǿŀǾŜƭŜƴƎǘƘ ǿŀǎ Ŝ˂ȄŎ Ґ оул ƴƳ ŀƴŘ ŜƳƛǎǎƛƻƴ ōŀƴŘǿƛŘǘƘ ǿŀǎ р ƴƳΣ ǊŜǎǇƻƴǎŜ 

ǘƛƳŜ м ǎΣ Řŀǘŀ ƛƴǘŜǊǾŀƭ ƻŦ лΦр ƴƳ ŀƴŘ ǎŎŀƴ ǎǇŜŜŘ ƻŦ млл ƴƳκƳƛƴΦ !ŎŎƻǊŘƛƴƎ ǘƻ tŀǊŀǎŀǎǎƛ 

Ŝǘ ŀƭΦосΣ ǘƘŜ DŜƴŜǊŀƭƛȊŜŘ tƻƭŀǊƛȊŀǘƛƻƴ όDtύ ƛǎ ŘŜŦƛƴŜŘ ŀǎΥ 
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ǿƘŜǊŜ Lппл ŀƴŘ Lпфл ŀǊŜ ǘƘŜ ŜƳƛǎǎƛƻƴ ƛƴǘŜƴǎƛǘƛŜǎ ŀǘ ппл ŀƴŘ пфл ƴƳ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 

[ŀǳǊŘŀƴ ŜƳƛǎǎƛƻƴ ǎǇŜŎǘǊǳƳ ƛǎ ŎŜƴǘǊŜŘ ŀǘ ŀōƻǳǘ ппл ƴƳ ƛƴ ǘƘŜ ƳŜƳōǊŀƴŜ ƎŜƭ ǇƘŀǎŜ 

ŀƴŘ ŀǘ ŀōƻǳǘ пфл ƴƳ ƛƴ ǘƘŜ ƳŜƳōǊŀƴŜ ƭƛǉǳƛŘ ŎǊȅǎǘŀƭƭƛƴŜ ǇƘŀǎŜотΣоуΦ 5ǳŜ ǘƻ [ŀǳǊŘŀƴ 

ǇǊƻǇŜǊǘƛŜǎΣ Dt ǾŀƭǳŜ ŀƴŀƭȅǎƛǎ ŀƭƭƻǿǎ ŘŜǘŜǊƳƛƴƛƴƎ ǘƘŜ ǇƘƻǎǇƘƻƭƛǇƛŘ ǇƘŀǎŜ ǎǘŀǘŜ ŀǎ ǿŜƭƭ 

ŀǎ ǘƘŜ ǾŀǊƛŀǘƛƻƴǎ ƛƴ ƳŜƳōǊŀƴŜ ŦƭǳƛŘƛǘȅ ŘǳŜ ǘƻ ŎƘŀƴƎŜǎ ƛƴ ƳŜƳōǊŀƴŜ ǿŀǘŜǊ ŎƻƴǘŜƴǘΦ 

/ƻƴǘǊƻƭ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ŀŘŘƛƴƎ ǘƘŜ ǎŀƳŜ ǉǳŀƴǘƛǘȅ ƻŦ ōǳŦŦŜǊ ǎƻƭǳǘƛƻƴ 

ǘƻ ǾŜǎƛŎƭŜǎ ǎŀƳǇƭŜǎ όǎŜŜ ǎǳǇǇƭŜƳŜƴǘŀǊȅ CƛƎΦ{мύΦ  

 
нΦс wŀǎǘŜǊ LƳŀƎƛƴƎ /ƻǊǊŜƭŀǘƛƻƴ {ǇŜŎǘǊƻǎŎƻǇȅ όwL/{ύ 
 

aπŎŀǎŜƛƴ ǿŀǎ ƭŀōŜƭƭŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ŀ ǎǘŀƴŘŀǊŘ ǇǊƻŎŜŘǳǊŜоф ŀƴŘ ǎŜǇŀǊŀǘŜŘ ƛƴ ŀ 

{ŜǇƘŀŘŜȄ Dπрл ŎƻƭǳƳƴ ŜǉǳƛƭƛōǊŀǘŜŘ ǿƛǘƘ ǇƘƻǎǇƘŀǘŜ ōǳŦŦŜǊ нл Ƴa ŀǘ ǇI тΦ ¢ƻ ŦǳǊǘƘŜǊ 

ŜƭƛƳƛƴŀǘŜ ŦǊŜŜ ŘȅŜΣ ǘƘŜ ƭŀōŜƭƭŜŘ ǇǊƻǘŜƛƴ ǿŀǎ ŎŜƴǘǊƛŦǳƎŜŘ ǘƘǊŜŜ ǘƛƳŜǎ όмоллл ǊǇƳΣ мл 

Ƴƛƴύ ǿƛǘƘ aƛƭƭƛπv ǿŀǘŜǊ ǘƻ ǿŀǎƘ ƛǘ ǳǎƛƴƎ мл ƪ5 ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ ŦƛƭǘŜǊǎΦ ¢ƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ 

ƻŦ ǘƘŜ ŘȅŜ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ŀōǎƻǊōŀƴŎŜ ŀǘ рло ƴƳ ǳǎƛƴƎ ŀƴ ŜȄǘƛƴŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ 

толлл ŎƳҍм aҍмΦ CƻǊ wL/{ ŜȄǇŜǊƛƳŜƴǘǎΣ ŦǊŜǎƘƭȅ ǇǊŜǇŀǊŜŘ ŎŀǎŜƛƴ όп ƳƎκƳ[Σ ǇI нύ ǿŀǎ 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/membrane-fluidity


   
 

   
 

ƳƛȄŜŘ ǿƛǘƘ ŎŀǎŜƛƴπ!ƭŜȄŀпуу όŦƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ рн ƴaύΦ !ƭƛǉǳƻǘǎ ƻŦ ǎŀƳǇƭŜǎ ŀǘ ǇI н 

ŀƴŘ т ŎƻƴǘŀƛƴƛƴƎ !ƭŜȄŀпууπƭŀōŜƭƭŜŘ ǇǊƻǘŜƛƴ ǿŜǊŜ ŀŘŘŜŘ ǘƻ ŎƘŀƳōŜǊŜŘ ŎƻǾŜǊ ƎƭŀǎǎŜǎ 

ό[ŀōπ¢Ŝƪ LL bǳƴŎύ όŦƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ !ƭŜȄŀпууπƭŀōŜƭƭŜŘ ǇǊƻǘŜƛƴ мо ƴaύΦ LƳŀƎŜǎ ǿŜǊŜ 

ŀŎǉǳƛǊŜŘ ƛƴ ǎƛƴƎƭŜ ŎƘŀƴƴŜƭ ǿƛǘƘ ŀƴ hƭȅƳǇǳǎ Cƭǳƻ±ƛŜǿмнлл ŎƻƴŦƻŎŀƭ ƭŀǎŜǊ ǎŎŀƴƴƛƴƎ 

ƳƛŎǊƻǎŎƻǇŜ όhƭȅƳǇǳǎΣ ¢ƻƪȅƻΣ WŀǇŀƴύ ǳǎƛƴƎ ŀƴ ¦t[{!th сл Ҏ мΦн b! ƻōƧŜŎǘƛǾŜ ǳǎƛƴƎ 

ŎƘŀƳōŜǊŜŘ ŎƻǾŜǊ ƎŀǎǎŜǎ ό[ŀōπ¢ŜŎƪ LL bǳƴŎύΦ  

!ƭŜȄŀпуу ŦƭǳƻǊŜǎŎŜƴŎŜ ǿŀǎ ŜȄŎƛǘŜŘ ǳǎƛƴƎ ǘƘŜ пуу ƭŀǎŜǊ ƭƛƴŜ ŀƴŘ ŀŎǉǳƛǊŜŘ ƛƴ ǇƘƻǘƻƴ 

ŎƻǳƴǘƛƴƎ ƳƻŘŜ ǳǎƛƴƎ ŀ рнл ƴƳҍснл ƴƳ ŜƳƛǎǎƛƻƴ ŦƛƭǘŜǊΦ CƻǊ wL/{ ŀƴŀƭȅǎƛǎΣ тл ŦǊŀƳŜ 

ƛƳŀƎŜ ǎǘŀŎƪǎ ǿŜǊŜ ŀŎǉǳƛǊŜŘ όнрс Ҏ нрс ǇƛȄŜƭǎύ ŀǘ ŘƛŦŦŜǊŜƴǘ ŘǿŜƭƭ ǘƛƳŜ ƻŦ уΣ млΣ мнΦрΣ нл 

ǎ˃κǇƛȄŜƭΦ ¢ƘŜ ŜƭŜŎǘǊƻƴƛŎ ȊƻƻƳ ǿŀǎ ǎŜǘ ŀǘ ҎмсΦо όǇƛȄŜƭ ǎƛȊŜ ƻŦ лΦлр Ƴ˃ύΦ !ƴŀƭȅǎƛǎ ǿŀǎ 

ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ǘƘŜ wL/{ ŀƭƎƻǊƛǘƘƳ ƻŦ {ƛƳC/{ ǇǊƻƎǊŀƳΦ wL/{ ŀǳǘƻŎƻǊǊŜƭŀǘƛƻƴ ŦǳƴŎǘƛƻƴ 

Ƙŀǎ ōŜŜƴ ŦƛǘǘŜŘ ǳǎƛƴƎ ǘƘŜ ŘƛŦŦǳǎƛƻƴ ƳƻŘŜƭ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ǇŀǊŀƳŜǘŜǊǎ ƻŦ 

ǘƘŜ ǇǊƻŎŜǎǎΥ ǘƘŜ ŀƳǇƭƛǘǳŘŜ ƻŦ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ŦǳƴŎǘƛƻƴ Dл ŀƴŘ ǘƘŜ ŘƛŦŦǳǎƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ 

5Φ ¢ƘŜ ŜȄŎƛǘŀǘƛƻƴ ǾƻƭǳƳŜ ǿŀǎ ŎŀƭƛōǊŀǘŜŘ ōȅ ǳǎƛƴƎ ŀ ǎƻƭǳǘƛƻƴ ƻŦ !ƭŜȄŀпуу ƛƴ ǿŀǘŜǊ 

ŎƻƴǘŀƛƴƛƴƎ ŀƴŘ ǎŜǘǘƛƴƎ ǘƘŜ ŘƛŦŦǳǎƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ǘƻ орл Ƴ˃нκǎплΦ CƻǊ ǘƘƛǎ ƳŜŀǎǳǊŜƳŜƴǘΣ 

ǘƘŜ ŘǿŜƭƭ ǘƛƳŜ ǿŀǎ ǊŜŘǳŎŜŘ ǘƻ п ǎ˃κǇƛȄŜƭΦ wŀŘƛǳǎ ŎŀƭŎǳƭŀǘƛƻƴǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ 

{ǘƻƪŜǎҍ9ƛƴǎǘŜƛƴ ŜǉǳŀǘƛƻƴΥ  
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ǿƘŜǊŜ ƪ ƛǎ ǘƘŜ .ƻƭǘȊƳŀƴƴ ŎƻƴǎǘŀƴǘΣ ¢ ƛǎ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ όнфу YύΣ 5 ƛǎ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ 

ŘƛŦŦǳǎƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΣ  ́ƛǎ ǘƘŜ ǾƛǎŎƻǎƛǘȅ ƻŦ ǘƘŜ ƳŜŘƛŀ όмΦмс ŎtύΣ ŀƴŘ w ƛǎ ǘƘŜ ǊŀŘƛǳǎΦ  

 

нΦт tǊƻǘŜƛƴπƳŜƳōǊŀƴŜ ŎƻƭƻŎŀƭƛȊŀǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘǎ 

GVs labelled with Laurdan ǿŜǊŜ ƛƳŀƎŜŘ ōŜŦƻǊŜ ŀƴŘ ŀŦǘŜǊ ŀŘŘƛǘƛƻƴ ƻŦ ʰ-casein (36 mM) 

stained with Alexa488Φ рлл ˃[ ŀƭƛǉǳƻǘǎ ǿŜǊŜ ŘŜǇƻǎƛǘŜŘ ƛƴ /ƘŀƳōŜǊŜŘ /ƻǾŜǊƎƭŀǎǎ όbǳƴŎ 

Lab-Tek II) and imaged using a Leica TSC SP5 confocal laser scanning microscope, with 

a 63× objective, NA = 1.4. Scanning frequency was 400 Hz. 1024 × 1024 pixel images 

were acquired in a sequential mode of three channels: Alexa488 emission was acquired 

in the range 510-слл ƴƳΣ ǳǎƛƴƎ ˂exc = 488 nm; Laurdan emission was acquired in the 

range 430-450 nm (blue channel) and in the range 475-495 nm (green channel) using 

2-photon excitation (Spectra-Physics Mai-Tai Ti:Sa ultra-fast laser), at 780 nm. 

 



   
 

   
 

оΦ wŜǎǳƭǘǎ  

оΦм  Characterization of a-casein samples at acidic and neutral pH 

In Fig.1.a) and 1.b) results of RICS analysis on ос mM a-casein samples (containing 

Alexa488 labelled protein at 13 nM) ƛƴ I/ƭπbŀ/ƭ ǎƻƭǳǘƛƻƴ ŀǘ ǇI н ŀƴŘ ƛƴ ǇƘƻǎǇƘŀǘŜ 

ōǳŦŦŜǊ ŀǘ ǇI т ŀǊŜ ǎƘƻǿƴΦ ¢ƘŜǎŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǊŜ aimed at characterising the 

aggregation state of the two samples and to assess the potential presence of 

supramolecular assemblies. In panel 1.a) 256×256 pixel size representative images are 

reported together with the spatial autocorrelation functions and the fitting, obtained 

from the analysis of the two samples. Fluorescence images do not reveal the presence 

of structures with characteristic size above diffraction limited resolution of the 

microscope (~200 nm) so that uniform fluorescence is measured. In line with this 

observation, the shape of the autocorrelation functions is characteristic of free 

diffusion. Several measurements were performed on multiple areas of the samples 

and diffusion coefficients obtained from RICS analysis are reported in panel 1.b). A 

critical difference is found between the two samples, being the diffusion coefficients 

in the sample at pH 7 significantly larger than the one in sample at pH 2. The measured 

diffusion coefficient for h -casein pH 7 sample is about 60.0 mm2/s and, in line with 

literature, stems for the dominant presence of proteins in the monomeric form or 

self-associated into dimeric or tetrameric structures41.  

In casein samples at pH 2 the measured D is about 31.0 mm2/s, indicating the presence 

of large slow diffusing aggregates. This result is in accordance with data reported in 

literature showing that a-casein has a great tendency to form micelles (about 10 

subunits or more) at this pH and, accordingly, this result indicates the presence of 

supramolecular micellar structures18.  

In order to verify if the protein exists in different aggregation states (i.e. different 

diffusion coefficients), we used the moving average (MAV) subtraction tool 

(supplementary Fig.S2). MAV in RICS analysis is the subtraction of the signal of the 

immobile/slowly diffusing species that contribute to fluctuations in the same pixel for 

a time longer than the acquisition time of multiple frames42,43. The length of the MAV 

can be useful to emphasize processes on different timescales, and in particular to 

select the slow processes affecting RICS autocorrelation function. Our data reveal that 

the autocorrelation functions, varying the MAV, are not affected in their shape 

meaning that the sample is characterised by homogeneous size distribution over the 

observed timescale. 



   
 

   
 

Panel 1.c) shows the far UV CD spectra of a-casein at pH 7 and pH 2. CD signal reflects 

peptide backbone organization and it is widely used to analyze protein secondary 

structures44. It is known that pH is an important factor determining protein structure 

and that its alteration disrupts electrostatic interactions between charged residues 

that form salt bridges in a polypeptide chain, thus altering its native folded structure. 

In line with data reported in the literature, at pH 7 a-casein presents a CD spectrum 

characteristic of a high content of a helices and random coil structures. At acidic pH 

the shift of the first minimum in ellipticity from 200 to 206 nm accompanied by 

spectral changes is indicative that random coil conformations are replaced by ordered 

conformations like helices and intermolecular b-sheets. In Fig.1.d) we report the 

fluorescence emission spectra (˂exc = 330 nm) of Pyrene dye added to the two casein 

samples; the overlapped spectra of Pyrene in aqueous solution at pH 2 and 7 are also 

reported for comparison. These measurements are aimed at corroborating the idea 

that micelles are present in the sample at pH 2 and that only small fraction of casein 

molecules are organised in micelle structure at neutral pH. It is known that 

interactions between casein molecules might already take place in the Endoplasmatic 

Reticulum, characterized by neutral pH, forming submicelles and then proceed to 

micelles formation in the late secretory pathways where the pH values become more 

acidic45,46. Pyrene has been already used to probe the existence of casein in micellar 

state and to investigate the influence of pH on micelles properties18. Variation in the 

fluorescence intensity ratio between the peaks centered at 373 nm and 393 nm (I1/I3) 

is considered an indicator of the presence of these structures. In particular, the 

presence of micelles in solution induces the decrease of the I1/I3 ratio. The reported 

data show that Pyrene in aqueous solution at both pHs is characterized by a peak ratio 

I1/I3= 1.10  0.01. In the presence of a-casein this value decreases to 1.06  0.01 at 

pH 7 and to 1.02  0.01 at pH 2. This result reveals a more hydrophobic environment 

in the case of casein at pH 2 and support the hypothesis of a dominant presence of 

micellar structures at acidic conditions. We report in Fig.1.e) the fluorescence 

emission spectra (lexc= 350 nm) of ANS dissolved in the two samples at pH 2 and 7 at 

the same concentration. As it is well known, ANS fluorescence is strongly dependent 

on the polarity of the local environment around the chromophore47. In water, the 

emission is relatively weak, with a maximum around 520 nm. Upon binding to 

hydrophobic patches of proteins, the fluorescence spectrum is blue-shifted with a 

maximum around 470 nm and the emission intensity is increased18. The reported 

spectra are normalized for their absorbance at 275 nm. They show a high fluorescent 



   
 

   
 

emission with a maximum centered at 470 nm for ANS added to casein sample at pH 

2, while a lower fluorescent emission, with a maximum centered at 480 nm, for ANS 

added to casein sample at pH 7. Also in this case, results are in line with previously 

reported literature indicating a higher affinity of ANS for casein in acidic conditions 

suggesting the presence of stable and compact micellar structures16. 

 

 

Fig. 1 (a) Representative 256 × 256 confocal images of 36 mM a-casein in pH 7 (20 mM phosphate buffer) and 
pH 2 (25 mM HCl, 100 mM NaCl) labelled with Alexa488 (13 nM). Spatial autocorrelation function of the two 

samples and their respective fits are also reported. The diffusion coefficients (D) are 60 m˃2 /s for a-casein 

pH 7 and 31.8 ˃ m2 /s for a-casein pH 2. (b) Diffusion coefficient distribution of the two samples. (c) Far-UV 

(194-260 nm) CD spectra of 36 mM a-casein pH 7 and a-casein pH 2. (d) Fluorescence emission spectra 
( e˂xc = 330 nm), in the range 350ς550 nm and normalized to their value at 373 nm, of Pyrene (1 × 10ҍ 6 M) in 
solution pH 7 and solution pH 2, both in absence (overlapped spectra) and in presence of casein. The results 
of the ratio between the first and the third peaks are reported in the table in the inset. (e) ANS fluorescence 

emission spectra (lexc= 350 nm, range 400-650 nm) in presence of 36 mM casein pH 7 and pH 2. All these 
experiments were performed in triplicates. 



   
 

   
 

 

Previous results show that a-casein can form micelles and that the stability of these 

structures is pH-dependent, being their formation significantly favoured at acid pH. 

wŜŎŜƴǘ ǎǘǳŘƛŜǎ ƘŀǾŜ ǎƘƻǿƴ ǘƘŀǘ ƳƛŎŜƭƭŜǎ ŘŜǎǘŀōƛƭƛǎŀǘƛƻƴ ƛǎ ŀ ǇIπŘǊƛǾŜƴ ǇǊƻŎŜǎǎΦ 

/ƘŀƴƎŜǎ ƛƴ ǘƘŜ ǎǳǊŦŀŎŜ ŎƘŀǊƎŜ ŀƴŘ ǘƘŜ ŎƻƴǎŜǉǳŜƴǘ ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ŎƘŀƴƎŜǎΣ 

ƳƻŘǳƭŀǘŜŘ ōȅ ŜƭŜŎǘǊƻǎǘŀǘƛŎ ŀƴŘ ƘȅŘǊƻǇƘƻōƛŎ ƛƴǘŜǊŀŎǘƛƻƴǎΣ Ƴŀȅ ŦŀǾƻǳǊ ƻǊ ŘƛǎŦŀǾƻǳǊ ǘƘŜ 

ŦƻǊƳŀǘƛƻƴ ŀƴŘ ƻǊ ǘƘŜ ŎƻƳǇŀŎǘƛƻƴ ƻŦ ƳƛŎŜƭƭŀǊ ǎǘǊǳŎǘǳǊŜǎммΣмсΦ Lƴ ǇŀǊǘƛŎǳƭŀǊΣ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ 

ǘƻ ƛƴŦŜǊ ǘƘŀǘ ŀǘ ǇI нΣ ƛΦŜΦ ōŜƭƻǿ ǘƘŜ ƛǎƻŜƭŜŎǘǊƛŎ ǇƻƛƴǘΣ many amino acid residues in 

casein, such as lysine, arginine and histidine are protonated and since the ability of H+ 

to form hydrogen bond is much stronger than that of the neutral H atoms, there exist 

strong hydrogen bonds between casein molecules. In addition, the cationic side 

chains of these amino acids could be involved in the so-called cationς̄  ƛƴǘŜǊŀŎǘƛƻƴs 

with the aromatic side chains of phenylalanine, tyrosine, or tryptophan residues. All 

these interactions together with the hydrophobic ones may play a key role in the self-

assembly of casein10. Lƴ ƭƛƴŜ ǿƛǘƘ ǘƘŜǎŜ ŎƻƴǎƛŘŜǊŀǘƛƻƴǎΣ ǘƘŜ Ǝƭƻōŀƭ ƻōǎŜǊǾŀǘƛƻƴ ƻŦ Řŀǘŀ 

ƛƴ CƛƎΦм ƳŀƪŜǎ ŎƭŜŀǊ ǘƘŜ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ǘǿƻ ǎŀƳǇƭŜǎ ƛƴ ǘƘŜ ǎŜƭŜŎǘŜŘ ŜȄǇŜǊƛƳŜƴǘŀƭ 

ŎƻƴŘƛǘƛƻƴǎΣ ǊŜǾŜŀƭƛƴƎ ǘƘŀǘ aπŎŀǎŜƛƴ ƳƻƴƻƳŜǊǎΣ ǿƛǘƘ aπƘŜƭƛŎŀƭ ŀƴŘ ǊŀƴŘƻƳ Ŏƻƛƭ 

ǎǘǊǳŎǘǳǊŜΣ ŎƻƴǎǘƛǘǳǘŜ ǘƘŜ ŘƻƳƛƴŀƴǘ ǇƻǇǳƭŀǘƛƻƴ ƛƴ ǎŀƳǇƭŜ ŀǘ ǇI тΦ !ǘ ǇI нΣ ŎƻƳǇŀŎǘ aπ

ŎŀǎŜƛƴ ƳƛŎŜƭƭŀǊ ǎǘǊǳŎǘǳǊŜǎ ŀǊŜ Ƴŀƛƴƭȅ ǇǊŜǎŜƴǘ ǎǘŀōƛƭƛǎŜŘ ōȅ ƛƴǘŜǊƳƻƭŜŎǳƭŀǊ bπǎǘǊǳŎǘǳǊŜǎ 

ǿƘƻǎŜ ŦƻǊƳŀǘƛƻƴ ƛǎ ŦŀǾƻǳǊŜŘ ōȅ ŀŎƛŘƛŎ ǇIΦ  

 

оΦн /ŀǎŜƛƴ ƳƛŎŜƭƭŜǎ ŀǊŜ ƴƻǘ ǎǘŀōƭŜ ǎǘǊǳŎǘǳǊŜǎ ǘƻ ǇI ŎƘŀƴƎŜǎ  

The conformational flexibility of casein proteins represents a really good chance to 

study in vitro the molecular events controlled by pH changes. Indeed, ǇI ŀƭǘŜǊŀǘƛƻƴǎ 

ŎƻǳƭŘ ŦƻǊŎŜ ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ƳƻŘƛŦƛŎŀǘƛƻƴǎ ŀƴŘ ŀƎƎǊŜƎŀǘƛƻƴκ ŘƛǎŀƎƎǊŜƎŀǘƛƻƴ ǇǊƻŎŜǎǎŜǎ 

ǿƘƻǎŜ ƻŎŎǳǊǊŜƴŎŜ Ƴŀȅ ōŜ ǊŜƭŀǘŜŘ ǘƻ ŘƛŦŦŜǊŜƴǘ ōƛƻƭƻƎƛŎŀƭ ŜŦŦŜŎǘǎΦ  This is common in 

intracellular environment where pH changes are known to affect many cellular 

properties as they induce changes in membrane potential, in the diffusion or action 

of different molecules, in functional interactions, in the state of polymerization of the 

cytoskeleton etc. To regulate cellular functions, many organelles lysosomes, 

mitochondria and endosomal vesicles act as functional compartments, which 

maintain their internal pH different from the cytoplasmic one46,48.  

Within this scenario, as a model we analyze the fate of the two samples characterized 

at pH 2 and pH 7 when the pH of the solution is brought to the isoelectric point of the 



   
 

   
 

protein at pH 5.3. This is aimed at revealing the role of the electrostatic interactions 

in protein stability, at highlighting key events and protein states and at focusing on 

how the άǎŀƳǇƭŜΩǎ ƘƛǎǘƻǊȅέ ŀŦŦŜŎǘǎ ǘƘŜ ǇǊƻǘŜƛƴ-protein and protein-environment 

interactions. In other words, we will verify that environmental changes induced 

modifications in protein structures and that following intermolecular interactions 

take memory of the initial environmental conditions and protein aggregation state.  

CƛƎΦнΦŀύ ǎƘƻǿǎ нрс Ҏ нрс ǇƛȄŜƭ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ŎƻƴŦƻŎŀƭ ŦƭǳƻǊŜǎŎŜƴŎŜ ƳƛŎǊƻǎŎƻǇȅ ƛƳŀƎŜ 

ƻŦ мнр ɛL of ŎŀǎŜƛƴ ŀǘ ǇI н όŦƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ос ma ƭŀōŜƭƭŜŘ ǿƛǘƘ !ƭŜȄŀпуу όмо ƴaύύΣ 

ŀŘŘŜŘ ǘƻ отр ɛL ǇI т ǎƻƭǳǘƛƻƴ ǘƻ ǊŜŀŎƘ ŀ Ŧƛƴŀƭ ǇI ƻŦ рΦоΦ !ǘ ǘƘƛǎ ǇIΣ ƭŀǊƎŜ ŀƳƻǊǇƘƻǳǎ 

ŀƎƎǊŜƎŀǘŜǎ ŀǊŜ ǾƛǎƛōƭŜΦ bŜŀǊ ǘƘŜ ǇL ƻŦ ǘƘŜ ǇǊƻǘŜƛƴΣ ǘƘŜ ƴŜǘ ŎƘŀǊƎŜ ƻƴ ǇǊƻǘŜƛƴ ōŜŎƻƳŜǎ 

ȊŜǊƻ ŀƴŘ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ŀƴȅ ƴŜǘ ŎƘŀǊƎŜ ƻƴ ƳƻƭŜŎǳƭŜǎ ƭŜŀŘǎ ǘƻ ŀ ƳƛƴƛƳǳƳ ƛƴ ǘƘŜ 

ƛƴǘǊŀƳƻƭŜŎǳƭŀǊ ŎƘŀǊƎŜ ǊŜǇǳƭǎƛƻƴǎΦ Lƴ ǘƘŜǎŜ ŎƻƴŘƛǘƛƻƴǎΣ ǘƘŜ ƭŀŎƪ ƻŦ ǊŜǇǳƭǎƛǾŜ 

ƛƴǘŜǊŀŎǘƛƻƴǎ ŀƭƭƻǿǎ ƴŜƛƎƘōƻǳǊƛƴƎ ŎŀǎŜƛƴǎ ǘƻ ŎƻŀƭŜǎŎŜ ŀƴŘ ŦƻǊƳ ŀƎƎǊŜƎŀǘŜǎ ǘƘŀǘ 

ǇǊŜŎƛǇƛǘŀǘŜ ƛƴ ƳƛŎǊƻƴ ǎŎŀƭŜ ŀƎƎǊŜƎŀǘŜǎΦ ¢ƘŜǊŜŦƻǊŜΣ ǿƘƛƭŜ ŀǘ ŀŎƛŘƛŎ ǇI ǘƘŜ ŎŀǎŜƛƴ 

ƳƻƭŜŎǳƭŜǎ ŀǊŜ ƘŜƭŘ ǘƻƎŜǘƘŜǊ ǇǊŜŦŜǊŜƴǘƛŀƭƭȅ ōȅ ƘȅŘǊƻƎŜƴ ōƻƴŘǎ ŀƴŘ cationς̄  

interactionsΣ ŀǘ ǇI рΦо ǘƘŜ Ƴŀƛƴ ŦƻǊŎŜǎ ƛƴǾƻƭǾŜŘ ŀǊŜ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎ ƻƴŜǎΦ We report 

in Fig.2.b) RICS analysis of casein micelles aimed at highlighting what happens to the 

protein during this pH change. 256 × 256 pixel size representative images of 36 mM 

micelles containing 13 nM component of protein labelled with Alexa488 together with 

the representative spatial autocorrelation function and the fitting calculated in a 64 x 

64 ROIs. As can be seen, an appreciable inhomogeneity in fluorescence signal 

attributed to labelled proteins is found. This suggests the coexistence of multiple 

species in solution and the presence of fluorescent protein aggregates. For this reason, 

to analyse RICS data MAV subtraction was used in order to eliminate the contribution of 

the immobile molecules and to emphasize processes on different timescales. The 

MAV=10 used for this analysis, given the experimental conditions (frame time = 1.2 s), 

corresponds to a residence time of Ḑ10 s. The diffusion coefficients distributions of 

these species obtained by RICS analysis in different areas of the sample are reported 

in Fig.2.c). Data prove that when the sample is brought to pH 5.3 from micellar state, 

it shows a heterogeneous distribution. In particular, large low diffusing protein 

aggregates with D = 2 ± 2 mm2/s are formed. In the same sample, other smaller 

diffusing species are found characterized by diffusion coefficient values ranging from 

17 mm2/s to 70 mm2/s. The latter is comparable to the diffusion coefficient of casein 

pH 7 (Fig.1.b)). This means that, as expected, micelles are not stable structures but 

undergo a partial disassembly and reassembly process when bring to pH 2 to pH 5.3. 



   
 

   
 

CƛƎΦнΦŘύ ǎƘƻǿǎ ǘƘŜ ŦŀǊπ¦± /5 ǎǇŜŎǘǊŀ ƻŦ πhŎŀǎŜƛƴ ōŜŦƻǊŜ ŀƴŘ мр ƳƛƴǳǘŜǎ ŀŦǘŜǊ ǇI 

ŎƘŀƴƎŜ ŦǊƻƳ ǇI н ǘƻ ǇI рΦоΦ ¢ƘŜǎŜ ōǳƭƪ ƳŜŀǎǳǊŜƳŜƴǘǎ ǎƘƻǿ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŎƘŀƴƎŜ ƛƴ 

ǎǇŜŎǘǊŀƭ ǎƘŀǇŜ ŘǳŜ ǘƻ ǇI ŎƘŀƴƎŜ ŀƴŘ ŀ ŘŜŎǊŜŀǎŜ ƛƴ ƳŀƎƴƛǘǳŘŜ ǿƘŜƴ ǘƘŜ ǇǊƻǘŜƛƴ ƛǎ ŀǘ 

ǇI рΦоΦ Lƴ ǇŀǊǘƛŎǳƭŀǊΣ ǘƘŜ ŦƛǊǎǘ ǇŜŀƪ ŀǘ нлс ƴƳ ŘŜŎǊŜŀǎŜǎ ƛƴ ƳŀƎƴƛǘǳŘŜΣ ōŜŎƻƳƛƴƎ 

ŀƭƳƻǎǘ Ŝǉǳŀƭ ǘƻ ǘƘŜ ǎŜŎƻƴŘ ƳƛƴƛƳǳƳ ŀǘ ннн ƴƳΦ ¢Ƙƛǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ǘƘŜ ǎŀƳǇƭŜ ƭƻǎŜǎ 

ƛǘǎ ƛƴƛǘƛŀƭ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ǳƴŘŜǊƎƻƛƴƎ ǎǘǊǳŎǘǳǊŀƭ ŎƘŀƴƎŜǎ ǘƻǿŀǊŘ aπƘŜƭƛŎŜǎ ǎǘǊǳŎǘǳǊŜǎΦ 

!b{ ǎǇŜŎǘǊŀ ǊŜǇƻǊǘŜŘ ƛƴ CƛƎΦнΦŜύ ǊŜǾŜŀƭ ǘƘŀǘ ŀ ŎǊƛǘƛŎŀƭ ǊŜŘǳŎǘƛƻƴ ƛƴ ƛƴǘŜƴǎƛǘȅ ŀƴŘ ǊŜŘ 

ǎƘƛŦǘ ƻŎŎǳǊ ǿƘŜƴ ǘƘŜ ǎŀƳǇƭŜ ƛǎ ǘƛǘǊŀǘŜŘ ŀǘ ǇI рΦоΦ {ǇŜŎƛŦƛŎŀƭƭȅΣ ǘƘŜ ŘŜŎǊŜŀǎŜ ŀƴŘ ǘƘŜ 

ǊŜŘ ǎƘƛŦǘ όǇŜŀƪǎ ŀǊŜ ƴƻǿ ŎŜƴǘǊŜŘ ŀǘ пул ƴƳύ ƻŦ !b{ ǎǇŜŎǘǊǳƳ ƛƴ ǇǊŜǎŜƴŎŜ ƻŦ ŎŀǎŜƛƴ ŀǘ 

ǇI рΦо ŎƻǳƭŘ ōŜ ŘǳŜ ǘƻ ŀ ŘƛŦŦŜǊŜƴǘ ŜȄǇƻǎǳǊŜ ƻŦ ǘƘŜ ŎŀǎŜƛƴ ƘȅŘǊƻǇƘƻōƛŎ ǇŀǘŎƘŜǎ ǘƻ ǘƘŜ 

ŘȅŜ ŀƴŘκƻǊ ǘƘŜ ŘŜŎǊŜŀǎŜ ƻŦ ǘƘŜ ŜƭŜŎǘǊƻǎǘŀǘƛŎ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ ǇƻǎƛǘƛǾŜ ŎƘŀǊƎŜǎ 

ƻŦ ŎŀǎŜƛƴ ŀƴŘ !b{ ƴŜƎŀǘƛǾŜƭȅ ŎƘŀǊƎŜŘΦ ¢ƘǳǎΣ !b{ ŀǘ ǇI н ǿŀǎ ƛƴ ŎƭƻǎŜ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ 

ƳƛŎŜƭƭŀǊ ǎǘǊǳŎǘǳǊŜǎΣ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ǇI ŎƘŀƴƎŜǎ ǘƘŜ ŀŦŦƛƴƛǘȅ ƻǊ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǘƘŜ ōƛƴŘƛƴƎ 

ǎƛǘŜǎ ŦƻǊ ǘƘƛǎ ŘȅŜ ǊŜǎǳƭǘ ǘƻ ŘŜŎǊŜŀǎŜΦ 

 

 

Fig. 2 (a) 256 × 256 representative confocal fluorescence microscopy image of 36 mM casein in pH 2 added 

to pH 7 solution reaching a final pH of 5.3. Casein molecules at pH 5.3 assemble together in amorphous larger 

aggregates. (b) Representative 256 × 256 confocal images, the corresponding spatial autocorrelation 

functions of areas marked (64 × 64) and the respective fits of 36 mM casein in pH 2 added to pH 7. Spatial 

autocorrelation function calculated subtracting the immobile fraction with MAV =10. Large amorphous 

aggregates characterized (D = 2 ± 2 mm2/s) coexist with smaller species (D = 42 ± 10 mm2/s). (c) Diffusion 



   
 

   
 

coefficient distribution of the aggregated part and free one in solution. (d) Far-UV (194-260 nm) CD spectra 

and (e) ANS fluorescence emission spectra (lexc= 380 nm, range 400-650 nm), normalized by absorbance, of 

36 mM casein brought at pH 5.3 (dotted lines) in comparison with casein in pH 2. All these experiments were 

performed in triplicates. 

 

Summing up, by changing solution conditions, electrostatic interactions between 

protein molecules are critically modified. The observation that micelles quickly 

disassemble confirms the idea that electrostatic controls the stability of micellar 

structures. At pH 2, Ƴŀƴȅ ŀƳƛƴƻ ŀŎƛŘ ǊŜǎƛŘǳŜǎ ŀǊŜ ǇǊƻǘƻƴŀǘŜŘ ǎƻ ǘƘŀǘ ƛƴǘŜǊƳƻƭŜŎǳƭŀǊ 

IπōƻƴŘƛƴƎ ŎŀǇŀōƛƭƛǘȅ ƛǎ ƛƴŎǊŜŀǎŜŘ ŦŀǾƻǳǊƛƴƎ ƳƛŎŜƭƭŀǊ ǎǘǊǳŎǘǳǊŜǎ ŦƻǊƳŀǘƛƻƴΦ Increasing 

the pH, the ionization of acidic side groups of aminoacids like aspartic acid (Asp) and 

glutamic acid (Glu) of the proteins increases, whereas that of the basic side groups 

decreases; as a result, the net-negative charge and hence intermolecular repulsion 

increases, which may lead to the loose structure of the casein micelles. At pH 5.3, 

value near the isoelectric point, the ƭŀŎƪ ƻŦ ƴŜǘ ŎƘŀǊƎŜ ƻƴ ǇǊƻǘŜƛƴ ƳƻƭŜŎǳƭŜǎ ƛƴŘǳŎŜǎ ŀƴ 

ŜȄǘƛƴŎǘƛƻƴ ƻŦ ǘƘŜ ǊŜǇǳƭǎƛǾŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ƴŜƛƎƘōƻǳǊƛƴƎ ŎŀǎŜƛƴǎ ǘƘŀǘ ǘƘŜƴ 

ŎƻŀƭŜǎŎŜ ǘƻ ŦƻǊƳ ŀƎƎǊŜƎŀǘŜǎΦ Interestingly, by repeating the same experiments series 

using the sample at pH 7 corrected towards pH 5.3, small CD spectral changes are in 

line with the one observed in the literature for sample at similar pH values17 (data not 

shown) and macroscopic aggregation is not observed (data not shown but confirmed 

in the follow by results illulated in Fig.5.a)).  

 

3.3 a-casein-membrane interactions depends on the initial aggregation state  

The study of disassembly and reassembly phenomena aims to highlight the events 

underling both physiological and pathogenic processes. Depending on environmental 

conditions (i.e. pH, temperature), proteins can go towards aggregation processes, 

which may be followed by abnormal interactions with the environment. It is known 

that a-casein reacts very rapidly to environmental changes and it is able to interact 

with multiple target molecules and in particular with lipid membranes13,14,45,49. In 

addition to the interest regarding the general nature of the interactions involved in 

these phenomena, it should be mentioned that the functional casein transport 

efficiency from the ER to the Golgi apparatus is strongly affected by the protein 

aggregation state and by its interactions with membranes14,49.  



   
 

   
 

Data reported in the following highlight the events occurring when a-casein micelles 

are brought at the protein isoelectric pH in a sample containing model membranes. 

In Fig.3.a) is reported a ǎŎƘŜƳŀǘƛŎ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ǎƘƻǿƛƴƎ ŦƭǳƻǊŜǎŎŜƴǘ ŎŀǎŜƛƴ ƳƛŎŜƭƭŜǎΣ 

ǇǊŜǇŀǊŜŘ ŀǘ ǇI нΣ ŀŘŘŜŘ ǘƻ ŀ ǎƻƭǳǘƛƻƴ ŎƻƴǘŀƛƴƛƴƎ tht/ΥthtD D±ǎ ƭŀōŜƭƭŜŘ ǿƛǘƘ 

[ŀǳǊŘŀƴ ǘƻ ŀ Ŧƛƴŀƭ ǇI ƻŦ рΦо. Lƴ CƛƎΦоΦōύ ōǳƭƪ [ŀǳǊŘŀƴ ŦƭǳƻǊŜǎŎŜƴŎŜ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ 

ǎŀƳǇƭŜ ƛǎ ǊŜǇƻǊǘŜŘΦ [ŀǳǊŘŀƴ ƛǎ ŀ ŦƭǳƻǊŜǎŎŜƴǘ ŘȅŜ ǿƛŘŜƭȅ ǳǎŜŘ ǘƻ ƳƻƴƛǘƻǊ ƳŜƳōǊŀƴŜ 

ƻǊƎŀƴƛǎŀǘƛƻƴ ŎƘŀƴƎŜǎ ƛƴ ǘŜǊƳ ƻŦ ƘȅŘǊŀǘƛƻƴ ŀƴŘ ŦƭǳƛŘƛǘȅ ƻŦ ǇƘƻǎǇƘƻƭƛǇƛŘ ōƛƭŀȅŜǊǎрлςрнΦ 

¢ƘŜ ŦƭǳƻǊŜǎŎŜƴŎŜ ǎƛƎƴŀƭ ƻŦ ǘƘƛǎ ƳƻƭŜŎǳƭŜ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ƳŜƳōǊŀƴŜ ǇƘŀǎŜ όŜΦƎΦΣ ƭƻŎŀƭ 

ŀƴŘ ǘǊŀƴǎƭŀǘƛƻƴŀƭ Ƴƻōƛƭƛǘȅύ ǎƻ ǘƘŀǘ ŎƘŀƴƎŜǎ ŦǊƻƳ ƭƛǉǳƛŘπƻǊŘŜǊŜŘ ǇƘŀǎŜ ǘƻ ƭƛǉǳƛŘπ

ŘƛǎƻǊŘŜǊŜŘ ǇƘŀǎŜ ƛƴŘǳŎŜ ŀ ǎƘƛŦǘ ƻŦ ǘƘŜ [ŀǳǊŘŀƴ ǎǇŜŎǘǊǳƳ ŦǊƻƳ ппл ƴƳ ǘƻ пфл ƴƳΦ ¢ƘŜ 

ǉǳŀƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜǎŜ ǎǇŜŎǘǊŀƭ ŎƘŀƴƎŜǎ ƛǎ ǳǎǳŀƭƭȅ ŀŘŘǊŜǎǎŜŘ ōȅ ǘƘŜ ƎŜƴŜǊŀƭƛȊŜŘ 

ǇƻƭŀǊƛȊŀǘƛƻƴ DtΣ ǿƘƛŎƘ ŀƭƭƻǿǎ ǘƻ ŘƛǎǘƛƴƎǳƛǎƘ ōŜǘǿŜŜƴ ƭƛǉǳƛŘ όҍлΦо ғ Dt ғ лΦоύ ŀƴŘ ƎŜƭ 

ǇƘŀǎŜ όDt Ҕ лΦпύ ƻŦ ǘƘŜ ƳŜƳōǊŀƴŜǎотΦ ¢ƘŜ ǘƛƳŜ ŜǾƻƭǳǘƛƻƴ ƻŦ [ŀǳǊŘŀƴ Dt ƛǎ ǊŜǇƻǊǘŜŘ ƛƴ 

CƛƎΦ оΦōύΦ Lƴ ƭƛƴŜ ǿƛǘƘ ƭƛǘŜǊŀǘǳǊŜΣ ƳŜƳōǊŀƴŜ ƛǎ ƛƴƛǘƛŀƭƭȅ ŦƻǳƴŘ ƛƴ ǘƘŜ ƭƛǉǳƛŘ ǇƘŀǎŜ όDt Ϥ π

лΦлпύΣ ŀ ƳƻǊŜ ŀŎŎŜǎǎƛōƭŜ ǎǘŀǘŜ ǘƻ ǘƘŜ ǎƻƭǾŜƴǘΦ !ŦǘŜǊ ŎŀǎŜƛƴ ŀŘŘƛǘƛƻƴΣ Dt ƛƴŎǊŜŀǎŜǎ 

ƛƴŘƛŎŀǘƛƴƎ ŀ ǇǊƻƎǊŜǎǎƛǾŜ ŎƘŀƴƎŜ ƛƴ ƳŜƳōǊŀƴŜ ŦƭǳƛŘƛǘȅ ǘƻǿŀǊŘǎ ŀ ƳƻǊŜ ƻǊŘŜǊŜŘ ǇƘŀǎŜΦ 

In particular we assist to an abrupt increase of the GP value from -0.04 to 0 in the first 5 

minutes and a slow and more or less linear growth of the GP value to 0.02 in the following 

25 minutes. After 30 minutes from the addition of a-casein the GP value seems to have 

reached the stability. 

! ǇǊŜǾƛƻǳǎ ǎǘǳŘȅΣ ŀƛƳŜŘ ŀǘ ŜǾŀƭǳŀǘƛƴƎ ǘƘŜ ǊƻƭŜ ƻŦ ǇƘŀǎŜ ŀƴŘ ŎƘŀǊƎŜ ƻŦ ǘƘŜ ǇƘƻǎǇƘƻƭƛǇƛŘ 

ƳŜƳōǊŀƴŜ ŎŀǳǎŜŘ ōȅ ƛǘǎ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ ŎŀǎŜƛƴǎΣ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ŎŀǎŜƛƴ ǇŀǊǘƛŎƭŜǎ 

ƛƴǘŜǊŀŎǘŜŘ ǿƛǘƘ ōƛƭŀȅŜǊǎ ƛƴ ǘƘŜƛǊ ƭƛǉǳƛŘ ǎǘŀǘŜ ŀƴŘ ƴƻǘ ǿƛǘƘ ǎƻƭƛŘ ǇƘŀǎŜ ōƛƭŀȅŜǊǎмоΦ Lƴ ǘƘŜ 

ƭŀǎǘ ŎŀǎŜΣ ŎƻƳǇŀŎǘ ƭŀǘŜǊŀƭ ƻǊƎŀƴƛȊŀǘƛƻƴ ƻŦ ǘƘŜ ǇƘƻǎǇƘƻƭƛǇƛŘǎ ǇǊƻōŀōƭȅ ǇǊŜǾŜƴǘǎ 

ǇŜƴŜǘǊŀǘƛƻƴ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴΦ ¢ƘŜ ǇǊŜǎŜƴǘŜŘ ǊŜǎǳƭǘǎ ǎƘƻǿ ǘƘŀǘ ǘƘŜ ƳŜƳōǊŀƴŜ ǎǘƛŦŦŜƴƛƴƎ 

ƛǎ ƳƛƭŘ ōǳǘ ǎƛƎƴƛŦƛŎŀƴǘ ŀƴŘ ǘƘŀǘ ǇǊƻǘŜƛƴ ƛƴǘŜǊŀŎǘƛƻƴ ƛƴŘǳŎŜǎ ŘŜƘȅŘǊŀǘƛƻƴ ƻŦ ƭƛǇƛŘ ōƛƭŀȅŜǊǎ 

ǊŜǎǳƭǘƛƴƎ ƛƴ ƳƻǊŜ ǊƛƎƛŘ ƳŜƳōǊŀƴŜǎΦ Lƴ ƻǊŘŜǊ ǘƻ ǾŜǊƛŦȅ ǘƘŜ ǎƛƴƎƭŜ ŜŦŦŜŎǘ ƻŦ ǇI ƻƴ 

ƳŜƳōǊŀƴŜǎ ǎǘƛŦŦŜƴƛƴƎΣ ŀ ŎƻƴǘǊƻƭ ƳŜŀǎǳǊŜƳŜƴǘ ŀŘŘƛƴƎ ǘƘŜ ǎŀƳŜ ǉǳŀƴǘƛǘȅ ƻŦ ǎƻƭǳǘƛƻƴ 

ŀǘ ǇI н όǿƛǘƘƻǳǘ a-casein) ǘƻ ƭƛǇƻǎƻƳŜǎ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ όǎŜŜ ǎǳǇǇƭŜƳŜƴǘŀǊȅ CƛƎΦ{мύΣ 

ǎƘƻǿƛƴƎ ǘƘŀǘ ƛǘ ŘƻŜǎ ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŀŦŦŜŎǘ ƳŜƳōǊŀƴŜ ǊƛƎƛŘƛǘȅΦ  

Fig. 3.c) shows representative fluorescence microscopy measurements on 

POPC:POPG giant vesicles stained with Laurdan (magenta channel) before and after 

the addition of 36 mM a-casein ƭŀōŜƭƭŜŘ ǿƛǘƘ !ƭŜȄŀпуу όмо ƴaύ (green channel), initially 

in the micellar state at pH 2 towards a final pH of 5.3. Alexa488 fluorescence is used to 

follow the fate of protein, ǿƘƛŎƘ ƛǎ ŦƻǳƴŘ ǘƻ ƛƴǘŜǊŀŎǘ ǿƛǘƘ D±Ωǎ structures.  

In the absence of protein, liposomes present a regular shape, with almost spherical 



   
 

   
 

morphology; the sample shows a detectable heterogeneity in terms of size (ranging 

from 2 to 10 mm) and in bilayer organisation. After the addition of labelled protein, 

the spatial overlap between the fluorescence signals acquired in the two channels is 

clearly evident thus indicating that the protein interacts with GVs. Images also reveal 

that casein interacts only with the outer part of the membranes; the green signal is 

revealed only at the edges of GVs, while no protein is localised in the core. It is clearly 

evident that co-localisation occurs (white areas) between lipid layer and proteins, 

suggesting that casein molecules are not only adsorbed on membranes but they insert 

in the membrane. This induces a dramatic membranes remodelling, leading to flower-

like structures. ¢ƘŜ ŎƘŀƴƎŜǎ ƛƴ ƳŜƳōǊŀƴŜ ǊƛƎƛŘƛǘȅ ŦƻǳƴŘ ōȅ ōǳƭƪ ƳŜŀǎǳǊŜǎ όCƛƎΦоΦōύύ 

ŀǊŜ ƭƛƪŜƭȅ ǘƻ ōŜ ƭƻŎŀƭƛǎŜŘ ƻƴ ƛƴǘŜǊŀŎǘƛƻƴǎ ǎƛǘŜǎ ǿƘŜǊŜ ǇǊƻǘŜƛƴ ƛǎ ƭƻŎŀƭƛǎŜŘ ƛƴ ǘƘŜ ŜȄǘŜǊƴŀƭ 

ǇŀǊǘ ƻŦ ǘƘŜ ǾŜǎƛŎƭŜǎΥ ŀŦǘŜǊ ŎŀǎŜƛƴ ŀŘŘƛǘƛƻƴ, liposomes seem to semi-crystallize into co-

aggregates with spherical symmetry constituted by a central lipid core and an external 

shell with hybrid lipid- casein composition. Other structures are also present in the 

sample that appear only made of protein molecules (green micron scale structures, 

highlighted by dashed box). 

 

 

 

Fig. 3 (a) Schematic representation of Alexa488-micelle aggregates and POPC:POPG model membrane labelled 

with Laurdan. (b) Time evolution of GP ratios obtained from the analysis of Laurdan fluorescence spectrum 

variations, measured in bulk, after the addition of casein micelles. (c) 1024 X 1024 pixels representative 


