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Abstract 

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 -casein.  

-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 -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 -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. 

  



   
 

   
 

1. Introduction  

Folding, aggregation and interaction of proteins with membranes are at the basis of 

their functional and dysfunctional activity1–3. These phenomena occurrence and 

evolution are regulated by the balance between general dominant forces as 

electrostatic, hydrophobic, hydrogen bonding and Van der Waals’. These interactions 

are dynamically involved in protein’s fate and are regulated by micro-environmental 

properties4–6. Cell functions, which most often are carried out within membrane 

compartments or in their close proximity, often require protein structural 

reorganization and may occur in close interaction with the lipid bilayer3,7.  

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 

different components namely αs1-, αs2-, β-, and κ-caseins, the main one being s 

(which includes αs1 and αs2 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 caseins’ family, -casein is one of the most studied and it is thought to have a 

central role in micelles formation and in the transport process within the secretory 

pathway of mammary epithelial cells13,14. It is a 23.5 kDa protein and its isoelectric 

point is in the range of 4.4-5.315. At alkaline pHs, between pH 7.4 and pH 10, this 

protein is characterized by an overall low hydrophobicity, and by a net negative 

charge16 that induces the protein to unfold into an open structure characterized by a 

random coil conformation17. In these conditions, -casein possesses a peculiar 

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

vivo, including biological membranes14. By lowering the solution pH to values below 

the pI, the net positive charge of casein molecules together with hydrogen bonds and 

hydrophobic interactions allows casein chains’ folding into more structured 

conformations like -helixes and -sheets17. Importantly, -casein molecules were 

found to associate in micellar structures whose compactness, hydrophobicity, and 

diameter depend on environmental conditions: i.e alteration of the pH may lead to a 

change in micelle size and a decreased stability16,18.  

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


   
 

   
 

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

main physiological functions of micelles are related to the supply of ions such as 

calcium and phosphate14 to neonates and to the prevention of calcification of the 

mammary gland9. 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 values21–23. Furthermore, the assembly of casein micelles and their binding 

to the membranes has been related to functional transport phenomena from 

endoplasmic reticulum to Golgi apparatus making the analysis of the interaction of 

casein structures with biological membranes of an undoubted relevance in 

understanding functional casein trafficking in cells14,24. Interestingly, due to their 

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

emerging biomaterials for drug delivery25–27. 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. Caseins distinctive structural properties of IDPs and the capability to form 

amyloid fibrils makes also them an interesting model system in relation to the analysis 

of potentially pathological protein-membrane interactions29–31. The ability of -casein 

in binding membranes seems to be related to the antibacterial activity of short 

peptides isolated within the sequence of this protein32,33. 

In the present study, we highlight key events and species occurring upon interaction 

of -casein with negatively charged model membranes thanks to spatially resolved 

analysis, provided by advanced microscopy that overcomes the limitations of bulk 

experiments where key events and protein intermediate states, occurring upon 

interaction with membranes, are often masked due to the large heterogeneity of the 

sample in terms of number of species involved (e.g., different aggregation states, 

protein-lipid co-aggregates etc.) and of their spatial distribution34. By means of 

spectroscopic methods, fluorescence imaging and Raster Image Correlation 

Spectroscopy (RICS), we analysed this highly complex and spatially heterogeneous 

phenomenon, which involves i) the protein’ structural changes and modification in the 

association states ii) membranes morphology changes and iii) solvent effects.  

Specifically, in this study the interaction between POPC:POPG giant vesicles (GVs) and 

-casein has been analysed using as starting points two casein molecular states: 

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


   
 

   
 

micelles stabilised at pH 2 and casein in its native conformational state at pH 7. 

Our results reveal that the initial state of the protein establishes the course of events 

that occur upon changes of pH and involve both the aggregation processes of casein 

molecules and their interaction with membranes. The two samples’ states induce, at 

the same final conditions, a distinctly different effect on the morphology and stiffness 

of the membranes. These observations may be essential to understand the possible 

functional, pathological or therapeutical properties associated to -casein proteins.  

 

2. Materials and Methods  

2.1 Materials  

-casein (≥ 70 %, C6780), 2-Oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (≥ 99 %, 

POPC-42773), 2-Oleoyl-1-palmitoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt 

(≥ 98 %, POPG-63371), 6-dodecanoyl-2-dimethylaminonaphthalene (≥ 97 %, Laurdan-

40227) and dimethyl sulfoxide (DMSO-1029521000) were purchased from Sigma 

Aldrich. Alexa Fluor 488 NHS ester (A20000) was purchased from Thermo Fisher 

Scientific.  

 

2.2 -casein samples preparation  

The aggregation states of bovine α-casein, including αs1 and αs2 casein, at pH 2, was 

studied and compared to the one at pH 7. Protein was dissolved to a final 

concentration of 4 mg/ml in 25 mM HCl with 100 mM NaCl 0.1 M (pH 2), or in 20 mM 

potassium phosphate buffer (pH 7) and filtered through 0.2 μm cellulose acetate 

membrane filters (VWR International, 514-0060). Protein concentration was 

determined by absorption, by means of a UV–Vis spectrophotometer (Jasco V-760), 

using an extinction coefficient ε280nm = 0.8 (ml∙mg-1∙cm-1)35.  

 

2.3 Giant Vesicles preparation  

Phospholipid Giant Vesicles (GVs) were prepared mixing POPC and POPG in a 2:1 molar 

ratio in 3:2 chloroform:methanol solution. Using a rotary evaporator, 500 L of lipids 

solution was dried to form a thin lipid film. After overnight drying, lipids were 

hydrated with buffer phosphate 20 mM, pH 7. Resulting sample shows a 



   
 

   
 

heterogeneous distribution of multilamellar giant vesicles with diameter of several 

micrometers. After liposomes formation, sample was diluted 1:10. A stock solution 

of Laurdan (100 μM) was prepared in DMSO and stored protected from light 

exposure. Laurdan solution was added to dilute GVs in a probe-lipid molar ratio of 

1:500 and left to equilibrate for 3 hours before measurements. 

 

2.4 Circular dichroism measurements  

CD spectra of 36 M α-casein samples in pH 2, pH 7 and pH 5.3 solutions were 

recorded on a Jasco J-715 spectropolarimeter in the far-UV region (194–260 nm), 

using quartz cuvettes with a path length of 0.5 mm. For each spectrum, three 

accumulations have been acquired, with data interval 0.2 nm, bandwidth 1 nm, scan 

speed 50 nm/min. All spectra have been acquired at room temperature.  

 

2.5 Steady state fluorescence emission spectra 

Fluorescence measurements were acquired at room temperature using a Jasco-FP-

8500 spectrofluorometer equipped with a Jasco ETC-815 Peltier as temperature 

controller in 1 cm path length quartz cuvettes. 

 

2.5.1 Pyrene measurements  

Pyrene is a neutral hydrophobic fluorescent probe characterized by a very low 

solubility in water (0.7 μM) and, as a result, it is selectively solubilized in the 

hydrophobic region of coexisting micro-phases in aqueous medium. The analysis of its 

vibronic fluorescence spectrum, in particular, the ratio of the first peak at 373 nm to 

the third peak at 393 nm (I1/I3), has been widely used to monitor the polarity of the 

hosting microenvironments18.  

The emission spectra were measured in the range 350–550 nm with the excitation 

wavelength being 330 nm. The Pyrene concentration was 1.0 μM.  

 

2.5.2 1-anilino naphthalene-8-sulfonate (ANS) fluorescence 

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


   
 

   
 

1-anilino naphthalene-8-sulfonate (ANS) is an anionic probe that has been selected to 

study the surface hydrophobicity of the samples. ANS fluorescence is strongly 

dependent on the polarity of the environment18. ANS emission spectra were acquired 

in the range 400-650 nm using exc= 350 nm with an excitation bandwidth of 5 nm, an 

emission bandwidth of 5 nm, a response time of 1 s, data interval of 0.5 nm, and a 

scan speed of 100 nm/min. The ANS concentration was 9.0 μM.  

 

2.5.3 Laurdan fluorescence emission 
 
Laurdan fluorescence emission and, in particular, its generalized polarization (GP) 

were used to investigate the effect of casein at pH 2 on POPC:POPG vesicles. 

Fluorescence emission spectra were acquired in the range 370–650 nm as a function 

of time every 5 minutes after casein addition to a final concentration of 36 M. 

Excitation wavelength was λexc = 380 nm and emission bandwidth was 5 nm, response 

time 1 s, data interval of 0.5 nm and scan speed of 100 nm/min. According to Parasassi 

et al.36, the Generalized Polarization (GP) is defined as: 

 

                                           GP =
(𝐈𝟒𝟒𝟎−𝐈𝟒𝟗𝟎)

(𝐈𝟒𝟒𝟎+𝐈𝟒𝟗𝟎)
                                 1 

 

where I440 and I490 are the emission intensities at 440 and 490 nm respectively. 

Laurdan emission spectrum is centred at about 440 nm in the membrane gel phase 

and at about 490 nm in the membrane liquid crystalline phase37,38. Due to Laurdan 

properties, GP value analysis allows determining the phospholipid phase state as well 

as the variations in membrane fluidity due to changes in membrane water content. 

Control measurements were performed adding the same quantity of buffer solution 

to vesicles samples (see supplementary Fig.S1).  

 
2.6 Raster Imaging Correlation Spectroscopy (RICS) 
 

-casein was labelled according to a standard procedure39 and separated in a 

Sephadex G-50 column equilibrated with phosphate buffer 20 mM at pH 7. To further 

eliminate free dye, the labelled protein was centrifuged three times (13000 rpm, 10 

min) with Milli-Q water to wash it using 10 kD centrifugation filters. The concentration 

of the dye was determined by absorbance at 503 nm using an extinction coefficient of 

73000 cm−1 M−1. For RICS experiments, freshly prepared casein (4 mg/mL, pH 2) was 

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


   
 

   
 

mixed with casein-Alexa488 (final concentration 52 nM). Aliquots of samples at pH 2 

and 7 containing Alexa488-labelled protein were added to chambered cover glasses 

(Lab-Tek II Nunc) (final concentration of Alexa488-labelled protein 13 nM). Images were 

acquired in single channel with an Olympus FluoView1200 confocal laser scanning 

microscope (Olympus, Tokyo, Japan) using an UPLSAPO 60 × 1.2 NA objective using 

chambered cover gasses (Lab-Teck II Nunc).  

Alexa488 fluorescence was excited using the 488 laser line and acquired in photon 

counting mode using a 520 nm−620 nm emission filter. For RICS analysis, 70 frame 

image stacks were acquired (256 × 256 pixels) at different dwell time of 8, 10, 12.5, 20 

μs/pixel. The electronic zoom was set at ×16.3 (pixel size of 0.05 μm). Analysis was 

performed using the RICS algorithm of SimFCS program. RICS autocorrelation function 

has been fitted using the diffusion model to calculate the characteristic parameters of 

the process: the amplitude of the correlation function G0 and the diffusion coefficient 

D. The excitation volume was calibrated by using a solution of Alexa488 in water 

containing and setting the diffusion coefficient to 350 μm2/s40. For this measurement, 

the dwell time was reduced to 4 μs/pixel. Radius calculations were performed with 

Stokes−Einstein equation:  

𝐷 =
kT

6πηR
 

                                                                                                                             2 

                

where k is the Boltzmann constant, T is the temperature (298 K), D is the calculated 

diffusion coefficient, η is the viscosity of the media (1.16 cP), and R is the radius.  

 

2.7 Protein-membrane colocalization experiments 

GVs labelled with Laurdan were imaged before and after addition of α-casein (36 M) 

stained with Alexa488. 500 μL aliquots were deposited in Chambered Coverglass (Nunc 

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 510-600 nm, using λexc = 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. 

 



   
 

   
 

3. Results  

3.1  Characterization of -casein samples at acidic and neutral pH 

In Fig.1.a) and 1.b) results of RICS analysis on 36 M -casein samples (containing 

Alexa488 labelled protein at 13 nM) in HCl-NaCl solution at pH 2 and in phosphate 

buffer at pH 7 are shown. These measurements are 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 α-casein pH 7 sample is about 60.0 m2/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 m2/s, indicating the presence 

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

literature showing that -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 -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 -casein presents a CD spectrum 

characteristic of a high content of  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 -sheets. In Fig.1.d) we report the 

fluorescence emission spectra (λexc = 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 -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 (exc= 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 M -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 μm2 /s for -casein 

pH 7 and 31.8 μm2 /s for -casein pH 2. (b) Diffusion coefficient distribution of the two samples. (c) Far-UV 

(194-260 nm) CD spectra of 36 M -casein pH 7 and -casein pH 2. (d) Fluorescence emission spectra 
(λexc = 330 nm), in the range 350–550 nm and normalized to their value at 373 nm, of Pyrene (1 × 10− 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 (exc= 350 nm, range 400-650 nm) in presence of 36 M casein pH 7 and pH 2. All these 
experiments were performed in triplicates. 



   
 

   
 

 

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

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

Recent studies have shown that micelles destabilisation is a pH-driven process. 

Changes in the surface charge and the consequent conformational changes, 

modulated by electrostatic and hydrophobic interactions, may favour or disfavour the 

formation and or the compaction of micellar structures11,16. In particular, it is possible 

to infer that at pH 2, i.e. below the isoelectric point, 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 cation–π interactions 

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. In line with these considerations, the global observation of data 

in Fig.1 makes clear the nature of the two samples in the selected experimental 

conditions, revealing that -casein monomers, with -helical and random coil 

structure, constitute the dominant population in sample at pH 7. At pH 2, compact -

casein micellar structures are mainly present stabilised by intermolecular -structures 

whose formation is favoured by acidic pH.  

 

3.2 Casein micelles are not stable structures to pH changes  

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

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

could force conformational modifications and aggregation/ disaggregation processes 

whose occurrence may be related to different biological effects.  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 “sample’s history” affects the protein-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.  

Fig.2.a) shows 256 × 256 pixel representative confocal fluorescence microscopy image 

of 125 μL of casein at pH 2 (final concentration 36 M labelled with Alexa488 (13 nM)), 

added to 375 μL pH 7 solution to reach a final pH of 5.3. At this pH, large amorphous 

aggregates are visible. Near the pI of the protein, the net charge on protein becomes 

zero and the absence of any net charge on molecules leads to a minimum in the 

intramolecular charge repulsions. In these conditions, the lack of repulsive 

interactions allows neighbouring caseins to coalesce and form aggregates that 

precipitate in micron scale aggregates. Therefore, while at acidic pH the casein 

molecules are held together preferentially by hydrogen bonds and cation–π 

interactions, at pH 5.3 the main forces involved are the hydrophobic ones. 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 M 

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 ∼10 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 m2/s are formed. In the same sample, other smaller 

diffusing species are found characterized by diffusion coefficient values ranging from 

17 m2/s to 70 m2/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. 



   
 

   
 

Fig.2.d) shows the far-UV CD spectra of α-casein before and 15 minutes after pH 

change from pH 2 to pH 5.3. These bulk measurements show a significant change in 

spectral shape due to pH change and a decrease in magnitude when the protein is at 

pH 5.3. In particular, the first peak at 206 nm decreases in magnitude, becoming 

almost equal to the second minimum at 222 nm. This suggest that the sample loses 

its initial structure and undergoing structural changes toward -helices structures. 

ANS spectra reported in Fig.2.e) reveal that a critical reduction in intensity and red 

shift occur when the sample is titrated at pH 5.3. Specifically, the decrease and the 

red shift (peaks are now centred at 480 nm) of ANS spectrum in presence of casein at 

pH 5.3 could be due to a different exposure of the casein hydrophobic patches to the 

dye and/or the decrease of the electrostatic interactions between the positive charges 

of casein and ANS negatively charged. Thus, ANS at pH 2 was in close interaction with 

micellar structures, following the pH changes the affinity or the number of the binding 

sites for this dye result to decrease. 

 

 

Fig. 2 (a) 256 × 256 representative confocal fluorescence microscopy image of 36 M 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 M 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 m2/s) coexist with smaller species (D = 42 ± 10 m2/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 (exc= 380 nm, range 400-650 nm), normalized by absorbance, of 

36 M 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, many amino acid residues are protonated so that intermolecular 

H-bonding capability is increased favouring micellar structures formation. 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 lack of net charge on protein molecules induces an 

extinction of the repulsive interactions between neighbouring caseins that then 

coalesce to form aggregates. 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 -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 -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 -casein micelles 

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

In Fig.3.a) is reported a schematic representation showing fluorescent casein micelles, 

prepared at pH 2, added to a solution containing POPC:POPG GVs labelled with 

Laurdan to a final pH of 5.3. In Fig.3.b) bulk Laurdan fluorescence analysis of the 

sample is reported. Laurdan is a fluorescent dye widely used to monitor membrane 

organisation changes in term of hydration and fluidity of phospholipid bilayers50–52. 

The fluorescence signal of this molecule depends on the membrane phase (e.g., local 

and translational mobility) so that changes from liquid-ordered phase to liquid-

disordered phase induce a shift of the Laurdan spectrum from 440 nm to 490 nm. The 

quantification of these spectral changes is usually addressed by the generalized 

polarization GP, which allows to distinguish between liquid (−0.3 < GP < 0.3) and gel 

phase (GP > 0.4) of the membranes37. The time evolution of Laurdan GP is reported in 

Fig. 3.b). In line with literature, membrane is initially found in the liquid phase (GP ~ -

0.04), a more accessible state to the solvent. After casein addition, GP increases 

indicating a progressive change in membrane fluidity towards a more ordered phase. 

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 -casein the GP value seems to have 

reached the stability. 

A previous study, aimed at evaluating the role of phase and charge of the phospholipid 

membrane caused by its interaction with caseins, revealed that casein particles 

interacted with bilayers in their liquid state and not with solid phase bilayers13. In the 

last case, compact lateral organization of the phospholipids probably prevents 

penetration of the protein. The presented results show that the membrane stiffening 

is mild but significant and that protein interaction induces dehydration of lipid bilayers 

resulting in more rigid membranes. In order to verify the single effect of pH on 

membranes stiffening, a control measurement adding the same quantity of solution 

at pH 2 (without -casein) to liposomes was carried out (see supplementary Fig.S1), 

showing that it does not significantly affect membrane rigidity.  

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 M -casein labelled with Alexa488 (13 nM) (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, which is found to interact with GV’s 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 m) 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. The changes in membrane rigidity found by bulk measures (Fig.3.b)) 

are likely to be localised on interactions sites where protein is localised in the external 

part of the vesicles: after casein addition, 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 



   
 

   
 

fluorescence image shows POPC:POPG vesicles, stained with Laurdan (magenta), before and after the 

addition of 36 M Alexa488-micelles. In presence of 36 M Alexa488-micelles, the overlap of two colors 

indicates protein-vesicles co-localization that induces a clearly membrane morphology modification. The 

magnifications show casein aggregates formed at pH 5.3 and the liposome with a flower-like conformation 

after protein interaction. Both experiments were repeated three times. 

 

To gain further information on the interaction, RICS experiments were performed by 

adding 36 M micelles labelled with Alexa488 (13 nM) to unstained giant vesicles to a 

final pH of 5.3. Changes in diffusion coefficient were monitored. Before casein 

addition, liposomes are only visible in the transmission channel, while upon 

interaction with casein, fluorescence is observed at the membrane.  

In Fig.4.a) is reported the schematic representation of POPC:POPG model membranes 

added of fluorescent micelles samples. In Fig.4.b) we report RICS analysis: 256 × 256 

pixel size representative images of liposomes in presence of Alexa488-micelles, where 

coloured squares represent 64 × 64 pixel regions of interest (ROIs) where the analysis 

was performed. Corresponding spatial correlation functions and fits are also shown in 

Fig.4.c), calculated also in this case with immobile subtraction (MAV = 10). By 

analysing different ROIs in the image, we are able to disentangle the contribution of 

freely diffusing casein structures in solution away from the membrane and casein 

molecules in close proximity or interacting with the membrane. The diffusion 

coefficient distributions of casein diffusing in solution, casein aggregated and casein 

that interacted with liposomes are shown in Fig.4.b). After casein sample addition, the 

measured diffusion coefficient in ROIs away from liposome’s membrane is variable 

and ranging from 17 m2/s to 65 m2/s, being comparable with data in Fig.2.c). These 

data suggest that a disassembly of the micelles occurs and that -casein are likely to 

assume the same state as the one measured at the same pH in the absence of 

membranes. A certain fraction of protein then interacts with liposomes. The 

measured diffusion coefficient at the membrane drops to lower values 6 ± 2 μm2/s. 

This value is distinguishable from diffusion coefficients reported for protein 

aggregates (2 ± 1 μm2 /s) found in the absence of liposomes which are also found in 

this sample (see supplementary Fig.S3 for large field images).  

Control RICS experiments were performed adding casein dissolved at pH 5.3 solution 

to liposomes. Measurements reveal that fluorescence signal is homogeneously 

dispersed, liposomes are not visible and the diffusion coefficient calculated for casein 

in these conditions is 50 ± 10 m2/s (supplementary Fig.S4). This is in somehow 



   
 

   
 

expected because, according to the literature, only small limited changes in protein 

structure are likely to occur17. 

 

 

Fig. 4 (a) Schematic representation of -casein micelles (36 M, pH 2) stained with Alexa488 and POPC:POPG 

model membrane. (b) 256 × 256 representative confocal images of liposomes interacting with casein in which 

coloured squares represent 64 x 64 ROIs where RICS measurements are performed. (c) Spatial 

autocorrelation functions, with subtraction of the immobile fraction using MAV = 10, and relative fits, spatial 

correlation function is marked with the same colour of the ROI in which they are calculated. (d) Diffusion 

coefficients distributions of casein in its different states (free, aggregated and bound to liposomes). The 

experiment was repeated four times. 

 

Interestingly, if the same experiment is repeated in conditions where the protein starts 

from its native like state at pH 7 only minor changes are observed. In Fig.5 the RICS 

analysis of a sample containing non stained liposomes is reported after the addition 

of 36 M -casein pH 7 labelled with 13 nM Alexa488. Final pH of this sample is pH 5.3 

as before. In panel 5.a) a representative fluorescence intensity image is reported 



   
 

   
 

where no structure with size above the optical resolution are observed. The 

correlation function and respective fit are also reported whose analysis gives back a 

diffusion coefficient of 47 ± 10 m2/s, which is compatible with the presence of native 

protein diffusing together with small oligomers, which may be formed due to the loss 

of electrostatic interactions. Interestingly, in this case, the liposomes are only visible 

in the transmission channel (Fig.5.b)), no significant fluorescence signal is observed at 

their surface and their morphology remains unvaried. This clearly indicates that, in 

the observed conditions, no significant interaction occurs. 

 

 

 

Fig. 5 (a) RICS analysis: right column: 256 × 256 pixel representative confocal images of liposomes added of 

-casein-Alexa488 (36 M, pH 7). Final pH is brought to 5.3 value.  Left column: spatial autocorrelation 

functions and relative fits.  (b) representative images of POPC:POPG liposomes in the transmission channel. 

The liposomes are visible only in transmission channel indicating that no interaction occurs between protein 

and membrane. The experiment was repeated twice. 

 



   
 

   
 

At pH 5.3, liposomes are negatively charged and the protein has a negligible charge 

disfavouring both aggregation and protein adhesion to lipids. Summarising these 

results, it is possible to state that -casein interactions with membranes, in conditions 

where the net charge of the protein is reduced close to zero by a sudden change in 

pH is regulated by the initial state of the protein.  

 

Conclusions 

 

The action of a protein in cellular environment is dictated by its structure and 

environmental conditions. Among the other effects, during protein trafficking and 

diffusion within a cell environment, a protein may experience pH changes, which 

regulate its macromolecular properties such as the stability and activity, being these 

two last not necessarily disentangled. The comprehension of the different 

association/aggregation states of proteins and the evaluation of their behaviour in 

presence of lipid membranes is essential to elucidate the basis of functional and 

pathological protein-membrane interactions.  

Here we present results on -casein protein, which clearly put in evidence that its 

interaction with membranes in a specific environment has a memory of the initial 

state of the protein molecule i.e. the initial conformational/structural properties of 

the protein regulate the fate of the interacting molecules.  

In this study, we have highlighted the ability of -casein to form small micelles at 

acidic pH. In this assembly state, protein secondary structures is mainly characterised 

by intermolecular -sheets. At pH 7, as expected, the protein is in its native like state 

with secondary structure presenting a high content of −helices and random coils. A 

main difference between these two protein states also consists in the interaction with 

the hydrophobic dyes Pyrene and ANS, being the protein at pH 2 the one with larger 

affinity to both dyes. Once -casein micelles are dissolved at pH values close to the 

isoelectric point in absence and in presence of membranes, micelles undergo a partial 

disassembly process accompanied by disordered aggregation into amorphous 

structures (both oligomers and large micron-scale aggregates). At pH 7, when the 

initial state of the protein is native like, the change of pH to the isoelectric point only 

induces slight modifications in the diffusion coefficient. Results also show a different 

effect of the two samples on POPC:POPG GVs, demonstrating that only proteins 



   
 

   
 

initially in their micellar state are able to interact with the POPC:POPG GVs in liquid 

disordered phase inducing severe morphological changes, dehydration and increasing 

the rigidity of the lipid bilayer. This is possibly due to highly reactive hydrophobic 

species generated during the abrupt pH change causing micelles disassembly. -

casein molecules are able to quickly form large aggregates or to interact with 

membrane bilayers. Interestingly -casein membrane co-aggregates are formed with 

a flower-like shape that, to our knowledge, was not previously observed in the 

literature as a result of protein-membrane interactions. Protein is localised in the 

external part and its insertion in membrane layers is likely to exclude water, increasing 

the rigidity of the lipid membranes in the regions were the protein is present. Our 

results highlight that the solvent conditions and their variations not only affect 

conformational and supramolecular state of proteins but also the interaction with 

lipids and hence their activity. Presented data contribute to a deeper understanding 

of protein interaction with membranes upon controlled regulation by micro-

environmental properties. The coupling between spectroscopy and microscopy 

measurements added important information in the analysis of heterogeneous 

samples making possible to follow dynamic events, at molecular level and in real time. 
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