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Protein liquid-liquid phase separation (LLPS) has gained plenty of research interests in the past decade. LLPS was 
observed as a natural phenomenon that occurs in cells to facilitate the biochemical processes to continue without 
interruptions, especially in conditions such as stress, senescence, etc. In this study, we hypothesized that by using a 
model protein such as the hen egg white Lysozyme (HEWL) one can screen various sets of biochemical conditions and 
identify the optimal ones for obtaining the LLPS of the HEWL in order to mimic the intracellular biochemical 
processes and successfully carry them out in vitro. However, HEWL is known to crystallize well in several biochemical 
conditions so the current study focuses on the optimal conditions where the HEWL can produce LLPS but not crystals. 
Sodium chloride and ammonium sulfate grid screens were used in combination with the vapor diffusion hanging drop 
methodology. Several hits were identified and discussed. 

Figure 1. Hen egg white lysozyme yields either crystals or LLPS separately under different conditions or combinedly in a single condition.  
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Figure 2. Crystals of lysozyme in different morphologies obtained in the sodium chloride grid screen (at various pH values) using the 
hanging drop vapor diffusion method in a 24-well plate at room temperature within 2 months. 

LLPS Liquid-liquid phase separation (LLPS) is a thermo- 
dynamically driven, reversible phenomenon consisting of 
demixing into two distinct liquid phases with different solute 
concentrations. Emerging evidence suggests that LLPS is a 
vital and pervasive phenomenon underlying the development 
of membrane-less organelles in eukaryotic cells. LLPS is 
gaining acceptance as a powerful mechanism to explain the 
formation of membrane-less organelles and their functions. 
Our everyday experience with water and oil droplets 
illustrates a simple LLPS. In Biology, cells resemble liquid 
droplets that maintain membrane-less compartments, 

important for concentrating certain molecules and facilitating 
spatiotemporal regulation of cellular functions. Recent 
studies have revealed evidence that indicates that LLPS plays 
a vital role in human health and disease. This highlights the 
need for an overview of the recent advances in the field to 
translate our current knowledge regarding LLPS into 
therapeutic discoveries. Recent studies have shown that 
membrane-less organelles and compartments in the cell are 
assembled via LLPS. In vitro LLPS assays using 
recombinant expressed and purified proteins are necessary 
for us to further understand how the assembly of 
phase-separated compartments is regulated in the cells.  
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Figure 3. Lysozyme behavior in NaCl grid+5% PEG w.r.t. pH. 

Protein LLPS is a growing research field in cell biology and 
many other techniques are being used to study this 
phenomenon such as NMR, cryo-EM and single molecule 
fluorescence methods. Improvements in technology will 
drive developments in the field of protein LLPS [1]. LLPS 
has drawn increasing attention in understanding biological 
processes. Ming et al. demonstrated that cancer may be more 
sensitive and more addictive to LLPS, which suggests the 
therapeutic potential of LLPS in cancer [2]. Condensates 
formed via LLPS provide specific local environments for 
broad cellular activities [3, 4]. With the elucidation of the 
function of LLPS within cells, utilizing this phenomenon to 
intervene cell activities has great potential for biomedical 
applications. Until recently the discovered phase separation 
phenomena in living organisms were restricted 
intracellularly, as a crowded environment inside of cells is 
critical for LLPS. This limits the prospect of LLPS in drug 
development [5]. The LLPS of intrinsically disordered 

proteins is a commonly observed phenomenon within the 
cell. Such condensates are also highly attractive for 
applications in biomaterials. 
     In this study, we utilized the hen egg white lysozyme 
(HEWL) as a model protein to systematically evaluate the 
optimal biochemical conditions to identify the hits where the 
HEWL yields clear drop (or) precipitate (or) LLPS (or) 
crystals. Pure HEWL was purchased from HiMedia 
Laboratories and was used at a very high concentration on 
purpose to see whether crystallization would dominate over 
the formation of LLPS. This evaluation was performed using 
the standard hanging drop vapor diffusion method in the 
24-well plates. The typical ammonium sulfate, sodium 
chloride and sodium malonate grid screens containing a 
range of buffer strengths (1 M, 0.5 M, 0.25 M and 0.125 M) 
at different pH values (pH-5, pH-6, pH-7, pH-8, pH-9 and 
pH-10) were used for screening either with or without a 5% 
polyethylene glycol (PEG) mixing. All plates were tested at 
room temperature with a protein to buffer ratio of 1:1. 
Periodic microscopic observations were performed. 

______________________________________________________________________________________________________

Lankapalli et al.​​ ​ ​ ​ ​ ​ ​ ​         ​                       18 



 
TCABSE-J Research Article 
ISSN: 2583- 2557, Volume 2, Issue 1, pp16-22. 2026.  
___________________________________________________________________________________________ 

Figure 4. LLPS of HEWL in ammonium sulfate (0.125 M). 

Materials & Methods:  

Lysozyme preparation: The protein used for the analysis is 
commercially available hen egg white lysozyme (HEWL) 
without any further purification. Stock solution for lysozyme 
is prepared by dissolving 2 mg of pure lysozyme powder in 1 
ml of deionised water to achieve a concentration of 2 mg/ml.  

Buffer preparation: Solutions of Ammonium sulfate, sodium 
chloride, sodium malonate, PEG, 1N HCl and 1N NaOH 
were prepared for screening. Ammonium sulfate buffers 
were prepared at 4 different molarities (1 M, 0.5 M, 0.25 M 
and 0.125M) and at 6 different pH values viz. 5-10. The 1M 
ammonium sulfate buffers were prepared by dissolving 6.6 g 
of ammonium sulfate in each 50 ml of deionised water and 
different pH -5,6,7,8,9,10 are adjusted by 1N HCl and 1N 
NaOH. The 0.5 M ammonium sulfate buffers were prepared 
by dissolving 3.3 g of ammonium sulfate in each 50 ml of 
deionised water and different pH-5,6,7,8,9,10 are adjusted by 
1N HCl and 1N NaOH. The 0.25 M ammonium sulfate 
buffers were prepared by dissolving 1.7 g of ammonium 
sulfate in each 50 ml of deionised water and different 
pH-5,6,7,8,9,10 are adjusted by 1N HCl and 1N NaOH. The 
0.125 M ammonium sulfate buffers were prepared by 
dissolving 0.83 g of ammonium sulfate in each 50 ml of 
deionised water and different pH-5,6,7,8,9,10 are adjusted by 
1N HCl and 1N NaOH.  
     Sodium chloride buffers are prepared at 4 different 
molarities (1 M, 0.5 M, 0.25 M and 0.125M) and at 6 
different pH values (5-10). The 1 M sodium chloride buffers 
were prepared by dissolving 2.9 g of sodium chloride in each 
50 ml of deionised water and different pH-5,6,7,8,9,10 are 
adjusted by 1N HCl and 1N NaOH. The 0.5 M sodium 
chloride buffers were prepared by dissolving 1.5 g of sodium 
chloride in each 50 ml of deionised water and different 
pH-5,6,7,8,9,10 are adjusted by 1N HCl and 1N NaOH. The 
0.25 M sodium chloride buffers were prepared by dissolving 
0.7 g of sodium chloride in each 50 ml of deionised water 
and different pH-5,6,7,8,9,10 are adjusted by 1N HCl and 1N 
NaOH. The 0.125M sodium chloride buffers were prepared 

by dissolving 0.4 g of sodium chloride in each 50 ml of 
deionised water and different pH-5,6,7,8,9,10 are adjusted by 
1N HCl and 1N NaOH. 
     Sodium malonate buffers are prepared at 4 different 
molarities (3.4 M, 1.7 M, 0.85 M and 0.425 M) and at 6 
different pH values (5,6,6.5,7,7.5,8). The 3.4 M sodium 
malonate buffers were prepared by dissolving 5 g of sodium 
malonate in each 10 ml of deionised water and different 
pH-5,6,6.5,7,7.5,8 are adjusted by 1N HCl and 1N NaOH. 
The 1.7 M sodium malonate buffers were prepared by 
dissolving 2.5 g of sodium malonate in each 10 ml of 
deionised water and different pH-5,6,6.5,7,7.5,8 are adjusted 
by 1N HCl and 1N NaOH. The 0.85 M sodium malonate 
buffers were prepared by dissolving 1.25 g of sodium 
malonate in each 10 ml of deionised water and different 
pH-5,6,6.5,7,7.5,8 are adjusted by 1N HCl and 1N NaOH. 
The 0.425 M sodium malonate buffers were prepared by 
dissolving 0.63 g of sodium malonate in each 10 ml of 
deionised water and different pH -5,6,6.5,7,7.5,8 are adjusted 
by 1N HCl and 1N NaOH. PEG (0.05 g) was added to 
prepare all the buffers with 5% PEG. 

Setting up hanging drops for vapor diffusion: In order to 
screen various conditions using the buffers prepared above, 
the hanging drop vapor diffusion method was used in 24-well 
plates. Five 24-well plates are labeled with ammonium 
sulfate, sodium chloride, sodium malonate, ammonium 
sulfate with PEG, sodium chloride with PEG with their 
respective concentrations and pH values. Except for sodium 
malonate, remaining buffers each 1 ml are filled into the 
wells. Cover slips were prepared by mixing equal volume 2 
μL of lysozyme solution with 2 μL of the well solution (1:1 
ratio) the slip would be placed over. The coverslips were 
inverted over the wells, which were sealed with vaseline, so 
as to create a closed system. Water from the droplet diffuses 
to the reservoir at the bottom of the well, causing an increase 
in precipitant concentration optimal for protein 
crystallization and LLPS within the drop. The five 24-well 
plates are incubated at room temperature without any 
movement for a few days. 

Imaging with microscope: In order to check the final results, 
each coverslip was removed from the well and visualized 
under the microscope (10X magnification) and observed for 
the formation of crystals/LLPS. The obtained results were 
analyzed carefully. Images were taken for hits for both 
crystals and LLPS conditions from all plates. The images 
were labeled with the details of each condition at which the 
image was taken.  

Results: 

LLPS vs. Crystallization hits in sodium chloride: The 24-well 
plates with buffers were observed under the light microscope. 
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Figure 5. LLPS ammonium sulfate + 5% PEG. 

The sodium chloride buffer containing 24-well plates were 
observed. Most of them were crystals with variable 
morphologies rather than LLPS observations. The lysozyme 
crystals obtained at pH values 5, 6, 7 and 8 with 1 M sodium 
chloride buffer are shown in Fig. 2. However, addition 5% of 
PEG to sodium chloride yielded LLPS formations in a few 
conditions as shown Fig. 3.  

LLPS vs. Crystallization hits in ammonium sulfate: The 
LLPS condensates observed at 0.125 M concentration and 
pH 6 of ammonium sulfate as a buffer (Fig. 4). Similar LLPS 
condensates were observed at 0.125 M concentration of 
ammonium sulfate as a buffer and pH values of 7, 8, 9 and 
10. Next ammonium sulfate with 5% PEG buffer-containing 
24-well plates were observed. LLPS were obtained at pH 
values, 5 and 6 with 1 M ammonium sulfate + 5% PEG as 
shown in Fig. 5. 

LLPS vs. Crystallization hits in sodium malonate: The 
sodium malonate containing 24-well plates were observed 
for the formation of LLPS/crystals. The lysozyme crystals 
were obtained at pH 5 with 0.85 M and 0.425 M sodium 
malonate concentrations are shown in Fig. 6. No LLPS hits 
were seen with sodium malonate without PEG. Interestingly, 
the addition of 5% PEG resulted in both LLPS and crystals at 
pH10 within the same drop (Fig. 7). 

Figure 6. HEWL crystals in sodium malonate grid screen (0.85 M 
and 0.425 M) at pH 5.0. 

Figure 7. Crystals and LLPS of HEWL in 0.5 M sodium malonate 
+ 5% PEG at pH 10. 

Discussion: 

Condensates are formed at the biochemical conditions at pH 
6, 7, 8, 9, 10 at 0.125M concentration respectively. Lysozyme 
crystals are obtained at several biochemical conditions with 
different morphologies. Systematically, lysozyme crystal was 
observed at 1 M ammonium sulfate buffer at pH 5. Lysozyme 
crystals were further obtained at 1 M sodium chloride buffer 
at pH 5, 6, 8 and 9. The number for crystals decreased as the 
pH of the buffer increased. Lysozyme crystals were observed 
at 0.85 M and 0.425 M sodium malonate buffer at pH 5 but 
single crystals were observed at 0.85 M concentration. 
Lysozyme crystals were observed at 0.5 M and 0.125 M 
sodium malonate buffer at pH 10. Lysozyme crystals were 
observed at 1 M sodium chloride with PEG buffer at pH 6, 8 
and 9. The number of crystals decreased as the pH of the 
buffer increased. 
     LLPS was also observed in several biochemical 
conditions in which polyethylene glycol is used along with 
the buffers. Systematically, LLPS was observed in 
ammonium sulfate plates. LLPS were observed at 1 M 
ammonium sulfate with PEG buffer at pH 5, 6, 7, 8, 9 and 
10. LLPS were observed at 0.5 M ammonium sulfate with 
PEG buffer at pH 5, 6, 7, 8 and 9, but there was a decrease in 
LLPS formation as the buffer concentration decreased and 
pH increased. LLPS were observed at 1 M sodium chloride 
with PEG buffer at pH 5, 7 and 10. LLPS were observed at 
0.25 M sodium chloride with PEG buffer at pH 7. 
     Interestingly, in some biochemical conditions we 
observed both LLPS and crystals. At 0.5 M concentration of 
ammonium sulfate with PEG as a buffer at pH 10 we 
observed crystals and droplets i.e, LLPS. At 1 M 
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concentration of sodium chloride with PEG as a buffer at pH 
6 we observed crystals and LLPS. At 1 M concentration of 
sodium chloride with PEG as a buffer at pH 8 we observed 
crystals and LLPS. At 1 M concentration of sodium chloride 
with PEG as a buffer at pH 9 we observed crystals and LLPS. 
     Based on the results we observed that by using these 
buffers we can obtain crystals and LLPS also. In some 
biochemical conditions both LLPS and crystals were also 
observed. Now we conduct our further research at the 
biochemical conditions at which LLPS is observed and we 
avoid the biochemical conditions at which crystals are 
formed. 

Conclusion and Future directions: 

Emerging evidence suggests that LLPS is a vital and 
pervasive phenomenon underlying the development of 
membrane-less organelles in eukaryotic cells. LLPS is 
gaining acceptance as a powerful mechanism to explain the 
formation of membrane-less organelles and their functions. 
Recent studies have revealed evidence that LLPS plays a 
vital role in human health and disease. This highlights the 
need for an overview of the recent advances in the field to 
translate our current knowledge regarding LLPS into 
therapeutic discoveries. Condensates formed via LLPS 
provide specific local environments for broad cellular 
activities. Biomacromolecules suffer from poor cellular 
membrane permeability, limiting their access to intracellular 
targets. Strategies to overcome this challenge scientists are 
doing research often using LLPS for drug delivery. This 
research led to the platform for the drug delivery using LLPS 
which is effective. Hanging drop vapor diffusion technique 
was performed under different biochemical conditions using 
five different buffers with six different pH conditions and 
four different molarities using lysozyme. We mainly focused 
on the biochemical conditions at which liquid-liquid phase 
separation occurs and we avoid the biochemical conditions at 
which lysozyme crystals appear for further investigation. 
     We conduct our further research at the biochemical 
conditions at which LLPS is observed. We avoid the 
biochemical conditions at which crystals are formed. We 
continue our further research for the drug delivery using 
LLPS which is very useful for treating various pathologies, 
cancers and metabolic diseases. 
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