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Chapter 1 

Introduction 

1.1 Motivation 

With the advent of recombinant-DNA techniques,1, 2 the number of available proteins and their 

applications as drugs (e.g. antibodies, insulin),3 biocatalysts4 and biomaterials5 have significantly 

increased. Understanding thermodynamic, phase separation and transport properties of protein 

aqueous solutions is important for developing high-throughput methods for the purification and 

characterization of these biomacromolecules and their successful employment in pharmaceutical 

and biotechnological applications.6, 7 This dissertation investigates two distinct aspects of proteins 

in aqueous mixtures, namely protein diffusiophoresis and protein condensation. Hen egg-white 

lysozyme is employed not only because it is regarded as a model protein for biophysical-chemistry 

studies but also for its employment in protein-based materials.8-10 This protein is available at high 

purity as well as being one of the best characterized proteins.11, 12 Lysozyme diffusiophoresis is 

introduced in section 1.1.1 while lysozyme condensation is introduced in section 1.1.2. In the 

remaining sections of this chapter, lysozyme and its properties in solution with emphasis to acid-

base properties are reviewed.      

1.1.1 Salt-induced Protein Diffusiophoresis 

Proteins in aqueous mixtures are subject to a broad range of mass-transfer processes such as 

centrifugation,13 dialysis,14 crystallization,15 adsorption onto surfaces,16 mixing in microfluidics,17 
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controlled release,18, 19 transport inside living systems,20 enzymatic kinetics,21 and pattern 

formation21, 22. Since these processes occur in the presence of concentration gradients, diffusion 

coefficients are important for modeling, predicting, and designing related applications.23-28 

Diffusion represents the net transport of solute molecules from a region of high concentration to 

the region of low concentration induced by the concentration gradient of a solute within a liquid 

mixture without the application of any outside force.29 It is one of the most fundamental transport 

phenomena in chemistry and material sciences.30, 31 The flux of solute particles onset by the 

concentration gradient is characterized by the diffusion coefficient which represents the mean-

squared displacement of a particle in the given time through a medium.27, 28 Diffusion coefficient 

provides the quantitative measurements of the rate at which a diffusion process occurs.32  

Since proteins are charged,33 salts are ubiquitously employed as a supporting electrolyte.6,

34, 35 By varying solution ionic strength, salts can modulate protein-protein interactions, protein 

conformational stability and related biological functions. Recently, it has been shown that a 

diffusive transport process, distinct from protein Brownian diffusion, emerges in the presence of 

salt concentration gradients.36 Specifically, a salt concentration gradients can induce protein 

migration in aqueous mixtures. This transport process is classified as Diffusiophoresis.29 From a 

theoretical point of view, the migration of colloidal particles or macromolecules such as proteins 

is induced by a gradient of the chemical potential of cosolutes such as salts. The phenomenon of 

diffusiophoresis can be compared to the another well-known transport phenomenon termed as 

electrophoresis which describes the net transport of macromolecules induced by a gradient of 

electrical potential.37 Salt-induced diffusiophoresis of charged particles at relatively low salt 

concentration has been successfully described by electrokinetic models similar to those applied in 

the field of electrophoresis.29, 38, 39 This association with electrophoresis originates from the fact 

that a salt concentration gradient in diffusiophoresis creates an internal electric field directly 
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proportional to the difference in mobility between salt counterion and coion.36 Therefore, we 

hypothesize that changing the salt type will significantly impact the diffusiophoresis of protein. 

For proteins, their aqueous mixtures consist of buffers, added salts or other macromolecules, hence 

are invariably multicomponent in nature.29  

Diffusiophoresis has been previously investigated for multicomponent systems of 

relatively large colloidal particles flowing inside microfluidic devices. These studies revealed 

strong coupling effects and indicated that salt concentration gradients with tunable amplitude and 

direction may be used to boost particle migration as associated phenomena such as mixing, 

spreading and adsorption, etc.40 29 Another recent study of neutral polyethylene glycol (PEG) 

diffusiophoresis was carried out with the goal of a better understanding of the effects of salting-

out strength and diffusiophoresis.41 This study showed that gradients of strong salting-out agents 

such as Na2SO4 can produce large enhancements and depletions of PEG concentration which can 

be exploited to promote the condensation of macromolecules near interfaces. Hence, this transport 

mechanism can be examined for proteins in order to develop new methods in which salt 

concentration gradients lead to protein separation, self-assembly, and adsorption-based 

biosensing.40-48 

In the first part of this dissertation, we examine lysozyme diffusiophoresis in the presence 

of three salts: NaCl, KCl, and MgCl2 at pH 4.5 and 25 °C. These three salt cases are especially 

interesting for understanding how changing the magnitude of the internal electric field produced 

by the salt gradient affects protein diffusiophoresis. These salts are selected based on the difference 

in the ionic mobilities of their constituent ions. In the KCl case, the two ions have similar 

mobilities49, 50 and the electrophoretic mechanism is expected to be small compared to other 

mechanisms contributing to diffusiophoresis such as macromolecule preferential hydration. In the 



 

4 

 

NaCl case, the electrophoretic mechanism is significantly more important, while the contribution 

of other mechanisms to diffusiophoresis is expected to be practically the same as in the KCl case. 

Finally, the main goal of our study is the examination of protein diffusiophoresis in the presence 

of MgCl2. This salt is expected to be relatively more complex due to the divalent nature of salt51 

and Mg2+ interactions with proteins.52, 53 This case is also predicted to be more appealing for 

potential diffusiophoresis applications due to the large difference in mobilities50, 54 between Cl− 

and Mg2+ and an intensified thermodynamic driving force caused by strong thermodynamic 

nonideality.54-56   

In the first part of this dissertation, we first show the experimental behavior of lysozyme 

diffusiophoresis coefficients as a function of salt concentrations at 25 °C and pH 4.5 for NaCl, 

KCl, and MgCl2. These transport data allowed us to identify lysozyme diffusiophoresis is the 

largest in the presence of MgCl2. We then theoretically described a diffusion-based transport 

process in which lysozyme was subjected to a concentration gradient of the MgCl2 and assessed 

the magnitude of diffusiophoresis. In the final step, we examined the role of protein charge on its 

diffusiophoresis. Through the characterization of hydrogen-ion titrations, the effects of MgCl2 on 

lysozyme charge were compared to those of NaCl and KCl. Experimental procedures and 

instrumentation used for all of these studies are described in Chapter 3 of this dissertation while 

Chapter 4 to Chapter 6 provides the results of this investigation. 

1.1.2 Protein Condensation in Aqueous Solutions 

Physical stability and aggregation properties of proteins in aqueous solutions are crucial for 

understanding cell compartmentalization,57, 58 protein-aggregation diseases,59, 60 protein-based 

drug formulations,61, 62 enzyme-based materials,63 and characterizing protein structure and 

function from high-quality protein crystals.64, 65  
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 Liquid-liquid phase separation (LLPS) represents the reversible formation of two separate 

coexisting liquid phases of an initially homogeneous solutions of macromolecules (proteins, 

polymers) or colloidal particles (e.g. polymer nanoparticles), onset by the change in conditions 

such as temperature, solvent, ionic strength and pH etc. The separated liquid phases consist of a 

macromolecular-rich and macromolecular-depleted layer. It is known66 that aqueous solutions of 

proteins may undergo reversible LLPS under a well-defined temperature called LLPS temperature, 

Tph. One interesting feature of LLPS is the formation of oil-like protein-rich nano- and micro-

droplets. Since the average distance between protein molecules inside the droplets is small, 

protein-rich droplets can be regarded as reversible aggregates or condensates. Correspondingly, 

the formation of protein-rich droplets is denoted as protein condensation. Protein condensates have 

been observed and/or implicated in several biological processes and related pathologies.67, 68 For 

example, several membraneless cytoplasmic compartments such as promyelocytic leukaemia 

bodies, stress granules, germ granules, P-bodies, Cajal bodies and paraspeckles have been 

observed to behave as semifluid spheres.67-70 Many of these compartments are fundamental for 

concentrating certain molecules and facilitating spatiotemporal regulation of cellular functions71, 

72 such as signaling complexes, synaptic transmission, the cytoskeleton, DNA compaction, and are 

also implicated in several types of cancer and neurodegenerative diseases.68, 72-74 LLPS of protein 

solutions is important for the following reasons. First, protein-rich droplets are known to be 

metastable intermediates for other processes. Specifically, LLPS is a metastable phase transition 

and protein-rich droplets may be an intermediate state toward the formation of protein crystals or 

the formation of irreversible protein aggregates supported by naturally or artificially occurring 

chemical crosslinking.64, 65, 75 This is important for the obtainment of protein crystals for 

crystallographic studies and understanding protein-aggregation diseases such as cataracts, sickle 

cell anemia and Alzheimer's disease.57, 59 In addition, the protein-rich droplets are highly viscous 
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and have gel-like characteristics and the addition of chemical crosslinkers in these droplet 

containing mixtures results the formation of covalent bonds between macromolecules. This 

technology can be opted for the production of protein-based materials such as crosslinked enzyme 

aggregates.63 Second, measurements of LLPS temperature, Tph, provide a criterion to characterize 

the thermodynamic stability of protein formulations (e.g. antibodies).61 Third, it has been 

hypothesized that the formation of protein-rich droplets provides the driving force for the 

formation of micro-compartments inside living cells.57, 58 

 There have been several thermodynamic studies on LLPS involving proteins, nanoparticles 

and materials like dendrimers. However, the related kinetic studies characterizing the LLPS rate 

remain relatively scarce.  In relation to the kinetic mechanism, it is not clear how the fate of protein-

rich droplets and related mesoscopic clusters depends on the composition of the surrounding fluid. 

In the second part of this dissertation, we explored how the fate of lysozyme-rich droplets is 

affected by the chemical nature of additives. Our results show that it is possible to introduce two 

additives, one to drive the formation of protein-rich droplets, and a second additive to change their 

kinetic evolution into another protein-rich phase.  

 We specifically show that insertion of 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic 

acid (HEPES) in lysozyme-NaCl-water system triggers the formation of protein micro-particles 

from protein-rich droplets. The temperature-concentration phase diagram of this system was 

characterized to assess the thermodynamic stability of macroparticles compared to LLPS and 

observed rod-shaped crystals. The morphologies and sizes of microparticles were analyzed using 

light microscopy. Molecular interactions were further characterized by using dynamic light 

scattering, HEPES depletion in the supernatant, and isothermal titration calorimetry. The 

experimental procedures adopted for these studies are provided in Chapter 8, while Chapter 9 
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details the findings of these studies. To explore the chemical basis responsible for the complex 

LLPS of lysozyme-HEPES system, these studies were extended to include other commercially 

available additives that structurally resemble HEPES. The results of these studies are provided in 

the last chapter of this dissertation.  

1.2 Acid-Base Chemistry of Proteins 

The study of acid-base properties of proteins is fundamental to understand their mass transport in 

aqueous solutions, mainly because these properties control the protein protonation state and 

ultimately protein charge. Furthermore, the interactions of proteins with ions and small molecules 

are influenced by the net charge on protein in aqueous solutions imparted by the protonation-

deprotonation of prototropic groups in protein.76 These prototropic groups include only the side 

chains of the amino acids which are solvent accessible and ionizable with pH (except for the N- 

and C- termini of the chain) and does not include those amino acids which form the peptide bond 

and are the part of polypeptide chain. Among these groups, negative charges are imparted by the 

conjugate bases of carboxylic, phenolic, and thiol groups and positive charges by the protonated 

secondary amines.  If protein interactions with small ions can be neglected,  the average net charge, 

PZ , on protein is the sum of positively and negatively prototropic groups and is the function of 

solution pH. The pH at which the protein has zero net charge is called the isoelectric point. The 

protonation-deprotonation of amino acids and the interaction of protein with ions and small 

molecules can be described by following generalized multiple equilibria model.  
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Given a protein P containing n prototropic groups, the stepwise addition of proton H+ can 

be given as:77 

 

1

2

n

2

n-1 n

P H PH

PH H PH

PH H PH

K

K

K

+

+

+

 

 The charge sign “+” on proton is omitted for clarity. For the generic step i, the corresponding 

equilibrium-constant can be expressed as: 

 1

1

[PH ]

[PH ][H]

i
i

i

K −

−

=  (1.1) 

where Ki is the stepwise dissociation constant and the quantities [PHi], [PHi-1] and [H] refer to 

molar concentration of protein species and proton respectively. The cumulative association 

constant, i , can be introduced by considering the following generic reaction: 

P H PHi i+  

The related law of mass-action is: 

 
[PH ]

[P][H]

i
i i

 =  (1.2) 

 where 1

1

i

i j

j

K −

=

=  . The average number of protons bound per protein is given by: 
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=
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Applying Eq. 1.2 systematically: 
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We now consider a hypothetical limiting case is in which all protonation sites are assumed to have 

same affinity for the proton (equivalent sites) and the affinity of any site is independent of other 

sites (independent sites). In other words, it is assumed that all binding sites have same acid 

constant, Ka, independent of the protonation state of protein. In this case, i ,  can be written as: 
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Where the binomial coefficient, !/ ( )! !n n i i− , takes into account all the combinations that can 

generate [PHi]. For instance, a hypothetical protein with 4 total number of sites (n = 4) will have 

4!/ (4 2)!2! 6− =  [PH2] species. Combining Eq. 1.4 and Eq. 1.5:     
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Eq. 1.6 can be simplified using the binomial theorem, 
0
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It is important to remark that the hypothetical model used to derive Eq. 1.7 have several limitations. 

Firstly, for a real protein molecule, all the protonation sites are not equivalent (i.e., the sites are 

not identical) and each amino acid have different intrinsic acid dissociation constant. Secondly, 

due to the assumption of independent sites, this model does not take into account the electrostatic 

interactions between prototropic groups on protein imparted by the steric interferences, charges 

enhanced by the bound ions and conformational changes induced by the interactions with protons 

or other ions. However, this model is important as it shows that the protonation state of a protein 

is the function of solution pH. Specifically, Eq. 1.7 shows that the protonation state of protein 

increases with a decrease in pH which correspondingly leads to the increase of the protein net 

charge, PZ . For example, if a protein is negatively charged at higher pH, it may become positively 

charged at lower pH after passing through the isoelectric point (pH value corresponding to ZP = 0) 

at any intermediate pH.   

1.3 Lysozyme 

Hen egg-white lysozyme (HEWL) is a single-polypeptide chain protein containing 129 amino 

acids. It is found in all major taxa of living organisms and is part of their innate immune system.78 

Lysozyme damages the bacterial cell walls by catalyzing the hydrolysis of 1,4-β-linkages between 

N-acetylmuramic acid and N-acetyl-D-glucosamine residues in peptidoglycan, and between N-

acetyl-D-glucosamine residues in chitodextrins.79 It is efficient in lysing the cell walls of both 

bacteria and fungi which are critical for their resistance to osmotic stress.80 This protein is 

employed in protein engineering techniques to determine the mode of substrate binding, 

mechanism of catalysis and folding behavior of enzymes.81-83 As previously mentioned, lysozyme 

is also an important model protein in physiochemical studies including those on thermodynamic 
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and transport properties.66, 84-88 The thermodynamic background on LLPS of lysozyme aqueous 

mixtures will be discussed in Chapter 7. 

 Recently, theranostic applications of lysozyme in protein-based materials have emerged 

due to the antimicrobial properties of this protein.8, 10, 89-91 It has been used in biomineralization to 

make various nanoparticles including Au, Ag, Pt, Fe, Ti, and Cu.10, 92 These various applications 

of lysozyme are not only related to its role as a stabilizing agent but also to its role as a template 

or capping agent to prepare these materials.10 Lysozyme based nanoparticles have several 

applications including anti-microbial, drug delivery, wound healing, and catalytic activity, etc.10 

Lysozyme-based silver nanoparticles inhibit DNA replication, inactivate cellular protein in 

bacteria, and introduce the structural changes in the bacterial cell membrane.93 Moreover, drug-

coated nanoparticles have been used as drug carriers in relation to diseases such as glaucoma.92 

Finally, lysozyme-based nanogels have been used for imaging applications and to deliver the 

antitumor agent doxorubicin and psychoactive drugs, obromine and theophylline.10, 94 

Figure 1.1 Tertiary structure of hen egg-white lysozyme protein determined by high resolution 

(0.65Å) diffraction data using synchrotron radiations at 100K temperature. Structure is obtained 

from protein databank (PDB ID: 2VB1) and ribbons are colored according to secondary structure.   
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Lysozyme has an approximate shape of prolate ellipsoid with size of 4.5 × 3.0 × 3.0 nm 

(without bound water).95 In comparison to proteins like myoglobin and hemoglobin, lysozyme has 

fairly small proportion of helix and reasonably long stretches of chain with irregular conformation. 

Several parts of these chain have extended conformation which closely resembles to the β sheets 

in fibrous proteins. The lysozyme molecule has a deep cleft on one side which divides the molecule 

roughly into two lobes. The first consists of the two ends of the chain (residues 1-39 and 85- 129), 

while the second (residues 40-84) is like a sheet and consists of residues either in the outer surface 

or lining the cleft. Most of the hydrophobic amino acids side chains are located inside molecule 

but exposed solvent-accessible surface area of lysozyme also contains some of hydrophobic 

residues. These residues include Val-2, Phe-3, Leu-17, Phe-34, Leu-75, Trp-123, Pro-70, Pro-79, 

Trp-62, Trp-63, Ile-98, Trp-108, and Val-109. The substantial proportions of the exposed solvent-

accessible surface are constituted by the polar groups. However, Asp-66, Asp-52, Tyr-53, His-15, 

and Glu-35 are the least-exposed prototropic groups in the molecule. Lysozyme is thermally stable 

with a melting point of 72 °C at pH 5.0.96  Its molecular weight is 14,307g.mol-1 and isoelectric 

point is 11.35.97 Figure 1.1 shows the ternary structure of lysozyme obtained from using high 

resolution (0.65Å) synchrotron diffraction data at 100K of temperature (PDB ID: 2VB1).98 The 

description of secondary structure and amino acids sequence are given in Fig. 1.2. The structure 

contains four disulfide bridges (Cys6–Cys127, Cys30–Cys115, Cys64–Cys80, Cys76–Cys94), 

shown using dotted lines in Fig. 1.2, that crosslink the polypeptide and stabilize its natural 

conformation. These disulfide bridges are not only essential in making lysozyme a globular protein 

but also stabilizes the molecule against reversible thermal unfolding.99 The first two pairs of these 
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bridges have negative torsion angles while last two pairs have positive angles. All angles are in 

the range of 100° ± 10°.95   

Sequence analysis using DSSP method100 shows that the polypeptide chain consists of 40% 

helical (7 helices; 52 residues) and 10% beta sheet (9 strands; 14 residues). The HEWL has 32 

ionizable/prototropic groups including the N-terminal α-amino and C-terminal α-carboxyl groups. 

The hydrogen ion titrations curves of lysozyme have been studied101-103 and most of the state-of-

the-art physiochemical models developed to quantify the inter- and intra- molecular electrostatic 

interactions between macromolecules and electrolytes are based on these titration curves.104-107 It 

is based on the fact that the native conformation of lysozyme is more stable toward pH changes at 

room temperature than that of most other proteins, so that the entire titration curve can be taken to 

be that of the protein in a single conformation. This conformational stability also ensures that the 

locations of titratable groups on the native molecule in solution are the same as in the crystalline 

state. Table 1.1 lists the intrinsic pKa values of titratable groups in lysozyme calculated using the 

electrostatic model and adopted from Table 1 of Ref. [101]. Among these listed groups, the basic 

Figure 1.2 Secondary structure of hen egg-white lysozyme protein drawn using DSSP style of 

display along with amino acids sequence.  
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amino acids are positively charged for a pH lower than their pKa and are neutral for the pH values 

higher than their pKa. Similarly, the acidic amino acids are neutral for the pH lower than their pKa 

or correspondingly are negatively charged if pH is higher than their pKa. These intrinsic pKa 

values, allow to estimate the protonation state and corresponding charge on lysozyme at a given 

pH if half contribution are considered from those groups which have pKa values equal to the given 

pH. For instance, at pH 4.5, the groups Lys-1, 13, 33, 96, 97, 116; Arg-5, 14, 21, 45, 60, 68, 73, 

112, 114, 125, 128; Hys-15 and terminal -NH3
+ group of Lys-1 are protonated and contribute a 

positive charge of 19. The groups, Glu-7, Asp-18, 52, 65, 87, 119 and the terminal -COO- group 

of Leu-129 are deprotonated and contribute a negative charge of 7. Each of the groups, Asp-48 

Table 1.1 Experimental pKa values101 for titratable groups in Hen egg-white lysozyme 

Residue Type pKa Residue Type pKa 

N-term (Lys) Basic 7.9 Lys-116 Basic 10.4 

Lys-1 Basic 10.8 Arg-125 Basic 12.8 

Arg-5 Basic 12.8 Arg-128 Basic 12.8 

Lys-13 Basic 10.5 Glu-7 Acidic 2.6 

Arg-14 Basic 12.8 Asp-18 Acidic 2.0 

His-15 Basic 5.8 Tyr-20 Acidic 10.3 

Arg-21 Basic 12.8 Tyr-23 Acidic 9.8 

Lys-33 Basic 10.6 Glu-35 Acidic 6.1 

Arg-45 Basic 12.8 Asp-48 Acidic 4.3 

Arg-60 Basic 12.8 Asp-52 Acidic 3.4 

Arg-68 Basic 12.8 Tyr-53 Acidic 12.1 

Arg-73 Basic 12.8 Asp-66 Acidic 1.6 

Lys-96 Basic 10.8 Asp-87 Acidic 2.1 

Lys-97 Basic 10.3 Asp-101 Acidic 4.5 

Arg-112 Basic 12.8 Asp-119 Acidic 2.5 

Arg-114 Basic 12.8 C-term (Leu) Acidic 3.1 
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and Asp-101 provide half contribution to the negative charge due to their pKa being in the vicinity 

of given pH of 4.5. All of these groups in combine impart a net charge of +11 to lysozyme at pH 

4.5. Similarly, at pH 7.4, His-15 is neutral therefore the positive charge contribution from 

positively charged groups is reduced to 18. However, at this pH, Asp-48 and Asp-101 are fully 

deprotonated and Glu-35 is also deprotonated. Therefore, negative charge contribution from 

negatively charged groups will be enhanced to 10. Hence at pH 7.4, the net charge on lysozyme 

will be +8. In the context of understanding the effects of salts concentrations and type, our 

experimental determination of charges on lysozyme at pH range between 4.5 and 7.4 in the 

presence of salts are discussed in Chapter 3.  

1.4 Buffers 

 LLPS studies of proteins involve high protein concentrations and the process of condensation may 

potentially occur with large variations in acid-base chemistry of proteins. Therefore, phase 

separation studies are carried out at a constant pH to ensure the thermodynamic and conformational 

stability of proteins in solution. The pH of protein solution for the phase separation studies can be 

adjusted by the addition of a proper biological buffer. A buffer is an aqueous solution consisting 

of a mixture of a weak acid and its conjugate base or a weak base and its conjugate acid. By 

convention, the acid-base properties of buffers are described using their pKa values which are the 

negative logarithmic of their acid constants.  When pH is near the pKa of the buffer, changes in 

the number of protons or OH− ions do not significantly alter the pH of solution. The ability of a 

buffer to maintain the pH is maximal at the pKa of the buffer and commonly adopted working 

range of a buffer is within one pH unit of the pKa value. The quantitative measure of the resistance 

of a buffer solution to pH change on addition of hydroxide ion is termed as buffer capacity. It can 

be defined as a positive quantity by employing any of the two equivalent expressions: 
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 NaOH HClBuffer Capacity
pH pH

= = −
dC dC

d d
 (1.8) 

 In addition to the pKa the choice of buffer for a particular biological system also depends on its 

chemical characteristics. An ideal buffer should be chemically inert to the protein and should not 

affect the biochemical processes in which the underlying protein is involved.108-110  

There are several common buffers used in biochemical studies such as phosphate, tris and 

citrate etc. (Fig. 1.3).These buffers are sometimes associated with certain limitations for their use 

in biological samples.76 These limitations include inhibition for certain enzymes (e.g. inhibition of 

aminopeptidases, aminotransferases and cholinesterases by Tris buffer)111-113, precipitation of 

certain polyvalent cations (e.g. phosphate buffer binds to Ca2+ and tris reacts with Cu2+ and Ca2+)114 

(A) 
 

 

(B) 
 

 

(C) 
 

 

Figure 1.3 Acidic-basic forms of common buffer components (A) Phosphate (B) Tris, and (C) 

Citrate. 
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and strong effects of concentration and temperature on pKa e.g. by tris, phosphate and citrate etc.115 

To overcome these limitations, a class of zwitterionic N-substituted aminosulfonic acid buffers 

with working range between pH 6.0 to 10.5 are extensively used for protein samples. The buffers 

are named as Good’s buffers and exhibit negligible impact on biochemical and biological 

processes, show weak temperature dependence of pKa and do not bind with cations.116, 117  Based 

on these characteristics, the LLPS studies discussed in this dissertation focus on HEPES, HEPPS 

and PIPES buffers of Good’s family. However, as will be shown in Chapter 9, our studies indicated 

that some members of this family are not inert and affect the LLPS of lysozyme solutions. The 

acid-base forms of these buffers are shown in Fig. 1.4. 

  

(A) 

 

(B) 

 

(C) 

 

Figure 1.4 Acidic-basic forms of Good’s buffers species used in this dissertation (A) HEPES 

(B) HEPPS, and (C) PIPES. 
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Chapter 2  

 

Theoretical Background of Diffusiophoresis 

 

2.1 Introduction 

This chapter reviews the mathematical details of diffusion and diffusiophoresis which were used 

to interpret the experimental results mentioned in the forthcoming chapters. We start with the 

examination of diffusion in binary systems and then extend our analysis to the ternary systems. 

We then conclude this chapter by introducing and discussing the diffusiophoresis of 

macromolecules induced by salt concentration gradients. 

2.2 Diffusion in Binary System 

In the limiting case of an ideal dilute solution of solute(1) in solvent(0) under isothermal 

conditions, the average distance between solute particles is very high and particle-particle 

interactions become negligible. Under these conditions, the drift velocity, ( , , ) x y zν ν ν ν , of solute 

particles is given by:30 

 1
1

0f
=

F
  ν  (2.1) 
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where 
1F  is the diffusion driving force and f0 is the frictional coefficient experienced by a solute 

particle as it diffuse through the solvent medium. For diffusion, the driving force is the gradients 

of chemical potential, 1 of solute aka component 1, given as:.
118

  

 0

1 1 1ln= + RT C     (2.2) 

where 0

1  is a constant called the standard state chemical potential of component 1, R is the gas 

constant, C1 is the molar concentration of component 1 and T is the absolute temperature. If the 

chemical potential of component 1, 1 , is uniform in the system, then there will be no driving 

force for diffusion. However, the existence of chemical potential gradient will result the mass 

transfer via diffusion consistent with second law of thermodynamics, therefore the driving force, 

F , will be;119  

 1
1

A 1

Bk T
F C

N C


= − = − 


 (2.3) 

where ( )/ , / , /       x y z . Combining Eq. 2.1 and 2.3, we obtain:120 

 0

1 1 1 1

0f

Bk T
J C D C− =  =   (2.4) 

where 
1 1 1J C= ν  is the net molar flux of solute 1 and 0

1 0fBD k T= is the trace diffusion coefficient 

of solute 1. This relation is known as Einstein equation121 and is used to describes the Brownian 

motion.120 For a spherical particle and at infinite dilute solution, Stokes’ law shows that 

0f 6= hR where η is the viscosity coefficient of solution and Rh is the hydrodynamic radius of 

particle122, 123 which can be obtained from dynamic light scattering. Writing Eq. 2.4 in terms of 

Stock’s law results the following Stokes-Einstein equation:31 
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 0

1
6

B

h

k T
D

R
=


 (2.5) 

Equation 2.5 relates the diffusion of solute particle to the viscosity of the fluid and exhibits that 

the solute with large hydrodynamic radius will have small diffusion coefficient. For example, 

protein diffusion coefficient is lower than that of a salt. Eq. 2.5 can be used to calculate the 

diffusion coefficient of a solute in different medium using the viscosity data provided the 

hydrodynamic radius of particle remains the same. Eq. 2.4 can be extended to any arbitrary solute 

concentration by replacing 0

1 0fBD k T=  with 1 1( )D C  a parameter representing the mutual 

diffusion coefficient owning to the compensation of solvent diffusion in the opposite direction of 

solute molecules. 1 1( )D C  accounts for solute particle-particle hydrodynamic interactions and 

thermodynamic non-ideality. Hence generalization of Eq. 2.1 for a binary system with finite solute 

concentration represents a relation known as Fick’s law, which is given as:124 

 1 1 1J D C− =   (2.6) 

The vector arrow (→) on 1J  has been omitted intentionally for simplicity and this notation will be 

adopted henceforth. The diffusion in binary system can be described theoretically using non-

equilibrium thermodynamics. As in the case of velocity and fluxes, diffusion coefficient must be 

defined with respect to a reference frame.125, 126 In the solvent-fixed frame of reference, the solvent 

net motion in solution due to diffusion is set to zero, i.e., 0 0( ) 0=J , where subscript “0” outside 

parenthesis identifies the solvent-fixed reference frame. In the volume-fixed frame of reference, 

the center of the system within which diffusion occurs is set to be fixed. This implies that the flux 

of the binary system components satisfies the condition, 0 0 1 1( ) ( ) 0V VJ V J V+ = . Here, 0V  and 1V  

represents partial molar volume of solvent and solute respectively in the volume-fixed (subscript 
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“V”) reference frame.127 The diffusion coefficient in the solvent-fixed frame, 
1 0( )D , is related to 

that in the volume-fixed frame, 
1( )VD , by the following relation:128, 129 

 1
1 0

1 1

( )
( )

1

VD
D

C V
=

−
 (2.7) 

Note that 0

1 0 1 1( ) ( )= =VD D D  in the limit of ideal dilute solution ( 1 0→C ). The solvent-fixed 

diffusion coefficient, 
1 0( )D , is more simply related to the chemical potential gradient of solute as 

compared to the solvent-fixed diffusion coefficient, 
1( )VD . Therefore the non-equilibrium 

thermodynamics can be invoked to describe the diffusion in the solvent-fixed frame of reference.55, 

130-132 In this reference frame, one can write;  

 1 1 1J L − =   (2.8) 

where the notation “( )0” has been omitted in Eq. 2.8 for simplicity. 1L  is referred as Onsager 

transport coefficient.37, 133, 134 For a general (non-ideal) solution, the chemical potential of neutral 

solute(1) can be expressed as 0

1 1 1 1lnRT f C = + , where 1f  represents the activity coefficient of 

solute 1. In the case of electrolytes, the chemical potential becomes, 0

1 1 1 1ln= + RT f C    where 

  is the number of ions in the electrolyte; e.g. 2=  for NaCl. After comparing Eq. 2.8 with Fick’s 

law relation (Eq. 2.6), we obtain: 

 1 1 11D L =  (2.9) 

where 11 1 1 , 1 1( ) ( / )T PC RT C y =   =  represents the chemical potential derivative of component 

1 ( 11 1 1 1( / )= RT C y   for electrolytes). The coefficient 1 1 1(1 ln / ln )y d f d C +  is the 

thermodynamic corrective factor for the non-ideality of solution with 1 1=y  in the limit of 1 0→C
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. Eq. 2.9 establishes the relationship between diffusion and thermodynamics. At infinite dilution, 

11 1/= RT C , we therefore have: 

 0 1
1

1

L
D RT

C
=  (2.10) 

2.3 Diffusion in Ternary System 

Equation 2.6 can be expanded to a ternary solute(1)-solute(2)-solvent(0) system, such as: 

 1 11 1 12 2J D C D C− =  +   (2.11) 

 2 21 1 22 2J D C D C− =  +   (2.12) 

where 11D  and 22D are the diffusion coefficients of solute(1) and solute(2) components induced 

by their own concentration gradients 1C  and 2C  respectively. These diffusion coefficients are 

closely related to corresponding diffusion coefficients 1D  and 2D of binary solute(1)-solvent and 

solute(2)-solvent binary systems. The off-diagonal diffusion coefficients 12D  and 21D  are denoted 

as cross-diffusion coefficients and describe the diffusion of one solute induced by the 

concentration gradient of other solute. In the present case, solute(1) and solute(2) corresponds to 

protein (lysozyme) and salt (KCl, NaCl or MgCl2) respectively. Hence,  12D  describes the flux of 

lysozyme induced by the concentration gradient of salt while 21D  describes the flux of salt induced 

by the concentration gradient of lysozyme.36 The cross-diffusion terms, 12D  and 21D , in Eq. 2.11 

and 2.12, vanishes as 1 0→C  and 2 0C →  respectively. As in the case of the binary system, the 

solvent-fixed frame remains i.e., 0 0( ) 0=J  and in the volume-fixed frame of reference, the flux of 

ternary system components also satisfies the condition, 0 0 1 1 2 2( ) ( ) ( ) 0+ + =V V VJ V J V J V . Here, iJ  
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and iV  represent the molar flux and partial molar volume of component i in the system 

respectively. Eq. 2.7 can be expanded for ternary components to express the link between solvent-

fixed frame coefficients, 0( )ijD  and volume-fixed frame coefficients, ( )ij VD :128, 129 

 11 0 11 1 1 1 2 2 1 11 2 21( ) ( ) [ / (1 )][ ( ) ( ) ]V V VD D C C V C V V D V D= + − − +  (2.13) 

 12 0 12 1 1 1 2 2 1 12 2 22( ) ( ) [ / (1 )][ ( ) ( ) ]V V VD D C C V C V V D V D= + − − +  (2.14) 

 21 0 21 2 1 1 2 2 1 11 2 21( ) ( ) [ / (1 )][ ( ) ( ) ]V V VD D C C V C V V D V D= + − − +  (2.15) 

 22 0 22 2 1 1 2 2 1 12 2 22( ) ( ) [ / (1 )][ ( ) ( ) ]V V VD D C C V C V V D V D= + − − +  (2.16) 

Non-equilibrium thermodynamics can be applied in the solvent-fixed reference frame and can be 

extended to the ternary system. Accordingly, Eq. 2.8 can be expanded as: 

 1 11 1 12 2J L L − =  +   (2.17) 

 2 21 1 22 2J L L − =  +   (2.18) 

Here again, the subscript “0” has been omitted for simplicity. The term, i jL (i,j = 1,2), represents 

Onsager transport coefficients and in the solvent-fixed frame of reference, these coefficients will 

obey Onsager reciprocal relationship L12 = L21. The combination of Eq. 2.11, 2.12 and Eq. 2.17, 

2.18 will result: 

 11 11 11 12 21D L L = +  (2.19) 

 12 11 12 12 22D L L = +  (2.20) 

 21 21 11 22 21D L L = +  (2.21) 
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 22 21 12 22 22D L L = +  (2.22) 

These relations show that ternary diffusion coefficients are the linear combinations of Onsager 

coefficients and thermodynamic factors. The cross terms will be large if , , ,( )
kij i j T P C k jC      

is large even if the Onsager coefficients ijL are zero.  

2.4 Diffusiophoresis of Macromolecules in the Presence of Salts  

If 1ν  is the net diffusion rate of a macromolecule “1” with respect to the solvent-fixed reference 

frame, we have 1 0 1 1( )J C= ν . In the presence of salt “2” with concentration C2 and chemical 

potential gradient 2 , we can then write according to Eq. 2.17:  

 11 0 12 0
1 1 2

1 11 0

( ) ( )
-

( )

 
=  +  

 
ν

L L
μ μ

C L
 (2.23) 

In the limit of 1 0C → , we can write135:  

 0 2
1 1 1 12

ˆln
 

= −  + 
 


ν D C D

RT
 (2.24) 

The description of diffusiophoresis provided by Eq. 2.24 is analogous to the electrokinetic equation 

employed for electrophoresis in the presence of external electric field, where an external gradient 

of electrical potential replaces the gradient of salt chemical potential. Eq. 2.24 is equivalent to Eq. 

2.23, where interconversion is obtained after differentiating 1 1 2( , )C   in Eq. 2.23 in the limit of 

1 0C → . The trace-diffusion coefficient of macromolecule, 0

1 11 0 1( ) /=D L C , characterizes its 

aqueous Brownian mobility at infinite dilution. The salt thermodynamic driving force, 2 , 

responsible for diffusiophoresis can be given as: 
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 2 2 2
2

2

y
C

RT C

 
=   (2.25) 

where factor 1/C2 is the salt thermodynamic ideality and is dominant at low salt concentration. The 

factor 2 2 2(1 ln / ln )y d f d C +  is the thermodynamic factor of the binary salt-water system with 

f2 being the corresponding activity coefficient of the salt. The values of 2 2( )y C  are available 

through the literature. The factor 2 represents the moles of ions per mole of salt, with 2 2 =  for 

NaCl and KCl and 2 3 = for MgCl2.  

Equation 2.20 can be used to relate 12 0( )L  to 12 0( )D  in Eq. 2.23.136 Comparison with Eq. 2.24 then 

yields: 

 
1

12 02
12 0 0

2 2 1 1

( )ˆ lim
→

 
=  

 
C

DC
D

y D C
 (2.26) 

where we have also used Eq. 2.25 for 2 . Note that D1 is the function of salt concentration. The 

values of macromolecule trace diffusion coefficient 0

1 2( )D C  can be obtained from the known value 

of 0

1 (0)D  in water and from available viscosity data on binary salt-solvent system using 

0 0

1 2 1 r,2 2( ) (0) / ( )= D C D C  where r,2 2( )C  is the value of relative viscosity at C2.
137 To determine 

12D̂  from Eq. 2.25, experimental values of D12 are needed.  

2.5 Concentration Profile of Macromolecules in a Steady-state 

Diffusiophoresis 

In  recent studies of poly(ethylene glycol) (PEG) diffusiophoresis induced by salt concentration 

gradients in aqueous ternary mixture,41, 48 it was found that the diffusiophoresis of macromolecules 
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is significantly dependent on the nature of the salt and can be exploited in diffusion based mass-

transport processes. The significance of polymer diffusiophoresis was analyzed theoretically in 

terms of macromolecule concentration profile under steady-state conditions. This theoretical 

analysis will be extended and generalized to salt-induced diffusiophoresis of proteins in Chapter 

5. Here we review the basic analysis introduced for diffusiophoresis of neutral macromolecule in 

the presence of a salt with negligible thermodynamic non-ideality ( 2 1y = ). 

 To model the concentration profile in steady-state diffusiophoresis, we consider the 

diffusion of macromolecule occurring along the x  direction of a hypothetical tube of length, l, 

having semipermeable membranes at its two ends (see Fig. 2.1A). Both tube ends are interfaced 

with salt-water reservoirs having different salt concentrations, (L)

2 2C C=  and (R)

2 2C C=  at 0x =  

and x l= , respectively. Steady-state conditions inside the tube are achieved by maintaining the 

salt concentrations constant in both reservoirs. If salt diffusion coefficient is approximated to be a 

constant, then; (L)

2 2 2 ( / )C C C x l= +  . This implies that (L)

2 2/ /= dC dx C l . If a uniform 

macromolecular solution at low concentration, 0

1C , is initially inserted in the tube, the salt 

Figure 2.1 (A) Schematic diagram showing a tube of length, l containing a macromolecular 

solution, located along the x-axis and connected to two salt reservoirs through two semipermeable 

membranes. The corresponding salt concentration profile in steady-state conditions is described 

as a dashed line with positive slope. (B) Adopted from Ref. [41], a logarithmic diagram showing 

three normalized polymer concentration profiles, as a function of the normalized position inside 

the tube obtained for B = 0 (baseline), B = 2.5 (NaCl), and B = 7.4 (Na2SO4) .  
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concentration gradient caused by the two reservoirs will induce a non-uniform macromolecule 

concentration, 1C , due to diffusiophoresis. Since the macromolecules cannot cross the two 

membranes, the condition 1 0=ν  must be respected throughout the tube in steady-state conditions. 

Thus Eq. 2.24 becomes 

 1 12
2

2 2 2

ˆln
= −

d C D

y dC C
 (2.27) 

If we set the salt thermodynamic non-ideality y2 = 1, Eq. 2.27 can be rewritten in the following 

way: 

 1

2

lnd C
w

dC
= −  (2.28) 

where 
2 12 2

ˆ /w D C=  ( 2 2 =  for NaCl and 2 3 =  for Na2SO4) can be approximated as a constant 

because 
12D̂  is directly proportional to C2 for neutral macromolecules.41, 48 Integration of Eq. 2.28 

with respect to x = 0 then yields: 

 1 1 2(0)exp( / )C C w C x l= −   (2.29) 

where we have used 2 2/ /= dC dx C l  and C1(0) is the concentration of macromolecule at x = 0. 

This concentration can be replaced by the initial uniform macromolecule concentration, 0

1C , using 

the following mass balance relationship:  

 0 1
1 1 2

20

2 (0)1
sinh( / 2)

l
C

C C dx w C
l w C

= = 
  (2.30) 

Thus, substitution of C1(0) with 0

1C in Eq. 2.29 yield 
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1

ˆexp( )ˆ
2sinh( / 2)

x
C

 



−
=  (2.31) 

where 0

1 1 1
ˆ /=C C C , ˆ /x x l  and 

2 w C . Figure 2.1(B) shows a representative normalized 

concentration profile of a polymer induced by NaCl (B = 2.5) and Na2SO4 (B = 7.4) with osmolar-

concentration difference of 1M ( 2C  = 0.50M for NaCl and 2C = 0.33M for Na2SO4), adopted 

from Ref. [41]. The logarithmic profile illustrates that polymer concentration is enhanced and 

depleted near the left and right membrane locations respectively. In the case of NaCl, the polymer 

concentration near the left compartment is predicted to be 2.7 times the value of  0

1C , while that 

near the right compartment is predicted to be 22% of 0

1C . However, in the case of Na2SO4, 

diffusiophoretic effects are more drastic with the corresponding enhancement and depletion of 

polymer are given by y(0) = 7.4 and y(l) = 0.0044, respectively. These findings encourage to extend 

these studies for the diffusiophoresis of protein to better elaborate the applications for diffusion-

based mass-transport processes. However, this analysis needs to be generalized to the case of 

charged macromolecules such as proteins. Furthermore, the assumption of y2 = 1 is not expected 

to be reasonable for salts in general, especially at high salt concentration ( 2 1MC ). Thus, a more 

accurate analysis should include effects of salt thermodynamic non-ideality. This will be 

investigated in Chapter 5.        
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Chapter 3  

 

Materials and Experimental Methods 

  

3.1 Materials and Solution Preparation 

Two-times recrystallized and lyophilized egg white lysozyme used in this work was from lot 

39E11265A, obtained from Worthington Biochemical Corporation, NJ, USA. Reagent grade NaCl 

(99.71%), KCl (99.71%), and MgCl2 (99.71%) were obtained from Thorn Smith, MI, USA and 

NaNO3 with 99.1% purity was obtained from J. T Bakers Chemical Co. NJ, USA. All these 

reagents were used without further purification. Deionized water was passed through a four-stage 

Millipore filter system to provide high-purity water for all the experiments. All the potentiometric 

measurements were made in the water thermostat (25.00±0.05ºC) using Thermo Scientific Orion 

3 Star pH/mV meter equipped with Orion combination pH micro glass electrode (model 

8220BNWP). The chloride ions potentiometric measurements were carried out using Cole-Parmer 

chloride ion-selective electrode (model K-27502-13) containing 1M KNO3 internal reference 

solution.  

The stock solutions of protein and salts were prepared by weight with appropriate buoyance 

corrections using a Mettler-Toledo AT400 electrobalance to 0.1 mg.  Protein concentrations in 

aqueous solutions were determined based on UV absorption at 280 nm (DU 800 
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spectrophotometer, Beckman Coulter), using the extinction coefficient value of 2.64 mg-1∙mL∙cm-

1.138 Molar concentrations were calculated using the lysozyme molar weight of 14.307 kg∙mol-1 at 

the isoelectric point (~11). Absorbance values showed that the lyophilized powder of lysozyme 

contains a protein weight fraction of 0.885±0.05. Thus, protein stock solutions were prepared by 

weight and their concentrations corrected by the factor of 0.885. This value of 0.885 was based on 

the ratio between the observed extinction coefficients (around 23.2-23.4) and the literature 

experimental value of 26.4.  

3.2 Density Measurements 

To further examine the employed lysozyme material, density measurements were performed on 

≈1% protein solutions using a computer-interfaced Mettler-Paar DMA40 density meter. The 

vibrating tube in the density meter was thermostated with a large water bath well-regulated at 

25.00 ºC with temperature controlled at 0.001ºC. The density, d, of solution is related to the 

vibration period T of the tube as139, 140: 

 2d A BT= +  (3.1) 

where A, and B are the instrument constants determined using two reference periods which were 

chosen to be water with density 0.997045 g/cm3 (at 25 ºC) and air with density 0.00115 g/cm3. 

The density of air was calculated by employing a state equation depending on temperature, 

pressure and humidity.  

  The obtained density values were utilized to calculate the specific lysozyme volume of 1

=0.715±0.01 cm3∙g-1 (molar volume of 10.2 dm3∙mol-1) based on 1 1 1 0(1 )w w  = + −  , where 1w  

is the protein weight fraction, and  , 1  and 0 1.003 =  cm3∙g-1  are the  specific volumes of 
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solution, protein and water, respectively. This specific volume value were in agreement with 

volumetric data previously reported on lysozyme 87. 

3.3 Determination of Protein Dry Weight 

To estimate the percentage of water contents in protein, weighted amount of protein samples was 

taken in three dry vials. These vials were placed in a vacuum oven at 60 ˚C for 5 days. The water 

contents were estimated from weight loss of protein samples. The table 3.1 shows the comparison 

between protein initial weight and weight measured. The final average weight of the samples was 

found to be 0.914 ± 0.05 of their initial values. The water contents were calculated to be 8.6% in 

protein.  

Table 3.1 Analysis of water contents in Lysozyme 

Sample Initial weight (g) Final Weight (g) Wight loss (g) 

1 0.1440 0.1318 0.0122 

2 0.1478 0.1343 0.0135 

3 0.1282 0.1177 0.0105 

 

3.4 Determination of Chloride Ions in a Protein Molecule  

The number of Cl− ions in each protein molecule were determined using the Fajans method.50 The 

0.001 M protein titrand solution was prepared by weight by dissolving calculated amount of 

lysozyme in 10 g of deionized water. The pH of this solution was maintained at 7 using a 

standardized 0.05M NaOH solution in water. In this solution 13 μL of dichlorofluorescein dye was 

added along with 1 mg of Dextrin. The former works as indicator while later prevents AgCl 

coagulation. In this solution, 0.1 M AgNO3 titrant was added dropwise using a plastic syringe 
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equipped with capillary tubing till the end point was achieved. The whole process was repeated 

thrice and average value of Cl- ion were used for estimation of charge on protein at different pH. 

3.5 Determination of Free Chloride Concentration in Protein 

The free chlorides present in protein solution were quantified by potentiometric measurements in 

0.1M NaNO3 solution at pH of 4.5. The 5% stock lysozyme solution by weight was prepared by 

dissolving calculated amount of solid lysozyme in deionized water. The percent solution was 

converted to molar concentration using molecular weight of lysozyme. Three dilutions (0.3mM, 

0.6mM, 1.2mM) of protein stock solution were prepared in 0.1M NaNO3 solution. Calibration 

curve for chloride ions was constructed using nine solutions of NaCl with different concentrations 

(range: 0.5-10mM) in 0.1M NaNO3 aqueous solution. The potentiometric measurements were 

carried out at 25.00±0.05 ˚C in a water bath using chloride ion-selective electrode. The Cl− ions 

potential (mV) in three dilutions of protein were measured and free Cl− ions were calculated by 

taking the ratio of the measured Cl− ions concentration to the protein molar concentration. 

3.6 Preparation of Solutions for Protein Charge Determination  

In order to determine the excess protonation state, hence the charge, on lysozyme at different pH 

in the presence of NaCl, KCl and MgCl2, the 5% aqueous lysozyme stock solution was prepared 

by weight. The 10% (by weight) stock solutions of NaCl, KCl were prepared in deionized water. 

These solutions were diluted to the target concentrations (0.1M, 0.25M, 0.5M, 0.9M) using the 

molar masses of NaCl and KCl. The 10% (by weight) stock solutions of MgCl2·6H2O was also 

prepared in deionized water and its exact concentration was determined by density measurements 

and fitting the measured density data to polynomial model /2

0 2
(W%)

n i

ii
d d A

=
= + of Miller et 

al56 where 0 0.997045d = g.cm-3 is the density of pure water, Ai are the coefficients determined 
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using fitting and the concentration in  W% units.  The polynomial coefficients used for the fitting 

are mentioned in table 3.2. The original model was based on mol/kg and mol/dm3 concentration 

units which was converted to W% units. The difference between experimental densities mentioned 

by Miller et al., and the modified least-square W% fit was of order of 10-5  as can be seen in Fig. 

3.1. Owning to excellent prediction of densities, this model was used to calculate the exact W% of 

MgCl2 in its 10% stock solution. 

Table 3.2 Values of the coefficients Ai 

used in the density expression 
/2

0 2
(W%)

n i

ii
d d A

=
= +  

A2 0.0099180266000 

A3 -0.0024866849000 

A4 0.0014121360000 

A5 -0.0003726409900 

A6 0.0000483716150 

A7 -0.0000023844769 

 

The stock solution of MgCl2 was diluted to the target concentrations (0.1M, 0.5M, 0.9M) using 

molar masses of 95.211 g/mol by excluding the molar mass of six water molecules. The ternary 

solution of lysozyme (0.6mM by weight) was prepared by diluting its stock solution in NaCl, KCl 

and MgCl2 dilutions. The 0.05M stock NaOH solution was prepared in deionized water using 

standard procedure and was standardized against primary standard Potassium Hydrogen Phthalate. 

The 0.05M stock HCl solution was prepared by dilution using its standard molarity and was 

standardized against NaOH. To keep the concentration of salts constant in the ternary solution, 

HCl and NaOH solutions used to control the pH, were also prepared in solution bearing the same 

concentration of salts as in ternary solution.  
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3.7 Acid-Base Titrations for Protein Charge Determination 

The excess protonation state, H
ν  of a protein represents the number of protons in excess with 

respect to the number of protons, H
χ , bound to the protein at the isoelectric point. For example, if 

the protonation state of the protein is 10 ( H 10=χ ) at its isoelectric point and then the solution pH 

is decreased such that the new protonation state becomes 12, we then deduce that H
2ν = . To 

determine the excess protonation state, a 10g aliquot of ternary solution was taken as titrand in an 

Erlenmeyer flask and was placed in a water bath at temperature 25.00 ± 0.05 °C. A double junction 

glass-combination micro electrode connected to pH meter and calibrated using pH 4.00 and pH 

7.00 standards was inserted in the flask along with a glass stirring rod. The HCl titrant solution 

was taken in a plastic syringe fitted with a plastic tubing. The weight of empty syringe and filled 

Figure 3.1 Difference between experimental literature densities 

and our calculated densities using polynomial model for 

MgCl2·6H2O. 
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with HCl salt solution was measured and this solution was added drop by drop in titrand solution. 

The weight of syringe was measured again after each successive addition till the pH was change 

from initial pH to final pH of ~3.0. The added mass of HCl salt solution was converted into volume 

using the density of solution. The excess protonation state was calculated using the charge balance 

relation: 

 o +

H C C 3 1([H O ] [OH ]) /−=  +  − −ν C  (3.2) 

where o

C  is the initial number of chloride ions per protein molecule determined as mentioned in 

section 3.4, C  is the chloride ions per protein molecule from titrant, C1 is the protein molar 

concentration in the final solution and [H3O
+] and [OH-] are the molar concentrations of hydronium 

and hydroxide ions, respectively discussed in next section. Similar procedure was adopted for pH 

change from initial pH to pH 7.0 using salt solutions of NaOH. 

3.8 Determination of H+ Ion Concentration from pH   

The measured pH of solution cannot be used directly to calculate the concentration of H+ ions due 

to the difference in concentration and activity. To account for the activity corrections for H+ ion in 

the given electrolyte solution, we performed a calibration curve between measured pH and 

log[H ]+−  of the solution. Initially HCl solution of concentration 0.001 ( log[H ]+− = 3) was 

prepared in deionized water and salt solutions of NaCl, KCl and MgCl2 with concentrations 

mentioned in Section 3.6 were prepared using this HCl solution. These salt solutions were used to 

prepare a series of solutions having log[H ]+−  between 3.00 and 4.00 with difference of 0.25 

log[H ]+−  units. The pH of these solutions was measured using pH/mV meter equipped with Orion 

combination pH micro glass electrode. It was ensured that the pH/mV meter, glass electrode and 

calibration standards are the same as those used for potentiometric measurements of ternary protein 
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solutions mentioned in Section 3.6. The obtained results were analyzed in terms of Pitzer model141 

on KaleidaGraph as given in Eq. 3.3: 

 pH
log[H ] pH 10a b −+− = + +   (3.3) 

where a and b are the coefficients obtained from curve-fitting analysis. Eq. 3.3 is based on the 

assumption that the corrective term ( pH10−+ a b ) is linear with the concentration of H+ ions.  The 

obtained concentration of H+ ions was used to determine the value H
ν  using procedure detailed in 

Section 3.7. 
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Chapter 4  

 

Behavior of Lysozyme Diffusiophoresis 

Coefficients in the Presence of Salts  

  

4.1 Extraction of Lysozyme Diffusiophoresis Coefficients 

In order to study the salt-induced diffusiophoresis of lysozyme, its diffusiophoresis coefficients 

were extracted from previously reported experimental multicomponent diffusion-coefficient 

data.36, 51, 142 Specifically, ternary diffusion coefficients in the volume-fixed reference frame, 

( )ij VD with , 1, 2i j =  for  protein (1)  and salt (2), are available at the lysozyme concentration of  

1 0.600mMC = (
18.58 g L− ) as a function of salt concentrations (C2) at 25 °C. From now on, for 

the sake of clarity the terminology “P” for protein and “S” for salts will replace the more 

generalized terminology of ‘1” and “2” used for macromolecule and salts respectively in Chapter 

2. As described in section 2.4 (Eq. 2.26), the diffusiophoresis coefficient is related to the cross-

diffusion term divided by the concentration of macromolecule. We rewrite Eq. 2.26 as136: 

 
P

S PS
PS 0 0

S S P P

ˆ lim
C

C D
D

y D C→



 (4.1) 

 At low protein concentration, experimental values of the ratio PS P( ) /VD C  are known to be  

independent of PC  within the experimental error.36, 48 We therefore set them to be equal to 

P 0 PS Plim [( ) / ]C VD C→ . For the protein tracer-diffusion coefficient, 0

P S( )D C , we use: 

9 2 10

P (0) 0.132 10 m sD − −=   .137 The dependence of 0

PD  on salt concentration SC , was calculated 
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from available143, 144 viscosity data on binary salt-solvent systems using 0 0

P S P r,S S( ) (0) / ( )D C D C= 

,145 where r,S S( )C  is the value of relative viscosity at SC . Thermodynamic and transport 

coefficients of binary salt-water systems are given in Table 4.1. As detailed in section 2.2, to 

convert volume-fixed diffusion coefficients into the corresponding solvent-fixed values, PS P/D C

, the terms S SV D  was added to PS P( ) /VD C , where S S( )V C  and S S( )D C  are the partial molar volume 

and solvent-fixed diffusion coefficient of the salt component in the binary salt-water mixtures, 

respectively.127, 136 Finally, 
PS S

ˆ ( )D C  was calculated from PS P/D C  using Eq. 4.1 with S 2 =  for 

NaCl and KCl, and S 3 =  for MgCl2. 

Table 4.1. Thermodynamic and transport properties of aqueous potassium chloride, sodium 

chloride and magnesium chloride at 25 ºC. 

Salt S / MC  
3 1

S / cm molV −  Sy  
9 2 1

S /10 m sD − −  , Sr  

Potassium 

chloride 

0.250 28.3 0.900 1.851 0.999 

0.500 28.9 0.904 1.876 0.998 

0.900 29.7 0.927 1.934 0.997 

1.200 30.3 0.950 1.985 0.998 

1.500 30.7 0.976 2.040 1.000 

Sodium 

chloride 

0.250 18.0 0.919 1.620 1.023 

0.500 18.6 0.937 1.602 1.047 

0.650 18.9 0.953 1.587 1.062 

0.900 19.4 0.983 1.559 1.088 

1.300 20.0 1.038 1.512 1.132 

Magnesium 

chloride 

0.093 17.4 0.863 1.044 1.041 

0.233 18.8 0.927 1.039 1.102 

0.464 20.2 1.077 1.056 1.206 

0.930 22.8 1.466 1.094 1.447 

1.599 25.9 2.201 1.125 1.911 

2.000 27.3 2.717 1.118 2.285 
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4.2 Effects of Salt Type on Lysozyme Diffusiophoresis 

The experimental behavior of salt-induced lysozyme diffusiophoresis, 
PSD̂ , as a function of salt 

concentration, SC , is shown in Fig 4.1 for the NaCl, KCl and MgCl2 cases. In the MgCl2 case, 

diffusiophoresis data cover salt concentrations as high as 2 M, while the salt concentration range 

is somewhat reduced for the other two salts cases due to a relatively low lysozyme solubility.51, 53 

For all three salts, 
PS S

ˆ ( )D C  is positive, thereby implying that protein migration occurs from high 

to low salt concentration. At low salt concentrations, values of 
PSD̂ , are predicted to be positive 

from an electrophoretic mechanism36, 38 which will be discussed quantitatively in Chapter 6. This 

electrophoretic mechanism is related to salt chemical potential gradient been able to produce an 

internal electric field due to the difference in the mobility of salt ionic components. This 

mechanism makes diffusiophoresis similar to electrophoresis. If the negatively charged ions of salt 

D
P

S
^

CS / M

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 0.4 0.8 1.2 1.6 2

Figure 4.1 Lysozyme diffusiophoresis coefficient, ,  as 

a function of salt concentration, ,  for the NaCl (circles), 

KCl (squares) and MgCl2 (diamonds) cases. Solid curves are 

calculated fits through the data. 
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have higher mobility along the salt chemical potential gradient as compared to the positively 

charged ions, a charge separation can potentially occur. This is responsible for a gradient of electric 

potential also known as diffusion potential. In this case the internal electric field is oriented towards 

higher salt chemical potential. Thus, a positively charged protein will migrate towards low salt 

chemical potential, consistent with electric field orientation. This mechanism is illustrated in Fig. 

4.2. Hence, the internal electric field produced by the salt concentration gradients is predicted to 

induce migration of positively-charged lysozyme from high to low salt concentration.  This 

analysis allows us to deduce that 
PSD̂  increases with the difference in mobility between the 

relatively fast chloride anion (counterion for positively charged proteins) and that of the slower 

metal cations (coions), which are positive in all three salt cases.146 At low SC , the magnitude of 

diffusiophoresis was found to be the largest in the MgCl2 case and close to zero in the KCl case. 

This is qualitatively consistent with the known ranking in ion mobility: Cl− ≈ K+ > Na+ > Mg2+.146    

Figure 4.2 Migration of a positively charged macromolecule 

under the influence of a salt chemical potential gradient. In this 

case anions tend to diffuse faster than cations, thereby creating an 

internal electric field pointing from low to high salt concentration 

(see arrow on the top). Correspondingly, the positively charged 

macromolecule will migrate from high to low salt concentration 

due to this internal electric field.    



 

42 

 

As SC  increases, diffusiophoresis also increases, with the value of 
PSD̂  becoming approximately 

the same in all three salt cases. The magnitude of 
PSD̂  at relatively high salt concentrations has 

been linked to protein preferential hydration and salting-out strength,36, 41 which also drives protein 

migration from high to low salt concentration. Note that this type of mechanism has been also 

considered for colloidal particles when considering the case of non-electrolyte gradients.29, 147 In 

our case, a weak dependence of 
PSD̂  on the nature of the chloride salt at high SC  is consistent with 

the Hofmeister series,41, 145 which indicates that the nature of the cation is significantly less 

important than that of the anion in the salting-out ranking of salts. In Chapter 6 a quantitative 

theoretical examination of lysozyme diffusiophoresis is provided based on the electrophoretic 

mechanism. 

4.3 Analysis of Salt Thermodynamic Driving Forces 

To assess the impact of a salt concentration gradient on protein diffusiophoresis, it is also important 

to consider the magnitude of the salt thermodynamic driving force. This is represented by the 

difference in salt chemical potential that can be established in a protein aqueous mixture. Since 

lysozyme solubility in aqueous MgCl2 is relatively high compared to that with NaCl and KCl,148 

relatively large differences in MgCl2 concentrations can be established. This leads to gradients, 

SC  of MgCl2 concentration that are relatively large. Furthermore, it is also important to examine 

how a salt concentration gradient translates into the corresponding gradient of salt chemical 

potential. For salts, we can rewrite Eq. 2.25 of Chapter 2 as:41 

 S S
S S

S

C
y

RT C

 
=


  (4.2) 
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The mole of ions per mole of salt is S 3 =  for MgCl2, a value that is 50% larger than that of NaCl 

and KCl  ( S 2 = ). In Eq. 4.2 S 1y =  in the limit of S 0C →  because the solution becomes ideal at 

the infinite dilution. Thermodynamic data on binary salt-water systems55, 56 given in Table 4.1 

show that Sy  decreases down to S 0.9y =  at ionic strengths of about 0.2 M in all three salt cases 

(this ionic strength corresponds to 0.1 M MgCl2 concentration) and then increases as salt 

concentration further increases. Interestingly, this thermodynamic factor remains about S 1.0y   

for NaCl and KCl within the experimental salt concentration range, while it becomes significantly 

large for MgCl2. Specifically, the MgCl2 thermodynamic factor becomes S 1.5y =  at SC = 1 M and 

further increases to S 2.7y =  at SC = 2 M. We therefore conclude that the factor S Sy  in Eq. 4.2 is 

significantly large for the MgCl2 case compared to other two salt cases as can be seen in table 4.1. 

4.4 Relative Ranking of Salts 

This section summarizes our results on the relative effectiveness of the investigated chloride salts 

on lysozyme diffusiophoresis. The lysozyme diffusiophoresis coefficient, 
PSD̂ , at low salt 

concentration, is found to have a large magnitude in the MgCl2 case followed by the NaCl and KCl 

cases, respectively. Furthermore, for MgCl2, the thermodynamic driving forces discussed in Eq. 

4.2 was also found to be relatively large because both S  and Sy   are higher for MgCl2 than for 

the other two salts. Finally, the accessible gradient of salt concentrations, SC  are also relatively 

large for MgCl2 due to the higher solubility of lysozyme in the presence of salt. This analysis 

allows us to conclude that diffusiophoresis effects are expected to be relatively large for positively 

charged proteins in the presence of MgCl2 concentration gradients. In Chapter 5, the magnitude of 
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protein diffusiophoresis in the presence of MgCl2 concentration gradients will be discussed by 

examining the theoretical mass transport process introduced in Chapter 2.   
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Chapter 5  

 

Role of Diffusiophoresis on Protein Transport   

  

5.1 Protein Concentration Profile in Steady-state Diffusiophoresis 

To characterize diffusiophoresis effects, we extended the theoretical examination of the diffusion-

based transport process of section 2.5 to lysozyme subject to a steady-state concentration gradient 

of MgCl2. The theoretical examination in section 2.5 assumed 
PSD̂  directly proportional to SC  and 

consequently 
S PS S

ˆ /=w D C  to be constant. This is a good approximation only for neutral 

macromolecules such as PEG. Indeed, as we can deduce from Fig. 4.1, 
PS S S

ˆ ( ) /D C C  is not a 

constant because 
PSD̂  does not approaches zero at low SC . Furthermore, salt thermodynamic non-

ideality was neglected in section 2.5, S 1y = . Clearly, this is not a good approximation for MgCl2. 

Finally, the salt diffusion coefficient was also assumed to be constant so that SC  is a linear function 

of position. This assumption is based on the salt diffusion coefficient being a constant independent 

of salt concentration. All these approximations are removed in the following discussion. 

As in section 2.5, we consider the hypothetical case of diffusion occurring inside a capillary 

tube of length, l , located along the x  axis. The two tube extremities are connected with two large 

salt-water reservoirs at different salt concentrations: (L)

S S=C C  and (R )

S S=C C  at 0=x  and =x l , 

respectively. A protein-salt-water mixture is located inside this tube. To impede protein transport 

into the reservoirs, semipermeable membranes close the two tube extremities. A schematic 
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diagram showing the capillary tube between the two large salt-water reservoirs is illustrated in Fig. 

5.1. Salt-water reservoirs create a steady-state salt concentration gradient along the tube. If we set 

(R) (L)

S SC C ,  SC  increases from 0=x  to =x l , approximately in a linear fashion. We specifically 

choose (L)

SC = 0.093 M and (R )

SC = 2.0 M, to match the experimental range of diffusiophoresis data 

in Fig. 4.1 of previous chapter for the MgCl2 case. 

 We assume that Brownian diffusion and diffusiophoresis are the only two processes 

responsible for protein transport within the tube. If an initially uniform lysozyme solution of 

concentration, 
0

PC , is inserted in the tube, the salt concentration gradient will induce a non-uniform 

protein concentration, P ( )C x ,  in steady-state conditions due to diffusiophoresis. Specifically, 

protein migration occurs along the negative direction of the x  axis if 
PS

ˆ 0D  and (R) (L)

S SC C . 

Since protein is confined inside the tube, protein flux must be zero in steady-state conditions. This 

leads to an accumulation of protein inside the tube at 0=x . To determine P ( )C x , we rewrite Eq. 

Figure 5.1 Schematic representation showing a tube of length, l containing a protein solution, 

located along the x-axis and connected to two salt reservoirs with salt concentrations, CS
(L) and 

CS
(R), through two semipermeable membranes. The corresponding salt concentration profile in 

steady-state conditions is described as a dashed line with positive slope. 
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2.24 (Chapter 2) to steady-state conditions. Specifically, we first rewrite Eq. 2.24 for our protein-

salt system: 

 S S SP P
PS0

P S

ln ˆ ν y dCd C
D

D dx C dx
− = +
ν

 (5.1) 

and then rearrange in the following way: 

 S SP P
PS 0

S S P S

ˆln ˆ ν yd C dx
D

dC C D dC
= − +

ν
 (5.2) 

where 0

P P P
ˆ /C C C  is the normalized protein concentration. Since protein is confined inside the 

tube, the protein flux must be zero in steady-state conditions in the volume-fixed reference frame. 

Correspondingly, we have from Eq. 2.23: P S S S( / )= −V D dC dxν  because Pν  and 
PSD̂  are defined 

with respect to the solvent-fixed reference frame, and S S( )V C  and S S( )D C  are the partial molar 

volume and solvent-fixed diffusion coefficient of the salt component in the binary salt-water 

mixtures, respectively. This represents a small residual value of Pν  taking into account water flux 

from low to high salt concentration. Therefore Eq. 5.2 can be rewritten in the following way: 

 S S S SP
PS 0

S S P

ˆln ˆ y V Dd C
D w

dC C D

 
= − − = − 

 


 (5.3) 

Equation 5.3 represents a generalization of 
S PS S

ˆ /=w D C  introduced in Chapter 2 (see Eq. 2.28). 

The behavior of 
PS S

ˆ ( )D C  was previously discussed (see Fig. 4.1). We now discuss the behavior of 

other terms in Eq. 5.3. In Fig. 5.2, MgCl2 thermodynamic factor ( Sy ) is plotted as a function of 

salt concentration 
S( )C . Note that Sy  significantly increases as salt concentration increases and 
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strong deviations from thermodynamic ideality ( Sy  different from 1) can be noticed. Therefore, 

Sy  cannot not be assumed to be equal to 1 as was done in section 2.5.  

It is now shown that 0

S S PV D D  in Eq. 5.3 is small. This contribution represents a small 

correction to convert protein diffusiophoresis from solvent-fixed to device reference frame.127, 136 

We calculated this term using the values of SV  and S S( )D C  of table 4.1 of Chapter 4. To determine 

lysozyme tracer-diffusion coefficient 0

P S( )D C , we used  0 0

P S P r,S S( ) (0) / ( )D C D C=  , where r,S S( )C  

is relative viscosity also reported in table 4.1 and 9 2 10

P (0) 0.132 10 m sD − −=   .137 Figure 5.3(A) 

illustrates that the second term in bracket of Eq. 5.3,  0

S S P/V D D  is small compared to the first term. 

 The behavior of S( )w C  for lysozyme in the presence of MgCl2 is shown in Fig 5.3(B). 

Here, we can see that S( )w C  decreases as SC  increases to ≈ 0.7 M where a minimum occurs and 

then increases with salt concentration. The relatively very large values of w  at low salt 

concentrations are related to protein charge. On the other hand, the increase in the values of w  at 

high salt concentration are attributed to the salt thermodynamic non-ideality. This plot 

Figure 5.2 Thermodynamic factor of MgCl2 as a function 

of its concentration. The value of  shows significant 

deviation from 1 at higher salt concentration.  
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demonstrates that S( )w C  is not constant (as assumed for neutral molecule in section 2.5) and varies 

with salt concentration. The lower values of  S( )w C  obtained in the NaCl and KCl cases are 

included for comparison.  

5.2 Determination of Protein Concentration Profile 

To get the concentration profile of protein in the tube of Fig. 5.1, we need to integrate Eq. 5.3 with 

the condition that S( )w C  is not a constant. Indefinite integration of Eq. 5.3 formally yields: 

 
P

ˆ exp( )= −C c w  (5.4) 

where c is an integration constant to be determined and we have introduced the integral function 

S( )w C  by 

 
S

(L)
S

S S( )
C

C
w w C dC    (5.5) 

Figure 5.3 (A) Comparison of  with its two contributions,  and  (Eq. 

5.3) as a function of . (B) Values of w as a function of  for the MgCl2 (diamonds) case. The 

solid curve is a fit through the data based on the empirical function: 1.0316 -1 - 0.38016 -0.5 

+ 0.48772 + 1.8151  . For comparison, values of w for the NaCl (circles) and KCl (squares) 

cases are included.   
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This function can be numerically evaluated. The corresponding plot is shown in Fig. 5.5(A). Note 

that 
(L)

S( ) 0w C =  since integration starts at 
(L)

S SC C= . Constant c can be determined by applying 

mass conservation to protein components: 

 
S

(L)
S

1

P P S(R) (L)

S S0

1ˆ ˆˆ 1
C

C
C dx C dC

C C
= =

−    (5.6) 

where ˆ /x x l  is normalized position and 
(R) (L)

S S S
ˆ( / ) ( ) −dx dC C C  is a unitless 

concentration-dependent coefficient linking SC  to x̂ . It describes the deviations of salt 

concentration profile S( )C x  from linearity with 1= . In Chapter 4 we assumed that 1= . After 

inserting Eq. 5.4 into Eq. 5.6, we obtain: 

 
S

(L)
S

(R) (L)

S S

Sexp( )
C

C

C C
c

w dC

−
=

− 

 (5.7) 

The expression of S( )C  can be identified using Fick’s law for salt diffusion flux SJ : 

 S
S S S S[(1 ) ]= − −

dC
J C V D

dx
 (5.8) 

where S S( )D C  is the available MgCl2 diffusion coefficient in the solvent-fixed reference frame 

(Table 4.1) and S S S(1 )− C V D  is the corresponding diffusion coefficient in the volume-fixed 

reference frame. If  S S S(1 )− C V D  is assumed to be a constant then S /dC dx  is a constant because 

SJ  is a constant in steady-state conditions. This leads to 1= . Figure 5.4 shows the salt diffusion 

coefficient ( SD , solvent-fixed frame; S S S(1 )D C V− , volume-fixed frame)  plotted as a function of 

salt concentration. Here we can see that salt diffusion coefficient is not a constant but moderately 
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increases with salt concentration. To assess its effect on  , we apply steady-state condition 

(constant flux SJ ) to Eq. 5.8. This yields: 

 

(R)
S

(L)
S

S S S S

S

(1 ) −
= −


C

C
C V D dC

J
l

 (5.9) 

We then equate Eq. 5.8 and Eq. 5.9: 

 
(R)
S

(L)
S

S S S

S
S S S S

ˆ (1 )

(1 )

−
=

 −
C

C

C V Ddx

dC C V D dC

 (5.10) 

Since 
(R) (L)

S S S
ˆ( / ) ( ) −dx dC C C , we conclude that 

 
(R)
S

(L)
S

(R) (L)

S S S S S

S S S S

( )(1 )

(1 )

− −
=

 −
C

C

C C C V D

C V D dC

  (5.11) 

The definite integral in Eq. 5.11 can be evaluated numerically. We can then determine the plot of 

S( )C  shown in Fig. 5.5. We can see that deviations of S( )C  from 1 =  remain small (less than 

Figure 5.4 Diffusion coefficient, , as a function of  for 

MgCl2 case. For comparison the factor in square brackets of 

Eq. 5.8 is included (dashed curve). 
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about 5%). We can then conclude that S /dC dx  is approximately a constant and assuming that SC  

is a linear function of x is a reasonable approximation. We are now in position to evaluate 
P S

ˆ ( )C C

. After inserting Eq. 5.7 into Eq. 5.4, we obtain:  

 
(R)
S

(L)
S

(R) (L)

S S
P

S

( ) exp( )ˆ

exp( )

C

C

C C w
C

w dC

− −
=

− 

 (5.12) 

The behavior of 
PĈ  as a function of SC  is shown in Fig 5.6.  

Figure 5.5 (A) Integral function, , as a function of  (B) Coefficient, , as a function of .  

Figure 5.6 Normalized protein concentration profile, 

,  as a function of salt concentration,   inside the tube.   
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Correspondingly, 
S

ˆ( )x C  can be obtained by numerical integration of (R) (L)

S S S
ˆ / / ( )dx dC C C − : 

 

S

(L)
S

S

(R) (L)

S S

ˆ

C

C
dC

x
C C



=
−

 
 (5.13) 

The dependence of SC  on the position x , which is extracted from Eq. 5.13, is shown in Fig. 5.7. 

Here we can appreciate that SC  is approximately a linear function of x. 

Finally, combination of 
P S

ˆ ( )C C  and S( )C x  leads to 
P

ˆ ( )C x  shown in Fig. 5.8(A). Figure 5.8(B) 

shows the corresponding logarithmic plot where we see significant deviation from linearity  This 

concentration profile reveals a 10-fold enhancement in PC  near the 0.093-M salt reservoir ( 0x  ) 

and a 100-fold depletion near the 2.0-M salt reservoir ( x l ) due to the diffusiophoresis. It is 

important to remember that in the simplified mass transfer model discussed in section 2.5, the 

expected concentration profile of macromolecule is a linear function of position. In Fig. 5.8(B) we 

Figure 5.7 Salt concentration profile, ,  as a function of 

normalized position, . 



 

54 

 

can see that 
P

ˆlnC  exhibits an inflection point at / 0.3x l  , with 
P

ˆlnC  curving upward and 

downward towards the left and right reservoirs, respectively. This behavior is related to the S( )w C  

minimum around the salt concentration of  ≈ 0.7 M (see Fig 5.3B). In other words, protein charge 

is responsible for amplifying the increase in protein concentration at low salt concentration 

( 0x  ), while salt thermodynamic non-ideality ( S 1y  ) is responsible for a more effective decline 

in protein concentration at high salt concentration ( x l ). This behavior was not grasped by the 

basic model discussed in Chapter 2. All these features related to MgCl2-induced protein 

diffusiophoresis are appealing for protein manipulation in solution (e.g. using microfluidic 

technologies) with applications to protein concentration and purification. 

  

Figure 5.8 (A) Normalized protein concentration,  profile as a function of . (B) 

Logarithmic diagram showing the steady-state normalized profile of lysozyme concentration, 

, along the x axis obtained in the presence of a MgCl2 gradient with = 0.093 M 

and = 2.0 M. 
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Chapter 6  

 

Quantitative Theoretical Examination of 

Lysozyme Diffusiophoresis 

  

6.1 Theoretical Examination of Diffusiophoresis Coefficients 

In this chapter, we theoretically examine the effect of salt type on the experimental behavior of 

PS S
ˆ ( )D C  shown in Fig. 4.1 of Chapter 4. Typically, an electrophoresis model is employed to 

describe salt-induced diffusiophoresis of charged particles.36, 38, 149 The connection of 

diffusiophoresis with electrophoresis stems from salt concentration gradients being able to create 

an internal electric field, directly proportional to the difference between the mobilities of the two 

salt ions as described in section 4.2 of Chapter 4. For protein diffusiophoresis in the presence of 

symmetric electrolytes such as NaCl and KCl ( S 2 = ), we have:36  

 
(e) P
PS C M

ˆ ( )
2

Z
D


 = −  (6.1) 

where the superscript “(e)” is appended to 
PSD̂  to indicate that this expression of diffusiophoresis 

takes into account the electrophoretic mechanism only, and ignores diffusiophoresis contributions 

such as those related to specific protein-salt interactions (e.g. protein preferential hydration), which 

are expected to dominate at high salt concentrations.36, 41 In Eq. 6.1,  i   is a transference number 

and represents the fraction of charge transported by ion “i”.150 In the limit of infinite dilute solution, 

the i  of an ion with ionic concentration iC  and ionic charge iZ  is the arithmetic average of the 
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ion trace-diffusion coefficient iD , that is 2 2/i i i i k k kk
C Z D C Z D =   where k is the individual 

component of the electrolyte. For NaCl and KCl we have, C C C M/ ( )D D D = +  and 

M M C M/ ( )D D D = + , whereas for MgCl2, C C C M/ ( 2 )D D D = +  and M M C M2 / ( 2 )D D D = +  with 

C  and 
M  ( C M 1 + = ) being the transference numbers of chloride (C) and metal ion (M), 

respectively. The term C M −  in Eq. 6.1 characterizes the strength of the internal electric field. 

Transference numbers are preferred to ionic mobilities in order to extend the validity of the internal 

electric field factor in Eq. 6.1 beyond the limit of S 0C → . Experimental values of transference 

numbers have been reported for many aqueous salts as a function of SC  at 25 °C.53, 55, 146 These 

values are reported in table 6.1 for NaCl and KCl while table 6.2 presents the values form MgCl2 

at different experimental salt concentrations. 

Table 6.1 Experimental transference 

numbers of chloride (C) and metal ion (M), 

respectively for NaCl and KCl at different 

concentrations of salt. 

Salt S / MC  C  
C M −

  

KCl 

0.250 0.511 0.021 

0.500 0.511 0.023 

0.900 0.512 0.024 

1.200 0.512 0.024 

1.500 0.513 0.025 

NaCl 

0.250 0.620 0.240 

0.500 0.625 0.250 

0.650 0.627 0.255 

0.900 0.631 0.261 

1.300 0.634 0.268 
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Table 6.2 Experimental transference 

numbers of chloride (C) and metal ion 

(M), respectively for MgCl2 at 

different concentrations of salt. 

S / MC  C  
C M / 2 −

  

0.093 0.638 0.457 

0.233 0.656 0.484 

0.464 0.675 0.513 

0.930 0.703 0.555 

1.599 0.735 0.603 

2.000 0.752 0.628 

 

 In Eq. 6.1,   is an electrokinetic factor with 1 =  when S 0C → , and PZ  is the protein 

charge at its slip boundary, thereby taking into account the contribution of small ions located within 

the hydrodynamic volume of the diffusing particle. In the limit of S 0C → , 

(e)

PS P C M
ˆ ( / 2)( )D Z  → −  represents the Nernst-Hartley equation,36  which shows that the intercept 

of 
PS S

ˆ ( )D C  in the presence of a given salt is directly proportional to protein charge. For lysozyme 

at pH 4.5, salt-osmotic diffusion data36, 51, 142 indicate that the Donnan charge is 8 1  at pH 4.5. 

This value, which accounts for the binding of 2-3 chloride counterions to lysozyme, can be taken 

as PZ . For the electrokinetic factor,  , we may write:36 

 
P1

h

R



=

+
 (6.2) 

where PR  is the protein hydrodynamic radius (radius at the slip boundary) with PR = 1.863 nm for 

lysozyme,137 
1/2(8000 )A BN I    is the Debye constant,151 with I  being the salt ionic strength, 

AN  the Avogadro’s number and B  the Bjerrum length (0.7151nm  for water at 25 ºC), and h  is 
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a corrective coefficient. In Eq. 6.2, 1

P(1 )R −+  is the dominant factor describing the electrophoretic 

effect exerted by a spherically symmetric ion cloud, making   to sharply decrease as ionic 

strength increases. Values of 0.2   correspond to our experimental salt concentration range. For 

spherical particles, h  may be described by the Henry’s function:152, 153 

 P

P 7 P 5 P( ) 1.5 [7.5 ( ) 3 ( )]
Rh R e E R E R  = − −  (6.3) 

with 
1

( ) n xt

nE x t e dt


− −  , which takes into account particle curvature.  Note that (0) 1h =  (Debye-

Huckel limit) and P( )h R  moderately increases with salt ionic strength up to ( ) 1.5h  =  

(Smoluckowski limit).53 It is important to observe that this description of   is expected to be 

accurate only at relatively low ionic strengths. As salt concentration increases, the accuracy of Eq. 

6.2 becomes less important because   dependence on salt concentrations becomes relatively weak 

and non-electrophoretic contributions dominate the behavior of 
PS S

ˆ ( )D C .  

 The three salt cases considered in this work are particularly interesting for understanding how 

a significant change in the magnitude of C M −  impacts protein diffusiophoresis. In the KCl case, 

C M 0.02 −  55 is very small and the role of the electrophoretic mechanism discussed above is 

marginal. Thus, this salt case represents a sort of baseline for understanding salt-induced protein 

diffusiophoresis. For NaCl, its value of C M 0.25 −  55 implies that there is a much more 

contributing electrophoretic mechanism. Finally, the MgCl2 case represents a further step up in 

complexity due a relatively large electrophoretic contribution and the divalent nature of this salt, 

which also requires modification of Eq. 6.1. 

 In the KCl case, we use Eq. 6.1 and Eq. 6.2 with P 8Z =  and available transference numbers55 

to calculate (e)

PS S
ˆ ( )D C  and subtract its small contribution to the experimental values of 

PS S
ˆ ( )D C . 
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We remark that an accurate description of (e)

PS S
ˆ ( )D C  is not crucial in this case due to its marginal 

impact on 
PS S

ˆ ( )D C . In Fig. 6.1, 
PS S

ˆ ( )D C  and the residual diffusiophoresis, (r) (e)

PS PS PS
ˆ ˆ ˆD D D − , are 

plotted as function of SC  for KCl. Note that (r)

PSD̂  is slightly lower than 
PSD̂  due to the small 

positive contribution of (e)

PSD̂ . Since (r)

PSD̂  linearly increases with SC , we fit these data to the linear 

equation (r)

PS W SD̂ c bV C= + , where c  and b  are two unitless parameters to be determined and the 

molar volume of water 3 1

W 18.07cm molV −=   is included so that b  may be approximately 

interpreted as the excess of water molecules outside the slip boundary of the diffusing protein, 

driving diffusiophoresis by preferential hydration.127 We find: 0.07 0.01c = −   and 37 1b =  . We 

Figure 6.1 Lysozyme diffusiophoresis coefficient (open 

squares) and residual diffusiophoresis coefficient (solid 

squares) as a function of KCl concentration. PEG 

diffusiophoresis coefficient (open triangles, normalized to 

 = 0.132×10-9 m2∙s-1) as a function of KCl 

concentration is included for comparison. The dotted 

horizontal line indicates the position of zero intercept. The 

solid and dashed curves are fits through the data described 

in the main text. 
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note that ignoring the small contribution of (e)

PS S
ˆ ( )D C  altogether would still yield an appreciable 

negative intercept ( 0.04 0.01c = −  ). 

 Residual diffusiophoresis of a charged particle can be compared to diffusiophoresis of a neutral 

particle, for which it is expected that 
PSD̂  vanishes when S 0C → . This is illustrated in Fig. 6.1, 

where the experimental behavior of KCl-induced diffusiophoresis of polyethylene glycol (PEG) is 

included for comparison.41 The small negative intercept found in the lysozyme case may be 

attributed to chemiphoresis,29 the mechanism responsible for negative diffusiophoresis due to the 

reduction of the thickness of electrical double layer (
1 −
) along a salt concentration gradient. 

Specifically, the thickness of the double layer decreases as salt ionic strength increases. This 

reduction implies a lower electrostatic energy. Thus, particle motion occurs towards lower 

electrostatic energy and consequently higher salt concentration.154 This suggests that 

chemiphoresis prevails on electrophoresis in the KCl case within the experimental salt 

concentration range. The small contribution of chemiphoresis is expected to approach zero in the 

limit of both low and high ionic strength, with a shallow maximum contribution at an intermediate 

salt concentrations.29, 36 It is therefore reasonable to assume that, within the experimental error, its 

contribution is a constant in the explored salt concentration range. Finally, the positive value of b  

is consistent with protein preferential hydration driving protein diffusiophoresis toward a salt-

depleted environment.41  

 We now turn our attention to the NaCl case. Here, we fit diffusiophoresis data to the 

equation: (e)

PS PS W S
ˆ ˆD D c bV C= + +  with (e)

PSD̂  given by Eq. 6.1 and Eq. 6.2 and use available 

transference numbers.53 Due to the large contribution of (e)

PSD̂ , we now assume that 0.07c = −  is 

the same as for KCl, and determine PZ  and b . Our analysis is illustrated in Fig. 6.2. We find: 
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P 7.7 0.7Z =   and 33 1b =  . The extracted value of PZ  matches the Donnan charge of 8 1  while 

the value of b  is comparable with that obtained in the KCl case. The corresponding residual 

diffusiophoresis plot is shown in Fig. 6.2. 

We finally consider the MgCl2 case. Due to the divalent nature of the metal ion ( S 3 = ), 

Eq. 6.1 changes to36, 41 

 (e) P M
PS C

ˆ
3 2

Z
D

 


 
= − 

 
 (6.4) 

Available transference numbers56 allow us to assess that the electrophoretic mechanism is 

significant with C M / 2 −  increasing from 0.46 to 0.63 as SC  increases from 0.093 M to 2.0 M. 

In relation to   in Eq. 6.2, it is important to note that Henry’s function is expected to be more 

Figure 6.2 Lysozyme diffusiophoresis coefficient (open 

circles) and residual diffusiophoresis coefficient (solid 

circles) as a function of NaCl concentration. The solid and 

dashed curves are fits through the data described in the main 

text. 
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accurate for symmetric electrolytes but can be still considered as an acceptable approximation for 

asymmetric electrolytes. After setting 0.07c = −  for the small chemiphoretic contribution, we find: 

P 10.4 0.9Z =   and 31 1b =  . Our analysis is illustrated in Fig. 6.3. Interestingly, the extracted 

value of b  is the same as that extracted in the NaCl case within the experimental error, while the 

value of PZ  is 35% larger. This difference is noticeable as pointed out by the dashed curve in Fig. 

6.3, which is constructed using P 7.7Z =  (from NaCl-related analysis). The relatively large value 

of P 10.4Z =  may be related to model approximations and/or an actual increase in protein charge 

within the experimental MgCl2 concentration range. In either case, MgCl2-induced 

diffusiophoresis is appreciably larger than predicted from theory. To appreciate its significance, 

we note that a re-examination of the mass-transfer problem discussed is Chapter 5 show that a 

Figure 6.3 Lysozyme diffusiophoresis coefficient (open 

diamonds) and residual diffusiophoresis coefficient (solid 

diamonds) as a function of MgCl2 concentration. The 

dotted curve represents diffusiophoresis coefficients 

calculated using ZP  = 7.7. The solid and dashed curves are 

fits through the data described in the main text. 
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decrease in protein charge from 10.4 to 7.7 reduces protein accumulation at 0x =  by ≈30% and 

consequently also reduces protein depletion at x l=  by ≈30%. The effect of MgCl2 on protein 

charge will be further discussed below by examining hydrogen-ion titrations in the presence of 

salts.  

6.2 Hydrogen-ion Titrations 

To examine the effect of salt on lysozyme charge, we performed hydrogen-ion titrations.101, 104 

Experimental details are provided in section 3.8.  We specifically determined the excess of bound 

hydrogen ions per protein, 
H
ν ,  as a function of measured pH around pH 4.5 (see Eq. 3.2 of Chapter 

3). Our results for lysozyme in aqueous KCl (Fig. 6.4) are in good agreement with the literature.101 

Note that 
H
ν  becomes the same as PZ  in the absence of binding of salt ions. The behavior of 

H
ν  

Figure 6.4 Excess number of bound protons per lysozyme, , as 

a function of pH in aqueous KCl at the listed concentrations. Curves 

interpolate experimental data points (not shown). The inset shows 

 as a function of salt concentrations, , at pH 4.5. 
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in the KCl and NaCl cases, which is illustrated in Figs. 6.4 and 6.5 shows that a minor increase in 

H
ν  with salt concentration occurs at any measured pH. In contrast, 

H
ν  was found to appreciably 

decrease as SC  increases in the MgCl2 case as shown in Fig. 6.6. If ion binding is ignored, a 

decrease in 
H
ν  due to MgCl2 implies a corresponding decrease in protein charge, in disagreement 

with the hypothesized effect of this salt on PZ . To reconcile the behaviors of 
H
ν  and PZ , a 

competitive binding of Mg2+ and H+ toward the available –COO-  sites on the protein surface may 

be considered. In the presence of MgCl2, less carboxylate sites are available to bind protons thereby 

reducing the value of 
H
ν . At the same time, replacing H+ with Mg2+ produces a net increase in 

protein charge due to the divalent nature of magnesium ions, qualitatively consistent with the 

interpretation of our diffusiophoresis results. 

Figure 6.5 Excess number of bound protons per lysozyme, , as 

a function of pH in aqueous NaCl at the listed concentrations. The 

inset shows  as a function of salt concentrations, , at pH 4.5. 
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6.3 Summary and Conclusions 

Lysozyme diffusiophoresis coefficients, 
PSD̂ , were found to be positive and increase with salt 

concentration in all three salt cases. At low salt concentrations, diffusiophoresis coefficients are 

consistent with the electrophoretic mechanism. Specifically, values of, 
PSD̂ , were found to be the 

largest in the MgCl2 case and close to zero in the KCl case, consistent with the known ranking in 

ion mobility. The three salt cases considered in this work allowed us to examine the contribution 

of chemiphoretic mechanism (KCl), electrophoretic mechanism (NaCl), and ion valence (MgCl2) 

to diffusiophoresis. In the case of MgCl2, lysozyme diffusiophoresis coefficients were found to be 

even larger than predicted. Effects of salt on hydrogen-ion titration curves are consistent with the 

Figure 6.6 Excess number of bound protons per lysozyme, , as 

a function of pH in aqueous MgCl2 at the listed concentrations. The 

inset shows  as a function of salt concentrations, , at pH 4.5. 
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binding of Mg2+ ions to carboxylate groups of lysozyme. The corresponding increase in lysozyme 

charge can explain larger, 
PSD̂ , values. 

 Theoretical examination of steady-state diffusiophoresis inside a capillary tube indicates 

that concentration gradients of MgCl2 produce significant accumulation of lysozyme at one tube 

end (low salt concentration) due to protein charge and the relatively low mobility of Mg2+ ions 

compared to Cl− ions. Correspondingly, a significant depletion of lysozyme is predicted at the 

other tube end (high salt concentration) due to a large salt thermodynamic factor. These findings 

suggest that MgCl2 concentration gradients could be exploited for protein manipulation with 

applications relevant to microfluidic technologies and diffusion-based mass transfer in general. 
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PART II 

Lysozyme Condensation in Aqueous 

Mixtures 
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Chapter 7  

 

Theoretical Background on Phase Transitions of 

Protein Aqueous Mixtures 

  

7.1 Introduction 

Phase separation refers to the spontaneous partitioning of a system into multiple phases of distinct 

properties such as density, and concentration, etc. different from the initial phase.155 Protein 

condensation refers to the formation of protein-rich phases, such as droplets, aggregates, crystals, 

and gels from the protein solutions.67 Liquid-liquid phase separation (LLPS) represents the 

reversible formation of two separate coexisting liquid phases from an initially homogeneous 

solution of macromolecules (proteins, polymers) or colloidal particles (e.g. polymer 

nanoparticles), onset by the change in conditions such as temperature, additives, ionic strength,  

pH, etc.156 One of the two coexisting liquid phases is diluted and other is concentrated in 

macromolecule. As discussed below, the diluted and concentrated phases can be formally treated 

as a gas and as a liquid, respectively. In this chapter, the fundamental principles of LLPS of the 

solutions of globular macromolecules are reviewed. We start with the qualitative examination of 

the phase behavior of these systems, focusing on protein phase diagram and then explain LLPS 

generated by decreasing temperature. We shall also describe the role of protein-protein and 

protein-salt interactions on their phase separation behaviours. 
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7.2 Phase Behavior of Globular Macromolecules 

This section provides a qualitative description of the phase diagram of globular macromolecules. 

Figure 7.1 shows a representative schematic temperature-volume fraction (T- 1 ) phase diagram of 

binary macromolecular solutions. The volume fraction of the macromolecule is defined as 

1 1 1 /nV V =  where 1n  and 1V  are the number of moles and molar volume of the macromolecule, 

respectively, while V is the total volume of the system. It can be observed in Fig. 7.1, that the 

systems exhibit a broad region of liquid-solid coexistence.157, 158 Interestingly, the liquid-liquid 

coexistence curve lies below the solid-liquid coexistence (solubility) curve and are metastable 

Figure 7.1 A representative phase diagram for a binary 

globular macromolecular solution. The region shown 

using the blue colors corresponds to the LLPS regions. 

The LLPS inside the dashed line region follows the 

spinodal decomposition while outside the dashed line 

LLPS occurs through nucleation and growth. Symbol “×”  

represents the maxima of curve, also known as critical 

point. The solubility and solidus curves represent the 

fraction of macromolecule in dissolved and in crystal 

state, respectively, at a given temperature.157,158  
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because the coexistence of two liquid phases occurs within the region of liquid-solid coexistence.65, 

158 Metastability can be defined as the existence of a given phase of a chemical substance for a 

transient time outside its domain of thermodynamic stability (e.g. homogeneous mixture phase) 

before evolving towards the thermodynamically stable phase (e.g. solid-phase). In the case of 

proteins, LLPS can be observed because crystallization is a relatively slow process. The 

metastability of protein LLPS has been linked to the short nature of protein-protein attractive 

interactions as it will be discussed later. In other words, two proteins can feel a reciprocal attraction 

only if they are close to each other. This is related to the fact that the typical range of van der Waals 

and other interactions is small compared to the characteristic size of proteins or other globular 

colloidal particles. It is important to remark that LLPS metastability has been also predicted to 

occur for large colloidal particles.159 However, metastable LLPS is more difficult to observe in 

these cases because crystallization and precipitation are relatively fast. On the other hand, the 

condition of short-range interactions does not apply to linear polymers because the range of van 

der Waals and other interactions is comparable to the characteristic size of monomers.  

The phase separation temperature, Tph, in Fig. 7.1 is located on the binodal curve (solid red 

line) which establishes the boundary where two distinct phases co-exist in solution.  Between the 

binodal and spinodal (dashed lines) curves lies a metastable region where liquid demixes via a 

nucleation process (droplet formation). The spinodal zone (areas delineated by dashed lines), is a 

subdomain within the demixing domain in which demixing does not occur by nucleation but by 

the so-called spinodal decomposition i.e., worm-like bicontinuous network formation.158, 160  

The metastable protein-rich phase can be an intermediate in the process of formation of the 

stable crystalline or even amorphous precipitates phases.161, 162 The previous experimental and 

theoretical work has predicted that the metastability of the protein-rich liquid phase with respect 
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to the crystalline phase may provide a mechanism of the solution-to-crystals phase transition.159, 

163-167 According to this mechanism, the nucleation of the crystalline nuclei proceeds in two steps: 

formation of a protein-rich droplet due to the LLPS, and appearance of a crystalline nucleus within 

the droplet due to the ordering of a certain number of molecules.65, 159, 168 The enhanced crystal-

nucleation can be elaborated by using the ideas of nucleation theory.169-171 According to this 

theory, the change in Gibbs free energy with the formation of a crystal from a droplet can be given 

as:169-171  

 
crys3 2

1

4
(4 )

3

G
G R R

V
  

 
 = + 

 
 (7.1) 

where R is the radius of a crystal which is considered spherical for simplicity, crysG  is the 

corresponding Gibbs free energy of crystallization, and   is the surface tension between the crystal 

and surrounding medium in the protein-rich droplet. The first energy term on the right of Eq. 7.1 

is denoted as a volume term that characterizes the thermodynamic saturation while the second term 

is denoted as a surface term.171 The negative volume contribution is directly proportional to R3 

while the surface positive contribution is directly proportional to R2. The contribution of the bulk 

term decreases as R increases because crysG  is negative. On the other hand, the surface term 

increases with R because 0  .169-171 As a net result, G  first increases as R increases and then 

displays a maximum (
*G ) before decreasing then becoming negative as R further increases. The 

maximum value of 
*G  is known as the nucleation barrier and can be given as: 
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Equation 7.2 shows that the nucleation barrier can be reduced by increasing crysG , which 

describes supersaturation or decreasing  .172 In the phases separated by LLPS, the surface energy 

of the crystal in the protein-rich phase is smaller than the surface energy of crystal formed in the 

protein-poor phase because the protein-rich liquid phase has many protein molecules making 

multiple attractive interactions with the crystal. In other words, the better wetting of crystals in the 

protein-rich phase lowers the contribution of surface term, which leads towards enhanced crystal-

nucleation as compared to in the protein-poor phase. 

7.3 Thermodynamics of Globular Macromolecules 

Generally, the processes of solution mixing and phases transitions are described in isothermal and 

isobaric conditions.61, 173 Therefore, these processes can be described by using the variations of 

Gibbs free energy, G, as a function of the composition of the aqueous mixture.174 For phase 

transition to be thermodynamically favored, it needs to result in a decrease in the mixture’s Gibbs 

free energy.174 However, the majority of the phase transitions in the aqueous solutions of 

macromolecules are associated with insignificant variations in the total volume of the systems.61  

Thus, these approximately isochoric processes can be equally described using the Helmholtz free 

energy, A, which for an open system can be presented as:175 

 = − − +  i i

i

dA SdT pdV dn  (7.3) 

where i  is the chemical potential of the ith component of the system. For a specific binary 

macromolecule(1)-solvent(0) two-component system composed of n1 moles of macromolecule 

and n0 moles of solvent at constant temperature T and pressure p, Eq. 7.3 can be expanded as:173 

 1 1 0 0= − + +dA pdV dn dn   (7.4) 
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where 
1  and 0  is the chemical potential of macromolecule and solvent, respectively. If we 

assume that the molar volume of the macromolecule, V1, is constant and independent of the 

composition and molar volume of the solvent, V0 is also constant following the Gibbs-Duhem 

relation, then the total volume of the system will be invariant upon phase transition.61, 173 The 

differential of the total volume of our open system at constant T and p can be written as: 

 1 1 0 0= +dV V dn V dn  (7.5) 

Substituting the value of 0dn  from Eq. 7.5 into Eq. 7.4 will give us: 

 0 1
1 0 1

0 0

   
= − − + −   

   

V
dA p dV dn

V V


   (7.6) 

If we consider a system consisting of pure solvent with the same total volume V, then the free 

energy of this system can be expressed as: 173 

 0

0

 
 = − − 

 
dA p dV

V


 (7.7) 

where 0
  represents the chemical potential of the pure solvent. Subtraction of Eq. 7.7 from Eq. 

7.6 will results: 173  

 0 0 0 1
1 1

0 0

( )
V

d A A dV dn
V V

  


   −
− = + −   

   
 (7.8) 

The difference −A A  is the change in free energy when a given amount of solvent molecules is 

replaced by the same volumetric amount of macromolecules at constant T and V. Since osmotic 

pressure of the binary system is defined by 0 0 0( ) /V   − − ,61, 173 we can write Eq. 7.8 as: 

 
1 1dA dV dn = − +  (7.9) 
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where A A A − . Equation 7.9 shows that a liquid mixture of incompressible binary components 

can be equivalently treated as a compressible fluid consisting of one effective component with 

pressure Π and chemical potential, 1 1 0 1 0( / ) − V V    denoting the effective chemical 

potential.173 In addition, we can appreciate that the  LLPS of this binary system can be treated as 

the gas-liquid condensation of the one-component gas system.176 

7.4 Protein-protein Interactions in Aqueous Mixtures 

The thermodynamic formalism introduced in the previous section can be used to describe protein-

protein interactions. All macromolecules, including proteins, exhibit varying degrees of weak, 

nonspecific interactions with each other and with solvent systems.177 In broad terms, the solvent 

system represents here a mixture of solvent molecules, buffer, and salt ions used to maintain the 

functional ionic strength of protein mixtures. For simplicity, the parts of the mixture other than the 

protein can be considered as a background medium focusing on the protein component of the 

mixture as an effective one-component system.178, 179 The interactions between protein 

macromolecules tend to be very low in affinity, short-lived, lacking stereospecificity, and 

distributed throughout the surface of the protein.177, 180 By fitting the experimental data of proteins 

using the theoretical concepts from colloidal sciences, it had been concluded that, due to their 

effective surface charge, proteins interact by long-range electrostatic repulsion at low ionic 

strength which becomes screened as the ionic strength increases.181 This allows short-range 

attractive forces to become more important. The solubility of proteins and their phase separations 

are controlled by the protein-protein net interactions in the background solvent.177, 180 When these 

net interactions become sufficiently attractive then phase separation will occur and the molecular 

mixture separates into two phases; a large volume low concentration dilute phase, and a small 

volume, high concentration condensed phase.177, 180-182  
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Thermodynamically, the protein-protein interactions in water can be described using the 

model of a non-ideal gas.183 The effectively one component protein-water mixture can be 

characterized by expanding the virial equation of state:184 

 
1
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(1 )
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B
k T V


= + +  (7.10) 

or equivalently, we can also write 
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 (7.11) 

where 0

1  is the effective chemical potential in standard states and B is the second virial 

coefficient. This parameter is used to quantify intermolecular interactions between the protein 

molecules. In continuum solvent generalization, B describes the two-body solvent-mediated 

interactions.185 If on average, there are attractive interactions between the protein molecules, B 

will be negative and results in the lowering of the osmotic pressure (and chemical potential) of the 

solution.186 On the contrary, the repelling protein-protein interactions result in positive B values 

and increased osmotic pressure (and chemical potential).186 Assuming that the interaction potential 

between protein molecules is averaged over angular coordinates, B can be expressed as:187 

 
( )/2

0
1

2
( ) [1 ]Bu r k T

B T r e dr
V

 
−

= −  (7.12) 

 where ( )u r  is the spherically symmetric potential energy for protein-protein interactions.187 A 

simple model that allows us to unambiguously identify three important parameters describing 

protein-protein interactions, namely the size of particles, range of interactions, and the strength of 
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interactions,  is the square-well potential model. In this model, the potential energy, ( )u r  for a pair 

of protein molecules having a hard-core diameter ( ) and separated by a distance r is given by:188 

 

, for ,

( ) , for ,

0, for .

r

u r r

r



  



+ 


= −  
 

 (7.13) 

where 0   for attractive interactions and characterizes the depth of well (magnitude of 

interaction). The parameter  , with 1   is a constant describing the width of the well (range of 

interaction) and plays a fundamental role in the location of the phase diagram and LLPS 

metastability. Using the square-well potential in Eq. 7.12, the expression for B(T) can be obtained 

as:187 

 ( )/3 3( ) 4 1Bk TB T e  = − −
 

 (7.14) 

In the special case considering protein molecules as a hard-sphere ( 0 =  and 1 = ) 

HS 4B = .182 Equation 7.14 gives B as a function of temperature.187 Equation 7.14 quantifies the 

strength of interactions between protein molecules required to derive the phase separation. It has 

been observed that for various protein systems the value of the normalized second virial coefficient 

at the critical LLPS temperature is universal:182, 189 

 
HS

1.5
B

B
 −  (7.15) 

It has also been reported that the optimal range of protein crystallization corresponds to the slightly 

negative value of the 
HS/B B .172  
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7.5 Liquid-liquid Phase Boundary 

We now link the LLPS boundary to the behavior of protein chemical potential, 
1 . The 

composition of two co-existing phases, denoted as I and II, can be determined from the following 

two equilibrium conditions.175, 176 

 (I) (II)

1 1 ph 1 1 ph( , ) ( , )T T   =  (7.16) 

 (I) (II)

1 ph 1 ph( , ) ( , )T T   =  (7.17) 

where (I)

1  and (II)

1  are the volume fraction of the macromolecule in the co-existing phases I and 

II, respectively and Tph is the phase separation temperature.  From these equilibrium relationships 

of Eq. 7.16 and Eq. 7.17, the following equivalent expression can be obtained: 175, 176 

 
( II )
1

( I )
1

(II) (I) (I)

1 1 1 1 1 1 1( ) ( ) ( )d



      − =   (7.18) 

The graphical form of Eq. 7.18 is known as Maxwell equal-area rule.175, 176 The LLPS phase 

boundaries can be constructed by using Eq. 7.18 in terms of 
(I)

1  and 
(II)

1 .190, 191 Figure 7.2(A) 

shows a representative 1  vs. 1  plots at three different temperatures. For the curve shown in 

black, at cT T= , c

1 1( , )cT   displays a horizontal inflection point. This temperature corresponds 

to the critical point.192 The critical point, satisfies the conditions of c c
1

1 1 ,
( / ) 0

T
   =  and 

c c
1

2 2

1 1 ,
( / ) 0

T
   = .176  The highest temperature curve (red curve) i.e., for cT T , the chemical 

potential curve is monotonically increasing with 1 . In this temperature domain, the system 

remains homogeneous at any 1 . For the chemical potential curve calculated at cT T  (green 

curve), the immiscibility gap where LLPS occurs is defined by the solid circles for which 
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equilibrium condition Eq. 7.16 holds. The areas of curves inside the dashed line satisfy the 

Maxwell equal-area rule (Eq. 7.18) and describe phase equilibrium together with Eq. 7.16. This 

curve exhibits maxima and minima, represented using letters b and c, respectively.176 These 

extremes demark the spinodal boundary (see section 7.2) inside which 1 1( / ) 0  T  .176 The 

region between these points is thermodynamically unstable. In Fig. 7.2(A), the points represented 

using letters a and d establish the regions where the solution will undergo LLPS. The phase 

separation between the regions a-d will occur through one of the two mechanisms as mentioned in 

section 7.2.176 If the system is unstable (region b-c), such that 1 1( / ) 0  T   then the phase 

separation will occur without an energy barrier following the spinodal decomposition. On the other 

hand, if 1 1( / ) 0  T   (region a-b and c-d) then the phase separation will occur through 

nucleation and growth, consistent with the formation of spherical droplets.193   

Figure 7.2 Typical isothermal plots of  as a function of  at three representative temperature 

(A) and several different temperatures decreasing from top to bottom (B). The crosses on the curve 

represents points on the spinodal boundary and black dots show binodal boundary. The areas 

between dashed line and corresponding curves follow the Maxwell equal-area rule. Image in (B) 

adopted from Ref.  [176] is obtained from the Monte Carlo simulations using square-well potential 

model and . The isotherms result from variations of  from 1.267 to 1.317 in steps 

of 0.005. 
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Figure 7.2(B) shows 1  vs. 
1  plots at eleven different temperatures data obtained using 

Monte Carlo simulations for spherical particles in the presence of attraction energy using the 

square-well potential and 1.25 = .176 The studies mentioned in Ref. [176] show that a decrease in 

  (range of interactions), shifts c

1  to higher values leading to the metastability. All temperature 

profiles in Fig. 7.2(B), other than that of the critical temperature are associated with miscibility 

gaps. These identity the domain in which LLPS occurs. This domain is shown using solid black 

dots in Fig. 7.2(B) and illustrates the typical dome-like shape of the LLPS boundary.176 The crosses 

represent the points demarking the spinodal boundary within the LLPS domain.  

7.6 Effective Protein-protein Interactions in Protein-salt-water 

Solutions 

At low ionic strength of the protein solution, the presence of salt in the protein mixture modifies 

the repulsive protein-protein electrostatic interactions through a mechanism known as the diffusive 

screening of the protein charge.172 Increasing the ionic strength typically decreases the range and 

magnitude of screened electrostatic repulsive interactions.172, 181 Hence, the solution phase is more 

prone to LLPS on increasing the ionic strength.172 The effects of salts nature and type on protein-

protein interactions are typically reflected in the second virial coefficient.172 Increases in the 

concentration of the monovalent salts ions, such as NaCl in lysozyme solutions, make B more 

negative by increasing the relative contribution of attractive protein-protein interactions compared 

to the reduced electrostatic repulsion.172, 194 

 To account for the effect of salts on protein interactions and protein phase behavior the 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory can be used.195 According to this theory, 

particle-particle interactions are described by three contributions: short-range excluded-volume or 
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steric repulsions, short-range van der Waals attractions, and long-range electrostatic repulsions.195, 

196 In DLVO potential, Coulomb electrostatic repulsive interactions are readily parametrized by 

macroscopic solution properties, such as ionic strength and dielectric permittivity.195 The DLVO 

potential, 
DLVO ( )u r , is written as:195, 197 

 DLVO HS SC VDW( ) ( ) ( ) ( )u r u r u r u r= + +  (7.19) 

where the hard-sphere steric contribution, HS( )u r , is given by:195, 197 
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where δ is a layer thickness describing the Stern layer and the solvation shell around a protein.195 

For ( )r δ + , the screened Coulomb contribution SC ( )u r  is given as:195, 197 
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where 0ε  and sε  are the permittivity of the vacuum and the solvent, respectively, which exhibits 

weak dependence on temperature.197, 198 The Debye screening length, 1κ − can be given as:195, 197 
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where 21/ 2 i ii
I z c=   is the ionic strength with iz  and ic  are the charge and concentration (M) of 

the ith ionic species, respectively (see also section 6.1 of Chapter 6). The van der Waals 

contribution VDW ( )u r  to Eq. 7.19 is approximated as:195, 197 
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where AH is the effective Hamaker constant,199 which determines the strength of van der Waals 

contribution. It also accounts for non-DLVO forces, such as hydration, the hydrophobic effect, and 

hydrogen bonding, etc.199 From the DLVO potential (Eq. 7.19) the normalized second virial 

coefficient can be computed using Eq. 7.12 as:195, 197 
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+

  +
= + − −   +   

  (7.24) 

where HS 34(1 / )B  = + . In the DLVO model, the salt concentration and dielectric properties are 

taken into account through the repulsive screened Coulomb contributions (Eqs. 7.21 and 7.22).195 

Attractive interactions are effectively taken into account by the values of AH and δ (Eqs. 7.23 and 

7.24).195 The value of 
HS/B B  at the phase separation temperature depends on the protein charge 

ZP, ionic strength of the solution, and dielectric properties of the solution.195 Figure 7.3 shows a 

typical behavior of lysozyme 
HS/B B  dependence on salt (NaCl) concentration at different values 

of Hamaker constant.200 The magnitude of 
HS/B B  decreases (more negative) with an increase in 

the value of Hamaker constant. The optimum of Hamaker constant can be estimated from values 

of B determined by light scattering measurements196 which is set for 8.3kBT for lysozyme and 

NaCl mixture in sodium acetate buffer.195, 198, 201, 202      
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Figure 7.3 Calculated values of  as a function of salt 

ionic strength, I, at three values of Hamaker constant, AH, 5kBT 

, 8kBT , 10kBT in NaCl solution at pH 4.5 using  and 

 for lysozyme. The image is adopted from Ref. 

[200].   
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Chapter 8  

 

Materials and Experimental Methods for LLPS 

Studies of Lysozyme 

 

8.1 Materials and Solution Preparation 

Two-times recrystallized and lyophilized egg-white lysozyme was purchased from Worthington 

Biochemical Corporation, NJ, USA, and used without further purification.  Our previous chemical 

analysis shows that this lysozyme material consists of 89% isoelectric lysozyme, 9% water, and 

2% HCl. Protein concentrations in aqueous solutions were determined based on UV absorption at 

280 nm as mentioned in section 3.1 of Chapter 3. Molar concentrations were calculated using the 

lysozyme molar weight of 14.307 kg∙mol-1 at the isoelectric point. Analytical reagent grade 

Sodium Chloride (NaCl, Mallinckrodt), 4-(2-hydroxyethyl)-1-piperazineethanesulfonate (HEPES, 

238.30 g∙mol-1,  Sigma Aldrich) Tris (Hydroxymethyl) Amino Methane (Tris, 121.14 g∙mol-1, 

Fischer Sci.),  Sodium Hydroxide (NaOH, 40.00 g∙mol-1, Fischer Sci.), Hydrochloric Acid (HCl 

36.5-38.0% w/w, Pharmca), Sodium Phosphate monobasic (NaH2PO4∙H2O, 137.99 g∙mol-1, 

Fischer Sci.), Sodium Phosphate dibasic (Na2HPO4, 141.96 g∙mol-1, Fischer Sci.) and N,N-

dimethylindoaniline dye (bromophenol blue, 669.96 g∙mol-1, Sigma Aldrich) were used without 

further purification. De-ionized water was passed through a four-stage Millipore filter system to 

provide high-purity water for all the experiments. Aqueous stock solutions of HEPES, HEPES-

NaCl, Tris-NaCl, Na2HPO4/ NaH2PO4 and HEPES-NaCl at pH 7.4 were prepared by solute weight 
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and volumetric flasks. The targeted value of pH was obtained by adding small amounts of aqueous 

≈ 0.1M NaOH to HEPES stock solutions or aqueous ≈ 0.1 M-HCl to Tris stock solutions prior 

final volume adjustment. Lysozyme aqueous solutions were prepared by first mixing protein 

powder with NaCl-free HEPES or Tris stock solutions followed by one dialysis step (Amicon, 

Millipore, 10-kDa cutoff membrane) against these same stock solutions. Lysozyme solutions were 

then transferred into centrifugal filter devices (Amicon Ultra, Millipore, 10-kDa cutoff membrane) 

where they were dialyzed exhaustively into HEPES-NaCl or Tris-NaCl stock solutions and 

concentrated to final targeted protein concentration (up to ≈ 260 g∙L-1) using a centrifuge (Allegra 

25R centrifuge, Beckman Coulter). Dilution of these concentrated protein solutions was achieved 

by adding HEPES-NaCl or Tris-NaCl stock solutions. The same approach was used to prepare 

solutions for turbidity experiments in the presence of phosphate buffer, Isothermal Titration 

Calorimetry (ITC) experiments at pH 5.4 and protein-dye binding experiments (phenol blue is 

previously added into the HEPES-NaCl stock solution). 

8.2 Turbidity Measurements 

The LLPS temperature, Tph, was determined by measuring the turbidity of freshly prepared 

aqueous lysozyme samples as a function of temperature. A homogenous small sample (≈200 μL) 

with a given composition was first incubated at 50 °C for ≈ 5 min prior to the turbidity experiment. 

Figure 8.1 shows the scheme of the turbidity meter apparatus used in the studies. The turbidity 

meter is comprised of a programmable circulating bath (1197P, VWR), a calibrated thermocouple 

(±0.1 °C), a homemade optical cell, where the initially-transparent sample (optical path of L = 0.4 

cm) and a thermocouple probe are located.203 Collimated light from a solid-state laser (633 nm, 5 

mW, Coherent) passes through the sample, and its transmitted intensity, I, is recorded by a 

photodiode detector coupled with a computer-interfaced optical meter (1835-C Newport). After 
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recording the transmitted intensity, I0, of the initially transparent sample, the temperature of the 

bath was changed at a constant rate of ±1 °C/min, and both temperature and transmitted intensity 

were continuously recorded. The opacification and phase separation as a function of temperature  

were monitored by using turbidity, τ, which can be given as: 

 01
( ) ln

I
τ T

L I

 
=  

 
 (8.1) 

 The temperature at which the turbidity shows a sharp increase upon cooling was chosen to identify 

the value of Tph (cloud point). After achieving sample clouding by cooling (typically in the range 

from -15 to 5 °C), the temperature of the bath was steadily increased up to room temperature ( ≈ 

22 °C).  

 

 

Figure 8.1 Scheme for the turbidity meter apparatus. 
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8.3 Optical Microscopy 

After phase separation, ≈ 1 μL of the cloudy samples were promptly applied on the microscopic 

slide and covered by a coverslip. The sample was observed under a light microscope (Axioskop 

40, Zeiss) using bright-field, polarization, and phase-contrast microscopy. The 20x, 40x, and 63x 

objectives were used to analyze the sample. Images were taken using a digital camera (Axiocam 

MRc, Zeiss) interfaced with a computer software (Axiovision AC 4.5, Zeiss). 

8.4 Solubility Measurements 

In the case of microparticles, cloudy samples (≈400 μL), prepared by cooling below LLPS 

temperature, were transferred into capped test tubes. These samples were then fully immersed in 

a temperature-controlled water bath at the desired temperature. Sample stirring was achieved by 

test-tube rotation (0.2 rpm) leading to a cyclic sample inversion inside the water bath, with mixing 

facilitated by a small glass bead inserted inside the test tube. After one day of equilibration, 

samples were positioned vertically and held stationary to allow for macroscopic phase separation 

inside the water bath. After separation was achieved, samples were quickly centrifuged by using 

our centrifuge with temperature control. The sample holders used in the centrifugation process 

were previously inserted in the water bath to minimize temperature differences with samples. The 

protein concentration in the supernatant was measured by spectrophotometer and was taken as the 

solubility values. Experiments repeated after the following day confirmed the solubility values 

with an error of ≈ 5% or less. To determine solubility data of rod-shaped crystals, heterogeneous 

samples were first taken to 50 °C to dissolve microparticles and then incubated at 4 °C, well above 

the clouding temperatures, to amplify crystal formation. Crystals were then added to a protein-free 

HEPES-NaCl medium and the supernatant concentration was measured using the same approach 

and analysis described for microparticles. 
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8.5 Dynamic Light Scattering 

Dynamic light scattering (DLS) is a non-invasive and non-destructive technique that can be used 

to determine the diffusion coefficient, D, of macromolecule in solution.204-206 It is based on the 

measurement of concentration fluctuations caused by the Brownian motion of solute particles in 

the solution.204, 205 The difference between the polarizability of these solute particles and the 

surrounding medium (i.e., solvent) results the scattering of incident photons in all directions. The 

total scattered electromagnetic field, E, of the sample containing N identical solute particles, can 

be given as:205  

 .0 i

N
iq r

i

E E e=   (8.2) 

where 0E is the amplitude of the electromagnetic wave scattered by each particle, ir is the position 

vector of the ith particle and q  is the scattering vector that can be calculated as:205, 206 
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where, n is the refractive index, λ is the wavelength of light in vacuum and θ is the scattering angle. 

The intensity of scattered light is proportional to the square of the amplitude of the electromagnetic 

wave and can be given as: 199 
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   (8.4) 

where i jr r−  is the difference in the position between particle i and particle j. The first term in the 

square bracket, N, represents the net contribution of all particles, while the trigonometric term 

describes the interference of the scattered waves due to the different positions. According to Eq. 
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8.4, ( )I t  fluctuates because i jr r−  fluctuates. The measured scattered-intensity is a stochastic 

function of time due to particle random motion.204, 205 The scattered intensity, ( )I t  at a given time 

correlates with the scattered intensity at a later time, t + . This implies that a correlation function, 

associated with this stochastic scattered intensity can be built. Slow (rapid) fluctuations of i jr r− , 

correspond to a small (great) loss of correlation over time. Hence, a low (large) diffusion mobility 

corresponds to a slowly (rapidly) decaying correlation function. In the limit of zero mobility, 

fluctuations of i jr r−  are “frozen” and no loss of correlation over time occurs.204-206 

 Correlation between two scattered intensity values can be determined by introducing the 

normalized intensity correlation function, (2) ( )g  :205, 206 

 
(2) 0

2 2

( ) ( )( ) ( )
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g

I t I t






++
 =


 (8.5) 

Correlation functions are calculated by using a correlator, a circuit board composed of various 

logic chips and operational amplifiers which continuously multiply and add measured intensity 

values. This device collects the ( )I t  as a function of time (with the difference of 10-9 to 10-3 

seconds) and computes (2) ( )g   by numerically solving the integral of Eq. 8.5. For identical 

particles with diffusion coefficient, D, the correlation function is described by the Siegert 

equation:206 

 (2) 2( ) 1 exp( 2 )g q D = + −  (8.6) 

Equation 8.6 shows that (2) ( )g   is exponentially decaying over time, with a lifetime that is 

inversely proportional to the particle diffusion coefficient. However, in a typical DLS experiment, 
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the ensemble of scattering particles is not assumed to be monodisperse and Eq.8.6 is typically 

replaced (as in our experiments) by this more general equation: 206 

 
2

2

(2) ( ) iq D

i

i

g A We
 − 

=  +  
 
  (8.7) 

where 1A   is the coherence factor that depends on detector area, optical alignment, and scattering 

properties of macromolecules, A = 1 corresponds to the theoretical limit in which scattered light is 

collected by the detection system from an infinitesimal solid angle and B is the baseline (~ 1).206 

Both parameters are determined through the application of the least-squares method. The term iD  

is the diffusion coefficient associated with type i particles and iW  is the corresponding normalized 

scattering contribution, with iW  being proportional to 2

i iN M  where iN  is the number of  type i 

particles and iM  their corresponding molecular weight. Experimentally, a grid of D,  iD  is 

constructed and the corresponding  iW  are determined using the least-squares method, which 

gives the normalized light-scattering distribution ( )W D  of diffusion coefficient. The average 

diffusion coefficient of the distribution can be determined as: 

 
n

1

i iz
i

D W D
=

=   (8.8) 

where subscript represents the z-averaged distribution.           

The light scattering instrument (Fig. 8.2) used for the studies mentioned in this dissertation, 

is built using the following main components: He-Ne laser (35 mW, 632.8 nm, Coherent 

Radiation), manual goniometer and thermostat (Photocor Instruments), multi-tau correlator, APD 

detector, and software (PD4042, Precision Detectors).75 The laser beam is focused to the width 

around 10μm by a lens onto the center of the sample. The scattered light from the scattering volume 
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is collected at a scattering angle of 90° and focused by a condenser lens and an iris placed between 

the sample and the lens. The scattered light is then transmitted to the avalanche photodiode through 

an optical fiber which converts the light photos to the electric pulses which are processed and 

analyzed by the 256-channel correlator. The correlation functions are calculated after every 2 

seconds and averaged over 300-3200 accumulations times to minimize the statistical errors.  

For our studies, the measurements of dynamic light scattering were performed at 25.0 ± 

0.1 °C. All protein samples were filtered through a 0.02 μm filter (Anotop 10, Whatman) and 

placed in a test tube. The scattering vector, given in Eq. 8.3, is calculated using n = 1.33 and λ = 

632.8 nm. The scattered-intensity correlation functions were analyzed using a regularization 

algorithm (Precision Deconvolve 32, Precision Detectors). With the exception of experiments at 

0.40 M HEPES, all scattered-intensity distributions were found to be monomodal and the 

Figure 8.2 Scheme for the dynamic light scattering apparatus. 
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corresponding z-average diffusion coefficient, D, was calculated. In the 0.40 M HEPES case, as a 

small peak associated with a relatively high diffusion coefficient of ≈ 0.6×10-9 m2∙s-1 was also 

observed in the scattered-intensity distributions. This peak, which was attributed to HEPES 

contribution, was removed prior to the calculation of D. Values of D as a function of protein 

concentration were linearly extrapolated to zero concentration in order to extract the value of the 

protein tracer-diffusion coefficient, D0. The corresponding hydrodynamic radius was calculated 

using the Stokes-Einstein equation (see section 2.2 of Chapter 2): 

 h

06

Bk T
R

D
=  (8.9) 

 where T = 298.15 K, η the viscosity of the corresponding protein-free aqueous solution.75 

Viscosity values for all protein-free aqueous solutions were measured in our laboratory by using 

an Ubbelohde viscometer inserted inside a water bath at 25.00 °C with temperature control of 1 

mK. Related density measurements were performed by using the method detailed in section 3.2 of 

Chapter 3. 

8.6 Determination of HEPES Concentration in the Supernatant 

Aqueous Lysozyme-HEPES-NaCl samples with lysozyme concentration of 200 g·L-1 were 

quenched to -10 °C to induce clouding. After a given incubation time, cloudy samples were quickly 

centrifuged by using our centrifuge with temperature control. An amount of transparent 

supernatant was then isolated. An aliquot of this supernatant was transferred into a centrifugal 

filter device (Amicon Ultra, Millipore, 10-kDa cutoff membrane) to remove lysozyme. After 

centrifugation, a known aliquot (≈ 250 μL) of the lysozyme-free filtrate was taken for the 

characterization of HEPES concentration. As a control experiment, the same centrifugation 

approach was used for a HEPES-NaCl stock solution in the absence of lysozyme. We then 
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performed hydrogen-ion titrations to determine the concentration of the HEPES basic form using 

the supernatant as the titrand. Measurements of pH were made using a Corning model 130 pH 

meter with a combination of pH microelectrode (Orion, model 8220BNWP). The meter was 

calibrated with standard pH 7 and pH 4 buffers. In all cases, the initial pH of the titrand is found 

to be 7.4. Small aliquots (≈ 10 μL) of a previously standardized 0.100 M HCl titrant solution were 

consecutively transferred into the titrand solution by using a syringe fitted with a plastic tubing. 

After a given aliquot addition, the pH value was recorded under mild stirring conditions. The 

titration was stopped when the pH value was found to be ~3.0. The weight of the syringe was 

measured after each titrant addition so that the amount of added titrant solution could be 

determined. Density values were used to convert masses into the corresponding solution volumes 

so that the number of moles of added HCl, HCln , could be calculated. A discrete set of titration data 

( HCln , pH) was then used to calculate 1 1

HCl HCl( ) / (pH pH )i i i in n+ +− −  as a function of 1

HCl HCl( ) / 2i in n+ + , 

where i is the integer number labeling a given titrant addition. The value of 1

HCl HCl( ) / 2i in n+ +  

corresponding to the maximum of 1 1

HCl HCl( ) / (pH pH )i i i in n+ +− −  was used to determine the number 

of moles and concentration of HEPES basic form based on 1:1 stoichiometry. The corresponding 

error was evaluated from 1

HCl HCl( ) / 2i in n+ + . 

8.7 Bromophenol blue Binding Experiments 

Aqueous Lysozyme-HEPES-NaCl samples with lysozyme concentration of 120 g·L-1 and 

bromophenol blue concentration of ≈ 100 μM were quenched to -10 °C to induce clouding. Cloudy 

samples were quickly centrifuged by using Allegra 25R centrifuge (Beckman Coulter) with 

temperature control. An amount of transparent supernatant was then isolated and its bromophenol 
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blue concentration was characterized. Dye concentrations were determined spectrophotometrically 

using the known extinction coefficient value of 6.60×104 M-1∙cm-1 at 592 nm.207 

8.8 Isothermal Titration Calorimetry 

Lysozyme-HEPES interactions were characterized by isothermal titration calorimetry (ITC) using 

the microcal ITC 200 system from GE healthcare life sciences.208 ITC is a technique often used in 

host-guest interaction studies and to directly determine the thermodynamic parameters such as 

enthalpy and entropy changes, binding affinities, and stoichiometry in solution.209, 210 In the 

microcalorimeter there are two cells, one acts as a reference (R) cell, the other contains the sample 

(S) or titrand cell of volume V.  The electric powers Sw  and Rw maintain the temperature of the 

sample cell ST  and reference cell RT  at pre-adjusted values. Sensitive thermocouple circuits 

maintain S RT T=  at any time during the experiment. When titrant is added to the titrand, the 

exothermic or endothermic nature of the event is recorded in terms of powers needed to maintain 

the S RT T= .209, 210   

In an ITC experiment, the titrant is located inside a syringe with its needle tip positioned 

inside the titrand cell. Stirring is ensured by needle spinning. Precise sequential additions of 

volume, v, into the titrand cell are performed during the experiment. Each addition of titrant 

produces a value of differential heat which is calculated as the area associated with S Rw w−  peak 

with respect to time. This integral is equal to the heat absorbed or released during the reaction 

event. The differential heat ( )kq associated with each addition, k, can be given as: 209, 210 

 ( )( ) ( )( ) ( )( ) ( ) ( 1) 0

titrant/ 2 / / 2 /k k kq V v Q V V v Q V vC− = + − −
 

 (8.10) 
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 where ( )kQ  is the cumulative heat absorbed or released by the sample after injection k, and 0

titrantC

is the concentration of the titrant in the syringe. To determine thermodynamic parameters from 

ITC, a model-based mathematical expression for the commutative heat as a function of system 

composition inside the cell is used. The mathematical expression for ( )kQ  is then inserted into Eq. 

8.10 and the method of least squares is applied to ( )kq .209, 210       

All ITC experiments used in this dissertation were performed at 25.0 °C. Specifically, a 

HEPES solution (0.18 M, titrant) was added to a dilute lysozyme solution (0.50 mM, titrand) inside 

the ITC cell. A given titration consists of a total of 26 titrant additions of v = 1.5 μL into the ITC 

cell with a volume of V = 204 μL.208 The titrand solution was prepared by ultra-filtration at pH 5.4 

and NaCl 0.20 M using a centrifugal filter device (Amicon Ultra, Millipore, 10-kDa cutoff 

membrane). Pure solid HEPES was then mixed with filtrate in order to prepare the titrand solution. 

Control experiments in which HEPES-free filtrate is added to lysozyme titrand solution produce 

negligible heat of mixing. Control experiments in which HEPES-filtrate solution is added to 

lysozyme-free filtrate as titrand solution produces significant heat of mixing related to HEPES 

dilution into water. Thus, related values of differential heat contribution were subtracted from 

those associated with lysozyme titration. The residual values of differential heat were then 

analyzed based on the ligand binding model with identical and independent binding sites (similar 

to the model discussed in section 1.2 of Chapter 1).211 The HEPES-lysozyme binding can be 

described by the following relation known as Scatchard equation:212 

 
[L]

[L]

n

K
 =

+
 (8.11) 
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where K is the dissociation constant, n is the number of binding sites, [L] is free HEPES 

concentration and   is the number of HEPES ions bound on one lysozyme.  Eq. 8.11 leads to the 

following expression of cumulative heat, ( )kQ :213 

 ( ) 0 ( ) ( )

d P

k k kQ H VC v= −  (8.12) 

where ( )

P

kC  is the total concentration of lysozyme inside the cell after k injections and 0

d H  is the 

heat associated with one mole of bound HEPES. The term 
( )kv  in Eq. 8.12 is given by: 
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where 
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2
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4
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k k k k k

k
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  =  (8.14) 

with ( )

L

kC  being the concentration of HEPES in the cell after injection k.     
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Chapter 9  

 

Effect of a Good Buffer on the Fate of Metastable 

Protein-rich Droplets  

 

9.1 Introduction 

The LLPS thermodynamic properties of protein aqueous solutions and their additives have been 

described fairly well. However, the evolution of the protein-rich liquid phase toward other protein 

condensed phases is not well understood. Understanding and controlling the kinetic evolution of 

metastable protein-rich microdroplets is important for the obtainment of protein crystals,65, 214 

comprehending formation of cell micro-compartments,57, 215 protein aggregation,216-218 and 

developing novel protein-based materials.8 We proposed to modulate the fate of a protein-rich 

micro-droplets by combination of two additives. Specifically, one additive is necessary to induce 

LLPS. This is represented by a traditional precipitating agent acting through electrostatic,196 

salting-out88, 196, 219, 220 or crowding mechanism.203, 221, 222 The second additive introduces the 

variable that may change the fate of the protein-rich liquid phase. To reduce mixture complexity, 

the second additive may also be represented by buffer components at non-negligible 

concentrations.  

We applied this strategy to lysozyme aqueous solutions in the presence of NaCl, its 

traditional precipitating agent. This protein was chosen because its solution properties are well 

characterized66, 84-88 and LLPS can be observed in the presence of small amounts of NaCl, with 
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ionic strengths and pH values relevant to physiological composition (i.e., 0.1-0.2 M NaCl at pH 

7). Furthermore, theranostic applications of lysozyme in protein-based materials have recently 

emerged due to the antimicrobial properties of this protein.8, 10, 89-91 We show that the addition of 

4-(2-hydroxyethyl)-1-piperazineethanesulfonate (HEPES, 0.10 M, pH 7.4) at constant ionic 

strength (0.20 M including NaCl contribution) and pH leads to a major change in the fate of the 

protein-rich phase even if the corresponding change in the position of the LLPS boundary remains 

modest. This result becomes even more interesting after recognizing that the second additive we 

employ, HEPES, is a member of the Good’s buffer family.116 It is often believed that Good’s 

buffers, which are extensively employed in biochemistry, exhibit negligible impact on biochemical 

and biological processes.116, 117 In contrast, our findings show that this is not true for this well-

known model protein, i.e., HEWL. 

9.2 Characterization of Temperature-turbidity Profile 

To characterize the effect of HEPES on LLPS of lysozyme solutions, we focused on two aqueous 

systems of this protein. Both systems share the same ionic strength (0.20 M) and pH (7.4) to 

establish equivalent electrostatic-screening conditions (see section 7.6 of Chapter 7). These two 

systems differ in additives composition with one containing HEPES and NaCl (HEPES, 0.10 M; 

NaCl 0.15 M) and the other being the HEPES-free reference system (NaCl, 0.183 M; Tris, 0.020 

M). It is important to note that these mixtures can slowly generate protein crystals. This has been 

verified after overnight sample incubation at 4 °C and 25 °C. Thus, all freshly prepared samples 

were promptly investigated. Moreover, they were first incubated at 50 °C for five minutes to hinder 

crystal formation and establish a unique starting point for the investigated protein systems. At this 

high temperature, which remains significantly lower than lysozyme unfolding temperature (≈75 

°C),223 these samples are homogeneous transparent mixtures. 



 

98 

 

As a starting point, LLPS was investigated by characterizing temperature-turbidity 

profiles203, 224 for samples with lysozyme concentration, CP, ranging from 70 to 250 g·L-1. Our 

turbidity results are shown in Fig. 9.1 at two representative protein concentrations. Temperature-

turbidity profiles show that sample clouding occurs by lowering temperature as expected for LLPS 

of lysozyme solutions. Clouding temperatures for the samples containing HEPES are found to be 

≈10 °C lower than those observed in the reference system. The observed temperature difference 

corresponds to a ≈4% reduction in absolute temperature and protein-protein attraction176 in the 

HEPES system. This is a modest temperature decrease, which can be related to the lower NaCl 

concentration in the HEPES system and a slightly weaker salting-out effect. 

In the reference system, temperature-turbidity profiles show that mixtures become clear 

again by increasing temperature with a hysteresis gap of 1-3 °C within our experimental protein 

concentration range. This is a characteristic feature of LLPS, consistent with the reversibility 

properties of first-order phase-transitions. Indeed, we obtain similar results from experiments on 

Figure 9.1 Representative temperature (T)-turbidity (τ) profiles for (A) HEPES system (solid 

curves) at CP = 250 g·L-1 and reference system (dashed curves)  at CP = 250 g·L-1, and (B)  HEPES 

system (solid curves) at CP = 70 g·L-1 and reference system (dashed curves) at CP = 90 g·L-1. 

Arrows indicate cooling and heating stages. Note that the freezing point of these samples occur 

around -20 °C. 
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lysozyme in the presence of 0.10 M Tris buffer or 0.10 M phosphate buffer at the same pH and 

ionic strength as expected from previous studies.66, 84, 88 On the other hand, Fig. 9.1 reveals that, 

contrary to the reference system, lysozyme mixtures in the presence of HEPES remain cloudy at 

room temperature. This behavior was reproducibly observed in all our turbidity experiments with 

HEPES. Sample clarification could not be restored even by incubation at 25 °C after arbitrarily 

long periods of time. However, full sample clarification can be quickly achieved by incubation at 

50 °C, thereby demonstrating process reversibility.  

These findings demonstrate that HEPES have a crucial impact on the kinetic evolution of 

LLPS of lysozyme solutions. To further characterize the thermal behavior of our mixtures, still-

images showing how sample turbidity changes as a function of temperature for both HEPES and 

reference system were captured. Representative snapshots for the HEPES system are illustrated in 

Figure 9.2 Photographs of lysozyme-HEPES sample at CP = 250 g·L-1. (A) Sample 

appears clear upon steady cooling, down to -8 °C (picture taken at -7 °C). (B) Sample 

becomes cloudy at -8 °C and remains in this state upon cooling down to -11 °C 

followed by heating up to -3 °C (picture taken at -8 °C). (C) Sample partially clears 

starting at -3 °C (picture taken at -3 °C). (D) Sample recovers its full cloudiness at 0 

°C and remains in this state upon heating up to 35 °C (picture taken at 0 °C). 
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Figs 9.2A-D. Interestingly, after inducing sample clouding by cooling (see Fig. 9.2 A,B), a partial 

clarification upon heating is observed in a narrow temperature window of 3 °C (see Fig. 9.2 C) 

before becoming fully opaque again (see Fig. 9.2 D). Our results show that LLPS occurs at low 

temperatures and another phase transformation, which utilizes LLPS as a nucleation platform, 

rapidly and reproducibly occurs at relatively higher temperatures. 

9.3 Light Microscopy Analysis 

Our cloudy samples were inspected by light microscopy at room temperature. As shown in Fig. 

9.3A, globular compact particles with a diameter of about 1-3 μm are observed. This shape 

resembles that of protein-rich liquid droplets, though droplets tend to be somewhat larger (5-10 

μm).224 As previously mentioned, these mixtures can eventually generate crystals. Indeed, 

relatively-large orthorhombic crystals225-227 with a characteristic rod-shaped morphology were 

obtained from our lysozyme-HEPES mixtures after incubation of homogenous samples above 40 

°C. These are illustrated in Fig. 9B. According to previous crystal growth and solubility studies,225-

Figure 9.3 (A) Direct-field light-microscopy image showing globular condensates generated after 

clouding of a sample (CP = 120 g·L-1) was induced by cooling to -15 °C. Horizontal bar is 10 μm. 

(B) Direct-field light-microscopy image showing rod-shaped lysozyme crystals of a sample (CP = 

120 g·L-1) after overnight storage at 4 °C. Horizontal bar is 30 μm. Both pictures were taken at 

room temperature. Both samples were initially incubated at 50 °C for 5 min. 
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229 lysozyme crystals are mainly expected to exhibit tetragonal and orthorhombic morphologies, 

with tetragonal crystals being more stable at low temperatures. This property, which will be further 

discussed later, suggests that the microparticles in Fig. 9A are small tetragonal crystals.  

Altogether, our results show that protein droplets act as templates for the formation of 

globular microparticles at relatively high temperatures. Since these particles are numerous and 

exhibit a narrow size distribution, this process may be exploited for the production of protein-

based materials. It is important to remark that additive concentrations needed to produce this phase 

behavior are low compared to concentration of additives, which include denaturing organic 

solvents, typically employed for the preparation of protein-based materials.8 Consistent with these 

observations, we also characterized the ability of microparticles to bind guest molecules by 

employing Bromophenol Blue as a model ligand.207 Specifically, we find that the supernatant 

concentration of this dye reduces to 51% of the initial value (0.10 mM) after microparticle 

formation.  

To further inspect the nature of the microparticles described in Fig 9.3A, we carried out 

similar LLPS experiments on lysozyme-HEPES at increasing NaCl concentrations, up to 0.30 M. 

The corresponding turbidity profiles show the same behavior as that illustrated for lysozyme-

HEPES in Fig 9.1 with samples remaining cloudy at room temperature. For comparison, increasing 

Figure 9.4 Direct-field light-microscopy images taken at room temperature showing effect of 

NaCl concentration (A, 0.15 M, Tph = -12 °C; B, 0.20 M, Tph = -6 °C; C, 0.25 M, Tph = -1 °C; D, 

0.30 M, Tph = 4 °C) on lysozyme microparticles after clouding of the sample (CP = 120 g·L-1) was 

induced by cooling to -15 °C. Horizontal bar is 10 μm in all cases. 
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NaCl concentration to 0.4 M in the reference system still yields reversible turbidity profiles. In Fig 

9.4, we can see that the size of HEPES-induced microparticles increases with NaCl concentration, 

revealing geometric shapes that are approximately squares, with more apparent crystalline traits 

of a tetragonal morphology at the highest salt concentration. These images further indicate that the 

microparticles in Fig. 9A are tetragonal microcrystals. It is important to note that these 

microcrystals are different from the relatively large protein crystals with sea-urchin morphologies 

previously reported under LLPS conditions.84, 230 

9.4 Phase Diagram for Lysozyme-HEPES System 

We have experimentally characterized the temperature(T)-concentration(CP) phase diagram for 

our initial lysozyme-HEPES system at NaCl 0.15 M. This is illustrated in Fig. 9.5. The LLPS 

boundary was determined by using our cloud-point results (solid circles). The LLPS boundary 

obtained for the reference system, which is located at higher temperatures, is shown for 

comparison (open circles). The solubility of the globular microparticles was also characterized by 

measuring the equilibrium protein concentration in the supernatant of heterogeneous samples as a 

function of temperature. Solubility data, which are included in Fig. 9.5 (diamonds), show that the 

solubility of microparticles increases with temperature, with a sharp rise occurring above 40 °C. 

This is consistent with samples becoming transparent at 50 °C within our experimental range of 

protein concentrations. Relatively large rod-shaped crystals were observed by light microscopy in 

several samples containing microparticles at T ≈ 40 °C and above. In these cases, measured 

solubility values were disregarded. Contrary to globular microparticles, these crystals do not fully 

dissolve at 50 °C. 

Solubility of rod-shaped orthorhombic crystals was also characterized to compare their 

thermodynamic stability with that of microparticles. The corresponding solubility curve is also 
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shown in Fig 9.5 (triangles). To determine these solubility data, heterogenous samples were first 

taken to 50 °C to dissolve microparticles and then incubated at 4 °C, well above the clouding 

temperatures in Fig 9.5, in order to amplify crystal formation. Crystals were then added to a 

protein-free HEPES medium and the supernatant concentration was measured as a function of 

temperature after equilibration. In Fig 9.5, we can see that the two solubility curves intersect at ≈ 

40 °C with protein microparticles being thermodynamically more stable than rod-shaped crystals 

at lower temperatures. This solubility inversion, which is known to occur between orthogonal and 

orthorhombic crystals,226-228 further indicates the tetragonal-crystal properties of lysozyme 

microparticles. 

Figure 9.5 Temperature(T)-concentration(CP) phase diagram of 

lysozyme-HEPES (0.10 M)-NaCl (0.15 M)-water system at pH 7.4 

showing LLPS boundary (cloud points, solid circles) and solubility 

boundaries of protein microparticles (solid diamonds) and rod-like 

crystals (solid triangles). For comparison, the reversible LLPS 

boundary (open circles) of the reference system is included. All curves 

are guides for the eye. 
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9.5 Dynamic Light Scattering Analysis 

Our phase-separation studies demonstrate that HEPES radically changes the fate of phase 

separation in lysozyme aqueous mixtures. From a molecular point of view, condensation of 

proteins is driven by a protein-protein net attraction energy in the aqueous medium. In some cases, 

phase separation may also involve the formation of mesoscopic clusters or intermediate soluble 

oligomers.64, 231 Oligomerization is, for example, observed in the case of βB1-crystallins, where 

related LLPS leads to the formation of gel-like protein condensates.64 Thus, we used dynamic light 

scattering (DLS) to probe both protein-protein interactions and protein aggregation in solution.64 

Specifically, we have characterized lysozyme-HEPES mixtures at 25 °C with protein 

concentrations as high as CP = 20 g·L-1. 

 All light-scattering distributions are monomodal and kinetically stable. This implies that 

no aggregate or clustering process occurs in these homogeneous mixtures. To characterize protein-

protein interactions, we used our DLS distributions to extract the protein diffusion coefficient, D, 

as a function of protein concentration, CP, and compare the experimental behavior of D(CP) with 

that associated with the reference system. Related data are shown in Fig. 9.6. Our D(CP) data can 

be examined according to the linear relation:  

 ( )0 P1D D k= +  (9.1) 

where 0D  is the protein-tracer diffusion coefficient, related to the protein hydrodynamic radius 

(Rh), k is a unitless normalized slope with its value predicted to decrease as protein-protein 

attraction increases,196, 232 and the protein volume fraction, P P P = C V , was calculated using the 

lysozyme specific volume135 of PV = 0.713 cm3∙g-1 (see section 3.2 of Chapter 3). Our results show 

an appreciable decrease in the k value from the HEPES to the reference case, thereby implying 
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that protein-protein attractive interactions become weaker in the presence of HEPES. This finding 

is consistent with the positions of the two LLPS boundaries in Fig. 9.5, where we can see that 

lower temperatures are needed to induce clouding in the HEPES case. To further corroborate this 

result, we performed DLS studies on lysozyme aqueous mixtures in which HEPES concentration 

was raised to 0.40 M at the same pH and ionic strength of the other two systems. Here, no NaCl is 

added since HEPES contribution to ionic strength is already 0.20 M. As we can appreciate in Fig. 

9.6, a significant increase in the k value was observed, indicating a further weakening of protein-

protein attraction. Consistent with these results, we notice that sample clouding of lysozyme in 

Figure 9.6 Protein diffusion coefficient ratio, D/D0, as a function of its 

concentration, CP, at 25 °C for lysozyme-HEPES (solid circles, r = 

1.090, Rh =1.84 ± 0.01 nm, k = -6.5 ± 0.4), reference system (open 

circles, r = 1.019, Rh = 1.90 ± 0.01 nm, k = -8.9 ± 0.6) and lysozyme in 

HEPES 0.40 M (open triangles, r =1.317, Rh = 1.85 ± 0.01 nm, k = 0.9 

± 0.9). In parenthesis, r is the relative viscosity of the protein-free 

aqueous mixtures (values measured in this work).  Lines are linear fits 

through the data based on Eq. 9.1. The protein tracer-diffusion 

coefficient, D0, was converted into the corresponding hydrodynamic 

radius, Rh,  using the Stokes-Einstein equation and the measured values 

of r. 



 

106 

 

0.40 M HEPES mixtures does not occur by cooling within the accessible temperature range and 

protein concentrations as high as CP = 250 g·L-1. This analysis further demonstrates that HEPES 

reduces protein-protein attractive interactions. 

9.6 Preferential Binding Analysis 

A reduction of protein-protein attractive interactions may be related to preferential binding of 

HEPES to lysozyme in aqueous solution. According to preferential-interaction theory,233 an 

accumulation of additive molecules near protein surface (preferential binding) is predicted to 

enhance protein solubility. If this is the case, then HEPES is expected to accumulate near lysozyme 

surface. This effect may result in a corresponding accumulation of HEPES in a protein-rich phase. 

To examine this hypothesis, we quenched lysozyme-HEPES samples with CP = 200 g·L-1 at -10 

°C and characterized HEPES concentration in the supernatant after several incubation times. We 

Figure 9.7 (A) Representative hydrogen-ion titrations of HEPES basic form: pH as a function 

, where  is the number of HCl added moles (titrant) and =250 L is the initial 

volume of titrand. The reference titrand is a 0.10 M HEPES solution at pH 7.4 with NaCl 0.15 M 

(circles). The other titrands are supernatant solutions extracted after quenching lysozyme-HEPES 

mixtures at -10 °C with CP = 200 g·L-1, followed by an incubation time of 15 s (triangles), 60 s 

(diamonds) and 300 s (squares) and lysozyme removal by ultrafiltration. (B) Concentration of 

HEPES basic form, CB, determined from the inflection point of titration plots. Values extracted 

for the reference titrand (open circle) and as a function of incubation time (solid circles). The 

dashed curve is an exponential fit through the data describing a 29±6% decrease in the value of 

CB. Error bars are uncertainties on the titration inflection points based on the spacing between 

adjacent titration data points. 
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specifically performed hydrogen-ion titrations (similar to those shown in Chapter 6) to determine 

the concentration of HEPES basic form (after protein removal by ultrafiltration). In all cases, the 

pH of the supernatant is found to be 7.4. This implies that the ratio between HEPES acidic and 

basic forms remains the same. Our results are illustrated in Fig. 9.7. We find that the concentration 

of HEPES is about 30% lower with respect to that of our initial HEPES buffer. We therefore 

conclude that HEPES accumulates in the protein-rich phase. 

9.7 Isothermal Titration Calorimetry Analysis 

To further characterize lysozyme-HEPES interactions, isothermal titration calorimetry (ITC) was 

employed at 25 °C.208, 234 Specifically, we added a HEPES solution (0.18 M, titrant) to a HEPES-

free lysozyme solution (titrand).  In these experiments, the titrand was prepared by ultrafiltration 

at pH 5.4 and NaCl 0.20 M. The corresponding filtrate, in which neutral HEPES was then added, 

is employed as “solvent” for the titrant in order to minimize changes in interstitial composition. 

To disregard calorimetric effects related to protein-protein interaction, lysozyme concentration 

was set to be 0.50 mM (CP = 7.15 g·L-1). At this low concentration, filtrate additions to titrand 

produce negligible heat of mixing. In this experiment, we chose pH 5.4 to ensure that the neutral 

acidic form of HEPES dominates and contribution of proton donation from positively charged 

lysozyme to the negative basic form of HEPES is negligible in ITC diagrams. It is important to 

note that our turbidity experiments showed that opacification behavior of lysozyme-HEPES is not 

qualitatively altered by this pH change. 

 Our ITC results are shown in Fig. 9.8. In Fig. 9.8A, we can see that additions of HEPES 

titrant to lysozyme-free filtrate produce a significant endothermic heat of dilution. This 

contribution was therefore subtracted from the heat values of the lysozyme-HEPES titration also 

shown in Fig. 9.8A. The difference between the two sets of data, which is shown in Fig. 9.8B, 
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reveals lysozyme-HEPES exothermic interactions. Note that ITC data in Fig. 9.8B lack of the 

inflection point characteristic of significant host-guest binding.208, 211 This is indicative of a weak 

physical attractive interaction.  Nonetheless, we can still apply the ligand-binding model211 with 

identical and independent sites to our data. Our analysis yields a large value of equilibrium 

dissociation constant (≈0.2 M), as expected for weak attractive interactions. Due to lack of 

inflection point, the corresponding value of the binding enthalpy, ΔH, could not be unambiguously 

determined because it strongly correlates with the number of binding sites, n, with  n·ΔH ≈ -30 

kJ·mol-1. 

 

Figure 9.8 (A) Differential heat per mole of HEPES, q, associated with consecutive injections of 

titrant solution (HEPES, 180 mM; NaCl, 0.20 M; pH 5.4) into titrand solution (lysozyme, 0.50 

mM; NaCl, 0.20 M; pH 5.4) as a function of the HEPES-to-lysozyme molar concentration ratio 

after injection, CHEPES/CP, at 25 °C (solid squares). Values of differential heat associated with 

injections of titrant solution into lysozyme-free filtrate (NaCl, 0.20 M; pH 5.4) are also included 

(open squares). The two insets show the corresponding plots of power as a function of time for 

these titrations. (B) Values of q calculated after subtracting HEPES heat of dilution from the heat 

values associated with titrant addition to lysozyme titrand. The solid curve is a fit through the data 

based on the ligand-binding model with identical and independent sites. 
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9.8 Concluding Remarks 

The results presented in this chapter show that LLPS acts as a template for the formation of 

globular compact protein microparticles with crystalline properties. These are thermodynamically 

more stable than relatively large rod-shaped orthorhombic crystals at temperatures lower than ≈ 

40 °C. We also found that LLPS temperature increases in the presence of HEPES, the slope of 

lysozyme D(CP) increases with HEPES concentration, HEPES concentration is depleted in the 

supernatant and lysozyme-HEPES interactions are exothermic. These results demonstrate that 

lysozyme-HEPES interactions are weakly attractive. Thus, the accumulation of additives near 

protein surface, driven by weakly attractive forces, appears to have a large impact on the kinetic 

evolution of the metastable protein-rich liquid phase. These results suggests that, under LLPS 

conditions, additives exhibiting weak ligand properties represent an important tool for controlling 

the fate of protein-rich liquid micro-droplets. Thus, this strategy may be exploited for the 

preparation of protein-based materials and even the production of a large number of protein 

microcrystals with potential applications to femtosecond crystallography. Finally, many small 

biological molecules inside cytoplasm may play a similar role in the formation protein-driven 

micro-compartments inside living cells. In Chapter 10, we shall extend these LLPS studies to 

lysozyme aqueous mixtures in the presence of several additives sharing similar chemical structure 

with HEPES. This allows us to explore the molecular basis responsible for the phase behavior of 

lysozyme aqueous mixtures observed in the presence of HEPES.  
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Chapter 10  

 

Effect of Other Additives on the Phase Behavior of 

Lysozyme Aqueous Mixtures   

 

10.1 Introduction 

 In this chapter, the role of HEPES chemical structure in determining the observed complex phase 

behavior of lysozyme-HEPES systems is investigated. The chemical structure of HEPES 

protonated (acidic) and deprotonated (basic) forms are shown in Fig. 10.1.235 The pKa of HEPES 

is 7.5236 and moderate changes of pH make its one form dominant as compared to the other. For 

example, it mainly (≈ 90%) exists as a protonated species (acidic) at pH 6.6, approximately an 

equal mixture of both protonated (≈ 55%) and deprotonated (≈ 45%) species (buffer) at the 

physiological pH of 7.4, and mainly (≈ 90%) as a deprotonated species (basic) at pH 8.4. 

The first question that needs to be addressed is whether only one of the two HEPES forms 

is responsible for the observed phase behavior. For example, the acidic species of HEPES might 

act as an electrostatic crosslinker due to their zwitterionic nature thereby stabilizing protein 

 

Figure 10.1 Protonated and deprotonated species of HEPES buffer (pKa = 7.5). 
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clusters. On the other hand, since the basic form is negatively charged, it might more strongly bind 

to positively charged lysozyme. To examine the effect of HEPES protonation state on lysozyme 

phase behavior, we performed LLPS studies at pH 6.8 (acidic species dominant) and 8.4 (basic 

species dominant). The obtained results will be compared with the studies at pH 7.4 discussed in 

Chapter 9. If the HEPES protonation state is important then, LLPS studies should show a 

significant change in the LLPS behavior. For example, one of the two chosen pH cases may show 

the normal LLPS behavior that is observed in the lysozyme reference system. 

To understand the chemical basis responsible for lysozyme-HEPES phase behavior, we 

investigated other additives which share chemical similarities with HEPES. These additives were 

selected based on the HEPES chemical structure. Figure 10.2 identifies various chemical blocks 

constituting HEPES along with their names mentioned in this chapter. Specifically, HEPES is 

characterized by a central piperazine core attached to a hydroxyl-terminated alkyl chain (left) and 

a sulfonate-terminated alkyl chain. It may be hypothesized that the sulfonate group may interact 

electrostatically with positively charged residues on the protein surface while the positively 

charged piperazine ring (see the acidic form in Fig 10.1) may interact with the carboxylate group 

on the surface of another protein. Similar effects may be also expected from the hydroxyl group 

or any combination of these building blocks. 

 

Figure 10.2 Names of different building blocks of HEPES used in this chapter. 
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We identified several commercially-available compounds with a chemical structure similar 

to HEPES or specifically containing the HEPES building blocks illustrated in Fig. 10.2. We then 

experimentally characterized the LLPS behavior of lysozyme aqueous mixtures in the presence of 

these additives at pH 7.4 and the same ionic strength of 0.20 M.  

The main experimental method employed in this investigation is the turbidity method. This 

has allowed us to 1) determine the LLPS boundary through sample cooling and 2) assess 

clarification properties through sample heating after phase separation. Light microscopy was also 

employed to characterize the size and morphology of protein condensates. These methods were 

discussed in Chapter 8. 

10.2 The Role of HEPES Protonation State 

To characterize the effect of HEPES protonation states on LLPS of lysozyme-HEPES system, we 

performed turbidity studies at pH 6.6 and 8.4. These results were compared with turbidity studies 

at pH 7.4. In all cases, the total concentration of HEPES was set to be 0.10 M. To ensure that 

electrostatic effects coming from ions is the same in all three cases, these systems share the same 

ionic strength of 0.20 M. This required to use slightly different concentrations of NaCl, 0.19M, 

0.15M, and 0.11M in the mixtures having pH 6.6, 7.4, and 8.4, respectively.  

Due to pH variation, it is important to also examine lysozyme electrostatic properties as a 

function of pH. Lysozyme has a different protonation state ( H , see Chapter 1) at these pHs. 

According to Kuehner et. al.,101 we have H = 8.0 at pH 6.6, H = 7.5 at pH 7.4, and H = 6.8 at pH 

8.4. If we neglect ion binding, these parameters can be taken as the protein charge. Since protein 

charge decreases as pH increases toward lysozyme isoelectric point (pI = 11.35)97, we expect that 

protein-protein electrostatic repulsion decreases as pH increases. This implies that protein-protein 
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van-der-Waals attractive interactions become relatively more important as pH increases (see the 

DLVO model in Chapter 7). This allows us to predict, based on the DLVO model, that the LLPS 

temperature of lysozyme aqueous mixtures should increase as pH increases at constant ionic 

strength (and protein concentration). 

Figure 10.3 shows the representative turbidity profiles of lysozyme-HEPES mixtures 

obtained using two representative concentrations of lysozyme, namely 250 g/L and 120g/L at these 

investigated pHs. We can see that all turbidity profiles obtained for lysozyme-HEPES at pH 6.6 

and 8.4 show the same behavior as that obtained at pH 7.4 and already discussed in Chapter 9. In 

all three cases, LLPS leads to the formation of a large number of protein microparticles which 

remain stable at room temperature. This indicates that the HEPES protonation state does not 

qualitatively alter the behavior of turbidity profiles discussed in Chapter 9.  

Figure 10.3 Representative temperature (T)-turbidity (τ) profiles for Lysozyme-HEPES systems 

(HEPES 0.10 M; Ionic Strength 0.20 M) at CP = 120 (top row) and 250 g/L (bottom row) and three 

different pH 6.6 (left column), 7.4 (middle column) and 8.4 (right column). Qualitatively, the 

turbidity profiles remain unaltered with a change in pH. 
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While the turbidity profiles exhibit the same pattern independent of investigated pH, the 

LLPS temperature values determined from the turbidity profiles (see Chapter 8) depend on pH. 

Figure 10.4 shows the LLPS boundaries of the lysozyme-HEPES system obtained at the three 

studied pHs. Here we can see that the LLPS boundary shifts toward lower temperatures as pH 

increases. This behavior is in disagreement with the DLVO model (see Chapter 7), which predicts 

that the LLPS boundary should shift toward higher temperatures as the protein charge decreases 

at constant ionic strength. To explain our findings, we observe that NaCl concentration decreases 

from 0.19 M to 0.11 M as pH increases from 6.6 to 8.4. Thus, the observed LLPS shift toward 

lower temperatures can be related to a corresponding decrease in NaCl concentration. This implies 

that NaCl not only plays the role of ionic strength adjustor but it also behaves as a salting-out 

agent. In other words, both lysozyme and NaCl preferentially interact with water. This leads to 

Figure 10.4 Temperature (T)-concentration (CP) LLPS boundaries of 

the Lysozyme-HEPES systems (HEPES 0.10 M; Ionic Strength 0.20 

M) at pH 6.6, 7.4, and 8.4. An increase in pH lowers the phase 

separation temperature.   
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lysozyme-NaCl net repulsive interactions favoring protein phase separation even at these relatively 

low NaCl concentrations (< 0.20 M). Our results underline some limitations of the DLVO model. 

 Figure 10.5 shows the microscopic images of the sample after phase-separation at different 

pHs. The particles have nearly similar morphologies at pH 6.6 and 7.4. However, the micro-

crystalline particles observed at pH 8.4 are slightly larger and with a more evident tetragonal 

morphology,229 as can be seen in the image.  

In summary, our results show that the protonation state of HEPES has a marginal effect on 

the phase behavior of lysozyme aqueous mixtures. 

10.3 The Lysozyme-HEPPS System 

To explore the molecular basis responsible for lysozyme-HEPES phase behavior we consider an 

additive that has a chemical structure just slightly different HEPES. We specifically consider the 

molecule: 4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid (HEPPS) which is also a known 

Good’s buffer containing just one extra methylene group on the C-chain shown in Fig 10.2. This 

small increase in the alkyl chain leads to an increase in the pKa value (pKa = 8.1).236 Figure 10.6 

illustrates the structure of protonated and deprotonated species of HEPPS.235 In terms of additive 

Figure 10.5 Direct-field light microscopy images taken at room temperature showing the effect of 

pH on Lysozyme-HEPES systems (HEPES 0.10 M; Ionic Strength 0.20 M)  using CP = 120 g/L. 

Particles have nearly similar morphologies at pH 6.6 and 7.4. However, particles at pH 8.4 appear 

large provided lower LLPS temperature at this working pH. The horizontal bar is 10μm in all 

cases. 
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protonation state, the lysozyme-HEPPS system at pH 7.4 resembles the lysozyme-HEPES system 

at pH 6.6. Correspondingly, they also share nearly the same concentration of NaCl (0.19 M in 

HEPES vs 0.18 M in HEPPS) at the constant ionic strength of 0.2 M. 

Figure 10.7 shows the representative turbidity profiles of lysozyme-HEPPS mixtures at the 

two representative concentrations of lysozyme, 250 g/L, and 120g/L at pH 7.4. We can see that 

the turbidity cooling profiles of the lysozyme-HEPPS systems show clouding induced by lowering 

temperature due to LLPS. The corresponding heating profiles show that turbidity remains high at 

temperatures 5-10 °C above the LLPS temperature followed by a significant increase in sample 

clarification. This turbidity behavior characterizes the formation of a relatively small amount of 

Figure 10.7 Representative temperature (T)-turbidity (τ) profiles for Lysozyme-HEPPS systems 

(HEPPS 0.10 M; pH 7.4, Ionic Strength 0.20 M; NaCl 0.18 M), lysozyme concentration (CP) (A) 

120 and (B) 250 g/L. Qualitatively, these systems also exhibits unusual LLPS behaviour following 

the pattern of HEPES system.  

 

Figure 10.6 Protonated and deprotonated species of HEPPS buffer (pKa = 8.1). 
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protein particles compared to the lysozyme-HEPES system. Visual inspections of these lysozyme-

HEPPS samples at room temperature reveal the presence of just a small amount of protein 

precipitates near the bottom of the test tubes. On the other hand, it is important to remember that 

lysozyme-HEPES samples appear to be completely opaque under the same experimental 

conditions.  

The protein precipitates generated from the lysozyme-HEPPS system were inspected by 

light microscopy. Figure 10.8 shows the precipitates taken from a sample at CP = 120 g/L. We can 

see that the size of these particles (about 15 μm) is significantly larger than that observed in the 

HEPES case (see Fig. 10.5). Furthermore, these particles exhibit clear crystalline traits and a 

square-like morphology characteristic of lysozyme tetragonal crystals. 

Figure 10.9 compares the LLPS boundary of the lysozyme-HEPPS system with that of the 

reference system (see Chapter 9), the lysozyme-HEPES system at pH 7.4 (same pH). We can see 

Figure 10.8 Direct-field light microscopy 

images of phase-separated particles of 

Lysozyme-HEPPS system (HEPPS 0.10 M; 

pH 7.4, Ionic Strength 0.20 M; NaCl 0.18 M), 

taken at room temperature using lysozyme 

concentration CP = 120 g/L. The horizontal bar 

is 10 μm. 
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that the lysozyme-HEPPS LLPS boundary is located at intermediate temperatures. This can be 

again explained by considering the corresponding NaCl concentration: 0.15 M for lysozyme-

HEPES, and 0.18 M for lysozyme-HEPPS systems. Furthermore, a comparison of Fig. 10.9 with 

Fig. 10.4 shows that the lysozyme-HEPPS LLPS phase boundary is located at temperatures that 

are virtually the same as those obtained for the lysozyme-HEPES at pH 6.6 and NaCl 0.19 M. This 

result not only again correlates with NaCl concentration but also with the protonation state of 

HEPPS at pH 7.4 being the same as the protonation state of HEPES at pH 6.6. 

This analysis allows us to conclude that the thermodynamic effect of HEPES and HEPPS 

on lysozyme are virtually the same. This is expected considering the large similarities between 

these two molecules. However, it is important to remark that the substitution of HEPES with 

HEPPS does have a significant effect on the kinetic evolution of LLPS. The observation of 

Figure 10.9 Temperature (T)-concentration (CP) LLPS boundaries of 

the Lysozyme reference system, Lysozyme-HEPES system (HEPES 

0.10 M; pH 7.4, Ionic Strength 0.20 M, NaCl 0.15 M) and Lysozyme-

HEPPS system (HEPPS 0.10 M; pH 7.4, Ionic Strength 0.20 M; NaCl 

0.18 M). 
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significantly fewer and relatively larger protein micro-crystals in the case of HEPPS suggests that 

protein-rich droplets behave as a relatively weaker nucleation platform for protein microcrystals 

compared to the HEPES cases. In other words, fewer protein crystals nucleate. It is then possible 

that they may slowly grow larger in the presence of concomitant droplet growth and coagulation.   

10.4 Role of Sulfonate-terminated Alkyl Chain 

To examine the role of the sulfonate-terminated alkyl chain in the HEPES chemical structure (see 

Fig. 10.2), we investigated the phase behavior of lysozyme aqueous mixtures in the presence of 

two different additives. The first additive is 2-aminoethanesulfonic acid (taurine). At pH 7.4, 

taurine (pKa = 9.0237) is a zwitterion as illustrated in Fig 10.10. Taurine was chosen as it is closely 

related to the sulfonate-terminated alkyl chain. 

The second investigated additive is the commercially-available 1,4-

Piperazinediethanesulfonic acid (PIPES) (Fig. 10.11), another member of the Good’s buffer 

family. PIPES was chosen because it not only contains the same sulfonate-terminated alkyl chain 

as HEPES but it also replaces the hydroxyl-terminated chain of HEPES with a second, identical 

  

Figure 10.10 Protonated and deprotonated species of taurine (pKa = 9.0). 

 

Figure 10.11 Protonated and deprotonated species of PIPES  (pKa = 6.8). 
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sulfonate-terminated alkyl chain. At pH 7.4, PIPES (pKa = 6.8236) is negatively charged as 

illustrated in Fig 10.11. Both additives lack a hydroxyl-terminated alkyl chain. As in the previous 

cases, phase behavior studies were carried out at pH 7.4 and the ionic strength of 0.20 M. Since 

taurine lacks of buffer capacity at pH 7.4, 0.02M tris buffer was added in this case. To ensure an 

ionic strength of 0.20 M, NaCl was added with a concentration of 0.19M and 0.12M in the taurine 

and PIPES cases, respectively. 

Figure 10.12 shows the representative turbidity profiles of lysozyme-Taurine and 

lysozyme-PIPES mixtures at the two representative concentrations of lysozyme, 250 g/L, and 

Figure 10.12 Representative temperature (T)-turbidity (τ) profiles for (Left column) Lysozyme-

Taurine systems (Taurine 0.10 M; pH 7.4, Ionic Strength 0.20 M; NaCl 0.19 M; Tris 0.02 M) and 

(Right column) Lysozyme-PIPES systems (PIPES 0.10 M; pH 7.4, Ionic Strength 0.20 M; NaCl 

0.12 M),  (Top row) CP = 120 g/L and (Bottom row) CP = 250 g/L. Qualitatively, these systems 

also exhibits a typical normal LLPS behavior indicating negligible contribution of sulfate groups. 
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120g/L at pH 7.4. In all cases, LLPS is induced by cooling. Furthermore, the turbidity profiles 

were found to be highly reversible as in the case of the lysozyme reference system (see Chapter 9) 

This type of profile is characteristic of a normal LLPS behavior. The observed turbidity profiles 

indicate that the sulfonate component of HEPES does not play a central role in the complex phase 

behavior observed in the HEPES case. 

Our turbidity profiles were then used to determine the corresponding LLPS temperatures. 

In Fig. 10.13, the LLPS boundaries for the lysozyme-Taurine and lysozyme-PIPES systems are 

shown. For comparison, the LLPS boundaries for the lysozyme-HEPES and the lysozyme 

reference system were also included. As it can be seen in Fig. 10.13, the LLPS boundary for the 

taurine case nearly overlaps with that for the reference case. Since these two systems also share 

Figure 10.13 Temperature (T)-concentration (CP) LLPS boundaries of the 

Lysozyme reference system, Lysozyme-Taurine systems (Taurine 0.10 

M; pH 7.4, Ionic Strength 0.20 M; NaCl 0.19 M; Tris 0.02 M), Lysozyme-

PIPES systems (PIPES 0.10 M; pH 7.4, Ionic Strength 0.20 M; NaCl 0.12 

M) and Lysozyme-HEPES system (HEPES 0.10 M; pH 7.4, Ionic 

Strength 0.20 M; NaCl 0.15 M). The systems which lacks hydroxyl group 

and contains only the sulfate group are close to the reference system 

indicating minimal effects of the sulfonate groups. 
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nearly the same NaCl concentration, we conclude that taurine has no appreciable thermodynamic 

effect on lysozyme. The LLPS boundary for the PIPES case is located at slightly lower 

temperatures. This is consistent with a corresponding decrease in NaCl concentration and salting-

out strength (0.12 M vs 0.19 M). In other words, also PIPES have no appreciable thermodynamic 

effect on lysozyme. On the other hand, it is important to remark that the LLPS boundary for the 

HEPES case is located at significantly lower temperatures even if its NaCl concentration (0.15 M) 

is higher than that associated with the lysozyme-PIPES system. This analysis further corroborates 

that the thermodynamic salting-in effect of HEPES plays an important role in the observed 

complex phase behavior and allows us to conclude that the sulfonate group plays a marginal role 

in the phase behavior observed in the Lysozyme-HEPES system.  

10.5 Role of Hydroxyl-terminated Alkyl Chain and Piperazine 

Core  

To examine the role of the hydroxyl-terminated alkyl chain and piperazine core of HEPES (see 

Fig. 10.2), we investigated the phase behavior of lysozyme aqueous mixtures in the presence of 

two other additives. The first additive is ethanolamine (or monoethanolamine, MEA). At pH 7.4, 

MEA (pKa = 9.5238) is a cation as illustrated in Fig 10.14. MEA was chosen as it is closely related 

to the hydroxyl-terminated alkyl chain. The second investigated additive is 1-(2-

hydroxyethyl)piperazine (HEP). Commercially-available HEP was chosen because it not only has 

the same hydroxyl-terminated alkyl chain as HEPES but it also contains the piperazine central 

 

Figure 10.14 Protonated and deprotonated species of ethanolamine 

(MEA) (pKa = 9.5).  
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core. At pH 7.4, HEP (pKa = 9.1239) is also a cation as illustrated in Fig 10.15. Both additives lack 

a sulfonate-terminated alkyl chain.  

As in the previous cases, phase behavior studies were carried out at pH 7.4 and the ionic 

strength of 0.20 M. Since MEA and HEP lack buffer capacity at pH 7.4, 0.02 M tris buffer was 

added in both cases. To ensure an ionic strength of 0.20 M, NaCl with a concentration of 0.08 M 

was added in these two lysozyme systems containing already ionic additives. 

Figure 10.16 shows the representative turbidity profiles of lysozyme-MEA and lysozyme-

HEP mixtures at the two representative concentrations of lysozyme, 250 g/L, and 120g/L at pH 

7.4. We can see that the turbidity cooling profiles for both systems show clouding induced by 

lowering temperature due to LLPS. The corresponding heating profiles show that a small residual 

turbidity persists at relatively high temperatures. This residual turbidity is small compared to that 

observed for the lysozyme-HEPPS system (see Fig. 10.7). It is also important to note that the high-

concentration turbidity cooling profiles of MEA (Fig. 10.16) show turbidity fluctuations associable 

with crystal formation. This was not observed in the HEP case. 

Visual inspections of these samples at room temperature reveal the presence of small 

amounts of protein precipitates near the bottom of the test tubes. The protein precipitates generated 

from the lysozyme-MEA and lysozyme-HEP systems were inspected by light microscopy. Figure 

10.17 shows the precipitates taken from samples at CP = 120 g/L. 

 

Figure 10.15 Protonated and deprotonated species of 1-(2-

hydroxyethyl)piperazine (HEP) (pKa = 9.1). 
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 In the MEA case, we observe prismatic microcrystals also characteristic of a tetragonal 

morphology. For comparison, we included lysozyme crystals generated from the reference system. 

As we can see from the figure, crystal shapes are the same. It is likely that lysozyme crystals are 

generated before LLPS consistent with the turbidity cooling profiles obtained in the case of this 

additive.  On the other hand, in the HEP case, we observe small microparticles with crystalline 

traits similar to those obtained in the HEPES and HEPPS cases. Nonetheless, the number of 

Figure 10.16 Representative temperature (T)-turbidity (τ) profiles for (Left column) Lysozyme-

MEA systems (MEA 0.10 M; pH 7.4, Ionic Strength 0.20 M; NaCl 0.08 M; Tris 0.02 M) and 

(Right column) Lysozyme-HEP systems (HEP 0.10 M; pH 7.4, Ionic Strength 0.20 M; NaCl 0.08 

M; Tris 0.02 M),  (Top row) CP = 120 g/L and (Bottom row) CP = 250 g/L. Qualitatively, these 

systems demonstrate a normal LLPS behavior indicating negligible contribution of hydroxyl 

group. 
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microparticles generated in the HEP case remains small compared to that generated in the HEPPS 

case and almost negligible compared to the HEPES case. 

Turbidity profiles were then used to determine the corresponding LLPS temperatures. In 

Fig. 10.18, the LLPS boundaries for the lysozyme-MEA and lysozyme-HEP systems are shown. 

For comparison, the LLPS boundaries for the lysozyme-HEPES and the lysozyme reference 

system were also included. As it can be seen in Fig. 10.18, the LLPS boundary for the MEA case 

is located at slightly lower temperatures compared to the reference case. As in the PIPES case, this 

difference can be attributed to a corresponding difference in NaCl concentration and salting-out 

strength (0.08 M vs 0.19M). We, therefore, conclude that also the thermodynamic effect of MEA 

on lysozyme is marginal.  

In Fig. 10.18, we can see that the LLPS boundary associated with the HEP case is located 

at relatively lower temperatures compared to that of the MEA case. Since both MEA and HEP 

share the same NaCl concentration, we deduce that HEP is a stronger salting-in agent compared 

to MEA. Nonetheless, the LLPS boundary for the HEPES case is still positioned at significantly 

Figure 10.17 Direct-field light microscopy images of the sample after phase-separation, taken at 

20 °C using lysozyme concentration CP = 120 g/L at pH 7.4. The particles formed in Lysozyme-

MEA system (Middle) resemble the particles formed in the reference system indicating that both 

systems have similar thermodynamic properties.    
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lower temperatures even if its NaCl concentration is higher than that associated with the lysozyme-

HEP system. 

10.6 Summary and Conclusions 

In summary, our experimental investigation shows that additions of HEPES leads to the 

production of a large number of protein microcrystals through LLPS. This complex phase behavior 

was observed to occur independently of HEPES protonation state near physiological pH. The small 

chemical variation achieved by replacing HEPES with HEPPS, while not producing appreciable 

changes in thermodynamic interactions, resulted in a major decrease in microparticle generation. 

The removal of the sulfonate-terminated alkyl group, achieved in the HEP case, is accompanied 

Figure 10.18 Temperature (T)-concentration (CP) LLPS boundaries of 

Lysozyme reference system, Lysozyme-MEA systems (MEA 0.10 M; pH 

7.4, Ionic Strength 0.20 M; NaCl 0.08 M; Tris 0.02 M), Lysozyme-HEP 

systems (HEP 0.10 M; pH 7.4, Ionic Strength 0.20 M; NaCl 0.08 M; Tris 

0.02 M), and Lysozyme-HEPES system (HEPES 0.10 M; pH 7.4, Ionic 

Strength 0.20 M; NaCl 0.15 M). MEA shows the LLPS boundary close 

to the reference system indicating the similar thermodynamic effects. 
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by a reduction of salting-in interactions and a further decrease in microparticle generation with 

respect to the HEPES case. Our corresponding studies on sulfonated additives (Taurine and PIPES) 

and hydroxylated additive (MEA) show that the sulfonate-terminated alkyl group has negligible 

thermodynamic effects on lysozyme. Correspondingly these additives were unable to generate 

microparticles through LLPS. These studies allow us to deduce that significant salting-in 

interactions are necessary for the phase behavior observed in the LLPS case. It appears that all 

three chemical components in HEPES: Hydroxyl-terminated alkyl group, piperazine core, and 

sulfonate-terminated alkyl group are important as demonstrated by the comparison between 

HEPES and HEPPS. Our HEP studies suggest that the piperazine core plays a relatively more 

important role in lysozyme-HEPES interactions. However, since HEP is positively charged, HEP 

preferential binding to positively charged lysozyme may be hindered by electrostatic repulsive 

interactions. Based on this hypothesis, the role of the negatively-charged sulfonate group may be 

to enhance preferential binding by reducing electrostatic repulsion. 

10.7 Future Directions 

Due to the increased applications of lysozyme in materials such as bio-mineralization and 

nanotechnology (see Chapter 1), future work should be aimed to further investigate the effects of 

experimental conditions on controlling the sizes of lysozyme microcrystal by varying chemical 

nature of additives and LLPS temperature. For example, the role of other additives, e.g, those 

obtained by substitution of sulfonate group of HEPES with carboxylate or nitrate group, etc., 

should also be evaluated. Substitution of hydroxyl group with halogen atoms will further help to 

systematically quantify the role of electronegativity in the possible complex LLPS of lysozyme.  

These studies may be also extended to more complex systems in which the LLPS-induced 

formation of lysozyme microparticles occurs in the presence of other colloidal particles or 
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macromolecules such as metal nanoparticles, other proteins or nucleic acids (e.g. RNA240). In these 

cases, a negative charge on the colloidal particles or macromolecule will favor electrostatic 

attractive interactions with positively charged lysozyme. This would lead to lysozyme droplets 

that are also enriched of the negatively charged colloidal particles or macromolecule, thereby 

leading to the formation of complex lysozyme-based materials with potential applications in 

medicine and materials science. These future directions are supported by previous studies on the 

encapsulation of metal nanoparticles in the lysozyme crystals and by literature reports which have 

established binding of lysozyme with RNA,241 and DNA240, 242. The therapeutic applications of 

Lysozyme-RNA associations have been explored recently with a potential role in cell-repair or 

injury response pathways.243 These LLPS studies can also be extended to those systems where 

lysozyme exhibits binding with the negatively charged residues of other proteins, such as 

ovomucin.244, 245  It has been reported that the interactions between lysozyme and ovomucin are 

electrostatic in nature and strongly depend on ionic strength and pH of the medium244, 245 making 

it an ideal case where LLPS studies under different experimental conditions will provide detailed 

insight into the binding. LLPS of lysozyme solutions may be investigated in the presence of 

negatively charged dendrimers due to their host-guest properties. Polyamidoamine (PAMAM) 

dendrimers, such as succinamic acid terminated PAMAM-SA dendrimer may be considered. 

Although lysozyme interactions with dendrimers have been studied using thermal246 and 

spectroscopic-methods,247  LLPS investigations of these systems have not been reported yet. 

Lysozyme-dendrimer aggregates with host-guest properties may be helpful in many biomedical 

applications, including drug and gene delivery, and imaging.248 

These studies should also be extended to other commercially available proteins to explore 

generalizability. Especially to those proteins which do not exhibit LLPS in the experimentally 
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accessible temperature range. If a protein aqueous mixture does not show LLPS then crowding 

agents249 such as polyethylene glycol203, 221 can be used to induce this phase transition.  
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ABSTRACT 

ROLE OF COSOLUTES ON LYSOZYME DIFFUSIOPHORESIS AND CONDENSATION IN 

AQUEOUS MIXTURES 

by Aisha Fahim, Ph.D., 2020 

Department of Chemistry & Biochemistry 

Texas Christian University 

Dissertation Advisor: Onofrio Annunziata, Professor of Chemistry 

Lysozyme is a model protein in physicochemical studies. This dissertation investigates two 

properties of lysozyme aqueous mixtures: salt-induced protein diffusiophoresis and liquid-liquid 

phase separation (LLPS).  

Diffusiophoresis is the migration of a particle induced by cosolute concentration gradients. 

This not-well-understood transport property is important for applications in separation science and 

microfluidics. In the dissertation first part, lysozyme diffusiophoresis induced by salt gradients 

was examined as a function of salt concentration at pH 4.5 and 25 °C for NaCl, KCl and MgCl2. 

Diffusiophoresis coefficients were extracted from multicomponent-diffusion data by applying 

non-equilibrium thermodynamics. A selected mass-transfer process was theoretically examined to 

show that MgCl2 concentration gradients produce significant lysozyme diffusiophoresis. 

Diffusiophoresis dependence on salt nature was theoretically examined and linked to protein 

charge. The effect of salt type on hydrogen-ion titration curves was characterized to understand 

role of salt on protein charge. Our findings indicate that MgCl2-induced protein diffusiophoresis 

can be exploited in protein separation science and adsorption-based biosensing.  



LLPS of protein aqueous mixtures is the reversible formation of protein-rich micro-

droplets occurring below a well-defined temperature. This phase transition is metastable with 

respect to protein crystallization and aggregation. LLPS is important for protein crystallization and 

development of protein-based materials. It is also believed to be implicated in cell 

compartmentalization and protein-aggregation diseases. Lysozyme aqueous solutions reversibly 

undergo LLPS around 0 °C in the presence of additives such as NaCl near physiological 

composition. In the dissertation second part, it is shown that insertion of 4-(2-hydroxyethyl)-1-

piperazineethanesulfonate (HEPES) as a second additive to lysozyme-NaCl-water mixtures 

reproducibly triggers conversion of protein-rich droplets into protein microparticles displaying 

crystalline nature. LLPS studies were extended to other additives sharing chemical similarities 

with HEPES. In these cases, droplets conversion into microparticles was either absent or 

drastically reduced. The phase diagram of the lysozyme-HEPES system was characterized. 

Measurements of lysozyme diffusion, HEPES supernatant concentration and heat of mixing show 

that lysozyme-HEPES interactions are weakly attractive and exothermic. Our findings indicate 

that additives with weak protein-ligand properties represent an important tool for controlling the 

fate of metastable protein-rich micro-droplets. This may be exploited in the preparation of protein-

based materials and femtosecond crystallography.  
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