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การตกผลึกแบบกะของไลโซไซม์ทั้งระบบโปรตีนชนิดเดียวและระบบโปรตีนผสมถูก
ศึกษาโดยการตกผลึกโดยใชต้วัล่อ โดยการตกผลึกจะเกิดข้ึนภายในพื้นท่ีก่ึงสเถียรของแผนภาพวฏั
ภาค เพือ่ใหแ้น่ใจวา่ไม่มีการเกิดผลึกใหม่เกิดข้ึน ซ่ึงกระบวนการตกผลึกประสบความส าเร็จในการ
ตกผลึกแยกโปรตีนไลโซไซมอ์อกมาจากทั้งระบบโปรตีนชนิดเดียวและระบบโปรตีนผสม ผลการ
ทดลองพบวา่กลไกการเติบโตของผลึกถูกควบคุมดว้ยกระบวนการการรวมตวักนัท่ีพื้นผิวของผลึก 
อตัราการเติบโตของผลึกข้ึนอยูก่บัก าลงัสองของค่าความเขม้ขน้ยิ่งยวดสัมพทัธ์ โอวลับูมินท่ีเจือปน
ลงไปในสารละลายจนถึงความเขม้ขน้ 67.5% ของความเขม้ขน้ของโปรตีนรวมไม่มีผลกระทบ
ส าคญัอะไรกบัการเติบโตของผลึก รวมทั้งความแตกต่างของความเขม้ขน้ของเกลือโซเดียมคลอไรด์
สามและส่ีเปอเซ็นต์ก็ไม่มีผลกระทบส าคญัอะไรกบัการเติบโตของผลึกด้วยเช่นกนั อย่างไรก็ดี
อุณหภูมิมีผลกระทบต่อการเติบโตของผลึกเป็นอย่างมาก ค่าคงท่ีของการเติบโตของผลึกมีค่า
เพิ่มข้ึนตามการเพิ่มข้ึนของอุณหภูมิและเป็นไปตามความสัมพนัธ์ของอาร์รีเนียส 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

 
 
 
 

 
 
 
 

 

สาขาวชิา วศิวกรรมเคมี   ลายมือช่ือนกัศึกษา                   .       
ปีการศึกษา 2558  ลายมือช่ืออาจารยท่ี์ปรึกษา                     .          
      ลายมือช่ืออาจารยท่ี์ปรึกษาร่วม                     .           

 

 

 

 

 

 

 

 



III 

 

SOMCHAI  MAOSOONGNERN : SEPARATION OF MIXTURES OF 

PROTEINS USING CRYSTALLIZATION. THESIS ADVISOR : ASST. 

PROF. CHALONGSRI  FLOOD, Ph.D., 212 PP. 

 

PROTEIN SEPARATION/BATCH CRYSTALLIZATION/MIXED 

PROTEINS/SOLUBILITY/PHASE DIAGRAMS/CRYSTALLIZATION 

KINETICS/LYSOZYME 

 

The main difficulty in accessing protein products is purifying the many 

proteins involved in natural products into pure protein fractions on an industrial scale. 

Protein crystallization is a separation/purification technique little used in the 

bioprocess industry despite the high purity levels and good separation factors 

obtained. One of the major drawbacks has been the lack of thermodynamic and 

kinetic data required for efficient crystallization. This thesis aims to study the 

possibility to separate pure lysozyme out of the mixtures of lysozyme and ovalbumin 

by understanding the thermodynamic and kinetic behavior of the crystallization of 

lysozyme from both pure and mixed solution. 

Solubility is a fundamental thermodynamics property of proteins and other 

species, and is essential knowledge to be able to design and operate industrial 

crystallizers for any product. The solubility of lysozyme increases with increasing 

temperature, decreases with increasing sodium chloride concentration, and is slightly 

reduced at higher values of the pH. Two modified techniques, SDS-PAGE gel + UV-

Vis and the UV-Vis for mixtures, were introduced for use in measurement of the 

concentration of proteins in mixtures. The measurement of solubility as a function of 
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the parameters is very important in studying the crystallization process in both pure 

and mixed protein systems. 

To extend the understanding of protein crystallization, the kinetics of protein 

crystallization were studied, with the phase diagrams of lysozyme being determined 

using the STEM integrity 10 system. The width of the metastable zone depends on the 

solution conditions, i.e. it is narrower when more salt is added to the mixture. The 

presence of the phase diagram offers the possibility to use the information for design 

and control the crystallization process.  

The batch crystallization of lysozyme for both pure and mixed systems was 

studied via a seeded crystallization process. The crystallization was performed within 

the metastable region to ensure that no nucleation occurs. The successful 

crystallization of tetragonal lysozyme crystal was performed for both pure and mixed 

protein systems. The growth kinetics is controlled by the surface integration 

mechanism. The crystal growth rates were found to be second order with respect to 

the relative supersaturation. There is no significant effect of ovalbumin impurity, up 

to the concentration of 67.5% (based on total protein), and NaCl concentrations of 3 

and 4%, on the growth of lysozyme crystal. The temperature has a greater effect on 

the growth of the crystal. The growth rate constants increase with increasing 

temperature and follow an Arrhenius relationship.  
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SYMBOLS AND ABBREVIATIONS (Continued) 

 
σg =  Geometric standard deviation of the volume distribution,  

  μm 

 
Superscripts 

*  =  Equilibrium 

 

Subscripts 

0  =  Initial 

cryst = Crystal 

D = Dissolution 

diss = Dissolution 

eq = Equilibrium 

fus  =  Fusion 

G  =  Growth 

i = Initial conditions 

lys =  Lysozyme 

oval = Ovalbumin 

p,l = Protein in liquid phase 

s = Seed crystal 

t = Time 
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SYMBOLS AND ABBREVIATIONS (Continued) 

 
Abbreviations  

Abs = Absorbance 

AFM = Atomic force microscopy 

Ave. Abs. = Average absorbance 

CSD = Crystal size distribution 

Exp. No. = Experimental Number 

HEWL = Hen egg white lysozyme 

LLPS = Liquid – liquid phase separation 

Lys =  Lysozyme 

MZW = Metastable zone widths 

ODu = Uncalibrated Optical Density   

Oval = Ovalbumin 

pI = Isoelectric point 

RSSE = Residual sum of squared errors of prediction 

S.D. = Standard deviation  

SDS-PAGE  =  Sodium dodecyl sulphate - Polyacrylamide gel  

   electrophoresis 

SNT   = Secondary nucleation threshold 

UV-Vis = UV Visible spectrophotometer 

 

 

 

 

 

 

 

 

 



CHAPTER I 

INTRODUCTION 

 

1.1 Introduction to Proteins 

Proteins are organic compounds composed of amino acids arranged in a linear 

chain and joined together by peptide bonds between the carboxyl and amine groups of 

adjacent amino acid residues as shown in Figure 1.1 (a). The polypeptide chain of a 

protein molecule can be represented by  the  overall  formula  given  in  Figure 1.1 

(b),  where  Ri  represents  the  side  chain  of  the  i-th amino  acid. 

 

 

 
Figure 1.1  Primary structures of proteins. (a) Formation of a peptide bond (outlined 

         in bold) between two amino acids that differ in their side chains  

 (residues, R1, R2). (b)  Overall formula for polypeptide chain  

 (backbone) with residues Ri (Rosenberger, 1996). 
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Natural proteins contain only 20 standard amino acids. The  side  chains  or residues 

consist  of  simple  hydrocarbon  groups, that  may  contain  aromatic  rings,  nitrogen,  

oxygen and  sulfur as shows in Figure 1.2.  

 

 

 

Figure 1.2  Chemical structures of the residues of the 20 amino acids that form     

                         proteins. Charged (polar) functional groups in bold (Rosenberger,   

   1996). 

 

A significant characteristic for the biological function as well as for the 

crystallization of proteins is that the residues consist of polar functional groups, 

indicated in bold in the figure, and nonpolar functional groups. The polar groups 
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prefer to associate with water. In contrast to these hydrophilic groups, the nonpolar 

hydrophobic groups prefer to associate with themselves. The hydrophilic groups 

result in proteins having finite water solubility despite being very large molecules. 

The main proteins used in this study is hen egg-white (HEW) lysozyme, an 

enzyme that damages bacterial cell walls, and ovalbumin, a protein that has a 

molecular weight of 45 kDa and an isoelectric point (pI) of 4.58 (Stadelman and 

Cotterill, 1990).  Lysozyme has a molecular weight of 14.4 kDa and an isoelectric 

point (pI) of 11.3 (Tanford and Roxby, 1972). The amino acid side chains glutamic 

acid (Glu) and aspartic acid (Asp) have been found to be critical to the activity of this 

enzyme. Glu acts as a proton donor to the glycosidic bond, cleaving the C-O bond in 

the substrate, whilst Asp acts as a nucleophile to generate a glycosyl enzyme 

intermediate. The glycosyl enzyme intermediate then reacts with a water molecule, to 

give the product of hydrolysis and leaving the enzyme unchanged.  

 

1.2 Background and Significance of the Study  

Proteins are value added products from simple agricultural materials and 

appear all around in our life. The examples of existing uses of proteins are in food 

(Motoki and Seguro, 1998; Proctor and Cunningham, 1998; Yokoyama, Nio, and 

Kikuchi, 2004), in cosmetic products (Anton, Nau, and Nys, 2006; Chvapli and 

Eckmayer, 2007), in medicine, and in other products such as packing film (Mecitoglu, 

Yemenicioglu, Arslanoglu, ElmacI, Korel, and Cetin, 2006; Stolte, Frohberg, 

Pietzsch, and Ulrich, 2010). The specific examples are proteins such as lysozyme, an 

enzyme that damages bacterial cell walls and is found (among other places) in 

chicken egg white, subtilisin, an enzyme used in commercial products, for example in 
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laundry and dishwashing detergents, cosmetics, and food processing, and can be 

found in many Bacillus species. The main difficulty in accessing these products is 

purifying the many proteins involved in natural products into pure protein fractions on 

an industrial scale. The most commonly used methods for protein purification is ion 

exchange chromatography (Li-Chan, Nakai, Sim, Bragg, and Lo, 1986; Porter and 

Ladisch, 1992) and precipitation by salting-out (Wiencek, 1999). Ion exchange 

chromatography involves high investment and operating costs and it is accompanied 

often by additional steps until a protein with high purity and stability is obtained 

(Chisti and Mooyoung, 1990) while precipitation by salting-out requires high amounts 

of salts (Alderton and Fevold, 1946). The industrial processes demand the opposite to 

these processes; processes with low investment, low operating costs, which are 

environmentally friendly. Therefore, this research attempts to show that this 

separation is possible using crystallization, a simpler and lower cost technique than 

many currently used. 

The solubility and phase diagram is a fundamental property of proteins and 

other species, and is essential knowledge to be able to design and operate industrial 

crystallizers of any product. Most solubility data for pure and mixed protein systems 

published in the literature have used the well-known classical dissolution and 

crystallization methods (Ataka and Asai, 1988; Howard, Twigg, Baird, and Meehan, 

1988; Retailleau, Ries-Kautt, and Ducruix, 1997) and a miniature column method 

(Cacioppo and Pusey, 1991; Cacioppo, Munson, and Pusey, 1991; Forsythe, Judge, 

and Pusey, 1999; Pusey and Gernert, 1988; Pusey and Munson, 1991). These two 

methods have different benefits and drawback, however use the same UV absorbance 

technique. For the solubility measurement of pure proteins it is a reliable technique, 
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but for a mixture of proteins this technique has some weak points; several proteins can 

absorb light at the same wavelength resulting in unreliable solubility data for the 

protein mixtures. Therefore, the solubility data, phase diagram, and the improvement 

of the solubility measurement technique for protein mixtures are the first 

consideration. 

Although techniques used for protein crystallization have been progressing 

greatly, successful crystallization is still largely empirical and operator dependent. 

The crystallization of a protein is a complicated process involving numerous 

parameters, thus detailed understanding of the effect of crystallization conditions on 

the crystallization is essential. Investigation of the effect of supersaturation, 

temperature, pH, salt concentration, and protein impurity on the crystallization 

process must be clearly understood in order to design a successful crystallization 

system. 

In the crystal growth kinetic studies of protein crystallization there are three 

groups of techniques that have been used: The first technique is crystal growth 

kinetics based on individual crystal size measurements, which are studies in which the 

growth rates of individual crystal faces of a single growing crystals are measured 

microscopically. Most of the kinetic studies in protein crystallization fall into this 

category (Ataka and Tanaka, 1986; DeMattei and Feigelson, 1989; Forsythe, Ewing, 

and Pusey, 1994; Li, Nadaraj, and Pusey, 1995; Monaco and Rosenberger, 1993; 

Pusey and Naumann, 1986; Pusey, Snyder, and Naumann, 1986). The second 

technique is crystal growth kinetics based on crystal size distribution (CSD) studies, 

which deal with the crystal growth rates in bulk crystallizations (Judge, Johns, and 

White, 1995). The third technique is crystallization kinetic studies based on 
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measurements of solute concentration with time. This method obtains kinetic 

parameters by plotting a kinetic model to concentration-time data (Ataka and Asai, 

1990; Bessho, Ataka, Asai, and Katsura, 1994). Each method is different, and has 

differences in the strong and weak points. Accurate measurement of nucleation rate is 

still often very difficult, and there are many types of methods to attempt this, although 

all have strong drawbacks. Crystal growth kinetic studies without nucleation should 

be used where possible if reliable and accurate results are necessary.  

These ideas raise the author to address the fundamental significance and 

practical importance in studying thermodynamics (solubility) and kinetics (phase 

diagram and crystal growth) of protein crystallization and attempts to show that both 

crystallization from pure protein solutions and crystallization of a protein from mixed 

protein solutions is possible using seeded batch crystallization (crystallization without 

nucleation, where only crystal growth occurs), a simpler and lower cost technique 

than many currently used. 

 

1.3 Research Objectives  

This thesis research will use experimental data to study the crystallization of 

lysozyme from both pure lysozyme solutions and mixed lysozyme-ovalbumin 

solutions containing salt and sodium acetate buffer using seeded batch crystallization. 

This includes measurement and analysis of the thermodynamic and kinetic properties, 

and studying the effect of the solution conditions or process conditions on these 

properties. The specific objectives of this research are as follows: 

1.3.1 To determine the solubility of protein as a function of temperature, salt 

concentration, and solution pH and correlate the experimental data to the chemical 
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thermodynamic equation to predict the behavior of the solubility. Modifications of 

current techniques used to measure the concentration of mixed protein during 

crystallization will be presented. 

1.3.2 To investigate the concentration – temperature phase diagram of 

lysozyme and determine the metastable zone width as a function of salt concentration 

and solution pH by collection of data on the phase diagram. The metastable zone 

width is prepared and used to ensure that the crystallization occurs only by growth, 

and thus is operated under non nucleating conditions. 

1.3.3  To study the isothermal seeded batch crystallization of pure lysozyme 

to demonstrate the growth kinetics of the crystallization process and demonstrate the 

ability to crystallize pure lysozyme from solution. The growth kinetics were 

determined based on the measurement of the lysozyme concentration decay with time. 

The results demonstrate that this crystallization process is possible. 

1.3.4 To separate mixtures of two proteins in aqueous solutions using seeded 

batch crystallization in two cases; where only one protein was supersaturated, or 

where both proteins were supersaturated, to produce a commercial product from a 

complex mixture. The effects of solution conditions and/or experimental conditions 

on the growth kinetics are investigated. 

 

1.4 Scope and Limitation of the Research 

1.4.1 Thermodynamics studies of protein crystallization 

The solubility of protein as a function of temperature, salt 

concentrations, and solution pH is required to be measured in order to compare with 

the previous data and for use in the crystallization of protein from mixed-protein 
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solution (where the existing data are not sufficient). The solubility was measured 

using both the well-known classical dissolution methods and a miniature column 

method. The concentrations of pure protein solutions were measured using the UV 

absorbance technique while the concentrations in mixed protein solutions require a 

modified technique. The combinations of SDS-PAGE gel and UV-Vis technique, and 

UV-Vis for mixed protein were introduced to measure the concentration of mixed 

protein solutions. 

1.4.2 Kinetics studies of protein crystallization 

The concentration – temperature phase diagram of lysozyme are 

measured using the turbidity technique by the use of a STEM Integrity 10 system 

(Electro Thermal, England). This phase diagram allowed collecting the solubility and 

nucleation data to determine the metastable zone width.  

The possibility of separation of pure lysozyme from the mixed solution 

of lysozyme – ovalbumin using crystallization was studied in two cases.  (1) 

Separation of lysozyme from solution where only lysozyme was supersaturated. (2) Using 

preferential crystallization (seeding with only lysozyme) to achieve pure lysozyme under 

conditions where both proteins are supersaturated.  

In the growth kinetics study, the crystallization experiments were 

performed in a batch crystallizer to demonstrate the growth kinetics of the 

crystallization process and the ability to crystallize pure lysozyme from solution. The 

growth kinetics were measured by measurement of the lysozyme concentration decay 

with time (observation of the desupersaturation curve) by assuming no nucleation, no 

breakage, and no agglomeration occur during the crystallization process. The 

assumption of no nucleation, breakage or agglomeration was confirmed by 
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observation of the process using micrographs. The purity and remaining activity of 

the product crystal are determined using standard techniques, SDS-PAGE gel and the 

activity test. The dependence of crystal growth on parameters including the 

supersaturation, temperature, protein impurity, and salt concentration were 

investigated for crystallization of mixtures of two proteins to produce a commercial 

product.  

 

1.5 Research Development 

 This thesis is divided into 6 chapters. Chapter I is introduction part; it gives 

some introduction to proteins and describes the background, significance, objectives, 

and scope of the research. Chapter II reports the solubility data as a function of 

temperature, NaCl concentration, and solution pH. The solubility data were correlated 

with the van’t Hoff equation to predict the phase behavior. In this part, the modifiied 

techniques used for measurement of concentrations in mixed protein solutions are also 

introduced. The phase diagrams that contain the thermodynamic data (solubility, 

either obtained from literature or self-measured) and the kinetic data (nucleation 

points) are measured using the turbidity technique and reported in Chapter III. These 

include determination of the metastable zone width as a function of supersaturation, 

temperature, NaCl concentration, and solution pH. In Chapter IV, the possibility of 

crystallization of lysozyme using seeded isothermal batch crystallization was 

investigated. The growth kinetics was measured by measurement of lysozyme 

concentration decay with time and described by the power-law model. Chapter V 

studied the crystallization of lysozyme from mixed protein solutions and describes the 

effects of supersaturation, temperature, protein impurity, and salt concentration on the 
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growth of the crystal. The purity of the product crystal was confirmed by SDS-PAGE 

gel and an activity test with micrococcus lysodeikticus bacteria. Finally, Chapter VI 

concludes the results from this thesis and gives some recommendations for future 

study. 
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CHAPTER II 

SOLUBILITY AND THERMODYNAMIC OF 

LYSOZYME AND OVALBUMIN PROTEIN 

 

2.1 Abstract 

 The solubilties of pure lysozyme powder and lysozyme crystal were 

determined for the temperature range 5 – 30°C, sodium chloride concentration 3 - 7%, 

and pH 4 – 6 using 0.1M sodium acetate buffer as a buffer. The solubility of lysozyme 

increases with increasing temperature, decreases with increasing sodium chloride 

concentration, and is slightly reduced at higher values of the pH. A third-order 

polynomial equation was used to correlate the solubility as a function of temperature 

and can fit the data very well, with the coefficient of determination greater than 0.99 

for the solubility of the powder and greater than 0.999 for the solubility of the crystal. 

The enthalpy and entropy of dissolution were estimated by the use of the van’t Hoff 

equation. The results fit the van’t Hoff equation and predict average enthalpies of 

dissolution of 74.84 ± 6.03 and 84.56 ± 3.84 kJ/mol and entropies of dissolution of 

266.05 ± 21.81 and 292.97 ± 15.05 J/mol·K for lysozyme powder and crystal, 

respectively. Several modifications of the solubility and concentration measurement 

technique for protein mixtures were introduced. The combination of the SDS-PAGE 

gel and UV-Vis techniques has the advantage that the composition of protein in the 

mixture can be determined via the SDS-PAGE gel to estimate the purity and thus the 

UV absorbance can be measured at only one wavelength. However, the use of this 
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method was limited at the composition of lysozyme in mixed solution lower than 

60%. The modification of using UV-Vis at six different wavelengths has the 

advantage that it only requires UV photometer measurements, which are fast, and the 

result shows no detection limit until 1 mg/mL of total protein (depending on the UV 

photometer).  

 

2.2 Introduction 

 The solubility is a fundamental property of protein and other substances. 

Understanding the solubility behavior is a major requirement for the successful design 

and operation of crystallization processes. The solubility of a protein strongly depends 

on the protein-protein interactions as well as the protein-solvent interactions (Curtis 

and Lue, 2006). Protein solubility is affected by the properties of the molecule itself 

(e.g. net charge, charge ratio, polar, neutral amino acids, hydrophobicity or 

hydrophilicity, …) and also depends on the solution conditions such as temperature, 

salt concentration, and solution pH. In general, the effect of these parameters on the 

solubility can be determined by experimentally measuring the solubility as a function 

of each parameter. In this study, hen egg white lysozyme has been chosen as a model 

protein since it is a well-studied protein and has often been used in thermodynamic 

and kinetic crystallization studies (Ataka and Asai, 1988; Cacioppo and Pusey, 1991; 

Cacioppo, Munson, and Pusey, 1991; Curtis and Lue, 2006; Forsythe, Judge, and 

Pusey, 1999; Howard, Twigg, Baird, and Meehan, 1988; Retailleau, Ries-Kautt, and 

Ducruix, 1997; Pusey and Gernert, 1988; Ildefonso, Revalor, Punniama, Salmon, 

Candoni, Veesler, 2012; Diaz Borbon and Ulrich, 2012; Elgersma, Ataka and Katsura, 

1992; Liu, Wang, and  Ching, 2010; Apgar, 2008; Ries-Kautt and Ducruix, 1989; 
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Muschol and Rosenberger, 1997; Jolles and Berthou, 1972; Berthou and Jolies, 1974; 

Ewing, Forsythe, and Pusey, 1994) which is a large set of reported data. 

Several methods have been used to measure the solubility of pure lysozyme. 

Examples of such methods are the well-known classical dissolution and crystallization 

methods (Ataka and Asai, 1988; Howard, Twigg, Baird, and Meehan, 1988; 

Retailleau, Ries-Kautt, and Ducruix, 1997).   These methods have the advantage that 

we can carry out more than one experiment at the same time. However, there are 

some disadvantages - the requirement for long times to reach equilibrium due to the 

slow diffusivity of proteins in the solution, and also imprecise measurements if 

sufficient equilibrium time is not allowed. The measured solubility data by these 

methods might have a concentration higher or lower than the equilibrium 

concentration depending on whether the method involved crystallization or 

dissolution. An alternative method for measuring the solubility of pure proteins is the 

use of a miniature column technique (Cacioppo and Pusey, 1991; Cacioppo, Munson, 

and Pusey, 1991; Forsythe, Judge, and Pusey, 1999; Pusey and Gernert, 1988; Pusey 

and Munson, 1991). This technique is known as a rapid determination technique with 

high reliability; the solubility data can be obtained within 24 h with an error less than 

± 0.2 mg/mL at salt content of 3% and ± 0.1 mg/mL at salt content of 3 – 5.7%  

(Forsythe, Judge, and Pusey, 1999) and requires only a small amount of material. 

Therefore, using this method allows a larger number of experiments with the same 

amount of materials, and a better set of data. However, it is not possible to carry out 

more than one experiment at once and it can’t be used for measurement of high 

viscosity solutions due to the flow of the solution is needed in the operation. Both 

methods have used the UV absorbance technique to estimate the concentration of 
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protein in the final step. For the solubility measurement of pure proteins it is a reliable 

technique, but for mixture of proteins this technique has some weak points. Several 

proteins can absorb light at the same wavelength resulting in unreliable solubility data 

for the protein mixtures. Therefore, improvement of the solubility measurement 

technique for protein mixtures is required.  

In this work, the solubility data of lysozyme were measured using both the 

classical method and the miniature column technique. The solubility data were 

determined by the dissolution of both lysozyme powder form (the classical method) 

and the lysozyme crystal form (the miniature column method). The solubility data 

cover the temperature range 5 – 30°C, sodium chloride concentration 3 - 7%, and pH 

4 – 6 using 0.1M sodium acetate buffer as a buffer. A third-order polynomial equation 

was used to fit the data to observe the change in solubility as a function of 

temperature. Moreover, the enthalpy and entropy of dissolution were estimated by the 

use of the van’t Hoff equation. 

Furthermore, the modifications of the concentration measurement techniques 

for mixture of protein are presented. The first method is the combination of SDS-

PAGE gel and the UV-Vis technique. In this modified technique the composition of 

protein in the mixture will be analyzed by SDS-PAGE gel and Gel Doc analyzer, and 

the concentration of each protein will be estimated by UV absorbance. Another 

method is the UV-Vis technique. In general, the concentration of protein will be 

determined by measurement of the UV absorption ability at one wavelength. In this 

modified technique six different wavelengths were used to measure the absorbance of 

the protein. These two techniques offer the opportunity to measure the change in 

protein concentration during crystallization. 
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2.3 Theory 

 2.3.1 Definition of Solubility 

  The solubility is a physical property of a chemical substance. It is the 

ability of a solute to dissolve in a solvent, and is defined as the maximum amount of 

solute dissolved in a solvent at equilibrium at a particular set of conditions (e.g. 

temperature, pressure, and pH). Understanding the solubility behavior is an 

indispensable requirement for the successful development of crystallization processes 

(Tung, Paul, Midler, and McCauley, 2009). The solubility of a substance 

fundamentally depends on the physical and chemical properties of the solute and 

solvent as well as on temperature and pressure, and the concentrations of any other 

solutes that may be present. There are many parameters having an effect on the 

solubility of a substance. In most cases determining the solubility as a function of 

temperature is sufficient (Beckmann, 2000). However for proteins there are three 

parameters that strongly affect the solubility, temperature, salt concentration, and 

solution pH. Another parameter that has an effect on solubility and should be 

investigated is protein impurity, for further understanding of the crystallization of 

protein mixtures. 

 2.3.2 Effect of temperature on the solubility of protein 

The solubility of a given solute in a given solvent typical strongly 

depends on temperature. As shown in Figure 2.1, the solubility of lysozyme increases 

with increasing temperature. This solubility behavior is commonly observed in 

organic compounds. Many correlations and predictions have been proposed for 

solubility data as a function of temperature. One of the most commonly used is the 

polynomial (Mullin, 2001), as expressed in equation (2.1). 
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...2  CTBTAc               (2.1)  

 

where c is the solution composition, expressed in any convenient units. T is the 

temperature and A, B, C etc. are constants that depend on the units used. In previous 

work, the third order polynomial was proposed to fit the solubility data of lysozyme in 

sodium acetate buffer well (Cacioppo and Pusey, 1991; Forsythe and Pusey, 1996).  
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Figure 2.1  Lysozyme solubility as a function of temperature at pH 4.0 and 5.0%  

                sodium chloride concentration (Forsythe, Judge, and Pusey, 1999). 

 

2.3.3 Effect of salt concentration on the solubility of protein 

The effect of salt concentration on protein crystallization has focused 

on protein solubility. Figure 2.2 shows the lysozyme solubility as a function of 

temperature for various sodium chloride concentrations. As shown in the Figure 2.2, 

the solubility of lysozyme decreases with an increasing concentration of sodium 

chloride.  
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Figure 2.2   Lysozyme solubility as a function of temperature for various sodium 

chloride concentrations (Lu, Wang, and Ching, 2002). 

 

This is due to the salting out effect. There are hydrophobic amino acids and 

hydrophilic amino acids in protein molecules. Lysozyme folding in aqueous solution 

causes hydrophobic amino acids to form protected hydrophobic areas, while 

hydrophilic amino acids interact with the molecules of solvation and allow proteins to 

form hydrogen bonds with the surrounding water molecules. When the salt 

concentration is increased, some of the water molecules are attracted by the salt ions, 

which decreases the number of water molecules available to interact with the charged 

part of the lysozyme molecule. As a result of the increased demand for solvent 

molecules, the protein-protein interactions are stronger than the solvent-solute 

interactions; the protein molecules coagulate by forming hydrophobic interactions 

with each other and not with the aqueous solution, thus reducing the solubility. 
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Characterization of the effectiveness of various salts in crystallizing 

(salting out) proteins has been determined (Ducruix, 1992; Collins, 1985) when 

Hofmeister established the lyotropic series that ranked various salts according to their 

ability to precipitate hen egg white proteins; the series is given by 

cations:   

anions:  

 

2.3.4 Effect of pH on the solubility of protein 

Knowledge of the isoelectric point (pI) is important to understand the 

effect of pH on the solubility of a protein. The isoelectric point (pI), is the pH at 

which a particular molecule or surface carries no net electrical charge. The pI value 

can affect the solubility of a molecule at a given pH. Such molecules often have a 

minimum solubility in water or salt solutions at the pH which corresponds to their pI 

and often precipitate out of solution at this pH. Figure 2.3 shows the effect of pH on 

ovalbumin solubility. The solubility of ovalbumin decreases when the pH approaches 

to the pI value. 
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Figure 2.3  Effect of pH on ovalbumin solubility in ammonium sulfate solutions at  

         18
o
C (The solubility data are from: (□) Sorensen and Hoyrup, 1915-17;  

          (●) Judge, Johns, and White, 1996). 

 

This behavior is due to the fact that proteins are biological molecules 

containing both acidic and basic functional groups. The amino acids which make up 

proteins may be positive, negative, neutral or polar in nature, and together give a 

protein its overall charge. At a pH below their pI, proteins carry a net positive charge; 

above their pI they carry a net negative charge. When the pH is far from the pI, 

proteins have more positive or negative charge and then can dissolve more in solution. 

As the pH approaches to the pI, proteins have less positive or negative charge 

resulting in a decrease in solubility.  For lysozyme, the protein that has a pI value of 

11.3 (Tanford and Roxby, 1972), the effect of pH on solubility is the same as for 
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ovalbumin as shown in Figure 2.4 but there is no literature report for the data in the 

region above the pI because it is outside the range of many common buffers. 
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Figure 2.4  Effect of pH on lysozyme solubility at 20°C, and 3% NaCl in 0.1M  

            sodium acetate buffer (The solubility data are from: Forsythe, Judge,  

 and Pusey, 1999). 

 

 2.3.5 Effect of protein impurity on the solubility of protein 

A study on the effect of macromolecule impurities on lysozyme 

solubility has focused on ovalbumin and conalbumin as impurities, as both are 

typically identified in commercial lysozyme preparations (Thomas, Vekilov, and 

Rosenberger, 1996) and are likely to be present in lysozyme crystallization solutions. 

Figure 2.5 and 2.6 shows the effect of ovalbumin and conalbumin on lysozyme 

solubility respectively.  
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Figure 2.5  The effect of ovalbumin on lysozyme solubility at 18°C, pH 4.0, and 5% 

         NaCl in 0.1M sodium acetate buffer (Judge, Forsythe, and Pusey, 1998). 

 

 

 

Figure 2.6  The effect of conalbumin on lysozyme solubility at 18°C, pH 4.0, and 5%  

        NaCl in 0.1M sodium acetate buffer (Judge, Forsythe, and Pusey, 1998). 
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In the case of ovalbumin impurity, the lysozyme solubility was found 

to be independent of impurity concentration and not statistically significantly different 

to the pure lysozyme solubility, measured by dissolution and crystallization. 

In the case of conalbumin impurity, there appears to be no significant 

effect of conalbumin for solubility determined by dissolution. However, for the 

solubility measurement by crystallization, the crystals appear to stop growing before 

the solubility is reached. This trend increases with increasing conalbumin 

concentration. Therefore solubility results from crystallization experiments are likely 

to be incorrect – due to poisoning of the crystal growth process rather than being a 

true equilibrium state. 

 2.3.6 Solubility and Thermodynamics of Protein 

  The solubility of as a function of temperature can be determined via 

the van’t Hoff equation (Broide, Tominc, and Saxowsky 1996; Flood 2009) as 

expressed in equation (2.2). 

 

  

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c 1)ln(                            (2.2) 

 

Where c  is the concentration of solute in the solution is,  is the activity coefficient 

of the solute, T  is the saturated solution temperature (K), 
fus

T  is the fusion 

temperature (melting point) of the solute (K), 
fus

H  is the enthalpy of fusion (J/mol), 

and R is the ideal gas constant and is equal to 8.314 J/mol·K. 

  Assuming the solution is ideal, the activity coefficient of the solute is 

equal to 1. Then equation (2.2) reduces to 
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R
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RT

H
c

fusfus





)ln(                (2.3) 

 

Where 
fusfusfus

THS /  is the entropy of fusion. In general, the solubility is 

solvent dependent. Therefore 
fus

H  and fusS  can be replaced by   with 
diss

H  and 

dissS   (Mullin, 2001). Equation (2.3) becomes 

 

R

S

RT

H
c dissdiss





)ln(                (2.4) 

 

where 
diss

H  and 
diss

S  are the enthalpy and entropy of dissolution, respectively. The 

plot of )ln(c versus T/1  gives a straight line for which the slope is equal to

RH
diss

/  and the intercept of the Y axis is equal to RS
diss

/ .   

  The value of the dissolution enthalpy for proteins can be negative or 

positive as given in reviews by Cohn (1965) and Cohn and Ferry (1965). Aldolase 

protein from rabbit muscle is an example; the enthalpy of crystallization is positive 

when crystallized as one form and negative when crystallized as another form (Czok 

and Bucher, 1960). The values of 
diss

H  from some literature are summarized and 

compared in Table 2.1. As expected, the change in enthalpy  
diss

H  of lysozyme is 

negative, meaning that heat is released when a lysozyme crystal forms.  
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Table 2.1  The heat of crystallization  molkJH
diss

/,  of lysozyme in 0.1M  

      sodium acetate buffer. 

Protein Solution conditions  
diss

H  Reference 

Lysozyme 2.0% NaCl, pH 4.2 -81.8 Haas,1999 

Lysozyme 2.5% NaCl, pH 4.8 -73.7 Lu, 2002 

Lysozyme 4.0% NaCl, pH 4.8 -73.2 Lu, 2002 

Lysozyme 6.0% NaCl, pH 4.8 -62.3 Lu, 2002 

Lysozyme 0.3M NaCl, pH 4.0 -87.0 Cacioppo, 1991 

Lysozyme 0.5M NaCl, pH 4.0 -32.0 Ries-Kautt, 1989 

 

2.4 Materials and Methods 

 2.4.1 Materials 

 In the solubility measurement of lysozyme powder, hen egg white 

lysozyme (HEWL, product No. DR0308) was purchased from Bio Basic Inc. and 

ovalbumin (product No. A5503) was purchased from Sigma-Aldrich. These two 

proteins were used without further purification since no other proteins were detected 

in a SDS-PAGE gel electrophoresis analysis (15% acrylamide). 

In the solubility measurement of tetragonal lysozyme crystal, Hen egg 

white lysozyme (HEWL, product No. 62971) and ovalbumin (product No. 05461) 

were purchased from Fluka and used without further purification.  

Sodium chloride (purity ≥99.5%), sodium acetate trihydrate (purity 

≥99.5%) and acetic acid (100%) were purchased from Carl Roth. All chemicals and 

deionized water were used without further purification. 
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 2.4.2 Preparation of Sodium Acetate Buffer and Salt Solution 

 0.1 M sodium acetate buffer stock solutions were prepared with 

sodium acetate trihydrate and acetic acid based on the method of Dawson et al. 

(1986). A 0.2 g/mL salt stock solution was prepared by dissolving 4 g of NaCl into 

enough 0.1 M sodium acetate buffer to obtain a final volume of 20 mL at the desired 

pH.  

2.4.3 Solubility Measurement Using Classical Technique 

  In this section, the solubility of lysozyme powder was measured. The 

measurements were performed at various temperatures (10, 15, 20, 25, and 30°C), pH 

values (4.0, 4.4, 4.6, 5.0, 5.4 and 6.0), and salt concentrations (3%, 4%, and 5%). 

Solution with the desired pH and salt concentration were prepared by appropriate 

mixing of sodium acetate buffer and salt solutions. To start the experiment a 1.5 mL 

micro tube which contained the specific solution (at the desired pH and salt 

concentration) were put into the float comb (which held 18 different micro tube 

samples). Excess amounts of lysozyme powder were put into the solution within the 

micro tube and then the cover of the micro tube was closed. The float comb was 

placed inside a constant temperature water bath, where the temperature was controlled 

within ±0.5°C. The concentrations of dissolved lysozyme were measured after 1, 2, 

and 3 weeks using a UV photometer (HP 8453, Agilent) at 280 nm wavelength. An 

extinction coefficient of 2.3337 mL·mg
-1

·cm
-1

 was used (which was obtained from a 

calibration curve of 5 measurements). 

2.4.4 Solubility Measurement using The Miniature Column Technique  

In this section, the solubility of tetragonal lysozyme crystals was 

measured. Tetragonal lysozyme crystals were prepared by mixing equal volumes of 
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100 mg/mL lysozyme solution and 8 wt% sodium chloride solution and keeping the 

mixture at 4-8°C overnight. The solubility of tetragonal lysozyme crystals was 

measured at temperature of 5, 10, 15, 20, and 25°C, sodium chloride concentration of 

3, 4, 5 and 7 wt%, and pH of 5.0, 5.6, and 6.0 using the miniature column technique 

as described by Cacioppo and Pusey, (1991); Cacioppo, Munson, and Pusey, (1991); 

Forsythe, Judge, and Pusey, (1999); Pusey, and Gernert, (1988); Pusey, and Munson, 

(1991). The temperature of the column was maintained within ± 0.1°C using a 

thermostat (F12 ED, Julabo). 

The concentrations of dissolved lysozyme were measured using a UV 

photometer (Carry 50, Varian) at 280 nm. An extinction coefficient of 2.4321  

mL·mg
-1

·cm
-1

 was used (obtained from a calibration curve of 9 measurements). 

2.4.5 Concentration Measurement of Mixed Proteins 

  2.4.5.1 The Combination of SDS-PAGE gel and UV-Vis method 

   In this method, the calibration curve for UV absorbance of 

mixed protein with known composition of each protein was prepared as shown in 

Figure 2.7. The lysozyme and ovalbumin in sodium acetate buffer were mixed at the 

desired proportion and the UV absorbance was measured at 280 nm wavelength using 

a UV photometer (HP 8453, Agilent). The unknown solution concentration of the 

mixed lysozyme and ovalbumin solution was measured by a combination of UV 

absorbance and SDS-PAGE gel and Gel Doc analysis (UV light transillumination, 

with Fluor-S
TM

 MultiImager + Quantity One 1-D Analysis software) to find the 

composition of each protein in the solution. After the SDS-PAGE gel was performed 

the gel with apparent lysozyme and ovalbumin bands was put into the UV light 

transillumination, with the Fluor-S
TM

 MultiImager. The intensity volume of each band 
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was determined by the Quantity One 1-D Analysis software. The compositions of 

each protein were estimated by the plot of intensity volume ratio versus composition 

of protein. Then, the total protein concentration can be determined by locating the 

composition point on the calibration curve for the UV absorbance of the mixed 

protein. Finally, the concentrations of pure protein were estimated from the total 

protein concentration and composition.  
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Figure 2.7  Calibration curve for UV absorbance at 280 nm as various composition  

          of  lysozyme and total protein concentration. 

 

  2.4.5.2 UV-Vis method 

   Applying Beer-Lambert’s law to analyze the concentration of 

each component in the mixed solution, it is possible to define the absorbance of the 

mixed solution as a summation of the absorbance of each pure component as given by  
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In the case of the two components mixture (lysozyme + ovalbumin) equation (2.5) 

can be written as  

 

lclcA ovalovallyslys )()()(                                         (2.6) 

 

where )(A is the absorbance of the mixed solution at wavelength  , )( lys  and 

)( oval  are the extinction coefficients of lysozyme and ovalbumin at wavelength  , 

respectively, lysc  and ovalc  are the concentrations of lysozyme and ovalbumin, and l  

is the path length of the light (the width of the cuvette). Equation (2.6) can be used to 

determine the concentration of lysozyme and ovalbumin by measuring the absorbance 

of the solution at two wavelengths as long as the extinction coefficient of the pure 

components, )( lys  and )( oval , are known at both wavelengths. Normally, the 

wavelengths that will be used for the measurement of absorbance of the mixture 

should be the maximum value of absorbance for one component and the minimum 

value for the others (Benesch, Benesch, and Yung, 1973). In the case of mixtures of 

lysozyme and ovalbumin both proteins have the same absorption behavior (have their 

maximum absorbance at the same wavelength, see Figure 2.8). Therefore it is hard to 

choose the best two wavelengths that give the maximum accuracy of measurement. 

To solve this problem the linear least squares mathematical method (Spiegel, 

Lipschutz, and Liu, 2009) was applied to determine the concentrations from the UV 
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measurement made at more than two wavelengths to minimize the error of the 

measurement.  
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Figure 2.8  Absorption behavior of lysozyme and ovalbumin in 0.1 M sodium 

  acetate buffer pH 5. 

 

Solutions of 1 mg/mL of lysozyme and ovalbumin were 

prepared by dissolving 20 mg of lysozyme or ovalbumin into enough buffer to obtain 

a final volume of 20 ml. Two proteins solutions were mixed at the desired proportion 

in buffer to prepare the total concentration of proteins ranging from 0 to 1 mg/mL 

with 0.2 mg/mL increments. The composition of each protein in the mixture was 

varied from 0 to 100%. The absorbance of the solutions were measured three times at 

six different wavelengths; 250, 260, 270, 280, 290 and 300 nm. An extinction 

coefficient obtained from a calibration curve was used. 
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2.5  Results and Discussions 

 2.5.1 Solubility of Lysozyme Powder 

  The measured solubility data of lysozyme powder are listed in table 2.2 

and shown in Figures 2.9 - 2.14. Each data point is the average of three concentrations 

at equilibrium (constant concentration with time, within 3 weeks). The calculated 

standard deviations were found to be varied with sodium chloride concentration. The 

average values of the standard deviation of the distribution of measured values are 

0.24, 0.11, and 0.07 at 3%, 4%, and 5% sodium chloride concentration, respectively. 

 

Table 2.2  Lysozyme solubility at various temperature, pH, and salt concentration 

using the classical technique. 

Temp. 

(°C) 

NaCl 

(%) 

Solubility (mg/mL) 

pH 4.0 pH 4.4 pH 4.6 pH 5.0 pH 5.4 pH 6.0 

10 
3 2.50 2.50 2.56 2.45 1.52 1.72 

4 0.97 1.22 1.14 1.48 1.04 1.25 

5 0.60 0.79 0.85 0.92 0.82 0.94 

15 
3 4.62 4.25 4.90 3.82 2.54 3.25 

4 1.62 2.11 1.75 2.13 1.79 2.12 

5 0.97 1.23 1.12 1.60 1.40 1.56 

20 
3 8.04 7.14 8.87 6.59 4.35 5.70 

4 2.68 3.55 3.16 3.47 2.86 4.78 

5 1.75 1.98 2.01 2.64 2.18 2.98 

25 
3 15.00 11.15 14.52 11.22 7.88 10.64 

4 4.76 5.70 5.28 5.48 4.75 6.32 

5 3.32 3.40 3.22 3.98 3.74 4.16 

30 
3 28.75 17.08 22.23 17.28 11.86 17.25 

4 9.00 9.24 8.52 8.78 8.24 12.64 

5 6.30 6.33 5.26 6.52 6.15 8.68 
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Figure 2.9  Solubility of lysozyme powder at pH 4.0 as a function of temperature and  

                    NaCl concentrations. 
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Figure 2.10  Solubility of lysozyme powder at pH 4.4 as a function of temperature   

and NaCl concentrations. 
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Figure 2.11  Solubility of lysozyme powder at pH 4.6 as a function of temperature   

and NaCl concentrations. 
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Figure 2.12  Solubility of lysozyme powder at pH 5.0 as a function of temperature   

and NaCl concentrations. 
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Figure 2.13  Solubility of lysozyme powder at pH 5.4 as a function of temperature   

and NaCl concentrations. 
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Figure 2.14  Solubility of lysozyme powder at pH 6.0 as a function of temperature   

and NaCl concentrations. 
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The solubility curves show the solubility of lysozyme increases with 

increasing temperature, and decreases with increasing NaCl concentration. This 

solubility behavior is commonly observed in organic compounds and consistent with 

other work on proteins (Forsythe and Pusey 1996). The solubility data as a function of 

temperature were fitted using a third-order polynomial equation; the results of the 

constants in equation (2.1) are listed in Table 2.3. All of the fitted lines have the 

coefficient of determination (R
2
) greater than 0.99 and the average residual sum of 

squared errors of prediction (RSSE) is only 0.091 indicating that the third-order 

polynomial can fit the solubility data well. Careful observation of the effect of pH 

show the solubility seems to be slightly reduced at higher values of the pH (the effect 

is not very clear). Although solubility is mostly increasing with increasing pH, there 

are some points where the solubility decreases with increasing pH. 
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Table 2.3  Constant of solubility data of lysozyme powder fitted to the third-order  

      polynomial, 32 DTCTBTAc    

pH NaCl (%) 
Constant of a third-order polynomial fit 

A B C D 

4.0 

3 -9.62800 2.27560 -0.14300 0.00370 

4 -3.02400 0.74770 -0.04660 0.00120 

5 -1.10200 0.33150 -0.02280 0.00070 

4.4 

3 0.20400 0.21760 -0.00410 0.00050 

4 -1.00600 0.33010 -0.01640 0.00060 

5 -1.94400 0.51130 -0.03190 0.00080 

4.6 

3 1.64600 -0.12060 0.01830 0.00030 

4 1.28000 -0.07860 0.00430 0.00020 

5 1.10200 -0.06660 0.00260 0.00010 

5.0 

3 4.56200 -0.52110 0.03090 0.00002 

4 0.53800 0.12270 -0.00690 0.00040 

5 -1.80800 0.43660 -0.02210 0.00060 

5.4 

3 4.29000 -0.60550 0.03540 -0.00020 

4 -2.28400 0.57870 -0.03320 0.00090 

5 -0.63200 0.23570 -0.01330 0.00040 

6.0 

3 1.83200 -0.11920 0.00610 0.00050 

4 -8.14800 1.64450 -0.09170 0.00200 

5 -6.67600 1.38570 -0.08000 0.00170 

 

 2.5.2 Solubility of Tetragonal Lysozyme Crystal 

  Examples of dissolution profiles of tetragonal lysozyme crystal in 

sodium acetate buffer are shown in Figure 2.15. The plot shows the increasing of 

solution absorbance as a function of time. The lysozyme concentration can be directly 
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calculated from the solution absorbance. Therefore, lysozyme solubilities were 

determined by averaging the concentrations at equilibrium (the constant concentration 

with time in Figure 2.15). The dissolution curve in Figure 2.15 shows that the 

approximate times required to reach equilibrium are around 800 minute at 5°C, 400 

minute at 10°C, and 300 minute at 15°C. This indicates that the dissolution rate is 

increased with increasing solute on temperature. The solubilities of tetragonal 

lysozyme crystal are listed in Table 2.4 and shown in Figures 2.16 - 2.18. 
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Figure 2.15  Examples of dissolution profiles of tetragonal lysozyme crystal  

 (4% NaCl, pH 5.0, and 2 mm path length cuvette for UV         

measurement). 
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Table 2.4  Lysozyme solubility at various temperature, pH, and salt concentration  

      using the miniature column technique. 

Temp. (°C) NaCl (%) Solubility (mg/mL)  

pH 5.0 pH 5.6 pH 6.0 

5 

3 1.09 0.90 0.95 

4 0.58 0.62 0.61 

5 0.37 0.49 0.48 

7 0.29 0.35 0.46 

10 

3 2.10 1.55 1.63 

4 1.11 1.07 1.07 

5 0.72 0.86 0.87 

7 0.49 0.60 0.69 

15 

3 4.02 3.72 3.61 

4 2.03 2.05 1.90 

5 1.22 1.43 1.49 

7 0.88 1.04 1.16 

20 

3 7.21 5.72 5.52 

4 4.02 4.04 3.87 

5 2.35 2.47 3.10 

7 1.48 1.69 2.24 

25 

3 14.74 10.50 9.98 

4 7.08 6.95 6.16 

5 4.52 5.07 4.70 

7 2.58 3.20 3.92 

 

The calculated standard deviation associated with the presented solubility data were 

found to be varied with sodium chloride concentration. The average values of the 

standard deviation of the distribution of measured values are 0.20, 0.10, 0.05, and 

0.03 at 3%, 4%, 5%, and 7% sodium chloride concentration, respectively. This 

indicated that the dissolution rate is higher at the higher salt concentrations. 
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Figure 2.16  Solubility of tetragonal lysozyme crystal at pH 5.0 as a function of  

   temperature and NaCl concentrations. 
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Figure 2.17  Solubility of tetragonal lysozyme crystal at pH 5.6 as a function of  

   temperature and NaCl concentrations. 
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Figure 2.18  Solubility of tetragonal lysozyme crystal at pH 6.0 as a function of 

     temperature and NaCl concentrations. 

 

Similarly to the previous section, the solubility plot showed the 

solubility of lysozyme increases with temperature and decreases with increasing NaCl 

concentration. The solubility data were also consistent with previous work (Forsythe 

and Pusey, 1996).  The third-order polynomial equation fit with a function of 

temperature gives the constants in equation (2.1) listed in Table 2.5. All of the fitted 

lines have the average coefficient of determination (R
2
) greater than 0.999 and the 

average residual sum of squared errors of prediction (RSSE) is only 0.062 indicating 

that the third-order polynomial can also fit these solubility data well. The major 

advantage of this method is a reduction in the time required to reach equilibrium, with 

this time being reduced from several weeks to within one day (Pusey, 1988).  
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Table 2.5  Constants for the solubility data of lysozyme crystal fitted to a third-order  

      polynomial, 32 DTCTBTAc     

pH NaCl (%) 
Constant of a third-order polynomial fit 

A B C D 

5.0 

3 -1.53800 0.77080 -0.06200 0.00230 

4 0.30400 0.06020 -0.00290 0.00050 

5 -0.23600 0.17890 -0.01430 0.00060 

7 0.03160 0.06370 -0.00370 0.00020 

5.6 

3 -0.25200 0.26960 -0.01470 0.00080 

4 0.65700 -0.03740 0.00490 0.00030 

5 -0.60780 0.32890 -0.02680 0.00090 

7 0.40400 0.01010 -0.00080 0.00020 

6.0 

3 -0.26660 0.29260 -0.01640 0.00080 

4 1.03010 -0.15620 0.01540 -0.00004 

5 0.90720 -0.15150 0.01500 -0.00010 

7 0.09230 0.06950 -0.00390 0.00030 

 

2.5.3  Thermodynamics 

Fitting the solubility data in Table 2.2 and 2.4 to equation (2.4) (ln(c) 

against 1/T) gives a straight line approximation, as shown in Figures 2.19-2.27. The 

diss
H  and 

diss
S  values can be obtained from the slope of the line and the intercept of 

y axis, respectively. The plot showed the equation fitted the experimental solubility 

data very well. The estimated values of the 
diss

H  and 
diss

S are listed in Tables 2.6 

and 2.7.  The example of fitting the equation is shown in equation (2.7) for the 

dissolution of tetragonal lysozyme crystal in 0.1M sodium acetate buffer pH 5.0 and 

4% NaCl concentration.  

 

 

(2.7) 
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where T is in K.  

The average enthalpy and entropy of dissolution are 74.84 ± 6.03 

kJ/mol and 266.05 ± 21.81 J/mol·K for lysozyme powder (Table 2.5) and 84.56 ± 

3.84 kJ/mol and 292.97 ± 15.05 J/mol·K for tetragonal lysozyme crystal (Table 2.6), 

respectively. However, the value of enthalpy and entropy for the two type of 

lysozyme might be the same. The difference may result from the experimental errors. 

The average of values enthalpy and entropy for the two type lysozyme are 78.69 ± 

7.12 kJ/mol and 276.82 ± 23.85 kJ/mol, respectively. The estimated enthalpies are 

consistent with other work (Howard et al., 1988; Ries-Kautt, 1989; Cacioppo, 1991; 

Haas, 1999; Lu, 2002). As expected, the change in enthalpy of dissolution  
diss

H  of 

lysozyme is positive indicating that the endothermic reaction of breaking the 

hydrogen bonds to create a cavity for the solutes within the aqueous solution occurs 

(Anuar et al., 2009); heat is required when a lysozyme crystal dissolves. 
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Figure 2.19  Van’t Hoff plot, solubility data of lysozyme powder pH 4.0 
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Figure 2.20  Van’t Hoff plot, solubility data of lysozyme powder pH 4.4 
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Figure 2.21  Van’t Hoff plot, solubility data of lysozyme powder pH 4.6 
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Figure 2.22  Van’t Hoff plot, solubility data of lysozyme powder pH 5.0 
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Figure 2.23  Van’t Hoff plot, solubility data of lysozyme powder pH 5.4 
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Figure 2.24  Van’t Hoff plot, solubility data of lysozyme powder pH 6.0 
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Figure 2.25  Van’t Hoff plot, solubility data of tetragonal lysozyme crystal pH 5.0 
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Figure 2.26  Van’t Hoff plot, solubility data of tetragonal lysozyme crystal pH 5.6 
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Figure 2.27  Van’t Hoff plot, solubility data of tetragonal lysozyme crystal pH 6.0 
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Table 2.6  The enthalpy and entropy of dissolution of lysozyme powder in 0.1M  

      sodium acetate buffer. 

pH NaCl (%) 
Constant parameters 

        
diss

H  (kJ/mol)        
diss

S  (J/mol·K) 

4.0 

3 86.38 312.62 

4 78.80 277.73 

5 84.49 293.60 

4.4 

3 68.60 250.20 

4 71.93 255.92 

5 73.72 257.95 

4.6 

3 77.24 281.22 

4 73.08 258.96 

5 66.94 234.38 

5.0 

3 71.06 258.28 

4 64.19 229.61 

5 68.87 242.87 

5.4 

3 74.75 267.50 

4 72.91 257.86 

5 71.45 250.73 

6.0 

3 82.69 296.82 

4 81.59 290.12 

5 77.32 272.47 

 

Table 2.7  The enthalpy and entropy of dissolution of tetragonal lysozyme crystal in  

      0.1M sodium acetate buffer. 

pH NaCl (%) 
Constant Parameters 

        
diss

H   (kJ/mol)          
diss

S (J/mol·K) 

5.0 

3 89.70 312.33 

4 87.95 302.40 

5 87.95 302.40 

7 78.41 266.52 

5.6 

3 88.73 312.56 

4 87.85 306.07 

5 81.39 281.32 

7 77.76 267.51 

6.0 

3 84.49 298.07 

4 84.46 294.04 

5 82.60 285.74 

7 83.46 286.75 
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2.5.4 Concentration Measurement of Mixed Proteins using The 

Combination of SDS-PAGE gel and UV-Vis Technique. 

In preliminary experiments, the intensity volume which is defined as 

the intensity of the color stained on the protein band per area of the band in the gel of 

pure lysozyme and ovalbumin were measured as shown in Figure 2.28. Intensity 

volume per amount of protein are constant for ovalbumin but it was divided into two 

sections for lysozyme As shown, a small composition of lysozyme gives a large slope 

of the plotted line, and at a larger slope at a high composition of lysozyme.  
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Figure 2.28  Intensity volume of pure protein. 

 

Performing the SDS-PAGE gel of mixed lysozyme – ovalbumin 

solution analyzed with the Gel Doc analyzer gives the results between intensity 

volume ratio and protein composition as shown in Figure 2.29; (an example of the 

raw data for SDS-PAGE gel and intensity volume analysis are shown in Appendix A). 
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The results showed that the straight line plot of intensity volume ratio and lysozyme 

composition can be divided into two parts.  

The first part is the plot from 0 - 60% lysozyme composition and fitted 

well with the linear equation  

 

xy 1372.3                         (2.8) 

 

The second part is the plot of lysozyme composition more than 60% 

and this data can be fitted well with the linear equation  

 

xy 306.246266.14                   (2.9) 

 

This behavior resulted from the difference in the extinction coefficient 

(parameters defining how strongly a substance absorbs light at a given wavelength) of 

lysozyme and ovalbumin. Lysozyme has a higher value of the extinction coefficient 

than ovalbumin, and these results in it having higher ability to absorb light.  

 

 

 

   

     

 

   

 

 

 

 
 

Figure 2.29  Intensity volume ratios as a function of lysozyme composition. 
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  The calculated compositions of each protein were estimated using the 

relation between intensity volume ratio and protein composition in Figure 2.29 and 

equations (2.8) and (2.9). The total protein concentration can be estimated using the 

calibration curve shown in Figure 2.7. Finally, the concentrations of pure protein were 

estimated from the total protein concentration and composition. This method has the 

advantage that the composition of protein in the mixture can be determined together 

with running SDS-PAGE gel to observe the purity of the protein and require the 

measurement of UV absorbance at only one wavelength. However, lysozyme has no 

consistency in intensity volume between low and high concentration.  

2.5.5 Concentration Measurement of Mixed Proteins using the UV-Vis 

method. 

  The extinction coefficients of pure lysozyme and ovalbumin were 

obtained from the calibration curves as described in section 2.4.5.2 and shown in 

Table 2.8. Both proteins have the same absorption behavior. A maximum absorption 

occurs at 280 nm and the absorption decreases from this point with either an increase 

or a decrease of the wavelength. 

 

Table 2.8  Summary of the extinction coefficients used in the calculation (obtained  

      from the calibration curve). 

Wave length (nm) 
Extinction coefficient (mL/mg·cm) 

Lysozyme Ovalbumin 

250 1.1052 0.3598 

260 1.4135 0.4127 

270 2.0987 0.5607 

280 2.4121 0.6559 

290 1.8551 0.4359 

300 0.3673 0.1312 
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The measurements of the absorbance of the mixture of lysozyme and 

ovalbumin at six different wavelengths (measured three times for each wavelength) 

are listed in Table 2.8 together with the use of extinction coefficients of pure protein 

results in six equations with two unknowns (in the form of equation (2.6)), the 

lysozyme and ovalbumin concentrations. These concentrations could be calculated by 

the use of the linear least squares method. The calculated results of protein 

concentrations for different compositions and total concentrations were plotted 

against the prepared concentrations to observe the detection limit and accuracy of the 

measurement, as shown in Figure 2.30 - 2.32. The detection limits of this method 

were presented by the coefficient of determination (R
2
) of the linear fit. No detection 

limits were observed in the case of the composition of proteins in the mixture and for 

the total concentration lower than to 1 mg/mL since a very good fit of the data; R
2
 = 

0.9990 for lysozyme (Figure 2.30), R
2
 = 0.9882 for ovalbumin (Figure 2.31), and R

2
 = 

0.9989 for total protein concentrations (Figure 2.32), were recorded. 

The slope of the linear fits indicated the accuracy of calculations 

(absolute accuracy is indicated by the slope = 1). The errors of measurements were 

calculated from the slope of the fitted line and defined as equation (2.10) 

 

  %slope%Error 1001                         (2.10) 

 

The observational errors (errors from measurements and calculations) and including 

the experimental errors are summarized in Table 2.9. 
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Figure 2.30  Comparison of the calculated and prepared concentration of lysozyme  

in the mixed solutions of lysozyme and ovalbumin. 
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Figure 2.31  Comparison of the calculated and prepared concentration of ovalbumin  

           in the mixed solutions of lysozyme and ovalbumin. 
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Figure 2.32  Comparison of the calculated and prepared concentrations of total  

      proteins (lysozyme + ovalbumin) in the mixed solutions. 

 

Table 2.9  Summary of the errors from both measurements and experiments. 

Components Observational errors (%) Including experimental errors (%) 

Lysozyme 0.40 1.19 

Ovalbumin 4.16 7.91 

Total protein 2.40 5.38 

 

 

The observational error values indicated that the error from 

measurements and calculations depend on the absorption ability of the substance in 

the mixture. The protein that has a higher extinction coefficient should have a smaller 

error from the calculation. In the case of mixed lysozyme and ovalbumin, lysozyme 

has a higher value of the extinction coefficient than ovalbumin. Therefore, the error of 

concentration from calculation for pure lysozyme is lowest. Three independent 
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experiments were performed to investigate the experimental errors. The standard 

deviation of experiment is highest at 1 mg/mL total protein (±0.0457 mg/mL) and 

reduces with decreasing of concentration. The R
2
 of the linear fit of the plots of 

calculated and prepared concentration are 0.9969 for lysozyme, 0.9822 for ovalbumin 

and 0.9999 for total protein. However the plots are not shown here. The observational 

errors and the experimental errors are shown in the third column of Table 2.9. These 

values consist of the error from measurements, calculations, and experiments. This 

method is advantageous in the measurement requires only a UV photometer, which is 

a fast measurement, and the detection limit is less than 1 mg/mL of total protein 

(depending on the UV photometer). It has only some difficulty, solving 6 equations 

together is not easy with an analytical method. However, using a numerical program 

(e.g. Matlab, Maple) solves this problem. 

 

2.6  Conclusions 

The lysozyme solubility data which is necessary to use for the design and 

development of a crystallization process were determined as a function of 

temperature, sodium chloride concentration and, solution pH using both the classical 

technique and the miniature column technique. The results are consistent with 

previous work (Forsythe and Pusey, 1996). The solubility data are well fitted with 

both a third – order polynomial equation and the van’t Hoff equation. Therefore both 

correlations can be used to predict the behavior of the solubility as function of 

temperature. The enthalpy of dissolution of the powder form and crystal form can be 

estimated and gives a positive value. This means that an endothermic reaction occurs 

and heat is required to make lysozyme dissolve.  
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The modified techniques used to measure the concentration of mixed protein 

during crystallization were presented. These two techniques involve measuring the 

concentration in the solution phase and require only a few microliters of the solution. 

Using very small samples results in smaller disturbance on the crystallization process 

which is necessary for the crystallization of protein (which is sensitive to 

experimental and solution conditions). Although there are some limitations for use, 

the techniques offer the opportunity to be used depending on the requirement of each 

project. 
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CHAPTER III 

INTRODUCING A FAST METHOD TO DETERMINE  

THE SOLUBILITY AND METASTABLE ZONE WIDTH 

FOR PROTEIN: CASE STUDY LYSOZYME 

 
3.1 Abstract  

The phase diagrams of tetragonal hen egg white lysozyme containing besides 

thermodynamic (solubility) also kinetic (nucleation) data were determined for pH 

values of 4.4, 5.0 and 6.0, 3 to 7 wt% sodium chloride concentrations and lysozyme 

concentrations from 5 to 70 mg/mL by the use of a turbidity technique. This new 

technique offers a rapid, precise and reliable determination of nucleation and 

solubility points. These points can be obtained simultaneously within 6 h. The errors 

of measurements are less than ± 0.9°C for the solubility temperature and less than ± 

1.0°C for the nucleation temperature. The solubility data obtained could be extended 

and described by a good correlation with literature data. The solubility of lysozyme 

was found to decrease with increasing salt concentration while the nucleation points 

were observed more early with respect to salt addition; as a consequence the 

metastable zone is more narrow. The solubility of lysozyme is slightly reduced at 

higher values of the pH, and the nucleation point is observed later in time. The result 

is an increase of the metastable zone width.  
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3.2 Introduction 

Knowledge of the phase diagram has key importance when designing and 

controlling a crystallization process for a substance. In the case of proteins, accurate 

phase diagram data is limited due to the complexity of their structure caused by the 

diversity of the amino acid residue groups that form proteins, with this process being 

easily influenced by environmental conditions. Natural proteins contain 20 standard 

amino acids (Rosenberger, 1996). A significant characteristic for the biological 

function as well as for the crystallization of proteins is that the residues consist of 

polar functional groups and nonpolar functional groups. The polar groups prefer to 

associate with water. In contrast to these hydrophilic groups, the nonpolar 

hydrophobic groups prefer to associate with themselves. The hydrophilic groups 

result in proteins having finite water solubility despite being very large molecules. 

The solubility of a protein depends strongly on the protein-protein interactions as well 

as on the protein-solvent interactions (Curtis and Lue, 2006). Any slight modification 

of the composition can influence the solubility dramatically, or even alter the nature 

of these macromolecules. Independently of the complexity of protein behavior, the 

phase transformation is still governed by both the thermodynamics and the kinetics of 

the system. It is still possible to describe all this information in phase diagrams. In the 

case that crystallization conditions or nucleation points are identified the information 

can be plotted in phase diagrams, and in this case the information that is provided 

relates to both thermodynamics and kinetics.   

There is a well studied protein from which a large set of reported data on 

solubility and crystallization conditions is available: hen egg white lysozyme 

(HEWL). This protein is composed of 129 amino acids and it has molecular weight of 
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14.3 kDa (Blake, Koenig, Mair, North, Phillips, and Sarma, 1965; Canfield, 1963; 

Jolles, 1969). It is a basic protein with an approximate isoelectric point value of 11.3 

and belongs to the group of globular proteins (Wetter and Deutsch, 1951). HEWL has 

often been used in thermodynamic and kinetic crystallization studies (Apgar, 2008; 

Ataka and Asai, 1988; Berthou and Jolies, 1974; Borbon and Ulrich, 2012; Cacioppo, 

Munson, and Pusey, 1991; Cacioppo, and Pusey, 1991; Curtis, and Lue, 2006; 

Elgersma, Ataka, and Katsura, 1992; Ewing, Forsythe, and Pusey, 1994; Forsythe, 

Judge, and Pusey, 1999; Howard, Twigg, Baird, and Meehan, 1988; Ildefonso, 

Revalor, Punniama, Salmon, Candoni, and Veesler, 2012; Jollbs and Berthou, 1972; 

Liu, Wang, and Ching, 2010; Muschol and Rosenberger, 1997; Pusey and Gernert, 

1988; Ries-Kautt and Ducruix, 1989; Retailleau, Ries-Kautt, and Ducruix, 1997). In 

order to control the isothermal batch crystallization within specific conditions the 

phase diagram of HEWL is required. Even though it is one of the most studied 

proteins, phase diagrams which contain solubility and nucleation curves (which is 

kinetic information rather than thermodynamic) for pH 4.4, 5.0 and 6.0, with NaCl 

from 3 to 7 wt% and with a temperature range of 2 to 45°C are not available. 

However, for instance, the solubility of HEWL at pH 4.4 and 5 and temperatures 

between 2 and 25°C have been reported (Cacioppo, Munson, and Pusey, 1991; 

Cacioppo, and Pusey, 1991; Forsythe, Judge, and Pusey, 1999),
 
but for higher 

temperatures there is no data. This has been the impulse which brought the present 

work to be conducted. It is necessary to complete these solubility curves up to the 

operating temperatures of the desired batch crystallization process or any other further 

interest, as well as the nucleation points for the whole range of conditions in order to 

control the crystallization process. 
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Several methods have been used to measure the solubility of proteins, such as 

the well known classical dissolution and crystallization methods (Ataka and Asai, 

1988; Howard, Twigg, Baird, and Meehan, 1988; Retailleau, Ries-Kautt, and 

Ducruix, 1997). These methods have the disadvantage of requiring long times due to 

the slow diffusivity of proteins in the solution and also resulting in very imprecise 

measurements. The measured solubility points by these methods might have a 

concentration higher or lower than the equilibrium concentration. One good 

alternative for measuring the solubility of proteins is the use of a miniature column 

technique (Cacioppo, Munson, and Pusey, 1991; Pusey and Gernert, 1988). This 

technique is known as a rapid determination technique with high reliability (the 

solubility data can be obtain within 24 h with an error less than ± 1 mg/mL, (Forsythe, 

Judge, and Pusey, 1999))
 
and requires only a small amount of material. Therefore the 

use of this method allows a larger number of experiments in the same amount of 

materials, and thus a better data set. However, it is not possible to carry out more than 

one experiment at once time. In order to measure the nucleation point, some methods 

such as microtitter plates or micofluidic tools are used (Ildefonso, Revalor, Punniama, 

Salmon, Candoni, and Veesler, 2012). Both crystallizations require only a small 

volume of solution. However, these methods have precision limitations because they 

are based on optical observations.  

Here the turbidity measurement method for detection of the nucleation and 

solubility points of proteins is introduced using lysozyme as a model substance. The 

principle of this method consists of the application of an IR signal through a protein 

solution, and the detection of changes in the signal produced by changes in the 

mixture caused by thermal changes. This signal has 100% transmission when the 
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solution is clear. If the solution is cooled down and the nucleation temperature is 

reached, the transmission decreases due to the scattering of the signal by particles 

formed within the solution (protein nuclei). It is assumed that this corresponds to the 

formation of the protein crystals which may nucleate within the drops rich with 

protein. Images of the solution were acquired to ensure the formation of the crystal. 

The protein nuclei grow further during the cooling process, up to crystals with 

significant size. It is therefore possible to increase the temperature of the solution and 

induce the dissolution of the crystals until the equilibrium is reached. At this point the 

formed particles are totally dissolved and the transmission of the IR signal is again 

100%. This temperature corresponds to the solubility point. The method offers 

furthermore the possibility to measure the nucleation and solubility points 

simultaneously in one experiment, and it is possible to carry out up to 10 experiments 

simultaneously. The required solution volume is only 1 mL and the duration for one 

cycle (nucleation and solubility measurement) is just 6 hr.  

In the present work the phase diagrams are reported for lysozyme, and contain 

the thermodynamic data (solubility, either obtained from literature or self measured) 

and the kinetic data (nucleation points) for pH values of 4.4, 5.0 and 6.0, 3-7 wt% 

sodium chloride concentrations and lysozyme concentrations from 5 to 70 mg/mL. In 

the operation of a crystallization process the kinetic data are vital to observe the 

change in the crystallizing system over time, and are equally important as the 

thermodynamic data which are used to observe the behavior of the system at 

equilibrium. Therefore, the positioning of these data together in the phase diagram is 

very useful. For example, in the solvent freeze out crystallization process of lysozyme 

(Borbon and Ulrich, 2012) the particle size or size distribution of the crystals can be 
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controlled by changing the process conditions from the nucleating region to the 

middle of the metastable region, which is only possible if the phase diagram is known. 

In an isothermal crystallization the supersaturation value has a strong effect on the 

growth rate and the habit of the growing protein crystals (Elgersma, Ataka, and 

Katsura, 1992; Liu, Wang, and Ching, 2010). Therefore, the operation time, size and 

quality of the crystals can be directly controlled by the supersaturation value.  

Furthermore, the metastable zone widths (MZW) are presented and offer the 

opportunity to be used to control isothermal or cooling crystallization processes.  

 

3.3  Theory 

  It has been said that “crystallization from solution is usually the result of two 

processes; crystal nucleation and crystal growth. These two processes can proceed 

either consecutively (in series) or simultaneously (in parallel) throughout the whole, 

or during only part, of the crystallization period depending on supersaturation levels” 

(Mullin, 2001). 

 In this section the primary focus is on the theory of supersaturation, 

nucleation, and the metastable zone. Other important terms of crystallization from 

solution are described in other Chapters. 

 3.3.1 Supersaturation 

  Crystallization from solution occurs when supersaturation is generated. 

Supersaturation occurs when the solute concentration in a solution exceeds its 

solubility (Randolph and Larson, 1988). The state of supersaturation is an essential 

requirement for all crystallization operations. 
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  The most common expressions of supersaturation are the concentration 

driving force, the supersaturation ratio, and the relative supersaturation as shown in 

following equations 

 
*

ccc                       (3.1) 

 

*c

c
S                       (3.2) 

 

1


 S
c

c

*
                                 (3.3) 

 

Where c  is the concentration driving force, S  is the supersaturation ratio,   is the 

relative supersaturation, c  is the solution concentration, and *c  is the equilibrium 

concentration at given temperature.  

 3.3.2 Nucleation 

  Nucleation involves the process of formation of new crystals in a 

liquid solution. Nucleation is classified into primary and secondary nucleation. 

Primary nucleation is the birth of new crystals from a liquid or solution that contains 

no solute crystal, and is divided into homogeneous primary nucleation and 

heterogeneous primary nucleation. In homogeneous primary nucleation the nuclei are 

formed without the external nucleation sites available (as could be caused by the walls 

of the vessel, dust particles, crystals or solids of other solutes, etc.). Heterogeneous 

primary nucleation occurs when the presence of such foreign surfaces assists in 

obtaining primary nuclei. Secondary nucleation is the formation of new nuclei which 

occurs due to the presence of crystals of the crystallizing material. 
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  3.3.3 Metastable Zone 

Crystals can grow without significant nucleation in a metastable zone 

which is often exhibited by supersaturated solutions. Nucleation is typically avoided 

or minimized in crystallization processes because it is difficult to control and gives a 

bad product size distribution. In batch crystallization processes the operation is 

usually undertaken in the metastable zone and crystallization is initiated through the 

addition of seed crystals, thus avoiding large amounts of nucleation. However, when 

the supersaturation is sufficiently high, secondary nucleation in the presence of prior 

crystals can occur. The limit of this supersaturation is referred to as the metastable 

limit for secondary nucleation or the secondary nucleation threshold (SNT). When the 

supersaturation is higher than the limit, the heterogeneous primary nucleation and 

homogeneous primary nucleation can occur, respectively as shown in Figure 3.1. The 

limits of supersaturation for each progressive nucleation are referred to as the 

metastable limit of nucleation for the particular mechanism. 

 

 

 

Figure 3.1  Metastable zone widths for different nucleation mechanisms 

      (adapted from Mersmann, 2001). 
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3.4 Materials and Methods 

Hen egg white lysozyme (HEWL) (product No. 62971, Fluka) was used 

without further purification since no other proteins were detected in a SDS-PAGE gel 

electrophoresis analysis (15% acrylamide). Sodium chloride, NaCl (≥99.5%, Carl 

Roth) was used as a crystallizing agent. 0.1 M sodium acetate buffer stock solutions 

were prepared with sodium acetate trihydrate (≥99.5%, Carl Roth) and acetic acid 

(100%, Carl Roth) based on the method of Dawson et al. (1986). 100 mg/mL 

lysozyme stock solution was prepared by dissolving 2 g of lysozyme into enough 

0.1 M sodium acetate buffer to obtain a final volume of 20 mL at the desired pH. 

After dissolution (approximately 3 hours), the solution was centrifuged at 9000 rpm 

for 15 min by the use of a 2-16K centrifuge (Sigma, Germany) in order to remove any 

undissolved particles that cannot be observed by the naked eye. There was no 

significant amount of protein removed by the centrifuge since the lysozyme 

concentration after centrifuge was 99.87 ± 0.21 mg/mL (using the UV absorbance 

technique, see section 2.2). The solution was then kept at 4-8°C in a refrigerator. A 

0.2 g/mL salt stock solution was prepared by dissolving 4 g of NaCl into enough 0.1 

M sodium acetate buffer to obtain a final volume of 20 mL at the desired pH. 

Solutions with pH of 4.4, 5.0, and 6.0, salt concentrations of 3, 4, 5, and 7 wt%, and 

with 5 to 70 mg/mL of lysozyme were prepared by appropriate mixing of the stock 

solutions (0.1 M sodium acetate buffer, lysozyme stock solution, and salt stock 

solution). 
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3.4.1 Measurements of Nucleation and Solubility Points via the 

Turbidity Method 

The temperatures of nucleation and solubility points were measured by 

the detection of turbidity changes in the solutions through temperature variations. All 

experiments were performed in a STEM Integrity 10 system (Electro Thermal, 

England) depicted in Figure 3.2. This device can run up to 10 experiments (one 

experiment per cell of the STEM Integrity 10 reaction station) at the same time with 

independent control of temperature and stirring speed. The operating ranges of the 

device are stirring speed from 250 to 1200 rpm, temperature from -30 to 150°C and 

maximum cooling and heating rates of 5°C/min.  

 

 

 

Figure 3.2  STEM Integrity 10 system (Electro Thermal). 

 

To start the experiment a 1.5 mL glass bottle containing 1 mL of lysozyme solution 

(with known concentration) was inserted in an IR probe (part code ATS10360) which 

was placed in a cell of a STEM Integrity 10 reaction station. This IR probe was 
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designed as a miniature transmission probe for operation in the wavelength range of 

920 to 960 nm and with a light pathway of 8 mm. The light was passed through the 

solution from the IR emitter channel to the IR receiver channel. The temperature 

sensor was immersed into the solution through the cap of the glass bottle. The 

solution was stirred at 350 rpm while it was cooled or heated. The STEM Integrity 10 

reaction station is controlled by the STEM Integrity 10 software. The real time 

turbidity (the ratio of the light intensity before and after passing through the solution) 

and temperature of the solutions are collected by connecting the IR probe to the 

Multi-IR box (part code ATS10232) and the temperature sensor to the Multi-Temp 10 

Module (part code ATS10001). Both IR Unit and Multi-Temp 10 Module were 

connected to the computer through the STEM Integrity 10 reaction station block. 

To determine the nucleation point, the temperature of the determined 

solution is increased to 35, 40, 45 or 50°C (depending on pH, lysozyme concentration 

and salt concentration) and kept constant for 10 minutes. Then, the temperature is 

decreased to the set temperature of 0, 5, 10, or 15°C (depend on the nucleation point) 

and kept constant again at this set temperature for 10 minutes. Two cooling rates are 

applied to the system: 1.0 K/min and 0.1 K/min. The faster cooling rate is applied 

when the temperature of the solution is far from the set temperature and the slower 

cooling rate when the temperature of the system approaches it. The changing point of 

the cooling rate is approximately 5°C higher than the nucleation point. This is an 

approximation of the researcher based on preliminary experiments. The MZW 

changes with respect to a slower cooling rate. The example of a temperature profile 

for the experiment with lysozyme concentration of 25 mg/mL, 4 wt% NaCl and pH 

4.4 is given in Figure 3.3 (left). The solution was heated up to 40°C for 10 minutes. 
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Then the temperature was decreased to 20°C within 20 minutes (cooling rate = 1 

K/min). After that the solution was cooled again to 5°C within 150 minutes and kept 

at constant temperature at this point for 10 minutes. The nucleation point is defined as 

the first point at which a distinct drop in transmission is measured while the 

temperature is decreasing. A VHX-500F microscope (Keyence, Germany) was used 

to analyze the morphology of the nucleated crystals. 

To determine the solubility point, after the cooling process and the 

formation of the crystals the solution is heated up to a set temperature (the same point 

as the start of the cooling process). The temperature profile was also divided into 2 

steps, as in the cooling process (using a heating rate of 1.0 K/min when the 

temperature is far from the set point and 0.1 K/min when the temperature is near to 

the set point). The solubility point is defined as the point at which the transmission 

reaches a stable plateau while the temperature is increasing. The plot of transmission 

against temperature gives clear information on nucleation and solubility points (see 

Figure 3.3, right).  

 

 

 

Figure 3.3  Left: Temperature profile. Right: Change in turbidity of a lysozyme  

solution with temperature. Clys = 25 mg/mL, 4 wt% NaCl and pH 4.4. 
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3.4.2 Solubility measurement by the miniature column technique (low 

temperature,   pH 6.0) 

Tetragonal lysozyme crystals were prepared by mixing equal volumes 

of 100 mg/mL lysozyme solution and 8 wt% sodium chloride solution and keeping 

the mixture at 4-8°C overnight. The solubility of tetragonal lysozyme crystals at pH 

6.0 was measured at 5, 10, 15, 20, and 25°C with sodium chloride concentration of 3, 

4, and 5 wt% using the miniature column technique as described by Cacioppo, 

Munson, and Pusey (1991) and Pusey and Gernert (1988). The temperature of the 

column was maintained within ± 0.1°C using a thermostat (F12 ED, Julabo). 

The concentrations of dissolved lysozyme were measured using a UV 

photometer (Carry 50, Varian) at 280 nm. An extinction coefficient of 2.4321 mL· 

mg
-1

·cm
-1 was used (obtained from a calibration curve of 9 measurements). 

 

3.5 Results and Discussion 

3.5.1 Phase Diagrams 

The measured nucleation (kinetic) and solubility (thermodynamic) 

points for the lysozyme systems were plotted in phase diagrams. Each data point is 

the average of three replicate experiments (the samples used in each replicate 

experiment were fresh prepared from the stock solution). The nucleation points are 

corresponding to a cooling rate of 0.1 K/min since this cooling rate was applied to the 

system at least 5°C higher than the nucleation point.  

The preliminary experiments showed that there is no effect of a cooling 

rate of 1 K/min on the MZW if the cooling rate was changed to 0.1 K/min at a point at 

least 5°C higher than the nucleation. We compared the result from this experiment to 

 

 

 

 

 

 

 

 



75 
 

Temperature (
o
C)

-5 0 5 10 15 20 25 30 35 40 45 50

T
ra

n
sm

is
si

o
n

 (
%

)

0

10

20

30

40

50

60

70

80

90

100

110

0.1 K/min

0.2 K/min

0.3 K/min

0.4 K/min

the result of an experiment at a constant cooling rate equal to 0.1 K/min and obtained 

the same nucleation temperature to within ±1.0 K. 

 

 

 
 

 

 

 

 

 

 

 
 

Figure 3.4   Change in turbidity of a lysozyme solution with temperature. Different  

        cooling rates (0.1, 0.2, 0.3, and 0.4 K/min) were applied in the second  

          step of the cooling process. Lysozyme concentration 40 mg/mL, 4 wt%  

           NaCl and pH 4.4. 

 

In Figure 3.4 the applied cooling rates in the second step of the cooling 

process were 0.1, 0.2, 0.3 and 0.4 K/min. The detected nucleation and the solubility 

temperatures are nearly the same (an error of less than 1°C is observed). In some 

conditions the induction time is expected to be very long because the nucleation is 

very difficult at high pH. This result shows that it is also possible to increase the 

second cooling rate up to 0.4 K/min and still obtain results consistent with 0.1 K/min 

cooling rate.  
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The maximum error (the difference between the measured value and 

the average value) of the measurement is ± 0.9°C for the solubility temperature and ± 

1.0°C for the nucleation temperature. The phase diagrams of lysozyme for different 

sodium chloride concentrations at pH 4.4, 5.0 and 6.0 are shown in Figures 3.5, 3.6 

and 3.7, respectively. The solubility data obtained from the turbidity measurements 

for pH values of 4.4 and 5.0 were plotted with the solubility data from the literature
 

(Forsythe, Judge, and Pusey, 1999). The solubility for systems at pH 6.0 and low 

temperatures was measured as described in the previous section (3.4.2). There are no 

literature data for these conditions to be found. The reliability of the measurements 

was shown by a good correlation of the solubility data (solid line) with an exponential 

growth (R
2
 ≥ 0.99). The literature solubility data

 
(Forsythe, Judge, and Pusey, 1999) 

which was obtained by the use of the miniature column technique has been compared 

with the solubility data of Apgar, (2008) (who determined the solubility of lysozyme 

crystals by observation of the rate of change of scattering intensity of the sample) and 

it was found to be in good agreement. Therefore, the solubility data measured in this 

work is consistent with the experimental results of Apgar. The solubility is a 

thermodynamic property of a substance, and the Van’t Hoff equation can be used to 

describe the changes in solubility with temperature. The exponential growth equation 

can be linearized into the Van’t Hoff equation. Therefore the solubility data can be 

represented with a curve of exponential type. A second order polynomial was used to 

fit the onset of the nucleation data, which are indicated as dotted lines in the phase 

diagrams. 
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Figure 3.5  Phase diagram of HEWL for pH 4.4, open symbols are solubility data  

     from literature (Forsythe, Judge, and Pusey, 1999). The dashed lines  

         represent the fitted nucleation data. The solid lines represent the fitted  

           solubility data.  

 

 

 

 

 

 

   

 

 

Figure 3.6  Phase diagram of HEWL for pH 5.0, open symbols are the solubility 

         datafrom literature
 
(Forsythe, Judge, and Pusey, 1999). The dash lines  

        represent the fitted nucleation data. The solid lines represent the fitted 

solubility data.  
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Figure 3.7  Phase diagram of HEWL for pH 6.0, open symbols are the solubility data 

        obtained by the use of a miniature column technique. The dash lines  

        represent the fitted nucleation data. The solid lines represent the fitted 

        solubility data. 

 

To verify the morphology of the crystals formed during the cooling 

step (nucleation), the crystals were observed under a microscope. In Figure 3.8 (a), 

small crystals obtained shortly after the end of the cooling process are shown as an 

example. The size of the crystals is less than 10 µm and it was difficult to identify 

their morphology. Therefore, a sample of those crystals has been kept for three days at 

4-8°C in order to let them grow. In Figure 3.8 (b), crystals with sizes around 100 µm 

are shown. Due to the larger size of the crystals, the tetragonal shape is easily 

recognized for this example as well as for almost all the crystals analysed in the 

measurement of the nucleation points. However, for 7 wt% of NaCl and 40 mg/mL of 

lyosozyme at pH 5.0, the crystals show an orthorhombic shape (see Figure 3.8 (c)). 
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Figure 3.8  Lysozyme crystals (30 mg/mL, pH 5.0, 4 wt% NaCl): a) after end of  

         cooling process, b) after three days growth at 4°C. Lysozyme crystals  

       (40 mg/mL, pH 5.0, 7 wt% NaCl): c) after three days growth at 4°C. 

 

In the phase diagrams (Figures. 3.5, 3.6, and 3.7) it can be observed 

that there is a concurrent shift in nucleation and solubility points with salt 

concentration. This phenomenon was also observed and reported by other authors 

(Cacioppo and Pusey, 1991; Muschol and Rosenberger, 1997; Ries-Kautt, and 

Ducruix, 1989). Therefore, with increasing salt concentration the nucleation 

temperature approaches to 25°C, the temperature at which there is a phase 

transformation from the tetragonal lysozyme crystals form into the orthorhombic form 

(Berthou and Jolies, 1974; Ewing, Forsythe, and Pusey, 1994; Jollbs and Berthou, 

1972). This explains the formation of the orthorhombic crystals at higher 

concentrations of lysozyme for 7 wt% of NaCl at pH 5.0 (Figure 3.8 (c)). 

   As it can be observed in Figure 3.7 (pH 6.0), experimental data for 7 

wt% sodium chloride are missing. Well shaped tetragonal crystals were not obtained 

after the end of the cooling process for these conditions. The formation of particles in 

the solution took place after the end of the cooling process, but once the temperature 

of the system was increased (the heating process) the particles were immediately 
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dissolved. In this case it was not possible to further analyze the particles by 

microscopy to determine which morphology they presented. The measured solubility 

and nucleation values are not reliable, and are therefore not reported for these 

conditions. The possible explanation of this phenomenon is the occurrence of liquid – 

liquid phase separation (LLPS) without nucleation of protein crystals. In general 

LLPS occurs at a very high supersaturation and can occasionally be observed by 

changing the solution condition (Asherie, 2004). When LLPS occurred liquid drops 

were formed containing a high concentration of protein. These drops may separate 

from the rest of the solution, which now contains a lower concentration of protein. 

The many small drops can scatter light, resulting in a drop in the transmission of light 

detected by the device, similar to the nucleation of a crystal. However, when the 

solution was heated up the solution immediately become clear liquid because LLPS is 

inherently a metastable transition in protein solution (Asherie, Lomakin, and 

Benedek, 1996). In this case it is considered that the LLPS occurred without the 

nucleation of protein crystals taking place within the protein-rich droplets.  

At pH 6.0 it is barely possible to crystallize lysozyme in tetragonal 

shape from sodium acetate solutions. This behavior was also reported by Alderton and 

Fevold (1946). They observed a copious crystallization at pH 3.5, moderate at pH 4.8 

and very slight at pH 5.8, by using 5 wt% sodium chloride and an initial lysozyme 

concentration of 40 mg/mL. It indicates that the crystallization of HEWL in the 

tetragonal form is less probable at high pH values and high salt concentrations (5 

wt%). 

In all cases the nucleation point is reached more early with increasing 

salt concentration. The solubility decreases with increasing salt concentration. This is 
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due to the salting out effect, therefore, the crystallization is easier to perform (Ries-

Kautt and Ducruix, 1989). The solution pH also has an influence on the nucleation 

point of lysozyme crystals as shown in the phase diagrams. The nucleation 

temperature and concentration decreases with increasing pH as can be observed if 

Figures 3.5, 3.6 and 3.7 are compared. The pH has a stronger effect on the nucleation 

points than on the solubility. The solubility slightly decreases with increasing pH due 

to the low ionic strength (Cacioppo and Pusey, 1991), a behavior that was also 

observed by Ataka and Tanaka, (1986). 

The phase diagrams shown in Figures 3.5 and 3.6 as well as in Figure 

3.7 supply information for a study of the behavior of the process when the 

experimental conditions change with respect to time. The location of the nucleation 

line indicates the border of the nucleation region and the upper limit of the metastable 

region. In the metastable region the nucleated crystals can grow without the formation 

of new crystals. In protein crystallization, the growth of a protein crystal to a suitable 

size for structural determination is still difficulty. The presence of the nucleation line 

in the phase diagram helps to know how to change the solution conditions to allow the 

crystals grow after they have been nucleated. 

3.5.2 Metastable Zone Width (MZW) 

Nucleation, one of the two phenomena in crystallization, gives one 

boundary of the metastable zone; the zone width is therefore strongly kinetically 

influenced. The information on the metastable zone is limited by the precision of the 

method to detect the presence of particles with determined size. There are no 

fluctuations of the turbidity signal during the cooling process. It is assumed that this 

corresponds to the formation of the protein crystals which probably nucleate within 
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the drops rich with protein. These nuclei probably have an inherent growth and this 

nucleation point should carry the inherent uncertainly of the exact nucleation point. 

Nevertheless, it is consider a good estimation of the nucleation point for phase 

diagrams that will be used as guide in crystallization. 

The width of the metastable zone is determined as the distance between 

the solubility and the corresponding nucleation points. The MZW are shown in the 

phase diagrams for the evaluated pH values and sodium chloride concentrations in 

Figure 3.9. Depending on the arrangements of the axis, the width can be expressed, 

for example, with respect to temperature for 40 mg/mL of lysozyme (Figure 3.9, left) 

or concentration at 5°C (Figure 3.9, right). 
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Figure 3.9  Left: Influence of NaCl concentration and solution pH on the MZW with  

       respect to temperature level. Lysozyme concentration: 40 mg/mL. Right:  

                    Influence of NaCl concentration and solution pH on the MZW with   

    respect to protein concentration at 5°C. 
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In Figure 3.9 it can be observed that the increasing of salt 

concentration causes the narrowing of the MZW. This phenomenon can be described 

by linking protein – protein interaction with the classical nucleation theory (Liu, 

Wang, and Ching, 2010). Increasing salt concentration can reduce the energy barrier 

of the diffusion of protein molecules from the bulk solution to the cluster (more ions 

represent less protein – solvent interaction). Therefore, the strength of protein – 

protein interaction is increased with increasing salt concentration. The increasing of 

pH value causes an increase in the width of the MZW. One explanation of this is that 

lysozyme is a protein that consists of a number of side-chain groups that have pKa 

values close to or within the pH range of 4.0–5.2 (Kuramitsu and Hamaguchi, 1980). 

The titration of side chains at increment of pH value can form intermolecular 

interactions which may increase the interfacial tension (Mullin, 1993).
 
Therefore, the 

nucleation rate may be reduced. This behavior of the metastable zone width is 

expected and is to be found for all the other conditions evaluated in section 3.5.1. The 

narrowing of the metastable zone with increasing salt concentration results from a 

shift of the nucleation curve together with a smaller shift of the solubility line. This 

has been previously observed and reported by other authors (Borbon and Ulrich, 

2012; Liu, Wang, and Ching, 2010; Muschol and Rosenberger, 1997). 

 

3.6 Conclusions 

The concentration-temperature phase diagrams enriched by the kinetic data 

necessary to design crystallization processes are here determined for lysozyme as a 

function of sodium chloride concentration and solution pH, by the use of a turbidity 

measurement technique. This technique shows a rapid and reliable determination of 
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nucleation and solubility points. The use of this technique allows the collection of 

data of the metastable zone width within a few hours rather than days, and with a high 

precision compared to conventional methods (Ataka and Asai, 1988; Howard, Twigg, 

Baird, and Meehan, 1988; Retailleau, Ries-Kautt, and Ducruix, 1997). The presence 

of the kinetic data in the phase diagram offers the possibility to use this information 

for design and control crystallization process. To maintain the right modification, 

tetragonal rather than orthorhombic, was an aim. The width of the metastable zone of 

lysozyme in sodium acetate buffer depends on the solution conditions (in this study: 

initial protein concentration, salt concentration, and solution pH). The knowledge of 

the influence of these variables on the metastable zone width can be used to predict 

the phase diagram for another set of conditions. For example, using seeded isothermal 

batch crystallization at 5°C, pH 5.4, and 4 wt% NaCl the upper limit of MZW 

concentration would be approximately 18 mg/mL higher than the solubility (see 

Figure 3.9, right). Or using the cooling batch crystallization for the 40 mg/mL initial 

lysozyme concentration, pH 5.4, and 4 wt% NaCl the MZW temperature is 

approximately 25°C lower than the solubility temperature (see Figure 3.9, left).  
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CHAPTER IV 

BATCH CRYSTALLIZATION AND GROWTH 

KINETICS OF PURE LYSOZYME 

 

4.1 Abstract 

The batch crystallization and growth kinetics of pure lysozyme were studied in 

0.1 M sodium acetate buffer in order to give background to the studies involving 

crystallization from mixed protein solutions. The batch crystallization experiments 

were performed isothermally at 20°C in a 100 mL agitated crystallizer that was 

modified from a Schott bottle. The experimental conditions used are initial lysozyme 

concentration approximately 25 mg/mL, sodium chloride concentration of 4%, 

solution pH 5, and the solution volume of 50 ml. The mean seed crystal size was 8.0 

μm (number-based) and 120 mg were used in each experiment. The product crystal 

yields (the ratio of weight of lysozyme crystallized on the total weight of lysozyme 

that can crystallize at equilibrium) were 84.68% and 49.67% using 25 hr and 6 hr 

operation time, respectively. The growth kinetics of the crystallization process has 

been studied based on the measurement of the decline in lysozyme concentration with 

time. The crystal growth rate at higher supersaturation is higher than subsequent 

crystal growth rate at lower. The growth rates of lysozyme were found to be second 

order with respect to the relative supersaturation. Therefore the growth kinetics of the 

crystallization process is controlled by the surface integration mechanism. The 

calculated growth rate constants value was 5.65×10
-6

 cm/hr which is in good 

agreement with previous work.  
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4.2 Introduction 

 Crystallization processes are one of the most important separation and 

purification processes in the pharmaceutical, chemical, and food industries. In protein 

crystallization studies the presented thermodynamic and kinetic data is limited due to 

the differences in the methods of measurement employed and the complexity of their 

structure caused by the diversity of the amino acid residue groups that form proteins. 

The process is easily influenced by environmental and experimental conditions. 

As described in Chapter II and III, the determinations of solubility, metastable 

zone wide, and growth kinetics are important for designing, controlling, and 

characterization of a crystallization process for any substance. The solubility was 

studied in Chapter II and the metastable zone wide was studied in Chapter III. In this 

chapter the crystal growth kinetics were studied.  

In the crystal growth rate study for general substances, there are two main 

groups of techniques that have been used to measure the crystal growth rate (Myerson 

and Ginde, 2002). The first group is the growth kinetics measurement based on 

individual crystal size. This first group includes studies in which growth rates of 

individual crystal faces of single growing crystals are measured microscopically or 

using atomic force microscopy (AFM) (Gougazeh, Omar, and Ulrich, 2009; Kitamura 

and Ishizu, 1998; Pantaraks and Flood, 2005). In protein crystallization, most of the 

kinetic studies belong in this group (Ataka and Tanaka, 1986; DeMattei and 

Feigelson, 1989; Forsythe, Ewing, and Pusey, 1994; Li, Nadaraj, and Pusey, 1995; 

Monaco and Rosenberger, 1993; Pusey and Naumann, 1986; Pusey, Snyder, and 

Naumann, 1986). The growth rates of single faces of protein crystal were measured 

periodically to obtain the functional dependence of growth rate on supersaturation. 
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The second group is the growth kinetics measurement based on a suspension of seed 

crystals having a particular particle size distribution (a multiparticle system). These 

techniques usually relate to the measurement of change in mass or size of the seed 

crystals as a function of supersaturation. The examples and discussion of experimental 

methods can be found in a number of references (Flood, Johns, and White, 2000; 

Garside, Mersmann, and Nyvlt, 2002; Mullin, 2001; Randolph and Larson, 1988; 

Srisa-nga, Flood, and White, 2006; Tanrikulu, Eroğlu, Bulutcu, and Özkar, 1998). 

The growth rate study in bulk crystallization of protein using this technique was 

illustrated by Judge et al. (1995). They seeded ovalbumin crystal in the metastable 

zone region and from periodic measurements of the crystal size distribution the 

growth rate was evaluated as a function of supersaturation. However, there is another 

technique that has been used to measure the crystal growth rate; the growth kinetics 

measurement based on measurements of solute concentration with time (Garside, 

Mersmann, and Nyvlt, 2002; Glade, Ilyaskarov, and Ulrich, 2004; Schöll, Lindenberg, 

Vicum, Brozio, and Mazzotti, 2007). This method is usually used in seeded 

isothermal batch crystallization experiments. The growth rate studies of crystallization 

of proteins using this technique has been demonstrated (Ataka and Asai, 1990; 

Bessho, Ataka, Asai, and Katsura, 1994). In these studies the authors obtained the 

kinetic parameters by fitting a kinetic model to the concentration-time data. A two-

parameter model was developed which combines the nucleation and growth rates in 

lysozyme crystallization to give a single rate equation based on the concentration 

profile. Unfortunately, the model is unable to separate nucleation from growth 

kinetics. However, another model for crystal growth only (without nucleation) has 

been proposed (Carbone and Etzel, 2006; Carbone, Judge, and Etzel, 2005). The 
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analysis for this model requires only the simple measurement of protein concentration 

using a spectrophotometer, made on the solution phase of batch crystallization 

experiments, but it must be confirmed that no nucleation occurs. The periodical 

measurements of concentration can be directly converted to crystal mass and fitted to 

the model. Therefore, the growth kinetics was estimated by the plot of the fitted 

model. This technique is advantageous in that the growth kinetics can be obtained 

from one experiment with simple measurements. 

In this work, the isothermal seeded batch crystallization of pure lysozyme has 

been studied to demonstrate the growth kinetics of the crystallization process and the 

ability to crystallize pure lysozyme from solution. The growth kinetics was 

determined based on the measurement of lysozyme concentration decay with time 

(observation of the desupersaturation curve) by assuming no nucleation, no breakage, 

and no agglomeration occur during the crystallization process (only crystal growth 

occurs). The measured concentrations are converted to predicted crystal mass, crystal 

size, and finally to the crystal growth rate using the mass balance. A power-law model 

equation of the growth rate was used to fit the growth rate data as a function of 

relative supersaturation to determine the growth rate order and the growth rate 

constant. The batch crystallization experiments were performed at constant solution 

condition (i.e. temperature, initial lysozyme concentration, and salt concentration). 

The effects of these parameters will be studied in the next Chapter, the batch 

crystallization of mixed lysozyme – ovalbumin solutions. 
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4.3 Theory 

In this section, the theory of crystal growth is summarized. Other important 

phenomena or theories relating to the crystallization from solution (e.g. solubility, 

supersaturation, nucleation, and metastable zone wide) are described in previous 

chapters. 

 4.3.1 Crystal Growth and Models 

  Crystal growth is the major process by which the crystal size becomes 

larger. In the theory of crystal growth there are two mechanisms that play an 

important role in crystal growth; a diffusion step and a surface integration step 

(Mersmann, 1995; Randolph and Larson, 1988). The first step (diffusion) occurs 

when the solute molecules diffuse to the surface of the crystal through a mass transfer 

mechanism, due to a concentration gradient between the bulk concentration and 

surface concentration. The second step (surface integration) concerns the insertion of 

molecules into the surface of the crystal where they can integrate into the crystal 

lattice if they find a suitable integration site via surface diffusion. The model of these 

mechanisms is illustrated in Figure 4.1. When the rate of mass transfer to the crystal 

surface is much slower than the rate of integration into the surface, growth of the 

crystal is controlled by the mass diffusion mechanism, and the converse process is 

growth of the crystal controlled by the surface integration mechanism. 
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Figure 4.1  The diagram demonstration of the concentration driving force (a), and the  

   model of the two-mechanism crystal growth process (b) (adapted from  

        Strickland-Constable, 1968). 
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The crystal growth rate is normally described as a rate of linear 

increase in a characteristic dimension of the crystal with time, and expressed as the 

following equation.  

 

dt

dL
G                        (4.1) 

 

where G  is the crystal growth rate, L  is the characteristic dimension that is 

increasing, and t  is the growth time. The units of time and the characteristic 

dimension depend on the units of the growth rate. Since the mass and surface area of 

the crystal can be estimated by 3Lkm v  and 2LkA a , respectively (Mullin, 2001; 

Randolph and Larson 1988), therefore the growth rate can be also represented as a 

rate of mass deposition (i.e. a mass flux) as described in equation (4.2) and (4.3).  

 

23 Lk
dL

dm
v , dLLkdm v

23 , 
dt

dL
Lk

dt

dm
v

23             (4.2) 

 

Thus  

 

  
dt

dL

k

k

dt

dm

A
R

a

v
G 3

1
                (4.3) 

 

where GR  is the rate of mass deposition, m is the crystal mass, A  is the surface area 

of crystal,   is the density of the crystal, vk  is the volume shape factor, and ak  is the 

area shape factor. 
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  There are several theoretical models used to describe the mechanisms 

of crystal growth as have been reviewed in detail by Strickland-Constable (1968), 

Ohara and Reid (1973), and Mullin (2001). 

4.3.1.1 Diffusion-reaction model  

   Due to the driving force between the bulk concentration and the 

concentration at the crystal surface, solute molecule must diffuse to the surface of the 

crystal through a mass transfer mechanism with the rate as expressed in the form 

 

  id ccAk
dt

dm
                (4.4) 

 

where dk  is a coefficient of mass transfer by diffusion, c  is solute concentration in 

the solution, and ic  is the solute concentration in the solution at crystal-solution 

interface. The mass diffusion (a first-order reaction) and surface integration 

mechanism are occurring under the influence of different concentration driving forces 

but the same rate, equation (4.4) can be expressed in the form of equation (4.5) also. 

 

  *ccAk
dt

dm
ir                 (4.5) 

 

where rk  is a rate constant for the surface integration (reaction) process, 
*c  is the 

equilibrium solute concentration. Assuming the unknown interfacial concentration ic  

is equal to bulk concentration c  gives 

 

  nG ccAk
dt

dm *                (4.6) 

 

where Gk
 
is the overall growth rate constant and n  is the growth rate order. 
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4.3.1.2 Surface integration models 

   There are three surface integration models which have been 

proposed. The first model is the continuous growth model. This is a model for a 

crystal surface which is rough on the molecular scale. When a solute molecule 

diffuses to the crystal surface, it is immediately integrated if they find a suitable 

integration site or desorb and return to the solution phase, as depicted in Figure 4.1 

(b). This growth model is often occurs at high supersaturation, and always affects the 

purity of the crystal or induce more easily incorporated of the solvent molecules 

(Kramer and van Rosmalen, 2009).  

A second model is the screw dislocation or Burton-Caberra-

Frank (BCF) model. This model is used to overcome the limitation of the continuous 

growth model by recognizing the significance of the screw dislocation, which presents 

as a continuous spiral during growth (Figure 4.2). The assumption for this model is 

that the surface nuclei cannot form on a smooth surface (or the attachment of new 

molecules is very difficult without the ledge created by the spiral dislocation), but the 

steps are self-perpetuating by propagating using a dislocation in the crystal, known as 

a screw dislocation. These steps grow continuously and the surface becomes a spiral 

staircase. The growth rate perpendicular to the surface can be expressed as equation 

(4.7) (Mullin, 2001; Randolph and Larson, 1988). 

 

 










 BCF

BCF

B
AG tanh2               (4.7) 

 

Where BCFA  and BCFB  are constants, and  is relative supersaturation.  
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Figure 4.2  The crystal growth development by screw dislocation model  

       (Adapted from Mullin, 2001).  

 

   Lastly, the Birth and spread model. This model assumes that 

the growth is based on nucleation on the crystal surface follow by the spread of the 

monolayers (Ohara and Reid, 1973). The model is illustrated as Figure 4.3. These 

steps are created by a mechanism of two dimensional (2D) nucleation followed by the 

layer growth. Since a high level of supersaturation is required for significant 

formation of 2D nuclei, the mechanism should only occur at high levels of 

supersaturation. The growth rate based on this model has been developed and 

expressed as equation (4.8) (Jones, 2002; Garside, Mersmann, and Nyvlt, 2002). 

 

 







 




 SBp

SB

B
AG exp               (4.8) 

 

where SBA   , SBB  , and p  are constants. 

 

 

 

 

 

 

 

 

 



98 
 

 

 

Figure 4.3  The crystal growth apparent by birth and spread model 

                   (Adapted from Mullin, 2001). 

 

 4.3.2 General growth expression 

The difficulty of using the previous theoretical models for estimating 

the crystal growth is that they cannot yet predict crystal growth constants for a 

particular substance. 

To overcome to this issue, crystal growth rate studies for industrial 

crystallization processes usually use a power law model to empirically correlate the 

growth rate with the supersaturation (Myerson and Ginde, 2002) as described 

following 

 

  n

GkG                           (4.9) 

 

Where G  is the growth rate, Gk
 

is the growth rate constant,   is relative 

supersaturation, and n  is the growth rate order. The growth rate order indicates 

differences in the rate controlling mechanism of the growth process. If 1n  the 

growth may be controlled by mass diffusion, and if the surface integration is rate 

controlling mechanism n  usually 1< n <2 (Flood, 2009; Randolph and Larson, 1988). 
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For protein crystallization n  found to be equal to 2 (Carbone and Etzel, 2006; Judge, 

Johns, and White, 1995; Saikumar, Glatz, and Larson, 1998).  

The growth rate is temperature dependent and can be expressed as 

equation (4.10) which is an Arrhenius relationship (Mullin, 2001). 

 

  )exp(0

RT

E
kk G

GG                         (4.10) 

 

where GE  is the activation energy of growth (kJ/mol), T is the temperature (K), 0

gk  is 

a pre-exponential constant (m/s), and R is the ideal gas constant (8.314 J/mol·K). The 

activation energies values are typically in the range 10 - 20 kJ/mol for the diffusion 

controlled mechanism and 40 - 60 kJ/mol for the surface integration controlled 

mechanism (Kramer and van Rosmalen, 2009). 

 

4.4 Materials and Methods 

 4.4.1 Materials 

 Hen egg white lysozyme (HEWL, product No. 62971) and ovalbumin 

(product No. A5253) were purchased from Sigma-Aldrich. These two proteins were 

used without further purification since no other proteins were detected in a SDS-

PAGE gel electrophoresis analysis (15% acrylamide).  

Sodium chloride (purity ≥99.5%), sodium acetate trihydrate (purity 

≥99.5%) and acetic acid (100%) were purchased from Carl Roth. All chemicals and 

deionized water were used without further purification to prepare buffer solution 

based on the method of Dawson et al. (1986) and salt solution as described in chapter 

II. 
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 4.4.2 Preparation of Lysozyme Seed Crystal (Tetragonal Form)  

  Lysozyme seed crystals were prepared by mixing equal volumes of 

protein solution and salt solution. 100 mg/ml lysozyme in sodium acetate buffer pH 

5.0 and 25 ml of 8% NaCl (g/100 mL) in the same buffer were mixed together. 

Mixing was done by adding the salt solution to the protein solution and keeping the 

solution at 8 °C overnight. The temperature of both protein solution and salt solution 

was kept at around 8°C (using a refrigerator) before mixing. After one week the 

lysozyme solution with tetragonal crystals was stirred at around 300 rpm for 10 min 

using a stirrer bar and a magnetic stirrer to cause crystal breakage. The fragment 

crystals were filtered using filter paper (Whatman) and dried with silica gel. The mean 

size of the seed crystals was approximately 8 μm (number- based) as determined by a 

laser diffraction particle size analyzer (LA-950, Horiba). This is consistent with the 

average particle size seen on a photograph of the seed crystals (Figure 4.6, left). The 

particle size distribution of the seed crystal is shown in Figure 4.4.  
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Figure 4.4  Particle size distribution (number-based) of the seed crystal. 
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4.4.3 Apparatus 

A 100 mL batch crystallizer (Figure 4.5) that was modified from a 

Schott bottle was used to crystallize and measure the growth rate of lysozyme. The 

lysozyme protein slurry is continuously agitated at 100 rpm by a centrally located 

three-blade impeller driven by a connected motor gear. The crystallizer was placed 

inside a constant temperature water bath, where the temperature was controlled within 

±0.5°C. 

 

 

 

Figure 4.5  The 100 mL batch crystallizer. 

 

4.4.4 Crystallization and Crystal Growth Rate Measurement 

  The crystallization and growth kinetics of lysozyme were studied using 

isothermal seeded batch crystallization. The experiments were performed at the 

temperature of 20°C in a 100 mL batch crystallizer agitated at 100 rpm by a centrally 

located three-blade impeller driven by a connected motor gear. To start the 

experiment 25 mL of 50 mg/mL lysozyme in 0.1M sodium acetate buffer pH 5.0 was 
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put into the crystallizer together with 25 mL of 8% NaCl in the same buffer and then 

120 mg of lysozyme seed crystals was added. This initial experimental condition was 

performed to ensure that the crystallization occurred within the metastable zone to 

avoid the nucleation of new crystal (only crystal growth occurs); the estimated 

solubility was approximately 4 mg/mL (Forsythe, Judge, and Pusey, 1999; 

Maosoongnern, Borbon, Flood, and Ulrich, 2012).  

The growth kinetics were studied using time dependent measurement 

of decline in protein concentration during crystallization (Carbone and Etzel, 2006; 

Carbone, Judge, and Etzel, 2005). The lysozyme solution was sampled and the 

concentration measured periodically using the UV absorbance technique at 280 nm 

wavelength. A UV photometer (HP 8453, Agilent) was used. The extinction 

coefficient of 2.4321 mL·mg
-1

·cm
-1

 was obtained from a calibration curve. The 

concentrations were converted mathematically to size of the crystal (see section 4.4.5) 

in order to determine the number mean growth rate of the crystals. Three duplicates of 

two set of experiments were made. Approximately 24 hr and 6 hr crystallization times 

were used for each set of experiment. 

4.4.5 Crystal Size Calculation 

  During crystallization the total mass of protein should be constant (no 

protein lose due to denaturation). Therefore, the size of the crystal can be calculated 

from the mass balance as given  

 

)()()0(
,.

ttmttmtmm
lpcrystlps

          (4.11) 
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where 
sm  is the seed crystal mass, )0(. tm lp  

is the initial mass of protein in solution, 

)( ttmcryst 
 
is the mass of protein crystal at time equal to t ,  and )(, ttm lp   is the mass 

 of protein in solution at time equal to t .  

  Assuming no nucleation, no breakage, no agglomeration during 

crystallization (only crystal growth occurs) and the volume of solution is constant (no 

solvent evaporation). Then equation (4.11) become 

 

   VcLknVcm tvis  3                                      (4.12) 

 

where 
i

c  is the initial protein concentration, tc  is the protein concentration at time t, 

V  is volume the solution, n  is the number of crystal,   is the density of  protein, 
vk  

is the volume shape factor of crystal, and L  is the number mean size of the crystal. 

Thus equation (4.12) can be directly rearranged into equation (4.13) that is 

appropriate for the calculation of crystal size. 

                                            

            
 

v

tis

kn

Vccm
L

 

 3




                                                         (4.13) 

 

The term 3Lkv  in equation (4.13) is the mass of a one crystal based on the 

characteristic size L  (Mullin, 2001; Randolph and Larson 1988). Since assuming the 

number of crystal is constant then the term 
v

kn  can be approximately calculated 

from the mass of seed divided by the cube of the number-based mean size of the seed. 
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4.5  Results and Discussions 

 4.5.1 Batch Crystallization of Lysozyme 

Lysozyme was crystallized from a solution. Figure 4.6 shows an 

example of photographs of the seed crystals and the product crystals from the 

crystallization. A comparison of the photographs of seed and product crystals shows 

that there is no nucleation occurring during the growth process since no particle 

smaller than the seed crystal is observed 

 

       

 

Figure 4.6  Photographs of lysozyme seed crystals (Left) and product crystals (Right).  

       Crystallization of pure lysozyme, Exp. No.1-1. 

 

Examples of concentration measurement during the isothermal seeded 

batch crystallization of lysozyme for two experiments (approximately 25 hr for Exp. 

No.1-1 and 6 hr for Exp. No.2-1) are shown in Table 4.1 and Table 4.2, respectively. 

The mass of the crystal appearing in the crystallizer can be directly calculated from 

the concentration via equation (4.11) and (4.12) as shown in the last column. The 

yield of the lysozyme crystallization can be calculated from the ratio between the 
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actual mass of lysozyme crystallized and the predicted mass of lysozyme crystallized 

at equilibrium as expressed in equation (4.14).  

 

%100*
)(

(%) 
* VCC

mm
Yield

i

scryst




                    (4.14) 

Where 
cryst

m  is the mass of protein crystal at any time ( t ), 
s

m  is the seed crystal 

mass, 
i

c  is the initial protein concentration,  
*c  is solubility of protein, and V  is the 

volume of solution. Since all of the parameters were known, this leads to 84.68% 

yield for Exp. No.1-1 and 49.67% yield for Exp. No.2-1 were received, respectively. 

This shows the behavior of general crystallization processes. Longer crystallization 

time gives a higher yield (Mullin, 2001; Tung, Paul, Midler, and McCauley, 2009).  

 

Table 4.1  Concentration measurement and calculation of total mass of crystal  

      (Exp. No.1-1), dilution factor = 50.                                                                                                                                

Time (hr) Abs. 1 Abs. 2 Abs. 3 Ave. Abs. Ct (mg/mL) cryst
m  (mg) 

0 1.1960 1.1966 1.1962 1.1963 24.5933 120.00 

1 1.0683 1.0690 1.0698 1.0690 21.9776 250.79 

2 0.9980 0.9986 0.9990 0.9985 20.5282 323.25 

3 0.9105 0.9098 0.9095 0.9099 18.7067 414.33 

4 0.8372 0.8376 0.8366 0.8371 17.2101 489.16 

5 0.7708 0.7711 0.7712 0.7710 15.8512 557.11 

6 0.7196 0.7191 0.7195 0.7194 14.7897 610.18 

8 0.6103 0.6107 0.6104 0.6105 12.5502 722.16 

10 0.5519 0.5524 0.5526 0.5523 11.3544 781.95 

12.5 0.4849 0.4839 0.4842 0.4843 9.9571 851.81 

19.5 0.3850 0.3852 0.3857 0.3853 7.9211 953.61 

25 0.3482 0.3485 0.3475 0.3481 7.1557 991.88 
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Table 4.2  Concentration measurement and calculation of total mass of crystal  

      (Exp. No.2-1), dilution factor = 50.                                                                                                                                

Time (hr) Abs. 1 Abs. 2 Abs. 3 Ave. Abs. Ct (mg/mL) cryst
m (mg) 

0.0 1.2168 1.2161 1.2159 1.2163 25.0045 70.0000 

0.5 1.1773 1.1776 1.1779 1.1776 24.2095 109.7485 

1.0 1.1358 1.1349 1.1336 1.1348 23.3292 153.7646 

1.5 1.0835 1.0830 1.0841 1.0835 22.2757 206.4413 

2.0 1.0387 1.0397 1.0376 1.0387 21.3538 252.5332 

2.5 0.9870 0.9854 0.9849 0.9858 20.2658 306.9374 

3.0 0.9351 0.9381 0.9324 0.9352 19.2267 358.8920 

3.5 0.8921 0.8910 0.8913 0.8915 18.3271 403.8701 

4.0 0.8392 0.8378 0.8410 0.8394 17.2557 457.4380 

4.5 0.7900 0.7917 0.7925 0.7914 16.2699 506.7305 

5.0 0.7455 0.7412 0.7408 0.7425 15.2648 556.9851 

5.5 0.7043 0.7039 0.7040 0.7041 14.4744 596.5054 

6.0 0.6608 0.6590 0.6605 0.6601 13.5709 641.6780 
  

 

In the real crystallization process, a short time of operation with high 

yield (involving the consideration of operation cost) is required. Comparing the two 

experiments, the change in concentration of lysozyme is higher at the beginning 

period of the crystallization process and slower when the crystallization is continuing. 

The example plots of decline in concentration with time are shown in Figure 4.7 and 

Figure 4.8. As shown in Figure 4.8, the lysozyme concentration decay behavior of the 

6 hr crystallization time is still almost linear. This indicates that the operation time of 

6 hr is appropriate to use as a crystallization time. Although the yield of 6 hr operation 

time is less than the 25 hr operation time, it may be the process can be stopped and 

recrystallization begun again after adjusting the experimental conditions. Therefore 

the received product crystal for two cycling crystallization (e.g. 12 hr of 

crystallization time) might be higher than the product crystal with using only one 

cycle of crystallization (e.g. 12 hr of crystallization time) 
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Figure 4.7  Concentration decay of lysozyme crystallization (Exp. No.1-1). 
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Figure 4.8  Concentration decay of lysozyme crystallization (Exp. No.2-1). 
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 4.5.2 Crystal Growth Kinetics of Lysozyme 

The mean crystal growth rate was determined as the ratio of the change 

in number mean crystal size vs time. The mean crystal size (number-based) was used 

to calculate the crystal growth rate since the crystal growth rate data can only be 

obtained from the batch crystal growth using the population balance, which is a 

number-based balance. If the volume or mass mean size is measured then the 

conversions of the others mean sizes to number mean size is required. The number-

based mean size can be calculated from the following equation (Allen, 1997) 

 

GmVNL
xx 2ln5.2lnln             (4.15) 

 

where 
NL

x  is the number-based mean crystal size, 
mV

x  is the volume-based geometric 

mean crystal size, and 
G

  is the geometric standard deviation of the volume-based 

particle size distribution. 

The crystal growth rate can be calculated from the ratio of the change 

in number mean crystal size to the change of the time, and can be correlated to the 

change of supersaturation during periodic measurements. The examples of the crystal 

growth rate calculation procedure for two experiments are shown in Table 4.3 and 4.4. 

Concentrations are converted to number-based mean crystal size using equation (4.3) 

and shown in column 3. The growth rate was calculated directly from the rate of the 

change in a number-based mean crystal size with time for each measurement. These 

crystal growth rates values are shown in column 5. The corresponding relative 

supersaturation values for each crystal growth rate are also shown in column 4.  
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Table 4.3  Example of calculation for size and growth rate of the crystal (Exp. No.1-1 

     0,lysc = 25 mg/mL, Temp. = 20°C, 4% NaCl, pH 5.0).. 

Time 

(hr) 

Ct 

(mg/mL) 

L  

(µm) 

Relative 

supersaturation,  

 ( - ) 

Growth rate, 

G (µm/hr) 
log   log G 

0 24.5933 8.0000         

1 21.9776 10.1476 5.1483 2.1776 0.7117 0.3380 

2 20.5282 11.0436 4.4944 0.8960 0.6527 -0.0477 

3 18.7067 11.9962 4.1321 0.9526 0.6162 -0.0211 

4 17.2101 12.6789 3.6767 0.6826 0.5655 -0.1658 

5 15.8512 13.2406 3.3025 0.5618 0.5188 -0.2504 

6 14.7897 13.6484 2.9628 0.4078 0.4717 -0.3896 

8 12.5502 14.4369 2.6974 0.3942 0.4309 -0.4043 

10 11.3544 14.8248 2.1375 0.1940 0.3299 -0.7123 

12.5 9.9571 15.2538 1.8386 0.1716 0.2645 -0.7655 

19.5 7.9211 15.8387 1.4893 0.0836 0.1730 -1.0780 

25 7.1557 16.0478 0.9803 0.0380 -0.0086 -1.4200 

 

 
Table 4.4  Example of calculation for size and growth rate of the crystal (Exp. No.2-1, 

     0,lysc = 25 mg/mL, Temp. = 20°C, 4% NaCl, pH 5.0).  

Time 

(hr) 

Ct 

(mg/mL) 

L  

(µm) 

Relative 

supersaturation, 

 ( - ) 

Growth rate, 

G (µm/hr) 
log  log G 

0.0 25.0045 8.0000         

0.5 24.0855 8.8428 5.2511 1.7456 0.7203 0.2419 

1.0 23.1796 9.5836 5.0214 1.4815 0.7008 0.1707 

1.5 22.1763 10.2889 4.7949 1.4107 0.6808 0.1494 

2.0 21.1546 10.9197 4.5441 1.2616 0.6574 0.1009 

2.5 20.0650 11.5206 4.2886 1.2018 0.6323 0.0798 

3.0 19.0275 12.0397 4.0162 1.0382 0.6038 0.0163 

3.5 17.9680 12.5273 3.7569 0.9751 0.5748 -0.0110 

4.0 17.0525 12.9200 3.4920 0.7854 0.5431 -0.1049 

4.5 16.2315 13.2529 3.2631 0.6658 0.5136 -0.1767 

5.0 15.4229 13.5652 3.0579 0.6246 0.4854 -0.2044 

5.5 14.7246 13.8237 2.8557 0.5171 0.4557 -0.2864 

6.0 14.0516 14.0641 2.6811 0.4807 0.4283 -0.3181 
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The behavior of the mean crystal growth rates were demonstrated as a 

function of relative supersaturation, as shown in Figures 4.9 and 4.10. These Figures 

show that the growth rates decrease with decreases in the relative supersaturation. The 

mean growth rates can be described by the power-law model as expressed in equation 

(4.9). Therefore, in this work the mean crystal growth rates (which were calculated 

using the approximation of the ratio of the number mean crystal size on the change of 

the time) can be expressed in the form 

 

nk
t

L
G G




             (4.16) 

 

Taking the logarithm of both sides of equation (4.16) gives 

 

logloglog nkG G             (4.17) 

 
          

 

 

 

 

 

 

 

 

 

 
Figure 4.9  Mean crystal growth rates as a function of relative supersaturation  

  (Exp. No.1-1, 0,lysc = 25 mg/mL, Temp. = 20°C, 4% NaCl, pH 5.0). 
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Figure 4.10  Mean crystal growth rates as a function of relative supersaturation 

               (Exp. No.2-1, 0,lysc = 25 mg/mL, Temp. = 20°C, 4% NaCl, pH 5.0). 

 

Fitting the mean growth rate data in Table 4.3 and 4.4 to equation 

(4.17) (     against      ) gives a straight line approximation with a high degree of 

linearity, as shown in Figure 4.11. Therefore n  and         can be directly obtained 

from the slope of the line and the intercept of the y axis, respectively. In the plots, the 

growth rate order 2n  was used to fit the equation due to the results of Saikumar, 

Glatz, and Larson (1998). The plot showed a good fit of the straight line with the 

experimental mean growth rate data. The fitting equation is shown in equation (4.18) 

for the growth kinetics of tetragonal lysozyme crystal at 20°C, 4% NaCl, and pH 5.0. 

The seed size was 8 µm and the mass of 120 mg.  

 

2log0.055)1.248(log G                    (4.18) 

gklog

Glog log
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These equations show that the growth rate order is equal to 2. This indicates that the 

growth of the crystal is controlled by the surface integration mechanism as described 

in section 4.3.2. The growth rate constants values were calculated from the intercept 

of y axis which is results in the value of 5.65×10
-6

 cm/hr. The growth rate constant 

can be used to calculate the change in crystal size via the growth rate expression as 

equation (4.16) result in the average change of crystal size is 8.41 µm. Therefore the 

average final size of the growth crystal should be 16.41 µm (seed crystal size is 8 µm) 

which is agrees well with the photograph of the growth crystal as shown in Figure 4.6 

(right). Generally, the growth rate constant is dependent of temperature and should be 

independent of the supersaturation. The difference of the value (crystallization time of 

25 hr and 6 hr) may due to the measurements from different batches. Some slight 

difference in experimental conditions can make this occur. The comparison of the 

growth rate constant to previous work is shown in Table 4.5. The growth rate constant 

values agree well with others work. This indicates that this batch crystallization 

method can be used to accurately determine kinetics of pure lysozyme crystallization 

well.  
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Figure  4.11  Plot of the growth rate and relative supersaturation ( 0,lysc = 25 mg/mL, 

Temp. = 20
o
C, 4% NaCl, pH 5.0). 

 

Table 4.5  Growth rate constant of lysozyme crystallization 

Method of measurement 
Average growth rate  

constant, gk (cm/hr)  References 

Measurement of solute 

concentration with time 
5.65×10

-6
   This work 

Measurement of solute 

concentration with time 
3.74×10

-5
 

  Carbone and Etzel,  

  2006 

Individual single crystal 11×10
-5

   Saikumar et al., 1998 

Individual single crystal 0.53×10
-5

   Pusey et al., 1986 
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4.6  Conclusions 

In this work, the isothermal batch crystallization of pure lysozyme protein has 

been studied at 20°C. The crystallization was carried out in a 100 mL agitated batch 

crystallizer that was modified from a Schott bottle. The product crystal yields were 

84.68% and 49.67% using 25 hr and 6 hr operation time, respectively. The growth 

kinetics of the crystal has been studied by measurement of the change in lysozyme 

concentration with time. The crystal growth rate at higher supersaturation is higher 

than subsequent crystal growth rate at lower supersaturation. The growth rate order is 

equal to 2. This indicates that the growth kinetics is controlled by the surface 

integration mechanism. The calculated growth rate constant values was 5.67×10
-6

 

cm/hr which agrees well with previous studies. This indicates that the batch 

crystallization method can be used to crystallize pure lysozyme well.  
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CHAPTER V 

BATCH CRYSTALLIZATION AND GROWTH 

KINETICS OF MIXED LYSOZYME-OVALBUMIN 

 

5.1 Abstract 

The batch crystallization of lysozyme from lysozyme-ovabumin mixtures was 

performed in a 100 mL agitated crystallizer that was modified from a Schott bottle. 

The experimental conditions used are varied to study the effect of each parameter on 

the growth kinetics of lysozyme crystal and the separation ability of the process. The 

initial relative supersaturations were 3.955 and 5.052, ovalbumin impurity 

concentrations were 28, 50, and 67.5% (based on the total weight of protein), 

temperature of 10 and 20 °C, and salt concentration of 3 and 4% NaCl. Experiments 

were performed using a solution volume of 50 ml, a seed with a mean crystal size of 

8.0 μm (number-based) and 120 mg of seed in each experiment. The separation of 

lysozyme from the lysozyme-ovalbumin mixture was successful by crystallization. 

The fact that the product crystal was pure lysozyme was guaranteed by SDS-PAGE 

and activity tests, which showed that the purity of lysozyme product crystals is more 

than 96.5% and the remaining activity is greater than 97%. The product crystal yields 

(the ratio of mass of lysozyme crystallized on the total mass of lysozyme which can 

be crystallized at equilibrium) was greater than 80%. The growth kinetics of the 

crystallization process has been studied based on the measurement of the decline in 

lysozyme concentration with time. The crystal growth rate at higher supersaturation is 
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higher than subsequent crystal growth rate at lower supersaturation. There is no 

significant effect of the ovalbumin impurity up to the concentration of 67.5% 

ovalbumin (based on total protein). There is also no significant change in the growth 

kinetics of lysozyme when the NaCl concentration is changed from 3 to 4%. 

However, temperature has a significant effect on the growth of the crystal, with the 

growth rate constant being dependent on the temperature. The growth rates of 

lysozyme were found to be second order with respect to the relative supersaturation. 

Therefore the growth kinetics of the crystallization process is controlled by the 

surface integration mechanism. The calculated growth rate constants were 5.4×10
-6

 

cm/hr and 2.5×10
-6

 cm/hr for the crystallization process at 20°C and 10°C, 

respectively. The calculated activation energy was 53.08 kJ/mol which supports the 

hypothesis that the crystallization process is controlled by the surface integration 

mechanism. 

 

5.2 Introduction 

 Proteins are organic macromolecules and appear all around in our life. 

Examples of existing uses of protein are in food (Motoki and Seguro, 1998; Proctor 

and Cunningham, 1998; Yokoyama, Nio, and Kikuchi, 2004), in cosmetic products 

(Anton, Nau, and Nys, 2006; Chvapli and Eckmayer, 2007), in medicine and even 

nowadays in product such as packing film (Mecitoglu, Yemenicioglu, Arslanoglu, 

ElmacI, Korel, and Cetin, 2006; Stolte, Frohberg, Pietzsch, and Ulrich, 2010). To 

satisfy the increasing demand for proteins, method for protein extraction and 

purification are necessary on an industrial scale (Chang, Yang, and Chang, 2000; 

Tam, Chan, Ng, and Wibowo, 2011). Crystallization processes are one of the most 
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important separation and purification processes in the pharmaceutical, chemical, and 

food industries. In general, the main active pharmaceutical ingredients (APIs), and a 

large number of other chemicals are produced in the solid form (Tung, Paul, Midler, 

and McCauley, 2009). In addition, proteins are more stable in the crystalline state than 

in solution (Drenth and Haas, 1992). 

In protein crystallization studies the thermodynamic and kinetics of the 

process is easily influenced by environmental and also experimental conditions such 

as supersaturation, protein impurity, temperature, solution pH, and salt concentration. 

When the supersaturation increases the induction time to form nuclei becomes shorter 

resulting in an increase in the number of crystals, and it also influences the growth 

and shape of the crystal (Burke, Leardi, Judge, and Pusey, 2001; Elgersma, Ataka, 

and Katsura, 1992; Judge, Jacobs, Frazier, Snell, and Pusey, 1999; Nadarajah, 

Forsythe, and Pusey, 1995; Ries-Kautt, Ducruix, 1992). For the effect of impurities of 

the kinetics of the process, impurities can affect the rate of nucleation and growth, 

often (or usually) with an effect out of proportion to the amount involved (Tung, Paul, 

Midler, and McCauley, 2009). The crystallization of lysozyme with conalbumin as an 

impurity is an example; conalbumin has an effect on the {110} face growth rate of 

lysozyme at concentrations larger than 30%, and has an obvious effect on the {101} 

face growth rate when the concentration is above 10% (Judge, Forsythe, and  Pusey, 

1998). However, there are some studies which reported that there was no effect of the 

presence of an impurity on the crystallization kinetics of a protein (Judge, Forsythe, 

and Pusey, 1998; Judge, Johns, and White, 1995). In crystallization of lysozyme with 

ovalbumin impurity, ovalbumin has no significant effect on the face (both 110 and 

101 face) growth rate of lysozyme even with ovalbumin concentration up to 50%. In 
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the same way, for crystallization of ovalbumin there was no observed effect in the 

presence of both lysozyme and conalbumin with the concentration up to 14%.  The 

effect of temperature on the kinetics of crystallization process is often quoted as a 

means for controlling supersaturation (Burke, Judge, and Pusey, 2001; Rosenberger, 

Howard, Sowers, and Nyce, 1993). Generally an increase in the temperature decreases 

the supersaturation because of the increasing solubility when the temperature is 

increased. However, in crystallization of lysozyme (with nucleation), increases in 

temperature when the concentration is held constant typically increases the number of 

nucleated crystal (Burke, Leardi, Judge, and Pusey, 2001;  Judge, Jacobs, Frazier, 

Snell, and Pusey, 1999), decreases the growth rate (Nadarajah, Forsythe, and Pusey, 

1995), and has a notable effect on habit of the crystal (Elgersma, Ataka, and Katsura, 

1992; Lu, Wang, and Ching, 2002). High temperature gives an elongated rod/prism-

like crystal, which become shorter and thicker when the temperature is decreasing. 

The solution pH has a notable effect on nucleation but not significant on growth of the 

crystal. In the crystallization of lysozyme at 4 °C, the number of crystal nucleating is 

increased with a decrease of the pH, while the {101} facial growth rate is also 

decreasing (Judge, Jacobs, Frazier, Snell, and Pusey, 1999). They reported that when 

the pH changed from 4.0 to 4.6, 4.6 to 4.8, and 4.8 to 5.2 the number of crystals 

nucleated drops by a factor of around 1.5, 20 and 2, respectively. However, Forsythe, 

Ewing, and Pusey (1994) proposed a dissimilar result for the effect of solution pH on 

the growth rate of tetragonal lysozyme crystal. At a specific supersaturation, at some 

point the growth rate increased with pH and a some point it decreased with increasing 

pH. Salt concentration always has an effect on protein solubility and can be predicated 

that it is a means for controlling supersaturation like temperature. An increase in salt 
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concentration decreases the solubility (Forsythe, Judge, and Pusey, 1999; 

Maosoongnern, Borbon, Flood, and Ulrich, 2012) and results in increasing of 

supersaturation, which must have an effect on the nucleation, growth, and habit of the 

crystal. 

As mentioned above, there are several parameters that have an effect on the 

crystal growth kinetics of the process, and almost all of the prior literature studied the 

crystallization process involving pure (or single) protein solutions.  Therefore, the 

crystal growth kinetics and crystallization of pure protein from a mixture of proteins 

will be studied in this chapter.  

In this work, the isothermal seeded batch crystallization of lysozyme from 

mixed lysozyme-ovalbumin solutions has been study to determine the growth kinetics 

of the crystallization process and the ability to crystallize pure lysozyme from mixed 

protein solutions. The growth kinetics were determined based on the measurement of 

lysozyme concentration decay with time (observation of the desupersaturation curve) 

by assuming no nucleation, no breakage, and no agglomeration occurs during the 

crystallization process (only crystal growth occurs). This assumption was checked 

based on analysis of the crystal products and by checking for apparent nuclei in 

micrographs The measured concentrations are converted to predicted crystal mass, 

crystal size, and finally to the crystal growth rate by using the mass balance. A power-

law model equation of the growth rate was used to fit the growth rate data as a 

function of relative supersaturation to determine the growth rate order and the growth 

rate constant. The batch crystallization experiments were performed at verified 

solution conditions (i.e. initial lysozyme concentration, initial ovalbumin 

concentration, temperature, salt concentration, and pH) to observe the behavior of the 
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growth kinetics. The nature of the lysozyme crystal was characterized by SDS-PAGE 

and an activity test to determine the purity and the remaining activity of the crystals. 

 

5.3 Theory 

In this section, the effect of impurities on the growth of a crystal is described. 

Other important phenomena or theories relating to crystallization from solution are 

described in previous Chapters.  Solubility and the effect of solution conditions on 

solubility are discussed in Chapter II. Supersaturation, nucleation, and metastable 

zone width are discussed in Chapter III. Crystal growth is discussed in Chapter IV. 

 5.3.1 Effect of Impurity on Crystal Growth 

In general crystallization processes the presence of impurity or 

chemical species in the solution can have a profound effect on the growth of a crystal 

(Mullin, 2001; Randolph and Larson 1988). Some impurities need to be present in 

moderately large amounts before having any effect, some impurities can influence the 

growth of the crystal at a very low concentration. However, some impurities may not 

have a significant effect on the growth. When the impurities influence the growth of a 

crystal, they are often adsorbed on to the crystal surface and reduce the growth rate of 

the crystal as seen in Figure 5.1. Based on the Kossel model there are three sites that 

need to be considered; kink site (Figure 5.1(a)), step site (Figure 5.1(b)), and flat site 

(Figure 5.1(c)). The impurity molecule may adsorb and cover all of the crystal surface 

or be adsorbed selectively at any site. Due to these mechanisms the crystal growth 

rate may be increased, decreased, or remain the same value as reviewed by Davey 

(1979) and Davey (1982). Theoretical considerations of adsorption (based on 

experimental observations) at three different sites which affect the growth rate 
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retardation can be classified into three level of present in impurity concentration 

(Davey and Mullin 1976). Firstly, adsorption selectively at a kink site; this adsorption 

may influence the growth at very low concentrations of impurity. Secondly, 

adsorption selectively at a step site; this adsorption may influence the growth if a 

larger amount of impurity is presented. Lastly, adsorption selectively at a flat site; a 

much higher level concentration of impurity may be needed to affect the growth rate.  

 

 

 

Figure 5.1  Sites for impurity adsorption on a growing crystal, based on Kossel  

 model: (a) kink site, (b) step site, (c) flat site (adapted from Davey  

 and Mullin, 1974). 
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Theoretical analyses of the effects of an impurity on the crystal growth 

rate have been studied by several work groups (Boistelle, 1982; Bunn, 1933; Cabrera 

and Vermilyea, 1958; Chernov, 1965; Davey, 1976; Lacmann and Stranski, 1958). 

They proposed that the progress of growth layers on a crystal surface is blocked by 

individually adsorbed impurity species.  

The relative growth layer velocity in the present of an impurity and in 

pure solution can be expressed as following equation (Kubota and Mullin, 1995).  

 

eq
v

v
1

0

               (5.1) 

 

Where v  is the growth layer velocity in the presence of an impurity,  0v  is the growth 

layer velocity in the pure solution,  is an impurity effectiveness factor, eq  is the 

fractional surface coverage by adsorbed impurity at equilibrium. 

The number of active sites of the growth layer that are blocked by an 

impurity can be related to the impurity concentration in the solution using the 

Langmuir adsorption isotherm, and such models have been proposed (Black, Davey, 

and Halcrow, 1986; Davey and Mullin, 1974). Therefore, assuming the Langmuir 

adsorption isotherm is able to express the equilibrium fractional surface coverage as 

in equation 5.2  

 

  
Kc

Kc
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


1
                (5.2) 

 

Where K is the Langmuir constant and c is the impurity concentration. Therefore 

equation (5.1) becomes  
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Assuming the crystal face growth rate (G) is proportional to the growth layer velocity 

gives 
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The calculated relative growth layer velocity (step velocity) from equation (5.3) for 

several different effectiveness factors as a function of the dimensionless impurity 

concentration is shown in Figure 5.2. The three types of growth layer velocity were 

found and reported in the literature. For 1 , the growth layer velocity approaches 

zero asymptotically. An example is the effect of FeCl3 and AlCl3 on the growth 

velocity of ammonium dihydrogen phosphate (Davey and Mullin, 1974). For < 1, 

the growth layer velocity never approaches a zero value, however the impurity 

concentration is increases. An example is the effect of an aliphatic carboxylic acid on 

the growth velocity of KBr (Bliznakov and Nikolaeva, 1967). For > 1, the growth 

layer velocity decrease very rapidly with increasing impurity concentration. The 

example is the effect of raffinose on the growth velocity of sucrose (Albon and 

Dunning, 1962). 
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Figure 5.2  Relationship between the relative step velocity (
0v

v
) and the  

       dimensionless impurity concentration (Kc) for different values  

       of the impurity effectiveness factor ( ) (Mullin, 2001). 

 

 5.3.2 Effect of Temperature on Crystal Growth 

The growth rate is temperature dependent and can be expressed as 

equation (5.5), the Arrhenius relationship (Mullin, 2001). 

 

  )exp(
RT

E
kk G

GG  0                          (5.5) 

 

where GE  is the activation energy of growth (kJ/mol), T is the temperature (K), 0

gk  is 

a pre-exponential constant (m/s), and R is the ideal gas constant (8.314 J/mol·K). The 

activation energies values are typically in the range 10 - 20 kJ/mol for a diffusion 

controlled mechanism and 40 - 60 kJ/mol for a surface integration controlled 

mechanism (Mullin, 2001). 
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5.4 Materials and Methods 

 5.4.1 Materials 

 Hen egg white lysozyme (HEWL, product No. 62971) and ovalbumin 

(product No. A5253) were purchased from Sigma-Aldrich. These two proteins were 

used without further purification since no other proteins were detected in a SDS-

PAGE gel electrophoresis analysis (15% acrylamide).  

Sodium chloride (purity ≥99.5%), sodium acetate trihydrate (purity 

≥99.5%) and acetic acid (100%) were purchased from Carl Roth. All chemicals and 

deionized water were used without further purification to prepare buffer solution 

based on the method of Dawson et al. (1986) and salt solution as described in chapter 

II. 

Micrococcus lysodeikticus (ATCC No. 4698) was purchased from 

Sigma-Aldrich. Potassium dihydrogen phosphate (purity ≥99%) and potassium 

hydroxide (RPE analytical) were purchased from Carlo. The bacteria and these 

chemical were used to prepare the reagent for the activity test for lysozyme. 

Acrylamide (purity ≥99.5%), bis-acrylamide (purity ≥99.5%), SDS 

(purity ≥99.5%), Ammonium persulphate (purity ≥98%), Tris-base (purity ≥99.8%), 

TEMED (BioReagent), Laemmli Sample Buffer (BioReagent), and BME (purity 

≥98%), were purchased from Bio-Rad. These chemicals were used to prepare the 

reagents for SDS-PAGE analysis. 

5.4.2 Apparatus 

A 100 mL batch crystallizer that was modified from a Schott bottle 

(Figure 4.5 in Chapter IV) was used to crystallize and measure the growth rate of 

lysozyme from the mixtures of lysozyme and ovalbumin. The lysozyme protein slurry 
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is continuously agitated at 100 rpm by a centrally located three-blade impeller driven 

by a connected motor gear. The crystallizer was placed inside a constant temperature 

water bath, where the temperature was controlled within ±0.5°C. 

 5.4.3 Preparation of Lysozyme Seed Crystal (Tetragonal Form)  

  Lysozyme seed crystals were prepared by mixing equal volumes of 

protein solution and salt solution, and keeping this solution at around 8°C (using a 

refrigerator) as described in Chapter IV section 4.4.2. The mean size of the seed 

crystals was approximately 8 µm (number- based) as determined by a laser diffraction 

particle size analyzer (LA-950, Horiba). This is consistent with the average particle 

size seen on a photograph of the seed crystals (Figure 5.4, left). The particle size 

distribution of the seed crystals is shown in Figure 5.3. 
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Figure 5.3  Particle size distribution (number-based) of the seed crystals. 
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5.4.4 Crystallization and Crystal Growth Rate Measurement 

  The crystallization and growth kinetics of lysozyme were studied using 

isothermal seeded batch crystallization. The experiments were performed in a 100 mL 

batch crystallizer agitated at 100 rpm by a centrally located three-blade impeller 

driven by a connected motor gear. The solution conditions were verified as following: 

the initial lysozyme concentration ranged from 10 to 25 mg/mL, the initial impurity 

concentration ranged from 28 to 66% (protein impurity on total protein), temperature 

of 20 and 10°C, salt concentration 3 and 4%, and pH value 5.0 and 5.6. Three 

solutions: lysozyme solution, ovalbumin solution, and salt solution were mixed 

together with the seed crystal to start each experiment. The experimental procedure 

will be described for experiment 1-1 (Table 5.1) as an example. A 10 mL solution of 

125 mg/mL lysozyme in 0.1M sodium acetate buffer pH 5.0 and a 25 ml solution of 

50 mg/mL ovalbumin in the same buffer were added together into the crystallizer and 

then 70 mg of lysozyme seed crystals was added. After seed was added, 2 g of NaCl 

in 15 mL of the same buffer was slowly put into the crystallizer as a last solution. This 

initial experimental condition was performed to ensure that the crystallization 

occurred within the metastable zone to avoid the nucleation of new crystal (only 

crystal growth occurs); the estimated solubility was approximately 4 mg/mL 

(Forsythe, Judge, and Pusey, 1999; Maosoongnern, Borbon, Flood, and Ulrich, 2012).  

The growth kinetics were studied within 24 hr using time dependent 

measurement of decline in protein concentration during crystallization (Carbone and 

Etzel, 2006; Carbone, Judge, and Etzel, 2005) as described in Chapter IV section 

4.4.4. However the UV absorbance technique for the mixed solution (see Chapter II 

section 2.4.5.2) was applied instead of UV the absorbance technique for pure solution.  
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All experimental conditions for the crystallization and crystal growth 

rate measurement of lysozyme from mixed protein solutions are shown in Table 5.1. 

These various experimental conditions are chosen to ensure that the crystallization 

occurred within the metastable zone and the crystals grew as the tetragonal crystal not 

the orthorhombic crystal: when the solution conditions were changed the crystals can 

growth into the different morphology. 

 

Table 5.1  Experimental conditions for crystallization and growth experiments.  

      The number mean lysozyme seed size is 8 μm. 

Exp. No. 0lys,c (mg/mL) 0,ovalc (mg/mL) Temp. (°C) NaCl (%) pH 

1-1 to 1-3 25 25 20 4 5 

2-1 to 2-3 20 20 20 4 5 

3-1 to 3-3 25 10 20 4 5 

4-1 to 4-3 25 50 20 4 5 

5-1 to 5-3 10 10 10 4 5 

6-1 to 6-3 25 25 20 3 5 

 

5.4.5 Crystal Size Calculation 

The calculated concentrations were converted mathematically to 

number mean size of lysozyme crystal in order to determine the number mean growth 

rate of the crystals (as in equation (4.13) in Chapter IV).  
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The term 3Lkv  in the equation is the mass of a crystal based on the 

characteristic size L  (Mullin, 2001; Randolph and Larson, 1988). Since assuming the 

number of crystal is constant then the term 
v

kn  can be approximately calculated 

from the mass of seed (in all experiment 120 mg of seed was used) divided by the 

cube of the number-based mean size of the seed (approximately 8 µm), results in term 

v
kn  is equal to 0.24. Since the solution volume of 50 mL was used, then the size of 

the crystals as expressed in equation (5.5) become 
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              (5.6) 

 

5.4.6 Crystal Purity 

 The crystal purity was determined using the SDS-PAGE gel technique 

with 15% acrylamide as a separating gel and 5% acrylamide as a stacking gel based 

on the Mini-PROTEAN
®
 Tetra Cell instruction manual (Cat. No. 165-8000 and 165-

8001, Bio-Rad). The components of each gel are shown in Table 5.2 and 5.3. 

 

Table 5.2  The components of the separating gel (15% acrylamide). 

Component 
Component Volume (mL) 

5 mL 10 mL 20 mL 

H2O 1.2 2.3 4.6 

30% Acrylamide mix 2.5 5 10 

1.5 M Tris-Hcl, pH 8.8 1.3 2.5 5 

10% SDS 0.1 0.1 0.2 

10% Ammonium persulphate 0.1 0.1 0.2 

TEMED 0.002 0.004 0.008 
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Table 5.3  The components of the stacking gel (5% acrylamide). 

Component 
Component Volume (mL) 

2 mL 5 mL 10 mL 

H2O 1.4 3.4 6.8 

30% Acrylamide mix 0.33 0.83 1.66 

0.5 M Tris-Hcl, pH 6.8 0.25 0.63 1.26 

10% SDS 0.02 0.05 0.1 

10% Ammonium persulphate 0.02 0.05 0.1 

TEMED 0.002 0.005 0.01 

 

5.4.7 Activity of the Protein Crystal 

 The nature of the lysozyme product crystal was characterized by an 

activity test. Since lysozyme is an enzyme that can cause the lysis of bacteria, 

therefore the activity test is determined by measuring the UV absorbance decay in a 

suspension of micrococcus lysodeikticus bacteria resulting from their cell wall lysis in 

presence of lysozyme (Gorin, Wang, and Papapavlou, 1971; Shugar, 1952). In the 

test, the bacteria are treated by lysozyme powder and crystals in phosphate buffer pH 

7.0. The UV absorbance measurements are carried out at a wavelength of 450 nm 

using a UV photometer (HP 8453, Agilent). The activity can be calculated by the 

following equation 

 

))((0.001)(

Blank) /minTest /min( 450nm450nm

lyslys VC

ΔAΔA
Activity


               (5.7) 

 

Where Test/min ΔA450nm is the change in an absorbance of the test solution (mixture of 

bacteria and lysozyme solution) per minute, Blank/min ΔA450nm is the changed in an 
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absorbance of the reference solution (bacteria solution) per minute, lysC is the 

concentration of lysozyme solution, and lysV  is the volume of lysozyme solution used. 

Assuming the powder has an activity of 100% then the calculated activity of the 

crystal is compared to the activity of the powder to determine the remaining activity 

of the crystals. 

 

5.5  Results and Discussions 

 5.5.1 Batch Crystallization of Mixed Lysozyme-Ovalbumin 

Lysozyme was crystallized from a mixture of lysozyme and 

ovalbumin. An example of photographs of the seed crystals and the product crystals 

from the crystallization is shown in Figure 5.4. A comparison of the photographs of 

seed and product crystals shows that there is no nucleation occurring during the 

growth process since no particle smaller than the seed crystal is observed. The 

examples of concentration measurement during the crystallization are shown in Table 

5.4. The Mass of the crystal appearing in the crystallizer can be directly calculated 

from the concentration as in equation (4.11) and (4.12) in Chapter IV. The yield of the 

lysozyme for the crystallization can be calculated from the ratio between the actual 

mass of lysozyme crystallized and the predicted mass of lysozyme crystallized at 

equilibrium as expressed in equation (4.14) in Chapter IV. The calculation gives 84% 

yield for Exp. No.2-1. 
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Figure 5.4  Photographs of Lysozyme seed crystals (Left) and product crystals  

             (Right). Crystallization of lysozyme from the mixed solution of  

  lysozyme-ovalbumin (Exp. No.2-1). 

 

The example plots of decline in concentration with time are shown in 

Figure 5.5. As shows in Figure 5.5, the change in concentration of lysozyme is higher 

at the initial period of the crystallization process and becomes slower as the 

crystallization progresses. 
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Table 5.4  Concentration measurement and calculation of the total mass of crystal. Crystallization of lysozyme from the mixed solution 

of lysozyme-ovalbumin (Exp. No.2-1). 

t (hr) 
Absorbance 

Clys (mg/mL) Coval (mg/mL) mcryst (mg) 
A250 A260 A270 A280 A290 A300 

0.00 0.3553 0.3774 0.6447 0.7438 0.5554 0.1209 24.2096 24.3725 120.0000 

1.00 0.3339 0.3553 0.6041 0.6971 0.5193 0.1138 22.2500 24.4520 217.9800 

2.00 0.3092 0.3297 0.5576 0.6437 0.4785 0.1056 20.1235 24.1286 324.3050 

3.00 0.2894 0.3093 0.5196 0.6000 0.4447 0.0990 18.2287 24.4453 419.0450 

4.00 0.2745 0.2939 0.4911 0.5673 0.4194 0.0941 16.8421 24.5478 488.3750 

5.00 0.2568 0.2755 0.4577 0.5288 0.3900 0.0882 15.3000 24.3624 565.4800 

6.00 0.2455 0.2637 0.4364 0.5044 0.3713 0.0844 14.3278 24.2085 614.0900 

8.00 0.2276 0.2454 0.4023 0.4652 0.3410 0.0785 12.6470 24.4152 698.1300 

10.00 0.2102 0.2274 0.3694 0.4274 0.3120 0.0727 11.1028 24.3258 775.3400 

12.00 0.1982 0.2150 0.3466 0.4012 0.2919 0.0687 10.0156 24.3329 829.7000 

15.00 0.1886 0.2049 0.3284 0.3803 0.2759 0.0655 9.1852 24.1952 871.2200 

18.00 0.1782 0.1941 0.3087 0.3575 0.2584 0.0620 8.2350 24.2265 918.7300 

21.00 0.1710 0.1868 0.2950 0.3418 0.2462 0.0597 7.5546 24.3278 952.7500 

24.00 0.1681 0.1838 0.2892 0.3352 0.2410 0.0587 7.2340 24.5024 968.7800 
  

* Dilution factor = 100 

 1
3
7
 

 

 

 

 

 

 

 

 

 



138 
 

Time (hr)

0 5 10 15 20 25

L
y
so

zy
m

e 
co

n
ce

n
tr

at
io

n
 (

m
g

/m
L

)

0

5

10

15

20

25

30  

 

 

 

 

 

 

 

 

 
Figure 5.5  Concentration decay of lysozyme crystallization (Exp. No. 2-1). 

 

 5.5.2 Separation of Lysozyme and Ovalbumin. 

 In this section the possibility of separation of pure lysozyme from the 

mixed solution of lysozyme – ovalbumin using crystallization was investigated. In 

section 4.5.1, the measurement of the concentration decay with time of lysozyme was 

presented which indicating that lysozyme was crystallized out of the solution. 

However, we wanted to see whether it was possible to separate mixtures of lysozyme and 

ovalbumin by crystallization in cases where (a) only lysozyme was supersaturated (i.e. by 

knowing the phase diagram well enough we can choose a point where only lysozyme 

crystallizes), and (b) by preferential crystallization (with lysozyme seeding only) to 

achieve pure lysozyme crystals under conditions where both proteins are supersaturated.  

To achieve this, the ovalbumin concentrations were varied at 10, 25, 

and 50 mg/mL as seen in Table 5.1, the initial condition of Exp. No.1, No.2, and 

No.3, respectively. Unfortunately, the solubilities of ovalbumin were prepared only at 
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25°C. Since during the early research the crystallization was designed to operate at 

25°C but this criteria was changed later.  Although, the solubility of ovalbumin at 

20°C was not known, it can approximate from the solubility at 25°C using the van’t 

Hoff relation. Figure 5.6 shows the solubility of ovalbumin at 25°C and 4% NaCl 

with points indicating the location of the initial ovalbumin concentration of the three 

experiments.  
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Figure 5.6  Solubility of ovalbumin at 25°C and 4% NaCl with points indicating the  

  initial concentration of ovalbumin for three experiments. 

 

The initial concentrations of ovalbumin compared to the solubility at 

25°C shows that the ovalbumin concentration for Exp. No.1 is undersaturated while 

Exp. No.2 and Exp. No.3 are supersaturated. The solubility as a function of 

temperature can be determined via the van’t Hoff equation (Broide, Tominc, and 

Saxowsky 1996; Flood 2009) which indicates that solubility is increasing with 
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increased temperature. Therefore, the solubility of ovalbumin at 20°C should be lower 

than the solubility at 25°C meaning the initial concentration of ovalbumin for Exp. 

No.2 and Exp. No.3 are certainly supersaturated. The concentration measurement and 

calculations for the crystallization of these three experiments are shown in the 

Appendix D. The mass of the protein crystallized are 869.32, 848.78, and 765.7 mg 

for Exp. No.1, No.2, and No.3, respectively. These results show that the protein can 

be crystallized from the mixture of lysozyme and ovalbumin. However, the purity of 

the protein product has to be verified; whether only pure lysozyme was crystallized, 

or both proteins were crystallized.  

The composition of the protein product was determined by the SPS-

PAGE gel technique as shown in Figure 5.7. The band appearing in well 2 is a low-

range protein standard marker; well 4 is the protein product of Exp. No.1; well 6 is the 

protein product of Exp. No.2, and well 8 is the protein product of Exp. No.3. Different 

amounts of protein samples 30, 45, and 60 µg were overloaded (normally 

aproximately 15 µg was used) into well 4, 6, and 8, respectively. Only one band was 

detected in well 4, 6, and 8, and this band was lysozyme, however overloaded 

amounts of the protein samples were used. This indicates that only lysozyme was 

crystallized even when ovalbumin was also supersaturated.  Therefore, this can 

guarantee that it is possible to separate pure lysozyme from the mixed solutions of 

lysozyme and ovalbumin using seeding crystallization, whether only lysozyme was 

supersaturated or when both protein were supersaturated. 
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Figure 5.7  SDS-PAGE gel analysis of the product crystal for Exp. No. 1 (well 4),  

          Exp. No.2 (well 6), and Exp. No.3 (well 8) with an overloaded amount  

          of protein. 

 

5.5.3 Purity and Activity of Lysozyme Product Crystal 

  The product purity was guaranteed by SDS-PAGE and the activity test. 

An example of SDS-PAGE is shown in Figure 5.8; the different bands of each gel 

contains a different protein. Well 2 is pure lysozyme, well 4 is pure ovalbumin, well 6 

is the mixed solution before crystallization, and wells 8 and 9 contain product crystal. 

The only band detected in wells 8 and 9 was lysozyme; this band is at the same 

position with the lysozyme in well 2. This means that no other protein can be detected 

in the product crystal. The purity of the product crystal can be described by the 

intensity of the band using Coomassie Blue staining solution. The detection limit 

when using this stain was approximately 0.5µg/well and the sample load for each well 

was 15 µg. Consequently, the crystal contains lysozyme at approximately more than 

96.5% of total protein. 
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Figure 5.8  SDS-PAGE gel (Exp. No.2-1). 

  

 When the purity of the lysozyme crystal was confirmed, the remaining activity 

of the crystal was also determined by measuring the absorption decay of Micrococcus 

lysodeikticus with addition of lysozyme. Since lysozyme is a protein that can lysis the 

bacterial cell wall this test can measure lysozyme activity. The example of the activity 

of lysozyme powder and product crystal is shown in Figure 5.9. 
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Figure 5.9  Activity test for Exp. No.2: adsorption decay of a Micrococcus 

    lysodeikticus. 

 

  The absorbance was measured three times for each experiment. At the 

beginning of the reaction the change in adsorption is very fast, and it tends to reach 

equilibrium within two or three minutes. However, in the calculation of activity, 

equation (5.6), the change in the absorbance used must be linear. Therefore the linear 

part of the curve at the beginning of reaction was used to calculate the activity.  

Assuming the activity of the lysozyme powder is 100%, the calculated remaining 

activity of the crystal is more than 97% (see Appendix C for example of calculation). 

 5.5.4 Crystal Growth Kinetics of Lysozyme 

The mean crystal growth rate was determined as the ratio of the change 

in the number mean crystal size vs time. The number-based mean crystal size was 

used to calculate the crystal growth rate since the crystal growth rate data can only be 

obtained from the batch crystal growth using the population balance, which is a 
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number-based equation. The example of the crystal growth rate calculation procedure 

for Exp. No.2-1 is shown in Table 5.5. Concentrations are converted to number-based 

mean crystal size using equation (4.3) in Chapter IV. The growth rate was calculated 

directly from the rate of the change in a number-based mean crystal size with time for 

each measurement.  

 

Table 5.5  Example of calculation in size and growth rate of the crystal (Exp. No.2-1,  

      see Appendix D for other Exp. No.) 

t (hr) lysC  (mg/mL) L (µm)   ( - ) G (µm/hr) 

0.00 24.2096 8.0000 
  

1.00 22.2500 9.6843 5.0524 1.6843 

2.00 20.1235 11.0556 4.5625 1.3713 

3.00 18.2287 12.0416 4.0309 0.9860 

4.00 16.8421 12.6721 3.5572 0.6305 

5.00 15.3000 13.3066 3.2105 0.6346 

6.00 14.3278 13.6775 2.8250 0.3709 

8.00 12.6470 14.2750 2.5820 0.2987 

10.00 11.1028 14.7829 2.1618 0.2540 

12.00 10.0156 15.1206 1.7757 0.1689 

15.00 9.1852 15.3688 1.5039 0.0827 

18.00 8.2350 15.6432 1.2963 0.0915 

21.00 7.5546 15.8339 1.0588 0.0636 

24.00 7.2340 15.9223 0.8887 0.0294 

 

The mean crystal growth rates (which were calculated using the 

approximation of the ratio of the number mean crystal size on the change of the time) 

can be expressed in the form of power law model as described in Chapter IV. 

 

nk
t

L
G G




               (5.8) 
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and can be rearranged as  

 

logloglog nkG G                      (5.9) 

 

Fitting the mean growth rate data and supersaturation with (5.9) gives a straight line 

approximation. Therefore n  and log kg can be directly obtained from the slope of the 

line and the y-intercept, respectively. In crystallization of lysozyme, the growth rate 

order 2n  was used to fit the equation since there are several works reporting a good 

fit with this value (Carbone and Etzel, 2006; Saikumar, Glatz, and Larson 1998). 

  5.5.4.1 Effects of Supersaturation  

Figure 5.10 shows the mean crystal growth rate as a function of 

supersaturation at 20°C, 4% NaCl, pH 5.0, and around 50% ovalbumin impurity. The 

result shows that an increase in the supersaturation results in an increase in the mean 

crystal size. This is since the higher solute concentration in excess of the solubility 

leads to a higher amount of solute addition onto the surface of the crystal. However, 

an increase in the initial supersaturation from 3.955 to 5.052 did not have an effect on 

the mean size or growth of the crystal. This is because lysozyme has a large 

metastable zone width. At this experimental condition the metastable zone limit of 

lysozyme is a supersaturation of around 12.5 (Maosoongnern, Borbon, Flood, and 

Ulrich, 2012). The supersaturation in this experiment is changed from 31% to 40% 

(compared to the metastable zone limit) and no effect was observed on the growth of 

the crystal. Therefore if the change in initial supersaturation is not large enough it 

does not effect on the growth of the crystal.  
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Figure 5.10  Mean crystal growth rates as a function of relative supersaturation 

   (Exp. No2-1. and No.4-1; 50% ovalbumin impurity, Temp. = 20°C,  

   4% NaCl, and pH 5.0). 

 

  5.5.4.2 Effects of Ovalbumin Impurity  

The presence of ovalbumin as an impurity may have an effect 

on the growth of a crystal lysozyme crystal. In this study, the crystallization process 

was carried out at 20°C, 4% NaCl, and pH 5.0, with ovalbumin contents of 28%, 

50%, and 67.5% (based on the ratio of the total protein). The growth data of lysozyme 

crystal as a function of supersaturation were plotted and shown in Figure 5.11.  The 

results show that there is no significant effect of ovalbumin impurity (up to 67.5%) on 

the growth of lysozyme crystals. It appears that a large amount of ovalbumin is 

required before it has an effect on the growth of lysozyme crystal. Some impurities 

need to be present in moderately large amounts before having any effect, some 

impurities influence the growth of the crystal at a very low concentration and some 

σo = 3.955 
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impurities may not have a significant effect on the growth. Based on the Kossel 

model, when the impurities influence the growth of a crystal, they are often adsorbed 

on to the kink site, step site, or the flat site of the crystal and reduce the growth rate of 

the crystal. In the case of ovalbumin impurity they would not adsorb/or adsorb 

selectively at a flat site, since the much higher level concentration of impurity are 

required to affect the growth rate.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11  Mean crystal growth rates as a function of ovalbumin impurity (Exp.  

          No.1-1, No.2-1, and No.3-1; Temp. = 20°C, 4 % NaCl, and pH 5.0). 

 

  5.5.4.3 Effects of Salt Concentration 

Salt concentration always has an effect on the protein solubility 

and is a means for controlling supersaturation. Increasing salt concentration decreases 

the solubility (Forsythe, Judge, and Pusey, 1999; Maosoongnern, Borbon, Flood, and 

Ulrich, 2012) and results in an increase in the supersaturation which has an effect on 
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the nucleation, growth, and the habit of the crystal. However, in this study there was 

no observed effect on the growth rate of the lysozyme crystal (when it is calculated 

based on the relative supersaturation) when using 3% and 4% NaCl as a precipitant. 

The result is shown in Figure 5.12.   
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Figure 5.12  Mean crystal growth rates as a function of salt concentration and relative  

supersaturation (Exp.No.2-1 and No.6-1; 50% ovalbumin impurity,  

Temp. = 20°C, and pH 5.0). 

 

  5.5.4.4 Effects of Temperature 

The growth rate is temperature dependent, and can be 

expressed as equation (4.10) which belongs to the Arrhenius relation (Mullin, 2001) 

and can be rearranged as equation (5.10). 

 

   
RT

E
kk G

GG  0
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Fitting the growth rate constant obtained from the plot of Glog  against log  belong 

to the power-law model (equation (5.9)) and the temperature in the form of  

T
kG

1
against  ln  gives a straight line approximation with slope equal to the activation 

energy for crystal growth on the ideal gas constant (
R

EG ). Figures 5.13 - 5.15 show 

plots of growth rate (in terms of Glog  ) as a function of relative supersatution which 

different initial condition at 20 °C. In the plots, the growth rate order 2n  was used 

to fit the equation due to the results of Saikumar, Glatz, and Larson (1998). The plot 

showed a good fit of the straight line with the experimental mean growth rate data. 

Therefore the growth rate constant can be directly obtained from the y-intercept. The 

fitting equation (averaged value) is shown in equation (5.11) for the growth kinetics 

of tetragonal lysozyme crystal at 20 °C, pH 5.0. The seed size was 8 µm and the mass 

of 120 mg.  

 

log0.04)1.2678(log 2G                    (5.11) 

 

This equation shows that the growth rate orders are equal to 2. This is indicates that 

the growth of the crystal is controlled by the surface integration mechanism as 

described in section Chapter IV. The growth constant in equation (5.11) was obtained 

from the crystallization at 20°C. Therefore, the average value of the growth rate 

constant at 20°C is 5.4×10
-6

 cm/hr.  
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Figure 5.13  Plot of the growth rate and relative supersaturation with different initial  

          supersaturation (Exp. No.2-1 and No.4-1). 
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Figure 5.14  Plot of the growth rate and relative supersaturation with different  

   ovalbumin impurity concentration (Exp. No.1-1, No.2-1, No.3-1,  

   and pure lysozyme from Chapter IV). 
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Figure 5.15  Plot of the growth rate and relative supersaturation with different salt  

         concentration (Exp. No.2-1 and No.6-1). 

 

   According to the Arrhenius relationship between growth rate 

constant and temperature as described in equation (5.10): if only two measurement of 

the growth rate constant at different temperature are available, the activation energy 

of crystal growth can be estimated as following equation 
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             (5.12) 

 
 Figure 5.16 shown the plots of growth rate as a function of 

relative supersaturation at 10 °C. The fitting equation is show on equation (5.13). 

Therefore, the growth rate constant calculated from the intercept of y-axis is 2.5×10
-6

    

cm/hr. 

 
log.log 260251 G            (5.13) 
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Figure 5.16  Plot of the growth rate and relative supersaturation at 10°C (Exp. No.6-1). 

 

Since the growth rate constant at 10 and 20°C were known, the 

activation energy for crystal growth of lysozyme from the mixture of lysozyme-

ovalbumin can be estimated by equation (5.14) and this gives the result of  

 

  GE     53.08    kJ/mol 

 

This value of activation energy can be used to support that crystal 

growth mechanism is controlled by surface integration mechanism. This is because if 

diffusion is controlling mechanism the activation energy usually around 10 - 20 

kJ/mol, and if surface integration is controlled mechanism the activation energy 

usually around 40 – 60 kJ/mol (Mullin, 2001). 

 

 

 

σ 

 

 

 

 

 

 

 

 

 



153 
 

5.6  Conclusions 

The batch crystallization of lysozyme from mixtures of lysozyme-ovabumin 

was performed in a 100 mL agitated crystallizer that was modified from a Schott 

bottle. The process was successful for crystallizing lysozyme out of the lysozyme – 

ovalbumin mixture using crystallization whatever only lysozyme was supersaturated 

or both protein were supersaturated (preferential crystallization with seeding with only 

lysozyme). The purity of the product crystal is greater than 96.5% guaranteed by SDS-

PAGE, the remaining activity is greater than 97%, and the product crystal yield is up 

to 80%. The growth kinetics of the crystal has been studied by measurement of the 

decay in lysozyme concentration (or supersaturation) with time. Temperature and 

supersaturation has a notable effect on the growth of the crystal while ovalbumin 

impurity and NaCl concentration seem to have less effect (or need to present in large 

amount before influent the growth rate) 

The growth rates order is equal to 2. This is indicating that the growth kinetics 

is controlled by the surface integration mechanism. The calculated growth rate 

constant values were 5.4×10
-6

 cm/hr and 2.5×10
-6

 cm/hr for the crystallization at 20°C 

and 10°C, respectively. The calculated activation energy was 53.08 kJ/mol which 

supports that the crystallization process is controlled by the surface integration 

mechanism. 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

 
6.1 Conclusions 

 Proteins are value added products from simple agricultural materials and 

appear all around in our life. Proteins from a natural source have a diversity of the 

amino acid residue groups that can cause complexity in their structure which is easily 

influenced by environmental conditions. However, the separation and purification of 

proteins can be done using several methods. Examples of methods for separation of 

proteins are ion exchange chromatography, precipitation by salting-out, and 

crystallization. Each method have benefits and drawbacks.  Therefore, the industrial 

scale demand gives the scientist or engineer a chance to select the method which best 

matches the needs of the process. Usually, the process which gives a high purity and 

stable product, low investment and operating cost, and is environmentally friendly is 

required in a variety of industrial applications. 

Crystallization is one of the most important separation and purification 

processes in many industries, and is a simple and lower cost technique. It is 

particularly significant for the pharmaceutical industry. The main active 

pharmaceutical ingredients (APIs) and many other chemicals are produced in a solid 

form which is more stable than a chemical in solution. In the crystallization processes 

nucleation is hard to control, so that crystallization without nucleation is desired. To 

design and control crystallization process, knowledge of the thermodynamics and 
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kinetics of the process are of key importance and should be understood, be able to be 

predicted, and controlled. Thermodynamics is used to identify whether the solution is 

in an undersaturated or supersaturated state, while kinetics determine how fast the 

crystal can be grown at a certain driving force. This thesis focuses on a study of the 

possibility to separate pure lysozyme out of mixed lysozyme – ovalbumin solution by 

understanding the thermodynamic and kinetic behavior of the crystallization of 

lysozyme from both pure and mixed solution. The following conclusions can be made 

for this thesis. 

1. The solubilties of pure lysozyme powder and lysozyme crystal were 

measured using both the well-known classical dissolution method and a miniature 

column method. The solubility of lysozyme increases with increasing temperature, 

decreases with increasing sodium chloride concentration, and is slightly reduced at 

higher values of the pH. The solubility data as a function of temperature are well 

fitted with both a third – order polynomial equation and the van’t Hoff equation. The 

estimated enthalpy and entropy of dissolution are positive values and the average 

value of these parameters from the crystal form is higher than from the powder form. 

These values indicate that the dissolution is an endothermic process, where heat is 

required to make the lysozyme dissolve. Two modified techniques used to measure 

the concentration of mixed protein during crystallization were presented, the 

combination of the SDS-PAGE gel and UV-Vis techniques, and a UV-Vis technique 

for mixtures. These two techniques involve measuring the concentration in the 

solution phase and require only a very small volume of the solution. However, there 

are some limitations for their use. The techniques offer the opportunity to be used 

depending on the requirement of each project. 
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2. The concentration-temperature phase diagrams of lysozyme, containing 

besides thermodynamic data (solubility) also kinetic (nucleation) data were 

determined using temperature cycling control with an STEM integrity 10 system. This 

technique shows a rapid, precise and reliable determination of nucleation and 

solubility points. The width of the metastable zone depends on the solution conditions 

(e.g. initial protein concentration, salt concentration, and solution pH). The solubility 

of lysozyme was found to decrease with increasing salt concentration while the 

nucleation points were observed more early with respect to salt addition; as a 

consequence the metastable zone is narrower. The solubility of lysozyme is slightly 

reduced at higher values of the pH, and the nucleation point is observed later in time. 

The result is an increase of the metastable zone width. The presence of the phase 

diagram offers the possibility to use this information for design and control 

crystallization process. Since seed non-nucleating batch crystallizations are desirable 

it is preferable to work under conditions where the metastable zone is large. 

3. The batch crystallization and growth kinetic studies for pure lysozyme 

were performed isothermally at 20°C in a 100 mL agitated crystallizer via a seeded 

batch crystallization process. The solution condition used is not the optimal condition 

for crystallizing pure lysozyme but in preparation for use in the crystallization of 

mixed protein. The successful crystallization of tetragonal lysozyme crystal was 

performed with a yield of around 50% in 6 hr and 85% in 25 hr. The crystal growth 

rates were found to be second order with respect to the relative supersaturation. This 

is indicating that the growth kinetics is controlled by the surface integration 

mechanism. This study gives the information background to the studies involving 

crystallization from mixed protein solutions. 
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4. The crystallization process was able to successfully separate pure 

lysozyme from the lysozyme – ovalbumin mixtures, using either crystallization from 

regions in the phase diagram where only lysozyme was supersaturated, or using 

preferential crystallization from regions where both proteins were supersaturated 

(using batch crystallization with seeding of only lysozyme). The batch crystallization 

and growth kinetic studies for lysozyme from mixed lysozyme – ovalbumin solutions 

was performed in a 100 mL agitated crystallizer via a seeded batch crystallization 

process. The successful crystallization of tetragonal lysozyme crystal from a 

lysozyme-ovalbumin mixture was performed within 24 hr with a yield of greater than 

80%, purity more than 96.5%, and the remaining activity of lysozyme was more than 

97%. The crystallization was performed within the metastable region to ensure that no 

nucleation occurs. The growth kinetics were measured based on the measurement of 

the decline in lysozyme concentration with time. The crystal growth rates were found 

to be second order with respect to the relative supersaturation, as in the case of 

crystallization of pure lysozyme. There is no significant effect of ovalbumin impurity 

up to the concentration of 67.5% (based on total protein) and NaCl concentration, for 

concentrations of 3 and 4% NaCl, on the growth of lysozyme crystal. The temperature 

has a greater effect on the growth of the crystal. The growth rate constants increase 

with increasing temperature and follow an Arrhenius relationship. The calculated 

activation energy supports the hypothesis from the growth rate order that the 

crystallization process is controlled by the surface integration mechanism. 
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6.2  Recommendations 

The following recommendations may help for a deeper understanding of the 

protein crystallization process, and may be useful for future studies of the process. 

1. The phase diagram should be determined and presented with also the 

secondary nucleation threshold (SNT). In this research, the crystallization 

experiments were carried out in the middle of the phase diagram (the region between 

solubility and primary nucleation) to ensure that no nucleation occurs. However, in 

seeding crystallization the growth of the crystal without nucleation usually occurs 

within the SNT region. Moving solution and experimental conditions close to the 

upper limit of the SNT can increase the supersaturation which is increasing the crystal 

growth rate. Therefore, the SNT should be studied further. 

2. These crystallization processes were performed within the specific range 

of condition based on the preferred crystal type (tetragonal crystal). Therefore, if the 

shape of the product crystal is not of importance a wide range of solution and 

experimental conditions can be used. As seen in Chapter III, at low supersaturation 

the tetragonal crystals are crystallized while the orthorhombic crystals are crystallized 

at high supersaturation or at higher pH. Therefore, the solution and experimental 

conditions that can be used is dependent on the main results desired. For example; the 

type of the crystal, yield of the product, low energy consumption, and greater 

remaining activity. 

3. The crystallization of lysozyme in the presence of several protein 

impurities should be studied. Egg white (a natural source of lysozyme), consists of 

approximately 40 proteins (with 6 main proteins). Adding other proteins into the 

solution as an impurity can make the solution behavior more like the natural egg. 
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4. In the further work, the population balance equation (PBE) may be used to 

model the crystallization of protein. Nowadays, there is a scant work on the modeling 

of crystallization process of protein due to the complexity of their structure. 

According to experimental results some parameters have no significant effect on the 

kinetics of the process (within a limited range). Therefore, some parameters or 

variables in the PBE may be neglected (with the range of validity) and therefore make 

it easier to solve.  

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

APPENDIX A 

 
RAW DATA OF SDS-PAGE GEL WITH INTENSITY 

VOLUME ANALYSIS
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Figure A.1  SDS-PAGE gel with intensity volume analysis for pure lysozyme (low concentration). U1 = 0.1 mg/mL, U2 = 0.2 mg/mL,  

          U3 = 0.3 mg/mL. 
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Figure A.2  SDS-PAGE gel with intensity volume analysis for pure lysozyme (high concentration). U1 = 0.3 mg/mL, U2 = 0.6 mg/mL, 

          U3 = 1.2 mg/mL. 
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Figure A.3  SDS-PAGE gel with intensity volume analysis for pure ovalbumin. U1 = 0.25 mg/mL, U2 = 0.5 mg/mL, U3 = 1.0 mg/mL. 
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Figure A.4  SDS-PAGE gel with intensity volume analysis for mixed protein (20% lysozyme and 80% ovalbumin with the total  

    concentration of 1 mg/mL). 
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Figure A.5  SDS-PAGE gel with intensity volume analysis for mixed protein (40% lysozyme and 60% ovalbumin with the total  

    concentration of 1 mg/mL). 
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Figure A.6  SDS-PAGE gel with intensity volume analysis for mixed protein (60% lysozyme and 40% ovalbumin with the total  

    concentration of 1 mg/mL). 
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Figure A.7  SDS-PAGE gel with intensity volume analysis for mixed protein (70% lysozyme and 30% ovalbumin with the total  

    concentration of 1 mg/mL). 
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Figure A.8  SDS-PAGE gel with intensity volume analysis for mixed protein (90% lysozyme and 10% ovalbumin with the total  

    concentration of 1 mg/mL). 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

APPENDIX B 

 
RAW DATA OF BATCH CRYSTALLIZATION OF  

PURE LYSOZYME  
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Table B.1  Concentration measurement and calculation in total mass of crystal. Batch  

       crystallization of pure lysozyme (Exp. No.1-1). 

Time (hr) Abs. 1 Abs. 2 Abs. 3 Ave. Abs. Ct (mg/mL) cryst
m  (mg) 

0 1.1960 1.1966 1.1962 1.1963 24.5933 120.00 

1 1.0683 1.0690 1.0698 1.0690 21.9776 250.79 

2 0.9980 0.9986 0.9990 0.9985 20.5282 323.25 

3 0.9105 0.9098 0.9095 0.9099 18.7067 414.33 

4 0.8372 0.8376 0.8366 0.8371 17.2101 489.16 

5 0.7708 0.7711 0.7712 0.7710 15.8512 557.11 

6 0.7196 0.7191 0.7195 0.7194 14.7897 610.18 

8 0.6103 0.6107 0.6104 0.6105 12.5502 722.16 

10 0.5519 0.5524 0.5526 0.5523 11.3544 781.95 

12.5 0.4849 0.4839 0.4842 0.4843 9.9571 851.81 

19.5 0.3850 0.3852 0.3857 0.3853 7.9211 953.61 

25 0.3482 0.3485 0.3475 0.3481 7.1557 991.88 
 

* Dilution factor = 50 

 

Table B.2  Concentration measurement and calculation in total mass of crystal. Batch  

       crystallization of pure lysozyme (Exp. No.1-2). 

Time (hr) Abs. 1 Abs. 2 Abs. 3 Ave. Abs. Ct (mg/mL) cryst
m  (mg) 

0 1.2275 1.2278 1.2296 1.2283 25.2518 120.00 

1 1.0945 1.0952 1.0937 1.0945 22.5004 257.57 

2 0.9980 0.9972 0.9990 0.9981 20.5186 356.66 

3 0.9370 0.9382 0.9358 0.9370 19.2632 419.43 

4 0.8530 0.8532 0.8550 0.8537 17.5514 505.02 

5 0.7712 0.7695 0.7730 0.7712 15.8553 589.83 

6 0.7105 0.7110 0.7128 0.7114 14.6259 651.29 

9 0.5702 0.5719 0.5732 0.5718 11.7546 794.86 

12 0.4839 0.4852 0.4823 0.4838 9.9461 885.28 

15 0.4150 0.4137 0.4155 0.4147 8.5262 956.28 

18 0.3805 0.3835 0.3820 0.3820 7.8533 989.93 

24 0.3481 0.3493 0.3469 0.3481 7.1564 1024.77 
  

* Dilution factor = 50 
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Table B.3  Concentration measurement and calculation in total mass of crystal. Batch  

       crystallization of pure lysozyme (Exp. No.1-3). 

Time (hr) Abs. 1 Abs. 2 Abs. 3 Ave. Abs. Ct (mg/mL) cryst
m  (mg) 

0 1.2138 1.2148 1.2122 1.2136 24.9496 120.00 

1 1.1290 1.1294 1.1305 1.1296 23.2234 206.31 

2 1.0259 1.0270 1.0299 1.0276 21.1258 311.19 

3 0.9240 0.9214 0.9205 0.9220 18.9541 419.77 

4 0.8241 0.8245 0.8212 0.8233 16.9250 521.23 

5 0.7550 0.7541 0.7562 0.7551 15.5236 591.30 

6 0.6869 0.6872 0.6850 0.6864 14.1106 661.95 

9 0.5865 0.5879 0.5885 0.5876 12.0808 763.44 

15 0.4526 0.4550 0.4532 0.4536 9.3253 901.22 

18.5 0.4049 0.4065 0.4028 0.4047 8.3207 951.45 

21 0.3844 0.3862 0.3820 0.3842 7.8985 972.55 

24.5 0.3605 0.3616 0.3591 0.3604 7.4092 997.02 
  

* Dilution factor = 50 

 

Table B.4  Concentration measurement and calculation in total mass of crystal. Batch  

       crystallization of pure lysozyme (Exp. No.2-1). 

Time (hr) Abs. 1 Abs. 2 Abs. 3 Ave. Abs. Ct (mg/mL) cryst
m (mg) 

0.0 1.2168 1.2161 1.2159 1.2163 25.0045 70.0000 

0.5 1.1773 1.1776 1.1779 1.1776 24.2095 109.7485 

1.0 1.1358 1.1349 1.1336 1.1348 23.3292 153.7646 

1.5 1.0835 1.0830 1.0841 1.0835 22.2757 206.4413 

2.0 1.0387 1.0397 1.0376 1.0387 21.3538 252.5332 

2.5 0.9870 0.9854 0.9849 0.9858 20.2658 306.9374 

3.0 0.9351 0.9381 0.9324 0.9352 19.2267 358.8920 

3.5 0.8921 0.8910 0.8913 0.8915 18.3271 403.8701 

4.0 0.8392 0.8378 0.8410 0.8394 17.2557 457.4380 

4.5 0.7900 0.7917 0.7925 0.7914 16.2699 506.7305 

5.0 0.7455 0.7412 0.7408 0.7425 15.2648 556.9851 

5.5 0.7043 0.7039 0.7040 0.7041 14.4744 596.5054 

6.0 0.6608 0.6590 0.6605 0.6601 13.5709 641.6780 
 

* Dilution factor = 50 
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Table B.5  Concentration measurement and calculation in total mass of crystal. Batch  

       crystallization of pure lysozyme (Exp. No.2-2). 

Time (hr) Abs. 1 Abs. 2 Abs. 3 Ave. Abs. Ct (mg/mL) cryst
m (mg) 

0.0 1.1585 1.1571 1.1612 1.1589 23.8258 120.00 

0.5 1.1180 1.1190 1.1185 1.1185 22.9945 161.56 

1.0 1.0756 1.0765 1.0744 1.0755 22.1105 205.76 

1.5 1.0329 1.0340 1.0331 1.0333 21.2436 249.11 

2.0 0.9939 0.9965 0.9955 0.9953 20.4617 288.20 

2.5 0.9565 0.9549 0.9570 0.9561 19.6565 328.46 

3.0 0.9200 0.9189 0.9213 0.9201 18.9151 365.54 

3.5 0.8861 0.8876 0.8852 0.8863 18.2209 400.25 

4.0 0.8530 0.8535 0.8514 0.8526 17.5287 434.85 

4.5 0.8149 0.8175 0.8189 0.8171 16.7982 471.38 

5.0 0.7893 0.7875 0.7899 0.7889 16.2185 500.37 

5.5 0.7626 0.7635 0.7612 0.7624 15.6744 527.57 

6.0 0.7379 0.7339 0.7348 0.7355 15.1214 555.22 

* Dilution factor = 50  

                                                                                                                               

Table B.6  Concentration measurement and calculation in total mass of crystal. Batch  

       crystallization of pure lysozyme (Exp. No.2-3). 

Time (hr) Abs. 1 Abs. 2 Abs. 3 Ave. Abs. Ct (mg/mL) cryst
m (mg) 

0.0 1.1975 1.1987 1.1999 1.1987 24.6433 120.00 

0.5 1.1580 1.1598 1.1590 1.1589 23.8258 160.88 

1.0 1.1200 1.1214 1.1235 1.1216 23.0589 199.22 

1.5 1.0825 1.0832 1.0819 1.0825 22.2551 239.41 

2.0 1.0414 1.0430 1.0440 1.0428 21.4383 280.25 

2.5 1.0030 1.0021 1.0005 1.0019 20.5967 322.33 

3.0 0.9618 0.9630 0.9645 0.9631 19.7998 362.18 

3.5 0.9245 0.9258 0.9220 0.9241 18.9980 402.27 

4.0 0.8860 0.8874 0.8851 0.8862 18.2181 441.26 

4.5 0.8518 0.8521 0.8486 0.8508 17.4917 477.58 

5.0 0.8123 0.8131 0.8150 0.8135 16.7235 515.99 

5.5 0.7790 0.7801 0.7777 0.7789 16.0136 551.49 

6.0 0.7420 0.7445 0.7410 0.7425 15.2646 588.94 

 * Dilution factor = 50                                                                                                                                
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APPENDIX C 

 
CALCULATION OF REMAINING ACTIVITY OF THE 

PRODUCT CRYSTAL 
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C.1 Activity of the protein 

According to equation (5.7) activity of the protein can be calculated from  

 

))((0.001)(

Blank)/min Test/min ( 450nm450nm

lyslys VC

ΔAΔA
Activity


             (C.1) 

 

Where Test/min ΔA450nm is the change in an absorbance of the test solution (mixture of 

bacteria and lysozyme solution) per minute, Blank/min ΔA450nm is the changed in an 

absorbance of the reference solution (bacteria solution) per minute, lysC is the 

concentration of lysozyme solution, and lysV  is the volume of lysozyme solution used. 

The value of Test/min ΔA450nm and Blank/min ΔA450nm can be directly estimated from 

the slope of the plot between absorbance and time (the linear part at the beginning). 

The values of the measured absorbance of Micrococcus lysodeikticus with adding 

lysozyme powder solution and product crystal solution are shown in table C.1 and C.2 

and the plot are shown in Figure C.1 and C.2, respectively. As see in the plots,  

 

  Blank/min ΔA450nm = 0.0097 

 

  Test/min ΔA450nm (with adding lysozyme powder solution) = 1.0204 

 

  Test/min ΔA450nm (with adding lysozyme crystal solution) = 0.9910 

 

Therefore, the calculated activities are  

 

 Lysozyme powder:  
L) 05)(30(0.001)(

)00970.02041(

mLmg
Activity

/.

.
 = 67,380 Units/mg 
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 Lysozyme crystal:  
L) 05)(30(0.001)(

)00970(0.9910

mLmg
Activity

/.

.
 = 65,420 Units/mg 

 

 The remaining activity is defined as %100
powder lysozyme ofActivity 

crystal lysozyme ofActivity 
  

 

Then, the remaining activity = %%
,

,
97100

38067

42065
  
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Table C.1  Absorption decay of the Micrococcus lysodeikticus with adding lysozyme  

       powder solution. lystC = 0.3 mg/mL, lysV =50 µL. 

Time Absorbance (450 nm, 25°C) 

Sec min Blank Rxn 1 Rxn 2  Rxn 3 Average Rxn S.D. 

0 0.000 0.8153 0.7257 0.7371 0.7402 0.7343 0.0062 

5 0.083 0.8147 0.6189 0.6527 0.6405 0.6374 0.0140 

10 0.167 0.8141 0.5462 0.5825 0.5641 0.5643 0.0148 

15 0.250 0.8132 0.4975 0.5329 0.5160 0.5155 0.0145 

20 0.333 0.8121 0.4624 0.4961 0.4805 0.4797 0.0138 

25 0.417 0.8112 0.4372 0.4680 0.4532 0.4528 0.0126 

30 0.500 0.8105 0.4189 0.4457 0.4321 0.4322 0.0109 

35 0.583 0.8097 0.4054 0.4284 0.4157 0.4165 0.0094 

40 0.667 0.8089 0.3951 0.4144 0.4024 0.4040 0.0080 

45 0.750 0.8084 0.3867 0.4027 0.3918 0.3937 0.0067 

50 0.833 0.8081 0.3794 0.3935 0.3830 0.3853 0.0060 

55 0.917 0.8078 0.3730 0.3858 0.3758 0.3782 0.0055 

60 1.000 0.8078 0.3679 0.3790 0.3697 0.3722 0.0049 

65 1.083 0.8074 0.3635 0.3736 0.3645 0.3672 0.0045 

70 1.167 0.8077 0.3598 0.3692 0.3601 0.3630 0.0044 

75 1.250 0.8077 0.3565 0.3649 0.3561 0.3592 0.0041 

80 1.333 0.8079 0.3538 0.3613 0.3528 0.3560 0.0038 

85 1.417 0.8076 0.3512 0.3580 0.3498 0.3530 0.0036 

90 1.500 0.8075 0.3489 0.3548 0.3471 0.3503 0.0033 

95 1.583 0.8071 0.3470 0.3521 0.3448 0.3480 0.0031 

100 1.667 0.8072 0.3452 0.3497 0.3427 0.3459 0.0029 

105 1.750 0.8070 0.3434 0.3475 0.3408 0.3439 0.0028 

110 1.833 0.8071 0.3416 0.3455 0.3390 0.3420 0.0027 

115 1.917 0.8074 0.3403 0.3435 0.3374 0.3404 0.0025 

120 2.000 0.8079 0.3390 0.3419 0.3362 0.3390 0.0023 
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 Table C.2  Absorption decay of the Micrococcus lysodeikticus with adding lysozyme  

        crystal solution. lystC = 0.3 mg/mL, lysV =50 µL. 

Time  Absorbance (450 nm, 25°C) 

Sec min Blank Rxn 1 Rxn 2  Rxn 3 Average Rxn S.D. 

0 0.000 0.8153 0.7608 0.7582 0.7830 0.7673 0.0111 

5 0.083 0.8147 0.6780 0.6546 0.7021 0.6782 0.0194 

10 0.167 0.8141 0.6062 0.5767 0.6236 0.6022 0.0194 

15 0.250 0.8132 0.5553 0.5251 0.5742 0.5515 0.0202 

20 0.333 0.8121 0.5163 0.4867 0.5362 0.5131 0.0203 

25 0.417 0.8112 0.4858 0.4583 0.5070 0.4837 0.0199 

30 0.500 0.8105 0.4613 0.4365 0.4833 0.4604 0.0191 

35 0.583 0.8097 0.4418 0.4193 0.4640 0.4417 0.0182 

40 0.667 0.8089 0.4268 0.4056 0.4486 0.4270 0.0176 

45 0.750 0.8084 0.4127 0.3945 0.4355 0.4142 0.0168 

50 0.833 0.8081 0.4009 0.3855 0.4245 0.4036 0.0160 

55 0.917 0.8078 0.3918 0.3780 0.4152 0.3950 0.0154 

60 1.000 0.8078 0.3888 0.3719 0.4074 0.3894 0.0145 

65 1.083 0.8074 0.3771 0.3669 0.4006 0.3815 0.0141 

70 1.167 0.8077 0.3716 0.3623 0.3945 0.3761 0.0135 

75 1.250 0.8077 0.3667 0.3682 0.3889 0.3746 0.0101 

80 1.333 0.8079 0.3623 0.3544 0.3838 0.3668 0.0124 

85 1.417 0.8076 0.3587 0.3512 0.3787 0.3629 0.0116 

90 1.500 0.8075 0.3552 0.3485 0.3740 0.3592 0.0108 

95 1.583 0.8071 0.3524 0.3461 0.3695 0.3560 0.0099 

100 1.667 0.8072 0.3495 0.3441 0.3652 0.3529 0.0089 

105 1.750 0.8070 0.3472 0.3422 0.3610 0.3501 0.0080 

110 1.833 0.8071 0.3447 0.3404 0.3573 0.3475 0.0072 

115 1.917 0.8074 0.3428 0.3390 0.3536 0.3451 0.0062 

120 2.000 0.8079 0.3407 0.3375 0.3505 0.3429 0.0055 
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Figure C.1  Plot of absorption decay of bacteria as a function of time at the beginning  

        of reaction with adding lysozyme powder solution. 

 

 

 

Figure C.2  Plot of absorption decay of bacteria as a function of time at the beginning  

        of reaction with adding lysozyme crystal solution. 
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APPENDIX D 

 
RAW DATA OF BATCH CRYSTALLIZATION OF  

MIXED LYSOZYME - OVALBUMIN 
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Table D.1  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme – ovalbumin  

       (Exp. No.1-1: 0lys,c = 25 mg/mL, 0,ovalC = 10 mg/mL, Temp. = 20 °C, 4% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.3105 0.3253 0.5776 0.6650 0.5047 0.1043 24.8896 9.8542 120.0000 

1.0 0.2931 0.3073 0.5446 0.6270 0.4755 0.0986 23.3230 9.8267 198.3300 

2.0 0.2712 0.2845 0.5030 0.5792 0.4387 0.0913 21.3476 9.7965 297.1000 

3.0 0.2509 0.2636 0.4645 0.5350 0.4047 0.0845 19.5151 9.8005 388.7250 

4.0 0.2294 0.2413 0.4234 0.4878 0.3684 0.0774 17.5304 9.9005 487.9600 

5.0 0.2128 0.2242 0.3921 0.4518 0.3407 0.0719 16.0520 9.8456 561.8800 

6.0 0.1975 0.2083 0.3630 0.4184 0.3150 0.0668 14.6720 9.8267 630.8800 

8.0 0.1825 0.1928 0.3346 0.3857 0.2899 0.0618 13.3210 9.8120 698.4300 

10.0 0.1683 0.1781 0.3074 0.3544 0.2658 0.0571 12.0052 9.8880 764.2200 

12.0 0.1568 0.1662 0.2858 0.3296 0.2468 0.0533 11.0025 9.7856 814.3550 

15.0 0.1461 0.1551 0.2655 0.3063 0.2288 0.0497 10.0380 9.7800 862.5800 

18.0 0.1358 0.1445 0.2458 0.2836 0.2114 0.0463 9.0826 9.8420 910.3500 

21.0 0.1264 0.1347 0.2279 0.2631 0.1956 0.0431 8.2340 9.8336 952.7800 

24.0 0.1182 0.1263 0.2124 0.2453 0.1819 0.0404 7.5032 9.8025 989.3200 

* Dilution factor = 100
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Table D.2  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme – ovalbumin  

       (Exp. No.1-2: 0lys,c = 25 mg/mL, 0,ovalC = 10 mg/mL, Temp. = 20 °C, 4% NaCl, pH 5.0).  

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.3057 0.3203 0.5684 0.6544 0.4965 0.1027 24.4502 10.0120 120.0000 

1.0 0.2920 0.3061 0.5424 0.6246 0.4736 0.0982 23.2215 10.0056 181.4350 

2.0 0.2697 0.2830 0.5001 0.5759 0.4362 0.0908 21.2135 9.9854 281.8350 

3.0 0.2504 0.2630 0.4634 0.5337 0.4038 0.0843 19.4621 9.9584 369.4050 

4.0 0.2293 0.2413 0.4233 0.4877 0.3683 0.0774 17.5260 9.9756 466.2100 

5.0 0.2136 0.2250 0.3936 0.4535 0.3420 0.0721 16.1245 10.0000 536.2850 

6.0 0.1976 0.2084 0.3631 0.4185 0.3151 0.0668 14.6782 10.0115 608.6000 

8.0 0.1827 0.1930 0.3348 0.3860 0.2901 0.0618 13.3325 9.9825 675.8850 

10.0 0.1696 0.1795 0.3099 0.3573 0.2680 0.0575 12.1254 9.9682 736.2400 

12.0 0.1580 0.1674 0.2880 0.3322 0.2488 0.0536 11.1103 10.0110 786.9950 

15.0 0.1470 0.1560 0.2671 0.3081 0.2303 0.0500 10.1154 9.8995 836.7400 

18.0 0.1366 0.1453 0.2473 0.2854 0.2127 0.0465 9.1548 9.9589 884.7700 

21.0 0.1263 0.1347 0.2278 0.2629 0.1955 0.0431 8.2265 9.9256 931.1850 

24.0 0.1199 0.1280 0.2156 0.2489 0.1847 0.0410 7.6548 9.8845 959.7700 
 

* Dilution factor = 100   
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Table D.3  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme - ovalbumin  

       (Exp. No.1-3: 0lys,c = 25 mg/mL, 0,ovalC = 10 mg/mL, Temp. = 20 °C, 4% NaCl, pH 5.0). 

 Time 

(hr) 

Absorbance 
lysC  (mg/mL) 

ovalC  (mg/mL) crystm  (mg) 
A250 A260 A270 A280 A290 A300 

0.0 0.3122 0.3269 0.5810 0.6689 0.5079 0.1049 25.1204 9.5996 120.0000 

1.0 0.2934 0.3074 0.5453 0.6278 0.4763 0.0986 23.4126 9.6215 205.3900 

2.0 0.2739 0.2873 0.5084 0.5854 0.4436 0.0921 21.6548 9.6125 293.2800 

3.0 0.2521 0.2647 0.4669 0.5377 0.4069 0.0849 19.6780 9.6087 392.1200 

4.0 0.2323 0.2442 0.4293 0.4945 0.3737 0.0783 17.8854 9.6114 481.7500 

5.0 0.2117 0.2229 0.3901 0.4495 0.3391 0.0715 16.0236 9.6050 574.8400 

6.0 0.1950 0.2056 0.3585 0.4131 0.3111 0.0659 14.5126 9.6112 650.3900 

8.0 0.1846 0.1949 0.3388 0.3905 0.2937 0.0625 13.5789 9.5995 697.0750 

10.0 0.1700 0.1798 0.3111 0.3586 0.2692 0.0576 12.2546 9.6102 763.2900 

12.0 0.1552 0.1644 0.2829 0.3262 0.2443 0.0527 10.9112 9.6135 830.4600 

15.0 0.1462 0.1551 0.2658 0.3066 0.2292 0.0497 10.1010 9.5985 870.9700 

18.0 0.1392 0.1479 0.2525 0.2914 0.2175 0.0474 9.4658 9.6103 902.7300 

21.0 0.1282 0.1365 0.2316 0.2673 0.1990 0.0437 8.4687 9.6054 952.5850 

24.0 0.1226 0.1308 0.2211 0.2552 0.1897 0.0419 7.9658 9.6146 977.7300 
 

* Dilution factor = 100 
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Table D.4  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme - ovalbumin  

       (Exp. No.2-1: 0lys,c = 25 mg/mL, 0,ovalC = 25 mg/mL, Temp. = 20 °C, 4% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.3553 0.3774 0.6447 0.7438 0.5554 0.1209 24.2096 24.3725 120.0000 

1.0 0.3339 0.3553 0.6041 0.6971 0.5193 0.1138 22.2500 24.4520 217.9800 

2.0 0.3092 0.3297 0.5576 0.6437 0.4785 0.1056 20.1235 24.1286 324.3050 

3.0 0.2894 0.3093 0.5196 0.6000 0.4447 0.0990 18.2287 24.4453 419.0450 

4.0 0.2745 0.2939 0.4911 0.5673 0.4194 0.0941 16.8421 24.5478 488.3750 

5.0 0.2568 0.2755 0.4577 0.5288 0.3900 0.0882 15.3000 24.3624 565.4800 

6.0 0.2455 0.2637 0.4364 0.5044 0.3713 0.0844 14.3278 24.2085 614.0900 

8.0 0.2276 0.2454 0.4023 0.4652 0.3410 0.0785 12.6470 24.4152 698.1300 

10.0 0.2102 0.2274 0.3694 0.4274 0.3120 0.0727 11.1028 24.3258 775.3400 

12.0 0.1982 0.2150 0.3466 0.4012 0.2919 0.0687 10.0156 24.3329 829.7000 

15.0 0.1886 0.2049 0.3284 0.3803 0.2759 0.0655 9.1852 24.1952 871.2200 

18.0 0.1782 0.1941 0.3087 0.3575 0.2584 0.0620 8.2350 24.2265 918.7300 

21.0 0.1710 0.1868 0.2950 0.3418 0.2462 0.0597 7.5546 24.3278 952.7500 

24.0 0.1681 0.1838 0.2892 0.3352 0.2410 0.0587 7.2340 24.5024 968.7800 
 

* Dilution factor = 100 
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Table D.5  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme – ovalbumin  

       (Exp. No.2-2: 0lys,c = 25 mg/mL, 0,ovalC = 25 mg/mL, Temp. = 20 °C, 4% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.3600 0.3825 0.6535 0.7539 0.5630 0.1225 24.5602 24.6254 120.0000 

1.0 0.3346 0.3561 0.6054 0.6987 0.5206 0.1140 22.3152 24.4552 232.2500 

2.0 0.3119 0.3326 0.5622 0.6489 0.4823 0.1065 20.2269 24.5524 336.6650 

3.0 0.2909 0.3109 0.5223 0.6031 0.4470 0.0995 18.3256 24.5629 431.7300 

4.0 0.2731 0.2925 0.4884 0.5641 0.4170 0.0936 16.6985 24.6010 513.0850 

5.0 0.2565 0.2752 0.4571 0.5282 0.3895 0.0881 15.2638 24.3956 584.8200 

6.0 0.2472 0.2657 0.4393 0.5078 0.3737 0.0850 14.3658 24.5827 629.7200 

8.0 0.2296 0.2474 0.4059 0.4693 0.3441 0.0791 12.7895 24.5163 708.5350 

10.0 0.2129 0.2302 0.3741 0.4327 0.3160 0.0736 11.2526 24.5958 785.3800 

12.0 0.2000 0.2169 0.3498 0.4049 0.2946 0.0693 10.1254 24.4896 841.7400 

15.0 0.1906 0.2071 0.3318 0.3842 0.2787 0.0662 9.2658 24.4993 884.7200 

18.0 0.1780 0.1941 0.3081 0.3569 0.2577 0.0620 8.1365 24.4895 941.1850 

21.0 0.1707 0.1865 0.2940 0.3407 0.2452 0.0596 7.4569 24.5257 975.1650 

24.0 0.1686 0.1844 0.2901 0.3362 0.2418 0.0589 7.2598 24.5662 985.0200 
 

* Dilution factor = 100 
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Table D.6  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme - ovalbumin  

          (Exp. No.2-3: 0lys,c = 25 mg/mL, 0,ovalC = 25 mg/mL, Temp. = 20 °C, 4% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.3663 0.3891 0.6651 0.7673 0.5731 0.1246 25.0426 24.8896 120.0000 

1.0 0.3461 0.3682 0.6268 0.7233 0.5392 0.1179 23.2260 24.8594 210.8300 

2.0 0.3173 0.3384 0.5720 0.6603 0.4908 0.1084 20.5984 24.9215 342.2100 

3.0 0.2924 0.3127 0.5247 0.6059 0.4489 0.1001 18.3345 24.9564 455.4050 

4.0 0.2760 0.2957 0.4935 0.5701 0.4213 0.0946 16.8456 24.9703 529.8500 

5.0 0.2575 0.2765 0.4583 0.5296 0.3902 0.0885 15.1689 24.9665 613.6850 

6.0 0.2467 0.2653 0.4380 0.5063 0.3723 0.0849 14.2256 24.8746 660.8500 

8.0 0.2314 0.2495 0.4087 0.4726 0.3463 0.0798 12.7895 25.0256 732.6550 

10.0 0.2131 0.2306 0.3740 0.4327 0.3156 0.0737 11.1259 25.0548 815.8350 

12.0 0.2018 0.2189 0.3527 0.4082 0.2969 0.0700 10.1450 24.9264 864.8800 

15.0 0.1914 0.2081 0.3329 0.3855 0.2794 0.0665 9.1987 24.9385 912.1950 

18.0 0.1811 0.1975 0.3133 0.3630 0.2620 0.0631 8.2569 24.9762 959.2850 

21.0 0.1727 0.1887 0.2974 0.3447 0.2481 0.0603 7.5254 24.8812 995.8600 

24.0 0.1690 0.1850 0.2901 0.3363 0.2414 0.0591 7.1164 25.1002 1016.3100 
 

* Dilution factor = 100 
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Table D.7  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme - ovalbumin  

       (Exp. No.3-1: 0lys,c = 25 mg/mL, 0,ovalC = 50 mg/mL, Temp. = 20 °C, 4% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.4416 0.4769 0.7778 0.8997 0.6580 0.1525 23.8240 49.5540 120.0000 

1.0 0.4230 0.4577 0.7424 0.8590 0.6266 0.1464 22.1092 49.6524 205.7400 

2.0 0.3992 0.4331 0.6972 0.8070 0.5866 0.1384 19.9524 49.6672 313.5800 

3.0 0.3810 0.4143 0.6626 0.7673 0.5560 0.1324 18.3000 49.6823 396.2000 

4.0 0.3645 0.3972 0.6315 0.7315 0.5286 0.1269 16.8421 49.5842 469.0950 

5.0 0.3496 0.3817 0.6031 0.6989 0.5035 0.1219 15.5000 49.5534 536.2000 

6.0 0.3403 0.3721 0.5853 0.6784 0.4877 0.1188 14.6278 49.6342 579.8100 

8.0 0.3250 0.3564 0.5564 0.6452 0.4621 0.1138 13.2470 49.6455 648.8500 

10.0 0.3111 0.3420 0.5300 0.6148 0.4389 0.1092 12.0000 49.6101 711.2000 

12.0 0.3002 0.3307 0.5093 0.5910 0.4205 0.1055 11.0000 49.6528 761.2000 

15.0 0.2920 0.3222 0.4936 0.5731 0.4067 0.1028 10.2600 49.6374 798.2000 

18.0 0.2834 0.3133 0.4775 0.5545 0.3924 0.1000 9.5020 49.5920 836.1000 

21.0 0.2771 0.3068 0.4654 0.5406 0.3818 0.0979 8.9124 49.6520 865.5800 

24.0 0.2725 0.3020 0.4567 0.5306 0.3741 0.0963 8.5100 49.6000 885.7000 
 

* Dilution factor = 100 
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Table D.8  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme - ovalbumin  

       (Exp. No.3-2: 0lys,c = 25 mg/mL, 0,ovalC = 50 mg/mL, Temp. = 20 °C, 4% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.4504 0.4859 0.7951 0.9194 0.6734 0.1554 24.7526 49.1525 120.0000 

1.0 0.4316 0.4664 0.7592 0.8783 0.6417 0.1492 23.0256 49.2236 206.3500 

2.0 0.4056 0.4396 0.7098 0.8215 0.5980 0.1405 20.6540 49.2854 324.9300 

3.0 0.3880 0.4213 0.6766 0.7833 0.5687 0.1346 19.1200 49.1023 401.6300 

4.0 0.3700 0.4027 0.6426 0.7441 0.5387 0.1287 17.5123 49.0523 482.0150 

5.0 0.3558 0.3880 0.6155 0.7130 0.5147 0.1240 16.2015 49.1275 547.5550 

6.0 0.3449 0.3767 0.5946 0.6890 0.4962 0.1203 15.1856 49.2037 598.3500 

8.0 0.3331 0.3645 0.5722 0.6633 0.4764 0.1164 14.1257 49.1824 651.3450 

10.0 0.3229 0.3540 0.5529 0.6411 0.4594 0.1130 13.2105 49.1654 697.1050 

12.0 0.3109 0.3415 0.5301 0.6149 0.4392 0.1090 12.1203 49.1712 751.6150 

15.0 0.3007 0.3310 0.5109 0.5928 0.4223 0.1056 11.2254 49.0986 796.3600 

18.0 0.2909 0.3209 0.4923 0.5715 0.4058 0.1024 10.3356 49.1154 840.8500 

21.0 0.2823 0.3120 0.4758 0.5524 0.3912 0.0995 9.5241 49.2022 881.4250 

24.0 0.2760 0.3055 0.4639 0.5388 0.3807 0.0975 8.9552 49.2150 909.8700 
 

* Dilution factor = 100 
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Table D.9  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme – ovalbumin  

       (Exp. No.3-3: 0lys,c = 25 mg/mL, 0,ovalC = 50 mg/mL, Temp. = 20 °C, 4% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.4485 0.4841 0.7907 0.9144 0.6692 0.1548 24.3820 49.7525 120.0000 

1.0 0.4344 0.4695 0.7640 0.8837 0.6456 0.1501 23.1214 49.7068 183.0300 

2.0 0.4091 0.4433 0.7160 0.8286 0.6032 0.1417 20.8564 49.6254 296.2800 

3.0 0.3909 0.4245 0.6816 0.7891 0.5729 0.1357 19.2258 49.5989 377.8100 

4.0 0.3732 0.4062 0.6480 0.7504 0.5431 0.1298 17.6253 49.5898 457.8350 

5.0 0.3580 0.3905 0.6189 0.7171 0.5174 0.1247 16.2245 49.6582 527.8750 

6.0 0.3458 0.3779 0.5959 0.6905 0.4970 0.1207 15.1186 49.6825 583.1700 

8.0 0.3258 0.3571 0.5577 0.6467 0.4633 0.1140 13.2952 49.7015 674.3400 

10.0 0.3116 0.3425 0.5307 0.6156 0.4394 0.1093 12.0025 49.7234 738.9750 

12.0 0.3009 0.3314 0.5106 0.5925 0.4217 0.1058 11.0658 49.6413 785.8100 

15.0 0.2905 0.3207 0.4909 0.5699 0.4042 0.1023 10.1203 49.6643 833.0850 

18.0 0.2796 0.3094 0.4701 0.5460 0.3859 0.0987 9.1265 49.6838 882.7750 

21.0 0.2706 0.3000 0.4529 0.5262 0.3706 0.0957 8.3002 49.7022 924.0900 

24.0 0.2673 0.2966 0.4466 0.5190 0.3651 0.0946 8.0036 49.6991 938.9200 
 

* Dilution factor = 100  
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Table D.10  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme - ovalbumin  

         (Exp. No.4-1: 0lys,c = 20 mg/mL, 0,ovalC = 20 mg/mL, Temp. = 20 °C, 4% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.2893 0.3072 0.5254 0.6061 0.4528 0.0984 19.8206 19.5200 120.0000 

1.0 0.2750 0.2924 0.4984 0.5750 0.4289 0.0937 18.5502 19.4522 183.5200 

2.0 0.2619 0.2789 0.4735 0.5464 0.4069 0.0893 17.3544 19.4905 243.3100 

3.0 0.2487 0.2652 0.4486 0.5178 0.3850 0.0849 16.2087 19.3398 300.5950 

4.0 0.2390 0.2552 0.4301 0.4965 0.3685 0.0817 15.2946 19.4552 346.3000 

5.0 0.2281 0.2438 0.4094 0.4727 0.3503 0.0781 14.3258 19.3871 394.7400 

6.0 0.2173 0.2327 0.3888 0.4491 0.3320 0.0745 13.3145 19.5008 445.3050 

8.0 0.2073 0.2223 0.3699 0.4274 0.3154 0.0712 12.4428 19.3986 488.8900 

10.0 0.1972 0.2119 0.3507 0.4053 0.2984 0.0678 11.5126 19.4531 535.4000 

12.0 0.1873 0.2017 0.3319 0.3837 0.2818 0.0645 10.6245 19.4279 579.8050 

15.0 0.1753 0.1892 0.3090 0.3574 0.2615 0.0605 9.5240 19.4662 634.8300 

18.0 0.1663 0.1799 0.2921 0.3379 0.2466 0.0575 8.7335 19.4008 674.3550 

21.0 0.1571 0.1704 0.2743 0.3176 0.2308 0.0545 7.8590 19.5126 718.0800 

24.0 0.1487 0.1617 0.2586 0.2995 0.2170 0.0517 7.1453 19.3800 753.7650 
 

* Dilution factor = 100 
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Table D.11  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme - ovalbumin  

         (Exp. No.4-2: 0lys,c = 20 mg/mL, 0,ovalC = 20 mg/mL, Temp. = 20 °C, 4% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.2931 0.3110 0.5329 0.6147 0.4596 0.0996 20.2500 19.2528 120.0000 

1.0 0.2785 0.2959 0.5054 0.5830 0.4352 0.0948 18.9502 19.2026 184.9900 

2.0 0.2633 0.2802 0.4763 0.5497 0.4095 0.0897 17.5523 19.2524 254.8850 

3.0 0.2509 0.2674 0.4529 0.5227 0.3888 0.0856 16.4210 19.3025 311.4500 

4.0 0.2384 0.2545 0.4293 0.4956 0.3680 0.0815 15.3265 19.1895 366.1750 

5.0 0.2276 0.2433 0.4088 0.4720 0.3499 0.0779 14.3487 19.1956 415.0650 

6.0 0.2159 0.2312 0.3863 0.4462 0.3299 0.0740 13.2458 19.3125 470.2100 

8.0 0.2033 0.2182 0.3625 0.4189 0.3089 0.0698 12.1254 19.2687 526.2300 

10.0 0.1959 0.2104 0.3484 0.4026 0.2965 0.0673 11.4689 19.2050 559.0550 

12.0 0.1882 0.2024 0.3338 0.3859 0.2836 0.0648 10.7856 19.1682 593.2200 

15.0 0.1765 0.1904 0.3115 0.3603 0.2638 0.0609 9.6874 19.3021 648.1300 

18.0 0.1675 0.1810 0.2944 0.3406 0.2487 0.0579 8.8825 19.2558 688.3750 

21.0 0.1573 0.1705 0.2750 0.3183 0.2316 0.0545 7.9562 19.2743 734.6900 

24.0 0.1529 0.1660 0.2669 0.3089 0.2244 0.0531 7.5846 19.2100 753.2700 
 

* Dilution factor = 100 
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Table D.12  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme - ovalbumin  

         (Exp. No.4-3: 0lys,c = 20 mg/mL, 0,ovalC = 20 mg/mL, Temp. = 20 °C, 4% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.2931 0.3110 0.5329 0.6147 0.4596 0.0996 20.2500 19.8456 120.0000 

1.0 0.2785 0.2959 0.5054 0.5830 0.4352 0.0948 18.9502 19.8025 184.9900 

2.0 0.2633 0.2802 0.4763 0.5497 0.4095 0.0897 17.5523 19.7521 254.8850 

3.0 0.2509 0.2674 0.4529 0.5227 0.3888 0.0856 16.4210 19.7026 311.4500 

4.0 0.2384 0.2545 0.4293 0.4956 0.3680 0.0815 15.3265 19.7225 366.1750 

5.0 0.2276 0.2433 0.4088 0.4720 0.3499 0.0779 14.3487 19.7865 415.0650 

6.0 0.2159 0.2312 0.3863 0.4462 0.3299 0.0740 13.2458 19.8512 470.2100 

8.0 0.2033 0.2182 0.3625 0.4189 0.3089 0.0698 12.1254 19.8257 526.2300 

10.0 0.1959 0.2104 0.3484 0.4026 0.2965 0.0673 11.4689 19.7598 559.0550 

12.0 0.1882 0.2024 0.3338 0.3859 0.2836 0.0648 10.7856 19.7156 593.2200 

15.0 0.1765 0.1904 0.3115 0.3603 0.2638 0.0609 9.6874 19.6559 648.1300 

18.0 0.1675 0.1810 0.2944 0.3406 0.2487 0.0579 8.8825 19.6987 688.3750 

21.0 0.1573 0.1705 0.2750 0.3183 0.2316 0.0545 7.9562 19.7598 734.6900 

24.0 0.1529 0.1660 0.2669 0.3089 0.2244 0.0531 7.5846 19.8125 753.2700 
 

* Dilution factor = 100 
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Table D.13  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme – ovalbumin  

         (Exp. No.5-1: 0lys,c = 10 mg/mL, 0,ovalC = 10 mg/mL, Temp. = 10 °C, 4% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.1449 0.1538 0.2635 0.3040 0.2272 0.0493 10.0125 9.5214 120.0000 

1.0 0.1395 0.1481 0.2533 0.2922 0.2183 0.0474 9.5545 9.4126 142.9000 

2.0 0.1355 0.1441 0.2456 0.2834 0.2114 0.0461 9.1510 9.5512 163.0750 

3.0 0.1308 0.1392 0.2368 0.2732 0.2037 0.0446 8.7556 9.4587 182.8450 

4.0 0.1272 0.1354 0.2299 0.2654 0.1976 0.0434 8.4214 9.4862 199.5550 

5.0 0.1228 0.1309 0.2217 0.2559 0.1903 0.0419 8.0500 9.4057 218.1250 

6.0 0.1198 0.1278 0.2160 0.2493 0.1852 0.0409 7.7554 9.4872 232.8550 

8.0 0.1144 0.1222 0.2055 0.2373 0.1760 0.0391 7.2512 9.5126 258.0650 

10.0 0.1088 0.1165 0.1950 0.2253 0.1667 0.0373 6.7546 9.5024 282.8950 

12.0 0.1041 0.1116 0.1862 0.2151 0.1589 0.0357 6.3474 9.4462 303.2550 

15.0 0.0978 0.1050 0.1741 0.2012 0.1482 0.0336 5.7651 9.4703 332.3690 

18.0 0.0926 0.0997 0.1642 0.1898 0.1395 0.0319 5.2840 9.5126 356.4250 

21.0 0.0878 0.0947 0.1551 0.1793 0.1314 0.0303 4.8510 9.5024 378.0750 

24.0 0.0836 0.0904 0.1472 0.1703 0.1244 0.0289 4.4790 9.4857 396.6750 
 

* Dilution factor = 100   
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Table D.14  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme – ovalbumin  

         (Exp. No.5-2: 0lys,c = 10 mg/mL, 0,ovalC = 10 mg/mL, Temp. = 10 °C, 4% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.1428 0.1516 0.2595 0.2993 0.2237 0.0486 9.8200 9.7426 120.0000 

1.0 0.1370 0.1456 0.2486 0.2868 0.2142 0.0466 9.3322 9.6854 144.3900 

2.0 0.1327 0.1412 0.2403 0.2773 0.2067 0.0452 8.8974 9.7025 166.1300 

3.0 0.1275 0.1357 0.2305 0.2660 0.1981 0.0435 8.4560 9.6125 188.2000 

4.0 0.1237 0.1318 0.2233 0.2577 0.1917 0.0422 8.1054 .9.6548 205.7300 

5.0 0.1203 0.1283 0.2169 0.2503 0.1861 0.0411 7.8213 9.7516 219.9350 

6.0 0.1176 0.1255 0.2117 0.2444 0.1815 0.0402 7.5525 9.7423 233.3750 

8.0 0.1126 0.1204 0.2022 0.2335 0.1731 0.0385 7.0942 9.7015 256.2900 

10.0 0.1083 0.1159 0.1940 0.2241 0.1658 0.0371 6.7054 9.6429 275.7300 

12.0 0.1039 0.1113 0.1857 0.2145 0.1585 0.0356 6.3245 9.6052 294.7750 

15.0 0.0981 0.1053 0.1747 0.2019 0.1488 0.0337 5.7946 9.6378 321.2700 

18.0 0.0924 0.0994 0.1638 0.1893 0.1391 0.0318 5.2626 9.7125 347.8700 

21.0 0.0878 0.0947 0.1551 0.1794 0.1314 0.0303 4.8523 9.7029 368.3850 

24.0 0.0848 0.0916 0.1495 0.1729 0.1265 0.0293 4.5887 9.6282 381.5650 
 

* Dilution factor = 100 
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Table D.15  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme - ovalbumin  

         (Exp. No.5-3: 0lys,c = 10 mg/mL, 0,ovalC = 10 mg/mL, Temp. = 10 °C, 4% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.1432 0.1522 0.2599 0.2998 0.2239 0.0487 9.7512 9.8550 120.0000 

1.0 0.1393 0.1482 0.2523 0.2911 0.2171 0.0475 9.3524 9.9942 139.9400 

2.0 0.1353 0.1440 0.2447 0.2824 0.2104 0.0461 9.0026 9.9532 157.4300 

3.0 0.1314 0.1400 0.2373 0.2739 0.2038 0.0448 8.6512 9.9415 175.0000 

4.0 0.1264 0.1348 0.2279 0.2630 0.1955 0.0432 8.2024 9.9364 197.4400 

5.0 0.1223 0.1305 0.2202 0.2542 0.1887 0.0418 7.8556 9.8654 214.7800 

6.0 0.1185 0.1266 0.2128 0.2457 0.1822 0.0405 7.4996 9.8854 232.5800 

8.0 0.1130 0.1209 0.2024 0.2337 0.1730 0.0387 6.9913 9.9247 257.9950 

10.0 0.1089 0.1167 0.1945 0.2247 0.1660 0.0373 6.6058 9.9624 277.2700 

12.0 0.1044 0.1121 0.1861 0.2151 0.1586 0.0359 6.2089 9.9545 297.1150 

15.0 0.0989 0.1064 0.1757 0.2030 0.1493 0.0340 5.7123 9.9468 321.9450 

18.0 0.0947 0.1019 0.1676 0.1938 0.1423 0.0326 5.3458 9.8856 340.2700 

21.0 0.0902 0.0974 0.1593 0.1842 0.1349 0.0311 4.9512 9.8712 360.0000 

24.0 0.0871 0.0941 0.1532 0.1773 0.1295 0.0301 4.6589 9.8925 374.6150 
 

* Dilution factor = 100 
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Table D.16  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme - ovalbumin  

         (Exp. No.6-1: 0lys,c = 30 mg/mL, 0,ovalC = 30 mg/mL, Temp. = 20 °C, 3% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.4382 0.4652 0.7962 0.9185 0.6863 0.1490 30.1254 29.2450 120.0000 

1.0 0.4267 0.4533 0.7746 0.8937 0.6673 0.1452 29.1200 29.1586 170.2700 

2.0 0.4169 0.4432 0.7559 0.8722 0.6507 0.1420 28.2103 29.2257 215.7550 

3.0 0.4069 0.4329 0.7369 0.8503 0.6339 0.1386 27.3040 29.2329 261.0700 

4.0 0.3974 0.4230 0.7188 0.8295 0.6179 0.1355 26.4426 29.2251 304.1400 

5.0 0.3873 0.4126 0.6997 0.8075 0.6010 0.1321 25.5321 29.2208 349.6650 

6.0 0.3765 0.4014 0.6790 0.7837 0.5827 0.1285 24.5241 29.3012 400.0650 

8.0 0.3568 0.3810 0.6418 0.7410 0.5499 0.1220 22.7800 29.1958 487.2700 

10.0 0.3393 0.3629 0.6085 0.7027 0.5204 0.1162 21.1844 29.2256 567.0500 

12.0 0.3246 0.3476 0.5805 0.6706 0.4957 0.1113 19.8548 29.2205 633.5300 

15.0 0.3076 0.3300 0.5482 0.6334 0.4671 0.1056 18.3154 29.2198 710.5000 

18.0 0.2924 0.3143 0.5194 0.6003 0.4417 0.1006 16.9432 29.2195 779.1100 

21.0 0.2809 0.3024 0.4975 0.5752 0.4223 0.0967 15.8987 29.2256 831.3350 

24.0 0.2724 0.2936 0.4814 0.5567 0.4081 0.0939 15.1295 29.2301 869.7950 
 

* Dilution factor = 50  
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Table D.17  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme - ovalbumin  

         (Exp. No.6-2: 0lys,c = 30 mg/mL, 0,ovalC = 30 mg/mL, Temp. = 20 °C, 3% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.4350 0.4620 0.7899 0.9112 0.6806 0.1480 29.7540 29.5024 120.0000 

1.0 0.4274 0.4542 0.7755 0.8947 0.6678 0.1455 29.0548 29.5526 154.9600 

2.0 0.4171 0.4435 0.7558 0.8720 0.6504 0.1421 28.1024 29.6014 202.5800 

3.0 0.4075 0.4336 0.7375 0.8510 0.6342 0.1389 27.2256 29.6250 246.4200 

4.0 0.3994 0.4252 0.7223 0.8335 0.6208 0.1362 26.5126 29.5784 282.0700 

5.0 0.3898 0.4152 0.7039 0.8124 0.6046 0.1330 25.6423 29.5628 325.5850 

6.0 0.3807 0.4058 0.6866 0.7925 0.5892 0.1299 24.8120 29.5813 367.1000 

8.0 0.3632 0.3877 0.6534 0.7543 0.5599 0.1241 23.2245 29.6005 446.4750 

10.0 0.3444 0.3683 0.6178 0.7135 0.5285 0.1179 21.5468 29.5429 530.3600 

12.0 0.3259 0.3491 0.5826 0.6730 0.4973 0.1117 19.8540 29.5861 615.0000 

15.0 0.2992 0.3215 0.5318 0.6146 0.4524 0.1029 17.4256 29.6236 736.4200 

18.0 0.2823 0.3041 0.4998 0.5778 0.4241 0.0973 15.9025 29.6145 812.5750 

21.0 0.2723 0.2937 0.4808 0.5560 0.4073 0.0939 15.0012 29.6025 857.6400 

24.0 0.2641 0.2852 0.4652 0.5381 0.3936 0.0912 14.2654 29.5784 894.4300 
 

* Dilution factor = 50  
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Table D.18  Concentration measurement and calculation in total mass of crystal. Batch crystallization of mixed lysozyme - ovalbumin  

         (Exp. No.6-3: 0lys,c = 30 mg/mL, 0,ovalC = 30 mg/mL, Temp. = 20 °C, 3% NaCl, pH 5.0). 

Time (hr) 
Absorbance 

lysC  (mg/mL) 
ovalC  (mg/mL) crystm  (mg) 

A250 A260 A270 A280 A290 A300 

0.0 0.4300 0.4569 0.7802 0.9001 0.6719 0.1463 29.2526 29.6524 120.0000 

1.0 0.4191 0.4456 0.7594 0.8762 0.6535 0.1427 28.2520 29.6874 170.0300 

2.0 0.4064 0.4325 0.7354 0.8486 0.6324 0.1385 27.1200 29.6514 226.6300 

3.0 0.3954 0.4211 0.7145 0.8246 0.6138 0.1349 26.1103 29.6923 277.1150 

4.0 0.3846 0.4099 0.6940 0.8010 0.5957 0.1313 25.1456 29.6518 325.3500 

5.0 0.3742 0.3991 0.6744 0.7785 0.5784 0.1278 24.2356 29.5587 370.8500 

6.0 0.3650 0.3896 0.6570 0.7585 0.5631 0.1248 23.4060 29.5613 412.3300 

8.0 0.3488 0.3729 0.6263 0.7232 0.5359 0.1194 21.9520 29.5248 485.0300 

10.0 0.3378 0.3614 0.6053 0.6990 0.5174 0.1157 20.9564 29.5069 534.8100 

12.0 0.3283 0.3517 0.5869 0.6779 0.5010 0.1126 20.0042 29.7895 582.4200 

15.0 0.3126 0.3355 0.5571 0.6437 0.4746 0.1074 18.5640 29.8654 654.4300 

18.0 0.3000 0.3224 0.5332 0.6162 0.4535 0.1031 17.4589 29.7423 709.6850 

21.0 0.2885 0.3105 0.5115 0.5913 0.4344 0.0993 16.4326 29.7151 761.0000 

24.0 0.2784 0.3001 0.4924 0.5693 0.4175 0.0960 15.5246 29.7016 806.4000 
 

* Dilution factor = 50                                                                                                                               
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