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The primary purpose of this study was to try to (1) provide information on the 

chemical nature, including turbidity formation, of polygalacturonic acid in different 

concentrations of NaCl solution. (2) use turbidity formation characteristics to 

develop an assay for determining the activities polygalacturonic acid depolymerases 

by using a polyelectrolyte. (3) provide information on the chemical nature, including 

protein aggregation, of egg albumen in different temperatures of incubation. (4) 

develop a series of egg experiment to demonstrate the chemical nature of eggs.  

 

The initial phase of the study tested the solubility characteristics of polygalacturonic 

acid in different NaCl concentrations and different temperature incubations, in order 

to find the optimum incubation temperature and NaCl concentration which form the 

turbidity suitable for activity determination of polygalacturonic acid depolymerases. 

The results demonstrate that the commercial polygalacturonic acid product tested has 

the stable turbidity formation when incubation temperature is 60oC and higher, and 

has the critical turbidity concentration of 0.25M NaCl which needs more time to 

form a stable turbidity.  This observation has the potential to develop a new turbidity 

assay to determine the activity for polygalacturonic acid depolymerase.  

 

To develop another turbidity assay for polygalacturonic acid depolymerase, 

poly(diallyldimethylammonium chloride) (PDADMAC) is used as the polycation to 

react with the polygalacturonic acid. The flocculation will form a quantitatively 



 
 
 

 

determinable turbidity which is proportional to the polygalacturonic acid 

concentration.  The assay developed has been successfully used for the comparison 

of fresh tomato and molded tomato polygalacturonic acid depolymerase activities 

and can be used for quality control laboratories to monitor polygalacturonic acid 

depolymerase activities.  

 

Egg white protein behavior in different NaCl concentrations and different incubation 

temperatures as studied in the present study, is important for different egg products. 

The results revealed that high NaCl concentrations (2M and higher) stabilize the 

major protein of egg white – ovalbumin. This will provide additional basic protein 

information to the egg industries.  
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SALT AND POLYELECTROLYTE AFFECT ON FOOD 
COLLOID FUNCTION – POLYGALACTURONIC ACID AND 
EGG ALBUMEN CASE STUDIES  
 
 
Chapter 1 
 
 
General Introduction 
 
 
Colloidal dispersions, or colloids, are defined as “mixtures containing particles 

larger than normal solutes but small enough to remain suspended in the dispersing 

medium” (Brown et al., 1991). The particles range in diameter from approximately 

1 -1000 nm (Brown et al., 1991; Walstra, 1996).  Colloids can be gases, liquids or 

solids, the examples and colloids are listed in table 1.1(Brown et al., 1991). 

 

The most important food colloids are those for which the dispersing medium is 

water (Brown et al., 1991). These colloids have a specific name called 

hydrocolloids. Hydrocolloid stability in water with ions becomes one of the 

focused research topics for colloid research. Usually, colloids can be stabilized by 

adsorption of ions on their surface, these adsorbed ions stabilize the colloids when 

adsorbed ions interact with water (Brown et al., 1991).       

 

Food colloids now have become an important subject of food science. The food 

scientists are concerned with different multi-phase food colloidal systems (e.g. 

dispersions, emulsions, foams, and gels) from structural, chemical, physical or 

dynamical aspects to get better understanding of food colloids. The main 

components of food colloids are proteins, lipids, and polysaccharides (Dickson and 

Bergenstahl, 1997). Most food colloids are hydrocolloids.  

 

If one considers how food hydrocolloids interact with ions, he/she is usually 

considering NaCl. NaCl, also known as table salt, is a common ingredient of food. 
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“NaCl is a cubic white crystal. One gram dissolves in 2.8 mL water at 25oC, in 

2.6mL of boiling water, and is also an essential nutrient factor.” (Budavari et al, 

1989). Due to the necessities of understanding the interactions of the ingredients in 

food systems, many studies have been done on different hydrocolloid behaviors in 

NaCl solutions by food scientists. The examples of food colloids in the present 

study are polygalacturonic acids (main backbone structure of pectins) and egg 

albumen.  

 

Polygalacturonic acids are polymers of D-galacturonic acid, know as 

homogalacturonans.  The D-galacturonic acid units are in a linear chain, α-(1 4)-

linked (BeMiller, 1986). Pectins are polygalacturonic acids with varying degrees 

of esterification of the acid groups are with methanol.    

 

Pectins are typically the most abundant polymers in the primary cell walls and 

intercellular spaces of fruits (Willats et al, 2001).  Their function appears to be to 

maintain the integrity and rigidity of cell walls, to enhance water retention, and to 

act as an adhesive between cells (Schols and Voragen, 2002).  When fruits are 

pureed via industrial processes the pectic polymers provide body, due to their 

viscogenic nature and their ability to form gels under various conditions.  These 

latter attributes are what makes the pectins stabilizers, providing body, in many 

fruit puree products. Changes to the structure of pectins, such as depolymerization 

or de-esterification, are expected to change their viscogenic, gel-forming and 

water-holding properties (Todisco et al., 1994).  

 

Egg albumen can be considered a protein system composed of egg white proteins, 

water and carbohydrates. The egg white proteins include five main proteins 

(ovalbumin, ovotransferrin, ovomucoid, ovomucin, and lysozymes) and other 

minor proteins. Egg albumen is a good model food system to demonstrate colloidal 

characteristics such as coagulating, foaming and emulsifying.  
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The present study focuses on two food colloids as model systems. The study 

attempts to get a better understanding about how food colloids react with different 

ions under different temperature treatments.  

 

Chapter 2 is focused on polygalacturonic acid reactions in different NaCl 

concentrations and different temperature treatments. The solubility (or turbidity) is 

measured over these conditions and trying to find the maximum turbidity 

conditions for which a turbidity assay for determining polygalacturonic acid 

depolymerase.   

 

Chapter 3 is an extended assay development process of polygalacturonic acid 

depolymerase activities by using a polyelectrolyte – 

poly(diallyldimethylammonium chloride) (PDADMAC). This turbidity assay is 

more sensitive than that based on NaCl, it needs less material and is more rapid. 

The success of this assay development will help quality control laboratories to 

monitor fruit and vegetable products’ polygalacturonic acid depolymerase 

activities.    

 

Chapter 4 concerns the aggregation behavior of egg albumen in different NaCl and 

temperature treatments. Due to the different denaturing temperatures of egg white 

proteins, the protein concentration remained in solutions was decreased with the 

temperature increasing. However, an exception happened when egg albumen is 

dissolved in high NaCl concentrations, the protein concentration was increasing in 

certain temperatures. This result suggests that high NaCl stabilized one specific 

egg white protein – ovalbumin.   
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Phase of 

colloid 

Dispersing 

(Solvent-like) 

Substance 

Dispersed 

(Solute-like) 

Substance 

Colloid type Example 

Gas Gas Gas - None (all are 

solutions) 

Gas Gas Liquid Aerosol Fog 

Gas Gas Solid Aerosol Smoke 

Liquid Liquid Gas Foam Whipped 

cream 

Liquid Liquid Liquid Emulsion Milk 

Liquid Liquid Solid Sol Paint 

Solid Solid Gas Solid foam Marshmallow 

Solid Solid Liquid Solid 

emulsion 

Butter 

Solid Solid Solid Solid sol Ruby glass 

Table 1.1 Types of colloids (Brown et al., 1991) 
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Chapter 2 

Salt and temperature effects on solution behavior of different degrees of 
polymerization low-methoxy polygalacturonic acid 
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2.1 ABSTRACT 

Polygalacturonic acid (PGA) is a functional macromolecular component of many food 

and beverage systems.  The solution behavior of PGA is dependent on its chemical 

composition (degree of polymerization, degree of methylation, etc.) and environment.  

This behavior is particularly important with respect to the pectins in beverage products.  

In this study we have systematically analyzed the effect of temperature and salt (NaCl) on 

the solution behavior of low-methoxy PGA preparations.  Our objective was to generate 

profiles correlating salt and temperature environments with the solubility and turbidity of 

aqueous low-methoxy PGA solutions/suspensions, thus leading to a better understanding 

of how these common factors impact the solution behavior of PGA. Commercial PGA 

and polygalacturonase preparations were used as starting materials for fractionation and 

analysis and for PGA processing, respectively.  Experiments investigated the effect of 

salt concentrations to 2.5 M, PGA concentrations to 0.1%, and temperatures from 0 to 

100oC.  Solubility was determined by a reducing sugar assay (BCA assay), following 

centrifugation and turbidity via absorbance at 600 nm. Interrelationships between 

experimental parameters were complex.  Precipitates yielding maximum turbidities were 

favored at salt concentrations in the 0.5 to 1.0 M range and temperatures ≥ 60oC.  

Mixtures outside these parameters yielded solutions and/or translucent gels.  Solution 

phase polygalacturonic acid was not a consistent predictor of relative turbidity.  

Polygalacturonase treatments prior to salt-induced precipitation demonstrated a non-

linear relationship between degree of polymerization and relative turbidity.  These results 

may be rationalized, in part, in terms of ion shielding. These results will be helpful in 

predicting the behavior of low-methoxy PGA-containing beverages, particularly with 

respect to precipitate, cloud and haze formation.  The results also provide useful insight 

with respect to the use of defined, aqueous, PGA systems for the analysis of pectin 

depolymerase enzymes and have the potential to develop an enzyme assay.  
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2.2 INTRODUCTION 
 

Pectins are a group of non-starch polysaccharides found in the primary cell walls and 

intercellular regions of higher plants.  They can be extracted with relatively mild aqueous 

solvents (such as mildly acidic or basic and/or chelator containing water). The major 

components of pectin are polymers of D-galacturonic acid, know as homogalacturonans.  

The D-galacturonic acid units are in a linear chain, α-(1 4)-linked, in which varying 

proportions of the acid groups are esterified with methanol. A key feature of the pectin 

molecules is the presence of a linear chain of (1 4)-linked –D-galactopuranosyluronic 

acid units (BeMiller, 1986). Pectic substrates, such as pectin and polygalacturonic acid, 

are widely contained in several fruits and vegetables. Changes to the structure of pectins, 

such as depolymerization or de-esterification, are expected to change their viscogenic, 

gel-forming and water-holding properties. 

 

Polygalacturonic acid (PGA), also know as low methoxy pectin, or low degree 

methoxylation pectin. The crystallinity of polygalacturonic acids has been studied.   

Rigby et al. (2000) fractionated the oligogalacturonic acids, tested the crystallinity and 

found that obtaining the crystalline precipitate was in the order Na+>K+>>Ca2+. However, 

there was no research article that talked about polygalacturonic acid precipitation or 

gelling properties during different temperatures and different salt concentrations. This 

kind of research is important because polygalacturonic acid is an important ingredient of 

fruit puree, juice, wine and beer. The precipitation will influence the cloudiness, haze of 

such beverages.  

 

Pectin degrading enzymes are produced by plants and microorganisms.  The major 

depolymerase enzymes, i.e. those that split the α-(1 4)-glycosidic linkages in the 

backbone of the homogalacturonans, are polygalacturonase (PG) and pectic lyase (PL).  

The other major pectic enzyme is pectinesterase (PE).  PE catalyzes the removal, via 

hydrolysis, of methoxy groups from methylated pectic substances.  Other pectin enzymes 
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include rhamnogalacturonase and rhamnogalacturonan lyase, both of which act on the 

highly branched rhamnogalacturonan regions of the pectin polymer; β-galactosidases and 

α-arabinosideases that act on galactan/arabinan or arabinogalactan side chains.  (Tucker 

and Seymour, 2002). Methods for the measurement of depolymerase activity typically 

fall into one of three categories - reducing sugar assays, viscosity-based assays and 

turbidity assays.  

 

Low methoxy-pectins are known to precipitate and/or gel in the presence of divalent 

cations (gel strength Mg2+ << Ca+2, Sr+2 < Ba+2), at low pH, and in the presence of 80% 

ethanol (Chaplin, 2002).  Our preliminary studies have shown that we can also precipitate 

sodium pectate with high concentrations of NaCl. For example, a solution of 0.4% 

polygalacturonic acid in 20mM sodium acetate, at pH 5, yields a precipitate when mixed 

with an equal volume of 1.0 M NaCl at room temperature. In order to obtain a better 

understanding about polygalacturonic acid in different conditions to help fruit and 

vegetable processing industries. The present study was focused on the behavior of PGA 

in different NaCl concentration and temperature conditions for different precipitation 

formation, trying to find the maximum flocculation of precipitation conditions, 

determining the relationship between turbidity and different degrees of polymerization of 

PGA when treated by PG, and improving the understanding of PGA behavior.  
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2.3 MATERIAL AND METHODS 
 

Materials 

NaHCO3, Na2CO3 and NaOH were purchased from Mallinckrodt (Phillipsburg, 

NJ); bicinchoninic acid from Pierce (Rockford, IL); acetic acid from Fisher Scientific 

(Pittsburgh, PA).  All other chemicals were from Sigma-Aldrich  (St. Louis, MO), 

including the following specific products: CuSO4·5H2O, NaN3, polygalacturonase (from 

Aspergillus japanicus; product P-3304), polygalacturonic acid (P-3889), and D-

Galalcturonic acid, monohydrate (G-2125). 

 

PGA/NaCl temperature turbidity profile To 2.0 mL aliquots of 0.1% PGA in 

buffer (final composition: 50mM acetic acid with 0.01% NaN3, pH 5) was added 2 mL 

aliquots 2M NaCl solution which was 10 minutes pre-incubated in target temperature 

water bath.  Incubation temperatures were 0, 20, 40, 60, 80, and 100oC.  After NaCl was 

added, tubes were incubated 10 more minutes. Final PGA concentration was 0.05% PGA 

with buffer in 0.5 M NaCl solution. After 10 minutes of incubation, the incubation tubes 

were into 20oC water bath for 30 minutes, and then test the turbidity by reading the 

absorbance at 600 nm.      

 

PGA/NaCl turbidity profile  (PGA concentration changes) To 2.0 mL aliquots of 

different concentrations of PGA in buffer (final composition: 50mM acetic acid with 

0.01% NaN3, pH 5) was added 2 mL aliquots of 2 M NaCl solution which was 10 

minutes pre-incubated in 60oC water bath.  PGA concentrations were 0, 0.01, 0.02, 0.03, 

0.04, 0.05, 0.06, 0.07, 0.08, 0.09 and 0.1 %. After NaCl was added, tubes were incubated 

10 more minutes. Final PGA concentration was 0 - 0.05% PGA with buffer in 1 M NaCl 

solution. After 10 minutes of incubation, the incubation tubes were into 20oC water bath 

for 30 minutes, and then test the turbidity by reading the absorbance at 600 nm.      
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PGA/NaCl turbidity profile  (NaCl concentration changes) To 2.0 mL aliquots 

of 0.1% PGA in buffer (final composition: 50mM acetic acid with 0.01% NaN3, pH 5) 

was added 2 mL aliquots of different concentrations of NaCl solution which was 10 

minutes pre-incubated in 60oC water bath.  NaCl concentrations were 0, 0.5, 1.0, 1.5, 2.0, 

2.5, 3.0, 4.0, 4.5, and 5.0 M. After NaCl was added, tubes were incubated 10 more 

minutes. Final PGA concentration was 0.05% PGA with buffer in 0 - 2.5 M NaCl 

solution. After 10 minutes of incubation, the incubation tubes were into 20oC water bath 

for 30 minutes, and then test the turbidity by reading the absorbance at 600 nm. NaCl 

concentrations between 0 – 1.0 M were tested every 0.1 M concentration intervals.     

 

PGA/NaCl turbidity profile  (time series changes observation) To 2.0 mL 

aliquots of 0.1% PGA in buffer (final composition: 50mM acetic acid with 0.01% NaN3, 

pH 5) was added 2 mL aliquots of 0.5 M NaCl solution which was 10 minutes pre-

incubated in 60oC water bath. After NaCl was added, tubes were incubated 10 more 

minutes. Final PGA concentration was 0.05% PGA with buffer in 0.5 M NaCl solution. 

After 10 minutes of incubation, the incubation tubes were into 20oC water bath for 30 

minutes, and then test the turbidity by reading the absorbance at 600 nm. The turbidity of 

the same tubes were measured at 0.5, 2, 3, 4, 6, 8 and 96 hours. The control concentration 

was using 2.0 mL aliquots of 0.1% PGA in buffer (final composition: 50mM acetic acid 

with 0.01% NaN3, pH 5) was added 2 mL aliquots of 2.0 M NaCl solution which was 10 

minutes pre-incubated in 60oC water bath. 

 

Reducing Sugar-based enzyme assay.  The reaction conditions were the same as 

that described for the “recommended” assay with the exception that after terminating the 

reaction the extent of hydrolysis was determined using the reducing sugar assay as 

described by Kongruang and Penner (2005). Pipette 1ml of turbid suspension, centrifuge 

at 10,000 G for 10 minutes at room temperature, and take the supernatant for determining 

reducing sugar content by BCA assay. Standard curve was made by measuring the 

reducing end of galacturonic acid in dilute buffer. 
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Turbidity and reducing sugar relationship profile 200 mL of 0.2% PGA solution 

and 100 mL of 0.5 M NaCl were mixed well in a 500 mL Erlenmeyer flask, pre-incubate 

in a 40oC water bath for 10 minutes, and then add 300 μL of 100 fold dilution PG. 

Subtract 4mL into a 13 x 100 mm tube (3 replicates) each 10 minutes, simmer the tubes 

in a 100 mL water bath for 10 minutes to terminate the enzyme reaction. For each 

replicate of 4 mL PGA solution, 3 mL was adding 1 mL of 4 M NaCl during incubation 

and 1 mL was subtracted into another tube for BCA assay.   
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2.4 RESULTS 

 

PGA/NaCl temperature turbidity profile  The temperature dependent PGA curve was 

shown as fig. 2.1. The turbidities of 60oC, 80oC and 100oC were almost no 

differences. The solubilities of polygalacturonic acid in 0.1% PGA-NaCl supernatant 

at different temperatures were also no differences. Based on this result, we proposed 

that every experiment will be performed at 60oC water bath incubation because PGA 

in this temperature could reach relatively large turbidity which can be differentiated 

by spectrophotometer.  

 

PGA/NaCl turbidity profile  (PGA concentration changes) The concentration of 

PGA vs. turbidity curve was presented as fig. 2.2.Generally speaking, there was an 

increasing of turbidities when the PGA concentrations increased. The reducing sugar 

showed a good linearity; however, the turbidity was linear when PGA concentration 

was in between 0.01% to 0.07%).  

 

PGA/NaCl turbidity profile (NaCl concentration changes) The turbidity and 

reducing sugar curves of PGA in different NaCl concentrations were present as fig. 

2.3. The curve of turbidity of PGA in different concentrations of NaCl was bell-

shaped. In the lower NaCl concentration (0.25M final concentration), PGA was 

soluble, and if NaCl final concentration was higher than 0.25 M, PGA was 

precipitated. However, the turbidity curved showed that turbidity had a maximum 

value between NaCl final concentrations of 0.5 - 1.0 M. This result indicated that 

NaCl concentration, or the ionic strength, was highly related to the absorbance of 

NaCl-PGA precipitation. Furthermore, one data point (final concentration was 0.05% 

PGA in 0.25 M NaCl) was different when 30 minutes test after adding NaCl was 

compared to from test after 4 days (figure 2.4.1 and 2.4.2). For those NaCl 

concentrations higher than 0.25M, the turbidity formation was very fast. This result 

led to more detailed experiments.    
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PGA/NaCl turbidity profile (time series changes observation) The turbidity 

formation of PGA and 0.25 M NaCl were shown in fig.2.5.1. Compared to the time 

series changing profile of 1 M NaCl (fig 2.5.2), 0.25 M NaCl concentration, which 

would cause PGA precipitate, was much slower than the other precipitation formation 

concentration. This result indicated that 0.25 M was a critical concentration which 

caused 0.1% PGA form precipitation at 60oC.  

 

Turbidity and reducing sugar relationship profile The results of turbidity vs. 

reducing sugar from the same experiment were shown in figure 2.6. The turbidity 

profile showed that the curve of turbidity was not linear until the reducing sugar level 

reached to ~ 800 nmol /mL. When reducing sugar in solution was ~ 400 nmol /mL, 

the turbidity reading reached the maximum.  
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2.5 DISCUSSIONS 
Fruit puree and juice are complicate food systems which contain a lot of different 

materials. The present study is trying to direct two general materials of the food system – 

pectin and table salt. These two materials are general ingredients in a lot of different 

foods such as tomato ketchup, chili sauce, salsa, pickled cucumber and pickle relish. 

Knowing the changes between NaCl and PGA will provide the basic information of these 

complicated food systems. The basic information we generate would also help to predict 

the changes in food for heat processing and pasteurization. In other words, the present 

study is trying to simples complicate food systems to an easy model system for 

determining the conditions of different pectins under different ionic strengths. The 

knowledge we generated may also help us to develop a simple method to test PGA 

depolymerase activities in different foods. 

 

NaCl and PGA will form different forms of precipitations at different temperatures. The 

present study proved that the only temperatures influence the precipitation formation, not 

the solubility of NaCl and PGA. NaCl and PGA would form gel about at between 0 –

40oC, and form flocculated precipitation after 60oC. The gel-precipitation form was 

irreversible transformation. Ni and Yates (2001) reported a polygalacturonic acid 

(CR1013) formed a reversible sodium gel at lower temperature (about 4oC) in the 

presence of 0.15 M NaCl. Compared to the results in the present study, the gel we 

obtained was not reversible when the temperature was increasing.  

 

The critical NaCl concentration for PGA-NaCl flocculated precipitation, formed at 60oC, 

was 0.25M. The experimental replications varied with the precipitation-formed time. 

However, the slowest took more than 8 hours to form a precipitation. Compared to the 

NaCl 1M precipitation kinetic curve, the shapes were similar, but the time spent for the 

precipitation formed was much shorter (within 1 minute).   
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PGA-NaCl precipitations have different absorption during the different NaCl 

concentrations. The maximum absorbance at 600nm happened at NaCl concentrations 

between 0.5-1.0M. With the NaCl concentration increasing, the absorbance was 

decreasing. However, the solubilities of PGA would still be the same. The absorbance 

changes by the NaCl concentration increase might be caused by ion shielding.  

 

In order to know the degree of polymerization related to the absorbance of NaCl-PGA 

precipitation, polygalacturonase was used for partial hydrolysis and followed by the same 

precipitation experiment of different concentration of PGA. The experiment profile was 

shown as figure 2.6.1 and 2.6.2.  The reducing sugar assay indicated that the 

polygalacturonic acid was hydrolyzed. However, the absorbance changing profile was not 

linear. This result may help us to develop an enzyme assay for determining the activity of 

polygalacturonase, pectinase. However, pretreatment is necessary to get rid of the hump 

of the previous conditions. For the acid hydrolyzed PGA is able to get rid of the hump. 

Unfortunately, there is an unexpected side effect when we were trying to partially 

hydrolyze PGA in hydrochloric acid or sulfuric acid – acids react with PGA and 

generated yellow-brownish compound(s) which interfere the absorbance reading.  

 

Harel and Mayer (1970) reported a turbidity curve of commercial pectin to test fungal 

pectate lyase activity by using a turbidity assay (Avigad and Milner, 1967). They also 

found an initial rise in turbidity, which were analogous to our turbidity profile. They 

reported to eliminate the initial hump by exposing the solution of commercial pectin to 

alkaline hydrolysis the partially esterified compounds at pH 10.5. These results provide a 

lightening suggestion of our further experimental designs, but may or may not work 

because we use commercial polygalacturonic acid which did not contained esterified 

compounds much as those of commercial pectins.   

 

Further experiments such as hydrolyze polygalacturonic acid in alkaline pH, determining 

the degrees of polymerization during the hydrolyzing steps of PGA need to be 

investigated. Moreover, additional parameters could also be introduced into the related 
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research such as adding sugar, changing pH and high pressure treatments. These 

investigations will help the fruit and vegetable industries to make better quality products.  
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2.6 CONCLUSIONS 
A descriptive study of the effect of temperature and sodium chloride on the solution of 

polygalacturonic acid is presented. The modeling system directs two main ingredients of 

fruit and vegetable based products – sodium chloride and polygalacturonic acid. There 

was no published data on this subject before. The precipitation behavior of PGA in NaCl 

solution will happen at final NaCl concentrations over 0.25 M and temperatures over 60 
oC. Further studies need to be done by bringing more parameters into the experiments.  

The results from the present study may help us to predict PGA precipitation, cloudiness, 

and haze formation in fruit and vegetable products, beverages, wines or beers.  
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Fig 2.1. Effect of temperatures to NaCl/polygalacturonic acid (PGA) on the turbidity  and 
reducing sugar of 0.05% PGA, 1M NaCl solutions. ( ◆, turbidity, ABS at 600 nm; ◇, 
reducing sugar amount, nmol/mL)  
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Fig 2.2. Effect of PGA concentration to NaCl/PGA on the turbidity and reducing sugar of 
PGA, NaCl solutions. NaCl/PGA ratio was 0.05%PGA/1M NaCl. ( ◆, turbidity, ABS at 

600 nm; ◇, reducing sugar amount, nmol/mL)  
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Fig 2.3. Effect of NaCl concentration to NaCl/PGA on the turbidity and reducing sugar of 
0.05% PGA solutions. ( ◆, turbidity, ABS at 600 nm; ◇, reducing sugar amount, 
nmol/mL). The turbidity profile is bell-shaped, and before 0.05% PGA, 0.25 M NaCl 
concentration, PGA will not form precipitation.    
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Fig 2.4.1  Effect of time to NaCl/PGA on the turbidity and reducing sugar of 0.05% 
PGA solutions. ( ◆, turbidity after 30 minutes ◇, turbidity after 96 hours). The 
difference of turbidity at different time of measurement was happened when 
final concentration was 0.05% PGA 0.25M NaCl)     
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Fig 2.4.2  Effect of time to NaCl/PGA on the turbidity and reducing sugar of 0.05% 
PGA solutions. ( ◆, turbidity after 30 minutes ◇, turbidity after 96 hours). The 
difference of turbidity at different time of measurement was happened around 
final concentration was 0.05% PGA, and final NaCl concentrations was 
between 0.20 – 0.30 M, especially when final concentration was 0.05% PGA 
0.25M NaCl)     
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Fig. 2.5.1 0.05% PGA, 0.25 M NaCl concentration turbidity formation time series 
curve. 0.5 - 96 hours after precipitation formed.  
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Fig. 2.5.2 0.05% PGA, 1.0 M NaCl concentration time series curve, ABS at 600nm, 
60seconds after precipitation formed. 
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Fig 2.6 0.1% PGA time dependent turbidity and reducing sugar 
curves (0.1% PGA was treated by polygalacturonase)  
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3.1 ABSTRACT 
 

 

A relatively safe, technically simple, and inexpensive discontinuous turbidity assay 

for qualitative and/or quantitative assessments of polygalacturonic acid 

depolymerase activity is presented.  The enzyme reaction is initiated by the 

addition of enzyme preparation to a reaction mixture containing 0.02% 

polygalacturonic acid (PGA) in acetate buffer.  The progress of the reaction is 

monitored by terminating aliquots of the reaction mixture (via heat treatment at 

appropriate times), subsequently adding poly(diallyldimethylammonium 

chloride)(PDADMAC) for turbidity development (approximately 30 minutes), and 

then measuring the turbidity (typically at 420 nm) of the resulting PGA-

PDADMAC complex-containing solution.  PGA-depolymerase activity causes a 

decrease in the observed turbidity of PGA/PDADMAC-containing solutions 

because the stability of the interpolyelectrolyte PGA-PDADMAC complex is a 

function of the degree of polymerization of the PGA.  The rate of turbidity change 

is herein shown to be proportional to a relatively wide range of enzyme 

concentrations.  The assay is demonstrated using a commercial pectinase 

preparation and tomato fruit extracts.  

 

 

 

 

 

Key words:  polygalacturonase, activity, turbidity, polyelectrolyte  
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3.2 Introduction 
Pectins are among the most abundant polymers in the primary cell walls and 

intercellular spaces of fruits and vegetables (Willats et al., 2001).  The major 

components of pectin are homogalacturonans.  The α-D-galacturonic acid units of 

homogalacturonans form a linear chain, (1 4)-linked, in which varying 

proportions of the acid groups are esterified with methanol.  Polygalacturonic 

acids, also called pectic acids, are homogalacturonans that contain no, or minimal, 

methyl ester groups.  The function of pectins in intact plant tissues appears to be to 

maintain the integrity and rigidity of cell walls, to enhance water retention, and to 

act as an adhesive between cells (Imam et al., 2005).   Pectins play an important 

role in the ripening of fruit, in determining the rheological properties of 

solid/semisolid/liquid fruit products and the in the clarity of fruit and vegetable 

juices (Kashyap et al., 2001). 

 

Pectin depolymerase enzymes are produced by both plants and 

microorganisms.  The major depolymerases, i.e. those that split the α-(1 4)-

glycosidic linkages in the backbone of the homogalacturonans, are 

polygalacturonase (PGAase) and pectic lyase (PL).  PGAase (EC 3.2.1.15) catalyzes 

the hydrolysis of the (1 4)-linkages between adjacent galacturonic acid residues 

within the homogalacturonan backbone. Generally, PGAases act at glycosidic 

linkages adjoining two de-esterified galacturonic acid resides. The enzymes 

normally have pH optima in the acid range (pH 4-6) and can be either exo- or 

endo- acting; endo-acting PGAase being the most common (Tucker and Seymour, 

2002).  PL (EC 4.2.2.2; sometimes called pectate transeliminase) is a 

depolymerase that functions via a β-eliminative mechanism (Marín-Rodríguez et 

al., 2002).  The pectate lyases are typically subdivided based on their specificity 

for pectinic versus pectic acid and whether they are exo- or endo-acting.  The pH 
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optima of pectate lyases is generally in the range of 8.5 to 9.0 and all appear to 

require Ca2+ for activity (Whitaker, 1994).     

 

Pectin depolymerase enzymes are important with respect to the natural course of 

fruit and vegetable ripening and degradation (Iman et al., 2005), and they are 

widely used in fruit and vegetable processing (Kashyap et al., 2001).  Hence, it is 

important to have a relatively simple and inexpensive assay for the routine analysis 

of such enzymes.  In the present paper we present such an assay for 

polygalacturonase.  Polygalacturonase activity is most commonly assayed using 

either reducing sugar- (Collmer et al., 1988; Kongruang and Penner, 2005) or 

viscosity-based (Gusakov et al., 2002; Kongruang and Penner, 2005) methods.  

The former assays are based on the generation of a new reducing sugar with each 

catalytic event.  The latter is based on the decrease in viscosity that occurs as a 

result of enzyme-catalyzed depolymerization (Almin and Eriksson, 1967).  Both 

reducing-sugar based and viscosity-based assays are appropriate for many 

applications, but both have limitations for routine analyses.  Direct analysis of 

enzyme extracts using reducing sugar-based assays are often hampered by high 

endogenous reducing compounds, thus making accurate measurements 

problematic (Saiprasad et al., 2004).  Viscosity-based assays are not limited by 

background reducing sugar levels, but they are somewhat labor intensive as 

traditionally done with capillary or rotating spindle viscometers (Sherwood and 

Kelman, 1964), thus making them somewhat unattractive for routine multiple 

analyses.   Hence, the objective of the present study was to develop a turbidity-

based assay that would be appropriate for analyses. 

 

Turbidity-based assays are widely used in the analysis of the major glycan 

hydrolases; including lysozyme (Grossowicz and Ariel, 1983), amylases (Virolle 

et al., 1990), cellulases (Enari and Niku-Paavola, 1988), and xylanases (Wang and 

Broda, 1992).  In each of these cases a decrease in turbidity was correlated with 
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enzyme activity.   A turbidity assay of this type has been proposed for 

polygalacturonase (Avigad and Milner, 1967).  A drawback to the published 

method is that it requires the use of cetyl pyridinium bromide or cetyl trimethyl 

ammonium bromide, both of which are relatively toxic.  In this paper we describe 

a relatively simple alternative turbidimetric method for detecting 

polygalacturonase activity.  The assay is based on the formation of an insoluble 

colloidal polyelectrolyte complex between polygalacturonic acid and poly-NN-

diallyldimethylammonium chloride (PDADMAC).  The assay works by virtue of 

the fact that polygalacturonic acid forms the colloidal complex while its 

breakdown products, monomeric galacturonic acid and lower molecular weight 

oligosaccharides of galacturonic acids, do not.   
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3.3 MATERIALS & METHODS 
 

Materials. NaHCO3, Na2CO3 and NaOH were purchased from 

Mallinckrodt (Phillipsburg, NJ); bicinchoninic acid from Pierce (Rockford, IL); 

acetic acid from Fisher Scientific (Pittsburgh, PA).  All other chemicals were from 

Sigma-Aldrich  (St. Louis, MO), including the following specific products: 

CuSO4·5H2O, pectinase (from Aspergillus niger; product P-2736; stock 

preparation had 8.05 μKatals per mL pectinase activity measured as described 

below for “reducing sugar-based assay”), polygalacturonic acid (P-3889), and low 

molecular weight poly(diallyldimethylammonium chloride) (35% in water, 

#522376). 

 
PGA/PDADMAC turbidity profiles.  To 2.0 mL aliquots of 0.02% PGA in 

buffer (see “recommended enzyme assay” for buffer composition) was added 200 

μL aliquots of PDADMAC containing solution.  The concentration of the 

PDADMAC solutions was varied such that the ratio (w/w) of the mixed 

PGA/PDADMAC-containing solutions spanned a range from 0.2 to 3.5.  The 

mixed PGA/PDADMAC-containing solutions were allowed to stand for 30 

minutes for turbidity development.  The absorbance of the resulting PGA-

PDADMAC suspensions was read at 420 nm. 

 

Recommended Enzyme assay.  The standard assay is initiated by the 

addition of 1 mL of appropriately diluted enzyme preparation to 99 mL 0.02% 

polygalacturonic acid in 50 mM sodium acetate, containing 0.02% sodium azide, 

pH 5, at 30oC.  At predetermined times, 2 mL aliquots of reaction mixture are 

transferred to glass tubes and the reaction terminated by immersion in boiling 

water for 10 min.  To the cooled, terminated, reaction mixture is added 200 μL of 

0.4% PDADMAC in water.  The turbidity is allowed to develop for 30 minutes at 
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room temperature; the absorbance is then read at an appropriate wavelength 

(typically 420 nm).  Enzyme activity is determined from the rate of change of 

turbidity (absorbance) in the initial linear portion of the reaction time course.  The 

“control” assay is done in an analogous manner except the enzyme solution is 

inactivated by immersion for 10 minutes in boiling water prior to it being added to 

the substrate solution.  Commercial pectinase preparations (source listed above) 

were used for assay development; commercial enzyme preparations were diluted 

with assay buffer prior to use.  

  

Reducing Sugar-based enzyme assay.  The reaction conditions were the 

same as that described for the “recommended” assay with the exception that after 

terminating the reaction the extent of hydrolysis was determined using the 

reducing sugar assay as described by Kongruang and Penner (2005).  One unit of 

enzyme activity (katals) was taken as that amount of enzyme that liberates 1 mole 

of reducing sugar per second under the defined conditions. 

 

  Tomato enzyme extracts.  Three fruit, combined weight of approximately 

225 g, were weighed to the nearest .1 g and blended together with water (3:1, 

wt/wt) at high speed for 30 seconds.  The resulting homogenate was centrifuge at 

1500xG for 30 minutes at 4oC. The supernatant was then filtered through 

Whatman #1 filter-paper.  The resulting filtrate was used as the “enzyme 

preparation”.  The activity of the enzyme preparation was tested using the 

“recommended” assay as described above.   
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3.4 RESULTS & DISCUSSION 
 

The presented assay makes use of the fact that the turbidity that results from 

mixing aqueous solutions containing polygalacturonic acid (PGA), a polyanion, 

and poly-NN-diallyldimethylammonium chloride (PDADMAC), a polycation, is a 

function of the degree of polymerization of the PGA.  The formation of insoluble 

PGA-PDADMAC intermolecular polyelectrolyte complexes, those that give rise to 

the observed turbidity, is consistent with established polyelectrolyte theory (Fuoss 

and Sadek, 1949).  The stability of intermolecular polyelectrolyte complexes in 

general, and PGA-PDADMAC complexes specifically, is a function of the degree 

of polymerization of the constituent macromolecules; this is due to stabilizing 

nature of cooperative interactions between adequately long polymer segments 

(Kabanov, 2005; Petrak, 1993).  If the degree of polymerization of PGA is 

decreased below a critical value, then the necessary cooperative binding is reduced 

to an extent below that required for stable PGA-PDADMAC complex formation.  

A result of this relationship is that enzyme-catalyzed reductions in the degree of 

polymerization of PGA will be observed as a decrease in the turbidity of the 

corresponding PGA-PDADMAC containing solutions.  This phenomenon is here 

applied to the detection and measurement of polygalacturonase activity.   

 

The solubility properties of polyelectrolyte complexes are highly dependent on the 

stoichiometry of the stabilizing intermolecular charge-charge interactions (Petrak, 

1993).  The presented assay is based on the use of a 0.02% substrate (PGA) 

solution.  Thus, it was necessary to determine the appropriate amount of 

PDADMAC to add to the 0.02% substrate solution to maximize the PGA-

PDADMAC analytical signal (i.e. optimum stoichiometry for maximum turbidity).  

This is most easily done in a constant-volume titration experiment; data from such 

an experiment is given in Figure 3.1.  The data demonstrates the expected bell-

shaped turbidity profile, with relatively low and relatively high PDADMAC 
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amounts corresponding to decreases in the analytical signal.   In the present study 

we evaluated three commercial preparations of PGA.  All three preparations 

showed similar turbidity profiles for the PDADMAC/PGA ratios tested; although 

the PGA preparation with the lowest degree of polymerization was shifted 

somewhat upscale.  A titration experiment similar to that depicted in Figure 1 

should be done for any previously untested PGA and PDADMAC solutions in 

order to insure that the chosen PDADMAC/PGA ratios correspond to maximum 

signals.   

 

Time courses for typical polygalacturonase-catalyzed reactions, monitored using 

the presented assay, are shown in Figure 3.2.  Observed initial rates of reaction 

were found to be proportional to enzyme concentration (see insert to figure 3.2).  

The relationship between catalytic events, determined as the appearance of new 

reducing ends, and the observed changes in turbidity for a typical reaction are 

presented in Figure 3.3.  It can be seen that the decrease in turbidity is complete 

prior to the maximum number of reducing ends being attained.  This result implies 

that complete depolymerization of the PGA substrate is not necessary for the 

alleviation of turbidity.  Activities obtained using the turbidity assay are not to be 

interpreted in terms of traditional enzyme units (e.g. Katals), as are those obtained 

using the reducing sugar assay.  In the present case, we suggest that enzyme 

activity be defined with respect to the rate of change in turbidity observed at the 

initial linear portion of a reaction’s time course; e.g. one unit of activity may be 

defined as that amount of enzyme that yields a change in absorbance of .001 unit 

per minute per mL reaction mixture under the defined conditions.  Such units are 

consistent with those employed in analogous assays based on measuring a physical 

property that is itself only indirectly related to the actual number of catalytic 

events. 
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The rate of turbidity development and the stability of the resulting polyelectrolyte 

complex following the addition of PDADMAC to the terminated reaction mixture 

is shown in Figure 3.4.  The PGA- PDADMAC mixture attains >90% of 

maximum turbidity within 10 minutes, and the attained maximum value is stable 

from 30 to 60 minutes following mixing (longer periods were not tested).  Hence, 

the recommended assay stipulates that the turbidity be measured 30 minutes after 

the addition of PDADMAC to the terminated reaction mixture.     

 

A possible permutation of the presented method is to form the insoluble PGA-

PDADMAC complex prior to the addition of enzyme.  In this case, the 

polyelectrolyte complex would serve as the substrate and the decrease in turbidity 

could be monitored continuously after the addition of enzyme.  A comparison of 

the recommended method (mix PGA with enzyme, terminate, add PDADMAC, 

and then read turbidity) and the alternative method (where the PDADMAC-

complex serves as the substrate) is presented in Figure 3.5.  It is clear from the 

presented data that the presence of active enzyme results in a decrease in turbidity 

under both experimental scenarios.  However, the rate of the reaction is much 

faster, and thus the assay much more sensitive, when soluble PGA serves as the 

substrate.  Hence, the recommended assay suggests that the enzyme/PGA reaction 

be allowed to proceed in the absence of PDADMAC; PDADMAC is to be added 

after terminating the reaction.  Note, the demonstrated degradation of the PGA-

PDADMAC complex by active enzyme (evidenced by the decrease in turbidity in 

Figure 3.5) requires that, for stable turbidity readings, the reaction be terminated 

prior to the addition of PDADMAC. 

 

The time courses of Figure 3.6 illustrate the application of the assay.  In this 

experiment ripe tomatoes and those showing initial signs of mold growth were 

assayed, along with the appropriate controls (boiled tomato extracts).  The data 

shows the enhanced polygalacturonase activity associated with the tainted fruit – 
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and the effectiveness of the heat treatment for enzyme inactivation.  The tomato 

extracts required dilution prior to their being assayed even though no attempt was 

made optimize enzyme extraction (Saiprasad et al., 2004); thus, the observed 

activities do not in any way represent the detection limit of the assay.  Reaction 

mixtures contain .02% sodium azide as an antimicrobial, with no apparent affect 

on the turbidity associated with PGA- PDADMAC complex formation; thus, one 

may prolong reaction times without the worry of microbial growth.  For 

comparative purposes, it is relevant to note that the high reducing sugar content of 

the tomato extracts used in this experiment greatly complicate the use of 

traditional reducing sugar-based polygalacturonase assays unless a method, such 

as dialysis, is used to lower the “background” reducing sugar content of the 

enzyme preparations.   

 

The presented assay was developed in response to the need for relatively simple 

polygalacturonase assays for quality control applications in the fruit and vegetable 

industries.  The presented assay is appropriate for such applications; although it is 

not limited to qualitative measurements (as demonstrated above).  The assay is 

relatively simple, requires no extraordinary precautions, requires non-sophisticated 

instrumentation and is readily adapted for assessing enzyme preparations covering 

a relatively wide range of activities.   
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Figure 3.1.  Effect of poly(diallyldimethylammonium chloride) (PDADMAC) to 
polygalacturonic acid (PGA) ratio on the turbidity of 0.02% PGA solutions.  The 
PGA concentration of all solutions was kept constant at 0.02% (wt/wt); the 
concentration of PDADMAC was varied to give the specified ratios (wt/wt, 
abscissa); all solutions were 50 mM sodium acetate, .02% sodium azide, pH 5.0, 
30oC.  Three distinct commercially available PGA preparations were tested. 
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Figure 3.2.  Time course of polygalacturonic acid depolymerase reaction assayed 
as a decrease in turbidity.  Reaction conditions were 0.02% (wt/wt) 
polygalacturonic acid (PGA), 50 mM sodium acetate, .02% sodium azide, pH 5.0, 
30oC.  Relative enzyme concentrations were 1 ( ; absolute enzyme concentration 
0.04 nkatal per ml based on the generation of reducing sugars), 2 ( ) and 4 (▲).  
Turbidity development occurred as a result of the addition of 
poly(diallyldimethylammonium chloride) (2:1 PDADMAC:PGA ratio,  wt/wt) to 
terminated reaction mixtures.  Insert:  Correlation between reaction mixtures’ 
relative enzyme concentrations and corresponding initial velocities calculated from 
depicted time courses. 
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Figure 3.3.  Comparison of time courses of polygalacturonic acid depolymerase 
reactions followed by the proposed turbidity assay ( ) and an alternative reducing 
sugar assay ( ).  Reaction conditions were as described in Figure 2.  Reaction 
mixture enzyme concentration was 0.04 nkatal per mL. 
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Figure 3.4.  Time course of turbidity development upon mixing PDADMAC with 
PGA.  Final conditions, following PDADMAC addition, were .04% PDADMAC, 
.02% PGA, 50 mM sodium aceate, .02% sodium azide, pH 5.0, and 30oC (all 
percents are on a wt/wt basis). 
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Figure 3.5.  Time courses of turbidity change due to polygalacturonic acid 
depolymerase activity in the presence of free PGA ( ) and PGA-PDADMAC 
complex ( ).  Turbidity in the “free PGA”-assay was developed, as in Figure 2, 
by the addition of PDADMAC after termination of the PGA/PGA depolymerase 
reaction.  Turbidity in the “PGA-PDADMAC complex”-assay was a result of 
adding the PDADMAC prior to the addition of enzyme, thus allowing it to be run 
as a continuous assay.  Reaction mixture enzyme concentration was 0.08 nkatal 
per mL.  Control enzyme preparations (――) were boiled prior to their use in the 
enzyme assay.   
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Figure 3.6.  Application of the turbidity assay to ripe ( ) and mold-tainted ( ) 
tomato fruit.  Enzyme preparations were water extracts of three combined, 
homogenized, fruit.  Reaction conditions were as in Figure 2.  Control enzyme 
preparations (△) were boiled prior to their use in the activity assay.  
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4.1 Abstract 

The objective of the study was to determine the effect of relatively high salt (sodium 

chloride) concentrations on the thermal coagulation of egg albumen-containing solutions.  

Salt solutions from 0.1 to 4.5 M, at temperatures ranging from 37o to 100oC, were 

evaluated for their effect on the thermal coagulation of aqueous 10% egg albumen-

containing solutions.  Extents of coagulation were determined by monitoring the amount 

of soluble protein following coagulum formation.  The effect of salt on the thermal 

stability of the major albumen proteins was also determined using differential scanning 

calorimetry and SDS-electrophoresis.  The results demonstrate that high salt 

concentrations significantly increase the temperature required for maximum coagulum 

formation.  The salt effect could be explained by a shift in the denaturation temperature 

of the major albumen protein, ovalbumin.  Salt effects on the thermal stability of other 

major albumen proteins, if any, appeared to have relatively little impact on extents of 

coagulation.  The data suggests that the ovalbumin stabilizing effect of high salt is 

applicable to both the N- and S- forms of this protein.  The results are of relevance to the 

utilization of high salt-contain egg white products/byproducts and for a general 

understanding of the functional properties of this important protein source. 
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4.2 Introduction 

The thermal coagulation properties of egg albumen are important relative to its use in a 

wide range of food systems.  Hence, considerable research has been directed at 

understanding this phenomenon.  Thermal coagulation is known to be dependent upon 

the pH (Watanabe et al, 1986), temperature (Woodward and Correrill, 1986), cooking 

time (Seideman et al, 1963) and salt content (Shimada and Matsushita, 1981; Nakamura 

et al, 1978) of albumen-containing media.  The majority of the studies focusing on the 

effect of salt on thermal coagulation have dealt with conditions most commonly 

encountered in food processing, typically dealing with salt (NaCl) concentrations to 1M.  

In this regard, there appears to be an absence of information regarding the effect of higher 

salt concentrations, as encountered in certain Asian egg products, on the thermal 

coagulation of egg albumen.  Such information is important for understanding the 

behavior of albumen in high salt products/byproducts and, furthermore, it provides 

insights into the nature of these proteins’ stability under relatively extreme environmental 

conditions.  A prime example of a high salt product is “xian dan” (Chinese salted eggs); 

these are made by soaking eggs for ~45 days in 30% (~ 5 M) NaCl solution (Yang and 

Chen, 2001).  A major byproduct in the Chinese salted egg industry is the raw salted egg 

white, this is because most applications of these eggs use only the salted yolks.  It is 

presumed that a better understanding of the properties of high salt/albumen solutions will 

aid in furthering the utilization of such byproducts.   

 

The objective of the present study was to document the effect of high salt concentrations 

on the thermal coagulation of albumen-containing solutions.  For comparative purposes, 

salt concentrations ranging form 0 to 4.5 M were evaluated. 
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4.3 Materials and Methods 

 

Materials NaCl and NaOH were purchased from Mallinckrodt (Phillipsburg, NJ); acetic 

and hydrochloric acids were from Fisher Scientific (Pittsburgh, PA).   Ovalbumin was 

from Worthington (Lakewood, NJ); dialysis bags (Spectrapor membrane tubing, 

molecular weigh cut off 6000 – 8000) were from Spectrum Medical Industries (Los 

Angeles, CA); SDS-gels (#1611104) from Bio-Rad (Hercules, CA). All other chemicals 

were from Sigma-Aldrich (St. Louis, MO); including the following specific products: 

sodium potassium tartrate, CuSO4·5H2O, ovalbumin (A-2523), ovomucoid (T-9253), 

lysozyme (L-6876), and glycine (G-8898). Non-fertile, White Leghorn, eggs were 

collected from the Oregon State University Poultry Farm on the day of the experiment; 

the albumen (white) of three eggs was separated from yolks, pooled, passed through four 

layers of cheese cloth, and stirred until homogenous (about 1 minute).  The resulting 

pooled, homogenized, albumen preparation is hereafter referred to as the “albumen”. 

 

Heat treatments and analysis of extent of coagulation Egg albumen was diluted 1:9 

(w/v) with aqueous 0, 0.1, 0.5, 1.0, 2.0, 3.0, 4.0, or 5.0 M NaCl solutions (resulting in 

10% albumen solutions with the following NaCl concentrations of 0, 0.09, 0.45, 1.8, 

2.7, 3.6, 4.5M, respectively). The pH of the resulting solutions was brought to 8.0 using 

either 0.1N NaOH or HCl.  Five mL aliquots of the pH-adjusted albumen solutions 

were put in 16 x 150 mm glass test tubes and incubated in temperature-set water baths 

(37, 60, 75, 80, 85, 90, or 95oC) for 15 minutes.  The solutions, once removed from the 

water baths, were then allowed to cool for one hour at room temperature.  The cooled 

test solutions/suspensions were centrifuged at 10,000 rpm for 10 minutes and the 

supernatants tested for soluble protein using the Biuret protein assay (Cooper, 1977). 

Standard curves were constructed using ovalbumin (Sigma, A-2523, grade II, crude 

dried egg white) dissolved in 0.08 M NaCl as the standard.   

 

SDS-PAGE Electrophoresis. SDS-PAGE was done on supernatant fractions resulting 

from the “Heat treatment and analysis of extent of coagulation” protocol, as described 
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above, according to the standard method described in the BIO-RAD instruction manual 

(catalog numbers: 165-3301, 165-3302). 

 

Differential Scanning Calorimetry (DSC) DSC analyses were done using 0.5 ml aliquots 

of albumen-containing solutions, using a micro differential scanning calorimetry 

(SETARAM micro DSC III). The temperature range was from 20-98oC at a scan rate of 

1oC per minute. The solutions tested were hen egg albumen diluted 1:9 (w/v) with 

water (0M NaCl) or 4M NaCl (final albumen concentration of both solutions was thus 

10%).  

 

Experiments addressing reversibility of NaCl-stabilization. Ten mL of 10% egg 

albumen in 4.5M NaCl was prepared as described above and incubated for 10 minutes at 

25oC.  A five mL aliquot of the prepared albumen solution was then transferred to 

dialysis tubing (6,000 – 8,000 molecular weight cut-off) and dialyzed against several 

changes of 1 M NaCl (until constant conductivity).  The two resulting protein solutions 

(one being the 5 mL of non-dialyzed albumen solution that remained in 5 M NaCl and the 

other being the dialyzed albumen solution now in 1 M NaCl) were incubated for 15 

minutes at 90oC, for coagulum development, and then the extent of coagulation was 

determined as described under “Heat treatment and analysis of extent of coagulation” 

above.  For comparison, control solutions containing 10% albumen in 1 M NaCl were 

tested simultaneously. 

 

Aged egg experiments – These experiments were done as described under “Heat 

treatment and analysis of extent of coagulation” above with the exception that eggs were 

stored at room temperature for four weeks prior to initiating the experiment.   
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4.4 Results and Discussion 

Coagulation profiles, expressed as the amount of protein remaining in solution following 

coagulum separation, for 10% egg albumen solutions treated for 15 minutes at different 

temperature/sodium chloride combinations are shown in figure 1.  The 37oC profile, a 

temperature 5oC below the normal physiological temperature of the hen, is used as a 

reference since at this temperature there were no visible signs of coagulation at any of the 

sodium chloride concentrations tested.  The 60oC profile was included in this study due to 

it being widely recognized as that used for whole egg pasteurization (USDA, 2006).  The 

similarity in the 60oC and 37oC profiles suggests that relatively insignificant amounts of 

protein coagulate under pasteurization conditions, as expected.  The 75oC profile reflects 

the considerable coagulation (~ 30% decrease in soluble protein relative to the 37oC 

treatment) that occurs at salt concentrations of 0.1M and above.   

 

A significant salt effect was clearly evident, however, at treatment temperatures of 80oC 

and above (Figure 1).  Profiles at these temperatures are dominated by the behavior of 

ovalbumin (the major protein of egg albumen); as evidenced by the electrophortic results 

showing the intensity of the ovalbumin band coincides with the rise and fall of soluble 

protein (Figures 2b & 2c as related to profiles of Figure 1) and the fact that the amount of 

protein effected by high salt concentrations is consistent with the amount of ovalbumin in 

egg white (~54% of the total egg white protein). The 80o, 85o and 90oC coagulum profiles 

demonstrate that the absence of added salt and the presence of relatively high salt 

concentrations both result in decreased coagulum formation.  This behavior is most easily 

rationalized in terms of the following scheme for coagulum formation. 

 

nPN(soluble)    denaturation→   nPD(soluble)    aggregation→    (PD)n(insoluble) 

 

Where:  PN = native protein 

PD = denatured protein 

(PD)n(insoluble) = coagulum 
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In the case of low salt concentrations, the most likely rationale is that the amount of 

soluble protein increases (coagulum decreases) due to enhanced electrostatic repulsion, 

thus limiting the “aggregation step” of the model above.  In this case ovalbumin is likely 

to be largely denatured at the higher temperatures, but aggregation does not proceed to 

the extent of coagulum formation.  At the higher salt concentrations, the decrease in 

coagulum (increase in soluble protein) is more likely the result of the protein (ovalbumin) 

being more thermal stable.  In this case the initial “denaturation step” (see scheme above) 

is retarded until the higher denaturation temperature, that being the denaturation 

temperature corresponding to the salt-stabilized protein, is reached.  High salt 

concentrations have been shown to stabilize other proteins (Damodaran, 1996), but it is 

clearly not a universal phenomena since the non-ovalbumin proteins that coagulate at 

75oC do not appear to be stabilized by the higher salt concentrations (Figure 4.1).   

 

A DSC experiment was conducted to verify that the denaturation temperature (Td) of 

ovalbumin indeed increases in the presence of high salt concentrations (Figure 4.3).  The 

DSC data shows a Td for ovalbumin in 4 M NaCl (~ 92oC) that is significantly higher 

than that for ovalbumin solutions containing no added NaCl (~78oC).  The observed 

ovalbumin Td of ~ 78oC in the absence of added salt argues in favor of our previous 

statement that the lack of coagulum formation at the higher temperatures in the absence 

of added salt is likely a result of electrostatic repulsion, and not due to shifts in the 

thermal stability of ovalbumin.  The observed shift in Td to a higher temperature under 

conditions of high salt is sufficient to explain the profiles of Figure 4.1, based on the 

coagulation scheme depicted above.  The DSC heating curves reveal that the Td signal 

attributed to ovalbumin is split in the presence of 4 M NaCl; one peak is similar to that of 

the ovalbumin at the lower salt concentrations (~80oC) and the other to the herein termed 

“salt-stabilized” ovalbumin (~ 92oC).  The split in the ovalbumin Td signal at high salt 

concentrations is not easily explained from the obtained data; our preliminary assumption 

is that the split is related to the multiple forms of ovalbumin that result from its different 

extents of phosphorylation (McKenzie and Frier, 2003).  The signal corresponding to the 

salt-stabilized ovalbumin (higher Td) is in the range of that previously reported for S-

ovalbumin (Hammersoj et al. 2002), where the prefix “S” is used in the literature to 
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denote “stable” ovalbumin.  S-Ovalbumin is a naturally occurring, structurally unique, 

thermal-stable conformational form of hen ovalbumin; analogous conformational forms 

have been reported for other members of the serpin superfamily of proteins (Huntington 

and Stein, 2001).   The native (N)-ovalbumin to S-ovalbumin conformational change 

occurs spontaneously as hen eggs age (Smith and Back, 1962).   

 

A set of experiments was done to determine if the salt-stabilized ovalbumin, that 

corresponding to the higher Td in 4 M NaCl, was actually S-ovalbumin.  This question is 

important because (1) it would provide a simple mechanism for converting N-ovalbumin 

to S-ovalbumin and (2) it would be the first documentation of high salt concentrations 

enhancing the rate of the N-to-S transition.   Our first experiment took advantage of the 

irreversibility of the N-to-S transition that results from the S-conformation being the 

more thermodynamically favorable (Smith and Back, 1965).  In this experiment egg 

albumen was first incubated in 5 M NaCl (for “stabilization”), then dialyzed against 1 M 

NaCl (see “Materials & Methods” section), and then subjected to the standard thermal 

coagulation analyses.  The data of Figure 4 illustrates that the albumen solution 

“stabilized” by treatment in 5 M NaCl had essentially the same coagulation properties as 

the control preparation (one that had never been exposed to 5 M NaCl) provided the 5M 

NaCl solution was made 1 M in NaCl (via dialysis) before testing.  This data is consistent 

with the high salt concentrations stabilizing N-ovalbumin via a mechanism that does not 

include its conversion to S-ovalbumin.  A second experiment was done in which the 

coagulation profiles of aged egg albumen (eggs stored at room temperature for four 

weeks), which naturally has a significant fraction of its ovalbumin in the S-ovalbumin 

form, were determined (Figure 4.5).  A comparison of the profiles of Figure 5 with the 

analogous profiles of Figure 1 demonstrates the increased thermal stability of the aged 

egg albumen; the evidence being the increased soluble protein content for analogous 

salt/temperature treatments of aged albumen.  A comparison of those profiles depicted 

within Figure 5 demonstrates the stabilizing effect of salt on aged albumen; including a 

salt-dependent stabilization of S-ovalbumin (note the increase in soluble protein with 

high salt in the 95oC treatment of Figure 4.5).   As with the previous experiment, this data 
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suggests that the results depicted in figure 4.1 are a result of high salt concentrations 

stabilizing N-ovalbumin without conversion to S-ovalbumin.    

 

For completeness, we note that approximately 10% of the albumen protein remained 

soluble following even the most severe treatments used in this study.  This is likely due, 

in large part, to the documented thermal stability of ovomucoid (Matsuda et al., 1982).  

Our electrophoretic data, in general, supports this conclusion; the bands corresponding to 

soluble ovomucoid were similar across all treatments.  However, the difficulty in 

visualizing this protein using common protein stains (Yousif and Kan, 2002) means that 

such results must be interpreted cautiously. 

 

In conclusion, it is herein shown that high salt concentrations increase the thermal 

stability of ovalbumin, a protein that accounts for over 50% of the total protein in egg 

albumen, and significantly effects the coagulation properties of egg albumen solutions 

treated at 80oC and above.  In contrast, high salt concentrations did not appear to effect 

coagulum formation at temperatures of 75oC and below, although significant amounts of 

coagulum may form at these lower temperatures.  The NaCl effect on the thermal 

stability of ovalbumin appears similar for both the N- and S-conformations of the protein.     
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Protein  Albumen a 

(% dry basis) 
Isoelectric 
Point a (pI) 

Molecular 
Weight a 

Denaturation 
Temperature b 
(oC) 

Ovalbumin 54 4.5 45,000 75.2 – 87.7  
(N-ovalbumin) 

    85 – 94.1 
(S-ovalbumin) 

Ovotransferrin 12 6.06 76,600 61.0 – 69.5 
Ovomucoid 11 4.1 28,000 70.0c   
Lysozyme   3.4 10.7 14,300 69.4 – 76.6 
Ovomucin   1.5 4.5-5.0 α= 210,000  - 
   β= 720,000  
Ovoinhibitor   1.5 5.1 49,000 - 
G2 Globulin   1.0  5.5 47,000 - 
G3 Globulin   1.0  4.8 50,000 - 
Riboflavin 
bingding protein 

  1.0 4.0 29,200 - 

Ovostatin   0.5 4.9 780,000 - 
Avidin   0.5 7.0 68,300 - 
Cystatin   0.01 5.6 and 6.5 13,100 - 
 
Table 4.1 Proteins in egg albumin (from a, Stevens, 1991; b, Hammershoj, et al., 2002; c, 
Powrie and Nakai, 1985 ). 
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Figure 4.1. Fresh egg white proteins solubility during different temperatures and different 
NaCl concentrations 
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Fig 4.2.a. SDS-PAGE gel result at 75oC incubation 
Line 1, protein standard; diluted 1:2 (v/v) by staining buffer; 
Line 2, supernatant in water, diluted 1:2 (v/v) by staining buffer; 
Line 3, supernatant in 0.1 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 4, supernatant in 0.5 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 5, supernatant in 1.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 6, supernatant in 2.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 7, supernatant in 3.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 8, supernatant in 4.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 9, supernatant in 4.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 10, fresh egg white protein solution, 5 fold dilution by 0.08M NaCl, diluted 1:2 
(v/v) by staining buffer. 
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Fig 4.2.b. SDS-PAGE gel result at 80oC incubation 
Line 1, protein standard; diluted 1:2 (v/v) by staining buffer; 
Line 2, supernatant in water, diluted 1:2 (v/v) by staining buffer; 
Line 3, supernatant in 0.1 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 4, supernatant in 0.5 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 5, supernatant in 1.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 6, supernatant in 2.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 7, supernatant in 3.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 8, supernatant in 4.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 9, supernatant in 4.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 10, fresh egg white protein solution, 5 fold dilution by 0.08M NaCl, diluted 1:2 
(v/v) by staining buffer. 



 60

Fig 4.2.c. SDS-PAGE gel result at 85oC incubation 
Line 1, protein standard; diluted 1:2 (v/v) by staining buffer; 
Line 2, supernatant in water, diluted 1:2 (v/v) by staining buffer; 
Line 3, supernatant in 0.1 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 4, supernatant in 0.5 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 5, supernatant in 1.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 6, supernatant in 2.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 7, supernatant in 3.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 8, supernatant in 4.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 9, supernatant in 4.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 10, fresh egg white protein solution, 5 fold dilution by 0.08M NaCl, diluted 1:2 
(v/v) by staining buffer. 
. 
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Fig 4.2.d. SDS-PAGE gel result at 90oC incubation 
Line 1, protein standard; diluted 1:2 (v/v) by staining buffer; 
Line 2, supernatant in water, diluted 1:2 (v/v) by staining buffer; 
Line 3, supernatant in 0.1 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 4, supernatant in 0.5 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 5, supernatant in 1.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 6, supernatant in 2.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 7, supernatant in 3.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 8, supernatant in 4.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 9, supernatant in 4.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 10, fresh egg white protein solution, 5 fold dilution by 0.08M NaCl, diluted 1:2 
(v/v) by staining buffer. 
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Fig 4.2.e SDS-PAGE gel result at 95oC incubation 
Line 1, protein standard; diluted 1:2 (v/v) by staining buffer; 
Line 2, supernatant in water, diluted 1:2 (v/v) by staining buffer; 
Line 3, supernatant in 0.1 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 4, supernatant in 0.5 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 5, supernatant in 1.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 6, supernatant in 2.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 7, supernatant in 3.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 8, supernatant in 4.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 9, supernatant in 4.0 M NaCl, diluted 1:2 (v/v) by staining buffer; 
Line 10, fresh egg white protein solution, 5 fold dilution by 0.08M NaCl, diluted 1:2 
(v/v) by staining buffer. 
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Figure 4.3 Differential scanning calorimetry profiles of 10% egg whites.  
(Upper) DSC profile of 10% egg whites in 4M NaCl. Two of the endothermic peaks are 

at 80oC and 92oC. 
(Lower) DSC profile of 10% egg whites in distilled water. 

 
Figure 4.3.1 DSC profile with heat flow curves (from Hammershoj et al, 2002) 

(1) N-ovalbumin standard; (2) S-ovalbumin standard, (3) whole egg albumin, fresh; 
(4) whole egg albumin, 7 day storage at 20oC; (5) whole egg albumin, 7 day storage 
at 37oC. The N-ovalbumin standard and S-ovalbumin standard have the similar 
absorption pattern compare to DSC profile of 10% egg whites in 4M NaCl in figure 
4.3. 



 64

0.00

0.02

0.04

0.06

0.08

0.10

0.12

1M NaCl 5M NaCl

Incubation NaCl concentration

Pr
ot

ei
n 

co
nt

en
t (

g 
pr

ot
ei

n/
g 

EW
)

Before dialysis,
incubate at room
tempertaure

Before dialysis,
incubate at 90 oC

After dialysis, incubate
at room temperature

After dialysis, incubate
at 90 oC

 
Figure 4.4 10% egg white protein solubilities during different NaCl concentrations and 
temperature treatments.    
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Figure 4.5. Four-week-old egg white proteins solubility during different temperatures and 
different NaCl concentrations. 
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Chapter 5 

 
 
General Conclusion 
 
 

This dissertation is a study of food hydrocolloid behavior in NaCl and 

polyelectrolyte solutions. The modeling food hydrocolloids used in this study, are 

polygalacturonic acid and egg albumen. The research is primarily descriptive: A 

study of the effect of temperature and NaCl on the solution properties of 

polygalacturonic acid is presented. The model system involves two main 

ingredients of fruit and vegetable based products – NaCl and polygalacturonic 

acid. There is little published data on this subject. The precipitation behavior of 

PGA in NaCl solution will happen at final NaCl concentrations over 0.25 M and 

temperatures over 60 oC. Further studies need to be done by bringing more 

parameters into the experiments to elucidate the mechanism of this behavior.  The 

results from this study may help in predictions PGA precipitation, cloudiness, and 

haze formation in fruit and vegetable products, beverages, wines or beers.  

 

With two polyelectrolytes (polyanion – polygalacturonic acid and polycation – 

poly(diallyldimethylammonium chloride)), we developed a turbidity assay that is 

fast, cheap and safe for fruit and vegetable industry quality control laboratories to 

use in monitoring the polygalacturonic acid depolymerase enzymes. To determine 

enzyme activity qualitatively, the quality controller only needs to use a 

spectrophotometer to monitor turbidity decreasing with time. To determine 

enzyme activity quantitatively, the quality controller needs to take samples in a 

certain time period, terminate the reaction and measure the turbidity change. The 

rates measured using this assay are proportional to enzyme concentration. 
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For egg albumen behaviors in NaCl solution, a series of experiments were 

conducted to differentiate between egg white proteins using aggregation properties 

at different NaCl and temperature conditions. Ovotransferrin and lysozyme were 

separated from the egg white protein mixture by heating. However, ovomucoid 

could not be separated because of its high resistance to heat aggregation. For 

ovalbumin, we found that high ionic strengths had a stabilizing effect. We 

hypothesized that ovalbumin had been converted to a more heat stable form. 

Further experimental results suggested that this chemical reaction is reversible and 

not related to S-ovalbumin conversions even though the DSC results matched the 

denaturation temperature of S-ovalbumin. High concentrations of NaCl do not 

only stabilize N-ovalbumin, but also stabilize S-ovalbumin. To extend this 

research, DSC profiles of S-ovalbumin at higher ionic strengths need to be 

investigated.  The present study provides a complete profile of egg white solubility 

in NaCl, which helps the egg and related industries by further elucidating protein 

characteristics. 
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