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      PREFACE


    


  




  

    The objective of this ebook is to provide to the readers the most recent state-of-the-art on physicochemical properties of biopolymers and their related end-uses applications. Biopolymers are usually described as polymers produced in a natural way by living species. Their molecular backbones are composed of repeating units of saccharide, nucleic acids, or amino acids and sometimes various additional side chains contributing also to their functionalities.




    If the largest part of biopolymers is extracted from biomass, such as polysaccharides from cellulose and proteins from collagen, milk or wheat, biopolymers can also be produced from monomers using conventional chemical processes as polylactic acid, or directly in microorganisms or genetically modified organisms, as polyhydroxyalkanoates. The genetic manipulation of microorganisms brings a tremendous potentiality for the biotechnological production of biopolymers with tailored properties quite suitable for high-value medical applications such as tissue engineering and drug delivery.




    Biopolymers from renewable sources, on the contrary display structural complexity and natural variability that need to be deeply studied and characterized before probing into the structure-function relationships for further applications. Research on natural polymers has focused on developing more environmentally friendly applications to reduce pollution caused by non-biodegradable material. Historically, biopolymers were mainly used by mankind as food, or for making clothing and furniture. Since the industrial time, fossil fuels such as oil are the greatest source in the development and manufacture of almost every commercial product, such as the plastic, which is currently used at a very large scale. But these fuels are not unlimited resources, and Environmental concerns over all aspects of using fossil fuels for production and energy must be taken into account. We must act in a sustainable manner, which means that the resources must be consumed at a rate such that they can be restored by natural cycles of our planet [1].




    Therefore, in recent years, the renewable nature of biopolymers leads them to a renaissance and a new considerable interest by industry due to the unique properties, including biodegradability, biocompatibility and nontoxicity, of biopolymers. To fulfil all these different functions, biopolymers must exhibit rather diverse properties. They must very specifically interact with a large variety of different substances, components and materials, and often they must have extraordinarily high affinities to them. Finally, they must have a high strength. Some of these properties are utilized directly or indirectly for various applications. This and the possibility to produce them from renewable resources, as living matter mostly does, make biopolymers interesting candidates to industry [2]. As a consequence of their properties, these biopolymers derived from natural products have found a place of choice in areas as diverse as effluent treatment, papermaking, chemical, food, cosmetic, pharmaceutical, petroleum and textile industries, as well as in analytical chemistry (biosensors) and molecular biology. However, biopolymers have to compete with polymers derived from fossil fuel not only because of their functional properties but also in terms of cost. In this respect, biopolymers are competitive when the price of oil is high and the price of feedstocks, such as starch from corn, is low.1 The continuing development of new and existing biopolymers will enable these materials to help supplement the increasing global demand for biopolymers-based products and to develop new markets with their niche applications.




    The most common biopolymers used for industrial applications and thoroughly considered in this ebook are polysaccharides from plant, algal, microbial and animal origins such as starch, cellulose, lignin, arabinoxylans, sulfated polysaccharides from seaweeds, galactomannans and xyloglucans from brazilian seeds, chitin and its derivative chitosan. Natural gums such as mesquite, tara and arabic gums are also widely used in food and non-food industry and are Discussed in this ebook. Animal and plant proteins such as collagen, gelatin, albumin, dairy proteins and wheat, corn and soy proteins are also considered as sources of proteins for biomedical, microencapsulation and plastic foams applications. Nucleic acids such as DNA and RNA and their related applications in genetic Engineering for instance are not considered in this ebook.




    This ebook presents a comprehensive review and compile information on biopolymers in 27 chapters covering from isolation and production, properties and applications, modification, and relevant analytical methods to reveal the structure and properties of some biopolymers.




    Authors write this ebook from Argentina, France, Mexico, Spain, Iran, Brazil, Egypt, Turkey, Venezuela, India, Russia, Portugal, New Zealand and Malaysia. This ebook has tried to arrange the ebook chapters in a subject order to make it easier for the readers to find what they need. However, the reader can still find information on the same subject in more than one Section.




    Section A, which includes one chapter, is mainly an introduction to biopolymers. It includes concepts and molecular weight determination.




    Section B, which includes twelve chapters, refers to some physical chemistry determinations of biopolymers.




    Section C, which consists of two chapters, deals with studies on hydrodynamic properties of biopolymers.




    Section D, which consists of one chapter, refers to theoretical models for biopolymers.




    Section E, which includes four chapters, refers to special cases of polysaccharides separation and purification.




    Section F, which includes seven chapters, deals with applications of biopolymers/hydrogels in drug delivery systems, biomaterials, biothermoplastics, bio(nano)composites, bionanostructures, biocapsules, bioadsorbents, bioelectrospinning and biopackaging. This section deserves a special attention because it forms a fascinating interdisciplinary area that brings together biology, chemistry, materials science and (nano)-technology.




    This ebook is expected to be of help to many graduate and post-graduate students, professors, scientists, pharmacists, engineers and other experts in a variety of disciplines, both academic and industrial, dedicated to the determination of polymers and biopolymers properties. This ebook may not only support research and development, but also be suitable for teaching. The audience will benefit with an excellent review offering advanced knowledge about technical determinations and physicochemical properties of macromolecules, a thorough knowledge of hydrodynamics and different methods of characterization. Readers will find in this ebook a triple deal, including educational, scientific and industrial applications.




    The first main objective of this e-book is therefore to highlight the progress in different techniques of molecular weight determinations and physicochemical properties of biopolymers. The last two decades have seen a number of significant advances in the methodology for evaluating the molecular weight distributions of polydisperse macromolecular systems in solution at the molecular level. These advances have centered on the coupling of chromatographic or membrane based fractionation procedures with multiple detectors on line such as multi-angle laser light scattering, refractive index, UV-Vis absorbance and intrinsic viscosity detection systems. Recent advances in SEC-MALLS (size exclusion chromatography coupled to multi-angle laser light scattering) and FFF-MALLS (field flow fractionation coupled on line to MALLS) applied to complex polymers from renewable resources are therefore presented in this e-book. Beyond molecular charcaterization using HPSEC-A4F-MALLS technique, tremendous efforts were made these last years to elucidate the structural variability and complexity of polysaccharides using matrix-assisted laser-desorption ionization (MALDI) and electrospray ionization (ESI) mass spectrometry coupled or not to nuclear magnetic resonance (NMR) spectroscopy. One chapter of this ebook in section B considers the sequence, interresidue linkage position and substitution pattern of sulfated polysaccharides after enzymatic hydrolyses.




    The most widely used method for the dynamic characterization of macromolecules in solution is the capillary viscometry, as it is a simple and economic method. Although in literature there is much information on hydrodynamic measurements from intrinsic viscosity determinations, very few of them evaluate the conformation of different biopolymers. The importance of this type of study lies in the analysis of the polysaccharides or proteins behaviour in industrial processes and product quality control after extraction and purification. These physicochemical studies help to elucidate the chemical structure, macromolecular conformation and the ability biopolymers have to form gels, films, agglomerates, etc. A particular attention is paid in this ebook on the intrinsic viscosity determination of proteins and strong synthetic polyelectrolytes for which theoretical models always need to be implemented in order to get reliable dynamic structural informations.




    The ebook also focuses on the structural analyses at the mesoscopic scale using mechanical analyses, microscopy, small angle scattering and free volume measurements and different applications related to biopolymers such as biomaterials, microcapsules, biothermoplastics, nanostructured biocomposites, super-absorbents, bioelectrospinning, biopolymers-based dermal and transdermal drug delivery systems, and biopackaging. All these applications using biopolymers aim to provide a means to reduce dependence on fossil fuels, and decrease the environmental impact of non-biodegradable materials. The main challenge to overcome with biopolymers-based materials is the control of biopolymer-biopolymer interactions, a challenge always present and discussed throughout the ebook by authors.




    To conclude, the content of this ebook will bring its readers a basic understanding of the physical chemistry of biopolymers, but also the latest findings about new macromolecules recently discovered and published. Theoretical aspects of computational structural description of biopolymers are also thoroughly described. Therefore, this ebook will appeal to different readers as a great source of knowledge about the science of biopolymers.
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      Abstract




      In this chapter, molecular weight (M), and molecular weight distribution (MWD), of polymers with emphasis on M and MWD of biopolymers, e.g., carbohydrate polymers, proteins, deoxyribonucleic acid, DNA, and ribonucleic acid, RNA, are reviewed. The M and MWD of biopolymers are compared with those of synthetic polymers. The following conclusions are drawn. (1) Unlike simple low molecular substances, most polymers do not have unique molecular weights. Practically, no polymer exists whose molecules are all strictly of the same size or have the same degree of polymerization. Thus, polymers are more or less heterogeneous with respect to their molecular weights. (2) The concept of average molecular weight is used for polymers. (3) Different numerical values for molecular weights of polymers have already been defined as average molecular weights (Mn, Mw, Mz, and Mv), depending on the methods by which they are measured. (4) The average values vary in the following order: Mn < Mv < Mw < Mz < Mz+1. The disparity between average molecular weights provides a measure of the degree of heterogeneity, i.e. dispersity, in the molecular weight distribution. (5) The constitution of a polymer as well as the MWD may be described either by a set of different average molecular weights, the ratios of two different types of average molecular weights, or by the distribution functions via graphical presentation and (6) Polysaccharides in a similar way to synthetic polymers are polydisperse polymers, whereas proteins, DNA, and RNA, are mostly monodisperse macromolecules.
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      INTRODUCTION




      A macromolecule, known as a giant molecule or a polymer, is a chemical species, composed of a long chain with a regularly repeating unit, a high molecular weight and a high molecular size [1, 2]. The unit for molecular weight is usually the Dalton (Da); one Dalton is equal to one atomic mass unit. Symbols and parameters appearing in this chapter are given in Table 1. Macromolecules are divided into natural and man- made polymers. The latter are known as synthetic polymers [3].




      

        Table 1 Constants and symbols used in this chapter.




        

          

            

              	Symbol



              	Definition

            


          



          

            

              	M



              	Molecular weight

            




            

              	Mw




              	Weight-average molecular weight

            




            

              	Mn




              	Number-average molecular weight

            




            

              	Mz




              	Z-average (centrifuge average) molecular weight

            




            

              	Mz+1




              	(z+1)- average molecular weight

            




            

              	Mv




              	Viscosity-average molecular weight

            




            

              	[η]



              	Intrinsic viscosity in a solvent

            




            

              	K



              	Intercept for MHS equation

            




            

              	a



              	Exponent for MHS equation,

            




            

              	MHS



              	Mark-Houwink –Sakurada

            




            

              	qMHS




              	Dispersity correction factor

            




            

              	fw(X)



              	Cumulative weight fraction

            




            

              	X



              	Parameter characterizing the chain length

            




            

              	W(M)



              	Weight distribution function

            




            

              	N(M)



              	Number distribution function

            




            

              	a1




              	Positive adjustable parameter

            




            

              	b1




              	Positive adjustable parameter

            




            

              	μ



              	Mean value

            




            

              	σn




              	Standard deviation

            




            

              	Kav




              	Distribution coefficient

            




            

              	VR




              	Solute elution volumen

            




            

              	V0




              	Void volumen

            




            

              	VC




              	Total bed volumen

            




            

              	b



              	Constant, it is an empirical polynomial function of MHS exponent a


            




            

              	c



              	Constant, it is an empirical polynomial function of MHS exponent a


            




            

              	NAv




              	Avogadro , s constant

            




            

              	S



              	Sedimentation constant

            




            

              	D



              	Diffusion Constant

            


          

        




      




      This chapter focuses on natural polymers, also known as biopolymers.




      Natural polymers, are produced by biosynthesis in nature, whereas synthetic polymers are made and their synthesis controlled by human beings. Biopolymers may be classified into proteins, nucleic acids, polysaccharides, and others. In this chapter, three main groups; polysaccharides, proteins and nucleic acids, which play important roles in all biological phenomena and processes are discussed [4-6]. A wide variety of natural polymers relevant to the field of biomaterials, is derived from plants and animals [5, 7]. Generally, biopolymers consist of carbohydrate polymers, proteins, deoxyribonucleic acids (DNA), and ribonucleic acids (RNA). They are fundamental to the biological substance of life [5]. Abbreviations and expressions are listed in Table 2.




      

        Table 2 Abbreviations used in this chapter.




        

          

            

              	Abbreviation



              	Expression, Term

            


          



          

            

              	CLND



              	Chemi-Luminescent Nnitrogen Detector

            




            

              	Da



              	Dalton

            




            

              	DI



              	Dispersity Index

            




            

              	DNA



              	Deoxyribonucleic Acid

            




            

              	DRI



              	Differential Refractive Index

            




            

              	GPC



              	Gel Permeation Chromatography

            




            

              	IUPAC



              	International Union of Pure and Applied Chemistry

            




            

              	RNA



              	Ribonucleic Acid

            




            

              	SEC



              	Size Exclusion Chromatography

            




            

              	MS



              	Mass Spectrometry

            




            

              	MWD



              	Molecular Weight Distribution

            


          

        




      


    




    

      GENERAL CONSIDERATIONS




      Carbohydrate macromolecules are known as polysaccharides. Monosaccharide units join together via glucosidic linkages and form a polysaccharide [7]. Proteins are linear polymers formed by linking the α-carboxyl group of one amino acid to the α-amino group of another amino acid with a peptide bond. A polypeptide chain consists of a regularly repeating part of amino acids joined by peptide bonds. Most of natural polypeptide chains contain between 50 and 2000 amino acid residues and are commonly referred to as proteins. The Mw of most proteins lies between 5.5 kDa and 220 kDa [7]. Polysaccharides can be defined as linear or branched macromolecules formed by many monosaccharide units linked by glycosidic bonds. These biopolymers, sometimes also called glycans, can be classified as homo-polysaccharides, i.e. homopolymers, which consist of monosaccharide units, and hetero-polysaccharides, i.e. copolymers which consist of two or more different monosaccharide units [8]. The glycosidic bonds can be α or β (1→4, 1→6, 1→3, for instance). Depending on their functions, they can be also classified as structural, such as cellulose and chitin, and storage, like starch, inulin and glycogen [9].




      Proteins, DNA, and RNA are linear polymers. DNA and RNA are nucleotide polymers and called nucleic acids [10]. However, proteins are more complex than DNA and RNA. Proteins are formed from a selection of 20 building blocks, called amino acids, whereas DNA and RNA are formed from four monomer units; nucleotide units [7]. Proteins, DNA and RNA with different types of monomers are also classified as copolymers [5]. The structure of a protein depends on the sequence in which individual amino acids are connected. All proteins are polypeptides. A protein has a polyamide backbone with different side chains attached to the backbone. A nucleic acid has an alternating sugar-phosphate backbone with a different amine base attached to it [11]. The structure of a nucleic acid depends on the sequence of individual nucleotides [11].




      DNA and RNA consist of a large number of linked nucleotides, each composed of a sugar, a phosphate, and a base. Sugars linked by phosphates form a common backbone, whereas the bases vary among four different kinds [7]. RNA like DNA are long, linear (long un-branched) polymers consisting of Nucleotides joined by 3 to 5 phosphodiesters. In both DNA and RNA, the heterocyclic amino base is bonded to C1' of the sugar, whereas the phosphoric acid is bonded by a phosphate ester linkage to the C5' sugar position [11].




      The structure of RNA differs from that of DNA in two respects. The sugar units in RNA are riboses, and the sugar in DNA is 2'- deoxyriboses [7, 11]. The other difference is that one of the four major bases in RNA is uracil (U) instead of thymine (T). Thus, four monomer units in DNA are adenine, cytosine, guanine, and thymine, whereas in RNA adenine, cytosine, guanine, and uracil [7]. The sugars in nucleic acids are linked to one another by phosphor-diester bridges (with negative charges). The chain of sugars linked by phosphodiester bridges is referred to the backbone of the nucleic acids. Whereas the backbone is constant in DNA and RNA, the bases vary from one monomer to the next.




      Though chemically DNA and RNA are similar, DNA and RNA differ in size. Molecules of DNA are enormous. They have molecular weights of up to 150 billion and length of up to 12 cm when stretched out, and they are found mostly in the nucleus of cells [11]. In contrast, molecules of RNA are much smaller as low as 35 kDa in molecular weight and are found mostly outside the cell nucleus [11].


    




    

      CONCEPT OF AVERAGE MOLECULAR WEIGHT AND THEIR DETERMINATION




      In this chapter, molecular weight as a dimensionless term is used instead of molar mass which is defined as the mass of 1 mole of a substance, g.mol-1 in SI units. The M is the most characteristic feature of polymeric compounds. Unlike simple low molecular substances, polymers do not have unique molecular weights. Practically there are no polymers whose molecules are all strictly of the same size or have the same degree of polymerization [12], due to the random nature of polymerization reactions [13]. Most macromolecules consist of a mixture of chains of different number of units. Hence, one uses the term average molecular weight when describing the M of these macromolecules [14], and that is why in polymer science and technology, the concept of average molecular weight is used. A series of polymeric compounds of the same chemical structure differing only in molecular weight is known as a polymer-homologous series [12].




      Different methods for calculation of average molecular weights are used, resulting in different numerical values, depending on the methods by which they are measured. Thus, different numerical values for molecular weights of polymers have already been defined as average molecular weights (Mn, Mw, Mz, Mv). Generally, the average values vary in the following order (Mn < Mv < Mw < Mz < Mz+1). The number-average molecular weight (Mn) of a polydisperse polymer does not coincide with its weight-average (Mw) value, and the value of Mw is always greater than Mn. The mean average molecular weight, Mm, is calculated using the following equation [15]:
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      Various procedures and methods have been used for the determination of different average molecular weights, in which various kinds of averages can be determined experimentally [13]. There is no difference in the behavior, study, or testing of natural and synthetic polymers. Techniques suitable for application to synthetic polymers are equally applicable to the study and behavior of natural polymers [14]. Methods and procedures for determining average-molecular weights, the distribution and DI for biopolymers are mostly similar to synthetic polymers.




      The calculation procedure of different average-molecular weights in size exclusion chromatography (SEC), may be performed as follows. The height of chromatogram of each fraction (hi,), is proportional to its weight fraction, wi, which in turn is proportional to the product of number of molecules, ni, and their molecular weight, Mi according to:
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      Where k is a constant and represents the relationship between the signal height and its weight fraction [16-18]. Practically, each chromatogram is divided into several equal segments and the corresponding heights are determined. Average-molecular weights [image: ] are expressed as summation of individual segments and calculated from the following equations:




      

        

          	[image: ]



          	(4)

        


      




      

        

          	[image: ]



          	(4)

        


      




      

        

          	[image: ]



          	(5)

        


      




      

        

          	[image: ]



          	(6)

        


      




      where hi and Mi are the peak height and molecular weight of compound i. The value of hi is read directly from the chromatogram. One can also calculate the average-molecular weight, using the area for compound i,
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      where Ai is the peak area. The two methods seem to give the same values for average molecular weights. However, the area method is much more accurate and reliable due to the two following reasons: (a) if the chromatogram is symmetrical, one can treat it as a Gaussian distribution, i.e. the area method is just as good as the height method, actually, the two methods are identical in this case; (b) if the chromatogram is not strictly Gaussian [15]. The maximum height does not necessarily represent the median and the area method would minimize the error.
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      Alternatively, the average molecular weights can be expressed in integral forms as follows [19]:




      The Mw is particularly sensitive to the presence of larger species, whereas the Mn is sensitive to the presence of lower molecular weights.The value of viscosity- average molecular weight (Mv) is different from other average molecular weights [2]. It is not a unique value, and varies from one solvent to another, since it is a function of a, K, and [η] [20, 21]. The value of Mv can be obtained experimentally. It can be calculated once the values of the constants are determined in a polydisperse polymer samples. The viscometry method is not an absolute technique, since the Mv value must be calibrated using an absolute molecular weight determination technique [14]. One can employ an absolute method as a calibrated technique to calibrate the molecular weight of a sample obtained from a relative method [14]. Light scattering, ultra-centrifugation, i.e. sedimentation, and collective methods, e.g. osmometry, end-group determinations are absolute methods for molecular weight determinations [4, 8, 14, 22-24], because there is a direct mathematical connection between molecular weight and the particular property used to determine it [14].




      Electrophoresis is Generally used to determine molecular weight of biopolymers particularly for proteins, DNA and RNA. Electrophoresis usually separates the components by molecular size as well as by electro-phoretic mobility [4]. Electrophoresis is a relative method for molecular weight determination. Thus, a series of standard samples with definite molecular weights is required to determine molecular weight and MWD of unknown samples [14, 24].


    




    

      CONCEPT OF DISPERSITY AND MOLECULAR WEIGHT DISTRIBUTION




      The constitution of a polymer system is described either by a set of different average molecular weights or by the distribution [1]. Nearly all synthetic macromolecules are polydisperse polymers, due to the random nature of the polymerization reactions by which they are formed [4]. In nature, some macromolecules occur Naturally as polydisperse samples. Therefore, large molecules of a polymer sample may also contain molecules relatively smaller and larger than the intermediate size. Hence, all polymers are more or less heterogeneous with respect to molecular weight.




      

        

          	[image: ]



          	(15)

        


      




      The degree of dispersity i.e. dispersity index (DI) or dispersity is a new term for the previous terms “polydispersity” and for the original term “poly-molecularity” [8, 25]. The new term was given by the International Union of Pure and Applied Chemistry (IUPAC). In this chapter and in the following, in order to avoid confusion, the term “dispersity” replaces polydispersity. The DI is generally expressed as the ratios of two different types of average molecular weights. Various average molecular weights will have the same value if the polymer is perfectly monodisperse, i.e., if all the molecules are of the same molecular weight. Otherwise, the averages vary in the following order as given in the following equation as well as it is illustrated in Fig. (1) [13, 23, 24].




      The disparity between average molecular weights provides a measure of the degree of heterogeneity in the molecular weight distribution [2]. The z – and (z+1) averages are important for very broad polydisperse polymers [26].




      The molecular weight distribution (MWD), is generally expressed as the ratios of two different types of average molecular weights. Thus, it is necessary to determine different average molecular weights. It is useful to calculate two dispersity indices (DI1, DI2) as follows:
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Fig. (1))


      A typical molecular weight distribution profile with a semi-qualitative comparison of different average molecular weights.



      The two indices can be used to evaluate the level of heterogeneity of different samples of a polymer [27]. The DI2 is sensitive to the presence of the high molecular species. The DI is usually obtained from the ratio of Mw/Mn [2, 8, 13]. For mono-dispersed polymers the indices are close to unity, and the higher the indices, the greater the difference between the average weights and the larger the distribution [27]. In the case of monodisperse polymers, the average molecular weights are determined by different methods, likely to coincide and reach an identical value [12]. For instance, in the mono-disperse system, Mw = Mn. The molecular weights of samples with a wide MWD may differ by a factor of more than two.




      The constitution of a polymer may be described either by a set of different average molecular weights or by the distribution function itself [1]. The MWD can be expressed in term of the number-distribution function [N(M)] or the weight-distribution function [W(M)]. The value of N(M) is the relative number of chains of molecular weight, and W(M) is the relative weight of chains of molecular weight. One can choose the normalization constant: (1) the total number of chains[image: ]; (2)[image: ]; or (3)[image: ]. Normalization has no physical significance; thus it is essential to ensure that any inference drawn from an experimental MWD does no depend on normalization [19]. Dispersity may be illustrated graphically [26]. The graphical presentation is used for qualitative and quantitative evaluation of dispersity.




      Chemically heterogeneous macromolecules are polymers that contain units of different composition in the same chain. For example, some of the units may be completely esterified, while others may contain free hydroxyl groups. The chemical composition of such polymers is conventionally characterized by the average percentage content of their functional groups, e.g. acetyl [12]. Copolymers are more complex than most of homo-polymers. The chemical composition of a copolymer may not be uniform. Non-uniformity results in compositional heterogeneity [22], which is required to characterize the copolymers in terms of chemical compositional distribution, usually fractionation followed by chemical characterization of the fractions [22]. Chemical composition and size, i.e. molecular weight of a copolymer chain may vary [22]. Two polymers may have exactly the same or similar average molecular weights but very different MWDs [22].




      

        Dispersity Correction Factor




        The value of [η] varies with Mv, for a homologous series according to the Mark-Houwink-Sakurada (MHS) equation [2, 28]:




        

          

            	[image: ]



            	(18)

          


        




        Equation (1) can be rearranged and result in a modified MHS equation as follows:
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        The value of qMHS is a statistical function of MWD. It is a measure of the width of the MWD as well as the probability of molecular weight distribution curve. The value of qMHS varies from one sample to another. It is a function of a and the average-molecular weights (Mv, Mw). It can be calculated using Mw, the ratio of Mv/Mw and the exponent a. The value of qMHS is equal to (Mv/Mw)a. Alternatively, the value of qMHS can be calculated using a numerical method and average- molecular weights other than Mv, e.g. (Mn, Mw, Mz) according to [21, 29]:
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        On the whole, the correction factor, qMHS, is a function of exponent a, and (Mn, Mv, Mw, Mz). The precision of the qMHS value depends on the precision of both a and average-molecular weights.


      




      

        Description of Some Models of Distribution




        The MWD may be mono- bi-, tri-, or polymodal. In a mono-modal curve, the Distribution profile exists as a maximum peak. A bimodal curve is often characteristic of a polymerization occurring under two different environments [14]. In a bimodal, the differential weight distribution function, W(r), has two maxima, often observed in polymer fractions obtained by fractionation [4]. The distribution function may be discrete, i.e. take on only certain specified values of the random variable(s), or continuous, i.e. take on any intermediate values of the random variables(s), in a given range. Most distributions in polymer science are intrinsically discrete, but it is often convenient to regard them as continuous or to use distribution functions that are inherently continuous [8]. Distribution functions may be integral forms or cumulative forms, i.e., give the proportion of the population for which a random variable is less than or equal to a given value. Alternatively they may be a differential function or probability density functions, i.e., give the proportion of the population for which the random variable is within an interval of its range [8]. The distribution function is a mathematical expression describing the distribution of molecular sizes. Discontinuous functions, frequency functions, give the distribution of statistical weights of Mi, whereas cumulative distribution functions give the summation over all statistical weights up to Mi [4]. The statistical functions may be the number (ni), weight (wi) or z (zi)-fractions number, weight and z- average, respectively [4].


      




      

        Number-Distribution Function




        The function representing the relation between the mole fraction and molecular weight is called the number distribution function [N(M)]. It is obtained by plotting the mole fraction versus molecular weight [8, 23].


      




      

        Weight-Distribution Function




        The function representing the relation between the weight fraction and the molecular weight is called the differential weight distribution function [W(M)]. The differential molecular weight distribution curve is obtained by plotting the weight fraction versus molecular weight [8, 23].


      




      

        Gaussian Distribution




        Gaussian distribution is a statistical distribution of a chain end-to-end-distribution, which is symmetrical about the mean value as shown in Fig. (2) [4, 30]. It takes a bell-shaped profile, which is symmetrical about the mean value, where the peak of the bell is the mean μ, and the width is determined by the standard deviation σ. The following equation is used to calculate a Gaussian distribution [4, 30, 31]:
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        where the standard normal distribution occurs when μ = 0, and σ2 = 1. The quantity σ in the equation 21 acts as a curve-fitting parameter. It describes the width of the distribution, and thus, the deviation from the mean value. The standard deviation of the molar distribution of the degree of polymerization can be calculated from the number- and weight averages. The standard deviation for a Gaussian distribution is an absolute measure of the width of such distribution [30].
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Fig. (2))


        A typical profile for a Gaussian distribution.



        Normal distribution is an alternative name for Gaussian distribution. In mathematics, the Gaussian distribution is called normal distribution. In polymer science, the Schultz-Flory distribution is often called normal distribution [4, 30]. Gaussian distribution is used occasionally to describe the MWD of a narrow distribution polymer as an approximation of the Poisson distribution [4].


      




      

        Logarithmic Normal Distribution




        Logarithmic normal distribution is similar to Gaussian distribution, but with ln r replacing r, where r is the measure of the individual molecular sizes, e.g. degree of polymerization [4]. The differential logarithmic normal distribution has the same mathematical form as the Gaussian distribution with the small difference that the logarithm of the property occurs in place of the property itself, log X instead of X. In other words, the log-normal distribution is given by a Gaussian distribution with respect to log M. The distribution takes one of the following forms [4, 8, 30]:
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        where x is a parameter characterizing the chain length, such as relative molecular weight or degree of polymerization, a1 and b1 are positive adjustable parameters [8]. The values of log μ and σn in equation 23 are the mean and the standard deviation of the molar distribution, respectively. The curve is symmetric about logμ [31].




        If the molar logarithmic normal distribution is plotted in terms of the weight fraction, the shape of the curve remains essentially unchanged. However, the maximum value for the distribution is not identical with the number- or weight-average degree of polymerization. The plot of log (integral molecular weight fraction) versus log M, or log (cumulative weight fraction) versus log M, results in a straight line when log scales for both X and Y are used [30]. The logarithmic normal distribution is more useful than the Gaussian distribution in describing broader distributions, especially those from which the lower molecular weight “tail” has been removed [4].


      




      

        Poisson Distribution




        A Poisson distribution occurs when a constant number of polymer chains begin to grow simultaneously, and when the addition of monomer units is random and occurs independently of other monomer units to the macromolecule that is growing. The Poisson distribution generally occurs in living polymers [30]. The discrete distribution with the differential weight-distribution function takes the following form [8]:
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        where x is a parameter characterizing the chain length, such as relative molecular weight or degree of polymerization and a1 is a positive adjustable parameter [8].


      




      

        Most Probable Distribution




        The most probable distribution describes the relative ratios of polymers with different lengths after a polymerization process, based on their relative probabilities of occurrence. The following equation is used to calculate the distribution:
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        where x is a variable characterizing the chain length, e.g. number average molecular weight, degree of polymerization, and a1 is an empirically-determined constant [4, 8]. The form of this distribution implies that shorter polymers are favored over longer ones. This type of distribution is occurs in poly-condensation and most free radical polymerization possesses. It is in contrast to Poisson distribution [30]. The most probable distribution often referred to is Flory distribution or Flory-Schulz distribution, where Mw/Mn = 2 [30]. Alternatively, the most probable distribution is described as follows:
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        where Γ(1+ a)] is the gamma function of 1 + a. As the value of a varies from 0.50 to 1.00, Mv/Mn for this particular molecular weight distribution increases from 1.67 to 2.00 [2]. When a = 1, Mv= Mw. The results just cited for the most probable distribution can be extended to the broader conclusion that the Mv will always be considerably closer to Mw than to Mn for any distribution likely to be encountered in a high polymer [2].


      




      

        Determination of Molecular Weight Distribution




        There are several ways to measure MWD: (1) gel permeation chromatography (GPC) or size exclusion chromatography (SEC) has been used for the determination of molecular weight and molecular-weight distribution of polymers [12, 23, 32]; (2) fractionation of a polymer with a broad MWD into narrower MWD fractions and determination of molecular weight of the narrow fractions [33]. Fractionation is helpful in evaluating the true range of dispersity of polymers with a narrow MWD [34]; and (3) the molecular weight distribution curve of a polymer can be also obtained directly from the data on sedimentation of a disperse polymer sample using an ultracentrifugation procedure [12].


      




      

        Size Exclusion Chromatography




        SEC has been used for many decades to estimate M and MWD, and DI of biopolymers and synthetic polymers through the use of calibration curves between molecular weight and the distribution coefficient, Kav.




        

          

            	[image: ]



            	(27)

          


        




        where VR, V0, and VC represent solute elution volume, void volume, and the total bed volume of fluid and SEC media combined, respectively [35]. For the determination of the retention volume, it is much better to use the area method, the center of mass, than that of the height method, the peak maximum [36]. The values of Ai or hi and VRi are read directly from the chromatogram. The values of VRi can be converted into Mi.




        The chromatographic method separates the molecules according to their sizes. The larger is the molecule the greater is the exclusion from various sized pores in the stationary phase material. Accordingly, the higher is the molecular weight, the lower is the elution volume. Fig. (3) shows three SEC chromatograms, A, B, and C, representing the highest, intermediate and the smallest macromolecules, respectively. Monodisperse polymer standards are required to translate elution volumes to molecular weights. From the SEC distribution curve, the various molecular weight averages may be also calculated [13, 16, 37].




        The separation is based on the hydrodynamic volume of a polymer molecule. The hydrodynamic volume is proportional to the product, [η].M. The molecular weights of polymers do not correlate linearly with retention volumes, because retention volume is a function of effective hydrodynamic volumen, hydrodynamic volume [η]. M, correlates with retention volume, i.e. elution volume, Ve [22, 30]. In order to construct a universal calibration curve of the hydrodynamic volume of a polymer as a function of the elution volume; Ve: the intrinsic viscosity and SEC chromatograms of well-characterized mono-disperse polymer samples are measured [32]. Coupling of a SEC with an automatic capillary viscometer results in more accurate data for the dispersity indices than SEC alone [16, 38]. The coupling method also enables one to determine the resolution factor for a given SEC separation, column, system employed [38].
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Fig. (3))


        Three SEC chromatograms, A, B, and C, representing the highest, intermediate and the smallest macromolecules, respectively.



        According to the universal calibration theory, at a given elution volume two polymers 1 and 2 have the same hydrodynamic volume, [η].M [15]:
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        Generally K1 and a1 are known in the literature, and K2 and a2 are either known in the literature or can be obtained by intrinsic-viscosity, osmotic-pressure or light-scattering techniques [15].




        A direct measurement of the MWD can be carried out using SEC. SEC data often reported in terms of weight fractions, wti, corresponding to molecular weight, Mi. These data must be converted to a discrete log MWD [39]. For linear polymers, the viscosity MWD and the discrete log MWD function calculated from SEC data should be the same. Agreement is observed between the viscosity MWD and the SEC MWD [39]. In other words, MWD obtained from the viscosity procedure yields reliable results as well as SEC procedure [39].




        Analyzing a complex mixture of unknown macromolecules is often challenging in GPC/SEC. GPC/SEC is used to separate, identify and characterize Macromolecules with respect to their MWD. The precision and accuracy of the results depend on the selection of the proper separation columns. GPC/SEC separates macromolecules based on their hydrodynamic volume and, therefore, allows macromolecule chains with different lengths to be separated into small fractions. However, MWD determined by SEC can be influenced by a number of factors. Peak-broadening effects and incomplete resolution can give misleading information [22].




        Qualitative determination of MWD is a difficult task. SEC instrument with suitable standard samples would result in a qualitative evaluation of MWD for polymer samples. However, quantitative evaluation of MWD is more difficult than that of a qualitative one. Combining SEC with light scattering or another absolute method for molecular weight method is an alternative solution for the quantitative evaluation of MWD [14, 24].




        Generally, silica- and polymer-based materials are used as packing materials in SEC columns for determination of molecular weights and MWD of polymers. If silica-based materials were used to separate biopolymers such as pullulan, there should be interaction between silanol groups of silica-based packing materials and biopolymers. The interaction could perturb the validity of the calibration curve for the SEC process, and thus results in deviation for molecular weight data [21]. Generally, silica-based packing materials are chemically modified to remove the effect of the silanol groups, which tend to have a negative effect on biopolymer separations [40]. The polymer-based packaging materials have advantages over silica-based, due to lack or negligible negative effect on biopolymer separations.




        Differential refractive index (DRI) is the most common means of mass detection for the MWD analysis of polymers by SEC [41]. A disadvantage of DRI, is that this detector only provides concentration information and no information about composition and heterogeneity. A chemiluminescent nitrogen detector (CLND) with SEC was developed to estimate average MWD of peptides and food grade protein hydrolysates, as well as protein hydrolysate-based food [42]. The DRI/CLND SEC analysis can detect differences between two lots of a polymer which have similar MWD, but dissimilar chemical composition distributions [42]. Mass spectrometry (MS), provides structural information, differentiating molecules with small differences in molecular weight [43].




        Pullulan is used as a standard in SEC, to determine the average molecular weights (Mn, Mw and Mz) and MWD for linear biopolymers by constructing a universal calibration curve. Up to date, there is no commercially available β-glucans or other similar polysaccharide standards that are comparable with pullulan with respects to the narrow dispersity. Generally, in order to have a good resolution as a function of molecular size, an appropriate solvent should be selected for the investigated polymers, polysaccharides or water-soluble polymers [21].




        Fractionated dextrans have been also used as standard materials for Mw and MWD determinations of biopolymers and water-soluble polymers as well as for construction of universal calibration curve for evaluation of SEC results [44, 45].


      




      

        Fractionation




        Generally, the composition of a polymer substance is not homogeneous. MWD is a general feature for all synthetic polymers and polydisperse biopolymers. It is a consequence of the particular nature of the polymerization process by which synthetic polymers are made [46]. Biopolymers are usually formed in nature via biological/ biochemical processes. In nature, some of macromolecules occur commonly as polydisperse materials. Biopolymers are also susceptible to degradation under environmental conditions like temperature, humidity, oxygen, light, and others. Biopolymers may react with other biomaterials through biochemical and physical reactions. Thus, the size of biopolymer species formed in nature yields also polydisperse materials. However, some biopolymers may occur as relatively monodisperse samples.




        Fractionation of a polymeric substance means separation of that substance into its different molecular species, using a suitable experimental technique, in order to obtain homogeneous fractions [46]. The disparity between different average molecular weights may be made small by careful fractionation [2]. Fractionation techniques separate polymers based on molecular weight or chemical composition. Practically, partial separations by molecular weight and chemical composition are often achieved simultaneously [22]. It is possible to separate and characterize a complex sample containing homo- and copolymer species based on chemical heterogeneity and molecular weight [22]. By fractionating a polymer and determining the molecular weights of each fraction, the MWD curve can be obtained. Differentiation of the integral curve gives the differential distribution curve. The basic characteristics of a differential curve are the position of its peak and its width. The broader the distribution curve the wider the molecular weight distribution [12].




        Fractionation is an experimental procedure to separate a Polymer sample Containing different species based on their sizes or compositions [47]. The fractionation methods include fractional precipitation, fractional distribution between two phases, fractional dissolution, and fractional extraction [47]. In the fractional extraction, fractional solution or fractional elution, the polymer sample is successively extracted with a solvent, whose power gradually increases. The residues are removed at each stage and a series of fractions of increasing molecular weight are obtained from the solutions [4]. A fractional extraction method was more efficient than the conventional precipitation fraction in obtaining fractions with a narrow MWD [47]. In fractional precipitation of biopolymers, separation of different polymers from mixtures in aqueous solutions, e.g. for proteins, may be achieved by variation of pH, iso-electric precipitation, by variation of ionic strength, salting-in and salting-out, or by the use of organic solvents, often ethanol, at low temperatures to prevent denaturation [4]. The procedure of SEC (GPC) is also a method of a polymer fractionation. A series of fractions may be collected from the effluent, with gradually increasing their molecular weights. The MWD may be calculated from the chromatograms [4].


      




      

        Sedimentation and Diffusion




        

          Sedimentation




          The technique of sedimentation equilibrium in the analytical ultracentrifuge can provide absolute sizes and size distribution information in terms of molecular weight averages and MWDs [42]. The MWD can be determined from a collection of fractions by employing a size or a composition characterization method [42].The sedimentation equilibrium method gives quantitative results [14, 24].




          The size of particles is determined by the rate of their sedimentation. Dissolved particles with density ρ2 travel through a solvent of density ρ1 under the influence of a centrifugal field. Particles sediment in the direction of the centrifugal field, in a direction perpendicular to the axis of rotation. When ρ2 > ρ1 and the centrifugal field is strong enough as in an ultracentrifuge, the procedure may be performed when the polymer solution is much diluted, i.e. a very small amount of the polymer sample is used to prepare the solution [12, 30, 48]. Sedimentation works against diffusion caused by Brownian motion. With a sufficiently weak centrifugal field, relative to particle and density differences, a stage will be reached where the rate of sedimentation equals the rate of diffusion, and a state of sedimentation equilibrium occurs [30].




          The sedimentation coefficient (S), like the diffusion coefficient (D), depends on concentration. Both of them must be extrapolated to infinite dilution for determination of molecular weight of a polymer, and molecular weight is obtained from the following equation:




          

            

              	[image: ]



              	(31)

            


          




          where D0 and S0 are diffusion and sedimentation constants at infinite dilution, respectively [12]. In principle, it is possible to evaluate various averages of the sedimentation coefficient from the distribution of the concentration gradient, dC/dr, in the cell as follows [48]:
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              	(34)

            


          




          where [image: ] is the weight distribution of the polydisperse polymer simple in the cell. The Sn, Sw, and Sz are the number average, weight average and z-average of the sedimentation coefficient [47]. From these data Mn, Mw, Mz can be determined. i.e., MWD can be obtained.




          In many cases, migration of the maximum of the quantity dC/dr is determined [48]. In the ultracentrifugation method, the refractive index difference between polymer solution and solvent (dn), and the refractive index gradient (dn/dr) are determined [48]. With certain assumptions dn/dr can be related to the concentration gradient
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              	(35)

            


          




          where R is the specific refractive index increment. The dependence of S on the molecular weight can be given by a power law as follows [12, 48]:
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              	(36)

            


          




          where Ks and as are empirical constants for each polymer-solvent system at given values of temperature and pressure [12, 48]. The rate of sedimentation at definite time intervals can be measured by photo-metrically. The variation of concentration gradient during centrifugation is called the distribution curve or the sedimentation distribution curve [12]. Sedimentation in an ultracentrifuge is an absolute method to measure the molecular weight of a polymer, as no assumptions are made on macromolecular conformations [12].


        


      




      

        Diffusion




        The quantitative relationship between D, defined by Ficks’ first law as the ratio of flow per unit area of substance to concentration gradient, - J/(dC/dx) and the size of a diffusion particles is determined theoretically by the Stokes- Einstein equation [12, 49]:
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            	(37)

          


        




        where η, r, NA are the viscosity of the medium, the radius of diffusing particle and Avogadro’s number, respectively. The molecular weight of a spherical molecule is given by:
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            	(38)

          


        




        If the molecule is not spherical, a correction is made [12]. The dependence of the diffusion coefficient on the molecular weight can be expressed by the following equation [12, 48]:
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            	(39)

          


        




        where KD and aD are empirical constants for each polymer-solvent system [12, 48]. A similar consideration is taken on the sedimentation coefficient for a diffusion procedure. From measurements in a diffusion cell, one obtains the various averages of the diffusion coefficient from the distribution of the concentration gradient (dC/dr) in the cell:
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        where [image: ] [48].


      




      

        Molecular Weight Distribution and Dispersity of Polymers




        Some naturally occurring polymers such as certain proteins and nucleic acids consist of molecules with a specific molecular weight and are monodisperse [14, 24]. Proteins are almost the only source of truly monodisperse polymers [50]. Nature makes all these molecules exactly alike [50]. Branching may occur, which broadens the MWD [50]. Other natural polymers, polysaccharides similar to most of synthetic polymers consist of molecules with different molecular weights and are polydisperse samples [14, 24].


      


    




    

      CONCLUSIONS




      Determination of both different average -molecular weights and molecular weight distribution using various experimental procedures for polymers, synthetic and natural, with particular attention on biopolymers is reviewed. Nearly all synthetic polymers and some biopolymers are polydisperse and can be described in terms of one or more MWD functions. Among a different family of biopolymers, polysaccharides are polydisperse, whereas proteins, DNA and RNA are monodisperse. Chemical composition, size or molecular weight of a homopolymer or a copolymer chain may vary. Two polymers may have exactly the same or similar average molecular weights but very different MWDs.




      SEC is a reliable procedure for determination of the relative MWD. A series of standard polymer samples with definite molecular weights are required to determine molecular weight and MWD of unknown samples. The SEC method also makes possible a direct and simple determination of the resolution factor of the separation system employed.The combination of SEC with light scattering or another absolute method for molecular weight determination is an alternative solution for the quantitative evaluation of MWD and calculation of the DI, for polymers with both narrow and wide distributions.
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      Abstract




      Bovine serum albumin (BSA) in aqueous solution is scarcely studied, and the Mark-Houwink parameters from the intrinsic viscosity measurements have not been reported at different temperatures. This work discusses these with a simple calculation of the Mark-Houwink parameters of BSA in aqueous solution when the concentration ranged from 0.2 to 1.0% wt., and the temperature ranged from 20 to 45°C. The relationship between the concentration and intrinsic viscosity was determined according to different methods. It is well known that when the temperature increases, the intrinsic viscosity decreases. This is reflected in the stiffer chain curve with d(ln[ɳ])/d(1/T) of -398.97 for A zone from 20-30ºC (gel zone), -2759.1 for B zone from 35-40ºC (active zone) and 5604.5 for C zone from 41-45ºC (denatured protein zone), the point of intersection between the zones A and B is 34.6ºC. The linear relation between the logarithmic of viscosity and reverse temperature is ∆Eavf with a value of 680 Cal/mol. Furthermore, this work proposes the determination of M-H parameters of a protein-water system and their thermodynamic implications in conformational changes.
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      INTRODUCTION




      Bovine serum albumin (BSA) is a serum albumin protein derived from cows; the most abundant plasma protein is a globular protein. BSA is a major contributor to oncotic pressure (also known as colloid osmotic pressure) of plasma, acting as a carrier for various substances. Albumin is a soluble, monomeric protein which




      comprises about one-half of the blood serum proteins. Albumin functions primarily as a carrier protein for steroids, fatty acids, and thyroid hormones and plays an important role in stabilising the extracellular fluid volume.




      Albumin is a globular non-glycosylated serum protein with a molecular weight of 66,500 g/mol. Albumin is synthesised in the liver as proalbumin, which has an N-terminal peptide that is removed before the nascent protein is released from the rough endoplasmic reticulum. The product, proalbumin, is in turn cleaved in the Golgi vesicles to produce the secreted albumin. Albumin (when ionised in water at pH 7.4, as found in the body) is negatively charged. The glomerular basement membrane is also negatively charged in the body; some studies suggest that this prevents the filtration of albumin in the urine. According to this theory, the charge plays a major role in the selective exclusion of albumin from the glomerular filtrate. A defect in this property results in nephrotic syndrome, leading to albumin loss in the urine. Nephrotic syndrome patients are sometimes given albumin to replace the lost albumin. Because smaller animals (for example rats) function at a lower blood pressure, they need less oncotic pressure to balance this, and thus need less albumin to maintain proper fluid distribution. The general structure of albumin is characterised by several long α (alpha) helices, which this allows it to maintain a relatively static shape, which is essential for regulating blood pressure. Serum albumin contains eleven distinct binding domains for hydrophobic compounds. One heme and six long-chain fatty acids can bind to serum albumin at the same time [1].




      

        Table 1 Physical properties of BSA [8], from data sheet of SIGMA ALDRICH, Germany.




        

          

            

              	Number of amino acid residues



              	

                

                  Molecular weight

                




                

                  (g/mol)

                


              



              	Stokes Radius (Rs)



              	Estimated α-helix, %



              	pH of 1% Solution

            


          



          

            

              	583



              	66463 Da



              	3.48 nm



              	54



              	5.2-7

            




            

              	Isoelectric point in water at 25 °C



              	Dimensions



              	Intrinsic viscosity (cm3/g)



              	Estimated β-form, %



              	

                

                  Diffusion constant,

                




                

                  D20,W × 107 (cm2/s)

                


              

            




            

              	4.7



              	

                

                  140 × 40 × 40 Å3

                




                

                  (prolate ellipsoid where a = b < c)

                


              



              	4.13



              	18



              	5.9

            


          

        




      




      In solution, BSA presents a versatile conformation modified by changes in pH, and ionic strength, which serves to characterise the structure, conditions and properties of BSA (see Table 1). Conformational changes induced by pH are reversible [2]. Although there have been speculations on the possible function of each transition, its physiological meaning still remains unclear. Foster [2] classified conformers as: “E” for expanded, “F” for fast migration, “N” for normal dominant form at neutral pH, “B” for basic form and “A” for aged at alkaline pH. Molecular weight, intrinsic viscosity, and Mark-Houwink parameters of BSA are shown in Table 2.




      

        Table 2 Intrinsic viscosity at different temperature.




        

          

            

              	Solvent/Solution



              	pH



              	T (ºC)



              	MW (g/mol)



              	

                

                  [η]

                




                

                  (cm3/g)

                


              



              	a



              	Reference

            


          



          

            

              	

                

                  Water, 0.1M

                




                

                  Sodium citrate

                


              



              	7.4



              	37



              	



              	4.20



              	-



              	Hess & Cobure 1950 [9]

            




            

              	Water, 0.2 M NaCl



              	7



              	

                

                  15

                




                

                  20

                




                

                  25

                




                

                  30

                


              



              	64540



              	

                

                  4.12

                




                

                  4.17

                




                

                  4.18

                




                

                  4.06

                


              



              	-



              	Koenings & Perrings 1952 [10]

            




            

              	Water, 0.010 M KCl



              	-



              	25



              	65000



              	3.4-3.8



              	-



              	Tandford & Buzzel 1954 [11]

            




            

              	Water I=0.1



              	-



              	25



              	65000



              	3.8



              	-



              	Yang & Foster 1956 [12]

            




            

              	

                

                  Water I=0.2, Na3PO4.

                




                

                  Urea (8M), sodium borate (0.05 M).

                




                

                  Sodium p-chloromercuribenzoate (0.005M)

                


              



              	

                

                  7

                




                

                  8.3

                




                

                  9.9

                


              



              	30



              	66706



              	

                

                  4.20

                




                

                  4.10

                




                

                  20.8-30.5

                


              



              	-



              	Charlwood 1955 [13]

            




            

              	Water, 0.15 NaCl



              	5



              	25



              	-



              	3.70



              	-



              	Tanford et al. 1955 [14]

            




            

              	Water I=0.1



              	

                

                  2.03

                




                

                  3.06

                




                

                  3.73

                




                

                  2.83

                


              



              	60



              	-



              	

                

                  5.1

                




                

                  8.6

                




                

                  10.7

                




                

                  4.8

                


              



              	-



              	Foster & Yang 1955 [15]

            




            

              	

                

                  Water

                




                

                  0.5M KCl

                


              



              	

                

                  4

                




                

                  5.13

                


              



              	25



              	67000



              	

                

                  4.57

                




                

                  4.13

                


              



              	-



              	Loeb & Scheraga 1956 [16]

            




            

              	

                

                  Water

                




                

                  0.15M NaCl

                


              



              	

                

                  3

                




                

                  4.3

                




                

                  4.8

                




                

                  4.9

                




                

                  7.3

                




                

                  8.5

                




                

                  9.3

                




                

                  10.5

                


              



              	25



              	67000



              	

                

                  6.50

                




                

                  3.74

                




                

                  3.76

                




                

                  3.71

                




                

                  3.68

                




                

                  4.17

                




                

                  4.00

                




                

                  4.00

                


              



              	-



              	Tandford & Bussel 1956 [17]

            




            

              	

                

                  Formic acid,

                




                

                  Formic acid-0.1M NaCl.

                


              



              	-



              	-



              	70000



              	

                

                  31.8

                




                

                  21.6

                


              



              	-



              	

                

                  Martin 1961

                




                

                  [18]

                


              

            




            

              	Water



              	3.6



              	25



              	66000



              	5.44



              	-



              	Bloomfield 1966 [19]

            




            

              	

                

                  Water, 6M Guanidyne Hydrochloride,

                




                

                  mercaptoethanol 0.1M

                


              



              	5.4



              	25



              	69000



              	

                

                  52.20

                




                

                  52.20

                


              



              	

                

                  0.6700

                




                

                  0.6600

                




                

                  0.67

                


              



              	Tanford 1966-67 [20, 21] 1966´

            




            

              	

                

                  Water, Tris 0.05M

                




                

                  NaCl 0.2M

                


              



              	8.15



              	25



              	66700



              	3.70



              	-



              	Squire et al. 1968 [22]

            




            

              	

                

                  Water-Propanol I=0.03

                




                

                  10%

                




                

                  15%

                




                

                  20%

                




                

                  25%

                


              



              	-



              	25



              	-



              	

                

                  3.8

                




                

                  4.1

                




                

                  4.4

                




                

                  8.5

                


              



              	-



              	

                

                  Sun 1972

                




                

                  [23]

                


              

            




            

              	

                

                  Na3PO4 0.06 M

                




                

                  I=0.1

                


              



              	7.4



              	37



              	-



              	3.92-4.21



              	-



              	

                

                  MacMillan

                




                

                  1974 [24]

                


              

            




            

              	Water



              	7



              	25



              	66267-66700



              	4.10



              	-



              	

                

                  Peters 1985

                




                

                  [25]

                


              

            




            

              	

                

                  Na3PO4 0.06M

                




                

                  KCl 0.2M

                


              



              	7



              	25



              	68000



              	3.13-4



              	-



              	Khan 1986 [26]

            




            

              	

                

                  Na3PO4 0.07M

                




                

                  NaCl 0.2M

                


              



              	6.8



              	25



              	67000



              	5.2



              	



              	Chikazumi & Ohta 1991 [27]

            




            

              	

                

                  Water, Nature

                




                

                  Denatured

                




                

                  0.01M KCl

                


              



              	7



              	25



              	66267



              	

                

                  3.60

                




                

                  13.00

                


              



              	-



              	

                

                  Richards

                




                

                  1993 [28]

                


              

            




            

              	0.06M Na3PO4




              	7



              	25



              	



              	3.20-3.90



              	



              	Saeed et al. 1993 [29]

            




            

              	Water



              	5.2



              	

                

                  5

                




                

                  10

                




                

                  15

                




                

                  20

                




                

                  25

                




                

                  30

                




                

                  35

                




                

                  40

                




                

                  45

                


              



              	66000



              	

                

                  6.6
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      The N-F transition implies the opening of the molecule by unfolding domain III [3, 4]. The F form is characterised by increased viscosity, lower solubility and loss of α-Helix content [5]. At pH <4, another BSA expansion results in the loss of the helicoidal structure connecting domain I with domains II and III. This expanded form is known as E, and shows a new increase in intrinsic viscosity and a 40 to 90 Å increment in the axis of the axial hydrodynamic radium [6]. At pH 9, albumin changes conformation to the B basic form. If the BSA solution is maintained at a constant pH 9, low ionic strength and 3ºC for 3 or 4 days, another isomer known as form A appears [7].




      Basic studies on proteins have focused on protein concentration, pH, ionic strength, polymeric additives, the dielectric properties of solvent and solvent mixtures, and effect of temperature. In the case of proteins and polysaccharides, solubility studies are closely related to studies of gelation that try to determine the temperature and concentration of gelation (Tgel and Cg) [39].




      The conformational stability of a protein is determined by intramolecular factors and solvent interactions (hydration). Conformational changes (changes in functional activity) can be induced by changes in temperature, pressure, and solvent medium. The technological performance of proteins depends critically on conformation and hydration (water-holding capacity). Like other polymers, proteins can be characterised by their chain conformations. However, methods of polymer statistics cannot be applied to most proteins because they adopt specific (native) conformations under different physiological conditions. Since proteins are polyelectrolytes in water solutions, they are largely governed by electrostatic (ionic) interactions. In determining charge/charge interactions, pKa, and pKb values of individual amino acids play an important role [40].




      Cohn [41, 42] studied the ionic strength and isoelectric point, which are related to the solubility of globular proteins, concluding that the solubility of proteins in the neighbourhood of their isoelectric points depends to a large extent upon the degree of their dissociation, with more soluble proteins being the more dissociated.




      Monkos [30, 43-45] has made a detailed study on the viscosity and intrinsic viscosity of different globular proteins in terms of concentration and temperature, in order to identify a mathematical relationship that describes this phenomenon.




      Curvale et al. [34, 35] determined the intrinsic viscosity of BSA in aqueous solutions and found an abnormal behaviour, according to measurements with the Huggins method; [η] is an expression of the interaction between biopolymer and solvent which reflects the solvent’s ability to swell the macromolecule. Thus, it can be seen that BSA has a very low [η] value at pH 7.4, which explains the assigned globular shape.




      Fan et al. [46] studied BSA solutions (2.5%, pH 7.2) which can undergo structural changes under heat treatment. They found that α-helices are transformed to random coils at 67°C, resulting in an increased rotation angle. With subsequent heating, the transformed random coils may once again transform to non-native β-sheets and restore the optical rotation angle. These two states are reversible. However, when the heating temperature increases to 69°C, the denatured BSA starts to transform into a rigid network and achieves an irreversible state.




      Wetzel et al. [47] studied the structural alterations of albumin, their dependence on concentration and the role of free -SH groups in thermal denaturation, as well as the reversibility of thermally-induced structural changes. The helix content changes with heat treatment, giving rise to beta structures which are amplified when cooled and are correlated with the aggregation of albumin. With rising temperature and concentration, the proportion of beta structures and aggregates increases. At denaturation degrees of up to 20%, complete renaturation is possible in every case. The structure content is concentration-dependent, even at room temperature. It may be due to intermolecular interactions that induce additional alpha-helix structures, which are less stable than those stabilised by intramolecular interactions. Unfolding of the pocket containing the free -SH group of cysteine-34 enables disulphide bridges to be formed, leading to stable aggregates and irreversible structural alterations. At temperatures below 65-70ºC, oligomers are formed mainly via intermolecular beta structures.




      Takeda et al. [48] studied the thermal denaturation of bovine serum albumin (BSA) at pH of 2.8 and 7.0 in the range of 2-65°C. They found, by the curve-fitting method of circular dichroism spectra, that the relative proportions of α-helix, β-structures, and disordered structures in the protein’s conformation were determined as a function of temperature. With the increase of temperature at pH 7.0, the proportion of α-helix decreased above 30°C and those of β-structures and disordered structures increased in the same temperature range. The structural change was reversible in the temperature range below 45°C. However, the structural change was partially reversible when cooled down to the room temperature subsequent to heating to 65°C. On the other hand, the structural change in BSA at pH 2.3 was completely reversible in the temperature range of 2-65°C, probably because of the interactions between domains and subdomains, which disappeared due to the acid expansion. The secondary structure of disulphide bridges-cleaved BSA remained unchanged during the heat treatment up to 65°C at pH of 2.8 and 7.0.




      BSA is a water-soluble protein that is widely used in the biochemical, pharmaceutical, and food industries. The molecule possesses two aminoacids, one between repeating units and the other in the ring, besides the many hydroxyl groups. Due to this interesting structure, BSA has the ability to form hydrogen bonds both within its own structure and with polar solvents, providing BSA with significant solubility or a tendency to form molecular associations [49].




      Peters [50] mentioned that the solubility of albumins was related to their high total electric charge, with corresponding strong hydrophilicity and attraction for water molecules near neutrality, with albumins extremely soluble in water, 35%wt. in dilute salt solutions, and 50%wt. in water pure solutions. A similar analysis of protein solubility was proposed by Haworth [49], which highlights the hydrophobicity of the composition and the type of amino acids that compose it.




      The fact that BSA exhibits such dense hydrogen bonding within its own structure determine show much it interacts with the solvents via hydrogen bonding, which is an important fact that should be kept in mind [51, 52].




      The solubility parameter can be easily determined for liquids based on their heat of vaporisation; however, for polymers, this process is inapplicable due to their non-volatility. Polymer solubility parameter values may be evaluated by indirect methods, such as by finding the liquids that cause the maximum swelling network of the polymer or that yield a maximum limiting viscosity number from which the δ value of this solvent may be lower to that of the polymer. The alternative method is calculating δ from the group molar attraction constants [37].


    




    

      MATERIALS AND METHODS




      BSA (lyophilised and deionised powder, purity grade >98%) was obtained from Fedesa S.A.-UNSL; the BSA molecular weight is 66,500 g mol-1, with the universal shape function, ν(ɑ/b)=4.27 for physiological BSA [34, 35]. Measurements were taken from fresh BSA solutions of 0.2 and 1.0% wt. in volume with pH 6.5. Solutions and dissolutions were prepared with deionised water. Different temperatures were maintained using a HAAKE C thermostatic bath (±0.1°C). Analyses were done using an Ubbelohde “suspended level” viscometer (IVA 1), with a water draining time of 34.25 s. Even though this viscometer works independently of the volume of the solution, it was used here for performing at least three measurements for each concentration and was later washed until the draining time of the solvent was obtained [37]. The density of each solution was measured using an Anton Paar DMA35N densimeter.


    




    

      RESULTS AND DISCUSSION




      The viscosity of liquids is highly dependent on temperature and its complex relations. The change of viscosity at different temperatures is commonly calculated with an equation of the Arrhenius form:
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          	(1)

        


      




      Where η is the viscosity (poise); Eavf is the energy of the viscous flow activation (cal/mol); R is the gas constant (1.98 cal/mol K) and T is the temperature (K). The pre-exponential factor Avf is considered independent or approximately independent of the temperature. Fig. (1) is convenient for calculating Eavf in a discrete range of temperatures. For simplicity reasons, proteins and macromolecules may be treated as rigid molecules for a hydrodynamic study. It is worth noting that the size of proteins is much larger than that of solvent (water) molecules. The linear relation between logarithmic of viscosity and reverse temperature is represented with a slope Eavf of polymeric solution; relating this to water, results in the increased activation energy of viscous flow of a polymer solution in a given solvent, ΔEavf. The increase in the activation energy with viscous flow was observed due to the higher resistance to the flow of the biopolymer with respect to solvent [53]. The increase in ΔEavf was 680 cal/mol and Avf 9.75×10-5 g/cm s, with σ2=0.9365 for BSA in water solution.




      The physical properties of a polymer solution depend on solvent, temperature, and concentration. At low concentrations, the polymer chains are separated from each other, where each chain occupies a spherical volume of radius Rg. In this solution, the polymer-polymer interactions are small and the polymer coil volume is determined by polymer-solvent thermodynamic interactions. The hydrodynamic volume occupied by a given polymer molecular weight it's related to intrinsic viscosity, [η], which is a parameter that can be determined by dilute solution viscosity measurements. Intrinsic viscosity probes the interaction of molecular structure with the solution.
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Fig. (1))


      Arrhenius plot for viscosity.



      IUPAC recommends the term “increment of relative viscosity (ηi)”, instead of “specific viscosity”, because it has no attributions of specific quantity, meaning:




      

        

          	[image: ]



          	(2)

        


      




      It should also be remembered that:
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      where the subindex “s” indicates “solution”, and “0” indicates “solvent”.




      Since intrinsic viscosity is relevant for dilute solutions of BSA in the range of 0.2 to 1.0% wt., when high concentrations are used it is better to start with the first term of the Huggins equation “ηsp/c = ηred”.




      In Huggins’ method [54], intrinsic viscosity [η] is defined as the ratio of the increase in relative viscosity (ηsp) to concentration (c in g/cm3) when the latter tends towards zero (Fig. 2).
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Fig. (2))


      Effect of temperature in Huggins method, a- Normal and b- Extended.



      The Huggins´ method shows slope of these curves do not cross, as they are parallel trend lines (see Fig. 2).




      In this work, the Martin´s method [55] is used:
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      While not the most popular method, this gives very good results, where its settings are superior to 0.96 and percentage relative error, respect to the Huggins method is below 4%. The intrinsic viscosity depends on intrinsic and extrinsic properties of the solution, such as molecular weight and structure of the dissolved polymer, ionic strength, solvent hydrophobicity, and temperature system [56].




      In Fig. (3), ln(nsp/c) is plotted as a function of concentration for different temperatures; data of calculated intrinsic viscosity can be seen in Table 3.




      

        Table 3 Data of intrinsic viscosity and constants of different methods.
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      Martin´s method, for determining the intrinsic viscosity, has the virtue of having an intersection for each of the temperatures by extrapolating the concentration of 0.03 g/cm3 and the ln(ηsp/c) of 2.84 cm3/g (Fig. 4). A similar situation can be observed using Kraemer´s method, which also has an intersection of c=0.152 g/cm3 for a value of (lnηr)/c of 30.6 cm3/g (Fig. 5). This intersection phenomenon is due to the mathematical convergence of these equations.




      Kraemer´s method [57] is determined with the following equation:
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      Schulz-Blaschke´s method [58] is determined with the following equation:
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      In the Schulz-Blaschke´s method, the slopes of these curves converge towards zero (Fig. 6).




      The Fuoss method [59, 60] is determined with the following equation:
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Fig. (3))


      Plot of ln(ηsp/c) vs. c for different temperatures.



      
[image: ]


Fig. (4))


      Point of intersection temperature in Martin´s method.



      In the Fuoss method [61, 62], a straight line is obtained when the reciprocal of reduced viscosity is plotted as a function of the square root of the polyelectrolyte concentration (Fig. 7). It was usually assumed that this line could be extrapolated to zero polyelectrolyte concentration and that the intercept at zero concentration gives the reciprocal intrinsic viscosity.
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Fig. (5))


      Point of intersection temperature in Kraemer´s method.



      However, careful investigations on the dilute solution behaviour revealed that the apparent unbounded rise in the reduced viscosity is always followed by a maximum, and the normal polymer behaviour is recovered as the polyelectrolyte concentration approaches→zero. Thus, the Fuoss method could not be employed to obtain the intrinsic viscosity and, in fact, this is now known to be one of the capital errors in polyelectrolyte solutions.
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Fig. (6))


      Point of intersection of temperature in Schulz-Blaschke´s method.
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Fig. (7))


      The Fuoss method.



      Fedors methods is [63] calculated for dilute and semi-dilute polymer solutions (Fig. 8) with the following equation:




      

        

          	[image: ]



          	(9)

        


      




      
[image: ]


Fig. (8))


      Fedors’ method.



      Cmax is a concentration parameter (in g/cm3). Contrary to Eqs. (4) and (6), Fedors’ equation does not contain any interaction constant (like kH or kM), but a concentration parameter, Cmax, analogous to the volume fraction, corresponding to the maximum packing of solid particles [64]. The Fedors method converges to zero in c/nsp and concentration.
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      The Heller equation contains an empirical constant, kHe [65] (see Fig. 9).




      Irzhak-Baranov proposed that ∂lnηr/∂c can be considered the current intrinsic viscosity in any point of the dependence lnηr on c [66, 67]:
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Fig. (9))


      Heller´s method.



      It is clear that, at c → 0, [η] corresponds to the initial slope of the plot lnηrvs c (see Fig. 11), coinciding with [η] for the isolated macromolecule.
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Fig. (10))


      Heller´s method with logarithmic scale.



      At a finite polymer concentration, the intrinsic viscosity la viscosidad intrinseca characterises the specific volume occupied by the probe macromolecule placed into a solution with a uniform distribution of all other macromolecules. Such an approach can be considered an experimental realisation of the middle field concept. The [η] changes with variation of the polymer concentration.




      
[image: ]


Fig. (11))


      Irzhak-Baranov method.



      The method of determination of the intrinsic viscosity using Eq. (11) was employed in [66] when analysing the effect of compaction of the globules in flexible-chain polymers on passing to the moderate polymer concentration range in solvents of various aspects thermodynamic, and also when interpreting the hydrodynamic behaviour of rod-shaped macromolecules.
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      The concentration dependence relative viscosity ηr for biopolymer in solution is quantitatively described by the relation of Krasovskii-Baranov [68, 69]:




      where α = 1 for the dilute solutions, and α = 0.7-0.9 for the concentration range relating to moderately concentrated solutions. It should be noted that for biomacromolecules in solution, a transition from three-dimensional flow to planar flow occurs in the region of a critical concentration that corresponds to [η]c ≥ 2. Double logarithmic of relative viscosity vs. concentration is applied, as shown in the following equation:
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      It is possible to obtain the intrinsic viscosity of biopolymer solutions (see Fig. 12).
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Fig. (12))


      Krashovskii-Baranov method.



      The constant α, for this protein is equal to 0.64±0.015, corresponding to moderate solution.




      The intrinsic viscosity of a polymer solution is defined by:
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      This definition forms the basis of intrinsic viscosity determinations (Chou & Kokini [70]), which typically involve the extrapolation of experimental evaluations of the quotient ηsp/c versus the concentration “c” or specific viscosity “ηsp”, to zero c or ηsp.




      Application of L’Hôpital’s rule to the defining expression yields of Kozicki-Kuang [71]:
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      which provides an alternative method for evaluation of the intrinsic viscosity as the derivative dηsp/dc at zero concentration (see Fig. 13). Since ηsp, is known to be zero at zero concentration, the method does not involve the extrapolation data of ηspversus c and is therefore not dependent on the availability of a theoretical relationship in the determination of [η], as required in an extrapolation method.
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Fig. (13))


      Kozicki-Kuang method.



      Any analytical expression for ηsp in terms of c which contains the origin, provides a good fit of experimental data in the low concentration range and is amenable to evaluation of the first derivative at c = 0 is sufficient for an independent evaluation of [η]. As can be seen, the problem associated with magnification of error in the quotient ηsp/c at low concentrations, made more pronounced when successive solutions are prepared by diluting a single solution, is avoided since ηsp and is used in place of the quotient ηsp/c [71].
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      Recently, Wolf [72] has proposed a new approach to determine the intrinsic viscosity of polyelectrolytes based on phenomenological thermodynamic tools [73-77]. The Wolf equation is as follows:




      where ηr and [η] are relative viscosity and intrinsic viscosity of the polymer, respectively. B is the viscometric interaction parameter and [η]* is only required for polyelectrolytes.




      According to the Wolf equation, the intrinsic viscosity of polymer can be obtained from the initial slope of natural logarithm of relative viscosity versus concentration of the polymer. It is shown that Wolf's equation is applicable for charged and uncharged polymers [73]. When the neutral logarithm of relative viscosity versus concentration of polymer shows a linear relationship, intrinsic viscosity can be obtained from Huggins equation by setting B and [η]* as zero.




      According to this relation, the intrinsic viscosities [η] of the polymers are given by the initial slope of ln ηrvs c; B represents a viscometric interaction parameter, analogous kH. The additional parameter [η]c (as compared with the Huggins expression) is only required for polyelectrolytes in cases where the solvent does not contain sufficient amounts of extra salt.




      According to experience, Equation (16) describes the experimental data accurately up to reduced polymer concentrations, [η]c, that are considerably larger than unity [75].




      At finite polymer concentrations, the relation between the specific viscosity, ηsp, and the concentration of solute, c, can be expressed conveniently and most generally by the polynomial equation [78]:
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      Without the third term, this is the familiar Huggins equation [79], and the dimensionless parameter k1 is called the Huggins slope coefficient or a hydrodynamic interaction constant [80], arising from hydrodynamic interactions between separate polymer chains [81].




      Comparing the Taylor series of Equations (16) within the region of pair interaction (i.e. up to the square of c) yields the following interdependence of B and the Huggins coefficient kH [74]:
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      Electrolytes greatly affect the viscosity of solutions of hydropolymers and biopolymers. If a high concentration of counter ions is provided by the addition of salts, the electrostatic interactions are suppressed and chain segments can move freely as non-charged polymers; therefore, intrinsic viscosity can be treated by the Huggins equation [82-84]. By adding inorganic acid in biopolymeric solutions, the ionisation of ionisable groups was suppressed and the hydrodynamic volume of polyelectrolyte's chains was decreased; this leads to a reduction in intrinsic viscosity. For this reason, polyelectrolytes have the highest values of intrinsic viscosity in natural media [82-84].




      Table 3 shows the intrinsic viscosity data and the respective constants calculated for each method (Huggins, Martin, Kraemer, Schulz-Blashke, Fuoss, Fedors, Krasovskii-Baranov, Irzhak-Baranov and Kozicki-Kuang).




      The largest errors in the calculation of intrinsic viscosities are reported for the methods Irzhak-Baranov, Chou & Kikini and Kozicki-Kuang, with an error of a unit less value, i.e. 25%. Similar cases may be seen for Krasovskii-Baranov methods and Fuoss, but less so than the above (˃10%). The rest of the methods have minor errors, of less than 1%, with respect to the Huggins method, which was chosen as a reference. The method of Young & Kokini is an abbreviated form of the equation of Huggins, but has the difficulty of strong dependence on the concentration of solute and its respective deviations in very dilute or concentrated areas. The Heller and Wolf methods are difficult to determine graphically and were therefore not taken into account in this work.




      The intrinsic viscosity of the BSA solution is influenced by temperature, as shown in Fig. (1). The influence of temperature on the intrinsic viscosity is given by the parameter of chain flexibility (dln[η]/dT), which gives information about the conformation of the macromolecule chain in solution. The chain flexibility parameter (dln[η]/dT), whose value is 810.56K−1 with a σ2 = 0.8850 (eliminating c-point), introduces error in the value of chain flexibility of BSA in water solution. Analysis of the relative stiffness parameter indicates that the molecular weight of BSA, 66,500 g/mol, is less flexible; however, three trends can be distinguished in Fig. (14), reflected in the stiffer chain curve with d(ln[ɳ])/d(1/T) of -398.97 for A zone from 20-30ºC (gel zone), -2759.1 for B zone from 35-40ºC (active zone) and 5604.5 for C zone from 41-45ºC (denatured protein). The point of intersection between zones A and B is 34.6ºC, defining the lower limit of the active zone of the protein.
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Fig. (14))


      Plot of ln[η] in function of T-1, A corresponding to gel zone, B corresponding to active protein zone and C corresponding denatured protein zone.



      An increasing intrinsic viscosity with increasing T can be caused by polymer-polymer interactions as well as by polymer-solvent interactions. The solvating envelope of the polymer chain can increase when the polymer-solvent interaction (solvent type) increases with temperature. The rising solvation of the chain leads to an expansion of the polymer coil and therefore to an increasing intrinsic viscosity. In this case, a rising temperature leads to decreasing polymer-solvent interactions, increasing intramolecular interactions, and therefore to a decreasing coil expansion [85].




      The intrinsic viscosity measurements used to calculate the Mark-Houwink (M-H) parameters are generally performed for different molecular weights at a constant temperature, with the standard value of this temperature being 25ºC or 37°C in the case of mammalian proteins, or under theta conditions for polymers and biopolymers. In the polymer industry, polysaccharides and proteins must circulate through pipes during transport processes, where pumps have a very high-energy expenditure and where temperatures must be greatly increased; at this point, calculation of the Mark-Houwink parameters becomes important. The M-H parameters are calculated at standardised temperatures; in many cases, these are not useful because of the errors they carry, and it then becomes difficult to calculate the molecular weight. It is therefore necessary to know the change in molecular weight as evidence of a change in the product obtained, as this may create a need to halt the production process, transport, or extrusion. The basic criterion is that the molecular weight does not change with temperature, or at least within one discrete range of temperatures, but that there is hydrodynamic change (intrinsic viscosity). The method is simple and requires iterative mathematical processing and the measurement of intrinsic viscosity at different temperatures.




      Mark (1938) [86] and Houwink (1940) [87] independently correlated the intrinsic viscosity with molecular weight:
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          	(19)

        


      




      where k and a both are constants. The Mark-Houwink equation is applicable to many polymers and is extensively used to determine molecular weight. The constants k and a both vary with polymers and solvents [88-90].




      Equation (18) describes the relationship between intrinsic viscosity and molecular weight. Since molecular weight is related to the size of the polymer chain, for proteins [56], the following equation is generally used:
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          	(20)

        


      




      where M0 is the molecular weight of the amino acid repeating unit (monomer). The calculation of Mark-Houwink (M-H) parameters is carried out by the graphic representation of the following equation:
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          	(21)

        


      




      where k and a are M-H constants, depending upon the type of polymer, the solvent, and the temperature of viscometric determinations. The exponent a is a function of polymer geometry and varies from 0.5 to 2.0. These constants can be determined experimentally by measuring the intrinsic viscosity of several polymer samples for which the molecular weight has been determined by an independent method (e.g., osmotic pressure or light scattering).




      

        Table 3 Mark-Houwink parameters for different temperatures.




        

          

            

              	T (K)



              	[η] (cm3/g)



              	
k (cm3/g)



              	a

            


          



          

            

              	318.16



              	4.1770



              	0.00722



              	0.5727

            




            

              	313.16



              	7.3310



              	0.00725



              	0.6230

            




            

              	310.16



              	6.2900



              	0.00727



              	0.6090

            




            

              	308.16



              	5.4950



              	0.00729



              	0.5974

            




            

              	303.16



              	4.8390



              	0.00731



              	0.5849

            




            

              	298.16



              	4.5860



              	0.00736



              	0.5794

            




            

              	293.16



              	4.4230



              	0.00742



              	0.5754

            


          

        




      




      Using the polymer standards, a plot of ln [η] versus ln Mw usually gives a straight line. The slope of this line is the value of a and its intercept is equal to ln k. The M-H exponent bears the signature of a polymer chain's three-dimensional configuration in the solvent environment: a values from 0.0−0.5 reflect a rigid sphere in an ideal solvent; those from 0.5−0.8 a random coil in a good solvent; and from 0.8−2.0 a rigid or rod like configuration (stiff chain). The polymer molecule assumes a tighter configuration, and the solution has a lower intrinsic viscosity. The M-H “a” constant is close to 0.5 in “poor” solvents, whereas for a rigid or rod-like polymer molecule that is greatly extended in solution the “a” constant approaches a value of 2.0 [91].




      Following this, the Mark-Houwink parameters are established by fixing molecular weight (M), and the intrinsic viscosity [η] was measured at each temperature to calculate the parameters. In the case of a protein, M0 is the molecular weight representative of the amino acid monomers (calculated according to their percentage in the macromolecule). The a and k values are iterated and re-calculated, and a new molecular weight, M1, is calculated. This procedure is repeated until the value of this molecular weight M1 is very similar to M and with an error less than 5% or less than 1%. This procedure is then repeated for each temperature, and data are obtained for the Mark-Houwink parameters with respect to the standard molecular weight (M) [91]. The values obtained for k and a are plotted in Figs. (15 and 16), respectively.
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Fig. (15))


      Influence of temperature on the a Mark-Houwink parameter.



      
[image: ]


Fig. (16))


      Influence of temperature on the k Mark-Houwink parameter.



      This iterative method for the calculation of Mark-Houwink parameters can be very useful for determining the molecular weight and hydrodynamic parameters of a macromolecule at different temperatures, for cases where these parameters are known only for a single temperature. The criterion for applicability is that the molecular weight does not change with temperature (within a discrete range); in other words, no bond breaking or bond formation occurs, although changes in hydrodynamics are permissible [92].




      The hydrodynamic radius and intrinsic viscosity for proteins are higher at high molecular weights and decrease with increasing temperature. The classical values are used to calculate Mark-Houwink parameters, a and k, for each temperature. These studies of M-H parameters are usually carried out at a given temperature, obtaining a consistent result but in a very limited range of temperatures. The values at different temperatures show that BSA in aqueous solution behaves in a conformation that is predominantly confined to the random-coil conformation. The Mark-Houwink parameters for biopolymers may be varied with polymer solution and temperature. This is because the macromolecule changes its hydrodynamic radius with type of solution and temperature via changes in chain flexibility. In a good solvent, a temperature increase results in an intrinsic viscosity decrease and RH<, because the entropy value increases with an increase in temperature and is unfavourable for an extended conformation (Eavf solution > Eavf solvent). Mark-Houwink values confirm that BSA behaves as a random-coil biopolymer for these conditions. Such classical equations relating the parameters of Mark-Houwink with temperature, which ultimately describe this type of thermodynamic parameter, are relations between properties of the solute with the solvent and temperature dependence.
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