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1. Introduction

Gelatin is a natural polymer widely used in pharmaceutical, cosmetic, photographic, and
food industries. It is obtained by denaturation and partial hydrolysis of fibrous collagen.
Collagen is the most abundant structural protein of animals and by far the main organic
component of skin and bone of vertebrates. However, collagen is standing for a family of
proteins with 21 different types of aminoacids described to date. Skin and bones, the raw
materials for gelatin manufacture, mainly consist of type I collagen and a small fraction of
type III collagen. Each type I collagen molecule consists of polypeptide chains are twisted
into left-handed helices. The rod like triple-helical collagen molecules is arranged in a
parallel but staggered orientation to form fibrils (Meyer & Morgenstern 2003).

To convert insoluble native collagen into gelatin requires pre-treatment to breakdown the
non-covalent bonds and disorganize the protein structure, allowing swelling and cleavage
of intra and intermolecular bonds to solubilize the collagen. Subsequent heat treatment
cleaves the hydrogen and covalent bonds to destabilize the triple helix, resulting in helix-to-
coil transition and conversion into soluble gelatin (Harrington & von Hippel 1962). The
degree of conversion of the collagen into gelatin is related to the severity of both the pre-
treatment and the extraction process, depending on the pH, temperature, and extraction
time. Two types of gelatin are obtainable, depending on the pre-treatment. These are known
commercially as type-A gelatin (isoelectric point from 7.5-9.2), obtained in acid pre-
treatment conditions, and type-B gelatin (IP from 4.5-5.1), obtained in alkaline pre-treatment
conditions. Industrial applications call for one or the other gelatin type, depending on the
degree of collagen cross-linking in the raw material, in turn depending on a number of
factors, such as collagen type, tissue type, species, animal age, etc. (Karim & Bhat 2009). The
most important property of gelatin is its ability to form stiff gels at about 30°C, when cooling
a hot gelatin solution with sufficient high concentration (>1%). In contrast to soluble
collagen, gelatins show a broad molar mass distribution on solution. The gelatins fractions
can be prepared by coacervation, precipitation, or fractionated dissolution

Gelatin has long been used as a food ingredient (e.g., gelling and foaming agent), in the
preparation of pharmaceutical products (e.g., soft and hard capsule, microspheres), in the
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86 Products and Applications of Biopolymers

biomedical field (wound dressing and three-dimensional tissue regeneration) and in
numerous non-food applications (e.g., photography) (Chatterjee & Bohidar 2008).

Gels are commonly classified into two groups: chemical gels and physical gels, which are
different essentially through the nature of the bonds linking the polymer molecules
together. If a gel is formed by chemical reaction, the bonds created are covalent bonds and
the gel formed is irreversible. It is possible to treat the viscoelastic properties of chemical
gels through percolation theory because of the very nature of the bonding in chemical
gelation. However, the physical gels achieve solution stability through an array of possible
secondary forces, like hydrogen bonds, van der Waals’ forces, dipolar interactions and
hydrophobic interactions, etc. Since these are weaker bonds the physical gels are reversible
when thermodynamic parameters such as pH, ionic strength, and/or temperature are
modified. Unlike chemical gels, physical gels are fragile and the viscoelastic properties
cannot be described through models like percolation theory. Regardless, all the gels have
a characteristic temperature, called gelation temperature T, below which gelation occurs
and, a threshold polymer concentration. Gelatin gels are made of an ensemble of
physically interconnected triple helices, which are held together by intermolecular
hydrogen bonding. The gelation transition in gelatin has been modeled through a variety
of theoretical models to name a few; percolation model, kinetic aggregation model and
Smoluchowski aggregation model, etc. In these gels, the continuous phase, which is
usually water, stays in equilibrium with the dispersed gelatin network in a state of
dynamic equilibrium and exhibits two distinct physical states, namely; water bound to the
gelatin chains and interstitial water trapped inside the gel network. The hydrodynamic
environment of the network characterizes the possible relaxation modes that the gel can
execute at temperature, T < Tg,. The structure of bound and interstitial water undergoes
significant change as the network structure is altered affecting the hydrodynamic
environment of the network and thus modulating its relaxation features, which can be
easily captured in experiments (Karim, & Bhat 2008).

Biodegradable films made from edible biopolymers from renewable sources could become
an important factor in reducing the environmental impact of plastic waste. Proteins, lipids,
and polysaccharides are the main biopolymers employed to make edible films and coatings.
Which of these components are present in different proportions and determine the
properties of the material, as a barrier to water vapor, oxygen, carbon dioxide, and lipid
transfer in food systems (Gomez-Guillen et al. 2002 and 2009).

Influence of molecular weight heterogeneity and drug solubility, drug loading and
hydrodynamic conditions on drug release kinetics from gelatin nanoparticles as a potential
intravascular probe for diagnostic purposes and in improving the biodelivery of drug
(Saxena et al. 2005).

The thermodynamic properties of the gelatin-water system have been studied using
methods of static light scattering (LS), osmosis, mixing calorimetry, differential scanning
calorimetry, ultracentrifugation, swelling and swelling pressure. At temperatures below
35°C the system undergoes a coil-helix transition, which is clearly demonstrated by
temperature-dependent measurements of LS and optical rotation. If the concentration of
gelatin is above its critical value for network formation, the solutions (sols) undergo a phase
transition to the gel state (Kaur et al. 2002).
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One of the techniques to determine the molecular weight of macromolecules is size
exclusion chromatography (SEC) with size exclusion chromatography-multi-angle laser
light scattering (SEC-MALLS) and sedimentation equilibrium (Borchard 2002). The
determination of the molar mass distribution of this acid soluble collagen (ASC or gelatin)
using the technique SEC-MALS by direct measurement of M, (from 19,000-61,000g/mol).
According to the next scaling law <s2>12 = KM“, « = 0.78 was determined for the gelatin.
This a could reflect a structure in solution, which is more similar to an ellipsoid than to a
random coil (Meyer & Morgenstern 2003).

Although intrinsic viscosity is a molecular parameter that can be interpreted in terms of
molecular conformation, it does not offer as high resolution on molecular structure as
other methods, but intrinsic viscosity measurement is a very economical alternative and
easy determination with a few experiences. Viscosity of protein water solution depends
on intrinsic biopolymer characteristics (such as molecular mass, volume, size, shape,
surface charge, deformation facility, estherification degree in polysaccharides, and
aminoacids content) and on ambient factors (such as pH, temperature, ionic strength,
solvent, etc.). The method of choice has been capillary viscometry because it is a simple
and useful method that requires low cost equipment and yields useful information on
soluble macromolecules. Although in literature there is much information on
hydrodynamic measurements from determinations of viscosity, very few of them evaluate
the situation at different temperatures. The importance of this type of study lies in
analyzing the behavior of the protein in industrial processes so as to reduce energy
requirements and avoid flow problems and product quality control. (Masuelli 2011)

Pouradier & Venet (1952), showed that an equation of the type [n] = 0.166M 085 exists
between the intrinsic viscosity and molecular weight of gelatin. Whereas k and a were each
the same for two alkali-processed gelatins, they were different for an acid-processed gelatin

(Zhao 1999).

Boedker and Doty (1954), worked with gelatin B and [y] in water solution at 40.2°C was
38.1cm3/ g for an My, of 90,000g/mol and R, of 17nm.

Nishihara and Doty (1958), prepared soluble calf-skin collagen by extraction in citrate buffer
at pH 3.7, and was fractionated by different time of sonication from 10 at 440 minutes. They
obtained [] (measured at 24.8°C) varied from 1075 to 220 cm3/g with M, calculated from
336,000 to 137,000g/mol. They proposed Mark-Houwink equation as following [n] =
1.23x10-7 M 180, This value of the a exponent is that of the upper limit for ellipsoids having a
constant minor axis or for cylinders of constant diameter, and confirms assumption
concerning the homologous, rod-like nature of the collagen sonicates.

Olivares et al. (2006), study dilute gelatin (M, 133,000 g/mol) prepared to pH 9.8, ionic
strength of 0.110M (NaCl) and mature 20hs, where intrinsic viscosity with an range
temperature of 5-35°C was of 116.2 to 56.8 cm3/g.

Haug et al. (2004), worked with fish gelatin at 30°C and 0.1M NaCl, M, 199,000 to 140,000
g/mol and [#] from 42 to 47 cm3/ g.

Domenek et al. (2008), released measurement of the intrinsic viscosity of gelatin type B in
water solution at 42°C, where given values were of 27 cm3/g and 70 cm3/ g.
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Works where study the hydrodynamic properties of a biopolymers in aqueous solution at
different temperatures are made by Guner (1999), and Guner & Kibarer (2001) for dextran;
Chen & Tsaih (1998) and Kasaii (2008) for chitosan, Bohidar for gelatin (1998), and Monkos
for serum proteins (1996, 1997, 1999, 2000, 2004 and 2005).

Bohidar (1998), study the aggregation properties of Gelatin chains in neutral aqueous
solutions, were reported in the temperature range of 35-60°C. Data measured to 35°C were:
intrinsic viscosity [#] = 384cm3/g, diffusion coefficient D = 1.12x107cm?/s, molecular weight
M, = 410,000 g/mol, and hydrodynamic radius of Ry = 28nm. The Mark-Houwink equation
of [n] = 0.328 n%69, with monomer molecular weight of 110 g/mol to the repeating unit, and
n values of 3,727. Bohidar concluded that the intermolecular interaction was found to be
repulsive which showed significant decrease as the temperature was reduced; and random
coil shape was confirmed with date obtained.

In this work, an experimental study was conducted on gelatin in semi-dilute region in water
solution; and research the effect of temperature, pH, zeta potential, and ionic strength on
hydrodynamic properties by viscometry, in order to determine the conformational
characteristic, and phase transition (Tgel).

2. Materials and methods
2.1 Sample preparation

Gelatin B from cow bone was supplied by Britannia Lab Argentine with isoelectric point of
5.10. Gelatin was dried and sealed in zip plastic bags and then kept in desiccators. Finally,
gelatin was dissolved in distilled water preparing a solution of 0.25, 0.5, 0.75 and 1% (wt.).

2.2 Density measurement

Density of solution and solvent were measurement with Anton Paar densimeter DMASN.
For determining the hydration value is used the following concentrations of gelatin in
aqueous solution 0.2, 0.4, 0.5 and 0.6%.

2.3 Electrokinetic measurement

Electrokinetic measurements consisted of measuring the viscosity with and without NaCl
(Carlo Erba, Argentine) (Figures 3-a and 3-b), while the isoelectric point (figure 2) and zeta
potential (figure 3-c) were measured at different pH (HCl Ciccarelli and NaOH
Tetrahedrom, Argentine).

3. Results and discussion
3.1 Intrinsic viscosity

If a solution tends to be independent of shear, then the measurement of viscosity (1)) is based
on Poiseuille’s law can be made easy by grouping all those terms related to a specific
viscometer as a calibration constant A.

n=Apt (1)
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where p is the density of solution. If we divide both sides by p, we have

v=—=At (2)

n
P
where v is the cinematic viscosity of solution.

In macromolecular chemistry, the relative viscosity n, is often measured. The relative
viscosity is the ratio of the viscosity of the solution to that of the solvent:

t
7, =L 3)
Po by

The specific viscosity 1)sp is obtained from the relative viscosity by

Usp =1, 1 (4)

3.1.1 Methods for determining the intrinsic viscosity
The intrinsic viscosity, denoted by [1)], is defined as

[17] = Lim D _ Lim 1 Inn, (5)
c—>0 ¢ c—>0 ¢

or as

[7]= Lim I (6)
10 ¢

where c is the concentration of the polymer in grams per 100 cm3 or grams per milliliter of
the solution. The quantity s,/ c is called the reduced viscosity. The unit of intrinsic viscosity
is deciliters per gram (dL/g), milliliters per gram (mL/g) or (cm3/g) depending on the
concentration unit of the solution. The intrinsic viscosity is also called the limiting viscosity
number. The plot of ns,/c versus c or 1/c In n, versus c often gives a straight line, the
intercept of which is [)].

3.1.2 Huggins, Kraemer and Schulz-Blaschke methods

Huggins (1942) showed that the slope is

dng, / ¢

=k [T )

Rearranging and integrating the resulting equation is

T

L=[n]+ky[n] e ®)
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where ky is a dimensionless constant, called the Huggins constant. The value of ky is related
to the structures of polymers or biopolymers. Some other equations for the determination of

[n] are:

35 35
34.5
34 |
2 34 |
£ 33
‘9: 33.5
& 2
£ 32 T 331
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Fig. 1. Methods of Huggins (positive slope), Kraemer (negative slope) (a), Schulz-Blaschke
(b), and Martin (c). Data obtained from experimental measures for gelatin B at 37.4°C.

Kraemer (1938) 111177, =[n]+kg [77]2 c, 9)
c
Schulz-Blaschke (1941) Ty _ [7]+ks_g[n] 15, (10)
c
and Martin (1942) T _ [n]ekM [7]e (11)
c
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For molecules of high intrinsic viscosity a correction must be made for the effect of the rate
of shear strain. For relatively low intrinsic viscosity, the rate of shear strain does not have
any appreciable effect.

Temperature 37.4°C
Method Huggins Kramer lec:suclll’i_e Martin
C (g/cmd) Nsp/ C 1/cInnr Nsp Inngp/c
0.0025 32.02 30.80 0.0800 3.46
0.0050 33.09 30.62 0.1654 3.50
0.0075 33.89 30.20 0.2542 3.52
0.0100 34.43 29.59 0.3443 3.54
[n] (cm3/g) 31.35 31.32 31.44 31.39
Constant kp kx ks km
0.34853 0.1660 0.3139 0.3078
o2 0.9787 0.9712 0.9751 0.9757
%ER - 0.0957 0.2552 0.1286

Table 1. Data obtained applying the classic methods from experimental measurement.

The intrinsic viscosity data calculated from the methods of Huggins, Kramer, Schultz-
Blaschke and Martin are shown in Table 1, and how to perform these steps are shown in
Figure 1.

All values were calculated for intrinsic viscosity of gelatin B solutions to 37.4°C and
compared against the value of Huggins, normally used as standard. It is noteworthy that
each method has a relative error percentage and low for methods of more than four pair’s
values (Er% > 0.30).

3.1.3 Single point methods

Frequently occurs that extrapolations do not have a common value at their origin ordinates.
These deviations may be caused by inadequate lineal extrapolations. The above mentioned
is the routine method used for [n] determination. The procedure is laborious and consumes
a considerable amount of time and reactive; because of this, several equations were
developed which estimate intrinsic viscosity at one single concentration and do not require
a graphic. They are known as “single-point” methods.

Single-point equations suppose that ky, kx and ksp are constants and that ki + kg = 0.5, as is
indicated by the combination of equations Huggins and Kraemer. They all include the
values for relative viscosity, increment of viscosity and concentration. For example,
Solomon-Ciuta (1962) proposes:
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1
[n]= - 1217, —21n7, (12)

In 1968, Deb and Chatterjee (1968 and 1969) suggested that:

[7] ;%%/?dnn, +1.572,-3n,, (13)
More recently, Rao and Yanseen (1986) gave a simplified expression:
1
)2 as
Kuwahara (1963) uses the expression:

[77]5%{775;9 +3ln77,} (15)

While Palit and Kar (1967) suggest:

1
[n]= Z4{/4775,, ~4lny, +1337%, - 272, (16)

and the following equation due to Maron (1961) makes use of the previously calculated
parameters:

[77]_ c{1+}/} (17)
y =% 18)

Chee (1987) and Rao & Yaseen (1986) have examined the applicability of the single-point
method and have found that some equations are inadequate or applicable only to some
specific macromolecule-solvent systems.

Curvale and Cesco suggest a double point equation

S, 1 S 1 r
[n]=-22% {77”'1 ; m7”}—0.5 “ {"”'2 n n“} (19)

where subscript 1 and 2 referrer to concentrations measured. The application of different
methods of single point are shown and compared against the method of Huggins (Table 2).

For single point methods fit with minor errors of 3.54%, but the method of Solomon-Ciuta is
only valid for concentrations below 0.25% wt of gelatin. Double point error is low of 2.00%.

While all methods of single and double point are used to characterize a polymer solution is
always advisable to increase the statistical weight (to reduce errors) with at least four
different concentrations of polymer in a given solvent.
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Methods
(s/ Em3) Soéc;rlizn— ChDafeb;—jee ﬁzrolj,\{l\:g?eaer; Kuwahara Palit & Kar Maron
0.0025 31.97 31.41 31.41 31.10 31.17 31.19
0.0050 16.23 31.83 31.85 31.24 31.90 31.42
0.0075 10.94 31.99 32.04 31.12 32.24 31.39
0.0100 8.26 31.93 32.01 30.79 32.31 31.15
%ER
0,0025 244 0.65 0.64 0.33 0.12 0.05
0,0050 47.99 2.01 2.07 0.09 2.20 0.67
0,0075 64.94 2.52 2.67 0.28 3.30 0.57
0,0100 73.52 2.30 2.56 1.32 3.54 0.19

Table 2. Data obtained applying the methods of single point from experimental
measurement.

3.2 Hydrodynamic properties

In physics, fluid dynamics is a sub-discipline of fluid mechanics that deals with fluid
flow —the natural science of fluids (liquids and gases) in motion. It has several
subdisciplines itself, including aerodynamics (the study of air and other gases in motion)
and hydrodynamics (the study of liquids in motion). Fluid dynamics offers a systematic
structure that underlies these practical disciplines, that embraces empirical and semi-
empirical laws derived from flow measurement and used to solve practical problems. The
solution to a fluid dynamics problem typically involves calculating various properties of
the fluid, such as velocity, pressure, density, viscosity and temperature, as functions of
space and time.

3.2.1 Mark-Houwink parameters

Staudinger (1932) suggested that the molecular weight M of polymers is proportional to the
reduced viscosity:

[7] = koM (20)

where ko is proportionality constant. Mark (1938) and Houwink (1940) independently
correlated the intrinsic viscosity with molecular weight:

[7]=k M" (21)
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94 Products and Applications of Biopolymers

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.

Equation (21) describes the relationship between viscosity and molecular weight. Since
molecular weight is related to the size of the polymer chain. Generally, for proteins using
the following equation:

ol 22 @)

M

Where My is the molecular weight of the repeating unit, gelatin is 540g/mol, according
Pouradier-Venet (1954), and Bohidar is 110g/mol. The calculation of Mark-Houwink (M-H)
parameters is carried out by the graphic representation of the following equation:

In[n]=Ink+aln M, (23)

Where k and a are M-H constants, these constant depend of the type of polymer, solvent,
and temperature of viscometric determinations. The exponent a is a function of polymer
geometry, and varies from 0.5 to 2. 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 (i.e. osmotic pressure or light scattering).
Using the polymer standards, a plot of the In [1] vs In M,, usually gives a straight line. The
slope is a value and intercept is equal to In k value. The M-H exponent bears the signature of
a three-dimensional configuration of a polymer chain in the solvent environment. For a
values are from 0-0.5 rigid sphere in ideal solvent, from 0.5-0.8 random coil in good solvent,
and from 0.8-2 rigid or rod like (stiff chain). The fact that the intrinsic viscosity of a given
polymer sample is different according to the solvent used gives and insight into the general
shape of polymer molecules in solution. A long-chain polymer molecule in solution takes on
a somewhat kinked or curled shape, intermediate between a tightly curled mass (coil) and a
rigid linear configuration. All possible degrees of curling may be displayed by any
molecule, but there will be an average configuration which will depend on the solvent. In a
good solvent which shows a zero or negative heat of mixing with the polymer, the molecule
is fairly loosely extended, and the intrinsic viscosity is high. The Mark-Houwink “a”
constant is close to 0.75 or higher for these “good” solvents. In a “poor” solvent which
shows a positive heat of mixing, segments of a polymer molecule attract each other in
solution more strongly than attract the surrounding solvent molecules. 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. For a rigid or rod like polymer
molecule that is greatly extended in solution, the M-H “a” constant approaches a value of 2.0
(Masuelli 2011).

Table 3 shows the classical values calculating for Mark-Houwink parameters, a and k for
temperature. These studies on M-H parameters are usually carried out at a given
temperature, obtaining a consistent result but in a very limited range of temperature (for
gelatin: Pouradier & Venet 1954 and Bohidar 1998; Monkos for serum proteins 1996, 1997,
1999, 2000, 2004 and 2005). This value shows a clear functionality between these parameters
and temperature.
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T(°C) [n] (cm3/g) | k(cm®/g) a

20.00 62.12 0.1681 0.9119
25.00 48.65 0.1660 0.8850
26.60 44.46 0.1631 0.8737
28.30 41.15 0.1626 0.8621
31.00 39.28 0.1621 0.8554
34.00 35.53 0.1618 0.8382
37.40 31.35 0.1614 0.8198

Table 3. Data obtained of intrinsic viscosity and Marck-Houwink parameters of gelatin B at
different temperatures.

The molecular weight calculated for gelatin is 333,000g/mol. The value of a given at
different temperatures shows that this biopolymer in aqueous solution behaves in a
conformation predominantly confined to the rod-like, different as observed by Bohidar 1998.

3.2.2 Hydration values

It is well known that biopolymers adsorbed water during dry storage and its quality
depends on water content. For example the length of keratin depends on water content and
therefore it is used as a hygrometer. The amount of adsorbed water depends on temperature
and pressure of water vapor.

On the other hand, biopolymers in solution exhibit the phenomenon of hydration due to the
polar properties of water molecules. The electronic formula of water shows that the center of
charge of the negatively charged electrons is nearer to the oxygen atom to the positively
charged hydrogen nuclei. The center of the positive charges is nearer the two hydrogen
atoms. Assuming a molecule, in which the centers of the positive and negative charges do
not coincide, a polar molecule or dipole. Always, dipoles are attracted by ions. In the fits
phase, the ion attracts the opposite pole and repels the pole of same sign; in a second phase,
attraction is stronger than repulsion because the attracted pole is nearer the ion than the
repelled pole. For similar reasons attraction takes place between two dipoles.

Hydration consists of the binding of water dipoles to ions or ionic groups, to dipoles, or
polar groups. Hydration takes place in solid substances as well as in solution.

Since the components of a compound are linked to each other in such a way that they have
lost same of their free translational mobility, the volume of hydrated molecule is always
smaller than the sum of the volumes of its components, the hydration is accompanied by a
decrease of the total volume.

The amount of water bound to the proteins and polysaccharides depends primarily on the
ratio of water to the biopolymer in the investigated system. The two extreme cases are the
dry biopolymer (water content tend to zero) and highly diluted aqueous solutions of the
biopolymers. The dry biopolymer undergoes hydration if is exposed to the water vapor of
increased vapor pressure. The extent of hydration can be determined y measuring the
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increment in weight. It is much more difficult to determine the extent of hydration in
aqueous solutions of biopolymers. Although hydration is accompanied by a volume
contraction of the solute and the solvent, this change in volume is very small and difficult to
measure directly. It is customary to measure the density of biopolymer solution.

The amount of hydrated biopolymer and of free water in the biopolymer-water system, the
thermodynamic notion of partial specific volume has been introduced and is frequently
determined. The relation to v, the specific volume, is shown by the equation:

gy = &) U+ 8 V0 (24)
where g, and go are the amount of biopolymer and water, respectively, in 1g of the mixture.
The magnitude of v can be determined by varying the biopolymer-water ratio (gp/go) and

plotting vy, agains g, the slope is T_J .

However is not to measure solution density at each concentration since the correction of
Tanford (1955) can be applied:

_ M 25

[n]=[n], + S (25)

or [h) - [Ui + ﬂ (26)
C ¢ Jo £o

Of course if this latter is not known for the solvent conditions being used, or cannot be
calculated from the chemical composition of the macromolecule then solution density
measurements are required:

{m} @)
Po

po and p are density of solvent and solution, respectively, and can be measured using
densimeter or picnometer.

The swollen specific volume vsp (cm3/g) is defined when an anhydrous biomacromolecules
essentially expand in suspended or dissolved in solution because of solvent association, and
vyM
Uy =N
A

(28)

where vy is swollen or hydrodynamic volume (cm?), M the molecular weight (Da or g/mol),
and Na is Avogadro’s number. This associated solvent which we consider in more detail
below can be regarded as which is either chemically attached or physically entrained by the
biomacromolecules. vs, can be related to a popular term called the hydration value §, by the
relation
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o
Uy =0+ ,0_0 (29)

The corresponding value of the “hydration” § of the molecule (see table 4), defined by

8 =(vy —0)py (30)

where vy, is specific volume (cm3/g). Although, because of the approximations we have made,
the actual numerical value must be treated with very great caution, this treatment does
however suggest that polysaccharide is highly expanded, but perhaps not to the same extent
as found for coil-like polysaccharide structures to is ~50g/ g solvent bound per g of solute. For
globular proteins a & value of 0.3-0.4 has been inferred by RMN, IR, and simulation computer.
Hydration value from sedimentation or diffusion data varied from 0.1 to 1.

3.2.3 Perrin number

Most biological polymers, such as proteins and nucleic acids and some synthetic polymers,
have relatively inflexible chains. For rigid particles, the size is no longer of predominant
importance, because the polymer chain is no longer in the form of a flexible random coil;
instead, shape becomes an important parameter. Following are some theoretical proposals
for the estimation of the shape factor p from the viscosity measurement (table 4). The term
f/fois sometimes denoted as p, Perrin constant.

Combination of the Perrin function, p often referred as the ‘frictional ratio due to shape’

with the frictional ratio (f/fy) enables the degree of expansion of the molecule (vy/ 5) to be
estimated, where vy, (cm3/g) is the volume of the swollen molecule (Polysaccharide or

protein + associated solvent) per unit mass of polysaccharide and v is the partial specific
volume (essentially the anhydrous molecule):

S P(UTHJW (31)

(%

When the biopolymer is contracted, term of expansion is negligible.

3.2.4 Einstein viscosity increment (Simha number)

There are two molecular contributions to the intrinsic viscosity: one from shape, the other
from size or volume, as summarized by the relation

[77] = Ua—bvsp (32)

Where v, is a molecular shape (Simha 1940) parameter known as viscosity increment and
vsp defined in equation 28.

The viscosity increment v, is referred to as a universal shape function or Simha number
(table 4); it can be directly related to the shape of a particle independent of volume. For its

experimental measurement it does however require measurement of vsp, v ,5, po, as well as
of course [n].
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In a study of the viscosity of a solution of suspension of spherical particles (colloids),
suggested that the specific viscosity nsp is related to a shape factor v, in the following way:

nsp = Ua—b¢ (33)
where ¢ is the volume fraction;
nvo, _b
& 2 34
P==3 (34)

where 1 is the number of no interacting identical particles, v is the volume of each particle,
and V is the volume of the solution or suspension. Assume that the molecules are of a
spherical shape, rigid and large relative to the size of the solvent molecules, and that the
particles are small enough to exhibit Brownian motion but large enough to obey the laws of
macroscopic hydrodynamics (Teraoka 2002). Then v, = 2.5 is for spherical particle.

The Einstein equation is now used as a reference to estimate the shape of macromolecules.
Any deviation can be interpreted as the fact that the molecules are not a sphere.

3.2.5 Scheraga-Mandelkern parameter

The first attempt to the problem of the hydration for ellipsoids of revolution, suggests a
combination graphic v.., with the contribution of the form of the Perrin function "p" (ratio of
friction). This was followed in for Flory and Scheraga-Mandelkern describing and analytical
combination of vap, with p to yield a function B, which, with [n] in cm3/g is given by:

(7] n, NP o

- - 1/3
M2/3(1—p0 vj1001/3 (16200;;2) P p

B= (35)

Unfortunately the B-function proved very insensitive to shape change. Fortunately further
combination of v,1, with other universal shape parameters have proved more successful.

Scheraga-Mandelkern equations (1953), for effective hydrodynamic ellipsoid factor B (Sun
2004), suggested that [n] is the function of two independent variables: p, the axial ratio,
which is a measure of shape, and V., the effective volume. To relate [n] to p and V.,
introduced f, the frictional coefficient, which is known to be a direct function of p and V..
Thus, for a sphere we have

N N,V
o =g 36)
1/3

3V,
fo= 67”70( 1 j (37)

4

Using the Stokes-Einstein equation of diffusion coefficient
D= kT (38)
f
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where kg is Boltzmann constant and T is the temperature.

And Svedberg equations of sedimentation coefficient

M (1 - pZ_)j
TN )

1/3 3 71/3
obtain B= Dl] p :,A,/I To (40)

B
1/3
or B= w (41)
M?/3 (1 — pvj

The value of B is a measure of the effective hydrodynamic ellipsoid (table 4).

3.2.6 Flory parameters

The classical size-independent combinations are the Flory parameters that combine the
intrinsic viscosity, [#], and the radius of gyration, Rq:

[7]M,,
¢y = 63/2R§ (42)
and another combining the friction coefficient with the radius of gyration:
p-—L )

677R,

These quantities have been proposed along the years, at different times by Flory. As a
consequence of the diversity in their origin, the set of classical universal size independent
quantities suffers some inconveniences. Two of them, unimportant but somehow
cumbersome, are related to the diversity not only in the symbols employed to represent
them, but mainly in the disparity of their numerical values and the order of magnitude for
typical cases; thus, while the values for these two structures in the case of the ¢ are
9.23x102*mol! and 2.60x1022mol-1. Thus, it is accepted that, for every flexible-chain polymer
in a @ (ideal) solvent, there is a universal value of ¢ = 2.50x102mol! (Ortega & Garcia de la
Torre 2007). The values obtained for gelatin B are show in table 4.

3.3 pH effect and Isoelectric point

The IEP for aminoacid can be calculated from the ionization constant according to the
equation:

pK; + pK,

IEP = (44)
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If the acid and basic groups of aminoacid were ionized to the same extent, its salt-free water
solution would have the same pH value as pure water. Since the ionization of carboxyl
groups is higher than of amino groups the IEP are neighborhood of pH 6. An aqueous
solution of aminoacid contains small amounts of hydrogen ions and of anions H>N-R-COO-
in addition to large amounts of dipolar ion HsN*R-COO-. Since the aminoacid are weak
acids and weak bases at the same time, their mixtures with strong acids and bases are used
as buffer solutions.

Since the binding of extraneous ions considerably alters the value of IEP of an aminoacid or
protein, this point is not a constant. The term isoionic point (IP) is used to designate the pH
value of a pure protein in salt-free water. The direct determination of this constant is
difficult and because many proteins are insoluble in the absence of salts. The isoionic point
is usually determined indirectly, that is, by measuring the IEP at different concentrations of
the neutral salts and extrapolating to zero concentration. The value of the isoionic point may
differ from IEP by more than a pH unit (Haurowitz 1963).
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Fig. 2. Influence of pH on the intrinsic viscosity of gelatin A and B.

On point of interest at the pH at which a protein or order polyampholite has zero charge
(isoelectric point) the mobility should be zero. At lower pH values a protein will be
positively charged and move toward the negative electrode, and at higher pH transport will
be in the opposite direction. Thus the measure of isoelectric point (IEP) can be made simply
and unambiguously by means electrophoresis (van Holde 1971).

Gelatins are classified according to whether an acid or an alkali is used in the final
preextraction step. If an acid solution is used as the final solvent, type-A gelatin (acid
process) is obtained. In case of alkali as the final solvent, type-B gelatin (alkali process) is
obtained. Type-A gelatin’s isoelectric point is higher compared to that of type-B gelatin, as a
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milder acid process does not remove the amide nitrogen of glutamine and aspargine,
therefore, the resulting gelatin’s isoelectric point might be as high as 9.4. If a more severe
acid treatment is required, then some of the amide groups are hydrolyzed and the isoelectric
point would be similar to that of the original collagen molecule, which generally lies
between 6 and 8. Type-B gelatin’s isoelectric point might be as low as 5.2 or 4.8, as the alkali
process results in the loss of the amide groups. Benson 1963, prepared protein solutions at
various pH and determining by plott the viscosity relative or intrinsic viscosity as a function
of pH is a minimum corresponding to the isoelectric point.

Kenchington and Ward 1954, conducted studies of gelatin obtained by titration of acid and
basic process. They claim the IEP gelatin A to the amide groups in addition to carboxyl
groups. In the case of gelatin B, awarded the IEP conversion of arginine to ornithine, where
the conversion of the guanidine groups in the amino acid occurs during treatment extent
slight alkaline of the collagen.

The figure clearly shows two minimum for a gelatin B corresponds to the isoelectric point,
pH 5.1, and the other corresponds to a flexion in the basic medium at pH 9.1; in the case of
gelatin A the isoelectric point corresponds to pH 9.2 and at pH 5 an flexion. The isoelectric
point is presented as the more compact form of gelatin, i.e. less drainage time, evidenced
with smaller hydrodynamic radius. Both the basic or acidic flexion is due to compact forms
of gelatin but not so small as to be isoelectric point. No less are the forms they take in acidic
or basic, identified as linear gain widespread forms of gelatin A or B. In the neutral pH from
the isoelectric points bending is the neutral form. A basic pH after the isoelectric point 9.2
shall register a new or extended basic shape.

3.4 Solvent effect

Solubility of protein in water varies within wide limits. While some proteins dissolve easily
in salt-free water, others dissolve only in the presence of certain concentrations of salts, a
third group is soluble in mixtures of water and ethanol, and insoluble in any solvent.

The solubility protein in water is determined by chemical structure, number of aminoacids
that forming the molecule, and folding of the peptide chains in the molecule. Peptide
structure and charged ionic groups increase the affinity of the protein for water and its
solubility. The solubility of proteins depends to a great extent on pH and on the
concentration of salts present on solution. The minimum solubility is found at the isoelectric
point. Neutral salts have a two-fold effect on protein solutions. Low concentration of the
salts increase the solubility of proteins phenomena denominated as salting-in, while high
concentrations of neutral salts reduce the solubility and give rise to the formation of
precipitates (salting-out). Salting-out effect is evidently due to a competition between the
salt and protein for molecules of the solvent.

Bohidar et al. 1998, realized studies of Sol and Gel state properties of aqueous gelatin
solutions of concentrations 4%, 6%, 8% and 10% (w/v) were investigated through dielectric
relaxation studies done at various temperatures in the range from 20 to 60°C carried out
over a frequency range 20Hz-10MHz and no relaxation of any nature was observed.

Quite generally, high dielectric constants are found in polar molecules, low constant in non-
polar molecules. The proteins are highly polar substances; one would expect zwitterions to
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have high dielectric constants. The dielectric constant of protein aqueous solutions is
increase and proportional to the dissolved substance.

3.5 lonic strength and electroviscous effect

The ionic strength dependence of intrinsic viscosity is function of molecular structure and
protein folding. It is well known that the conformational and rheological properties of
charged biopolymer solutions are dependent not only upon electrostatic interactions
between macromolecules but also upon interactions between biopolymer chains and mobile
ions. Due electrostatic interactions the specific viscosity of extremely dilute solutions seems
to increase infinitely with decreasing ionic concentration. Variations of the intrinsic viscosity
of a charged polyampholite with ionic strength have problems of characterization.

It was found earlier by experiment and theory that the viscosity intrinsic of polyelectrolyte
solutions is nearly linear with the reciprocal square root of the ionic strength over a certain
range, such as

[n]=[n], +e17/? (45)

Where the slope ¢ determined by the plot is the extension coefficient. The I-1/2 dependence
viewed in terms of an increased Debye length can be explained as the electrostatic excluded
volume contribution.

To study the electroviscous effect should address the theory of the electrical double layer
developed by Smolowchoski, Helmholtz, Guy and Stern (Lyklema 1995). According to the
Stern double layer consists of two parts: one, which is about the thickness of anion remains
almost fixed to the solid surface. In this layer there is a definite fall of potential. The second
part extends some distance within the liquid phase and is diffuse in this region, thermal
motion allows the free movement of particles, but the distribution of positive and negative
ions is not uniform, because the electrostatic field in the surface would cause preferential
attraction of the opposite charge. The result is a fall of potential within the liquid where the
charge distribution is uniform. The approximate boundary between the bulk liquid and bulk
solution is the electrokinetic potential or zeta potential. The magnitude of the zeta potential
could be alter, or even sign, the presence of ions in solution. The higher the valence of the
ion of opposite sign is greater effect to reduce the potential electrokinetic. Increasing the
concentration of electrolyte on a surface of negative charge, cations tend to accumulate on
the fixed layer, reducing the thickness of the double layer and consequently charge density
and zeta potential. To study the stability of colloids are essential trace amounts of
electrolytes, at least in water, but larger quantities cause aggregation of particles and
precipitate formation. The phenomenon of precipitation, flocculation, coagulation, and
conservation depends on what kind of effect on the type of colloid electrolyte concentration
exercises. Given the concentration of salts and the concentration of colloid is possible to
determine whether precipitation occurs or not. As a result of these studies it is clear that the
ion is effective for the coagulation is the opposite to that of the colloidal particle, and that the
clot can grow considerably increases the valence of the ion (Schulze-Hardy rule).

The stability of a colloid such as gelatin in water is determined by the electric charge and
hydration. The addition of large amounts of electrolytes to colloids (biopolymers) causes
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precipitation dispersed substance, a phenomenon known as salting. That is, high
concentrations of salts dehydrate the solvated biopolymer and reduce the zeta potential. The
salificantion effect depends on the nature of the ion, and salts of a given cation. Can be
arranged according to decreasing ability to remove the lyophilic substances on colloidal
solution, these series have been called Hofmeister or lyotropic series.

Electroviscous effect occurs when a small addition of electrolyte a colloid produces a notable
decrease in viscosity. Experiments with different salts have shown that the effective ion is
opposite to that of the colloid particles and the influence is much greater with increasing
oxidation state of the ion. That is, the decrease in viscosity is associated with decreased
potential electrokinetic double layer. The small amount of added electrolyte can not
appreciably affect on the solvation of the particles, and thus it is possible that one of the
determinants of viscosity than the actual volume of the dispersed phase is the zeta potential.

The electroviscous effect present with solid particles suspended in ionic liquids, to increase
the viscosity over that of the bulk liquid. The primary effect caused by the shear field
distorting the electrical double layer surrounding the solid particles in suspension. The
secondary effect results from the overlap of the electrical double layers of neighboring
particles. The tertiary effect arises from changes in size and shape of the particles caused by
the shear field. The primary electroviscous effect has been the subject of much study and has
been shown to depend on (a) the size of the Debye length of the electrical double layer
compared to the size of the suspended particle; (b) the potential at the slipping plane
between the particle and the bulk fluid; (c) the Peclet number, ie. diffusive to
hydrodynamic forces; (d) the Hartmann number, i.e. electrical to hydrodynamic forces and
(e) variations in the Stern layer around the particle (Garcia-Salinas et al. 2000).

The primary electroviscous effect occurs, for a dilute system, when the complex fluid is
sheared and the electrical double layers around the particles are distorted by the shear field.
The viscosity increases as a result of an extra dissipation of energy, which is taken into
account as a correction factor ““p;'" to the Einstein equation:

1 =1+va,(1+p;)é (46)

The effective viscosity of a suspension of particles in a fluid medium is greater than that of
the pure fluid, owing to the energy dissipation within the electrical double layers.

Finally, p;i is the primary electroviscous coefficient which is a function of the charge on the
particle or, more conventionally, the electrostatic potential, { , on the “slip-ping plane”
which defines the hydrodynamic radius of the particle, and properties (charge, bulk density
number, and limiting conductance) of the electrolyte ions (Rubio-Hernandez et al. 2000).

Equation 46 suggests that, maintaining p; constant, n must depend linearly on ¢ if only a
first-order electroviscous effect exists, and an increase in the electrolyte concentration
implies a decrease in the thickness, 1/x, of the electrical double layer,

1 &,.&0kgT
;: 2 r2 0™B > (47)
\| 47e Zicizi

where ¢, is the dielectric constant of the liquid medium, g is the vacuum permittivity, e is
the electron charge, kgT is the Boltzmann energy, and c; and z; are the concentrations and
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the valencies, respectively, of the various ionic species in the solution, far away from any
particle (Oshima 2008 and Overveek 1976).

The slopes of the different curves correspond to the full electrohydrodynamic effect, ¢ + ¢ p;,
where the first term expresses the hydrodynamic effect, and the second is the consequence
of the distortion of the electrical double layer that surrounds the particles. To determine this
second term and, more exactly, the primary electroviscous coefficient, p;.

The calculation of zeta potential from electoviscous effect measures (Rubio-Hernandez et al.
1998 and 2004), is given by the equation

Ny = a_b¢[1+L[€,£0§jT (48)

n,kR3\ 27

Proteins and polysaccharides are biopolymers carrying charges due to dissociation of
their ionizables groups in an aqueous solution and have been widely used in paints,
cosmetics, and film industries. Different from neutral polymers, polyelectrolytes have a
comparatively extended conformation, owing to the repulsive intrachain electrostatic
interaction screened by the surrounding small ions in the solution. As a result, their
rheological properties in a dilute solution due to an applied flow will change accordingly.
This is called a tertiary electroviscous effect. In addition, the imposed flow distorts the
ionic cloud around each polyelectrolyte from its equilibrium state, leading to two effects.
First, it results in additional energy dissipation associated with the electrical interaction
between each polyelectrolyte and small ions. This direct effect, depending on the chain
configuration, is analogous to the primary electroviscous effect of charged rigid spheres,
rods, or polyions of arbitrary shape but has sometimes been ignored in the field of flexible
polyelectrolyte rheology. Second, an indirect effect changes the polyelectrolyte
conformation through the modification of the intrachain electrostatic interaction,
compared to that with equilibrium double layer. Therefore, the primary and tertiary
effects are indeed coupled for polyelectrolytes (Hunter 1981).

The increasing dilution of flexible polyelectrolytes at low ionic strength, the reduced
viscosity may increase first, reach a maximum, and then decrease. Since a similar behavior
can also be observed even for solutions of polyelectrolyte lattices at low salt concentration,
the primary electroviscous effect was thought as a possible explanation for the maximum, as
opposed to conformation change.

It is very difficult and scarce to find literature to study the electrokinetic phenomena of
proteins or macromolecules in solution therefore limit us to the basic concepts of
electrokinetic changes observed, they are conformational change because of the presence of
salts and the zeta potential change in pH.

For polyelectrolyte solutions with added salt, prior experimental studies found that the
intrinsic viscosity decreases with increasing salt concentration. This can be explained by the
tertiary electroviscous effect. As more salts are added, the intrachain electrostatic repulsion
is weakened by the stronger screening effect of small ions. As a result, the polyelectrolytes
are more compact and flexible, leading to a smaller resistance to fluid flow and thus a lower
viscosity. For a wormlike-chain model by incorporating the tertiary effect on the chain
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conformation to predict the intrinsic viscosity in zero-shear limit. The effect of the intrachain
electrostatic repulsion on the chain conformation is obtained based on the equilibrium
interaction, which depends on the Debye screening length (Li Jiang et al. 2001).
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Fig. 3. Study of the electroviscous effect of NaCl on gelatin B. a-Hydrodynamic radius, b-
n/no. c- Zeta potential at different pH (0.001M NaCl).

Note that when the concentration of added salt is very low, Debye length needs to be
modified by including the charge contribution of the dissociating counterions from the
polyelectrolytes. Because the equilibrium interaction is used, their theory predicts that the
intrinsic viscosity is independent of ion species at constant ionic strength. At very high
ionic strength, the intrachain electrostatic interaction is nearly screened out, and the
chains behave as neutral polymers. Aside from the tertiary effect, the intrinsic viscosity
will indeed be affected by the ionic cloud distortion and thus cannot be accurately
predicted by their theory.
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The effects of ion valence and polyelectrolyte charge density showed that at very low ionic
strength found that when the counterion valence of added salt changes from monovalent
(NaCl) to divalent (MgSOys), the reduced viscosity decreases by a factor of about 4.5. If
La(NQO3)s is used, the reduced viscosity will be further decreased although not drastically.
As for polyelectrolyte charge density, the intrinsic viscosity was found to increase with it
because of an enhanced intrachain electrostatic repulsion (Antonietti et al. 1997).

The data on the electroviscous effect of NaCl in gelatin B can be seen in Figure 3. Figure 3 b
shows that in 0.001M is a maximum, this maximum defines the most expanded form of
gelatin B, at higher concentrations this value is constant from 0.1M, a phenomenon known
as salting-out. At lower concentrations found in the salting-in. Figure 3 ¢, we find the zeta
potential and pH where it is zero corresponds to the isoelectric point to a concentration of
0.001M NaCl.

3.6 Temperature effect

Theta temperature (Flory temperature or ideal temperature) is the temperature at which, for
a given polymer-solvent pair, the polymer exists in its unperturbed dimensions. The theta
temperature, ®, can be determined by colligative property measurements, by determining
the second virial coefficient. At theta temperature the second virial coefficient becomes zero.
More rapid methods use turbidity and cloud point temperature measurements. In this
method, the linearity of the reciprocal cloud point temperature (1/T.p) against the logarithm
of the polymer volume fraction (¢) is observed. Extrapolation to log ¢ = 0 gives the
reciprocal theta temperature (Guner and Kara 1998).

Theta temperature is one of the most important thermodynamic parameters of polymer
solutions. At theta temperature, the long-range interactions vanish, segmental interactions
become more effective and the polymer chains assume their unperturbed dimensions. It
can be determined by light scattering and osmotic pressure measurements. These
techniques are based on the fact that the second virial coefficient, Ay, becomes zero at the
theta conditions.

Another method is known as the cloud point/turbidity measurements yielding more rapid
and accurate determination of the theta temperature. This technique is mainly based on the
observed linearity of the reciprocal of the cloud point temperature when plotted versus the
logarithm of the polymer volume fraction and the extrapolation to ¢. The information on
unperturbed dimensions has been accessed via extrapolation methods by viscometry
yielding intrinsic viscosity values (Gouinlock et al. 1955). In these methods, it is also possible
to determine the long-range interactions, and evaluate the theta temperature by the
temperature dependence of long-range interaction parameter. Simply, the intrinsic viscosity
may be given in the form:

(7] =[] @ (49)

where [n]r and [n]e are the intrinsic viscosities determined at the studied temperature
interval (20-60°C) and the theta temperature. a, is the expansion of the polymer for the
employed solvent system. The relation between hydrodynamic linear expansion factor, a,
and a,, is given by o, 3=a5/2.
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The thermodynamic linear expansion factor has been related to Flory or thermodynamic
interaction parameter, y, and the entropy of dilution parameter, ys, through the Flory-Fox
[10] equations,

a®—a®=2Cy,(05-2,)(1-0©/T)M"? (50)
where O is the theta temperature. The coefficient Cyv is given by

27ve, M/

Cum = 3/2 (51)
2N v, (27z <r’ >0) /

where v, is the specific volume of the polymer, Na is the Avogadro's number, v is the
molar volume of the solvent (for water, 18 cm3/mol) and <r2>¢!/2 denotes the unperturbed
root-mean-square end-to-end distance.

o depends on the factor (0.5-x5)(1-©/T), measuring the intensity of the thermodynamic
interactions and also representing the power of the solvent, i.e. the higher is this factor, the
better is the solvent. The coefficient Cy seems to be less dependent on temperature,
however, the parameter Cv involves the unperturbed dimension end-to-end distance,
<r2>¢1/2, which depends on temperature through the effective bond character of the chain.
Consequently, Cy is indirectly governed by temperature through <r?>¢l/2 term present in
Eq. (51). So, the temperature dependence of o is much more governed by this factor,
whereas temperature dependence of Cy is not negligible. The decrease of alpha with
increasing temperature is for different molecular weights of sample. Considering the
structure of gelatin, it is strongly expected that hydrogen bonding will form between
polymer segments, and obviously these bonds will break at increased temperature and
hydrophobic interactions between polymer segments will be more dominant and can be
related to hydrodynamic systems. Hydration, hydrogen bonding/molecular association
between polymer segments and water molecules are destroyed with an increment of
temperature for water-soluble polymers. It is observed that the strong interaction between
polymer segments and solvent molecules through hydrogen bonding will form for
gelatin/water system. Therefore, yn must be negative. Experimental y values seem to be
higher than 0.5 and s values are the only dominant driving force in setting y numerically to
0.5 which is believed to be the ideal condition of polymer solutions. The relation between
xH, %s and the interaction parameter y is defined as x-0.5 = yu-(0.5-ys).

This stipulation of the interaction parameter to be equal to 0.5 at the theta temperature is
found to hold with values of i and ys equal to 0.5 - y < 2.7 x 105, and this value tends to
decrease with increasing temperature. The values of ® = 308.6 K were found from the
temperature dependence of the interaction parameter for gelatin B. Naturally, determination
of the correct theta temperature of a chosen polymer/solvent system has a great physic-
chemical importance for polymer solutions thermodynamically. It is quite well known that
the second virial coefficient can also be evaluated from osmometry and light scattering
measurements which consequently exhibits temperature dependence, finally yielding the
theta temperature for the system under study. However, the evaluation of second virial
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coefficient from Zimm plot is really a time consuming and difficult task although quite
reliable (Guner and Kibarer 2001).

Gelatin is easily dissolved in water by heating the solutions at about 40 to 50°C. Then the
gelatin chains are believed to be in the coil conformation. When solutions are cooled below
30°C a reverse coil—helix transition takes place which can be detected by important
modifications of the optical rotation, mainly due to the left-handed helix conformation. The
helices have to be stabilized by hydrogen bonds which are perpendicular to their axes. Thus,
at very low concentration 104 to 102 w/w intramolecular hydrogen bonds are formed
preferentially by a back refolding of single chains. A higher concentrations > 1% w/w, can
be proved the helix growth indices chain association, and three-dimensional network
formation. Models of a chain have been proposed: 1- a conformation coil—helix transition
by local association of three different chains (intermolecular bonds) along short helical
sequences; 2- a crystallization mechanism leading to fiber growth, similar to fringe micelle
model of synthetic polymer crystallization. The diameter of fiber would depend on
temperature and concentration.

Eysturskard et al. (2009), found that the gelation temperature and helix content are very
affected (increase) by increasing molecular weight above 250,000 g/mol. This phenomenon
is found in the present work, which accounts for a sol-gel transition different from those
found by the team of Djabourov (1988a, 1988b, 1991, 1995, 2007). In this work this
phenomenon is awarded to the high molecular weight gelatin B studies; also this
biopolymer has high numbers Simha and Perrin, which realizes that this macromolecule is
related to the rod-like shape than the random-coil shape.

Olivares et al. (2006), studies performed viscometers very dilute gelatin solutions with
concentrations between 10> and 10 g/cm3, where either intermolecular aggregation or
intramolecular folding are possible, respectively, and the sol-gel transition is not observed.

Djabourov (1988a, 1988b, 1991, 1995, 2007) proposes a T, of 26-30°C or below 30°C in this
study we found a T of about 30°C.

In this work, the linear relation between viscosity and temperature, where the values obtained
in the temperature range of 20-29°C is Ey 8,556.62 cal/mol, and A,8.59x10 g/cm s, with o2
0.9983, and range of 31-37.4°C is Ey 5,649.81 cal/mol, and A,7.55x107 g/cm s, with 62 0.9971.
This occurs due to the higher resistance to flow of biopolymers requiring, therefore, more
energy in gel state. The increment of activation energy of viscous flow (AEus= Euyf- Eqp) occurs
due to the higher resistance to flow of biopolymer respect to solvent; where AEyis 4,454.2 and
1,547 4cal/mol, respectively.

Noting the influence of temperature on the intrinsic viscosity is given by the parameter of
chain flexibility (dIn[x]/dT), which gives information about the conformation of the
macromolecule chain in solution (Kasaii 2007, Chen and Tsaih 1998). The chain flexibility
parameter in the temperature range of 20-29°C is dIn[r]/dT = 4,404.11K-1, 62 0.9993; and in
the range of 31-37.4°C is 2,987.89, o2 0.9845. This phenomenon indicates that the chain
flexibility, for this gelatin molecular weight (333,000 g/mol) is rigid for temperature range of
20-29°C and flexible for range of 31-37.4°C (figure 4).

Figure 4 shows that the intrinsic viscosity is influenced by temperature for gelatin. Where
the influence of temperature is manifested in a phase transition at 30°C, presented as a
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change of slopes given between 20-29°C and another between 31-37.4°C, with gelation
temperature, Ty of 30°C. This phenomenon is repeated by looking at other hydrodynamic
properties as seen in the change in hydrodynamic radius as in Figure 4. The
hydrodynamic radius and intrinsic viscosity for proteins decrease with increasing
temperature (Bohidar for gelatin 1998, and Monkos for serum proteins 1996, 1997, 1999,
2000, 2004 and 2005).

According to Stokes-Einstein equation, the diffusion coefficient is inversely proportional to
the solution viscosity which increases with temperature. Hence, a lower diffusion coefficient
corresponds to a lower size molecule.

4,2

0,0032 0,00325 0,0033 0,00335 0,0034 0,00345
T (K")

Fig. 4. Ln [n] i function of 1/T.

Analyzing the values of the hydrodynamic properties of gelatin in aqueous solution
shows that all values vary with the temperature (table 4). f values increases from 2.24 to
2.83x10¢ with temperature increase, indicating a coil structure. The values of ¢ and Py
decreases from 12.70 to 6.37x102'mol-! and 8.88 to 5.56 demonstrating a low flexibility of
the colloid. The value of p decreases from 6.70 to 5.28, and v, with 14.6 which confirms
that gelatin in aqueous solution is a biopolymer with a rod-like conformation with
tendency to compaction with increasing temperature (Ry decreases). The value of ¢ as
expected decreases from 4.07 to 1.50g/g with increases of temperature, this phenomenon
is due to loss of water due to compression of gelatin by the effect of increasing
temperature (Durand 2007 and Morris et al. 2009).

The parameters of Mark-Houwink for biopolymers may be varied with solvent and
temperature (Chen et al. 2009, Chen & Tsai 1998). This is because the macromolecule
changes hydrodynamic radius with type solution and temperature via change in their chain
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flexibility. In a good solvent and sol phase, a temperature increase results in an intrinsic
viscosity decrease and in a less-extended conformation (D> and Ry<), because the entropy
value increases with an increase in temperature and it is unfavorable for an extended
conformation (AE.>).

T(C) | [nl(em3/g) | Ru(cm) |3(g/8g) p ¢o (mol) | p=ffwa | Po

20.00 62.12 3.25E-06 4.07 | 3.40E+06 | 1.27E+22 6.70 8.88

25.00 48.65 3.00E-06 3.04 | 3.56E+06 | 9.95E+21 6.39 7.81

26.60 44 .46 2.91E-06 272 | 3.82E+06 | 9.09E+21 5.95 7.05

28.30 41.15 2.83E-06 245 | 3.94E+06 | 8.42E+21 5.78 6.68

31.00 39.28 2.79E-06 225 | 4.00E+06 | 8.03E+21 5.68 6.47

34.00 35.53 2.70E-06 191 | 4.21E+06 | 7.27E+21 5.41 5.95

37.40 31.12 2.58E-06 1.50 | 4.31E+06 | 6.37E+21 5.28 5.56

Table 4. Gelatin B hydrodynamic parameters, measurement to different temperatures.

Mark-Houwink values confirm that for these conditions gelatin is behaves rod-like
conformation. Such of empirical equations can be relating the parameters of Mark-Houwink
with T, which ultimately describe this type of thermodynamic parameters are relations
between properties the solute with the solvent and temperature dependence.

4. Conclusions

The temperature influence is manifested in a phase transition about at 30°C (gelation
temperature) presented as a change of slopes given between 20-29°C and another between
31-37.4°C. The AE,s and chain flexibility parameter values obtained in the gel range
temperature of 20-29°C is slightly less than twice the sol range of 31-37.4°C. This
phenomenon indicates that the chain flexibility is rigid and low flows for temperature range
of 20-29°C, and is flexible and more fluid for range of 31-37.4°C.

The Mark-Houwink parameters are influenced by temperature. The numerical value of a
indicates that gelatin acquire a shape of a rod-like in aqueous solution with temperature
increases; and k demonstrates that under water their value increases with temperature.

Due to the lack of data on the uniformity of intrinsic viscosity measurements in the
gelatin/water system, clearly shows a decrease in "a" with temperature, and this M, is
333,000g/mol.
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Gelatin behavior in this system indicates that it behaves rod-like that tends to contract with
increasing temperature. This conclusion is supported by the observed data from the
hydrodynamic properties analyzed.

An increase in temperature causes the gelatin/water system to show that the biopolymer
tends to compaction (decreasing in Ry and [#]), which requires an increase of energy
consumption due to a difficulty in flowing (increase in D and high AEy). This phenomenon
is observed in the case of ideal solvents, evidencing a decrease of a with temperature.

The effect of pH on the intrinsic viscosity testing gives a minimum at the isoelectric point at
pH 5.1 for gelatin B to pH 9.1 for gelatin A. from electroviscous effect analysis shows that
0.001 M ionic strength the hydrodynamic radius is at its maximum.
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