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�7�K�L�V���G�R�F�X�P�H�Q�W���S�U�H�V�H�Q�W�V���W�K�H���Z�R�U�N���W�K�D�W���Z�D�V���G�H�Y�H�O�R�S�H�G���D�V���D���F�R�W�X�W�H�O�O�H���W�K�H�V�L�V���E�H�W�Z�H�H�Q���W�K�H�����8�Q�L�Y�H�U�V�L�G�D�G���G�H���*�X�D�G�D�O�D�M�D�U�D�µ����

�0�p�[�L�F�R�����D�Q�G���W�K�H���´�8�Q�L�Y�H�U�V�L�W�p���*�U�H�Q�R�E�O�H���$�O�S�H�V�µ�����)�U�D�Q�F�H�����*�H�Q�H���D�Q�G���G�U�X�J���G�H�O�L�Y�H�U�\���D�S�S�O�L�F�D�W�L�R�Q�V���D�U�H���Ueached through the 

understanding and the knowledge of the behavior of different polymer systems. 

 

The following research topics are included in this thesis: 

�Æ Study of DNA behavior in solution and at interfaces. 

�Æ The role of micellar dynamics and rheology in drug controlled release. 

 

ABSTRACTS 

 

Study of DNA behavior in solution and at interfaces  

Nowadays, the target for reaching a greater efficiency in DNA compaction processes, the innovation of 

DNA sensors development and the study of changes in the interfacial properties generated between metal 

surfaces and DNA molecules has become an area of great interest in bioengineering. This section of the 

thesis proposes the coupling of rheological, electrochemical and optical techniques to perform a detailed 

study of DNA molecules behavior in the bulk state of the solution and at the interface with two different 

metallic surfaces, as a function of parameters such as temperature, DNA concentration and electric 

potential. Firstly, the rheological behavior of DNA/buffer solutions, as well as the evidence of the critical 

concentrations (C* and Ce) is discussed from simple steady state and oscillatory dynamic shear 

experiments. After studying DNA solutions properties, electrochemical and optical techniques are used to 

identify structural changes in Au/DNA and Pt/DNA interfaces and to describe the arrangement of DNA 

chains in the electrochemical double-layer as a function of concentration and within each characteristic 

regime, i.e. dilute and semi-dilute regimes. The obtained response trough Electrochemical Impedance 

Spectroscospy (EIS), Modulation Interfacial of the Capacitance (MIC) and Surface Plasmon Resonance 

(SPR) techniques reflects an adsorption process of DNA molecules taking place onto the metal surfaces. 

Finally, by selecting DNA concentrations in the dilute regime, we studied the formation of chitosan-DNA 

nanoparticles with defined stoichiometry for gene transfer.  
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The role of micellar dyna mics and rheology in drug controlled release 

The specific delivery of active ingredients, known as vectorization, has actually become a great 

challenge in therapeutic research. This process has been used to control the distribution of active 

ingredients such as proteins, genes for gene therapy and drugs, to a target by associating it with a 

vector. Molecules for chemotherapy are frequently hydrophobic and require vectorization to be 

transported to the target cell. In this section of the thesis, we look up to understand the collective 

exchange dynamics (fusion and fission) between amphiphilic block copolymer micelles at the equilibrium 

and out of the equilibrium, and the exchange dynamics between these micelles (representing vectors) 

and the simplest model of cells (liposomes). We used a fluorescent technique with hydrophobic pyrene 

derivative to probe the fusion and fission of micelles at equilibrium. After characterizing amphiphilic 

block copolymers structure and studying their dynamics in and out of equilibrium, we proposed a time 

scan fluorescence technique to quantify the collective vectorization dynamics between amphiphilic block 

copolymer micelles and liposomes. The effect of the variation of several parameters such as liposome 

concentration and a chitosan adsorption were investigated in order to control the vectorization 

dynamics between these vectors and cells models. 
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Introduction  

Deoxyribonucleic acid, referred as DNA, is a very long linear polymer containing the hereditary 

genetic information of living organisms and is able to transmit it from one generation to another [1,2]. 

Several physicochemical studies of DNA aqueous solutions have shown that it is a high molecular 

weight polymer (3x105-8x1010) [3]  and can present a semi-rigid and relaxed configuration. Genetic 

information is stored in the sequence of bases along the strands of the nucleic acid. The binding between 

these base pairs results in the formation of a double helix, a helical structure consisting of two strands 

stabilized by hydrogen bonds between bases and wearing negative charges due to phosphate groups 

[2,4,5].  

Nucleotides are the monomers of DNA and have a variety of roles in cell metabolism. They 

represent the chemical bonds in the response of cells to hormones and the structural components of an 

array of enzyme cofactors and metabolic intermediates [2]. The structure of each protein and each 

molecular and cellular component results from the information programmed by the nucleotide sequence 

in the nucleic acids of a cell. DNA owns the ability to store and transmit the genetic information across 

generations, which is a fundamental condition for life [6]. Genetic information is never lost and can be 

transmitted to new generations through replication phenomenon, since the structure of DNA allows its 

duplication in two identical molecules between them and identical to the original molecule. DNA 

�W�U�D�Q�V�F�U�L�S�W�L�R�Q�·�V���D�E�L�O�L�W�\ is the basis of gene therapy, which consists in providing a functional gene to the 

cells �W�K�D�W���G�R�Q�·�W���K�D�Y�H���L�W, in order to correct a genetic defect or an acquired disease. The essential step of 

gene therapy, called genetic transfection, consists in the introduction of DNA into cells through a 

specific agent called vector, and largely determines the efficiency of the technique [7, 8]. Looking for a 

greater efficiency in this process, it is necessary a vast knowledge and understanding of DNA 

conformational transitions, DNA chains interactions with cationic molecules and a thorough 

characterization of DNA solutions as a function of parameters such as DNA concentration, pH, ionic 

strength and temperature, for an optimal design of vectors [9, 10]. 

Different techniques have been used to study DNA solutions in order to understand the 

interactions between DNA chains. DNA molecule has also been considered as a model for the study of 

polymeric fluids in the area of rheology, so part of their molecular dynamics and macroscopic properties 

have been previously reported [11-14] . In the field of study of polymers, there is an important 

distinction between dilute polymers solutions, where the coils are separated from one to another, and 

more concentrated solutions, where the coils overlap [15]. This threshold is known as the overlap 

concentration (C*), also considered as the overlap onset and a transition region between the dilute 

regime and the semi-dilute regime [15]. At higher concentrations, it has been reported a second critical 

concentration, Ce, defined as the entanglement concentration, at which the coils begin to become 

entangled. The dynamic properties in the unentangled regime for polymer solutions with 

concentrations between C*  and Ce, are described by the Rouse model [16] . Mason et al. reported that 
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for aqueous solutions of calf thymus DNA, Ce is identified around a DNA concentration of 2 mg/mL at 

25ºC, when experimental data agree with the model of flexible polymers dissolved in a good solvent 

[17] . 

On the other side, part of the microscopic information of DNA solutions has been obtained and 

analyzed through techniques such as Dielectric Relaxation Spectroscopy (DRS), which has contributed 

to a deeper analysis of the dynamics of DNA solutions in a wide range of temperatures and frequencies 

(106 -102 Hz) [18-20] . With this method, two relaxation processes were identified at temperatures 

below 273 K and a better understanding of conformational changes of DNA molecules in solution was 

accomplished. The study of the response of DNA molecules under the effect of electric fields is of great 

scientific interest due to its applicability in the development of biosensors, the analysis of the 

interactions DNA-DNA, DNA-RNA, DNA-protein, among others, and it has been evolving during the 

last years [21-23]. The electrochemical techniques provide also microscopic information of the 

physicochemical and electrical properties of the interface DNA/metal  surfaces. Chronoamperometry, 

voltammetry and chronopotentiometry have been used as tools for detecting different electrochemical 

processes observed in DNA solutions, however, the technique of Electrochemical Impedance 

Spectroscopy (EIS) has been regarded as a more sensitive and favorable technique than the others [24] . 

DNA sensors, which transduce changes in the interfacial properties between the electrode and the 

electrolyte induced by DNA hybridization, DNA conformational changes and DNA damage by an 

electrical signal, have been investigated through the electrochemical techniques mentioned above in 

order to improve its sensitivity. However, when the current differences are not significant in a range of 

low concentrations, the technique EIS is more favorable than other electrochemical techniques since the 

differences are usually obtained by the inverse of the impedance with current, i.e. �ûR(Z)= �ûV/ �ûI [24].    

Currently, a more precisely and detailed understanding of the behavior of DNA molecules in 

solution, based on different parameters such as temperature, DNA concentration, ionic strength and pH, 

among others, has raised the interest in studying this system by coupling rheological, electrochemical 

and optical techniques. In this work, a conjunction between rheometry and several electrochemical 

techniques is proposed in order to perform a detailed study of DNA molecules behavior in the bulk state 

of the solution and at the interface with two different metal surfaces, i.e. gold and platinum. The 

electrochemical techniques chosen for their high sensitivity to adsorption processes on metal surfaces 

are the Electrochemical Impedance Spectroscopy [ 24] and the Modulation of the Interfacial 

Capacitance (MIC) [25]. Structural and conformational changes observed in DNA molecules, according 

to the parameter variation mentioned before, are also studied with Surface Plasmon Resonance (SPR) 

[26 ] and Circular Dichroism [27] . Finally, with the selection of DNA concentrations in the dilute 

regime, we studied the formation of chitosan-DNA nanoparticles for gene transfer. Different techniques 

are used to determine the role of chitosan amount on the formed complex: the obtained data from 

conductivity, �]-potential, dynamic light scattering, circular dichroism and UV-Vis measurements are 

combined to determine the complex stoichiometry, the net charge, the dimensions, the conformation 
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and the thermal stability of the complex, respectively.  
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Justification  

Studies of DNA molecules in aqueous solutions performed through different approaches allow to 

assess the solute-solvent interactions and to examine the strong influence of the molecule nature and its 

physicochemical properties while interacting with other kind of molecules in solution or with metal 

surfaces. The results allow us to aspire to a better understanding of the molecular interactions and to 

seek an increase in the efficiency of their applications. Actually, the ability to detect DNA and RNA by 

using DNA hybridization sensors is used in genomics and the expectations in electrochemical methods 

increase day to day [28], as well as the development of DNA biosensors [29, 30], the evaluation of 

DNA-protein interactions [31] and gene therapy studies [32].  

Currently, the research to achieve a greater efficiency in the processes of DNA compaction [33, 34] 

and the study of the changes generated in the interfacial properties between DNA molecules and metal 

surfaces of different natures [28 ] represent areas of great scientific interest. It is noteworthy that, for a 

large group of biopolymers such as DNA, proteins, lipids and polysaccharides, the combination of their 

chemical structure and molecular dynamics govern numerous vital functions in living organisms [35].  

 

Assumptions  

The possibility to take some concepts of the theory of polymer solutions used in physicochemical 

and rheological studies can open new opportunities in the research field of systems, such as DNA in 

solution, by using different techniques like electrochemical and optical ones. Electrochemical techniques 

such as Electrochemical Impedance Spectroscopy (EIS) and Modulation of the Interfacial Capacitance 

(MIC) are proposed to determine characteristic parameters that will allow identifying and studying the 

transitions of DNA molecules in solutions adsorbed onto metal surfaces in a detailed way. Therefore, 

the obtained information will show a great overview of the system.  

Through the study of DNA solutions by using the aforementioned techniques it will be possible to 

identify the critical concentrations C* and Ce and to analyze and discuss the behavior of the system 

within each regime, i.e. dilute and semi-dilute regimes. It is expected to have a detailed outline of the 

variations of each monitored parameter as a function of the analyzed variables (temperature, DNA 

concentration, ionic strength, electric potential). The knowledge of DNA molecules behavior in the 

dilute regime and their electrostatic interactions with cationic polymers will allow an optimal design of 

non-viral vectors for gene therapy.  
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Objectives  

General objective  

The general objective of this thesis is to analyze and to discuss the physicochemical properties and 

the interactions of DNA chains in the bulk state of the solution and to study the structural behavior of 

electrochemical double-layer formed by DNA molecules at two metal interfaces, as a function of 

temperature and DNA concentration by applying rheological, electrochemical, and optical techniques. 

 

Specific objectives  

- Quantify the transitions of DNA/ TE buffer system by Rheometry , Electrochemical Impedance 

Spectroscopy (EIS), Modulation of the Interfacial Capacitance (MIC).  

- Determine the behavior of DNA/TE buffer system in the dilute and semi-dilute regimes as a 

function of DNA concentration and temperature using different techniques and novel approaches.  

- Quantify the basic stages of the adsorption-desorption process of DNA molecules onto platinum 

and gold electrodes. 
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1. DNA, the molecule of life  

1.1. Physics and chemistry of life 

For several decades now, science has shown that life is possible due to the interactions between 

organic molecules, particularly DNA, RNA (ribonucleic acid) and proteins. The behavior of these 

molecules changes due to the different structures they can have, resulting in the union of atoms that 

form three-dimensional blocks, which are combined into increasingly larger structures. Up to 1950, 

very few information was known about the structures and functions of these molecules. Then, a series of 

major discoveries in physics and chemistry presented the functions and mechanisms within the cells, 

changing drastically the course of biology and suggesting a new field of study actually known as 

molecular biology [1]. 

In 1953, a geneticist called James Watson and his British colleague Francis Crick proposed a 

construction scheme of DNA, showing that the molecule contains the genetic material of cells and 

organisms. They revealed the mechanism of DNA replication and they showed that evolution is possible 

due to mutations that may suffer DNA molecule [2]. The model proposed by Watson and Crick 

describes DNA as a pair of strands that bind helically around a common axis. However, DNA generally 

acquires more complex spatial configurations in order to get packed enough for being as effective as 

possible, since the length of the molecule is sometimes up to one million times the size of the nucleus 

containing it . Therefore, the great discoveries of the twentieth century are led by studies of the chemical 

nature and three-dimensional structure of genetic material, DNA. The sequence of the monomers, i.e. 

the nucleotides, encodes the instructions to form all the cell components and provides a template for the 

production of identical DNA molecules to be distributed at the moment of cell division. The effective 

storage and reproduction of the genetic material define each species, distinguishing from each other and 

ensuring its continuity through successive generations [3]. 

 

1.2. DNA str ucture 

1.2.1. Double helix structure  

DNA is a long, thin organic polymer, a molecule that is built on an atomic scale. The basic unit of 

DNA is a linear polymer composed of four different subunits of monomers called deoxyribonucleotides, 

arranged in a precise linear sequence. Each deoxyribonucleotide is composed by a nitrogenous base, a 

deoxyribose sugar and a phosphate group. The nitrogenous bases that can build the 

deoxyribonucleotides are: adenine (A) and guanine (G), classified as a purines; thymine (T) and cytosine 

(C), classified as pyrimidines.  
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DNA linear sequence is the one that encodes the genetic information as mentioned before. Two of 

these polymeric strands are wound together to form the double helix of DNA. Before cell division, the 

two DNA strands are separated, so they operate as a template for the synthesis of a new complementary 

strand, immediately generating two identical double-helical molecules, as shown in Figure 1.1. If one 

strand is damaged, the continuity of the information is secured with the information in the other strand. 

 

 

 

 

Figure 1.1. DNA replication, as suggested by Watson and Crick [4].   

The two chains of deoxyribonucleotide constituting a DNA molecule remain linked together 

because of the bonds formed between the nitrogenous bases of both strands. The binding of the bases is 

due to hydrogen bonding, so adenine can only be attached with thymine and guanine with cytosine 

(Figure 1.2.) [1,3].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Hydrogen bonds formation between a) A-T and b) G-C [5].  
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A-T pairs form two hydrogen bonds: one between the amino groups of the purine and the carbonyl 

of the pyrimidine, and another one between nitrogen atoms of the respective rings. G-C pairs form three 

hydrogen bonds: two between the amino and carbonyl groups of each base and a third between nitrogen 

atoms of the rings. The pairing between purines, pyrimidines or non-complementary bases, A-C or G-T 

is not favored �V�L�Q�F�H�� �W�K�H�\�� �F�D�Q�·�W��form suitable hydrogen bonds, the formation could present steric 

hindrance or the geometry of the helix could break. 

An important source of information about DNA structure came from the work of Erwin Chargaff 

and his colleagues during the 1940s [6]. They found that the four nucleotides are presented in different 

ratios in DNA molecules from different organisms and that the amount of certain bases is closely related 

between them. This information was obtained from DNA molecules of a variety of species, such as calf-

thymus, rye germ and wheat germ, so it was possible to reach the following conclusions: 

1. The composition of the bases present in DNA molecules varies from species to species. 

2. DNA samples isolated from different tissues of the same species have the same base composition. 

3. The composition of the bases in DNA molecules of a given species does not change with the age 

of the organism, nutritional status or changes in the environment. 

4. The number of adenosine residues is equal to the number of thymidine residues (A=T). The 

number of guanosine residues equals the number of cytidine residues (G=C). Finally, the sum of purine 

residues equals to the sum of pyrimidine residues, i.e.: A+G=T+ C.  

Unlike proteins, whose two-dimensional or three-dimensional structures depend mainly on the 

composition and order of their amino acids, DNA has, under normal conditions, a regular structure, 

regardless of the frequency or the order of the four bases.  

In the common form of the DNA molecule (B-DNA), purine and pyrimidine rings of each chain are 

stacked inside de helix each 0.34 nm, with the plane of the rings almost perpendicular to the axis. Since 

the length between each consecutive base pair is equal to 0.34nm, the helix makes one complete turn 

every 3.4 nm, or each ten base pairs. The double helical structure has two external grooves, one wide 

(major groove) and another one narrow (minor groove) (Figure 1.3). 
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Figure 1.3. Double helix structure [7].  

1.2.2. Alternative forms of the double helix 

DNA is a considerably flexible molecule having a significant rotation around a certain number of 

links in the sugar-phosphate backbone. Temperature changes can cause bending, stretching and 

decoupling of the strands of the molecule. Several significant deviations from the structure proposed by 

Watson and Crick have been found in cellular DNA, but they generally �G�R�Q�·�W affect the key properties of 

DNA, this is, complementarity of the strands.  

The structure proposed by Watson and Crick is also known as the B form (B-DNA) and it is the 

most stable structure for a random sequence of DNA molecules, which are under physiological 

conditions. B-DNA is the standard reference point for any study about DNA properties. However, two 

alternative forms of DNA double helix are also known and are possible due to the elasticity of the 

deoxyribose-phosphate backbone, which allows alternative configurations (Figure 1.4). These structural 

variations are known as A-form and Z-form. The A-form (A-DNA) is rare, it only exists in a dehydrated 

state and it differs from the B-form in a deviation of 20° with respect to the double helix axis. This 

difference reduces the distance between pairs in approximately 0.29 nm and increases the number of 

base pairs per turn in 11 or 12 pairs. Any biological function has been attributed to A-form until now. 

The Z-form (Z-DNA) is considered as a more radical variation of B-form, which its clearest distinction 

is the helical rotation to the left. This form owns 12 pairs per helical turn, its structure is thinner and 

more elongated than B-DNA structure and it acquires a zigzag shaped appearance. Table 1.1 presents a 

comparative of some structural properties between A-DNA, B-DNA and Z-DNA. 
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Figure 1.4. A-DNA, B-DNA and Z-DNA representations [3].  

 

Table 1.1.- Structural properties of A, B and Z DNA forms [3].  

Properties A �² form B �² form Z �² form  

Helical sense  Dextrorotatory Dextrorotatory Levorotary 
Diameter �§����.6 nm �§����.0 nm �§����.8 nm 
Base pairs per helical turn 11 10.5 12 
Helical increase per base pair 0.26 nm 0.34 nm 0.7 nm 
Base inclination normal to the 
helix axis  

20º 6º 7º 

Sugar conformation  C-���·���H�Q�G�R C-���·���H�Q�G�R C-���·���H�Q�G�R���I�R�U���S�\�U�L�P�L�G�L�Q�H�V 
C-���·���H�Q�G�R���I�R�U���S�X�U�L�Q�H�V 

 

1.2.3. Variation in the arrangement of DNA strands   

DNA exists in both linear and circular molecule forms [8,9]. Bacterial plasmids, some bacterial 

chromosomes and many genomes of mammalian viruses consist of a single circular DNA molecule, 

covalently closed and double stranded. Although it is known that the nuclear DNA of eukaryotic cells is 

organized in large units of linear chains, numerous investigations are modifying this concept. At the 

nucleus, during the period of cell division, a considerable part of the fibril chromatin is organized as 

multiple loops. The two ends of each loop are attached to the nuclear membrane structures and acquire 

the behavior of a circular unit. Therefore, the nucleus of the eukaryotic cell contains multiple units of 

circular DNA. 

Usually, the DNA inside the cell is associated with different proteins attached there to DNA 

molecules, which unwind the helix and cause a decrease in the number of turns per unit compared to B-
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form. By separating the proteins attached to DNA, the total number of turns is established. This is a 

quick process for linear DNA because the two strands have the ability to rotate freely around each 

other. However, if the DNA is in a closed circular shape, the total number of turns of a strand over the 

�R�W�K�H�U���F�D�Q�·t be changed without producing compensating torsions [10].  

 

1.2.4. Denaturation and renaturation    

DNA solutions tend to present high viscosities at room temperature (25 ºC) and pH 7.0 that 

decrease if the solutions are brought to extremes of pH or to temperatures above 70 ºC, which depend 

on the external salt concentration of the solutions. This change indicates that DNA has undergone a 

physical change. High temperatures and extremes of pH cause denaturation (or melting) of double-

helical DNA. DNA denaturation is the process where double-stranded DNA unwinds and separates into 

single-stranded strands throughout the breaking of hydrogen bonds between bases (Figure 1.5).  

Renaturation of DNA is a rapid one-step process if a double-helical fragment of at least twelve 

residues remains in the double-stranded configuration. When the temperature or the pH is returned to 

�L�W�·�V���L�Q�L�W�L�D�O���V�W�D�W�H or to the range in which most organisms live, the unwound segments of the two strands 

rewind spontaneously. Though, if the two strands of DNA are totally separated, renaturation takes 

place in two steps. The first step is moderately slow and consists on the formation of a segment of 

complementary double helix by the matching of two strands by random collisions forming. The second 

step is faster than first one, so the unpaired bases bind successively as base pairs and the two strands 

close themselves to form the double helix [3] . A decreasing in the absorption of UV light compared to a 

solution with the same concentration of free nucleotides is obtained due to single nucleotides chain of 

DNA after denaturation. The absorption is further decreased when two complementary nucleic acids 

strands are paired, known as the hypochromic effect. Denaturation of a double-stranded DNA produces 

an increase of the absorption. In this manner, by monitoring the absorption of UV light at a wavelength 

of usually 260 nm it is possible to identify the transition from double-stranded helical DNA to single-

stranded DNA. 

 

 

 

 

 

Figure 1.5. Reversible denaturation of DNA [3] . 
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Each species of DNA have a characteristic denaturation temperature, also referred as melting point 

(Tm). DNA melting point increases while increasing the content of G-C base, since they possess three 

hydrogen bonds that require more heat energy to dissociate than A-T base pairs. In this manner, with 

the determination of the Tm of a DNA specimen, under fixed conditions of pH and ionic strength, it is 

possible to estimate its base composition.  

 

1.3. DNA in solution  

1.3.1. Hydration  

Water is considered as a structural component of great importance in DNA molecule, in which its 

effect in performance is remarkable, especially in cellular environments where high solute concentration 

limits the amount of water contained therein [11]. Hydration is one type of interaction responsible of 

the secondary structure of nucleic acids and other physicochemical properties of these molecules [12]. 

During strand separation, the water molecules linked closely to the double helix play an important role 

in the formation and stability of DNA structures. Thus, any conditions that may impair water activity 

have an effect on the stability of a particular DNA conformation [13 ].  

Changes in the hydration and in the reorganization of water molecules can be characterized and 

properly studied through density and sound velocity methods as they provide essential data on the 

hydration of the solute. Such techniques have been used to characterize the hydration properties of 

DNA duplex [14] and complexes formed between DNA and drugs [15 ], proving that the G-C bases 

are hydrated at higher rates than A-T base pairs. The physicochemical properties obtained using these 

techniques have also been useful to assess the structure of the complexes formed between DNA 

molecules and cationic surfactants [16,17].  

 

1.3.2. Properties of DNA as a polyelectrolyte   

One of the most interesting features of DNA molecule is that each base pair owns two elementary 

negative charges. This way, DNA molecule is characterized by having an exceptionally high linear 

charge density. The negative charges attract small cations in the solution, usually Na+, which create a 

positively charged cloud around DNA chain [18]. Several important properties of DNA are strongly 

dependent on DNA concentration and on the salt content, usually NaCl, due to the electrostatic 

interactions between negatively charged DNA molecule and the cloud of counterions. The theoretical 

approaches will be discussed in detail in Chapter 2 of this thesis.   
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1.3.3. DNA as a polymer solution in good solvent  

 1.3.3.1. Dilute and semi-dilute regimes 

Various techniques have contributed to understand the macroscopic [19,20] and/or microscopic 

[ 25] behavior of DNA molecules in solution. In the field of study of polymers, there is an important 

distinction between dilute polymers solutions, where the coiled chains are separated from one another, 

and more concentrated solutions, where the coils overlap. This threshold is known as the overlap 

concentration (C*), also considered as a transition region between the dilute regime and the semi-dilute 

regime [ 20] ( Figure 1.6). At higher concentrations, it has been reported a second critical concentration, 

Ce or C** , (depending on the authors) defined as the limit for semi-dilute entangled regime [ 19] . These 

concentrations macroscopically identify conditions to which interactions and entanglement between 

DNA molecules in solution are presented. This behavior will also be discussed in Chapter 2 of this thesis.   

 

 

 

 

 

 

Figure 1.6. Crossover between dilute and semi-dilute solutions: a) dilute, b) overlap concentration, and                    

c) semi-dilute [21, 22].  

  

1.3.3.2. Dynamics of DNA solutions  

There are some rheological studies of aqueous solutions of DNA that have provided information 

about the dynamics of DNA chains in solution. The viscosity, ��, and the relaxation time, �2c, of diluted 

solutions of T2 and T7 bacteriophage DNA in glycerol were studied by "creep recovery" measurements 

and were reported by Klotz et al. [ 23]. The rheological behavior of T2 DNA saline solutions was 

studied by Musti et al. at high concentrations within the entangled regime [ 24] . These results validate 

the postulated hypotheses by Raspaud et al. [ 22], who proposed that the value of the entanglement 

concentration, Ce, is greater than the value of the overlap concentration, C* , for DNA strands. Among 

the contributions in the study of the viscoelastic behavior of salt solutions of calf thymus DNA, Mason et 

al. reported the dependence of the G modulus plateau (Gp) and the crossover frequency (�Zc) with DNA 
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concentration using a power law as follows: Gp ��  C2.3 and �Zc ��  C-2.4. The values were found to be 

consistent with the model of flexible polymers dissolved in a good solvent [22]. Furthermore, the 

nonlinear rheological behavior of semi-diluted solution of T4 bacteriophage DNA was studied by Jary et. 

al [ 25] , who reported three characteristic areas for shear stress as a function of the shear rate. They 

related this behavior to the one observed in worm-like micelles systems. Recent investigations 

performed by Boukany et al. [ 26]  discuss the consequences of entanglements in concentrated solutions of 

DNA through linear and nonlinear rheological studies. Due to entanglements, polymeric fluids undergo 

a very high elastic deformation before transforming and reach a state of flux under continuous external 

deformation. Therefore, when the external deformation is faster than the relaxation rates of the chain, 

the entangled network disentangles progressively so that flow can take place. 

Currently, research has also focused in a more detailed study of the mechanical and dynamical 

properties of biopolymers study since they directly affect many biological processes, including protein 

folding and DNA transcription. The rigidity of the actin and myosin in muscles provides the structure 

that maintains the shape of the cell [27], while flexibility of DNA allows to the molecule to undergo a 

drastic change of state, from an elongated state to a very compact state during the compaction process 

[28 ] . Dynamics of biopolymer fluids have greatly attracted the attention, particularly the flow of DNA 

suspensions in devices "lab-on-chip", whose applications include the mapping of the genome [29, 30], 

DNA separation and the study of polymers physics [31 ]. The study of rheological and flow properties 

of DNA solutions has much practical importance and can lead to a better understanding of the dynamics 

of macromolecules [32].  

 

1.4. DNA compaction  

1.4.1. Compaction process   

Compaction is the process where a long DNA molecule undergoes a transition between an 

elongated conformation into a very compact form. In nature, DNA compaction process occurs for 

packaging genomic material in small spaces such as the viral capsid and cell nuclei of eukaryotic cells 

[33 ]. In living cells, DNA strands are long, highly loaded and semi-rigid, so it  is necessary to subject 

them to a strong compaction process in order to fill the available space. This process is also known as 

DNA condensation and may be reproduced and studied in vitro. Bloomfield et al. have summarized 

several studies that describe the physical and biochemical aspects of DNA compaction [34 ]. T he 

application of DNA compaction in gene delivery is of great importance for the success of the protocols 

in gene therapy [35]. Other applications of this process are gene regulation, DNA manipulation and 

fabrication of nanostructures. 

There are different forms of DNA compaction; three of them are mentioned here. In aqueous 



    

 31 

solutions, DNA adopts an elongated spiral conformation due to the high repulsions between the 

negatively charged phosphate groups. After the addition of the compaction agent, DNA undergoes a 

strong compaction process. The identification of these forms has been possible with the contributions of 

the group of Zinchenko et al. [ 36], who carried out DNA compaction studies for individual molecules. 

Figure 1.7 shows three possible ways of compaction of DNA elongated strands. The first type of 

compaction is a process called "all-or-nothing", where there is�Q�·�W���D�Q���L�Q�W�H�U�P�H�G�L�D�W�H���V�W�D�W�H but the elongated 

spiral state and the compact coexist [ 37] . This process is frequently observed when the attraction is 

generated between DNA molecules throughout the chain, either by adding small amounts of multivalent 

counterions or inducing unfavorable contacts between DNA monomers and the solvent, i.e. by adding a 

poor solvent, like ethanol, or neutral polymers. The second compaction process corresponds to a 

progressive transition from the elongated state to the compacted state. This usually happens when a 

strong attraction between consecutive DNA monomers is induced with polycations that have more than 

10 monomers [38]. The highly packed structure of DNA molecules located inside viruses is most likely 

a combination of the two models recently mentioned. The third type is a possibly assisted compaction 

process, carried out through the adsorption of DNA molecules and of its packaging around nanoscale 

objects. This type of compaction has been observed in the chromatin of eukaryotic cells and can be 

generated in vitro when DNA is compacted with cationic nanoparticles or dendrimers [ 39, 40].  

 

 

 

 

 

 

 

Figure 1.7. Schematic representation of the three main methods of compaction in vitro [38 ].  

 

The form of compacted DNA results from a balance between surface energy and the rigidity of the 

DNA molecule, which can be modified by the addition of monovalent salts that produce larger DNA 

condensed molecules [ 41]. The most common form is a toroidal shape with a diameter equivalent to 

twice the persistence length (lp) of DNA molecule [42 ], where double helical lp is around 50 nm, 

however, there are also other common shapes: spherical beads [43] rods [ 44], flowers [ 45] and 

condensed rackets [46] . 
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1.4.2. Gene therapy    

Gene therapy is a technique by which genetically modified material (DNA) is handled and 

introduced into the patient's cells with the aim of achieving a therapeutic benefit. This technique 

consists in providing a functioning gene into the cells that lack this feature, in order to correct a genetic 

defect or an acquired disease. Although the primary use of this technique occurs in the fields of medicine 

and pharmacy, the application of genetic alteration protocols of living organisms is not limited only to 

these areas [ 47,48] .  

Gene therapy main protocol is called transfection, which is the process of deliberately introducing 

nucleic acids into cells [49] . Direct transfection of DNA chains into cells by endocytosis can't take place 

due to two reasons: on one hand, DNA negative charges and membranes repel each other, so it  is 

necessary to neutralize DNA charge. On the other hand, since DNA size is too large to spontaneously 

cross the cell membrane, it is necessary to add a ligand that will form a neutral or positively charged 

complex in the nanoscale size, capable to introduce DNA into cell. This way, electrostatic repulsions 

with the membrane are discarded and the small size of the complex could have a similar size to that of a 

virus able to enter the cell. The agent that performs DNA neutralization, compaction and subsequently 

its introduction into the cell is called a vector. The efficiency on the transport of the genetically 

modified material into the target cells, especially at the stage of transfection, depends on the use and the 

characteristics of these vectors.  

The ideal vector must accomplish several features to perform its function optimally [ 50].  They 

should allow the incorporation during the appropriate time of one or more required agents for the 

clinical application required, they must be specific for the target cell, they should not cause an 

inflammatory response and they must be stable and easy to obtain. Vectors also must adequately protect 

the genetic material on its way to the cell nucleus since several enzymes (DNase, restriction 

endonucleases and exonucleases) degrade DNA by hydrolyzing phosphodiester linkages of the molecule. 

Finally, they should promote interactions with the cell membrane and the efficient transfection of DNA 

chains genetically modified to cytoplasm, essential step of the gene therapy protocol. 

Depending on the nature of the vectors they can be classified into two groups: viral and non-viral 

vectors [ 51] . Viruses have been naturally evolved over thousands of years by the evolution in order to 

perform an efficient transfection of genetic material into the cells of the body, so they are extremely 

efficient during the transfection process. In the past, most used vectors in gene therapy were the 

recombinant viruses. These vectors have an undeniable effectiveness in the transfer of DNA, but they 

also have associated limitations, such as the induction of the immune response, insertional mutagenesis, 

and infections, among others. Sometimes the virus �G�R�H�V�Q�·�W�� �H�Q�W�H�U�� �L�Q�W�R��the cells of the desired tissue or 

�G�R�H�V�Q�·�W have sufficient capacity to replicate in a given cell. In 2002 the Food and Drug Administration 

(FDA), agency responsible for health in the USA, banned the use of viral vectors in gene therapy [ 52] .  
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Non-viral vectors are synthetic charged particles that bind to DNA genetically modified facilitating 

DNA transport and its entry into target cells under stable conditions. Non-viral gene transfer 

techniques represent a safer alternative than techniques using viral vectors. The main advantage of 

these agents is that they have an unlimited capacity for cloning; generally they have low toxicity and 

immunogenicity and allow repeated applications. However, the main disadvantage of such vectors is the 

low transfection efficiency, i.e.: orders of magnitude below that the efficiency obtained with viral vectors. 

Recently, three types of compounds have been used as non-viral vectors in gene therapy protocols: 

cationic surfactants [53 ] , lipids and polycations [ 54].  

 

1.5. Interfaces: DNA/substrates  

1.5.1. DNA adsorption onto metal surfaces 

The study of the interactions between DNA molecules and metal surfaces such as copper, silver, 

platinum and gold [55] has become a research topic of great interest since a detailed understanding of 

the adsorption and desorption processes is required for the optimization of "DNA chips", the 

development of biosensors and the functionalization of nanoparticles [56]. Currently, one of most 

studied surfaces due to their unique optical and electrical properties is gold [ 57] . However, several 

reports in the literature also revealed information about the irreversible DNA adsorption process at 

mercury and carbon electrodes [ 58]. DNA and RNA molecules adsorption studies on mercury 

electrodes have shown that such molecules can remain adsorbed at highly negative potentials, i.e. close 

to -1.2 V vs SCE [59].  Miller [60 ] was the first to study the adsorption of nucleic acids on a surface of 

polarized mercury, showing that the DNA preserves its double-helical structure when it is adsorbed 

onto the negatively charged mercury surface, while it unfolds at positive potentials. Their results also 

showed that the differential capacitance reached a constant value after the surface was covered in its 

entirety. 

According to the theory of polymers adsorption at interfaces [61], the adsorption process of 

flexible linear polymers results in a conformational change in the topology of the polymer. Brabec et al. 

[ 62] found that all monomeric constituents of DNA, i.e. nucleobases, sugars and/or phosphoric acid 

residues, can participate in the adsorption of DNA molecules onto mercury electrodes. At neutral pH, 

the degree of participation of each constituent in the adsorption depends on the ionic strength, the 

electrode potential and the conformation of the polynucleotide in solution. At low ionic strengths, such 

as 0.1 M, double-stranded DNA is electrostatically adsorbed on a positively charged surface due to the 

negative charges of the phosphate groups. At negative potentials, DNA was only weakly adsorbed 

through sporadic bases due to the repulsion of unscreened phosphate charges from the electrode. 

Furthermore, single-stranded polynucleotides are mainly adsorbed through the nitrogen bases [62].  
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The adsorption and desorption processes of nucleic acids onto electrodes have been extensively 

studied by several conventional methods such as polarography and voltammetry [56, 63], and by other 

methods described by Pale�þek et al. [ 58]. However, measurements in the frequency domain performed 

by Electrochemical Impedance Spectroscopy (EIS) have generated great interest due to the advantages 

that offers this technique among other electrochemical techniques [64-68] . Several studies have focus 

on the adsorption kinetics and the mobility of DNA chains adsorbed by EIS and some mechanisms have 

been proposed for processes that are carried out at the electrode surface [55].  Recently, the adsorption 

and immobilization of DNA have been considered as fundamental methods for the construction of logic 

circuits, the assembly of DNA with other electronic components and for designing surfaces that exhibit 

a greater biological activity. Therefore, the adsorption of DNA molecules on solid surfaces is of great 

interest because of the various possible applications in modern molecular biology [69-71].  

It is worth mentioning that since the first report on the differential capacitance of the double layer 

of nucleic acid solutions in mercury electrodes [ 67], the impedance of polarized interfaces has been 

widely used in measurement and research of the activities of biomolecules and the interactions of 

proteins, nucleic acids and bases with electrodes surfaces [72,73]. The Electrochemical Impedance 

Spectroscopy has the advantage of being a non-destructive technique that allows studying qualitatively 

and quantitatively the electrochemical oxidation-reduction processes and the adsorption processes. 

Similarly, it offers the possibility to separate the basic steps of the overall studied process based on the 

time constant of each step and to obtain their information at different time scales, as well as their 

characteristic times. 

 

1.5.2. DNA conformational changes on surfaces, denaturation and renaturation 

Investigations of the electric field effect in DNA conformation on metal surfaces started around the 

1960s. In 1961, Miller [ 60] studied the differential capacitance of the double layer of adsorbed DNA 

double-stranded molecules and denatured DNA, concluding that at positive potentials, double stranded 

DNA begins to partially unroll on the electrode surface, whereas at negative potentials, DNA preserves 

its double helical structure. These results suggest that the DNA strands may be unwound at specific 

potentials on mercury electrodes and some other metal surfaces. The first studies on conformational 

changes of double-stranded DNA were carried out mostly by polarography and voltammetry [74].  

The abilities that different surfaces acquire to stimulate renaturation/hybridization or 

denaturation/unfolding of DNA according to the applied polarization and the nature of the substrate 

are of great interest for the development of new biotechnologies. Additionally, the functionality of DNA 

is also relevant because the interactions within cells have a large number of surfaces electrically charged 

and biomacromolecules [75]. The reversible denaturation and renaturation of double stranded DNA 

form the basis of many methods and based diagnostic applications such as biosensors development and 
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nucleic acid amplification methods (i.e. polymerase chain reaction or the ligase chain reaction) [76].  

It is expected that the spatial arrangement of adsorbed double-stranded DNA differs to that of 

single-stranded DNA, depending on the nature and the charge of the surface, as well as the ionic 

conditions near to the surface. The combination of electrochemical and optical methods, such as EIS, 

Voltammetry and Surface Plasmon Resonance (SPR), among others, is necessary for a better 

understanding of the spatial arrangement and the behavior of DNA molecules on electrically charged 

surfaces. 
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2. Characterization and rheological properties  of DNA  in solution  

The results of this chapter are the object of the following publication: 

Conformation and rheological properties of calf-thymus DNA in solution.  

L. M. Bravo-Anaya, M. Rinaudo and J. F. A. Soltero. 

In press: Polymers, 2016 

 

2.1. Introduction  

2.1.1. Polyelectrolytes background   

Polyelectrolytes are polymers, usually water soluble, carrying either positively or negatively 

charged ionizable groups. They can be either natural molecules, such as nucleic acids, proteins or certain 

polysaccharides, among others; they can be obtained by synthesis, such as polyacrylic acid and sodium 

polystyrene sulfonate, or they can be produced by chemical modification, such as 

carboxymethylcellulose [1] . Several biological molecules are polyelectrolytes, as DNA, polypeptides 

and glycosaminoglycans. Because of their fundamental importance in biology and biochemistry, and 

because of their hydrosolubility, polyelectrolytes have been subject of a continued interest in polymer 

science.  

Depending on the charge of their dissociable groups, polyelectrolytes can be classified as cationic 

polyelectrolytes (polycations), anionic polyelectrolytes (polyanions) or amphoteric polyelectrolytes (able 

to act as an acid or a base) [2] . Polycations and polianions are accompanied by an equivalent amount of 

compensating ions (counterions), which distribution depends in the electrostatic potential created by the 

polyion. In the presence of an external electrolyte dissociated in aqueous media, it appears a new amount 

of counterions (exchangeable ions with those of the polyelectrolyte) and co-ions (ions of the same charge 

as the polyelectrolyte) [1] . 

A richer behavior of polyelectrolyte solutions with respect to uncharged polymer solutions is 

obtained due to the electrostatic interactions between charges [3-5].  For example, for polyelectrolytes, 

the crossover from dilute to semi-dilute regime takes place at lower polymer concentrations than in 

solutions of neutral chains. The original viscosity behavior of polyelectrolyte solutions at low polymer 

concentration in absence of external salt is a large reduced viscosity increase when concentration 

decreases due to electroviscous effects [7]. As first approach, in excess of external salt, i.e. 10-1 M in 

NaCl, polyelectrolytes behave as uncharged polymers able to be characterized with the usual techniques 

of polymer physical chemistry. 
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2.1.1.1. Polyelectrolytes characterization 

Macromolecules constituting a polyelectrolyte are characterized by their average molecular weight 

related to their molecular weight distribution and also by their charge density or their charge parameter 

[1] . The optimum conditions to highlight the characteristics of a polyelectrolyte are to work in dilute 

solution, in the absence of external salt and in the absence of multivalent counterions. The molecule is 

similar to a charged wire containing �X charges over a length L (countour length) connected to the 

molecular weight (Figure 2.1) [1] .  

 

 

 

 

 

 

Figure 2.1 Schematic representation of a polyanion surrounded by its counterions. 

 

The charge parameter was introduced by Katchalsky and allows an adequate characterization of 

polyelectrolytes [8] . The following equation is used to obtain the value of this parameter: 

                      (2.1) 

where �X��is the number of ionic sites on the chain of the polyelectrolyte, e the electron charge, �H��the 

dielectric constant of the solvent, kBT corresponds to the Boltzmann term and L the contour length.  

�O��controls the behavior of electrostatic polyelectrolytes and describes the distribution of the 

potential around the polyion. The charge parameter �� equals to 1 in water (�H~ 80) at room temperature, 

i.e. 25 °C, for an average distance between two ionized sites of 0.7 nm. This is also known as the 

Bjerrum length, lB, (Equation 2.2), representing the distance between two identical elementary charges 

for which the electrostatic repulsion energy equals to kBT.   

                     
(2.2) 
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Therefore, ��=lB/ bi, were bi represents the distance between two ionized sites for a polyelectrolyte. 

The distance between the projections of two successive charged groups in the axis of the polyelectrolyte 

is fixed by the chemical structure, the dissociation degree in the case of a weak polyelectrolyte (-NH2,     

-COOH) and the conformation of the polyeletrolyte [9].  

The Bjerrum length is related to the Debye length, �N-1, and to the concentration of ions, Ci. The 

Debye length represents the distance between the elementary charges beyond which the electrostatic 

interactions are screened. In this way, the counterions interfere to screen the charges in addition of 

external salts. By analogy to the simple electrolytes theory, the Debye-Hückel length can be given by 

the following equation: 

                      
(2.3) 

where NA is the Avogadro number, Ci the concentration of the ions presents in the solution and zi their 

valence for small ions and not polyelectrolytes.   

In order to study the role of the dimensions of the polyelectrolyte itself in a solution at low ionic 

concentration, it is necessary to work with an isoionic dilution, which allows determining and analyzing 

the viscosimetric behavior of a polyelectrolyte by setting up a constant range of electrostatic 

interactions (��-1= constant). Then it is shown that the polyelectrolyte acts as a simple electrolyte with a 

concentration Cm (in equiv/L) for ��<1 or Cm/ �� for ��>1, were Cm corresponds to the concentration of 

ionized groups (counterions) and �� to the charge parameter of the polyelectrolyte. The following 

expressions for the total electrolyte concentration (CT in equiv/ L) are then established [1,9]:  

For ��<1: CT = Cm + Cs                      (2.4) 

For ��>1: CT = Cm/ �O + Cs                      (2.5) 

And �N-1 (nm) ~ 0.3 CT -1/2                       (2.6) 

where Cm is the concentration of the polyeletrolyte and Cs corresponds to the concentration of 

monovalent salt added to the solution, also given in equiv/L .  

 

2.1.1.2. Theoretical models  

Many theories have been developed in order to quantify and study the interactions polyelectrolyte - 

compensating ions. The study of charged macromolecules, which is related to its compensating ions in a 

polar solvent, with or without addition of salts, is very complex. Indeed, this study is influenced by 

many factors such as the asymmetry between small compensating ions and the large chains of the 
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polyion, the different conformations that the polymer can acquire and the intra-molecular and 

intermolecular interactions, including small ions and the solvent molecules [10] . 

The most appropriate model for this kind of studies is the linear model. When the Debye length    

(�N-1) is sufficiently large compared with the average distance between two consecutive charges (b), the 

molecule becomes locally rigid, justifying a cylinder model as proposed by Katchalsky [8] . In this 

model, the effects of the end of the chains are neglected (experimentally, it was shown that it is 

necessary that the chain contains more than 15 or 20 ionic groups); it  only imposes the radial variation 

of the electrostatic potential. It is assumed that the charges are uniformly distributed on the surface of 

the cylinder, or infinite long charged line, giving a constant charge density. 

Three main theoretical approaches describe the distribution of compensating ions in polyelectrolyte 

solutions. 

2.1.1.2.1. �2�R�V�D�Z�D�·�V���P�R�G�H�O 

�2�R�V�D�Z�D�·�V���P�R�G�H�O���L�V���W�K�H���V�L�P�S�O�H�V�W���W�K�H�R�U�H�W�L�F�Dl approach for polyelectrolytes. This model is composed 

by two phases separated by a potential difference �G�\, the macromolecular phase is characterized by its 

�U�D�G�L�X�V�� �´�D0�µ�� �D�Q�G�� �L�W�·�V�� �Y�R�O�X�P�H�� �9� �Sa02h containing the chain and condensed counterions. In the second 

phase, which volume equals to �Sh��R2-a02), the ions are free. �7�K�H���F�\�O�L�Q�G�H�U���R�I���W�K�H���P�R�O�H�F�X�O�H���Z�L�W�K���U�D�G�L�X�V���´�D0�µ��

is placed inside this cylindrical coaxial cell, electrically �Q�H�X�W�U�D�O�����Z�L�W�K���W�K�H���V�D�P�H���O�H�Q�J�W�K���´�K�µ���D�Q�G���U�D�G�L�X�V���´�5a�µ��

[11].  

For the monovalent ions, the activity coefficient of the counterions (�Ja�� is given by: 

                    
(2.7) 

where �M��is the volume fraction (Equation 2.8) occupied by the polyelectrolyte and �Di��is the ionization 

degree.  

�M��= a02/R a2                       (2.8) 

For infinite dilutions (�M���Æ 0), the expression given by Equation 2.7 present the following limits   

0 < �O��<1    ; �J a �Æ 1                       (2.9) 

�O��>1           ; �J a �Æ 1/ �O                (2.10) 

As long as the average distance between two consecutive charges, b, is greater to the Bjerrum 

length, lB, (Equation 2.2), if �O��<1, any counterion is in the macromolecular phase �Z�L�W�K�� �U�D�G�L�X�V�� �´�D�µ. 
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However, if �O��>1, an average fraction of compensating ions (1- �O-1) will be inside the apparent 

macromolecular phase, which will decrease the macromolecule charge. The calculation model can be 

expanded in the case of several species of compensating ions [ 12] . However, the comparison between 

experimental values obtained with this theoretical prediction is imprecise with respect to the estimation 

�R�I���´�D0�µ���D�Q�G consecutively �M���� 

 

2.1.1.2.2. �.�D�W�F�K�D�O�V�N�\�·�V model [8]  

This approach leads to solve the Poisson-Boltzmann equation [ 13-16]  for cylindrical geometry and 

high electrostatic potential (i.e. no linearization). It takes into account of the concentration of polymer 

firstly in absence of external salt and describes the distribution of the electrostatic potential around the 

polyion, as shown in Figure 2.2 [1] . In this model, it is possible calculating the electrostatic potential in 

the cell volume (with radius Ra) and particularly at the surface of the polyion, �<(a), being � á�µ the 

minimum radius of the approach distance.  

 

 

 

 

 

 

 

 

Figure 2.2. Cell model proposed by Katchalsky et al. [1,17].  

 

�,�Q�� �.�D�W�F�K�D�O�V�N�\�·�V�� �P�R�G�H�O����the nature of the solvent is taken into account by using the dielectric 

constant and the compensatin�J���L�R�Q�V���F�D�Q�·�W���J�R���W�K�U�R�X�J�K���W�K�H���F�\�O�L�Q�G�U�L�F�D�O���V�S�D�F�H���Z�L�W�K���U�D�G�L�X�V���´�D�µ�����G�H�I�L�Q�H�G���D�V���W�K�H��

�P�L�Q�L�P�X�P���U�D�G�L�X�V���R�I���D�S�S�U�R�D�F�K�����D�”���U���”�5a).  

For monovalent counterions, the counterions distribution is imposed by �<(r) and the Poisson-

Boltzmann equation is the following: 
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    �U�•�D                   
(2.11) 

where �Uo is the charge density corresponding to the condition �\ =0,���H��the dielectric constant, e the 

electron charge and kBT the Boltzmann term.   

From the values of �\ (r), Lifson and Katchaslky [8] calculated the electrostatic free energy and 

deduced the osmotic coefficient, �I�� which in this case is equal to the activity coefficient, �J. In this 

manner, the following expressions were established for the monovalent counterions at infinite dilution:   

�I=�Ja = 1- �O����    ;  �O��������                  (2.12) 

�I=�Ja = 1/��         ;  �O��� ����                (2.13) 

�I=�Ja = 1/�� �O      ;  �O���!����                  (2.14) 

In addition, �\ (r=a) allows determining the pKa variation of the ionic sites as a function of their 

dissociation by potentiometric titration.    

 

2.1.1.2.3. �0�D�Q�Q�L�Q�J�·�V model [18 ]  

Manning�·�V���D�S�S�U�R�D�F�K���D�O�O�R�Z�V���R�E�W�D�L�Q�L�Q�J simple analytical expressions for electrostatic parameters and 

in a great range of conditions. The polyelectrolyte is considered as a uniformly charged wire, with 

infinite length and for infinite dilution. A critical value of the charge parameter is defined as ��eff =1 and 

corresponds to the value �Z�K�H�Q���D���I�U�D�F�W�L�R�Q���R�I���P�R�Q�R�Y�D�O�H�Q�W���L�R�Q�V���D�U�H���´�F�R�Q�G�H�Q�V�H�G�µ���� 

This model allows a potential calculation of the Debye Hückel type, with a linearization of the 

potential when �� �L�V�� �”�� ������ �,�I���� �•������ �D�� �I�U�D�F�W�L�R�Q�� ����-1/ ��) of the compensating ions is condensed along the 

chain, so ��eff =1. The other fraction, 1/ ��, of the counterions is distributed to the residual potential of the 

polyelectrolyte with the linearized Debye-Hückel potential.  

At infinite dilution, the following predictions are proposed: 

For movalent ions 
For �I <1 
               �I= 1- �O/2  
               ln �Ja = - �O/2  

For divalent ions 
For �I <0.5 
�������������������������������I= 1- �O 
               ln �Ja = - �O       

For �I >1 
              ���I= ½ �O 
               �Ja = 1.21 �I    
               f = 0.87���O-1 

For �I >0.5 
�������������������������������I= ¼ �O 
               ln �Ja = - ½  �² ln2 �O 
               f = 0.435���O-1 
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With this model it is possible to determine the characteristic parameters of the polyelectrolytes, 

such as the osmotic coefficient, �I, by osmotic pressure, the activity coefficient of the counterions,���Ja, by 

potentiometry and the transport coefficient, f, by conductivity. 

  

2.1.2. Properties of polyelectrolytes  

The properties of polyelectrolytes in solutions and at charged surfaces depend on the fraction of 

dissociated ionic groups, solvent quality for polymer backbone, dielectric constant of the solvent, salt 

concentration, and electrostatic interactions.  

2.1.2.1. Conformation in diluted solution 

In a diluted solution of a polyelectrolyte in water, the electrostatic interactions are important, as it 

is shown in Figure 2.3.  

 

Figure 2.3. Influence of the addition of salt, or a dilution (since the polyelectrolyte is an electrolyte) on the 

conformation of a polyelectrolyte [1]. 

 

The electrostatic interchains and intrachains interactions have to be considered in the study of 

polyelectrolytes in diluted solutions [1] . Interchain electrostatic interactions, also known as long-range 

electrostatic interactions, are effective over a distance larger than the Debye length, and lead to 

structuring the solution. The electrostatic repulsions are screened in the presence of a simple electrolyte 

allowing studying isolated polyelectrolytes by using conventional polymers techniques as viscosity, 

light scattering, among others. On the other side, remaining intrachain electrostatic interactions 

correspond to interactions between charged neighbor sites on the same chain. These interactions lead to 

a moderate extension of the chain in presence of simple electrolyte at a low concentration. Therefore, 
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the dimensions of the chains depend on the ionic concentration of the solution. In large excess of 

external salt, the dimensions tend to the unperturbed conditions and the behavior looks like that of an 

uncharged polymer.   

 

2.1.2.2. Persistence length  

The persistence length, lp, is a measure of the degree of structural stiffness of a polymer chain [19] . 

Odijk [20 ] and, independently, Skolnick and Fixman [21 ]  studied the persistence length for 

polyelectrolytes, in particularly DNA. The persistence length measures the correlations along the 

polymer chain and represents the effective local stiffness of the polyelectrolyte as the sum of two 

contributions: the intrinsic persistence length, l0, and the electrostatic persistence length, lp, which 

depends in the ionic strength due to the ions concentration in the solution. This parameter can be 

calculated through the following equation: 

lp = l0 + le                               (2.15) 

Odijk proposed different possible scaling relations for semi-dilute polyeletrolyte solutions, in the 

presence of added salt and for salt-free polyelectrolyte solutions. He postulated several power laws for 

the correlation length, the radius of a single chain, scattering functions and osmotic pressure [ 20] .  

�7�K�H�U�H�I�R�U�H���� �2�G�L�M�N�·�V�� �P�R�G�H�O�� �P�D�N�H�V�� �S�R�V�V�L�E�O�H�� �W�R�� �D�V�V�H�V�V�� �W�K�H�� �H�O�H�F�W�U�R�V�W�D�W�L�F�� �F�R�Q�W�U�L�E�X�W�L�R�Q���� �G�H�Q�R�W�H�G�� �D�V��le, as 

follows:  

le= �O2/ ( 4lB �N2) ;  �O��������                  (2.16) 

le = 1/ (4 lB �N2) ;  �O���!������and��le (nm) ��0.03 CT-1                (2.1  

Odijk [22 ]  studied DNA as a wormlike chain of contour length L and persistence length lp, bearing 

charges that interact via Debye-Hückel potential. The electrostatic persistence length for DNA 

molecule is given by Equation 2.17, which is correct only if the total persistence length is larger than the 

Debye length [23]. For ionic strengths lower than 0.1M NaCl, where it is necessary to neglect 

nonelectrostatic excluded-volume effects, he found a good agreement with the experiments of 

Harrington [24], who obtained the electrostatic persistence length of DNA as a function of ionic 

strength from intrinsic-viscosity and flow-birefringence data. In a separate treatment, Reed et al. [ 25] 

calculated the total persistence length and the radius of gyration for polyelectrolytes at different ionic 

concentrations and molar masses. 
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As well, many authors have extensively study the effect of electrostatics on the rigidity of the 

double helix of DNA and its persistence length in dependence of the ionic strength [19,22-24,] . DNA is 

one the stiffest polymers, with a persistence length of around 50 nm for a chain with 150 bp in 0.1 M 

aqueous NaCl [19]. Maret et al. [27 ] reported an ionic-strength dependence of DNA persistence length 

through magnetic birefringence experiments for DNA concentrations as low as 80 �Pg/mL and NaCl 

concentrations between 2.5 x 10-4 M and 2 M. They reported an intrinsic persistence length equal to 67 

nm that is in relatively good agreement with the theoretical predictions of Odijk [22 ]  and Skolnick and 

Fixman [21 ] , when the counterion condensation is included following the concept of Manning. In salt 

excess, the unperturbed dimension of the gyration radius, <S2> allows determining the intrinsic 

persistence length from the Benoit-Doty relationship in the limit of large MW (Equation 2.18) [ 28].  

<S2
�T>= lpl0/3  

                 (2.18) 

2.1.3. Polymer characterization: relation [�K](M)  

Viscometry is a characterization method directly related to the hydrodynamic properties of 

macromolecules in solution, which depend of their molecular weight and the dimensions of the chains. 

In this way, it is possible to characterize the viscosity, �K, of a polymer solution with a concentration C in 

a solvent with viscosity �Ks, and to determine the intrinsic viscosity [�K] of the polymer.  

From viscosity measurements, it is possible to calculate the following parameters: 

Relative viscosity: 

                      
(2.19) 

Specific viscosity: 

                      
(2.20) 

Reduced viscosity: 

                      
(2.21) 

Intrinsic viscosity: 

                      
(2.22) 



    

 51 

where �Ks is the solvent viscosity, �K��is the solution viscosity and C is the polymer concentration in g/mL.  

According to the theory of macromolecule solution, the viscosity is given by the Huggins equation 

(Equation 2.23).  

                      
(2.23) 

The intrinsic viscosity may also be obtained using the Kramer relation as follows: 
 

                      
(2.24) 

where KH and KK correspond to the Huggins and the Kraemer coefficients (KK+ KH= 0.5). The Huggins 

constant depends of the solute-solvent given system and is most probably the same for several members 

of a polymer-homologous series [29, 30]. The intrinsic viscosity [�K] leads to the effective 

hydrodynamic volume of polymers in solution, which depend on the size and the shape of the molecule, 

influenced by polymer-solvent interactions.  

For polyelectrolyte in salt excess (Cs > 5x10-2 M in NaCl), the intrinsic viscosity is also obtained by 

linear extrapolation of the reduced viscosity. The value of [�K] slightly decreases when the external salt 

concentration increases going to the unperturbed value obtained in a first approximation by 

extrapolation to infinite salt concentration.  At low ionic concentration (CT < 10-3 M NaCl), the reduced 

viscosity varies strongly with polymer dilution, corresponding to an increase of the Debye length and 

consequently of the interchain electrostatic interactions (electroviscous effect). 

The hydrodynamic and conformational properties of biological macromolecules such as DNA, 

proteins and polysaccharides have been widely studied by different groups [ 29, 31-33] . Intrinsic 

viscosity, which is a measure of the solute contribution to the viscosity of a solution, has been studied 

for linear and double-stranded DNA. Through intrinsic viscosity values it is possible to access to the 

molecular weight of the studied DNA by using the Mark-Houwink relation (Equation 2.25) [29] .       

                      
(2.25) 

where M is the molecular weight and �D��and K are the Mark-Houwink parameters, which depend on the 

particular polymer-solvent system and the particular temperature.  

Tsortos et al. measured the intrinsic viscosity of small synthetic DNA molecules, with a number of 

pair bases between 20 and 395 and molecular weights between 1x104 and 2.4x105 [29 ] . They 

incorporated their results with the information reported in the literature for DNA molecules with 
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different molecular weights [34,35] . Table 2.1 summarizes several Mark-Houwink type equations for 

double-stranded DNA molecules with different molecular weights.  

 

Table 2.1.- Mark-Houwink type equations for double-stranded DNA molecules [29].  

Equation ([�K] in mL/g)  Molecular weight range 

 

 

 
 

 

 

 
 

 

 

 

2.1.4. Polymer chain dimensions and their viscoelastic properties 

The size of the random coil polymers depends on the solvent and the polymer concentration. As 

presented in Chapter 1 of this thesis, there is an important distinction between dilute and semi-dilute 

polymers solutions. P.G. de Gennes [5] discussed the overlap threshold (C=C*), where to swollen 

polymer coils fill the space. This concentration is the crossover between the dilute regime and the semi-

dilute regime (Figure 1.6). Yamakawa [36 ]  stated that for dilute solutions in good solvents the coils are 

expanded by the excluded volume effect, therefore, dimensions of polymer chains might vary depending 

on the used solvent. Therefore, the effects of solvent and concentration on chain dimensions are 

reflected on the viscoelastic behavior of the solutions.  

Graessley [ 37] discussed the influence of polymer concentration on the chain dimension (R2, the 

mean-square end-to-end chain distance) in a good solvent. At concentrations lower than C*, R2(C) is 

independent from C and corresponds to the dilute regime (Figure 2.4). The overlap concentration is not 

precisely defined, but it was proposed to correspond to a concentration at which the average spacing is 

2S(0), where S(0) is the radius of gyration at zero concentration (Equation 2.26), with S2=R2/6 for 

random coils.  

 C*
                      

(2.26) 

where NA �L�V���$�Y�R�J�D�G�U�R�·�V���Q�X�P�E�H�U���� 

Considering Flory-Fox equation, with the Flory constant equal to 2.5x 1023, the previous equation 

may be written as: 
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C*= 0.77/ [ �K]
                      

(2.27) 

In a first approximation, C*  may also be estimated as C*~ [ �K] -1. 

 

 

 

 

         

 

 

 

 

Figure 2.4. Mean-average end-to-end distance R2 as a function of polymer concentration [34]. 

 

At concentrations higher than C*, when C increases in the semi-dilute domain, the interactions 

between the neighbor molecules increase and the effect of the excluded volume of the molecule decreases 

due to the screening of the segments of the other molecules, so the dimensions decrease following a 

scaling relation: 

R2(c)= R2(0) (C* /C) 1/4
                                

(2.28) 

A second characteristic concentration was introduced by Graessley as C**  and indicates the 

transition between the semi-dilute region and the concentrated region, corresponding to the region 

where chain dimensions become independent of the concentration and in the unperturbed state (R2�-). 

He calculated C**  from the previous relation as: 

C** = C*(R2(0)/  R2�-)4                  (2.29) 

or C** = C*( [ �.��0)] 8 
                   

(2.30) 

where �.����) is the expansion ratio of the chains at infinite dilution. 

Graessley also introduced a concentration-polymer molecular weight diagram of viscoelastic 

regimes in a good solvent (Figure 2.5). In this diagram, he identified entangled and non-entangled semi-
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dilute and concentrated regimes to analyse viscoelastic properties. Considering the molecular weight Mc 

for chain entanglement in undiluted state, the viscosity behavior can distinguish two C-M regimes: 

C M < �UMc   (not entangled)               (2.31) 

C M > �UMc   (entangled)               (2.32) 

 

.  

 

 

 

 

 

 

 

 

Figure 2.5. Concentration-molecular weight diagram of viscoelastic regimes for polystyrene in a good solvent 

[37] . 

 

2.2. Overview of the techniques  

2.2.1. Viscosity measurements     

The main methods to measure the viscosity are flow measurements in a single capillary, but in 

which the shear rate is not constant, or to shear experiments between two coaxial cylinders, for which 

the gradient is precisely defined and where the imposed stress can also be sinusoidal for measuring the 

dynamic viscosity. 

2.2.1.1. Capillary viscometry 

In capillary measurements, the studied fluid flows through a narrow tube as a result of hydrostatic 

or applied pressure. Inside the capillary viscometers, the velocity drop required for viscosity 

measurement is built up in the form of a laminar tube flow. The liquid flows in coaxial layers towards 
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the pressure drop through the capillary and a parabolic velocity flow occurs (Figure 2.6). The shear rate 

is null in the axis of the tube and maximum on the wall. These measurements are considered the most 

precise way of determining the viscosity of Newtonian and some Non-Newtonian viscous fluids and to 

get their intrinsic viscosity. Ubbelohde type viscometers or suspended-level viscometers use a capillary-

based method of measuring viscosity. Poiseuille's law (Equation 2.33) is the basis for the capillary 

method and relates the rate of flow through a capillary to the viscosity of the liquid [38 ] . 

               
(2.33) 

where t is the time that takes a volume V to flow. The ratio  depends on the capillary radius, R, on 

the average applied pressure, P (Equation 2.34), on its length, L and the dynamic viscosity �K. In this 

case: 

                                
(2.34) 

where �U��is the density of the liquid, g the gravity and H is the average high of the liquid.  

The relative viscosity is the given by the following expression:  

                      
(2.35) 

where ts and �U��correspond to the flow time and the density of the solvent, respectively.   

Then, the specific viscosity for dilute solutions is calculated as follows:   

                     
(2.36) 

 

 

 

 

Figure 2.6. Velocity profile with laminar tube flow. 
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The Ubbelohde viscometer is related to the Ostwald viscometer since they are both made of 

glassware with a U shape, having a reservoir on one tube and a measuring bulb on the other tube. The 

studied liquid is introduced into the reservoir of the first tube and the sucked through the capillary in 

the other tube. This way, the liquid flows back through the measuring bulb and the measure of the time 

that the liquid takes to pass through two calibrated marks (A, B) is then related to the viscosity. The 

Ubbelohde device has a third glass arm at the end of the capillary and is open to the atmosphere, so the 

pressure head only depends on a fixed height and not on the total volume of the liquid (Figure 2.7). 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Ubbelohde viscometer [ 39] . 

 

2.2.1.2. Viscoelaticity by rheometry   

Rheology focuses on the study of the relation between stress and strain that take place in materials 

subject to stress fields. The ability of a material to store strain energy is known as elasticity and can be 

considered as the capacity that this material has to return into its original shape after being deformed. 

On the other side, viscosity is a measure of the material's ability to resist the flow and reflects how the 

material can dissipate energy deformation through flow. The material may respond to the applied force 

with an elastic or viscous behavior, or usually a combination of both, which is called a viscoelastic 

behavior.  

Two important laws describe the behavior of �L�G�H�D�O���V�R�O�L�G�V���D�Q�G���I�O�X�L�G�V�����+�R�R�N�H�·�V���O�D�Z���D�Q�G���1�H�Z�W�R�Q�·�V���O�D�Z���� 
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In 1678, Robert Hooke developed his "True Theory of Elasticity". He proposed that "the power of 

any spring is in the same proportion with the tension thereof". Hooke's law describes the behavior of an 

ideal elastic solid subject to an applied strain. This law states that if some strain is applied to a solid, the 

obtained stress (�V) in the material is directly proportional to the strain (�J): 

                      
(2.37) 

where G is the proportionality constant, also known as the rigidity modulus [40 ]. This  modulus is a 

measure of the stiffness or the material's ability to resist any stress. The region where the modulus 

remains constant while the stress changes is called linear region, also referred as the Hookean area of 

the material. 

Newton's law describes the behavior of an ideal viscous fluid. This states that the applied stress is 

proportional to the rate of shear strain, , of the material (Equation 2.38). 

                      
(2.38) 

where �K
 
is the proportionality constant called shear viscosity, which can be interpreted as the resistance 

of a fluid to move when it  is subjected to stress. A fluid is considered as Newtonian if its viscosity 

�G�R�H�V�Q�·�W���G�H�S�H�Q�G on the shear rate.  

From energy considerations, the elastic behavior represents complete recovery of energy expended 

during deformation, while the viscous flow represents a complete loss of energy as all the energy 

supplied during deformation is dissipated as heat. Most polymer solutions exhibit non-Newtonian 

behavior since their viscosities decrease with increasing shear rate. This behavior is called a 

pseudoplastic behavior [ 41]. A large number of the materials (from which polymers) have 

characteristics intermediate between elastic solids and viscous fluids, which are known as viscoelastic 

materials. Different geometries have been developed in order to determine the flow and viscoelastic 

properties of polymers.  In this thesis, the studied liquid is trapped between a plate and a cone with 

radius R, whose axis is perpendicular to the plane of the plate and the truncated apex is located on the 

tray (Figure 2.8). 

 

 

 

 

Figure 2.8. Cone plane schema 
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2.2.1.2.1. Dynamic measurements  

Through dynamic measurements it is possible to determine the viscoelastic properties of the 

solutions. These measurements are performed applying a small sinusoidal strain (or stress) and 

measuring the resulting stress (or strain). The maximum amplitude of the strain and the stress, and the 

phase shift allow obtaining the complex modulus known as G(�Z), (Equation 2.39).    

                       
(2.39) 

The frequency dependent functions G�·���Z) and G�·�·���Z) correspond to the shear elastic modulus (or 

storage modulus) and to the shear viscous modulus (or loss modulus), respectively. G�· is a measure of 

the stored energy and then released per cycle of deformation and G�·�· is a measure of the dissipated 

energy as heat per cycle of deformation per unit volume.  

For a perfect elastic solid, G�·���Z)=G and G�·�·���Z)=0. Whereas for a viscous liquid, G�·���Z)=0 and 

G�·�·���Z)=�K�Z�� 

The loss tangent is another dynamic viscoelastic characteristic that links the relative effects of 

viscous and elastic components in a viscoelastic behavior (Equation 2.40). 

                       
(2.40) 

Sometimes, the complex modulus lG* l, given by Equation 2.41, is also used to describe dynamic 

measurements.  

                      
(2.41) 

It is worth mentioning that polymeric fluids have memory, which means that when a force that 

forces them to flow is removed, the fluid tends to "go back" to its original position, nevertheless, it 

�G�R�H�V�Q�·�W��return completely. This is caused since a part of the fluid tends to be permanently deformed, but 

it has also an elastic portion that tends to recover its original shape. Maxwell equation includes viscous 

and elastic properties from Newton and Hooke laws, respectively, for gases that exhibit this behavior 

(Equation 2.42 and 2.43). However, actually this equation is used to successfully predict the behavior of a 

viscoelastic fluid with a single relaxation time.  

                    (2.42) 

                      (2.43) 
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where Gp is the plateau modulus and �WR the relaxation time.  

 

2.2.1.2.2. Flow measurements  

The rheological properties of materials at large strains are obtained through nonlinear 

measurements. Such experiments provide information on the rheological behavior of materials as they 

flow, either because shear or pressure gradients. In some cases, the structure of the materials is 

destroyed and other cases new structures are generated. A comparison between the obtained results 

from linear and nonlinear experiments can provide valuable information on the extent and type of 

structure that the material possesses. 

 

 

 

 

 

 

 

 

Figure 2.9. Influence of shear rate on the viscosity (circles) and shear stress (squares) of a DNA concentration of 

7.0 mg/mL at a temperature of 20 ºC.  

 

Flow measurements can be performed in steady state or transient state. Steady state flow 

measurements provide information about shear stress (�V) and viscosity (�K) of the polymer solution as a 

function of shear rate (), as shown in Figure 2.9 for a DNA solution, which behavior will be discussed 

in the experimental section.   
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2.2.1.2.3. Cox-Merz rule   

The Cox-Merz rule is an empirical relationship in which a correspondence is observed between the 

steady state shear viscosity, �K, plotted against shear rate, , and the magnitude of the complex 

viscosity, |�K*|, plotted against angular frequency, �Z. The complex viscosity is defined by �K*=G*/j �Z������

The Cox-Merz rule has been found to be applicable for many polymer melts and concentrated and 

semi-dilute solutions. However, some deviations from the rule occur at high frequencies, and the 

oscillatory data can either over or under estimate the steady state data. Some polymeric systems for 

which Cox-Merz rule do not apply are dilute solutions, cross-linked or gelled systems and most 

particulate dispersions. 

 

2.3. Experimental conditions  

       2.3.1. Reagents  

DNA/Buffer solutions were prepared from samples of calf thymus DNA with 13,000 base pairs 

(bp). Trizma, C4H12ClNO3, (Tris-HCl) was used with a purity of 99.0%. This solution has a pKa of 8.06 

and provides effective buffering capacity in a pH range between 7.0 and 9.2. Ethylenediaminetetraacetic 

acid (EDTA), C10H16N2O8, was also used with a purity of 99.0%. A solution of sodium hydroxide, NaOH, 

3M was used for buffer solution elaboration. All solutions and dilutions were made with HPLC grade 

water. Sigma-Aldrich Company supplied all reagents. 

 

2.3.2. Buffer Tris -HCl/ EDTA  preparation  

A buffer solution was prepared in order to obtain and maintain a pH of 7.3. Appropriated amounts 

of Tris-HCl, 100 mM and EDTA, 10 mM were used to prepare the solution. Subsequently, this solution 

was placed on a magnetic stirrer, the pH was checked (2.75) and then adjusted to a value of 7.3 by 

adding NaOH solution (3 M). 

 

2.3.3. Preparation of DNA/Buffer solutions 

DNA solutions were prepared using appropriate amounts of DNA and a 9:1 ratio of HPLC water 

and Tris-HCl/EDTA  buffer for each concentration. The vials were closed and sealed with parafilm to 

prevent water evaporation and changes in the concentration. All solutions were stored in a refrigerator 

at a temperature of 4 °C in order to prevent degradation.  



    

 61 

2.3.4. UV-Vis measurements    

DNA melting temperatures (Tm) were measured by recording the absorbance A260 as a function of 

temperature (T) using a Cary 400 Scan UV-Vis Spectrophotometer. The Tm cell block contains six cells 

for samples and six cells for the solvent. We used quartz cuvettes for all measurements. The solvent 

cuvettes were filled with the Tris-HCl/EDTA  buffer solution and were used as the blank. The 

controlled instrument can be programmed to increase and decrease temperature with variable 

increments. The temperature was raised at a rate of 1 ºC/min, from 25 to 90 ºC. Then the temperature 

was decrease from 90 to 25 ºC at a rate of 5 ºC/min.  

 

2.3.5. Ubbelohde viscometer 

Viscosity measurements of DNA solutions between 0.01 and 0.4 mg/mL were carried out with an 

Ubbelohde viscometer from Schott Instruments GmbH. The selected capillary is a No. 501 01 capillary 

with a diameter of 0.53 ± 0.01 mm and a constant K equal to 0.005.  

 

2.3.6. Geometries for rheological measurements  

The rheological behavior of DNA/Buffer system was studied in the rheometers DHR-3, AR-G2 

and ARES-G2 from the TA Instruments Company.  Four different geometries were used depending on 

DNA concentration and the experiment carried on. 

1.- Steel cone with a 60 mm diameter and an angle of 2º was used for DNA solutions with 

concentrations between 0.01 mg/mL to 0.4 mg/mL (DHR-3 rheometer).  

2.- Steel cone with a 60 mm diameter and an angle of 1º was used for DNA solutions with 

concentrations between 0.5 mg/ mL to 2 mg/ mL (AR-G2 rheometer). 

3.- Steel cone with a 40 mm diameter and an angle of 2º was used for DNA solutions with 

concentrations between 2 mg/ mL to 30 mg/ mL (AR-G2 rheometer). 

4.- Steel cone with a 49 mm diameter and an angle of 4.469º was used for DNA solutions with 

concentrations between 2 mg/ mL to 10 mg/ mL to perform visualizations (ARES-G2 rheometer).  
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2.3.7. Dynamic and flow measurements  

 2.3.7.1. Strain sweeps  

In order to define the linear viscoelastic regimes, the oscillation strain sweeps were carried out at 

an angular frequency of 10 rad/s in strain range between 0.01% and 100% and using 10 points per 

decade. For each DNA sample, each sweep was performed at the following temperatures 10, 20, 30 and 

40 ºC. 

2.3.7.2. Frequency sweeps   

Frequency sweeps were carried out at a selected strain in the linear viscoelastic region in a 

frequency range between 0.01 and 100 rad/s and using 5 points per decade. For each DNA sample, each 

sweep was performed at the following temperatures 10, 20, 30 and 40 ºC. 

 

 2.3.7.3. Steady state flow measurements    

Simple steady state measurements were performed in a shear rate between 1x10-3 and 1000 1/s and 

using 5 points per decade. For each DNA sample, each sweep was performed at the following 

temperatures 10, 20, 30 and 40 ºC. The experimental conditions allow calculating the Reynolds number, 

limit of validity for laminar flow.   

 

2.3.8. Visualizations  

Shear instabilities during rheological measurements were studied with a visualization device of the 

strain field inside the sample [42,43].  The cone (49 mm diameter and 4.469º) was pierced at a distance 

of 3 mm from the edge. A preparation with a DNA solution, identical to the one tested was colored with 

a white powder (TiO2). Once the studied DNA sample was placed between the tools, a small quantity of 

white colored DNA solution was injected with a syringe through the bulk of the sample, forming a 

vertical filament. Figure 2.10 shows the schematic diagram of the setup for the rheological 

measurements combined with visualization of the strain field inside the sample.  

The deformation of the colored filament can be monitored with a video camera since the plane 

begins to rotate. Figure 2.11 shows the initial mark of DNA colored solution in the bulk of the sample, 

which deformation is recorded by the camera during the rotation of the plate, then the homogeneous 

deformation recorded under shear rate and finally, the representation of localization, recorded under 

shear rate variation. To avoid evaporation from the sample during the test, a transparent cover was 

placed around the geometry.  
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Figure 2.10. Schematic diagram of the setup for the rheological measurements combined with visualization of the 

strain field inside the sample: a) truncated cone, b) plate, c) DNA solution, d) filament of DNA solution colored 

with TiO2, e) transparent cover to prevent water evaporation and f) CCD camera [42] . 

 

 

 

 

 

 

 

Figure 2.11 a) Initial mark of DNA colored solution in the bulk of the sample, which deformation is recorded by 

the camera during the rotation of the plate. The angle of the camera is normal to the axis of the apparatus, b) 

homogeneous deformation recorded under shear rate and c) localization, also known as shear banding, recorded 

under shear rate variation [43] . 

 

2.4. Experimental results and discussion  

Calf-thymus DNA solutions in Tris-HCl/EDTA  buffer (TE buffer) were firstly characterized by 

their polyelectrolytes properties in order to know DNA charge parameter and the contribution of the 

ionic strength of the buffer solution on DNA properties. DNA concentration and purity of the samples 

were validated through spectrophotometric measurements. Then, intrinsic viscosity was determined 
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through capillary and rheometry measurements to determine molecular weight. Finally, flow and 

viscoelastic properties were studied in a wide range of DNA concentrations and temperatures.   

 

2.4.1. DNA charge parameter   

DNA charge parameter plays an important role in thermodynamic properties of DNA solutions, i.e. 

the differences in Gibbs free energy, enthalpy and entropy between the coil and helix forms of DNA at 

any temperature and salt concentration. �$�F�F�R�U�G�L�Q�J�� �W�R�� �0�D�Q�Q�L�Q�J�·�V�� �W�K�H�Rry, only the non-condensed 

fraction of the compensating ions contributes to solution ionic strength and to the Debye length �N-1. For 

DNA, the value of bhelix for the helical form is equal to 0.17 nm and the value of bcoil for the coil form is 

equal to 0.68 nm [ 44] . Considering that ��=lB/ b, as demonstrated before, then ��helix= 4.2 and ��coil= 1.0. 

It is worth to mention that �� is almost independent of temperature since for water, the product �HT 

present only slightly variations with temperature.  

Following the predictions proposed at infinite dilution, the subsequent parameters where calculated 

for each DNA form:   

Double stranded DNA double-helix  
 
�Ihelix= 4.2 
For �I >1 
              ���I= 1/2 �O��= 0.12 
               �@a= 1.21 �I��= 0.14     
               f =0.87���O-1 = 0.21 

Single stranded DNA  
 
�Icoil= 1.0 
For �I >1 
�������������������������������I= 1/ 2�O��= 0.5 
               �@a= 1.21 �I��= 0.6 
               f =0.87 �O-1 = 0.87 

 

 Therefore, according to the theory, the fraction 1-(1/4.2), equal to 0.76, corresponds to the 

phosphate groups neutralized by condensed counterions when DNA is in its double-helix form [44].   

These values allow determining the contribution of DNA under Na salt form to the ionic 

concentration at a given weight concentration. Considering that the average molar mass of a nucleotide 

is equal to 379 g/mol, for a double stranded DNA weight concentration of 1 g/L, it comes that the 

effective ionic concentration is: 

C = (1/379) x 0.12= 3.17 x 10-4 equiv/L 

For a single stranded DNA weight concentration of 1 g/L, the effective ionic concentration is: 

C = (1/379) x 0.5= 13.19 x 10-4 equiv/L 
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2.4.2. Ionic strength of TE buffer solution  

 TE buffer was selected since it is usually used in molecular biology, particularly in procedures 

concerning DNA or RNA. EDTA is used as a chelating agent of divalent counterion that can create 

metal complexes having an octahedral coordination structure. The ionic strength of TE buffer was 

determined through conductivity measurements, relating its conductivity to the concentration of a NaCl 

solution with the same conductivity. It was then determined that a corresponding NaCl concentration of 

9.8 mM (very near to 10 mM, TrisHCl concentration) is equivalent to a conductivity of 1.64 mS 

measured for the TE buffer at a ratio 9:1 (Water: Buffer). 

When DNA is solubilized in the buffer 9:1, the total ionic concentration for a DNA weight 

concentration of 1 g/L is:  

CT= Cs + C = 10.32 mM and the Debye length is �N-1~ 2.95 nm  

These characteristics of DNA play an essential role on its conformation in solution as well as its 

contribution to conductivity, chain-chain interactions in concentrated solutions and on polycation 

associations.        

 

2.4.3. Spectrophotometric measurement of DNA concentration and purity  

DNA concentration of the studied samples was determined by measuring the absorbance at 260 nm 

(A260), where DNA absorbs light most strongly, in a spectrophotometer [ 45] . The spectrophotometric 

conversions for one absorbance unit at 260 nm to concentration in �Pg/mL, depending on the nature of 

the chain, are presented in Table 2.2. Double-stranded DNA conversion was selected for our samples. It 

is worth to mention that these conversions are only valid for measurements performed at neutral pH.    

Tabl e 2.2.- Spectrophotometric conversions for one A260  equals 1 unit to concentration  [46]  

A260 = 1 Concentration (�Pg/mL)  

Double-stranded DNA 50 

Single-stranded DNA 33 

RNA 40 

Oligonucleotides 20-30 

 

Absorbance measurements allow determining DNA concentration. In addition, DNA purity was 

evaluated by measuring the absorbance from 230 nm to 320 nm to detect other potential contaminants. 

The ratio A260/A 280 was found to be 1.87 ± 0.11, which is in good agreement with pure DNA ratio 

reported before (between 1.8 and 2.0) [47].    
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2.4.4. DNA melting temperature   

2.4.4.1 DNA composition determination    

Starting from the fact that DNA is a polyelectrolyte bearing a series of phosphate groups along its 

backbone and that it can exist in solution in its helical or randomly coiled form [44], it  is important to 

determine the melting temperature, Tm, of DNA used at the specific conditions in this research. Figure 

2.12 shows the temperature dependence of the absorbance of calf-thymus DNA at a concentration of 

0.042 mg/mL, from which is possible to identify the midpoint of the absorbance rise, corresponding to 

the Tm, at a temperature of 70 ± 0.6 ºC.  

Denaturing agents such as increase of temperature, increase or decrease of pH and decrease in Na+ 

ion concentration, disrupt double helix DNA structure, unstuck the bases and produce the increase in 

absorbance [48].  The helix-coil transition is considered as the result of the tendency of the system to go 

from high-energy states to low-energy states and the tendency to go from low entropy states to high 

entropy states.   

 

 

 

 

  

 

 

 

 

 

 

Figure 2.12. Degree of denaturation at 260 nm of calf-thymus DNA (0.042 mg/mL) of in TE buffer at a pH of 

7.3.   

 

According to the empirical relationship between Tm, G-C (Guanine-Cytosine) content and 

concentration of sodium ions in solution ([Na +]) proposed by Owen et al. [49 ] it is possible to 

determinate the G-C content through Equation 2.44.      

           
(2.44) 
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where x0 corresponds to the fraction of G-C pairs in DNA.  

In this manner, the calculated value for x0 was found to be around 0.48, i.e. 48%, which is in good 

agreement with the reported G-C composition of preparations of Euchromatin DNA and 

Heterochromatin DNA from calf-thymus, determined by thin-layer chromatography, i.e. 44.5 ± 0.3% 

and 46.4 ± 0.5%, respectively, by Gawro�Ñska et al. [50 ] .  

 

2.4.4.2. Influence of DNA and salt concentrations on the Tm  

Salt concentration influence on melting temperature is presented on Figure 2.13. The temperature 

dependence of the absorbance of calf-thymus DNA at a concentration of 0.03 mg/mL  was determined 

for a salt concentration range between 0 M and 3 x 10-2 M NaCl. Here it is possible to identify that 

DNA in water as a solvent, is partially denatured and that the addition of salt to the solution leads to an 

increase of DNA melting temperature, as expected. The observed decrease in Tm at low salt 

concentrations is caused by the increased electrostatic repulsion between the negative phosphate ions of 

DNA strands.  

 

Figure 2.13. Temperature dependence of the % denaturation of calf-thymus DNA 0.03 mg/mL at salt 

concentration between 0 M to 3x10-2M NaCl. The percent of denaturation is relative to the absorbancy at 25 ºC.       

 

Figure 2.14 shows the variation of DNA melting temperature for different DNA and salt 

concentrations in a semi-log plot. A linear behavior is observed, as well as the Tm decrease at low salt 
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concentrations (as described before) and a slightly variation of Tm for different DNA concentrations at a 

same salt concentration [31] .    

 

Figure 2.14. Variation of the Tm with the salt concentration for different DNA concentrations.   

 

We can conclude that double helix DNA conformation is preserved in the TE buffer and in DNA 

solutions with salt concentrations higher than 10.3 M NaCl in the temperature range from 25 to 60 ºC.  

 

2.4.5. DNA intrinsic viscosity [ �K]  and molecular weight determination    

 2.4.5.1. Capillary measurements in dilute solutions     

Since DNA has one formal negative charge per nucleotide, the conformation of this molecule is 

certainly sensitive to changes in the ionic strength, in the amount of base pairs and in the molecular 

weight (in the low molecular weight domain). In this manner, the information about intrinsic viscosity 

of DNA in TE buffer solutions may lead to determine and understand the hydrodynamic and 

conformational properties of the molecule under specific conditions. At first instance, viscosity capillary 

measurements were performed in order to determine DNA intrinsic viscosity in TE buffer at a pH of 7.3 

and at the temperatures of 10, 20, 30 and 40 ºC. DNA dilutions were made by adding solvent of the 

same composition, i.e. TE buffer at a 9:1 ratio.  
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In order to remove the solvent contributions, the relative viscosity was calculated for each DNA 

concentration at each temperature by using Equation 2.19. As expected, DNA relative viscosity increases 

while increasing DNA concentration and, as we can observe, the temperature effect is negligible (Figure 

2.15). All curves are nearly superposed. Specific and reduced viscosities were then calculated according 

the Equations 2.20 and 2.21 in order to determinate DNA intrinsic viscosity at each temperature by 

extrapolation of the reduced viscosity to zero concentration.  

  

 

 

 

 

 

 

 

 

 

Figure 2.15. Relative viscosity dependence with DNA concentration measured at several temperatures.  

 

 The resulting values for the intrinsic viscosities are resumed in Table 2.3, but they are almost half 

of the expected values according to the Mark-Houwink type equation for double-stranded DNA (Table 

2.1) reported by Tsortos et al. [29 ]. This is, for a reported average molecular weight for calf-thymus 

DNA, recently obtained by size-exclusion chromatography with dual low-angle light scattering/ 

refractometric detection, corresponding to 8 418 000 [51 ], the calculated intrinsic viscosity is equal to   

4 858 mL/g. Therefore, we assume that the imposed shear rate in the capillary is too high to obtain the 

viscosity value equivalent to the zero shear viscosity of our DNA samples; for this reason, the intrinsic 

viscosities found are much lower than the expected. However, from these values it is possible to 

conclude that the hydrodynamic volume of DNA varies only slightly with temperature.        
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Table 2.3.- Intrinsic viscosity determined through capillary measurements  

Temperature ( ºC) [ �K]  (mL/g)  

10 1975 
20 2231 
30 2245 
40 2259 

 

2.4.5.2. Cone-plate measurements in dilute solution 

To allow getting the intrinsic viscosity at low shear rate, we selected the cone-plate rheometer. 

DNA shear viscosity was determined for a DNA concentration range between 0.010 and 0.367 mg/mL. 

A constant viscosity over a range of at least one decade of shear rate was obtained in order to determine 

with accuracy the zero shear viscosity of each sample tested. Figure 2.16 shows the measured viscosities 

at a temperature of 20 ºC.  

 

Figure 2.16. Dependence of shear viscosity on shear rate for several DNA concentrations at 20 ºC.   

 

This figure shows the sensitivity of the solution viscosity with shear rate and justifies the low 

values obtained by capillary measurements. This viscosity dependence on shear rate can be treated with 

the Cross model, given by Equation 2.45 [ 41] .  
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(2.45) 

where �K0 is the zero shear-rate viscosity from the Newtonian plateau, �K�’  is the infinite shear-rate 

viscosity, m is a dimensionless parameter related to the degree of shear thinning and Kc has the 

dimensions of time.   

 Reduced viscosities were calculated according Equation 2.21 using the zero shear-rate viscosity 

from the Newtonian plateau and were plotted as a function of DNA concentration (Figure 2.17). A 

deviation from the linear behavior in the dilute regime, following Huggins relation, is clearly observed 

at the concentration of 0.23 mg/mL , which could be related to the overlap concentration of the system, 

C*. The entanglements in the semidilute regime make the system more complicated and lead to 

viscoelastic properties that need to be studied by shear flow and dynamic measurements [52]. The 

extrapolation to zero concentration gives the intrinsic viscosity, i.e. 4 850 mL/g, which is a closer value 

to the calculated intrinsic viscosity from the Mark-Houwink theoretical equation [29].  

 

 

 

 

 

 

 

 

 

Figure 2.17. �Kred dependence with DNA concentration at a temperature of 20 ºC. The solid line represents only a 

visual aid.  

The viscosimetric average molecular weight of our DNA sample can be estimated using the Mark-

Houwink relation (Equation 2.26), taking �D��as 0.69 for high molecular DNA chains and K as 6.9 x 10-4  

[ 29].  Therefore, the molecular weight is equal to 6 559 500, between 6 000 000 and 8 000 000 

(ultrahigh molecular weight range), in good agreement with the literature [ 51].  The obtained value for 

the Huggins constant, KH, equals to 0.15, although is considerably low, is also in fairly agreement with 

values previously reported by Tsortos et. al [29 ] for different molecular weight DNA.      
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As discussed previously, <S2> and [�K]  are two useful characteristics of polymers in dilute solution, 

i.e. where the concentration is lower than C*. This critical concentration can be estimated as a first 

approach by using the relation C*~ [ �K] -1. In this manner, the calculated value for C*  is equal to 0.245 

mg/mL, which corresponds to the observed deviation point from the linear dependence of the reduced 

viscosity with DNA concentration (Figure 2.17). The first estimation of the radius of gyration may be 

calculated using C* according to Equation 2.46 [52 ].   

C*
                   

(2.46) 

It comes that S2
 is equal to 237 nm, the average radius of gyration in TE buffer.  

 

2.4.6. Rheological behavior as a function of DNA concentration and temperature  

Taking into account the obtained results on DNA conformation in the buffer solution used in all 

the rheological study, as well as its stability upon temperature in the range covered (10 to 40°C) and the 

reduced viscosity that is nearly independent on the temperature; in the treatment of our experimental 

data, we adopted the value of the intrinsic viscosity determined at 20 °C for all the temperatures, as well 

as for the establishment of the master curves. In addition, the influence of ionic concentration may be 

considered as the increase in DNA concentration means also an increase of the total ionic concentration. 

At 1 mg/mL, �N-1 �§�����������Q�P���D�Q�G���I�R�U���������P�J���P�/���L�W���F�R�P�H�V���W�K�D�W �N-1 �§���������Q�P�����L���H�����U�H�O�D�W�L�Y�H�O�\���V�P�D�O�O���L�Q�I�O�X�H�Q�F�H���R�I��

the DNA concentration.   

In order to describe the effects of DNA concentration on viscosity and to define the limits between 

the semi-dilute non entangled and entangled regimes of DNA/buffer solutions, we carried on flow and 

dynamic measurements. Both series of experiments were performed for a wide DNA concentration 

range in buffer 9:1 solution at the temperatures of 10, 20, 30 and 40 ºC. For dynamic experiments in the 

linear regime, we applied a strain of defined amplitude and frequency, from which it is possible to obtain 

the two components G�·���Z) and G�·�·���Z) and calculate the complex dynamic viscosity, given by Equation 

2.47.  

                     
(2.47) 

 

 2.4.6.1. Steady state measurements 

In the case of Newtonian fluids, the viscosity depends on temperature and pressure, however, for 
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polymeric fluids as DNA solutions, it also depends on shear rate, which is very sensitive to the 

molecular structure, as seen before. To complete our measurements, the influence of shear rate on the 

viscosity of DNA samples was studied in a large DNA concentration range at the temperatures of 10, 

20, 30 and 40 ºC. Data obtained at a temperature of 20 ºC are presented in Figure 2.18. The observed 

flow curves are characterized by having three important characteristics: the viscosity �K0, in the 

Newtonian plateau, the critical shear rate and the slope, s [52-54]. The critical shear rate is related to 

the characteristic time when the shear rate becomes lower than the relaxation time of DNA in solution, 

leading to the manifestation of structural changes such disentanglements, alignments of the molecules 

in the flow, among others, or to conformational modifications of the molecule. The viscosity in the 

Newtonian plateau corresponds to the viscosity when < . It is possible to observe that decreases 

with the increase of DNA concentration.  

 

 

 

 

 

 

 

 

 

Figure 2.18. Influence of shear rate on the viscosity of calf-thymus DNA at different DNA concentrations at a 

temperature of 20 ºC.  

 

Figure 2.19 shows the dependence of the specific viscosity on shear rate for a constant DNA 

concentration at the studied temperatures, i.e. 10, 20, 30 and 40 ºC. We can observe only very little 

influence of temperature on the rheological behavior of DNA solutions in the studied temperature 

range, i.e. low influence on the hydrodynamic volume of DNA (reflected by the intrinsic viscosity).    
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Figure 2.19. Influence of shear rate on the specific viscosity of calf-thymus DNA at a concentration of 7 mg/mL 

at the temperatures of 10, 20, 30 and 40 ºC.   

 

By increasing DNA concentration it is possible to define the dilute, semi-dilute with entanglements 

and semi-dilute without entanglements regimes, delimited by the overlap concentration, C* , which first 

approach was given by C*~[ �K] -1 and C** , also defined by Mason et al. [55] as the entanglement 

concentration, Ce, taking into account the references of Raspaud et al. [56 ] .   

 

Figure 2.20. Dependence of the specific viscosity, �Ksp, at zero shear rate with DNA concentration at the 

temperatures for 10, 20, 30 and 40 ºC. 
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DNA zero shear viscosity was firstly inspected in terms of the specific viscosity, �Ksp, as a function of 

DNA concentration at the four studied temperatures (Figure 2.20). The obtained behavior in the DNA 

concentration range 2.0 < CDNA < 10 mg/mL was found to be consistent with previous results obtained 

for polymers dissolved in a good solvent [57].  The variation of �Ksp with concentration, ��sp��CDNA, was 

quantified with an average slope is equal to 4.2, i.e. ��sp��C4.2. To analyse the data in terms of the overlap 

concentration the specific viscosity at zero shear rate was plotted in log-log as a function of 

CDNA�>�K�@��(Figure 2.21). This representation allows predicting the viscosity for different concentrations 

and molecular weights, as shown by Berriaud et al. [58 ], Milas et al. [59 ] and Fouissac et al. [60 ] for 

hyaluronans, a wormlike chain. C* [ �K�@�§�����F�D�Q���E�H���L�G�H�Q�W�L�I�L�H�G���D�Q�G���D�W���O�D�U�J�H�U���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�R�O�\�P�H�U�L�F���F�K�D�L�Q�V��

get progressively entangled. Equation 2.48 can be used to estimate �Ksp for a polymeric solution at a given 

concentration when the intrinsic viscosity is known. This equation was first used for hyaluronans with 

various molecular weights [61] , from which it was possible to predict any viscosity of polymer solution 

by replacing C[�K] on the expression.  

                  
(2.48) 

where KH is the Huggins constant and the values B and n are equal to 7.77x10-3 and 4.18, respectively.  

Additionally, a new representation was proposed by Cowman et al. [ 62] (Equation 2.49), on the 

same hyaluronans [61,63] and now is tested successfully for calf-thymus DNA solutions at the DNA 

concentration range between 0.01 and 10 mg/mL, using a Huggins constant (identified as k1) of 0.4, as 

found for perfectly soluble polymers. 

                
(2.49) 

where the constant k1, k2 and k3 can be calculated as follows: 

k1= 0.4                            (2.50) 

k2= (k1)2/2!= 0.08                            (2.51) 

k3= (k1)3/3 != 7.1x10-3                            (2.52) 

For DNA at the highest concentrations, the concentration C**  is obtained when the linear behavior 

in this curve starts, also defined as the entanglement concentration, Ce. For the linear domain, the 

calculated slope is 4.3 (�Ksp��C4.3), which presents a slight deviation from the master curve having a 

maximum slope of 4. This kind of deviation was also detected for the reported experimental values for 

hyaluronan in 0.1N NaCl (with a slope of 4.18) and xanthan in 0.1 N NaCl (with a slope of 4.24) [64]. 

The limit for linear behavior in this curve is around C[ �K] ~10, the starting point of semi-diluted 
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entangled domain, i.e. 2.45 mg/mL for DNA. The obtained behavior in the DNA concentration range 

2.0< CDNA< 10mg/mL was found to be consistent with previous results reported by Mason et al. 

obtained at 25°C [28]. The width of the semi-dilute domain (unentangled and entangled) is such as 

Ce~10 C** . The slope in the semi-dilute entangled regime deviates from the master curve 

representation, which fits very well at lower polymer concentrations. In fact, this may be connected 

with the reptation regime admitted over C**  (or Ce) for which �K���K Rouse varies as (C/Ce)3.4. In these 

conditions, it comes that���K varies as (C/Ce)4.42. This power law fits well with our data where the slope is 

4.3. 

 

 

 

 

  

 

 

 

 

Figure 2.21. Dependence of specific viscosity at zero shear rate as a function of the overlap parameter CDNA[ �K] 

for calf-thymus DNA solutions in TE buffer pH 7.3 at a temperature of 20 ºC.  

 

The temperature effect on the specific viscosities of calf-thymus DNA solutions is shown in Figure 

2.22, plotting the specific viscosity at zero shear rate as a function of CDNA�>�K�@����adopting the value of the 

intrinsic viscosity determined at 20 °C, as explained before. We can observe that all the temperatures 

present the same trend and that the viscosity of the solutions can be predicted with good accuracy at a 

specific DNA concentration.  
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Figure 2.22. Dependence of specific viscosity at zero shear rate as a function of the overlap parameter CDNA[ �K] 

for calf-thymus DNA solutions in TE buffer pH 7.3 at the temperatures 10, 20, 30 and 40 ºC.  

 

The second important parameter characterizing DNA behavior is the critical shear rate, , 

obtained at the onset of the non-Newtonian flow.  

 

 

 

 

 

 

  

Figure 2.23. Dependence of the critical shear rate, , of the onset of the Non-Newtonian viscosity with CDNA[ �K] 

for the temperatures 10, 20 and 30 ºC.  

 

Figure 2.23 shows a log-log plot of  versus CDNA[ �K] for DNA concentrations in the semi-dilute 

regime. Due to lack of sensitivity, only the semi-dilute domain is covered from 2 mg/mL up to 
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10mg/mL. Considering that there is only a very small influence of the temperature on the critical shear 

rate values, a single curve is obtained in which all concentrations and temperatures are plotted. When 

the shear rate increases, the viscosity decrease was attributed to structural changes in the solution such 

as disentanglements, alignments of the molecules in the flow or to conformational modifications of the 

molecules among others. With this curve it is possible to obtain the relation c��CDNA[ �K] -2.0±0.1, also 

reported for different molecular weight hyaluronans [59]. This exponent is in agreement with the 

scaling parameter from Rouse theory (9/4) corresponding to the longest relation time for an 

entanglement strand as mentioned by Colby et al. [65]. The calculated values for the critical shear rate 

with the Rouse model are in good agreement with the experimental values but only for higher 

concentration (CDNA�•��7 mg/mL). The scaling law relating the temperature influence, with an exponent 

of 7/12 in a good solvent (considerably low), is smaller in our case, probably due to the semi-rigid 

character of DNA [65].  

The last important parameter is the slope relating the viscosity and the shear rate. In the power 

law region of �K as a function of , the slope s depends on the overlap parameter C[ �K] , as discussed by 

Graessley et. al [ 66] . For CDNA[ �K]>35 , the slope tends toward a limit, as predicted in the entanglement 

theory of Graessley, and is equal to -0.818.  

Our results are presented in Figure 2.24 and show that the limit value for calf-thymus DNA in TE 

buffer at a pH of 7.3 has an average slope of -0.82, which corresponds to the behavior described by 

Graessley and that has also been reported for a wide range of molecular weight hyaluronan samples.   

 

 

 

 

 

 

 

Figure 2.24. Slope s in the power law region determined on flow curves of calf-thymus DNA in TE buffer at the 

temperatures of 10, 20, 30 and 40 ºC. (Dashed line represents the prediction of Graessley [65]). 
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2.4.6.2. Dynamic measurements 

The linear viscoelastic region (LVR) was first determined for calf-thymus DNA solutions in TE 

buffer at a pH of 7.3 through strain sweeps. This region is defined as the regime �L�Q���Z�K�L�F�K���*�·���D�Q�G���*�·�·���D�U�H��

independent of the strain �J. All samples at the four studied temperatures exhibited a broad linear 

viscoelastic region, which extends to strain values around 30 %. Mason et al. previously described this 

behavior for calf-thymus DNA solutions at a pH of 8.0 and reported that for strains less than the 30%, 

�*�·���D�Q�G���*�·�·���Z�H�U�H���L�Q�G�H�S�H�Q�G�H�Q�W���R�I �J [55].  

a) 

 

 

 

 

 

 

 

 

 

b) 

Figure 2.25. Strain depende�Q�F�H���R�I���W�K�H���V�W�R�U�D�J�H���P�R�G�X�O�X�V�����*�·��for a) several DNA concentrations at the temperature 

of 10 ºC and for b) a DNA concentration of 7 mg/mL at the temperatures of 10, 20, 30 and 40 ºC.  

 

Figures 2.25a and 2.25b show the storage modulus (G') versus strain percent (% ��) for several DNA 

concentrations at the temperature of 10 °C and for a constant DNA concentration with the temperature 

variation, respectively. By fixing ��= 0.02, inside of the linear regime, the spectra for the storage and the 

loss moduli in the same range of DNA concentrations at the four temperatures were measured 

subsequently. Figures 2.26a and 2.26 b show the dependence of G�
���D�Q�G���*�·�·���Z�L�W�K���I�U�H�T�X�H�Q�F�\ for the DNA 

concentration range between 2.0 and 10.0 mg/mL at the temperature of 10 °C and for the DNA 

concentration 7.0 mg/mL at the temperatures of 10, 20, 30 and 40 ºC, respectively.  

The loss and storage moduli intersect in a characteristic frequency (�&C), at which its reciprocal 

corresponds to the main relaxation time of the system, �2c. This crossover frequency is related to a low-

frequency viscosity, since at very low frequencies, the entanglements of the DNA solution can relax. 

The crossover frequency (�&C) decreases with increasing DNA concentration and temperature. For 

solutions at which CDNA �”�� �������� �P�J��mL, the rheological behavior is predominantly viscous at all 

frequencies, however, at higher concentrations, the coils begin to overlap and become entangled, so an 

elastic behavior is observed.  
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a) 

 

 

 

 

 

b) 

 

Figure 2.26. �)�U�H�T�X�H�Q�F�\�� �G�H�S�H�Q�G�H�Q�F�H�� �R�I�� �W�K�H�� �V�W�R�U�D�J�H�� �P�R�G�X�O�X�V���� �*�·���� �D�Q�G�� �W�K�H�� �O�R�V�V�� �P�R�G�X�O�X�V���� �*�·�·�� �I�R�U�� �D���� �V�H�Y�H�U�D�O�� �'�1�$��

concentrations at the temperature of 10 ºC and for b) a DNA concentration of 7 mg/mL at 10, 20, 30 and 40 ºC.  

 

In the same way as DNA zero shear viscosity in terms of �Ksp was inspected as a function of DNA 

concentration between 2.0 and 10 mg/mL at the four studied temperatures (Figure 2.20), the crossover 

frequency, �Zc, was also analyzed as shown in Figure 2.27. As for �Ksp , the obtained behavior was found to 

be consistent with previous results obtained for polymers dissolved in a good solvent [57]. The 

variation of �Zc with concentration, was quantified with an average slope is equal to -2.17±0.12, i.e.         

�Zc ��C-2.17. A reduced form of the characteristic relaxation time, �Wc, corresponding to �Zc-1, can be obtained 

through the relation �Wc/ �Ks and is presented in Figure 2.28, where it is possible to observe the 

contribution of solvent viscosity to the relaxation time of DNA solutions at each studied temperature.    

 

 

 

 

 

 

 

 

Figure 2.27. Dependence of the crossover frequency (�Zc) with DNA concentration at 10, 20, 30 and 40 ºC.   
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Figure 2.28. Dependence of �Wc/ �Ks with DNA concentration at 10, 20, 30 and 40 ºC. 

 

Taking �*�·���Z���� �D�Q�G�� �*�·�·���Z) at a given DNA concentration as reference makes possible obtaining a 

master curve as a function of DNA concentration from a horizontal (ax) and a vertical (ay) translation. 

First one represents the coefficient of translation of the frequencies and second one the coefficient of 

translation of the modulus. Figure 2.29 shows the master curve obtained for the DNA concentration 

range between 1.5 and 10 mg/ml at the temperature of 20 ºC, by using as reference 4 mg/mL. The same 

procedure is used for the analysis of the temperature for each DNA concentration. Figure 2.30 shows the 

master curve for a constant DNA concentration at the temperatures of 10, 20, 30 and 40 ºC.     

 

 

 

 

 

 

 

 

Figure 2.29. �0�D�V�W�H�U�� �F�X�U�Y�H�� �I�R�U�� �W�K�H�� �U�H�G�X�F�H�G�� �H�O�D�V�W�L�F�� ���*�·���� �D�Q�G�� �Y�L�V�F�R�X�V�� ���*�·�·���� �P�R�G�X�O�L�� �D�V�� �D�� �I�X�Q�F�W�L�R�Q�� �R�I�� �W�K�H�� �U�H�G�X�F�H�G��

frequency for the concentration variation of calf-thymus DNA in TE buffer at a temperature of 20 ºC.   
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Figure 2.30. �0�D�V�W�H�U�� �F�X�U�Y�H�� �I�R�U�� �W�K�H�� �U�H�G�X�F�H�G�� �H�O�D�V�W�L�F�� ���*�·���� �D�Q�G�� �Y�L�V�F�R�X�V�� ���*�·�·���� �P�R�G�X�O�L�� �D�V�� �D�� �I�X�Q�F�W�L�R�Q�� �R�I�� �W�K�H�� �U�H�G�X�F�H�G��

frequency for the DNA concentration of 4 mg/mL at the temperatures of 10, 20, 30 and 40 ºC. 

 

Figure 2.31 shows that all DNA concentrations at the temperatures of 10, 20, 30 and 40 ºC collapse 

in a general master curve using the horizontal (ax) and the vertical (ay) translation obtained from the 

same DNA concentration as reference, i.e. 4.0 mg/mL, at a temperature of 20 ºC. We can determine 

from the superposition of the curves in one master curve that the main relaxation time of the system is 

only modified by the variation of DNA concentration.  

 

 

 

 

 

 

 

 

Figure 2.31. �0�D�V�W�H�U�� �F�X�U�Y�H�� �I�R�U�� �W�K�H�� �U�H�G�X�F�H�G�� �H�O�D�V�W�L�F�� ���*�·���� �D�Q�G�� �Y�L�V�F�R�X�V�� ���*�·�·���� �P�R�G�X�O�L�� �D�V�� �D�� �I�X�Q�F�W�L�R�Q�� �R�I�� �W�K�H�� �U�H�G�X�F�H�G��

frequency for the concentration variation of calf-thymus DNA in TE buffer at 10, 20, 30 and 40 ºC. 
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The horizontal (ax) and vertical (ay) translation coefficients were plotted as a function of DNA 

concentration for all temperatures (Figures 2.33 and 2.34) and were subsequently analyzed by fitting the 

results with a power law that gives the following slope values: ax��C2.32±0.16 and ay��C-1.5±0.05. These 

exponents are in good agreement with those previously found on hyaluronan. The two series of shifts 

indicate that the moduli as a function of frequency is mainly imposed by concentration, i.e. density of 

entanglements [ 67] .  

 

       

                    C 2.32 

 

 

 

 

 

Figure 2.33. Concentration shift factor (ax) applied to the moduli for obtaining the master curves at all 

temperatures.  

 

 

                       C-1.5 

 

 

 

 

Figure 2.34. Concentration shift factor (ay) applied to the moduli for obtaining the master curves at all 

temperatures. 
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The Rouse relaxation time for an entanglement strand in the entangled semi-dilute concentration 

regime varies as C9/4, which exponent is in good agreement with the ax shift. Nevertheless, the influence 

of temperature is lower than predicted by the scaling relation, as observed also on the critical shear rate. 

This temperature influence is related to the network relaxation. It is noted that the temperature 

dependence is smaller than for ax values and than in the scaling relationships proposed for ay. In this 

way, ay is mainly imposed by polymer concentration and density of entanglements as ax. 

In order to compare our results from flow measurements with those from dynamic measurements, 

we calculated the complex dynamic viscosity, l�K* l, �I�U�R�P�� �*�·���Z���� �D�Q�G�� �*�·�·���Z), as shown by Equation 2.39. 

According to the Cox-Merz rule [68] , the steady state viscosity, �K, can be compared with the complex 

dynamic viscosity, l�K* l, by plotting both against shear rate and radial frequency, respectively. Figure 

2.35 shows, as an example of a constant DNA concentration at a constant temperature, a good 

superposition of l�K* l (�Z����and �K ( ) as a function of shear rate and radial frequency, respectively.  

 

 

 

 

 

 

 

 

 

Figure 2.35. l�K* l (�Z����and �K ( ) as a function of shear rate and radial frequency for a DNA concentration of 3.0 

mg/mL at a temperature of 20 ºC. 

 

These data allow concluding that there are no strong interchain interactions at least until the DNA 

concentration of 10 mg/mL at all the studied temperatures. As well as we did for flow measurements, 

the slope s from the power law region of l�K* l (�Z����as a function of the radial frequency, was determined 

for each DNA concentration at each temperature. The obtained results are presented in Figure 2.36, in 
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comparison with the results from flow measurements. The same trend is obtained, with the limit value 

average slope around -0.82. 

 

 

 

 

 

 

 

 

 

Figure 2.36. Slope s in the power law region determined on flow and dynamic curves of calf-thymus DNA in 

TE buffer at the temperatures of 10, 20, 30 and 40 ºC. (Dashed line represents the prediction of Graessley [65]). 

 

2.4.7. Modeling of flow and dynamic response of DNA solutions in the semi-dilute regime 

with entanglements   

2.4.7.1. Maxwell model 

To better understand the dynamic curves, the Maxwell model was tested allowing interpreting the 

rheological behavior in the semidilute entangled regime. The entanglements may lead to an elastic 

behavior that could prevent DNA partition after replication during cell division. The lower frequency 

linear response is described by the elastic plateau modulus, Gp, and the terminal relaxation time of the 

Maxwell fluid, �WR ���§�Wc). Since DNA solutions are considered as polydisperse in their molecular weight 

distribution [69], the relation 1/�Zc=�WR�§�Wc has been used as an estimated approach to characterize the 

relaxation dynamics.  

Figure 2.37 presents the moduli response for DNA concentrations of 2.0, 4.0, 7.0 and 10.0 mg/mL 

at the temperature of 20 ºC. The Maxwell generalized model [69] presented in Equations 2.42 and 2.43 

was used to fit  calf-thymus DNA solutions dynamic response in the selected frequency range, for the 

DNA concentration range between 2.0 and 10.0 mg/mL. The best fit for experimental data was carried 

on using a six time-constants approach. As mentioned before, the main relaxation time, corresponding 
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to the reciprocal of the crossover frequency, is related to DNA entanglements main relaxation in the 

low-frequency viscosity region.  

 

  

 

 

 

 

 

 

Figure 2.37. �)�U�H�T�X�H�Q�F�\���G�H�S�H�Q�G�H�Q�F�H���R�I���W�K�H���V�W�R�U�D�J�H���P�R�G�X�O�X�V�����*�·�����D�Q�G���W�K�H���O�R�V�V���P�R�G�X�O�X�V�����*�·�·���I�R�U���'�1�$���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V��

of 2.0, 4.0, 7.0 and 10.0 mg/mL at the temperature of 20 ºC. The solid lines represent the fit resulting from 

Maxwell model (Equations 2.42 and 2.43).   

 

2.4.7.2. Giesekus model 

The flow measurements response in dependence of  was reproduced using the Giesekus model, 

based on the concept of deformation-dependent tensorial mobility [69]. DNA flow response is 

considered as a natural consequence of the molecules orientation effects, which has been simulated with 

the Giesekus model in order to obtain the rheological parameters of the solutions of entangled DNA 

chains, i.e.: two relaxation times (�OG1 and �OG2) and the plateau modulus (Gp1 and Gp2). Figure 2.38 

presents a set of plots of shear stress as a function of shear rate for DNA concentrations of 3.0, 4.0, 7.0 

and 10.0 mg/mL at the temperature of 20 ºC. The solid lines represent the fit of the experimental data 

by using Giesekus model given by Equation 2.53 [ 70,71].   

                   
(2.53) 

                          
(2.54) 
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(2.55) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.38. Shear stress as a function of shear rate for DNA concentrations of a) 3.0, b) 5.0, c) 7.0 and d) 10.0 

mg/mL at the temperature of 20 ºC. The solid lines represent the fit resulting from Giesekus model. 

 

Table 2.4.- Resulting values for GP and �OG from the fit of the Giesekus model to the experimental data of DNA 

concentrations of 2.0, 4.0, 7.0 and 10.0 mg/mL at 20 ºC.  

         DNA concentration 
                         (mg/mL) 
 
Time constant 

3.0 5.0 7.0 10.0 

GP �O�*G GP �O�*G�� GP �O�*G�� GP �O�*G��

1 0.278 0.653 0.786 4.074 2.556 18.25 4.715 25.23 

2 1.061 0.033 2.447 0.160 5.807 0.598 9.30 0.848 
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The first relaxation time (�O1) obtained through the Giesekus model for flow measurements is 

compared to the Maxwell main relaxation time from dynamic measurements in all the DNA 

concentration range, showing the same behavior and similar obtained values.    

The obtained response for flow measurements was then formulated in terms of the normalized 

quantities, �V*= �V/G c and = , proposed by Berret et al. [ 72] for the non-linear mechanical 

response of surfactant wormlike micelles carried under a steady shear flow. A master dynamic phase 

diagram was obtained at different concentrations for each temperature with the superimposition 

procedure between flow curves. Figure 2.39 shows the master curve for �V* as a function of  for DNA 

concentrations between 2.0 and 10 mg/mL at a temperature of 20 ºC.  

 

 

 

 

 

 

 

 

 

 

Figure 2.39. Master dynamic phase diagram of DNA solutions. The normalized shear stress versus the 

normalized shear rate was obtained for DNA concentrations from 2.0 to 10.0 mg/mL at the temperature of 20 

ºC. The solid lines represent the fit results obtained with the Giesekus model. 

Below = 0.20, all data points are superimposed, this is, they are invariant with respect to the 

relative changes of DNA concentration, as expected for the linear Newtonian regime (�V* =  ). At 

DNA concentrations between 2.0 and 6.0 mg/mL and higher values of , i.e. �•�� ���������� the shear 

stress curve slope decreases, showing the presence of the shear-thinning phenomenon. The onset of a 
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stress plateau is observed around =15.0 at DNA concentrations higher than 6.0 mg/mL, which is 

related to the appearance of the shear banding flow phenomenon. 

 

2.4.8. Visualizations 

In order to explore with more detail the appearance of flow instabilities, a visualization device 

[ 42,43] was set up and the deformation of a fine filament of white colored DNA solution injected in the 

sample, was monitored during the rotation of the plate. It is worth to mention that the injected solution 

has the same concentration that the one tested. Figure 2.40 sh�R�Z�V���W�K�H���V�W�U�D�L�Q���G�H�S�H�Q�G�H�Q�F�H���R�I���*�·�D�Q�G���*�·�·���I�R�U��

a DNA concentration of 7 mg/mL at a temperature of 20 ºC. We can observe that the elastic moduli 

���*�·�����L�V���W�K�U�H�H���W�L�P�H�V���K�L�J�K�H�U���W�K�D�Q���W�K�H���Y�L�V�F�R�X�V���P�R�G�X�O�L�����*�·�·�������Z�K�L�F�K���L�V���L�Q���J�R�R�G���D�J�U�H�H�P�H�Q�W���Z�L�W�K���W�K�H���V�W�D�W�H�P�H�Q�W��

of a greater elastic behavior of DNA solutions at high concentrations due to entanglements.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.40. �6�W�U�D�L�Q�� �G�H�S�H�Q�G�H�Q�F�H�� �R�I�� �W�K�H�� �V�W�R�U�D�J�H�� �D�Q�G�� �W�K�H�� �O�R�V�V�� �P�R�G�X�O�X�V���� �*�·�D�Q�G�� �*�·�·���� �U�H�V�S�H�F�W�L�Y�H�O�\, for a DNA 

concentration of 7 mg/mL at a temperature of 20 ºC. Visualization of the strain field inside the bulk of the 

solution.  
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Here it is possible to identify the critical strain, �Jc, which is around 0.6. Below this critical strain, we 

have a homogeneous strain field and DNA molecules in solution are deformed in a uniform way, as we 

can see with left and right oscillations images presented in Figure 2.38. Above the critical strain, shear is 

positioned at half-height of DNA solution, as shown in the same figure. DNA solutions viscoelastic 

�S�U�R�S�H�U�W�L�H�V���F�K�D�Q�J�H���D�E�R�Y�H���W�K�L�V���V�W�U�D�L�Q���O�H�Y�H�O�����*�·���E�U�H�D�N�V���G�R�Z�Q���D�Q�G���W�K�H���G�H�I�R�U�P�D�W�L�R�Q���E�H�F�R�P�H�V���D���I�X�Q�F�W�L�R�Q���R�I���W�K�H��

apparent shear rate applied, so the response to stress is not linear anymore.  

Figure 2.41 shows the transient response of stress for a DNA concentration of 10 mg/mL at a 

temperature of 20 ºC to different applied shear rates. As we can see in the three figures, the transient 

behavior presents the general response to an applied specific level of shear rate: i.e. the stress within 

DNA solution increases in linear relation with time, then reaches a maximum and finally falls 

monotonically with time until reaching the steady state.  

Three different shear rates were chosen in the range between 1.0 and 30.0 s-1, where DNA 

instabilities were firstly observed (Figure 2.39). Figure 2.41 a shows the transient response of stress at a 

shear rate of 1.0 s-1, from which is possible to observe that the mark representing the strain field is 

homogeneously deformed. On the contrary, Figures 2.41 b and c show the brake up of the mark in the 

middle of the sample after the stress falls, during the steady state, so the strain is no longer 

homogeneous and is located mostly in a fine layer dividing DNA samples in two. This response was also 

observed by using this visualization technique in laponite samples [43] and more recently, in NFC 

suspensions produced from bisulfite pulp [42]. On the other side, shear banding presence during a very 

long period in steady rheological state was also reported by Boukany et al. [69 ] for a DNA solution of 11 

mg/mL with gly cerol as solvent, detected by particle-tracking velocimetric (PTV) measurements.  

Figure 2.42 shows the shear stress as a function of shear rate for a DNA concentration of 10.0 

mg/mL at the temperature of 20 ºC. Visual evidence of the strain field inside the bulk of the solution 

obtained at the steady state is presented for different shear rates selected in the three different regimes: 

linear Newtonian regime (0.01 s-1), shear-thinning regime (0.1 and 1.0 s-1) and shear banding flow 

regime (10.0 and 30.0 s-1). Shear banding in DNA solutions can be probably explained in terms of 

electrostatic interactions due to ionic contribution of the solvent to the total ionic concentration for a 

DNA weight at high DNA concentrations, enhancing different chain alignments at high shear rates. 

The role of electrostatic interactions was also reported by Hu et al. for DNA solutions in NaCl 0.01 M as 

solvent [73].  Other explanations on the occurrence of shear banding is water release in the specific 

shear band, or local fluctuations in concentrations due to the initial heterogeneous structural 

organization of the DNA in the volume of the solution [74 ].       

 

 



    

 91 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.41. Transient response of stress for a DNA concentration of 10 mg/mL at a temperature of 20 ºC at 

the following shear rates: a) 1.0 s-1, b) 10.0 s-1 and c) 30.0 s-1. Each image corresponds to a visualization of the 

strain field inside the bulk of the solution.   
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Figure 2.42. Shear stress as a function of shear rate for a DNA concentration of 10.0 mg/mL at the temperature 

of 20 ºC. Each image corresponds to a visualization of the strain field inside the bulk of the solution obtained at 

the steady state.  

 

In order to identify the appearance of shear banding in terms of DNA concentration, the transient 

response of stress to an applied shear rate of 10.0 s-1 was monitored for several DNA concentrations in 

the semi-dilute regime with entanglements. Figure 2.43 shows the transient response of stress for DNA 

concentrations of 4.0, 5.0, 7.0 and 10.0 mg/mL at a temperature of 20 ºC. We can observe that for DNA 

concentrations equal and higher than 5.0 mg/mL, the mark representing the strain field is no longer 

homogeneously deformed, leading to new DNA chain alignments and to the appearance of shear 

banding at this shear rate.   
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Figure 2.43. Transient response of stress for DNA concentrations of a) 10.0, b) 7.0, c) 5.0 and d) 4.0 mg/mL at 

a temperature of 20 ºC and at a shear rate of 10.0 s-1. Each image corresponds to a visualization of the strain field 

inside the bulk of the solution.   

 

2.5. Particular conclusions on the rheological study of calf-thymus DNA solutions in TE 

buffer  

Calf-thymus DNA solutions in TE buffer were characterized in detail in the dilute and the semi-

dilute regimes. The intrinsic viscosity [ �K]  was determined from the zero shear-rate viscosity of the 

Newtonian plateau (�K0),��obtained from flow measurements, and is equal to 4 080 mL/g. The molecular 

weight was then determined, resulting on 8 246 800 g/mol. The first critical concentration (C*) was 

estimated as a first approach by using the relation C** ~[ �K] -1, obtaining 0.245 mg/mL. The starting 

point of the semi-diluted entangled domain, Ce, was obtained from the limit of the linear behavior in the 

higher concentrations domain of �Ksp as a function of CDNA[ �K] curve, i.e. C�>�K�@~10, 2.45 mg/ mL. The 

behavior found for calf-thymus DNA/TE buffer solutions corresponds to a semi-rigid polymer behavior. 
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All experimental data show no considerable temperature dependence between 10 and 40 ºC.  All the 

experimental results are well described in terms of the overlap parameter C[�K] . From dynamic and flow 

measurements, a good superposition of l�K* l (�Z����and �K0 ( ) as a function of shear rate and radial 

frequency was obtained in the DNA concentration range between 2.0 and 10.0 mg/mL. A master curve 

with dynamic measurements data was obtained through a horizontal (ax) and vertical (ay) translation by 

using a specific DNA concentration as reference, showing that the main relaxation time of the system is 

only modified by the variation of DNA concentration.  

DNA solutions flow response was also formulated in terms of the normalized quantities �V*= �V/G 0 

and = , from which a master dynamic phase diagram was obtained with the superposition 

between flow curves. Observations of the strain field combined with mechanical measurements were 

used to demonstrate the appearance of shear banding, i.e. =10.0 s-1 and CDNA�•5.0 mg/mL. In this 

manner, it is shown by different approaches that for DNA concentrations in the semi-dilute regime with 

entanglements, DNA chains interactions and entanglements have important effects on linear 

viscoelasticity and on the different flow regimes.    

 

2.6. References 

 
[1] M.  Rinaudo, Comparison between experimental results obtained with hydroxylated polyacids and some 

theorical models, Polyelectrolytes Vol.1, Edited by E. Sélégny, M. Mandel and U.P. Strauss, D. Reidel 

Publishing Company,157-193 (1974).  

[2] S. Forster, M. Schmid, Polyelectrolytes in solution, Adv Polym Sci 120, 51�²133 (1995).  

[3] A.V. Dobrynin, M. Rubinstein, Theory of polyelectrolytes in solutions and at surfaces, Prog. Polym. 

Sci. 30, 1049�²1118, (2005). 

[4] M. Doi, S.F. Edwards, The theory of polymer dynamics. Oxford: Clarendon Press, (1989). 

[5] P.G. de Gennes, Scaling concepts in polymer physics. Ithaca, NY: Cornell University Press, (1979). 

[6] R.M. Fuoss, Polyelectrolytes, Discuss. Faraday Soc. 11, 125 (1951).  

[7] M. Rubinstein, R. H. Colby and A.V. Dobrynin, Dynamics of semidilute polyelectrolyte solutions, 

Physical Reviwe Letters 73, 2776 (1994).  

[8] S. Lifson and A. Katchalsky, The electrostatic free energy of polyelectrolyte solutions. II. Fully 

stretched macromolecules, J. Polym. Sci. 13, 43 (1954).  



    

 95 

[9]  I. Roure, PhD thesis: Rhéologie et Dimensions des chaînes du hyaluronane en solution, Grenoble, France 

(1997).  

[10] E. Fouissac, �3�K�'�� �W�K�H�V�L�V���� �&�R�Q�W�U�L�E�X�W�L�R�Q���j�� �O�·�R�E�W�H�Q�W�L�R�Q���G�·�D�F�L�G�H���K�\�D�O�X�U�R�Q�L�T�X�H���S�D�U���Y�R�L�H���I�H�U�P�H�Q�W�D�L�U�H���H�W���p�W�X�G�H���G�H��

ses propriétés physicochimiques, Grenoble, France (1992).  

[11] F. Oosawa, Polyelectrolytes, M. Dekker, New-York, (1970).  

�>�����@�� �0���� �5�L�Q�D�X�G�R���� �%���� �/�R�L�V�H�O�H�X�U���� �$�S�S�O�L�F�D�W�L�R�Q�� �G�X�� �W�U�D�L�W�H�P�H�Q�W�� �G�·�2�R�V�D�Z�D�� �j�� �O�·�p�W�X�G�H�� �G�H�V�� �S�U�R�S�U�L�p�W�p�V��

thermodynamiques des polyéléctrolytes rigides, J. Chim. Phys. 69, 1606 (1972).   

[13]  M. Fixman, The Poisson-Boltzmann equation and its application to polyelectrolytes, J. Chem. 

Phys. 70, 4995-5005 (1979). 

[14] C.F. Anderson and M.T. Record, Polyelectrolyte Theories and their Applications to DNA, Annual 

Review of Physical Chemistry 33,191-222 (1982).  

[15] V.V. Anshelevich, A.V. Vologodskii, A.V. Lukashin, M.D. Frank-Kamenetskii, Slow 

relaxionational processes in the melting of linear biopolymers. A theory of its application to nucleic 

acids. Biopolymers 23, 39-58 (1984). 

[ 16] M.D. Frank-Kamenetskii, DNA chemistry. How the double helix breathes, Nature 328, 17-18 

(1987). 

[17]  R.M. Fuoss, A.Katchalsky, S.Lifson, The potential of an infinite rod-like molecule and the 

distribution of the counter ions, Proceeding of the National Academy of Sciences U.S. 37 (9), 579-589 (1951). 

[18]  G.S. Manning, Limiting laws and counterion condensation in polyelectrolyte solutions I. 

Colligative properties, J. Chem. Phys. 51, 924 (1969).  

[19] G.S. Manning, The persistence length of DNA is reached from the persistence length of its null 

isomer through an internal electrostatic stretching force, Biophysical Journal 91, 3607�²3616 (2006).  

[20] T. Odijk, Possible scaling relations for semidilute polyelectrolyte Solutions, Macromolecules 12, 

688-693 (1979).  

[21]  J. Skolnick and M. Fixman, Electrostatic persistence length of a wormlike polyelectrolyte, 

Macromolecules 10, 944 (1977). 

[22] T. Odijk, On the ionic�æstrength dependence of the intrinsic viscosity of DNA, Biopolymers 18, 

3111-3113 (1979). 

[23 ] T. Odijk and A.C. Houwaart, On the theory of the excluded-volume effect of a polyelectrolyte in a 

1-1 electrolyte solution, J. Polym. Sci., Polym. Phys. 16, 627-639 (1978).  



    

 96 

[24] R. E. Harrington, Opticohydrodynamic properties of high-molecular-weight DNA. III. The effects 

of NaCl concentration, Biopolymers 17, 919-936 (1978).  

[25] W.F. Reed, Light -Scattering Results on Polyelectrolyte Conformations, Diffusion, and 

Interparticle and Correlations, Macro-ion characterization, From dilute solutions to complex fluids, Chapter 

23, Ed. Kenneth S. Schmitz, ACS Symposium Series 548, American Chemical Society, Washington D.C. 

(1994).  

[26]  H. Chen, S. P. Meisburger, S. A. Pabit, J. L. Sutton, W. W. Webb and Lois Pollack, Ionic strength-

dependent persistence lengths of single-stranded RNA and DNA, PNAS 109, 799�²804 (2012). 

[27]  G. Maret and G. Weill, Magnetic birefringence study of the electrostatic and intrinsic persistence 

length of DNA, Biopolymers 22,2727-2744 (1983). 

[28]  H. Benoit and P. Doty, Light scattering from non-Gaussian chains, J. Phys. Chem. 57(9), 958-963 

(1953).   

[29] A. Tsortos, G. Papadakis and E. Gizeli, The intrinsic viscosity of linear DNA, Biopolymers 95, 824-

832 (2011).  

[30] R. Pamies, G.H.J. Cifre, C.L.M. Martínez and García de la Torre, Determination of intrinsic 

viscosities of macromolecules and nanoparticles. Comparison of single-point and dilution procedures,  J. 

Colloid Polym Sci 286, 1223-1231 (2008).  

[31] M.T. Record Jr., Effects of Na+ and Mg++ Ions on the Helix-Coil Transition of DNA, Biopolymers 

14, 2137-2158 (1975).  

[32] G.C. Berry, The hydrodynamic and conformational properties of denatured proteins in dilute 

Solutions, Protein Sci 19, 94-98 (2010). 

[33]  A. Dondos, Denaturated proteins: draining effect and molecular dimensions, Physica. B. 405, 3572-

3575 (2010).  

[34] J. Eigner and P. Doty, The native, denatured and renatured states of deoxyribonucleic acid, J. Mol. 

Biol. 12, 549-580 (1965).  

[35] D.M. Crothers, B.H. Zimm, Viscosity and sedimentation of the DNA from bacteriophages T2 and 

T7 and the relation to molecular weight, J. Mol. Biol. 12, 525-536 (1965).  

[36]  H. Yamakawa, Modern Theory of Polymer Solutions, Harper and Row, New York (1971).  

[37]  W.M. Graessley, Polymer chain dimensions and the dependence of viscoelastic properties on 

concentration, molecular weight and solvent power, Polymer 21, 258-262 (1980).  



    

 97 

[38] P. M. Tuchinsky, Poiseuille's law 68, Cornell University (1976).  

[39] ASTM Ubbelohde Viscometer, Rheotek USA.  

[40]  H.A. Barnes, J.F. Hutton and K.Walters, An Introduction to Rheology, Amsterdam -  London -  New 

York-Tokyo (1993).  

[41] C.W. Macosko, Rheology principles, measurements, and applications, Wiley-VCH Inc., 111, (1994).  

[42] O. Nechyporchuk, M. N. Belgacem and F. Pignon, Rheological properties of micro-

/nanofibrillated cellulosesuspensions: Wall-slip and shear banding phenomena, Carbohydrate Polymers 

112, 432-439 (2014).  

[43]  F. Pignon, A. Magnin and J.-M. Piau, Thixotropic colloidal suspensions and flow curves with 

minimum: Identification of flow regimes and rheometric consequences, J. Rheol. 40(4), 576 (1996).  

[44] G.S. Manning, On the application of polyelectrolyte "limiting laws" to the helix-coil transition of 

DNA. I. Excess univalent cations, Biopolymers 11, 937-949 (1972).  

[45] M. Alatorre-Meda, P. Taboada, F. Hartl, T. Wagner, Michael Freis and J. R. Rodríguez, The 

influence of chitosan valence on the complexation and transfection of DNA: The weaker the DNA�²

chitosan binding the higher the transfection efficiency, Colloids and Surfaces B: Biointerfaces 82, 54�²62 

(2011). 

[46] P. Sauer, M. Müller, and J. Kang, QIAGEN GmbH, 2, 23-26 (1998). 

[47]  W.W. Wilfinger, K. Mackey and P. Chomczynski, Effect of pH and ionic strength on the 

spectrophotometric assessment of nucleic acid purity, Biotechniques 22(3), 474-6, 478-81, (1997). 

[48]  C. Schildkraut and S. Lifson, Dependence of the melting temperature of DNA on salt 

concentration, Biopolymers 3, 195-208 (1965).  

[49]  R.J. Owen, L.R. Hill and S.P. Lapage, Determination of DNA base compositions from melting 

profiles in dilute buffers, Biopolymers 7, 503 (1969).   

[50]  M. Gawro�Ñska, I. Kulamowicz, R. Oli�Ñski, M. �•bikowska, and Z. Walter, Physico Chemicals 

characteristics of DNA chromatin fractions from calf thymus, Z. Naturforsch. 36c, 361-365 (1981). 

[51]  B. Porsch, R. Laga, J. Horský, �ý. Ko��ák, K. Ulbrich, Molecular weight and polydispersity of calf-

thymus DNA: static light-scattering and size-exclusion chromatography with dual detection, 

Biomacromolecules 10, 3148�²3150 (2009).  

[ 52] M. Milas, M. Rinaudo and B. Tiniand, The viscosity dependence on concentration, molecular 

weight and shear rate of xanthan solutions, Polymer Bulletin 14, 157-164 (1985).  



    

 98 

[53] H.A. Barnes, J.F. Hutton and K. Walters, An Introduction to Rheology, Elsevier Science, Amsterdam, 

(1989).    

[54] J.D. Ferry, Viscoelastic Properties of Polymers, 3rd Edition, John Wiley & Sons, New York, (1980).  

[55] T.G. Mason, A. Dhople and D. Wirtz, Linear viscoelastic moduli of concentrated DNA Solutions, 

Macromolecules 31, 3600 (1998). 

[56] E. Raspaud, D. Lairez, M. Adam, On the number of blobs per entanglement in semidilute and good 

solvent solution: melt influence, Macromolecules 28, 927-933 (1995).  

[57] Y. Heo, R.G. Larson, The scaling of zero-shear viscosities of semi-dilute polymer solutions with 

concentration, J. Rheol. 49, 1117 (2005). 

[58] N. Berriaud, M. Milas and M. Rinaudo, Rheological study on mixtures of different molecular 

weight hyaluronates, Int. J. Biol. Macromol. 16, 137-142 (1994). 

[59]  M. Milas, M. Rinaudo, I. Roure, S. Al-Assaf, G. O. Phillips and P. A. Williams, Comparative 

rheological behavior of hyaluronan from bacterial and animal sources with cross-linked hyaluronan 

(hylan) in aqueous solution, Biopolymers 59, 191-204 (2001).  

[60] E. Fouissac, M. Milas and M. Rinaudo, Shear-rate, concentration, molecular weight, and 

temperature viscosity dependences of hyaluronate, a wormlike polyelectrolyte, Macromolecules 26, 6945-

6951 (1993).  

[61] M. Milas, M. Rinaudo and B. Tinland, The viscosity dependence on concentration, molecular 

weight and shear rate of xanthan solutions, Polymer Bulletin 14, 157-164 (1985).   

[62] M. K. Cowman and S. Matsuoka, Viscosity of Polymer Solutions Revisited in Hyaluronan, Vol. 1, 

Chemical, Biochemical and Biological Aspects Viscosity of polymer solutions revisited, 79-88, Editors J.F. 

Kennedy, G.O. Phillips, P.A. Williams and V.C. Hascall, Woodhead Publishing Ltd., England (2002).  

[63]  M. Rinaudo, Relation between the Molecular Structure of Some Polysaccharides and Original 

Properties in Sol and Gel States, Food Hydrocoll 15, 433 (2001).   

[ 64] M. Milas, M. Rinaudo, M. Knipper and J.L. Schuppiser, Flow and viscoelastic properties of xantan 

gum solutions, Macromolecules 23, 2506-2511 (1990).  

[65] R.H. Colby, M. Rubinstein, M. Daoud , Hydrodynamics of polymer solutions via two-parameter 

scaling, J. Phys. II France, 4, 1299-1310 (1994). 

[ 66] W. W. Graessley, The entanglement concept in polymer rheology, Adv. Polym. Sci. 16, 1-179 

(1974).  



    

 99 

[ 67] P.G. de Gennes, Dynamics of entangled polymer solutions II. Inclusion of hydrodynamic 

interactions, Macromolecules 9, 587-594 (1976).  

[ 68] N. Berriaud, M. Milas and M. Rinaudo, Characterization and properties of hyaluronic acid 

(Hyaluronan) in Polysaccharides: structural diversity and functional versatility, S. Dumitriu Ed., Marcel 

Dekker, New-York (USA), 313-334 (1998).  

[ 69] P. E. Boukany and S-Q. Wang, Shear banding or not in entangled DNA solutions, Macromolecules 

43, 6950-6952 (2010).  

[ 70] S.-H. Tung, Y.-E. Huang, S.R. Raghavan, Contrasting effects of temperature on the rheology of 

normal and reverse wormlike micelles, Langmuir 23, 372-376 (2007). 

[ 71] P. Fischer and H. Rehage, Non-linear flow properties of viscoelastic surfactant solutions, 

Rheologica Acta 36, 13-27 (1997). 

[ 72] J.-F. Berret, G. Porte and J.-P. Decruppe, Inhomogeneous shear flows of wormlike micelles: A 

master dynamic phase diagram, Physical Review E, 55, 1668-1676 (1997). 

[ 73] Y.T. Hu, C. Palla and A. Lips, Role of Electrostatic Interactions in Shear Banding of Entangled 

DNA Solutions, Macromolecules 41, 6618-6620 (2008).  

[74 ] F. Martoïa, C. Perge, P.J.J. Dumont, L. Orgéans, M.A. Fardin, S. Manneville and M.N. Belgacem, 

Heterogeneous flow kinematics of cellulose nanofibril suspensions under shear, Soft Matter 11(24), 

4742-4755 (2015).  

 

 

 

 

 

 

 

 

 

 



    

 100 

 

 

 

 

 

 

 

  

 

 

 

CHAPTER 3  

Experimental study of the adsorption of DNA 

molecules in solution at different metal surfaces using 

Electrochemical Impedance Spectroscopy (EIS). 

 

 

 

 

 

 

 



    

 101 

3. Experimental study of the adsorption of DNA molecules in solution at 

different metal surfaces using Electrochemical Impedance Spectroscopy 

(EIS). 

The results of this chapter are the object of the following publication: 

DNA Conformational Transitions at Different Concentrations and Temperatures Monitored by EIS. 

L. M. Bravo-Anaya, E. R. Macías, F. Carvajal Ramos, V. V. A. Fernández, N. Casillas, J. F. A. Soltero 

and E. R. Larios-Durán . 

ECS Electrochem. Lett. 2012, Volume 1, Issue 2, Pages G1-G3. doi: 10.1149/2.014202eel. 

 

One integral part of this chapter was published in the following paper:   

DNA Transitions by an Adsorption Impedance Study. 

L. M. Bravo-Anaya, E. R. Macías, F. Carvajal Ramos, J.G. Álvarez-Ramírez, N. Casillas, J. F. A. Soltero 

and E. R. Larios-Durán.   

J. Electrochem. Soc. 2013, Volume 160, Issue 4, Pages G69-G74, doi: 10.1149/2.029306jes.  

 

3.1. Introduction  

Electrochemical Impedance Spectroscopy (EIS) is a novel and non-destructive technique suitable 

for studying electrically charged surfaces that interact with molecules such as DNA. The response of 

DNA to an applied electric field has been studied for many years using several electrochemical 

techniques such as amperometry, potentiometry and voltammetry, among others [1 -4] . However, the 

EIS technique is more sensitive and favorable than the above-mentioned techniques when current and 

electrical potential differences are negligible at low concentrations [5]. This technique is a useful tool 

for the study of DNA adsorption process onto metal surfaces without disturbing them by a chemical 

reaction [6]. Recent reports in the literature show the advantages for studying DNA hybridization 

processes, enabling the development of DNA biosensing platforms, immunosensors and gene therapy 

protocols [7,8]. The process of gene transfection achieves the success of gene therapy, as metioned on 

Chapter 1, which corresponds to its principal step and includes the introduction of DNA into cells by a 

specific agent known as vector [9-11]. The efficiency of gene therapy is determined by this process, and 

requires an extensive knowledge of DNA conformational changes before performing the transfection 

process [12, 13]. Since DNA molecule is a polyelectrolyte, then the conformational changes of DNA in 
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solution and DNA at an interface while interacting with charged surfaces will depend on several 

parameters such as DNA concentration, salt concentration, pH, temperature and polarization potential 

[6].  

In this chapter, a study of calf thymus DNA molecules adsorption onto platinum and gold 

electrodes by Electrochemical Impedance Spectroscopy is presented. Impedance measurements were 

performed at open circuit potential (OCP), therefore, the response leads to a non-faradaic process with 

DNA adsorption onto the metal surface. The obtained response is interpreted in terms of the impedance 

adsorption theory [ 14-18], transforming the impedance results into complex capacitance data by using 

an equivalent circuit similar to the one proposed by Frumkin-Melik-Gaikazyan-Randles (FMGR) [ 19] . 

For Pt-DNA/TE buffer interface, the results cover the temperature range from 20 to 40 °C, while for 

the Au-DNA/TE buffer interface they cover from 25 to 35 ºC, in order to be used on the whole with the 

obtained results with the Surface Plasmon Resonance (SPR) technique and discussed in Chapter 5 of this 

work. An analysis of each electric element of the equivalent circuit, i.e. double layer capacitance (Cdl), 

adsorption capacitance (Cad), adsorption resistance (Rad) and the time-constant average of the process, 

was carried out as a function of DNA concentration and temperature, making possible to study the 

electrochemical double layer structure and the transitions at the interface caused by DNA molecules 

entanglements and interactions between DNA chains and with the metal surface. 

 

3.1.1. Electrochemical double-layer and overview of the adsorption process 

The formation of a specific interfacial region is obtained when a surface is immersed in an aqueous 

solution. There, the electrochemical properties such as the electrical potential and the electrolyte 

concentration vary along the metal-solution interface [20] . A charge separation generally takes place at 

the interface region because of the difference between chemical potentials of the two phases. This 

interfacial region, along with the charged surface, is known as the electrochemical double layer, EDL. It 

can range from a few angstroms in highly concentrated solutions to 100 nm in a very diluted solution 

[2 1]. T he study of the double layer is of great importance in electrochemistry, colloid science and 

surface chemistry [22]. Some their applications are: metals electrosorption, energy storage devices 

production, water purification, nanomaterials processing and development of sensors, among others 

[23 ].  

A large number of studies have been carried on because of the importance of the electrochemical 

double layer. Several models for the double layer have also been proposed, however, there is no general 

model that can be used in all the experimental cases. This is due since the structure of the double layer 

and its capacity depend on various parameters such as the material of the electrode (i.e. metal, carbon, 

semiconductors, the electrode porosity, the presence of other films on the surface), the type of solvent, 

the type of supporting electrolyte, the temperature and the specific adsorption degree of ions and 
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molecules [24]. In the Gouy-Chapman model, ions are considered as punctual charges, water as a 

continuous medium and the electric potential distribution can be described and predicted using the 

Poisson-Boltzmann equation [20]. This  model has been used in various processes such as heavy metal 

adsorption and ion transport through membrane channels [25,26]. For higher ions concentrations and 

higher superficial charge density, it is possible to obtain a better description of the electrochemical 

double layer using the Monte Carlo method [27]. Torrie et al. used this method to generate more 

accurately numerical results for the original model of electrolytes 2:1 and 2:2, near to a flat wall 

uniformly charged within the concentration range from 0.005 to 0.50 M and for positive and negative 

charged surfaces up to 25 �JC/ cm2 [28 ].  

 

3.1.1.1. The adsorption process 

The adsorption corresponds to the accumulation process of particles on a surface. Molecules of a 

solute get concentrated on a surface by the action of intermolecular forces between them during the 

adsorption process. The adsorbed species is known as the adsorbate and the surface on which takes place 

the adsorption process is called substrate or adsorbent [29]. The adsorption processes are used in the 

production of several biotechnological materials, such as amino acids, proteins and antibiotics, among 

others [30,31] materials. In order to obtain a greater efficiency in each one of them, different factors 

have to be studied and considered in detail: the adsorption type according to the interaction type that 

occurs between the solute and the adsorbent, the type of adsorbent, the relations at the equilibrium and 

the adsorption kinetics. 

We can distinguish two general types of adsorption, although there is also the possibility of having 

an intermediate behavior. First type corresponds to the physical adsorption, also known as 

physisorption. This process is similar to a condensation process and is not a specific adsorption. 

Molecules are generally kept together through weak interactions, i.e. Van der Waals interactions type, 

like bipolar, dispersion and/or induction interactions. Thus, the physisorption is an exothermic process 

in which the released heat, ��Hads, whose value varies between 20 and 40 kJ/mol, is similar to 

condensation enthalpies of adsorbed species [32]. Physical adsorption cannot explain the catalytic 

activity of the solids in the case of interactions between stable molecules, since it is not possible to 

obtain a significant decrease in the activation energy. In the cases when superficial reactions of atoms 

and free radicals sometimes involve small changes in the activation energies, the physical adsorption is 

considered as an important process. As the temperature increases, the physical adsorption degree 

decreases rapidly [33]. This process does not depend on the heterogeneity or the irregularities in the 

nature of the surface; however, it is directly proportional to the extent of the surface. Physisorption 

studies are useful to determine properties of solid catalysts [34].  
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The second type of adsorption corresponds to a non-specific adsorption [35], which involves 

stronger forces than the physical adsorption forces and is known as chemisorption. Langmuir [36 ] 

proposed that the adsorbed molecules are retained on the metal surface through valence forces of the 

same type as the forces occurring between atoms. The values for the chemisorption heats are higher 

than those of the physisorption processes and support the theory that this type of adsorption is based on 

valence bonds. Due to the high adsorption heat, the energy of molecules that have been adsorbed 

through a chemisorption process may be different from the energy of the molecule [37]. Thus, the 

activation energy for such reactions can be smaller than that of a homogeneous process. There are two 

types of chemisorption: the activated and the non-activated. In first type, the chemisorption rate varies 

with temperature, following the finite activation energy of Arrhenius equation. The non-activated 

chemisorption occurs very quickly, suggesting an activation energy close to zero [38]. Figure 3.1 shows 

the effect of temperature on physisorption and chemisorption and Table 3.1 summarizes the differences 

between both processes. 

 

 

 

 

 

 

 

Figure 3.1. Schematic representation of the temperature effect on the physical and chemical adsorption processes 

[39].  

 

Table 3.1.- Differences between physisorption and chemisorption.  

Parameter Physical adsorption  Chemical adsorption 

Temperature range Low temperatures  Generally high temperatures. 
Adsorption heat Low (��Hcond) High, as heat reaction.  

 
Activation energy rate Very fast, low Ea. Un-activated: low Ea. 

Activated: high Ea.  
Action rate It is possible with multiple layers.  Monolayer 
Reversibility  Highly reversible. Generally irreversible. 
 
Importance 

Important for determining the 
surface area and pore size.  

Important for determining the active 
centers are and for the evaluation of surface 
reactions kinetics.  
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3.1.1.1.1. Adsorption isotherms  

The relation between adsorption and the adsorbate concentration in the bulk solution is known as 

an adsorption isotherm. The adsorption of the component i depends on the temperature and 

concentration of the components within the phase, Cvi (Equation 3.1). 

                          (3.1) 

Generally, for one monolayer adsorption, the adsorption isotherm is described by the following 

expression [40 ]:  

                   (3.2) 

where �E represents the fraction covered. 

Henry�·�V isotherm [41] describes the simplest case of adsorption, in which the surface coating is 

proportional to the adsorbate concentration in the bulk of the solution (Equation 3.3). 

                   (3.3) 

where Cv is the concentration in the bulk of the solution and B is the adsorption coefficient on m3/ mol 

and depends on the adsorption heat as follows:  

                              (3.4) 

In 1961, Irving Langmuir determined the equation that relates molecules adsorption on a solid 

surface with concentration or gas pressure of the medium that is located on the solid surface at a 

constant temperature. For the Langmuir isotherm, the following assumptions are considered for the 

development [42 ] :  

1. The surface is homogeneous. 

2. There is no lateral interactions, this is, desorption energy is constant. 

3. The maximum adsorption corresponds to a monolayer. 

4. The number of available sites in the adsorbate for the adsorption is limited. 

The expression that describes the values for the coated fraction and the number of available sites 

for the adsorbate to adhere on the surface is the following: 

                           (3.5) 
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However, the Langmuir isotherm has some limitations because it assumes that the heat of 

adsorption is independent of the surface coating. It is noteworthy that, in many cases, the adsorption 

positions are not fully equivalent and the firsts positions that will be occupied will  be those in which a 

more satble bond is present. Furthermore, interactions between adsorbed molecules can be significant. 

Thus, the adsorption enthalpy will not be constant, allowing the mobility of adsorbed molecules and the 

formation of other layers by physisorption onto the adsorbed monolayer by chemisorption. The 

consideration of the exponential variation of the heat magnitude with the surface coating is part of 

Freundlich�·�V��proposal (1909). In this isotherm there is no limit coating and a multimolecular adsorption 

is proposed, not only monomolecular. The Freundlich adsorption isotherm is expressed as follows: 

                   (3.6) 

where ma is the adsorbate mass, m is the adsorbent mass, KF and 1/n are constants for a given 

adsorbent and adsorbate at a constant temperature. 

Because of the limitations of Langmuir�·�V���P�R�G�H�O, other adsorption isotherms have been proposed in 

order to reproduce more adequately the observed adsorption behavior. One of these empirical isotherms 

is Temkin�·�V isotherm [43], which assumes that adsorption is characterized by an uniform distribution of 

binding energies and that the adsorption heat decreases linearly with increasing the coated fraction due 

to adsorbent-adsorbate interactions. Langmuir�·�V isotherm was then modified by Frumkin [44] to take 

account of both attractive and repulsive lateral interactions between the adsorbates. Frumkin proposed 

an expression for these interactions considering that repulsions or attractions between them decrease or 

increase the heat of adsorption [ 44] . 

 

3.1.2. Electrochemical double layer  

       3.1.2.1. Surface properties  

The electrochemical double layer characteristics vary and depend on the properties of each 

interface and can be separated in two types: polarizable or non polarizable, depending on the interfacial 

resistance [20]. The concept of equivalent circuits can easily explain the separation. An equivalent 

circuit composed of a capacitor, representing the double layer capacitance, a faradaic resistance and the 

solution resistance, Cdl, Rf and Rs, respectively, can represent the interfacial region. If the value of the 

faradaic resistance is very large, as for the case of ideally polarizable interfaces, the equivalent circuit 

can be simplified to the series coupling of a double layer capacitor with the solution resistance. In an 

ideally polarizable surface, any electrochemical reaction takes place, only non-faradaic processes such as 

adsorption. 
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Increasing the electrical potential at the metal surface will cause the accumulation of charge in one 

of the plates of the double layer capacitor, preventing electric current to pass through the interface. On 

the other hand, if the faradaic resistance is very small, such as for the Ag/AgCl surface in contact with a 

NaCl solution, the equivalent circuit can be represented by the series coupling of the solution resistance, 

the faradaic resistance and a capacitor in parallel. Any change in the electric potential at the surface 

causes the flow of an electrical current through the interface, which is known as ideally non-polarizable. 

 

3.1.3. Electrochemical double layer structure   

            3.1.3.1. Helmholtz-Perrin model 

The Helmholtz model was introduced in 1879 and is considered as the simplest model that explains 

interface metal/solution structure. This model proposes that all the charge excess on the side of the 

solution is located at a fixed distance from the electrode, XHP, and is on the same plane [45]. Helmholtz 

also considered the arrangement of positive and negative charges rigidly on each side of the interface, 

i.e. the metal surface and the solution, respectively (Figure 3.2). In this model the charge in the solution 

borders the electrode surface and the presence of two charge planes with different polarity located at a 

distance X are considered. 

 

 

 

 

 

Figure 3.2 Schematic representation of Helmholtz model. 

 

According to the Helmholtz-Perrin model, the interface can be compared to a parallel plate 

capacitor, in which a plate would consist of the metal/solution surface and the other would contain 

oppositely charged ions in solution [22]. The separation between the two plates corresponds to the 

distance XHP. For this model, the potential variation in the double layer with respect to the distance 

from the surface is linear and is given by the following equation: 

                           (3.6) 
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where Cdl corresponds to the double layer capacitance, �Br to the dielectric constant of the medium, �Bo to 

the vaccum permittivity, X HP the thickness of the electrical double layer and �Br�Bo is equivalent to the 

dielectric constant of the medium (�Br). 

However, it is observed experimentally that the capacitance of the double layer varies with the 

electrode potential and the ion concentration in the solution, which cannot be predicted by the 

theoretical model of Helmholtz. In this way, the obtained results by using this model are not totally 

satisfactory.  

 

            3.1.3.2. Gouy-Chapman model  

Gouy and Chapman proposed a model considering both the potential and the electrolyte 

concentration contribution on the structure of the electrical double layer. Their proposal was developed 

between 1910 and 1913. Both of them contributed with several amendments to the Helmholtz model to 

take into account that the arrangement of the ions takes place along a finite solution thickness, called 

diffuse layer, which is related to the thermal agitation and to the balance of the metal surface charges 

[28 ]. The presence of the ions diffuse layer represents a great difference with Helmholtz model, where 

the compact layer is the only one considered. The structure of the diffuse double layer proposed by 

Gouy-Chapman is illustrated in Figure 3.3 a and Figure 3.3 b shows the potential decay as a function of 

the distance X.   

a)      b) 

 

 

 

 

Figure 3.3 a) Schematic representation of Gouy-Chapman model and b) Potential profiles through the diffuse 

layer for a solution 10-2 M in a 1:1 electrolyte at 25 ºC [22].  

 

In order to maintain the overall electroneutrality of the system, it is necessary that charge excess 

on the side of the surface attract an equivalent amount of oppositely charged ions in the diffuse layer, 

wherein the electric potential distribution follows Poisson's equation: 
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                                           (3.7) 

where �Ï 2 is the Laplacian operator, �W is the relative electrical potential between the diffused layer and 

the bulk of the solution, �Br is the dielectric constant of the medium and �O is the charge density volume 

given by: 

                                      (3.8) 

In this equation, zi is the valence of ion i, e is the electron charge and N i is the number of ion of the 

species i. According to the Boltzmann distribution it is possible to express N i as follows: 

                         (3.9) 

where k is the Boltzmann constant, T is the absolute temperature, N io is the ions concentration in the 

bulk of the solution and �·��and �·b are the absolute electrical potentials in the double layer region and in 

the bulk of the solution, respectively. It is noteworthy that the electrical potential of reference is located 

in the bulk of the solution, therefore, �·b =0 and can be represented by �2. By combining Equations 3.7, 3.8 

and 3.9, the Poisson-Boltzmann equation is obtained: 

                     (3.10) 

If the solution contains only electrolyte type z:z, then Equation 3.10 can be simplified for a one-

dimensional system as follows: 

               (3.11) 

This equation corresponds to a second-order differential equation that can be integrated 

multiplying both sides by 2 (d�W/ dx): 

             (3.12) 

By integrating Equation 3.7 from �W=0 and d�W/dx= 0, corresponding to the bulk of the solution to 

any point of the double layer, the following first-order differential equation for �W is obtained: 
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               (3.13) 

where �H is the Debye-Huckel parameter for an electrolyte of type 1:1 and NA is Avogadro's number. 

The charge density in the diffuse layer, �Pd, is related to the charge density volume, �O, as follows: 

                 (3.14) 

From Equation 3.2, �O can be also expressed as the second order derivative of the electric potential 

for a dimensional system, therefore: 

              (3.15) 

Since �W=0 when x�: �’�����W�K�H�Q���W�K�H���G�H�U�L�Y�D�W�L�Y�H��(d�\ /dx) x�Æ�’ =0 and �Vd=�H(d�\ /dx) x=d. From Equation 3.8 

it is possible to obtain a very useful expression between �Wd and �Pd: 

               (3.16) 

It is worth mentioning that, by definition, the differential capacitance of the diffuse double layer, 

Cdl, can be expressed as follows: 

                                   (3.17) 

Taking the derivative of Equation 3.16 with respect to �Wd, then the expression for Cdl can be 

described as: 

                (3.18) 

Based on the Equation 3.18, Figure 3.4 shows the dependence of Cdl with �Wd. It can be observed that 

Cdl values are very small at low electrolyte concentrations and very high at greater electrolyte 

concentrations.  
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Figure 3.4. Capacitance of the diffuse layer as a function of potential at various concentrations according to 

Equation 3.13. Solid line: 0.1 M, long broken line: 0.01 M, short dashed line: 0.001 M, dotted line: 0.0001 M 

[23].  

 

The importance of this model is due because it considers the dependence of the capacitance with 

potential. The experimental behavior of dilute solutions at potentials near to the minimum (zero charge 

potential where the capacitance has a minimum value) has been well described by this model. However, 

to apply this model it is required to assume that the dielectric constant does not depend on the distance 

of the electrode surface, which is not theoretically correct [45]. The electrostatic energy is regarded as 

the only energy making ions to come to a definite distance, X, from the electrode, ignoring other type of 

ion-ion interactions, which are considerable at higher adsorbate concentrations. 

 

            3.1.3.3. Stern model  

Stern's model was proposed in 1924 and features a combination of the two models described above, 

i.e. the Helmholtz and the Gouy-Chapman models. Figure 3.5 a shows the schematic representation of 

an ideally polarizable interface divided by the inner Helmholtz plane (IHP) and the outer Helmholtz 

plane (OHP). The IHP corresponds to the geometric place of the adsorbed and dehydrated ions, while 

the OHP corresponds to the plane of closest rapprochement of the hydrated counterions [21]. Ions 

found in the outside layer of the OHP are mobile and their distribution depends on the equilibrium 

between electrostatic interactions and thermal diffusion, therefore, this layer corresponds to the diffuse 

layer or Gouy Chapman�·�V�� �O�D�\�H�U (Figure 3.5 b). Moreover, the ions located outside the OHP are 

immobilized as they are strongly bound to the charged surface (specific adsorption). The immobile ions 

constitute the Stern layer. 
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a)      b) 

 

 

 

 

 

 

 

 

Figure 3.5. a) Schematic model of the electrochemical double layer showing the specifically adsorbed cations, the 

highly hydrated anions and the cations in the negatively charged surface and b) potential profiles [23].  

 

Stern considered that Helmholtz and Gouy-Chapman�·�V���P�R�G�H�O�V are valid and exist simultaneously, 

so that some of the charged ions are fixed and form a plane in the proximity of the metal surface 

(Helmholtz excess charge) (qH) and the other part of the ions are randomly distributed in the solution, 

forming the diffuse layer with some charge excess of Gouy Chapman (qGC). In this way, the charge on the 

surface (qSA) is given by the addition of both charges: 

                                   (3.19) 

Whereas the electrochemical double layer behaves as an electrical capacitor, then, when the 

superficial potential increases, the superficial charge density increases too. The separation of the 

interface in two regions is equivalent to the separation of the double layer total capacitance by the 

contribution of two capacitances, the Helmholtz capacitance (CH) and the Gouy-Chapman capacitance 

(CGC). Therefore, the ratio between the double layer capacitors (Cdl) can be represented as follows: 

                            (3.20) 
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3.1.4. Generalities of polymers and polyelectrolytes adsorption onto a surface 

Interactions between polymers and surfaces are controlled by different parameters such as the 

surface properties (chemical nature and roughness, among others), the nature of the solvent, the 

polymer properties (molecular weight, concentration, chemical structure) and external factors as 

temperature and ionic concentration [46, 47]. In the case of polyelectrolytes, electrostatic interactions 

also contribute during the adsorption process onto the surface. These interactions are related to charge 

densities of both the polyelectrolyte and the surface, pH and salt concentration of the solution [48].  

Polyelectrolytes adsorption has been studied in the last four decades and several theoretical models 

have been developed in order to understand the adsorption mechanism of theses molecules [49-53]. 

Wiegel et al. [ 54] proposed one of the first analytical calculations of the polyelectrolyte adsorption at a 

charged surface by calculating the adsorption threshold and the thickness of the adsorbed chain as a 

function of salt concentration, supposing the Gaussian statistics of a polyelectrolyte chain. Borisov et al. 

[ 55] proposed a scaling theory of the conformations of a weakly charged polyelectrolyte near a charged 

surface, which were confirmed by computer simulations [56]. Schee and Lyklema [ 57] showed that very 

thin adsorbed layers result from strong repulsions between charged monomers and that if the repulsion 

is screened by adding salt, the adsorbed amount of polyelectrolyte increases and the adsorbed layer gets 

thicker. Recently, the theoretical interest in the polyelectrolyte adsorption process is due to the 

�L�P�S�R�U�W�D�Q�F�H�� �R�I�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �W�K�H�� �I�R�U�P�D�W�L�R�Q�� �R�I�� �P�X�O�W�L�O�D�\�H�U�·�V�� �U�H�V�X�Oting from the successive addition of 

positively and negatively charged polyelectrolytes on charged surfaces from aqueous solutions [58].  

A traditional characterization of the adsorption process of a polymer includes the determination of 

the nature of the interactions, the association constant, the coverage degree, the conformation of the 

polymer adsorbed at the surface and the structure of the polymer layer. The origin of the interactions 

between the polymers and the surface depend on the chemical structure of interacting species at local 

scale range, as hydrogen bounds and hydrophobicity, and at a long-range scale. Usually, adsorption 

isotherms are made-up in order to determine the association constants and the maximum amounts of 

adsorbed polymers onto the surface [ 59] .  

During the adsorption process of the polymer or polyelectrolyte onto the selected surface, the 

conformation may vary leading to the formation of segments with polymer in contact with the surface 

(trains) and segments of polymer that are not in contact with the surface (loops). Figure 3.6 presents a 

schematic representation of the equilibrium conformation of a polymer adsorbed onto a surface. 
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Figure 3.6. Schematic representation of the equilibrium conformation of a polymer adsorbed onto a surface. 1) 

trains, 2) loops and 3) the end of the chain free in solution.  

 

Perkel and Ullman [ 60] proposed a dependence of the adsorbed amount of polymer (�*) with the 

molecular weight, from which it is possible to know about the polymer structure at the surface. In this 

manner, if �*��is independent on the molecular weight, then the polymer is assumed to adsorb flat on the 

surface, however, if �*��presents a variation with the molecular weight, then the presence of trains and 

loops is indicated.  

Polyelectrolyte charge density gives information on the conformation of the adsorbed molecule 

onto the surface. If polymer charge density is low, then the polyelectrolyte chains will only be attached 

at surfaces sites leading to the formation of extended loops. On the contrary, if polymer charge density 

is high, then intrachain electrostatic repulsions will make the chains segments to become stiffer, leading 

to the formation of trains at the surface. Figure 3.7 a and b show a schematic representation of the 

conformation models of the adsorption of polyelectrolytes on a charged surface [ 46, 53] .  

 

 

 

 

 

 

Figure 3.7. a) Formation of a 3D-layer due to polyelectolyte loops creation (low charge density) and b) flat 

adsorption on the oppositely charged surface (high charge density) [53].  
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3.2. Overview of the Electrochemical Impedance Spectroscopy (EIS) technique  

Electrochemical Impedance Spectroscopy (EIS) is considered as a relatively modern technique, 

sensitive to small changes in the system, allowing the study of the properties of different materials and 

electrochemical systems even in less conductive medium. This technique is based on applying a 

sinusoidal potential perturbation to the studied system and recording the current response within the 

electrochemical cell, at a given frequency range. The relation between the applied potential and the 

current intensity monitored as a response is known as the impedance of the system and corresponds to a 

transfer function in the Laplace domain (Figure 3.8). 

 

 

 

 

Figure 3.8. Impedance response of a system. 

 

3.2.1. Interpretation of the impedance spectra by equivalent circuits 

The combination of different passive electrical parameters represents a descriptive method for the 

impedance response of a system over a wide range of frequencies [ 61] . The components are usually: 

resistances (R), associated with the conductivity of the medium, i.e. the solution resistance or the 

electrode reactions resistance, also known as the charge transfer resistance; capacitors (C), 

corresponding to the charging of the electrochemical double layer; and inductors (L), related to 

relaxations taking place at the interface and adsorption processes relaxations. Different combinations of 

these electrical parameters are known circuits as "equivalent electric circuits". 

The representation of the impedance data of a system can be performed by using different types of 

graphics. One of them corresponds to the complex plane graph or Nyquist plot, in which the response of 

the imaginary part (-�=�·�·���� �D�V�� �D function of the real part (Z') of the impedance is shown. The impedance 

response generated by several well known processes and the equivalent circuits that simulate the 

obtained behavior are presented in the next figures. The simplest case corresponds to a series 

combination of a resistance and a capacitor (Figure 3.9), where the impedance response is reflected in a 

number of points at different frequency values, wherein the value -�=�·�· tends to zero with the increase of 

the frequency. The system behavior reflects the arrangement of charges in the electrochemical double 

layer. The constant value of the real part of the impedance corresponds to the solution resistance. 
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Figure 3.9. Nyquist diagram for a circuit resistance (R)- capacitor (C) coupled in series. Frequency in Hz. Insert: 

equivalent circuit representing the impedance response.  

 

The second case represents the parallel coupling of a resistor and a capacitor. Figure 3.10 shows the 

impedance response in a Nyquist plot, where it is possible to observe the presence of a semi-circle in the 

complex plane that corresponds to the simple analogy of a Faradaic reaction on an electrode, which 

takes place independently, with an interfacial capacitance Cdl, related to the structure of the 

electrochemical double layer. The time constant of the process can be calculated with the reciprocal of 

the frequency at the maximum point of the semicircle and corresponds to the coupling of the resistance 

with the interfacial capacitance. 

 

 

 

 

 

 

 

Figure 3.10. Nyquist diagram for a circuit resistance (R)- capacitor (C) coupled in parallel. Frequency in Hz. 

Insert: equivalent circuit representing the impedance response.  
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Figure 3.11 shows the graphical representation of an electrochemical reaction, in which the 

presence of a resistance coupled in series with the parallel R-C circuit is depicted by a shift of the semi-

circle to higher values of the axis corresponding to the real part of the impedance. This resistance 

represents the solution resistance, Rs.   

 

 

 

 

 

 

 

 

Figure 3.10. Nyquist diagram for a series coupling of the solution resistance, Rs, with the circuit in parallel: 

resistance (R)- capacitor (C). Frequency in Hz. Insert: equivalent circuit representing the impedance response.  

 

Finally, another fundamental equivalent circuit is Randles circuit, in which the charge transfer 

resistance, Rct, is coupled in series with a Warburg impedance, which depends on frequency and 

corresponds to a diffusive process.  

 

 

 

 

 

 

 

Figure 3.11. Nyquist diagram of Randles circuit. Frequency in Hz. Insert: equivalent circuit representing the 

impedance response.  
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The analysis of a Randles circuit has two limiting cases: first one is identified at low frequencies, 

when �& approaches 0, here, the behavior is dominated by the species diffusion and the response 

corresponds to a straight line and a slope of 0.5. The second is identified at high frequencies, at which 

the Warburg impedance is a very small value compared to the Rct value, in this case, the answer is a 

semicircle. Figure 3.11 shows the impedance response of a charge transfer process controlled by 

diffusion in semi-infinite layer. 

On the other hand, there are also mathematical models that allow obtaining a detailed description 

of the process under study and to get a greater insight on its kinetics [ 62] . Such models are known as 

reaction mechanisms in Electrochemical Impedance Spectroscopy. This approach requires the 

development of mathematical models that take into account both the experimental factors and the 

physicochemical properties of the system. The physicochemical properties distribution, such as charge 

distribution and species concentration is determined by the charge and mass balance subject to the 

boundary conditions of the system. 

In this thesis, the analysis of the experimental data will be performed by using equivalent circuits, 

with the prospective of taking into account the obtained results and parameters to propose, in a future, a 

reaction mechanism for the adsorption process of DNA onto metal surfaces.  

 

3.2.2. Adsorption impedance theory 

Specific adsorption of ions on metal surfaces has been investigated for several years and by different 

research groups [14-18,63,64]. Most studies focus on thermodynamic and structural aspects of the 

adsorption process, which goal was to determine the coated surfaces of a specific surface area by a 

specific ion to characterize the structure of the adsorbed layer [ 65,66] . The adsorption impedance 

theory was initiated by the works of Ershler [22] , Frumkin and Melik-Gaykazyan [ 19] in the 80's. One of 

the simplest cases that explains the adsorption impedance theory is the adsorption process of a species, 

which can be simulated by an equivalent circuit including a resistance solution (Rs), a double layer 

capacitance (Cdl) and three electrical parameters coupled in series that describe the adsorption process, 

i.e. an adsorption resistance (Rad), a Warburg impedance (Wad) and an adsorption capacitance (Cad). The 

specific meaning of each electrical parameter will be presented in the following section.  

 

3.2.2.1. Adsorption impedance expression and its equivalent circuit 

All electrodes show a capacitance called the double layer capacitance (Cdl), independently of the 

Faradaic reactions. While working at open circuit potential, the reflected response in the measurements 

is due to a non-faradaic process. Therefore, the impedance response observed is the arrangement of 
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charges at the interface due to the transport of species from the bulk of the solution to the vicinity of the 

electrode. The response is mostly capacitive. According to the adsorption impedance theory [68], 

impedance data can be transformed into complex capacitance with the following equation:  

                           (3.21) 

where C(�&) is the complex interfacial capacitance, Z(�&) is the complex impedance, Rs is the solution 

resistance, Ae is the area of the electrode and j is the imaginary number. The equivalent circuit that 

allows simulating this response is represented in Figure 3.12. 

 

 

 

 

 

Figure 3.12. Equivalent circuit representing the complex interfacial capacitance. 

The physical meaning of each of the electrical parameters are described as follows: the double layer 

capacitance (Cdl) is located in the limit when the frequency tends to infinite, �& �:  �’�����D�Q�G���L�V also known 

as CHF, i.e. capacitance at high frequencies. The adsorption capacitance Cad is located in the limit when 

the frequency tends to zero, �& �:  0, and is also known as CLF, i.e. capacitance at low frequencies. Cad 

value can be evaluated as follows: Cad = CLF- CHF, and is usually modeled by a constant phase element 

(CPE) for a non-ideal capacitor. The adsorption resistance, Rad, indicates the ease of the adsorbate to 

move from adsorbed to the pre-adsorbed state. This value decreases as the concentration increases and 

tends to zero. The diffusion Warburg impedance, Zw,ad is related to the mass transfer of the adsorbate, 

including the adsorbate diffusion from the bulk of the solution to the Helmholtz plane. 

 

3.2.2.2. Graphic representation of complex impedance data transformed into complex 

capacitance data  

Due to its physical meaning, C(�&) is called interfacial capacitance and can be represented through 

complex diagrams or Bode-type graphics. Figure 3.13 shows the changes of the capacitance spectra 

shape with the adsorption rate, i.e. the spectra are arcs, semicircles �D�Q�G���´�G�H�S�U�H�V�V�H�G���D�U�F�V�µ���I�R�U���W�K�H���H�[�W�U�H�P�H�V��
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of slow and fast adsorption, respectively. The capacitance spectra with a skewed-arc shape represents 

the intermediate cases of the adsorption rate [ 68] . 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. Illustration of the changes on the capacitance spectra shape with the adsorption rate [68] . 

 

3.3. Experimental study of the adsorption of DNA molecules on to platinum electrodes  

3.3.1. Experimental conditions for the Pt-DNA/TE buffer interface  

The description of the reagents, buffer Tris-HCl/EDTA  preparation and DNA/Buffer solutions 

are presented in Sections 2.3.1., 2.3.2. and 2.3.3. of this work. 

 

3.3.1.1. Double-layer capacitance measurements  

DNA adsorption at the electrode was monitored in terms of double-layer capacitance response in a 

wide range of potentials. Capacitance measurements were carried out in a 1260 FRA instrument coupled 

to a 1287 potentiostat both from Solartron, Inc. A two identical platinum electrode cell with a surface of 

0.25 cm2 each was selected for the counter and work electrodes and a satured calomel electrode (SCE) 

was used as the reference The following parameters were chosen: potential perturbation amplitude 

10mV, frequency 1 kHz and a polarization range from -1.1 to 1.3V vs. SCE. All measurements were 
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carried out at three different temperatures (i.e., 20, 30 and 40 ºC), controlled by the recirculation bath. 

Figure 3.14 shows the experimental setup for double-layer capacitance measurements. 

 

3.3.1.2. Impedance measurements  

EIS measurements were carried out in a 1260 FRA instrument coupled to a 1287 potentiostat both 

from Solartron, Inc. Potentiostatic mode at open circuit potential was used for each measurement, 

applying potential perturbation amplitude of 10 mV in a frequency range of 1 kHz-1 mHz. A two 

identical platinum electrode cell with a surface of 0.25 cm2 each one was used to obtain impedance 

spectra. Before each EIS experiment routinely a cyclic voltammetry in 0.5 M H2SO4 at 50 mV/s was 

applied to guaranty the cleanliness of the electrodes. Commercial software Zplot® was used to collect 

impedance data, and commercial software Zview® allowed calculating theoretical parameters from an 

equivalent circuit able to fit the experimental results. All measurements were also carried out at the 

temperatures of 20, 30 and 40 ºC, controlled by the recirculation bath and allowing a rest period for 

each sample to ensure a steady-state measurement. Figure 3.14 shows the experimental setup for EIS 

measurements.  

 

 

 

 

 

  

 

Figure 3.14. Experimental setup used for double-layer capacitance and EIS measurements. 

 

3.3.2. Experimental results and discussion for the Pt-DNA/TE buffer interface  

3.3.2.1. Differential capacitance curves of the double layer as a function of potential  

Figure 3.15 shows the typical double-layer capacitance curves obtained for the TE buffer in absence 

and presence of DNA concentrations of 0.1, 0.4 and 0.6 mg/mL at 30 °C. In all the cases, when DNA is 

present, the capacitance-potential dependence shows a decrement of double-layer capacitance values 
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observed in the TE buffer solutions at more positive polarization potentials than -0.485 V vs. SCE, 

suggesting that adsorption starts at this polarization. Since the polarization potential is an important 

parameter in any adsorption-desorption process, it could influence the structure and orientation of any 

charged adsorbate and consequently, the impedance response will depend on it [15-16]. Since our study 

is focus on the Pt-DNA/TE buffer i nterface and taking into account that DNA is negatively charged 

polyelectrolyte, then the polarization corresponding to the open circuit potential, at which the 

impedance measurements are carried out needs to be in the polarization range at which DNA is being 

adsorbed onto the electrode. In this figure it is also possible to observe that double-layer capacitance 

values increase when DNA concentration increments. On the other hand, at low DNA concentrations, 

the double-layer capacitance values reach a minimum at 15 mV vs. SCE, which is not visible at higher 

DNA concentrations. Based on these observations and according to the classical double-layer theory 

[69-70], we have related the minimum observed in the double-layer curves with the potential of zero 

charge (PZC), so at more positive potentials than the PZC, DNA adsorption will be highly favorable. In 

general, the behavior observed at the double-layer capacitance curves shown in Figure 3.15 is consistent 

with the double-layer capacitance dependence on the adsorbate concentration as was early demonstrated 

by Grahame and Devanathan [16,63].  Furthermore, the dependence of PZC with the adsorbate 

concentration is not described by the Esin-Markov effect [64], this fact strongly suggests that a non-

specific adsorption of DNA molecules is taking place at the electrode surface. Thus, all the adsorption 

process cited in this manuscript is related to the adsorption of the negatively charged DNA molecules. 

Similar behavior has been observed at the other studied temperatures.  

 

 

 

 

 

 

 

 

Figure 3.15. Double-layer capacitance curves as a function of polarization potential obtained for the TE buffer 

in absence (dotted line) and presence (continuous line) of DNA concentrations of at 30 ºC.  
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3.3.2.2. Complex impedance and capacitance spectra monitored at OCP 

Impedance measurements were carried out at open circuit potential which was around of 300 mV 

vs. SCE, this potential assures both, adsorption and preservation of DNA molecules (i.e. chemically 

unmodified). Figure 3.15 shows some raw impedance data presented as complex plane diagrams for the 

adsorption of DNA on the platinum electrode with the temperature and concentration of DNA as 

parameter.  

 

 

 

 

 

 

Figure 3.15. Raw impedance data for DNA concentrations of 0.3, 0.8 and 2.5 mg/mL at the temperatures of 

20, 30 and 40 ºC. Frequency in Hz.  

Impedance was then transformed into complex capacitance C(�Z) according to Equation 3.21. Figure 

3.16 shows a set of plots that reveal the results obtained from the adsorption study of DNA molecules 

onto the platinum electrode at different concentrations and temperatures by using impedance 

measurements.  Similar behavior is observed for the other concentrations and temperatures studied in 

this work. In all cases, the obtained results are presented and interpreted by using the adsorption 

impedance theory, as has been exhaustively proposed by Pajkossy et al., [71-75] among others authors 

[63-64].   

The trend in all spectra shown in Figure 3.16 is consistent with the trend of capacitance spectra 

observed in an adsorption process, as was expected [14-18]. At the three temperatures, the complex 

capacitance presents a similar typical frequency (f�Z) dispersion depicted as a part of a well-defined 

depressed arc-shaped (1kHz<f�Z<0.1) and an ascending curve at low frequencies (f�Z< 0.1 Hz). At high 

frequencies, our spectra can be adequately modeled by a similar equivalent circuit proposed by FMGR 

[ 19], thus the complex capacitance dispersion is described by the serial arrangement of three electrical 

elements: an adsorption resistance (Rad) related to a slow electrosorption process, a constant phase 

element (CPE), associated to either the surface heterogeneity or to the distributed time constant 

[71,72], which represents in this case the non-ideal adsorption capacitance (Cad) and a Warburg-like 

diffusion impedance (ZW,ad) associated to the diffusion of the adsorbing DNA molecules at the interface.  
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In order to completely describe the interface, the double-layer capacitance (Cdl) is considered by adding a 

capacitor in a parallel arrangement. Cdl can be associated to the real complex capacitance value obtained 

at high frequencies limit, while Cad is related to the difference of the real part of the capacitance obtained 

at low and high frequencies limits.  According to the impedance adsorption theory [14-19], the complex 

capacitance spectra at high frequencies may present two limiting cases either as a perfect loop or a 

depressed one [15,64]: if the spectra are perfect loops, then the adsorption process is slow and 

controlled by the electrosorption phenomena. On the other hand, if the spectra depict depressed loop, 

the adsorption is fast and controlled by the adsorbate diffusion. The ascending curve observed at lower 

frequencies than 0.1 Hz is associated to an incipient charge transfer process, which was taken into 

account by adding an additional resistor (Rct) in parallel in one of the branches of the equivalent circuit 

[73].  Rct is associated to a possible and incipient faradaic process from reaction of impurities or oxygen 

traces presents at the working solution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. Complex capacitance data for DNA concentrations of 0.3, 0.8 amd 2.5 mg/mL at the temperatures 

of 20, 30 and 40 ºC. Frequency in Hz.  
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A schematic representation of the equivalent circuit is presented in Figure 3.17 and its 

corresponding complex capacitance transfer function is given by the following expression:  

            (3.22) 

where �1ad(j�Z)-1/2 corresponds to the diffusional impedance with its coefficient �1ad.  On the other hand, n is 

the inherent parameter of the CPE [71,72] according to: 

                           (3.23) 

 

 

 

 

 

 

Figure 3.17. Equivalent circuit representing the complex capacitance for the Pt-DNA/ TE buffer interface. 

 

The equivalent circuit shown in Figure 3.17 and Equation 3.22 were employed to interpret the 

experimental complex capacitance data obtained at each one of the experimental conditions presented in 

this work. In Figure 3.16 it  is possible to observe a good correlation between the experimental data and 

the theoretical spectrum for the equivalent circuit described previously. The resulting fittings are 

depicted as continuous lines in Figure 3.16 and the obtained electrical parameters are summarized in 

Table 3.2.   
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Table 3.2.- Electrical parameters obtained by fitting the equivalent circuit in Figure 3.17. to the experimental 

complex data for 0.3, 0.8 and 2.5 mg/ml at 20, 30 and 40 ºC.  

CDNA 
mg/ mL 

T 
ºC 

Cdl 
�PF/cm2 

Cad  
�PF/cm2 

n Rct 

�:  cm2 
Rad 

�:  cm2 
�Pad 

�:  cm-1 s1/ 2 
�V2 

 

    0.3 

20 27.3 133.2 0.936 4.7x105 13.1 1909.7 0.006 

30 15.6 141.4 0.892 2.4x105 4.3 911.3 0.008 

40 30.25 135 0.870 1.3x105 13.38 879.7 0.004 

 

    0.8 

20 22.4 158.9 0.961 5.54x105 0.6 1213.5 0.004 

30 9.3 170.5 0.94 2.77x105 0.5 666.3 0.004 

40 17.9 175.03 0.927 1.4x105 0.5 674.3 0.012 

 

    2.5 

20 33.4 144.6 0.954 5.9x105 0.37 1244.4 0.009 

30 37 132.7 0.96 4.3x105 0.06 1191.1 0.003 

40 30.6 152.6 0.932 2.3x104 0.25 715.2 0.003 

 

From this table we can observe that the temperature does not have a noticeable effect on Cdl, Rad, Cad 

and Rct parameters, which are at the same order of magnitude in the whole range of temperatures 

studied. However, the temperature effect becomes evident in the diffusional parameter �1ad which has one 

order of magnitude difference between the temperature limits, resulting in the largest �1ad value at 20°C. 

This fact suggests that the diffusional process of DNA molecule inside the interface is slower at this 

temperature and increases at higher temperatures. It should be point out that at the whole temperature 

range; DNA adsorption takes place under a diffusional control. This conclusion is derived noticing that 

Rad is always three orders of magnitude smaller than �1ad. Then, the main contribution to the complex 

capacitance is rather due to DNA diffusion inside the diffuse layer and not to the electrosorption 

process, thus the electrosorption phenomenon is not the limiting step [15]. This statement is also in 

good agreement with the complex capacitance spectra arc-shape shown in Figure 3.17, where it becomes 

evident a depressed loop obtained at high frequencies and it also supports a control by spatially 

dependent concentration fields. Finally, it is noted from Table 3.2. that Rct falls in the range of                  

105 �Ÿ��cm2, being a high value that limits the charge transfer and confirming that at OCP the interface 

possess a capacitive behavior and only an incipient and negligible charge transfer is present.  
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3.3.2.3. Evaluation of the adsorption parameters as a function of temperature and 

concentration of DNA 

Figures 3.18 and 3.19 show the behavior of the electrical parameters Cdl and Cad, respectively, 

included in the equivalent circuit shown in Figure 3.17, as a function of the DNA concentration at each 

one of the temperatures studied.  As we can observe, the concentration-dependence in all the electrical 

parameters is almost the same no matter the temperature studied.  

 

 

 

 

 

 

Figure 3.18. Double-layer capacitance, Cdl, as a function of DNA concentration at the temperatures of a) 20, b) 

30 and c) 40 ºC.   

 

 

 

 

 

 

Figure 3.19. Adsorption capacitance, Cad, as a function of DNA concentration at the temperatures of a) 20, b) 30 

and c) 40 ºC. 

 

This feature in these curves strongly suggests that the interfacial double-layer structure is 

amenably altered when DNA concentration is modified. According to the most simple double-layer 

model [70,74], the changes on Cdl could reflect the changes of the interface thickness d as well as 

changes on dielectric constant �0. Consequently, if �0 is considered as a constant value, changes in Cdl and 

Cad as a function of DNA concentration will be related to the interface thickness [ 74].  In this way, we 
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are relating the two noticeable changes on Cdl and Cad, observed at 0.36 and 1.5 mg/mL to two possible 

structural transitions in the adsorbed DNA. These values are close to the ones found for C* and Ce 

determined though a rheological study carried out at the same experimental conditions to those applied 

in our work and described in Chapter 2. A very good agreement is also found between the values 

determined in the present work and those reported by Mason et al. [ 77].  This fact allows proposing that 

the changes on Cdl and Cad are related to the double-layer thickness, which is presumably associated to 

the conformational structure of DNA, and chains interactions such as overlapping and entanglements.   

Figure 3.20 shows the Rad concentration-dependence at the three studied temperatures. Rad curves 

show an adsorption resistance decrement while increasing DNA concentration suggesting that the 

electrosorption process is less predominant when DNA solution is more concentrated. 

 

 

 

 

 

 

Figure 3.20. Adsorption resistance, Rad, as a function of DNA concentration at the temperatures of a) 20, b) 30 

and c) 40 ºC. 

 

3.3.2.4. Analysis of average time constant of DNA molecules adsorption process onto 

the platinum surface 

An additional analysis can be done if the mean characteristic time constant (�2c) is evaluated from 

the high frequency loop observed at the complex capacitance spectra for each one of DNA 

concentrations studied. An inspection of �2c at different temperatures, taking the DNA concentration as 

parameter is shown in Figure 3.21, from which is evident that �2c reaches its higher values at the lowest 

DNA concentrations and slowly decreases in the millisecond range until suddenly increases at 0.4 

mg/ mL to start decreasing and remains constant at higher concentration than 1.5 mg/mL. As it can be 

observed, the evaluation of the mean �2c is also an useful method to determinate DNA transitions and 

their correspondence with C* and Ce. Moreover, the �2c range of values is in adequately agreement with 

those calculated to the reorganization time of the diffuse double-layer [16, 75, 79].  Furthermore, it 
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should be notice that at constant temperature and at the semi-diluted regime (CDNA Q0.36 mg/mL), �2c 

decreases while DNA concentration increases.  

 

 

 

 

 

 

 

 

Figure 3.21. Characteristic time constant of the process, �Wc, as a function of DNA concentration at the 

temperatures of 20, 30 and 40 ºC.   

 

3.3.3. Particular conclusions for the adsorption of DNA molecules in solution on platinum  

A detailed adsorption study of calf thymus DNA onto platinum electrodes was evaluated in a wide 

concentration and temperature range and was presented by using electrochemical impedance 

spectroscopy. All the impedance data were transformed into complex capacitance values and were 

interpreted on the basis of the impedance adsorption theory using a similar FMGR equivalent circuit.  

We can conclude that at Open Circuit Potential (OCP), a diffusion controlled non-specific adsorption of 

DNA molecules is taking place at the interface. Moreover, through a detailed analysis of each one of the 

electrical parameters obtained at each studied temperature it was possible to identify two well-defined 

interfacial transitions around two DNA concentrations, i.e. 0.36 and 1.5 mg/mL, which were related to 

the overlap and the entanglement concentrations early determined by rheological methods. Thus, the 

changes in the interfacial structure, reflected as Cdl, Cad and Rad parameters, strongly depend on the DNA 

nature present inside the solution. All the results allow proposing that impedance measurements 

interpretation by the impedance adsorption theory is a well suitable method to characterize DNA 

adsorption and to identify the structural transitions on the metal-DNA/TE buffer interface. 
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3.4. Experimental study of the adsorption of DNA molecules on to gold electrodes  

3.4.1. Experimental conditions for the Au-DNA/TE buffer interface  

The description of the reagents, buffer Tris-HCl/EDTA  preparation and DNA/Buffer solutions 

are presented in Sections 2.3.1., 2.3.2. and 2.3.3. of this work. 

 

3.4.1.1. Impedance measurements  

EIS measurements were carried out in a 1260 FRA instrument coupled to a 1287 potentiostat both 

from Solartron, Inc. A convetional three-electrode cell was used for these measurements. A gold 

cylinder and gold disk were used as the counter and work electrode, respectively, and a satured calomel 

electrode (SCE) was used as the reference.  Potentiostatic mode at open circuit potential was used for 

each measurement, applying potential perturbation amplitude of 10 mV in a frequency range of 1 kHz-1 

mHz. Before each EIS experiment routinely a cyclic voltammetry in 0.1 M HClO4 at 50 mV/s was 

applied to guaranty the cleanliness of the electrodes. Commercial software Zplot® was used to collect 

impedance data, and commercial software Zview® allowed calculating theoretical parameters from an 

equivalent circuit able to fit the experimental results. Figure 3.14 shows the experimental setup for EIS 

measurements. All measurements were also carried out at the temperatures of 25, 30 and 25 ºC, 

controlled by the recirculation bath and allowing a rest period for each sample to ensure a steady-state 

measurement. 

  

3.4.2. Experimental results and discussion for the Au-DNA/TE buffer interface  

3.4.2.1. Complex impedance and capacitance spectra monitored at OCP 

In order to study the adsorption process of DNA molecules onto gold electrodes by coupling 

Electrochemical Impedance Spectroscopy technique with Surface Plasmon Resonance technique (SPR), 

the chosen temperatures for the experimental study were selected in a lower temperature range that the 

range used for the impedance study of Pt-DNA/TE buffer interface. Therefore, the temperature range 

for the Au-DNA/TE buffer interface study will be limited to values 5 ºC greater and lower than the 

average room temperature, i.e. 20, 25 and 30 ºC. In this chapter, impedance results will be presented and 

discuss, whereas SPR results will be discuss in detail in Chapter 5 of this thesis.   

Figures 3.22 a, b and c show Nyquist plots for several DNA concentrations of 0.05, 0.4 and 2.5 

mg/mL at the temperatures of 20, 25 and 30 ºC. The results mainly reveal the typical behavior of an 

unideal double-layer capacitance, which is consistent with the experimental conditions of the study and 

with the results obtained for the Pt-DNA/TE b uffer study. In this way, the experimental results show 
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that the DNA adsorption process onto gold electrodes is mainly capacitive [80]. This response 

represents the structural arrangement of DNA molecules on the electrochemical double-layer formed at 

the gold surface and is in good agreement with the study of the adsorption or calf-thymus DNA 

molecules onto platinum surfaces previously discussed [80,81].  It is possible to observe a displacement 

of each spectra towards lower values of the real part of the im�S�H�G�D�Q�F�H�� ���=�·���� �D�W�� �H�D�F�K�� �U�H�J�L�P�H�� �Z�K�L�O�H��

increasing DNA concentration. A greater amount of negatively charged DNA molecules at higher DNA 

concentrations causes an increment in t�K�H���V�R�O�X�W�L�R�Q�·�V���F�R�Q�G�X�F�W�L�Y�L�W�\���>82].  

 

 

 

 

 

 

Figure 3.22. Nyquist plots for Au-DNA/TE buffer interface at DNA concentrations a) 0.05, b) 0.4 and c) 2.5 

mg/mL and at the temperatures of 20, 25 and 30 ºC.  

 

Impedance data was transformed into complex capacitance according to the adsorption impedance 

theory used by Pajkossy and Kolb and recently applied to DNA molecules adsorption onto platinum 

surfaces [14-19, 80, 81] , using Equation 3.21. The equivalent circuit presented in Figure 3.17 and its 

complex capacitance transfer function given by Equation 3.22 were used to interpret the experimental 

complex capacitance obtained in this study.  

The arrangement of three electrical parameters in series represents the complex capacitance 

dispersion observed at high frequencies (1 kHz < f�Z < 1.0 Hz) and describes DNA molecules adsorption 

process taking place at the electrode surface. An adsorption resistance (Rad), a constant phase element 

(CPE) representing a non-ideal adsorption capacitance (Cad) and a Warburg-like diffusion impedance 

(ZW,ad) make up this arrangement. A double-layer capacitance (Cdl) was added in order to explain 

Au/Calf-thymus DNA interface. An ascending curve was observed at low frequencies (f�Z< 1.0 Hz) and 

is related to an incipient charge transfer resistance (Rct). Since the adsorption process is carried out at 

open circuit potential, this parameter is associated to a possible reaction of impurities or oxygen traces 

in the working solution [73].  The physical meaning of each electrical parameter is explained in detail in 

Section 3.3.2.2. of this thesis.  
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Figures 3.23 a, b and c show the complex capacitance data obtained for DNA concentrations of 0.05, 

1.0 and 3.0 mg/mL, representing the typical behavior of the complex capacitance response in each 

characteristic regime of DNA solutions, i.e. dilute, semi-dilute without entanglements and semi-dilute 

regime with entanglements, respectively. At high frequencies a depressed loop can be observed, showing 

that the adsorption carried out on the electrode surface is rapid and is controlled by adsorbate diffusion 

[ 64].  

 

 

 

 

 

Figure 3.23. Complex capacitance data for DNA concentrations 0.05, 0.4 and 2.5 mg/mL and at the 

temperatures of 20, 25 and 30 ºC. Frequency in Hz. 

 

The equivalent circuit presented in Figure 3.17 and the Equation 3.22 were used to fit the 

experimental data to obtain the value for each electrical parameter involved in the adsorption process at 

the gold electrode surface. The continuous lines observed in the set of plots of Figure 3.23 depict the 

resulting fittings.   

Table 3.3 summarizes the estimated parameters for DNA concentrations shown in Figure 3.23.  In 

this table we can observe that Rad and �1ad have the same order of magnitude at lower DNA 

concentrations, suggesting a mixed process, controlled by DNA diffusion and an electrosorption 

process. However, the diffusional parameter �1ad increases with increasing DNA concentration, showing 

that the main contribution to the complex capacitance is due to diffusional control [15].  It is evident 

that Rct values are larger than 105 �: / cm2, representing the presence of the incipient charge transfer at 

the interface and confirming the experimental conditions of this study (OCP).  
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Table 3.3.- Electrical parameters obtained by fitting the equivalent circuit in Figure 3.17. to the experimental 

complex data for 0.05, 0.4 and 2.5 mg/ml at a temperature of 25 ºC.  

CDNA 
mg / mL 

 

Cdl 
�PF/cm2 

Cad  
�PF/cm2 

n Rct 

�:  cm2 
Rad 

�:  cm2 
�Pad 

�:  cm-1 s1/ 2 
�V2 

     0.05 0.985 2.328 0.850 7.653 x 106 3 289.06 3.942 x 104 0.0005 

     0.4 1.420 2.360 0.774 3.269 x 107 2 621.82 4.174 x 103 0.0013 

     2.5 1.583 2.559 0.739 8.484 x 108 1 958.00 4.193 x 105 0.0004 

 

3.4.2.2. Evaluation of the adsorption parameters as a function of temperature and 

concentration of DNA 

Double-layer capacitance (Cdl) behavior was firstly analyzed as a function of DNA concentration 

and temperature and is presented in Figure 3.24. Cdl values were obtained by the fitting the equivalent 

circuit to the experimental data. It can be observed that Cdl values increase as the concentration 

increases, until CDNA reaches 0.4 mg/mL, where a noticeable change in the trend is depicted, 

representing a structural rearrangement of DNA molecules on the gold surface. Then a new behavior is 

then observed between CDNA of 0.4 and 1.5 mg/mL, where DNA concentration starts increasing again. 

However, Cdl values decrease around 1.5 mg/mL and remain constant at higher concentrations, DNA 

chains get entangled and there is a third behavior of DNA molecules adsorbed in the interface. 

 

 

 

 

 

 

 

 

Figure 3.24. Double-layer capacitance (Cdl) behavior as a function of DNA concentration for the temperatures of 

25, 30 and 35 ºC. 
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Two noticeable transitions are located at DNA concentrations around 0.4 and 1.5 mg/mL. This 

behavior is in good agreement with Cdl behavior for DNA adsorption onto platinum electrodes 

(previously discussed). The changes observed at Cdl are associated to the reorganization of DNA 

molecules at the double-layer, closely related to the overlapping and entanglement of DNA chains.  

Figure 3.25. presents the adsorption capacitance, Cad, as a function of DNA concentration and 

temperature. As for Cdl behavior, two transitions are also identified, related to the structural 

rearrangement of the electrochemical double layer at each characteristic regime.   

 

 

 

 

 

 

 

 

Figure 3.25. Adsorption capacitance (Cad) behavior as a function of DNA concentration for the temperatures of 

25, 30 and 35 ºC.  

 

3.4.3. Particular conclusions for the adsorption of DNA molecules in solution on gold  

Electrochemical Impedance Spectroscopy was used to perform a detailed adsorption study of calf-

thymus DNA molecules adsorption onto a gold surface. The impedance data was transformed into 

complex capacitance data using the impedance adsorption theory. Cdl and Cad values were obtained 

through an equivalent circuit similar to the one proposed by Frumkin-Melik-Gaikazyan-Randles 

(FMGR) and were analyzed as a function of DNA concentration to determine the interfacial structure 

changes in the electrochemical double-layer. It is possible to conclude that impedance technique is able 

and sensitive enough to detect the structural changes of DNA molecules in different metal surfaces. In 

this manner, we can propose EIS as an adequate technique for characterizing the structural nature of the 

adsorbate based on the changes and the rearrangement of the electrochemical double-layer. On the 

other side, Cdl values were successfully obtained and will be used in Chapter 5 with SPR measurements, 

from which DNA molecules adsorption onto a gold surface will be followed by means of an optical 
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technique. Finally, we can also conclude that the nature of the metal surface at which the adsorption 

process takes place influences both the double-layer capacitance response and the nature of the 

adsorption process, i.e. diffusion-controlled or electrosorption-controlled.        
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Chapter 4. The scaling of electrochemical parameters of DNA molecules 

through EIS 

The results of this chapter are the object of the following publications: 

1) Characterization of DNA/Buffer/H2O System Through Electrochemical Impedance Spectroscopy.  

L. M. Bravo-Anaya, E.R. Larios-Durán, N. Casillas, V.V. Fernández-Escamilla, E.R. Macías Balleza and 

J. F. A. Soltero  

ECS Transactions 2013, Volume 47(1), Pages 109-121. doi:10.1149/04701.0109ecst © The 

Electrochemical Society.  

2) The Scaling of Electrochemical Parameters of DNA Aqueous Solutions with Concentration and Temperature 

Through an Electrochemical Impedance Spectroscopy Study.  

L. M. Bravo-Anaya, E.R. Macías Balleza, N. Casillas, F. Carvajal Ramos, V.V. Fernández-Escamilla, J. F. 

A. Soltero and E.R. Larios-Durán. 

Electrochimica Acta 2015, Volume 167, Pages 311-320.  

 

4.1. Introduction  

In the field of polymer studies, molecular dynamics of bio-macromolecules cover a wide range of 

characteristic length and time scales [1]. In this manner, scaling laws are helpful for both 

understanding of the origin of the characteristic differences in a system and for generalizing results 

observed at various scales. The scaling effects usually depend on two quantities proportional at certain 

orders of magnitude and have been used to predict the behavior and characteristics of many systems 

with few experiments on a small-sized scale model. Commonly, scaling laws express one variable as a 

nonlinear function of another variable raised to a power, i.e. f(x) �¢ x�. , with �.�•������In the polymers field, 

they provide basis for estimating important parameters of polymer solutions at their different regimes 

from the knowledge of several properties of the system [2].  

Critical concentrations such as C* and Ce and temperatures in viscoelastic aqueous solutions 

formed by ionic surfactants [3], triblock copolymers [4, 5] and polyelectrolytes such as DNA [6] have 

been evaluated using rheological measurements of frequency sweeps experiments performed in the 

linear viscoelastic region (LVR). With this experiments, some parameters can be obtained, i.e. the 

crossover frequency (�Zc), the principal characteristic time (�Wc), the Newtonian viscosity (�K0) and the 

plateau modulus (G0). Through �Zc�����Z�K�L�F�K���L�V���R�E�W�D�L�Q�H�G���Z�L�W�K���W�K�H���F�U�R�V�V�R�Y�H�U���R�I���W�K�H���H�O�D�V�W�L�F�����*�·�����D�Q�G���W�K�H���O�R�V�V��
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���*�µ���� �P�R�G�X�O�L���� �L�W�� �L�V�� �S�R�V�V�L�E�O�H�� �W�R�� �F�D�O�F�X�O�D�W�H�� �W�K�H�� �S�U�L�Q�F�L�S�D�O�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F��time �Wc (1/ �Zc). Since rheological 

methods have been suitable to determine macroscopic properties of DNA chains in solution at semi-

diluted and concentrated regimes [7-9], Electrochemical Impedance Spectroscopy (EIS) is proposed as 

a suitable electrochemical technique to characterize and analyze DNA molecules behavior at a lower 

concentration range. DNA molecule response to an applied electrical field has been a subject of during 

several years using different electrochemical techniques such as amperometry, potentiometry and 

voltammetry [10-12].  However, EIS constitutes an appropriate method for studying DNA molecules 

response without being perturbed by chemical reactions, due to its sensitiveness at a low concentration 

range [13].  

In this chapter, a detailed investigation of calf thymus DNA solutions in the platinum and gold 

interfaces through EIS measurements is presented. Aqueous solutions of calf thymus DNA are adjusted 

to a pH of 7.3 and studied as a function of DNA concentration and temperature (10, 20, 30 and 40 °C for 

platinum and 25, 30 and 35 ºC for gold). EIS measurements are carried out at open circuit potential, 

leading to an adsorption response of DNA molecules on platinum electrodes. Two methods are used to 

analyze EIS measurements, first one is based on the classical theory of electrochemical impedance [14-

16] and the second one is presented using a methodology similar to the one used in linear rheology, i.e. 

through log-log Bode plots (Z 'and -Z'' vs. �Z) from which is possible to determine an impedance 

characteristic cross-over frequency (�Zc), and Zo, related to the solution resistance (Rs). A characteristic 

time-constant of the process (�2c) was determined by means of the reciprocal of �Zc. The analysis of Zo and 

�Wc as a function of DNA concentration allows identifying the two critical concentrations of DNA 

molecules in solution, C* and Ce, respectively. The relation between Zo and �Wc as a function of DNA 

concentration exhibit a linear behavior and follows the power law at every studied temperature for each 

characteristic regime. Through the scaling of the electrochemical parameters of the system, it is 

proposed a general impedance transfer funtion able to predict the impedance behavior of a chosen DNA 

concentration within a specific regime at OCP. By using this function it is possible to study and to 

analyze theoretically the double-layer charging as a function of concentration with only one impedance 

experiment and makes possible obtaining electrical parameters concerning the interface DNA-TE buffer 

at each characteristic regime.  

 

4.2. Experimental conditions  

The description of the reagents, buffer Tris-HCl/EDTA  preparation and DNA/Buffer solutions 

are presented in Sections 2.3.1., 2.3.2. and 2.3.3. of this work. The experimental conditions and the setup 

for EIS measurements are described in Section 3.3.1.2. 
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4.3. Experimental results   

4.3.1. Classical EIS analysis 

A classical approach based on the electrochemical impedance theory using Nyquist diagrams was 

performed at first instance to describe DNA molecules impedance response. Figure 4.1 a shows, a 

Nyquist plot for DNA concentrations of 0.4, 0.5, 0.6, 0.7 and 0.8 mg/mL at a constant temperature of 30 

ºC using a platinum electrode. It is possible to identify that the process, taking place at the interface 

DNA-Buffer/platinum, is predominantly capacitive and represents the structural arrangement of DNA 

molecules adsorbed onto the platinum surface. This response is in good agreement with studies reported 

through DNA adsorption impedance by complex capacitance studies [6, 17] and it is consistent with 

the experimental conditions of this study, i.e. open circuit potential.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. a) Nyquist and b) Bode-module plots for DNA concentrations of 0.4, 0.5 and 0.6 mg/mL at a 

temperature of 30 ºC using a platinum electrode, respectively c) Nyquist and d) Bode-module plots for DNA 

concentrations of 0.4, 0.5 and 0.6 mg/mL at a temperature of 30 ºC using a gold electrode, respectively. Frequency 

in Hz.  



    

 146 

 

The increment of DNA concentration caus�H�V�� �D�� �V�K�L�I�W���R�I�� �H�D�F�K�� �V�S�H�F�W�U�D���W�R�Z�D�U�G�V���O�R�Z�H�U���Y�D�O�X�H�V�� �R�I�� �=�·���D�W��

higher frequencies, this means that the solution resistance decreases as expected due to the conductivity 

raise, caused by the presence of a larger amount of charged DNA molecules [18]. Figure 4.1 b shows the 

complex impedance modulus (|Z|) in a Bode diagram where it can be observed that the solution 

resistance (Rs) diminishes as CDNA increases. Figure 4.1 c and d show the Nyquist and the Bode diagrams, 

respectively, for DNA concentrations of 0.4, 0.5 and 0.6 mg/mL at a constant temperature of 30 ºC 

using a gold electrode. The obtained response is consistent with the one previously described for the 

platinum surface. 

Figure 4.2 a shows a Nyquist diagram for a DNA concentration of 0.4 mg/mL as a function of 

temperature. �,�Q���W�K�L�V���I�L�J�X�U�H���L�W���L�V���S�R�V�V�L�E�O�H���W�R���R�E�V�H�U�Y�H���W�K�D�W���F�X�U�Y�H�V���V�K�L�I�W���W�R���O�R�Z�H�U���=�·���Y�D�O�X�H�V���Z�K�L�O�H���L�Q�F�U�H�D�V�L�Q�J��

temperature, indicating a decrement in the solution resistance as a consequence of molecular diffusion 

increment [19].  This effect is similar to the one observed with augments of DNA concentration (cf. 

Figures 1a and b) and is explained as follows: since the viscosity of the medium decreases with a 

temperature increment [20], the movement of DNA molecules is greater at higher temperatures.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. a) Nyquist and b) Bode-module plots for a DNA concentration of 0.4 mg/mL at the temperatures of 

10, 20, 30 and 40 ºC using a platinum electrode, respectively c) Nyquist and d) Bode-module plots for DNA 
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concentrations of 0.4 mg/mL at a temperatures of 25, 30 and 35 ºC using a gold electrode, respectively. Frequency 

in Hz.  

Stokes-Einstein relation sets up that the diffusion coefficient also increases with temperature, 

producing an augmentation in the molecular diffusion of the species [21, 22].  Therefore, since the 

conductivity is highly related to mobility and to the diffusion coefficient [23], while increasing 

temperature, conductivity reaches higher values and is reflected in the decrease of resistivity as it is seen 

at the decrement �R�Q�� �=�·�� Figure 4.2 b shows the complex impedance modulus (|Z|) in a Bode diagram 

where it can be observed that the solution resistance (Rs) decreases as temperature increases. Figure 4.2 c 

and d show the Nyquist and the Bode diagrams, respectively, for a DNA concentration of 0.4 mg/ mL at 

the temperatures of 25, 30 and 35 ºC using a gold electrode. As well as for the response obtained for the 

platinum electrode, �F�X�U�Y�H�V���V�K�L�I�W���W�R���O�R�Z�H�U���=�·���Y�D�O�Xes while increasing temperature, as expected. Since the 

temperatures used for the study of Au/DNA-TE buffer interface are closer from each other, this shift is 

not as evident as the one obtained for Pt/DNA-TE buffer interface.   

According to the Nyquist diagrams, DNA-Buffer/ platinum interface behavior is adequately 

simulated by an equivalent circuit as the one representing the impedance associated to a faradaic 

reaction and expressed in terms of a constant phase element (CPE) [24, 25].  

 

 

 

 

 

Figure 4.3. Equivalent circuit representing the complex impedance for Pt-DNA/TE buffer system.  

 

This equivalent circuit includes an arrangement of the following three electrical parameters: a 

solution resistance (Rs), a resistance related to an incipient charge transfer (Rct) due to the possible 

reaction of impurities or oxygen traces present at the working solution [26] and a non-ideal capacitance 

(CPE). A schematic of the equivalent circuit is presented in Figure 4.3 and its corresponding complex 

impedance transfer function is expressed as follows:  

                     (4.1) 
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where �Z and j represent the frequency in rad/s and the imaginary number, respectively. The CPE 

parameters are Q and �D which are independent of the frequency. Furthermore, �D can take values 

between 0 and 1. If �D= 1, Q represents an ideal interface differential capacitance and has capacitance 

units, i.e. �PF/ cm, but if �D< 1, the system is affected by several parameters such as superficial 

heterogeneity or surface roughness and displays a non-ideal behavior [27]. The effective capacitance Ceff 

associated with the CPE is expressed as:  

                  (4.2) 

Figure 4.4 and 4.5 show the Nyquist diagrams for the impedance results of three DNA 

concentrations at the four studied temperatures for Pt-DNA/TE buffer interface and at the three 

studied temperatures for Au-DNA/TE buffer interface, respectively. Continuous lines represent the 

fittings of the experimental data obtained using Equation 4.1. The estimated values for each electrical 

parameter are summarized in Table 4.1 for Pt-DNA/TE buffer interface and in Table 4.2 for Au-

DNA/TE buffer interface.  

 

 

 

 

 

 

Figure 4.4. Nyquist plots for Pt-DNA/TE buffer interface: DNA concentrations of a) 0.2, b) 1.0 and c) 2.0 

mg/mL at the temperatures of 10, 20, 30 and 40 ºC. Frequency in Hz.  

 

 

 

 

 

Figure 4.5. Nyquist plots for Au-DNA/TE buffer interface: DNA concentrations of a) 0.2, b) 1.0 and c) 2.0 

mg/mL at the temperatures of 25, 30 and 35 ºC. Frequency in Hz.  
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In both interfaces, it is possible to observe that the magnitude order of Rct is higher than 1x104 

�: / cm2, confirming that only an almost negligible charge transfer is present in the process. However, for 

Au-DNA/Te buffer interface, the Rct obtained values are higher than for Pt-DNA/TE buffer interface, 

suggesting that in gold electrodes, impurities or oxygen traces present at the working solution are less 

reactive.  

 

Table 4.1.- Electrical parameters obtained by fitting the equivalent circuit in Figure 4.3 to the experimental data 

of Pt-DNA/TE buffer interface for DNA concentrations of 0.2, 1.0 and 2.0 mg/mL at the temperatures of 10, 

20, 30 and 40 ºC.    

CDNA 
mg/ mL 

 

T 
ºC 

Rs 
�:  cm2 

Q  
�������:  cm2 

s
�D 

�D�� Ceff 

�PF / cm2 
Rct 

�: ��cm2 
�&2 

 

      0.2 

10 3949.75 200.79 0.87 236.69 4.86 x 105 0.006 

20 3061.50 209.82 0.89 234.99 1.92 x 105 0.004 

30 2471.75 214.83 0.86 239.27 8.44 x 104 0.002 

40 2027.75 224.79 0.85 249.07 3.95 x 104 0.003 

 

     1.0 

10 853.75 218.26 0.89 211.14 2.32 x 106 0.003 

20 682.75 231.27 0.89 219.35 7.95 x 105 0.002 

30 560.25 245.62 0.89 228.71  1.63 x 105 0.002 

40 473.75 262.88 0.89 241.12 5.38 x 104 0.001 

 

     2.0 

10 706.25 218.25 0.90 207.18 2.11 x 106 0.002 

20 554.25 234.70 0.90 217.99 1.01 x 106 0.002 

30 452.75 253.25 0.90 232.19 1.37 x 105 0.002 

40 383.75 271.96 0.90 246.68 4.77 x 104 0.001 

 

Tables 4.2 and 4.3 show also the dependence with temperature and concentration previously 

described for the solution resistance, this is: while increasing temperature and concentration, Rs 

decreases for all DNA concentrations. The obtained values for the effective capacitance show, as 

expected, an increase with temperature for both interfaces, however a two-order magnitude difference is 

detected in the Ceff values comparing platinum and gold interface, showing that the chosen electrode has 

an important contribution to the measured capacitance of the metal-DNA/TE buffer interface.      
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Table 4.2.- Electrical parameters obtained by fitting the equivalent circuit in Figure 4.3 to the experimental data 

of Au-DNA/TE buffer interface for DNA concentrations of 0.2, 1.0 and 2.0 mg/mL at the temperatures of 25, 

30 and 35 ºC.    

CDNA 
mg/ mL 

 

T 
ºC 

Rs 
�:  cm2 

Q  

�������:  cm2 s
�D 

�D�� Ceff 

�PF / cm2 
Rct 

�: ��cm2 
X2 

 

     0.2 

25 4455.99 0.662 0.89 0.382 1.24 x 107 0.001 

30 4089.69 0.699 0.88 0.402 7.46 x 106 0.001 

35 3793.78 0.749 0.88 0.421 6.92 x 106 0.0008 

 

     1.0 

25 1012.34 0.802 0.87 0.346 9.61 x 107 0.001 

30 917.12 0.836 0.87 0.363 7.92 x 106 0.0008 

35 856.30 0.876 0.87 0.380 8.91 x 106 0.001 

 

     2.0  

25 522.57 0.735 0.88 0.311 1.18 x 108 0.001 

30 476.56 0.801 0.87 0.371 1.05 x 108 0.005 

35 431.68 0.881 0.87 0.390 5.02 x 107 0.002 

  

4.3.2. Impedance spectra analysis through graphs log-�O�R�J���%�R�G�H�����=�·����-�=�·�·���Y�V�����Z) 

The impedance data obtained for this system are also analyzed by means of an analogous 

methodology to the one used in studies of oscillatory rheology measurements in the linear viscoelastic 

regime (LVR) [17-20], so impedance results were plotted by using graphs type log-log Bode.    

Figures 4.5 a and b show log-log Bode plots (Z' and -Z'' vs. �Z) for Pt-DNA/TE buffer and Au-

DNA/TE buffer interface, respectly, for a variation of DNA concentrations at a constant temperature, 

from which is possible to determine a characteristic crossover frequency (�Zc) and the Zo modulus related 

to the solution resistance (Rs). For both cases, the characteristic time-constant of the process (�2c) is 

obtained by calculating the reciprocal of �&c and is directly related to the metal-DNA solution interface 

relaxation due to the electrochemical double-layer formation. We can observe that �&c shifts to higher 

frequencies when DNA concentration increases. In contrast, the characteristic time-constant and the Z0 

module decrease. This phenomenon may be associated with the diffuse layer thickness decrease caused 

by DNA concentration increase.  
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Figure 4.5. �5�H�D�O�� ���=�·�����D�Q�G�� �L�P�D�J�L�Q�D�U�\�� ���=�·�·���� �S�D�U�W�V�� �R�I�� �W�K�H�� �L�P�S�H�G�D�Q�F�H�� �D�V�� �D�� �I�X�Q�F�W�L�R�Q�� �R�I�� �I�U�H�T�X�H�Q�F�\�� ���Z) for a) Pt-

DNA/TE buffer interface and b) Au-DNA/TE buffer interface for DNA concentrations of 0.4, 1.5, 2.0 and 2.5 

mg/mL at the temperature of 30 ºC.  

 

The results for �&c, �2c and Zo evaluated for such DNA concentrations at each interface are quantified 

in Tables 4.3 and 4.4 for Pt-DNA/TE buffer and Au-DNA/TE buffer, respectively. It is possible to 

observe that the time-constant is at least three magnitude orders higher for platinum than for gold, so 

the nature of the electrode affects the process dynamics, described by �Wc (which will be explained in 

detail in the following section) taking place at the interface. This could be related with electrostatic 

interactions of DNA chains with each metal surface.  

 

Table 4.3.- Cross-over frequency (�Zc), characteristic time-constant (�Wc) and Zo module for DNA concentrations of 

0.4, 1.5, 2.0 and 2.5 mg/mL in the Pt-DNA/TE buffer at the temperature of 30 ºC. 

CDNA 

mg/ mL 

�Zc 

rad/ s 

ZO 

�:   

�Wc 

s 

0.4 
 

0.641 4 708.74 1.559 

1.5 
 

1.473 
 

2 786.87 0.679 

2.0 
 

1.769 2 223.52 0.565 

2.5 
 

2.109 2 046.58 0.474 
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Table 4.4.- Cross-over frequency (�Zc), characteristic time-constant (�Wc) and Zo module for DNA concentrations of 

0.4, 1.5, 2.0 and 2.5 mg/mL in the Au-DNA/TE buffer at the temperature of 30 ºC. 

CDNA 

mg/ mL 

�Zc 

rad/ s 

ZO 

�:   

�Wc 

s 

0.4 
 

168.559 4 521.929 5.93 x 10-3 

1.5 
 

648.520 3 488.600 1.54 x 10-3 

2.0 
 

1 098.678 2 349.203 9.10 x 10-4 

2.5 
 

1 413.601 2 049.200 7.07 x 10-4 

 

The physical and quantitative interpretation of �2c is determined from the analysis of the transfer 

function shown in Equation 4.1, from which is possible to obtain the real and imaginary parts of the 

impedance, as are given by Equation 4.3 and 4.4. 

                               (4.3) 

                             (4.4) 

Since the time constant is obtained when the real and the imaginary parts of impedance reach the 

same value, as observed in Figures 4.5 a and b, we can establish the following relationship:  

                  (4.5) 

and evaluating the function in the limit when Rct tends to the infinite, i.e. when charge transfer 

resistance is very large, as in our case where the system is predominantly capacitive, we obtain that the 

reciprocal of the cross-over frequency corresponds to a time constant related to the coupling in series of 

the solution resistance and the effective capacitance (Equation 4.6).  

                 (4.6) 

The same expression can be obtained by evaluating Equation 4.6 in the limit when Rct tends to the 

infinite.  
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4.3.3. Temperature dependence in the impedance response 

The temperature effect observed in the impedance results is illustrated in Figures 4.6 a and b for Pt-

DNA/TE buffer and Au-DNA/TE buffer interface, respectly, showing �=�·�� �D�Q�G��-�=�·�·�� �D�V�� �D�� �I�X�Q�F�W�L�R�Q�� �R�I��

frequency for a DNA concentration of 2.0 mg mL-1 at the temperatures of 10, 20, 30 and 40 ºC for 

platinum and at 25, 30 and 35 ºC for gold. It is possible to observe that �&c shifts at higher frequencies as 

temperature increases. On the contrary, the characteristic time-constant (�Wc) and the Zo module decrease 

indicating the diminution of the solution resistivity.  

 

 

 

 

 

 

 

Figure 4.6. �5�H�D�O�� ���=�·�����D�Q�G�� �L�P�D�J�L�Q�D�U�\�� ���=�·�·���� �S�D�U�W�V�� �R�I�� �W�Ke impedance as a function of frequency (�Z) for a) Pt-

DNA/TE buffer interface and b) Au-DNA/TE buffer interface for a DNA concentrations of 2.0 mg/mL at the 

temperatures of 10, 20, 30 and 40 ºC for platinum and 25, 30 and 35 ºC for gold.  

 

Similarly to the effect suggested by DNA concentration, this phenomenon may be associated to the 

diffuse layer thickness increment with temperature. A diminution in the distance traveled by DNA 

molecules from the bulk of the solution towards the electrode surface is then produced [28].  In this 

manner, the characteristic time constant that leads to the arrangement of DNA molecules on the 

electrochemical double-layer diminishes as temperature increases. The results for �&c, �2c and Zo evaluated 

for such DNA concentrations at each interface are quantified in Tables 4.5 and 4.6 for Pt-DNA/TE buffer 

and Au-DNA/TE buffer, respectively. 
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Table 4.5.- Cross-over frequency (�Zc), characteristic time-constant (�Wc) and Zo module for a DNA concentrations 

of 2.0 mg/mL in the Pt-DNA/TE buffer at the temperatures of 10, 20, 30 and 40 ºC. 

CDNA 

Mg/ mL 
�Zc 

rad/ s 
ZO 

�:   
�Wc 

s 
10 1.302 2 769.79 0.768 

20 1.597 2 534.43 0.626 

30 1.769 2 223.52 0.565 

40 2.020 1 500.50 0.495 

 

Table 4.6.- Cross-over frequency (�Zc), characteristic time-constant (�Wc) and Zo module for a DNA concentrations 

of 2.0 mg/mL in the Au-DNA/TE buffer at the temperatures of 25, 30 and 35 ºC. 

CDNA 

mg /mL  
�Zc 

rad/ s 
ZO 

�:   
�Wc 

s 
25 1 083.056 2 487.907 9.23 x 10-4 

30 1 098.678 2 349.203 9.10 x 10-4 

35 1 155.151 2 124.819 8.66 x 10-4 

 

On the other hand, in order to evaluate the temperature effect on the interface, Figures 4.7a and b 

present the plots of ln(�2c) versus the reciprocal of the absolute temperature for several DNA 

concentrations on platinum and gold, respectively. A linear behavior of ln (�2c) is observed at each DNA 

concentration in both figures, which demonstrates that the characteristic time constant of the process 

follows an Arrhenius-type behavior given by the following expression [29, 30] : 

                           (4.7) 

where Af is the frequency factor, R is the universal gas constant, T is the temperature and Ea 

corresponds to the minimum amount of energy required for the coupling of the solution resistance and 

the capacitance in terms of the equivalent circuit representing DNA-platinum interface.    
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Figure 4.7. Arrhenius dependence of the characteristic time-constant (�Wc=1/ �Zc) with the reciprocal of the absolute 

temperature for DNA concentrations of 0.8, 1.5 and 2.0 mg/mL at the a) Pt-DNA/TE buffer interface and b) 

Au-DNA/TE buffer interface. 

 

This Arrhenius-type temperature dependence has been also obtained for the dynamics of DNA 

solutions studied by dielectric relaxation spectroscopy and dynamic mechanical spectroscopy [1]. As for 

the temperature dependence of the average relaxation obtained at the higher frequency process (HFP) 

and at the lower frequency process (LFP) with dielectric measurements, the characteristic time constant 

obtained through EIS measurements increases while decreasing temperature, as described before. The 

calculated apparent energy, Ea, for the adsorption process for DNA concentrations presented in Figure 

4.7a, i.e. 0.8, 1.5 and 2.0 mg/mL at the Pt-DNA/TE buffer interface, are 10.68, 9.94 and 10.55 kJ/mol, 

respectively, in the temperature range from 10 to 40 ºC, where DNA remains in its native state and the 

evaporation of water is negligible. The obtained values for Ea increase while augmenting DNA 

concentration until reaching the first transition of the system, related to C*, i.e. around 0.3 mg/mL, 

where it is possible to observe an important change on Ea behavior (Figures 4.8a). In this manner, is it 

possible to see that the minimum amount of energy required for the process is dependent on the DNA 

concentration, on the interactions between DNA chains present in the bulk of the solution and with the 

metal surface. Using the resulting parameters, it is also possible to estimate �2c at each temperature 

between the studied ranges. The calculated apparent energy, Ea, for the adsorption process for DNA 

concentrations at the Au-DNA/TE buffer interface (Figure 4.8b) is slightly lower than the calculated Ea 

values for the Pt-DNA/TE buffer interface and depict also the change on Ea behavior as a function of 

concentration. The calculated values for 0.8, 1.5 and 2.0 mg/mL are 7.19, 6.25 and 7.58 kJ/mol, 

respectively, in the temperature range from 25 to 35 ºC. These results could be related to the energetic 

nature of the electrodes, however, it will not be discussed in this work.  
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Figure 4.8. Ea as a function of DNA concentration for a) Pt-DNA/TE buffer interface and b) Au-DNA/TE 

buffer interface.  

 

4.3.4. Concentration dependence of DNA in the impedance response 

The parameters �&c, �2c and Zo were evaluated from each spectrum obtained for every DNA 

concentration at each studied temperatures. Figures 4.9 a and b illustrate the results of �2c and Zo as 

function of CDNA at the temperatures 10, 20, 30 and 40 ºC for Pt-DNA/TE buffer interface and Figures 

4.10 a and b present the results of the same parameters as a function of CDNA at the temperatures 25, 30 

and 35 ºC for Au-DNA/TE buffer interface.  

 

 

 

 

 

 

 

Figure 4.9. a) Characteristic time-constant (�Wc) and Zo module for Pt-DNA/TE buffer interface as a function of 

DNA concentration at the temperatures of 10, 20, 30 and 40 ºC.   
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Figure 4.10. a) Characteristic time-constant (�Zc) and Zo module for Au-DNA/TE buffer interface as a function 

of DNA concentration at the temperatures of 25, 30 and 35 ºC.   

 

In all figures, it is possible to identify two transitions located in the slope changes of each isotherm, 

in a more clearly way for Pt-DNA/TE buffer interface. First transition is located at a DNA 

concentration around 0.30 mg/mL and is presumably associated with the starting of the interactions 

between DNA strands. This concentration could be related to the overlap concentration (C*), which 

represents the transition from the dilute regime to the semi-dilute regime without entanglements (as 

mentioned in previous chapters of this thesis, i.e. Chapter 2 and 3). Second transition is located at a DNA 

concentration of 1.5 mg/mL, which could be associated to the entanglement concentration (Ce). These 

results are in fairly agreement with the results previously described in terms of the adsorption study of 

the Pt-DNA/TE buffer interface [10 ]  (Chapter 3) and with the results obtained through rheological 

measurements described in Chapter 2.  The characteristic time constant reflects clearly the structural 

arrangement transitions of the electrochemical double-layer. EIS has been proved to be a suitable 

technique to characterize microscopically and macroscopically the structural behavior of DNA 

molecules during the charge arrangement at the electrode surface.  

 

4.3.5. �6�X�S�H�U�S�R�V�L�W�L�R�Q���=�·����-�=�·�·���'�1�$���F�R�Q�F�H�Q�W�U�D�W�L�R�Q-temperature  

Figures 4.11a and b shows the results of the impedance response for a) Pt-DNA/TE buffer interface 

and b) Au-DNA/TE buffer interface, as a function of frequency for several DNA concentrations at the 

temperatures of 10, 20, 30 and 40 ºC for platinum and 25, 30 and 35 for gold. The real and the 
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imaginary parts of the impedance were divided by Zo and plotted against the reduced frequency �Z�Wc. It 

�Z�D�V���W�K�H�Q���S�R�V�V�L�E�O�H���W�R���R�E�W�D�L�Q���D���P�D�V�W�H�U���F�X�U�Y�H���Z�L�W�K���D���=�·���D�Q�G���=�·�·- concentration- temperature superposition.  

We observe that all the data at frequencies between 2.0 Hz and 10 kHz collapse in a single line for all 

DNA concentrations, however, at frequencies lower than 2.0 Hz and DNA concentrations higher than 

1.0 mg/mL, the results collapse in two lines, showing the transition between the semi-dilute regime 

without entanglements and the semi-dilute regime with entanglements. This kind of master curves are 

typically used in rheology studies, here we use the same approach to depict that from a simple visual 

inspection, normalized impedance curves could give us a qualitative information about the DNA 

concentration effect. 

 

 

 

 

 

 

Figure 4.11. Real and imaginary parts of the impedance in units of Zo as functions of the rescaled angular 

frequency �Z�Wc for a) Pt-DNA/TE buffer interface and b) Au-DNA/TE buffer interface.  

 

4.3.6. The scaling of electrochemical parameters as a function of DNA concentration and 

temperature 

For impedance studies, the obtained values for the parameters Zo (Figure 4.12) and �Wc (Figure 4.13) 

obtained for the interface Pt-DNA/TE buffer follow a power law behavior as a function of DNA 

concentration according to: dilute regime (CDNAOC*): Zo��CDNA-0.692±0.047 and �Wc��CDNA-0.793±0.059, semi-

dilute regime without entanglements (C* OCDNAO Ce): Zo��CDNA-0.741±0.023 and �Wc��CDNA-0.822±0.05 and 

semi-dilute regime with entanglements (CeOCDNA): Zo��CDNA-0.668±0.073 and �Wc��CDNA-0.745±0.046.  This 

power law dependence was observed in the whole temperature range studied.  The exponent values of 

the fitting, corresponding to the relation between the solution resistance (Zo) and DNA concentration 

are lower in the semi-dilute regime without entanglements.  The results for the evaluated parameters 

(Zo and �Wc) according to the power law are quantified in Table 4.7 for each characteristic regime at the 

four studied temperatures.    
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Table 4.7.- Parameters obtained for Pt-DNA/TE buffer by fitting Zo and �Wc results as a function of DNA 

concentration according to the law power at the temperatures of 10, 20, 30 and 40 ºC. 

Regime DNA 
Concentration 

mg/mL  

T 
º C 

�Wc 

s 
ZO  

�:��cm2 
a b c d 

 

Dilute 

 

CDNA<C*  

10 1.284 -0.818 4 846.684 -0.719 
20 0.967 -0.834 3 607.698 -0.732 
30 0.948 -0.815 3 244.702 -0.691 
40 1.227 -0.704 3 155.506 -0.627 

Semi-dilute 
without 

entanglements 

 

C*<CDNA<Ce 

10 0.819 -1.339 3 673.842 -0.768 
20 0.851 -0.763 2 916.883 -0.737 
30 0.661 -0.857 2 353.754 -0.747 
40 0.726 -0.846 2 023.210 -0.713 

Semi-dilute 
with 

entanglements 

 

Ce>CDNA 

10 1.580 -1.208 4 490.697 -0.627 
20 1.023 -0.692 3 566.001 -0.633 
30 0.853 -0.772 2 937.819 -0.635 
40 0.902 -0.690 2 729.245 -0.777 

 

  

 

 

 

 

Figure 4.12. Zo as a function of DNA concentration at a temperature of 10 ºC evaluated at a) dilute regime, b) 

semi-dilute regime without entanglements and c) semi-dilute regime with entanglements for Pt-DNA/TE buffer 

interface.  

 

 

 

 

Figure 4.13. �Wc as a function of DNA concentration at a temperature of 10 ºC evaluated at a) dilute regime, b) 

semi-dilute regime without entanglements and c) semi-dilute regime with entanglements for Pt-DNA/TE buffer 

interface. 


































































































































































































































































































































































































































































































































































































