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Abstract: Previous investigations were conducted on two concentrations of DNA solution: 4 18 
mg/mL, for which it has been shown that no supramolecular organization is induced under flow at 19 
low shear rates; and 10 mg/mL, in which a liquid crystalline-type texture is formed under flow at 20 
low shear rates, attesting to an orientation of pre-organized chains. Rheological experiments are 21 
discussed and their results supported by small-angle X-ray scattering (SAXS) and flow birefringence 22 
visualization experiments. Scattering from polyelectrolytes has a characteristic signal, which is here 23 
observed in SAXS, showing a strong correlation peak between charged chains in water, for both 24 
concentrations. This peak is weaker in the presence of 0.01 M NaCl and suppressed in salt excess at 25 
0.1 M NaCl. No plateau in the σ(�́�) plot was observed in analysis of rheological experiments on low 26 
DNA concentration (4 mg/mL). As typically observed in polyelectrolyte systems both the dynamic 27 
moduli and shear viscosity were higher in water as electrostatic forces dominate, than in the 28 
presence of salt, especially at low shear rates. The rheological results for concentrations of 0.01 M 29 
NaCl are lower than in water as expected due to partial screening of electrostatic repulsions.  30 
Rheological data for concentrations of 0.1 M NaCl are unexpected.  Electrostatic forces are partially 31 
screened in the low salt concentration, leading to a drop in the rheological values. For high salt 32 
concentration there are no longer interchain repulsions and so steric interactions dominate within 33 
the entangled network leading to the subsequent increase in rheological parameters. Regardless of 34 
the solvent, at high shear rates the solutions are birefringent. In the 10 mg/mL case, under flow, 35 
textures are formed at relatively low shear rate before all the chains align going to a pseudo-nematic 36 
liquid crystalline phase at high shear rate. The electrostatic repulsion between semi-rigid chains 37 
induces a correlation between the chains leading to an electrostatic pseudo-gel in water and loosely 38 
in 0.01M NaCl at low stress applied. To our knowledge, this is the first time that such behavior is 39 
observed. In 0.1M NaCl, DNA behavior resembles the corresponding neutral polymer as expected 40 
for polyelectrolyte in salt excess, exhibiting a yield stress. When texture appears in water and in 41 
0.01M NaCl, a critical transition is observed in rheological curves, where the viscosity decreases 42 
sharply at a given critical shear stress corresponding to a plateau in the σ(�́�) plot also observed in 43 
creep transient experiment. 44 

Keywords: DNA; external ionic concentration; rheology; birefringence; SAXS; electrostatic 45 

interactions 46 
 47 
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1. Introduction 48 

DNA is a semi-rigid polyelectrolyte with a high persistence length (Lp~50 nm) [1-3]. 49 
Understanding electrostatic interactions between stiff chain segments in DNA, and polyelectrolyte 50 
solutions is important, both fundamentally and for biological applications [4]. These interactions 51 
depend on the charge density of the polyelectrolyte favoring parallel alignment of the chains, and on 52 
the external salt concentration screening the electrostatic repulsions [5]. Due to condensed 53 
counterions in 1-1 electrolyte, there exists a range of distances less than the Debye length where 54 
polyions attract each other [6-10]. Birefringence has previously shown that textures corresponding to 55 
orientated, ordered domains are induced under shear flow for DNA concentrations higher than 5 56 
mg/mL at low ionic concentration [11]. A schematic representation of the evolution of these solutions 57 
at rest and under flow was proposed [11]. To complete our previous work, the rheological behavior 58 
of DNA in aqueous solution is studied: at two polymer concentrations (4 mg/mL and 10 mg/mL); in 59 
water, and in the presence of two ionic concentrations: 0.01M and 0.1M NaCl; to investigate the 60 
influence of ionic concentration on rheological behavior and on birefringence induced under flow. 61 
The polymer concentrations are chosen such that DNA is in the semi-dilute regime with a low degree 62 
of entanglement. SAXS experiments complete the data studying in the same solvent conditions, long-63 
range interactions between chains. 64 
 65 

2. Materials and Methods  66 

2.1. Materials and solutions preparation 67 

High-molecular weight calf-thymus DNA (MW=6 560 000 g/mol) was used to prepare solutions 68 
at concentrations of 4 and 10 mg/mL [11]. Ultrapure water and NaCl anhydrous were used to obtain 69 
different external ionic concentrations: 0, 0.01 and 0.1 M NaCl. The double helix conformation of 70 
DNA is stabilized under these conditions. Vials were closed and sealed with Parafilm®  to prevent 71 
water evaporation and concentration changes. Solutions were stored at 4 °C to prevent degradation. 72 
Sigma-Aldrich Company supplied all reagents. 73 

 74 

2.2. Rheometric measurements. 75 

DNA rheology was studied at 25 ºC using a DHR-3 rheometer from TA Instruments Company 76 
and a MCR-501 rheometer from Anton-Paar Company. Two geometries were used: a steel cone-plate 77 
geometry with 40 mm diameter and an angle of 0.035 rad was used in DHR3 rheometer; and a glass 78 
plate-plate geometry with a 50 mm diameter was employed with the MCR501 rheometer to observe 79 
birefringence under crossed polarizers. Birefringence visualizations are integrated through the gap 80 
with a wave vector in the direction of the velocity gradient. A solvent cap was used to prevent solvent 81 
evaporation.  82 

To define the linear viscoelastic regime oscillatory strain sweeps were undertaken at an angular 83 
frequency of 10 rad/s in the strain range from 0.01 to 100 %. Frequency sweeps were performed at 1% 84 
strain within the linear viscoelastic regime of G’ and G’’ in a frequency range ω from 0.01 to 100 rad/s, 85 
with at least 5 points per decade. Simple steady state shear was measured at shear rates from 10−3 to 86 
1 000 s−1 with at least 5 points per decade. Due to thixotropic behavior of 10mg/mL DNA solution, in 87 
order to reduce the time to obtain the steady state, increasing/decreasing ramps were imposed. 88 
Firstly, a rapid shear rate increase from 0 to 100 s−1 was applied in 160 s followed directly by a 89 
decreasing ramp in 3000 s.  90 

Transitory experiments in creep flow consist of applying constant stresses from 10−2 to 20 Pa and 91 
observing the creep flow over a time up to 103 s for each applied stress. In the first part of the shear 92 
rate (time response), the transient regime is characterized by damped oscillations due to a coupling 93 
between tool inertia and solution viscoelasticity. Final constant shear rate corresponds to the steady 94 
state. 95 
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2.3. Flow birefringence visualizations 96 

Birefringence was tested using a glass plate-plate configuration with an adapted gap, of at least 97 
0.2 mm, such that the geometry was filled completely with DNA solution. This geometry is placed 98 
between crossed polarizers, one below and another just above the sample (Figure 1). The sample was 99 

illuminated vertically by a white source of light reflected by a mirror placed at 45º below the first 100 
polarizer under the geometry. A second mirror, placed at 45º above the upper polarizer, collected 101 
pictures at different imposed shear rates with CMOS device cameras (Canon 100 D or Sony DSLR-102 
A580) and adapted commercial zooms.  103 

 104 

Figure 1. Schematic description of the home-made birefringence set-up on the rheometer MCR-501. 105 
(1) white source, (2) lens, (3) and (8) mirrors, (4) and (7) crossed polarizers, (5) and (6) plate-plate 106 
geometry and (9) camera. 107 

2.4. Small-angle X-ray scattering (SAXS) measurements 108 

The SAXS experiments were performed on ID02 high brilliance beamline at European 109 
Synchrotron Radiation Facility (ESRF, Grenoble, France). DNA solutions were analyzed under 110 
controlled temperature (25 ± 1 °C) in a flow-through capillary cell (diameter ~ 2 mm). An incident 111 
monochromatized X-ray beam at wavelength of 0.995 Å  was used. Scattered intensities were recorded 112 
on a two-dimensional CCD detector at sample-to-detector distances of 0.75 m and 8 m. The scattering 113 
intensity distribution as a function of scattering vector was obtained by radial integration of 2D 114 
scattering pattern. Background subtraction was done using a cell filled with water for all samples. 115 
This is not a perfect background for solutions with high salt concentration, as seen in the increased 116 
intensity in the high-q region. As scattering from the salt ions makes no contribution in the low-q 117 
region this does not change outcome of the analysis. 118 

3. Results and discussion  119 

3.1. X-Ray scattering 120 

Both X-ray scattering and rheological experiments were performed in identical experimental 121 
conditions. The influence of ionic concentration is examined by adding external salt. A correlation 122 
peak is observed in the SAXS data, this is evidence of long-range electrostatic repulsions. These 123 
repulsions are caused by interactions between polymer chains forming a local network with a 124 
preferential inter-chain distance. 125 

The correlation peak for polyelectrolyte solution in absence of external salt is located at q* such 126 
as 2 π/q*= 21nm at 10mg/mL DNA solution in water. It is progressively depressed in the presence of 127 
external salt as shown for 0.01M NaCl and is suppressed in 0.1M NaCl. Correlation peak extinction 128 
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in salt excess is typically observed in polyelectrolyte solutions and also observed in neutron and light 129 
scattering experiments [12-15]. At high q values (q> 3 nm−1), the form factor of DNA is independent 130 
of the salt content (Figure 2) and agrees with the model given by Pringle and Schmidt [16]. 131 

 132 

Figure 2. SAXS intensity I(q) as a function of the wave vector q at different external salt concentrations. 133 
DNA solution at 10 mg/mL at 25°C. 134 

The influence of polyelectrolyte concentration is shown in Figure 3. The SAXS intensity profile 135 
is presented in the absence of external salt at 4 and 10 mg/mL. q*, corresponding to the maximum in 136 
the SAXS intensity as a function of q, decreases when the polymer concentration (Cp) decreases as 137 
found in the literature. The values of q* vary following a scaling law q*~Cp1/2 in agreement with a 138 
hexagonal packing with a correlation distance between packed strands, indicating a preferential 139 
distance between chains.  At 4mg/mL, q*=0.17nm−1 which gives a predicted value of q*=0.27nm−1 at 140 
10 mg/mL using this scaling law. This value is in agreement with the experimentally determined 141 
value of q*= 0.28 nm−1. 142 

These results confirm our hypothesis on the formation of organized chains.11 The SAXS values 143 
obtained indicate a nearly homogeneous distribution of stiff interacting chains throughout the 144 
solution. This agrees with the schematic representation given by Odijk for the case where polymer 145 
persistence length is greater than the distance between two chains [4]. 146 
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 147 

Figure 3. SAXS intensity I(q) as a function of the wave vector q for 4mg/mL and 10 mg/mL DNA 148 
concentrations at 25 °C. 149 

To reflect the role of inter-chain electrostatic repulsion the DNA Debye-lengths were estimated. 150 
This includes the DNA counterion contribution (Cp (ion/L) = [(0.12/370)*C (g/L)] where 0.12 is the 151 
activity coefficient of counterions and 370 the average molar mass of the nucleic repeat unit; and the 152 
ionic contribution of external salt (Table 1). In 0.1M NaCl the behavior should approach the 153 

corresponding neutral polymer. In these experimental conditions, the influence of the ionic 154 
concentration, as demonstrated by the estimated Debye length, is low compared to the intrinsic value 155 
of the persistence length, around 50 nm. 156 

Table 1. Estimation of the Debye screening length κ−1 expressed in nm.  . 157 

Polymer concentration (mg/mL) 
κ−1water 

(nm) 

κ−10.01M NaCl 

(nm) 

κ−10.1M NaCl 

(nm) 

4 8.42 2.83 0.94 

10 5.36 2.61 0.93 

Finally, it is important to mention the large increase of I(q) at low q values indicating the 158 
formation of supramolecular structure as proposed in our model [11]. Moreover, the intensity profile 159 
at low q values (q~10−2 nm−1) agrees with the existence of aggregates with constant dimension for H2O 160 
and 0.01M NaCl [17]. In salt excess condition, I(q) slope is lower indicating a significant change of 161 
structure (Figure 2). Unfortunately, this does not allow direct determination of the persistence length 162 
from experimental data as obtained previously on another polyelectrolyte [18]. 163 

3.2. Birefringence and texture under shear 164 
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Data previously obtained for DNA solution at 10 mg/mL, in TE buffer at ionic concentration 165 
around 0.01M, were completed with birefringence observations, as a function of shear rate. The two 166 
polymer concentrations are chosen as at 4 mg/mL the absence of birefringent texture was previously 167 
demonstrated, while texture was observed at 10 mg/mL. This enables investigation of influence of 168 
texture on rheological behavior.  169 

In Table 2 it is shown that salt has a critical role in observing birefringence, and birefringent 170 
textures. Figures 4 and 5 present examples of birefringence and the textures observed.  171 

Table 2. Influence of polymer and ionic concentration on the critical shear rate for birefringence and 172 
texture formation. 173 

Solvent properties H2O  0.01M NaCl 0.1M NaCl 

4 mg/mL Birefringence σ = 5 Pa σ = 4.6 Pa σ = 4.5 Pa 

4 mg/mL Texture NO NO NO 

10 mg/mL Birefringence �́� >1 s−1 

σ = 8 Pa 

�́� >1 s−1 

σ = 9 Pa 

�́� ~ 100 s−1 

σ = 10 Pa 

10 mg/mL Texture  �́� ~1-10 s−1 

σ = 10 Pa 

�́� ~10 s−1 

σ = 15 Pa 

Heterogeneous birefringent domains 

σ = 8 Pa 

 174 

Figure 4. Birefringence of DNA solution at 4 mg/mL in 0.1M NaCl under shear a) at 10−3 s−1 b) at 500 175 
s−1. 176 
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 177 

Figure 5. Supramolecular organization of 10 mg/mL DNA solution sheared at 25°C: a) Texture 178 
obtained in water; b) in 0.01M NaCl; c) heterogeneous birefringence in 0.1M NaCl. The white bars 179 
represent the scale of 10 mm. Two videos for solutions in water and in 0.1M NaCl under shear are 180 
joined in SI. 181 

These data show no texture is formed at concentrations of 4mg/mL, confirming our previous 182 
observations [11], however birefringence is observed at relatively high shear stress (around 4.5 Pa). 183 
Our model of DNA consists of the presence of ordered domains, as evidenced by the correlation peak 184 
in SAXS data. These domains are loosely connected by extended single chains. At high shear stress 185 
the domains are fully orientated, forming a pseudo-nematic phase. In a previous study, the 186 
orientation of semi-rigid chains was directly demonstrated by neutron scattering on xanthan (a semi-187 
rigid polysaccharide) solution under shear 15. 188 

The role of polymer concentration on the supramolecular organization of DNA in solution is 189 
demonstrated for the 10 mg/mL DNA concentration.  Birefringence occurs at low shear rates, but 190 
larger shear stress due to the high solution viscosity. At 10mg/mL, liquid crystalline like textures 191 
occur over shear rates of 1s−1 confirming our previously published data [11]. In the presence of salt at 192 
0.1M NaCl, heterogeneous birefringent elongated domains appear under shear. The density of these 193 
domains progressively increases to form an almost homogeneous nematic phase. In all these 194 
experiments, a slightly negative normal force is observed when chains are orientated. It increases 195 
when the textures appear and become slightly positive. 196 

3.3. Rheological behavior 197 

To complete our previous rheological experiments on DNA solutions [11], we examined the 198 
rheological behavior at different external salt contents: in the absence of salt, and at 0.01M and 0.1M 199 
NaCl. Electrostatic repulsions are maximum in the absence of salt and progressively screened with 200 
the addition of salt. At 0.1 M in which the Debye length is small (Table 1), the behavior goes to that 201 
of the corresponding neutral polymer involving steric hindrance between semi-rigid chains. The 202 
influence of external salt, on viscometric measurements, is well described in literature [5]. Two 203 
different polymer concentrations are tested to evidence clearly the influence of texture on the 204 
rheological behavior in the semi-dilute regime, 4 mg/mL being the model for absence of texture. 205 
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3.3.1. Behavior at 4 mg/mL 206 

This solution is considered as a model for an entangled semi-dilute system in which the role of 207 
salt concentration, intrinsic stiffness, and absence of “liquid crystalline” ordered domains or texture 208 
are investigated as a function of the ionic concentration.11 209 

3.3.1.1. Dynamic measurements 210 

Rheological experiments were performed in the linear domain. The influence of external salt 211 
concentration (Cs) is shown in Figure 6 and summarized in Table 3. It is seen that the bulk relaxation 212 
time is longer in water, as is the stiffness of the system, due to stronger inter-chain repulsion requiring 213 
a stronger stress to perturb the supramolecular structure composed of correlated chains. 214 
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 215 

Figure 6. Elastic (G’) and viscous (G”) moduli as a function of the angular frequency at 25°C for 216 
different solvent ionic concentrations 0, 0.01M and 0.1M NaCl for ADN 4 mg/mL. 217 

The G’-G’’ crossing transition ω0 does not increase linearly with salt concentration. Firstly, ω0 218 
increases upon addition of salt (0.01M NaCl). This demonstrates a decrease in electrostatic forces, 219 
further evidenced by the reduction of the correlation peak in SAXS. Then ω0 decreases upon further 220 
addition of salt (0.1M NaCl). This state resembles that of the corresponding uncharged polymer with 221 
stronger entangled contacts than in the case of simple electrostatic repulsion (seen for the 0.01 M NaCl 222 
concentration) leading to an increase in G’. 223 

Table 3. Characterization of the elastic (G’) and loss (G’’) moduli at the transition for different ionic 224 
concentrations. 225 

 H2O 0.01M NaCl 0.1M NaCl 

G0 (Pa) 0.84 0.68 0.78 

ω0 (rad/s) 0.31 0.82 0.59 

η0 (Pa.s) for 

�̇� → 0 𝑠−1 

18 at 

�́� =10−3s−1 
4.1 7.2 

3.3.1.2. Flow measurements 226 
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Viscosities as a function of the shear rate are plotted in Figure 7. The well-known behavior of 227 
polyelectrolyte viscosity is observed in water. In absence of external electrolyte, the viscosity 228 
increases rapidly when the shear rate decreases due to strong electroviscous effects [20]. In 0.01M 229 
NaCl, the screening gives a pseudo plateau at low shear rate when the ionic contribution of DNA is 230 
in the same range as the solvent ionic concentration as discussed previously [5].  231 
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 232 

Figure 7. Flow viscosities of 4 mg/mL DNA solutions as a function of the shear rate at 25°C solvents 233 
with different ionic concentrations: 0, 0.01M and 0.1M NaCl. 234 

In excess of salt at 0.1M NaCl, the DNA solution behaves as the corresponding neutral polymer 235 
with a viscous plateau below 0.02 s−1. The viscosity is lower than DNA solution in water but larger 236 
than in 0.01M NaCl due to screening of electrostatic long-range interactions. This is directly related 237 
to the dynamic behavior discussed previously (Figure 6). Over �́� > 1 s−1, the viscosities are nearly the 238 
same in both NaCl-containing solvents corresponding to progressive flow alignment.  Birefringence 239 
measurements shows a progressive increase interpreted as an alignment of domains culminating in 240 
the alignment of all chains forming a pseudo-nematic phase (see pictures in Figure 4). To demonstrate 241 
the validity of the dynamic and shear viscosities, the Cox Merz representation is given in Figure 7. 242 



Polymers 2018, 10, x FOR PEER REVIEW  10 of 20 

 

 243 

Figure 8. Cox Merz overlay for 4mg/mL DNA solution at 25°C in different ionic concentrations: 0, 244 
0.01M and 0.1M NaCl. Continuous lines represent the flow viscosities and the dots represent dynamic 245 
oscillatory viscosity measurements. 246 

Figure 8 shows the complex viscosity derived from dynamic experiments and viscosity from 247 
flow behavior are in agreement, for the frequency range covered here, corresponding to the Cox Merz 248 
rule. In the presence of external salt, there is dissociation of the two types of viscosity curve over 1 249 
s−1, with flow viscosities being lower than the complex viscosities. This is related to the screening of 250 
electrostatic repulsions and subsequent increase in the elastic contribution of the chains.  251 

Observing a decrease in viscosity in polyelectrolyte solutions is a normal behavior upon 252 
increasing salt concentration due to a decrease in the electroviscous effects. However, upon complete 253 
electrostatic screening, as in the case of 0.1 M NaCl, the viscosity increases at low shear rate compared 254 
with DNA solution in 0.01M NaCl. This is due to the large steric interactions present in the semi-255 
dilute entangled solution. 256 

In Figure 9, the viscosity is plotted as a function of the applied shear stress. At low shear stresses 257 
viscosity of the 0.1M NaCl solution is lower than that of water but higher than the 0.01M NaCl 258 
solution. A plateau is observed when NaCl is present but not in water alone. In water the viscosity 259 
increases rapidly at very low shear stress this is related to the existence of a yield stress caused by an 260 
electrostatic network formation. This point will be discussed later for higher polymer concentration. 261 
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Figure 9. Viscosity as a function of the applied shear stress on 4mg/mL DNA solutions in different 263 
solvents: 0, 0.01M and 0.1M NaCl at T=25°C. 264 

Progressively increasing the stress induces orientation of the chains regardless of the ionic 265 
concentration. This leads to the curves superimposing for stresses around 2 Pa (over 1 s−1) 266 
corresponding to the appearance of birefringence, and for stress greater than 4 Pa complete 267 
orientation of chains and a pseudo-nematic phase is observed. Figure 9 shows a smooth transition in 268 
η (�́�) curve confirming the absence of a plateau on 𝜎(�̇�)representation as shown in our previous 269 
work.  270 

3.3.2. Behavior at 10 mg/mL 271 

Under the same conditions as for DNA 4mg/mL solution, dynamic experiments were performed 272 
in the linear domain. The important difference concerns the lower stress at which birefringence 273 
appears, and the presence of texture in water and low ionic concentration (Table 2, Figure 5). 274 

3.3.2.1. Dynamic measurements 275 

At low frequencies the behavior, as observed by dynamic rheological measurements, is nearly 276 
identical in the three solvents.  An original behavior is observed in Figure 10. 277 
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Figure 10. Elastic and viscous moduli obtained by dynamic oscillatory rheology for 10 mg/mL DNA 279 
solution at different ionic concentrations: 0, 0.01M and 0.1M NaCl (T=25°C). 280 

G’ and G’’ are superimposed in water and additionally, G’=G’’ up to ω~0.08 rad/s. Below ω~0.08 281 
rad/s, G’(ω)=G’’(ω)= G0.5 the exponent equals 0.5, in agreement with the criterion of Winter et al. [21-282 
23]. The criterion of Winter et al. states that a network can form, for low frequencies, in the semi-283 
dilute entangled DNA solution. This network is caused by strong electrostatic repulsion impeding 284 
the movement of single chains until some critical stress is applied. In 0.01M and 0.1M NaCl, a slight 285 
decrease of G’ is observed indicating the decrease of the electrostatic repulsion. At higher frequency, 286 
G’> G’’ is related to the modification of the supramolecular structure of the fluids corresponding to 287 
transition from solid like behavior to a liquid flowing phase which occurs above the critical gel 288 
condition (ω=0.08 rad/s). Above 0.1 rad/s, the moduli overlap in water and NaCl solutions as 289 
described by Winter and Mours for a critical gel (Figure 12 of ref. 22). In the range of high frequencies, 290 
G’’ is nearly constant without influence of salt content being not affected by the degree of crosslinking 291 
indicating the behavior of a classical viscoelastic fluid. 292 

3.3.2.2. Flow measurements 293 

It is difficult to reproduce viscosity measurements at low shear rate for concentrated systems 294 
[24-28]. This is illustrated, in Figure 11 in 0.01M NaCl. Firstly, an increasing shear rate is imposed 295 

resulting in a stress versus shear rate dependence with a slope of 1 up to around 0.1 s−1, corresponding 296 
to an apparent Newtonian plateau. Above 0.1s−1, shear stress follows a smooth evolution up to 100 s−1 297 
corresponding to a bulk flow regime. On the decreasing shear rate ramp, the shear stress decreases 298 
taking values larger than those obtained during the increasing ramp at low shear rate.  The increase 299 
behavior is characteristic of slipping at the walls and thixotropy occurring in more concentrated 300 
solutions [24,29]. In concentrated system, those generic flow curves are the signature of an apparent 301 
yield stress fluid with slipping as confirmed hereinafter. In fact, the yield stress is proportional to the 302 
elastic shear modulus [24], which is nearly the same in the three solvents with a small influence of 303 
electrostatic interactions due to the presence of external salt (Figure 10).  304 
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 305 

Figure 11. Shear stress as a function of the shear rate obtained for an increasing followed by a 306 
decreasing shear rate ramp on DNA solution in 0.01M NaCl at T=25°C. 307 

Figure 12 is a plot of viscosity against shear rate. The points were obtained while decreasing the 308 
shear rate. It can be seen that the values are lower for solutions with added salt. This is expected 309 
behavior for polyelectrolytes. In all three cases, viscosity increases at low shear rate in agreement 310 
with the existence of a yield stress. Over 10−1 s−1 the viscosities in the three solvents are overlapping 311 
in agreement with the behavior in dynamic rheological measurements. The flow viscosity and 312 
complex viscosity from the oscillatory behavior are shown in Figure 13.   313 

 314 

Figure 12. Flow viscosities as a function of the shear rate for DNA 10 mg/mL solutions in the 3 315 
solvents: H2O, 0.01M and 0.1M NaCl. Values are taken on the decreasing shear rate ramp. 316 

10
-3

10
-1

10
1

10
3

10
-2

10
0

10
2

DNA 10 mg/mL

 H
2
O

 NaCl 0.01 M

 NaCl 0.1 M


 (

P
a.

s)

 

 

 (s
-1

)
.



Polymers 2018, 10, x FOR PEER REVIEW  14 of 20 

 

10
-3

10
-1

10
1

10
3

10
-2

10
0

10
2

DNA 10 mg/mL

 H
2
O

 NaCl 0.01 M

 NaCl 0.1 M

 

 

.

.

l
*
l, 


(
) 

(P
a.

s)

 (rad/s),  (s
-1

)
.

 317 

Figure 13. Cox Merz overlay for 10 mg/mL DNA solution at 25°C in different ionic concentrations: 0, 318 
0.01M and 0.1M NaCl. Continuous lines represent the flow viscosities and the dots represent dynamic 319 
oscillatory viscosities measurements. 320 

From these data, the complex viscosity fairly agrees with the shear viscosity measurements 321 
following the Cox Merz rule (Figures 10 and 12) for which G’ and G’’ overlap over ω=10−1 rad/s. At 322 
low frequency, in the range of gel-like behavior, the Cox Merz rule is no more valid in presence of 323 
external salt probably due to slip at the wall in absence of any supramolecular structural change as 324 
indicated in Table 2. 325 

To relate the rheological behavior with supramolecular organization, viscosity is plotted as a 326 
function of the applied stress in Figure 14. It is shown that the stress needed to orientate the 327 
electrostatic network with flow direction in water is around 10 Pa much larger than for 4 mg/mL 328 
DNA solution (around 2 Pa, Figure 9). In these curves, two series of values are plotted and are found 329 
in good agreement: values from flow experiments on the decreasing step and values from the 330 
stationary state from creep step (see later in Figures 16-18). In the presence of 0.01M NaCl, the 331 
orientation stress increases up to almost 15 Pa. A higher energy is required to align the system due 332 
to partial screening of the electrostatic interactions (Figure 14). This is in agreement with the lower 333 

order parameter as shown in X-rays and the appearance of a plateau in the σ(�́�) representation 334 
(Figure 15). In the presence of 0.1M NaCl, a smooth variation of the viscosity as a function of stress 335 
is obtained and is in good agreement with absence of a plateau in σ(�́�) representation (Figure 15). 336 
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Figure 14. Viscosity as a function of the shear stress at 25°C in H2O, 0.01M NaCl and 0.1M NaCl. 338 
Measures were performed on decreasing shear rate sweep (open symbols) and in the stationary state 339 
from creep step (filled symbols). 340 
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Figure 16. Transient behavior for DNA solution 10mg/mL in water: creep experiment giving the shear 371 
rate as a function of time for each stress applied from 0.1 to 10 Pa. 372 

A similar behavior is observed in the presence of 0.01 M NaCl. At very low stress (circa 0.02 Pa) 373 
the sample behaves as a solid (Figure 17). The sample begins to flow at a lower yield stress than the 374 
sample in water and is faster to reach the stationary state. For samples in 0.01 M NaCl solution flow 375 
occurs at circa 1 Pa, and the stationary state is obtained after a maximum of 100 s. When stress above 376 
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10 Pa is applied the sample exhibits a textured structure under birefringence. Physically this behavior 377 
is caused by a looser electrostatic network providing less hindrance to movement than for DNA in 378 
water solution corresponding to lower viscosity (Figure 12).  379 
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Figure 17. Transient behavior for DNA solution 10mg/mL in water: creep experiment giving the shear 381 
rate as a function of time for each stress applied from 0.1 to 10 Pa. 382 
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Figure 18. Transient behavior for DNA solution 10mg/mL) in 0.1M NaCl: creep experiment giving the 384 
shear rate as a function of time for each stress applied from 0.1 to 14 Pa. 385 

In 0.1M NaCl, the flow occurs at very low shear stress corresponding to an apparent yield stress 386 
lower than 0.1 Pa (Figure 18). In this salt concentration, the supramolecular organization changes to 387 
a looser structure.  388 
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Irrespective of solvent conditions, the DNA solutions at 10 mg/mL present a yield stress at very 389 
low shear stress in agreement with dynamical and flow measurements (Figures 10 and 12). 390 

4. Conclusions 391 

The influence of the external salt concentration on the rheology and supramolecular structure of 392 
DNA solutions was discussed in this paper. Rheological measurements were performed with SAXS 393 
and birefringence experiments. In water, strong interchain electrostatic repulsions induced the 394 
existence of a correlation peak between chains in solution. This correlation peak is progressively 395 
depressed in presence of external salt. Two DNA concentrations in the semi entangled regime were 396 
chosen: 4mg/mL which exhibits birefringence at high shear rates, but no particular texture is 397 
observed; and 10 mg/mL where clear supramolecular structure was evidenced previously in 0.01M 398 
buffer solution [11]. 399 

At 4 mg/mL in water, the G’ modulus and the viscosity under flow are higher than in presence 400 
of salt. Viscosity decreases steeply around a stress of 5 Pa and birefringence occurs over 50 s−1 401 
corresponding to alignment of all the chains in the flow. Salt in solution changes the rheological 402 
behavior due to screening of electrostatic repulsions. The local organization is depressed but it is 403 
shown that the dynamic modulus and flow viscosity are lower in 0.01M NaCl than in 0.1M NaCl. In 404 
this case, 0.1 M NaCl concentration, long range electrostatic interactions are absent and steric 405 
interactions dominate in the entangled semi-rigid chain assembly, inducing higher G’ and viscosity 406 
in the Newtonian plateau. 407 

Irrespective of ionic concentration, increasing the stress progressively allows orienting the 408 
interacting chains and the curves obtained for the different solvents superimpose over a stress around 409 
2 Pa (Figure 9). Larger stresses correspond to the entrance in the birefringent regime where all the 410 
chains orient in the flow over 4 Pa. Clearly, from Figure 9, a smooth transition is obtained confirming 411 

the absence of plateau on σ(�̇�) representation.  412 
At 10 mg/mL, an electrostatic network with G’(ω) = G”(ω) is demonstrated from dynamic 413 

rheology at frequency lower than 0.08 rad/s in water; electrostatic interactions decrease progressively 414 
in presence of external salt being progressively substituted by steric interactions. Then, an apparent 415 
yield stress is found from stress measurement at low shear rate and confirmed in transient 416 
experiments in water and to a lower degree in NaCl. Due to this mechanism, viscosity measurements 417 
as a function of the shear rate are delicate and the values must be taken on the decreasing step in 418 
shear rate. Due to this gelation mechanism, observation time dependence involved in experiments 419 
under stress implies change in the supramolecular structure and dynamic of the systems.  420 

The curves giving the viscosity as a function of the shear stress applied presents a two steps 421 
transition: i) first one around 4 Pa (over 1 s−1) where texture starts; the second one at 10 Pa in water; 422 
ii) at 4 Pa and around 12 Pa in 0.01M NaCl respectively corresponding to texture appearance with 423 
large decrease in viscosity at constant shear stress. The formation of the texture corresponds to a 424 
plateau in the shear stress (shear rate) representation.  Textures in 0.01M NaCl are less visible than 425 
in water corresponding to a lower organization of stiff chains. Nevertheless, in 0.1M NaCl, smooth 426 
variation of the viscosity with shear stress with looser organization (no texture as shown in water 427 
and 0.01M NaCl) is obtained with no plateau in the stress versus shear rate representation. In 0.1M 428 
NaCl, heterogeneous birefringent solution formed by large domains orientated in the flow. Whatever 429 
the ionic conditions, at higher shear stress, all the chains orient in the flow with a low viscosity and 430 
the solutions are birefringent corresponding a pseudo-nematic supramolecular organization of the 431 
system. 432 

This work clearly describes the influence of polymer concentration and external ionic 433 
concentration on the rheological behavior and supramolecular structure of this original stiff DNA 434 
polymer.  It is demonstrated that at higher polymer concentration, a plateau is obtained in the σ(�́�) 435 
representation as soon as long-range electrostatic interactions and texture exist. An important point 436 
is that the rheology is dependent on the history of the samples at higher polymer concentration (as 437 
seen in the example of DNA solution at 10mg/mL). The experimental conditions need to be precisely 438 
controlled, especially the ramp speed in viscosity and shear rate experiments, to obtain robust data.  439 
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For the first time, the presence of an electrostatic network is demonstrated, especially in water 440 
at 10 mg/mL DNA concentration where electrostatic repulsions are at a maximum. In addition, for 441 
all samples studied it is shown that the rheological behavior is particularly original at low flow shear 442 
rate and low dynamic frequency applied. 443 

Supplementary Materials: The following are available online at www.mdpi.com/link, Video S1, S2: DNA 444 
solutions 10 mg/mL in water and in 0.1M NaCl under shear are joined in SI. 445 
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