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Systematic investigations using neutron and X-ray small angle scattering in near-physiological salt
solutions were made to reveal the effect of polymer concentration, pH, and calcium ion concentra-
tion on the structure of semi-dilute solutions of four model biopolymers [polyaspartic acid, DNA,
chondroitin sulfate, and hyaluronic acid (HA)] representing typical backbone structures. In the low ¢
range (<0.01 A1), the scattering response I(g) is dominated by scattering from large clusters. In the
intermediate ¢ range, I(g) varies approximately as ¢~!, exposing the linear nature of the scatterers.
In these polyelectrolyte solutions, the correlation length L displays a power law dependence on the
polymer concentration ¢ that resembles that of neutral polymer solutions. L increases with increasing
calcium chloride concentration and with decreasing pH. The effect of the different divalent cations,
Ba, Mg, Ca, Sr, and Mn, on the structure of DNA solutions is practically identical. However, in mixed
salt conditions at the same ionic strength, the combined effect of mono- and divalent counter-ions
on the structure of the polymer solutions deviates significantly from additivity. Anomalous small
angle X-ray scattering observations on both DNA and HA solutions reveal that the divalent strontium
counter-ions form a tight sheath around the polymer chain. The shape of the divalent ion cloud is

similar in these two systems. https://doi.org/10.1063/1.5028351

INTRODUCTION

Solution properties of charged polymer molecules depend
strongly on their ionic environment. Charges give rise to com-
plex inter- and intramolecular interactions that govern the
short and long range behavior.'~!3 These interactions can be
screened by varying the pH or by adding salts to the system. In
the case of strong electrostatic coupling, counter-ions assemble
around the polyion. The distribution of monovalent counter-
ions is usually well approximated by the Poisson-Boltzmann
theory.>” When the electrostatic interactions involve multiva-
lent ions, however, this model fails.!#15

Recently, the understanding of the effect of multiva-
lent cations on structure formation in polyelectrolyte solu-
tions has significantly progressed, owing to advances in the
field of molecular dynamics simulations.’>'® Tt has been
shown, for instance, that in these systems, a net attrac-
tive interaction occurs between like charged macroions and
that the charged molecules can attract each other due to
charge fluctuations in the counter-ion distribution.?®>! Under
certain circumstances, ordered structures appear. Depend-
ing on the dynamics of the interactions, metastable states
may also develop. In the presence of divalent counter-
ions, stiff polyelectrolyte chains may spontaneously form
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bundles and create a network structure.'>?! In polymer solu-
tions composed of long flexible chains, aggregation can occur.
With monovalent counter-ions, aggregation is usually less
pronounced.

Although many experimental studies have been per-
formed on polyelectrolyte solutions in different ionic envi-
ronments, relatively little attention has been paid to the
biologically relevant situation in which both mono- and diva-
lent counter-ions are present. Flory and Osterheld studied the
effect of mono- and divalent counter-ions on the extension
of polyacrylic acid chains in dilute solutions and found that
at a fixed degree of neutralization, the chain expansion fac-
tor varies inversely with the ionic strength of the solution.??
However, systematic investigations into the effect of the ionic
environment on the structure and interactions of biopolymer
solutions are lacking. This knowledge is essential to under-
stand physiological processes in which ions play a central
role. For example, the ion-induced assembly is a general phe-
nomenon that appears in a variety of biological situations, such
as wound healing and cell and tissue development, as well as
in many pathological conditions.

The aim of this study is to determine the effect of the
ionic environment on the solution structure of four anionic
polymers that model the three major classes of biomacro-
molecules vital for life (proteins, polynucleic acids, and
polysaccharides). To model a protein chain, we used polyas-
partic acid (PASP), which possesses a peptide backbone. We
also study DNA, a typical polynucleotide and chondroitin
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sulfate (CS) and hyaluronic acid (HA). The latter are charged
polysaccharides that are major constituents of the extracellular
matrix. Small angle neutron scattering (SANS) and small angle
X-ray scattering (SAXS) are used to determine the organi-
zation of the molecules over a broad range of length scales,
10 A < g7' < 500 A, where ¢ is the scattering wave vec-
tor, g [=(4m/M\)sin(6/2)], O is the scattering angle, and A is the
wavelength of the incident radiation. The effects of polymer
concentration, pH, and calcium ion concentration are inves-
tigated by these techniques in near physiological solution
conditions. Anomalous small angle X-ray scattering (ASAXS)
is used to determine the ion distribution around the polymer
chains.

This paper is organized as follows. After a brief descrip-
tion of the theoretical background and the materials and meth-
ods, differences between the scattering responses of these
polyelectrolyte solutions and those of neutral polymers are
discussed. We present the results of SANS and SAXS mea-
surements made on the four biopolymer solutions at different
polymer concentrations in 0.1M NaCl. The organization of
the different polymers in the semi-dilute concentration range
is investigated by comparing the concentration dependence of
the small angle scattering response. The effects of pH and cal-
ciumions on the characteristic length scales are then examined.
To determine the shape of the divalent ion cloud surrounding
the polymer chains in physiologically relevant salt conditions,
ASAXS measurements were made on the solutions of HA and
DNA.

THEORY
Scattering from macromolecular solutions

Simple binary solutions of neutral flexible polymers con-
sist of a polymer component and a low molecular weight
solvent. The scattering properties of neutral semi-dilute flexi-
ble polymer solutions?® are described by a correlation length
¢ that is governed by short range van der Waals interac-
tions and defines the average spatial extent of the ther-
mal concentration fluctuations. The correlation length can
be determined by small angle scattering techniques. In the
case of random thermal concentration fluctuations, this scat-
tering response may be described by an Ornstein-Zernike
function®*
kBTC 1

dll/dc [1 4 (qf)z] ’

where Ap? is the contrast factor’ between the polymer and
solvent, kg is the Boltzmann constant, 7 is the absolute tem-
perature, IT is the osmotic pressure of the system, and c is the
polymer concentration. In this uniform solution, the only char-
acteristic length scale is &, which decreases with increasing
concentration.

When the chain contains rigid or semi-rigid segments, a
different correlation length is required, a situation that has been
addressed theoretically?®?’ for infinitely thin chains. The scat-
tering function from a system of linear segments must vary as
1/g. For real systems of finite cross-sectional area, however,
two length scales are needed to describe the scattering func-
tion, one for the length and the other for the cross-sectional

I(q) = Ap® (1)
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radius R. At high concentration, the molecules overlap to form
a network in which the linear character of the segments can
be detected in the appropriate g range. This happens when the
resolution g of the observation is high enough to distinguish a
length L of a given sequence of segments from among the many
overlapping chains. To describe the scattering response, we
employ the following empirical expression,”® which contains
three adjustable parameters and is applicable in the Guinier
approximation gR < 1:

A

I(q) = -
(1+@L?) " (1+42R2)

@)

The first factor in the denominator of Eq. (2) simulates
the scattering by a thin rigid rod,” and the second factor
is the low-¢g approximation for its finite cross section. We
recall however that in the overlapping regime, the concen-
tration fluctuations, which give rise to the scattering, cor-
respond to fluctuations in the separation between the semi-
rigid rod-like elements. This implies that L is a measure of
the distance between neighboring chains. In neutral poly-
mer solutions, the scattering intensity at ¢ = 0 is defined by
Ref. 30,

_ 2 kBTC
~ o emjac

In polymer solutions in which molecular associations or
other large-scale structures are present, the description of the
scattering response requires an additional term. This feature
has been observed in many systems.?®3!=3> In polyelectrolyte
solutions, the molecular associations give rise to an extra scat-
tering contribution at small angles, which takes the form of a
power law

A 3

Icluster(Q) = Bq_m, 4

where Bis a constant and m > 3.2! The total scattering intensity
thus becomes

A

I(q) =
(1+@0?) " (1+2R?)

+Bq ™. 5)

At high values of ¢, however, beyond the range explored
by SANS, the total scattering curve is no longer satisfactorily
described by Eq. (5). To account more realistically for the
shape of the polymer chain, we replace the cross-sectional
form factor 1/(1 + ¢g°R?) in Eq. (5) by that of a uniform solid
cylinder of external radius R, i.e., [J4 (R,q)/qR]z, where J1(R,q)
is the cylindrical Bessel function of order 1. The total scattering
intensity now becomes

I(q) =

2

(1+(qL)2)l/2 qR

ASAXS from polymer solutions

ASAXS provides a unique method of determining the
counter-ion distribution in polyelectrolyte solutions. In these
systems, the scattering intensity contains a contribution from
the structure factor of the polymer as well as from that of the
counter-ions associated with the polymer.3>—?
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The total scattering function can be defined in terms of
the differences in electron density (p;(E) — ps) between the
solvent and the other components (j = polymer, resonant ion)
of the solution. Thus

160 E) = 0% (2 = £) @+ 2(p = ) 0B = S p(@)
)= pSu@), %

where 7y (2.818 x 10713 c¢m) is the classical radius of the
electron, E is the energy of the incident X-ray beam, and Sj(¢)
is the partial structure factor, in which j and & represent either
the polymer (p) or the ion cloud (x). In the vicinity of the
absorption edge, p, is energy-dependent. Thus

Px = Naf(E)/ vy, (8)

where N4 is Avogadro’s number and v, and f(E) are,
respectively, the volume and the effective number of elec-
trons f of the counter-ion. As the energy E of the incident
photons approaches the absorption threshold from below,
the electron density py(E) of the counter-ion decreases,
while that of the polymer and of the solvent remains
constant.

The difference between the scattering intensity /(g) from
a sample at two different energies E; and E» is then given by

Nl(g,Er, E») = 1(q, E1) ~ 1(q, B2
E - f(E
—on?(FELED) (5, - )5

Vx

N (f(El) +f(E) _

2. ps)Sxx(q)] > 9

where E| and E, are, respectively, the reference energy mea-
sured far below the absorption edge and that just below the
edge, where the anomalous effects are the strongest.*>** In
the present system consisting of water, polymer, and stron-
tium ions, ps = 3 X 1023 e/cm?, pp =6 X 1023 e/cm3,f ~ 30,
and v, ~ 6 x 1072 cm?. In the two systems studied, DNA and
HA, it is found that S(q) is proportional to Sy,(q). In the dis-
cussion of the ion distribution, we therefore simply base our
observations on the difference Al(q,E,E,) without resorting
to its component parts.

EXPERIMENTAL
Sample preparation

Polyaspartic acid (PASP) solutions were made from the
sodium salt of PASP (Sigma, My, = 42 kDa) in D,0O. The
PASP concentration ranged between 2% and 20% w/w in 0.1M
NaCl. The CaCl, concentration was varied between 0 and
0.2M.

DNA solutions were prepared from a sodium salt of dou-
ble stranded DNA (Sigma, salmon testes, My, = 1.3 X 106) in
0.1M NaCl solution. The percentage of the G-C content of this
DNA was 41.2%. Different amounts of calcium chloride were
added to the DNA solutions. The final concentrations of the
DNA solutions were 1%, 2%, 3%, and 6% by weight. In the
case of the 6% solution, five calcium concentrations were stud-
ied, ccact, = 0, 0.02, 0.04, 0.06, and 0.08M. At higher cc,cl,
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concentrations, phase separation occurs in this system. SANS
measurements were made below this threshold concentration.

Chondproitin sulfate (CS) solutions were prepared by dis-
solving the sodium salt of CS (Sigma-Aldrich, My, = 40 kDa)
in D,0O. The CS concentration ranged between 1% and 20%
w/w in 0.1M NaCl. Concentration of added calcium chloride
was varied between 0 and 0.2M. The samples were allowed to
homogenize for 2-3 days.

Sodium hyaluronate (HA, Sigma My, = 1.2 X 100,
My,/M,; = 1.5) solutions were made in H,O containing 0.1M
NaCl at different HA concentrations in the range 1%—4%
w/w. Above 4% w/w polymer concentration, the HA solu-
tions exhibit physical gelation, even in the absence of divalent
cations. Calcium chloride concentration was varied in the
range 0-0.2M. The sodium chloride concentration (0.1M) and
pH (=7) were identical in all samples.

Small angle neutron scattering measurements

SANS measurements were made on the NG3 instru-
ment at NIST, Gaithersburg, MD. For these measurements,
the solvent used in all samples was D,O. The temperature
was maintained at 25 + 0.1 °C during the experiments. Mea-
surements were made at two sample-detector distances, 2.5 m
and 13.1 m, with incident wavelength 8 A. After radial
averaging, corrections for incoherent background, detector
response, and cell window scattering were applied. The
intensity normalization was made with the NIST standard
samples.*

The ASAXS measurements were done on the BM2 beam
line at the European Synchrotron Radiation Facility (ESRF).
The pixel size of the 2D charge coupled device (CCD) detec-
tor was 50 um. Corrections were made for dark counts and
camera distortion. The measured intensities were normalized
using a standard polyethylene sample (lupolen) of known scat-
tering cross section. The transfer wave vector range explored
was 0.008 A= < ¢ < 1.0 A~ where the upper limit g,
defines the spatial resolution that can be achieved in this type
of measurement. To limit radiation damage effects, sequences
of exposure times were limited to 50 s and the position of
the beam in the sample was changed at each exposure. No
detectable effects of radiation damage were found in any of
the samples.

At the high values of g explored in this investigation,
solvent background corrections are of paramount concern,
particularly owing to the fluorescent signal generated close
to the absorption edge. The fluorescent signal was corrected
by subtraction of a constant background. To maintain the
sample thickness as closely as possible, identical to that
of the background solution, specimens were held between
25 pm thick mica windows separated by a 2 mm Teflon
washer.

As the absorption threshold of the calcium counter-ions
occurs at too low energy (4.038 keV) for viable operation of
the X-ray beam line, these ions were substituted by stron-
tium (16.1047 keV). H,O was used as the solvent for all these
samples. The SAXS measurements were made at six energies
below the strontium absorption edge: 15.800, 15.984, 16.056,
16.085, 16.097, and 16.102 keV.
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RESULTS AND DISCUSSION region appears, followed by a further decrease in intensity at
high ¢. The latter feature corresponds to the cross-sectional
radius of the molecule. In all cases, the scattering intensity is
Figure 1 shows the SANS profiles of the four biopolymer  an increasing function of the polymer concentration over the
solutions in 0.1M NaCl. All the curves possess the same gen-  whole g range.
eral shape represented by Eq. (5). The power law slope of the As mentioned in the section titled Theory, if the parti-
low g feature always lies in the range 3 < —m < 3.5, typical  cles in a given system are independent, the scattering intensity
of scattering from rough surfaces. As no change in slope is  is proportional to the concentration c¢. Deviation from pro-
detected at the lowest values of g, the size of the large clusters  portionality is thus an indicator of interactions among the
giving rise to the surface scattering cannot be estimated. In the scattering elements. The insets in Fig. 1 show the intensities,
intermediate ¢ range (0.01 A™! < ¢ < 0.1 A™!), aplateau-like  normalized by the concentration, as a function of ¢ for the

Concentration dependence of the SANS profiles
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FIG. 1. SANS or SAXS responses of polymer solutions in 0.1M NaCl of (a) PASP, (b) DNA, (c) CS, and (d) HA (SAXS) for different polymer concentrations.
Continuous lines through the data points are fits to Eq. (5). Insets: Reduced intensity /(g)/c” (a) PASP, with p = 1, (b) DNA, with p = 1, (¢) CS, with p = 0.7, and
(d) HA with p =0.7.
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different systems. In these figures, the normalization I(g)/c?
was adopted, where p < 1 and p > 1 correspond, respectively,
to repulsive and attractive interactions. The value of p was
selected to obtain coincidence of the reduced intensity in the
high g region where the signal originates from the individual,
non-overlapping, chain segments.

For PASP, to a good approximation, all the curves /(q)/c
superimpose over the whole g range. PASP thus displays single
(individual) chain behavior, not only in the high ¢ range (as in
neutral polymer solutions) but also at lower g, where an overlap
among the coils would normally prevail in similar solutions of
a higher molecular weight polymer.

For the DNA solutions [Fig. 1(b)], the curves I(g)/c super-
impose in the high g range, like PASP. Below ¢ ~ 0.02 A~!,
however, the data are too noisy to detect a trend, probably
as a result of slow structure formation in these high viscosity
solutions.

In the CS and HA solutions, the intensity increases more
weakly than c¢. To obtain superposition in a representation of
the general form I(g)/c”, I(qg) in the high g range must be
divided by ¢%7 in both systems. In these solutions, normaliza-
tion of the scattering curves /(g) by the polymer concentration
reveals weak residual electrostatic interactions in 0.1M NaCl.
However, the chemical composition and structural flexibility
of the polymers, as well as hydrophobic interactions (i.e., the
full complexity of polyelectrolyte molecules), may also play
an important role.

There are many variables controlling the behavior of poly-
electrolyte solutions. Charged macromolecules are correlated
both topologically and electrostatically, and they interact with
the ions in the solution. The electrostatic coupling between
polyelectrolyte chains and the surrounding ion cloud gives
rise to solution properties that differ from neutral polymer solu-
tions. Hydrogen bonding, van der Waals interactions, excluded
volume effects, etc. also contribute to the complexity of the
systems. The collective behavior of these interactions is poorly
understood.*

The SANS results were analyzed in terms of Eq. (5).
Within experimental error, R was found to be independent of
concentration, which is consistent with its role as the cross-
sectional radius of the polymer chain. (Values found for R were
DNA 10+ 1 A,PASP3.5+ 1 A, and HA and CS 5.5 + 1 A)
The values of L and A calculated from the fits are displayed in
Fig. 2 as a function of the polymer concentration. For the four
different biopolymer solutions, all the values of L lie on a mas-
ter curve in the form of a power law with slope —0.65 + 0.05.
It is notable that this exponent is close to that reported for the
concentration dependence of the correlation length § in neutral
polymer*”*® and polyelectrolyte* solutions. The agreement
between the values of L and the dynamic light scattering mea-
surements of the hydrodynamic correlation length, both in CS
and HA, is evidence that the length L is the thermodynamic
correlation length of the solution.

For each system, A exhibits a weakly increasing power law
dependence on the concentration. This behavior contrasts with
the scaling prediction for neutral polymer solutions, where, in
good solvent conditions,

kBTC _
A=ApP—— 14, 10
P omae =€ (10)
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FIG. 2. Left hand axis: concentration dependence of the length L determined
from the fits of Eq. (5) to the SANS responses of the CS, HA, PASP, and DNA
solutions in 0.1M NaCl. Also shown are the values of the hydrodynamic
correlation length & measured in similar solutions of HA (x) and chondroitin
sulfate (+) by dynamic light scattering. Right hand axis: scattering amplitude
A determined from the fits of Eq. (5) to the same SANS measurements.

In neutral polymer solutions, A thus decreases weakly as a
function of the concentration.?®

In summary, the above results show that in 0.1M NaCl
solution, the small angle scattering response of the four
biopolymer systems displays significant deviations from that
of solutions of flexible neutral polymers, as described by
Eq. (1). At low ¢, a strong upturn in intensity is observed,
the power law slope of which is greater than —3, charac-
teristic of surface scattering. This feature is present both in
polymers having hydrophilic (HA, CS, PASP) and relatively
hydrophobic (DNA) backbone. Normalization of the scattering
curves /(q) by the concentration reveals residual electrostatic
interactions in 0.1M NaCl solution. In PASP and in DNA (at
g > 0.02 A7), the scattering intensity is proportional to
the polymer concentration ¢. HA and CS, however, exhibit
deviation from proportionality. In these solutions, to obtain
coincidence at high g, the scattering intensity must be nor-
malized by %7, with the implication that the residual electro-
static interaction between adjacent polymer chains is repulsive.
The similarity between the behavior of HA and CS can be
attributed to the similar chemical architecture of the two poly-
mers. PASP differs from HA and CS not only in its chemical
composition but also in its flexibility. The persistence length
of the PASP chain is much shorter (<10 A) than that of
the polysaccharide chains (*100 A), and its cross-sectional
radius is almost 50% smaller. Consequently, the interpene-
tration of the PASP molecules is less pronounced, and they
behave as independent scattering units. In the case of the
DNA, the attractive interaction between the hydrophobic seg-
ments may compensate the residual repulsive electrostatic
forces.

Effects of ionic environment

SANS measurements were also made on the biopolymer
solutions as a function of pH (Fig. 3) and of calcium ion content
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FIG. 3. pH dependence of small angle scattering responses. (a) PASP 5% w/w (SANS); (b) DNA 4% w/w (SANS); (c) CS 5% w/w (SANS); and (d) HA 4%
w/w (SAXS). Inset shows the pH dependence of the parameters L and R [Eq. (5)].

(Fig. 4). These changes in the ionic environment modify both
the effective charge density on the polymer chains and the elec-
trostatic screening in the solvent. With decreasing pH, weak
polyacids become progressively protonated as the counter-ions
are replaced by the hydrogen ions. Polyacids possessing a
hydrophobic backbone precipitate at low pH. Increasing the
calcium ion concentration has two important consequences:
progressive screening of the electrostatic interactions in the
solvent and condensation of the ions on the oppositely charged
polymer. Both effects reduce the repulsive electrostatic inter-
actions between neighboring molecules. We first discuss the
effect of pH and then that of calcium ions.

Figure 3 shows the SANS response 1(g) of the four poly-
mer solutions at different pH. To avoid precipitation, these

measurements were confined to pH > 1. Inspection of the
figure shows that Eq. (5) provides a satisfactory fit to I(q)
in all cases. In both the low and high g regions, /(g) is influ-
enced only weakly by the pH, but in the intermediate range
(0.01 A~ < g < 0.08 A1), the scattering intensity increases
with decreasing pH. This increase is consistent with the gen-
eral behavior of polymer solutions close to phase separation,
in which the intensity increases due to the increasing ampli-
tude of the thermodynamic fluctuations as the transition is
approached. The insets of Fig. 3 show that in all the solutions,
the spatial range L of the fluctuation increases with decreas-
ing pH. In solutions of weak polyacids, it is expected that
at pH < pKa, the thermodynamic properties, such as solu-
bility and osmotic pressure, change abruptly. In the present
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FIG. 4. Variation of SANS responses with CaCl, concentration. (a) PASP 5% w/w (SANS); (b) DNA 4% w/w (SANS); (c) CS 5% w/w (SANS); and (d) HA
4% wiw (SAXS). Inset shows the calcium ion dependence of the parameters L and R [Eq. (5)].

solutions, however, the shape of the scattering profile displayed
no sign of qualitative change in the pH range investigated
(1<pH<T).

Figure 4 shows for each system how the SANS response
varies with increasing calcium chloride concentration. The
effect of calcium ions is qualitatively similar to that of the pH.
The low g-region of the SANS curves is practically unaffected
by the addition of CaCl,. The increase in scattering amplitude
in the intermediate g region is much greater than that due to pH
and is accompanied by a more pronounced increase in L. In the
PASP solution, for example, L increases by a factor of more
than 7 (from 11 to 82 A) upon addition of 0.1M CaCl,, while
it changes by a factor of less than 3 (from 11 to 29 A) when the

pH is reduced from 7 to 1. We note that DNA solutions become
unstable and precipitate at higher CaCl, concentrations. This
behavior may reflect the formation of calcium-bridged supra-
structures. Such an effect could be more significant for
double stranded DNA, which has less solvent-accessible “sur-
face area” of hydrophobic bases than for single stranded
DNA.

A striking feature of the SANS curves, both in their pH
and calcium chloride dependence, is the progressive exten-
sion to lower values of g of the linear region (i.e., where
I(g) o< 1/q). This effect is illustrated in Fig. 5 for two 4%
w/w CS solutions in the absence of NaCl, one at pH = 1 and
the other with 0.2M CaCl,. In the latter case, the linear range
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FIG. 5. SANS responses of 4% w/w chondroitin sulfate solutions in the
absence of NaCl, with 0.2M CaCl, (blue circles) and pH = 1 (red trian-
gles). The region in which I(g) o« ¢~! (0.008 < ¢ < 0.2 A~1) is the signature
of linear geometry and indicates the shape of the fluctuating correlation
volume.

extends from 0.008 A~! to 0.2 A~!, corresponding to an upper
length limit 1/g ~ 125 A. This value is comparable to the per-
sistence length of the CS molecule (x100 A)**>! indicating
that Ca®* ions promote chain alignment.

Since many of the macroscopic properties of poly-
electrolyte solutions, notably osmotic and electrostatic
properties, are satisfactorily interpreted in terms of the ionic
strength, we investigate how the ionic strength and salt com-
position influence the structure of the polymer solution at
the length scales probed by SANS. The ionic strength is
J = ,%,Z%c;, where Z; is the valence of the ion
species i and c¢; is its concentration. This concept assumes
additivity of the contributions of mono and multivalent ions.
If the ionic strength were the sole determining factor that
governs the structure of the polymer solution and its scat-
tering response, the SANS spectrum of a polyelectrolyte
solution containing x moles of CaCl, would be identical
to that of an equivalent solution containing 3x moles of
NaCl.

In Fig. 6, the SANS spectra of 4% w/w CS solutions,
measured in 0.05M and 0.1M CaCl, (J = 0.15M and 0.3M,
respectively), are compared with that of a corresponding
4% w/w CS solution containing 0.2M NaCl (J = 0.2M).
The figure demonstrates that the SANS responses deviate
significantly from additivity. In the range ¢ > 0.01 A~!
dominated by the thermodynamic concentration fluctuations,
the intensity scattered by both calcium containing systems
exceeds that of the sodium containing counterpart by a fac-
tor of approximately two, reflecting that the correlation length
is greater in the presence of calcium ions. This finding
indicates that the effect of calcium ions cannot be inter-
preted purely in terms of the ionic strength of the solution.
Other factors, such as attractive and repulsive forces between
the charged groups on the polymer backbone, interactions
among the ions and solvent molecules, charge density of
the polyions, ion hydration, etc., may also play an important
role.

J. Chem. Phys. 149, 163312 (2018)
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FIG. 6. SANS responses of 4% w/w CS solutions containing either NaCl or
CaCl, at different concentrations.

In summary, changes in the ionic environment due either
to the pH or to added calcium ions affect primarily the
scattering response in the intermediate g range. The scat-
tering intensity in this region increases with decreasing pH
and with increasing calcium ion concentration. This inten-
sity increase is accompanied in both cases by an increase
in L and can be attributed to a change in the polymer-
solvent interaction. In mixed salt conditions (i.e., contain-
ing both NaCl and CaCl,) at the same ionic strength, the
combined effect of mono- and divalent counter-ions on the
structure of the polymer solutions deviates significantly from
additivity.

Anomalous small angle x-ray scattering (ASAXS)

The subsection titled “Effects of ionic environment”
described ion-induced changes in the organization of the dis-
solved biopolymer molecules, as seen by small angle scat-
tering. As the small angle scattering intensity is governed
primarily by the difference in contrast between the poly-
mer and the solvent, this technique does not detect the
contribution of the counter-ions owing to their small effect
to the total scattering intensity. As the ion concentration
increases, changes occur in (i) the thermodynamic interac-
tions that cause intermolecular reorganization and (ii) the
composition and distribution of the counter-ion cloud. To
separate these two contributions and determine the counter-
ion distribution, ASAXS measurements were made in solu-
tions of DNA and HA containing mono and divalent cations.
These polymer systems differ in their phase stability. DNA
solutions are sensitive to divalent counter-ions: in solutions
containing 0.1M NaCl and 0.25M CaCl,, they precipitate.
HA, by contrast, remains stable in solution even up to 1M
CaCl,.

The ASAXS technique modifies the scattering contrast
between the counter-ions and the solvent, without affecting
that of the polymer. The scattering response from the same
sample is recorded at different incident energies close to
the absorption edge of the resonant atom being investigated.
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FIG. 7. SANS response of solutions of DNA at 6% w/w, containing 0.1M
NaCl with 0.06M of SrCl,, BaCl,, MgCl,, MnCl,, and CaCl,, respectively.

Asnoted in the Experimental section, strontium ions were used
to substitute for the calcium ions since the atomic absorp-
tion edge of this atom lies in a convenient energy range for
scattering measurements. This substitution does not affect the
structure of the solution, as demonstrated in Fig. 7, which
shows that the SANS responses of DNA solutions with five
different divalent cations are practically indistinguishable.
The ASAXS measurements were made on semi-dilute
solutions of DNA and HA containing 0.1M NaCl, together
with different amounts of SrCl,. Typical SAXS responses are
shown in Fig. 8 at different incident X-ray energies close
to the threshold of strontium (16.1046 keV). The scatter-
ing curves are almost indistinguishable in this figure. The
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FIG. 8. SAXS response of a 3% w/w DNA solution containing 0.1M NaCl
and 0.03M SrCl, and a 4% w/w HA solution containing 0.1M NaCl and 0.05M
SrCl, at two energies. Red symbols: 15.8 keV and blue symbols: 16.102 keV.
Inset shows the DNA data at higher resolution from the region 0.05 < g <
0.08 A-L.

inset shows the SAXS profiles measured at 15.8 keV and
16.102 keV. The difference between the two responses is due
to the counter-ion cloud of strontium ions surrounding the
polymer.

Figure 9 illustrates two important findings. Figure 9(a)
shows that at constant incident energy (E, = 16.102 keV),
the difference signal Al(q) increases with increasing SrCl,
concentration in the polymer solution and Fig. 9(b) for the
rubidium signal, AI(g) is insensitive to the calcium content of
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FIG. 9. (a) Intensity difference Al(q) = [1(¢)15.8 — 1(¢)16.102] in @ 3% w/w DNA solution with 0.1M NaCl and different amounts of StrCly; (b) Al(g) = [1(q)14.9
—1(¢)15.197] in a 4% w/w HA solution containing 0.1M RbCl and different concentrations of CaCl,. Inset: Al(g) in a 4% w/w HA solution containing 0.1M
RbCI and 0.1M CaCly, for two near-threshold energies £ = 15.180 and 15.197 keV, in which the reference energy is E1 = 14.9 keV.
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the solution. The insets in both figures also illustrate how Al(q)
increases as the energy of the incident radiation approaches the
atomic absorption threshold of the resonant ion.

Figure 10 shows typical ASAXS signals Al(q) from the
rubidium counter-ion cloud around DNA and HA polymer
chains in the presence of 0.01M CaCl,. In the low ¢ region,
both responses vary approximately as ¢~ ! but diverge faster
with decreasing ¢ as scattering from heterogeneities becomes
dominant. The continuous lines in the figure are the fits of
Eq. (6) to the data, where we make the approximation that the
shape of the counter-ion cloud is patterned on that of the poly-
mer chain. The radius R of the counter-ion cloud is expected to
be greater than that of the bare polymer. To estimate R for the
rubidium cloud, we use the simple model of Eq. (6) according
to which the strong downturn in signal intensity from DNA
at ¢ ~ 0.24 A" indicates a cylinder of radius R ~ 16 A,
while for HA, the first zero at ¢ ~ 0.52 A~! corresponds to
R~74A

Figure 11 shows the corresponding ASAXS strontium
response in the Kratky representation, g>AI(q) vs ¢, to enhance
the difference in scattering behavior in the high g region where
the scattering intensity is weak. The figure shows the data
for DNA with 0.08M SrCl, and for HA with 0.05M SrCl,.
The fits to these curves yield R = 13.7 A for the radius of
the strontium cloud around DNA and R = 5.5 A with HA. It
should be mentioned that the model underlying Eq. (6) is sen-
sitive preferentially to the inner core of the hollow cylindrical
cloud, where the boundary is sharp, rather than to its mean
radius. This geometrical distinction is especially relevant to
the case of the monovalent ion, where the external structure of
the cloud is diffuse. Nevertheless, these ASAXS results show
that in both DNA and HA, the effective radius of the diva-
lent ions is appreciably smaller than that of the monovalent
ions.

The Kratky representation makes it possible to estimate
the relative amount of counter-ions in the immediate neigh-
borhood of the polymer. Figure 12 shows how the intensity of
the strontium ASAXS signal in solutions of HA increases with

DNA in 0.1 M RbClI
+0.01 M CaCI2

£ HAin 0.1 M RbCl
10 +0.01McaCl,

0.01 (I).1
q (A

FIG. 10. Comparison of the ASAXS difference signal Al(q) for rubidium
from solutions of DNA and HA containing 0.1M RbCl and 0.01M CaCl, with
reference energy E; = 14.9 keV and probe energy E; = 15.197 keV.
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FIG. 11. Kratky plots of the ASAXS signals Al(g) of strontium in DNA and
in HA, with probe energy E; = 16.102 keV. The continuous curves are the
fits to the expression g>Al(q), where Al(g) has the same form as Eq. (6). For
strontium in DNA, R = 13.7 A and for strontium in HA,R=55 A.

the total SrCl, concentration in the solution. The figure shows
that the saturation value of the intensity is reached practically
at 0.02M SrCl,. A similar result is found for SrCl, in DNA,
where the concentration of repeat units is approximately the
same as in the HA solutions, i.e., 0.1M. These findings indi-
cate that saturation of the divalent-monovalent ion exchange
is achieved when the divalent ion concentration reaches 20%
of the stoichiometric value. The width of the curves in Fig. 12
is practically independent of the SrCl, concentration, indicat-
ing that the shape of the ion cloud remains self-similar. In
contrast to DNA solutions containing 0.1M NaCl, where pre-
cipitation occurs at divalent ion concentrations just beyond
this level (~0.025M SrCl,), HA solutions remain stable even

2 T T T
HA + 0.1 NaCl

> 0.01 M SrCI2
7 3 > 0.02 M SrCI2

0 0.2 0.4 0.6 0.8
q (A"

FIG. 12. Kratky plot of the ASAXS signals Al(g) of strontium in HA at three
strontium chloride concentrations. Saturation of the signal is almost complete
already at 0.02M SrCl,. Probe energy E, = 16.102 keV.
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in the presence of 0.2M CaCly, i.e., well above the saturation
threshold.?* The latter finding implies that the thermodynamic
stability of these polyelectrolyte solutions is primarily gov-
erned by the hydrophilic character of the polymer backbone.
When the electrostatic repulsion between the charged groups is
screened, relatively hydrophobic polymers such as DNA pre-
cipitate, while solutions of hydrophilic polymers such as HA
remain stable.

The ASAXS results demonstrate that both for DNA
and HA solutions, the counter-ion cloud can be described
by the same functional form as that of the polymer back-
bone, i.e., Eq. (6). It follows that the counter-ion cloud mim-
ics the polymer conformation over the length scale range
explored by ASAXS. Divalent counter-ions, however, stay
in closer proximity to the polymer chain than monovalent
ions, and consequently the latter are sparser and more loosely
attached. The resulting arrangement of divalent ions not only
screens the charged groups more effectively but also mod-
ifies the composition of the solvent in the immediate sur-
roundings of the polymer chain. Thus, addition of divalent
ions diminishes the interaction between polymer and solvent
and, in the case of hydrophobic polymers, tends to phase
separation.

CONCLUSIONS

Systematic small angle scattering studies were made on
semi-dilute solutions of four charged biopolymers (PASP,
DNA, CS, and HA), which represent the main types of biologi-
cal macromolecules. The effects of polymer concentration, pH,
and calcium chloride concentration on the polymer structure
were investigated in near-physiological salt conditions.

In all cases, the SANS response 1(g) could be described
by an expression consisting of two terms. In the low g range
(<0.01 A~ I(g) is dominated by scattering from large
clusters. In the intermediate g range, the scattering inten-
sity varies approximately as g~!', which signifies that the
scattering structures are linear. The correlation length L of
the concentration fluctuations displays a power law depen-
dence on the polymer concentration ¢, with L oc ¢7065+005,
similar to that observed in neutral polymer solutions. With
increasing calcium chloride concentration and with decreasing
pH, L increases as the solutions move toward phase sepa-
ration. The downturn of the scattering signal in the high g
region (g ~ 0.1 A=) defines the cross-sectional radius of the
polymer.

The concentration dependence of the SANS intensity /(g)
reveals important differences in the thermodynamic interac-
tions between the polymers and the solvents. In the case of
PASP, I(g) is proportional to c at all observed values of g.
This means that the PASP coils act as independent scatter-
ing units at all length scales and implies that their degree of
interpenetration is low. In DNA, I(g) is proportional to ¢ at
q > 0.02 A1, At lower values of ¢, however, concentration
dependent cluster formation alters the shape of the SANS
curves, making it difficult to make conclusive comparisons
between the various responses of I(g)/c for this system. For
the two charged polysaccharides, CS and HA, deviation from
proportionality [I(g) o 7] observed at ¢ > 0.02 A~ indicates

J. Chem. Phys. 149, 163312 (2018)

that, although the linear subunits of the polymer chains are spa-
tially distinct, residual long range electrostatic repulsion exists
between them.

ASAXS measurements are complementary to those of
SANS. ASAXS probes the configuration of the counter-ions
in the ion cloud surrounding the polymer chains, while SANS
probes the conformation of the polymer chains and reflects
ion induced changes in the thermodynamic interactions. The
ASAXS observations on both DNA and HA complement those
of SANS by revealing the increase in the divalent ion content
in the counter-ion cloud with increasing divalent salt content in
the solution. The thermodynamic changes are the consequence
of the tight sheath that the divalent ions form around the poly-
mer chain. The observed similarity in the shape of the divalent
ion cloud in these two systems implies that the solution sta-
bility of these polymers is controlled not by the counter-ions
but by the hydrophilic/hydrophobic character of the polymer
backbone.
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