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Su mma ry: The effect of monovalent/divalent cation exchange on the structure and 
osmotic properties of chemically cross-linked polyacrylate and DNA gels swollen in 
near physiological salt solut ions has been investigated. Both systems exhibi t a 
reversible volume phase transition in the presence of calcium ions. The small-angle 
neutron scattering spectra of these gels display qualitatively similar featu res. At low 
values of q surface scattering is observed , while in the intermediate q range the signal 
is characteristic of scattering from rod-like elements. At h igh va lues of q the 
scattering intensity is governed by the local {short-range) geometry of the polymer 
chains. The competition between monovalent and divalent cations has been studied 
by anomalous small-angle X-ray scattering (ASAXS). The ASAXS results reveal that the 
local concentration of the divalent counter-ions in the vicinity of the polymer chains 
significantly exceeds that of th e monovalent counter-ions. 
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Introduction 

Ions a re implicated in a wide-range of 
physiologicaJ processes.[1, 2] The structure, 
dynamics a nd the corresponding biological 
properties of charged biopolyme rs (e.g.. 
DNA. proteins) canno t be fully understood 
witho ut taking into account solvent hydra-
tion and the ionic atmosphere surrounding 
the molecules. It i known that, when the 
concentralion of multivaJent cat io ns is 
increased. many polyclcctrolytes undergo a 
volume transition from a swollen to a 
collapsed state. [3–5]  The ability of DNA to 
undergo dra ma tic conformation transitions 
is impo rtant in gene therapy, because large 
extended molecules cannot be de live red into 
the cclls.[6] Study of the the rmodynamic and 

struc tural aspects of ion/polymer inte rac-
tions has the potential to contribut e to 
a more comprehensive understanding of 
the mechanism of io n-media ted structural 
organiza tion of charged biomac ro molecules. 

Biological materia ls operate at cell and 
subcellular dime nsions; the re fo re. physical 
prope rtic such as osmotic and mechanical 
properties, sta te of hydration, and charge 
density must be characte rized on distance 
scales below 1000 Å What is unique abo ut 
these materials is that, ra ther than the locaJ 
molecularco nfiguration, the long-range poly-
me r structures are most like ly to be the key to 
their physical behavio r. A prom1smg 
approach seems to be to apply to biopolymer 
syste ms methodologies that have been devel-
o ped and tested o n synthe tic polyme rs. 
Small-angle scattering methods. bo th small-
angle neutro n sca ttering (S ANS) and small-
angle X-ray sca uc ring (SAXS), are essential 
for characte rizing the conformation a nd 
hie ra rchical o rganiza tion of macromolecules 
as a function of the length scale. [7]  

In this paper we compare the effect o f
io ns on the osmo tic a nd scattering behavior 
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of a bio logical and a synthe tic polyelec-
trolyte gel: DNA and pol yacrylic acid. Both 
gels exhibi t a reversible volume  tran sit ion 
in nca r-physiological salt soluti ons as the 
co nce ntra tion of di vale nt ions (in the 
present case calc ium ions) increases. Scat-
te ring measure me n ts alone wou ld no t allow 
us to separate the co ntribut ions ari sing 
fr om thermodynamic concentration flu c-
tuations from tha t of f roze n-in by the 
pe rm ane nt cross-links. The latter consider-
ably affects the shape of th e scatte ring 
curve. partic ularly at low values o f the 
scatte ring vector. T o overco me the diffi. 
culty associa ted with th e e valua tion of the 
scatte ring ex pe rime nt in te rms o f thermo-
dyna mic quan tities, we made os motic 
swellin g press ure measure me nts o n bo th 
ge l systems to es timate the th ermodynami c 
conce nt ra tion fluctuations inde pend e ntl y. 
Furthe rmore, an a ttempt was mad e to 
de te rmin e the distrib uti o n o f mon ovalent 
and di vale nt co un te r-ion s in th e ion cloud 
around the polyelectrolyte molec ules in the 
co urse of the ion exchange process. These 
measu rem e nts we re mad e in hya luronic 
acid ( HA) solu tions using ano malo us 
small -ang le X-ray scatte ring (ASAXS). In 
prin ciple, this tec hn ique a ll ows us to 
distin guish betwee n count e r-io ns asso-
cia ted with the polymer chains a nd those 
in the bulk so luti on. 

Theory 
Small -a ngle sca u erin g meas ure me nts 
(SANS a nd SAXS) probe le ngth sca les in 
th e range of 10-1000 Å and de termin e the 
organization o fthe polyme r chains. [7]  [n the 
SANS e xpe riment , the in te ns ity o f neutrons 
scatte red by a to mic nucl ei is meas ured. 
whi le in SAXS the incid e nt phot o ns int e r-
ac t with e lectron s, and provide information 
abo ut the fluctuations of electro nic densi-
ties in the hete roge neous matri x. 

The scatt e ring vector ( mo me ntum tran s-
fer) is defi ned by the formul a 

4JT . 
q =-;-Slll B ( I ) 

I . 

where). is the ne utron wavelength and 20 is 
th e scatte ring angle . The intensity scatte red 

from a semidilute sol utio n o f flexi ble 
polym e r chain s can be desc ribed by a n 
Ornstein-Zernike type eq ua tionl81 

 
 

I ( ) = Ios (q = 0) 
(2)os q - 1 + q2E2 

where xiis the polyme r-po lyme r co rre la tio n 
le ngth. The inte nsi ty a t q = 0 (thermody-
na mic limit) is directly related to the 
osmotic modu lus, Kos,  of the so luti o n 

 
 

aP 
Kos = p aw (3) 

where Π is the os mo tic pre sure o f the 
soluti on and w is th e volum e frac tion of the 
polymer. 

In gels che mical cross-links crea te pe r-
man e nt struc tural nonun ifo rmiti cs tha t 
co ntribu te strongly to th e sca tte ring inte n-
si t y [9–11]  

l (q ) = fos(q ) + I cr (q) (4) 
whe re fc,.(q) is the cat tc ring co ntribu tio n of 
the froze n-in regions. 

Many important bi opolymers a re elec-
trically charged and are best rep rese nted as 
semi-rigid chains . For ge ls made of rod-lik e 
molecul es the total sca tte rin g inte nsity can 
be described by [12]  

 
 

I (q ) = Δr kn w 1 ? ' 


M os (1+qL)(1+q2 r2) 


+ Aq m (5) 
whe re .Δp2  is the neu tro n cont ras t fac to r, 
Mos is th e long itudinal osmotic modulu . Lis 
the rod-le ngth and re is the cross-se cti o nal 
radiu s o f the polymer mo lec ule. In Eq ua-
tion 5 the second te rm desc ribes the excess 
sta tic sca tt e ring observed in polyelectro-
lytes a t low values of q. A and m  arc 
constants. [13, 14] 

Materials and Methods 

Sample Preparation 
Sodium po lyacry la te ( PA A) ge ls we re 
prepare d by free-radical co po lyme riza tio n 
of acryli c acid and , '-me th ylcnc bis 
(acrylanude) cross-linke r in aqu eo us solu-
tion acco rding to a procedure desc ribed 
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previously. [15] Th e monome r concentrat ion 
was 30% (w/ w), and 35% of the acrylic acid 
monomers were neutralized by sodium 
hydroxide prior to polymerization. The 
crosslinking process was carrie d out at 
sooc. 

DNA gels were made from deoxyribo-
nucleic acid sodium salt (Sigma). [1  T he% 
G-C content of the DNA was 41.2%. The 
molecular we igh t dete rmined by ultrace n-
trifugation was 1.3 x 106 Da, which co rre-
sponds to approx imate ly 2000 base pairs. 
DNA gels were made by cross-linking with 
c rhylcneglycol diglycidyl e the r in solution 
[pH =9.0,  CDNA = 3% (w/w)J. TEMED was 
used to adjust the pH. 

Sodium hyaluronate (HA, Sigma Mw = 
1.2 x 106 Da) was dissolved at room 
temperature in 100 mM NaCl  at pH= 7. 
The HA concentration or the solutio n was 
4% (w/w). HA solu tions were a lso prepared 
in 100 mM RbCl. Divalent sa lt concentra-
tions, CaCI2 or SrCl2, we re varied from 0 to 
100 mM, while the concentra tions o( the 
polymer and monovale nt sa lts we re kept 
constant. 

Small-Angle Neut ron Scattering 
Measurement s 
SANS measureme nts were made in D 20 on 
the NG3 ins trument at NIST, Gaithersburg, 
MD, using an incident wavele ngth λ = 8 Å. 
The transfer wave vector explored in the 
experime nts covered the range 0.003
Å–1 < q<0.2 Å-1. After azimu th a l aver-
aging, corrections for incohe rent back-
ground, de tector response and ce ll window 
scattering were applied.l l 17

ASAXS Measurements 
The ASAXS measurements were made on 
the BM2 beam line a t the European 
Synchrotron Radiation Facility (ESRF). 
The transfe r wave vector range explored 
was 0.008 A–1<q< 1.0 A–-  l. The measured 
intensit ies were normalized using a stan-
da rd polyethylene sam ple (lupolen) of 
known scatteri ng cross-section. To limit 
rad iation damage effects. sequences of 
exposure tin1cs were limited to 20 s and 
the position of the beam in the sample was 

changed at each successive energy. T he 
SAXS measure me nts were made a t six 
e nergies below the absorption edge 
(15.1997 ke Y) of rubidium: 14 .900, 15.08, 
15.15, 15.18, 15.193 a nd 15.197 keY , and a t 
six ene rgies be low the absorpt ion edge 
(16.1046 keY) of strontium: 15.800, 15.984. 
16.056, 16.085, 16.097 a nd 16.102 keY. 

Osmotic Measurements 
O s motic swe lling pressure measurements 
we re ma de on gels using a method 
describe d elsewhere.  [18] Gels were equili-
brated with aqueous solutions of poly( vinyl 
pyrrolidonc) (PVP, molecular we ight: 29 
kD a) of known osmotic pressure.Ji 9 1The 
gels were separated from the polymer 
solution by a semi-permeable membrane 
(d ia lysis bag) to prevent pe netra tion of the 
PVP molecules into the swollen network. 

Elastic Modulus Measurements 
Uniaxia l compression measuremen ts were 
made on cylindrical ge l sam ples in equi li-
brium with sa lt solutions using a T A.XT21 
H R Texture Analyser (Stable Micro Sys-
tems, UK). This appa ra tus measures the 
uniaxial deformation ( ± 0.00 1 mm) as a 
functio n of the applied force (± 0.0 1 N). A ll 
measureme nts were made at 25 ± 0.1 oc. 

Results and Discussion 

ton-induced Phase Trans ition In Gels 
Figure 1 shows the variation of the swelling 
degree as a func tion of the CaCI2 concen-
tration in the equilibrium 40 mM NaCI 
solution for a DNA and a PAA gel. G e l 
swelling decreases wi th increasing Ca io n 
concentration . Diva lent cations sc reen the 
repu lsive forces between the nega tively 
charged groups on the polyme r backbone 
a nd influence the hydration properties of 
the  polymer molecule. In both gels a 
d iscon tinuo us volume transition can be 
observed at a critical threshold concentra-
tion o( the CaCl2,  i.e. , the gel shrinks  and 
solvent is expelled. 

In Figure 2 is iJiustra ted the va ri at ion of 
the osmotic swelling pressure as a fun ction 
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Variation of the swelling degree with the CaCI2 concentration for DNA and PAA gels swollen in 40 mM NaCI 

solution. 
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of the polymer concent ration for the same 
DNA and PAA gels shown in Figure l. 
During the osmotic measureme nts the 
CaCl2 concent ration of the surrounding 
solutions was held constan t. The decrease 
of the swelling pressure with increasing 
CaCI2 concentration indicates that Ca ions 

favor the  fo rmation of clusters and ulti-
mate ly lead to phase separation. At and 
above the phase transition the chemical 
potential of the solvent in the coexisting 
phases is identica l. 
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Figure 2. 
Dependence of the osmotic swelling pressure on t he polymer volume fraction for PAA and DNA gels swollen in 
40 mM NaCI solut ion containing different amounts of CaCl2,  

Figure 3 shows the SANS response of a 
DNA gel (NaCI concentration: 40 mM.
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CaCl2 concentration: 0.25 mM) and a 
po lyacryla te gel ( aCl  concentration: 
40 mM, CaCl2 concentration: 0.8 mM). 
The sca tt e ring curves look simila r despite 
major differences be tween the chemical 
structure of the two polymers. A t low q a 
power law behavior is visible wit h an 
expone nt - 3.6 < m < - 4 c ha racte rist ic of 
sca ttering fro m surfaces. A t inte rm ediate q 
a component that va ries as 1 q is distin- 
guishablc. T his behavio r is typical of 
scattering from rod- li ke clements. At high 
q the scatte ring re ponse can be described 
by the Ornstcin-Zernik c type expressio n. 
The continuous cu rves through the SANS 
data po ints are the least squa res fits of 
Equation 5 to the data. The dashed curve 
shown for the PAA gel is the osmotic 
component of this fit (first term in 
Equation 5). 
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Figure 3. 
SANS Intensity from DNA and PAA gels in 40 mM NaCI solution containing CaCI2.  (DNA gel: 0.25 mM CaCI2,  PAA 
gel: 0.8 mM CaCI2). Continuous lines: fit of Equation 5 to the SANS data. Dashed line: osmotic component (fir st 
t erm of Equation 5) of the fit. Arrow: in ten sity of the osmotic concentrat ion f luctuations calcu lated from 
macroscopic measurements. 

In gels the osmot ically driven concen-
tration fluctuatio ns a re contro lled by the 
longitudinal osmotic modulus [20, 21]  

  
4 (6)M os= φ dω -t 3G 

aw 

where ω  is the osmo tic swelli ng pressu re 
and C is the shear modulus. M os  ca n be 
calculated indepe nde ntly from macroscopic 
measurements of ω and C. 

Equation 5 and 6 p rovides a means to 
compa re the the nnodynamic component of 
the SANS spectrum and the amplitude of 
the osmotica lly driven concentration fluc-
tuations estimated from macroscopic mea-
sureme nts. According to Equation 5 the 
intensity scattered by the thermal fluctua-
t ions is proportional to ω2/M os-In Figure 3 
the horizontal arrow at the left ax is shows 
the sca tt ering intensity due to thermody-
namic concentration tluctuations calculated 
from independent osmotic a nd mecha nica l 
measurements (at q = 0) for the PAA gel. 
Reasona ble agreement is fo und be tween 
the sca ttering inte nsities obtained from the 
two entire ly different and independent 
techniqu es. 

Determinat ion of the Counter-ion 
Distribution 
An unde rstand ing of ion-polymer interac-
tio ns in polyelectro lyte solutions and gels 
requires knowledge of the counter-ion 
dist ribution. We made anomalous . mall-
angle X-ray scatte ring (ASAXS) measure-
men ts to study the ion distribution in the 
ionic a tm osphe re su rrounding the cha rged 
macromolecules. In the ASAXS experi-
me nt the energy of the incident radiation is 
varied in the vicinity of the a bsorption edge 
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of the counte r-ion. In this way t he effective 
e lectron density and thus the cattering 
contrast be twee n t he counte r-ions a nd the 
solvent gradually vary, while the cont rast 
be tween the polyme r and the solve nt 
re mains unchange d. The diffe re nce 
be tween the scatte ring inte nsities fro m 
the sa me sample a t two di ffe rent incide nt 
e nergies E1 and E2 is give n by 

 

 

ΔI (q, E1, £ 2) = I(q, E1)- l (q, E2) 

= 2r2[(Δf'/vc) 

x {bpScp(q ) 

+ (bc- Δf' f 2vc)Scc(q )} 

+ {f"(E2)-f"2(E1 )}Scc(q)/2v2] (7) 

whe re r0 (2.818 x 10–13 em ) is the radi us o f 
the e lectron. bp= (pp,-p_,) and br = (p,.(E)-ps ) 
are the di ffe re nce in electro n de nsity 
be tween the po lyme r ( p ) and solvent (s ) 
a nd be twee n the counte r-ion cloud (c) and 
solve nt, respectively, Sjk (q) a rc the pa rtia l 
stru ct ure facto rs, in which j and k represent 
e ithe r the po lyme r or the ion clo ud, and νc is 
the volume of the countc r-ion./0./ andf" 
a rc n:spcc tively the energy-independe nt 
nu m ber of e lect rons. and the real a nd 
imaginary num ber of e ne rgy-de pende n t 

Ias 

e lectron in  the cou nte r-ion, and Δf = 
f'(E1) - f'(E2).  

We made A SAXS measure me nts on H A 
solutio ns. H A is a well suited mode l 
biopolym er to investigate the ionic cloud. 
partic ula rl y t he competitio n be tween 
mo nova lent a nd d iva lent catio ns, since its 
static struc ture is relatively inse nsit ive to 
t he prese nce o f high valence counte r-ions. 
In the ASAXS experi me nt the physio logi-
ca lly relevan t mo novale nt and divale nt 
ca tio ns we re replaced by rubidium and 
strontium io ns, because the absorption 
e dge of the la tte r ions (R b: 15.199 ke V. 
Sr: 16.102 keV) lies in the energy ra nge 
conven iently accessib le fo r ynch ro tro n 
measu reme nts. 

Figure 4 illustrates the effect o f the 
ene rgy o f the incident photons on the 
sca tte ring contrast o f a H A soluti on con-
ta ining 100 mM R bCI. T he data measure d 
a t th ree diffe rent energies a rc plo tted in the 
re presentation ql (q) vs q in o rde r to make 
the differences mo re visible. A s th e inci-
de nt X-ra y e ne rgy inc reases towards t he 
ab o rptio n e dge of rubidium , t he sca t tc ring 
inte nsity decre ases. At low q the higher 
e ne rgy measurements lie below the spec-
t rum me asure d a t 14.9 keV. (A t 14.9  keV 
the a nomalo us sca tte ring effects a re 

0.01 
x 14.9 keV 
+ 15. 180 keV 

15.193 keV 

0.001 
0 .01 

Figure 4.  
Plot of ql(q) for 4%  solutions of divalent ion-free RbHA solutions at three different incident X-ray energies below 
t he Rb threshold. 
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negligible.) H o we ve r. a t high q the di ffer-
e nces a mong the da ta tend to vanish. 

We investigated the e ffect of diva le nt 
ions on the counte r-io n distribution in two 
comple me ntary configuratio ns. In the first 
(Sr/Na syste m) the ASAXS signal was due 
to the st ron tium ions, while in the second 
( Rb/Ca syste m) the rubidium was the 
resonant species. In both configura tio ns 
the monova lent ca tion concentra tion was 
se t at 100 mM and the concent ratio n o( the 
d ivalen t ca tions was va ri ed from 0 to 
IOO mM . 

It bas been shown [22, 23] that t he rela tive 
scatte ring amplitude of the counter-ion 
clo ud is given by 

 αc(q) = Δ I(q)/[I(q)]1/2 (8) 
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A ccording to Equation 8, the scatte ring 
amplit ude is de fine d by the diffe re nce 
between the spectra measured a t two 
energies. norm a lized by the sq ua re root 
of th e refere nce signal. T he intensit ies 
should be measured far be low the abso rp-
tio n e dgc and tha t j us t below th e edge. 
where the a nomalous effects are most 
pronounced. [22, 24]  The resulti ng sca tte ri ng 
a mpl itude α c (q)  is the Fo urier t ransfo rm o f 
the ion clo ud and its fun ctio na l form re flects 
the shape a nd radia l exte nt of the counte r-
ion distribution. 

Figure 5 sho ws the de pende nces of the 
a nomalo us amplitudes α c (q) measured a t 
q= 00.1  A - 1, in bo th configurations. Jn the 
Sr/Na syste ms (circles), in which Sr io ns 
compe te with sodium ions, the effect of 
saturation in t he diva le nt/monovale nt ion 
excha nge p rocess is clearl y visible. In the 
Ca/Rb syste m (sq ua res) α c (q)  wea kly 
decreases as the CaC12 concentra tio n 
increases, im plying tha t the thickness of 
the rubidium ion cloud gradua ll y decreases 
with inc reasing calcium concentra tion, b ut 
it does not va nish com ple te ly. Even whe n 
the diva le nt ion concentration exceeds the 
stoichiome t ric concen t ration by more tha n 
an o rde r of magn itude. the monova le nt 
co unte r-ion cloud is sti ll de tecta ble. 
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Figure s. 
Scattering amplitudes α sr,(q = 0.01) and a.b(q = 0.01) of Sr and Rb anomalous signals at q = 0.01 Å–  'as a function 
of SrCI2  and CaCI2  concentrations of the solution. 

The re la ti ve concentra tion of the di-
va lent ca tions can be estim ated on the basis 
of the cell mode l. In this model the polym e r 
chain is approxima ted as a cylindrica l rod 
wit h a unifo rm su rface c harge de nsi ty. 
T he counter-ion concentra tio n a t the ce ll 
limit plays a n a na logous ro le as the bu lk 
concentration. The radius of the cell 
corresponding to the present 4% H A 
solutio n is approximately 27 Å. The H A 
molecule has a n inner core with a ra dius of 
5.2 Å  th at is impe rmeable to the io ns. The 
outer radius of the d iva lent ion she ll is 
approximate ly 7.5 Å  Let us assume tha t in 
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the case of the SrfNa system the fract ion of 
sites occupied by Sr ions is 50%. In a 
solution containing 50 mM cations this 
yields for the ratio of the Sr ion concentra-
tion within the shell to that outside it equal 
to 50. This result implies that divalent 
coun ter-ion re place the majority of th e 
monova lent counter-ions even if their 
concentration is much lower. and tend to 
be preferentially adsorbed on the negative 
si tes of the polymer cha.in. It can be seen 
from F igu.re 5 th a t the competition between 
monovalent and diva.lent cations begins at 
low divalent ion concentration (below 
10 mM SrCl2). Most noticcabl.e cha nges 
in the amounts of adsorbed Sr ions a re 
observed betwee n 5 and 30 mM. 

Conclusions 

SANS and osmotic measureme nts per-
formed on chemically cross-linked poly-
acrylate a nd DNA gels swollen in near 
physiological salt solutions indicate simila-
rities between t he physico-che mical proper-
tics of these polymers. Addition of ca lcium 
ions to both systems induces a reversible 
volume phase transition. The SANS 
response reveals the presence of large 
clusters, the size of which exceeds the 
resolution of the SANS experiment, i.e., 
1000 Å. At intermediate values of q the 
logarithm of t he scattering intensity 
decreases linearly with the logarithm of q. 
This sca tt ering response is characteristic of 
rod-like structural elem ents. At high values 
of q the scatte ring intensity is gove rned by 
the loca l (short-ra nge) geomet ry of the 
polymer chains. 

The results of anomalous small-angle 
X-ray scatte ring measureme nts indicate 
that the concentra tion of the diva lent 
coun te r-ions in the vicini ty or the po lymer 
chains significantly exceeds that of the 
monova lent coun ter- io ns. At concentra-
tions close to that of biologica l media. the 
monovalent ions arc pushed out of this 
region by divalent cations even if the 
concentrat ion of the  diva lent ions is much 
lower. 
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