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BIOPHYSICS

Hyaluronan orders water molecules in its nanoscale

extended hydration shells

J. Dedic'*, H. I. Okur"?*, S. Roke'"

Hyaluronan (HA) is an anionic, highly hydrated bio-polyelectrolyte found in the extracellular environment, like
the synovial fluid between joints. We explore the extended hydration shell structure of HA in water using femto-
second elastic second-harmonic scattering (fs-ESHS). HA enhances orientational water-water correlations. Angle-
resolved fs-ESHS measurements and nonlinear optical modeling show that HA behaves like a flexible chain
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surrounded by extended shells of orientationally correlated water. We describe several ways to determine the
concentration-dependent size and shape of a polyelectrolyte in water, using the amount of water oriented by the
polyelectrolyte charges as a contrast agent. The spatial extent of the hydration shell is determined via temperature-
dependent measurements and can reach up to 475 nm, corresponding to a length of 1600 water molecules.
A strong isotope effect, stemming from nuclear quantum effects, is observed when light water (H,0) is replaced
by heavy water (D,0), amounting to a factor of 4.3 in the scattered SH intensity.

INTRODUCTION

Water has a key function in biology as it is the primary solvent of
life. It actively participates in biochemical transformations such as
protein folding, molecular recognition, self-assembly, and joint
lubrication (1-4). To elucidate the role that various constituents of
the body play in sustaining life, it is important to take into account
their interaction with the aqueous environment. One example where
water plays a very important role is in the extracellular matrix of
epithelial and connective tissues. The matrix is rich in hyaluronan (HA),
an anionic poly-disaccharide composed of p-N-acetylglucosamine
and p-glucuronic acid (displayed in Fig. 1A) (5). HA has the ability
to retain up to 10x its dry weight of water (6-11) and creates a gel-
like pericellular coat (12, 13). HA is a component in nearly every
part of the body, varying in concentration from 10 ng/ml (~12 pM)
to ~3 mg/ml (3.5 uM) (5), and its hydration is thought to be key for
the functioning of moving joints (12, 14, 15). HA has been studied
in solution with linear light (16) and neutron scattering (16, 17) at
concentrations above 100 pug/ml, with mid-sized (tens to thousands
of kilodaltons) macromolecules. At concentrations <100 pg/ml
(<~0.1 pM), the size and shape of the polyelectrolyte are unknown.
Several theoretical models (18-20) exist for predicting the shape of
polyelectrolytes, taking into account both thermal motion and elec-
trostatics; however, these are only partially valid because they re-
quire rigid macromolecules (such as DNA), a condition that is not
met for HA. Calorimetric (21, 22), vibrational spectroscopic (23-25),
and compressibility (26) studies indicate slower hydrogen (H)-
bonding dynamics and different thermodynamic properties of the
hydrating water compared to bulk water. However, the observed
effects of HA are limited to the first or second hydration shell. Re-
cent developments in nonlinear optical spectroscopy allow direct
probing of the orientational order in the H-bonding network of
water over nanoscale distances and under extreme dilution (27).
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This enables further investigation of HA hydration under more
dilute conditions, exploring weaker and longer-ranged interactions.

The structure of water near ions and charged groups is perturbed
relative to neat water due to well-known ion-dipole and H-bonding
interactions (28-30). However, the spatial extent over which ions
perturb the structure of water is still a subject of debate (27, 31-33).
Ions are traditionally assumed to have a short-range ordering effect,
influencing the structure of, at most, the first three layers of hydrating
water. This notion is supported by dielectric and terahertz spectros-
copy (34, 35), x-ray (36) and neutron scattering (37), vibrational
spectroscopies (38-40), and computational simulations (41, 42).
However, recent studies based on femtosecond elastic second-
harmonic scattering (fs-ESHS) experiments (27, 43, 44), supported
by computational studies (45, 46), are changing this long-held no-
tion that ion-water interactions are limited to several angstroms.
Unlike most experimental techniques, which are often inherently
limited to subnanometer length scales or equivalently require >100 mM
solute concentrations, fs-ESHS directly probes spatial correlations
over length scales comparable to the wavelength of the light used
and in very dilute solutions (47). Using fs-ESHS, a nonspecific
long-range (~20 nm) influence of simple electrolyte ions on the
hydrogen (H)-bonding network of water molecules was found that
starts at ionic strengths as low as 10 uM (27). This observation was
explained as an electric field-induced perturbation in the water-
water orientational correlations. Moreover, there is a noticeable nu-
clear quantum effect that is yet to be explained.

Here, we measure the orientational order of water in HA solu-
tions and explore the extended hydration shell structure of HA in
light and heavy water using fs-ESHS. We observe that water-water
orientational correlations are enhanced by HA substantially more
than by simple salts. The increased order in water is measurable
from HA concentrations ranging from <1 pM up to ~1 uM, with an
excess ionic strength range from 1 nM to 10 mM. A substantial iso-
tope effect is observed when light water (H,O) is replaced by heavy
water (D,0). The onset concentration increases in D,0O by a factor
of 2.4, and the scattered intensity is 4.3x lower than in H,O. Angle-
resolved fs-ESHS measurements were performed to investigate
the structure and size of water-HA complexes. Using nonlinear light
scattering theory to model the intensity generated by the oriented
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Fig. 1. HA enhances orientational correlations between water molecules. (A) Molecular structure of HA, where each disaccharide monomer has one negatively
charged carboxylate group. (B) Normalized fs-ESHS intensity as a function of ionic strength for NaCl dissolved in light (H,0) and heavy (D,0) water obtained with all
beams polarized along the horizontal plane (PPP polarization combination). (C) Normalized fs-ESHS intensity as a function of excess ionic strength (and concentration of
HA) for HA (molecular weight, 1145 kDa) dissolved in light (H,0) and heavy (D,0) water obtained in PPP polarization combination. Note that /excess Only includes the ions
coming from the polyelectrolyte. The dotted lines represent the data for NaCl in (B). The relative intensity maximum /lppp(CHa)/Ippp, water = 6.3 at @ Cya=11.6 nM (13.3 ug/ml,
lexcess= 6.3 HM) for HxO and IPPP(CHA)/’PPP, water = 1.45 at a cya= 27 nM (32 pg/ml, lexcess= 39.5 HM) for D,0.

water, two different spherical radii are determined, R and R’. R is
the size of an on average spherical object where the electrostatic
potential has a maximum. At R’, this electrostatic potential has de-
cayed to 2% of its maximum value. Temperature-dependent
angle-resolved fs-ESHS measurements were performed to determine
the size of the extended hydration shell at the concentration of max-
imum fs-ESHS intensity. The extended hydration shell (Ry) is deter-
mined by the water that is associated directly with the HA chain by
molecular interactions, and R < R, < R'. The extended spherical
hydration shell Ry, that includes the HA macromolecule spans up to
475 nm in H,0 and 260 nm in D,0, corresponding to a line of 1600
(928) water molecules in H,O (D,0).

RESULTS AND DISCUSSION
fs-ESHS from HA in H,0 and D,0
To provide context, we first recount a recent finding concerning
fs-ESHS measurements performed on aqueous solutions of simple
electrolytes. Figure 1B shows the fs-ESHS intensity recorded at a
scattering angle 0 of 90° for NaCl in H,O (red triangles) and D,O
(tilted blue squares). The data were adapted from (27, 48). The
increase in the fs-ESHS intensity was attributed to arise from an
increase in the orientational order in the H-bonding network of
water due to the interaction of the ionic electrostatic field with the
H-bonded network. The intensity starts increasing from a salt con-
centration of ~10 pM and saturates at ~1 mM. Electrolytes dis-
solved in D,O show the same trend as in H,O but with a ~6x higher
onset concentration and a 36% smaller saturation value, relative to
the pure H,O or D,O solvent. This slight restructuring of the
H-bonding network also manifests itself on the macroscopic length
scale as the Jones-Ray effect (32), an anomalous decrease of the sur-
face tension at the fs-ESHS saturation concentrations. The increase
in orientational order in the bulk solution gives rise to an entropic
penalty, which reduces the surface tension (27, 32, 49).

Figure 1C shows fs-ESHS data obtained in the same manner for
HA (molecular weight, 1145 kDa) dissolved in H,O (red circles)
and D,0 (blue squares) plotted as a function of calculated excess
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ionic strength and HA concentration in nM. fs-ESHS is a nonreso-
nant process in which each molecular group contributes a compa-
rable amount to the total nonlinear polarization in the solution. The
intensity that is measured scales with the absolute square of the non-
linear polarization. At an HA concentration of 11.6 nM (13.3 ug/ml),
the relative amount of HA monomers to H,O molecules is ~13 x 10~°,
which means that the intensity ratio of H,O:HA is ~ 10", The fs-ES-
HS technique therefore reports on the water structure and not on
the HA structure. Measuring the coherent part of the intensity, one
obtains information about the strength of water-water correlations
and, therefore, the H-bonding network of water. The total ionic
strength (I) in the solution is given by I = I + Iexcesss Where I is the
ionic strength of an infinitely dilute solution (which includes the
auto-ionization of the water), and Iexcess = CHA, mon./2, the excess ionic
strength with cyga, mon., the concentration of HA monomers. The
fs-ESHS data were recorded in the same way as the data in Fig. 1B,
at a scattering angle 8 of 90° and with all beams P-polarized, i.e.,
oscillating in the horizontal scattering plane. Further information
about the experiment is given in Materials and Methods and figs. S1
and S2 that provide SH power dependence and spectroscopic data.
The fs-ESHS intensity of HA solutions at ionic strengths below
10 mM is much larger than that of simple electrolyte solutions,
reaching ~6.3x the response of bulk water for H,O and ~1.4x the
response of bulk D,0. The intensity increase also occurs at excep-
tionally low HA concentrations: At cga ~30 PM (Iexcess™~ 1078 M),
the intensity increases beyond that of NaCl and reaches a maximum
at cgp = 11.6 nM (Texcess = 6.3 uM) for HA in H,O. For HA in DO,
the intensity increases at cga ~1 1M (Iexcess™~ 107° M) and reaches a
maximum at cgp ~27 1M (Iexcess ~ 39.5 UM). The intensity plateau
reached above 1 mM for H,O and 10 mM for D,0O is the same for
HA and NaCl in their respective solvents. Note that these HA con-
centrations are far below those probed previously with other tech-
niques [>100 pug/ml, and 117 nM only in H,O; (16, 17, 20) and
summarized in table S1].

The increased magnitude of the fs-ESHS intensity shows that the
amount of orientational order in the water as induced by HA is
much greater for HA compared to NaCl. This indicates that the
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interaction of the electrostatic field from the ionic groups on the
HA polymers with the H-bonding network in water is much stron-
ger than the same type of interaction in the electrolyte solution.
This is caused by the spatial arrangement of the ionic groups on the
polymer: Each HA monomer, 1.02 nm in size, contains one negative
charge (Fig. 1A) so that HA has a linear charge density of ~1 e /nm
with the entire chain containing >3000 units. As the spacing of
charges is larger than the Bjerrum length of water (0.71 nm), the
ionic groups of HA are ionized. The combination of electrostatic
and thermal interactions significantly complicates the description
of HA polyelectrolyte structure, and although several models exist
(16, 18-20), the structure of HA in solution is unknown in the con-
centration range of our investigation. It is clear, however, that
unlike ions of simple salts, which are statistically distributed in
solution, the charges on HA cannot move freely as they are fixed by
the polymer chain that links them. These charges are therefore spa-
tially correlated over a certain distance due to the covalent bonding
between individual monomers on a single polymer chain and the
limited degrees of freedom that the chain has due to bending, ther-
mal motion. In addition, intrachain electrostatic repulsion further
limits the flexibility and spatial positioning of the HA chains (19).
The concentration of such a large number of electric charges in a small
region of space generates much stronger localized electrostatic fields
than statistically distributed free ions. This leads to a much stronger
effect of the electrostatic field on the H-bonding network of water
and thus a much larger fs-ESHS response of HA compared to NaCl.

Nuclear quantum effects

As can be seen in Fig. 1C, the fs-ESHS response of HA in H,0 and
D,0 is remarkably different. The fact that replacing light with heavy
water in HA solutions significantly alters the fs-ESHS response in-
dicates that the HA chains do not simply order water molecules via
a charge-dipole interaction: Charge-dipole interactions would not
be detectably affected by a change in the isotope of the water as both
water isotopes have nearly identical dielectric constants and dipole
moments (50). The isotope effect in the fs-ESHS response points to
a more complex process in which the two primary and orthogonal

degrees of freedom to break and form hydrogen bonds, H-bond
stretching and H-bond rotation (or libration), are decoupled. The
magnitude of the difference further points toward long-range inter-
actions involving many water molecules. In addition, this nuclear
quantum effect involves the electric field of HA interacting with the
total H-bonding network of water, changing the orientational
water-water correlations in the solution (27, 48). Compared to sim-
ple electrolytes, HA induces these effects at much lower concentra-
tions [10 uM versus ~10 pM of HA (Lexcess = 107% M for H,0) and
100 uM versus ~1 nM of HA (Iexcess = 107° for D,0)] and with a
much higher magnitude (1.05 versus 6.4 for H,O and 1.0 versus
1.4 for D0, at the same ionic strength). Because a similar effect
coincides with a small but significant change in a macroscopic prop-
erty of the solution for simple salts, the much bigger change here
might lead to much bigger changes in macroscopic properties of
hydrated polyelectrolytes. One such candidate is the viscosity of the
liquid (51), which depends on the reorientation of water, and has
been correlated to the coherent fs-ESHS response of concentrated
aqueous electrolyte solutions (52). Although it is very clear from the
experiment what the parameters for describing this nuclear quan-
tum effect should be, up until now, theoretical modeling has not yet
been able to capture this behavior (27, 51). To describe the phenom-
enon observed in Fig. 2 (B and C), it will be necessary to describe
HA and its extended surrounding water molecules on a quantum
chemistry level. Although these computations have been done on a
single water molecule embedded in an environment that can be de-
scribed by a classical force field (53), the need to do this for a much
bigger cluster involving HA and many waters would involve com-
putations on a scale that is currently not feasible. Therefore, in what
follows, we revert to classical nonlinear light scattering theory
(54, 55) to model the structure of HA polyelectrolyte hydration in
H,0. We will, therefore, describe angle-resolved and temperature-
dependent second-harmonic scattering data of HA in H,O and
extract relevant length scales that we will then compare with what is
known about the conformation of HA (18, 19), thereby adding
structural information of HA and its hydration in a range that is
currently inaccessible by other methods.
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Fig. 2. Scattering patterns of HA solutions are concentration dependent. (A) Angle-resolved fs-ESHS measurements of HA solutions (molecular weight, 1349 kDa) in
H,0 measured at three concentrations showing a strong concentration dependence of the angular distribution of the scattered SH light. More concentrated HA solutions
scatter at higher angles. 0* corresponds to a 4.8 mM NaCl solution. The excess ionic strengths of the other solutions are 0.4 uM (0.3 ug/ml), 3.8 uM (3 pg/ml), and 12.5 uM
(10 ug/ml). More patterns are shown in the Supplementary Materials (fig. S1). (B) Integrated fs-ESHS intensity as a function of HA concentration. The solid curve shows the
predicted behavior based on the proposed model of fs-ESHS and is calculated using Eq. 3. (C) Angle of maximum fs-ESHS intensity plotted as a function of HA concentra-
tion. The scattering angle at maximum intensity (6max) shifts to higher angles with increasing concentration, which is equivalent to scattering from smaller objects. The
solid lines were calculated using Eq. 4. The parameters used for the modeling are as follows: R = 5k~ and lo=5 uM (see Materials and Methods). The experimental data
were measured in the PPP polarization combination. The error bar is representative for all data points.
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Angle-resolved fs-ESHS

To characterize the flexible structure of hydrated HA, we measured
angle-resolved fs-ESHS in the entire forward half-plane (from
6 =-90° to 8 = +90°) for HA dissolved in H,O. In contrast to single-
angle measurements, the angle-resolved measurements provide in-
formation about the shape of the emitted scattered light pattern,
which is important for further analysis. Three representative angle-
resolved scattering patterns of HA solutions at concentrations of 0.2,
2.2,and 7.4 nM (0.3, 3, and 10 pg/ml, with an excess ionic strength
of 0.4, 3.8, and 12.5 pM) and one pattern of a NaCl solution (4.8 mM)
are shown in Fig. 2A. Patterns for all of the measured HA concen-
trations are shown in fig. 3, showing NaCl patterns (fig. S3A) and
HA patterns (fig. S3B). The patterns were recorded with all beams
polarized along the horizontal scattering plane (PPP polarization
combination). The shape of the scattering pattern of a NaCl solu-
tion does not vary with salt concentration, as can be seen in fig.
S3A. In contrast, the shape and intensity of the HA patterns sub-
stantially change with increasing HA concentration. The varia-
tions in the data of Fig. 2A can be captured by two key parameters:
The integrated fs-ESHS intensity Siy, calculated by integrating the
scattering patterns in the forward half-plane, is shown in Fig. 2B. The
angle of maximum scattering intensity 6y,,x is shown in Fig. 2C. Both
metrics are illustrated in more detail in fig. S3C. Siy increases with
HA concentration up to ~5 ug/ml (6.25 uM) and then drops and
levels off, very similar to the data measured at 8 = 90° (Fig. 1B). O,y
shifts monotonously from 6y,,x= 18° to B.= 65° with increasing
HA concentration. To understand the unusual concentration de-
pendence, we model the two essential properties of the scattering by
using nonlinear light scattering theory. The solid lines in Fig. 2
(B and C) correspond to the result of this model, which we
describe next.

Modeling of the fs-ESHS scattering patterns

Nonlinear light scattering theory has been developed for a variety of
systems, including SHS from an isotropic distribution of molecules
(56), used to describe the incoherent hyper-Rayleigh scattering
from liquids (27, 44, 52), and coherent SHS from spherical surfaces
or infinitely thin shells around isotropic particles in an isotropic
solution (57-60). HA molecules in solution are macromolecular
and have a size range well over a nanometer so that hydrated HA
can be thought of as an on-average soft particle. Our measurements
report on many such macromolecules in the laser beam focus (with
a beam waist of 35 pm, ~4.7 x 10° HA molecules at 11.6 nM) in
combination with ~2.2 x 10" water molecules. The nonresonant
SH polarizability reports on every noncentrosymmetric molecule
with an equal magnitude (61), and therefore, the SH intensity re-
ports on the water. This means that the coherent water signal deter-
mines the nonlinear optical response of our experiment. Furthermore,
the averaged water response is influenced by the electrostatic field
on the water orientation. It is therefore possible to approach this
modeling either by using a model that treats water as a dipolar liq—
uid (27) performs averaging of the hyperpolarizability tensors g
and B, and removes the incoherent part or by directly usmg the
coherent part through the susceptibility tensors x* and x® already
available from the nonlinear light scattering theory of spherical ob-
jects in solution (47). Although the choice is eventually arbitrary,
we use the latter one, applying the Rayleigh-Gans-Debye (RGD)
approximation, in which the refractive index contrast between a
particle with radius R and the medium is small (62). We will first
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describe the model as it is known and then adjust it to describe the
current system. The coherent response is characterized by a second-
order surface susceptibility %2, which captures interfacial chemical
interactions. Later models have included the effect of a nonzero sur-
face potential @, and ionic strength (via k™ b (63) The electrostatic
potentlal decays to ~2% of its surface value at R over a distance of

L thus, R =R + 4x”! (54). This introduces an effective third-order
susceptlblhty %', which takes into account the contribution to the
coherent SH response of water molecules that are oriented by an
electrostatic field. For the present nonresonant excitation, 3 )" has
only a single value, ¥ ©)'=10.3 x 1072 m*/V? (64). Figure 3A shows
an illustration of the relevant size parameters in this model. The
dimensions R and R’ are determined by the electrostatic potential
(®): R is the radial distance from where the electrostatic potential ®
starts to decay into the solution, and R’ is the radial distance where
this potential has decayed to 2% of its maximum value, the surface
potential, @,. For SHS from solid particles, droplets, and liposomes,
R is comparable to the linear light scattering or hydrodynamic radi-
us (62, 64-67). The reason for this is that the refractive index and
the electrostatic potential experience discontinuities at approximately
the same radial distance. Section S3 contains a more detailed de-
scription of RGD SHS from a sphere, which results in the following
type of expression for the scattered SH response S(8) in terms of the
intensity scattered by a particle dispersion in PPP polarization
1(8)ppp, disp» normalized by the intensity scattered by pure water in
the SSS polarization combination 1(8)sss, n20

Fig. 3. lllustration of the model. (A) Model of nonlinear light scattering from a
charged sphere. The source of the SHS signal is water molecules whose orienta-
tional distribution is distorted by their interaction with the surface of the particle,
as well as water molecules within the dashed circles that are perturbed by the elec-
trostatic field of the particle. (B) Model for scattering from an HA solution. There is
no surface, but the electrostatic field of the polymer distorts the orientational dis-
tribution of water molecules, leading to SH generation. (C) Illustration of the decay
of the electrostatic potential into the aqueous solution (left) and SHS contrast
mechanism (right). The arrow labeled “p” indicates the dipole moment of water,
which experiences a force from the eIectrostatic field that emanates from the over-
all negative charge on the HA chain. This interaction is indicated with the curved
blue arrow. R is the size of the spherical object from which the electrostatic poten-
tial starts to decay into the solution. R is modeled as R = ax”. AtR! only 2% of the
electrostatic field is left, and thus, R = R+ 4x .
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The single-particle response for nonlnteractlng particles, deter-
mined by the form factor F(q, R, x, x2,x®, @), is multiplied by the
particle density Nj,. g is the magnitude of the scattering wave vector
q defined as the difference between the wave vectors of the scattered
SH wave vector and the sum of the two fundamental wave vectors.
q = 4n n sin (8/2)/), where n is the refractive index of the solvent
and A is the SH wavelength. SHS scattering from isotropic particles
with isotropic surfaces is characterized by four nonzero polariza-
tion combinations (SPS, PSS, PPP, and PSS), four vanishing polar-
ization combinations (SSS, SPP, PPS, and PSP), and the absence of
scattered light in the forward direction (8 = 0°) for the four nonvan-
ishing ones. This leads to a characteristic two-lobe pattern, similar
to those plotted in Fig. 2A (54, 58, 62, 65). Within this model, the
position of the lobes (represented by 6,,x) shifts to higher angles
with decreasing artlcle radius. For example, taking a wavelength of
1000 nm, and st = 1, results in 8, > 50° for R = 50 nm, while
Omax < 20° is reached when R = 500 nm.

Having described this model, we first consider its applicability to
polyelectrolytes in solution and then describe the implemented
changes. Figure 2A and fig. S3B show fs-ESHS scattering patterns
for HA in the PPP polarization combination, and fig. S4 shows an
SSS pattern for HA solutions. These scattering patterns display the
same marked features of coherent SH scattering from a particle im-
mersed in water as described above, and so RGD nonlinear light
scattering from a sphere embedded in water can be taken as a start-
ing point to describe the data in Fig. 2 (B and C) with the aim to
extract relevant length scale information from it. We modify the
model based on the differences between HA polymers in solution
and a dilute dispersion of noninteracting spherical particles, and
add a structure factor to model interactions between the macromol-
ecules. Figure 3B shows an illustration of the changes and assump-
tions. Figure 3C illustrates the contrast mechanism. First, HA
polymers are either folded or stretched and do not have a different
medium inside them as is the case for particles or droplets. However,
we can still consider the boundary of a polymer as a very porous
closed shell with a certain radius R, as we are measuring many such
macromolecules (in the laser focus ~4.7 x 10° at 11.6 nM), and the
averaged shape of the orientationally ordered water becomes radial.
R can, therefore, be considered as the average effective size of the
sphere that encapsulates the folded negatively charged polyelectro-
lyte chain together with its hydrating water. Within R, there are
polyelectrolyte charges and counter ions that together generate an
electrostatic field at radius R. Outside this radius R, there are counter
ions that are more mobile and result in a slowly decaying electro-
static field, with the Debye (1/x) length a determining factor (Fig. 3C).
It is the water that is oriented by the electrostatic field in the solu-
tions that is responsible for the ESHS intensity. The Debye length

T
is given by k! = £oe ky -, where I is the ionic strength in

moles per liter, T is the temperatlure (298 K), e is the elementary
electric charge, kg is the Boltzmann constant, N is Avogadro’s
number, g is the vacuum permittivity, and € is the dielectric con-
stant of water (78.5). Because the SHS intensity of a single object
scales with R® (58), the aqueous volume outside of the soft sphere of
the polymer chain with radius R will provide dominant contribu-
tion to the SHS intensity. Since this apparent boundary is charged,
there will be an electrostatic field that penetrates into the adjacent
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extended hydration shell, where it will increase the orientational or-
der of the water. This decay length, taken from the center of the
object and indicated by R’, is R ' = R + 4x~". Furthermore, as men-
tioned, because HA has a charge spacing of 1.02 nm, larger than the
Bjerrum length in water (0.71 nm), counter-ion condensation will
not occur when the HA concentration (cia) is varied (68). Conse-
quently, the surface potential ®, can be considered as concentration
independent. For dilute solutions, the Debye length spans hundreds
of hydration shells: For an ionic strength range of ~5 x 10™° M (water
with no excess ions, in our experiment) to ~4 x 10~ M (the maxi-
mum for HA in H,O in Fig. 1C), the Debye length changes from
137 to 45 nm. The distance 4k~ changes from 548 to 180 nm. With
the I ~ R® scaling in mind, the long-range electrostatic field interac-
tion dominates over the short- range chemical interactions between
water and the HA chain. The %% term can therefore be neglected,
and only % needs to be considered in the model. Last, to account
for long-range charge-charge correlations between different HA
chains due to the weakly screened electrostatic field, we include the
Debye-Hiickel structure factor Spy in the description of the scatter-
ing. Such a structure factor for overlapping hydration shells is
known for electrolyte solutions (27) and is given by Spn(g, k) = qz/
(¢* + ¥%). Taking these differences into account, we arrive at the
following expression for S(6)

I(®)ppp A _

S®)= 1(0)sssH20

p

|2 @y (F1(9,R)+F3(9,R,K))X cos(6/2)(2cos(9)+1) |ZSDH(q,K) 2)

cos(qR) 2 qRcos(qR) +xRsin(qR)

where F; = 2mi and F; = ZmR—Wz— e
scattering form fac%or functionis (64) Equatlon 2 contains the fol-
lowing parameters: @, R, «, and X . Of these, ¥ and X are
known and @ is independent of the HA concentration (64). The
last parameter in the model is the effective size or radius R, defined
here as the radial distance from which the electrostatic potential de-
cays into the solution. This value is unknown. For a flexible charged
polymer like HA in the dilute concentration range considered here,
R must fall somewhere between the size of a completely collapsed
chain and a fully extended one (69). Given that the intrachain elec-
trostatic repulsion is the major contribution to the extension of the
HA chain, we express R as a linear function of the Debye length, i.e.,
R = ox', where we will treat the proportionality constant o as a
fitting parameter to obtain R. Such a choice is in accordance with
other size models, such as the Odijk-Skolnick-Fixman (OSF) theory
(18, 19), although the exponent on k! varies depending on the
polyelectrolyte rigidity, the concentration regime, and the ionic
strength (70, 71). We will discuss the general issue of polyelectrolyte
size and the difference between R and the radius of gyration, as well
as the difference in contrast mechanism further in the “Polyelectrolyte
size: Comparing linear and nonlinear scattering” section.

To compare the model (Eq. 2) with the experimental data in
Fig. 2 (B and C), we calculate the total fs-ESHS signal by numerically
integrating the scattering pattern in the forward half-plane

R2 sin(qR)

/2
Sine = J-25(8) d0 (3)
The maximum scattering angle 6y, of Fig. 2C can be obtained

by computing the maximum of the scattering pattern in the forward
half-plane, i.e., by differentiating and numerically solving for 6
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ds(e)

de

The computed Sjn¢ and 6y, values are shown in Fig. 2 (B and C)

as solid lines. Using the single fit parameter o, which takes a best-fit

value of o = 5, the curve for the total fs-ESHS intensity produced by

this model (Fig. 2B) matches well with the measured values (circles),

as well as the maximum scattering angle as a function of HA con-

centration (Fig. 2C). Considering that both the integrated intensity

and the angle of maximum intensity are found with the same single

fit parameter (o) suggests that our model captures the essentials of
the fs-ESHS response.

=0 (4)

Bmax

Concentration dependence

The modeling provides insight into the unusual concentration de-
pendence of the fs-ESHS response of HA solutions. The initial rise
in the intensity with HA concentration is due to the increasing
number density of the number of HA chains and their extended
hydration shells. At the same time, increasing the HA concentration
adds counter-ions to the solution that increases the excess ionic
strength and decreases the Debye screening length. This has three
consequences: First, the HA chain collapses as the intrachain repul-
sion is weakened (reducing R). Second, the extent of the hydration
shells decreases because of increased Debye screening (reducing 1/x
and R’). Third, long-range charge-charge correlations between dif-
ferent HA chains are suppressed as well, reducing the structure factor.
The peak integrated intensity at cya = 3.71 nM (5 pg/ml) is reached
when the positive contribution from an increasing number density
of HA starts to be outweighed by the opposing contributions from
enhanced Debye screening. The increase in the scattering angle
(Bmax) with HA concentration shown in Fig. 2C reflects the shrink-
ing of both Rand R'.

Polyelectrolyte size: Comparing linear and

nonlinear scattering

The size determined via fs-ESHS (R) is related to the charge-
induced water orientation: It can be considered as the radial distance
where the average electrostatic potential experiences a maximum.
This is a different metric than those used by more standard experimen-
tal methods to determine polyelectrolyte size, which rely on refractive
index contrasts as experienced by light (dynamic light scattering),
x-rays (small-angle x-ray diffraction), or neutrons (small-angle
neutron scattering) (16, 17, 71). Besides the difference in contrast

mechanism, there is also a difference in sensitivity range: fs-ESHS
works well at very low concentrations and ionic strengths ~3 orders
of magnitude below those of linear scattering, as it is very sensitive
to the electrostatic field effects, whereas the linear light scattering
methods perform well at high ionic strength and concentration. A
direct comparison of experimental values of, for example, the radi-
us of gyration (rg) with R in this study is therefore difficult. It could
be done if there was a theoretical description that was valid for the
entire range of concentrations, molar masses, and ionic strengths
studied here and in the literature. Connecting R and r, through a
common theory, one would be able to connect both types of con-
trast mechanism. However, the most widely used model, OSF theo-
ry (18, 19), describes the polyelectrolyte size with a combination
of thermal and electrostatic interactions. OSF theory is valid when
a < YApLo (20), where a is the separation between the charges
(a=1.02 nm for HA), A is the Bjerrum length (A3=0.71 nm), and L,
is the intrinsic persistence length of HA [Lo= 8 nm; (17)]. For HA,
VAg Lo = 2.4 nm, meaning that the chain is assumed to be stiffer
than it actually is. In addition, the relationship between a computed
value such as the end-to-end distance (1) and the experimentally
measured radius of gyration is not well determined (72): For a neu-
tral flexible chain, the ratio between ry and ry is V6, whereas for a
stiff rod it is V12. Here, we take V9 = 3 as determined by (72), who
found this value to be true for short HA chains (<64 monomers).
Although there are ~3000 monomers per chain in this study, we
assume that the number of monomers does not influence this rela-
tion significantly.

Figure 4A presents a comparison of the variation of R (i.e., the
size of the polymer as determined by the radial distance from which
the electrostatic potential decays into the solution) and R’ (i.e., the
size of the polymer chain and the region with a nonnegligible elec-
trostatic potential), together with the radius of gyration as deter-
mined by OSF theory from the end-to end distance (17-19). The
contour length L. (i.e., the length at maximum extension) and the
free radius per HA, Ry, are also plotted. Rge is calculated as fol-

3Mua \ M3 . .
( Trom NA) , where My, is the average molar weight

of HA (Mya=1349 kDa), N, is Avogadro’s constant, and cyj is the
HA concentration (in micrograms per milliliter). It can be seen that
the contour length is larger than all other size parameters, where L.
represents the end-to-end distance of a fully stretched chain. The
computed rg is larger than both R and R’ for the entire concentration

lows: Rfee =

Cua (NM)
,0010.1 1 10 100
N T 'A_ 30—|B | | | Ml H 50—|C [ I | H
3 251 G (NM) SR S
—0o— 0.37
. 20 % 5-371 - __40 Gu(nM) -
£ o 1505 B 15 oo 1
o : -0 3.
I 10 ] T30 .
w 1 |
5L _ L i
Ok | ' | : | ) B— oH | | | | H 20 H | | | | H
00101 1 10 100 1000 0 20 40 60 80 100 0 20 40 60 80 100
Cua (ng/ml)

Temperature (°C)

Temperature (°C)

Fig. 4. Relevant length scales as a function of HA concentration and the temperature dependence of the fs-ESHS response of HA in H,0. (A) Comparison of mea-
sured sizes using fs-ESHS and values found from OSF theory, showing R and R’ as a function of the concentration, together with the contour length L¢, the computed ra-
dius of gyration ry, and the free radius per HA chain Ryree. (B) Temperature dependence of total fs-ESHS intensity and (C) maximum scattering angle at HA concentrations

(molecular weight, 1350 kDa) of 0.5 pg/m (red circles) and 5 ug/ml (blue squares).
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range. Because OSF theory is valid only for rigid polyelectrolytes
such as DNA, i.e, whena < yAgLg (20), r,is likely overestimated.
Furthermore, because the contrast mechanisms vary between linear
and nonlinear scattering, making a direct comparison of size pa-
rameters is not possible. Thus, while the size determined by nonlin-
ear light scattering is of the same order of magnitude compared to
what could be found from linear light scattering measurement if the
experiment were possible, due to the number of uncertainties, it is
very difficult to make any more precise conclusions.

Extended hydration shell

Last, we determine the extended hydration shell (Rj,) around the
polyelectrolyte. The extended hydration shell is determined by the
water that interacts with the HA chain and hence does not relate
directly to R or R’. The maximum extended hydration shell that can
be reached theoretically is determined by the available free volume
per HA molecule. Figure 4A also shows the radius based on the
available free volume (red line, Rgee). When Rgee > R’, there is no
interaction between the HA chains or soft shells [cya< 0.22 nM
(0.3 ug/ml)]. When Rg.e < R’, we expect that the extended hydration
shell will be in the range R < Ry, < R’. At the concentration where the
maximum intensity is reached, we expect that the extended hydra-
tion shell is maximum. To determine its magnitude, instead of using
a model, we have performed fs-ESHS experiments at different tem-
peratures, which allows us to vary the interaction strength of the
HA chains and the water and thus determine whether Rg. = Ry.
Increasing the temperature increases the relative importance of
random thermal motion compared to ion-water (charge-dipole) in-
teractions. It also changes the screening length. With increasing
temperature, the orientational order of water will reduce, and we
expect that this will lead to a decrease in the integrated fs-ESHS in-
tensity Sipe. This intensity decrease arises from both a change in ori-
entational order and a potential change in R, due to the altered
dipole-charge interactions. If the effective size R decreases with
temperature as well, we expect to see an increase in the scattering
angle of maximum intensity Op,. However, if R is limited by the
available free volume per HA chain (Rg..), we do not expect to see
an additional change in 0y,,y. In this case, the size of the hydration
shell is equal to the radius of free volume per HA chain shown in
Fig. 4A, i.., Rirec = Rp.

Figure 4B shows the temperature dependence of the total fs-ESHS
intensity measured between 0° and 100°C at two HA concentra-
tions: 0.371 (0.5 pg/ml) and 3.71 nM (5 pg/ml), indicated by the
dashed lines in Fig. 4A. As expected, the intensity decreases mono-
tonically with temperature due to decreased orientational order.
Note that the increase of temperature from 0° to 100°C also increas-
es the Debye length by 20 nm at cya= 0.371 nM (0.5 pug/ml) and by
15 nm at cya= 3.71 nM (5 pg/ml), but this effect is not significant
compared to the decrease in the orientational order from thermal
motion. The maximum scattering angle 6, as a function of tem-
perature for the two HA concentrations is plotted in Fig. 4C. At
caa= 0.371 nM (0.5 pg/ml), we observe a rise in 6, with tempera-
ture that reflects the shrinking of the extended hydration shell, and
thus, the extended hydration shell is smaller than the free radius.
However, at cya= 3.71 nM (5 pg/ml), Oy is independent of tem-
perature, indicating that the size of the hydration shell is constant.
We therefore conclude that the theoretical extent of the hydration
shells is at least equal to the free radius of HA at 3.71 nM, i.e., Ry >
Rfree, amounting to an extended hydration shell with a radius of

Dedic et. al., Sci. Adv. 2021; 7 : eabf2558 3 March 2021

Ry=475 nm. Ry, < R’, which means that although the electrostatic field
is still orienting water molecules, these water molecules are not directly
associated with the HA chain. Applying the same reasoning for D,0,
assuming that at the concentration of maximum intensity the free
radius equals the radius of the extended hydration shell as for HA in
H,O0, we estimate the size of the extended hydration shell in D,0O at
27 nM (32 pg/ml) to be 260 nm per HA or 45% of the value for H,O.

A shell with a radius of 475 nm holds ~1.3 x 10" water molecules
and one polymer chain, whose volume will displace only ~20,000
water molecules. The measured value of Ry, therefore reports on
spatiotemporally averaged values. Compared to the value found for
R (458 nm), which represents the radial position where the electro-
static potential changes, there is thus an additional shell of oriented
water that is associated with the HA chain that has a thickness of
17 nm (37% of the Debye length at this concentration) or ~60 water
molecules in diameter. This number of hydrating water molecules
that surround the charged HA polymer is similar to the number of ~77
water molecules that were found around electrolytes in an earlier
fs-ESHS study (27).

In summary, we have probed the extended hydration of HA, a
biological anionic polyelectrolyte, using fs-ESHS. The source of the
measured coherent second-harmonic radiation is assigned to water
molecules that interact with the electrostatic field of spatially correlated
charges on the polyelectrolyte chain. The fs-ESHS response is com-
pared to dilute electrolyte solutions, which also display an increase in
second-harmonic intensity at very low ionic strengths (~107> M).
Unlike for simple electrolyte solutions, the fs-ESHS intensity versus
HA concentration curve displays a maximum at an intermediate
concentration (~13.3 pg/ml, 11.6 nM) that is 6x larger than the in-
tensity scattered by simple electrolytes. This difference is explained
by the larger magnitude of the electrostatic field generated by HA
compared to randomly distributed ions. At higher concentrations,
the intensities scattered by HA and electrolyte solutions converge to
the same plateau. This is explained by an enhancement of Debye
screening with increasing HA concentration that results in a shrink-
age of the hydration shells. A theoretical model that treats HA as a
flexible charged particle surrounded by a spherical shell of polarized
water molecules successfully describes the changes in the fs-ESHS
intensity and angle as a function of HA concentration (ionic strength).
Using this model, we propose a method to determine the size of poly-
electrolyte hydrates in dilute solutions. Temperature-dependent
fs-ESHS experiments were used to estimate the size of the extended
hydration shell, which amounts to a few hundred nanometers for a
concentration of 13.3 pg/ml (11.6 nM). Similar to simple salt solu-
tions, a clear difference between light and heavy water is observed.
In heavy water, the fs-ESHS intensity maximum is 4.3x lower and
occurs at 2.4x higher HA concentration (ionic strength). This dif-
ference cannot be explained by the proposed model and likely stems
from the same nuclear quantum effect observed in simple electro-
lyte solutions (27). This isotope effect indicates that the interactions
leading to the observed behavior not only are charge-water interac-
tions but also contain interactions of the electrostatic field with the
collective hydrogen bond network.

MATERIALS AND METHODS

Chemicals

HA (sodium hyaluronate, structure shown in Fig. 1A) produced by
microbial fermentation of Streptococcus pyogenes was purchased
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from R&D Systems (molecular weight, 1350 kDa) and Contipro a.s.
(molecular weight, 1145 kDa) and used as received. The salts NaCl
(Sigma-Aldrich; >99.999%) and MgCl, (Chempura; >99.995%) were
filtered through Millipore Millex-VV 0.1-um polyvinylidene diflu-
oride membrane filters. We used ultrapure water (>18.2 megohm-cm)
dispensed from a Milli-Q UF-Plus instrument (Millipore Inc.).
Ultrapure heavy water (D,0, 99.8% D) was purchased from Armar
Chemicals. Stock solutions of HA were prepared by reconstituting a
weighted amount of HA powder in water. Individual samples were
prepared by diluting a stock solution of HA in new Eppendorf
tubes. The tubes were cleaned before use by rinsing with water.

Determination of the ionic strength at infinite dilution

The ionic strength at infinite dilution, Iy, was estimated from con-
ductivity measurements with an HI 5522 pH/ISE/EC bench meter and
HI 76312 conductivity electrode (Hanna Instruments) in combination
with tabulated ionic molar conductivities (73) using the formula

K

fo Yiviki ®
where x is the specific conductance, A; is the equivalent ionic con-
ductivities of the cations and anions, and v; refers to the number of
moles of cations and anions. To estimate I, we measured the ionic
strength of pure water that was contained in the SHS cuvettes. On
the basis of these conductivity measurements, we determined Ip=
(5.1£23)x 107°M, assuming monovalent jons with A;= 60 x 107%s
m? mol™! (73).

Angle-resolved second-harmonic scattering

The light source for fs-ESHS measurements was a Yb:KGW laser
(Pharos SP, Light Conversion) producing 190-fs pulses centered at
1028 nm with a 200-kHz repetition rate. The polarization of the
incident pulses was controlled via a Glan-Taylor polarizer (GT10-B,
Thorlabs) and a zero-order half-wave plate (WPH05M-1030, Thor-
labs). The incident laser pulses were filtered via a long-pass filter
with a cutoff wavelength at 750 nm (FEL0750, Thorlabs). The aver-
age incident power at the sample was 60 mW (0.3 uJ per pulse). The
laser beam was focused into a disposable cylindrical glass cuvette
with an inner diameter of 4.2 mm (LS Instruments). The beam waist
in the sample was 35 pm at the focus with a Rayleigh length of
0.94 mm. SHS light at 514 nm was collected with a plano-convex
lens (f = 50 mm) and then filtered through a 10- or 50-nm-wide
bandpass filter centered at 515 nm (ET515/10; ET515/50, Chroma).
A Glan-Taylor polarizer (GT10-A, Thorlabs) was used for the po-
larization analysis of the scattered light. The polarization of the in-
cident and outgoing light was either parallel (P) or perpendicular
(S) with respect to the horizontal scattering plane. The SH light was
focused using a plano-convex lens (f = 25 mm) into a gated photo-
multiplier tube (H7421-40, Hamamatsu). A more detailed descrip-
tion of the setup can be found in (74).

The experimental conditions used for fixed-angle measurements
in Fig. 1 and figs. S2 and S4 were similar to those of (27, 48, 52). The
detection angle was set to 90° with an acceptance angle of 11.4°.
Each data point is an average of three to five measurements. Each
measurement is an average of 50 exposures lasting 1 s each, i.e., us-
ing 50 x 2 x 10° pulses in total. The gate width was 10 ns. The fs-ESHS
intensity at 90° was normalized by dividing the measured intensity
of the sample solution by the intensity of the neat solvent (H,O or
D,0) in the same polarization combination.

Dedic et. al., Sci. Adv. 2021; 7 : eabf2558 3 March 2021

Angle-resolved fs-ESHS measurements shown in Figs. 2 and 4
and figs. S1 and S3 were performed by moving the detector arm in
5° steps between —90° and +90° with an opening angle of 3.4°. The
normalized intensity at the angle 6, S(6), was normalized to the in-
tensity of the neat water (H,O or D,0) using the formula

I(e) PPP,sample — I(e) PPP,water (6)
I(e) SSS,water

where PPP and SSS refer to the polarization combination of the in-
cident and outgoing light [the first letter refers to the polarization
state of the SH beam, and the second and third letters refer to that
of the fundamental beam; P (S) is parallel (perpendicular) to the
scattering plane]. The integrated fs-ESHS intensity was calculated
by summing the normalized fs-ESHS intensity over all angles be-
tween —90° and 90° (except for 0°) using the formula

Sint = X040 5(8) (7)

S(0)=

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/10/eabf2558/DC1

View/request a protocol for this paper from Bio-protocol.
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