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In our recent Brownian dynamics (BD) simulation study, the structure and dynamics of anionic polyelec-
trolyte xanthan in bulk solution as well as confined spaces of slitlike channel were examined by applying a
coarse-grained model with nonlinear bead-spring discretization of a whole chain [J. Jeon and M.-S. Chun, J.
Chem. Phys. 126, 154904 (2007)]. This model goes beyond other simulations as they did not consider both
long-range electrostatic and hydrodynamic interactions between pairs of beads. Simulation parameters are
obtained from the viscometric method of rheology data on the native and sonicated xanthan polysaccharides,
which have a contour length less than 1 wm. The size of the semiflexible polyelectrolyte can be well described
by the wormlike chain model once the electrostatic effects are taken into account by the persistence length
measured at a long length scale. For experimental verifications, single molecule visualization was performed
on fluorescein-labeled xanthan using an inverted fluorescence microscope, and the motion of an individual
molecule was quantified. Experimental results on the conformational changes in xanthan chain in the electro-
lyte solution have a reasonable trend to agree with the prediction by BD simulations. In the translational
diffusion induced by the Debye screening effect, the simulation prediction reveals slightly higher values
compared to those of our measurements, although it agrees with the literature data. Considering the experi-

mental restrictions, our BD simulations are verified to model the single polyelectrolyte well.
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I. INTRODUCTION

Polyelectrolytes are distinguished from neutral polymers
and have the ability to dissociate charges in poor solvents
which results in charged polymer chains (macroion) and mo-
bile counterions. They represent an interesting and broad
class of soft matter that should be considered as an additional
complication arising from the Debye screening of long-range
electrostatic interaction by ions [1-3]. These characteristics
prevent a direct application of many reliable theories devel-
oped for neutral polymers [4-7], and it is usually necessary
to consider more system-specific aspects such as the linear
charge density of chain, the ionic strength of the solution,
and the condensation of counterions and salt ions. A thor-
ough understanding of charged soft matter has become of
great attention in life science and molecular biology because
virtually all proteins, and other biopolymers such as DNA,
polysaccharide, or microtubules, are polyelectrolytes.

Modeling studies using the Brownian dynamics (BD)
method with hydrodynamic interaction (HI) have improved
the understanding of how a single polyelectrolyte chain be-
haves when either exists in unbounded spaces or confined to
channels. In modeling the properties of the polyelectrolyte
solution, the solvent is typically treated as a continuum,
while the molecule is usually represented by a coarse-grained
model such as a bead-spring chain [8—10]. For the model
polyelectrolyte, the use of biological macromolecules makes
the study of monodisperse samples possible. Previous studies
were almost confined to an analysis of the equilibrium con-
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formation and the diffusion of a single DNA molecule, where
its contour length is above 4 um. This is based on the ad-
vancement of microfluidic or nanofluidic devices for DNA
separation and gene mapping. For the study of confined
DNA molecules, Jenderajack ef al. [11,12] used a BD simu-
lation coupled with a numerical solver for the solvent mo-
tion. They found the effect of a length scale associated with
polymer-wall interactions because the scalings obtained did
not match the theoretical predictions in square channels.
Chen et al. [13] examined the diffusion of double stranded
(ds)-DNA molecules in slitlike channels with variations in
channel height and molecular weight.

On the experimental side, the shape and dynamics of
fluorescein-labeled DNA molecules were investigated at the
single molecule level in bulk solutions [14,15] as well as
adsorbed to fluid cationic supported membranes with two
dimensions [16—18]. The direct observation of molecular
motion by epi-fluorescence microscopy takes some essential
advantages of the relatively simple experimental setup and
access to single molecule trajectories. Using the fluorescence
microscopy, the trajectories of small fluorescein-labeled mol-
ecules can be followed. Recently, the diffusivity of ds-DNA
in structures ranging from three dimensions to quasi-two-
dimensions was measured [19], and the systematic investiga-
tion of its conformation and chain relaxation was performed
in quasi-two-dimensional (2D) confinement of the Kuhn
length (110 nm) [20].

Very recently, Jeon and Chun [21] developed coarse-
grained models of polysaccharide xanthan polyelectrolytes in
bulk solution as well as under confinement, taking into ac-
count the HIs between pairs of beads. Xanthan is generally
accepted as a semiflexible polyelectrolyte due to the double
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stranded structure with intrinsic persistence length of at least
100 nm [22-24]. Tt has up to two ionizable carboxyl groups
per repeat unit, and the side chains give a semirigid character
to the main chain. The authors have studied the structural
transition of a polyelectrolyte chain from unbounded to con-
fined states with emphasis on the influence of chain intrinsic
rigidity and the ionic strength of the surrounding medium. It
revealed that the reduction in chain size at an intermediate
confinement is accompanied by a severe loss of the long-
range bond vector correlation measured by the persistence
length at a long length scale.

Studies on the comparison between simulation and ex-
perimental data for single xanthan molecule have not been
performed even in the case of bulk solution. Since the epi-
fluorescence microscopy allows one to observe dynamic
changes in xanthan molecules, single molecule tracking can
promisingly provide insight into local fluctuations. It is the
aim of this paper to verify our BD simulations by conducting
accurate measurements and comparing with the experimental
results on the conformation and diffusion of single xanthan
molecules. As the model sample, both the native and soni-
cated xanthan are adopted in bulk solution, and the influence
of the medium ionic strength is highlighted. Our results serve
as a basis for further understanding the transport and ma-
nipulation of polyelectrolyte complex fluids in confined
spaces, which has practical relevance in such research fields
as microfluidics or nanofluidics, lab-on-chips, and single
molecule or cell detection. Although the general trend of the
data is in qualitative agreement, the experimental results do
not show the full agreement with the simulation results of the
translational diffusion. To bridge the gap between theory and
experiment, we discuss the factors of the discrepancy.

II. BROWNIAN DYNAMICS SIMULATION OF XANTHAN
POLYELECTROLYTE

A. Coarse-grained modeling

Here, a brief review is provided regarding the coarse-
grained mesoscopic model of polyelectrolytes with polysac-
charide xanthan and the BD simulation method employed in
the prior work [21], in which the xanthan was modeled as a
bead-spring chain composed of uniformly charged mono-
mers. The generalized Langevin equation provides the refer-
ence for the generation of molecular trajectories in a dielec-
tric continuum of the solvent medium.

The dynamics of xanthan chain is described by the fol-
lowing BD equation of motion that accounts for the bead-
bead fluctuating HI through the first-order Ermak and Mc-
Cammon algorithm [25],

D’ . F?
= A L e A VD HRY, (1)

where subscripts i and j represent each bead. F;':
—~VE™l(z ) is the total force on bead at time step n, R! is the
random displacement due to the solvent, Az is the time step
size, and kgT is the Boltzmann thermal energy. The velocity
field created from the motion of a segment of the xanthan
molecule is taken to be due to a chain of point forces acting

PHYSICAL REVIEW E 79, 051919 (2009)

on the fluid. The bead-bead HI is adequately represented by
a chain of point forces (Stokeslets). Here, the Rotne-Prager
diffusion tensor D?j is employed to describe the HI between
beads [26], which 1s positive definite for all chain configura-
tions. It can be expressed as

1
D . =ky7T| —15,;+ Q. . 2
i B (67T7761 ij 1]) ( )

where 7 is the solvent viscosity, I is the 3 X3 unit tensor,
and );; is the HI tensor which relates the velocity perturba-
tion at point r; to a point force at r;,
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Brownian forces are coupled to these velocity perturbations
through the fluctuation-dissipation theorem, and the distribu-
tion of R} is Gaussian with zero mean and covariance, ex-
pressed as (R}R’)=2D/;At. Here, the integration time step Az
is chosen to satisfy the criterion my/(67na) <At
<6mna’/kgT for the bead mass my,.

Springs with distance 7;;,; between neighboring beads i
and i+ 1 are assured by the finitely extendable nonlinear elas-
tic (FENE) potential of Warner [27],

Ef" = = (sl 2I[1 = (i1 = 1) /). (4)
where [ is the equilibrium bond length and /., is the maxi-
mum bond length allowed. EFENE is reduced to a harmonic
potential with force constant kg, in the limit of large /,,,,. The
Lennard-Jones (LJ) potential describing the dispersion-
repulsion interaction between pairs of beads is taken by con-
sidering the energy parameter g;y and the length scale o7 j set
equal to 1.0kgT and 1.0, respectively. The electrostatic in-
teraction between beads is described via the screening Cou-
lombic interaction, usually known as the Debye-Hiickel (DH,
or Yukawa) potential,

2
q, ¢ Y
EES - 2o

)

[
= kpTe2 2 e i, (5)
d7e rij rl]

Here, g, means the bead charge, the medium dielectric
constant &(=g.gy) is defined in terms of the relative
permittivity  &,(=78.5) and  vacuum  permittivity
£0(=8.854 X 10712 C?/T m), k=(8mlzN,I)"? is the inverse
Debye screening thickness determined by Avogadro’s num-
ber N, medium ionic strength /, and the Bjerrum length
lg=e?/4mekgT (cf., [3;=0.71 nm in water at room tempera-
ture), and z, =g/ e is the bead charge in units of elementary
charge e(=1.6X 1071 C). The finite rigidity of the chain is
modeled by the following harmonic bending potential:
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EPSN = (ko 61'2,i+1)/2, (6)

i+l —

where k, is the bending force constant and 6,

:cos‘1(5i~1;i+1) with the ith bond vector of unit size l;,»
=(r;1—r;)/|r;s;—1,|. This study addresses both models with
and without the bending potential between neighboring
bonds, representing the semiflexible and flexible chains, re-
spectively.

The approach of Chun and Park [24] supports the infor-
mation for the dimension of native xanthan chain as the av-

erage molecular weight My, of 1.13X 10° g/mol (approxi-
mately 1220 monomers) with the persistence length Ip
=120 nm and the contour length R-=580 nm at ionic
strength /=100 mM. This chain is modeled as a mesoscopic
discrete wormlike chain with 25 beads (N,=25), where about
10 beads represent a Kuhn segment of length 2/, ensuring a
smooth persistence length variation according to environ-
mental conditions. The bead hydrodynamic radius a chosen
as 5 nm is close to the value determined by taking the ex-
perimentally evaluated chain diameter d [23,28] and then
equating the volume of a circular cylinder of such diameter
and 580 nm length to the volume [=(47/3)(a’N,)] of 25
beads.

Conducting the previously described scheme [21], spring
parameters (kg, Iy, Ina ka) and z, are optimized with pre-
liminary BD simulations such that the chain reproduces ex-
perimental values of Rq and [/p at different solution ionic
concentrations. We take the optimum stretching constant kg
=2.5kBT/l(2), lp=10 nm, and /,,=150 nm for semiflexible
chain, and kq=3kgT/ lé, lp=18 nm, and /,,=40 nm for
flexible chain. Note that the weak spring constant employed
here is not so much a signature of entropic spring as a con-
venient way to take into account the large ionic strength
dependence of xanthan contour length. The optimal bead
charges ¢, of —35¢ for semiflexible chain (—30e for flexible
chain) corresponds to ~35% of the maximum value of —98¢
for the bead composed of 49 (=1220/25) monomers, which
leads to the contour distance per elementary charge [,
(=Rc/(Nypzp)) of 0.66 nm. According to the Manning conden-
sation [6,29], the minimum possible value of Iy in the pres-
ence of monovalent counterions is the Bjerrum length Iy
(0.71 nm), in agreement within 10%. Therefore, it does not
need to consider counterions since the parametrized bead
charges include the possibility of counterion condensation.
The optimized angle bending force constant determined as
ka=4kgT yields l[p=4b, where the average bond length b has
the relation lp=bk,/(kgT) for a wormlike chain [9,30]. This
is close to the simulation result, /[p=4.3b at =100 mM if
b=2.4l, is taken.

B. Global properties

Structural properties of the xanthan chain can be the root-
mean-square end-to-end distance Ry and radius of gyration
Rg [31], given by

Ny 2\ 12
RE=<(rNb_rl)2>1/2= (E rn) > (7)
n=1
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N,

l b
Rézﬁz <|rn_RCM|2>’ (8)

bn=1

with the position of the center of mass

Ny
RCM=<E rn>/Nb' )

n=1

The theoretical scaling for these properties is (Ré>0<<Ré>
o (N,—1)?", where the value of v has 0.588 for a self-
avoiding walk in good solvent from renormalization-group
theory methods [32]. Further, the contour length R is given
by

Ny—1 Ny-1

RC=(Nb_1)b= E bn= E |rn+1_rn

n=1 n=1

) (10)

where b,, is the nth bond length. Note that the contour length
R¢ can vary with medium ionic strength due to the variable
screening of bead-bead electrostatic interactions. As de-
scribed in detail in a previous study [21], the persistence
length Ip can be determined from the average contour dis-
tance between beads separated by n bonds. The correlation
length of bond vectors separated by n bonds, which provides
a useful measure of the relative strength of short- and long-
range bond vector correlations, becomes independent of n
only when the bond vector correlation decays exponentially
on the entire length scale. Under a given condition, 20 inde-
pendent BD trajectories are analyzed for each of more than
10 ms in length.

A diffusive motion of the Brownian particle is param-
etrized by its translational self-diffusion coefficient through
the Einstein-Smoluchowsky relation (within the framework
of Kirkwood theory) [31,33],

1
DTsB = llm .

6z—>w251<[RCM’B(’) —Rempt— 801 for B=xy.z.

(11)

Here, ot is the lag time and the average (---) is the mean-
square displacement (MSD) carried out over the entire tra-
jectory. In order to better compare the experimental results
with simulations, we consider the 2D diffusion coefficients
D3°=(Zp.,,Dr 5)/2 in bulk. In bulk solution, however, the
full three-dimensional (3D) diffusion coefficient is found to
be different from the 2D one with x and y components by
less than 2%. In practice, the limit 6t — ¢ on the right-hand
side of Eq. (11) is replaced by &r=0.2 ms, from which the
estimated error is less than 2% in the bulk solution and less
than 5% under confinement.

III. EXPERIMENTAL DETAILS
A. Xanthan preparation: Native and sonicated samples

The powdered xanthan used in this study was purchased
from Sigma Chemical Co. (St. Louis, MO). Care was taken
during sample preparation to remove microgels, and the so-
lutions containing nearly monodisperse samples were ob-
tained by employing membrane filtrations. According to the
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TABLE I. Determination of the persistence lengths and contour lengths of xanthan samples for different

electrolyte concentrations.

Persistence length, /p

Contour length, Rc

(nm) (nm)
Tonic strength, I 1072k Chun and Park [24] 1i1ative xanthan Sorlicated xanthan®

(mM) (nm™!)  Yamakawa-Fujii [35] OSF [36,37] (My=1.13X10%  (My=6.9X10%)
100 103.66 12010 105 580 360

4.0 20.73 150+ 10 111 730

1.0 10.37 160+ 10 123 750 460

0.2 4.64 200* 10 167 880

0.1 3.28 240+ 10 240 960 590

0.01 1.04 46010 881 770

“Ultrasonication for 5 min.

degree of chain scission desired, xanthan fractions having
different molecular weights or sizes can be prepared by ul-
trasonic degrading the native material without structural or
chemical modification. In this study, sample solutions were
exposed to 75 W of 23 kHz sound with a sonifier cell dis-
ruptor (Branson Model 450) for 5 min. From the peak analy-
sis obtained by the capillary hydrodynamic fractionation,
polydispersities for each sample prepared were found to be
in the ranges between 1.1 and 1.4. The medium ionic
strength was adjusted with KCI electrolyte using the de-
ionized and distilled water with 18 M{) cm resistance. The
pH of the xanthan solution was maintained to about 6.2,
where the change over an experimental time course was
quite small (less than 6%) not to affect the medium ionic
strength.

The average molecular weight My of 5 min sonicated
xanthan is determined as 6.9 X 10° g/mol (approximately
745 monomers) by adopting the viscometric method incor-
porating the Mark-Houwink relation, likewise the case of the
native xanthan. The contour length Rc has about 360 nm
with /=120 nm at ionic strength of 100 mM, from the best
fit of intrinsic viscosity [#] data to the theoretical
Yamakawa-Yoshizaki curves described in detail in the litera-
ture [24,34]. The contour lengths estimated for each sample
and condition are summarized in Table I. It is remarkable
that the obtained persistence lengths show a fair overall
agreement with the predictions according to Odijk [35],
Skolnick, and Fixman (OSF) [36]. The ionic concentration of
the symmetric monovalent electrolyte equals the medium
ionic strength, in which the Debye thickness «~!(nm) is
given by (ionic strength I(M))~"2/3.278. In Fig. 1(a), the
large increase in the experimentally observed R. with de-
creasing « [24] is well reproduced in native and sonicated
xanthan. A similarly large change in R (i.e., 450 nm at [
=0.5 M and 1651 nm in pure water) was reported from an
atomic force microscope (AFM) study on dehydrated
samples [37]. The extension of xanthan at low ionic strength
and a corresponding increase in the solution viscosity are
likely to involve a transition of the secondary structure (i.e.,
backbone conformation) from a double strand to a disordered
form with lower strandedness [38]. This denatured xanthan
can undergo a disorder— order (i.e., coil —helix) transition

when sufficient salt is present. Figure 1(b) shows that the
short degraded xanthan takes stiffer chains and the extended
backbone of xanthan chains is accompanied by an increase in
chain stiffness with decreasing /. As noted before, the xan-
than with R-/Ip=3 can be regarded as a continuous worm-
like chain that is modeled as a discrete chain with 25 beads.

B. Fluorescein labeling and characterization

Following the procedure outlined by Holzwarth [39], both
the native and sonicated xanthan were tagged by the attach-
ment of a fluorescein derivative to a finite portion of the
carboxyl groups found along the polymer backbone. The tag-

1200 ——— ———
native semiflexible
<= F | xanthan flexible
g’ —~ 900 - O, A experimental |
@ £ ! A
- = || sonicated
3 xanthan
S o° 600 ]
t k& I
o AN
©  (a) 1
0 o L bl
E 16 bl
"q's L —O— experiments (native)
= 126 A —{\— experiments (sonicated) | ]
© 6] T S
T X i ~~ ]
o — 08| Ay B
0 o [ AT B
(230NN [
o 04 00 o ]
= L (b)
= L
(%] 0.0 | . | \ |
102 107" 10°

inverse Debye thickness, « (nm'1)

103 102 10" 10° 10° 102

medium ionic concentration, / (mM)

FIG. 1. The variations in (a) the contour length R and (b) the
stiffness parameter of a single native and 5 min sonicated xanthan
with Debye parameter x in bulk solution. Experimental data are
provided from this study as well as Ref. [24].
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TABLE II. Zeta potential and electrophoretic mobility of xanthan samples for different amounts of
fluorescein added to the 300 ml solution of 1000 ppm native xanthan.

5-amino fluorescein

(mg) None (unlabeled) 8 15 23 35
Zeta potential (mV) -61.8 -53.6 -60.8 -62.4 -71.2
Mobility (10™* cm?/V-s) -4.50 -3.94 -4.39 —-4.55 -5.37

ging reaction is initiated by adding 15 mg 5-amino fluores-
cein and 60 ul cyclohexyl isocyanide to the 300 ml solution
of 1000 ppm xanthan and a 50 ml dimethyl sulfoxide solu-
tion prepared with 60 wl/ acetaldehyde. The mixture is
stirred at a low speed for 24 h at room temperature, and then
the labeled xanthan is isolated by precipitation with 4 parts
ethanol to 1 part reaction mixture, where 1 wt % NaCl is
added. The purification process is repeated with a cycle of
precipitation until all the residual-free dyes were washed off.
Subsequently, the precipitated xanthan is redissolved in 2 g/LL
Triton X-100 and 2 mM sodium azide, and then dialyzed
with ultrafiltration membrane (YM100, Millipore, MA) for 3
days against this solvent. Prepared samples of unlabeled and
fluorescein-labeled xanthan were stored in a refrigerator until
use with sufficiently dilute concentration (=100 ppm).

The degree of fluorescein labeling was found to be
0.5-1.0 wt %, determined by UV-Visible absorption spec-
trophotometry (S-3100, Scinco, Seoul). In order to identify
the change in surface charge condition for different amounts
of fluorescein dye, the zeta potential was estimated from the
mobility values measured with an electrophoretic light-
scattering spectrophotometer (ELS-8000, Otsuka Electron-
ics, Osaka). In Table II, the magnitude of the negative zeta
potential of the native xanthan is almost equivalent to that of
the labeled one with 15 mg fluorescein, which was used in

8 [ T T T T
[ native xanthan ®)
o _
° _
[ ]
O unlabeled | |
—~ ® labeled
RS - i
=4 ]
= " sonicated xanthan .
A
A
A unlabeled
A |abeled
1 n n n 1 n n n 1 n n n
40 60 80 100

Debye thickness, ' (nm)

FIG. 2. Intrinsic viscosity vs «~! for native and 5 min sonicated
xanthan. Solid lines provide a linear fit with the slope «, holding
over the suitable range.

this study. Intrinsic viscosities were obtained by measuring
shear viscosity carried out with a low-shear capillary vis-
cometer of Ubbelohde type at room temperature. The elec-
trostatic excluded-volume contribution in semiflexible poly-
electrolyte solution accounts for the linear relationship
between [7] and «~' over a certain range, such as [7#]
=[9]ine+ @/ K, Where [ )i, is the intrinsic viscosity at suffi-
ciently high ionic concentration (/=100 mM) and the slope
. is an extension coefficient [24]. Figure 2 shows that the
intrinsic viscosity is reduced overall in the labeled xanthan,
accompanying a decrease in the extension coefficients less
than 20%.

C. Fluorescence microscopy

Fluorescein-labeled xanthan molecules were excited with
an Hg laser at 450-500 nm and monitored with emission at
520 nm using an inverted epi-fluorescence microscope
(Nikon, Eclipse Ti-E) with a 100X [numerical aperture (NA)
of 1.3, resolution of 0.2 um, focal depth of 0.41 wm] oil
immersed objective, as depicted in Fig. 3. Images were taken
by a digital 12 bit charge coupled device (CCD) camera
(Nikon, Digital Sight DS-Qil, monochrome cooled) with 30

<—— Glass cover

Xanthan

Chamber o ’\'\, —~ < solution

Objective lens

Dichroic mirror ‘ (9 .
\ Excitation

filter

Barrier filter U )

>| Collector
filter
Mirror \ C l camera

ND filter

FIG. 3. (Color online) Schematic of inverted epi-fluorescence
microscopy utilized in single molecule detection of xanthan.
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FIG. 4. (Color online) (a) A typical fluorescence image of native
xanthan in KCI 0.1 mM solution, where the microscope was fo-
cused away at least 24 um from the downside wall with the expo-
sure time of 30 ms. (b) The pixel intensity of the fluorescence
image.

ms exposure time recording 1280 X 1024 pixels. Under 100
X magnification, each image pixel corresponds to 65 nm.
160 frames over a period of 16 s were recorded for each
xanthan molecule. The data acquisition was performed using
the NIS-Elements software and image processing was accom-
plished by the MATLAB (Mathworks, MA).

60 T T T T T T
40 - 8

[ x
Ry XX x x X
20 XXX % %% xx < xxX

1(10° cts)

0 i

16l ! ! ! ! .
15 .
12 + .
15 g

AT AT

0.06 q

RCMJ(”m)

RCny (rm)

0.05 - q
0.04 B

R 2(umz)

0.03 - 4

0.02 N 1 N 1 N 1
0 1 2 3 4

t (sec)

FIG. 5. Typical time evolution of the zeroth, first, and second
moments of the intensity distribution of a single native xanthan
molecule in KCI 1.0 mM solution. The time interval is 97 ms.
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1 0 T T T T T T

Y displacement (1m)
o

'
a
T

-10 n I n ot I n I n
-10 -5 0 5 10

X displacement (um)

FIG. 6. (Color online) The center-of-mass trajectories of native
xanthan molecules in KCl 1.0 mM solution during a sequence of
images with 97 ms interval time. Filled circle and triangle symbols
indicate the start and stop positions, respectively.

To provide the bulk space, a homemade chamber was pre-
pared with slide glass and glass cover having 50 and
150 um thicknesses, respectively. They were separated by 3
mm high polydimethylsiloxane (PDMS) frame, which was
completely sealed. The chamber mounted on the microscope
has dimensions of 60 mm by 24 mm in the x-y plane. The
chamber volume of 4.3 ml is large enough not to be dis-
turbed by temperature rise during the course of an experi-

20 T T T T T T T T
- | @ native xanthan -
---&-- gonicated xanthan
1.8
e
e
5 1.6
8 [ )
< - _
- o A
< L, 0% e
L r's AT
o A
...... A
L A i
1.2 ¢
1.0 ] ] e
102 10" 100

inverse Debye thickness, « (nm'1)

FIG. 7. The variations in N/, of native and 5 min sonicated
xanthan with Debye parameter « in bulk solution.
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inverse Debye thickness, ;c(nm'1)

FIG. 8. The variations in the radius of gyration Rg of a single
native and 5 min sonicated xanthan with Debye parameter « in bulk
solution. Experimental data represented by symbols are provided to
compare with the results by BD simulations. The error bars repre-
sent the standard deviation.

ment. When performing the image analysis, we set up the
desirable range of fluorescence intensity and ignore xanthan
molecules that appear too dim due to an escape from the
focal plane, which has a conflict with the 2D translational
diffusion. The microscope allows observing the motion of
xanthan chain in the focal plane of the chamber in the x-y
direction, as provided in Fig. 4. In this, the focal plane is
possible to locate with a minimum adjustment of 50 nm by
means of the precise z-axis focus module.

IV. RESULTS AND DISCUSSION

A. Image analysis of fluorescein-labeled xanthan molecule

After subtracting the background, a threshold was set in
order to divide the image into subframes encompassing a
single xanthan molecule. The zeroth moment accounts for
the total intensity I(r) of a single molecule, which can be
calculated from the intensity distribution function I(r,7) of a
pixel with a set of coordinates r,

I(t)=JI(r,t)dr. (12)

Here, I(t) is =, ,1,,,(1) with the fluorescent intensity /,, of the
pixel {p,q}, and we assume that the fluorescent label is uni-
formly distributed within a molecule. The first moment of the
intensity distribution denotes the position of the center of
mass
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® /=100 mM
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FIG. 9. The MSDs (RéM(t)) of center of mass vs lag time. Each
curve represents the average of 5 submovies and the frame rate for
data is 10 frames/s.

Rep(1) 0 f ri(r, z)dr_—Ez D0, (13)

10,5 "

Subsequently, the second moment determines the radius of
gyration tensor, given by

1
Gy = EJ (ri=Ren ) (r; = Rey )I(r,0)dr. (14)

For x and y directions, Eq. (14) is expressed as

Golt) = 1(17) S L) = Resga Ty (1) = Ry 00y 0.

(15)

then the common radius of gyration can be obtained as

RE(1) = trace(G,,). (16)

The instantaneous evolution of each moment can be ob-
tained from the analysis of the acquired images by tracking
with more than 20 xanthan. In Fig. 5, the zeroth moment
giving the total fluorescence intensity /(¢) is almost constant
over time with little fluctuations. Once the photobleaching is
introduced, a systematic slow exponential decrease will be
observed. According to the x and y components of the Rqy;,
the evolution of the Rg appears nearly unchanged. As a de-
monstrative example, the trajectories of center of mass (in
the x-y plane) are shown in Fig. 6. Note that the displace-
ment direction in each step is a random process exhibiting
Brownian motion. We recognized that most of the displace-
ments should have approximately the same length and its
distribution becomes Gaussian.
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B. Comparison between experiments and simulations

The change in chain dimension due to labeling was as-
sessed from the behavior of the zeta potential and rheological
property. In Table II, labeling with xanthan/fluorescein mass
ratio of 300 mg/15 mg (molar ratio=6.29 X 10~ has no sig-
nificant influence on the surface charge, indicating that the
values of Rc and lp are almost unchanged. However, the
reduced behavior of intrinsic viscosity by the labeling should
be considered to adjust another model parameter pertaining
to the xanthan dimension. With a simplified assumption of
the rod structure, a relationship between the viscosity factor
[7]/Vy, and high values (>50) of the aspect ratio
N(=R¢/d) is possible to apply here by the power-law func-
tion as [ 7]/ Vy,~ N8, where V,, is the specific volume of
xanthan [40]. In Fig. 7, the ratio of \ between the unlabeled
and labeled xanthan, N/Njpe=7]/[7]ime) " ", increases
with increasing «. The value of the ratio d,,.;/d determined
by N/ Ao €nables the labeling effect to be correct by esti-
mation of the modified bead radius, on the basis of
(47/3)(a®Ny) =m(d/2)*Rc.

Figure 8 depicts the radius of gyration of the labeled xan-
than with native and sonicated samples, where comparisons
are shown between experimental results and the prediction
by BD simulations. The simulation system, which is infinite
in the x and y directions, is equilibrated for 2 ms (1 X 10°
time steps) and the averages are taken for the next 14 ms
(7% 10° time steps). Owing to the lack of intrinsic rigidity,
the flexible model exhibits a smaller size than the semiflex-
ible model. With decreasing ionic strength (or k), each xan-
than chain extends and converges to a fully extended one
which corresponds to a large increase in the experimental
contour length. This property is represented by the fact that

12 —rrr —rrr —rrr
native xanthan .
9 flexible
semiflexible \ .
5 .

-
N
T
1

translational diffusion coefficient

6 _
A a o 1
3 2 A A semiflexible -
o [ Lol L L Lol L L Lol
102 10°" 10°

inverse Debye thickness, K(nm'1)

FIG. 10. The variations in the self-diffusion coefficient D%D of a
single native and 5 min sonicated xanthan with Debye parameter
in bulk solution. Experimental data represented by symbols are pro-
vided to compare with the results by BD simulations. Solid symbols
exhibit the pure 2D diffusion (D%D in x and y directions only) and
crossed open symbols exhibit the quasi-2D one (=(D%D+D%D)/2).
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(Rg/Rg)*=9.7 for semiflexible model at k=0.01 nm~! could
be close to the value 12 corresponding to the full extension,
as described in a previous study. At high ionic strength (i.e.,
I>10 mM), the chain structure is nearly identical to that of
the neutral chain. For the sonicated xanthan at />1.0 mM, it
is really hard to obtain an assured Rg value due to the limi-
tation of magnification. In Fig. 8, experimental results have a
reasonable trend to agree with the prediction by BD simula-
tions. Our simulated R values can be compared with those
previously reported in other studies [22,23,41] for dilute xan-
than solutions, by combining the literature data overall. From
the plot of R values as a function of the average molecular
weight obtained by theoretical calculations and light-
scattering measurements, each values of Rg in 5 g/L aqueous
NaCl (i.e., 1=0.086 M, k=1.04 nm™') are found in the
range of 120-140 and 80-100 nm for our native and 5 min
sonicated xanthan, respectively. These ranges are consistent
again with the results reported later [42].

As was noted in Eq. (11), the self-diffusion coefficient of
the xanthan chain is determined from the MSD (RéM(t)) with
the lag time ot in each Brownian trajectory,

R2. (¢
D= fim e a7
OSt—x 45t

where

(Rem(0) = ([Rema(t) = Repo(t = )
+[Rem, (1) = Rew, (1= 80)T7). (18)

After binning the trajectory into several segments, we calcu-
lated the center-of-mass displacement for each individual
molecule within each segment as a function of the time
elapsed between the frames in which the displacement was
measured, as shown in Fig. 9. As expected, the MSD of the
xanthan molecules increases linearly with lag time. The
value of (RéM(t)>/ 46t is fairly constant except the initial
stage. The in-plane diffusion coefficient was obtained from
the slope of the MSD of the ensemble average vs lag time
with 95% confidence, in which error estimates were made
using the bootstrap method for lots of subensembles of mol-
ecule paths.

Figure 10 shows the self-diffusion coefficient D%D of the
labeled chain of native and sonicated xanthan with variations
in the medium ionic strength. The values for each sample
mostly converge to the single bead value Dy=kgT/6mna at
low ionic strength (or low «). The self-diffusion increases
with increasing « since the chain becomes more compact,
and a large difference in self-diffusion between the flexible
and semiflexible chains at high « is attributed to the size
difference shown in Fig. 8. In Fig. 10, although the consis-
tent trend of the data is evident, the experimental diffusion
coefficients show lower values than the simulation results.
Although we select to identify and analyze only the particles
within a certain desirable intensity range, it should rely on
intuition in some extent because the effective size of xanthan
molecule is actually in the limited range, in view of the pixel
size of our system. Inferring this uncertainty in the complete
2D image tracking, the values of quasi-2D translational dif-
fusion coefficient shown as open symbols are estimated by
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meaning D° and D3°. Further, we compare our simulated
D3P with those reported in the literature. The D3° value of

xanthan with My, of 1.8 X 10° in 5 g/L aqueous NaCl was
measured as 2.5 X 107 c¢cm?/s at infinite dilution [41]. More
significant data should be recognized by the D%D plot of the
fluorescein-labeled xanthan in dilute regime provided by Tin-
land et al.[42], from which we can verify our native and 5
min sonicated xanthan as corresponding to about 5% 1078
and 7X 1078 cm?/s, respectively.

Each discrepancy between the BD simulation and experi-
mental results could be estimated as the average relative dif-
ferences with respect to the simulation values of the radius of
gyration and translational diffusion coefficient, as provided
in Fig. 11. Simulation results of the radius of gyration can be
compared well to experiments, showing a discrepancy of less
than about 30%. In the translational diffusion, the simulation
prediction is higher than the experimental measurements for
the entire range of ionic concentration, with the relative dif-
ference in the level of up to about 45%. Considering the fact
that literature data agree well with the simulations rather than
the fluorescent tracking results, a main cause of the discrep-
ancy might be due to limitations in experiments such as the
incomplete 2D image tracking. In addition, we need to pur-
sue more rigorous parameter set, which can be obtained by
applying more advantageous experimental methods to char-
acterize the fluorescein-labeled xanthan. It will be one of the
main tasks for further investigation in the near future.

V. CONCLUDING REMARKS

The use of anionic polysaccharide xanthan allows the ap-
plication of direct visualization to quantify the structure and
diffusion of an individual polyelectrolyte chain. From the
BD simulations of native and sonicated xanthan in bulk so-
lution, we found that the structure and diffusion of polyelec-
trolyte chains depend sensitively on the medium ionic
strength, in which their dependency agrees well with the
semiflexible wormlike chain model. The change in bead ra-
dius due to the labeling, based on the rheological behavior of
the intrinsic viscosity, was properly implemented by combin-
ing with optimized model parameters for unlabeled xanthan.
It is evident that our BD simulation is tending toward quali-
tative agreement with experiments. However, the experimen-
tal diffusion coefficients reveal lower values than the simu-
lation results. A proper explanation for the discrepancy
should be given as a choice of the parameter set for labeled
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FIG. 11. (Color online) The relative differences in values of the
radius of gyration and translational diffusion of native and sonicated
xanthan between experimental measurements and simulation results
of semiflexible chain.

xanthan characteristics and the incomplete 2D image track-
ing for translational diffusion. Despite these restrictions, the
consistency with literature values confirms the validity of our
BD simulations that model rigorously experimental systems
of the single polyelectrolyte. Our experimental verification
with xanthan in bulk solution is important for polyelectrolyte
molecules in confined spaces. The self-diffusion coefficient
provides important information on the chain structure as well
as dynamics.
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