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Estimation of the hydrodynamic screening length
In x-carrageenan solutions using NMR diffusion

measurements

Qiuhua Zhao and Shingo Matsukawa

We quantify the hydrodynamic screening length (£) in k-carrageenan solutions by observing restrictions on the diffusion of
several pullulan probes, each with a different molecular weight (M,,). The diffusion coefficient of pullulan in a pure solvent
(Dpun,0) and a k-carrageenan solution (D)) were measured using a pulsed field gradient stimulated spin-echo IH nuclear
magnetic resonance. The hydrodynamic radii (Ry) of the pullulan samples were determined using Dy o measured at 25 °C and
the Stoke-Einstein equation. The echo signal intensity of k-carrageenan without a gradient, /ipp2(0), decreased steeply at
around the sol-to-gel transition temperature (7;), suggesting that the k-carrageenan chains formed helical aggregates at T,
diluting the solute k-carrageenan concentration. The ratio, Dyy/Dpuii,0, Was less than 1, indicating that the mobility of pullulan
was restricted by the k-carrageenan chains. Over the entire temperature range, pullulan with larger molecular size yielded more
restrictions on the molecular mobility, and Dyy/Dpui,0 decreased as the My, of pullulan increased. Below Tgg, Dyui/ Dpuil,o
increased as the temperature decreased. This behavior suggests that a decrease in the restriction degree by the x-carrageenan
chains is concomitant with the formation of aggregates. To quantify the restriction degree, ¢ was estimated at various

temperatures using the relation Dyy/Dyyii,0 = exp( —Ru/&).
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INTRODUCTION
The diffusion of solutes in a gel matrix has an important role in
applications such as the delivery of drugs and the encapsulation of
fragrances.”> NMR has proved to be a powerful technique for
determining the dynamic and structural properties of food model
systems® and the gelation process of polysaccharides.*> NMR
relaxation times give information about the tumbling motion of
molecules in food hydrocolloid systems. The diffusion coefficients
determined by pulsed-field-gradient NMR reflect the translational
motion of molecules. The diffusion coefficient of solutes in a polymer
matrix strongly depends on molecular weight, temperature, viscosity
and the network structure of the diffusing matrix. Any factor that
reduces the space delineated by the polymer chains will have an effect
on the molecular mobility of the solute. In polysaccharide gels, the
aggregation of polysaccharide chains can enlarge the diffusing space.
Therefore, to understand the diffusion of molecules in a gel, it is
important to understand the aggregation behavior.

k-Carrageenan is a linear sulfated polysaccharide that is extracted
from marine red algae. As shown in Figure 1, K-carrageenan
comprises two galactose units: o-(1-3)-p-galactose-4-sulfate and
B-(1-4)-3,6-anhydro-p-galactose. It is a gelling agent that has

applications in the food industry,® as well as the pharmaceutical’
and biotechnology sectors.® k-Carrageenan in a hot aqueous solution
in the presence of cations has the ability to form thermoreversible gels
upon cooling. The gelation process of k-carrageenan has been widely
studied.”"!! The process upon cooling is commonly modeled as the
transition of k-carrageenan chains from a random coil to a helix
conformation. This transition is followed by the aggregation of helices
to form a network.

In the present study, our objectives were to investigate the diffusion
behavior of several pullulan samples, each with a different molecular
weight, in the Kk-carrageenan solutions and to use the observed
restrictions on the diffusion mobility of the pullulan probes to
estimate the hydrodynamic mesh size of the k-carrageenan solutions.

EXPERIMENTAL PROCEDURE

Materials and sample preparation

The K-carrageenan was purchased from Sigma Chemical Co. (St Louis, MO,
USA) and was used without any purification. The concentrations of K, Na™
and Ca?t in the original samples were 6.8%, 0.6% and 2.4%, respectively. No
excess salt was added during sample preparation. The molecular weights of
pullulan sample purchased from Showa Denko Co. (Tokyo, Japan) were
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Figure 1 ldealized disaccharide repeating unit of k-carrageenan.

228 x 104, 4.73 x 104, 10.7 x 104, 21.2 x 10* and 40.4 x 10*gmol ~!. Each
sample contained one of the pullulan probes and was prepared as follows:
powdered k-carrageenan was dispersed in D,O by stirring for 1h at room
temperature and 0.5h at 80 °C. Thereafter, an equivalent amount of 0.2%
pullulan/D,0 solution was added. The mixture was stirred at 80 °C for 0.5h to
obtain a homogeneous solution. Five solutions, each with a different molecular
weight pullulan, were prepared using the same procedure and contained 1% -
carrageenan and 0.1% pullulan. The concentrations of k-carrageenan and
pullulan are expressed in w/w % of k-carrageenan and pullulan relative to the
total weight of the solution. The resulting solutions were immediately
transferred into a preheated 10mm NMR tube. Samples used to measure
the diffusion coefficient in a pure solvent were prepared using powdered
pullulan mixed with D,O and stirred at 80 °C for 0.5h.

NMR measurements
Self-diffusion coefficient measurements using the pulsed field gradient
stimulated spin-echo pulse sequence were performed on a Bruker Avance II
400WB spectrometer (Bruker Biospin GmbH, Rheinstetten, Germany) that
was equipped with a gradient probe. A schematic diagram of the pulse
sequence can be found in the literature.!> The temperature was controlled
using a Bruker BVT-3200 (Bruker Biospin GmbH, Wissembourg, France) and
was monitored using an optical fiber thermometer (Takaoka Electric
Manufacturing Co., Tokyo, Japan) placed in the sample tube. Each
measurement was carried out after waiting for 30 min to reach the thermal
equilibrium.

The diffusion coefficients were determined using the following relationship
between the echo signal intensities and the field-gradient parameters:

1(27y +11,80) =I(2t2 + 11,0) exp| — y°3°g*(4 — 6/3)D] (1)

where I(27,+ 71,80) and (27,4 7,0) are the echo signal intensities at t=2
7,+7; with and without the field gradient pulse, respectively; y is the
gyromagnetic ratio of 'H; & is the duration of the gradient pulses; g is the
field gradient strength; and 4 is the diffusion time that corresponds to the time
interval between two field gradient pulses. Note that I(2t, 4 7;,0) has decayed
from the initial intensity, 1(0,0), (that is, the signal intensity immediately after
the first . f. 2/m pulse) by the relaxations of T} and T):

I(21, +11,0) =1(0,0)/2 exp[ — 272/T, — 11/Th] (2)

where a decrease in the relaxation times causes a decrease in I(21, + 17,0).

In all experiments, 6 and 4 were fixed to 1 and 10 ms, respectively. The
field gradient strength, g, was varied in eight steps within the range of
1.8-12.0 Tm ~!, the maximum value varied depending on the diffusing system.
The n/2 pulse length for 'H was 16 s and the relaxation delay was set to 3.55.
All chemical shifts were referenced to the peak at 5.36 p.p.m., which is
attributed to the anomeric proton of pullulan.

RESULTS AND DISCUSSION

Pulsed-field-gradient 'H spectra of pullulan in a pure solvent and a
K-carrageenan solution

Figure 2a shows the stacked 'H spectra of the 0.1% pullulan solution.
The signal intensity of pullulan decayed with increasing g, reflecting
the diffusional motion of pullulan in a pure solvent.
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Figure 2b shows the pulsed-field-gradient 'H spectra of the 1%
k-carrageenan solution containing 0.1% pullulan at various tempera-
tures. The peaks that were selected for the following analysis of
pullulan and «-carrageenan are indicated by arrows. Detailed
information on the signal assignments of k-carrageenan and pullulan
can be found in the literature.!>!# The intensity of the peak from the
anomeric proton of pullulan at 5.36 p.p.m., which is separated from
the peaks of k-carrageenan, decayed with increasing g and indicates
the diffusion of pullulan among the network structure formed by the
K-carrageenan chains.

On the basis of Equation (1), a semi-logarithmic plot of I,u(g) as a
function of y25%¢*(4 —4/3) gives a straight line with a slope of —D,
if the diffusant has a single diffusion process. The semi-logarithmic
plots of I,u(g) at 25°C in the pure solvent and the k-carrageenan
solution, obtained from the results of Figure 2, are shown in Figure 3.
The first spectra at the lowest gradient strength in the pure solvent
contains the residual water peak and was not used for the diffusion
analysis. The plots lie on a straight line, indicating that pullulan has
a single-mode diffusion process in both the pure solvent and the
K-carrageenan solution. The diffusion coefficient of pullulan, Dy, is
obtained by fitting Equation (1) to the experiment data. The diffusion
coefficient of pullulan in the Kk-carrageenan solution is smaller than
that in pure D,O. This result suggests that pullulan suffers restrictions
from the K-carrageenan chains, and thus has slower diffusional
motion. The restriction effect!>® on the molecular mobility of
pullulan will be discussed in detail later.

Diffusion mobility of pullulan in a pure solvent

The convection effect was studied by exploring the dependence of
Dpuiio on the diffusion time (4) for different molecular weights at 25,
30, and 40 °C by varying 4 from 10 to 40 ms.'®!” Figure 4 shows an
example of the dependence of the diffusion coefficient on 4 for the
0.1% solution of pullulan with M, =10.7 x 10%. As A increased, the
apparent D did not increase at 25 °C; it increased slightly at 30 °C and
visibly at 40 °C. These results indicate that the convection effect is
significant at higher temperatures. For each temperature, D0 can
be determined by extrapolating the plot to 4=0ms. Note that the
experimental data was more scattered at 40 °C than at the other two
temperatures. As a result, the extrapolation is inaccurate at 40 °C and
the inaccuracy is expected to increase with increasing temperature.
Therefore, the temperature dependence of Dj,y 9 was calculated using
the Dy measured at 25°C and Stoke-Einstein equation'® as
described below.

Figure 5 shows the molecular weight dependence of Dpyp 1o
(Dpulto at 25°C), where T° represents the temperature in Kelvin,
298 K. The relationship between the molecular weight, M, and the
diffusion coefficient in a dilute solution, Dy, can be expressed as:'°

Dy =aM, " (3)

where a is a constant related to the segment size of the polymer chain
and v is an exponent that depends on the polymer—solvent system. As
seen in Figure 5, the double-logarithmic plot of Dy 0,1 as a function
of M, is essentially linear, and the experimental result gives the
following equation:

Dpull,O"l"0 :2.25><1()78Mw*0-59 (mzs’l), (4)

The value of the exponent, v, was found to be 0.59 that is close to that
for flexible polymers in a good solvent. The experimental results
obtained by Nisihinari et al.?° yielded a v equal to 0.51. The diffrence
in v is most likely attributed to the method used to determine
Dpun,r. Nisihinari et al. used the intercept of the concentration
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Figure 2 (a) Stacked pulsed field gradient stimulated spin-echo (PGSTE) 1H spectra of a 0.1% solution of pullulan with M,=10.7 x 10*gmol~! at 25°C
as a function of the field gradient strength g (g was varied from 1.8 to 6.0 Tm~! in the vertical direction). The residual water peak is indicated by a ‘W’
(b) Stacked PGSTE !H spectra of a 1% «k-carrageenan solution containing 0.1% pullulan with My,=10.7 x 10*gmol~! as a probe polymer during the

cooling process. The peaks selected for the diffusion analysis of the pullulan and k-carrageenan are indicated by ‘p’ and *

strength, g, was varied from 2.0 to 7.0Tm~! in the vertical direction.
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Figure 3 The signal decay of pullulan (My=10.7 x 10%gmol~1) in a 1%
K-carrageenan solution (@) and a pure solvent (O) at 25°C. Because the
band selected for the analysis (full spectra) overlapped the residual water
peak (Figure 2a), the first spectra at the lowest gradient (1.8 Tm~1) was
excluded from the calculation of the diffusion coefficient of the pullulan in
a pure solvent. The lines are fits of Equation (1) to the data.

dependence of the pullulan diffusion coefficient at c— 0 using photon
correlation spectrometry. However, the exact reasons for the deviation
of v are not yet clear.

Even for the pullulan sample with highest molecular weight, the
concentration of pullulan used in the present study (0 1%) is well
below the overlap concentration ¢* (¢*~x0.8%, c* = 4 /3 R‘ , and Ny
is the Avogadro constant).?! Tt is also suggested that" pullulan
molecules behave as flexible random coils in the molecular weight
range of 20 000 to 80 000.22 In this study, the molecular weight varied
from 22800 to 404 000. Under these conditions, the diffusivity of

k', respectively. The field gradient
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Figure 4 The diffusion time dependence of the diffusion coefficients of
pullulan with M, =10.7 x 10*gmol ~1 in a 0.1% pullulan solution at 25°C
(@), 30°C (M) and 40°C (A).

pullulan can be described using Stokes—FEinstein equation. The
hydrodynamic radius, Ry, can be determined from Dpyy 0, using:

b1 (5)

RHiT T ——
" 6mnrDpuno,r

where kg is Boltzmann’s constant, T is the absolute temperature,
nr is the viscosity of heavy water and T in the subscript of D
means the value of the diffusion coefficient at the temperature T.
We assumed that Ry is a constant in the temperature range
of the measurements. The constant value, Ry, should be identical

Polymer Journal
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Figure 5 Double-logarithmic plot of the diffusion coefficient of pullulan in
D20, Dpuio, @s a function of the molecular weight, M,, of pullulan at 25°C
(@). The line is a fit of Equation (3) to the data: Dy =aM,".

to Ryre for each of the pullulan samples, which are calculated
from their respective Dy using Equation (5). The value of
Dpuior can be determined from M, using Equation (4). The
following equation is obtained:

kgT°

Ry=Ryr = —"
67'”/IT°Dpull,0‘T°

—3770.59
=8.82x10°M,” (nm). (6)
Thus, Ry of pullulan is determined from the molecular weight.

Because of the effect of convection, it is difficult to obtain an
accurate value for Dy at high temperatures. Therefore, the values
of Dpyiio,1 at various temperatures were calculated using Dpuyo1o as
follows:

ksT
67N Ry

T/ny )

D = .
pull,0,T TG/’?T"

= Dpull,0,1° X

To estimate the restrictions on the mobility of pullulan in the k-
carrageenan solution, the calculated Dpyy,r were compared with the
diffusion coefficients of pullulan in the x-carrageenan solution,
Dy as described in the following section.

The structural changes in the k-carrageenan solution during
gelation

The temperature dependence of the echo signal intensities of k-
carrageenan without a gradient Ij,pp,(0) was determined from the
intercept of the fit of Equation (1) to Iiuppa(g) as a function of
726%g*(4 —38/3). The temperature dependence is shown in Figure 6,
where the Ij,ppa(0) were normalized based on Iippa(0) at 50 °C. The
peak in the 'H NMR spectrum at 5.17 p.p.m. (Figure 2b) for the
proton at position 1 on the B-(1-4)-3,6-anhydro-p-galactose unit
(Figure 1) of k-carrageenan'# was used for the diffusion analysis. At
high temperature, Ii,ppa(0) decreased slightly with decreasing
temperature, which is most likely a result of an increase in the
viscosity upon cooling, the relaxation time, T} and T, values were
thus decreased and led to a decrease in lippa(0) according to
Equation (2). At the sol-to-gel transition temperature Ty, (28°C,
determined by falling ball method),'** Ii,pp,(0) decreased sharply.
This decrease in Ii,ppa(0) corresponds to a decrease in the solute
k-carrageenan chains and an increase of the helical aggregates, which
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Figure 6 The temperature dependence of the echo signal intensity of
K-carrageenan without a gradient Jkappa(0) during the cooling process. The
Ikappa(0) were determined using Equation (1).

has strongly restricted molecular motion and a short relaxation
time.!>?* The changing tendency of the diffusion coefficient for
K-carrageenan, Dypp,, indicates that Dygpp, increased markedly as the
temperature decreased below Ty, (data not shown). The inclusion of
the K-carrageenan chains into aggregates is thought to decrease the
local friction through the hydrodynamic interaction and will lead to
an increase in the molecular diffusion in the interspace. Nonetheless,
Dyappa increased more than expected from the decrease in the local
friction. A GPC measurement shows that the k-carrageenan used in
this study has a wide molecular weight distribution, namely, the
K-carrageenan chains consist of long and short chains. From these
results, it is believed that the relatively short x-carrageenan chains
were left as solute among the aggregated bundles, because the
aggregation tends to gather longer chains in priority. A similar
behavior was confirmed for gellan and agarose.'>** Finally, Iiqppa(0)
at 20 °C was only approximately 10% of that at 50 °C, reflecting an
ability of k-carrageenan to gel.

Molecular mobility of pullulan in a 1% x-carrageenan solution

The dilution of the k-carrageenan concentration in solute due to the
formation of aggregates was expected to affect the mobility of the
molecules existing in the interspaces of the network formed by the
K-carrageenan chains. To further elucidate this effect, several pullulan
samples, each with a different molecular weight, were added to the
k-carrageenan solution as probe molecules. Their diffusion coeffi-
cients were measured at various temperatures. The results are shown
in Figure 7a. At high temperatures, D,y decreased slightly because
the molecular mobility decreased with decreasing temperature. Below
Ty, Dpun increased with decreasing temperature, indicating an
increase in the molecular mobility. As discussed above, the
K-carrageenan chains were involved in aggregation near Ty, The
formation of thick aggregated bundles and network structures by
solute K-carrageenan chains is thought to result in an increase in the
network mesh size.!>1624 The diffusion of pullulan is thought to be
restricted by hydrodynamic interactions with the solute k-carrageenan
chains as well as the network of aggregates. Therefore, the restriction
became smaller as the solute k-carrageenan concentration decreased



a 200 T T T T T T T
100 v
r /_;ﬁ./;‘:z—";‘fu :
< i o el N
n - = /A
NE [ A————“——A——‘—"—__‘/‘
N 3 o
"o & PR . s
T fop & e .~
E. .-‘°‘—o/°/._}
Q . e
- O — _’,E/
R ® \\ﬁ_____:l/u
b 1 i L i 1 i 1
1.0 - -
o 0.8 A,\ ST O0——A—_ A =
E L \ .
0.6 ® 2
a A
] [ .\Q A\\‘/‘/A
= ™ \ . s
o 04r . O0—O0——o0——0 A
3 I o \.‘———o-—-——"ﬁ—ﬁ._o
<
0.2 B & O C .
0.0 1 ' 1 i | i 1
20 30 40 50
Temperature /°C

Figure 7 The temperature dependence of (a) the diffusion coefficients of
pullulan, Dyyy; and (b) the ratio Dpy/Dpuno in the 1% x-carrageenan
solutions  for  pullulan  with  different molecular weights (M,):
40.4 x 10*gmol ~! (0O), 21.2 x 10*gmol ~! (@), 10.7 x 10*gmol -1 (O),
4.73 x 10%gmol 1 (A) and 2.28 x 10%gmol~! (A). Lines are drawn only
as a visual aid.

and the network mesh size increased, both of which result from the
thickening of the aggregates upon further cooling.

Calculation of hydrodynamic screening length in a k-carrageenan
solution

As shown in Figure 7a, higher molecular weight pullulan is
characterized by a stronger restriction from the x-carrageenan chains.
For a better understanding of how the K-carrageenan chains restricted
the diffusion of pullulan, the diffusion coefficients of pullulan (Dpy)
are divided by their values in a pure solvent (Dpup0). The ratios,
Dpui/Dpu,p» are plotted as a function of temperature in Figure 7b. The
ratio is less than 1 over the entire temperature range. This result
clearly shows that the diffusion of pullulan in a x-carrageenan
solution and gel is restricted by hydrodynamic interactions. During
the cooling process, Dpy/Dpuyo was nearly constant at high tem-
peratures, and increased with decreasing temperature below Tg,. This
result suggests that the restriction on Dpy; by the x-carrageenan
chains decreased. Moreover, it is evident that a larger molecular
weight of pullulan leads to a lower value of Dpy/Dpyi0, confirming
that the restriction is higher for larger molecular weight pullulan. The
restriction by the hydrodynamic interaction on the mobility can be
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Figure 8 Semi-logarithmic plots of Dyu/Dpuno as a function of the
hydrodynamic radius of pullulan, Ry, at 20°C ( @), 25°C ( W), 30°C (¥),
35°C (O), 40°C (V), 45°C (A) and 50°C (O). The lines are fits of
Equation (8) to the data: Dpy/Dpuii,o = exp( —Ru/&).
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Figure 9 The temperature dependence of the hydrodynamic screening
length, &, in a 1% «k-carrageenan solution, estimated from a fit of
Equation (8) to the results shown in Figure 8.

expressed as:>>%7

Dpull/DpulhO = €XP( - RH/ﬁ) (8)

where Ry is the hydrodynamic radius of the probe polymer and £ is
the hydrodynamic screening length, considered to represent the
hydrodynamic mesh size formed by the host polymer. Therefore, &
can be calculated by plotting the ratio Dpi/Dpuro as a function of Ry.

Semi-logarithmic plots of the Dyu/Dpuio vs Ry at various
temperatures are shown in Figure 8. By Equation (8), the slope
represents the inverse of . Therefore, a decrease in the slope indicates
an increase in ¢. The slopes were similar above T, and became gentle
with decreasing temperature below Ty The estimated ¢ are summar-
ized in Figure 9 and were almost constant with a value of ~9.5nm
above T, ¢ increased with decreasing temperature below T, with
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values of 11.9 nm at 25 °C and 14.4 nm at 20 °C. From this result, it is
believed that the x-carrageenan chains formed aggregates and
enlarged the interspace among networks of the solute k-carrageenan
chains and the aggregates to increase &. This finding is in good
agreement with the behavior of Ij,pp(0) shown in Figure 6.

Note that the intercepts of the plot in Figure 8 were not equal to 1
and were shifted to higher values below Ty, This behavior is
attributed to the differences in the local viscosity of the network
interspace and the pure solvent. The local viscosity is increased by the
solute K-carrageenan chains that are smaller than the probe pullulan.
These chains cannot contribute to the hydrodynamic restriction on
the probe mobility as a network, but can increase the local viscosity.
The increase of the intercept most likely indicates that the local
viscosity has decreased by involving the smaller k-carrageenan chains
with the aggregation below T, However, the reason for a value
greater than 1 is not well understood.

CONCLUSIONS

The mobility of pullulan with different molecular weights in a 1%
k-carrageenan solution has been studied using the pulsed field
gradient stimulated spin-echo method. The diffusion behaviors of
pullulan probes were elucidated in terms of the restriction effect of the
hydrodynamic interaction. The diffusion coefficients of pullulan show
a strong dependence on the geometry of the K-carrageenan network.
Furthermore, the hydrodynamic screening lengths, &, were calculated
by fitting Dpyn/Dpuio as a function of Ry. Because the k-carrageenan
chains are involved in aggregation, ¢ increased markedly below Tg,.
It is expected that this methodology can be used to estimate ¢ in gels
formed by polysaccharide aggregates.
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