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The layer-by-layer interaction between sodium hyalu-
ronate (NaHA) and bovine serum albumin (BSA) were
studied by a quartz crystal microbalance (QCM) method.
Their surface structures, adhesive force F,4 and frictional
behavior were investigated using an atomic force
microscope (AFM).

The adsorptions of NaHA on the BSA monolayer were
found to be the Langmuir type. The surface structures of
NaHA adsorbed on the BSA monolayer were found to
form hexagonal-like networks and the mesh size
decreased with increasing molecular weight M,,. The
F,q between the AFM tip and the surfaces of the saturated
NaHA layers increased with increasing value of M,,.
However, the frictional coefficient of saturated NaHA
layer was found to decrease from 0.933 to 0.191.

Keywords: NaHA; Two dimensional nanostructure; Adhesive
force; Friction force

INTRODUCTION

Hyaluronan (HA) is widely distributed in living
tissues, not existing alone but usually as proteogly-
cans (PG) combining with proteins. Its high capacity
for holding water and high viscoelasticity give it a
unique profile among biological materials and make
it suitable for various medical and pharmaceutical
applications. Varieties of HA products are found in
our daily life. For example, because it retains
moisture, HA is used in some cosmetics to keep
skin young and fresh-looking. And many ideas for
applying HA have been offered in other areas. One
of the most successful medical applications is the use
of sodium hyaluronate (NaHA) for the treatment of
ophthalmology [1-4]. It has also been reported that
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NaHA was classified by its extensive molecular
weight distribution for different applications. For
example, the high molar-weight HA could protect
the surface of articular cartilage [5], and reduce pain
perception [6,7]. As for low molar-weight ones, they
could control and normalize the properties of
arthritic synovial fluids [8] efficiently. However, the
mechanisms and the effect of molecular weight on
these medical applications have not yet been fully
elucidated. In fact, the effects of HA depending on
molecular weight are not clear in various field.

In order to explore the role of HA in articulation or
in other body tissues, we have studied the properties
of HA and the interactions between HA and proteins
not only in solution but also at an interface. The
interactions between bovine serum albumin (BSA)
and NaHA (M,, = 850000 gmol!) in solutions have
been studied [9,10]. Spherical complexes between
NaHA and BSA were formed and the diameters of
the particles were controlled by the ratio of BSA to
NaHA in the solution. In a previous paper [11], the
layer-by-layer interaction between BSA and NaHA
(M,, = 850000 g mol ') were studied and the adsorp-
tion of NaHA on the BSA monolayer were found to
be the Langmuir type. In this study, in order to
understand the effect of molecular weight of NaHA
on the surface properties, the layer-by-layer inter-
actions between BSA and various NaHA were
studied by quartz crystal microbalance (QCM)
method. The surface structures of NaHA layers
were observed by using tapping mode atomic
force microscope (™AFM). In addition to topo-
graphical images, AFM was also employed to probe
nanomechanical properties of sample surfaces, such
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as the local adhesive properties by contact mode.
Furthermore, the frictional behaviors were invested
by using lateral force microscope (LFM) of AFM and
the values of frictional coefficient u of NaHA layers
were estimated.

EXPERIMENTAL

Materials

BSA was purified by delipidizing a BSA Fraction
V[10] (Seikagaku kogyou). The average molar
weight was determined to be M,, = 70,000 g mol
using static light scattering. NaHA were
offered from Seikagaku kogyou Co.(Tokyo).
Their M,, were 850,000gm0r1 (NaHASb),
210,000gmol ' (NaHA21) and 23,000 gmol "
(NaHA2.3). Poly(y-methyl-L-glutamate) PMLG
M,, = 19,600gm01*1) was also of a commercial
origin (SIGMA Co.) and wused without any
purification.

Preparation of BSA Monolayer on PMLG Cast Film

PMLG cast film was prepared using the same
method as mentioned in a previous paper [11]. The
tip is denoted by PMLG tip. BSA tip was prepared by
immersing the PMLG tip into BSA solution
(Cpsa/10 % kgdm 2 = 10), in which BSA molecules
adsorbed in the saturated state and were confirmed
to be a monolayer as shown in our previous
paper [11]. The adsorbed amount of BSA in saturated
state was 1.3 X 10 ®kgm %

Measurement of Adsorption of NaHA on BSA
Monolayer using QCM

The adsorbed amounts of NaHAS85, NaHA21 and
NaHA2.3 on the BSA monolayer were measured by
immersing the BSA tip into various concentrations
of the NaHA solutions (Cnapa/ 10_6kg dm =05,
1.0, 2.0, 5.0 and 10, pH = 6.0) and the time courses
of their adsorptions were determined from the
decreases of the resonance frequency of QCM.
To reduce the error caused by adsorbed water
accompanying adsorption of NaHA molecules, the
BSA tip was immersed in water and the frequency
in equilibrium was read as an original value before
put it into NaHA solutions. Sample solutions were
gently stirred in order to avoid the effect of diffusion
as much as possible in the condition without losing
the stability of the QCM frequency at 25°C.

Analysis of Adsorbed Amounts by QCM

Adsorbed amounts of PMLG, BSA, NaHAS5,
NaHA21 and NaHAZ2.3 were obtained using QCM

whose resonance frequency is 9 MHz. According to
Sauerbrey’s equation [12], a frequency decreased of
1Hz corresponding to a mass increase of 0.87ng on
the QCM electrodes.

Observation of Surface Structures using AFM

Surface structures of the BSA monolayer, and the
adsorption layers of NaHA85, NaHA21 and
NaHA2.3 were observed by using AFM (Nanoscope
III, Digital Instruments Co.). After drying the
samples on the QCM tip under the condition of
room temperature and atmospheric pressure, the
surface structures were observed by a tapping mode
in air. An AFM tip was made of Si monocrystal
(the spring constant of probe: 33Nm™ ') and was
used without any surface treatment.

Measurement of Adhesive Force using Contact
Mode of AFM

Adhesive forces F,q were measured by using contact
mode of AFM in solution. The value of F,q between
the AFM tips and the sample surfaces were obtained
from force curve. The AFM tip was made of Si
monocrystal and the normal spring constant Ky
given by manufacturer was 0.14Nm .

Measurement of Friction using Lateral Force
Microscope (LFM)

LFM is another function of AFM to obtain friction
images of sample surface by a contact mode when
scanning an AFM tip in the direction perpendicular
to the cantilever. To estimate the frictional force Fy,
the torsion signal of the cantilever was recorded
when the tip scanned in trace and retrace. The
separation between the two curves of the frictional
loops gives twice the total frictional signal V. The
value of Vis relating to the value of AX; (the twisting
of the tip of cantilever at the point of contact from the
vertical, i.e. the deflection in lateral direction) and Sy,
(sensitivity of cantilever in lateral direction) as

AXp, =V/S. e

St was also measured by the frictional loops. Then
the value of F; was described by AX; in Eq. (2).

Fr = Ky X AX1, (2)

Ky is the cantilever spring constant in lateral
direction. The value of K, can be calculated from
normal spring constant Ky according to the formula
given by Gibson. For a long-shaped cantilever, the
equation is [13]

2 L\?
K= 31+ v) (ﬁ) Kn ®)
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FIGURE 1 (a)Adsorption behavior of NaHA on BSA monolayer. The solid curves show the fitting results calculated from K and I"™ by
Langmuir equation. (b) The reciprocal plots of I'and C. [: NaHA2.3, O: NaHAZ21, A: NaHAS85.

where v is Poisson ratio which is 0.42 for Si
monocrystal, L is the length of the cantilever and

the H is the vertical height of tip.
The value of u between NaHA layers and an AFM

tip can be available from Eq. (4).

Fy= /-L(Fload + Faq) “4)

Floaq is a load force exerted by the AFM tip can be
given by Eq. (5) [14].

Fioaa = (Asﬂ 5)

N

where A is the value of setpoint in imaging, Ay is the
value of deflection signal when the tip is in its free
state. Ap and Sy were determined by the force curve.
In this study F.q was ignored in calculation of F¢
because the values of F,q were very small compared
with those of F.

RESULTS

Adsorptions of NaHAS85, NaHA21 and NaHA2.3 on
the BSA Monolayer

As shown in the previous paper[11], the adsorptions
of BSA on the PMLG film were Langmuir type and
the immobilized BSA molecules were confirmed to
adsorb in a monolayer state. The QCM tip covered by
PMLG on which BSA is adsorbed in the monolayer
state is denoted by BSA tip.

The adsorptions of NaHA85, NaHA21 and
NaHA2.3 were measured by immersing the BSA
tip in their solutions of various concentrations at
25°C. The time courses of the resonance frequencies F
were measured by a QCM. The values of F of the BSA
tip decreased and attained constant values with
increasing the adsorption. Equilibrium adsorption
amounts I” were obtained from the decreases of the
frequencies AF at equilibrium states. As shown in
Fig. 1(a), the adsorption amounts I increased
with increasing the concentrations C and showed

the Langmuir type adsorptions. The values of I of
saturated adsorption layers were found to increase
with increasing the molar weight of NaHA. The
adsorptions were analyzed using the Langmuir’s
adsorption isotherm [11].

The reciprocal plots of I' and C are shown in
Fig. 1(b). The adsorption constants K and the
saturation adsorption amount I'” were obtained
from the slope of the lines and summarized in Table I
with the results of BSA adsorbed on the PMLG film.
The value of free energy of adsorption AGJ,, were
also calculated [15] and shown in Table 1. The solid
curves in Fig. 1(a) showed the fitting results, which
were calculated from K and I'* by using Langmuir
equation. They agreed with the experimental results.

AFM Images of NaHA85, NaHA21 and NaHA2.3 on
the BSA Monolayer

After drying the samples under room temperature
and atmospheric pressure, surface structures of the
saturated adsorption layers of NaHA85, NaHA21
and NaHA2.3 were observed by using AFM in air.
Their topographic images are shown by height data
in Fig. 2 with BSA monolayer image.

Figure 2(a) shows the surface image of BSA
monolayer. Since BSA molecules are very small, it
was scanned in a smaller area than those done on

TABLE I Adsorption characteristics of NaHA85, NaHA21 and
NaHAZ2.3 on BSA monolayer

BSA  NaHA2.3  NaHA21  NaHAS85

(K)/10°dm®kg* 1.35 0.53 0.36 0.45
(Ky)/107dm®>mol ™! 9.45 38 7.56 1.22
AGSy /K mol ™! — 454 —49.0 — 449 — 40.4
(I')/10 °kgm ™2 1.32 1.04 1.78 3.18
(I?)/10"*molm™2 1.93 452 0.85 0.37
MHA 1/2.6 1/22 1/79
My 26 24 27

K, Ky adsorption constant; AG: free energy of adsorption; I'™, I'Y:

saturated adsorption amount; 11314: the molecular numbers of NaHA on one
BSA; n,.: repeating unit of NaHA on one BSA.



18: 37 14 January 2011

Downl oaded At:

714 S. XU et al.

monolayer

FIGURE 2 AFM images of BSA monolayer (1.5 X 1.5 um) and NaHA in air (5 X 5 pm).

NaHA layers to get a clear image. The roughness of
BSA monolayer is 1.1 nm, which was obtained from
an offline analysis. Networks structures were found
to spread over the BSA monolayer and almost in a
hexagonal shape in the image of NaHA2.3. In the
images of NaHA21 and NaHAS85, the meshes
narrowed into very small size and the strands
increased in width a lot. The mean sizes of strands
were 30-60, 39-150 and 88-150 nm in width and 12,
20 and 32nm in height estimated from the images,
respectively. NaHA molecules are reported to form a
double helical structure due to the hydrophobic
interaction and the diameters are 2nm [11]. The
strands of network were considered to form by the
clusters of NaHA molecules. Then, the numbers of
cluster of NaHA molecules composing one strand of
the network were estimated from the width and
height to be about 90-180 for NaHA2.3, 195-750 for
NaHA21 and 700-1200 for NaHAS85. It means the
number of NaHA clusters constructing the strands of
network increased significantly with increasing the
molar weight of NaHA. The results indicate that
the nanostructure of NaHA layers depend on their
molar weights.

Adhesive Forces of NaHA Layers

The values of F,q between the samples and the
AFM tip were measured by the contact mode of
AFM in various concentration solutions of NaHA.

4r
35F
F s 2
ZZ.S:—
£ sk .
2 “F
=
15 F
E A
1E .
05£48 o B o
O: 1 1 1 1 1
0 2 4 5 6 3 8 10 12
CN,,HA/lO- kg dm

FIGURE 3 Change of adhesive force of BSA monolayer with
NaHA adsorption: O0: NaHA2.3, O: NaHAZ21, A: NaHAS5.

The AFM tip was selected soft ones (the spring
constant is 0.14Nm™') to be easy to get more
accurate data and give less damage to the sample
surface.

The values of F,4 obtained from force curves were
shown in Fig. 3 as a function of Cn,pa. The value
of F,q increased with increasing the value of Cnapa.
In the saturated adsorption NaHA layers, the value
of F,q depends on the molecular size of NaHA and
increased with increasing the molar weight. The
value of F,q at Cnapa being 0 was 0.56 nN, which
shows the result of bare BSA monolayer.

Frictional Properties Between NaHA Layers and
AFM Tip

The frictional forces between NaHA layer surfaces
and AFM tip were measured by using LFM at
2 X2 um scan area in solution. The same AFM tip
was used as mentioned in the measurement of F,q.
A lateral signal V could be obtained by the photo-
diode when scanning the AFM tip on the surface in
an angle of 90°. After reading the values of V and
the sensitivity of the AFM tip in lateral direction
from the friction scope, the value of frictional force
could be calculated according to Egs. (1)—(3). The
values of V in various setpoint were recorded for
calculation of Fjy,4. The relationship between F¢ and
Fioaq of saturated NaHA layers are shown in Fig. 4.
The results were averaged over three or four
measurements on different locations of one sample.
The values of F.q increased with increasing Fioaq.
The plots are linear types and the values of u of
each NaHA layer could be obtained from the slopes
of the lines. The values of u were 0.933, 0.357 and
0.191 for NaHA?2.3, NaHA21 and NaHAS5, respect-
ively, and found to increase with increasing the
molar weight.

DISCUSSION

Formation of Network Structure of NaHA on the
BSA Monolayer

The roughness of BSA monolayer was very small
(about 1.1nm) comparing with the thickness of
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FIGURE 4 The F; plotted against Fip,q on saturated NaHA
layer in various molar weights (Cnapa: 5.0 X 10’6kgdm’3)
[: NaHA2.3, O: NaHA21, A: NaHAS85.

NaHA layers (about 12-32nm), so it gives little
effect on the morphology of NaHA layers. From
Fig. 2, the mean values of strands were 12, 20 and
32nm in height for NaHA23, NaHA21 and
NaHAS5, respectively. Since the diameter of double
layers of NaHA was reported to be 2nm [11], the
mean number of NaHA helixes could be estimated
to be 6, 10 and 16. Supposing only the lowest layer
of NaHA participates in combining with BSA
molecules, the values of the molecular numbers
npa and the repeating unit n,, of NaHA adsorbed
on one BSA molecule were calculated and also
shown in Table L

From the results shown in Table I, the values of
npa were found to depend on the molar weights, i.e.
they were 1/2.6 for NaHA?2.3,1/22 for NaHA21 and
1/79 for NaHAS85. However, the values of n,. were
found to be almost constant. The mesh size and
structure of NaHA layer were controlled by their
molar weight as shown in Fig. 2 (b)—(d). More
compact network structure is thought to have
more water-holding ability, therefore, higher
molar-weight NaHA is advantageous to application
in cosmetics to keep the skin moisture.

Adhesive Force of NaHA Layers on BSA Monolyer

The changes of adhesive force due to adsorption
of NaHA on BSA monolayer are shown in Fig. 3.
The value of F,q of the BSA monolayer increased
with increasing the adsorption of NaHA.

It has been proposed that the adhesive forces are
closely related to the surface chemical composition,
especially to the terminal groups [16,17]. Here,
NaHA layer has COO™ terminal groups on the
surface. From the images of each NaHA shown in
Fig. 2, it is obvious the density of COO™ group
depends on molar weight of NaHA. The F.q is
affected by the surface charge density o. Then, in

35
3

25F

Fad/nN
(3]
——

0.5 F =

0 E 1 1 1 1 1 1 1 1 1

4 41 42 43 44 45 46 47 48 49 5
7 2
- /10" mol m

FIGURE 5 F,q4 ploted against —o.

order to understand the relationship between F,4
and — o of the saturated NaHA adsorption layer, F.q
was plotted against — o in Fig. 5. The values of o
were calculated from the values of I'y. From the
result, the values of F,q of the saturated adsorption
layers were found to increase with increasing the
absolute values of |d].

Frictional Coefficient of NaHA Surface in Solution

It is known the value of u is decided by
its surface characteristics such as morphology and
surface energy. To clear the relationship between
surface morphology and F¢ of NaHA layer, the
values of mean roughness Ra were obtained by an
off-line analysis to be 7.9nm for NaHA2.3, 10.8 nm
for NaHA21 and 11.2 nm for NaHAS85. The value of u
was found to decreased with increasing that of Ra.
It indicated the F; was not caused by the morphology
of sample surface.

The surface energy increases with increasing F,q4.
In this study, the values of F,q were very small
comparing with that of Fj,,q to be ignored in
calculation of F¢. Then, the frictional force between
NaHA layer surface and AFM tip should be decided
by other characteristics of NaHA surface rather than
surface morphology and surface energy. These
studies should be made progress further more for
the application of NaHA in medical and cosmetic
region, etc. For example, the NaHA with larger molar
weight has more efficacy on reducing friction to
protect the surface of cartilage in treatment of
osteoarthritis.

From this study, it could be concluded that the
surface structure and properties of NaHA layers are
controlled by the molar weight. It is necessary to
pay more attention to the relationship between
molar weight of NaHA and their functions in body
tissues.
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