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Abstract

A novel humectant, sodium acetylhyaluronate (AcHA), was found to have an excellent skin-softening effect on the stratum corneum. To
clarify the mechanism of the skin-softening effect, the hydration behavior of AcHA was investigated by using differential scanning
calorimetry (DSC). The results suggested that the amount of adsorbed water of AcHA in powder form was equal to that of HA. However,
the DSC results showed that the bound water content in the stratum corneum treated with AcHA was markedly greater than that of HA-
treated stratum corneum. Apparently, AcHA could enhance the intrinsic water holding capacity of stratum corneum. These findings indicate
that the excellent skin-softening effect of AcHA is due to the enhancement of the bound water content in the stratum corneum.q 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the area of research and development for cosmetics,
study on moisturizing skin is one of the essential and impor-
tant research tasks. Numerous studies on moisturizing skin
and on the useful effects of humectants have been reported
[1–7]. It is well known that (1) water and stratum corneum
lipids play an important role in maintaining healthy and
fresh skin [8–10] and (2) the water content influences the
flexibility of the stratum [11–13]. However, due to aging,
surroundings, physical constitution, and other factors, the
stratum corneum always has a tendency to lose its water
[14]. The reduction of the water content in the stratum
corneum results in dry skin and formation of wrinkles.
Therefore, to maintain normal water content in the stratum
corneum, it is useful to apply humectants to skin [15–17].

There are various humectants, which are formulated in
skin care cosmetics. Among these humectants, sodium
hyaluronate (HA) is used for humectant or thickener as a
cosmetic ingredient, because HA shows useful physical
characteristics such as high water retention, high viscoelas-
ticity, high thread-forming ability, and high biocompatibility

[18]. In order to enhance these important functions of HA as
a novel humectant, we have attempted to introduce hydro-
phobic groups to HA structure. This introduction of hydro-
phobic moieties would transform HA into an anchoring
humectant. Fig. 1 shows the proposed concept of anchoring
of the humectant. If hydrophobic moieties, which play the
role as an anchor, are introduced to a polymer humectant,
the humectant can adhere to the skin surface that is essen-
tially hydrophobic due to the cover of sebum. The idea of
anchoring humectant is based on the fact that the hydropho-
bic/hydrophobic interaction increases the intrinsic moistur-
izing effect of the polymer. After numerous investigations
for finding HA derivatives, we eventually developed a novel
HA derivative, sodium acetylhyaluronate (AcHA). In a
previous paper, we reported the synthesis and usefulness
of AcHA for cosmetic products [19]. It was shown that
AcHA had superb moisturizing and excellent skin-softening
effects on the stratum corneum. In particular, the skin-soft-
ening effect of AcHA was significantly stronger than those
of other humectants and the strength of the effect depended
upon degree of substitution (DS) of acetyl groups to HA.
However, no detail of the mechanism of skin-softening
effect on the stratum corneum has been elucidated.

Differential scanning calorimetry (DSC) is a well-estab-
lished instrument for evaluating the hydration status of poly-
mer or skin in terms of the change in water [20–23]. Inoue
has reported on DSC studies which investigated the melting
behavior of water in the stratum corneum [24]. It was shown
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that 20–30% of water in the stratum corneum is bound
water which interacts strongly with the protein or lipids in
the stratum corneum, and the rest of water (70–80%) is
unbound water which solubilizes the water-soluble compo-
nents such as amino acids in the stratum corneum.

In this paper, in order to elucidate the mechanism of the
skin-softening effect on AcHA, the hydration behaviors of
AcHA and stratum corneum were investigated by using
DSC technique.

2. Materials and methods

2.1. Materials

Chemicals used in this study were cosmetic grade or
reagent grade and were used without further purification.
The sheets of stratum corneum were prepared by the method
reported previously, and they were stored in a vacuum
desiccator over silica gel before use [19,25]. Water used
in this study was purified by an ion-exchange water purifi-
cation system Type G-10B (Organo, Tokyo, Japan). Sodium
acetylhyaluronate (AcHA) was synthesized by the proce-
dure reported previously [19,26]. In this study, we used
AcHA which contained 2.6–3.8 acetyl groups per repeating
disaccharide unit (namely, degree of substitution, DS). The
weight-average molecular weight of AcHA was approxi-
mately 150 kDa (Fig. 2). This polymer could dissolve in
90% (w/w) aqueous ethanol.

2.2. Surface tension measurements at air/water interface

A series of aqueous solutions for HA, and AcHA (the
concentrations were 1027–100 g/dl, respectively) were

prepared. The surface tensions at various concentrations
were measured after equilibrium at constant temperature
of 258C by SURFACE TENSOMETER ST-1 (Shimadzu,
Kyoto).

2.3. Measurement of amount of water adsorbed by AcHA

To measure the amount of water adsorbed by HA or
AcHA in powder form, samples were equilibrated with
constant relative humidities (32.8, 52.3, 75.3, or 93.6%)
for 120 h. After being weighed, the samples were dried in
a vacuum oven at 1058C for 4 h and weighed again. The
amount of adsorbed water of each sample was calculated by
the following Eq. (1):

Amount of adsorbed water�%�

� �Wet weight2 Dry weight�
Dry weight

× 100 �1�

2.4. Measurement of bound water content

Bound water content of HA or AcHA was measured by
DSC, which was carried out by a differential scanning
calorimeter DSC-8230D (Rigaku Electronics, Tokyo)
equipped with cooling apparatus [27,28]. The amount of
absorbed water in HA or AcHA was determined from the
change in weight. Before DSC measurements, aqueous solu-
tions of HA or AcHA (0.2% (w/w), 30ml) in an aluminum
pan (5 mm inner diameter, 2.5 mm deep) were dried in a
silica gel desiccator for various periods of time (0–6 h) for
preparing samples with various water contents. For the
measurement of bound water content of the stratum
corneum pre-treated with HA or AcHA, a sheet of stratum
corneum�3 × 3 mm� was immersed in 0.2% (w/w) aqueous
solution of HA or AcHA for 24 h, and rinsed with water
(5 ml) for 10 s. To obtain various degrees of hydration, the
samples of the wet stratum corneum were dried in a silica
gel desiccator for various periods of time. The samples were
folded up and placed in an aluminum pan, which was sealed
before the measurement. After being cooled down to2408C
with liquid nitrogen, the pan was heated to 408C at a rate of
5 K/min to measure the enthalpy of fusion of water (DH).
Since the total water content atDH � 0 indicates no free-
water, water content is presented as bound water only. Free
water content was calculated fromDH and the heat of fusion
per gram of water using Eq. (2). Although the value of
fusion enthalpy of water for calculating free water is
334 J/g in Ref. [27],DH of free water measured by the
apparatus used in our study was 315.6 J/g. On this account,
the calibration was made using the value of 315.6 J/g
throughout this experiment. Bound water content was
obtained by subtracting the free water content from the
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Fig. 1. The proposed concept of an anchoring humectant.

Fig. 2. Structure of sodium acetylhyaluronate (AcHA).



total amount of water (Eq. (3)).

Free water content� DH
315:6

�2�

Bound water content� �Total water content�
2 �Free water content� �3�

3. Results and discussion

3.1. Surface tension reducing ability of AcHA

To investigate the amphiphilic property of AcHA, surface
tensions of various concentration of aqueous solution were
measured: Fig. 3 shows the results of the surface tension
measurements on AcHA and HA. Since the surface tension
of 1.0% (w/w) AcHA was approximately 55.0 mN/m, which

was lower than that of 1.0% (w/w) HA (74.0 mN/m), AcHA
has the surface tension reducing ability. The result is
supported by the amphiphilic property of AcHA.

3.2. Water absorbing capacity of AcHA

It is well known that the flexibility of the stratum
corneum depends upon its water content [6,8]. To clarify
the mechanism of the skin-softening effect of AcHA, the
water-retaining ability of AcHA was compared with that
of HA. The hygroscopic nature of AcHA was evaluated
using its powder form. Fig. 4 shows that the hygroscopic
nature of AcHA is almost identical with that of HA at
various relative humidities (RH). Since an excellent humec-
tant such as HA, used in many cosmetic products, should
retain a large amount of water to protect skin from dryness
at low humidity condition, the hygroscopic nature of AcHA
is also an excellent property for protecting skin. The skin-
softening effect of humectants depends on their water-hold-
ing capacities; hence the higher the water-holding capacity,
the more the skin-softening effect [29]. However, strong
skin-softening effect of AcHA remains unexplained by its
hygroscopic nature.

3.3. Hydration behavior of AcHA powder

To investigate the hydration behavior of AcHA powder,
DSC analysis of bound water was performed. Aqueous solu-
tions of AcHA (2.0–100%) were prepared, and the enthal-
pies of fusion of free water were measured by DSC. Fig. 5
shows the DSC heating curves of the water adsorbed by
AcHA. Since the melting of adsorbed water produced a
characteristics asymmetric pattern and the melting curves
(lines B–D shown in Fig. 5) of adsorbed water appeared
earlier than that of pure water (line E), the water in the
sample (lines B–D) melted at lower temperature compared
with that of pure water. The shape varied according to the
water content and the peak area of fusion became smaller
with increasing concentration of AcHA. This means that the
melting of water was not observed when a very small
amount of water was adsorbed on AcHA (line A). That is,
with a 67.9% solution of AcHA, the peak completely disap-
peared indicating that only bound water was present in the
sample.

It is well known that water adsorbed on a polymer humec-
tant exists as bound water with a firm attachment and/or as
free water which is much more loosely attached. In general,
bound water does not freeze even below 08C, because the
bound water attaches firmly to the polymer. Therefore, the
enthalpy of fusion (DH) of water, obtained by DSC, can
show only free water [28]. Free water content was calcu-
lated fromDH value and the heat of fusion per gram of water
(315.6 J; Eq. (3)). Bound water content was obtained by
subtracting the free water content from the total water
content. The changes in content of the free water and the
bound water against the total water content in powder of HA
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Fig. 3. Surface tension of sodium hyaluronate (HA) and sodium acetylhya-
luronate (AcHA). The filled triangles (O) and the filled circles (X) represent
HA and AcHA, respectively.

Fig. 4. Water absorbing capacity of sodium hyaluronate (HA) and sodium
acetylhyaluronate (AcHA). The filled triangles (O) and the filled circles (X)
represent HA and AcHA, respectively. Thex-axis shows the relative
humidity (RH) value at which the sample was equilibrated.



and that of AcHA were compared (Figs. 6 and 7). They-axis
shows the free or bound water content. When completely
dry powder adsorbs moisture, water in the powder theoreti-
cally exists only as bound water. Free water appeared only
following the saturation with bound water. Hydration of
AcHA was compared with that of HA by the maximum
bound water content without free water. Both showed simi-
lar patterns, and the maximum bound water content was
0.89 g per gram of both HA and AcHA. Since AcHA and
HA can hold the same amount of pure bound water content,
the superiority of the skin-softening effect of AcHA could
not be explained by its water holding capacity.

3.4. Effect of AcHA on bound water content in the stratum
corneum

To investigate the bound water content in the stratum
corneum treated with AcHA, DSC measurements were
performed. Fig. 8 shows that the maximum content of the
bound water per 100 mg of dry stratum corneum increased
from 12 to 44 mg by the treatment with AcHA. This
increase (32 mg/100 mg dry tissue) was higher than that
of HA (24 mg/100 mg dry tissue). The result indicates that
AcHA enhanced the bound water capacity of the stratum
corneum without the increase of free water. The effect is
superior to that of HA suggesting the importance of bound
water on the water retention in stratum corneum.

Further, to investigate the effect of the degree of
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Fig. 5. DSC heating curves of aqueous solutions of acetylhyaluronate
(AcHA). The concentration of AcHA solution is 69.9% (line A); 33.6%
(line B); 15.2% (line C); 5.8% (line D). Line E represents the DSC curve for
pure water.

Fig. 6. Changes in contents of bound water and free water of sodium
hyaluronate (HA) that has various water contents. The open triangles (K)
represent the free water content that was calculated fromDH and the heat of
fusion per gram of pure water (315.6 J/g); the filled triangles (O), the bound
water content, which was calculated from the subtraction of the free water
content from the total water content. The solid lines are the regression lines
of free water and bound water content. The dashed line indicates that the
theoretical bound water increases before free water appears. The point M
where the regression line of the bound water starts to appear, indicates the
maximum bound water content without free water.

Fig. 7. Changes in the contents of bound water and free water of sodium
acetylhyaluronate (AcHA) that has various water contents. The open circles
(W) represent the free water content that was calculated fromDH and the
heat of fusion per gram of pure water (315.6 J/g); the closed circles (X), the
bound water content, which was calculated by the subtraction of the free
water content from the total water content. The solid lines are the regression
lines of free water and bound water content. The dashed line indicates that
the theoretical bound water increases before free water appears. The point
M where the regression line of the bound water starts to appear, indicates
the maximum bound water content without free water.

Fig. 8. Bound water contents in the stratum corneum treated with sodium
hyaluronate (HA), sodium acetylhyaluronate (AcHA), and non-treated
control.



substitution (DS) of acetyl groups of AcHA, the bound
water content in the stratum corneum was treated with
AcHA with various DS values. Fig. 9 shows the relationship
between the bound water content in the stratum corneum
and the DS value of AcHA. The bound water content in the
stratum corneum showed the maximum value when DS
value is around 3.3. In a previous paper [19], we reported
that the degree of the skin-softening effect depends upon the
amount of bound water in the stratum corneum and there is
an optimal DS value around 3.3. These results suggest that
the strength of the skin-softening effect corresponds to the
amount of bound water in the stratum corneum. Since the
DS value of AcHA reflects its hydrophobicity/hydrophili-
city balance, there is also a relationship between water
retention in the stratum corneum and the affinity of AcHA
to the stratum corneum.

The results indicate that AcHA is compatible with the
concept of anchoring humectant (Fig. 1). To explain the
strong skin-softening effect of AcHA, the following
mechanism is proposed. Humectant sticks to the stratum
corneum and prevents the evaporation of water from skin
surface, which has a natural tendency to become harder with
decreasing hydration. Therefore, AcHA can firmly adhere to
the stratum corneum and prevents water-loss from the skin.
AcHA helps to sufficiently soften the stratum corneum
which is allowed to increase its hydration for a long period
of time.

To summarize the results, we can conclude that an amphi-
philic polymer, AcHA, was found to show moisturizing
effect by enhancing the bound water in the stratum corneum
and producing a strong skin-softening effect, compared with
HA. Kuroda reported the characterization of the effects of
poly(2-methacryloyloxyethyl phosphorylcholine) (MPC) on
the stratum corneum functions and its application [30,31]. It

was shown that the application of poly(MPC) on normal
skin increased the water content in the stratum corneum,
reduced the epidermal water loss, and improved the skin
surface conductance. These multifunctional characteristics
of poly(MPC) are typically found in an amphiphilic
polymer.

Further investigation is needed to clarify the mechanism
of the skin-softening effect of AcHA. In the near future, we
expect to further elucidate this process.
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Fig. 9. Relationship between the bound water content in the stratum
corneum and sodium acetylhyaluronate (AcHA) which has various degree
of substitution (DS) of AcHA. The solid line is the regression line of DS
value and the bound water content. There is an optimal DS value around
3.3. Since the DS value of AcHA reflects its hydrophobicity/hydrophilicity
balance, a relationship between the bound water content in the stratum
corneum and the affinity of AcHA to the stratum corneum may be found.


