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Effect of Dehydrated Nystose Addition on the Reduction of Water Activity
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Dehydrated nystose was prepared by thermal dehydration of nystose trihydrate, recrystallized from a commer-
cially available syrup of fructooligosaccharides. Dehydrated nystose was found to have the ability to absorb moisture
and the ability to maintain water activity (Aw) at a low level during its rehydration. These characteristics remained
evident until an 8 % (w/w) increase in weight had occurred, corresponding to the restoration of three molecules of crys-
tallization water. As an application of these characteristics, we found that by addition of dehydrated nystose to sucrose
powder the Aw is reduced to an appropriate value and the survival of lyophilized Bifidobacterium in the mixture is

thereby maintained.
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The use of humectants and desiccants to make foods safe and
stable has been one of the underlying principles of food preserva-
tion. Recently, the health benefits of dietary probiotics have
attracted increasing interest (Goldin, 1998) and much attention is
being paid to the viability and stability of freeze-dried microbes
in food matrices. Aw, the ratio of the water vapor pressure above
the surface of a given product to that above pure water, is known
to have a major effect on the survival of such microbes; the Aw
must be kept at a distinct low level during their processing and
storage (Takematsu et al., 1982; Troller, 1991). Therefore, a food
material highly effective in reducing the Aw in food matrices
containing dietary probiotics is needed.

In the present report, we show that dehydrated nystose can be
prepared in a practical manner by thermal dehydration of nystose
trihydrate which is recrystallized from commercially available
fructooligosaccharides (Hirayama & Hidaka, 1993) and that this
product has useful functional properties including the ability to
absorb moisture and the ability to maintain the Aw at a low level,
as compared with other dehydrated carbohydrates. As a typical
application, the direct addition of dehydrated nystose to sucrose
powder containing freeze-dried B. longum was found to reduce
the Aw value and to enhance the survival of the bacteria.

Materials and Methods

Materials A commercially available syrup of fructooligo-
saccharides (Meioligo-P syrup, Meiji Seika Kaisha Ltd., Tokyo)
consists of 0.6% monosaccharides, 2.0% sucrose, 31.4% 1-kes-
tose, 34.7% nystose, 6.3% fructofuranosylnystose and 25%
water. Dehydrated forms of glucose, maltose, trehalose, raffi-
nose, 0-CD, and B-CD were prepared by drying the correspond-
ing hydrates in vacuo to a constant weight at 70°C. D(+)-Glucose
monohydrate, maltose monohydrate, and D(+)-trehalose dihy-
drate were purchased from Sigma Chemical Co. (St. Louis,
MO). Raffinose pentahydrate, 0-CD, and B-CD were from Wako
Pure Chemical Industries (Osaka). Other materials were obtained
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from commercial sources.

Analytical methods Melting points (mp) were uncor-
rected. Carbohydrate content is expressed as %(w/w), unless
otherwise indicated. The composition of carbohydrate mixtures
and the content of individual carbohydrates were determined by
high-performance liquid chromatography (HPLC) by the method
of Hidaka and Hirayama (1988) with some modifications. Water
content was determined using a Karl-Fischer Moisture Titrator
(MKA-210; Kyoto Electronics Co., Kyoto). 'H and *C NMR
spectra were recorded in D,O using a JEOL GX-400 spectrome-
ter, and the chemical shifts were referenced indirectly to Me,Si
by setting 'H from HOD at 4.80 ppm and *C from 1,4-dioxane
at 67.4 ppm. Secondary ion mass spectroscopy (SIMS) was per-
formed using a Hitachi M-80A spectrometer. Powder X-ray dif-
fraction patterns were obtained at room temperature using a Rad-
2C system (Rigaku Co.) under the following conditions: mea-
surement range, 1-40°, (20) range, 0:20 mode continuous scan;
sampling rate 0.01°; scanning speed 3° min-1; using CuKo radia-
tion; generator power 40 kV and 20 mA; slits DS (1.0%), SS
(1.0°) and RS (0.15°).

Nystose trihydride A solution of Meioligo-P syrup (1200
g) and water (300 ml) was seeded with fine crystals of nystose
(2.4 g) and the mixture was kept at 5°C with slow stirring for 15
days to yield the first crystals (233 g, 88.1% purity with respect
to nystose). The crystals were recrystallized at 5°C for 24 h from
a supersaturated aqueous solution (72%) to give the second crys-
tals, which were dried in vacuo at room temperature (15-20°C)
for 24 h to afford colorless prisms [93.2 g, 99.0% purity; mp.
130°C (lit. 129-131°C; Tsuchida et al., 1966) from H,O0-MeOH];
the water content was found to be 7.86%, whereas the calculated
value for nystose trihydrate is 7.50%]. The 'H and '*C NMR
spectra (data not shown) agreed with those reported previously
(Timmermans et al., 1993). SIMS-MS (m/z); 666(M* of nystose).

Further recrystallization in a similar manner yielded a single
crystal suitable for X-ray analysis. A crystal of dimensions 0.3 X
0.2 x 0.1 mm® was mounted on a Rigaku AFC5R diffractometer
(Rigaku Co.) and the sample was irradiated with graphite-mono-
chromated CuKo radiation. The cell parameters were deter-
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mined from 15 carefully centered reflections (22<20<35). The
crystal data obtained were as follows: formula, C,,H,,0,,-3H,0
(FW=720.6); orthorhombic; space group P2,22, (Z=4);
a=13.573 (2), b=23.371 (2), and c=10.190 (2) A; V=3232(1) A3%;
D =148 gem™, W(CuKo=11.24 cm™. In total, 2795 reflections
were measured with an ®/20 scan, and 1270 reflections with
>26—I) used in subsequent refinement; Omax=120.1 deg.
Lorentz and polarization corrections were applied, but no absorp-
tion corrections were made. The structure was solved by direct
methods using MULTANSS (Debaerdemaeker et al., 1988) and
subsequent Fourier techniques (Beurakens et al., 1994). H atoms
were put in the calculated positions. The non-H atoms were
refined isotopically on F by full-matrix least-squares refinement,
whereas H atoms were included but not refined. The R (Rw) val-
ues in the final cycle of least-squares refinement were 0.088
(0.101).

Dehydrated nystose The trihydrate (90.0 g) was heated at
80°C in vacuo for 24 h yielding a colorless crystalline powder
[83.5 g, mp. 128°C, water content 0.80%] of constant weight.
The 'H and *C NMR spectra (data not shown) agreed with those
of the trihydrate. After keeping the crystalline powder at 30%
humidity for 24 h followed by drying in vacuo at room tempera-
ture (15-20°C) for 24 h, the increase in weight was found to be
8.11%, which agreed with hydration by three molecules of H,O.

Measurement of moisture-absorption capacity The mois-
ture-absorption capacity of the dehydrated carbohydrates was
measured by a previously reported method (Takematsu et al.,
1982) at three levels of relative humidity (R.H.) maintained con-
stant by using saturated aqueous solutions of the following salts:
calcium chloride (31% R.H.), calcium nitrate (51% R.H.), and
ammonium sulfate (81% R.H.). A precisely weighed sample (4.0
g) in a single plastic cylinder was placed at 25°C, and the in-
crease in weight was recorded at one-hour intervals. The mois-
ture-absorption capacity was calculated as the amount of water
absorbed in one hour.

Measurement of Aw Aw was measured using a Rotronic
Hygroscope DT (Rotronic Instrument Corp., NY). The dehydrat-
ed carbohydrate (4.0 g) was allowed to reach equilibrium at 20°C
overnight in a single plastic cylinder (diameter, 45 mm; height 16
mm), which contained filter paper wetted with a defined amount
of water (0, 0.08, 0.16, 0.24, 0.32, 0.40, or 0.48 g). The Aw and
the increase in the weight of the sample were measured.

Effectiveness of dehydrated nystose addition in lowering the
Aw of sucrose powder and in enhancing the survival of freeze-
dried B. longum Sucrose powder (Aw=0.417; Nippon Beet
Sugar Mfg. Co. Ltd., Tokyo) was mixed with five different
amounts (2, 5, 10, 15, and 20%) of dehydrated nystose, raffinose,
or maltose. Each of the mixtures was placed in a separate plastic
cylinder, and the Aw was measured as described above.

Freeze-dried B. longum (0.01 g of a preparation containing
1.0x10" cells/g, Meiji Milk Products Co. Ltd., Tokyo) was add-
ed to mixtures (10.0 g) of sucrose powder with 10, 7, 5, 2 or 0%
dehydrate nystose; the measured Aw values for these mixtures
were 0.00, 0.05, 0.10, 0.20 and 0.30, respectively. The initial
number of viable bacteria was 3.3-8.7x10° cells/g. Then 3.0 g of
each sample mixture was sealed in an aluminum bag and stored
for 8 weeks at 65% relative humidity at 25°C. During the storage
period, the Aw was measured and the numbers of surviving bac-
teria were determined by the method of Mitsuoka et al. (1965).
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Results

Dehydrated nystose Nystose crystals of high purity
(99.0%) could be prepared by two steps of recrystallization from
a commercial Meioligo-P syrup, containing nystose (37.4%) as
one of the major components. The structure of the carbohydrate
moiety was confirmed by NMR and mass spectra analyses. Final
confirmation of the structure of the crystals was done by crystal-
lographic X-ray diffraction analysis of 99.8% pure crystals. The
crystals were found to be C,,H,,0,,-3H,0, nystose trihydrate,
and the crystal data were similar as those reported previously
(Jeffrey & Huang, 1993; Okuyama et al., 1993).

Upon heating the trihydrate crystals at 70°C in vacuo for suffi-
cient time (48 h) to reach a constant weight, the trihydrate
showed a 7.02% decrease in weight and was converted into the
dehydrated form, with a mp of 128°C, and a water content of
0.80%. The cumulative thermal loss and the residual water con-
tent were both 7.82%, which was close to the calculated value
(7.50%) for three molecules of crystallization water. During
dehydration, the material showed almost no change in appear-
ance and the dehydrated form showed optical anisotropy as de-
termined by means of a polarization microscope. These observa-
tions suggested the retention of the crystal structure. An attempt
to obtain the crystallographic X-ray diffraction pattern was un-
successful because the crystals of the dehydrated form had a rug-
ged surface with cracks. However, the powder X-ray diffraction
pattern was found to be almost the same as that of the trihydrate,
as shown in Fig. 1. By thermal dehydration in a similar manner,
dehydrated forms of six other kinds of carbohydrates were pre-
pared from the corresponding hydrates. The mp, moisture con-
tent, and optical anisotropy of each, and a comparison of the
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Fig. 1. Powder X-ray diffraction patterns of dehydrated nystose (A) and
the trihydrate (B).
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powder X-ray patterns of the hydrate and dehydrated forms are
summarized in Table 1. In the case all of these carbohydrates, the
moisture content decreased to 0.08-0.99% in the dehydrated
form, corresponding to 0.01-0.30 molar equivalents of residual
water. Differences were observed among them in terms of both
the optical anisotropy and the powder X-ray patterns. Loss of
optical anisotropy was observed only in the case of dehydrated
raffinose. Comparing the powder X-ray patterns before and after
dehydration, two carbohydrates (nystose and 0-CD) seemed to

Table 1. Physical constants and properties of dehydrate carbohydrates.
Dehydrate Mp. (:C) H,O content (%)  Optical Comparison of
carbohydrate : (mol equiv.) anisotropy® X-ray pattern”
Nystose 128 0.80 (0.30) + similar
a-CD 250< 0.39 (0.18) + similar
Raffinose 80 0.24 (0.07) — no peak
Trehalose 201-203 0.42 (0.08) + differ.
B-CD 250< 0.32 (0.18) + differ.
Glucose 150 0.08 (0.01) + differ.
Maltose 168 0.99 (0.19) + differ.

“Observed by polarization microscope: +, positive; —, negative.
PComparison of powder X-ray pattern between hydrate and dehydrate
forms: similar, similar pattern; no peak, no detectable peak after dehydra-
tion; differ., different pattern.

Moisture absorption ratio(%)

Moisture absorption ratio(%)

0 10 20 30 40 50
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Fig. 2. (A) Effect of relative humidity on the moisture-absorption rate and
the amount of moisture absorption upon rehydration of dehydrated nystose.
Relative humidity of 31% (0), 51% (e), and 81% (0). (B) Comparison of the
moisture-absorption rates and the amounts of moisture absorption upon rehy-
dration of dehydrated nystose (O), raffinose (A), and silica gel (®) at 51% rel-
ative humidity.
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maintain similar patterns in terms of either the scattering angles
or the integrated peak intensities. Figure 1 shows typical patterns
observed in the case of nystose before and after dehydration. On
the other hand, the patterns changed in the case of four of the car-
bohydrates examined, showing different peaks after dehydration
in the case of B-CD, glucose, and maltose and no detectable peak
after dehydration in the case of raffinose.

Moisture-absorption capacity 'The moisture-absorption
capacity of dehydrated nystose was monitored upon rehydration
at three different levels of relative humidity (Fig. 2A). With in-
creases in humidity, the initial rate of moisture absorption in-
creased and the final amounts of water absorption also increased.
That is, 100 g of dehydrated nystose was found to show initial
moisture-absorption rates of 2.9, 2.9, and 1.0 g/h and the final
amounts of moisture were 11.1, 9.9, and 8.8 g of water at a rela-
tive humidity of 81, 51, and 31%, respectively. Figure 2B shows
a comparison of the moisture-absorption capacity of dehydrated
nystose, dehydrated raffinose, and silica gel at 51% RH. Dehy-
drated nystose showed a greater initial moisture-absorption rate
(2.9 g/100 g, h) than dehydrated raffinose (1.5g/100 g, h) and the
rate was almost the same as that in the case of silica gel although
the final amount of water absorption (9.1 g/100 g) was smaller
than that in the case of silica gel (22.0 g/100 g).

Water activity The Aw of seven dehydrated carbohydrates
was measured using a rotronic hygroscope DT meter, and the
change in Aw observed is summarized in Fig. 3 in relation to
their water content. Only two samples, dehydrated nystose and
dehydrated o-CD, showed a characteristic profile wherein the
Aw remained at an almost constant low value below a water con-
tent of 8% and then increased sharply at a water content above
that. On the other hand, four of the carbohydrates examined
showed a different pattern in which the Aw increased at rates
independent of the increase in water content.

Effectiveness of dehydrated nystose addition in lowering the
Aw of sucrose powder and in enhancing the survival of lyo-
philized B. longum Each of three kinds of dehydrated carbohy-
drates, nystose, raffinose, and maltose, was mixed with sucrose

Water activity (Aw)

Water content (%)

Fig. 3. Relationship between the Aw and the water content of dehydrated
carbohydrates. Nystose (0); a-CD (®); raffinose (2); trehalose (+); B-CD
(m); maltose (0); and glucose ().
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powder with appropriate dehydrated carbohydrate content (0.0—
20.0%) and each of the resulting mixtures was found to have a
lower Aw (0.37-0.02) than that (0.42) of the sucrose powder
alone. The effectiveness of each dehydrated carbohydrate in low-
ering the Aw is summarized in Fig. 4. The results indicated that
the Aw of the mixture could be regulated to achieve a desirable
level in the range of 0.42-0.02, 0.42-0.12, and 0.42-0.28 by the
addition of an appropriate amount of dehydrated nystose, raffi-
nose, and maltose, respectively. Among them, dehydrated nys-
tose was most effective in lowering the Aw to below 0.05.

The effect of the content of dehydrated nystose on the number
of surviving cells of lyophilized B. longum in sucrose powder
was examined in relation to the Aw (0.30-0.00) in the course of
storage for 8 weeks. As shown in Fig. 5, as the dehydrated nys-
tose content was increased from 0.0 to 10.0%, the Aw of the mix-
tures decreased from 0.30 to 0.00. Measurement of the number
of surviving cells showed that in the mixtures with a dehydrated
nystose content of 0.0% (Aw=0.30) and 2.0% (Aw=0.20) the
number of surviving cells decreased almost linearly to 1/30,000
and 1/800 of the initial number, respectively, over the period of 8
weeks. However, in the mixtures with a dehydrated nystose con-
tent of 5.0 (Aw=0.10), 7.0 (Aw=0.05), and 10.0% (Aw=0.00), the
number of surviving cells decreased to about 1/100 of the initial
number in each instance over the 8-week storage period.

Discussion

The dehydrated forms of various carbohydrates have been
widely used as desiccants in dietary and pharmaceutical applica-
tions, howeyver, in some cases there is a clear limitation in terms
of the safety of the final product. Dehydrated maltose is commer-
cially available as a drying agent for food use (Mitsuhashi &
Sakai, 1987).

We found that nystose trihydrate, prepared from a commer-
cially available material by two steps of recrystallization, was
smoothly converted to the dehydrated form by heating the hy-

Water activity (Aw)

0.0
0

10 20
Dehydrated carbohydrate content (%)
Fig. 4. Effectiveness of dehydrated carbohydrates addition in lowering the
Aw of sucrose powder. Relationship between the Aw and the dehydrated car-
bohydrate content (%). Dehydrated nystose, (0); dehydrated raffinose (2);
and dehydrated maltose (0).
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Fig. 5. Effectiveness of dehydrated nystose in enhancing the survival of
lyophilized B. longum in sucrose powder. Content of dehydrated nystose
[Aw]: 0.0% [0.30] (2); 2.0% [0.20] (m); 5.0% [0.10] (O); 7.0% [0.05] (®);
and 10.0% [0.00] (O).

drate at 70 or 80°C in vacuo. The crystal structure of nystose tri-
hydrate was determined by X-ray crystallographic analysis. The
crystal data were similar to those reported previously (Jeffrey &
Huang, 1993; Okuyama ef al., 1993). An attempt to obtain single
crystals of the dehydrated form was unsuccessful because the
crystals of suitable size for the analysis were cracked in the pro-
cess of drying. However, the powder X-ray diffraction analysis
yielded a clear pattern, which was almost the same as that of the
trihydrate in terms of either the scattering angles or the integrated
peak intensities (Fig. 1. A and B). These observations indicated
that, for the most part, the dehydrated crystals maintained the
matrix structure of the trihydrated form, i.e., the crystal appears
to have a zeolite-like structure which would allow absorption and
desorption of water molecules through channels reversibly.

Dehydrated nystose was found to be effective in moisture
absorption and the Aw decreased during its rehydration. In order
to compare its moisture absorption properties with those of other
dehydrated carbohydrates, six kinds of hydrates were converted
into the dehydrated forms by the same dehydration procedure
and tested. The results obtained concerning their moisture ab-
sorption properties and the decrease in Aw are shown in Table 1.
Compared to the other compounds examined, dehydrated nys-
tose showed a greater moisture absorption capacity at high rela-
tive humidity (Fig. 2-A), and the initial absorption rate was
greater than that in the case of dehydrated raffinose and almost
the same as that of silica gel at 51% relative humidity (Fig. 2-B).
As shown in Fig. 3, among the seven dehydrated carbohydrates
examined, the Aw was found to be kept at almost the zero level
in the case of dehydrated nystose and dehydrated oi-CD when the
water content was 8% or less, and the Aw was found to increase
sharply at a water content greater than 8%. The inflection values
were very close to the water content of the rehydration form of
nystose trihydrate (7.5%) and that of o-CD hexahydrate (10%)
(Manor & Saenger, 1974). In contrast, four other dehydrated car-
bohydrates showed different Aw profiles, in which the Aw did
not remain at a low level but increased with the increase in water
content at a rate dependent on the individual compound.
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Referring to the H,O content, optical anisotropy, and powder
X-ray diffraction pattern shown in Table 1, all seven hydrates
were found to lose their crystallization water to an extent of
0.08-0.99% (0.01-0.30 molar equivalents of residual water), to
yield the dehydrated forms. However, comparing the hydrated
and dehydrated forms, in some cases there was a difference in
optical anisotropy and a difference in powder X-ray diffraction
patterns. With respect to the optical anisotropy, dehydration re-
sulted in a change from positive to negative only in the case of
raffinose. With respect to the powder X-ray diffraction patterns,
the seven dehydrates could be categorized into three groups
where: 1) the patterns obtained before and after dehydration were
similar, or 2) no peaks were observed after dehydration, or 3) the
patterns obtained before and after dehydration were different, as
shown in Table 1. The results suggested that only raffinose
changed from crystals to an amorphous form whereas in the case
of the other six dehydrated compounds the crystal form was
maintained through the course of dehydration. Our findings con-
cerning raffinose are consistent with a report by Saleki-Gerhardt
et al. (1995) indicating that raffinose pentahydrate crystals lost
two water molecules with no change in crystal structure but
removal of the remaining three water molecules through thermal
dehydration caused it to collapse into an amorphous form giving
no signal peak upon powder X-ray diffraction analysis. The dif-
ference observed in the powder X-ray diffraction patterns ob-
tained before and after dehydration in the case of four of the
dehydrated compounds examined could be due to a change in
crystal lattice structure as is reported to occur upon dehydration
of trehalose dihydrate (Taylor & York, 1998). In the case of nys-
tose and o-CD, it is very interesting that each showed an X-ray
pattern after dehydration similar to that of the corresponding
hydrate and both were more effective in maintaining the Aw at a
low level than the other anhydrous carbohydrates (Fig. 3).

Dehydrated nystose, which was found to be effective in keep-
ing the Aw at a low level, was successfully applied in the regulat-
ing Aw of foods by direct addition to them. Figure 4 shows a
typical example where addition of dehydrated nystose was effec-
tive to lower the Aw of sucrose powder from an initial level of
0.42 to an appropriate level in the range of 0.42-0.02. This
served to improve the number of surviving cells of lyophilized B.
longum in the sucrose powder, as it is known that the Aw must be
reduced to below 0.10 to achieve a high survival ratio (Takema-
tsu et al., 1982). As shown in Fig. 5, addition of dehydrated nys-
tose was effective to control the Aw of the mixture and the
numbers of surviving bacteria remained at about 10° cells/g in
the mixtures with low Aw (0.00-0.10) after 6 months of storage,
whereas the number in the case of sucrose powder alone
(Aw=0.30) decreased to 107 cells/g.

Many kinds of prebiotics including Bifidobacterium and Lac-
tobacillus have been used for human and animal consumption
and they are now recognized as having beneficial effects in terms
of improving health and preventing disease (Goldin, 1998). Lyo-
philized probiotics for dietary use are prone to display a decrease
in cell survival during the storage period. In order to prevent such
a decrease in viability, it is important to lower the Aw of the mix-

H. MATSUMOTO et al.

ture. Dehydrated nystose is considered to be useful for the main-
tenance of cell viability, because the dehydrated form itself can
be added to foods and it is highly effective in maintaining the Aw
at a low level.
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