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Purpose. In order to understand the stabilizing effects of disaccharides on freeze-dried proteins, the

enzymatic activity of lactate dehydrogenase (LDH) formulations containing four types of disaccharide

(trehalose, sucrose, maltose, and lactose) at two relative humidity (RH) levels (about 0 and 32.8%) was

investigated after three processes: freeze-thawing, freeze-drying, and storage at three temperatures (20,

40, and 60-C) above and/or below the glass transition temperature (Tg).

Materials and Methods. The enzymatic activity was determined from the absorbance at 340 nm, and Tg

of the samples was investigated by differential scanning calorimetry.

Results. At each RH condition, Tg values of sucrose formulations were lower than those of other

formulations. Although effects of the disaccharides on the process stability of LDH were comparable,

storage stability was dependent on the type of disaccharide. All the formulations were destabilized

significantly during storage at temperature above Tg. During storage at temperature below Tg, the LDH

activity decreased with increases in the storage temperature and moisture. Maltose and lactose

formulations showed significant destabilization with the change of color to browning.

Conclusions. Taking the storage stability of freeze-dried proteins under the various conditions

(temperature and RH) into consideration, trehalose is better suited as the stabilizer than other

disaccharides.

KEY WORDS: cryostabilization; disaccharide; freeze-drying; glass transition; lyostabilization;
storage stability.

INTRODUCTION

Freeze-drying is a commonly used technique for stabi-
lizing labile biological and pharmaceutical proteins. Howev-
er, some proteins are sensitive to chemical and physical
stresses induced by freeze-drying, which causes them to lose
most of their functional activity during the process. Extensive
efforts have been made to improve the stabilization of freeze-
dried proteins by using stabilizers (1–3).

Since freezing is the first step of freeze-drying,
cryostabilizing effect of stabilizers should be considered
first. The most widely accepted cryostabilizing mechanisms
are Bsolute exclusion^ (2–5) and Bfreeze-concentrated glass
transition^ (1,2,6–8) mechanism. The Bsolute exclusion^
mechanism involves solute exclusion of protein with water

than stabilizers, which are preferentially excluded from its
hydration shell, and thus, unfolding of the protein is
prevented and its native conformation is stabilized. The
Bfreeze-concentrated glass transition^ mechanism involves
embedding of the frozen protein in a glassy matrix formed by
freeze-concentrated stabilizers leading to a highly viscous
state, and thus, molecular rearrangement of the protein and
the rate of chemical and physical degradations are immobi-
lized. In contrast, mechanisms of lyostabilization and subse-
quent storage stabilization have often been explained by the
Bwater substitute^ (2,3,5) and Bglass transition^ (2,6–8)
mechanisms. The Bwater substitute^ mechanism involves
intermolecular hydrogen bonds of exposed polar groups of
the freeze-dried protein with amorphous stabilizers as water
substitutions, and thus the freeze-dried protein maintains its
native-like conformation. The maintenance of native-like
conformation decreases damage induced by freeze-drying
process, and thus the storage stability is also improved more
or less. The Bglass transition^ mechanism is intrinsically
similar to Bfreeze-concentrated glass transition^ mechanism;
the glassy matrix formed by the freeze concentration main-
tains its state even at an elevated temperature due to the
decrease in the number of water molecules that play the role
of a plasticizer. In the Bglass transition^ mechanism, the glass
transition temperature (Tg) of stabilizers is one of the most
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significant parameters, because the glassy formulations
change to liquid-like rubber state at the Tg.

The stabilizing effect of disaccharide on frozen and
freeze-dried proteins is often greater than that of other
agents such as polyol, monosaccharide, carbohydrate poly-
mer, synthetic polymer, amino acid, and salt (2,4). Carpeter
and Crowe (4) investigated the activity recovery of frozen
and/or freeze-dried phosphofructokinase (PFK) formulations
containing various kinds of stabilizing agents and demon-
strated that while each of these agents maintained a high
activity of the frozen-thawed PFK formulations, only disac-
charide showed a significant stabilizing effect on the freeze-
dried formulations. Similarly, Izutsu et al. (9) investigated
the effects of various stabilizing agents on the long term
stability of freeze-dried b-galactosidase at an elevated
temperature. They found that while most agents were able
to stabilize the protein during the freeze-drying process, only
disaccharide was able to improve its long term stability. The
significant stabilizing effect of disaccharide on frozen and
freeze-dried proteins has been explained by the above-
mentioned mechanisms: disaccharide exhibits effective solute
exclusion (3–5) and the ability to form intermolecular
hydrogen bonds (2,4,5) as well as having a relatively high
Tg (2,6–8). Furthermore, disaccharide is known to show a
significant lyostabilizing effect on phospholipids by similar
mechanisms (10,11). Therefore, to stabilize freeze-dried
biomaterials, the four typical types of disaccharide: trehalose,
sucrose, maltose, and lactose, have generated technical as
well as fundamental interest.

The literature indicates large variations in the process
and storage stabilizing effects of the four types of disaccharide
on frozen and freeze-dried proteins (12–32). This is because
the cryo- and lyo-stabilizing effects of disaccharide depend on
various experimental parameters. Furthermore, it has been
suggested that damage to proteins during freeze-drying
process affected their subsequent storage stability (18).
Therefore, it is necessary to evaluate not only process stability
but also storage stability of freeze-dried proteins. Previous
studies have extensively investigated the effects of the
composition of freeze-dried formulations [for example, their
disaccharide (13–15,18,20,23,25,27,29,31) and moisture con-
tents (23,26,28,32), and combination with other agents
(12,15,16,18,21,22,25,29,30)] on the stabilization of proteins
immediately after freezing or freeze-drying. The storage
stability of the freeze-dried protein-disaccharide formulations
has also been investigated under limited storage conditions
(9,18,20,21,30–32). However, to the best of our knowledge,
few, if any studies have been conducted on the stabilizing
effects of disaccharides on the freeze-dried proteins from
freezing as a first step of the freeze-drying process to storage
under the various conditions.

In this study, a stepwise evaluation of the stability of
freeze-dried protein-disaccharide formulations was per-
formed. Lactate dehydrogenase (LDH) was employed as a
model protein, and the activity of freeze-dried LDH contain-
ing four types of disaccharide (trehalose, sucrose, maltose,
and lactose) and two relative humidity (RH) levels (about 0
and 32.8%) were investigated at three stages: after freeze-
thawing, after freeze-drying, and after storage, at 20, 40, and
60-C over a period of up to 90 days. The stabilization effect
of the four disaccharides was compared at each stage.

MATERIALS AND METHODS

Preparation of Freeze-dried Formulations
and the Experimental Procedure

Analytical grade sucrose, maltose monohydrate, lactose
monohydrate, and LDH from rabbit muscle were purchased
from Wako Pure Chem. Ind. Ltd., Japan. Reagent grade D-
trehalose dihydrate was provided by Hayashibara Co. Ltd.,
Japan. Other reagents were purchased from Sigma-Aldrich
Co., USA.

The experimental procedure is illustrated in Fig. 1. LDH
suspension was dialyzed against 50 mM sodium phosphate
buffer (pH=7.5) at 5-C for 24 h. The LDH concentration was
determined from the absorbance at 280 nm by a UV-
spectrophotometer (U-3200: Hitachi, Co. Ltd., Japan) using
an extinction coefficient of 0.648 l cmj1gj1. A solution
containing 100 mg LDH and 100 mg disaccharide (trehalose,
sucrose, maltose, or lactose) per 1 ml was prepared, and 1 ml
aliquot of this solution was pipetted into 2 ml-polyethylene
tubes (denoted as initial formulation in Fig. 1). The initial
formulation was frozen by immersion into liquid nitrogen for
at least one min. A part of the frozen formulations was
thawed in a water bath at 25-C, before assaying LDH activity
in order to examine the loss of LDH activity after freezing.
The other frozen formulations were transferred to a
precooled freeze-drier, and then the freeze-drying was
carried out with a chamber pressure of 3.0�10j2 torr by
increasing the shelf temperature from j40 to j25-C at the
rate of 5-C per 6 h, and from j25 to 25-C at the rate of 5-C
per 3 h. For moisture control, the freeze-dried formulations
were either kept in a vacuumed desiccator containing
diphosphorus pentaoxide (RH = about 0%) or in a
desiccator containing saturated magnesium chloride
(RH=32.8%) at 25-C for 7 days. The polyethylene tubes
containing freeze-dried sample were screw-capped in a bag
with flowing nitrogen gas as soon as possible. The two
formulations are denoted in Fig. 1 as fully dried formulation
and slightly wet formulation, respectively. At this stage,

  

 

 

 

 
  

  

 

 

 

 

Fig. 1. Experimental procedure used in this study.
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moisture content of the freeze-dried formulations was checked
gravimetrically by vacuum drying by increasing the temperature
from 25 to 60-C over a 3-day period. Additionally, Tg of the
freeze-dried formulations was examined by differential
scanning calorimetry (DSC), details of which are given later.
A part of these formulations was rehydrated with distilled
water, and LDH activity was assayed in order to examine the
loss of LDH activity immediately after the preparation of the
freeze-dried formulations. The other formulations were stored
at 20, 40, and 60-C for a period of up to 90 days. Chemical and
physical changes in the formulations were observed visually.
The stored formulations were rehydrated with distilled water
and LDH activity was assayed in order to examine the loss of
LDH activity associated with during storage.

Assay of LDH Activity

The LDH concentration of formulations was adjusted
to 10–100 mg/ml and 10 ml of this solution was then added to
a quartz cell containing 3 ml reaction solution (50 mM
sodium phosphate buffer (pH=7.5), 0.49 mM pyruvate and
0.1 mM NADH) kept at 25-C. The quartz was set into UV-
spectrophotometer (U-3200: Hitachi, Co. Ltd., Japan), and
decrease in absorbance at 340 nm was immediately mea-
sured for 3 min with stirring by using a magnetic stirrer.
The Binitial rate method^ was used to obtain the LDH
activity via the rate of change in the absorbance. The
relative LDH activity was expressed as a percentage of the
LDH activity of freeze-thawed, freeze-dried, or stored
formulations to that of the initial formulations. The
variation of relative LDH activity based on this measure-
ment was in the range of T4.5%.

DSC Measurement

Thermal properties of freeze-dried formulations were
examined by a DSC (DSC-50: Shimadzu Co. Ltd., Japan).
The instrument was purged with nitrogen gas and calibrated
for temperature and enthalpy with indium and distilled
water. The a-alumina powder was used as a reference and
liquid nitrogen was used as a coolant of the instrument. The
sample (approximately 10 mg) was weighed in an aluminum
DSC pan in a bag with flowing nitrogen gas and hermetically
sealed. Fully dried formulations were heat-scanned at 5-C/
min from ambient temperature to 120-C. Slightly wet

formulations were pre-cooled from ambient temperature to
j20-C, and then heat-scanned at 5-C/min to 70-C. DSC
thermograms were analyzed by TA-60 software interfaced
with the DSC.

RESULTS AND DISCUSSION

Glass Transition Behavior of Freeze-dried Formulations

Moisture contents of the fully dried formulations were
below 0.5% (w/w). DSC thermograms of these formulations
are shown in Fig. 2. All formulations indicated an endother-
mic shift due to the glass transition, and the Tg was
determined from the onset point of this shift. The obtained
Tg values were listed in Table I, along with values for their
pure disaccharide systems reported in previous studies (7,33).
In comparison with the Tg values, it was noted that the Tg

values of the freeze-dried formulations showed various
tendencies compared with the pure disaccharide systems;
the trehalose and lactose formulations were lower Tg, and the
sucrose and maltose formulations were higher Tg than those
of the pure systems. The variation of Tg values has been often
reported in previous studies. For example, Urbani et al.
pointed out that literature indicated large variations between
52 and 70-C in the Tg value of pure sucrose systems (34). This
is because the Tg value of amorphous materials is affected by
various experimental factors (e.g., thermal history). Further-
more, the Tg value of multi-component systems shows more
complicated variation. It is known well that only a little
residual moisture decreases significantly the Tg value of
freeze-dried sugars (6,8). In addition, Ohtake et al. (11,35)
reported that freeze-dried disaccharide-phosphate mixture
showed a drastic change of the Tg value (54–101-C for
sucrose system and 96–119-C for trehalose system) depend-
ing on the pH and amount of counter ion in the initial
solution. Taking these observations into consideration, it is
noted that the Tg value of the freeze-dried formulations
cannot be determined strictly. However, as an obvious trend
of the Tg values, it was confirmed that the Tg value of the
trehalose, maltose and lactose formulations was higher than
that of the sucrose formulation as well as the pure disaccha-
ride systems.

Moisture contents of the slightly wet formulations were
in the range between 5.5 and 6.5% (w/w). DSC thermograms
of these formulations are shown in Fig. 3. Sucrose formula-
tion exhibited an endothermic shift due to the glass transition

Table I. Tg and Moisture Content of Freeze-dried LDH Formulations

Fomulation Tg of Formulation in this Study (-C) Tg of Pure System in Reference (-C) Moisture Content (% w/w)

Fully dried (RH=about 0%)

Trehalose 99.7 100(8), 113 (34) <0.5

Sucrose 80.3 62 (8),68 (34) <0.5

Maltose 95.0 87 (8), 90 (34) <0.5

Lactose 93.0 101 (8) <0.5

Slightly wet (RH=32.8%)

Trehalose 40.3 Unknown 6.5

Sucrose 22.8 Unknown 5.6

Maltose 40.1 Unknown 5.5

Lactose 39.9 Unknown 5.8
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similar to those shown in Fig. 2. In contrast, trehalose,
maltose, and lactose formulations exhibited an endothermic
peak in the first scan. These samples were re-scanned for
confirmation, and then an endothermic shift due to the glass
transition appeared instead of the endothermic peak. It
should be noted that the endothermic peak in the first scan
is due to not the melting of crystallized disaccharide and/or
buffer, but the recovery of relaxed enthalpy. The enthalpy
relaxation is a characteristic thermal event observed in glassy
materials stored at temperature below Tg, and the degree of
relaxed enthalpy increases with increases in the storage
temperature and time (33,36). The enthalpy relaxation of
the trehalose, maltose, and lactose formulations will have
occurred during the preparation, because their Tg values
were slightly higher than the prepared temperature (25-C).
On the other hand, the sucrose formulation turned into
rubber state during the preparation, and thus enthalpy
relaxation was not observed in the DSC thermogram. The
Tg values determined from the results in the first scan are
listed in Table I. It was noted that the Tg value of the slightly
wet trehalose, maltose and lactose formulations was higher
than that of the sucrose formulation as well as the fully dried
formulations.

LDH Activity of Frozen and Freeze-dried Formulations

The relative LDH activity of freeze-thawed formulations
is shown in Fig. 4. The relative LDH activity of the no-
additive formulation decreased to approximately 80% of the
initial activity. This result was comparable to or higher than
those found in literature; the relative LDH activities of
freeze-thawed no-additive formulations were reported to be
approximately 40% for 8 mg/ml LDH in 50 mM tris-HCl
buffer (24), 30% for 25 mg/ml LDH in 10 mM phosphate
buffer (15), 20–90% for 25–500 mg/ml LDH in 20 mM tris-
HCl buffer (37), and 30–85% for 5–50 mg/ml LDH in 50 mM
phosphate buffer (38). The differences in the relative LDH
activity will be caused mainly by differences in the LDH

concentration. It is known that the enzymatic activity of
freeze-thawed proteins increases with an increase in the
protein concentration (i.e., self-protection of protein). Actu-
ally, our result (80% LDH activity for 100 mg/ml LDH in 50
mM phosphate) was in good agreement with the data for a
similar formulation (85% LDH activity for 50 mg/ml LDH in
50 mM phosphate buffer) (38). Although effects of buffer,
freezing rate, and freezing time on the cryostabilizing of
LDH were also suggested as other possible contributions
(37,38), it was beyond the scope of this paper to discuss these
effects. On the other hand, the formulations containing
disaccharide fully-almost completely maintained their rela-
tive LDH activity. It was suggested that these formulations
showed the tendency to maintain just a little higher relative
LDH activity than the no-additive formulation. However,
taking experimental error into consideration, the cryostabi-
lizing effect of the disaccharides on the LDH activity was
unclear, because the no-additive formulation showed com-
paratively high LDH activity. From these results, it was
found that not only the disaccharide-additive formulations
but also the no-additive one maintained sufficiently high
LDH activity at this stage.

Relative LDH activities of fully dried and slightly wet
formulations are shown in Fig. 4. In all the formulations,
destabilization of LDH by freeze-drying was much greater
than that by freezing. The relative LDH activity of the no-
additive formulations decreased to approximately 15% of
initial activity. The result was comparable to or lower than
those found in literature; the relative LDH activities of freeze-
dried no-additive formulations were reported to be approxi-
mately 20% for 25 m/ml LDH in 10 mM phosphate buffer (15),
46% for 2 mg/ml LDH in 20 mM phosphate buffer (16), 11%

 
 

   
   

   
 

 

 

Fig. 3. DSC thermograms for slightly wet formulations. Arrows

indicate Tg.

Fig. 2. DSC thermograms for fully dried formulations. Arrows

indicate Tg.

1886 Kawai and Suzuki



for 1 mg/ml LDH in 10 mM tris-HCl buffer (17), 20–60% for
25–500 mg/ml LDH 20 mM tris-HCl buffer (37), and 5–90%
for 25–100 mg/ml LDH in 50 mM phosphate buffer (38). The
differences in the results between this study and previous ones
will have been caused by differences in initial LDH concen-
tration, damage during freezing process, drying temperature,
and residual moisture content (37,38). On the other hand, the
relative LDH activity of disaccharide-additive formulations
decreased to approximately 60% of initial activity. It was
noted that the lyostabilizing effect of the disaccharides was
significant, but independent of the type of disaccharide and the
levels of moisture content. Among the disaccharides, trehalose
has attracted significant attention as a stabilizer because
organisms that live under harsh conditions utilize trehalose
for self-preservation of membranes (39). The stabilizing effects
of trehalose have been attributed to a number of its physical
properties: high Tg (40), ability to form intermolecular
hydrogen bonds (41), and low molecular mobility below Tg

(33). However, it should be noted that after freeze-drying, the
stabilizing effect of trehalose on LDH formulations was not
unique compared to other disaccharides. On the other hand, it
has been reported that the moisture of freeze-dried proteins
can affect its stability both indirectly (plasticizer or reaction
medium) and directly (reactant or product) (2). However, it
was observed that the effect of moisture on the relative LDH
activity was not significant at this stage.

LDH Activity of Freeze-dried Formulations Stored
under Various Conditions

Time courses of the relative LDH activity of fully dried
and slightly wet formulations stored at 20, 40, and 60-C are
shown in Figs. 5, 6, and 7, respectively. Although all the no-
additive formulations lost the relative LDH activity within 15
or 30 days, the disaccharide-additive formulations maintained
the relative LDH activity more or less. The stabilizing effect
of the disaccharides on the LDH activity was strongly
dependent on the types of disaccharide and the levels of
moisture content. On the other hand, visual observation
results of the disaccharide-additive formulations are listed in
Table II. These results were discussed as follows.

During storage at 60-C (Fig. 7), all slightly wet
formulations were in rubber state (T>Tg). From visual
observation, while structural collapse occurred in all the
formulations, the color of the formulation changed to brown
also occurred in the maltose and lactose formulations. The
relative LDH activity of all the slightly wet formulations was
almost completely lost within 15 days. In contrast, all fully
dried formulations were in glassy state (T<Tg). During the
storage period of up to 90 days, the trehalose and sucrose
formulations showed no visual change, and their relative
LDH activities decreased to approximately 35 and 45% of
initial activity. On the other hand, the maltose and lactose
formulations showed the color of the formulation changed to
brown, and their relative LDH activities decreased to
approximately 22 and 15% of initial activity. These results
indicate that the storage stability of freeze-dried LDH
formulations in glassy state was much greater than that in
rubber state at the storage temperature of 60-C. The
destabilization in the fully dried maltose and lactose for-
mulations was greater than that in the fully dried trehalose
and sucrose formulations, which could be related to the color
of the formulation changed to brown observed visually in the
maltose and lactose formulations. The color of the formula-
tion changed to brown may be indicative of the progress of a
non-enzymatic browning reaction. A non-enzymatic browning
reaction, which is a chemical reaction between carbonyl com-
pounds (for example, reducing sugar such as maltose and lactose)
and amino compounds, results in the formation of browning
pigments. It is known that the progress of a non-enzymatic
browning reaction causes destabilization of a protein (9,19), and
that this reaction can progress even at a temperature much
lower than Tg within an hour to a day (42,43). In the fully dried

Fig. 4. The relative activity of freeze-thawed and freeze-dried LDH

formulations. Open, dotted, and slash bars indicate the result of

frozen formulation, fully dried formulation and slightly wet formu-

lation, respectively.
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trehalose and sucrose formulations which exhibited no brown-
ing change, there was a gradual loss of the relative LDH activity
at the storage temperature of 60-C. The effect of trehalose and
sucrose on the storage stability of LDH was almost comparable.
It should be noted that destabilization was not completely
prevented at 60-C, even if the formulations were in glassy state.

During storage at 40-C (Fig. 6), all fully dried formula-
tions were in glassy state (T<Tg). These formulations showed
no change upon visual observation and only a slight if any
loss in the relative LDH activity, though the formulations
stored at 60-C showed various destabilizations as mentioned
above. This is because a decrease in storage temperature
diminished the destabilization of LDH; the effect of the
decrease in storage temperature will imply decreases in the
molecular mobility of glassy matrix and the rate of various
degradations. The slightly wet trehalose, maltose and lactose
formulations, the Tg of which were close to the storage

temperature (T$Tg), existed in either in glassy or in rubber
state, while the slightly wet sucrose formulation was in rubber
state (T>Tg). It was observed visually that no changes
occurred in trehalose formulation, structural collapse oc-
curred in the sucrose formulation, and the color of the
formulation changed to brown occurred in the maltose and
lactose formulations. The relative LDH activity of the
trehalose formulation was markedly greater than that of the
sucrose, maltose, and lactose formulations. It is assumed that
the destabilization of the maltose and lactose formulations
was related to the progress of the non-enzymatic reaction. In
contrast, the destabilization of the sucrose formulation
probably occurred because it was stored at temperature
above Tg. Since viscosity of a rubber matrix is considerably
lower than that of a glassy matrix at a reference temperature,
various destabilization (e.g., thermal degradation, aggrega-
tion, and crystallization of the rubber matrix) probably
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Table II. Visual Observations of LDH Formations Stored at Various Temperatures

Formulation Visual Observation after Storage

At 60-C At 40-C At 20-C

Fully dried (RH=about 0%)
Trehalose – – –

Sucrose – – –

Maltose Browning – –

Lactose Browning – –

Slightly wet (RH=32.8%)

Trehalose Collapse – –

Sucrose Collapse Collapse –

Maltose Collapse & browning Browning –

Lactose Collapse & browning Browning –
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occurred in the sucrose formulation. On the other hand, the
relative LDH activity of the slightly wet trehalose formula-
tion was a little lower than fully dried one at the storage
temperature of 40-C. This result suggests that an increase in
the moisture content caused the destabilization of LDH
during the storage. It is known that the moisture of freeze-
dried proteins can affect its stability both indirectly (plasti-
cizer or reaction medium) and directly (reactant or product)
(2). It should be noted that destabilizing effects induced by
moisture were not completely prevented even at temperature
below Tg.

During storage at 20-C (Fig. 5), all fully dried and
slightly wet formulations were in glassy state, showing no
change on visual observation and only a slight if any loss of
relative LDH activity over the duration of the storage period.
As mentioned above, the slightly wet formulations showed
various destabilizations during storage at 40-C. The destabi-
lizations induced by the storage at 40-C will have diminished
enough at 20-C. At such the low-temperature, the stabilizing
effect of the disaccharides was comparable.

CONCLUSIONS

In conclusion, the stabilizing effect of the four types of
disaccharide (trehalose, sucrose, maltose, and lactose) on
freeze-dried LDH can be summarized as follows. Although
the effects of the disaccharides on the process stability of
LDH were comparable, the storage stability of LDH was
strongly dependent on the storage conditions (temperature
and humidity) and the physical and chemical properties of
the disaccharides (Tg and chemical reactivity). In terms of
chemical reactivity, trehalose and sucrose were superior to
maltose and lactose which play the role of reactants in non-
enzymatic browning reactions. In terms of Tg, trehalose,
maltose and lactose were superior to sucrose, which has a
lower Tg than the other disaccharides. Taking the storage
stability of freeze-dried proteins under the various conditions
(temperature and RH) into consideration, trehalose is better
suited as the stabilizer than other disaccharides.
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