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Abstract

Phosphate buffered saline (PBS) and carbohydrates are used to freeze-dried biomaterials. It has been suggested that PBS
reduces the freeze-concentrated glass-like transition temperature (Té ) of carbohydrate solutions and that freeze-dried solids
collapse readily during freeze-drying. In order to obtain more insight into the subject, the effect of PBS on the Té of trehalose
solution was systematically investigated. The Té of trehalose solution was found to be independent of the trehalose content.
The Té of trehalose—PBS solution, on the other hand, decreased with decreasing trehalose content. The behavior was described
asa Té curve for a trehalose—PBS pseudobinary system. The T é curve was analyzed using the modified Gordon—Taylor equa-
tion, and the Té of PBS was extrapolated to be 195.0 K. In order to compare the plasticizing effect of PBS, the Té values of
other carbohydrate materials including sugar alcohols (glucose, maltitol, sucrose, inulin, and maltodextrin) were also inves-
tigated. It was found that freeze-concentrated trehalose was more sensitive to the plasticizing effect of PBS than the other
sugars. Finally, trehalose and trehalose—PBS solutions with varying trehalose content were freeze-dried, and their water
activity (a,,) and apparent volume ratio against pre-dried (frozen) solids (Vg Vi') were evaluated. Freeze-dried trehalose
samples had low a,, values and high Vi, V! values. Freeze-dried trehalose—PBS samples, on the other hand, had significantly
higher a,, values and lower Vi, Vi! values than freeze-dried trehalose samples depending on the trehalose content. These
results corresponded to the Té and initial solute content.
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Introduction

Freeze-drying is often used to store unstable biomateri-
als (e.g., proteins and bacteria) at room temperature for
extended periods of time. Some biomaterials are irrevers-
ibly damaged during freeze-drying and subsequent storage,
and their biological activity gradually decreases. In order
to prevent the destabilization of biomaterials, the effect of
various stabilizers has been investigated [1, 2]. It is known
that non-reduced disaccharides (sucrose and trehalose) have
a stabilizing effect on biomaterials [1, 3]. The stabilizing
mechanism of disaccharides has been mainly explained
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by two phenomena. One is the “water substitution effect”.
Disaccharides form hydrogen bonds with biomaterials
instead of water molecules in the dehydrated state, thus
structurally stabilizing the biomaterials [1, 2, 4]. The other is
the “glass transition effect”. Freeze-dried disaccharides turn
into a glassy state upon dehydration. Since glassy disaccha-
rides have extremely low molecular mobilities, the bioma-
terials embedded in them are dynamically stabilized [1, 5].
The glass transition effect can be characterized by the glass
transition temperature (T,). At higher T, lower molecular
mobility and greater resistance to degradation are expected
at a given condition.

We previously [6] demonstrated that sucrose and treha-
lose could protect freeze-dried lactic acid bacteria (LAB).
In the study, the freeze-dried LAB showed ready “collapse”
depending on the freeze-drying conditions. Collapse is a
physical deterioration in which a freeze-dried solid cannot
maintain its porous structure and shrinks into a high-density
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solid; drying and rehydration rates are diminished by the
collapse [7-9]. It is known that collapse occurs when the
product temperature becomes higher than the freeze-concen-
trated glass-like transition temperature (Té ) during freeze-
drying [1]. Since the freeze-concentrated phase is a rigid
(glassy) state at a temperature below Tg’ , the porous structure
formed by freeze-drying can be maintained during subse-
quent processing. The freeze-concentrated phase becomes a
soft (rubbery) state above Té , and thus, the porous structure
destructs spontaneously.

As a possible explanation for why LAB containing
sucrose and trehalose readily collapsed, it was suggested that
co-existent phosphate buffered saline (PBS) reduced the Té
of sucrose and trehalose. PBS, which consists of NaCl, KCl,
Na,HPO,, and KH,PO,, is an essential material for LAB
formulation. Thorat and Suryanarayanan [10] investigated
the Té of 5% trehalose—PBS solution and 1% mannitol-PBS
solution. Although they did not discuss the effect of PBS
addition on the Té of the carbohydrate solutions, it was found
that the T; was reduced by the addition of PBS by the com-
parison with Té data in the existing literature [1]. Nicolajsen
and Hvidt [11] investigated the Té of trehalose—NaCl solu-
tion. Since NaCl is a primary component of PBS (more than
80%), similar effects to PBS are expected. Although there
was limited experimental data, it could be confirmed that the
Té decreased with increasing NaCl concentration in the sys-
tem. In addition, Hawe and Frief3 [12] investigated the Té of
mannitol-sucrose—NaCl solution and demonstrated that
NaCl reduced the Té of the carbohydrate solutions in a lim-
ited range of up to 0.2% NaCl. On the other hand, there is a
report that PBS reduced the 7, of trehalose under various
dehydration conditions [13].

Although the suggestion that PBS reduces the Té of treha-
lose is strongly supported by previous studies, the experimen-
tal effect has not been explored systematically. It is expected
that systematic experimental data will provide a better Té
prediction, and thus better quality control (e.g., collapse) of
freeze-dried biomaterials stabilized by the addition of PBS
and carbohydrates. The purpose of this study was first to
clarify the effect of PBS on the Té of trehalose solution sys-
tematically. Second, in order to compare the plasticizing
effect of PBS, the Té values of other carbohydrate materials
including sugar alcohols (glucose, maltitol, sucrose, inulin,
and maltodextrin) were determined. Finally, the effect of PBS
on the degree of collapse of freeze-dried solids was
investigated.
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Materials and methods
Samples preparation

Trehalose dihydrate was provided by Hayashibara Co.,
Ltd. (Okayama, Japan). Maltodextrin (dextrose equiva-
lent=17-21) and inulin (degree of polymerization="7) were
provided by San-ei Sucrochemical Co., Ltd. (Aichi, Japan).
Glucose, maltitol, and sucrose were purchased from Nacalai
Tesque, Inc. (Kyoto, Japan). PBS powder was purchased
from Nissui Pharmaceutical Co., Ltd. (Tokyo, Japan).

PBS powder was added to distilled water according to the
product instructions (9.6 mg mL~!) to obtain a PBS solution
composed of NaCl (8.0 mg mL~!), KC1 (0.2 mg mL™"),
Na,HPO, (1.15 mg mL™"), and KH,PO, (0.2 mg mL™1).
Trehalose was dissolved in distilled water or PBS solution,
and 100, 200, 400, and 800 mM trehalose aqueous solutions
and trehalose—PBS solutions were obtained. In addition,
400 mM trehalose—PBS solutions were prepared by using
two times (19.2 mg mL™!) and ten times (96.0 mg mL™!)
higher concentrations of PBS. Although the high-concentra-
tion PBS solutions cannot be used for the preparation of
biomaterials, they were effective for the systematic under-
standing of Té of trehalose—PBS solutions.

Other carbohydrate materials including sugar alcohols
(glucose, maltitol, sucrose, inulin, and maltodextrin) were
also dissolved in distilled water and/or PBS solution at vari-
ous solute contents (100-400 mM for low-molecular-weight
materials and 3-20% for polymers).

Differential scanning calorimetry

The Té of the samples was investigated using differential
scanning calorimetry (DSC; DSC60 Plus; Shimadzu Co.,
Tokyo, Japan). Alumina powder was used as a reference.
The temperature was calibrated by indium (melting tempera-
ture, T,,=429.8 K), distilled water (7,,=273.2 K), NaCl
aqueous solution (eutectic temperature, 7, =252 K), and
CaCl, aqueous solution (T, =223.4 K). Heat flow was cali-
brated by indium (melting enthalpy =28.5 J g™!). Nitrogen
gas and liquid nitrogen were used as purge gas and coolant,
respectively. The solution sample (approximately 20 mg)
was placed in an aluminum pan, and then sealed. DSC meas-
urements were carried out between 203 K and 298 K at cool-
ing and heating rates of 3 K min~'. In order to prevent crys-
tallization during cooling, glucose—PBS samples were
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cooled down at 5 K min~!. DSC heating curves were ana-
lyzed by software interfaced with the DSC system. The onset
point of the endothermic shift observed in the DSC heating
curve was determined as Té . The measurements were per-

formed in duplicate, and the results averaged.
Freeze-drying

Trehalose solution and trehalose-PBS solution (4 mL) were
placed in a 20-mL vial (diameter =24 mm), and pre-frozen in
a freezer at approximately 253 K. The frozen samples were
transferred onto the sample stage (25.2x 10* mm?) in a cus-
tom-made freeze-dryer (chamber space=11.9x 10® mm? and
trap temperature =ca. 221 K). The stage temperature (7o)
was preset to 253 K and/or 263 K. Primary drying was carried
out at approximately 11 Pa for 22 h. Subsequently, secondary
drying was carried out at the same pressure upon increasing
temperature from 253 or 263 K to 278 K at approximately
5K h™!. The samples were hermetically enclosed immediately
after vacuum release, and then stored at 298 K overnight.

Water activity of freeze-dried solids

The water activity (a,,) of the freeze-dried samples was inves-
tigated using an a,, sensor (Rotronic HP23-AW, Swiss). The
vial containing the freeze-dried sample was set directly on the
sensor, and a,, was evaluated at 298 K. The measurements
were performed in quadruplicate, and the results averaged.

Apparent volume ratio of the freeze-dried solids
against pre-dried solids

In order to evaluate the apparent volume ratio of the freeze-
dried solids against pre-dried (frozen) solids (Vgp V;l), the
diameter and height were measured by a digital caliper and a
displacement meter, respectively. Since the freeze-dried solid
was not a completely circular column, the lowest diameter and
height were typically measured. The surface area was calcu-
lated as a circle from the diameter. The apparent volume was
evaluated as the surface area multiplied by the height. The
apparent volume for the freeze-dried samples was divided by
that of the pre-dried (frozen) samples, and then Vg, Vi' was
determined. The measurements were performed in quadrupli-
cate, and the results averaged.

Statistical analysis

Statistical analysis of a,, and Vi, Vi! between freeze-dried
trehalose and trehalose—PBS samples was performed using
a t test (p <0.05) with KaleidaGraph software (Version 3.6,
Hulinks Inc., Tokyo, Japan).

Results and discussion
T; of trehalose-PBS pseudobinary system

Typical DSC curves for 100-400 mM trehalose solutions
and 100-400 mM trehalose—PBS solutions are shown in
Fig. 1a, b, respectively. The samples showed endothermic
shifts reflecting the freeze-concentrated glass-like transition,
and Té was determined from the onset point of the shift. The
heat capacity change induced by the freeze-concentrated
glass-like transition (magnitude of the endothermic shift)
increased with trehalose content. This indicates that the
endothermic shift is originated mainly from trehalose. It is
known that two endothermic shifts (a minor endothermic
shift at low temperature and a subsequent major one) are
observed in DSC curves for sugar solutions [14-18], with
the minor endothermic shift 10-15 K lower than the major
endothermic shift [19]. In this study, the minor endothermic
shift was observed clearly for the 800 mM trehalose aqueous
and PBS solutions, but the other samples showed no,
unclear, or minor endothermic shifts. The origins of the two
endothermic shifts are not completely understood, and are
somewhat controversial [5, 16, 20-22]. Taking into account
the fact that the collapse of freeze-dried solids commonly
occurs at a temperature above the onset point of the major
endothermic shift [1, 22, 23], the major endothermic shit is
more important for the purpose of this study. Thus, the major
endothermic shift was considered to be the freeze-concen-
trated glass-like transition [15, 24, 25], and its onset point
was denoted as Té .

The effect of the trehalose content on the Té of trehalose
solution and trehalose—PBS solution is shown in Fig. 1c. The
Té values of trehalose solutions varied over a negligible
range (maximally +0.3 K). The Té was independent of tre-
halose content because Té reflects the glass transition tem-
perature of the freeze-concentrated phase in the system. The
Té of trehalose—PBS solution, on the other hand, decreased
with decreasing trehalose content. Since the reduction in
trehalose content means that the PBS ratio against trehalose
increases, it is suggested that PBS has a plasticizing effect
on trehalose in the freeze-concentrated state.

Typical DSC curves for 400 mM trehalose-PBS solutions
with varying PBS content are shown in Fig. 2a. For compari-
son, DSC curve for PBS solution is also shown in there. The
trehalose—PBS solutions showed a clear endothermic shift, and
Té was determined. The effect of the PBS content on the Té of
400 mM trehalose—PBS solution is shown in Fig. 2b. As
expected, the Té decreased with increasing PBS content. PBS
solution without trehalose showed an endothermic peak near
252 K at the eutectic point (Fig. 2a). The T, was in agreement
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Fig. 1 DSC curves for

100—400 mM trehalose solu-
tions (a) and 100400 mM
trehalose—PBS solutions (b).
Effect of trehalose content on 7"
of trehalose and trehalose-PBS
solutions (¢)

Fig.2 DSC curves for 400 mM
trehalose—PBS solutions with
varying PBS (a) and effect of
PBS content on 77 of 400 mM
trehalose—PBS so%ution (b)

with that for NaCl, because NaCl is a primary component of
PBS [11, 26]. The reason why trehalose—PBS solution did not
show the eutectic point of NaCl is that trehalose prevented
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crystallization of the PBS components during cooling and sub-
sequent heating processes [10, 15]. The 400 mM treha-
lose—PBS solution prepared by using ten times (96.0 mg mL ™)



Freeze-concentrated glass-like transition temperature of carbohydrate—phosphate buffered... 813

250

q
240 A

230 1

220 1

T,/K

210 1

200

190 — T 7T 71—
0 20 40 60 80 100

PBS content/%, dry mass basis

Fig.3 Té curve for trehalose-PBS pseudobinary system. The solid
curve was obtained by fitting the modified GT equation to the data;
Té , Was experimentally determined, and Tg’ , and k were treated as fit-
ting parameters

showed an exothermic peak at the higher temperature than the
Té (Fig. 2a). This suggests that amorphous NaCl crystalized
during the heating.

In order to characterize the Té depression behavior of treha-
lose—PBS solution, the Té was plotted against dry PBS mass
per dry total solute (trehalose and PBS) mass as shown in
Fig. 3. This shows a Té curve similar to the trehalose—PBS
pseudobinary system. The solid line was obtained by fitting

the modified Gordon—Taylor (GT) equation (Eq. 1) to the data,

= (1w, +kTé2W2>/(W1 + kW) )

where W, and W, are the dry mass fractions of trehalose and
PBS, Té , and Té , are Té values for trehalose and PBS, and k
is a constant. The original GT equation is often used to
describe the T, change for solute-water binary systems [7,
24, 27-30]. It is known that the GT equation is also useful
for the Té change for solute—solute pseudobinary systems
[25]. For the fitting analysis, T;1=244.4 K was employed
from the experimental data (Fig. 1), and the two unknown
parameters (Té , and k) were determined as fitting parameters.
As a result, Téz =195.0 K and k=2.07 were obtained
(R*=0.9994). As mentioned above, Té of PBS solution could
not be determined experimentally because PBS (mainly
NaCl) crystallized as a result of freeze concentration. The TP:
of PBS, however, could be determined as an extrapolated
value. There are limited reports on the Tg’ of electrolytes due
to their superior eutectic ability. In the case of chloride, there
are reports of Té on CaCl, (178 K), MnCl, (190 K), and
ZnCl, (185 K) [23]. These Tg’ values were near that for PBS.

Since Tg’ decreases with molecular and/or formula mass of
solute [24], the fact that PBS had a much lower Té than tre-
halose is reasonable.

T; of other carbohydrate-PBS solutions

The Tg’ of the trehalose—PBS solution could be described by
the modified GT equation as a pseudobinary system. Since
the Té of PBS (Té2 in Eq. 1) was determined to be 195.0 K,
more brief fitting analysis can be applied hereafter. In order
to compare the plasticizing effect of PBS, the Té of other
carbohydrate materials including sugar alcohols (glucose,
maltitol, sucrose, inulin, and maltodextrin) were
investigated.

The samples showed endothermic shifts reflecting the
freeze-concentrated glass-like transition as similar to treha-
lose—PBS solution (data not shown), and Té was determined.
There was no exothermic peak (crystallization of NaCl)
higher than the T; ; crystallization of NaCl was prevented by
the carbohydrate materials in the range of measured PBS
content. The Té curves for the carbohydrate—PBS pseudobi-
nary systems are shown in Fig. 4. The solid curves were
obtained by fitting the modified GT equation to the data; T; .
was experimentally determined in this study and k was deter-
mined as a fitting parameter. They were in good agreement
and similar to the trehalose—PBS system. The results are
listed in Table 1.

The k value in the modified GT equation represents the
sensitivity to the plasticizing effect of PBS; the higher the &

260
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X inulin

250 3
<>+ sucrose

245 -
[J: maltitol
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235

T,/K
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225
220

215 A

210 T T T T T T T
0 10 20 30 40

PBS content/%, dry mass basis

Fig.4 T’ curve for various carbohydrate-PBS pseudobinary systems.
The solid curves were obtained by fitting the GT equation to the data;
Té , Was experimentally determined, Té , Was fixed to be 195.0 K, and k
was treated as a fitting parameter
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Table1 T, and k for various carbohydrate materials including sugar
alcohols

T, /K k R
Glucose 229.7 1.32 0.9838
Maltitol 237.9 1.28 0.9703
Sucrose 239.3 1.33 0.9700
Trehalose 244.4 2.07 0.9994
Inurin 250.3 1.57 0.9463
Maltodextrin 256.8 2.01 0.9673

value, the greater the T; depression caused by PBS. Glucose,
maltitol, and sucrose had lower Té | (229.7-239.3 K) and
lower k (1.30) than trehalose (T;1 =244.4 K and k=2.07).
Since there are small differences between Té ,and T; , in the
systems, the Té depression induced by PBS will be dimin-
ished. Inulin and maltodextrin had higher Tg’
(250.3-256.8 K), but lower k (1.6-2.0) than trehalose. It is
thought that carbohydrate polymers have a high Té | because

of strong molecular interactions induced by entanglement of
the segments. The polymer entanglement cannot be
unwrapped easily, and thus, inulin and dextrin are resistant
to the plasticizing effect of PBS. From the comparison, it
was noted that freeze-concentrated trehalose is sensitive to
the plasticizing effect of PBS. This is the reason attributed
to the high Té of trehalose in spite of its low molecular

weight.

Water activity and apparent volume ratio
of freeze-dried trehalose samples

The effect of trehalose content on the a,, of freeze-dried
samples is shown in Fig. 5a (T, =253 K) and b
(Tgtage =263 K). The T, caused no or small differences in
a,, for both freeze-dried trehalose and trehalose—PBS sam-
ples. The a,, values of freeze-dried trehalose samples were
lower than 0.33, which were sufficient for freeze-dried bio-
materials such LAB [6, 31-36]. The a,, slightly increased
with trehalose content. Since the amount of bound water
having a low water vapor pressure increases with solute con-
tent, the progress of freeze-drying is diminished. Freeze-
dried trehalose—PBS samples, on the other hand, had signifi-
cantly higher a,, than freeze-dried trehalose samples
depending on the trehalose content. 200 mM and 400 mM
trehalose—PBS samples had a,, values lower than 0.35, and
the freeze-dried porous structure was more or less main-
tained. 100 mM and 800 mM trehalose—PBS samples had
much higher a,, (above 0.45) than the other samples, and
thus, the freeze-dried porous structure was completely
destroyed. Since the 100 mM trehalose—PBS sample had a
much lower Té than the others, collapse during freeze-drying
prevented ice sublimation. Although 800 mM trehalose—PBS
had the highest Té among the trehalose—PBS samples, freeze-
drying was insufficient at the given condition. This is
because the amount of bound water increased with trehalose
content as mentioned above.

The effect of trehalose content on the Vi Vi! is shown
in Fig. 6a (T, =253 K) and b (T, =263 K). There was

(b) 06
0.5

0.4 1

o P

0.1 1

O water O water
:PBS <{:PBS

Fig.5 Effect of trehalose (a) 0.7
content on a,, of trehalose 1
and trehalose—PBS freeze- 0.6 -
dried at a Tj;,,, =253 Kand b | *
T a0e =263 K. The values are 05 4
expressed as mean+SD (n=4). :
Asterisks indicate significant 1
difference (p <0.05) 0.4 4
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Fig. 6 Effect of trehalose (@) 16
content on Vg, Vi! for trehalose 1 O: water
and trehalose-PBS freeze- 144 <:PBS

dried at a T, =253 K and b

T =263 K. The values are
expressed as mean+SD (n=4).
Asterisks indicate significant

difference (p <0.05)

Vip V!

1 O: water
144 :PBS

Trehalose content/mM

no significant reduction in the Vi, V! for freeze-dried tre-
halose samples at either Ty,,., because the Té of trehalose
solution was independent of trehalose content. The Vi, Vg
for freeze-dried trehalose—PBS samples, on the other hand,
was lower than freeze-dried trehalose samples depending on
the T, and trehalose content. As mentioned above,
100 mM and 800 mM trehalose-PBS samples were insuffi-
ciently dried at the given freeze-drying conditions. Since
their porous structure was destroyed completely, the Vi, V!
was estimated to be zero. The Vi, V! for 200 mM treha-
lose-PBS samples was significantly lower than that for
200 mM trehalose samples. This can be explained by the

difference in Té (Fig. 2); the 200 mM trehalose solution had
Té =244 K, but the trehalose—-PBS solution had Té =234 K.

The Vi, V! for the 200 mM trehalose—PBS sample freeze-
dried at T, =263 K was lower than that for the 200 mM
trehalose sample freeze-dried at T, =253 K. At higher
T tage> @ higher sample temperature during freeze-drying is
expected. Thus, the 200 mM trehalose—PBS sample freeze-
dried at T;,,. =263 K will have more shrinkage. There were
no significant differences in the Vi V5! between 400 mM
trehalose and trehalose—PBS samples. In addition, there was
no effect of 7, on the Vp V! for 400 mM trehalose-PBS

samples. This is because the 400 mM trehalose—PBS sample
had a relatively high Té (239 K) and low a,, (0.314-0.354).
In previous studies [6, 37-39], effect of carbohydrate
materials on the biological stability of dried LAB has been
extensively discussed. This study, on the other hand, dem-
onstrated that the carbohydrate materials for freeze-dried
LAB have an optimum content in a practical reason. The Tg
decreases at a low carbohydrate content, but the amount of
bound water increases at a high carbohydrate content; these
factors affect the collapse of freeze-dried LAB. The results

600 800 1000 0 200 400 600 800 1000
Trehalose content/mM

will be useful for the physical quality control of freeze-dried
LAB with carbohydrate—PBS preparations.

Conclusions

The effect of trehalose content on the Té of trehalose-PBS
solutions was investigated systematically. A Té curve for the
trehalose—PBS pseudobinary system was constructed and
compared with other carbohydrate materials including sugar
alcohols. It was confirmed that not only T; but also the
amount of bound water affected by initial solute content are
important criteria to prevent collapse during freeze-drying.
These results will be useful for the process control of freeze-
dried carbohydrate—-PBS systems such as LAB
formulations.

The T é of carbohydrate—PBS solutions could be described
by the modified GT equation as a pseudobinary system. The
modified GT equation has three constants (T; " Té ,» and k)

depending on the system. The Té for various carbohydrates
(Té )) has already been published, and the T; of PBS (Té ,) was
determined in this study. In order to predict the Té depression
induced by PBS, it is necessary to understand the unknown
parameter (k). For a better prediction of T; for carbohy-
drate—PBS solutions, a primary factor characterizing k
should be investigated in the future.
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