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ABSTRACT: Trehalose, a disaccharide of glucose, has been reported to accumulate in many or-
ganisms that can withstand extended periods of inanimation. Since this discovery, the properties
of trehalose have been examined extensively to understand its role and abundance in nature.
The unique features of this sugar became clearer with each new finding which demonstrated its
ability to sustain and preserve a wide array of biological molecules. Trehalose has been used in a
variety of research applications and is contained in several commercially available therapeutic
products, including Herceptin®, Avastin®, Lucentis®, and Advate®. Currently, there is a grow-
ing interest in the use of trehalose in solid dosage formulations, most notably in quick-dissolving
tablets. Furthermore, trehalose has found its use in several food and cosmetic products, and
new applications capitalizing on its unique properties are being developed and implemented in
everyday-use products. As trehalose is an approved ingredient in all major markets, there is
no significant barrier to its use. Extensive work with trehalose has been conducted in the three
major industries, however with little overlap. Further understanding of the role of trehalose in
the various applications may lead to an increase in the number of trehalose-containing products.
© 2011 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci 100:2020-2053,

2011
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INTRODUCTION

Trehalose has been studied for over a hundred years,
and the number of publications examining the effects
of trehalose continues to grow each year. Despite the
abundance of data, our understanding of this unique
sugar remains inadequate. Trehalose, to some read-
ers, may be a magical excipient, whereas to others,
it is simply another sugar. No matter the bias of the
reader, there is no debate about its unique properties.

There have been a number of review articles pub-
lished on trehalose!~22 and the topics vary widely from
their production to their use in research and indus-
trial applications. The purpose of the current review is
not only to update the readers on the recent develop-
ments on the use of trehalose, but also to introduce the
unique features of trehalose that may be less known
to readers outside of Japan. Several scientific arti-
cles, published in Japanese, have been reviewed and
a summary of their data has been incorporated. The
present review examines the practical applications of
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trehalose not only in pharmaceuticals but also in the
field of foods and cosmetics. In addition, a summary
of patent applications and information on commer-
cially available products are included. Another aim
of the present review is to educate the users of tre-
halose in its application outside of its normal use.
For example, a formulation scientist may already be
knowledgeable about the physical properties of tre-
halose as they pertain to protein stabilization, but
perhaps not about their applications in the food and
cosmetic industries. Research scientists in academia
may be knowledgeable about the various methods for
synthesizing/purifying trehalose, but they may be in-
trigued to learn about the recent developments in its
large-scale production.

The unique properties of trehalose, which provide
the breadth of its use, are described first. Following
this description, several mechanisms that have been
proposed to explain its effects in stabilizing a wide
variety of compounds are given. Next, the natural oc-
currence of trehalose is discussed. The reader will
undoubtedly be surprised to learn about the abun-
dance of this sugar in our environment. In nature,
trehalose is synthesized within insects, yeasts, and
plants. In fact, their mechanism has been mimicked
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in the laboratory to synthesize trehalose on a small
scale. Commercially, many, if not all, of these meth-
ods are not viable. To address this point, the
large-scale production method of trehalose from one
of the leading manufacturers will be discussed. With
the implementation of the novel production method,
the cost of trehalose has been reduced significantly,
which may have a profound effect in increasing the
number of trehalose-containing applications. The use
of trehalose in the three major industries, including
pharmaceutical/biotechnology, food, and cosmetic, is
then discussed. A summary of regulatory issues and
pharmacopoeia specifications is given, and future ap-
plications of trehalose conclude the review.

UNIQUE PROPERTIES OF TREHALOSE

Trehalose, also known as «- D-glucopyranosyl «- D-
glucopyranoside, is a disaccharide of glucose. Due
to the linkage of the two glucopyranose rings oc-
curring at the reducing end of the glycosyl residues
(a-carbons), trehalose is a nonreducing sugar and
demonstrates exceptional stability;?4?® trehalose is
not easily hydrolyzed by acid and the glycosidic bond
is not cleaved by a-glycosidase. Although the «,o form
is the isomer commonly referred to as trehalose, «,f3
and f,p isomers exist in nature and display physical
properties that are quite different from those of o,u-
trehalose.?6

Trehalose is typically found in the dihydrate form
and is characterized by its low hygroscopicity; wa-
ter content of the dihydrate crystal remains stable
at approximately 9.5% during exposure to relative
humidity of up to 92%.” The dehydration of the di-
hydrate crystal occurs at 97°C and the anhydrous
crystal melts at 210°C.27-31 The melting temperature
of trehalose can vary widely and this is due to its
polymorphic nature, which can exist as anhydrous
or dihydrate (o, B, or v).2° In certain applications, it
may be advantageous to process trehalose, typically
in the dihydrate crystalline form, into another form
(i.e., anhydrous crystal or amorphous), as all the poly-
morphs possess different physical properties such as
malleability and compressibility.?? Trehalose is solu-
ble in water (34 g/100 g HoO at 5°C and 40.6-69 g/
100 g HyO at 20°C),31-3% although less than sucrose.
During various desiccation processes, including freeze
drying and spray drying, trehalose readily dries as an
amorphous material with high glass transition tem-
perature (T > 100°C).2829:34 The reported values in
literature do vary, and this discrepancy is due to the
different measurement conditions used (i.e., scanning
rate used on differential scanning calorimetry (DSC))
and most importantly the residual water content. The
T, for trehalose at 0.3% residual water content was
reported to be 111.3°C by Crowe et al.® T, decreases
with water addition due to the plasticizing effect of
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water (Fig. 1); however, the T, for trehalose remains
higher than that for any other disaccharide at com-
parable water content.

In Table 1, the physical properties of trehalose are
compared with those of sucrose, another disaccha-
ride of identical molecular weight, to highlight the
key properties that differentiate this unique sugar in
its ability to interact/stabilize a wide range of sys-
tems and its application in fields as diverse as foods,
cosmetics, and pharmaceuticals, as will be described
later in more detail. The wide ranging values reported
in the table reflect differences in experimental condi-
tions, thus care must be taken when searching for
relevant data to ensure that the experimental con-
ditions are similar to those used by the reader. The
stability of trehalose to hydrolysis can be explained
by the low energy of its glycosidic bond (<1 kcal/
mol).?>:37 In comparison, the glycosidic bond of su-
crose is higher in free energy (27 kcal/mol), render-
ing the disaccharide more susceptible to hydrolysis
in the presence of a mild acid, producing glucose and
fructose, both of which are strong reducing sugars.
In another study, the rate of hydrolysis, without acid
catalysis, for trehalose was determined to be signifi-
cantly lower than that for sucrose; 3.3 x 10~ s~ and
5 x 1071 s~1 respectively, at 25°C (as determined
by extrapolation from the Arrhenius plot, where E,
was 37.1 and 31.4 kcal/mol for trehalose and sucrose,
respectively).?® The correlation between hydrolysis
rate and temperature for the two sugars is shown
in Figure 2. Wolfenden and Yuan®® also reported that
these rates do not vary significantly with pH, in the
range of 7-12, or with ionic strength, in the range
of 0.2-2 M KCl. Furthermore, sucrose has been re-
ported to undergo hydrolysis during freezing and

120

L @ Trehalose, Crawe, LM, ef &l ™*
o O Trehalose, Koster, K.L. et al. ™
= g {OW ¥ Sucrose, Crowe, LM. ef al. **
j;_’ Q\@ A Sucrose, Saleki-Gerhardt, A and Zografi, G. **
m
T 40 Td}&
E
S *on
5§ 0 e
g v.ﬁ.,-’
= 40 s & [ ]
& ¥ oy ®
o A °
O g ¥ v
0 10 20 30 40 50
Weight % water

Figure 1. Correlation between glass transition tempera-
ture (T,) and water content (wt %) for trehalose and su-
crose. Reproduced from Saleki-Gerhardt and Zografi?® with
permission from Springer, Crowe et al.®> with permission
from Cell Press, and Koster et al.?¢ with permission from
Cell Press.
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Figure 2. Rate of hydrolysis of disaccharides, trehalose
and sucrose, at 0.05 M in 0.1 M potassium phosphate buffer
(pH 8.1) at temperatures ranging from 100°C to 240°C. Sim-
ilar plot in Arrhenius format is shown in the inset. Repro-
duced from Wolfenden and Yuan®® with permission from
ACS Publication.

dehydration,?®**! whereas no similar report is found

for trehalose. The rate of hydrolysis has a profound
effect on the stability of labile biologicals, as reducing
monosaccharides, such as glucose, can undergo Mail-
lard reaction (or browning reaction) readily.

Furthermore, in applications such as in tablet for-
mation, crystalline trehalose may have an advantage
over other sugars in that it does not absorb water
readily (Fig. 3),*2 thus resulting in tablets of reduced
stickiness and enhanced stability.
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Figure 3. Water uptake of various sugars in the crys-
talline form following storage at 25°C and 90% relative hu-
midity (RH). Reproduced from Takeuchi and Banno with
permission from Fragrance Journal Ltd.*?

Many of the differences observed in the physical
properties between trehalose and sucrose may arise
from their variance in flexibility or conformation. In
most of the common disaccharides, the conforma-
tion is influenced by intramolecular hydrogen bonds
present between the monosaccharide residues. For
trehalose in the crystalline form, no direct intramolec-
ular hydrogen bonds have been reported®® such as
those found in sucrose.’! However, the presence of
indirect inter-residue hydrogen bonds, through wa-
ter, has been reported;®°-52 the average bond length is

Table 1. Comparison of Properties of Two Disaccharides: Trehalose and Sucrose

Properties Trehalose Sucrose References
Solubility (g/100 g HyO, at 20°C) 40.6-68.9¢ 200 27,33
Melting temperature (°C) 210-215% 188 27-30
Glass transition temperature (T, °C) 110-120 65 -75 28-29,34
Relative viscosity® 1.85 1.3 1243
# Equatorial -OH 8 6-7 44
Diffusion coefficient (cm?/s)d 1.91 x 1078 5.89 x 1078 45
Density (g/cm?, at 25°C and 85°C) 1.58, 1.41 1.59, 1.37 46-47
Hydration numbere 11 8 46
Rate of hydrolysis (s~ 1, at 25°C)f 3.3 x10°15 5.0 x 10711 38
Stability in extreme pH (% remaining)g >99% ~0% at pH 3—4 27,42
Acrylamide formation” 0 mg/mol Asn 98 mg/mol Asn 27
Calcium dissolution in phosphate buffer: 24 ppm 6 ppm 27,4849
Sweetness/ 45% 100% 27

aWide range of solubility is due to the difference in purity of trehalose used in the studies.

bMelting temperature of anhydrate trehalose crystals.

¢Viscosity of sugar solutions (0.5 M) with respect to water (viscosity = 1) at 25°C, as measured by

Cannon-Manning semi-Micro-type capillary viscometer.

dDiffusion coefficient of disaccharides (74 wt %) was measured using pulsed-gradient-spin-echo NMR at 50°C.
¢Hydration number is defined as the average number of water molecules that are hydrogen bonded to the sugar
molecule, as computed by molecular simulation. The hydration numbers for sucrose and trehalose were computed

for 50 wt % sugar solutions at 80°C and 87°C, respectively.

fHydrolysis rate constants of disaccharides (0.05 M) in potassium phosphate buffer (0.1 M, pH 8.1) were
determined using protein NMR at high temperatures and extrapolated to obtain the values at 25°C.

&In a pH range from 3.5 to 10 at 100°C for 24 h.

hAmount of acrylamide formation in a mixture containing asparagine and disaccharide, both at 0.1 mmol
concentration, was measured by GC. The solution was heated at 150°C for 20 min.
iIn a 50 mM phosphate buffer at pH 6.8 and 10% solution of either disaccharide.

JSweetness with respect to that of sucrose.
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relatively short (1.825 A), thus the interaction is un-
usually strong.?® The angle at the ring oxygen atoms
hasbeen reported tobe 114.1° and 116.1° for trehalose
and sucrose, respectively, whereas the angle at the
glycosidic oxygen is reported as 115.8° and 114.4° for
the two sugars.’9:%* Other crystallographic data for
the two sugars can be found elsewhere.50,54-58

Trehalose is also differentiated from the other dis-
accharides by its high number of equatorial — OH
groups,** resulting in stronger interactions with wa-
ter in solution and the relative ease with which it can
include itself in the water cluster. Sucrose, on the con-
trary, does not integrate itself well in the water clus-
ter, creating a larger structure in comparison with
that for trehalose.** In fact, sucrose is consistently
less hydrated than trehalose (Fig. 4). The practi-
cal implication for this difference is that trehalose-
containing formulations may be more difficult to
dehydrate to low levels of residual water con-
tent (i.e., <1%) than the corresponding sucrose-based
formulations.

In addition to the reasons given above, this differ-
ence may be attributed to the number of intramolec-
ular hydrogen bonds found in the two disaccharides
(particularly, at high concentrations); trehalose has
been reported to form only one such bond in compar-
ison with two for sucrose, thus there are more sites
available for trehalose to hydrogen bond with water,
resulting in higher hydration number.*6-5° With in-
creasing trehalose concentration (from 5 to 90 wt %),
the hydration number was shown to decrease mono-
tonically, from approximately 13 to 3 (Fig. 4).46 This
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Figure 4. Hydration number of trehalose and sucrose as
a function of sugar concentration (wt %). The data for tre-
halose and sucrose were calculated at 87°C and 80°C, re-
spectively. The hydration number is defined as the average
number of water molecules that are hydrogen bonded to the
sugar molecule, with the following criteria: oxygen—oxygen
distance of <3.4 A and H—0—0 angle that is >120°. Re-

produced from Ekdawi-Sever et al.*6 with permission from
ACS Publication.
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reduction is due to the scarcity of water in the vicin-
ity of the sugar molecules, forcing them to satisfy
the hydrogen bonding requirements by creating in-
tramolecular hydrogen bonds. This arrangement re-
sults in a folded configuration, and thus the reduction
in hydration number.*>~4" Fourier transform infrared
(FTIR)-attenuated total reflectance (ATR) and laser-
Raman spectroscopic techniques were used to demon-
strate the folding of sucrose molecule around its gly-
cosidic bond (with increasing concentration), whereas
no such configurational changes were observed for
trehalose.® The effect of conformational differences
between the two sugars was also noted in their vary-
ing degrees of interaction with calcium ion*® (Table 1).
As will be discussed next, the stronger and more
prominent hydrogen bond network for trehalose, com-
pared with that for sucrose, has an impact on several
solution properties, namely diffusion and viscosity.

Comparison of trehalose with sucrose revealed that
the former demonstrated lower water diffusion coef-
ficient and higher viscosity, although the density was
similar.#6 All three properties are interconnected. It
has been suggested that with increase in density, the
free volume decreases, which, in turn, causes a de-
crease in diffusivity and thus increase in viscosity.®!
The diffusion coefficient for sucrose was shown to
be higher than that for trehalose, particularly at
high concentrations; at 74 wt % sugar, the diffu-
sion coefficients were determined to be 5.89 x 1078
and 1.91 x 108 cm?/s for sucrose and trehalose,
respectively.*> The faster diffusion coefficient for
sucrose can be attributed to its smaller hydration
number in comparison with trehalose (Fig. 4); as the
hydrated sucrose is smaller in size compared with tre-
halose, it can diffuse more readily. At lower concen-
trations, however, there is significantly more “bulk”
water in the system that is insensitive to the identity
of the disaccharide involved, thus no significant differ-
ence in diffusion is observed. With enhanced restric-
tion in mobility of the sugar system, the viscosity is
expected to increase. In fact, Sola-Penna and Meyer-
Fernandes*® have reported the viscosity of trehalose
to be greater than that for sucrose, and the differ-
ence was shown to increase at higher sugar concen-
trations (Fig. 5).%3 This suggests that in applications
that require high concentrations of proteins, formula-
tion with trehalose will result in even higher overall
viscosity than that prepared with sucrose, which is
certain to have an impact on the delivery system be-
ing evaluated.

The unique properties of trehalose discussed above
may be further enhanced through the incorporation
of secondary components, such as salts and other sac-
charides. For example, the addition of cations and
borate has been shown to increase the stability of
various enzymes formulated in trehalose2%3 whereas
phosphate was demonstrated to improve the stability

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 6, MAY 2011
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Figure 5. Relative viscosity of trehalose and sucrose so-
lutions at concentrations ranging from 0 to 1 M. The vis-
cosity was measured using a Cannon-Manning semi-Micro-
type capillary viscometer and water was used as standard
(viscosity = 1.0). Reproduced from Sola-Penna and Meyer-
Fernandes.*? with permission from Academic Press.

of liposomes®* and platelets.® In all of these appli-
cations, the ionic species are thought to increase the
strength of the interactions present within the glassy
matrix, through enhanced hydrogen bonding net-
work, and demonstrated increased T. In another ap-
plication, the addition of glucose at 1:10 weight ratio
improved the storage stability of glucose-6-phosphate
dehydrogenase®®; glucose incorporation was thought
to lower the free volume by filling in the void in the
trehalose—protein glass, thus reducing molecular mo-
bility, and consequently, improved stability.

Mechanism of Stabilization

Trehalose has been utilized to stabilize simple sys-
tems, such as lipids and proteins, as well as more
complex biologicals, including viruses, bacteria, and
tissues. The unique physical properties of trehalose,
which are responsible for its stabilizing effects, have
been discussed in the previous section. Here, two
mechanisms will be described that explain these
effects. The first mechanism involves “direct inter-
action” of trehalose with the compound and encom-
passes stabilization in the dry state, through hydro-
gen bonding with proteins, as well as in solution,
through interaction with metal ions to suppress the
degradation of vitamins. The second mechanism in-
volves the effect of trehalose on the environment
surrounding the compound (“indirect interaction”)
through restriction of mobility and increased hydra-
tion.

Direct Interaction

One of the reasons why labile biologicals, such as pro-
teins, lose activity during freezing and/or drying is
the change in conformation caused by the removal

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 6, MAY 2011

of water. During dehydration, the various interaction
forces responsible for maintaining the protein struc-
ture are disrupted and results in structural changes
(i.e., denaturation). Polyhydroxy compounds, such as
trehalose and sucrose, have the ability to suppress
these changes by hydrogen bonding with the protein
surface, resulting in the maintenance of protein con-
formation and thus activity (water replacement hy-
pothesis). All biological macromolecules are typically
stabilized by water that forms hydrogen bonds around
the molecules. The direct interaction between tre-
halose and lysozyme, upon freeze drying, was demon-
strated using FTIR;%"%® in the absence of trehalose,
the amide II band of lysozyme broadened and shifted
from 1543 to 1530 cm™!, whereas in its presence
(100 mg/mL), the amide II band was maintained at
1542 cm~1.%7 This suggests that lysozyme freeze dried
in the presence of trehalose demonstrated similar
spectrum to that observed in the hydrated state. Al-
ternatively, the FTIR spectrum of freeze dried tre-
halose in the presence of lysozyme was shown to be
similar to that of hydrated trehalose. Furthermore,
both spectra were qualitatively different from that
of freeze dried trehalose (alone) or crystalline tre-
halose. These observations suggest that trehalose can
replace water in the hydrogen bonding network of
lysozyme upon freeze drying, and similarly, lysozyme
can substitute for water in hydrogen bonding with tre-
halose; that is, there is a direct interaction between
trehalose and lysozyme. In the case of Humicola
lanuginosa lipase (HLL) freeze dried with trehalose
(300 mM), stabilization of enzyme structure was
found to correlate with maintenance of activity upon
reconstitution.®® The strong interaction present be-
tween trehalose and protein surface may be due to
the conformation or flexibility of the disaccharide,
as described previously, resulting in enhanced inter-
action with the irregular surface (polar groups) of
macromolecules.?? However, other properties besides
conformational flexibility may be responsible for the
observed differences in protein stabilization, as su-
crose incorporation has been reported to improve the
stability more so than trehalose in some reports.”®7!
Thus, the superiority of trehalose as a stabilizer is not
universal. It is evident, however, that direct interac-
tion to the protein surface is insufficient for stabiliza-
tion, as evidenced by the lack of stability conferred
to phosphofructokinase (PFK) by glucose and other
monosaccharides.”

Trehalose has been reported to interact with metal
ions such as Ca, Fe, and Cu. In the case of calcium
ions, trehalose addition inhibited their precipitation
from phosphate buffer (pH 6.8) in a dose-dependent
manner, which is thought to occur through its direct
interaction with calcium, thereby inhibiting the for-
mation of insoluble calcium phosphate.*® The inter-
action of trehalose with calcium has been verified

DOI 10.1002/jps
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using ¥C nuclear magnetic resonance (NMR)
spectroscopy.*® Furthermore, at 10% addition, tre-
halose was able to increase the amount of soluble
calcium in a mixture of CaCly in 50 mM K-NaPO, to
approximately 24 ppm, whereas in sucrose, approx-
imately 6 ppm soluble Ca was observed. In another
application, trehalose was observed to suppress the
elution of Mg ions from pork meat and spinach.?” The
affinity of trehalose for other metal ions, such as iron
and copper, has also been reported and demonstrated
to result in stabilization of vitamin C,*® as will be
described in more detail later.

Besides proteins and ions, trehalose has also been
reported to interact with unsaturated fatty acids such
as linoleic acid. The presence of direct interaction was
demonstrated by NMR; the relaxation time of the 9,
10, 12, and 13 positions on olefin of linoleic acid was
observed to decrease upon the addition of trehalose,
and similarly, the relaxation time of the 3 and 6 po-
sitions of trehalose was shown to decrease.?3 More
specifically, trehalose was found to interact only with
the double bond in the cis-conformation by OH—n and
CH—O types of hydrogen bonding.”® Furthermore, the
degree of relaxation time decrease was dependent on
the ratio of trehalose to linoleic acid. These observa-
tions suggest the existence of direct interaction of tre-
halose with linoleic acid, which provides stabilization
of fatty acids and results in the suppression of foul
odor during heating of meat products. Oku et al.”
demonstrated by computer modeling that the activa-
tion energy of the hydrogen abstraction step (initial
step in the oxidation reaction of unsaturated fatty
acids) was increased by approximately 10 kcal/mol,
which corresponds to a decrease in reaction rate by
approximately 108. This interaction appears to be spe-
cific to trehalose, as sucrose was ineffective in sup-
pressing the formation of volatile aldehydes.?* The
interaction of trehalose with linoleic acid suppressed
the formation of hydroperoxide (HPO), which is the
initial reaction product of linoleic acid oxidation.2474
Stabilization of unsaturated fatty acids using tre-
halose suppresses oxidation reactions and the forma-
tion of free radicals and aldehydes, which are respon-
sible for foul odor. Another point to note from these
observations is the ability of trehalose to interact with
nonpolar groups. The mechanism of trehalose inter-
action with phospholipids is well established and will
be discussed in greater detail in the section entitled
Research Applications.

The foul odor produced during heating of milk is
the result of dimethyl sulfide (DMS) and dimethyl
disulfide (DMDS) formation, caused by the degrada-
tion of cystine and methionine residues. The addi-
tion of trehalose was reported to suppress the for-
mation of foul odor and reduced the amount of DMS
and DMDS formed to 66% and 100% of the control,
respecitvely.?’” This is thought to occur through the
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direct interaction of trehalose with the amino acid
groups, thus suppressing the formation of sulfur com-
pounds. Sucrose, on the contrary, was demonstrated
to be not only ineffective, but rather, it enhanced the
formation of these sulfur-containing compounds. The
foul odor of fish produced during boiling was also re-
duced in the presence of trehalose and was attributed
to the suppression of trimethylamine (TMA) forma-
tion from trimethylamine-N-oxide (TMAO).”>76 The
stabilization was demonstrated to occur through hy-
drogen bonding by NMR and computer simulation
analysis;”” the 2, 3, and 2’ positions of trehalose were
shown to hydrogen bond with TMAO. Furthermore,
DSC analysis of trehalose-TMAO mixture revealed
the disappearance of pure trehalose and TMAO peaks
and the formation of a new peak with diminished
enthalpy at a lower temperature.”” Trehalose was
also demonstrated to interact with other saccharides
such as glucose. In one application, the formation of
acrylamides was shown to decrease in the presence
of trehalose. Acrylamides are produced through the
interaction of asparagine (Asn) residues and reducing
sugars during heating and processing of food products
such as potato chips and cereal. The addition of tre-
halose was shown to suppress the formation of acry-
lamide through its interaction with glucose, which, in
turn, suppressed the glucose—Asn reaction.?’” These
effects will be described in more detail later.

Indirect Interaction

Owing to its unique physical properties, as described
above, trehalose is able to impart several “indirect”
effects on labile biologicals. The addition of tre-
halose to a protein-containing solution has been re-
ported to result in its exclusion from the vicinity of
the protein.”® This results in high amount of water
molecules near the protein surface, and suppresses
the protein’s propensity to denature, which otherwise
would have exposed the hydrophobic residues to the
polar medium. Thus, trehalose addition results in
increased protein stability, as evidenced by the in-
creased denaturation temperature (Th,);*% for ex-
ample, in the presence of 1 M trehalose, the T, of
RNase A increased from 40.9°C to 50.9°C.8° As a con-
sequence of increased protein stability, its propensity
for unfolding”®81-82 and/or aggregation®%* is also in-
hibited. Furthermore, the increase in the T',,, upon the
addition of trehalose, has been reported to correlate
to the increase in the surface tension at the protein—
water interface;”?%° the addition of 1 M trehalose re-
sulted in T, increase by 10°C and surface tension
increase by 1.69 dyne/cm.8° For a more detailed expla-
nation, the reader is referred to the work of Timash-
eff and coworkers.”8:80.85-88 The presence of trehalose,
however, is not always beneficial, as demonstrated by
Singer and Lindquist® in their study of yeast cells re-
covering from heat shock; although trehalose was able
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to stabilize the denatured proteins (luciferase) in the
non-native state in vivo, its extended presence and
high concentration inhibited the reactivation of dena-
tured proteins, thus necessitating its removal during
recovery from heat shock.

Sugars, such as trehalose, can form an amorphous
matrix upon dehydration, serving to restrict the mo-
bility of biomolecules.?5-66:70 This retards the rate
of chemical degradation and maintains the separa-
tion between the neighboring biomolecules, which,
in the absence of sugars, may have aggregated.’0-8°
Trehalose is unique in that it forms a glassy struc-
ture that is stable at high temperatures,® which
allows its use in a wide range of extreme environ-
mental conditions. The glassy state maintains the
entrapped biomolecules in a form that allows their
return to native structure and function following
rehydration.??:%%91 This property of trehalose is es-
sential for the long-term stability of chemically un-
stable proteins. In case of lipidic membranes, their
encapsulation within the glassy matrix has been re-
ported to result in inhibition of fusion®?% mainte-
nance of lipid phase distribution,? as well as in
avoidance of lipid phase transitions,?* all of which
contribute to membrane stabilization.” Vitrification
alone, however, is insufficient to confer stability.
Koster et al.?¢ have reported that steric effects play
a significant role in the ability of saccharides to sta-
bilize lipid membranes. In one study, several saccha-
rides and polymers, varying in their dry T, values
as well as in their molecular size, were incorpo-
rated into a model cell membrane composed of phos-
phatidylcholines, and subsequently dried. Interest-
ingly, excipients with high T, values, such as dextran
and polyvinylpyrrolidone, were not always effective
in stabilizing the lipid membrane. Koster et al.2 con-
cluded that those excipients were ineffective in stabi-
lizing the lipid membranes because they are excluded
from the inter-bilayer space during dehydration
through steric hindrance and phase separation.
Crowe et al.3* demonstrated the lack of direct cor-
relation between the T, of various saccharides and
the gel-to-liquid crystalline phase transition tempera-
ture (T,) of dipalmitoylphosphatidylcholine (DPPC).
Rather, the effect of sugars on the phosphate asym-
metric stretch of the phospholipid head groups was
shown to give a better prediction (i.e., direct inter-
action). This suggests that indirect interaction alone
may not be sufficient to explain the observed effects.
In another example, the fragility of sucrose and tre-
halose glasses was compared by examining the cor-
relation between the relaxation time constant (1)
and storage temperature through the use of Vogel—
Tammann—Fulcher equation.”® Although amorphous
sucrose has a lower T, in comparison with trehalose
at identical residual water contents (~60°C compared
with ~110°C),28:95.9 due to its higher fragility, t for
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sucrose exhibits greater nonlinearity. This in turn can
result in a matrix with lower molecular mobility at
temperatures below T, which may lead to improved
stability. Thus, the selection of stabilizers based solely
on their T, values can be misleading and may not
provide sufficient stability to lipid membranes and
other lipid-containing biological compounds such as
cells, bacteria, and enveloped viruses. In addition to
the higher T, trehalose possesses greater conforma-
tional flexibility in comparison with sucrose, as de-
scribed previously, which may explain its efficacy in
several systems.9798

The initial step of the freeze drying process in-
volves the freezing of the solution; more specifically,
the phase separation of water as ice and concentra-
tion of the remaining solution. The concentration con-
tinues to increase (even beyond the solubility limit,
depending on the rate of temperature decrease) un-
til the viscosity becomes sufficiently high to suppress
molecular mobility and reaction. Just as the dry state
is characterized by the Ty, the frozen concentrate is
characterized by T, the glass transition temperature
of maximally concentrated solution; below T,’, the mo-
bility is suppressed by the glassy matrix, whereas
above T, (in the rubbery state), the molecules have
sufficient mobility, allowing for reaction to occur. The
Ty’ of trehalose has been reported to be in the range
of —22°C to —40°C, and this wide variance is due to
differences in measurement methodologies that were
employed.33-% As the T}’ of trehalose is higher than
that of sucrose (—40°C in comparison with —46°C,
measured using the same technique),% it is possible
to conduct primary drying at a higher temperature
for trehlaose-containing formulations, which reduces
the load on the lyophilizer and minimizes the effect
of cold denaturation. Thus, in the frozen state, as was
described in the dried state, the suppression of molec-
ular mobility and separation of reactant molecules
by the glass-forming excipients, such as trehalose, re-
sult in improved storage stability of labile biologicals.
Another aspect to keep in consideration is the dis-
tribution of excipients during the freezing process.
Stabilizing excipients in solution, as described previ-
ously, are preferentially excluded from the surface of
proteins. Carpenter and Crowe? demonstrated that
similar mechanism is responsible for improving the
stability of a model protein, lactate dehydrogenase,
to freezing stress, which corroborates the earlier find-
ings of Franks.1%0

There are complications to the use of trehalose.
These issues are primarily concerned with the crystal-
lization of trehalose during freezing and/or lyophiliza-
tion. As mentioned previously, trehalose can adopt
several polymorphic configurations in the crystalline
phase, depending on the water content and processing
method (i.e., rate of dehydration, heating, etc.).?? For
many years, trehalose has typically been reported to
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be in the amorphous phase following lyophilization,
spray drying, etc. Although, this may be true about
the final product, it does not preclude the possibil-
ity of trehalose crystallization during processing and
its subsequent conversion to the amorphous state,
prior to reaching the final dried product. In fact, tre-
halose crystallization, initially as dihydrate and sub-
sequently as anhydrate, was observed in the frozen
solution during annealing. The crystals were con-
verted to amorphous anhydrate following secondary
drying.1®! Thus, analyzing the final dried product
alone may not be sufficient to reveal the full extent of
the crystallization behavior of trehalose during pro-
cessing. Crystallization can be deleterious to the sta-
bility of labile biologicals, as it can disrupt the net-
work of hydrogen bonds present in the amorphous
carbohydrate matrix. The authors do note, however,
that annealing was necessary to induce crystalliza-
tion, thus its presence and extent is unclear in the
absence of annealing. One notable exception was re-
ported by Carpenter and Crowe®’ for a system con-
sisting of lyosozyme and trehalose. Furthermore, the
occurrence of trehalose crystallization upon scaling-
up the lyophilization process remains unknown. In
addition to the traditional techniques to assess the
crystallinity of a sample, including X-ray diffraction,
DSC, and NMR spectroscopy, novel methods with in-
creased sensitivity to crystallinity, in the presence of
ice, are being developed, including near infrared and
Raman spectroscopy.'?? It should be noted that the
occurrence of crystallization in the solid dosage form
of amorphous small molecule may not be deleterious.

Trehalose can also be included to modify the osmo-
larity of the medium, in particular for microorgan-
isms to increase their resistance to osmotic stress
and desiccation (osmoadaptation). For example, the
inclusion of 10 mM trehalose in the growth media of
Aspergillus parasiticus resulted in increased resis-
tance to high osmolarity (27.5% NaCl).1%3

Table 2 shows a list of inventions that utilize the
unique properties of trehalose in a variety of appli-
cations, including tablet formation, medical applica-
tions, and food stabilization. The broad general cat-
egories, as shown in the table, will be discussed in
more detail later.

NATURAL OCCURRENCE

Close to 100 species representing plants, algae, fungi,
yeasts, bacteria, insects, and other invertebrates
are listed by Elbein?® to contain trehalose. Tre-
halose has been isolated from various seed plants,
including sunflowers,?® and is found in yeast and
fungi, in which the common occurrence is in spores,
fruiting bodies, and vegetative cells.1941% Trehalose
is also present in high concentrations in Baker’s
and Brewer’s yeast!%%197 a5 well as in insects.198109

DOI 10.1002/jps

More specifically, trehalose was isolated from sev-
eral species of insects and was the principal sugar
(80-90%) found in the hemolymph. Furthermore, it
can comprise approximately 20% of all carbohydrates
during specific stages of insect development.1%®

Just as the species that contain trehalose are di-
verse, the role of trehalose in each of these species
varies widely. The most prevalent and widely known
effect is its ability to enhance desiccation tolerance.
Resurrection plants Craterostigma plantagineum and
Selaginella lepidophylla, which contain more than
10% dry weight of trehalose, have been demon-
strated to withstand heating to 100°C without dam-
age in the fully dried state and resume activity
upon rehydration, even following prolonged storage
at room temperature.!1%11! Similarly, certain mush-
rooms that contain trehalose (up to 20%) have been
found to be stable on storage at room temperature
for several years (in the dry state), and promptly
rehydrate to produce a fresh product.!'’® The high
trehalose content in Baker’s yeast allows for its pro-
longed survival on the kitchen shelf as a dry prod-
uct, which upon rehydration, immediately begins the
metabolic production of COg.1%113 Brine shrimp em-
bryos entering dormancy accumulate trehalose ap-
proximately up to 10% of their dry weight, and tre-
halose is thought to act as both a stabilizer against
desiccation and an energy source for the embryos
emerging from dormancy.!# In another application,
the concentration of trehalose was associated with
nematode survival during desiccation.!®-15 Further-
more, cultures of yeast have shown accumulation
of trehalose with growth; low concentrations during
log phase and higher concentrations in the station-
ary phase, which coincided with enhanced desiccation
tolerance.!16

Trehalose has also been demonstrated to provide
cold protection in several organisms.!® For exam-
ple, the prepupal larvae of the sawfly Trichiocam-
pus populi, which contain high concentrations of
trehalose, were found to survive at —30°C for sev-
eral hours.!'” In lower organisms, trehalose acts as
an energy source during certain stages of devel-
opment, such as early germination of spores.26-118
In mycobacteria and corynebacteria, trehalose can
be incorporated into the glycolipids, as a structural
component,?6-11® whereas in other microorganisms,
derivatives of trehalose can act as either metabolic
intermediate or structural component;2® for example,
trehalose-dimycolate, which serves as a cell wall lipid
of Mycobacterium tuberculosis.'?® Trehalose is also
an important component in fungal spores, in which
trehalose hydrolysis plays a major role during early
germination, and thus serves as a source of carbon for
synthesis and glucose for energy.121:122

There are several mechanisms by which trehalose
synthesis occurs. Nutrient limitation is a common
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Table 2. List of Inventions Utilizing Trehalose; US Filing Only, and Arranged by Filing Dates

Patent # (Filing Date) Assignee Description

Formulation

6,991,790 (Nov 2000) Genentech Antibody formulation containing 2%—-10%
(w/v) trehalose

6,821,515 (Aug 2000) Genentech Lyophilized antibody formulation containing
trehalose at 100-600:1 mol ratio of
trehalose:antibody

5,804,557 (Sep 1996) Genentech Method of increasing polypeptide solubility

Stabilization

11/340,483 (Jan 2006)

10/993,468 (Nov 2004)

7,314,755 (Oct 2004)

7,169,606 (Mar 2004)

7,270,946 (Sep 2003)

10/108,344 (Mar 2002)

6,770,478 (Jan 2002)

6,723,497 (Apr 2001)

6,528,309 (Mar 2001)
6,475,716 (Mar 2001)

6,653,062 (Jul 2000)

6,610,531 (Sep 1998)

6,221,575 (Feb 1998)

6,005,100 (Jun 1997)

5,827,741 (Nov 1996)

5,242,792 (Feb 1991)

4,806,343 (Mar 1986)

Canadian Blood Services

Wisconsin Alumni Research Foundation

Board of Supervisors of Louisiana State
University and A & M College

Wisconsin Alumni Research Foundation

Organ Recovery Systems, Inc.

Naval Medical Research Center

The Regents of the University of California

The Regents of the University of California

The Regents of the University of California
Biobank, Co., Ltd.

Wisconsin Alumni Research Foundation

US Navy

Quadrant Holdings Cambridge Ltd.

Hayashibara Biochemical Laboratories

The Regents of the University of California

US Navy

University of Southwestern Louisiana

with trehalose addition (1:2-1:20
trehalose:polypeptide)

Delivery of trehalose (0.05-0.5 M) using
liposomes to cells to enhance cryostability

The use of trehalose to cryopreserve
pluripotent stem cells on solid support
matrix

Extracellular agent (i.e., ATP) used to create
pores on the membrane of vertebrate cells
to incorporate trehalose, which is then
effectively desiccated

An aqueous medium for preserving platelets
containing trehalose at 10-300 mM

A method for preserving living mammalian
cellular material by incubation in trehalose
at 0.2-0.4 M followed by desiccation

Preservation of bacteria grown in 10-200 mM
trehalose dried at room temperature

A process of loading trehalose into an
erythrocytes, requiring removal of
cholesterol and incubation near the phase
transition temperature

A method for preparing dry platelets by
freeze-drying, following incubation in
trehalose solution (<50 mM) at a
temperature near the phase transition
temperature

Method for desiccation of mammalian cells
using trehalose

A method for preservation of mammalian
organs in trehalose solution

Description of preservation medium
containing 5-60 wt % trehalose and
phosphate ions

Preservation of aerobic bacteria dried with
10-200 mM trehalose and divalent cation

A method for preserving platelets with
5-150 mM intracellular and 1%-30%
extracellular trehalose

Composition for prolonging the shelf life of
food, pharmaceutical, and cosmetic
products containing trehalose and one of
lactic acid, citric acid, or ethanol

Method for incorporating 10-1500 mM
trehalose into eukaryotic cells during
phase transition of lipid bilayers

Method for preservation of mammalian red
blood cells by freeze-drying with
300-500 mM trehalose

A method of stabilizing artificial red blood
cells by freezing with trehalose and a
transition metal ion
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Patent # (Filing Date)

Assignee

Description

Delivery vehicle
6,187,330 (Jan 1999)

5,962,310 (Jul 1998)

Scios Inc.

Becton Dickinson and Company

Pharmaceutical Applications: Inhibition of Radical Reaction

10/525,839 (Aug 2003)

Hayashibara Biochemical Laboratories

Pharmaceutical Applications: Solid Dosage Application

7,575,762 (May 2007)

7,425,341 (Sep 2007)

7,074,428 (Sep 2003)

6,998,139 (Mar 2002)

6,589,554 (Sep 2000)

6,455,053 (May 2000)

6,740,339 (Dec 2001)

6,194,001 (Jun 1999)

5,958,455 (Feb 1996)

5,762,961 (Feb 1996)

6,290,991 (Dec 1994)

4,678,812 (May 1986)

Astellas Pharma

KV Pharmaceutical Company

Astellas Pharma

Astellas Pharma

Yamanouchi Pharmaceutical Co., Ltd.

SSP Co., Ltd.

Takeda Chemical Industries, Ltd.

Quadrant Holdings Cambridge Ltd.

Quadrant Holdings Cambridge Ltd.

Quadrant Holdings Cambridge Ltd.

Quadrant Holdings Cambridge Ltd.

E.I. Du Pont De Nemours and Co.

Composition for the controlled release of a
peptide or protein encased within
trehalose glass

Use of trehalose as a vehicle for delivery of
particles to cells during agitation or
sonication

A composition for inhibition of radical
reaction consisting of
cyclotetrasaccharide and trehalose

A method for manufacturing
sustained-release fine particles
embedded within a quick-disintegrating
tablet, in which trehalose serves as a
binder

Composition for rapidly disintegrating
tablet, including trehalose, in which the
tablet has a friability of <1.5% and
porosity from 15% to 45%

Composition for a quick-disintegrating
tablet in buccal cavity, in which
trehalose is used to spray coat the tablet
and/or as a binder

A method for preparation of dry-coated
tablet, in which the bitter-tasting active
agent is coated with trehalose

A composition for preparing a
quick-disintegrating tablet in buccal
cavity, using trehalose, resulting in
tablet hardness of about 3.1 kp or more

A method for producing an uncompressed,
rapidly dissolving solid preparation with
10-30 wt % trehalose

A composition for preparing a
quick-disintegrating solid preparation
comprising trehalose and a cellulose
compound

Tablet composition consisting of clavulanic
acid, amoxicillin, and trehalose
(5%—50%, amorphous form)

Tablet composition comprising an
anhydrous trehalose serving as a
diluents and an active agent

A method of preparing rapidly soluble
tablets composed of active agent,
diluent, binder, and volatile salts, in
which trehalose is used as a diluents

Preparation of powder suitable for
administration by inhalation, wherein
the powder comprises trehalose and a
bioactive agent

Method of tableting powders produced by
S-1 spray freezing process using
trehalose as tableting excipient and
stabilizer
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Table 2. Continued

Medical Applications
Antiosteoporosis

Articular failure
Neurofunction

Osteoclast formation
Ophthalmic use

Mucasal immonomodulator

Food Applications
Suppression of foul odor
Flavor modification
Preservation

Quality improvement

Mineral absorption
Nutritional supplement
Food Additive/ingredient

Cosmetic Applications
Volatile aldehyde suppression

Patent # (Filing Date)

10/513,119 (May 2002), 6,440,446 (Apr 1999)
7,214,667 (May 2005), 5,981,498 (Nov 1998)
6,232,294 (Dec 1998)

10/492,703 (Oct 2002)

7,732,425 (Mar 2003)

10/765,905 (Jan 2004), 10/169,670 (Jul 2002)

Patent # (Filing Date)
11/578,336 (Apr 2005), 10/540,772 (Dec 2003), 6,576,281 (Dec 1998)
11/061,015 (Feb 2005), 6,432,470 (Apr 1998), 6,159,529 (Jun 1997)
10/920,205 (Aug 2004), 6,641,853 (Jan 2000), 6,254,912 (Apr 1999)
10/835,920 (Apr 2004), 10/536,268 (Nov 2003), 10/535,255

(Nov 2003), 7,186,824 (Sep 2003)
10/565,069 (Jul 2004)
6,596,702 (Jun 2002)
6,620,791 (Apr 2002), 6,455,096 (Apr 1999)

Patent # (Filing Date)
10/545,078 (Feb 2004), 6,497,862 (Mar 2001), 6,268,353 (Sep 1999)

Skin application

10/545,166 (Feb 2004), 10/477, 147 (Nov 2003)

cause of trehalose accumulation in yeast and other
fungi,’?! whereas in other organisms, increase in the
levels of substrate for trehalose synthase (TS) leads to
increased levels of trehalose.'?? In Brewer’s yeast and
in several other organisms, trehalose synthesis is cat-
alyzed by enzymes that facilitate the reaction of UDP-
D-glucose with D-glucose-6-phosphate,26-124 as will be
described in more detail later. Interestingly, upon the
removal of stresses that caused the upregulation of
trehalose synthesis, the synthesis is downregulated
and the sugar is rapidly broken down. In the case of
yeast, the resumption of growth through the addition
of a carbon source (or any other nutrient that was
initially deficient) resulted in the rapid breakdown of
accumulated trehalose,'?! whereas for cells exposed to
heat shock, the trehalose level rapidly declined upon
transferring the cells back to lower temperatures.!?3
As the accumulation of trehalose may cause problems
with osmolarity, inhibition of key metabolic reactions,
or be toxic in other ways, regulation of trehalose levels
in the above-described systems is critical.

Although there appear to be many organisms from
which trehalose isolation is possible, trehalose was
considered a rare sugar because it could only be iso-
lated in relatively large amounts from resurrection
plants (~1.5 wt %) and trehala manna (20-25 wt %),
and the purification procedure was rather tenuous.'?%
Over the years, synthesis procedures were developed
that aimed for large-scale production of trehalose
with high yield and purity, which were hoped to lead
to the availability of trehalose at an affordable cost
and its widespread use. These methods utilized or-
ganisms that are more readily available,” as will be
described in the next section.
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METHOD OF PRODUCTION

Trehalose production has progressed over the years
from gram scale to tons through the development
of novel synthesis techniques. In nature, trehalose
is synthesized by a variety of organisms using a
combination of enzymes and starting material. In
Brewer’s yeast, trehalose synthesis is carried out by
enzymes that catalyze the reaction of UDP-glucose
and glucose-6-phosphate to produce trehalose-6-
phosphate, which is then dephosphorylated.'?* Ex-
amples of organisms that are known to synthe-
size trehalose by this mechanism include yeast,
bacteria,26-30,124,126 ingects, 127128 M. tuberculosis,'?®
and Dictyostelium discoideum®® to name a few. These
enzymes have been isolated, purified, and used for
bench-scale production of trehalose. In Pimelobacter
sp., TS was shown to catalyze an intramolecular re-
arrangement of maltose to convert the «-1,4- to a-
1,1-glycosidic linkage of trehalose.!®! In another ex-
ample, trehalose synthesis in bacteria was found to
utilize maltooligosaccharide or starch as the starting
material: maltooligosyltrehalose synthase catalyzes
the conversion of maltodextrin to maltooligosyltre-
halose and then maltooligosyltrehalose trehalohydro-
lase hydrolyzes this product to form trehalose.'32
Other techniques developed for trehalose synthe-
sis include chemical synthesis, microbial fermenta-
tion, enzymatic conversion of maltose, and transgenic
technology;30,107,124-126,133-138 }gwever, none of these
methods were successfully implemented for large-
scale production. In all cases, the main reason ap-
pears to be the cost (i.e., scalability). For this rea-
son, viable commercialization and widespread use of
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trehalose were restrained, except in cases of high-
premium cost products, i.e., pharmaceuticals.
Recently, Hayashibara Biochemical Laboratories
(Okayama, Japan) reported a novel synthesis method,
which dramatically reduced the cost of trehalose
production.'3The starting material for trehalose syn-
thesis is starch derived from either corn or tapi-
oca, both of which are low cost. Although the syn-
thesis utilizes a mixture of several enzymes, the
two main enzymes that directly produce trehalose
from starch are maltooligosyl-trehalose synthase
(MTSase) and maltooligosyl-trehalose trehalohydro-
lase (MTHase).!4%-142 These two enzymes were de-
rived from a nonpathogenic soil microbe designated
as Arthrobacter ramosus.?>14®> The key function of
MTSase is to recognize the reducing end of the ter-
minal D-glucose units of amylose molecules'*!-142 and
to convert the «-1,4- to «-1,1-glycosidic bond in an
intramolecular transglycosylation reaction, creating
an amylose molecule with a terminal trehalose unit.
MTHase then hydrolyzes the «-1,4-glycosidic bond be-
tween the second and third D-glucose units, result-
ing in the detachment of trehalose from the end of
the amylose chain.'#? These two enzymes can repeat-
edly act on «-1,4-glucan to produce trehalose, typi-
cally resulting in yield no greater than 80%. How-
ever, the efficiency of trehalose production is limited
by the degree of branching present in starch, as the
enzymes can only act on the linear segments. The
amount of branching can be reduced by the addi-
tion of isoamylase, which further enhances process
efficiency.®! As a side product during trehalose syn-
thesis, several low-molecular-weight dextrins, such
as glucose, maltose, and maltotriose, are produced.
To increase the process yield even further, cyclomal-
todextrin glycanotransferase is used to convert these
low-molecular-weight dextrins into high-molecular-
weight compounds, which can be converted and bro-
ken down by MTSase and MTHase to trehalose.?!-139
Prior to the action of these two enzymes, there are
several processes that take place on the starting
material. Briefly, the process consists of (1) suspen-
sion of starch to produce a slurry, (2) heating and
liquification of slurry by the addition of a-amylase,
(3) inactivation of a-amylase by heating, (4) cooling
of the slurry, and (5) further breakdown of starch
and oligosaccharides with enzymes, including isoamy-
lase, cyclodextrin glucanotransferase, a-amylase, and
glucoamylase.”3! Following the production of tre-
halose by MTSase and MTHase, several purification
processes are conducted, including (1) decolorization
of solution with activated carbon; (2) filtration of in-
soluble substances and carbon; (3) ion exchange to re-
move salts and proteins; (4) concentration of suspen-
sion by evaporation; (5) crystallization of trehalose;
and (6) recovery of crystals by centrifugation, wash,
drying, and granulation.” The process results in a di-
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hydrate crystal of greater than 98% purity. Approxi-
mately 30,000 ton/year of trehalose is being produced,
utilizing this synthesis procedure, and can be found in
over 8,000 products encompassing the food, cosmetic,
and pharmaceutical fields.2”

Another consideration in the purification process
is the intended use of trehalose. Purity of trehalose
for food application can be lower than that required
for cosmetics, and even lower than that intended for
pharmaceutical products. For this reason, the cost of
trehalose will vary depending on the application. This
should lower the barrier for the use of trehalose in
both the food and nutraceutical industries as well as
in every-day use products, as high purity (and high
cost) trehalose is not necessary. Varying levels of pu-
rity, however, indicates the presence of unwanted side
products. These can be critical, depending on the in-
tended application of trehalose, and may include ar-
senic, heavy metals, microbes, reducing sugars, and
endotoxin. Furthermore, cyanide level may need to
be monitored if the raw material is produced from a
tapioca source. Currently, Hayashibara Biochemical
Laboratories is the major producer of trehalose raw
material and Ferro Pfanstiehl (Waukegan, IL) and
Senn Chemicals AG (Dielsdorf, Switzerland) provide
purified trehalose. However, information on their pu-
rification procedure is not disclosed, and thus, com-
parison of their purified trehalose cannot be made.

USE IN BIOTECHNOLOGY AND
PHARMACEUTICALS

The use of trehalose in commercialized pharmaceuti-
cal products is limited. In the United States, trehalose
is only found in four products: monoclonal antibody
products Herceptin®, Avastin®, and Lucentis® de-
veloped by Genentech (South San Francisco, CA), and
a large recombinant protein, Advate®, developed by
Baxter (Deerfield, IL) (Table 3). In Japan, there are
several other trehalose-containing commercial prod-
ucts, including Sawachion (Sawai Pharmaceuticals,
Osaka, Japan), Imidapril (Ohara Pharmaceutical Co.,
Ltd., Shiga, Japan), and Bio-Three HI (Towa Phar-
maceutical Co., Ltd., Osaka, Japan); however, com-
pared with the other saccharides, such as sucrose
or mannitol, the number of products is quite few.
There are many reasons for the inclusion of trehalose
in these formulations, including, but not limited to,
high T, low rate of hydrolysis, control of osmolarity,
and protein stabilization, as described in the previous
section.

Although the number of products incorporating tre-
halose is low, there are several products in develop-
ment, in which trehalose is being evaluated as one
of the formulation components, if not the key compo-
nent, for product stabilization. For example, in par-
enteral formulations, trehalose may be a suitable
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Table 3. Compositions of Trehalose-Containing Pharmaceuticals Currently on the Market

Product Name

Herceptin® Avastin® Lucentis® Advate®

Company Genentech/Roche Genentech/Roche Genentech/Novartis Baxter Healthcare Co.
Form Lyophilized powder Solution Solution Lyophilized powder
Administration Intravenous Intravenous Intravitreal Intravenous
Active Trastuzumab, recombinant  Bevacizumab, recombinant Ranibizumab, recombinant Recombinant

DNA-derived humanized humanized monoclonal humanized IgG1 kappa antihemophilic factor

monoclonal antibody IgG1 antibody isotype monoclonal

antibody fragment
Trehalose content 202 60 100 102
(mg/mL)

0.5 mg/mL L-histidine HCI,
0.32 mg/mL L-histidine,
0.09 mg/mL polysorbate

Other excipients

20

5.8 mg/mL sodium
phosphate, monobasic
1.2 mg/mL sodium

20 phosphate, dibasic

0.4 mg/mL polysorbate

10 mM histidine HCI,
0.01% polysorbate 20

108 mEq/L sodium,
38 mg/mL mannitol,
12 mM histidine,
12 mM Tris, 1.9 mM
calcium, 0.15 mg/mL
polysorbate 80,
0.1 mg/mL
glutathionine

aConcentration of trehalose upon reconstitution.

choice because it can be sterilized by autoclaving with-
out the browning associated with conventional par-
enteral formulations!4* and by y-radiation.!4?
Furthermore, trehalose has been examined in great
detail in research applications, including its use as a
stabilizer of proteins, enzymes, and tissues, and as a
therapeutic for a variety of diseases, including osteo-
porosis and Huntington’s disease (HD) (Table 4). Each
one of these will be examined in more detail below.

Research Applications
Proteins and Enzymes

With the advancement of recombinant technology, an
increasing number of proteins, monoclonal antibod-
ies, and enzymes are being synthesized each year.
Most, if not all, of these macromolecules are inher-
ently unstable and require the presence of stabilizers
to provide sufficient storage stability in order to be
considered a viable therapeutic product. In solution,
co-solutes such as trehalose have been demonstrated
to enhance the stability of a variety of macromolecules
through preferential hydration.”®8° For example, the
addition of 1.5 M trehalose to the solution at pH 7 re-
sulted in an increase in Ty, of 10.9°C, 15.6°C, 14.4°C,
and 8.6°C for RNase A, a-CTgen, lysozyme, and cy-
tochrome c, respectively.”

Although the cost of production would be lower
for liquid protein therapeutics, the stability of the
macromolecule may be insufficient (even in the pres-
ence of stabilizers) and require preparation in the
dried state, most typically achieved by freeze drying.
The protein structural conformation is highly sensi-
tive to its environment (i.e., pH, hydration level, etc.)
and may denature irreversibly upon lyophilization.
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Furthermore, proteins can be susceptible to degra-
dation by a variety of mechanisms (i.e., deamida-
tion, oxidation, aggregation, etc.).6%215-217 There are
several other deleterious effects encountered during
the freeze drying process, including ice formation,
cold denaturation, and increased concentration, all of
which must be countered with the use of appropriate
stabilizer(s).21-22¢ Furthermore, during storage, the
suppression of various degradation processes, includ-
ing deamidation, hydrolysis, and oxidation, requires
the macromolecule to be restricted in mobility and
limited in exposure to various media (including wa-
ter and oxygen). Both can be accomplished with the
use of amorphous, glass forming-excipients, such as
trehalose.25,225-228

As discussed in the direct interaction mechanism
section, trehalose has been utilized to enhance the
storage stability of lysozymes and PFK.7 Carpenter
and Crowe®” demonstrated that the addition of tre-
halose inhibited the shift in the frequency of amide
I and II bands of lysozyme, which are observed upon
desiccation in the absence of trehalose. This suggests
that the dried protein in the presence of trehalose
adopts the same configuration as it does in the hy-
drated state. The amount of trehalose addition must
be optimized, as too low of a concentration results in
insufficient replacement of hydrogen bonds (lost by
the removal of water) and too high of a concentration
can lead to trehalose crystallization, again leading to
insufficient hydrogen bonding to the protein surface.
Similarly, the storage stability of freeze dried HLL
was improved in the presence of trehalose® and was
attributed to its ability to maintain the native struc-
ture upon dehydration and high T;. Furthermore, the
stability of HLL, both in terms of percent monomer
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Table 4. Summary of Protective Effects of Trehalose Compared with Sucrose and a List of Pharmaceutical Applications

Protective effects Trehalose Sucrose References
Preservation of lyophilized protein 100% <30% 69
activity [Humicola lanuginosa
lipase (HLL)]®
Preservation of dried restriction 100% 0% 25,37
enzymes at 37°Cb
Liposome stabilization (inhibition of ~100% 80% 92
liposome fusion)®
Preservation of bacteria (E. coli, B. 70%/57% 56%/44% 97
thuringiensis)?
Suppression of polyglutamine 25% 15% 146
aggregation®
Application Examples References
Proteins B-Galactosidase, insulin, lactate dehydrogenase, 62,67,72,89,147-157
phosphofructokinase, ribonuclease A, recombinant human
interleukin-11, Factor VIII, human growth hormone, IgM
and anti-IgE antibodies, recombinant human relaxin
Cells Sperm cells, platelets, carrot and tobacco cells, Lactobacillus 65,158-171
acidophilus, Islets of Langerhans, skin grafts, bovine
embryos, canine lungs and trachea
Virus Live attenuated measles virus, inactivated influenza virus, 172-178

17D yellow fever virus, Newcastle disease virus,
Rinderpest and Peste des Petits ruminants viruses,
respiratory syncytial virus, diphtheria/tetanus
Osteoporosis, organ transplant, dry eye, cavity, cancer,
dialysis, Huntington’s disease
Quick-dissolve tablet, controlled release, pulmonary delivery

Medical application 141,161,179-199

Pharmaceutical application 32,200-214

aRecovery of hydrolytic activity of recombinant HLL stored at 60°C for 3 months. The concentration of both trehalose and sucrose was 300 mM and

that of the protein was 4 mg/mL.

bRestriction enzymes PstI and HindIII were dried at room temperature in the presence of trehalose or sucrose and then stored at 37°C for 35 days.
Remaining activity was assessed by the ability of the enzymes to cut 1 pg of bacteriophage lambda DNA at 37°C.
¢Unilamellar liposomes composed of palmitoyloleoylphosphatidylcholine and phosphatidylserine at 9-to-1 molar ratio was prepared. For every mole of

lipid, there were 0.75 and 0.25 mol of carbohydrate and isocitrate, respectively.

dEscherichia coli (E. coli) DH5« and Bacillus thuringiensis (B. thuringiensis) HD-1 were stabilized by freeze drying in the presence of trehalose or

sucrose (100 mM).

¢With respect to phosphate buffered saline control on a model protein containing 35 glutamine repeats. The concentration of trehalose and sucrose was

50 pM.

content and percent activity, was reported to be su-
perior for trehalose in comparison with sucrose, with
the higher T, of trehalose playing an important role. If
trehalose alone is insufficient as a stabilizer, it is pos-
sible to utilize a combination of trehalose with a high-
molecular-weight carbohydrate, such as dextran; dex-
tran alone is also insufficient due to steric restrictions
and phase separation despite its high T,. This ap-
proach was utilized in improving the storage stability
of actin co-lyophilized with 5% trehalose,??° in which
the amount of active protein following 8 weeks of stor-
age at 60°C was improved from 50% to 74% upon the
inclusion of 1% dextran. In another example, the re-
covered activity of lyophilized PFK and lactate dehy-
drogenase was significantly improved upon the addi-
tion of 1% polyethylene glycol (PEG) to trehalose;?'?
at low trehalose concentrations (<100 mM), the re-
covered activity of both enzymes was low (<20%);
however, upon the inclusion of 1% PEG, the activ-
ity was improved to at least 90% at 50 mM trehalose
concentration. In another example, the addition of hy-
droxyethyl starch was shown to improve the stability
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of recombinant human interleukin-11'%° and ribonu-
clease A,'*? both lyophilized with trehalose. Further-
more, trehalose was shown to be less likely to phase
separate from the mixture than sucrose.4?

DNA restriction endonucleases EcoRI, Bg1II, PstlI,
and HindlII all withstood prolonged exposure to tem-
perature as high as 70°C, if dried in the presence
of trehalose (15%), but not with other sugars.?® Fur-
thermore, the restriction enzymes were still able to
act accurately on DNA following storage at 70°C for
35 days.226

For a more detailed description of protein stabiliza-
tion, the reader is referred to the work of Timasheff

and coworkers, Pikal and coworkers, and Carpenter
and coworkers,7880,85,86,222,230-242

Liposomes

Liposomes have been studied as a model cell mem-
brane and as a vehicle for targeted drug delivery.
The structural components of typical lipsomes in-
clude phospholipids, cholesterol, and proteins. As a
model cell membrane, liposomes have been studied
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extensively to understand the effects of desiccation
on the integrity/stability of the membrane by ex-
amining the shift in phase transition temperature
(Thy),54:243.244 yretention of encapsulated dyes,?3:245-247
and the degree of phase separation.9248 The effects
of various lyoprotectants, including trehalose, on the
structural integrity of liposomes have been examined.
Some of the main observations include the lowering
of T,,34243:249 inhibition of aggregation/fusion?4%-250
and inhibition of phase separation,?®248 all of which
contribute to the enhanced stability of liposomes.
T, indicates the temperature at which the mem-
brane lipids undergo a transition from the gel phase
(T < Ty) to the liquid crystalline phase (T'> T\,). The
desiccation of lipids increases the packing between
the lipid molecules due to the removal of water, thus
stabilizing the gel phase and increasing the T},. For
DPPC, the T, increases from 42°C in the hydrated
state to beyond 100°C upon desiccation.??! Addition
of trehalose prior to desiccation resulted in the low-
ering of the Ty, to approximately 25°C (below the
Ty of the hydrated state),5%?%! and this has been
ascribed to the ability of trehalose to preserve the
membrane structure (present in the hydrated state)
during desiccation. In another example, trehalose was
demonstrated to provide complete protection of freeze
dried liposomes, consisting of palmitoyloleoylphos-
phatidylcholine (POPC) and phosphatidylserine (PS),
as measured by the retention of entrapped marker,
isocitrate.”? At 1 g trehalose/g lipid, maximal sta-
bility was observed. In contrast, sucrose was only
able to confer approximately 80% protection at the
highest concentration examined (Table 4). The protec-
tive efficacy of trehalose, however, relies on the sugar
being present on both sides of the liposomal struc-
ture. For large unilemellar vesicles composed of egg
phosphatidylcholine, the amount of 22Na* entrapped
within the liposomes was significantly higher (84%)
for those air-dried with trehalose on both sides of the
membrane than for those with trehalose present only
on the outside of the membrane structure (17%).245 If
the liposome is studied as a model for the cell mem-
brane, what this result suggests is the importance in
incorporating trehalose to the intracellular compart-
ment for effective preservation. Furthermore, the ad-
dition of trehalose inhibited the fusion of unilamellar
vesicles. Addition of trehalose at a 5:1 weight ratio
to lipid resulted in complete inhibition of fusion, as
measured by dynamic light scattering; in the absence
of the sugar, the vesicle size increased from 100 nm
to more than 3000 nm.?* The mechanisms by which
trehalose stabilizes liposomes include contributions
from both direct (i.e., water replacement) and indirect
(i.e., vitrification) interactions. Among the oligosac-
charides, trehalose has the highest ability for hydra-
tion, which suggests that trehalose may be stabiliz-
ing the bilayer structure of liposomes by ordering the
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water molecules around the membrane.??? There are
also numerous reports examining the effects of tre-
halose on the stability of liposomes in solution.253-255
For a more comprehensive description of membrane
stabilization, the reader is referred to the work of
Crowe and coworkers,12-21,22,249,250,256,258

DNA

Along with lipids and proteins, the other essential
biological target for stabilization is the genomic ma-
terial, DNA. The effects of trehalose on the stability
of DNA structure and its activity have been reported,
but the effects appear to be indirect. Trehalose was ob-
served to inhibit the strand scission of ®y 174 DNA in
the presence of CuCl, and oxidative linoleate,2%® most
likely through its direct interaction with the Cu ion
and the unsaturated C—C bond in linoleate, thereby
removing the causative agent(s) for DNA instabil-
ity. Trehalose was also shown to suppress the forma-
tion of HPO (the breakdown product of fatty acids),
which has been reported to damage DNA.%%° Com-
mercially, DNA has been stabilized by Biomatrica®
(San Diego, CA), employing a technology involving
air drying (SampleMatrix®).

Cells and Tissues

Various types of cells and tissues have been stabi-
lized using trehalose. This fact may not be surpris-
ing as the structural components of cells (i.e., lipids,
proteins, and DNA) have all been stabilized, as de-
scribed above. For example, the viability and function
of mammalian insulin-producing cells were improved
during freezing and long-term storage upon trehalose
incorporation.?®? The isolated islets of Langerhans,
which are used in the treatment of clinical and exper-
imental diabetes, were also reported to be success-
fully cryopreserved using trehalose.!®® The survival
rates of skin grafts, taken from rabbit ear, were re-
ported to be enhanced for those stored in trehalose
solution, following prolonged storage at 4°C.160 In ad-
dition, the viability of lyophilized bovine embryos was
increased significantly upon trehalose addition.!5?
Furthermore, canine lungs preserved in trehalose
demonstrated significantly greater function and his-
tology compared with those preserved in glucose;!6!
long-term cryopreservation at —85°C in trehalose-
containing solution resulted in viable tracheal graft
tissue, and in reduced transplant rejection without
immunosuppressive therapy.'62

Trehalose was also shown to be effective as a cry-
oprotectant for carrot and tobacco cells, as long as it
was applied as a pretreatment to cells.'®® This indi-
cates that either the cells need to be adapted prior
to freezing (i.e., osmoadaptation) or that trehalose
must be taken up within the plasmalemma to be ef-
fective. There are also several reports demonstrat-
ing the importance of trehalose in the intracellular
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compartments of cells to increase their viability to
freezing and drying.'”1?6! Trehalose imparts stabi-
lizing effects indirectly as well, for example, by mod-
ifying the growth rate and morphology of ice crystals
during freezing. Ice crystal growth in trehalose so-
lution is retarded, and the fully developed ice crys-
tals are reported to be shaped like flower petals, with
rounded edges, as compared to traditional ice struc-
tures, which have jagged edges.** The morphology of
the ice crystals may have an effect on the amount of
physical damage imparted onto membranes and cells.

Viruses

The stabilization of viruses, mainly for their use as
vaccines, has been examined extensively in efforts to
improve their shelf life and heat stability. All vac-
cines, particularly of live attenuated origin, are either
frozen or stored under refrigeration. Furthermore,
various vaccine products are processed by lyophiliza-
tion to enhance their storage stability. In a recent
publication, Ohtake et al.l” utilized a spray drying
method to increase the shelf life of live attenu-
ated measles virus to 10 weeks at 37°C in compar-
ison with 5 weeks for Rimevax® (from package in-
sert, GlaxoSmithKline, Middlesex, United Kingdom).
The formulation contained several components, but
one of the key ingredients was trehalose, which
served to stabilize the virus through hydrogen bond-
ing and vitrification. In another example, whole in-
activated influenza virus was co-lyophilized with
trehalose (99% weight) and delivered to rats via
intranasal (IN) administration.!”® The storage sta-
bility of the lyophilized influenza virus was signifi-
cantly improved in comparison with its liquid form;
retention of 100% hemagglutinin (HA) titer in com-
parison with less than 20% following 12 weeks of
storage at 25°C for lyophilized and liquid influenza
virus, respectively. Furthermore, the nasal IgA titers
were comparable for rats immunized IN with ei-
ther the liquid or lyophilized influenza vaccine. In
another application, trehalose was used to prepare
a heat-stable diphtheria/tetanus vaccine adjuvanted
with alum.!”® Gribbon et al. prepared the stabilized
vaccine by ambient drying (Q-T4 technology), which
circumvented the problems associated with freezing
aluminum hydroxide (i.e., aggregation and precipi-
tation). The activity of the trehalose-stabilized vac-
cine was maintained above 90% following 35 weeks
storage at 45°C, whereas the control vaccine (with-
out trehalose) demonstrated less than 5% activity
following 2.5 weeks of storage at the same temper-
ature. Furthermore, analysis of aluminum hydroxide
sedimentation revealed that trehalose-stabilized vac-
cine maintained 90% of the values of the fresh sus-
pension control, whereas those stabilized in sucrose
demonstrated only 50%, following 4 weeks of storage
at 45°C. Trehalose was also utilized to stabilize 17D
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Yellow Fever virus,!”* Newcastle disease virus,'”® and
Rinderpest and Peste des Petits ruminants viruses.!®
All of the viruses were dried by different techniques,
including freeze drying, spray drying, and foam dry-
ing; however, they all demonstrated the efficacy of
trehalose in conferring stability to a wide variety of
stresses. It should be noted that trehalose was suc-
cessful in providing protection on significantly differ-
ent time scales (i.e., dehydration occurring in days
and microseconds for freeze drying and spray drying,
respectively). Trehalose was also examined as a sta-
bilizer in solution for respiratory syncytial virus.'””

Microorganisms (Bacteria, Fungi)

Trehalose has been found to be synthesized in sev-
eral bacteria in response to osmotic stress,?62-265 thus
it is a natural choice to be examined as a stabilizer.
For example, Pseudomonas fluorescens EPS62e that
contained higher levels of intracellular trehalose, as
a response to salt stress, demonstrated higher desic-
cation tolerance.%6 Leslie et al.®7 utilized trehalose
(100 mM) to stabilize both Escherichia coli (E. coli)
DH5¢ and Bacillus thuringiensis (B. thuringiensis)
HD-1 by freeze drying. In the absence of any protec-
tants, only 8% of E. coli and 14% of B. thuringien-
sis survived, whereas in the presence of 100 mM tre-
halose, the survival rate increased to 70% and 57%,
respectively. Sucrose was also effective in increasing
the stability, but less so than trehalose. The decrease
in viability can be attributed to damages to the mem-
brane integrity and protein structure during dehydra-
tion, and subsequent rehydration. By examining the
effects of dehydration on the membrane phase transi-
tion temperature (T,), the authors noted that the 7',
increased from 10°C to 50°C for E. coli. In the pres-
ence of trehalose, however, the T}, of the lyophilized
E. coli was maintained close to the value of the hy-
drated bacteria (10°C), thus maintaining the fluidity
of the membrane similar to that present in the hy-
drated state. The effects of drying on membrane pro-
teins were determined by observing the changes in
the frequency of amide I and II bands, which indicate
alterations in the conformation/structure of proteins.
In both E. coli and B. thuringiensis, freeze drying
caused the amide IT band to shift in frequency com-
pared to that reported in the hydrated state. More
specifically, the amide II band shifted from 1543 to
1533 cm™! in E. coli, whereas for B. thuringiensis,
the wave number shifted from 1546 to 1533 cm™!. In
the presence of trehalose, no changes in amide II band
were observed, suggesting that the protein conforma-
tion was maintained during desiccation. Leslie et al.
also noted that sufficient amount of sugars are nec-
essary within bacteria to confer stability, and uptake
was made possible by lowering the temperature of the
bacterial suspension through the T}, of the bacterial
membrane to allow for passive transport of trehalose
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(i.e., at T\, membrane integrity is at its lowest point,
facilitating transport through passive diffusion). Fi-
nally, the storage stability of freeze dried E. coli and
B. thuringiensis was examined by exposing the sam-
ples to light, air, and humidity. No decrease was ob-
served in either bacterium co-lyophilized with tre-
halose, whereas sucrose was deemed to be ineffective.
In another application, foam drying of Salmonella ty-
phibacterial Ty21a vaccine with trehalose resulted in
significant stabilization of the vaccine;?¢” addition of
trehalose resulted in reduction of process-associated
loss from 2.2 to 0.4 log;p CFU/mL and storage loss
was minimized from 7.4 to 2.3 logyy CFU/mL, follow-
ing 4 weeks of incubation at 37°C. Trehalose was also
reported to act as a free radical scavenger for Saccha-
romyces cerevesiae.®

Medical and Pharmaceutical Applications
Organ Transplant

The combination of donor shortage and the long-
distance transportation often required for available
tissues and organs highlight the importance of an
effective preservation methodology. Similarly, the
preparation of graft that is both fresh and appropri-
ate, especially on short notice, is very difficult, if not
impractical.!®> Even a minute improvement in the
storage stability of these labile biologicals would be
of paramount importance and value.

New organ preservation solution was developed
at Kyoto University,'®2 named extracellular-type
trehalose-containing Kyoto (ET-Kyoto) solution, and
was successfully used in clinical lung transplantation;
the patient underwent bilateral lobar lung transplan-
tation on cardiopulmonary bypass from living donors,
and each lower lobe was flushed using 2 L of ET-Kyoto
solution. In comparison with Euro-Collins and Uni-
versity of Wisconsin solutions, which are the primary
solutions used for clinical lung transplantation, ET-
Kyoto was demonstrated to be equal or better in its
preservative effect. Trehalose is present at 41 mg/mL
and is one of the major constituents (=50 wt %) in
the ET-Kyoto solution.

The common difficulty encountered during lung
transplantation is the formation of edema of the en-
dothelium within the pulmonary vessels caused by
ischemic injuries. An effective preservation media
would be able to stabilize the cell membranes, result-
ing in the suppression of cellular edema occurrence,
potentially leading to prolonged storage.'®’ In one
study, all transplanted lungs preserved in trehalose-
containing Euro-Collins solution (35 mg/mlL) demon-
strated normal histology, whereas those preserved in
Euro-Collins solution (with glucose in place of tre-
halose) developed severe pulmonary edema.'®! The
value of partial pressure of oxygen in arterial blood
(PaOg) in the transplanted lungs was monitored at
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several time points following reperfusion. The lungs
that were preserved in the trehalose-containing so-
lution demonstrated PaOg values (130 min following
reperfusion) similar to that observed in the preoper-
ative group (264.9 + 26.2 and 281.8 + 10.6 mmHg,
respectively), whereas those stored in glucose solu-
tion demonstrated a significantly lower PaOy value
(134.7 + 49.4 mmHg).!8! The effectiveness of tre-
halose in improving the stability of lung tissues is
thought to derive from its ability to stabilize the cell
membrane, thereby suppressing damage from pul-
monary ischemia and low temperature, both of which
are essential for long-term preservation.

Trehalose-containing solution was utilized in an-
other application to improve the storage stability
of trachea and its function upon transplantation
in dogs.'®” Two of the major problems encountered
during tracheal transplantation are rejection and
preservation. Trachea were removed from donor dogs,
and then immersed in various preservative me-
dia. The trachea were cryopreserved at —85°C for
285 =+ 28 days.!®” All animals survived more than
2 months, following transplantation, and none of the
grafts demonstrated stenosis or tracheomalacia. On
the contrary, in the control group (stored in Euro-
Collins solution at 10°C for 16—17 h), most of the an-
imals died within 1 month due to tracheal stenosis
caused by rejection.’®” Most candidates for tracheal
transplantation possess malignant diseases, and im-
munosuppressants cannot be given readily after op-
eration. Thus, the ability of trehalose to increase the
storage stability and to suppress rejection is an at-
tractive proposition.

The solution has also been successfully used
with lung transplantation in other animal
models.191-195,198,199 Trehalose has also been suc-
cessfully used to cryopreserve human pancreatic
endocrine tissue?®® and skin free-flaps of rabbit
ears.160

Osteoporosis

Osteoporosis is fast becoming a major problem, par-
ticularly in postmenopausal women, causing consid-
erable pain and immobility due to bone fractures.
Osteoporosis results from an imbalance in bone
formation and resorption (i.e., destruction). Although
there are several causes for osteoporosis, the lack of
estrogen production after menopause is considered
to be the major contributor.!® Estrogen replacement
therapy has been demonstrated to be effective in
preventing bone loss in animals and humans;268-269
however, the continuous administration of estrogen
is accompanied, at times, with severe adverse side
effects.2’0

The effects of trehalose on bone resorption were
studied using ovariectomized (OVX) ddY mice as a
model of osteoporosis caused by estrogen deficiency.8®
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In these mice, the bone weight, calcium and
phosphorous contents of the femur, and the trabec-
ulae of the tibias were all noted to decrease 4 weeks
after surgery. All of these phenomena are thought to
be caused by an increase in the rate of bone resorp-
tion, with respect to bone formation. Trehalose was
orally administered to OVX mice five times a week for
4 weeks, and the changes in bone weight and calcium/
phosphorous contents were analyzed. Bone weight
loss was prevented in a dose-dependent manner. A
significant inhibition of bone weight loss was observed
in the group treated with 100 mg/kg trehalose com-
pared with the OVX non-treatment group; —0.20 com-
pared with —0.34 mg/g body weight, respectively.!88
In addition, the trabeculae of the OVX mouse tibias in
the trehalose treatment group were only marginally
decreased when compared with those of the control
mice. Furthermore, the increase in osteoclast (OC)
formation was significantly inhibited by the in vivo
administration of trehalose; 5.3 x 10 OCs/well were
observed following 100 mg/kg administration of tre-
halose, whereas 7.6 x 103 OCs/well were observed in
the absence of trehalose.!® Trehalose is unlikely to
have an estrogen-like function, as its administration
had no effect on uterine weight. Trehalose was also
shown to inhibit the secretion of interleukin (IL)-6,'8°
one of bone resorption-associated cytokines, and sup-
press the formation of tumor necrosis factor (TNF)-«,
following lipopolysaccharide (LPS) injection.?”! The
exact mechanism of the suppressive effects of tre-
halose is unknown; however, trehalose is postulated
to suppress OC differentiation, which is induced by
IL-6 secretion,'®® and interfere with the binding of
LPS to TNF-a-producing cells.27!

These preliminary animal studies demonstrate the
potential of trehalose therapy in improving bone
metabolism and preventing osteoporosis, although it
is unclear how oral ingestion of trehalose can be ef-
fective, as it is readily metabolized into two glucose
molecules in the intestinal tract, thus reducing the
amount of trehalose in circulation, if any remains at
all. As no further detail was given in the studies, it
may be helpful to compare the limit of trehalose diges-
tion in mice and the dose of trehalose administered, as
well as providing comparable glucose solutions (i.e.,
2x the trehalose concentration) as negative control.
How this relationship translates to the doses required
for human patients would also provide valuable
information.

Huntington’s Disease

Huntington’s disease (HD) is a progressive neurode-
generative disorder. The cause of the disease is
thought to be the aggregation of mutant Huntingtin
protein, characterized by its abnormally long glu-
tamine repeats. Several small-molecule compounds,
including trehalose and sucrose, were screened to de-
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termine their efficacy in reducing the aggregation
of the model protein, bearing an expanded polyg-
lutamine chain.146-2"2 Aggregation, as monitored by
the turbidity of the protein solution, was decreased
upon the inclusion of trehalose in a dose-dependent
manner, with the relative absorbance decreasing to
approximately 50% of the phosphate buffered saline
control upon the addition of 1 mM trehalose. Further-
more, trehalose was shown to suppress the formation
of aggregates in mammalian cells (mouse neuroblas-
toma Neuro2a cells) and to improve their viability.
In all of the studies, trehalose was demonstrated to
be superior to sucrose. Furthermore, oral adminis-
tration of 2% trehalose solution to R6/2 transgenic
mice resulted in the reduction of aggregate formation
in the motor cortex, striatum, and liver (~40-50% of
the control) and in improved motor function as well
as their survival. The efficacy in inhibiting polyglu-
tamine aggregation, coupled to its safety, may place
trehalose as one of the leading candidate as a thera-
peutic compound for the treatment of HD and other
polyglutamine diseases.

In other related applications, oral administration
of trehalose was shown to suppress the aggregation
of polyalanine-rich proteins, as a model for oculopha-
ryngeal muscular dystrophy (OPMD), and to alleviate
the symptoms of OPMD in transgenic mice.?”® In addi-
tion, trehalose was reported to be effective in reducing
the aggregation of B-amyloid peptides,?’* which is a
key step in the pathogenesis for Alzheimer’s disease.

Although in vitro studies corroborate the effect of
trehalose in suppressing peptide aggregation, their
effects in vivo are more difficult to interpret, as
trehalose administered orally should have been de-
graded into two glucose molecules for absorption in
the small intestine. For most of the studies, glucose
was examined as a control and demonstrated signifi-
cantly less effect in comparison with trehalose. Thus,
how trehalose administration resulted in the reduc-
tion of aggregate formation in the brain of rats!46 is
still a mystery.

Other Medical Applications

Trehalose, or one of its derivatives, has also been
examined and used in several other medical ap-
plications including peritoneal dialysis system,!87
therapeutic for cancer,'82-18 preservation of sperm
cells, 164166 platelets®5:167-170 and other mammalian
cells,'! treatment for dry eye syndrome,'” and as a
prophylactic for cavity formation.'®! The results from
these studies, although mostly in animals or in vitro,
appear promising and may warrant further exami-
nation by companies, particularly if the results from
clinical trials are positive, as is the case with dry eye
syndrome.!79:275.276 Cellphire (Rockville, MD) is cur-
rently developing lyophilized platelets for hemostasis
and wound-healing therapies.
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Use in Solid Dosage Form

The use of trehalose in therapeutic products, thus far,
has been limited to its use as a stabilizer. The sugar
does, in fact, possess several unique physical and
chemical properties that may enhance its use as an
ingredient in solid dosage forms. For information on
crystalline or polymorphic properties of trehalose, the
reader is referred to the section entitled Unique Prop-
erties of Trehalose. In the United States, there are
currently no trehalose-containing pharmaceuticals in
any tablet products; however, in Japan, trehalose is
included in Sawachion (Sawai Pharmaceuticals), Im-
idapril (Ohara Pharmaceutical Co., Ltd.), and Bio-
Three HI (Towa Pharmaceutical Co., Ltd.) as a bulk-
ing agent and, in some cases, as a binder. In addition,
the number of publications examining the use of tre-
halose in solid dosage form is quite limited?’"2"® and
pipeline products containing trehalose in solid dosage
form are undisclosed. There are, however, a number of
patents claiming the use of trehalose in solid dosage
applications, in particular as a diluent or a modifier
of the physical properties of quick-dissolving tablets
for administration to the buccal cavity (Table 2).
Trehalose has been included as a bulking
agent and/or a binder in a number of tablet
applications.32.201:202,204.205 Thig js mainly due to its
stability toward high temperature and hydrolysis
(i.e., Maillard reaction) and its high moldability. A
number of bulking agents, including lactose, manni-
tol, and calcium phosphate, are used to increase the
bulk of the tablet for effective compression. Lactose
has been used frequently as a tableting excipient.
However, as it can be reduced readily, its use in the
presence of amine bases or salts is not recommended.
Trehalose, on the contrary, does not react with amino
groups, and is highly resistant to hydrolysis. In ad-
dition, the substitution of lactose with trehalose can
alleviate the fears of patients suffering from lactose
intolerance; even though the amount of lactose used
in tablets is comparatively low, the patients may find
psychological relief from its complete removal. Fur-
thermore, tablets produced with anhydrous trehalose
do not suffer from excess hardness and readily dis-
solve under appropriate conditions, unlike those pre-
pared with amorphous lactose. The aforementioned
properties of trehalose should also be applicable and
extended to pharmaceuticals prepared in capsules. In
another application, trehalose was used to spray coat
a tablet?%® or bitter-tasting active agent.?’” Further-
more, trehalose may offer structural stability as a
bulking agent (as in lyophilized formulations), par-
ticularly for applications involving rapidly disinte-
grating tablets. These tablets are typically formed
from blends containing volatile salts such as ammo-
nium bicarbonate. The salts are removed under vac-
uum at elevated temperatures for an extended period
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of time, resulting in a highly porous structure that
rapidly dissolves due to its high surface area.?? The
conditions required for tablet preparation may pre-
clude the use of certain excipients such as sucrose,
which have low T, and propensity for hydrolysis. In
other tablet processing methods, the hardness of the
tablets is increased by their treatment with humid-
ification and drying; humidification is typically con-
ducted between 30 and 100% relative humidity (RH)
at 20-30°C in a thermostatic chamber followed by
drying at 20-60°C.290-203 The purpose of these treat-
ments is to convert the sugar from the amorphous
state to the crystalline state, thus increasing the
strength and stability of the tablet. The physical and
chemical stability of excipients, particularly sugars
that are reducing or prone to hydrolysis, may not be
amenable to such treatments, particularly in the pres-
ence of amine-containing biotherapeutics.

Trehalose has also been used to modify the hard-
ness and friability of tablets as well as their porosity
and dissolution time.203-208.209 Fyrthermore, in tablet
processing applications, a binder is necessary to hold
the components together to give strength to the fi-
nal dosage form. Compared with the binders that
have been typically used, trehalose has the advantage
due to its high moldability and enhanced physical/
chemical stability, as explained above (high moldabil-
ity refers to an excipient that results in tablet hard-
ness of >2 kp upon tableting 150 mg of the material
under a pressure of 10-50 kg/cm?).200-210 Tp one exam-
ple, trehalose has been used as a binder in a quick-
disintegrating tablet that contains sustained-release
fine particles.2? In another example, trehalose was
used as the main ingredient and stabilizer in tablets
produced by S-1 spray freezing process.?!! Trehalose
was reported to be a superior choice to mannitol,
particularly due to its high solubility at room tem-
perature, ability to be lyophilized without glass col-
lapse, and effectiveness as a stabilizer in the dried
state. In addition, trehalose-containing tablets dis-
solved rapidly in aqueous solutions and yielded high
tablet-to-tablet reproducibility.

Trehalose has also been described in several other
patent applications for its use as a drug delivery vehi-
cle. In one application, trehalose was used in conjunc-
tion with a biodegradable polymer (i.e., polycaprolac-
tone) for controlled-release delivery of a peptide or
protein;2!? trehalose was chosen due to its ability to
form a glassy matrix and because its Ty is higher
than the melting point of the biodegradable polymer,
wherein mixing the two components, the glassy ma-
trix is made feasible. In other applications, trehalose
was used as a dissolvable vehicle for controlled deliv-
ery of particles®!® and also as a bulking agent for dry
powder containing N-terminal fragment of parathy-
roid hormone intended for pulmonary delivery.?'* The
number of scientific publications describing the use of
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trehalose in the solid dosage format may not be abun-
dant, yet the number of patent applications appears
to be increasing steadily. With all the advantages that
trehalose possess over the traditional excipients (i.e.,
lactose, sucrose, and mannitol), it may just be a mat-
ter of time before trehalose-containing tablets appear
on the counter at a near-by pharmacy.

USE IN THE FOOD INDUSTRY

In Japan, trehalose is consumed in large quantities
and is present in various food products. Tens of mil-
lions of pounds of trehalose have been used in the food
industry since 1995, and currently, the production
estimate is 25,000-30,000 tons/year.”27-4° Trehalose
is present in over 8,000 products with confectionary
products consuming a large share of its total use. The
popularity of trehalose may be due to its lower sweet-
ness and longer persistence (in sweetness) in compar-
ison with sucrose.?” No definitive explanation for the
difference in perceived sweetness is given; however,
the difference in the binding capability of the sweet
taste receptor for the two sugars has been put forth as
a possible explanation (due to the differences in size
of the sugar-associated water cluster and structural
configuration).2’9-281 Furthermore, in a panel study,
the perceived sweetness of trehalose was determined
to increase faster relative to sucrose, and 85% of the
tested subjects preferred the taste of trehalose com-
pared with sucrose.” Besides confectionary products,
trehalose is present in beverages, processed vegeta-
bles and fruits, baked goods, processed seafood, frozen
food products, and refrigerated items.” In the United
States, trehalose can be found in frozen shrimp prod-
ucts (Grilled Shrimp Classic and Grilled Shrimp
Scampi) from Gortons, Inc. (Gloucester, MA) and in a
number of nutritional/energy-boost products includ-
ing Accelerade® and Accel Gel® (Mott’s, Rye Brook,
NY), CARB Max and GAIN Max (Sport Pharma, Con-
cord, CA), Glycomaize (Optimum Nutrition, Aurora,
IL), and Endurathon and Myoplex Deluxe (EAS, Ab-
bott Laboratories, Abbott Park, IL). New products
are also in development and include vegetable/fruit
chips, bread made from rice powder, and meringue,
all benefiting from, and made feasible by, the unique
properties of trehalose.*’ As described previously,
trehalose occurs naturally in many of the widely
consumed food products including mushrooms,?8?
bean products,?®3 honey,?6invertebrates such as lob-
ster, crab, and shrimp,?6283 yeast products such as
bread,?%* beer,?®> wine,?8® vinegar,2®” and honey,2%®
and certain seeds.?8? Trehalose content of dry solid
material can range from 10 to 23% for mushrooms
and from 7 to 11% for Baker’s yeast.?®® Thus, tre-
halose is present in a wide variety of both processed
and natural food products.
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Trehalose has gained regulatory approval in many
countries, starting with the UK as a cryoprotectant
for freeze dried food product at concentrations of up
to 5%.7 It was then approved as a food ingredient in
Korea and Taiwan in 1998, with no use limits, and
soon after in 2000, trehalose was deemed safe (gener-
ally regarded as safe or GRAS) by the US Food and
Drug Administration (FDA). Regulatory approval as a
novel food ingredient was granted in Europe in 2001.

As can be expected from the prevalence of trehalose
in nature, humans have evolved specific intestinal
enzymes to digest trehalose, similarly to other dis-
accharides. Upon ingestion, trehalose is enzymati-
cally hydrolyzed in the small intestine by a trehalose-
specific disaccharidase (trehalase) into two D-glucose
molecules, which are subsequently absorbed and
metabolized.??* Although there are no gender- or age-
associated differences in trehalase activity,2?! there
are reports of ethnic differences in the ability to in-
gest trehalose; slightly lower capacity to tolerate tre-
halose was noted in Asian populations.?92-29 Despite
these differences, safe human consumption of tre-
halose in doses up to 50 g has been demonstrated;2?2
thus, there appears to be no barrier for the inclusion
of trehalose in future food products.

Food Preservation

The drying of foodstuffs is an attractive approach not
only for ensuring stability but also for reducing the
weight and volume of the product (due to the removal
of water), which may lessen transport and storage
requirements. As for biologicals, as described above,
there are a number of issues associated with drying
foodstuffs, including reduction of visual appeal, smell
(upon reconstitution), and quality. Upon the addition
of trehalose prior to air drying, a wide variety of food
products were protected from denaturation, and the
sugar prevented the loss of aromatic volatiles, which
confer fresh food products their characteristic aroma
and flavor.?® Blended fresh eggs dried with trehalose
(at 40-50°C) resulted in an odorless yellow-orange
powder that can be stored at room temperature and
rehydrated easily, resulting in a product virtually in-
distinguishable from fresh eggs.!1? Superoxide dismu-
tase (SOD)-like activity of vegetables was also main-
tained upon drying fresh vegetables with trehalose.
Six hundred grams of minced carrot and 66 g of tre-
halose were mixed and dried in vacuo at 40°C for
40 h. The dried carrot-trehalose mixture was pow-
dered and then stored at 40°C for 7 days. The re-
maining SOD-like activity was higher than that of
the carrot powder alone (Table 5), and the degree
of stabilization was reported to be highly dependent
on the ratio of trehalose-to-vegetable used.??® A sim-
ilar protective effect of trehalose in maintaining the
SOD-like activity was observed for several other veg-
etables, including cucumber, spinach, and onion.2%
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Table 5. Summary of Protective Effects of Trehalose Compared with Sucrose in Food Products

Properties Trehalose Sucrose References
Activity Preservation/Stabilization
Preservation of SOD-like activity of carrot powder® 65% 28% 48,259,296
Protection of vitamin E to heating® ~T75% <5% 27
Suppression of AAPH-induced radical oxidation of linoleic and «-linolenic acid to 55%, 50% —3%, —3% 74
generate HPO¢
Suppression of Foul Odor
Suppression of propanal formation from «-linolenic acid¢ 87% 5% 24,27,48,76,259,298
Suppression of 2,4-decadienal formation from linoleic acide 88% 4% 24,27,76
Suppression of DMS and DMDS formation upon heating of milk/ 66%, 100% —-11%, —95% 27,44
Suppression of TMAO degradations 40% - 44,75,76
Suppression of diacetyl formation” 99.8% 95.5% 299
Food Quality and Safety
Suppression of Mg ion leakage from spinach and pork meat upon heating’ 53%, 59% 0%, 0% 27,49
Suppression of starch aging/ 88% 47% 44
Acrylamide formation* 0 mg/mol Asn 98 mg/mol Asn 27,259
Prevention of Maillard reaction (Browning Index)! 0 >6 297
Preservation of aroma™ effective - 25,110

@10 wt % of each sugar was mixed with minced carrot and then dried at 40°C for 64 h. The dried powder was stored at 40°C for 7 days. Superoxide
dismutase (SOD)-like activity remaining upon storage without sugar addition was 11%.

b Amount of vitamin E (a-tocopherol) remaining following heating for 1 h at 100°C; solution contained 100 mg vitamin E, 100 mg saccharide, and
500 mg cellulose. In the absence of sugars, the amount of a-tocopherol remaining was approximately 20%.

¢The level of 2,2'-azobis 2-amidinopropane dihydrochloride (AAPH)-induced radical oxidation of linoleic and a-linolenic acid was determined 24 h after
heating the solution at 40°C in the presence of 29.2 mM saccharide. The values shown in the table are relative to the amount of HPO produced in the
absence of sugars. Negative values indicate enhanced production with respect to control experiment.

dSuppression of a-linolenic acid decomposition (i.e., formation of volatile aldehydes such as propanal) upon the addition of saccharides to a boiling
solution compared with control (no sugar). Butanal and hexanal formation was also suppressed upon trehalose addition.

eSuppression of 2,4-decadienal formation from linoleic acid upon boiling in the presence of trehalose and sucrose, in comparison with control (no sugar).

fMilk was heated for 1 min at 130°C and the amount of dimethyl sulfide (DMS) and dimethyl disulfide (DMDS) was quantified and compared with that
of control, which contained no sugar. Negative values for sucrose indicate enhanced formation of DMS and DMDS.

£5% trehalose solution was added to 10 g of mackerel meat and boiled for 15 min. Degradation products of trimethylamine-N-oxide (TMAO),
trimethylamine (TMA), and dimethylamine (DMA) were analyzed and quantified by GC.

n10 wt % sucrose or trehalose was added to cacao and heated at 100°C for 5 min. The composition of the headspace gas (HSG) was analyzed by GC.
Cacao heated without any sugars released 8.9 pg/mL of diacetyl.

iSpinach (20 g) or pork meat (30 g) was boiled for 5 min in each 10% saccharide solution. The amount of eluted Mg was quantified by absorption
spectrophotometry and compared with the amount of Mg eluted out in the absence of saccharides.

72% starch solution was mixed with 12% trehalose solution and stored at 4°C for 12 h. The amount of aging was determined by the increase in solution
opacity. The amount of suppression is with respect to the opacity of the starch solution in the absence of trehalose.

kAmout of acrylamide formation in a mixture containing asparagine and saccharide, both at 0.1 mmol concentration, was measured by GC. The solution
was heated at 150°C for 20 min.

!Browning index is defined as the absorbance at 445 nm x dilution factor.

mRetention of aroma was quantified by analyzing the headspace content of volatiles by GC, upon reconstituting vacuum-dried fruit (banana and mango)
in the presence of 10 wt % trehalose. Chromatogram was compared with that of fresh fruit and that dried in the absence of trehalose.

Sucrose, on the contrary, was less effective in pre-
serving the SOD-like activity upon drying, followed
by storage at elevated temperatures; 28% of pre-dried
activity was preserved with sucrose compared with
65% for trehalose (Table 5). Trehalose-dried food prod-
ucts were also found to contain less toxic by-products
and higher nutritional content than conventionally
processed foods.?’ For example, fresh banana, straw-
berry, mango, avocado, apple, and raspberry, which
were all pureed in the presence of trehalose and dried
at 25-50°C, demonstrated no detectable changes in
color or other properties during prolonged storage. In
the dried state, the powders did not have any aroma,;
however, upon reconstitution, the color, viscosity, and
texture of the fresh purees were restored.?®> 119 In fact,
a few minutes after rehydration, the purees were re-
ported to emit the unique aroma of the fresh fruit. The
preservation of volatile aromatics can be understood
by the difference in hydrophilicity between trehalose
and the aromatics; trehalose is hydrophilic and its
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glass is not miscible with or permeable to hydropho-
bic volatile aromatics such as esters. Because of this
incompatibility, the aromatics are trapped within the
glass and are only released upon reconstitution. Con-
trary to the stable, nonpermeable glass produced by
trehalose, the glasses of other sugars that crystal-
lize become porous and permeable to volatile aromat-
ics, and thus, lose the aroma of fresh products over
time.!1% The dried products can also undergo degrada-
tion during storage. In one example, fresh mango was
pureed and then dried with and without trehalose.
The volatile aromatics released upon reconstitution
were collected and analyzed by gas chromatography
(GC). The mango dried with trehalose demonstrated
a higher number and intensity of native volatile aro-
matics as well as lower amounts of degradation com-
pounds, furfural and a-humulene.?’? These degrada-
tion compounds are characteristic products formed
from the Maillard reaction between the naturally
occurring sugars and proteins. Thus, trehalose not
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Figure 6. Progression of Maillard reaction as monitored
by the increase in monosaccharide content in a lyophilized
mixture of disaccharide, trehalose or sucrose (25 mg/mL),
and bovine serum albumin (BSA) present at 1 wt %. The
samples were stored at 45°C and 22% relative humidity
(RH) for the indicated amount of time and the glucose con-
tent was determined using an enzymatic method. Repro-
duced from Schebor et al.?*” with permission from Academic
Press.

only preserved the volatile aromatics but also sup-
pressed degradation. In comparison, foodstuffs dried
in sucrose may not enjoy similar stability, as the pro-
gression of the Maillard reaction typically results in
lowered pH and sucrose is susceptible to acid hydroly-
sis. In one study, the progression of Maillard reaction
of bovine serum albumin (BSA) co-lyophilized with
either sucrose or trehalose was monitored by examin-
ing the release of monosaccharides (due to hydrolysis)
during storage at 45°C and 22% RH (Fig. 6). Although
trehalose-preserved BSA demonstrated stability for
up to 90 days, BSA lyophilized with sucrose exhibited
hydrolysis within 3 weeks of storage. The desired poor
reactivity of trehalose with amino compounds is due
to its high thermostability, wide range of pH stability,
and lack of reducing power, as mentioned previously.
As will be described next, trehalose also masks un-
pleasant taste and odor in food, thus it is a superb
additive for the maintenance of food quality.

Effects as an Additive

Just as sugars and salts are added during food prepa-
ration to enhance the flavor (i.e., sweetness or salti-
ness) and/or alter the properties of cooking media (i.e.,
boiling point elevation), trehalose can be included as
an additive as well. As a dietary sugar, trehalose is
completely nontoxic and has been reported to moder-
ately modify the flavor of foods (i.e., suppression of bit-
terness, enhancement of sourness, etc.).”6-280.300 For
mochi-based products (mochi is a Japanese rice cake),
trehalose has been incorporated to confer protection
against low-temperature and freezing stresses.??® In
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addition, trehalose has been included to maintain the
“moistness” of mochi-based products as well as rice.
The inclusion of approximately 3% trehalose has been
shown to inhibit the dehydration of rice without en-
hancing its sweetness.**2%? This may allow for the
preparation of rice ahead of time, without compro-
mising its freshness. In another application, the ad-
dition of 12% trehalose resulted in the suppression
of starch aging (Table 5), whereas sucrose addition
resulted in only 47% protection. Application of cut
vegetables in 1-3% trehalose solution for 15-30 min
suppressed dehydration and discoloration (caused by
oxidation). For fruit, higher trehalose concentration
(10-15%) is required to observe similar efficacy.?%°
Trehalose addition has also been reported to prevent
freezer burn, and thus improve the quality of frozen
products, by modifying ice crystal formation. Further-
more, as will be discussed in more detail in the next
section, food products such as sponge cake, dough-
nuts, and mayonnaise can all benefit from incorpo-
rating trehalose, through its ability to suppress fatty
acid degradation.**

Administration of trehalose has resulted in lower
and slower rise in blood sugar level in comparison
with glucose.?59:301302 T addition, 90 min after oral
administration, the blood sugar level decreased grad-
ually for trehalose, compared with glucose, and the
insulin level was found to be lower than that re-
leased due to glucose ingestion.?! These observations
suggest that trehalose may be used as a substitute
in many sugar-containing food products, particularly
for those suffering from diabetes. Furthermore, tre-
halose may be a viable candidate for long-lasting en-
ergy source. Besides adequate level of hydration, rig-
orous sports activities require the replenishment of
carbohydrates, allowing for the maintenance of blood
sugar at an acceptable level. Owing to the lower sugar
spike (lower Cp,.x) and slower decrease in blood sugar
level (as well as its reduced sweetness in compari-
son with sucrose), trehalose has been slowly gain-
ing interest in the nutraceutical field and finds it-
self in a number of products; for example, trehalose
is now among one of the ingredients that can be cho-
sen to create a personalized supplement from True
Protein’s webpage (www.Trueprotein.com). However,
the differences among the individuals’ trehalase ac-
tivity must be kept in consideration, as the amount
and rate of trehalose degradation can vary and result
in off-target blood sugar levels.

Effects During Heating/Cooking

The application of heat to fresh products is inevitable
whether making confectionary products, baked goods,
or during cooking. Food products containing fat gen-
erally produce unpleasant odor upon heating and
processing. Poultry, fish, white rice, and mayonnaise
all produce odor (aldehydes) upon storage, but upon
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the addition of trehalose, odor was reduced.?” Lipid
oxidation by heating and exposure to air is the cause
of peculiar odor known as degradation odor, and it
is one of the main reasons for lowering the quality
of food products. Furthermore, the oxidation prod-
ucts of lipids are known to negatively influence hu-
man health and aging. Oxidation of unsaturated fatty
acids occurs readily upon heating their dispersion
in water; three types of unsaturated fatty acids, in-
cluding oleic acid (C18:1), linoleic acid (C18:2), and
a-linolenic acid (C18:3) are readily degraded upon
heating. In the presence of trehalose, however,
their degradation was inhibited. As described pre-
viously, trehalose is postulated to interact directly
with unsaturated fatty acids (through hydrogen
bonding),?%° thus providing stability and inhibiting
HPO production.?” The formation of HPO, which
is the initial reaction product of linoleic acid ox-
idation, was suppressed by trehalose through di-
rect interaction, as evidenced by NMR.?* Trehalose
was also found to suppress the formation of 2,4-
decadienal from linoleic acid during boiling (Table 5).
Trehalose can suppress fatty acid degradation not
only from heat but also from free radical oxidation.
The formation of HPO from both linoleic acid and o-
linolenic acid, due to 2,2'-azobis 2-amidinopropane di-
hydrochloride (AAPH)-induced radical oxidation, was
remarkably inhibited by trehalose (Table 5);"4the in-
clusion of 29.2 mM trehalose in the solution contain-
ing linoleic acid resulted in the reduction of HPO
formation by 55%, with respect to the control experi-
ment conducted in the absence of sugars. Sucrose, on
the contrary, was ineffective in protecting the fatty
acid from AAPH-induced oxidation. In another exam-
ple, 100 mg of unsaturated fatty acid was mixed with
1 mL of 5% disaccharide solution and then heated to
a boil for 1 h. The volatile aldehydes in the headspace
gas of the vial were measured using GC (Table 5). The
generation of almost all volatile aldehydes, propanal,
butanal, and hexanal, was remarkably suppressed to
10-30% of the control by the addition of trehalose?*
(Table 5). Similarly, trehalose was effective in sup-
pressing the formation of unpleasant odor associated
with cooking fish, that is, inhibition of breakdown of
animal fats and oils that produce aldehydes and 2,4-
decadienal.” In both of these cases, sucrose was not
as effective as trehalose in suppressing the formation
of volatile aldehydes (Table 5). The formation of TMA
from TMAO in mackerel meat during boiling was also
suppressed by approximately 40% in the presence
of trehalose.”® The stabilization was demonstrated
to occur through the direct interaction of trehalose
with TMAO via hydrogen bonding.” In another ex-
ample, trehalose was shown to suppress the forma-
tion of sulfur-associated odor during heating of milk;
DMS and DMDS are produced from the breakdown of
cystine and methionine upon heating milk (Table 5).
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This is thought to occur through the interaction of tre-
halose with the amino acid groups, thereby suppress-
ing their degradation into the sulfur compounds.?? Al-
though the mechanism is unclear, decreased amount
of diacetyl formation resulting from heating of ca-
cao was reported upon the addition of trehalose,?%®
0.02 pg/mL compared with 8.9 pg/mL in the absence
of trehalose. As high temperature is typically used
for baking cacao-based products as well as chocolate,
the suppression of unwanted, buttery aroma can be
avoided by the addition of trehalose (10 wt %). Al-
though not as effective as trehalose, sucrose was also
shown to reduce diacetyl formation (Table 5).

As described previously, trehalose was also re-
ported to interact with metal ions; release of Mg from
chlorophyll in spinach caused by heating was prohib-
ited in the presence of trehalose (Table 5) and the
green color of the vegetable was maintained.?” Higher
amounts of other salts, including Ca, Na, and K ions,
were also retained in the trehalose-containing solu-
tion. The suppression of Mg release from pork meat
was also reported when boiled in the presence of tre-
halose (Table 5),2” and is thought to result from the
interaction of trehalose with Mg ions, which are ei-
ther bound to a protein or other compounds.?’ In both
of these cases, the substitution of trehalose with su-
crose resulted in the elution of Mg comparable to
the amount observed in the absence of sugars. The
ability of trehalose to interact with metal ions has
also been reported to have a profound effect in sta-
bilizing vitamin C, which is known to degrade read-
ily in the presence of metal ions, such as iron and
copper?8; the addition of 100 mM trehalose was shown
to suppress (~50% or more) the degradation of vi-
tamin C (14.8 mM) in the presence of 10 mM metal
ions (Fe and Cu) upon heating at 50°C. Vitamin E
(a-tocopherol) was also reported to be stabilized by
trehalose upon heating for 1 h at 100°C;?’in compar-
ison, sucrose was ineffective in stabilizing vitamin E
(Table 5). In another example, 1-2% trehalose addi-
tion was shown to inhibit dehydration and stiffen-
ing of meat during heating, without enhancing its
sweetness.??? Trehalose was also reported to inhibit
the formation of acrylamide during heating and pro-
cessing of food products such as potato chips and
cereal. Typically, acrylamides are produced through
the interaction of Asn in food products with reduc-
ing sugars. Acrylamides are known to be toxic, caus-
ing damage to the central nervous system, and to
cause cancer upon long-term dosage. Upon the ad-
dition of trehalose, acrylamide production was sup-
pressed through its interaction with glucose (and thus
suppressed the glucose-Asn reaction).?” In the case
of sucrose, acrylamide was produced upon heating its
mixture with Asn (1:1 mole ratio), most likely through
its hydrolysis at high temperature (150°C) producing
glucose and fructose.
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Besides the foul odor, discoloration is another fac-
tor that negatively impacts the quality of food re-
sulting from heating and/or processing. As described
previously, trehalose can stabilize protein-based food
products against prolonged heat treatment due to its
resistance to Maillard reaction, thus preventing dis-
coloration. f-carotene, contained in carrots, is known
to degrade upon exposure to light or oxygen and re-
sults in loss of color of the vegetable. However, carrots
dried in the presence of trehalose, followed by 1 year
of storage at room temperature, have been shown to
maintain their color. In its absence, the carrots lost
color and degraded.** Thus, the addition of trehalose
to food products can not only improve their shelf life
but also prevent the deterioration in food quality asso-
ciated with discoloration and foul odor. As the indus-
try becomes more knowledgeable about trehalose and
its use, coupled to the reduction in cost, the number of
trehalose-containing products may show correspond-
ing increase. Furthermore, it is the hope of the au-
thors that these less known interactions of trehalose
with the common food ingredients, that is, fatty acids,
proteins, and ions, presented here may contribute to
the further improvement of formulation of biologicals
and pharmaceuticals, in particular, to better under-
stand the compatibility of formulation components.

USE IN THE COSMETIC INDUSTRY

Although the exact composition of ingredients in a
cosmetic product is typically unknown, the presence
of a certain excipient can be determined from prod-
uct packaging. As is the requirement for every in-
gredient in a cosmetic product, trehalose has been
demonstrated to be a safe and stable natural prod-
uct that can be used with confidence. Trehalose is
used in a wide variety of cosmetic products including
bath oils, hair growth tonics, and moisturizers; exam-
ples include Lux shampoo (Unilever, Tokyo, Japan),
skin milk body lotion (Nivea-Kao, Tokyo, Japan), and
Pro Tec style deodorant (Lion, Tokyo, Japan). Tre-
halose and its sulfate forms are used as moisture-
retaining agents in several cosmetic creams and lo-
tions, whereas the fatty acid esters of trehalose are
thought to act as surface-active agents.!3® Further-
more, trehalose may be incorporated into cosmetic

Table 6. Summary of Protective Effects of Trehalose as a
Cosmetic Ingredient

Effects References

Moisturizer, skin cell preservation 42 303

Stabilizer (i.e., suppression of oil breakdown 298
in cosmetics)

Suppression of body odor

Suppression of free radicals (and their damage
to DNA)

24,27,48,49,298
27,304
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products to enhance their storage stability and to
mask the odor of active ingredient(s) and their degra-
dation products, if any are produced (Table 6). During
storage, cosmetics (particularly, cream-based prod-
ucts) may undergo degradation (oxidation) and emit
unpleasant odor. As cosmetics are used for skin care,
hair care, and makeup, the aroma of these products
is a critical factor that can influence its quality and
popularity (and thus sales). In one study, the effect of
trehalose in suppressing the formation of aldehydes
was examined from a variety of oil-based products,
including triethylhexanoin, sunflower oil, grape seed
oil, and cacao 0il.2%8 Trehalose was shown to suppress
the formation of both short-chain (3—7 carbons) and
medium-chain (8-16 carbons) aldehydes and alcohols
following storage at 45°C for up to 4 weeks,??® in most
cases by 50% and in some cases by more than 90%.

The effectiveness of trehalose in protecting the cell
membrane was described previously for liposomal ap-
plications. The outer layer of human skin consists
of layers of cells that maintain approximately 20%
water, which contribute to the texture (i.e., softness)
and malleability of the skin, and create a network of
cells that acts as a barrier to dehydration and concur-
rently, intrusion of foreign material.*?> Thus, the main-
tenance of water content on the outer layer of skin is
essential. In a study by Takeuchi and Banno,*? human
skin cells were dried for several hours after reaching
confluency, and the effects of several sugars at var-
ious concentrations were examined. Trehalose was
demonstrated to improve the survival of these cells
to desiccation in a concentration-dependent manner
(determined by trypan blue staining); in the presence
of 0.25% trehalose, the survival rate after 4 h of des-
iccation increased from 23% (no trehalose) to 41%,
and increased further to 45% at 1% concentration.*?
In comparison with trehalose, sucrose was less effec-
tive. Thus, trehalose preserved the integrity of cells
upon desiccation, as was observed previously for lipo-
somes. For this reason, trehalose may be an effective
ingredient in lotions and moisturizers. The low num-
ber of commercial products containing trehalose for
this purpose may be attributed to its cost, although
with the development of novel production methods,
this may present less of a hurdle.

Trehalose can also be included in cosmetic prod-
ucts as the key ingredient in suppressing human
body odor. Odor associated with aging is caused by
the formation of unsaturated aldehydes such as 2-
nonenal and 2-octenal. These aldehydes are produced
by the degradation of unsaturated fatty acid (palmi-
toleic acid) in the skin of seniors. In one study,
the body of seniors (aged >55 years) was sprayed
with 2% trehalose after shower, and 20 h later, the
amount of unsaturated aldehydes produced was ana-
lyzed from the subjects’ shirts. Decrease of about 70%
in odor from seniors was noted upon the application of
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trehalose solution;?*4® more specifically, the amount

of 2-hexenal, 2-octenal, and 2-nonenal production was
reduced upon the use of 2% trehalose solution from
17.2 to 5.4 pug, in total.?” Similar effects were ob-
served with people aged less than 55 years; however,
the noted effects were significantly less. Besides the
unsaturated aldehydes, free radicals and HPOs are
produced during oxidation of fatty acids and may re-
sult in more than foul odor. These products can react
with proteins and DNA, resulting in scission of DNA
chain or its irregular production, potentially leading
to deleterious conditions, including cancer.?” This sce-
nario may be avoided with the use of trehalose, which
can suppress the breakdown of fatty acids.

CURRENT REGULATORY ISSUES AND
SPECIFICATIONS IN PHARMACOPOEIAS

As described in previous sections, trehalose is a safe
ingredient and is utilized in a wide variety of prod-
ucts, including pharmaceuticals, foods, and cosmet-
ics. For its incorporation in commercial products,
trehalose must be approved by several governing
bodies that determine its safety and efficacy, as in-
tended. Shown below in Table 7 is the regulatory sta-
tus of trehalose as of June 2010. As a pharmaceuti-
cal reagent, trehalose is listed on the United States
Pharmacopoeia—National Formulary and European
Pharmacopoeia and will be listed on the Japanese
Pharmacopoeia in 2011, thus paving the way for its
widespread use in the next generation of therapeu-
tic products. The use of trehalose in the food indus-
try has been more prevalent, and is reflected in the

earlier date of its approval. In 2000, trehalose was
listed as a safe food ingredient by the FDA, and in
2001, as a novel food ingredient in the European
Union (EU). The approval in Japan for the use of tre-
halose as a food ingredient and food additive predates
those in the United States and EU by several years
(1996) and is reflected in the wide variety of commer-
cial food products that contain trehalose. In addition,
trehalose is approved or registered in 21 other coun-
tries/regions as a food additive. As an ingredient in
cosmetic products, trehalose has been listed on Toxic
Substances Control Act (TSCA) in the United States
and approved as a nonactive ingredient in Japan. In
the EU, trehalose has been preregistered on Regis-
tration, Evaluation and Authorization of Chemicals
(REACH). Trehalose is also approved or registered in
nine other countries/regions for use in cosmetic prod-
ucts. Furthermore, trehalose may be used as a cos-
metic ingredient in certain countries (i.e., countries
in South East Asia) without approval or registration.

Compared to the history of use of trehalose in food
products, its application in pharmaceutical products
is still at an infantile stage. However, as more studies
are conducted to examine its compatibility with the
newly synthesized therapeutic products, the use of
trehalose is expected to increase.

FUTURE APPLICATIONS OF TREHALOSE

As described in previous sections, trehalose is a safe
ingredient and is utilized in a wide variety of prod-
ucts including pharmaceuticals, foods, and cosmetics.
In the pharmaceutical industry, various companies,

Table 7. Summary of Regulatory Status of Trehalose for Pharmaceutical, Food, and Cosmetic use

Region/Agency Status Date

Pharmaceutical Use

USA: United States Pharmacopoeia—National Listed on USP-NF Jan 2010
Formulary (USP-NF)

EU: European Pharmacopoeia (Ph. Eur.) Listed on Ph.Eur. 6.8 Jul 2010

Japan: Japanese Pharmacopoeia (JP) To be listed on the 16th edition of JP 2011

Food Use

USA GRAS? (FDA notified, No. GRN000045) as food ingredient Oct 2000

EU Novel food Sep 2001

Japan Listed on LEFA?, food ingredient, and food additive 1996

JECFA¢ ADI? “not specified” Jun 2000¢

Cosmetic Use

USA Listed on TSCA/

EU Preregistered on REACH# (EC No. 202-739-6)

Japan Nonactive ingredient in approved quasi-drugs

Chemical Abstracts Service Registry Number (CAS RN.)

6138-23-4 (dihydrate) 99-20-7 (anhydrous)

«GRAS: generally regarded as safe.
bLEFA: List of Existing Food Additives.

¢JECFA: Joint Food and Agriculture Organization of the United Nations (FAO)/WHO Expert Committee on Food Additives.

dADI: Acceptable daily intake.

eIssued on June 2000 at the 55th JECFA and published in Food and Nutritional Paper (FNP) 42 Add. 8 (2001).

FTSCA: Toxic Substances Control Act.

gREACH: Registration, Evaluation, and Authorization of Chemicals, EC: European Commission.
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including Biomatrica and Cellphire, are utilizing
trehalose as a technology platform based on its
stabilizing effect on proteins,’8,232,235,305
platelets,65-167-170 DNA 48.259 etc., whereas Genentech
possess several patent applications, which describe
the use of trehalose as a stabilizer in antibody
formulation (Table 2). Other research findings
described in the current review, including the ben-
eficial effect of trehalose on osteoporosis!®®189.271
HD,46.272 dry eye,!” etc., may lead to other
companies adopting trehalose as a therapeu-
tic. Trehalose has been tested clinically for the
treatment of dry eye syndrome!?®275276 and suc-
cessfully used in organ transplant solution at Kyoto
University.190-195.198 The use of trehalose may be
imminent in the solid dosage forms, as evidenced
by the high number of patent applications (Table 2).
Further understanding of the interaction of tre-
halose with metal ions, fatty acids, and other small
molecules, as described in the section entitled Use in
the Food Industry, may lead to better formulations
through our increased understanding of excipient—
excipient interactions. The stability of trehalose to
high temperature and hydrolysis may mark the sugar
to be a suitable choice for a parenteral formulation as
it can be sterilized by autoclave'* or y-radiation.!4?
In the food and cosmetic industries, the use of
trehalose may increase in the United States and
Europe following its reduction in cost coupled to its
successful and prevalent use in Japan.

Despite the abundance of data demonstrating the
benefits of trehalose over some of the currently used
stabilizers or food ingredients, acceptance of its use in
the various industries and countries may ultimately
depend on only a few factors such as cost, familiarity,
and intellectual property landscape. The cost hurdle
has been reduced significantly due to the recent ad-
vancements in trehalose production. However, there
still remains the resistance by the user; if the user (or
company) is not familiar with the sugar, it will not be
adopted. The excipients that trehalsoe may replace,
including sucrose, mannitol, lactose, have been uti-
lized in the pharmaceutical industry for a very long
time, thus enough incentive must be present for the
change to occur. In addition, with further progression
of formulation in its development cycle, the incorpora-
tion of trehalose (or switch) will be difficult, as is the
case with products that are already marketed and be-
ing redeveloped as a second-generation product, both
from the regulatory perspective. Furthermore, the use
of trehalose in certain application or country may be
limited by the freedom to operate, as the number of
patent applications can attest (Table 2). It is imper-
ative for the reader to be aware of these limitations
prior to developing new applications. Nonetheless, we
hope that the current review can serve the reader in
understanding the unique properties of trehalose, and
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furthermore, in motivating the reader to apply some
of the presented ideas in his/her field of expertise.

SUMMARY

Trehalose, once considered a rare sugar, is prevalent
both in nature and in products that are encountered
daily, including foods, cosmetics, and pharmaceuti-
cals. The sugar does possess very unique physical and
chemical properties, which sets itself apart from the
other sugars, and has been the focus of numerous
studies. The majority of attention has been placed on
its application in preserving biological molecules, in-
cluding lipids and proteins, and more recently, with
stem cells, tissues, and organs. There are, however,
a number of studies that examined the effects of tre-
halose in less well known subjects such as its ability
to suppress the formation of foul odor from fish and
meat (as well as from humans) and to maintain the
appearance and quality of processed food products.
Trehalose can be applied to the skin, as a component
of a moisturizer, or be eaten, as an ingredient in con-
fectionary products. In both cases, the unique ability
of trehalose to bind tightly to water is used to enhance
product quality. Drinking trehalose is claimed to ame-
liorate the conditions of osteoporosis and HD. The use
of trehalose in a wide variety of medical applications
is being examined and its progress is reflected in the
increasing number of patent applications. Of particu-
lar interest, in the near future, for the use of trehalose
in the pharmaceutical industry is its use as an excip-
ient in solid dosage form. This is due to its numer-
ous advantages over the traditional excipients such
as lactose and mannitol. As the number of products
introduced in the current review can testify, the use
of trehalose is much more prevalent in Japan than
in any other country, however, this may soon change.
With the development of novel processing methods to
improve purity and also affordability, trehalose is cer-
tain to find its way into increasing number of products
and applications.
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