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ABSTRACT
Purpose To study the influence of crystallizing and non-
crystallizing cosolutes on the crystallization behavior of treha-
lose in frozen solutions and to monitor the phase behavior of
trehalose dihydrate and mannitol hemihydrate during drying.
Methods Trehalose (a lyoprotectant) and mannitol (a bulking
agent) are widely used as excipients in freeze-dried formulations.
Using differential scanning calorimetry (DSC) and X-ray diffrac-
tometry (XRD), the crystallization behavior of trehalose in the
presence of (i) a crystallizing (mannitol), (ii) a non-crystallizing
(sucrose) solute and (iii) a combination of mannitol and a model
protein (lactose dehydrogenase, catalase, or lysozyme) was
evaluated. By performing the entire freeze-drying cycle in the
sample chamber of the XRD, the phase behavior of trehalose
and mannitol were simultaneously monitored.
Results When an aqueous solution containing trehalose
(4% w/v) and mannitol (2% w/v) was cooled to −40°C at
0.5°C/min, hexagonal ice was the only crystalline phase.
However, upon warming the sample to the annealing
temperature (−18°C), crystallization of mannitol hemihydrate
was readily evident. After 3 h of annealing, the characteristic
XRD peaks of trehalose dihydrate were also observed. The
DSC heating curve of frozen and annealed solution showed
two overlapping endotherms, attributed by XRD to the

sequential melting of trehalose dihydrate—ice and mannitol
hemihydrate—ice eutectics, followed by ice melting. While
mannitol facilitated trehalose dihydrate crystallization, sucrose
completely inhibited it. In the presence of protein (2 mg/ml),
trehalose crystallization required a longer annealing time.
When the freeze-drying was performed in the sample
chamber of the diffractometer, drying induced the dehydra-
tion of trehalose dihydrate to amorphous anhydrate. How-
ever, the final lyophiles prepared in the laboratory lyophilizer
contained trehalose dihydrate and mannitol hemihydrate.
Conclusions Using XRD and DSC, the sequential crystalliza-
tion of ice, mannitol hemihydrate, and trehalose dihydrate was
observed in frozen solutions. Mannitol, by readily crystallizing as
a hemihydrate, accelerated trehalose dihydrate crystallization in
frozen solutions. However, by remaining amorphous, sucrose
completely inhibited trehalose dihydrate crystallization. Crystal-
lization of the lyoprotectantt in the model protein formulations
might have serious implications on protein stability.

KEY WORDS dehydration . DSC . mannitol hemihydrate .
processing . protein . trehalose dihydrate . XRD

INTRODUCTION

In addition to the active pharmaceutical ingredient (API),
lyophilized formulations often contain a bulking agent,
lyoprotectant, buffer and surfactant (1,2). These excipients
are incorporated to exert specific functions, wherein their
desired physical form, both during processing and in the
final product, can potentially influence the product stability
and hence the performance (3–6). Crystallization of bulking
agents is desirable, both from processing and product-
elegance perspectives (7,8). Bulking agents such as mannitol
and glycine, when crystallized, enable primary drying at a
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relatively high temperature and provide a robust matrix
during freeze-drying (7–11).

In contrast, crystallization of buffer components and
lyoprotectant, an excipient intended to stabilize macro-
molecules, is undesirable (12–15). Buffer component crys-
tallization in frozen solutions can cause a significant shift in
the freeze-concentrate pH. Lyoprotectant crystallization
reduces its effectiveness (16,17). The physical state of an
excipient not only determines its own functionality, but can
also influence the solid state of other solutes including the
API (6). For example, crystallization of glycine enhanced
the crystallization of sodium phosphate buffer in frozen
solutions. In contrast, sucrose, an amorphous solute,
completely inhibited buffer crystallization (18,19).

Non-reducing sugars, such as sucrose and trehalose, are
widely used as lyoprotectants due to their ability to vitrify
during freeze-drying. The high viscosity of the sugar
solution in the freeze-concentrate is implicated in their
resistance to crystallization. While there are no reports on
sucrose crystallization, we recently reported the crystalliza-
tion of trehalose in frozen solutions (12,13,20,21). Raffi-
nose, a trisachharide consisting of glucose, fructose and
galactose readily crystallized in frozen solutions (22–25). At
−25°C, the viscosity values of aqueous sucrose, trehalose
and raffinose solutions are respectively ~100, 680 and
715 Pa s (26–28). It is clear that viscosity cannot explain the
ability of sucrose to resist crystallization. Both trehalose and
raffinose crystallize as hydrates, the former as a dihydrate
and the latter as a pentahydrate. Obviously the solubility of
these hydrates is lower than that of the corresponding
anhydrous forms. In addition, the structure in solution
could explain the differences in crystallization propensity.

While analyzing the crystal structures of sugars, includ-
ing sucrose, trehalose and lactose, Jeffrey reported the
existence of intramolecular hydrogen bonding in all the
disaccharides but trehalose (29–31). The most common
intramolecular hydrogen bonding was the linkage between
the oxygen (O–2 and O–3′) atoms of the monosaccharide
residues (32). Similar intramolecular hydrogen bonds are
also absent in raffinose pentahydrate (33). However, in the
hydrated crystal form of trehalose or raffinose, it is common
to find that two oxygen atoms (O–6 and O–6′) in the
monosaccharide residues are linked by hydrogen bonds to
water molecules (33–35). The mobility of the fructose
moiety in sucrose enables effective hydrogen bonding
(intramolecular) with glucose. While investigating the
associations of sucrose molecules in aqueous solutions,
Mathlouthi et al. indicated that the number of intramolec-
ular hydrogen bonds depended on concentration (36). In
dilute solutions (10% w/v), there was no intramolecular
hydrogen bonding, whereas at high sucrose concentrations
(82% w/v), two bonds are formed between the monosac-
charide units. Because of this intramolecular hydrogen

bonding and the flexibility of the glycosidic linkage, the
torsion angle between the two monosaccharides (glucopyr-
anose and fructofuranose) is less obtuse (114°) than in
trehalose dihydrate (116°), cyclohexaamylose (119°) and
raffinose (122°) (32). The resistance to crystallization in
frozen sucrose solutions could be attributed to the flexibility
of the glycosidic linkage and the geometrical constraint
imposed by intramolecular hydrogen bonding (36). The
inability of trehalose and raffinose to form intramolecular
hydrogen bonds can explain their ability to interact with
water and crystallize as hydrates (20–25).

While crystallization of raffinose pentahydrate has been
extensively reported (22–25), annealing-induced crystalliza-
tion of trehalose dihydrate in frozen solutions was demon-
strated only recently (20,21). In the previous work, aqueous
solutions containing only trehalose were investigated.
However, freeze-dried pharmaceutical formulations are
often multi-component systems. Thus, we wish to deter-
mine the influence of crystallizing and non-crystallizing
cosolutes on the crystallization behavior of trehalose in
frozen solutions. Our hypothesis is that the crystallization of
solutes in frozen solutions will facilitate trehalose crystalli-
zation. In contrast, a non-crystallizing solute such as sucrose
will inhibit trehalose crystallization.

Thus, our objective is to investigate individually the
influence of a readily crystallizing (mannitol) and a non-
crystallizing (sucrose) cosolute on the crystallization behav-
ior of trehalose in frozen solutions. The effect of model
proteins—lactic acid dehydrogenase, glucose oxidase, cat-
alase, and lysozyme—on trehalose crystallization was also
evaluated. Both calorimetry and diffractometry were
utilized to characterize frozen systems. In an effort to
monitor the phase behavior of trehalose dihydrate during
drying, the entire freeze-drying cycle was performed in the
sample chamber of an X-ray diffractometer.

MATERIALS AND METHODS

Materials

Trehalose dihydrate (C12H22O11⋅2H2O), sucrose
(C12H22O11), mannitol (C6H14O6), glycine (C2H5NO2), L-
lactic dehydydrogenase (Type XI: from rabbit muscle; 796
units/mg), glucose oxidase (Type X-S: from Aspergillus
niger; 158 units/mg), catalase (from bovine liver; 13,000
units/mg), and lysozyme (from chicken egg white; 58,100
units/mg) were purchased from Sigma and used without
further purification. All the solutions were prepared with
degassed deionized water. The deionized water was
degassed by holding at 70°C for 5 min and filtered through
0.45 μm PTFE membrane filter. The degassed water,
stored in a closed container at room temperature (RT), was
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used to prepare the solutions. As shown in Fig. 1, prelyo
solutions containing a) trehalose (4% w/v) and mannitol (2
to 8% w/v), b) trehalose (4% w/v), mannitol (2% w/v) and
protein (2 mg/ml), and c) trehalose (4% w/v) and sucrose (2
to 8% w/v) were investigated.

Methods

X-ray Diffractometry (XRD)

A powder X-ray diffractometer (Model XDS 2000, Scintag;
Bragg-Brentano focusing geometry) with a variable tem-
perature stage (High-Tran Cooling System, Micristar,
Model 828D, R.G. Hansen & Associates; working temper-
ature range: −190 to 300°C) and a solid-state detector was
used. About 1 mL of the aqueous solution was placed into a
custom-designed sample holder and hermetically sealed
with a stainless steel dome with a beryllium window.
Typically, the solutions were cooled from RT to −40°C
at 1°C/min, held for 15 min, and then heated at 1°C/min
to the annealing temperature of −18°C. When phase
quantification was desired, the integrated intensities of the
characteristic peaks were obtained. The specific experi-
mental details are provided in the figure legends.

Following the annealing step, primary drying was
conducted at −25°C under reduced pressure (150 mTorr).
The secondary drying was performed by increasing the
temperature, first to −10°C and then to 0°C and finally to
+10°C. The frozen mass was periodically exposed to Cu
Kα radiation (45 kV × 40 mA) in the reflection mode, and
the XRD patterns were obtained using a zero dimensional
(point) detector. The samples were scanned over an angular
range of 5 to 35° 2θ with a step size of 0.05° and a dwell
time of 1 s. The results were compared with the published
data in the Powder Diffraction Files (PDF) of the
International Centre for Diffraction Data (ICDD) (37).

The final lyophiles were analyzed using a powder X-ray
diffractometer (Bruker D8 Advance, Bruker AXS, Madi-
son, WI) with Cu Kα radiation (40 kv × 40 mA) and
LynxEye™ detector. The diffraction patterns were
recorded in the range of 5 to 35° 2θ with a step size of
0.05° and a count time of 1 s.

Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter (MDSC, Model 2920,
TA instruments, New Castle, DE) equipped with a
refrigerated cooling accessory was used. The instrument
was periodically calibrated with tin and indium. About
40–50 mg of aqueous trehalose solution was weighed in
an open aluminum pan and cooled from RT to −70°C
at 1°C/min. Dry nitrogen at 50 ml/min was used as the
purge gas. The frozen solutions were warmed to −18°C
at 1°C/min and annealed for 48 h. The annealed
samples were then cooled back to −50°C and rewarmed
to RT at 1°C/min.

Lyophilization

Trehalose (4% w/v) solution was prepared by dissolving the
appropriate amount of trehalose dihydrate in water.
Trehalose solutions were also prepared containing either
sucrose (a non-crystallizing cosolute) or mannitol (a crystal-
lizing cosolute). About 5 ml of the prelyophilization solution
was filled into glass vials and then loaded into a bench-top
(VirTis® AdVantage™, Gardiner, NY) freeze-dryer. USP
Type I borosilicate glass vials (VWR®), with 20 mm neck
size and 10 ml fill volume capacity were used. The freeze-
dryer shelf was cooled to −40°C at 0.5°C/min, held for
1 h, then heated to −18°C and held for 20 h. Following this
annealing step, primary drying (at 50 to 60 mTorr) was
carried out at a shelf temperature of −30°C for 30 h.
Secondary drying was conducted, first at −10°C for 2 h,
and then at 0 and +10°C each for 2 h. At the end of the
cycle, the vials were capped with rubber stoppers (two-leg
gray butyl, Fisher Scientific) under dry nitrogen gas purge
and then stored in a refrigerator.

RESULTS AND DISCUSSION

Based on their XRD patterns, the ‘as-received’ trehalose
was identified as the dihydrate, while sucrose, mannitol (β-)
and glycine (α-) were anhydrous forms. In addition, the
other expected physical forms of these compounds could be
readily identified by their unique XRD peaks. Trehalose
dihydrate (C12H22O11⋅2H2O) was characterized by peaks
at 8.8° (10.10 Å), 15.3° (5.79 Å), 16.9° (5.24 Å), and 17.6°
2θ (5.04 Å). The α-, β-, and γ-polymorphic forms of glycine

Analyzed by DSC and XRD

Annealed at −18 °C  

Cooled to −40 °C at 0.5 °C/min and held for 15 min

Warmed to −18 °C at 0.5 °C/min

Trehalose & 
mannitol

Trehalose, mannitol 
& protein

Trehalose & 
Sucrose

Prelyo solution

Fig. 1 Schematic representation of the experimental protocol and the
systems investigated.
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were identified by their respective peaks at 30.2° (2.96 Å),
18.0° (4.92 Å), and 21.8° 2θ (4.07 Å). Similarly, unique
peaks of anhydrous α- [13.7° (6.46 Å) and 17.3° (5.12 Å)
2θ], β- [14.6° (6.06 Å) and 16.8° (5.27 Å) 2θ], and δ- [9.7°
(9.11 Å) and 24.6° (3.62 Å) 2θ] polymorphic forms of
mannitol facilitated their identification in multi-component
systems. Mannitol hemihydrate (C6H14O6⋅0.5H2O) was
identified by the peaks at 9.6° (4.95 Å), 16.5° (5.37 Å),
18.0° (4.92 Å) and 20.5° 2θ (4.33 Å) (37). The DSC heating
curves of trehalose dihydrate, sucrose, mannitol (β-) and
glycine (α-) were in excellent agreement with that reported
earlier (37–41).

Characterization of Frozen Solutions

Trehalose and Mannitol

Low-Temperature XRD. Previous studies demonstrated
annealing-induced crystallization of trehalose dihydrate in
frozen solutions (20,21). Upon cooling a buffered (succinate)
trehalose solution, there was a pronounced increase in the
freeze-concentrate pH. This was attributed to the sequen-
tial crystallization of ice, buffer components and trehalose
dihydrate. In other words, crystallized buffer components
facilitated the crystallization of trehalose dihydrate, which
in turn caused further crystallization of buffer components.
When a solution containing only trehalose was cooled,
hexagonal ice was the only crystalline phase. Trehalose
dihydrate peaks were evident after annealing the seeded
frozen solution. Thus, external seeding of the frozen
solution accelerated trehalose crystallization. We recognize
that during the freeze-drying process, external seeding is
not a practical option. However, we hypothesize that the
presence of a readily crystallizing solute, through in situ
seeding, will substantially accelerate trehalose crystalliza-
tion. To test this hypothesis, we investigated the influence of
mannitol, a readily crystallizing solute.

Fig. 2 contains the XRD patterns of a frozen aqueous
solution containing trehalose and mannitol recorded during
annealing at −18°C. The eutectic melting temperatures of
trehalose-water and mannitol-water binary systems are
−2.5 and −1.5°C, respectively, and the glass transition
temperature of trehalose freeze-concentrate is reported to
be in the range of −32 to −40°C (42). Since maximum
crystallization is expected at the midpoint between Te and
Tg’, annealing was conducted at −18°C (43). Soon after
cooling to −40°C, hexagonal ice was the only crystallized
phase (Fig. 2). However upon warming the solution to the
annealing temperature (−18°C), mannitol readily crystal-
lized as mannitol hemihydrate (Fig. 2). This assignment was
based on the peaks at 9.6, 18.0 and 20.5° 2θ. The low
intensity peak at 9.7° 2θ (Fig. 2), attributable to δ-mannitol,
gradually merged with the hemihydrate peak at 9.6° 2θ.

Hence, we conclude that the frozen matrix contains a
mixture of anhydrous δ-mannitol (trace) and mannitol
hemihydrate (dominant phase).

As the annealing progressed to 3 h, there was a
considerable increase in mannitol hemihydrate peak inten-
sities and concomitant appearance of trehalose dihydrate
(peaks at 15.2° and 16.9° 2θ). Upon further annealing, the
intensity of both mannitol hemihydrate and trehalose
dihydrate peaks increased substantially, indicating a se-
quential crystallization of mannitol hemihydrate and
trehalose dihydrate. The integrated intensities of the
characteristic peaks, a quantitative measure of the crystal-
lized phases, are plotted as a function of annealing time
(Fig. 3). Upon annealing, mannitol hemihydrate peaks
appeared readily, and those of trehalose dihydrate
appeared after 3 h. In contrast, our previous study revealed
that peaks of trehalose dihydrate appeared after 12 h of
annealing the seeded frozen solutions but only after 3 days
of annealing the unseeded system (20,21). Thus, when
compared with external seeding, the presence of crystalline
mannitol appeared to be more effective in promoting
trehalose crystallization. Up to about 40 h of annealing,
the peak intensities of mannitol hemihydrate and trehalose
dihydrate showed a pronounced increase as a function of
annealing time, and then leveled off.

To determine the crystallized fraction of trehalose in
frozen solution, the XRD pattern of a physical mixture
containing ~4.4 g of trehalose dihydrate and ~95.6 of
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Fig. 2 XRD patterns of frozen aqueous solution containing trehalose (4%
w/v) and mannitol (2% w/v) recorded during annealing. The solution was
initially cooled from RT to −40°C and held for 15 min, and the XRD
pattern was recorded (bottom pattern). The solution was then heated to
−18°C and annealed for 47 h. The characteristic peaks of hexagonal ice,
mannitol hemihydrate, and trehalose dihydrate are identified.
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powder ice was recorded (data not shown). Based on the
intensity of the trehalose dihydrate peaks, it was estimated
that 40 to 50% of the trehalose had crystallized after
annealing for 90 h.

Differential Scanning Calorimetry (DSC). Fig. 4 shows the
DSC heating curve of frozen and annealed aqueous solution
containing trehalose (4% w/v) and mannitol (2% w/v).
During the initial cooling, only ice crystallization was evident
(data not shown). However, when the annealed sample was
rewarmed from −50°C to RT, two endotherms overlapped
with ice melting (Fig. 4, inset). To deconvolute the over-
lapping thermal events, modulated DSC is typically utilized,
wherein the ‘reversible’ (for e.g., melting or glass transition)
and ‘nonreversible’ (for e.g., crystallization or degradation)
thermal events are separated using a sinusoidal heating rate.
However, modulated DSC is not very useful in separating
overlapping reversible events such as melting endotherms of
two components with close melting points (44).

In an effort to separate the overlapping melting events,
Fourier self-deconvolution was utilized. It is typically used
to deconvolute overlapping peaks in the FT-IR spectra of
multi-component mixtures (45). However, its applicability
and validity in the deconvolution of DSC heating curves
has not been established. While a broad FT-IR peak can be
a consequence of overlapping peaks, such an assumption in
DSC heating curves can be erroneous. In DSC, peak
broadening can be brought about by dissolved solutes. But
in our frozen system (trehalose and mannitol), since the
temperature range of interest was very close to the eutectic

temperatures (trehalose dihydrate-ice and mannitol
hemihydrates-ice), we assumed that any peak broadening
due to the dissolved solute will be negligible. Therefore, the
observed broadening was attributed to the overlapping
eutectic melting events.

The deconvoluted DSC curve showed three melting events
with onset temperatures of −2.3, −0.9 and 1.0°C. The
sequence of the melting events can be postulated from the
aqueous solubility of the individual components—the higher
the solubility, the lower the eutectic temperature. The
equilibrium aqueous solubility of mannitol is significantly
lower than that of trehalose at all temperatures. For example,
while the solubility of mannitol at 10°C is 0.08 M, that of
trehalose is 1.48 M. At this temperature, for both these
systems, the solid in contact with the saturated solution is the
corresponding anhydrous form. However, our XRDwork has
unambiguously revealed that at temperatures <0°C, only the
hydrate forms (dihydrate in case of trehalose and hemihydrate
in case of mannitol) existed (Fig. 6). Therefore, the first two
thermal events are respectively attributed to the eutectic
melting of trehalose dihydrate-ice (−2.3°C) and mannitol
hemihydrate-ice (−0.9°C) binary systems and the final
endotherm to ice melting. To substantiate this assignment,
aqueous solutions of trehalose and mannitol were individu-
ally subjected to DSC (Fig. 5 panels a & b). The binary
eutectic temperatures of trehalose dihydrate-ice (panel a) and
mannitol hemihydrate-ice (panel b) were −2.4 and −1.3°C,
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respectively (onset temperature). These were in excellent
agreement with the reported temperatures of –2.5 (trehalose-
ice) and –1.5°C (mannitol-ice) (9,46,47).

To interpret the thermal events observed in the DSC,
similar experiments were performed using the diffractom-
eter. The XRD patterns were recorded when the annealed
solution was warmed (Fig. 6). As the temperature was
progressively increased, the characteristic peaks of trehalose
dihydrate and mannitol hemihydrate were evident up to
−2°C (Fig. 6). However, when the temperature was
increased from −2.0 to −1.0°C, both the peaks of trehalose
dihydrate and mannitol hemihydrate disappeared simulta-

neously, but the ice peaks were observed up to 0°C. Thus,
based on XRD, we cannot distinguish between trehalose-
mannitol-water ternary eutectic system and trehalose-water
and mannitol-water binary eutectic systems. This limitation
of XRD comes about because the eutectic temperatures of
the two binary systems are very close to each other.
However, XRD revealed the identity of the crystalline
phases in the system—something that cannot be obtained
directly from DSC. Thus, using both DSC and XRD, the
eutectic melting of trehalose dihydrate-ice and mannitol
hemihydrate-ice could be established.
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In Situ Freeze-Drying XRD. Previous studies indicated that
crystalline hydrates, for example, disodium succinate hexahy-
drate and trehalose dihydrate, dehydrate into the corresponding
amorphous anhydrates during drying (13,20,21). To monitor
the phase behavior of trehalose dihydrate during drying and to
understand the influence of mannitol hemihydrate on the
dehydration of trehalose dihydrate, the entire freeze-drying
cycle was performed in the X-ray diffractometer.

Fig. 7 contains the XRD patterns recorded during
primary drying of the frozen aqueous solution containing
trehalose and mannitol. When the drying was initiated at
−25°C, the characteristic peaks of trehalose dihydrate,
anhydrous δ-mannitol and mannitol hemihydrate (trace)
were evident. At the end of primary drying, reflected by
the complete disappearance of ice, the peaks of trehalose
dihydrate and mannitol phases were retained. An increase
in the drying temperature to –10°C did not bring about
any pronounced changes in the XRD pattern. However,
when the temperature was increased to 0°C and the

drying was continued for 2 h, there was a pronounced
decrease in the trehalose dihydrate peak intensities,
reflecting its conversion to an amorphous anhydrate.
The final lyophile contained amorphous anhydrous treha-
lose and δ-mannitol.

Thus, both XRD and DSC provided evidence for the
crystallization of trehalose dihydrate in frozen solutions.
The freeze-drying, in the sample chamber of the XRD,
revealed the dehydration of trehalose dihydrate to amor-
phous anhydrate. The final lyophiles contained δ-mannitol
and traces of mannitol hemihydrate.

Trehalose, Mannitol, and Protein

While trehalose dihydrate crystallization in frozen solutions
was accelerated by a crystallizing cosolute (mannitol), the
influence of non-crystallizing APIs was studied using LDH,
catalase, and lysozyme as model proteins. The prelyo
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Fig. 8 Overlaid XRD patterns of frozen aqueous solution containing trehalose (4% w/v), mannitol (2% w/v), and model proteins, a) lysozyme, b) LDH;
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solution contained API (2 mg/ml), trehalose (4% w/v) and
mannitol (2% w/v).

Low-Temperature XRD. Aqueous solutions containing tre-
halose, mannitol, and model protein were cooled from RT
to −40°C, held for 15 min, and then annealed at −18°C
(Fig. 8). During cooling, only crystallization of ice was
observed (data not shown). In contrast to the earlier system,
the characteristic peaks of mannitol hemihydrate were not
immediately evident at −18°C. The XRD patterns recorded
during annealing are shown in Fig. 8. The kinetics of
mannitol hemihydrate crystallization depended on the model
protein. In the case of lysozyme, the mannitol hemihydrate
peaks were observed as soon as the annealing temperature
was reached (Fig. 8 panel a), while in the frozen solutions
containing LDH (Fig. 8 panel b) or catalase (Fig. 8 panel c),
annealing for 3 h was required to discern hemihydrate

crystallization. In all the systems, upon further annealing,
there was a pronounced increase in the peak intensities.
Based on the overlapping peaks at 9.6° and 9.7° 2θ, it is
evident that mannitol crystallized as a mixture—predomi-
nantly the hemihydrate with traces of the δ-form. However,
based on the pronounced intensity of the 9.7° 2θ peak in the
presence of lysozyme, it appears that this protein facilitated
the crystallization of δ-mannitol (Fig. 8 panel b).

We earlier observed that in the absence of an API,
trehalose crystallized after 3 h of annealing (Fig. 2) (20,21).
In the presence of a non-crystallizing solute (model protein),
trehalose crystallization was delayed and occurred only
after 21 h of annealing. In general, the peak intensities
increased with annealing time, and the peaks were quite
pronounced after 44 h of annealing. Thus, there was clear
evidence of sequential crystallization of ice, mannitol
hemihydrate and trehalose dihydrate. The crystallization
of a lyoprotectant can have serious implications on protein
stability. As expected, all the non-crystallizing solutes
(model protein) retarded but did not prevent trehalose
dihydrate crystallization.

The combination of mannitol and trehalose in a protein
formulation is atypical. However, we hypothesized that a
readily crystallizing excipient such as mannitol would
facilitate trehalose crystallization. It would be interesting
to study the influence of other crystallizing solutes such as
glycine and buffer components. Similarly, the presence of
other formulation components could also influence manni-
tol crystallization. For example, in the presence of Tween
80, crystallization of mannitol is enhanced (48).

Trehalose, Mannitol, and Sucrose

In an effort to inhibit trehalose crystallization in frozen
solutions, the effect of sucrose, another commonly used
lyoprotectant, was investigated. Sucrose is widely reported
to be a non-crystallizing solute. However, based on XRD
and spectroscopic analysis, Mathalouthi et al. reported short
range order in concentrated sucrose solutions (36,49,50).
Prelyophilization solutions containing trehalose (4% w/v)
and varying concentrations (2, 4, and 8% w/v) of sucrose
were cooled from RT to −40°C, held for 15 min, and
warmed to the annealing temperature (−18°C). Even after
annealing for 12 days, hexagonal ice was the only crystalline
phase observed (data not shown). At all trehalose concen-
trations, neither sucrose nor trehalose crystallized (data not
shown). Sucrose, by remaining amorphous, effectively
prevented trehalose crystallization. We did not evaluate the
influence of mannitol on trehalose–sucrose–water ternary
systems. However, it has been reported that in the presence
of either sucrose or trehalose, mannitol crystallization in the
final lyophile was inhibited (46).
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Fig. 9 XRD patterns of final lyophiles prepared from aqueous trehalose
solutions containing either mannitol or sucrose. Panel a: 2% w/v trehalose;
panels b & c: 4% w/v trehalose. The concentration (w/v) of cosolute in the
prelyophilization solution is given above each XRD pattern. The
characteristic peaks of trehalose dihydrate and mannitol hemihydrate are
pointed out.
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Characterization of Final Lyophiles

Fig. 9 contains the XRD patterns of the final lyophiles
prepared from prelyophilization solutions containing treha-
lose and either mannitol or sucrose. When the prelyo
solution containing trehalose alone was freeze-dried in the
laboratory lyophilizer, the finished product was X-ray
amorphous (Fig. 9 panel a). However in the presence of
mannitol, trehalose dihydrate peaks were evident (panel a).
The intensity of the trehalose dihydrate peaks was much
higher when the mannitol concentration was increased
from 2% to 4% w/v. Irrespective of initial mannitol
concentration, mannitol hemihydrate was evident. While
the existence of mannitol hemihydrate in the final lyophile
was not surprising, the presence of trehalose dihydrate was
intriguing (47,51,52). Earlier we demonstrated that during
drying, dehydration of trehalose dihydrate resulted in a
predominantly amorphous lyophile.

Based on XRD, the lyophile obtained from a trehalose
solution (4% w/v) was amorphous (panel b), but in the
presence of mannitol, contained crystalline trehalose dihy-
drate (panel b). There was an increase in the trehalose
dihydrate peak intensities as the mannitol concentration
was increased from 2% to 4% w/v (panel b).

The drying-induced dehydration of trehalose dihydrate
yielded a predominantly amorphous anhydrate (20,21).
The current study indicated that in the presence of
mannitol, dehydration of trehalose dihydrate was not
complete. This raises an interesting question: Can the presence
of cosolutes alter the kinetics of water removal? Our data suggest
that with an increase in the mannitol-to-trehalose ratio,
there was an increase in the intensities of trehalose dihydrate
peaks (Fig. 9 panels a and b). Hence, it would be interesting
to study the effect of cosolutes on the drying-induced
dehydration rates of various crystalline hydrates.

SIGNIFICANCE

Trehalose crystallization was facilitated in the presence of a
crystallizing solute. While the amorphous API (model
proteins) decelerated trehalose crystallization, it did not
decrease the extent of trehalose crystallization at the end of
annealing. However, sucrose, a non-crystallizing excipient,
completely inhibited the crystallization of trehalose dihy-
drate in the frozen and freeze-dried systems. Even when
there is substantial trehalose crystallization, only about half
of the total trehalose crystallized in the frozen solution.
Therefore, the fraction of trehalose remaining amorphous
might be adequate to provide lyoprotection. While it was
reported that annealing, by modifying the ice crystal
morphology, may improve the process efficiency, our
results indicate that annealing might induce undesirable

excipient crystallization with potential implications on API
stability (53). In such circumstances, it will be prudent to
consider other lyoprotectants. While sucrose is another
widely used lyoprotectant, recently, maltodextrin and inulin
have been identified as potential candidates (54).

CONCLUSIONS

Crystallization of trehalose, as trehalose dihydrate, in
frozen solutions and its subsequent phase transformations
during drying was investigated. While a readily crystallizing
cosolute, such as mannitol, facilitated trehalose crystalliza-
tion, non-crystallizing solutes, such as model proteins,
retarded its crystallization. Sucrose, a non-crystallizing
solute, completely inhibited trehalose crystallization during
all the stages of freeze-drying.
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