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Abstract. The purpose of this study is to monitor phase transformations in intact trehalose tablets using
FT-Raman spectroscopy. Tablets of trehalose dihydrate, amorphous trehalose (obtained by freeze-drying
aqueous trehalose solutions), and anhydrous trehalose (β-trehalose) were prepared. The tablets were
exposed to different conditions [11% and 0% RH (60°C); 75% RH (25°C)] and monitored periodically
over 96 h using Raman spectroscopy. Within 96 h of storage, the following phase transformations were
observed: (1) trehalose dihydrate → β-trehalose (11% RH, 60°C), (2) trehalose dihydrate → α-trehalose
(0% RH, 60°C), (3) β-trehalose → trehalose dihydrate (75% RH, 25°C), and (4) amorphous trehalose →
trehalose dihydrate (75% RH, 25°C). FT-Raman spectroscopy was a useful technique to identify the solid
form and monitor multiple-phase transformations in intact trehalose tablets stored at different conditions.
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INTRODUCTION

Raman spectroscopy is a widely used technique for the
physical characterization of pharmaceutical solids. Although
often used as a complement to infrared (IR) spectroscopy,
Raman analysis offers some distinct advantages. Since sample
preparation is not required, Raman spectroscopy is the
method of choice for analyzing intact solid dosage forms
(tablets and capsules). Spectral changes are readily detected
since the peaks are usually sharp and well resolved. Pharma-
ceutical actives containing aromatic heterocyclic groups can
be easily distinguished, even when present at low concen-
trations, from commonly used partially amorphous exci-
pients which are poor Raman scatterers (1). Moreover,
water is a weak Raman scatterer but produces a very strong
IR signal in the 3,500–3,000 cm−1 wavenumber region of the
spectrum. Therefore, Raman spectroscopy is the method of
choice to monitor solid-state transformations in aqueous
slurries (2).

Molecules of pharmaceutical interest often contain one
or more aromatic heterocyclic rings giving rise to character-
istic C―H and C―C stretching as well as highly symmetrical
vibrational modes which make them particularly amenable to
Raman spectroscopic analysis (3). In the present study, α,α-
trehalose(α-D-glucopyranosyl α-D-glucopyranoside) has been

used as a model compound to monitor solid-state trans-
formations in intact compacts. Trehalose is a disaccharide and
is extensively used as a lyoprotectant in freeze-dried for-
mulations (4). This sugar is commercially available, both in
the crystalline anhydrous state (β-trehalose, Tb) and as a
dihydrate (C12H22O11.2H2O; TH). A second anhydrous form
of trehalose, the “dehydrated dihydrate” or α-trehalose Tað Þ,
may be obtained by slow dehydration of the dihydrate at low
temperatures (≤60°C). Amorphous trehalose (Ta) is typically
obtained by freeze-drying or spray-drying an aqueous treha-
lose solution and has a glass transition temperature of ~117°C
(5). All the four solid forms of trehalose have been
extensively characterized (5–16). Raman spectroscopy can
be used to distinguish between these different physical forms
of trehalose based on the differences in the positions and
intensities of peaks attributed to: (1) asymmetrical and
symmetrical vibrational stretchings of the ring C―H (3,015–
2,880 cm−1), (2) vibrations in the 900–750 cm−1 region due to
conformation of the anomeric carbon, and (3) vibrations from
the glucose bands in the 700–200 cm−1 region.

Trehalose was selected as a model compound since there
are several physical forms of trehalose and the stability of
these forms is strongly dependent on the environmental
conditions (4,5,9,10,13,14,16). The nature of the product
phase (the physical form as well as its crystallinity) can be
strongly influenced by the dehydration conditions of treha-
lose dihydrate. The primary aim of our study was to use FT-
Raman spectroscopy as a rapid and nondestructive technique
to identify the physical form of trehalose in intact tablets and
monitor the effect of storage conditions on the physical form
of trehalose in intact tablets. We have focused on the different
solid-state transformations observed in trehalose (hydrate →
anhydrate, amorphous → hydrate, hydrate → “dehydrated
hydrate,” anhydrate → hydrate) to highlight the utility of
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Raman spectroscopy in distinguishing these forms. In addition,
X-ray powder diffractometry (XRPD), thermogravimetry, and
water sorption studies were used to characterize the different
physical forms of trehalose. In selected instances, tablets were
crushed and subjected to XRPD so as to obtain “bulk”
information.

MATERIALS AND METHODS

Materials

α,α-Trehalose was obtained in the anhydrous form (β-
polymorph; Tb ) and as trehalose dihydrate (TH) from
ACROS Organics (New Jersey, USA) and used as received.
amorphous trehalose (Ta) was obtained by freeze-drying an
aqueous trehalose solution (10% w/v) by slightly modifying
the method described by Rani et al. (5). Secondary drying was
conducted at 40°C for 24 h. Ta so obtained was stored at 60°C
(oven) for 4 h and the final water content, determined by
thermogravimetry, was ~3% w/w. Ta was obtained by
dehydrating TH at 60°C (5).

Methods

Water Sorption

About 17 mg of Tb was placed in the quartz sample pan
of an automated vapor sorption analyzer (SGA-100, VTI
Corporation, Hialeah, FL), maintained at 25°C. The sample
was equilibrated at 0% RH for 100 min, and then the RH was
progressively increased, in 10% increments, to 80% with a
hold time of 100 min at each step. This was followed by
progressive lowering of the RH in 10% decrements, to 0%
with the same hold time. The weight gain at the end of the
sorption cycle (80% RH) was calculated on the basis of the
dry weight.

Tablet Preparation and Storage

TH, Tb , and Ta powders were passed through a Standard
ASTM sieve # 60 (particle size <250 μm). The powder was
weighed (200 mg) and compressed to 112–126 MPa on an
automated hydraulic Press (Fred S. Carver Inc, Menomonee
Falls, WI) and held for 10 s. The tablets were stored over
saturated salt solutions, at 25°C and 60°C, to maintain the
desired RH (sodium chloride solution—75% RH (25°C),
lithium chloride solution—11% RH (60°C), anhydrous
CaSO4—~0% RH). TH tablets were stored at 0% and 11%
RH (60°C) while Tb and Ta tablets were stored at 75% RH
(25°C).

FT-Raman and NIR Spectroscopy

Powder samples of TH, Ta , Tb , and Ta were sealed in
glass vials under nitrogen purge to prevent exposure to
ambient environment during data acquisition. The spectra
were recorded using a FT-Raman system (Vertex 70 with
Raman II Module, Bruker, Billerica, MA) equipped with a
500-mW diode pumped Nd:YAG laser operating at 1,064 nm
as the excitation source. Backscattered radiation was col-
lected using a liquid nitrogen-cooled germanium detector.

The laser power was 301 mW. For each spectrum, 32 scans
were collected and the collection time was approximately
1 min. Tablets of TH, Tb , and Ta were analyzed right after
preparation (n≥3). The stored tablets were analyzed periodi-
cally over 96 h. In each tablet, at least four to five spots were
sampled on the tablet surface through sealed glass vials. The
data were processed using OPUS® software (version 5.5,
Bruker Optics). In addition to FT-Raman, near infrared
(NIR) spectra of the powder samples of TH, Ta, Tb, and Ta

were collected using a Spectral Dimensions NIR-Cl 2450
spectrometer (Malvern Inc., MA).

RESULTS

Figure 1a contains the Raman spectra of TH, Ta, Tb, and
Ta. These forms were also characterized by X-ray diffrac-
tometry. The XRPD patterns of the four physical forms of
trehalose were in excellent agreement with published data
and have, therefore, not been shown (5). Figure 1b shows the
NIR spectra of these forms.

The Raman spectra, in the wavenumber range of 950 to
810 cm−1, are shown in Fig. 2 and highlight the major

Fig. 1. a Raman spectra of amorphous trehalose (Ta), α-trehalose
Tað Þ (also referred to as “dehydrated dihydrate”), anhydrous β-
trehalose Tb

� �
, and trehalose dihydrate TH. b NIR spectra of the

different solid-state forms of trehalose
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differences in the spectra of TH and Tb. The peaks represent
vibrations arising from conformation of the anomeric carbon.
The position and relative intensity of types 1 and 2 bands
(arising due to the α-conformation of the glycosidic linkage of
the anomeric carbon at 912 and 839 cm−1, respectively) differ
in Tb from that in TH. There is a shift in peak position of the
type 1 band from 912 in TH to 904 cm−1 in Tb . The type 2
band also shifts to a lower wavenumber in Tb and the
shoulder on this band (as seen in TH) shapes into a peak at
848 cm−1 (4).

Figure 3 shows the spectra of TH and Ta in two regions—
3,075–825 and 1,525–890 cm−1. The peaks in Ta are broader
and poorly resolved compared to those in crystalline
trehalose (TH). Since the conformation in the glycosidic
linkage in trehalose is relatively inflexible, the bands (Type
1 at 912 cm−1 and 2 at 839 cm−1) arising due to its vibration
are seen at approximately the same position in Ta and TH (4).

Figure 4 highlights the spectral differences between TH,
Tb , and Ta in the 1,000–800 cm−1 region. The peak at
863 cm−1 is unique to Ta and is not present in either Tb or
TH (17). Our spectrum is substantially similar to that reported
by Gil et al. (17,18). The observed minor differences from the
reported spectrum can be attributed to the differences in
crystallinity, likely brought about by the method of
preparation of Ta . We had earlier pointed out that the
degree of crystallinity of Ta is strongly influenced by its
method of preparation (5).

Tβ ! TH Transformation (Hydration of Crystalline
Anhydrate)

Figure 5 shows the representative Raman spectra of Tb

tablets stored at 75% RH (25°C) up to 12 h. The 950–
820 cm−1 range is highlighted in the inset. The spectra of pure
forms (TH and Tb ) are provided for comparison. After 6 h of
storage, a shoulder appeared in the Tb peak at 904 cm−1

which corresponded to the type 1 peak of TH at 912 cm−1. By
10 h, the type 1 peak of TH formed completely and the type 2
band shifted to a higher wavenumber, with a small shoulder
characteristic of TH. The spectra obtained at ≥10 h of storage
of Tb (75% RH, 25°C) were identical to that of TH.

Fig. 2. Raman spectra of TH and Tb. The types 1 and 2 bands are
indicated

Fig. 3. Raman spectra of TH and Ta in the a 3,075–2,825 and b 1,525–
890 cm−1 spectral range. The spectrum of TH shows sharp, well
resolved peaks while Ta is characterized by broad peaks

Fig. 4. Raman spectra of TH, Tb, and Ta in the 900–800 cm−1 spectral
range. The type 2 bands of TH and Tb are indicated. The peak at
863 cm−1 is unique to Ta
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The Tb → TH transformation at 75% RH was also
confirmed by water sorption of Tb at 25°C. Figure 6 shows
the water sorption–desorption profile of Tb. At RH>60%, the
observed weight gain indicated TH formation. When the RH
was then progressively lowered to 0%, the negligible weight
loss indicated that TH did not dehydrate in the experimental
time scale.

Ta → TH Transformation (Crystallization of Amorphous
Trehalose to Dihydrate)

Figure 7 contains the Raman spectra of Ta tablets stored
at 75% RH (25°C). The 3,050–2,850-cm−1 range, highlighted
in the inset, reveals the appearance of TH. After storage for
30 h, a sharp characteristic peak of TH at 2,952 cm−1 was
observed (Fig. 7 inset). From then on, Ta → TH transformation
progressed rapidly and by 49 h, almost all the TH peaks
appeared. Our results are in agreement with the reported
crystallization of Ta at RH≥50% (25°C) (5).

TH ! Tβ Transformation (Dehydration to Crystalline
Anhydrate)

Figure 8 shows representative Raman spectra of TH

tablets stored at 11% RH (60°C) for 96 h. The spectral range

of 950–820 cm−1 is highlighted in the inset. The spectra of
pure forms (TH and Tb ) are provided for comparison.
Although there are literature reports of dehydration of TH

to form Tb when heated under humid conditions (~60% RH
Fig. 5. Raman spectra collected periodically following storage of Tb at
75%RH (25°C). The spectra ofTH andTb are provided for comparison.
The 950–820 cm−1 spectral range is magnified in the inset. Type 1 band of
TH (→) appeared at 6 h of storage. At 10 h, (1) the type 2 band of Tb

(asterisk) shifted to a higher wavenumber reflecting the appearance of
the type 2 band of TH (plus sign), and (2) the peak at 848 cm−1 (number
sign) in Tb is reduced to a shoulder in TH (caret)

Fig. 6. Water sorption–desorption profile of Tb (25°C). The sample
was equilibrated at 0% RH for 100 min, and then the RH was
progressively increased in steps of 10% RH to 80%, with a hold time
of 100 min at each step. The RH was then progressively lowered in
decrements of 10% to 0% RH with 100 min of hold time at every
step. The weight gain, at the end of the sorption cycle (80% RH), was
calculated on the basis of the dry weight at 0% RH

Fig. 7. Raman spectra collected periodically following storage of Ta

at 75% RH (25°C). The spectra of TH and Ta are provided for
comparison. The 3,050–2,850 cm−1 range has been highlighted in the
inset to indicate the appearance of TH peaks. In the spectra acquired
following storage for 31 h, the crystallization of TH was evident from
the increase in intensity and resolution of characteristic TH peaks.
The peak at 2,952 cm−1 is a representative example (arrows)
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at 60°C) or upon exposure to 20% RH (60°C) for several
hours (5,19), our results indicate that TH ! Tb transition
occurs even at lower water vapor pressures (at 60°C). Furuki
et al. have provided a “bridge-effect” mechanism to explain
this phase conversion (19). Presence of moisture in the
surrounding environment of TH acts as an eluant to extract
water and “traps” the released water by means of hydrogen
bonds. This surroundingmoisture layer prevents the lattice from
complete collapse and allows formolecular reorganization in the
lattice. However, since TH ! Tb transformation requires
conversion from a rhombic to a monoclinic lattice, the
transformation kinetics is dependent on both temperature and
water vapor pressure (19). This may explain the long time
required for the complete TH ! Tb transformation in TH

tablets (tablet surface).

TH ! Tα Transformation (Dehydration to “Dehydrated”
Hydrate)

Figure 9 shows the Raman spectra, in the 4,000–20 cm−1

spectral range, of TH stored at 0% RH (60°C). The 900–
800 cm−1 region is highlighted in the inset. The gradual loss in
spectral features suggests a decrease in crystallinity. The
appearance of the peak at 863 cm−1 (inset) at 2 h indicated
the formation of Ta. After storage for 6 h, the formation of Ta

appeared to be complete. The TH ! Ta transformation was
also observed in powder samples stored at 60°C (under
nitrogen purge) for 5 h. Ta so formed, while partially
crystalline, retains some of the hydrate lattice structure (5).

X-ray Powder Diffractometry

Powdered trehalose tablets (TH, Tb and Ta) were
subjected to X-ray powder diffractometry after 4 days of
storage at: 25°C/75% RH, 60°C/0% RH, and 60°C/11% RH.
The phase transformations observed (data not shown) were
the same as by Raman spectroscopy. Since the XRPD studies
were conducted on powdered tablets, these results are
believed to reflect the phase composition of the “bulk.” It
is, therefore, reasonable to assume that the transformation
occurred throughout the tablet.

DISCUSSION

We have demonstrated the use of FT-Raman spectros-
copy to monitor multiple phase transformations in intact solid
dosage forms. The storage conditions, selected based on
earlier work on powder samples, facilitated the desired phase
transformations in the time scale of hours and days. Other
selected applications of Raman spectroscopy in pharmaceuti-
cal systems are listed below. (1) Characterization of the
physical form of pharmaceuticals (including formulation
components), specifically, polymorphic form, state of solva-
tion, and the degree of crystallinity (20–25). (2) Quantifica-
tion of secondary protein structure (monoclonal antibody)

Fig. 8. Raman spectra collected periodically following storage of TH

at 11% RH (60°C). The spectra of TH and Tb are provided for
comparison. The 950–820 cm−1 range has been highlighted in the
inset. The type 1 band of Tb appeared at 34 h of storage. At the same
time, the type 2 band of TH shifted to a lower wavenumber
(characteristic of Tb ) and its shoulder developed into a peak at
848 cm−1

Fig. 9. Raman spectra collected periodically following storage of TH

at 0% RH (60°C). The spectra of TH and Ta are provided for
comparison. The 880–800 cm−1 range has been highlighted in the
inset. The characteristic peak of Ta (arrow) at 863 cm−1 was observed
at 2 h. The TH ! Ta transition appears to be complete in 8 h
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both in solution and in solid-state (26). (3) Chemical form
analysis such as determination of tablet composition and
impurity identification (27). (4) API quantification in micro-
spheres, suspensions, and capsules (28,29). (5) Quantification
of formulation components in packaged formulations (blister
packing) (28). (6) Process monitoring (identification and
quantification) of physical form of API during high-shear
wet granulation (30,31). The increasingly effective “in-line”
use of Raman spectroscopy in form analysis (both qualitative
and quantitative) in pharmaceutical unit operations has
brought to light its potential as a valuable process analytical
technology tool in the pharmaceutical industry.

Despite its wide usage, one of the drawbacks of this
technique is that it is ideally suited to monitor the surfaces of
solid samples. The depth of penetration depends on many
factors including the power source, wavelength of excitation,
and sample material properties. Though systematic studies
were not conducted to determine the depth of penetration,
the reported phase information has a considerable surface
bias. This is because of the instrumentation parameters as
well as the use of compacts (32). XRPD was, therefore, used
as a complementary technique to obtain “bulk” information
by analyzing the crushed tablets.

Although the present study focused on characterizing a
single component dosage form, our results can be readily
extended to multicomponent formulations. Since a large
fraction of commonly used pharmaceuticals excipients do
not exhibit characteristic peaks in the CH stretching region,
characterization of the different physical forms of trehalose
will be unaffected.

CONCLUSION

In trehalose tablets, the storage conditions (temperature,
water vapor pressure) dictate phase transformations
(Tb ! TH , Ta → TH, TH ! Tb , and TH ! Ta ). These
transformations, in intact tablets, were monitored by FT-
Raman spectroscopy. X-ray diffractometry of powdered
tablet samples, confirmed the transformations observed
by Raman spectroscopy. Thus, by combining the two
techniques, transformations in the tablet surface and bulk
were monitored.
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