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ABSTRACT
Purpose To study the impact of different process conditions
and formulation compositions on metastable mannitol forms in
protein formulations during lyophilization.
Methods Mannitol was studied with and without other formu-
lation components. A cryostage was used to mimic the different
processing steps during lyophilization. The different mannitol
forms were monitored and quantified with an in situ Raman
spectroscopic method. In addition, a Raman imaging method
was developed to characterize the spatial distribution of mannitol
forms in final lyophilization samples from the freeze-drying stage.
Results Amorphous mannitol was observed during fast cooling
(10°C/min) and with the addition of other formulation compo-
nent. Amorphous mannitol crystallized into mainly δ and hemi-
hydrate forms during annealing at −20°C. Under vacuum
without moisture, dried amorphous mannitol could transform
to mainly α form at 45°C and greater. The transformation
mechanism of the hemihydrate mannitol was similar to that of
amorphous form.
Conclusion Mannitol tends to crystallize into stable crystalline
forms by itself, but the addition of lyoprotectant (e.g. sucrose)
and protein helps stabilize the metastable forms (hemihydrate
and amorphous). The metastable forms are capable of trans-
forming into mixtures of different forms, with heat and moisture
being the critical processing factors.
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INTRODUCTION

Mannitol is a commonly used excipient in lyophilized pro-
tein formulations. Its high eutectic temperature with ice
allows for the use of higher primary drying temperature,
which results in good cake properties and short lyophiliza-
tion cycle. However, since the protein resides in the amor-
phous phase, mannitol crystallized during lyophilization
leads to less protein protection (1,2). As a result, mannitol
is usually used in combination with other lyoprotectants in
protein formulations (3,4).

Mannitol has five known solid-state forms, three anhy-
drous forms (5), two metastable forms, a hemihydrate (6–8)
and amorphous form (9–11). The metastable mannitol
forms are known to transform to anhydrous forms during
the lyophilization process (6–11) and storage (6–8) and they
have significant impact on the quality of lyophilized prod-
ucts (1,2,7,8,12–15). Amorphous mannitol can lose its pro-
tein stabilizing effects when it crystallizes (1,2). Izutsu
reported enzyme inactivation and non-covalent aggregation
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due to amorphous mannitol crystallization during annealing
(1). Hemihydrate mannitol poses more stability challenges as
it can release water upon heating and during storage even at
room temperature (8) or below (7). Water is known to
facilitate solid-state degradation either as a plasticizer to
reduce the glass transition temperature (Tg), and thus in-
crease molecular mobility, or as a reactant in many chem-
ical reactions, such as hydrolysis and deamidation (12). The
adverse impact of water on lyophilized protein products is
well documented in the literature, e.g. aggregation (13),
deamidation (4), Asp isomerization (14), and oxidation
(15). The metastable mannitol forms are the major sources
of variability observed in lyophilized products, and are very
sensitive to formulation and process parameters. There is a
need for better understanding of both metastable forms,
amorphous and hemihydrate, in order to deliver a
mannitol-containing lyophilized formulation with the de-
sired product quality profile.

Given the wide use of mannitol in lyophilization formu-
lations, extensive characterization has been done to under-
stand the physical forms of mannitol during lyophilization
(1,3,6–11,16,17) with the majority of the work focusing on
the crystallization of mannitol and limited studies on the
transformations of metastable mannitol forms (18). This is
due to both the limitations of the analytics and the instability
of metastable forms. In the published studies, various tech-
niques have been used to characterize the different mannitol
forms, such as XRPD (9,16), DSC (10,17), TGA (7), Near
IR (8), FT-IR (5) and Raman (19). However, none of them
was able to characterize and quantify all five forms (espe-
cially amorphous and hemihydrate) simultaneously during
the lyophilization process. A recent method was developed
in our lab to quantify all five mannitol forms using Raman
spectroscopy during in situ monitoring (20). The method,
with quantitation limits ranging from ±3% for pure manni-
tol forms and ±5% for lyophilized protein samples, enables
us to understand the transformation of metastable mannitol
forms during lyophilization. Here we focus on studying the
impact of formulation and processing parameters on the
crystallization and transformation of two metastable manni-
tol forms, the hemihydrate and amorphous form. Because of
their unstable nature, the metastable forms are likely to have
multiple transition pathways and can transform to different
anhydrous forms under different process conditions. Under-
standing of their transformation pathways could provide
better process control and reduce batch-to-batch variations.

The Development of Raman Imaging Method

Raman imaging technology has become an increasingly
utilized characterization technique for the pharmaceutical
and biotechnology industry (21). Various imaging techni-
ques have been developed with Raman, including point-by-

point scanning (21), line scanning (22) and focal plane im-
aging such as the application of LCTF in ChemImage
Raman system (23). Compared with the focus plane imaging
technique, the point-by-point scanning method utilizes dis-
persive Raman for collecting the signal, which is slower than
the focus plane imaging technique. However, for the appli-
cation of studying lyophilized protein, the normal advan-
tages of the focal plane imaging technique are not
applicable, where the studied material has a chemical dis-
tribution in millimeter scale, and samples need large Raman
shift window and long integration for a dramatic fluorescent
background change and less distinct Raman signals. The
point-by-point scanning technique is able to handle these
requirements, which are common in pharmaceutical appli-
cations. In this study, we use a point scanning montage
method to collect Raman signal for constructing Raman
images in a 7 mm×7 mm area with a step size of 245 μm
to study the heterogeneous distribution of mannitol poly-
morphs within samples.

MATERIALS AND METHODS

Materials

The experiments were done on three types of formulations:
1) mannitol only; 2) mannitol with sucrose and Tris
(hydroxymethyl)aminomethane buffer; and 3) mannitol, su-
crose, Tris buffer and protein. The mannitol concentration
was 4% (w/v) in all the studies. Other excipients included
1% sucrose and 10 mM Tris buffer at pH 7.4. The protein
concentrations studied were 20 and 50 mg/mL.

All chemicals and solvents used were reagent grade or
better. The model fusion protein used in the study was
produced by recombinant technologies in Chinese Hamster
Ovary cells and purified by processes proprietary to Amgen
(Seattle, WA, USA).

Methods

Raman Instrument

All the Raman spectra were obtained using a FALCON
II™ Molecular Chemical Imaging (MCI) system from
ChemImage Corporation (Pittsburgh, PA, USA). The exci-
tation source was the Millennia II I Laser Source (Spectra
Physics, Mountain View, CA, USA) at 532 nm, coupled
with a Model BX51 microscope platform (Olympus, Center
Valley, PA, USA). The Raman spectra were collected with a
20× objective from a sample area of ca. 154 μm. A back
illuminated CCD (Princeton Instruments, Trenton, NJ,
USA) with 1340×100 pixels was used as detector for
Raman signals.
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Real-Time Monitoring of Mannitol Forms Using Quantitative
Raman Spectroscopy Method

A freeze-drying cryostage, able to simulate the freeze drying
process (FDCS 196 from Linkam Scientific Instruments
Ltd., Tadworth, Surrey, UK), was customized to couple
with the Raman microscope system to collect Raman spec-
tra during lyophilization. This cryostage has a temperature
control from −196°C to 125°C, and pressure control from
50 mTorr to 750 Torr. About 5 μL of sample solution was
placed between two circular sapphire windows (support:
22 mm, cover: 7 mm) and placed inside the cryostage.
Samples were monitored during the lyophilization process
in real-time with Raman spectroscopy in situ through the
glass window of the cryostage. For the freezing study, the
sample solution was first cooled to −50°C with varying
cooling rate. Samples were then held at −50°C for about
8 min before heating at 1°C/min to −20°C for the anneal-
ing step. After annealing at −20°C for 30 min, samples was
cooled to −50°C and held for 10 min under vacuum
at100 mTorr. Samples were then heated at 1°C/min to
−20°C and dried at that temperature. For the drying study,
samples were subjected to vacuum at various temperatures
to study the combined effects of temperature and moisture
on mannitol transformation during drying. Raman spectra
were typically taken on samples every 5°C when the tem-
perature changed or every 5 min when the temperature was
held constant to monitor mannitol crystallization during the
freezing. The Raman spectra were processed using the
developed method to quantify the different forms (20).

X-ray Powder Diffractometry

The X-ray powder diffraction (XRPD) analysis was per-
formed using a θ/θ diffractometer (X’pert MPD, Philips
Analytical, Natick, MA) with Cu Kα radiation. All samples
were analyzed with Bragg-Brentano geometry from 3-40°
2θ at a step size of 0.01° 2θ.

Raman Imaging

The Raman imaging experiments were conducted on ly-
ophilized samples formed between two circular sapphire
windows. The cover and support windows were 7 mm and
22 mm in diameters, respectively. About 5 μL of sample
solution was placed between the two windows, pressed to
remove any air bubbles, and then lyophilized. For the
Raman imaging study, a 7 mm×7 mm square area was
scanned to cover the entire sample area with step size of
245 μm. A Raman image contained 900 (30×30) individual
dispersive Raman spectra. The image data were first classi-
fied using a PLS classification method to differentiate
sapphire-signal-only data from data contain mannitol

information. Then the MCR quantitation method (20) was
used to predict the percentage of 5 mannitol forms for each
imaging data. For imaging data processing, a narrow
Raman shift window was used from 1010 cm−1 to
1550 cm−1 to avoid the sapphire interference. Once the
predicted percentages of each form were calculated for each
imaging data, the imaging data were reconstructed to a
false-color image by using a color panel to define the per-
centages range from 0 to 100%. The color images illustrate
the spatial distributions of different mannitol forms within
samples.

RESULTS AND DISCUSSION

Crystallization During Freezing (Cooling Rate,
Annealing, and Formulation)

Crystallization of mannitol during the freezing step was first
studied with respect to cooling rate in the absence of other
formulation components. Figure 1 shows the plot of pre-
dicted percentage of mannitol forms vs. time by in situ
Raman spectroscopic monitoring. With a cooling rate of
1°C/min (Fig. 1a and b), mannitol directly crystallized into
primarily β and δ mannitol. The example in Fig. 1a showed
crystallization into mainly the δ form, whereas in another
run (Fig. 1b) the majority crystallized into β mannitol. The
run-to-run difference was suspected due to a heterogeneous
spatial distribution of mannitol forms from a slow-cooling
crystallization. Data were taken from multiple spots of the
same samples (data not shown) and the in situ Raman imag-
ing study shown in the later section clearly provided evi-
dence of a heterogeneous distribution of mannitol forms
crystallized under slow cooling rate. Therefore, Raman
spectra were taken from multiple spots on the final freeze-
dried samples to characterize the distribution and average
out the differences.

For the fast cooling rate (10°C/min), crystallization of
mannitol from solution was inhibited and resulted in amor-
phous mannitol when the solution was cooled down to −50°C
(Fig. 1c). Amorphous mannitol, when subjected to annealing
at −20°C, most of the amorphous form crystallized into
mainly δ and some hemihydrate form. The result showed that
amorphous mannitol started to crystallize into primarily the δ
form at temperature around −25°C. Our observation under
varying cooling rates was consistent with the published litera-
ture (10,11).

Besides processing parameters, formulation components
are also known to impact mannitol crystallization
(3,9,10,16,17). Mannitol in different formulations can man-
ifest in different crystallization behavior, as described in
introduction. In this study, four types of mannitol formula-
tions were tested to understand the individual contributions
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of multiple formulation factors on mannitol crystallization:
4% mannitol solution, 4% mannitol with 1% sucrose, 4%
mannitol with 1% sucrose and 10 mM Tris–HCl buffer at
pH 7.4 (TMS buffer), and mannitol in protein formulations
that include different protein concentrations (20 mg/mL
and 50 mg/mL) in TMS buffer.

As mentioned in the previous section, pure mannitol
solution directly crystallized to crystalline β and δ when
subjected to cooling rates of 1°C/min. However, with the
presence of other formulation components, such as sucrose
and/or protein, mannitol crystallization was delayed or
prohibited even at a slow cooling rate (1°C/min), as shown
in Figs. 2 and 3. Figure 2 shows the crystallization of the
TMS buffer sample at a cooling rate of 1°C/min. The study
on the TMS buffer samples showed mannitol solidified into
mainly the amorphous form at 1°C/min cooling rate and
transformed into primarily the δ form and some hemihy-
drate upon annealing at −20°C. The crystallization of sam-
ples that contained 4% mannitol and 1% sucrose was
similar to that of TMS buffer.

The addition of protein to the formulation had a direct
impact on the transformation pathways of mannitol. Two
protein formulation samples (20mg/mL and 50mg/mL) were
cooled to −50°C at 1°C/min and annealed at −20°C. With
the present of protein, the data showed at least two effects on
mannitol crystallization. First, increased protein concentrations
resulted in a delay in the crystallization of amorphous mannitol
during annealing. Secondly, higher protein concentrations
caused more amorphous mannitol to transform to the hemi-
hydrate form. As shown in Fig. 3, mannitol crystallization was
observed within samples after annealing for 10 min at 20 mg/

mL, and 20 min for samples at 50 mg/mL. Also, the asterisks
in Fig. 3 indicated the Raman features correlated to mannitol
hemihydrate. Mannitol hemihydrate was of special interest in
this study because its physical instability and potential detri-
mental effects on the lyophilized drug product. Based on these
results, the hypothesized crystallization pathway for mannitol
hemihydrate is through amorphous mannitol, and protein
concentration has a positive correlation to the amount of
mannitol hemihydrate crystallizes in formulations.
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Fig. 1 Mannitol crystallized into mainly β and δ forms with (a and b) slow cooling (1°C/min, replicate runs) and (c) fast cooling (10°C/min). The fast cooling
sample was annealed at −20°C.
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Fig. 2 Mannitol in the TMS buffer solidified into mainly the amorphous
form at 1°C/min cooling rate. It subsequently transformed to primarily the
δ form and some hemihydrate upon annealing at −20°C.
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Transformation During Drying (Drying Temperature
and Moisture Impact)

Transformation of metastable mannitol forms (e.g. amorphous
and hemihydrate mannitol) are expected during primary and
secondary drying stages with the presence of heat and
moisture. This study revealed several transition routes
for those two forms, which have potential impact on the
final product quality.

Amorphous mannitol usually formed during fast cooling
or with high sucrose and/or high protein concentration in
the formulation. Amorphous mannitol was known to be
unstable (9,24,25). Literature has reported that amorphous
mannitol was difficult to characterize because of its instabil-
ity and fast transformation. Even at sub-ambient tempera-
ture, it could transform into other stable forms in a short
time (24). In the previous section, amorphous mannitol was
found to be a key form in both crystallization and transfor-
mation pathways of mannitol containing formulations at
sub-ambient temperatures. This study focused on a system-
atic understanding of transformation pathways of amor-
phous mannitol at different drying conditions with in situ
real time monitoring.

As shown in the previous freezing and annealing section,
amorphous mannitol crystallized around −25°C during
annealing into mainly δ and hemihydrate form at sub-

ambient temperature. Moreover, the annealing products
from amorphous mannitol were consistent regardless of
the formulation components. Higher protein concentra-
tions, however, favored the formation of higher amounts
of mannitol hemihydrate.

The impact of drying parameters on the transformation
of amorphous mannitol was of interest because not all
amorphous mannitol crystallizes during annealing. Current
studies found that amorphous mannitol underwent different
transformation pathways during drying than those at
annealing. In one study, amorphous mannitol was first dried
at −35°C for an hour and then heated to 25°C under
vacuum. The amorphous mannitol sample remained stable
at 25°C for at least an hour. Once vacuum was released,
amorphous mannitol immediately transformed into a mix-
ture of β and δ mannitol at 25°C. The XRPD data on the
final forms also confirmed this transition of amorphous
mannitol. Figure 4 showed the Raman data for these two
transformations. Figure 4a is the Raman spectrum when
amorphous mannitol was annealed around −25°C into
mainly δ and hemihydrate form and Fig. 4b is the Raman
spectrum of the final forms crystallized from dried amor-
phous mannitol at 25°C after exposure to moisture. The
mannitol forms were primarily β and δ forms.

Dried amorphous mannitol, if subjected to a high tem-
perature as experienced in some aggressive secondary drying
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cycles, undergoes yet another transformation pathway revealed
by in situ Raman monitoring. In Fig. 5, dried amorphous
mannitol displayed a Raman spectrum having a typical broad
and smooth band at around the 2800 cm−1 region at 25°C. As
the temperature increased to 35°C under vacuum, some sharp
features were observed in a region that overlapped with this
broad C-H stretch Raman band. At temperatures above 45°C,
a significant spectral change was observed. Further analysis by
the quantitation method showed that αmannitol was the main
form generated under 45°C drying conditions.

The three different transition routes of amorphous man-
nitol could explain the observations of potentially inconsis-
tent distributions of mannitol forms amongst different
batches and even amongst vials from same batch. Even with
constant processing parameters, the local variances, such as
the temperature gradient inside the lyophilizer or the differ-
ent drying efficiency associated with a large quantity of
samples, could have an impact on the amorphous mannitol
within the formulation and the subsequent transformation
to different mannitol forms.

Mannitol hemihydrate was another metastable mannitol
form that could transform under lyophilization conditions.
For hemihydrate mannitol, similar transformation patterns
were observed as for amorphous mannitol. At ambient
conditions without vacuum, hemihydrate mannitol slowly
dehydrated into mostly β and some δ mannitol forms. The

transformation of hemihydrate mannitol during the freeze-
drying process was followed as a function of temperature by
Raman in-process monitoring (Fig. 6). Similar to what was
observed in the drying of amorphous mannitol, hemihydrate
mannitol dehydrated into primarily the α mannitol form at
a temperature higher than 45°C under vacuum.

Formulation samples with higher protein concentration
contained a relatively large amount of mannitol hemihy-
drate after the annealing step. After being subjected to the
same drying cycle as utilized for the placebo formulations,
the protein-containing samples also showed significant
amounts of α form of mannitol. This result was consistent
with the observation of the transition from pure mannitol
hemihydrate to mainly α mannitol at temperature above
45°C. However, less α mannitol was present in the final
product for protein-containing samples compared to pure
mannitol placebo samples, (29% vs. 64%, respectively).
Moreover, the sample with 20 mg/mL protein concentra-
tion showed overall less hemihydrate after annealing and
thus less α form after drying compared to the 50 mg/mL
samples.

In summary, formulation components, such as sucrose
and protein, inhibited mannitol crystallization so the direct
crystallization of mannitol from freezing was limited and
mannitol stayed as an amorphous form. Amorphous man-
nitol, after annealing, crystallized into mainly the δ form.

150014001300120011001000

Raman Shift (cm
-1

)

β
β

β
δ

δ

δ

b

δ

δ

δ
*

* hydrate

δ

a

δ

R
el

at
iv

e 
In

te
ns

ity

Fig. 4 The Raman spectra taken from the crystallization product of
amorphous mannitol after (a) annealing at −20°C and (b) exposing to
moisture at 25°C after being completely dried at −35°C. The asterisks
mark mannitol hemihydrate peaks.

R
el

a
tiv

e 
In

te
ns

ity
300020001000

Raman Shift (cm-1)

65°C
72% α   20% β
  8% δ     1% hydrate

55°C
67% α   21% β
6% δ     6% hydrate

45°C
59% α   23% β
  5% δ    10% hydrate

35°C

25°C

Fig. 5 The temperature-dependent in situ Raman monitoring for the
thermal transition of dried amorphous mannitol under 100 mTorr vacuum.

136 Cao et al.



However, protein seemed to stabilize the hemihydrate form
and the high protein concentration formulation resulted in
more hemihydrate formation. Amorphous and hemihydrate
mannitol, if dried, was stable under vacuum at room tem-
perature and underwent transition to α form at temper-
atures equal to or above 45°C. However, these two
metastable forms were sensitive to the combination of mois-
ture and temperature. They transformed to mainly the β
and δ forms at room temperature with moisture.

Raman Imaging for Distribution of Mannitol
Polymorphs in Lyophilized Samples

Raman imaging data were able to provide chemical struc-
ture information in lyophilization products at a broader
scale compared to the limited sampling area of in situ Raman
monitoring. Raman image data shown in Fig. 7 were
obtained on final lyophilized products from 4% mannitol
placebo solution under different cooling rates.

The in situ data had shown that the slow cooling rate of
1°C/min resulted in the direct crystallization of mannitol
from the solution phase. However, as shown in Fig. 1, the
crystallization results were not consistent from run to run, as
some samples were rich in δ mannitol while others were
mainly β mannitol. One possible explanation was the het-
erogeneous distribution of crystallization products within
each sample, and that our real-time observation was
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confined to a 154 μm diameter sample area which was not
representative of the whole sample. The imaging data con-
firmed this hypothesis. The top four Raman images in Fig. 7
showed the distribution of α, β, δ, hemihydrate mannitol in
a sample crystallized using a lyophilization cycle with a 1°
C/min cooling rate. The Raman images showed that the
main polymorphs from direct crystallization of slow cooling
were β and δ forms, with the δ form located more on the
edge and the β form more in the center of this lyophilized
product. The bottom four Raman images were from a
sample generated with a 10°C/min fast cooling rate and
annealing. The imaging of the fast cooling sample was
consistent with the observation from in situ monitoring,
showing δ mannitol as the main annealing product. The
latter fast-cooling process, which formed amorphous man-
nitol during freezing and induced crystallization by anneal-
ing, generated more consistent polymorphs and more
uniform distributions, suggesting this might be a more con-
trolled crystallization process than slow cooling for 4%
mannitol solutions.

The same experiment was performed on 5 μL TMS
buffer solution. Due to the inclusion of 1% sucrose, the fast
and slow cooling rates resulted in similar outcomes. Both
samples crystallized through amorphous mannitol, and their
Raman images were similar to what was observed in Fig. 7b.

CONCLUSION

Mannitol crystallization was highly sensitive to the formula-
tion composition and the lyophilization cycle processing
parameters, resulting in a combination of different physical
forms of mannitol with unique properties. Mannitol tended
to crystallize into stable forms in mannitol-only placebo
formulations, but the addition of lyoprotectant (e.g. sucrose)
and protein induced the metastable forms (e.g. hemihydrate
and amorphous forms). The drying temperature and mois-
ture were found to have significant effects on the transfor-
mation behavior of the metastable forms and resulted in
multiple combinations of mannitol forms.

The results observed on the in situ Raman freeze-drying
microscope system helped elucidate the various transition
pathways of amorphous and hemihydrate mannitol, which
could potentially be the source of the batch-to-batch and
even vial-to-vial variability of mannitol forms in the lyoph-
ilized product. An understanding of the crystallization and
transformation pathways of metastable mannitol forms is an
essential prerequisite to design a robust lyophilized protein
formulation and lyophilization process.

In addition to providing a mechanistic understanding of
mannitol transformational pathways, these studies also
showed the utility of the Raman imaging method to quan-
titatively characterize the heterogeneous distribution of

mannitol crystallization products. The wide range of Raman
imaging information was complementary to in situ Raman
monitoring data from a limited sample area. This technique
was especially insightful for samples with a heterogeneous
distribution of crystallization products, for which inconsis-
tent observations by in situ monitoring could be elucidated
by whole sample Raman imaging.
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