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Abstract: D-mannitol is a common six-carbon sugar alcohol, which is widely used in food, chem-
ical, pharmaceutical, and other industries. Polymorphism is defined as the ability of materials to
crystallize into different crystal structures. It has been reported for a long time that D-mannitol has
three polymorphs: β, δ, and α. These different polymorphs have unique physicochemical properties,
thus affecting the industrial applications of D-mannitol. In this review, we firstly introduced the
characteristics of different D-mannitol polymorphs, e.g., crystal structure, morphology, molecular
conformational energy, stability, solubility and the analytical techniques of D-mannitol polymor-
phisms. Then, we described the different strategies for the preparation of D-mannitol crystals and
focused on the polymorphic control of D-mannitol crystals in the products. Furthermore, the factors
of the formation of different D-mannitol polymorphisms were summarized. Finally, the application
of mannitol polymorphism was summarized. The purpose of this paper is to provide new ideas for
a more personalized design of D-mannitol for various applications, especially as a pharmaceutical
excipient. Meanwhile, the theoretical overview on polymorphic transformation of D-mannitol may
shed some light on the crystal design study of other polycrystalline materials.

Keywords: D-mannitol; polymorphism; physicochemical properties; analytical techniques; preparation
of D-mannitol crystals; factors of polymorphic control; applications

1. Introduction

Mannitol, also known as D-mannitol, is the most abundant six-carbon sugar alcohol
in nature, which can also crystallize in a manner that two mannitol molecules associate
with one water molecule, forming the lattice with an overall stoichiometry of a mannitol
hemihydrate (MHH) (C6H14O6·0.5H2O) [1]. Its structural formula is shown in Figure 1,
which is the isomer of sorbitol. Due to its superior characteristics, such as low calorific value,
no moisture absorption, high stability, and suitability as a sweetener, mannitol has been
widely used in the chemical industry [2], food industry [3], and pharmaceutical industry [4].
On one hand, mannitol, a typical polyol, and its hydroxyl group can participate in many
chemical reactions under certain conditions and generate various organic chemicals, such
as polyether and high-temperature-resistant foam plastics [5]. On the other hand, because
of its sweet taste and pleasant texture [6], mannitol can be used as a sweetener or antistick
agent in sugar-free gum [7]. Moreover, taking the advantages of nonhygroscopicity, good
compatibility, high solubility, and rapid disintegration [8], mannitol as a pharmaceutical
excipient plays an important role in the pharmaceutical industry.
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In the pharmaceutical field, mannitol, an important pharmaceutical excipient, can
be used in various dosage forms as a diluent and flavoring agent. In tablets, mannitol is
added to reduce the risk of tablet hardness loss during storage [9]. Mannitol also shows
excellent mechanical compression properties, which can reduce the formulation sensitivity
to the tablet speed and increase the compressibility of the material without interaction with
the active ingredient [10]. In addition, mannitol can be used as a proppant in lyophilized
injections and can prevent thickening in suspensions [4].

Studies on mannitol crystals emerge in an endless stream. When mannitol is used
as an excipient for protein-based active ingredients, the crystallization process needs to
be controlled to maintain the function of the active ingredient [11]. When mannitol is
used as a filler in formulations of solid preparations, its relatively high melting point and
low hygroscopic properties are critical. These physical properties depend on the solid
molecular structure and three-dimensional accumulation of mannitol molecules in the
lattice, i.e., the polymorphs of mannitol [12]. The control of mannitol polymorphs is of great
importance because transitions between different solid-state arrangements of mannitol
change its properties required for specific applications. Understanding the physicochemical
characteristics and preparation methods of different mannitol polymorphs is conducive for
accurate and personalized use of it. In this paper, the physicochemical characteristics of
mannitol, e.g., crystal structure, morphology, and intramolecular interaction, are reviewed.
The preparation methods of different mannitol polymorphs as well as the underlying
mechanisms about polymorphic control of mannitol crystals are summarized.

2. Physicochemical Properties and Analytical Techniques of D-Mannitol Crystals

Polycrystalline and polymorphic phenomena are extremely different. Polycrystalline
materials are almost all organic substances because many crystals can be formed (usually of
the same form). Polymorphism is a property to form different structures. As a typical small
molecule polyhydroxy compound, mannitol has been reported to have polymorphism
for a long time, since mannitol comes in three different forms: α, β, and δ [13,14]. The
polymorphic crystalline mannitol is endowed with different physicochemical properties
and can be characterized by a variety of analytical techniques.

2.1. Physicochemical Properties of D-Mannitol Crystals

Understanding the relationship between the properties of the solid state and the crystal
structure of the possible phase is an important part of optimizing operations and devel-
oping strategies and designing suitable stability schemes for substances [13]. Su et al. [15]
summarized the unit cell parameters and nomenclature of D-mannitol polymorphs in the
literature (shown in Table 1). It can be seen from Table 1 that the crystal structure and unit
cell parameters of β crystals of mannitol were first proposed by Marwick et al. [16] in 1931.
In 2003, Botez et al. determined the δ form as a monoclinic symmetric crystal and gave
the parameters of the related unit cells [17]. In the same year, Fronczek et al. analyzed
and summarized the previous work and determined that there were three polymorphs of
mannitol: β, δ, and α [18]. The α and β forms both have P212121 symmetry, differ primarily
in their intermolecular hydrogen bonding networks, and have previously only been reliably
differentiated experimentally by X-ray diffraction. The δ form is set apart by its significant
change in space group symmetry (P21 rather than P212121), different Z value (2 rather than
4), and lower melting point (mp 155 ◦C rather than ~166 ◦C of α/β) [12]. Intermolecular
interactions in different crystal cells of d-mannitol polymorphs are shown in Figure 2 [19].
The crystal structure parameters of different mannitol forms are shown in Table 1. The
stability of the mannitol polymorphs is β > α > δ. Therefore, the majority of mannitol sold
in the market is in the β form.



Crystals 2022, 12, 1080 3 of 21

Crystals 2022, 12, x FOR PEER REVIEW 3 of 22 
 

 

Figure 2 [19]. The crystal structure parameters of different mannitol forms are shown in 
Table 1. The stability of the mannitol polymorphs is β > α > δ. Therefore, the majority of 
mannitol sold in the market is in the β form. 

 
Figure 2. Intermolecular interactions in different crystal cells of D-mannitol polymorphs. (a) α, (b) 
β, and (c) δ. Reprinted from Ref. [19]. Copyright 2020, with permission from Elsevier. 

Table 1. The review of unit cell parameters and nomenclature of D-mannitol anhydrous polymorphs 
in the literature. Reprinted from Ref. [15]. Copyright 2017, with permission from Elsevier. 

Mark Literature Space 
Group a/nm b/nm c/nm β/(°) v/nm3 z Dx/kg·m−3 

β Marwick, 
1931 [16] 

P212121 0.865 1.690 0.556 – 203 ① 4 1.488 

β 
Rye, 1952 

②[20] P212121 0.865 1.690 0.556 – 203 ① 4 1.488 

β Berman, 
1968 [21] 

P212121 0.8672 1.6875 0.5560 – – 4 1.487 

β 
Walter-Levy, 

1968 [22] P212121 0.8672 1.689 0.5549 – – 4 1.489 

β 
Kaminsky, 
1997 [23] P212121 

0.8694 
(7) 

1.6902 
(8) 

0.5549 
(6) – 815 4 1.490 (2) 

β R. Fronczek, 
2003 [18] 

P212121 0.55381 
(10) 

0.8580 
(2) 

1.6795 
(5) 

– 789.0 
(3) 

4 1.516 

Figure 2. Intermolecular interactions in different crystal cells of D-mannitol polymorphs. (a) α, (b) β,
and (c) δ. Reprinted from Ref. [19]. Copyright 2020, with permission from Elsevier.

Table 1. The review of unit cell parameters and nomenclature of D-mannitol anhydrous polymorphs
in the literature. Reprinted from Ref. [15]. Copyright 2017, with permission from Elsevier.

Mark Literature Space Group a/nm b/nm c/nm β/(◦) v/nm3 z Dx/kg·m−3

β Marwick, 1931 [16] P212121 0.865 1.690 0.556 – 203 1© 4 1.488

β Rye, 1952 2© [20] P212121 0.865 1.690 0.556 – 203 1© 4 1.488

β Berman, 1968 [21] P212121 0.8672 1.6875 0.5560 – – 4 1.487

β Walter-Levy, 1968 [22] P212121 0.8672 1.689 0.5549 – – 4 1.489

β Kaminsky, 1997 [23] P212121 0.8694 (7) 1.6902 (8) 0.5549 (6) – 815 4 1.490 (2)

β R. Fronczek, 2003 [18] P212121 0.55381 (10) 0.8580 (2) 1.6795 (5) – 789.0 (3) 4 1.516

α Walter-Levy, 1968 [22] P212121 0.8839 1.8778 0.4896 – – 4 1.470

K Kim, 1968 [24] P212121 0.8942 1.8798 0.4893 – – 4 1.471

α R. Fronczek, 2003 [18] P212121 0.48653 (10) 0.8873 (2) 1.8739 (3) – 809.0 (3) 4 1.496

δ Walter-Levy, 1968 [22] P21 or P21/m 0.5095 1.8254 0.4919 118.36 – 2 1.501

δ R. Fronczek, 2003 [18] P21 0.4899 (2) 1.8268 (6) 0.5043 (2) 118.39 (2) 397.0 (3) 2 1.524

δ Botez, 2003 [17] P21 0.508941 (5) 1.82504 (2) 0.491702 (5) 118.303 402.103 2 1.377 3©

1© Volume per molecule, and the others are volume per unit cell. 2© The author also mentioned that the β form
they obtained was in agreement with Marwick’s result. 3© The densities of mannitol polymorphs in this work are
all lower than others (1.394 kg·m−3 for the β form).

Optical microscope and SEM images of different mannitol polymorphs are shown
in Figure 3. It can be seen that the optical microscope cannot be used as an effective
tool to identify the polymorphic form [25]. However, some differences can be identified
from the SEM images. The morphology of the α and β forms of mannitol are needle-like,
while the δ form of mannitol is smooth and rod-like. Meanwhile, the morphology changes
brought about by different crystal forms will also lead to a change in the particle size of
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mannitol. Benetti et al. [26] isolated the dynamically stable mannitol polymorphic form by
recrystallization. They determined the particle size distribution of three forms of mannitol
and found that the β form has the narrowest particle size distribution, with most particles
less than 30 µm, while the α and δ forms have a similar particle size distribution with
a median volume diameter of about 23 µm. Cares-Pacheco et al. [27] prepared pure β

and α forms of mannitol by antisolvent precipitation and measured their median volume
diameters. They found that the β form made of rods had a D[Y,0.5] of 26.7 µm and a
D[Y,0.9] of 81.7 µm, while the α form with needle-shape morphology had a D[Y,0.5] of
25.3 µm and a D[Y,0.9] of 42.4 µm.

Crystals 2022, 12, x FOR PEER REVIEW 4 of 22 
 

 

α 
Walter-Levy, 

1968 [22] P212121 0.8839 1.8778 0.4896 – – 4 1.470 

K Kim, 1968 
[24] 

P212121 0.8942 1.8798 0.4893 – – 4 1.471 

α 
R. Fronczek, 

2003 [18] P212121 
0.48653 

(10) 
0.8873 

(2) 
1.8739 

(3) – 
809.0 

(3) 4 1.496 

δ Walter-Levy, 
1968 [22] 

P21 or 
P21/m 0.5095 1.8254 0.4919 118.3

6 – 2 1.501 

δ R. Fronczek, 
2003 [18] 

P21 0.4899 
(2) 

1.8268 
(6) 

0.5043 
(2) 

118.3
9 (2) 

397.0 
(3) 

2 1.524 

δ 
Botez, 2003 

[17] P21 
0.508941 

(5) 
1.82504 

(2) 
0.49170

2 (5) 
118.3

03 
402.10

3 2 1.377 ③ 

① Volume per molecule, and the others are volume per unit cell. ② The author also mentioned 
that the β form they obtained was in agreement with Marwick’s result. ③ The densities of mannitol 
polymorphs in this work are all lower than others (1.394 kg·m−3 for the β form). 

Optical microscope and SEM images of different mannitol polymorphs are shown in 
Figure 3. It can be seen that the optical microscope cannot be used as an effective tool to 
identify the polymorphic form [25]. However, some differences can be identified from the 
SEM images. The morphology of the α and β forms of mannitol are needle-like, while the 
δ form of mannitol is smooth and rod-like. Meanwhile, the morphology changes brought 
about by different crystal forms will also lead to a change in the particle size of mannitol. 
Benetti et al. [26] isolated the dynamically stable mannitol polymorphic form by recrys-
tallization. They determined the particle size distribution of three forms of mannitol and 
found that the β form has the narrowest particle size distribution, with most particles less 
than 30 µm, while the α and δ forms have a similar particle size distribution with a median 
volume diameter of about 23 µm. Cares-Pacheco et al. [27] prepared pure β and α forms 
of mannitol by antisolvent precipitation and measured their median volume diameters. 
They found that the β form made of rods had a D[Y,0.5] of 26.7 µm and a D[Y,0.9] of 81.7 
µm, while the α form with needle-shape morphology had a D[Y,0.5] of 25.3 µm and a 
D[Y,0.9] of 42.4 µm. 

 
(a)                          (b)                         (c) 

Figure 3. Optical microscope and SEM images of different mannitol polymorphs: (a) β form,
(b) α form, and (c) δ form. Adapted with permission from Ref. [25]. Copyright 2010, American
Chemical Society.

In addition to the differences in crystal structure and morphology, mannitol also has
an obvious dissimilarity in stability and thermodynamic properties, and this dissimilarity
often depends on its microscopic properties, such as the hydrogen bonding force, van der
Waals interactions, molecular conformation energy, and multiple molecular interactions.
The thermodynamic stability of mannitol polymorphs is β < α < δ [19]. The discrepancy
of mannitol polymorphs is mainly due to the fact that compared with the β and α forms
connected by trihydrogen, dihydrogen, and single hydrogen bonds, the central molecules
of the δ form are mostly connected with the surrounding molecules in the form of a single
hydrogen bond. As a result, hydrogen bonds (HBs) of the δ form of mannitol have weaker
interactions, are more likely to break, and thus are the least stable. Meanwhile, weak van
der Waals interactions and multiple molecular interactions (even those with obvious H
bond or π–π stack interactions) should not be ignored [28]. On the other hand, because of
the difference in conformational energy, the higher the conformational energy, the worse the
stability, and the conformation energy of the molecules in the three mannitol polymorphs is
β < α < δ [19]. In fact, in addition to mannitol, hydrogen bonds also contribute significantly
to the polymorphism formation of other organic crystals. Cruz-Cabeza et al. [29] conclude
that molecular size and molecular flexibility do not affect the tendency of molecules to
crystallize in several polymorphisms. Molecules that can form hydrogen bonds are only
more likely to be polymorphic than those that cannot. However, we must remember that
van der Waals interactions are generally dominant in organic crystals. When a molecule
has multiple HB donors and recipients, different HB pairs may be seen in polymorphism.
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At the same time, the thermodynamic stability of different mannitol polymorphs is
also closely related to their solubility. Cornel et al. [25] measured the solubility of three
mannitol polymorphs in water with the change of temperature; the solubility is δ > α > β at
the same temperature (as shown in Figure 4a). Moreover, Yu et al. also detected the eutectic
melting heat absorption of different mannitol polymorphs and obtained their Gibbs free
energy within a certain temperature range (350 K–450 K). They found that the α and β

forms of mannitol melt congruently at nearly the same temperature (166.0 and 166.5 ◦C,
respectively). The δ form melts incongruently (mp≈155 ◦C) since the unstable liquid
formed upon melting crystallizes to the α form, which then melts congruently (as shown
in Figure 4b) [30]. All the thermodynamic data are consistent with the thermodynamic
stability of mannitol.
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In addition, the different morphology and particle size presented by different mannitol
polymorphs also affect its surface heterogeneity, which is reflected in all aspects because
the overall surface chemistry of a crystalline solid is not only a reflection of the various
crystal sections, but also of the unique combination of impurities, growth steps, crystal
edges, surface pores, local degree of crystallinity, and surface functional groups [31]. Cares-
Pacheco et al. [32] prepared pure β and α forms by antisolvent precipitation (acetone) and
treated them by cryogenic milling (CM) and/or spray drying (SD). It was found that the
surface energy increased after all forms of treatment, leading to an increase in adsorption
behavior on solid surfaces. Furthermore, different morphology can also have a certain effect
on surface heterogeneity. Ho et al. [33] studied the change of surface energy heterogeneity
of the β form with different crystal morphology by finite concentration reversed-phase
gas chromatography. The surface energy ranges of mannitol with different aspect ratios
were similar, but the relative ratios of energy values were significantly different. With the
decrease in the aspect ratio of mannitol, the displacement of the total contribution of the
low dispersion surface energy region decreases.

More importantly, it is also found that the δ form of mannitol possesses strong
compaction properties and shows superior tabletability in comparison with the α and
β forms [10]. Yoshinari et al. [34] proved that δ form particles had the ability to enhance
plastic deformability due to their unique particle structure. Wagner et al. [6] also validated
the superior compactability and disintegration behavior of δ mannitol during roll com-
paction and subsequent tableting. Compared with β mannitol, they found that δ mannitol
granules possess better compactability, which could be employed to solve problems such as
poor flow performance during tablet pressing. The physicochemical properties of different
mannitol polymorphs are summarized in Table 2.
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Table 2. Physicochemical properties of different D-mannitol polymorphs.

Characteristics
Mannitol Polymorphs

Ref.
β α δ

Crystal structure P212121 symmetry P21 [25]

Morphology needle-like monoclinic [25]

Thermodynamic stability β > α > δ [19]

Molecular
conformational energy β > α > δ [19]

Solubility in water δ > α > β [25]

Solubility in
methanol–water and ethanol–water δ > α > β [35]

hydrogen bonding force β > α > δ [19]

compactability and tabletability δ > α≈β [10]

2.2. Analytical Techniques of D-Mannitol Polymorphisms

The various physicochemical properties of polymorphic mannitol are often used as
the basis for development, whereas polymorphic transition is a kinetic process that may
occur progressively after the final formulation (e.g., tablet) with the active pharmaceutical
ingredient (API). Therefore, it is very important to characterize mannitol [36]. At present, X-
ray powder diffraction (XPRD), differential scanning calorimetry (DSC), Raman, or several
analytical methods are commonly used to characterize polymorphic mannitol.

X-ray powder diffraction is one of the most important techniques for the identification
of crystal forms, and its applicability for the quantification of crystal phases in tablets has
been demonstrated [37]. Cares-Pacheco et al. characterized different polymorphisms of
mannitol, as shown in Figure 5. It can be seen that the β form of mannitol was identified
at the peaks of 10.4◦, 14.56◦, and 16.74◦; the α form of mannitol at the peaks of 13.64◦ and
17.18◦; and the δ form of mannitol at the peak of 9.7◦ [38,39].
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Differential scanning calorimetry (DSC) is among the most common techniques used
in pharmaceutical development for the characterization of drug candidates, intermediates,
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excipients, and prototype drug products. It can be used to determine the thermodynamic
stability of mannitol. It is generally agreed that the α and β forms of mannitol are monotrop-
ically related, while α and δ and β and δ may be enantiotropically related [40]. Therefore,
DSC is usually used to determine the melting point of mannitol to judge the difference
between mannitol forms. Burger et al. [41] determined the thermodynamic relationship
between different mannitol polymorphs by DSC. As shown in Figure 6, the DSC curves
of the α and β forms of mannitol show one endothermic peak representing the melting of
the respective crystal forms; i.e., the α form of mannitol melts at 166 ◦C, and the β form of
mannitol melts at 166.5 ◦C, while the δ form of mannitol melts at approximately 155 ◦C.
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Spectroscopic techniques, such as infrared (IR) and Raman, complement the diffraction
techniques by supplying information on the short-range structure of polymorphs. The
fundamental molecular vibrations are different for each polymorph providing a unique
‘fingerprint’ in the form of a spectrum [42]. Differences in mannitol polymorphisms were
also measured by Burger et al. [41] using FTIR and Raman spectroscopy (as shown in
Figure 7). They found that the FTIR spectra of different mannitol polymorphs showed
significant differences relating to O–H and C–H stretching vibrations in the range between
3700 and 2500 cm−1 as well as differences in the C–H deformation vibrations between
1400 and 1200 cm−1. The vibrations involving the stretching of the C–O bond (1400 to
1200 cm−1) also showed significant shifts for the three polymorphs. Furthermore, differ-
ences can be found in the region between 800 and 600 cm−1. The spectral region between
3000~2800 cm−1 and 1150~1100 cm−1 is suitable for distinguishing these three polymor-
phisms with FT Raman spectroscopy.
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3. Polymorphic Control during the Preparation of Mannitol Crystals

It has been reported that there are many methods to prepare mannitol with different
polymorphs, such as recrystallization [26], spray drying [43], and freeze drying [44]. The
recrystallization method mainly controls the mannitol polymorphs by adding different
solvents or adjusting the drip rate, while the spray-drying method mainly adjust the man-
nitol polymorphs by regulating the inlet and outlet temperatures, changing the solid–liquid
composition. The freeze-drying method is mainly used for lyophilized pharmaceutical
dosage, and mannitol polymorphs can be obtained through the changes of the amount of
added lyophilized solution containing protein and freezing-drying temperature.

3.1. Recrystallization

Recrystallization is a process by which crystals are dissolved in a solvent or melted
and recrystallized from the solution or melt. Among them, antisolvent precipitation is the
most common method for the preparation of mannitol with different polymorphs. The
antisolvent precipitation method dissolves a compound in the solvent and then pours
it into the antisolvent so that fine particles of the compound precipitate out of the mix-
ture solvent. This method has long been used to prepare micron and nanoscale drug
particles [45]. Su et al. [46] used the antisolvent precipitation method to prepare mannitol



Crystals 2022, 12, 1080 9 of 21

crystals, among which anhydrous ethanol was used as the antisolvent. The mannitol of
the α form was obtained by fast cooling a saturated mannitol solution in a 70 wt% ethanol
aqueous solution from 50 to −5 ◦C, whereas the δ form of mannitol was produced by a
reverse antisolvent crystallization with the addition of the saturated mannitol solution
into cold ethanol at −5 ◦C, which reversed the solvent addition order compared with the
antisolvent precipitation method [47]. The products were both filtered and then dried
under vacuum at 40 ◦C for 24 h. Kaialy et al. [48] also found that the recrystallization
of mannitol from different antisolvent media resulted in different mannitol polymorphs,
and the ratio of water had considerable influence on its physical properties and powder
morphology. When mannitol crystallized in ethanol/water, the crystal morphology of
mannitol could be adjusted by changing the ratio of ethanol/water, and the ratio of FPF
could be optimized. The mannitol of the β form was obtained from ethanol containing
15% water, while ethanol with relatively low amounts of water (0, 5 and 10%) produced
mixtures of the α, β, and δ forms of mannitol.

Meanwhile, the addition of other excipients during the process affects the formation
of mannitol crystal recrystallization. Benetti et al. [26] prepared the α form of mannitol by
adding PVA into mannitol aqueous solution, and then the recrystallization process was
performed in methanol. The mannitol of the δ form was obtained by adding acetone to
the mannitol solution in the presence of PVP. Moreover, Penha et al. [49] used distinct
sodium dodecyl sulfate (SDS) self-assemblies (monolayer, micelle, or crystal) as designed
heteronucleant templates to selectively crystallize mannitol in cooling crystallization. They
dictated SDS heteronuclear self-assemblies in a homogeneous solution containing SDS
and mannitol by controlling the crystallization temperature and SDS concentration. The
formation of an SDS monolayer at the air–solution interface was favorable for the formation
of the β form of mannitol, and the presence of SDS micelles promoted the preferential
crystallization of the metastable α form of mannitol. The presence of hard SDS crystal
templates selectively induced the formation of the unstable δ form of mannitol.

Apart from that, different mannitol polymorphs can be prepared by the melt crystal-
lization method. Cornel et al. [25] prepared the α form of mannitol by heating mannitol
to 170 ◦C to form a melt and then crystallizing it to room temperature through a natural
cooling profile to obtain the target crystals. Telang et al. [50] found that sodium chloride
and mannitol showed significant melt miscibility, and the presence of sodium chloride
(up to 7.5% w/w or 0.20 mole fraction of NaCl) could affect the melting, crystallization,
and polymorphism of mannitol. Depending on the sample size performed in the VTXRD
experiment, the δ form of mannitol was obtained with a sample size less than 10 mg, and
the α form of mannitol was produced with a sample size above 100 mg. The schematic
of the recrystallization method for the preparation of polymorphic mannitol is shown in
Figure 8.

3.2. Spray Drying

Spray drying is a drying technology, which is fast, efficient, and easy for large-scale
production. Its main processes include the atomization of flowing materials into small
droplets, instantaneous heating and flash drying of the droplets within a hot medium, and
finally the collection of dried powder. Furthermore, the spray drying of polycrystalline
materials, such as mannitol, enables simultaneous solvent removal and crystallization
during rapid particle formation. The spray drying of mannitol mainly involves three
processes, namely mass transfer, heat transfer, and crystallization. By adjusting the material
formulation, the above three processes can be controlled, and mannitol with different
polymorphs can be prepared.
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Vanhoorne et al. [51] produced the δ form of mannitol by cospray drying with PVP.
The produced δ form of mannitol could be stored stably for at least 6 months, and they
found that it performed well in drugs with poor compressibility. Abdullahi et al. [52]
used X-ray computed tomography (XCT) to elucidate the morphology and microstructure
of mannitol or mannitol/PVP particles during spray drying. They found that mannitol
aqueous solutions of different concentrations produced particles with different levels
of crystallinity, and the particle size and surface roughness increased with increasing
concentrations of mannitol. The mannitol of the α form and δ form were produced at
low concentrations (up to 7%), with the more stable β form generally occurring at higher
concentrations (more than 7%). Zhang et al. [53] spray-dried self-assembled mannitol
samples using mannitol/LB Agar (peptone from casein 27.03%, yeast extract 13.51%, NaCl
27.03%, and agar 32.43%) as a starting material. Using n-hexane as the polymorphic
transformation reagent, β-mannitol and δ-mannitol/LB Agar particles were converted to
α-mannitol, and mannitol/LB Agar particles with controllable roughness were synthesized.
Wang et al. [54] also found that during spray drying, as the feed liquid concentration
increased from 2% to 8% or 15%, the content of the β form of mannitol in dried products
increased from 70% to 100% accompanied by a decrease in the content of the α form of
mannitol and the formation of intergranular voids.

In addition, mannitol polymorphism can be controlled by changing the process param-
eters during spray drying [55,56]. Littringer et al. [57] found that at an outlet temperature
of 67 ◦C (M67), only the stable β form of mannitol was formed, and the particle surface
was composed of rod-like crystals with a rough appearance. When the outlet temperature
was 84 ◦C (M84) or 102 ◦C (M102), a small amount of the α form of mannitol appeared, and
the surface of the particles became smooth due to the stained crystals. Maas et al. [58] also
prepared mannitol particles with different surface roughness by spray drying at different
outlet temperatures. It was found that the amount of β form of mannitol was basically
unchanged (95%) in the samples spray-dried from 60 to 110 ◦C. However, upon a further
increase in the outlet temperature, the content of the α form of mannitol increased signifi-
cantly, reaching about 16% in samples dried from 140 ◦C. Mönckedieck et al. [59] made the
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same discovery, but they also concluded that neither particle shape nor surface roughness
could be controlled independently. The schematic of the spray-drying method for the
preparation of polymorphic mannitol is shown in Figure 9.
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3.3. Freeze Drying

Freeze drying is commonly used for manufacturing injectable pharmaceutical products.
In general, freeze-dried formulations contain multiple components, such as active phar-
maceutical ingredients, bulking agents, lyoprotectants, cryoprotectants, and buffers [60].
Protein drugs are often processed with mannitol as excipients during freeze drying because
they can minimize thermal stress, mitigate dehydration stress, and maintain protein struc-
ture and activity, making them particularly suitable for preserving protein drugs [61]. As
early as 1998, Kim et al. [62] found that polymorphisms of mannitol could affect lyophilized
products, and when mannitol is present as a single component, both the freezing rate and
mannitol concentration affect the crystalline form of mannitol in the freeze-dried solids.
Slow freezing of 10% (w/v) mannitol yields a mixture of the α and β forms of mannitol,
while rapid freezing of the same solution yields the δ form of mannitol. The rapid freezing
of 5% (w/v) mannitol mainly produces the β form. Grohganz et al. [63] compared the
effect of a lysozyme addition on the mannitol polymorph in freeze drying. They found
that the δ form of mannitol was mainly formed when the lysozyme concentration was
higher than 20% (w/w) in lyophilized samples. Similarly, Pajander et al. [64] found that the
freeze-drying process resulted in a mixture of the β and δ forms of mannitol, and mannitol
was transferred from the β form to the δ form as the lysozyme concentration increased.
The schematic of the freeze-drying method for the preparation of polymorphic mannitol is
shown in Figure 10.
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Nakagawa et al. [66] found that different freezing schemes resulted in different poly-
morphic distributions in mannitol freeze-dried products. When the sample was cooled
at −2.0 ◦C/min, the proportion of the β form of mannitol decreased and the proportion
of the δ and α forms increased as the nucleation temperature decreased, with the δ form
accounting for a larger proportion. When the sample was cooled at −0.5 ◦C/min, the ratio
of the α form of mannitol decreased to 0, and the ratio of the δ and β forms of mannitol
increased as the nucleation temperature decreased, with the β form accounting for more.
Liao et al. [67] cooled the lyophilized solution containing protein, mannitol, trehalose, 0.01%
(w/v) polysorbate 80, and phosphate buffer (pH = 7.2) to −45 ◦C at a rate of 1 ◦C/min
and found that annealing was conducive to the crystallization of mannitol. In the absence
of protein, the mannitol of the δ form and hemihydrate mixtures were obtained at both
low (−18 ◦C) and high (−8 ◦C) annealing temperatures. In the presence of protein, high-
temperature annealing promoted the crystallization of the δ form of mannitol and inhibited
the formation of hemihydrate mannitol, while low-temperature annealing favored the
formation of hemihydrate mannitol. Although freeze drying is an effective way to improve
the long-term stability of nano drugs and biological drugs, its high production cost is still
a key factor affecting its application in the pharmaceutical field [68]. The polymorphic
control strategies of different mannitol preparation methods are summarized in Figure 11.

In addition, adjusting the freeze-drying process parameters can also be used to control
the mannitol polymorphs. Chakkittakandy et al. [65] used syringes to drip and spray
mannitol solutions into small containers containing liquid nitrogen before freeze drying.
They found that when samples went through the same sublimation process, samples
made up of small droplets and large droplets were rapidly frozen by liquid nitrogen and
crystallized into different polymorphs. In the case of small droplets produced by spraying,
only the δ form of mannitol was formed, and there was no sign of the β form of mannitol.
In the case of large droplets produced by adding them through a syringe, the mannitol of
both the δ and β forms can be observed. Therefore, they concluded that polymorphism
occurs during freezing, and different mannitol polymorphs can be prepared depending on
the freezing method used.
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4. Kinetic and Thermodynamic Factors in Polymorphic Control of Mannitol

The same molecule of different polymorphs may exhibit different properties, such
as dissolution rate, bioavailability, melting point, stability, solubility, and hygroscopicity.
Therefore, it is important to identify and regulate the mannitol polymorphs that may be
formed at different stages of the manufacturing process [69]. Understanding the underlying
factors about polymorphic control of mannitol is critical to obtain the most acceptable
mannitol form and avoid the failure of the production process. This review summarized
the main theoretical research on the polymorphic control of mannitol, including crystal
growth kinetics and thermodynamics.

4.1. Crystal Growth Kinetic Factors

Crystal growth kinetics mainly studies the law between the growth rate and growth
driving force during crystallization, including nuclear dynamics and growth kinetics, both
of which may play a decisive role in crystal growth. Su et al. [15] reviewed the literature
on mannitol crystal growth and found that its growth would be affected by a variety of
dynamic factors. They reanalyzed the induction time and supersaturation data in order
to elucidate the crystal growth mechanism of the δ form of mannitol by calculating the
relationship among the parameters related to nucleation rate, growth time, and supersatu-
ration during the entire crystallization process. They found that the metastable δ form of
mannitol hardly follows the spiral growth mechanism, and its growth mechanism should
be 2D nucleation-mediated during cooling crystallization.

O’Sullivan et al. [70] monitored the growth trend of the β form of mannitol by using
Focused Beam Reflectance Measurement (FBRM) and Particle Vision and Measurement
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(PVM) Nucleation. They found that when the δ form of mannitol was added to a saturated
mannitol solution, it steadily increased the supersaturation level of the solution relative to
the β form as the δ form dissolved, leading to a correlated increase in the amount of the
β form. They speculated that this increase was likely due to the growth of the β form of
mannitol formed by its spontaneous nucleation as well as a solid-phase water-mediated
transition from the δ form, which is shown in Figure 12a.
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In addition, Tao et al. [72] believed that the crystallization pathway was controlled by
the cross nucleation and the relative growth rates among different mannitol polymorphs.
Using 10 wt% mannitol and PVP as model systems, they found that the frequency of cross
nucleation increased with decreasing temperature, and spontaneous nucleation of the α

form of mannitol was occasionally observed below 110 ◦C. Above 110 ◦C, the δ form of
mannitol always nucleated first, and the α form of mannitol could not nucleate without the
presence of the δ form. In rare cases, the β form of mannitol crystallized first (instead of
the δ form), and the α form of mannitol nucleated on its surface. Shtukenberg et al. [71]
reached the same conclusion by observing the optical bands formed by two polymorphic
spherulites of mannitol and found that the α form of mannitol (p = 5 µm) intersected
nucleation at the δ form growth front (p = 7.5 µm). When the temperature was lower than
the mannitol melting temperature, the growth rate of the δ form of mannitol increased first
and then decreased. When additives, such as PVP and sorbitol, were added, the growth
rate of the δ form of mannitol also decreased with the increase in additive concentration,
and the crystal growth process is shown in Figure 12b.

Har et al. [73] conducted a comprehensive analysis of mannitol crystallization during
droplet drying and identified two stages of its crystallization. Firstly, mannitol solid
nucleated and precipitated on the droplet surface, and the crystallization kinetics were
similar at different drying temperatures (70 ◦C, 90 ◦C, and 110 ◦C). Secondly, the removal
of residual water in the second stage depended on the drying temperature, and mannitol
showed prolonged crystallization periods associated with slow water removal at low
temperatures of 70 and 90◦C. The crystal growth process is shown in Figure 12c.

4.2. Thermodynamics Factors

For polycrystalline materials, the metastable crystal always has thermodynamic driv-
ing force to transform to stable form, and crystals with high Gibbs free energy tend to
spontaneously transform to that with low Gibbs free energy. The occurrence of the poly-
morphic transition depends on the relative magnitude of the driving force and the way
in which the crystal transition is induced [35]. Therefore, the study on thermodynamic
properties has an important guiding role in the production and control of polycrystalline
drugs. Wei et al. applied four commonly used solid–liquid phase equilibrium models
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to correlate the solubility of mannitol polymorphs. Specifically, the modified Apelblat
model and Buchowski-Ksiazaczak λh model were used to show the connection between
solubility and temperature, while the Ma model and NRTL model were applied to express
the relationship between isothermal solubility and initial organic component ratio as well
as the temperature in the binary solvent. They found that the solubility of all mannitol
polymorphs increased with temperature and decreased with the rise of the organic compo-
nent ratio in the binary solvent. The thermodynamic properties of the mixing process of
mannitol polymorphs, namely ∆mixG, ∆mixH, and ∆mixS, were calculated based on the
NRTL model, and the calculated values denoted that the mixing process was a spontaneous,
exothermic, and entropy-driven process in both binary solvents.

In addition, various parameters, such as melting point, entropy and enthalpy of fu-
sion, and density, have been used to understand the thermodynamic relationships among
different mannitol polymorphs, with a specific goal to identify their transformations as
monotropic or enantiotropic. Dierks et al. [12] evaluated the stability, thermodynamic
relationships, and spectral characteristics of polymorphic mannitol using solid-state den-
sity functional theory simulations and experimental terahertz spectra. They found that
β−δ (at 298 K) and α−δ (at 442 K) were enantiomorphic, but α−β was monotropic by
thermodynamic analysis of anhydrous mannitol polymorphs.

4.3. Competition between Kinetic and Thermodynamic Factors

There are many processes and reactions in which dynamic and thermodynamic forces
compete with each other, and crystallization is no exception [74]. Drebushchak et al. [75]
investigated the effects of kinetics and thermodynamics on the formation of metacetamol
polymorphisms using cyclic heating and cooling DSC experiments. They found that to
obtain pure form I of metacetamol from its melt, it is necessary to cool it down to room
temperature slowly (3 ◦C min−1) or rapidly (24 ◦C min−1) and then to heat it again up to
130 ◦C, in order to eliminate the remnant amorphous phase and impurity of the form II. To
obtain pure form II of metacetamol, it is necessary to heat it again up to 70 ◦C in order to
eliminate the remnant amorphous phase. This kinetic and thermodynamic competition is
also essential for mannitol polymorphisms. Su et al. [46] used FBRM to measure nucleation
and the induction time during spontaneous nucleation of mannitol and calculated the
solubility. They found that the nucleation sequence is not consistent with the solubility
sequence, indicating that the spontaneous nucleation of mannitol polymorphisms depends
not only on thermodynamic properties, but also on kinetic factors. Then, they calculated
some nucleation parameters (the critical radius r* and the critical number of molecules
forming a nucleus n*) to compare the nucleation of mannitol polymorphs based on ther-
modynamic and kinetic properties. It was found that the most important parameter was
the critical excess free energy (∆Gi*), which determined the influence of thermodynamic
and kinetic properties on nucleation as supersaturation and interfacial energy, respectively.
Specifically, kinetic parameters played a more important role than the thermodynamic
properties at higher initial concentrations, which made the metastable δ form of mannitol
easy to nucleate. Conversely, the thermodynamically stable β form of mannitol tended
to crystallize first when initial concentrations were low. Su et al. [46] used FBRM to mea-
sure nucleation and the induction time during spontaneous nucleation and calculated the
solubility. They found that the nucleation sequence is not consistent with the solubility
sequence, indicating that the spontaneous nucleation of mannitol polymorphisms depends
not only on thermodynamic properties, but also on kinetic factors.

5. Pharmaceutical Applications of D-Mannitol Crystals

The differences in physicochemical properties and the preparation of mannitol poly-
morphs resulted in a significant different functionality in its pharmaceutical-related ap-
plications. Various studies have been conducted to improve the drug performance by
controlling the mannitol polymorphs. In the preparation of dry powder inhalants (DPIs),
mannitol does not degrade upon melting, offering the possibility to process it at high
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temperatures [76], and it has the advantages of nonanimal origin, nonreducibility, and
compatibility with many drugs [77]. Feng et al. [78] chose mannitol as an excipient for the
study of a dry powder inhalant carrier. The morphology and polymorphism of mannitol
particles were controlled in order to improve the atomization performance of inhalable
dry powder. They found that bubbles produced by the decomposition of ammonium
bicarbonate can lead to the formation of spheroidal mannitol particles with rough surfaces.
Moreover, they found that as the concentration of ammonium bicarbonate increases, the
mannitol morphology gradually became irregular, and the ratio of the α form of mannitol
gradually increased. They speculated that the increase in the ratio of α the form of mannitol
resulted in high dispersed surface energy and rough surface particles, thus contributing to
the increase in fine particle fraction (FPF). In addition, Hertel et al. [79] compared spray
granular mannitol carriers with lactose carriers commonly used in DPI formulations to
evaluate the superiority of granular-engineered mannitol. It was found that rough and
irregular mannitol particles could better decompose active pharmaceutical ingredient (API)
aggregates, resulting in a more uniform surface distribution of carrier particles and lower
relative standard deviation (RSD) of blends in comparison with lactose.

In the preparation of tablets, mannitol is mostly used as a filler. Lute et al. [80]
compared the performance of lactose and mannitol powders of different grades in the
twin-screw wet granulation process. Lactose and mannitol powders with different powder
morphology were granulated at a different liquid-to-solid ratio (L/S) and spiral speed,
respectively, and their effects on particle properties (size, shape, and structure of granules)
and sheet forming properties (tensile strength) were investigated. They found that the
granulation behavior of mannitol powders was controlled by its original size structure
and compressibility, and the porous structure of particles could improve the tablet tensile
strength in the dry granulation or direct compaction. Megarry et al. [81] studied the behav-
ior of mannitol in the twin-screw wet granulation process and found that mannitol partially
transformed from the α form to the β form along with morphology change (spherical
particles to needle-like) during wet granulation, which increased the tensile strength of the
tablet. Yoshinari et al. [34] used the wet granulation method to granulate the β and δ forms
of mannitol with pure water of 5%, 10%, 15%, and 25% (W/W). Finally, by controlling
the water content, the δ form with a special structure was obtained, which improved the
compaction and compression properties of mannitol. Moreover, Vanhoorne et al. [8] also
found that the δ form of mannitol particles had better tensile strength than other forms
during continuous twin-screw granulation, which could overcome the disadvantage of
poor compression of high-dose acetaminophen.

Additionally, Ohrem et al. [82] pointed out the applicability of mannitol in emerging
oral disintegrating tablet (ODT) technology. Al-khattawi et al. [83] also mentioned that
the most popular diluent in the development of ODTs was sugar alcohol mannitol, which
is prepared by the catalytic reduction of sugar. Mannitol has been used to develop ODT
formulations as it provides a creamy texture upon disintegration of the tablet and a sweet
taste regardless of the low sugar content and is nonhygroscopic. However, the main
drawback of the commonly used β-mannitol tablet formulations is its low compactness. So,
Sano et al. [84] prepared a wet tablet composed of δ-mannitol and silica and heated it by
microwave (MW) to produce water vapor inside the tablet. They demonstrated that the
water vapor generated by microwave irradiation promoted a change in the crystalline form
of mannitol from δ to β, and this may have contributed to an increase in tablet hardness.
In addition, they found that the specific surface areas of the ODTs prepared with the δ

form of mannitol were larger than those of the ODTs prepared with the β form of mannitol.
Additionally, the swelling induced by microwave treatment and the polymorphic ratio of
mannitol had an effect on both the hardness and disintegration time of ODTs. Especially
when the tablet consisted of a high proportion of disintegrant (15%) and the β form of
mannitol (30%), the hardness and disintegration time were improved by MW treatment [85].

To sum up, it can be seen that the selection of mannitol as pharmaceutical excipients
is highly individual, and the differences in physicochemical properties of polycrystalline
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materials, such as mannitol, will affect their applications in the pharmaceutical field.
Therefore, it is of great significance to study the crystal control and crystal transformation
mechanism of polycrystalline materials. The morphologic and polymorphic changes of
mannitol in DPI and tablet caused by different factors are summarized in Table 3.

Table 3. Change of content, morphology, and properties of mannitol polymorphs under different
factors in DPI and tablet *.

Dosage Form Factor
Polymorphs

Morphology Increase Ref
β α δ

DPI

Concentration
of

NH4HCO3

— ↑ — Became
irregular FPF [78]

Presence
of

mannitol
—— Became

rough
decompose

API aggregates [79]

Tablet
Wet

granulation
process

—— Porous
structure compressibility [10]

↓ ↑ — Spherical particles to
needle-like tensile strength [80]

↑ — ↓
Many

needle-shaped
primary crystals

tensile strength [81]

ODTs Microwave ↑ — ↓ Primary β crystals hardness and
disintegration time [84]

* ↑ indicates an increase in content, and ↓ indicates a decrease in content.

6. Conclusions and Perspectives

Mannitol is a common polycrystalline material, and it is worth paying attention to its
properties, applications, preparation methods, and the polymorphic control mechanisms
involved. First of all, different mannitol polymorphs have been found with diversely
physicochemical properties, and it is agreed that the reason for this phenomenon is the
difference in their crystal structure and the interaction between the molecules. This dissimi-
larity has shown interesting applications in the pharmaceutical field, especially in unstable
mannitol crystal forms. In the preparation of DPI, the formation of the α form of mannitol
can lead to an increase in the FPF of DPI because it has a rougher surface and is more
conducive to API decomposition. In the preparation of a tablet, due to its superior tensile
strength and hardness, the δ form of mannitol offers the possibility of preparation of ODTs
and other tablets for high-dose, poorly compressible drugs.

The review also attempts to summarize the general law of polymorphic control during
the preparation of mannitol crystals. Although most of the methods used in the literature
are different, these methods all involve the following two aspects. On the one hand, water
can induce the polymorphic transition of mannitol from an unstable to a stable form.
On the other hand, the most unstable δ form of mannitol generally crystallizes at a low
concentration and low temperature and gradually transforms into the α and β forms with
an increase in these conditions. Therefore, in order to achieve polymorphic control, water
control and adding crystallization inhibitors, such as PVP, can be considered to obtain an
unstable mannitol form. The regulation of the mannitol concentration in a solution can be
used to control the ratio of stable or unstable mannitol polymorphs.

The research on mannitol polymorphs is always accompanied by an understanding of
its underlying mechanisms, thus the factors affecting mannitol polymorphic control are
constantly mentioned. With the use of FBRM and PVM and the calculation of crystal growth
kinetics and thermodynamic parameters, the effects on mannitol polymorphic control are
described from three aspects: kinetics, thermodynamics, and their competitions. In most
cases, polymorphic control depends on how much the kinetics and thermodynamics
influence the crystal growth of mannitol. Specifically, mannitol crystal growth varies
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from one crystal to another. The growth of the δ form of mannitol is mainly mediated
by two-dimensional nucleation, which then intersects with the nucleation of the α form.
However, there is still a lack of a special polymorphic control mechanism to guide the
application practice.

Therefore, in the future, there is still a long way to go to study the crystallization
and polymorphism control of mannitol. For one thing, we should continue to explore
whether the advantages of different mannitol polymorphs can play a role in other fields.
For another, in the exploration of the preparation of different mannitol polymorphs and
polycrystalline control mechanisms, we can find a specific mechanism or theory to explain
and verify the possibility of polycrystalline control under different preparation methods,
so as to reduce the trial-and-error process and provide more ideas for the study of other
polycrystalline materials.
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