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A B S T R A C T

The review summarizes the current state of knowledge of mannitol as an excipient in lyophilized injectable
small and large molecule formulations. When compared with glycine, the physicochemical properties of
mannitol make it a desirable and preferred bulking agent. Though mannitol is a popular bulking agent in
freeze-dried formulations, its use may pose certain challenges such as vial breakage or its existence as a
metastable crystalline hemihydrate in the final cake, necessitating appropriate mitigation strategies. The
understanding of the phase behavior of mannitol in aqueous systems, during the various stages of freeze-
drying, can be critical for the optimization of freeze-drying cycle parameters in multi-component formula-
tions. Finally, using a decision tree as a guiding tool, we demonstrate the use of orthogonal techniques for
attaining a stable and cost-effective lyophilized drug product containing mannitol.

© 2022 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.
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Introduction

Mannitol, a sugar alcohol, is widely used in pharmaceutical for-
mulations and food products.1 It is one of the most common exci-
pients in freeze-dried injectable products and is used as a bulking
agent. Often, mannitol is incorporated in formulations with a low sol-
ute content (typically ≤1% w/v in prelyophilization solution). Incor-
poration of mannitol in such formulations increases the cake mass
and prevents blowout during the freeze-drying process.2 Mannitol
also facilitates the formation of a mechanically robust and pharma-
ceutically elegant lyophile, an important attribute of lyophilized
products.3

The bulking agent functionality of mannitol is ascribed to its pro-
pensity to crystallize readily from aqueous solutions on freeze-dry-
ing. Thus, an understanding of the phase behavior of mannitol during
freezing and freeze-drying is critical for formulation and process
optimization for lyophilized products and has therefore been the
topic of numerous studies.3−8 Mannitol is added to many liquid
injectable formulations for modifying the osmolarity. It is used thera-
peutically as a diuretic and also to reduce intracranial pressure.9 For
the latter condition, the dose ranges from 1.5 - 2 g/kg administered
intravenously. Mannitol can also be used in spray-dried biologicals,
for example inhalable insulin (Exubera� now discontinued). Due to
its unique properties, mannitol also finds use in a number of solid
dosage forms, the important ones being: (i) diluent in tablet formula-
tions due to its non-hygroscopic nature and brittle fracture during
compression, and (ii) in chewable tablet formulations because of its
negative heat of solution, sweetness, and ‘mouth feel’. To deal with
the challenge in this “land of plenty”, the present review focusses on
the use of mannitol as an excipient in lyophilized formulations of
small and large molecule drug substances along with vaccines. Its
physicochemical properties, existence in multiple physical forms,
sub-ambient behavior and interplay with other formulation compo-
nents will be discussed. The challenges associated with the use of
mannitol as a bulking agent and the potential mitigation strategies
are compiled. In these situations, the use of mannitol as a formulation
component may necessitate a systematic approach utilizing orthogo-
nal characterization techniques during different stages of lyophiliza-
tion. Finally using a flowchart, we demonstrate how these techniques
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Table 1
Comparison of the physico-chemical properties of mannitol and glycine. The properties of relevance as a bulking agent for lyophilized formulations are included in the table. Proper-
ties conferring relative advantage are in bold while the properties which may limit the use (i.e. potentially disadvantageous) are italicized.

Property Relevance Mannitol Glycine

Behavior in aqueous solution
Aqueous solubility Concentration used in prelyophi-

lization solution
Effect of temperature on solubil-

ity (C is concentration (% w/v)
and T is temperature (°C)

18.5% w/w (20°C)13,14

Range: 0−50°C14

C = 0.013T2 + 0.065T + 10.508

17.7% w/w (20°C) (g-glycine)15

Range 5−50°C15

C = 0.004T2 + 0.260T + 11.227

Osmolality Influence on the tonicity of the
final formulation

Amount that can be incorporated
into formulation

5% w/v isosmotic with serum (osmolality
283 mOsm/kg)

Increased flexibility in selecting concen-
tration of mannitol as a bulking agent

1.5% w/v isosmotic with serum: (osmolality
200 mOsm/kg)

Eutectic temperature with ice Primary drying temperature �2.2°C12

�-3.3°C8

-1°C6

Varies with the crystallizing form16

�3.416, �3.6§0.117°C (b-form)
�28°C (glycine HCl)
�17.8°C (sodium glycinate)

Glass transition temperature of
the maximally freeze-concen-
trated solution (Tg’)

Defines the critical primary dry-
ing temperature

» �32 and �25°C18 » �73 and � 60°C19

Ionization behavior Influenced by pH of prelyophili-
zation solution

Unaffected by prelyophilization
solution pH

pH dependent speciation20

pka1 2.3, pka2 9.6
Influence of solution pH on crys-

tallizing form
None Depending upon solution pH (1.7−10) may

crystallize as glycine, glycine HCl, diglycine
HCl or sodium glycinate.21 These compounds
exhibit differences in crystallization behavior
on freezing. For example, glycine crystallizes
rapidly while glycine HCl crystallizes
slowly16,22

Miscellaneous properties

Polymorphs

Influence on lyophilization
process

Influence on final product
performance

a-, b-, d- and hemihydrate

Formation of mannitol hemihydrate

Formation of mannitol hemihydrate

a, b or g; Stability - g most stable and
b least stable (g > a > b)23

If crystallization is incomplete, amorphous frac-
tion may lower the collapse temperature.16

No report once crystallization is complete.

Behavior during freeze-dryinga Final lyophile appearance Formation of small spherical
particles, homogeneously distributed

within cake24

Formation of a while film or spots on the sur-
face of frozen cake24

Vial breakage attributed to bulk-
ing agent

Loss of drug product Vial breakage reported when used at
“high” amounts in formulations.

For example, concentration in protein
formulations ranges from 1−8% w/v25

Breakage observed in “mannitol rich”
formulations

No reports of vial breakage

For example, concentration in protein formu-
lations ranges from 0.02−2.5% w/v25

No reports

Other potential functionality Use as multi-functional excipient Cryoprotectant (if retained amorphous
during freezing)

When partially crystalline, may reduce
reconstitution time of high concentra-
tion protein formulations26

Mannitol containing formulations
exhibited shorter reconstitution
timewhen compared to those
containing glycine.27

Cryoprotectant (if retained amorphous dur-
ing freezing)

Buffering agent28

When partially crystalline, may reduce
reconstitution time of high concentration
protein formulations29

a Reports based on visual observations during freezing (2 mL of low-protein concentration formulation (containing 8% w/v bulking agent) in 5 mL vial).
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can be used for the optimization of lyophilization process parameters.
The properties of mannitol and its use as an excipient have been cov-
ered in excellent publications.1,10
WhyMannitol is a Popular Bulking Agent?

The age-old and established popularity of mannitol as a bulking
agent is attributed to its unique physical and chemical properties.
Mannitol occurs as a stable crystalline non-hygroscopic solid. It is
freely soluble in water (18.6% w/w at 20 °C).11 It is chemically inert,
and being a non-reducing sugar alcohol, mannitol does not undergo
Maillard-reaction with amines. The amount of mannitol used as a
bulking agent is small with no incidence of adverse effects upon par-
enteral administration.1

Most importantly, upon freezing of its aqueous solutions,
mannitol generally crystallizes as a binary mannitol-ice eutectic.
The high eutectic temperature of mannitol-water system
(Table 1) enables primary drying at elevated temperatures, thus
substantially reducing the freeze-drying time and cost.6,8,12 The
overall crystallization propensity of mannitol in binary as well
as multicomponent compositions is a complex interplay of for-
mulation components and the freeze-drying parameters. In gen-
eral, the presence of crystalline excipients also results in a
lyophile with a low water content, when compared to amor-
phous bulking agents.



Fig. 1. A summary of mannitol and glycine containing lyophilized injectable formula-
tions marketed in USA and Europe (source PharmaCircle accessed 08/06/2021).
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Typically a crystalline bulking agent serves several purposes: (i)
increases the mass of the cake, (ii) reduces the ice sublimation time and
improves reconstitution properties by providing a crystalline scaffold,
and (iii) adds to the formulation tonicity.7,8 Glycine is another popular
bulking agent in freeze-dried formulations due to its high aqueous solu-
bility and a high eutectic temperature (Table 1). Fig. 1 compares the use
of mannitol and glycine in lyophilized injectable products for different
categories of active ingredients. It is evident that mannitol is the more
popular excipient in lyophilized formulations. To elucidate the basis of
this popularity, we compared the relevant physico-chemical properties
of mannitol and glycine (Table 1).

As crystalline bulking agents, both mannitol and glycine improve the
mechanical strength and appearance of the final lyophile. Increasing the
total solid content as a consequence of addition of a bulking agent acts unfa-
vorably on the rate of ice sublimation.3 Fromproduct stability perspective, it
is desirable to completely crystallize the bulking agent during freeze-drying.
Crystallization of a formulation component in solid state during storage can
release the sorbed water associated with the amorphous phase. The
releasedwatermay thenbeavailable for interactionwith theother formula-
tion components and may cause instability of the active pharmaceutical
ingredient (API), product collapse or both.3,6 As is evident from the compari-
son in Table 1, mannitol and glycine are characterized by several unique
physical and chemical properties, conferring each with distinct advantages
as a bulking agent. However, some important considerations which can
limit glycine use include (i) polymorphism, (ii) higher osmolality thanman-
nitol, (iii) lower glass transition temperature of its freeze-concentrate (Tg’)
than that of mannitol, and (iv) pH dependent speciation propensity. On the
other hand, the use ofmannitolmay also be associatedwith problems such
as (i) vial breakage, and (ii) the formation of a crystalline hemihydrate.
Table 2
A summary of physicochemical parameters and characterization of different forms of mannit

Modification b-form a-form

Crystal habit32 Prismatic rods Prismatic rods
Thermal events32,36 ( °C) 166 (m.p.) 166 (m.p.)

Enthalpy of fusion32 (kJ mol�1) 53.5 52.1
Selected FTIR bands32 (cm�1) 1210,1081, 1019, 959,930 1196,1085, 1020, 95
Near IR bands (nm)38 − −
NIR (broad peak with maxima

at43 (cm�1)
4415 4426

Raman bands44 (cm�1) 2910, 2950, 2968, 2985 2923, 2937, 2976
XRD peaks42 (°2u with Cu Ka

X-ray source)
14.6, 16.8, 23.4 13.6, 17.2

Note:
a Calculated by adding the enthalpy/entropy of transition to the enthalpy/entropy of fusio
Nevertheless, mannitol finds use in numerous lyophilized parenteral prod-
uctswherein it is incorporated either alone, or as one ofmultiple excipients.
Tables A1, A2 and A3 summarizemannitol containing smallmolecule, large
molecular and vaccine formulations respectively.30,31 A review of the com-
positions of commercial drug products reveals that mannitol is included in
the rangeof 0.04 to 10%w/v (or»2 to550mM).
Physical Forms of Mannitol and Their Characterization

Burger et al. generated the thermodynamic relationship between
the three different polymorphic forms of anhydrous mannitol i.e. b-,
a- and d-forms, over a wide temperature range.32 The b-form is ther-
modynamically most stable under ambient conditions and the stabil-
ity order is b > a > d. The d-form is thermodynamically stable at
absolute zero. b- and the a-forms are monotropically related while d
-form is enantiotropically related to the a- and b-forms.33 The anhy-
drous form of mannitol obtained upon freeze-drying its aqueous
solution can be a function of solute concentration and processing
parameters such as cooling rate and thermal treatment.5,34 The phys-
ical form of anhydrous mannitol appears to have no influence on the
final product quality attributes.2,35

Additionally, in frozen aqueous solutions, mannitol may also crys-
tallize as a hemihydrate [mannitol hemihydrate (MHH);(C6H14O6¢0¢
5H2O].18,36 Computational analysis of the crystal structure of the
hemihydrate enabled comparison of its free energy to the anhydrous
forms. The hemihydrate was stable only at low temperatures < �20 °
C, explaining its formation and existence in frozen systems.33,37

Under ambient conditions, MHH is a metastable hydrate. It tends to
dehydrate and form anhydrous mannitol.4,38,39

In contrast to the anhydrous forms, the formation of MHH during
freezing and its retention in the lyophile might have implications on
the final product performance: (i) Inconsistent formation of MHH
during the lyophilization cycle (without an annealing step) can
undermine the reliability of the manufacturing process. (ii) Require-
ment of an aggressive drying cycle to dehydrate MHH can potentially
cause API degradation. (iii) Release of lattice water during storage
can have a significant impact on the physical and chemical stability
of the formulation components. The released water can be sorbed by
the amorphous formulation components, resulting in a reduction in
glass transition temperature with a consequent increase in reactivity
or crystallization propensity.4,35,40,41

Hence it is relevant to characterize the physical form of mannitol
in the final lyophile with emphasis on identifying MHH. In Table 2,
ol.

d- form MHH

Needles −
150−158 (incongruent melting,
followed by the recrystalliza-
tion of b-/a-form)

35−70 (dehydration followed by
vaporization of water)

166 (m.p. of b-/a-form) 140−180 (the melting of the
d-form, the recrystallization
and subsequent melting of
b-/a-forms)

53.7a −
3,927 1193,1088,1025, 968,932 −

− 1465, 1947
4373 4395 (shoulder)

2910, 2937 2898, 2923, 2943
9.7, 20.4, 22.3 9.6, 16.5, 17.9, 25.7

n of b-form32.



Fig. 2. Overlay of the XRD patterns of mannitol physical forms (using Cu Ka radiation).
The patterns were calculated from single-crystal data with the corresponding ICDD
code in parenthesis: b-form (DMANTL), a-form (DMANTL01), d-form (DMANTL10)
and MHH (MAFSUI).42 (* indicates “unique” peaks of the various forms of mannitol).
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the properties of the different physical forms of mannitol are summa-
rized. Their XRD patterns are overlaid in Fig. 2.

Given the complex crystallization behavior of mannitol during
freeze-drying, process analytical technology (PAT) tools based on in-
line and real-time measurements have been developed to improve
process efficiency and to ensure final product quality. Noninvasive
analysis of mannitol solution during lyophilization was enabled using
Raman spectroscopy (coupled with at-line NIR spectroscopy and
XRD) to monitor start of ice nucleation, end of mannitol crystalliza-
tion and solid state characteristics of the final product.39,43,45 Simi-
larly, tunable diode laser absorption spectroscopy (TDLAS) can be
used to measure the water vapor flow rate released through sublima-
tion during primary drying.46,47 Though various PAT tools are com-
mercially available for lyophilization cycle development or for
process control, their use at industrial scale is currently limited due
to technical and product-related considerations.48

Sub-Ambient Behavior of Mannitol (Binary Mannitol-Water
Solution)

Freezing is the first step in the freeze-drying process. When an
aqueous mannitol solution is cooled, ice crystallization results in for-
mation of a freeze-concentrate. If the mannitol does not crystallize
during cooling, the frozen system is characterized by two glass transi-
tion temperatures, Tg” (the lower temperature transition) and Tg’ (the
higher temperature transition). The Tg’ is of relevance in lyophiliza-
tion cycle development. In fact, the Tg’ of frozen mannitol solution is
higher than that of other sugar alcohols with a similar molecular
weight, such as sorbitol. The more symmetrical structure of mannitol
makes it crystallize readily − this may be manifested in a decrease in
the amount of water associated with mannitol in the amorphous
freeze concentrate than in sorbitol, which causes a higher glass tran-
sition temperature.49 If mannitol crystallizes completely, the eutectic
temperature (Te) represents the upper boundary of the design space
with regard to the product temperature. However, depending on the
processing conditions (and specifically annealing) and formulation
composition, mannitol may partially crystallize in frozen solutions.

The phase behavior of mannitol in aqueous systems, during freez-
ing, thawing and drying and in the final lyophile has been extensively
investigated.5,37,49−52 The goal of this section is to provide an over-
view of the complex thermal behavior of mannitol in the context of
optimizing the freeze-drying process.

The first step in the characterization of the frozen aqueous solu-
tion is to understand the crystallization behavior of mannitol during
cooling. When mannitol solutions were cooled in a differential scan-
ning calorimeter (DSC) from 20 °C to �45 °C at 20 °C/min, only a sin-
gle exotherm at » �24 °C, attributed to ice crystallization, was
observed.18 At such a rapid cooling rate, mannitol remained amor-
phous in the freeze concentrate. This was confirmed using low tem-
perature XRD. When the cooling rate was reduced (≤ 10 °C/min), an
additional exotherm (�32 °C) attributable to mannitol crystallization
was observed. The extent of mannitol crystallization was indepen-
dent of the initial solute concentration, while a decrease in cooling
rate facilitated mannitol crystallization.18 For mannitol crystallization
to occur, a critical cooling rate of 0.35 (§ 0.15) °C/min was reported
for a 5% mannitol solution (vial fill volume of 1 to 3 mL; 10 mL glass
vial).53 Critical cooling rate in this case may be defined as the fastest
cooling rate at which solute can crystallize during cooling. The effect
of cooling rate on the crystallization behavior of mannitol is summa-
rized in Table 3 (4th column).

When a 10% w/v mannitol solution was cooled at 1 °C/min, XRD
(synchrotron source) showed crystallization of mannitol as MHH and
no other anhydrous forms were observed.37 Under certain conditions,
a mixture of the anhydrous b-polymorph and MHH was observed
(Table 3). When mannitol was retained amorphous by rapid cooling,
its crystallization was enabled by annealing. Even annealing at a low
temperature of �39 °C facilitated MHH crystallization. At higher
annealing temperatures (for example, �10 and �20 °C), the crystalli-
zation of MHH was faster. The solid forms were a function of the
processing steps during freezing (hold temperature). At �10 °C, a
mixture of the a- and b- forms were observed while MHH first
appeared only at �20 °C. When held at �15 °C, there was run-to-run
variability in sample composition (Table 3). From an industrial per-
spective, promoting mannitol crystallization during cooling is also of
immense interest and this can be accomplished by decreasing the
cooling rate or using stepwise cooling.

The crystallization behavior of mannitol in frozen solutions
appears to be a complex interplay of initial mannitol concentration,
cooling rate and other processing conditions (annealing, controlled
ice nucleation) and the vial fill volume. While it is difficult to general-
ize the results, Table 3 provides representative examples and these
are not intended to be comprehensive.

When mannitol solutions were cooled to �50 °C and then heated
to 20 °C, four thermal events were observed (Fig. 3): two glass transi-
tions at �29 °C (Tg’’) and at �25 °C (Tg’), an exotherm immediately
following the second glass transition attributed to crystallization of
MHH and an endotherm attributed to the overlapping melting events
of mannitol-ice eutectic and ice melting.18 Many frozen sugar solu-
tions exhibit two glass transition temperatures, Tg’ and Tg’’.55 Since
the solutions were cooled at 1 °C/min, which is slightly above the
critical cooling rate, there was partial mannitol crystallization. Heat-
ing these solutions resulted in rapid mannitol crystallization. Inter-
estingly, the solutions cooled at 20, 10 or 5 °C/min also exhibited a
qualitatively similar behavior. At faster cooling rates, there was no
evidence of mannitol crystallization. However, irrespective of the
cooling rate, the nature and the temperature of the thermal events
(glass transition, exothermic and endothermic events) during heating
were similar. In other words, amorphous freeze-concentrates of con-
stant composition were obtained. Low temperature XRD revealed the
formation of MHH at �33 °C when a 10% w/w mannitol frozen solu-
tion was heated from �50 to �33 °C at 5 °C/min52 (Table 3).

As mentioned above, it is desirable to maximally crystallize man-
nitol by including an annealing step in the lyophilization cycle.8 As
summarized in Table 3, the annealing conditions can affect the rate
and outcome of mannitol crystallization.37,41,52,56 Mannitol crystalli-
zation was more pronounced at the higher annealing temperature.
When annealed at�10 or�20 °C, only MHH crystallized and no other
anhydrous mannitol forms were observed. A stepwise cooling
approach enabled the modulation of the physical form of mannitol
crystallizing from solution. Isothermal hold during cooling or step-
wise cooling, at temperatures ≥ �10 °C, resulted in crystallization of
the anhydrous form, whereas, MHH formation was observed at



Table 3
Sub-ambient behavior of aqueous mannitol solutions as a function of concentration and processing conditions. The last column details its implications on final lyophile.

Mannitol
concentration

Ramp rates ( °C/min) Processing conditions Thermal behavior/Events Final lyophile

Cooling Heating ( °C) During cooling During heating

Influence of cooling rate

10% w/w52 20 5 Annealing �33 (up to
�39; temperatures
below Tg’ and above
Tg’’)

Amorphous 1. Unannealed - Two glass
transitions, an exotherm
and eutectic melting
endotherm

NAa

2. Annealed − Crystallized as
hydrate

10 5 NAa Partially crystalline Two glass transitions, an exo-
therm and eutectic melting
endotherm

NAa

5 5 NAa Partially crystalline Two glass transitions, an exo-
therm and eutectic melting
endotherm

NAa

Influence of mannitol concentration

10% w/v51 0.5 0.5 NAa MHH NAa NAa

20% w/v51 0.5 0.5 NAa b + MHH NAa NAa

5% w/v51 5 5 NAa MHH MHH NAa

10% w/w51 5 5 NAa Amorphous MHH and b-mannitol NAa

20% w/w51 5 5 NAa Amorphous MHH and d-mannitol NAa

Influence of freezing parameters

10% w/v37 1 1 MHH crystallized

Annealingb

1 1 �10 and �20 MHH characteristic peaks
observed when annealed at
both �10 and �20 °C

Increased MHH peak intensity
at higher annealing
temperature

MHH

Stepwise cooling (during freezing)c

1 1 �10 a and b - mannitol NAa Cycle unsuccessful due to
supercooling − con-
trolled ice nucleation
approach used

1 1 �15 b −mannitol and MHH NAa NAa

1 1 �20 b −mannitol + MHH (in two
samples) MHH (in third
sample)

NAa b −mannitol + MHH

Controlled ice nucleation

1 1 �5 NAa NAa Mixture of a, b and
d-mannitol

5 or 15% w/v57 0.2 6 (primary drying) Processing conditions
taken from freeze-dry-
ing parameters (fill vol-
ume 4 mL)

NAa NAa MHH alone or in combi-
nation with either b
(for 5% w/v) or d (for
15% w/v)

5 or 15% w/v57 0.2 6 (primary drying) Processing conditions
taken from freeze-dry-
ing parameters (fill vol-
ume 2 mL)

MHH

Note:.
a Not applicable since the parameter was not studied.
b The solutionswere initially cooled (<�40 °C), held for the desired time and then heated to the annealing temperature. After annealing, the solutionswere cooled back and then reheated.
c Solutions were cooled from room temperature to the desired annealing temperature, held for 16 h, then further cooled to �50 °C and the physical form identified by XRD.

Fig. 3. DSC heating curve of mannitol solution (5% w/v), heated from �50 to 20 °C at
5 °C/min.54 The solution was initially cooled from 20 to �50 °C at 1 °C/min. The inset
shows expanded view of the selected region.
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temperatures ≤ �20 °C. A mixture of MsHH and b-form were
obtained in solutions held at �15 °C. Controlled ice nucleation can
enable the crystallization of anhydrous mannitol, i.e. prevent MHH
formation.37

A recent study elaborately investigated, using synchrotron radia-
tion, the phase behavior of mannitol-water at subambient tempera-
tures (Fig. 4).51 Three concentrations (5, 10 and 20% w/w) of
mannitol and two cooling rates (0.5 and 5 °C/min) were systemati-
cally studied (Tables 3 and 4). When a 5% w/w mannitol solution was
cooled (5 °C/min), MHH crystallization was first observed at �18 °C
with increase in X-ray peak intensity up to �28 °C. After cooling
down to -40 °C, when the solution was heated, starting at �25 °C, a
further increase in MHH peak intensity was observed. Thus, both dur-
ing cooling and heating, at < » �25 °C, mannitol crystallization
appeared to have stopped. At temperature ≥ Tg” during warming, the
increase in mobility brought about by the decrease in viscosity of the
freeze-concentrated solution facilitated crystallization. Interestingly,
when mannitol solutions of much higher concentrations (10 and 20%
w/w) were cooled at 5 °C/min, there was no evidence of solute



Fig. 4. Temperature-composition phase diagram of mannitol-water system. Reprinted
with permission from reference51 copyright 2021 American Chemical Society.

Table 4
Comparison of phase transitions events for different mannitol concentrations (5, 10 and 20% w/w) expected from the proposed phase diagram and experimentally observed results
Ih refers to ice (hexagonal). Adapted with permission from reference51 copyright 2021 American Chemical Society.

Mannitol concentration (% w/w) Cooling rate ( °C/min) Phase transitions during cooling

From the phase diagram Experimental observations

5 5 Solution! Ih + solution! Ih + b! Ih + MHH Solution! Ih + solution! Ih + MHH
10 0.5 Solution! b + solution! Ih + b! Ih + MHH Solution! Ih + solution! Ih + MHH
20 0.5 Solution! d + solution! b + solution! Ih + b! Ih + MHH Solution! Ih + b + solution! Ih + b + MHH
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crystallization during cooling. These compositions are on the right
side of the eutectic (Fig. 4). Therefore, under equilibrium conditions,
the first event expected is the crystallization of b-mannitol. However,
since the solute crystallization was inhibited (kinetic effect), the crys-
tallization of ice was observed well below the eutectic temperature.
There was no solute crystallization up to �40 °C. When the frozen
solution was heated, a mixture of the MHH and anhydrous b-forms
were observed. For the 10% w/v solution, the first evidence of crystal-
lization was at » �28 °C. Since this is close to the MHH $ b- transi-
tion temperature, it is not surprising that both the forms crystallized.
When the mannitol concentration was increased to 20% w/v, in addi-
tion to MHH, the d-form crystallized during heating. When the cool-
ing rate was lowered to 0.5 °C/min, a representative cooling rate
during freeze-drying of pharmaceuticals, complete mannitol crystal-
lization was observed during cooling (both 10 and 20% w/w initial
concentration).

In light of the complex thermal behavior, further investigation
with respect to the relative kinetic and thermodynamic stabilities of
the mannitol phases is warranted. The phase diagram for the manni-
tol-water system was constructed, based on the aqueous solubility of
mannitol as a function of temperature and sub-ambient crystalliza-
tion behavior (Fig. 4). The eutectic temperature (-2.2 °C) and compo-
sition (7 wt% mannitol) were estimated from the mannitol solubility
curve and the peritectic temperature from the enantiotropic b $ d
transition temperature of »25 °C.51

The utility of the mannitol-water phase diagram (Fig. 4) may be
limited, since under real-life conditions, the kinetic effects dominate.
Based on the fill volume and cooling rate used, there can be signifi-
cant supercooling which can prevent eutectic crystallization of
b-mannitol and ice. When a 20% w/w aqueous mannitol solution was
cooled, the co-existence of two mannitol phases (MHH, b- and ice)
over a wide temperature range (Table 4) violated the phase rule. The
results can be explained by the inability of the system to attain equi-
librium. In addition, the formation of metastable MHH during cooling
was explained by Ostwald’s rule of stages.
Overall, from the numerous literature reports it is clear that con-
trolling the solid-form of mannitol in mannitol-water systems, both
during cooling and in the frozen state is challenging and depends on
a number of factors including the initial mannitol concentration,
cooling rate and processing conditions (annealing, controlled ice
nucleation as well as solution volume).

Interplay of Other Formulation Components

The mannitol containing marketed lyophilized injectable formula-
tions in the US and Europe are compiled in Tables A1, A2 and A3.
Approximately 37% of these products contain mannitol as the only
excipient, added at concentrations ranging from 0.04 to 5.5% w/v.
The rest of the formulations are multi-component systems contain-
ing, in addition to mannitol, one more excipient (»15%) or multiple
excipients (»48%). These formulations provide numerous possibili-
ties of interactions of mannitol with the API and other excipients.
Such interactions can influence the physical form of mannitol as well
as other excipients during the different stages of the freeze-drying
process as well as in the final drug product. In this section, we high-
light representative examples of interaction of mannitol with APIs,
sugars and other excipients.

Mannitol with Disaccharides and Proteins

Sucrose and trehalose are the most common stabilizers in lyophi-
lized formulations of proteins and peptides. Both these sugars have
relatively low collapse temperature (Tc) - (»�32 °C for sucrose and »
�29 °C for trehalose).7 Since primary drying is carried out below the
collapse temperature, the drying time can become unacceptably
long. The addition of a crystallizing component such as mannitol can
result in a partially crystalline matrix, thereby providing macroscopic
“support” to the amorphous phase.58,59 This is a well-established
approach for reducing the drying time. In such systems, if drying is
carried out at temperatures higher than Tc, the amorphous phase
undergoes a viscous flow that remains undetectable (i.e., microcol-
lapse) due to the rigid matrix provided by the crystalline component.

Thus, mannitol in combination with a sugar is used in several
commercial formulations including palifermin (Kepivance�), sargra-
mostim (Leukine�), etanercept (Enbrel�), romiplostim (Nplate�), and
basiliximab (Simulect�) (Table A2). In most of these products the
mannitol to sugar ratio is ≥ 2:1. While the sugar remains amorphous
and serves as a stabilizer, mannitol crystallizes and provides support
to the amorphous phase. Interestingly, the mannitol-sucrose mixture
at a 3:1 ratio has also been used in a recently approved small mole-
cule API formulation (fosdenopterin; Nulibry�).

When mannitol is a component of a lyophilized product, its sub-
stantial if not complete crystallization is usually desirable. In lyo-
philes containing mannitol and sugar, the crystallinity of mannitol
depends upon the type of sugar and the ratio of bulking agent to
sugar.60−62 Sucrose and trehalose, while both disaccharides, interact
differently with mannitol.63,64 Hence, the two systems are discussed
separately, in the subsequent sub-sections.

Mannitol-Sucrose. Sucrose remains amorphous upon freeze con-
centration and exhibits a concentration dependent inhibitory effect
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on the crystallization of mannitol. At low mannitol:sucrose ratios (≤
1:1, w/w), sucrose inhibited mannitol crystallization in frozen solu-
tions and mannitol crystallized only at higher ratios (> 2:1).65,66 At
mannitol:sucrose ratio of 1:2, mannitol remained amorphous even
after annealing. At mannitol:sucrose ratio of 1:1, mannitol crystal-
lized only after annealing.65 In formulations containing mannitol and
sucrose at 2:1 ratio, mannitol crystallized during freezing (at 0.5 °C/
min). Similar results were observed in protein formulations contain-
ing mannitol and sucrose.66 At mannitol:sucrose ratios > 3:1 manni-
tol crystallized and enabled faster primary drying, while sucrose
remained amorphous and served as a cryo/lyo-protectant. At lower
ratios, cake collapse (partial or complete) was observed.

Mannitol- trehalose. Unlike sucrose, trehalose can crystallize (as
a dihydrate) in frozen solutions. Its crystallization is undesirable as it
may lead to loss of its lyoprotectant functionality, thereby leading to
protein destabilization.67,68

Like sucrose, trehalose also exerts an inhibitory effect on mannitol
crystallization in a concentration dependent manner.52,61,62 When
the ratio of mannitol to trehalose was low (≤ 1:2), mannitol crystalli-
zation was completely inhibited, retaining it amorphous in the frozen
solution. Aggressive annealing (at �18 °C for 22 h) also failed to
induce mannitol crystallization at these compositions.62 At interme-
diate mannitol to trehalose ratios (1:1 or 2:1), trehalose inhibited
mannitol crystallization during freezing. However, mannitol crystal-
lized upon subsequent annealing, which then facilitated the crystalli-
zation of trehalose dihydrate.62 Interestingly, at a much higher ratio
of 3:1, mannitol crystallized, and trehalose was retained amorphous.
This ratio is ideal in that both the excipients are obtained in their
desired physical forms. Similar or higher ratios have been used in
commercial products as well, for example- coagulation factor IX
(recombinant) Ixinity� and antihemophilic factor (recombinant)
Advate�.30

Crystallization of MHH has been observed in co-lyophilized man-
nitol-sucrose/trehalose systems and is discussed in section 5.1.35,66,69

Effect of disaccharides and protein. Presence of proteins in for-
mulations further complicates the crystallization behavior of manni-
tol. Proteins are structurally complex and possess numerous
functional groups that can react nonspecifically with the formulation
components. Moreover, most proteins remain amorphous upon
freeze concentration and have the potential to inhibit mannitol crys-
tallization in a concentration dependent manner.70,71 As a result,
mannitol crystallization may be incomplete in the final dried product.
At high protein concentrations, as is the case with humanmonoclonal
antibody formulations, this effect may become quite pronounced.72

Liao et al. studied the effect of protein on mannitol crystallization in
Fig. 5. Influence of mannitol to sucrose ratio and annealing on (A) crystallinity of mannitol
LDH (15 mg/mL), potassium phosphate buffer (10 mM, pH 7.3) and different weight ratios
results without and with annealing respectively. For annealing, frozen solutions were held a
permission from reference74 copyright 2012 Elsevier.
formulations containing mannitol and sucrose at a ratio of 3:1. The
protein exerted a concentration dependent inhibitory effect on man-
nitol crystallization, and the effect was pronounced at protein con-
centrations ≥ 30 mg/mL. However, annealing at temperatures ≥
�25 °C enabled substantial crystallization of mannitol. On the other
hand, in the absence of protein, mannitol crystallization was sponta-
neous. At lower annealing temperatures, mannitol crystallization
was incomplete.70 These results suggested that protein concentration
may also dictate the processing conditions. To summarize, in multi-
component systems (mannitol, sucrose and protein) the need for
annealing should be judiciously decided on a case-by-case basis. Both
the mannitol to sugar ratio as well as protein concentration should
be taken into consideration.

The presence of protein can also affect the formation of MHH.73

Increasing the mannitol:sucrose ratio (from 1:1 to 5:1) increased the
product crystallinity with a simultaneous decrease in the formation
of MHH. On the other hand, increased protein (monoclonal antibody)
concentration (from 0 to 60 mg/mL) lowered the product crystallinity
as well as the formation of MHH. The effect of process variables
including annealing and drying temperatures revealed that higher
annealing temperature (�8 °C vs �20 °C) favored anhydrous manni-
tol over MHH. Further, higher secondary drying temperature (45 °C
vs 30 °C) accelerated the dehydration of MHH, with complete dehy-
dration in 7 h. Interestingly, MHH dehydration was incomplete in the
placebo formulations. The protein stability was unaffected by the for-
mation of MHH, but was rather dependent on the sugar: protein
ratio.73

Protein stability may also be impacted by the degree of mannitol
crystallinity in the freeze-dried product. This was demonstrated in
freeze-dried mannitol-sucrose systems using lactate dehydrogenase
enzyme (LDH) as the model protein.74 In this study, a low protein
concentration was utilized (15 mg/mL) to prevent its self-stabiliza-
tion and at the same time ensured a high sugar to protein ratio even
at the lowest sugar concentration (0.5% w/v). The extent of mannitol
crystallization was varied by altering mannitol to sucrose ratio (1:5
to 9:1) and incorporating an annealing step (�20 °C, 4 h) in the
lyophilization cycle (Fig. 5). As expected, higher mannitol concentra-
tions and annealing enhanced crystallinity. Furthermore, annealing
decreased the enzymatic activity recovery (4 to 18%). Greater the
extent of mannitol crystallization, lower was the enzyme activity
recovery. The decrease in residual enzymatic activity in mannitol
containing formulations was also accompanied by changes in the
protein secondary structure. Considering the fact that the sugar to
protein ratio was > 1 in all the samples, the destabilization could not
be attributed to inadequate sugar concentration. The addition of
(% § SD) and (B) on the activity recovery of freeze-dried LDH. Formulations contained
of mannitol to sucrose (5% w/v). In Figure B filled circles and open triangles represent
t �20 °C for 4 hrs. Mannitol to sucrose ratio is labelled at each data point. Adapted with
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polysorbate 80 (0.01% w/v) retained LDH activity without affecting
either the solid form or the crystallinity of mannitol in the freeze-
dried products.

Mannitol with crystallizing excipients

Buffering agent. The selective crystallization of a buffer compo-
nent in frozen solution can result in a pH shift, which can sometimes
be pronounced. Importantly, mannitol and buffers may influence the
crystallization propensity of one other. It is necessary to understand
the influence of mannitol on buffer crystallization as this will influ-
ence the freeze-concentrate pH and hence the API stability. There are
several marketed products containing both mannitol and buffers
(Table A1 and A2)

Sodium phosphate buffer is a widely studied example wherein
selective crystallization of disodium phosphate dodecahydrate
(Na2HPO4¢12H2O; the basic component of phosphate buffer) during
freezing lowers the pH of the freeze concentrate. Interestingly, the
extent of pH shift was reduced in the presence of mannitol. An
increase in the mannitol to buffer ratio led to a decrease in freezing-
induced pH shift, and at a 3:1 ratio, the pH shift was only 0.5 units
(3.2 units for buffer alone). Mannitol by remaining amorphous in the
freeze concentrate, exerts a kinetic effect on the crystallization of
buffer salt, thereby reducing the extent of pH shift.75 An evidence of
the mutual crystallization inhibitory effect of buffer and mannitol
was provided by Izutsu et al. The stability after freeze-drying of
b-galactosidase in 0.2 M sodium phosphate buffer (prelyophilization
solution pH 7) increased upon the addition of mannitol (0.2 M or
3.6% w/v).76

Similar observations were made with succinate buffer, where
mannitol appeared to be effective in inhibiting buffer crystallization
when the initial pH value was 6.0. Interestingly, in solutions with an
initial of pH 4.0 and low buffer concentration (50 mM), the magni-
tude of pH shift in presence of mannitol was increased, an effect
attributed to crystallization of mannitol enhancing the buffer
crystallization.77

Mannitol crystallization is inhibited by phosphate buffer in frozen
solutions (concentration ≥100 mM).18,78 When mannitol and glycine
were used in combination, the phosphate buffer salts significantly
inhibited the crystallization of both of these solutes in frozen solu-
tions. The resultant lyoprotection by the mannitol-glycine combina-
tion was a function of the fraction of the solutes that were retained
amorphous in the lyophile. An increase in buffer concentration
decreased the crystallinity of mannitol and glycine and this, in turn,
translated to a higher retention of enzyme activity.79 In general, pres-
ence of an amorphous cosolute inhibited buffer crystallization while
cosolute crystallization resulted in buffer crystallization.

Sodium chloride. Salts are sometimes added as buffer compo-
nents, as stabilizers or to modify formulation tonicity. Salts can have
a major impact on the physico-chemical properties of mannitol in a
multicomponent formulation. A number of marketed products con-
tain mannitol in combination with sodium chloride (Table A1 and
A2). For example, in the presence of sodium chloride, mannitol may
be retained amorphous during freezing. The effect was evident even
when the NaCl content in the prelyophilization solution (10% w/v
mannitol) was as low as 0.5% w/v. Interestingly, mannitol also inhib-
ited NaCl crystallization. These interactions can have significant
implications on the Tg’/collapse temperature and hence the primary
drying temperature.80 It is important to note that NaCl crystallization
always occurred after mannitol crystallization. Therefore, crystalliza-
tion of both NaCl and mannitol may require a two-step annealing.
The mannitol crystallization at �23 °C was followed by cooling to
�45 °C and the annealing at �33 °C to cause sodium chloride crystal-
lization.81 The heating curve of frozen prelyo solution subjected to
the above-mentioned annealing program exhibited an endothermic
event at �27 °C, which was attributed to the sodium chloride-water
eutectic (at 5° lower than the pure NaCl solution due to the presence
of additional solutes in solution). The two�step/dual annealing in the
frozen state resulted in robust lyophiles containing mannitol and
sodium chloride. This treatment prevented the partial collapse which
was observed in unannealed lyophiles containing mannitol, trehalose
and sodium chloride. However, the crystallized mannitol contributed
to an increase in the dry layer resistance and hence longer primary
drying time.81 NaCl also inhibited the crystallization of mannitol dur-
ing freezing in formulations containing mannitol and sucrose, though
both mannitol and NaCl crystallized during lyophilization.60

Glycine. As mentioned above, mannitol and glycine are popular
bulking agents because of their strong tendency to crystallize during
the freeze-drying cycle. If either or both solutes are retained amor-
phous, they may provide cryo-/lyoprotection. Interestingly mannitol-
glycine combination has been used to stabilize freeze-dried marketed
formulations of pegvisomant, somatropin and palivizumab.30 Assum-
ing that the degree of lyoprotection depends on the concentration of
the amorphous excipient, inhibition of either (or both) solute crystal-
lization can result in lyoprotectant activity of the mannitol-glycine
combination. In frozen aqueous solutions, glycine influenced the
crystallization of mannitol and vice versa. When mannitol to glycine
ratio in prelyo solution was 0.33, both the solutes crystallized during
freezing, mannitol in the d-form and glycine as the b-polymorph. On
the other hand when the ratio was reversed i.e. 3, both the solutes
remained amorphous after freezing, though they crystallized as
d-mannitol and b-glycine during primary drying.79

Dimer formation in lyophilized hGH during storage is rapid and
formulation dependent. The protein exhibited minimum dimer for-
mation in mannitol-glycine combination (hGH:glycine: mannitol, in
a weight ratio of 1:1:5) as compared to ‘mannitol only’ or ‘glycine
only’ formulations, an effect attributed to glycine remaining amor-
phous in the final product.82

Mannitol with Small Molecule APIs

The presence of small molecule API in the formulations can alter
the phase behavior of mannitol during lyophilization. Mannitol, on
the other hand can also affect the crystallinity and polymorphic form
of the API. The effect of small molecule APIs on the crystallization
behavior of mannitol in freeze-dried formulations has not been
extensively investigated. The effect is expected to depend, both on
the crystallization propensity of the API and the weight ratio of API to
mannitol. Generally, APIs with high crystallization propensity would
crystallize during freezing. For example, acetylsalicylic acid (ASA)
when freeze-dried was substantially crystalline, indicating its strong
crystallization propensity. This behavior was unaffected in the pres-
ence of mannitol at ASA to mannitol ratios ranging from 3:1 to 1:3. At
these ratios, mannitol was also retained in a highly crystalline state
(d-polymorph) in the final dried product.83

On the other hand, APIs with low or moderate crystallization pro-
pensity may remain amorphous during freeze-drying and may inhibit
mannitol crystallization. For example, cyclophosphamide (CPA)
remains amorphous during freezing but can crystallize upon anneal-
ing between �5 °C and �10 °C.84 Patel et al. studied the effect of CPA
on the solid form behavior of mannitol during lyophilization. CPA (at
a CPA:mannitol ratio of 4:1.5) delayed the onset of mannitol crystalli-
zation during freezing, and facilitated selective crystallization of
d-mannitol in the final lyophile.85

Miscellaneous

Organic solvents. When an API exhibits inadequate solubility or
stability in water, the problem can be overcome with the use of an
organic cosolvent. An added potential advantage with the presence
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of a cosolvent is a decrease in the drying time. As an example, the
commercial bendamustine hydrochloride (Treanda, Cephalon Inc.,
PA) formulation is prepared by freeze-drying t‑butyl alcohol (TBA)-
water mixture.86

The crystallization of mannitol (5% w/v solution) was inhibited
when ethanol-water systems were cooled to -50 °C.87 However,
upon lyophilization, d-mannitol was obtained, regardless of the etha-
nol content in the initial solutions (10 to 40% v/v). Annealing of the
10% ethanol solution promoted the formation of the a-polymorph.
Mannitol crystallization from solutions (2 or 5% w/v) at TBA-water
eutectic composition (22.5% w/w TBA) was completely inhibited in
the frozen state, while it crystallized as anhydrous d-mannitol in the
final lyophile. The ability of mannitol to serve as a multifunctional
excipient was evaluated using human serum albumin (HSA) as a
model protein. When HSA in a TBA (5% w/w)-water solution contain-
ing mannitol (2% w/w) was freeze-thawed or freeze-dried, there was
no evidence of HSA aggregation. Thus, in presence of TBA, mannitol
exhibited dual functionality, serving as a cryoprotectant in frozen sol-
utions and as a bulking agent in the final lyophile.88

Surfactants. When mannitol solutions (5% w/v), with gradually
increasing concentrations of polysorbate 80 (PS80) were lyophilized,
there was a progressive increase in specific surface area of the lyophile
for example from 1.7 to 3.9 mm2/g for lyophilized mannitol without and
with 0.1% PS80 respectively. However, the specific surface area determi-
nations were based on single point measurements, and authors claim
that the precision of the method is typically <3% according to validation
studies. PS80 also enhanced the crystallinity of mannitol.89 On the other
hand, surfactants such as Tween 20 (polysorbate 20) or Pluronic F68 (a
non-ionic block copolymer) inhibited mannitol crystallization.90

Arginine. Arginine, due to its stabilizing properties, is emerging as
a popular excipient in freeze-dried protein formulations.91 The addi-
tion of arginine, usually as the hydrochloride salt, lowers the collapse
temperature, thereby necessitating conservative drying. Thus, a com-
bination of arginine with mannitol can facilitate freeze-drying at an
elevated temperature and yield an elegant lyophile. However, manni-
tol can induce crystallization of arginine HCl in frozen solutions,
thereby affecting its cryoprotectant functionality.92 Use of alternate
arginine salts (aspartate, glutamate or acetate) in place of arginine
HCl, can prevent this functional incompatibility by allowing selective
crystallization of mannitol, while retaining the arginine salt amor-
phous.92 Arginine, on the other hand, exerted an inhibitory effect on
mannitol crystallization. As a result, lyophilized mannitol-arginine
Fig. 6. A: Structure of bortezomib mannitol ester. B: concentration dependent influence of m
permission from Elsevier.
(ratio 2:1) system exhibited low crystallinity. An increase in arginine
content also led to higher MHH content in the final lyophile.93 In
another study, arginine hydrochloride-mAb lyophiles exhibited good
protein stability but partial collapse upon freeze-drying because of
the low Tg’. Addition of mannitol provided an elegant cake.94 A com-
mercial example of formulation containing mannitol-arginine HCl
combination is Kinevac� (sincalide).

Chemical Interaction Between Mannitol and Bortezomib

Though mannitol does not chemically interact with most APIs, it
undergoes a unique and favorable chemical interaction with an API,
bortezomib, thereby improving its solubility and stability. The fin-
ished product contains mannitol and bortezomib in a ratio of 10:1
(Velcade� product label30,95). The ‘1,2-diol’ group of mannitol forms
a reversible boronate ester with the ‘boronic acid’ moiety of bortezo-
mib (Fig. 6).96 Mannitol enhances the solubility of bortezomib in a
concentration dependent manner.96 This reaction is not specific to
mannitol. Other 1,2-diols and polyols are also reported to undergo
similar esterification reaction with compounds containing the
boronic acid moiety.97 The stability and selectivity of the reaction
depends largely on steric effects, the acid dissociation constant (pKa)
of the boronic acid moiety and the solvent.98

Potential Issues and Mitigation Strategies

Though mannitol is a popular bulking agent for freeze-dried
injectable formulations, its presence may pose certain challenges
necessitating appropriate mitigation strategies.

Formation and Prevention of MHH

As mentioned above, crystallization of MHH during freezing has
been observed in solutions containing mannitol alone and in combi-
nation with sucrose, trehalose and sodium chloride among
others.66,69 In a typical protein, mannitol and sucrose containing for-
mulation, low relative mannitol content and annealing below �10 °C
are prominent factors favoring MHH formation.71,99 Either annealing
at a higher temperature (» �10 °C) or controlled ice nucleation can
enable the crystallization of anhydrous mannitol, i.e. prevent hemi-
hydrate formation.37 Thus, if the desire is to prevent MHH formation,
a possible strategy will be to facilitate mannitol crystallization at
annitol on the solubility of bortezomib. Reprinted from reference96 copyright 2021 with



Fig. 7. Vial breakage (%) induced by (A) freeze-thawing and (B) freeze-drying. Figure A conveys the influence of freeze-thaw parameters and mannitol concentration. Fast freeze
thaw was performed by cooling the vials from room temperature to �70 °C and warming to 25 °C with direct exposure. The ramp rate was 0.1 °C/min during the slow freeze thaw.
(data adapted from Jiang et al., 2007104). Figure B demonstrates the influence of fill volume and process parameters during freeze-drying (primary drying temperature was either
�15 or < �22 °C). Mannitol solution (5% w/v) was filled in 12.5 mL tubing vials, which were cooled at 0.3 °C/min to �50 °C. Chamber pressure during primary drying was 100 mTorr
(�15 °C) or 60 mTorr (�22 °C). (data adapted fromWilliams et al. 1986102).
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temperature ≥ �10 °C and can be accomplished by controlled ice
nucleation. The effect of either approach on the phase behavior must
be systematically investigated using DSC and XRD prior to implemen-
tation for commercial processing.

If MHH is formed during freezing, it is also of interest to
determine its potential for dehydration. Dehydration of MHH in
the solid state is highly influenced by temperature, relative
humidity and presence of other co-solutes. Recent studies estab-
lished the anomalous dehydration behavior of MHH, wherein the
dehydration rate increased as a function of water vapor pres-
sure.50 Similar to other hydrates, dehydration of MHH is facili-
tated at elevated temperatures.39 In the absence of a cosolute,
MHH dehydrated completely in <20 min at 50 °C. On the other
hand, when colyophilized with sucrose, MHH dehydration
occurred at a much slower rate, and dehydration was incomplete
even after 4 h37 When a formulation containing mannitol, a
disaccharide, and sodium chloride was freeze-dried, two ‘burst’
releases of water during secondary drying were both attributed
to MHH dehydration: the first during the ramp to a shelf temper-
ature of 40 °C and the second during an isothermal hold at 40 °C
for 3 h. Thus, the typical secondary drying at 25−30 °C may not
yield a suitably dry and stable drug product.35 MHH dehydration
can be achieved by drying at temperatures ≥ 40 °C.35,99 On the
other hand, for a protein-containing formulation, secondary dry-
ing temperatures of up to 65 °C were needed to eliminate
MHH.41 The formulations used in these studies differ in terms of
the type and concentration of protein, thus suggesting the role of
the API in modulating the dehydration behavior of MHH. Other
potential variables in these studies include mannitol concentra-
tion, mannitol to sugar ratio and the presence of surfactants.

As described earlier, the unpredictable formation of MHH, not only
brings the process robustness into question, but can also have signifi-
cant implications on product stability.50 Even if only a small fraction
of mannitol is retained as MHH, the released water can cause a pro-
nounced increase in the headspace RH creating a condition favorable
for sucrose crystallization. Thus, in such formulations, a general rec-
ommendation would be to conduct secondary drying at ≥ 40 °C to
substantially dehydrate MHH during the lyophilization cycle. The sec-
ond and less desirable option would be to store the product under
refrigerated conditions to sufficiently delay MHH dehydration.50

In cases where MHH presence in the final lyophile is observed, it
might be prudent to determine the influence of MHH dehydration on
the product stability. Two recent reports show that protein stability
was unaffected by MHH dehydration during storage.73,100
Vial Breakage

Freeze-drying of mannitol-rich formulations may cause vial
breakage during freeze-drying.8,101,102 While relatively rare, this fail-
ure can result in lost drug product, additional costs to clean up any
spillage, and increased inspection time to ensure that all cracked or
broken vials are discarded.103

Vial breakage has been observed both during freezing and warm-
ing, and the magnitude of the problem depends upon mannitol con-
centration and temperature ramp rates.104 A fast freeze-thaw and
higher mannitol concentration (15% w/v), resulted in a high incidence
of vial breakage, whereas a slow ramp rate and low mannitol content
(5% w/v) drastically reduced its occurrence (Fig. 7A).104 Vial breakage
is predominantly attributed to internal force from product expansion
during freezing.103 Based on mechanical analyses of vials (both ther-
momechanical and strain gage measurement), vial breakage was
attributed to partial crystallization during cooling and crystallization
of the remaining mannitol during thawing.104

When mannitol crystallizes, water associated with the amor-
phous phase is released and crystallizes. The density of ice is 0.92 g/
cm3 and density of water is approximately 1.0 g/ cm3 (at 0 °C).
When water crystallizes to ice there is a 9% increase in volume.105

For example, the frozen mannitol solution (5% w/v) expands
�15 times faster than the type 1 flint glass causing significant
stress.106 The data correlated with the earlier electrical resistance
and thermal measurements.101,102 A pronounced reduction in vial
breakage was achieved by modulating mannitol crystallization
through the introduction of an isothermal hold at -30 °C (during
freezing).104 Vial breakage can also be minimized by keeping the fill
volume to no more than about 30% of the vial capacity,6 enabling
mannitol crystallization by slow cooling/freezing or by avoiding a
temperature lower than about �25 °C until the mannitol has
completely crystallized.8

The crystallization behavior of mannitol and hence vial breakage
is influenced by other formulation components. For example, addi-
tion of a small amount of a salt such as potassium chloride as low as
0.05% (i.e. 1% w/w of mannitol) reduced vial breakage rate from 80%
(mannitol alone) to 0% (with KCl) upon freeze-thaw. The vials were
cooled at 10 °C/min to �40 °C and then warmed at 0.2 °C/min to »
0 °C.101 It is to be realized that other factors such as vial type (molded
vs tubing), glass defects, vial handling and transportation stresses
also contribute to vial breakage.2,103

As per FDA, one common deficiency pointed out during review of
applications submitted for lyophilized injectable products is with



Fig. 8. A: Spatial distribution of different crystalline forms of mannitol in a sample prepared at a cooling rate of 2.0 °C/min (ice nucleation temperature �7.8 °C). Sections of lyophile
were bottom (B), middle bottom (MB), middle top (MT) and top (T). Reprinted from reference109 copyright 2009 with permission from Elsevier. B: Relative intensity of the 17.9°2u
XRD peak of MHH as a function of the distance from the top surface of the colyophilized mannitol-trehalose (9:1 weight ratio) cake. Each line represents spatial distribution in one
lyophilized sample. Reprinted from reference110 copyright 2018 by permission from Springer Nature.
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respect to annealing step to minimize risk of vial breakage (Office of
Pharmaceutical Manufacturing Assessment (OPMA), US Food and
Drug Administration). A representative comment: “It is noted that
annealing step is not included in your proposed lyophilization cycle
although crystallization of mannitol during freezing is critical to min-
imizing the risk of vial breakage. Comment on what controls, if any,
have been put into place to mitigate the risk associated with vial
breakage during lyophilization and storage”.107
Intra-Vial Heterogeneity

Freeze-drying of pharmaceutical products with a high fill volume/
depth presents significant challenges, which are exacerbated in cases
where solute concentration in the prelyo solution may be high. A pos-
sible consequence is the intra-vial heterogeneity in the final product.
Thus, the potential for heterogeneity can be aggravated when, (i) the
prelyo solutions are concentrated, and (ii) the fill depth is high.108

Mannitol has been used as the model solute in a number of such
studies. When mannitol solution (10% w/v) was lyophilized (fill depth
1.4 cm; frozen solutions not annealed), the composition was hetero-
geneous with respect to the physical forms of mannitol.109 A vertical
gradient in the mannitol polymorph composition (d- increasing and
both a- and b- decreasing from top to bottom) was observed
(Fig. 8A). The cooling rate of the prelyo solution was a critical deter-
minant of the distribution of mannitol physical forms along the verti-
cal direction.

Since freeze-dried products are reconstituted before use, usually
into a solution, the intra-vial heterogeneity will not have a bearing
on the dose delivered to the patient. However, the heterogeneity
may also lead to non-uniform distribution of water within the lyo-
phile, such as MHH content.110 Vertical mapping (using synchrotron
XRD) of the lyophiles obtained from mannitol-sucrose/trehalose
solution (10% w/v; cake depth 2 cm) showed a lower MHH content at
the top and bottom of the lyophile and pronounced increase towards
the center (Fig. 8B).110 The observation suggests that there may be
regions or ‘pockets’ with high MHH content and the microenviron-
ments ‘experienced’ by the API will not be the same in different
regions of the freeze-dried product. Though the total MHH content
(and by extension the water content) in the lyophile may be suffi-
ciently low to not raise concerns, such intra-vial heterogeneity can
affect the physical as well as chemical stability of the API. Annealing
the frozen solution at �30 °C for 2 h essentially eliminated the het-
erogeneity, accompanied by an overall increase in MHH content.
Annealing frozen solutions at �10 °C (2 h) appeared to facilitate the
selective crystallization of a-mannitol, though the heterogeneity was
retained.

As Multifunctional Excipient

Cryoprotectant

Although the use of mannitol as a bulking agent is well estab-
lished, another potential application of mannitol is as a lyoprotec-
tant to proteins and peptides. To be an effective lyoprotectant,
however, mannitol must remain amorphous during processing.
Izutsu et al. demonstrated that mannitol can serve as a cryopro-
tectant, if it is retained amorphous in the frozen state. This was
attained by flash-freezing mannitol solution in liquid
nitrogen.76,111 There have been various other attempts to retain
mannitol in the amorphous state in frozen solutions using addi-
tional excipients or cosolutes. The effectiveness of different exci-
pients in inhibiting mannitol crystallization in frozen solutions
was investigated. Salts (sodium chloride, sodium citrate, sodium
acetate) were the most effective in inhibiting mannitol crystalli-
zation.80 Polyvinyl pyrrolidine exhibited a concentration-depen-
dent inhibition of mannitol crystallization. When mannitol
solution (10% w/w) containing 4.5% w/w polymer was cooled at
5 °C/min, mannitol was retained amorphous.18 As mentioned
above, the use of cosolvents provides another avenue to modulate
solute crystallization.88 Use of mannitol as a stabilizer warrants
caution due to the risk of crystallization either during processing
or storage.112

Reconstitution Enhancer

The presence of a small amount of crystalline mannitol substan-
tially improved the reconstitution properties of lyophiles.26,29 Crys-
talline mannitol improved cake wettability making the cake interior
more accessible to the reconstitution fluid, and promoted cake disin-
tegration, thus favoring rapid reconstitution. Trace but quantifiable
crystallinity coupled with larger pores in the final cake was identified
as desirable characteristics for expediting reconstitution.113 A high
protein concentration and the presence of sugar inhibited mannitol
crystallization. Annealing and aggressive drying enabled crystalliza-
tion of at least a fraction of mannitol, thereby improving reconstitu-
tion behavior.



Fig. 9. The decision tree summarizing use of orthogonal techniques in process optimization for lyophilization of protein-based formulation containing mannitol and lyoprotectant.
(DP CQA: drug product critical quality attributes; KFT: Karl-Fischer titrimetry).
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Summary

As an excipient in lyophilized formulations (small and large
molecule drug), mannitol can be effectively utilized (i) to conduct
primary drying at elevated temperatures thus substantially reduc-
ing the freeze-drying time and cost, (ii) for the formation of a
mechanically robust and pharmaceutically elegant lyophile. It is
however important to ensure complete mannitol crystallization in
the final product, which may be achieved by the introduction of
an annealing step. Some marketed mannitol containing products
may be lyophilized without an annealing step due to historical or
other reasons. However, the authors recommend introduction of
an annealing step to (i) reduce the risk of vial breakage, (ii)
potentially achieve homogeneity in drying behavior and phase
composition in the final lyophile, and (iii) reduce risk of mannitol
crystallization during storage.

When used in the formulation of macromolecule drug, ≥ 2:1 ratio
of mannitol to disaccharide (sucrose or trehalose) can ensure manni-
tol crystallization and enable faster primary drying, while the lyopro-
tectant remains amorphous and stabilize the proteins.

Incorporation of mannitol in the formulation may be associated
with issues which include:

(i) Vial breakage. This can be prevented by appropriate selection of
formulation components and composition, fill height, vial size,
cooling rate, annealing temperature and time.

(ii) The formation and retention of metastable mannitol hemihy-
drate. In such cases, selection of appropriate annealing tem-
perature and duration to avoid hemihydrate formation, and
whenever possible, ensuring complete dehydration by con-
ducting secondary drying at elevated temperatures (≥ »40 °C)
is recommended. However, this is only possible when the API
is not thermolabile.

A combination of thermal and solid-state characterization techni-
ques can be employed to understand the crystallization behavior of
mannitol during different stages of lyophilization and for process
optimization. For small molecule drug formulations containing man-
nitol, stepwise freezing coupled with annealing the frozen solutions
can be useful strategies to ensure complete mannitol crystallization
as well as to minimize risk of vial breakage. A compilation of repre-
sentative strategies for protein-based formulations containing man-
nitol and amorphous lyoprotectant is presented in the decision tree
(Fig. 9). Although not comprehensive, the flowchart can be used as a
guide for formulation and process development scientists. The aim is
to ensure that the desired quality attributes, which may be influenced
by mannitol physical form, are achieved and maintained over the
shelf life of the drug product. Though some recent studies suggest
multifunctional utility, mannitol continues to be the bulking agent of
choice in lyophilized formulations.
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Table A1
List of commercially available, mannitol-containing lyophilized small molecule drug formulations.

API (Product) API
concentration (%w/v)a

Mannitol
concentration (%w/v)a

Mannitol to
API ratio

Other excipient(s)

Formulations containing mannitol as the only excipient
Mitomycin (Mitosol�) 0.02 0.04 2.0 None
Dantrolene sodium (Dantrium�) 0.033 5.0 »150
Dactinomycin (Cosmegen�) 0.05 2.0 40
Bortezomib (Velcade�) 0.1 1.0 10
Ethacrynate sodium (Sodium edecrin�) 0.1 0.125 1.25
Diltiazem 0.1 0.075 0.75
Azacytidine (Vidaza�) (intravenous) 0.1 0.1 1.0
Pentostatin (Nipent�) 0.2 1.0 5.0
Pamidronate disodium (Aredia�)30 mg 0.3 4.7 15.67
Omacetaxine mepesuccinate (Synribo�) 0.35 NAb NAb

Daunorubicin HCl (Cerubidine�) 0.5 2.5 5.0
Phentolamine mesylate (Regitine�) 0.5 2.5 5.0
Bendamustine hydrochloride (Treanda�) 0.5 0.85 1.7
Landiolol hydrochloride 0.6 NAb NAb

Pamidronate disodium (Aredia�) 90 mg 0.9 3.75 4.17
Padeliporfin potassium (Tookad) 0.915 NAb NAb

Levoleucovorin calcium 0.99 0.99 1.0
Eravacycline (Xerava�) 1.0 3.0 3.0
Landiolol hydrochloride 1.2 NAb NAb

Cyclophosphamide (Cytoxan�) 2.0 1.5 0.75
Pemetrexed (Alimta�) 100 mg 2.38 2.52 1.06
Fludarabine phosphate (Fludara�) 2.5 2.5 1.0
Pemetrexed (Alimta�) 500 mg 2.5 2.5 1.0
Azacytidine (Vidaza�) (subcutaneous) 2.5 2.5 1.0
Chlorothiazide sodium (Diuril�) 2.8 1.4 0.5

Formulations containing mannitol and an additional excipient
Cisplatin (Platinol�) 50 mg 0.1 1.0 10 Sodium Chloride
Topotecan (Hycamtin�) 0.1 1.2 b12 Tartaric acid
Cangrelor tetrasodium 1.0 NAb NAb Sorbitol
Doxycycline hyclate 1.0 3.0 3.0 Ascorbic acid
Fosnetupitant and palonosetron (Akynzeo�) 1.2 3.8 3.2 Edetate sodium
Gemcitabine HCl (Gemzar�) 200 mg/1 g 4.0 4.0 1.0 Sodium acetate

Multicomponent formulations
Epoprostenol sodium (Flolan�) 0.5 mg 0.001 0.1 100 Glycine and sodium chloride
Epoprostenol sodium (Flolan�) 1.5 mg 0.003 0.1 33.3 Glycine and sodium chloride
Vecuronium bromide (Norcuron�) 10 mg/ 20 mg 0.1 0.97 9.7 Citric acid and sodium phosphate
Fosdenopterin (Nulibry�) 0.19 3.75 19.7 Ascorbic acid and sucrose
Warfarin sodium (Coumandin�) 0.2 3.8 19 Sodium phosphate buffer and sodium chloride
Lornoxicam (Xefo�) 0.4 NAb NAb Mannitol, trometamol and disodium edetate
Lansoprazole (Prevacid�) 0.6 1.2 2.0 Meglumine and sodium hydroxide
Copanlisib 1.5 NAb NAb Citric acid and sodium hydroxide
Levothyroxine sodium − − Sodium phosphate and sodium hydroxide

Note:.
a Concentrations were calculated based on the reconstitution volume, as specified in product label.
b Mannitol:API ratio could not be calculated as the mannitol quantity is not available.

Table A2
List of commercially available, mannitol-containing lyophilized large molecule drug formulations.

API (Product) API
concentration
(%w/v)a

Mannitol
concentration
(%w/v)a

Mannitol to
API ratio

Other excipient(s)

Formulations containing mannitol as the only excipient
Cosyntropin (Cortrosyn�) 0.025 1.0 40.0 None
Cetorelix acetate (Cetrotide�) 0.1 5.48 54.8
Thymosin alpha 1 or thymalfasin (Zadaxin�) 0.16 5.0 31.25
Oritavancin diphosphate (ORBACTIV�) 1.0 NAb NAb

Degarelix (Firmagon�) 80 mg 2.0 5.0 2.5
Degarelix (Firmagon�) 120 mg 4.0 5.0 1.25
Lepirudin (Refludan�) 5.0 5.0 1.0
Bivaluridine (Angiomax�) 5.0 2.5 0.5
Asparaginase (Elspar�) NAc 4.0 NAc

Formulations that containing mannitol and an additional excipient
Secretin (SecreFlo �) 0.0002 0.25 1250.0 L-cysteine monohydrochloride
Interferon beta-l b (Extavia �/ Betaseron �) 0.025 1.25 50.0 Albumin (human)
Nesiritide (Natrecor �) 0.0316 0.4 12.66 Citrate buffer
Agalsidase beta (Fabrazyme �) 0.5 3.17 6.34 sodium phosphate buffer
Telavancin hydrochloride (Vibativ�) 1.5 1.875 1.25 Hydroxypropyl b-cyclodextrin
Dalbavancin hydrochloride (Dalvance) 2.0 0.516 0.258 Lactose monohydrate
Oritavancin (KimyrsaTM) 3.0 2.0 0.7 Hydroxypropyl b-cyclodextrin
Enfuvirtide (Fuzeon�) 9.0 1.88 0.21 Sodium carbonate (anhydrous)
Chorionic Gonadotropin (Novarel �) NAc 10.0 NAc Sodium phosphate buffer

(continued)
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Table A2 (Continued)

API (Product) API
concentration
(%w/v)a

Mannitol
concentration
(%w/v)a

Mannitol to
API ratio

Other excipient(s)

Multicomponent formulations
Sincalide (Kinevac�) 0.000001 3.4 340,000 Arginine HCl, lysine HCl, potassium phosphate dibasic,

methionine, pentetic acid, sodiummetabisulfite, and
polysorbate 20

Sargramostim (Leukine�) 0.025 4.0 160.0 Sucrose and tromethamine
Parathyroid hormone (Natpara�) 0.4 mg 0.035 2.65 75.7 Sodium chloride and citric acid monohydrate
Romiplostim (Nplate�) 0.05 4.17 83.4 Sucrose, histidine and polysorbate 20
Genotropin Miniquick� (Somatropin) 0.2 mg 0.08 0.41 5.2 Glycine and sodium phosphate buffer
Vosoritide (Voxzogo�) 0.4 mg and 0.56 mg 0.08 1.5 18.75 Trehalose dihydrate, sodium citrate dihydrate,

methionine, citric
acid monohydrate and polysorbate 80

Somatropin (Humatrope�) 0.1 0.5 5.0 Glycine and dibasic sodium phosphate
Aaldesleukin (Proleukin�) 0.11 5.0 45.5 Sodium dodecyl sulfateand sodium phosphate buffer
Vosoritide (Voxzogo�) 1.2 mg 0.12 0.9 7.5 Trehalose dihydrate, sodium citrate dihydrate,

methionine, citric
acid monohydrate and polysorbate 80

Parathyroid hormone (Natpara�) 1.61 mg 0.14 2.65 18.9 Sodium chloride and citric acid monohydrate
Rasburicase 0.15 1.06 7.07 L-alanine and dibasic sodium phosphate
Genotropin Miniquick� (Somatropin) 0.4 mg 0.16 0.41 2.6 Glycine and sodium phosphate buffer
Triptorelin pamoate (Trelstar�) 3.75 mg 0.1875 3.6 19.2 Poly(lactic-co-glycolic acid), carboxy methyl cellulose

and polysorbate 80
Human Secretin (ChiRhoStim�) 0.2 0.25 1.25 Sodium chloride and cysteine hydrochloride
Anidulafungin (Eraxis�) 0.33 1.67 5.0 Fructose, polysorbate 80 and tartaric acid
Genotropin Miniquick� (Somatropin) 0.6 mg 0.24 0.41 1.7 Glycine and sodium phosphate buffer
Genotropin Miniquick� (Somatropin) 0.8 mg 0.32 0.41 1.3 Glycine and sodium phosphate buffer
Basiliximab (Simulect�) 0.4 3.2 8.0 Phosphate buffer, sodium chloride, sucrose and glycine
Tesamorelin (Egrifta SV �) 0.4 4.0 10.0 Sucrose, histidine and polysorbate 20
Genotropin Miniquick� (Somatropin) 1.0 mg 0.4 0.41 1.0 Glycine and sodium phosphate buffer
Genotropin Miniquick� (Somatropin) 1.2 mg 0.48 0.41 0.9 Glycine and sodium phosphate buffer
Alglucosidase alfa (Lumizyme�) 0.5 2.1 4.2 Polysorbate 80 and sodium phosphate buffer
Caspofungin (Cancidas�) 50 mg 0.5 0.2 2.5 Sucrose, glacial acetic acid, sodium hydroxide
Genotropin� (Somatropin) 5 mg 0.5 0.16 0.32 Glycine and sodium phosphate buffer
Palifermin (KepivanceTM) 0.52 4.17 8.0 Sucrose, L-histidine and polysorbate 20
Genotropin Miniquick� (Somatropin) 1.4 mg 0.56 0.41 0.7 Glycine and sodium phosphate buffer
Triptorelin pamoate (Trelstar�) 11.25 mg 0.5625 3.7 6.6 Poly(lactic-co-glycolic acid), carboxy methyl cellulose,

polysorbate
Genotropin Miniquick� (Somatropin) 1.6 mg 0.64 0.41 0.6 Glycine and sodium phosphate buffer
Caspofungin (Cancidas�) 70 mg 0.7 0.36 0.51 Sucrose, glacial acetic acid, sodium hydroxide
Genotropin Miniquick� (Somatropin) 1.8 mg 0.72 0.41 0.6 Glycine and sodium phosphate buffer
Genotropin Miniquick� (Somatropin) 2.0 mg 0.8 0.41 0.5 Glycine and sodium phosphate buffer
Teduglutide (Gattex�) 1.0 3.0 3.0 L-histidine and sodium phosphate buffer
Pegvisomant (Somavert�) 10 mg 1.0 3.6 3.6 Glycine and sodium phosphate buffer
Tisotumab Vedotin-TFTV (Tivdak) 1.0 0.75 0.75 L-histidine, L-histidine monohydrochloride and sucrose
Avalglucosidase alfa-ngpt (Nexviazyme) 1.0 2.0 2.0 Glycine, L-histidine, L-histidine HCl monohydrate, man-

nitol and polysorbate 80.
Triptorelin pamoate (Trelstar�) 22.5 mg 1.125 3.7 3.3 Poly(lactic-co-glycolic acid), carboxy methyl cellulose,

polysorbate
Genotropin� (Somatropin) 12 mg 1.2 1.2 1.0 Glycine and sodium phosphate buffer
Pegvisomant (Somavert�) 15 mg 1.5 3.6 2.4 Glycine and sodium phosphate buffer
Pegvisomant (Somavert�) 20 mg 2.0 3.6 1.8 Glycine and sodium phosphate buffer
Pegvisomant (Somavert�) 25 mg 2.5 4.5 1.8 Glycine and sodium phosphate buffer
Etanercept (Enbrel�) 2.5 4.0 1.6 Sucrose and tromethamine
Pegvisomant (Somavert�) 30 mg 3.0 5.4 1.8 Glycine and sodium phosphate buffer
Alpha1-proteinase inhibitor (Human) (Zemaira�) 5.0 »3.0 »6.0 Sodium, chloride and phosphate ions (range of mannitol

121−168 mM)
Palivizumab (Synagis�) 50 mg 8.3 6.8 0.8 Histidine and glycine
Palivizumab (Synagis�) 100 mg 10.0 6.8 0.68 Histidine and glycine
Albiglutide (Tanzeum�) 10.0 2.8 0.28 Polysorbate 80, sodium phosphate and trehalose

dihydrate
Canakinumab (Ilaris�) 15.0 4.9 0.33 Histidine buffer and polysorbate 80
Leuprolide acetate (Lupron Depot�) NAd NAd 1.76d Purified gelatin, DL-lactic and glycolic acids copolymer

microparticles.
Taliglucerase alfa (Elelyso�) NAc 4.1 NAc Polysorbate 80 and sodium citrate
Imiglucerase (Cerezyme�) NAc 3.2 NAc Sodium citrate buffer and polysorbate 80

Note:.
a Concentrations were calculated based on the reconstitution volume, as specified in product label.
b Mannitol:API ratio could not be calculated as the mannitol quantity is not available.
c Mannitol:API ratio could not be calculated as the labelled quantity of API is in units (IU)/mL.
d Reconstitution volume not available hence concentration could not be calculated.
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Table A3
List of commercially available, mannitol-containing lyophilized vaccine formulations.

API (Product) API concentration
(%w/v)

Mannitol
concentration
(%w/v)

Mannitol to
API ratio

Other excipient(s)

Multicomponent vaccine formulations
Smallpox (Vaccinia) Vaccine,

Live, ACAM2000�
NA 5% NA HEPES, human serum albumin, sodium chloride,

neomycin and polymyxin B.
MMR (Priorix�) NA NA NA Lactose, neomycin sulfate, amino acids, and sorbitol
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