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Effects of co-solutes on the physical property of mannitol and sorbitol in frozen solutions and freeze-dried
solids were studied as a model of controlling component crystallinity in pharmaceutical formulations. A frozen
mannitol solution (500 mm) showed a eutectic crystallization exotherm at —22.8 °C, whereas sorbitol remained
amorphous in the freeze-concentrated fraction in the thermal scan. Various inorganic salts reduced the eutectic
mannitol crystallization peak. Trisodium and tripotassium phosphates or citrates prevented the mannitol crys-
tallization at much lower concentrations than other salts. They also raised transition temperatures of the frozen
mannitol and sorbitol solutions (Tg' : glass transition temperature of maximally freeze-concentrated amorphous
phase). Crystallization of some salts (e.g., NaCl) induced crystallization of mannitol at above certain salt concen-
tration ratios. Thermal and near-infrared analyses of cooled-melt amorphous sorbitol solids indicated increased
intermolecular hydrogen-bonding in the presence of trisodium phosphate. The sodium phosphates and citrates
should prevent crystallization of mannitol in frozen solutions and freeze-dried solids by the intense hydrogen-
bonding and reduced molecular mobility in the amorphous phase.
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Active ingredients and excipients in pharmaceutical solid
formulations are in the amorphous or crystalline states. Ap-
plication of amorphous solids is receiving increasing atten-
tion because of the unique physical and functional prop-
erties (e.g., higher dissolution rate, stabilization of freeze-
dried proteins).' ™ Controlling the component crystallinity
through optimizing the compositions and the manufacturing
process (freeze-drying, quench cooling of hot-melt liquids) is
a relevant method in formulation development because each
ingredient and excipient possess different intrinsic propensity
for crystallization.” " Freeze-drying with a large amount of
“inert” nonionic molecules (e.g., disaccharides, soluble poly-
mers) that are likely to form amorphous solid, is a popular
way to obtain the intrinsically crystallizing ingredient in the
non-crystalline dispersed state. The method, however, has
some limitations in terms of the applicable excipients and the
physical properties of the resulting solids.” Various inorganic
salts also prevent crystallization of other solutes in frozen so-
lutions and freeze-drying processes through mixing and/or
complex formation.” "

Mannitol is a popular excipient that tends to crystallize in
frozen aqueous solutions.'? The superior cake appearance
and physical stability of the crystalline freeze-dried solids
make mannitol a good bulking agent for many parenteral
formulations of low-molecular-weight pharmaceutics. The
crystallization process of mannitol in frozen solutions, the
resulting crystal polymorphs, and the effect of co-solutes
on the physical properties have been studied extensively as
models to elucidate the component crystallization process
in multi-solute systems.'>'®) Co-lyophilization with sucrose
prevents crystallization of mannitol during freeze-drying at
sucrose/mannitol weight concentration ratios above 2—
3.8202D Some salts (e.g., NaCl) that possess high melt misci-
bility with mannitol prevent its crystallization in frozen solu-
tions at much lower concentrations than sucrose, whereas the
low transition temperatures (7, glass transition temperature
of the maximally freeze-concentrated amorphous phase) of
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the frozen solutions make it difficult to freeze-dry without
physical collapse.’!>??

Reduction of molecular mobility in the freeze-concen-
trated phase is another approach to obtain amorphous freeze-
dried solids. Some salts (e.g., sodium tetraborate, boric acid)
that effectively raise 7,s of frozen polyol solutions (e.g., sac-
charides, sugar alcohols) by complex formation would pre-
vent spatial rearrangement of the mannitol molecules re-
quired for crystallization.”>*> Recent studies showed that
some pH-adjusting excipients (e.g., sodium phosphate
buffer) also raise glass transition temperature (7,) of amor-
phous freeze-dried saccharides.’®?” Some phosphate salts
also prevent crystallization of mannitol during freeze-drying
processes, suggesting contribution of the reduced molecular
mobility in the amorphous mixture.>***® The purpose of this
study was to elucidate the effect of phosphate and citrate
salts on the physical properties of mannitol and sorbitol in
the frozen aqueous solutions and in the dried solids. Differ-
ent intrinsic tendency of mannitol and its isomer (sorbitol)
for crystallization provided information on the mechanisms
and requirements to obtain the stable amorphous solids. Con-
trolling the component crystallinity by the widely used ex-
cipients should be of practical importance in developing for-
mulations without particular safety concerns.

Experimental

Materials All the proteins and other chemicals employed in this study
were of analytical grade and obtained from the following commercial
sources: sucrose (Sigma-Aldrich, St. Louis, MO, U.S.A.); trisodium phos-
phate- 12H,0 (Katayama Chemical, Osaka, Japan); disodium hydrogen cit-
rate and sodium dihydrogen citrate (Kanto Chemical, Tokyo, Japan); p(+)-
mannitol, p-sorbitol, and other chemicals (Wako Pure Chemical, Osaka).

Freeze-Drying and Preparation of Amorphous Solids Aqueous solu-
tions (250 ul) containing 500 mm mannitol and various concentrations of co-
solutes in flat-bottom glass vials (10 mm diameter) were lyophilized using a
freeze-drier (Freezevac 1C; Tozai Tsusho, Tokyo). The solutions were frozen
by immersion in liquid nitrogen, transferred to the shelf of the freeze-dryer,
and lyophilized without a shelf temperature control for 12 h and at 35 °C for
4h. The solids were applied for the thermal analysis within 48h of the
preparation. Mixed powders containing sorbitol (approx. 200 mg), salt, and
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aliquot of water (50 ul) in crystal cuvettes or glass tubes were heated under
vacuum at 160 °C for 20 min using a drying oven (DP23, Yamato Scientific
Inc., Tokyo), then cooled at room temperature to prepare amorphous solids
for thermal and spectroscopic analyses.

Thermal Analysis Thermal analyses of frozen solutions and freeze-
dried solids were performed using a differential scanning calorimeter (DSC-
Q10; TA Instruments, New Castle, DE, U.S.A.) with an electric refrigerating
system and associated software (Universal Analysis). Indium and cyclo-
hexane were used for the DSC calibration. Aliquots of solutions (10 ul) in
aluminum cells were scanned from —70 °C at 5 °C/min after the system had
been cooled at —10 °C/min to study the thermal profile of the frozen solu-
tions. The effect of a heat treatment (annealing) on the thermal properties of
the frozen solutions was studied after the initial heating scan was paused at
—10°C, and then the samples were maintained at the temperature for
30 min. Thermal data were acquired in the subsequent heating scan from
—70°C at 5°C/min. The extent of mannitol crystallization exotherm was
obtained from the peak area under the baseline of the heat flow. Peaks in the
derivative thermograms were assigned to glass transition temperatures of the
maximally freeze-concentrated amorphous phases (7,s). Thermal analyses
of the freeze-dried solids (1.7—2.2mg) were performed from —30°C at
10°C/min. The cooled-melt solids (approx. 5mg) were scanned from
—30°C at 5 °C/min.

Near-Infrared Spectroscopy Near-infrared analysis was performed
using a FT-NIR system (MPA, Bruker Optik GmbH, Germany) with OPUS
software. Absorbance of the sample (1-mm light path length) at 4000 to
12000 cm™! range was obtained at room temperature (25 °C) with a 2cm™!
resolution in 128 scans.

Results

Figure 1 shows thermograms of frozen solutions contain-
ing an identical concentration (500 mm) of various solutes.
Frozen citric acid and sodium citrate solutions showed ther-
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Fig. 1. Thermal Profiles of Frozen Single-Solute Aqueous Solutions

(500 mwm, 10 ul) Scanned from —70 °C at 5 °C/min

Glass transition temperatures of the maximally freeze-concentrated amorphous
phases (Ts) are marked with reversed triangles (V).
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mograms typical for amorphous supercooled freeze-concen-
trated phase, with the baseline shifts (7') at —53.4 °C (citric
acid), —33.4°C (sodium dihydrogen citrate), —38.8 °C (di-
sodium hydrogen citrate), and —42.5°C (trisodium cit-
rate).”” The transitions (Ts) of frozen sucrose and sorbitol
solutions were observed at —33.8 °C and —44.2 °C, respec-
tively. Some other frozen solutions (500mm H,PO,,
NaH,PO,, K,PO,, LiCl) showed a gradual shift of the ther-
mogram baseline that suggested an amorphous freeze-con-
centrated phase with 7', below —55 °C. Freezing of aqueous
solutions containing di- and trisodium phosphate (Na,HPO,,
Na,PO,) solutions showed endotherm peaks in the cooling
process (data not shown) and flat thermograms in the heating
scan, indicating that the salt crystallization was completed
before the heating scan.*” Some frozen salt solutions
showed endotherm peaks that indicated eutectic crystal melt-
ing at —19.8°C (NaCl), —8.9°C (KCl), and —14.2°C
(RbCl) (data not shown). The peak temperatures were
slightly (approx. 2 °C) higher than the values in some litera-
ture probably because of the higher scanning rate in this
study.>®3V

Figure 2 shows DSC scans of frozen solutions containing
500 mM mannitol (approx. 91.1 mg/ml) and varied concentra-
tions of sodium hydrogen phosphates (Na,HPO,, NaH,PO,,
Na;PO,) in the first heating scan from —70°C, and in the
second heating scan after a heat treatment (annealing) at
—10°C for 30 min. The frozen mannitol solution showed a
large eutectic crystallization exotherm peak at —22.8°C in
the first scan. Several smaller thermal events, including two
possible Tgs (Tgy: —37.5°C, Ty —29.0°C) and a small en-
dotherm (—24.3 °C), were also observed prior to the crystal-
lization exotherm.'’?!?® A small exotherm peak that sug-
gests partial crystallization was observed in the cooling
process of some frozen mannitol solutions (data not shown).
The second scan of the frozen mannitol solution after the
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Fig. 2. Thermal Profiles of Frozen Solutions Containing Mannitol
(500 mm) and Varied Concentrations of Sodium Phosphates in the First Scan
from —70°C at 5°C/min (Upper) and the Second Scan after a Heat Treat-
ment at —10 °C for 30 min

The glass transitions (7,s) are marked with reversed triangles ).
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heat treatment resulted in a flat thermogram up to the ice-
melting temperature, indicating the crystallized mannitol in
the frozen solution.

The phosphate salts showed varied effects on the thermal
property of the frozen mannitol solution. The mannitol crys-
tallization exotherm peak disappeared in the presence of
NaH,PO, (200, 500mwm), Na,HPO, (200mm) or Na,PO,
(200, 500 mm), presenting a thermal transition (7';) that indi-
cated the amorphous freeze-concentrated phase surrounding
ice crystals. The frozen solution containing 500 mm mannitol
and 500 mm Na,HPO, showed two exotherm peaks that sug-
gest crystallization of mannitol (—20.3°C) and Na,HPO,
(—12.8°C). The second scan of frozen solutions containing
mannitol and NaH,PO, (500 mm) or Na,PO, (200, 500 mm)
also showed the T transitions. A slight shift of the transition
temperature (7,) in the second scan suggested retention of
the amorphous freeze-concentrated phase and some re-order-
ing (e.g., further ice crystal growth) of the frozen solution
during the heat treatment.'” The second scan of frozen solu-
tions containing mannitol and Na,HPO, (200, 500 mwm)
showed flat thermograms up to the ice-melting temperature,
indicating the crystallized mannitol and the salt.'®

Figures 3 and 4 show effects of various co-solutes (e.g.,
phosphate, citrate, chloride salts) on the mannitol crystalliza-
tion exotherm size and transition temperatures (7'gs) of the
frozen solutions. The crystallization exotherm of the frozen
mannitol solution (500 mm) was 14.1£1.2 J/g (n=3). Most of
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Fig. 3. Effects of Co-solutes on the Mannitol Crystallization Exotherm in
Frozen Aqueous Solutions (10 ul) Scanned from —70 °C at 5 °C/min

The symbols denote frozen solutions containing (A) @: Na,PO,, O: Na,HPO,, A:
NaH,PO,, A: H,PO,, (B) @®: K,PO,, O: K,HPO,, A: KH,PO,, A: sucrose, X:
CH,COONa, (C) @: trisodium citrate, O: disodium citrate, A: monosodium citrate, A:
citric acid, X: tripotassium citrate, (D) @: LiCl, O: NaCl, A: KCI, A: RbCl (mean
valuexS.D., n=3).

567

the solutes, except H;PO,, apparently reduced the mannitol
crystallization peak concomitantly with the upward shift
of the peak temperature. Alkali-metal chloride salts with
smaller cations (LiCl, NaCl) were more effective at reducing
the mannitol crystallization peak than those with larger
cations (KCI, RbCl). The mannitol crystallization peak also
disappeared in the presence of 200 mMm sucrose or 150 mm
CH,COONa, indicating the prominent effect of the salts,
especially compared in their weight concentrations. Ad-
dition of some solutes slightly increased the exotherm at
lower concentrations (<100mm), probably because they
alter thermal transitions prior to the crystallization peak.
Sodium and potassium phosphates showed varied ability
to reduce the mannitol crystallization peak depending on
the ionic valencies. The mannitol crystallization peak disap-
peared at different phosphate salt concentrations (Na,PO,,
K,PO,<Na,HPO,, K,HPO,<NaH,PO,<KH,PO,). Sodium
phosphate buffers containing both NaH,PO, and Na,HPO, at
different concentration ratios (3:1, 1:1, and 1:3) showed
the crystallization-preventing effects intermediate between
those of the individual salt solutions (data not shown). The
mannitol crystallization peak also disappeared at different
sodium citrate and citric acid concentrations (trisodium cit-
rate<disodium citrate<monosodium citrate<citric acid). The
pronounced effect of tri- and divalent salts suggests the sig-
nificance of ion concentrations or alkaline pH on the ability
of co-solutes to prevent the mannitol crystallization. The
mannitol crystallization peak re-appeared upon further addi-
tion of some salts (300—500mm Na,HPO,, 500 mm RbCl,
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Fig. 4. Thermal Transition Temperatures (7,: Glass Transition of the
Maximally Freeze-Concentrated Amorphous Phases) of the Frozen Solu-
tions (10 ul) Containing Mannitol (500 mm) and Various Concentrations of
Co-solutes Scanned from —70 °C at 5 °C/min

Symbols denote the co-solutes shown in Fig. 3 (mean value£S.D., n=3).
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500mm KCIl). Crystallization of these salts in the single-
solute frozen solutions (Fig. 1) suggested that the salt crys-
tallization at high salt/mannitol ratio induced the mannitol
crystallization in the remaining phase.

Frozen solutions containing the amorphous state mannitol
and co-solute combinations showed apparent 7, transition
(Fig. 4). Extrapolating the transition temperatures of these
mixture solutions suggested that T, of the frozen single-
solute mannitol solution occurred at approximately —40 °C,
which should correspond to the reported lower-temperature
transition (7,).*"*® Addition of some salts (e.g., NaH,PO,,
CH,COONa, LiCl, NaCl, KCl, RbCl) lowered the transition
temperature linearly depending on their concentrations. Su-
crose slightly shifted the transition toward its intrinsic 7'
(—33.8°C, Fig. 1).2" These findings suggest simple mixing
of the solutes in the freeze-concentrated phase, which transi-
tion temperature depends on the 7's of the individual compo-
nents and their concentration ratios. In contrast, some phos-
phate and citrate salts non-linearly raised the transition tem-
perature. Frozen solutions containing mannitol and trisodium
or tripotassium salts (Na;PO,, K;PO,, trisodium citrate)
showed the highest transition temperatures at certain (150—
300mm) co-solute concentrations. The transition tempera-
tures above those of the individual solutes (e.g., trisodium
citrate: —42.5°C) suggested reduced molecular mobility in
the freeze-concentrated phase.

Sorbitol remained amorphous in the single-solute
(500mm) frozen solution, presenting a 7, transition at
—44.2°C (Fig. 1). Effect of the salts on the transition tem-
perature of the frozen sorbitol solution (7'}, Fig. 5) showed
similar trends with the mannitol-salt systems. The non-linear
upward shift of T;s suggested some interaction between the
Na,;PO, and the sugar alcohols, or altered environment in the
freeze-concentrated phase. A salt crystallization exotherm
peak was observed in the solutions containing 500 mm sor-
bitol and 300—500mm Na,HPO,. Addition of 500mm
Na,HPO, resulted in low T, (—45.0°C) that suggested tran-
sition of phase-separated sorbitol fraction.

Effects of sodium phosphates and citrates on the physical
properties of freeze-dried mannitol was studied (Fig. 6).
Freeze-drying of mannitol resulted in o or 8 polymorph
crystal that showed a large crystal melting endotherm at ap-
proximately 170 °C.'"®3? Co-lyophilization with the phos-
phate and citrate salts resulted in the small crystal melting
peaks that suggested lower crystallinity or different poly-
morph (e.g., 6-form) in the solid.”'**? Some solids showed
glass transitions (35—55°C), exotherm peaks of putative
mannitol crystallization (60—80°C), and small mannitol
crystal melting peaks (150—170°C). Transition tempera-
tures (7,s) of these co-lyophilized solids were higher than
the reported 7, of amorphous mannitol (approx. 13°C).””
Freeze-dried solids containing mannitol and trisodium phos-
phate or citrate showed 7,s (52.9, 43.7 °C) higher than those
of the corresponding disodium salts (44.5, 40.0°C). Co-
lyophilization with a higher concentration (200 mm<) of the
co-solutes further reduced the mannitol crystallization during
the process (data not shown). The upper shift of the glass
transition temperature (7,) suggested altered interaction (e.g.,
hydrogen-bonding) between mannitol molecules, as was re-
ported in co-lyophilization of disaccharides with the phos-
phate salts.®
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Fig. 5. Effect of Co-solutes on T of Frozen Sorbitol (500 mm) Solutions

An aliquot of solution (10ul) in aluminum cell was scanned from —70°C at
5°C/min. Symbols represent measured midpoint values+S.D. (n=3, O: Na;PO,, A:
Na,HPO,, A: trisodium citrate, [J: NaH,PO,, @: NaCl).
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Fig. 6. Thermal Profiles of Freeze-Dried Solids Obtained from Initial So-
Iutions Containing Mannitol (500 mm) and Various Co-solutes (100 mm)

Some thermograms were magnified to indicate the glass transition temperatures of
the solids (V).

Thermal and near-infrared analyses of cooled-melt amor-
phous sorbitol solids were performed to study the possible
salt-induced changes in molecular interactions. A thermo-
gram of cooled-melt sorbitol solid, and effects of the salts on
the glass transition temperature (7,: —1.1°C) are shown in
Fig. 7. The amorphous sorbitol solid showed only a glass
transition in the thermal scan up to 125 °C. Trisodium phos-
phate and citrate exhibited much larger effect to raise the 7,
of the amorphous sorbitol solid than Na,HPO, and NaCl,
suggesting significant reduction in the molecular mobility.
Near-infrared spectra of the cooled-melt amorphous sorbitol
solid showed several broad bands that indicate random mo-
lecular configurations (Fig. 8). The bands in the 6000 to
7000 cm ' range have been assigned as O-H stretch first
overtones of hydroxyl groups with intermolecular (around
6350cm™!) and intramolecular (around 6800cm™') hydro-
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Fig. 8. Transmission Near-Infrared Spectra of Cooled-Melt Solids Con-
taining Sorbitol and Salts (Na,PO,, Na,HPO,, NaCl) in the Molar Ratio of
12.5:1

gen-bonding.***> Addition of Na;PO, reduced intensity of
the band at 6800cm™' with concomitant increase in the
bands below 6350 cm ™!, suggesting increased intermolecular
hydrogen-bonding in the solid. The intense molecular inter-
action should result in the higher transition temperatures.
Absorbance by the phosphate salts should also contribute to
the increased intensity in the lower wavenumber region
(5500—6000 cm™1).>*3% Partial crystallization of cooled-
melt mannitol made the solid inappropriate for the NIR
study.

Discussions

Various co-solutes, including popular excipients in phar-
maceutical formulations, kinetically and/or thermodynami-
cally prevented the crystallization of mannitol in frozen solu-
tions at certain concentrations. Trisodium and tripotassium
phosphates or citrates showed larger effect to prevent the
mannitol crystallization in the frozen solutions and freeze-
dried solids. The sorbitol and salt combinations indicated re-
duced mobility of molecules by intense hydrogen-bonding in
the freeze-concentrated phase, which should contribute to re-
tain mannitol in the amorphous state.

Miscibility of mannitol and co-solutes in the concentrated
fraction should be the first requisite to prevent the mannitol
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crystallization in frozen solutions. Mannitol and the various
co-solutes were freeze-concentrated into the same phase at
certain concentration ratios, and under this condition mixing
should kinetically perturb the spatial rearrangement of man-
nitol molecules required for crystallization. Reported signifi-
cant melt miscibility of mannitol and some salts (e.g., NaCl)
at elevated temperatures suggested their thermodynamic
compatibility in the concentrated mixture phase in frozen so-
lutions.” On the other hand, thermodynamic solute immisci-
bility and/or co-solute crystallization (e.g., Na,HPO,) at
above their critical mixing co-solute/mannitol concentration
ratios should separate the solutes to different phases in a
frozen solution.’® The co-solute crystallization should in-
duce crystallization of the remaining mannitol molecules.
Various factors, including the structure, ionized state and
concentrations of co-solutes, as well as the thermal process,
should determine the miscibility with mannitol in the frozen
solutions.

Reduction of the molecular mobility of mannitol should be
another significant requirement to prevent its crystallization
in frozen solutions. The upward shift of the transition tem-
peratures (7s) in the presence of some phosphate and citrate
salts should indicate the reduced molecular mobility in
the freeze-concentrated phases. Some of the combinations
showed their highest T;s at certain salt concentrations, which
suggested direct interaction between mannitol and co-solute
ions and/or altered molecular interactions between mannitol
molecules rather than simple mixing.?** It is plausible that
the salt-induced intense intermolecular hydrogen-bonding
observed in the cooled-melt sorbitol system also contributes
to prevent mannitol crystallization in frozen solution and
freeze-dried solids. The different effects of phosphate and
citrate salts suggested that ionic valence and local pH are the
significant factors involved in altering the molecular interac-
tions. The effect of pH on the molecular interaction between
polyols are subject to debate, and will require further
study. 2637
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