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ABSTRACT
Purpose (i) Prepare a freeze-dried injectable indomethacin
(IMC) dosage form. (ii) Convert IMC to its tris salt during
freeze-drying so as to facilitate rapid dissolution (reconstitution).
(iii) Modulate salt crystallinity by annealing the frozen solution.
Methods Aqueous IMC solutions buffered with tris were freeze
dried, with or without annealing the frozen solutions. The lyo-
philes were characterized by X-ray diffractometry, differential
scanning calorimetry and infra-red spectroscopy and also subject-
ed to water sorption and dissolution studies.
Results Based on IR spectroscopy, the final lyophile was con-
firmed to contain the IMC tris salt. In the absence of annealing,
the lyophile was X-ray amorphous with a glass transition temper-
ature of 19°C. Annealing the frozen solutions caused a substantial
increase in lyophile crystallinity. Interestingly, both the amorphous
and partially crystalline lyophiles dissolved Binstantaneously^ and
completely in the dissolution medium. In contrast, the crystalline
IMC as well as its physical mixture with tris exhibited much slower
dissolution with ~ 50% drug dissolved in 30 min.
Conclusion In situ IMC tris salt formation resulted in an elegant
lyophile with a very short reconstitution time. Tris served two roles
– as a buffer in the prelyophilization solution and as the counterion for
the salt in the final lyophile. This approach for solubility enhancement
could be extended to other acidic drugs wherein salt formation was
observed during freeze-drying.
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INTRODUCTION

Active pharmaceutical ingredients intended for parenteral ad-
ministration may lack adequate stability to be formulated as
ready-to-use solutions. In such instances, they can be lyophi-
lized (freeze-dried) and, right before use, this powder can be
reconstituted into a solution and administered. This dry state
stabilization technique is used for thermolabile small drug
molecules as well as proteins and other biological products
(1). In addition to parenteral solution formulations, freeze-
drying is also used to manufacture orally disintegrating tablets
and to improve the long-term storage stability of liposomes
and colloidal nanoparticles (2, 3).

The first step in freeze-drying process is cooling, resulting in
ice crystallization and consequently, freeze concentration of
the solutes. The freeze concentration can have several other
effects of pharmaceutical interest and significance. The in-
crease, often dramatic, in the ionic strength of the freeze con-
centrated solution can facilitate protein denaturation or os-
motic dehydration of microorganisms (4). Rates of chemical
reactions, specifically second-order reactions, can be acceler-
ated as was observed in the oxidation of ascorbic acid (5).
Freeze concentration may also lead to unintended chemical
reactions in freeze-dried products. Lyophilization of
bortezomib boronic acid with mannitol caused the formation
of a mannitol boronic ester. The reconstituted solution
consisted of the mannitol ester in equilibrium with its hydro-
lysis product, the monomeric boronic acid (6). Freeze-drying
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of a binary solution of 1,3-diamino-2-hydroxypropane and
citric acid resulted in an amorphous salt in the lyophile (7).
Likewise, freeze-drying of N-acetyl–L-cysteine solution with
magnesium carbonate resulted in the formation of the mag-
nesium salt of N-acetyl–L-cysteine (8).

The process of freeze-drying can also render a solute amor-
phous, an attribute desired for rapid reconstitution. However,
amorphous compounds can be less stable than their crystalline
counterparts (9). The other features of amorphous phases, for
example the tendency to sorb water and the stochastic nature
of crystallization, may also make them undesirable. Solute
crystallization from the freeze concentrate can be facilitated
by annealing. During annealing, the frozen solution is held
isothermally at a temperature above Tg′, the glass transition
temperature of the freeze concentrate. In order to accelerate
solute crystallization and facilitate complete crystallization,
the annealing temperature should be between the Tg′ and
Teu (crystalline solute – water eutectic temperature) of the
system (10). Annealing can alter the crystal habit of ice and
yield hexagonal stellar dendrites (11). In addition, there can be
Ostwald ripening, a phenomenon whereby large ice crystals
grow at the expense of the small crystals. The consequent
coarsening of the frozen matrix has been shown to reduce
vial-to-vial heterogeneity in drying rate (12, 13). On the other
hand, annealing below Tg′ can promote crystallization of the
unfrozen water associated with the amorphous phase. The
amorphous phase deplasticization is manifested by a measur-
able increase in the glass transition temperature (4, 14). The
consequent supersaturation facilitates solute nucleation (15).

Indomethacin (IMC; free acid), the drug of interest,
has low aqueous solubility (5 μg/mL at 25°C; γ-IMC)
and is susceptible to hydrolysis (16, 17). The carboxylic
acid group (pKa=4.5) in the molecule enables salt for-
mation and IMC is commercially available, both as a
sodium and as a meglumine salt (18, 19). The sodium
salt is used parenterally in the treatment of patent
ductus arteriosus. In spite of its commercial availability,
there are numerous challenges and unresolved issues
with this injectable IMC formulation (20, 21). There-
fore, our first object was to use freeze-drying to prepare
an IMC salt with an organic compound, tromethamine
(tris) (22). Since the salt was intended for parenteral
administration, very rapid reconstitution (dissolution)
was a prerequisite for effective product use. The second
object was to use annealing to control the physical form
of the salt and thereby modulate its physicochemical
properties. Tris, owing to its inherent ability to act as
a buffer at the proposed pH, was expected to play a
dual role. The protonation of the primary amino group
in the tris enables it to act as a cation (the anion being
the carboxylate group of IMC molecule). The final so-
lution pH of 7.7 being within one unit of the pKa of
tris (8.0), the need for a separate buffer is obviated.

MATERIALS AND METHODS

Materials

IMC (γ-form) was purchased from CSPC Ouyi Pharmaceutical
Co. Ltd. (Shijiazhuang, China), and tris(hydroxymethyl)amino
methane (tris; purity > 99%) from Sigma-Aldrich. These
chemicals were used without further purification. A pH meter
(Mettler Toledo), calibrated with standard buffer solutions
(Oakton standard buffers; pH 2.00, 4.01, 7.00, and 10.00 at 24
±1°C; certified by NIST) was used.

Lyophilization

An IMC slurry was prepared to which tris was added and the
slurry sonicated for ~ 60 s to facilitate dissolution (final con-
centrations of IMC and tris were 0.10 and 0.15 M respective-
ly; pH 7.7). The solution was filtered (0.2 μm PTFE filter,
Acrodisc CR), filled into 10 mL glass vials (2 mL fill volume),
covered with rubber stopper (20 mm, 2 LEG LYO, GRY,
BBTYL, Wheaton) and loaded into the lyophilizer. Lyophili-
zation was carried out in a bench top freeze-dryer (VirTis
AdVantage, Gardiner, NY). The shelf was cooled to -45°C
at 0.25°C/min and held for 2 h. Primary drying was conduct-
ed at -30°C (65±25 mTorr) for 20 h. During secondary dry-
ing, the shelf was progressively heated to −10, 0, +10 and +
25°C and held at each temperature for 6.6 h. At the end of the
cycle, the vials were stoppered and stored in a desiccator con-
taining anhydrous calcium sulfate at -20°C.

Selected batches were annealed by modifying the thermal
treatment steps of the freeze-drying cycle. Thus after holding
the shelves at -45°C for 2 h, the temperature was ramped to -
10°C and held for 12 h. The shelf was cooled back to -45°C,
held for 2 h, before initiating primary drying at -30°C. All the
other process parameters were the same. Annealing was also
carried out under two other conditions: -5°C for 6 h or -15°C
for 32 h.

IR spectroscopy

Spectra (Vertex 70, Bruker, Ettlingen, Germany; equipped
with a globar mid-IR source) were obtained using an attenu-
ated total reflectance (ATR) accessory (single reflection ger-
manium crystal) and a DLaTGS detector. The resolution was
4 cm−1, and 32 scans were acquired in the range of 4000–
400 cm−1. The peak positions were determined using OPUS
software peak picking function.

X-ray diffractometry

A powder X-ray diffractometer (D8 ADVANCE; Bruker
AXS, Madison, WI) equipped with a Si strip one-
dimensional detector (LynxEye) was used.
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Samples were exposed to CuKα radiation (40 kV×40mA)
over an angular range of 5 - 35° 2θ with a step size of 0.02°
and a dwell time of 0.5 s.

Differential scanning calorimetry

A differential scanning calorimeter (Q2000, TA Instruments,
New Castle, DE) equipped with a refrigerated cooling acces-
sory was used. Dry nitrogen gas was purged at 50 mL/min.
For thermal analysis of prelyo solution, ~20 μL of solution was
weighed in an aluminum pan, sealed hermetically, cooled
from RT to -50°C at 1°C/min, held for 30 min and heated
to RT at 10°C/min. Selected systems were annealed wherein
the solutions were cooled from RT to -50°C at 1°C/min, held
for 30 min, heated to the annealing temperature (this ranged
between -20 and -5°C; 5°C/min), annealed for the desired
time (this ranged between 1 and 5 h), cooled back to -50°C
at 5°C/min and heated to RT at 10°C/min. In case of lyo-
philes, the powder was filled into the aluminum pan at RT (in
a glove box under nitrogen purge; RH ≤ 5%), sealed non-
hermetically, and heated from RT to 180°C, at 10°C/min.
The more specific experimental details are provided in the
appropriate figure legends.

Scanning electron microscopy

The powder samples were placed on aluminum stubs using a
double-sided carbon tape, coated with platinum (50 Å) and
subjected to scanning electron microscopy (Jeol 6500 F,
Hitachi, Japan).

Dissolution

A United States Pharmacopeia Type 2 dissolution testing ap-
paratus (Varian 705 DS, Varian, Palo Alto, CA) was used.
The dissolution medium (pH 7.2 phosphate buffer; 900 mL)
was maintained at 37±0.5°C and the paddle speed was
100 rpm. Fifty milligram of IMC (or the equivalent amount
in case of the lyophile) was added to the dissolution medium,
samples withdrawn periodically, filtered (0.45 μm membrane
filter), and assayed spectrophotometrically (Cary Bio 100
spectrophotometer, Varian, Walnut Creek, CA; 320 nm).

Water vapor sorption

About 5 mg of sample was placed in the quartz sample pan of
an automated vapor sorption balance (DVS-1000, Surface
Measurement Systems, London, UK), maintained at 25°C.
It was dried under dry nitrogen purge (flow rate 200 mL/
min) to constant weight. The relative humidity (RH) was first
increased to 5%, and then progressively increased to 95%, at
increments of 10%. Equilibrium was assumed to have been
achieved if the mass change was < 0.005% over 30 min. The

microbalance was calibrated periodically using a 100 mg stan-
dard weight.

RESULTS AND DISCUSSION

The results are divided into four sections. (i) Characterization
of the solution prepared for lyophlization (hereafter referred
to as ‘prelyo solution’). (ii) The freeze-drying cycle including
the annealing conditions. (iii) Characterization of the final
lyophiles. (iv) Generation of the phase and state diagram of
the IMC tris-water system.

Characterization of prelyo solution

Our efforts to prepare IMC solution in tris buffer, at equimo-
lar concentrations of drug and buffer (0.1 M), were unsuccess-
ful. The drug was not completely soluble and the buffer con-
centration had to be increased to 0.15 M to completely dis-
solve the drug. The final solution pHwas 7.7. At this pH, IMC
(pKa 4.5) will be almost completely ionized, while ~65% of
tris (pKa 8.0) will be ionized (concentration of protonated tris
~ 0.0975 M). Thus the molar concentrations of the ionized
acid (drug) and base (buffer) were approximately the same at
pH 7.7.

In all our subsequent experiments, a drug to buffer molar
ratio of (1:1.5) was maintained. However, for the sake of sim-
plicity, only the IMC concentration will be mentioned.

Thermal analysis

The DSC heating curve of the frozen prelyo solution exhibit-
ed a baseline shift at ~ −33°C, attributed to the glass transi-
tion of the freeze concentrate (Tg′). This was followed by an
endotherm at ~ −0.4°C due to ice melting (Fig. 1). In many
systems of pharmaceutical interest, at temperatures > Tg′,
solute crystallization had been observed (23, 24). There was
no evidence of solute crystallization in our system (note the
absence of exotherm even in the inset; no crystallization ob-
served even at slow heating rates (Fig S1: Supplementary ma-
terial). However, since the solute concentration was low
(0.1 M IMC), instrumental sensitivity can become a limiting
factor.

The IMC concentration was increased up to 2.0 M in the
prelyo solution. Even at the highest solute concentration, there
was no evidence of crystallization. Interestingly, the Tg′ ap-
peared to be independent of the solute concentration (Fig. S2:
Supplementary material). Thus, irrespective of the initial sol-
ute concentration, amorphous freeze-concentrate of constant
composition was obtained. In systems where the solutes re-
main amorphous, the primary drying temperature is dictated
by the Tg′. When a frozen solution is primary dried at tem-
peratures above the collapse temperature (Tc), the product
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may lose macroscopic structure and collapse during freeze-
drying (25, 26). Since the Tc is usually a few degrees higher
than the Tg′, primary drying was conducted at -30°C.

Though there was an Bexcess^ of tris (0.05 M) in the
IMC tris prelyo solution, there was no evidence of Tg′
of tris (~ −55°C). There was also no indication of tris
crystallization. On the other hand, DSC of tris (0.05 M)
solution revealed crystallization at ~ −24°C and eutectic
at ~ −5°C (Fig. S3: Supplementary material). These
results strongly suggest that the excess tris did not phase
separate and the freeze concentrate consisted of IMC,
tris and unfrozen water.

From the DSC of the frozen solutions, there was no
indication of solute crystallization. Furthermore, when
the solution was freeze-dried, the lyophile was X-ray
amorphous (details presented later). It is well known
that, chemically, amorphous compounds are less stable
than their crystalline counterparts (9). It was therefore
of interest to obtain a crystalline lyophile. In an effort
to crystallize the solute, the frozen solutions were
annealed. The annealing temperature ranged from −20
to −5°C. At each of these temperatures, the annealing
time ranged from 1 to 5 h (Fig. S4; supplementary
material). If solute crystallization was brought about by
annealing the frozen solution, the Tg′ would no longer
be observed (assuming complete solute crystallization).
At -10°C, we increased the annealing time to 12 h.
DSC no longer revealed a Tg′ suggesting substantial if
not complete solute crystallization. A lower temperature
of -15°C, required a longer annealing time of 32 h for
solute crystallization (data not shown).

Freeze-drying cycle

The prelyo solutions were yellow in color (Fig. 2a). These
solutions were annealed either at -10°C for 12 h or at -15°C
for 32 h. The unannealed solution served as the control and
the yellow color was retained, both in the frozen solution
(Fig. 2b) and in the final lyophile (Fig. 3a). On the other hand,
when the frozen solution was annealed, either at -10 or at -
15°C, it was no longer yellow (Fig. 2c) and yielded a white
lyophile. Thus the unannealed system yielded a yellow cake
while annealing resulted in a desirable white lyophile (Fig. 3).

Lyophile characterization

IR spectroscopy

The IR spectra of amorphous IMC, tris and the lyophile are
overlaid in Fig. 4. In IMC, let us first consider the asymmetric
carbonyl stretch due to cyclic acid dimer (1708 cm−1) and the
shoulder at 1735 cm−1, attributed to non-hydrogen bonded
carbonyl stretch. Both these peaks were absent in the IR spec-
trum of lyophile presumably due to the Bloss^ of the carboxylic
acid proton. The new peak at 1568 cm−1 in the lyophile can
be attributed to asymmetric carboxylate stretch. Thus there is
indication of ionization of IMC carboxylic acid (and the con-
sequent formation of carboxylate ion) in the lyophile. The
shoulder at 1390 cm−1, attributed to symmetrical carboxylate
stretch, provided supporting evidence of loss of proton from
IMC. The formation of salt of primary amine was evident
from the broad shoulder starting from 1568 and extending
to ~1525 cm−1. There was also evidence of asymmetric bend
at 1596 cm−1 (though not very distinct). Asymmetric -NH3

+

bend is known to result in absorption bands between 1625 and
1560 cm−1 while the bands of symmetric -NH3

+ bend are
observed over 1550–1505 cm- 1 (27). This confirms the trans-
fer of proton from the carboxylic acid group of IMC to the
primary amine functionality in tris, resulting in the formation
of the tris salt of IMC. Detailed characterization of IMC tris
salt is presented in the supplementary material (Figs. S5-S7).
Several other acidic drugs including ketorolac, dinoprost,
lodaxamide and fosfomycin are available as tris salts (28–30).
The formation of the sodium, lysine and arginine salts of IMC
during freeze-drying is also known (31, 32).

As pointed out earlier, the molar ratio of IMC to tris
was 1.0:1.5. This Bexcess^ tris is expected to be retained
in the lyophile. Its presence was confirmed by the amine
doublet at 3348 cm−1 (asymmetric) and 3289 cm−1

(symmetric), and the -NH2 bend at 1587 cm−1. As ex-
pected, these signals were weak. While the final lyophile
contains IMC tris salt and tris, for the sake of simplicity,
we refer to the lyophile only as the salt, while recognizing
the presence of tris.

Fig. 1 DSC heating curve of frozen prelyo solution (0.1 M). The prelyo
solution was initially cooled from RT to −50°C at 1°C/min, held for
30 min, and heated to 25°C at 10°C/min. A select region has been expanded
to enable the visualization of the glass transition of the freeze-concentrate (Tg′).
The midpoint of Tg′ is reported. Only the heating curve is shown.
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X-Ray diffractometry

Figure 5 shows the XRD patterns of IMC, tris and the lyo-
philes. In the absence of the annealing step, the lyophile was
X-ray amorphous. Annealing at -5°C for 6 h yielded an X-ray
amorphous yellow lyophile (data not shown). A possible ex-
planation is that ice melting could have started and thereby
inhibited solute crystallization. Annealing the frozen solution
at a lower temperature, either at -10°C for 12 h or at -15°C
for 32 h, yielded a partially crystalline powder. These two
annealing conditions yielded powders with comparable de-
grees of crystallinity.

The crystalline lyophiles obtained after annealing were
characterized by lines with d-spacings of 10.1 (8.74 °2θ),
6.79 (13.1 °2θ), 5.04 (17.5 °2θ), 4.15 (21.4 °2θ) and 3.48 Å
(25.5 °2θ). These peaks could be attributed neither to tris [tris
is characterized by lines with d-spacings of 6.29 (14.1 °2θ), 4.9
(18.1 °2θ), 4.43 (20.0 °2θ), 3.97 (22.4 °2θ) and 2.64 Å(33.9
°2θ) Å] nor to the γ-polymorph of IMC [characteristic d-
spacings of 8.69 (10.2 °2θ), 5.21 (17.0 °2θ), 4.51 (19.6 °2θ),
4.07 (21.8 °2θ) and 3.04 Å (29.4 °2θ)] . The α- polymorph of
IMC is characterized by intense lines at 18.22 (4.8 °2θ), 7.79
(11.3 °2θ), 6.13 (14.4 °2θ), 3.71 (23.9 °2θ) and 3.63 Å (24.5
°2θ) and none of them were observed in the lyophile. At room
temperature, only one polymorphic form of tris has been ob-
served though it is known to undergo reversible solid-solid
transformation at ~ 136°C (33). Thus the XRD results sup-
port our earlier conclusion, based on IR spectroscopy, of
IMC tris salt formation. Several peaks (for example with d-

spacings of 6.29 (14.1 °2θ), 4.90 (18.1 °2θ), 4.43 (20.0 °2θ) and
3.97 Å (22.4 °2θ) attributable to tris were also observed in the
powder pattern of the lyophile. This could be explained by the
crystallization of the Bexcess^ tris (IMC to tris molar ratio of
1.0:1.5) in the prelyophilization solution.

Thermal analysis

The lyophile obtained without annealing the frozen solution
exhibited a single glass transition at ~19°C (Fig. 6). Interest-
ingly, the Tg of the lyophile was lower than that of both IMC
(~44°C) and IMC sodium (Tg ~ 121°C). The high Tg of the
sodium salt was ascribed to the strong ionic interaction be-
tween sodium and IMC ions resulting in a pronounced reduc-
tion in free volume (32). For IMC-meglumine binary melt, a
single Tg of 50°C has been reported (34). Various studies have
highlighted the importance of counterions in influencing the
glass transition temperature of amorphous salts (35–37).

The lyophile obtained after annealing the frozen solution
revealed several thermal events - an endotherm at ~ 87°C, an
exotherm at ~ 100°C followed by an endotherm at ~ 141°C.
TGA revealed a weight loss of 1.0% between RT and 90°C.
The lyophile water content was determined to be 1.1% w/w
by Karl Fischer titrimetry. Hence the first endotherm is attrib-
uted to loss of water from the lyophile. In order to characterize
the other thermal events observed at elevated temperatures,
detailed TGA, IR and variable-temperature XRD studies
were conducted. The results suggested a combination of

Fig. 2 Photograph of: (a) prelyo solution at RT, immediately after loading into the freeze-dryer. (b) Frozen solution - before annealing. (c) Frozen solution - after
annealing.

Fig. 3 Effect of annealing on the
appearance of the final product.
Lyophile obtained (a) without
annealing, and (b) after annealing
the frozen prelyo solution.
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physical and chemical transformations and the results are in-
cluded in the supplementary section (Section 3, Figs. S8-S10).

Scanning electron microscopy

Exposure of the unannealed (yellow colored) lyophile to am-
bient conditions (25°C/~40% RH) led to its instantaneous
collapse (not shown). On the other hand, annealing of the
frozen solution yielded a Bstable^ lyophile which did not col-
lapse even when exposed to ambient conditions for several
hours. The lyophiles were also subjected to scanning electron
microscopy (Fig. 7). In the absence of annealing, a highly fluffy
porous powder was obtained (Fig. 7a). Exposure to ambient
conditions (for 10 min) led to collapse and fusion,

disappearance of pores and formation of a continuous seam-
less bulk structure (Fig. 7c). Annealing led to a radical change
in the microstructure and yielded plate-like particles with pro-
nounced edges suggesting a crystalline lyophile (Fig. 7b). On
exposure to air, the plate-like macrostructure was largely
retained (Fig. 7d).

Dissolution profile

The dissolution profiles of crystalline IMC and the lyophiles
are presented in Fig. 8. A physical mixture of crystalline IMC
and tris (1:1.5 molar ratio) also served as a control. Crystalline
IMC dissolved gradually with cumulative dissolution of 77
and 88% of the drug in 60 and 90 min respectively. This
translated to IMC solution concentrations of ~ 38 and

Fig. 4 FT-IR spectra of IMC (rendered amorphous by melt quenching), tris
(Bas is^) and IMC tris lyophiles (obtained after annealing). (i) 1850 –

1370 cm−1. Vertical broken lines: (a) carbonyl stretch due to non-hydrogen
bonded acid (observed in the free acid), (b) asymmetric carbonyl stretch due
to cyclic acid dimer (observed in the free acid), (c) asymmetric stretch due to
carboxylate anion (observed in the salt), and (d) symmetric stretch due to
carboxylate anion (observed in the salt, as a weak shoulder). (ii) 3500 –

2550 cm−1.

Fig. 5 The XRD patterns of (A) freeze-dried tris, (B) crystalline IMC (γ-
polymorph; Bas is^), (C) lyophile without annealing step, and (D) lyophile
obtained after annealing the prelyo solution (-10°C for 12 h).

Fig. 6 Thermal analysis of lyophiles. (A). Thermogravimetric analysis (TGA)
of lyophile obtained after annealing the frozen solution at -10°C for 12 h (right
y-axis). (C). The corresponding DSC heating curve (left y-axis). (B). DSC
heating curve of lyophile obtained without annealing (left y-axis).
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44 μg/mL respectively, in broad agreement with the reported
of IMC solubility of ~ 40 μg/mL (32°C) at pH 7 (38). The
dissolution of IMC did not cause any measurable change in
the medium pH. The presence of tris (IMC tris physical
mixture) appeared to slightly accelerate the dissolution rate
of IMC. Remarkably, the lyophile dissolution profiles revealed
complete and Binstantaneous^ dissolution. Importantly, the
dissolved drug remained in solution with no evidence of pre-
cipitation. The pronounced acceleration in dissolution can be
explained by the increase in solubility brought about by the
salt formation (IMC tris). It is interesting that the dissolution
behavior exhibited by both the crystalline (annealing the

frozen solution at -10°C for 12 h) and the amorphous (no
annealing) lyophiles were virtually identical. Under the exper-
imental conditions, the physical form of the salt (crystalline or
amorphous) did not influence the dissolution behavior.

Dissolution efficiency (DE) is a model independent param-
eter used to compare dissolution profiles of multiple formula-
tions (39). DEt, the dissolution efficiency at time t, is calculated
using equation:

DEt ¼

Z t

0
y tð Þ:dt

y100: t
ð1Þ

where y(t) denotes percent drug dissolved up to any time t

while the denominator denotes the area of rectangle (plot of
percent drug dissolved versus time) representing 100% dissolu-
tion in the same time. The dissolution efficiency of the differ-
ent systems were evaluated at 2, 10 and 90 min and the results
are presented in Table I. The dissolution medium was first
sampled at 2 min and, even in this short time period, IMC
dissolution from the lyophile was complete. More important-
ly, during the entire dissolution study (90 min), there was no
evidence of IMC recrystallization. The much slower dissolu-
tion of crystalline IMC and the IMC tris physical mixture is
reflected by their low DE values.

Water vapor sorption

The commercially obtained IMC and tris exhibited negligible
water uptake over the entire RH range (Fig. 9; experiments at

Fig. 7 Scanning electron
microscopy of freshly prepared
lyophiles (a) without annealing, and
(b) after annealing the frozen
solution. (c) (unannealed) and (d)
(annealed) are the corresponding
lyophiles exposed to ambient
conditions for 10 min.

Fig. 8 Dissolution profile of (i) crystalline IMC, (ii) physical mixture of crys-
talline IMC and tris, (iii) lyophile obtained without annealing, and (iv) lyophiles
obtained with annealing the frozen solution (n=3).
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25°C). However, at 95% RH, tris deliquesced. The lyophiles,
obtained with or without the annealing step, readily sorbed
water and at RH ≥ 50%, the difference in their water sorption
was readily discernible (Fig. 9; inset). Annealing, by causing
partial crystallization, substantially decreased the water sorp-
tion propensity.

Partial phase and state diagram

As mentioned earlier, the ice melting temperatures of
solutions with different solute concentrations (up to
2 M IMC), were obtained by DSC (Fig. 10; triangles)
and yielded the partial phase diagram. The details of
the generation of the diagram are given in the figure
legend.

Earlier, the water sorption studies had revealed that the
lyophiles (unannealed) were amorphous and had a strong ten-
dency to sorb water. Their glass transition temperatures as a
function of water content are plotted as circles (solute weight
fraction ≥ 0.66). The glass transition temperatures as a

function of solute weight fraction were calculated using the
Fox equation (Eq. 2):

1
T g

¼ w1

T g1

þ w2

T g2

: ð2Þ

Here wi and T gi
are respectively the weight fraction

and the glass transition temperature of component i and
Tg is the glass transition temperature of the mixture.
The calculated and the experimental Tg values were
in very good agreement particularly at high solute
weight fractions. However, as the solute weight fraction
decreased (≤0.80), the observed Tg values were higher
than the calculated values. This can be explained by the
crystallization of a fraction of the unfrozen water. The
ice melting observed in the DSC at these compositions
(solute weight fractions of 0.80 and 0.66; blue square)
provided direct evidence of ice formation.

DSC of the prelyo solutions, irrespective of the initial solute
concentration (solute weight fraction ≤ 0.49), consistently re-
vealed a Tg′ of ≈ −33°C, reflecting a freeze-concentrate of
constant composition. From these results, the Tg′ (glass
transition temperature of the freeze-concentrate) and Wg′
(composition of the freeze-concentrate expressed as solute
weight fraction) were estimated to be −33°C and 0.81
respectively.

Fig. 9 Water sorption profiles of crystalline IMC (Bas is^; γ-form), tris (Bas is^),
and final lyophiles. The effect of annealing on the water sorption behavior of
the lyophile is evident from the inset.

Fig. 10 Partial phase and state diagram of IMC tris salt – water* system. For
determining the ice melting temperature of the frozen prelyo solution (green
triangle), IMC tris salt solutions of different concentrations were cooled to
−50°C, held for 30 min and heated to 25°C at 5°C/min. These DSC profiles
also yielded Tg′ of the freeze-concentrate (up to a solute weight fraction of 0.49).
The rest of the Tg′ values (waterweight fraction≤ 0.34)were obtained by allowing
lyophiles to sorb a predetermined amount of water following which they were
subjected to DSC**. These Tg′ values are represented by the red circles. Ice
melting was also observed at solute weight fractions of 0.80 and 0.66 (blue
squares). The solid line represents the calculated glass transition temperatures using
the Fox equation (Eq. 2). The Tg′ of the freeze-concentrate appeared to be
independent of the prelyo solution composition (horizontal discontinuous line) en-
abling the estimation of Wg′ (composition of the freeze-concentrate). *The molar
ratio of IMC to tris was 1:1.5. ** The sample was cooled to−60°C at 15°C/min,
held for 30 min and then heated to 50°C at 5°C/min.

Table I Dissolution Efficiency (Eq. 1) of IMC Lyophilized with Tris at Dif-
ferent Stages of the Dissolution Run

Sample DE2 DE10 DE90

IMC Crystalline 1.6±0.9a 8.5±1.2 60.2±2.8

IMC tris physical mixture 2.8±0.6 13.6±1.3 67.8±6.0

Lyophile obtained without annealing 51.2±1.3 93.7±1.1 100.8±1.7

Lyophile obtained with annealing 50.9±1.3 91.2±1.1 100.2±0.9

The data at 2 (DE2), 10 (DE10) and 90 min (DE90) are provided (Fig. 8). The
crystalline IMC and the IMC tris physical mixture served as controls.
a Mean±SD; n=3.
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Significance

In the pharmaceutical community, so far, freeze-drying has
found application as the dry state stabilization technique of
choice for thermolabile pharmaceuticals. Herein, we have
demonstrated in situ salt formation during freeze-drying lead-
ing to desirable changes in the physicochemical properties of
the drug. Since the buffering agent served as the cation (the
only excipient in the system), there was no need to add an
additional excipient which would yield the counter-ion for salt
formation.

At the pH of the prelyophilization solution (pH 7.7; 3 units
> pKa), the drug was almost completely ionized leading to the
salt formation. The tris salt dissolved much faster than the
parent compound (IMC; free acid). The high dissolution rate
was also manifested in the near instantaneous lyophile recon-
stitution in water. In addition, the processing conditions en-
abled us to control the physical form of the final lyophile.
While annealing the frozen solution yielded a crystalline lyo-
phile, an amorphous product was obtained otherwise. Amor-
phous systems, in light of their higher free energy than their
crystalline counterparts, will exhibit more rapid dissolution.
Thus, if a crystalline solute dissolves slowly leading to unac-
ceptably long reconstitution times, the amorphous form may
provide the required dissolution advantage. However, we ob-
served very rapid dissolution of both the partially crystalline
and amorphous lyophiles with no discernible difference be-
tween the two.

The in situ salt formation is not unique to indomethacin.
Solutions of ibuprofen and aceclofenac buffered in tris yielded
the respective crystalline tris salts (40). These types of chemical
interactions in a multicomponent formulation during the pro-
cess of freeze-drying cannot be ruled out and warrant consid-
eration during preformulation and formulation studies.

ACKNOWLEDGMENTS

STwas partially supported by theWilliam andMildred Peters
Endowment fund. We thank Tanmoy Sadhukha, PhD for
suggesting the use of tris buffer. The critical comments of
Naveen Thakral, PhD and Pinal Mistry are appreciated. Parts
of this work were carried out in the Characterization Facility,
University of Minnesota, a member of the NSF-funded Ma-
terials Research Facilities Network (www.mrfn.org).

REFERENCES

1. Akers MJ. Parenteral preparations. In: Felton L, editor.
Remington: essentials of pharmaceutics. London: Pharmaceutical
Press; 2012. p. 495–533.

2. Fu Y, Yang S, Jeong SH, Kimura S, Park K. Orally fast
disintegrating tablets: developments, technologies, taste-masking

and clinical studies. Crit Rev Ther Drug Carrier Syst. 2004;21:
433–75.

3. Abdelwahed W, Degobert G, Stainmesse S, Fessi H. Freeze-drying
of nanoparticles: formulation, process and storage consideration.
Adv Drug Deliv Rev. 2006;58:1688–713.

4. Nail SL, Jiang S, Chongprasert S, Knopp SA. Fundamentals of
freeze-drying. In: Nail SL, Akers MJ, editors. Development and
manufacture of protein pharmaceuticals. New York: Kluwer
Academic, Plenum Publishers; 2002. p. 281–360.

5. Hatley RHM, Franks F, Day H. Subzero temperature preservation
of reactive fluids in the undercooled state. II. The effect on the
oxidation of ascorbic acid of freeze concentration and
undercooling. Biophys Chem. 1986;24:187–92.

6. Bross PF, Kane R, et al. Approval summary for bortezomib for
injection in the treatment of multiple myeloma. Clin Cancer Res.
2004;10(12):3954–64.

7. Kadoya S, Izutsu KI, Yonemochi E, Terada K, Yomota C,
Kawanishi T. Glass-state amorphous salt solids formed by freeze-
drying of amines and hydroxy carboxylic acids: effect of hydrogen-
bonding and electrostatic interactions. Chem Pharm Bull.
2008;56(6):821–6.

8. Frigeni V, Pellacini F, Carenzi, A. N-acetyl-L-cysteine magnesium
salt and pharmaceutical compositions containing it. European
Patent Application no 0486921 A1; 1991.

9. Pikal MJ, Lukes AL, Lang JE. Thermal decomposition of amor-
phous beta-lactam antibacterials. J Pharm Sci. 1977;66:1312–6.

10. Tang X, Pikal MJ. Design of freeze-drying processes for pharma-
ceuticals: practical advice. Pharm Res. 2004;21:191–200.

11. Frank F, Auffret T. Freeze drying of pharmaceuticals. Cambridge:
Royal Society of Chemistry; 2007.

12. Searles JA, Carpenter JF, Randolph TW. The ice nucleation tem-
perature determines the primary drying rate of lyophilization for
samples frozen on a temperature-controlled shelf. J Pharm Sci.
2001;90:860–71.

13. Searles JA, Carpenter JF, Randolph TW. Annealing to optimize
the primary drying rate, reduce freezing-induced drying rate het-
erogeneity, and determine Tg′ in pharmaceutical lyophilization. J
Pharm Sci. 2001;90:872–87.

14. Ablett S, Izzard MJ, Lillford PJ. Differential scanning calorimetric
study of frozen sucrose and glycerol solutions. J Chem Soc Faraday
Trans. 1992;88(6):789–94.

15. Pyne A, Surana R, Suryanarayanan R. Enthalpic relaxation in
frozen aqueous solutions. Thermochim Acta. 2003;405:225–34.

16. Murdande SB, Pikal MJ, Shanker RM, Bogner RH. Solubility
advantage of amorphous pharmaceuticals: I. A thermodynamic
analysis. J Pharm Sci. 2010;99:1254–64.

17. Brian MO, McCauley J, Cohen E. Indomethacin. In: Florey K,
editor. Analytical profiles of drug substances. Orlando: Academic;
1984. p. 211–38.

18. Ryan JA. Crystalline sodium and potassium indomethacin and their
trihydrates, process for preparing and pharmaceutical compositions
containing the same. European Patent Application no. 0006223 A1
dated Jan 9, 1980.

19. De Marzi S, Morini V. Use of meglumine indomethacin in the
treatment of pain due to neoplastic diseases. Clin Ther. 1972;62:
175–80.

20. Jain AK. Solubilization of indomethacin using hydrotropes for
aqueous injection. Eur J Pharm Biopharm. 2008;68:701–14.

21. Siddiqui A, Rahman Z, Khan SR, Awotwe-Otoo D, Khan MA.
Root cause evaluation of particulates in the lyophilized indometh-
acin sodium trihydrate plug for parenteral administration. Int J
Pharm. 2014;473:545–51.

22. Kahan A.Water soluble derivatives of non-steroidal anti-inflamma-
tory agents and a process for the production thereof. US 4518608 A
dated May 12, 1985.

3730 Thakral and Suryanarayanan



23. Chang BS, Randall CS. Use of subambient thermal analysis to
optimize protein lyophilization. Cryobiology. 1992;29:632–56.

24. MacKenzie AP. Factors affecting the mechanism of transformation
of ice into water vapor in the freeze-drying process. Ann N Y Acad
Sci. 1965;125:522–47.

25. Sundaramurthi P, Suryanarayanan R. Calorimetry and comple-
mentary techniques to characterize frozen and freeze-dried systems.
Adv Drug Deliv Rev. 2012;64:384–95.

26. Pikal MJ, Shah S. The collapse temperature in freeze drying: de-
pendence onmeasurement methodology and rate of water removal
from the glassy phase. Int J Pharm. 1990;62:165–86.

27. Silverstein RM,Webster FX. Spectrometric identification of organ-
ic compounds. New York: Wiley; 1997.

28. Roseman TJ, Yalkowsky SH. Physicochemical properties of pros-
taglandin F2α-(tromethamine salt): solubility behavior, surface
properties, and ionization constants. J Pharm Sci. 1973;62:1680–5.

29. Gu L, Strickley RG. Preformulation salt selection. Physical proper-
ty comparisons of the tris (hydroxymethyl) aminomethane (THAM)
salts of four analgesic/antiinflammatory agents with the sodium
salts and the free acids. Pharm Res. 1987;4:255–7.

30. Johnson HG, VanHout CA, Wright JB. Int Arch Allergy Appl
Immunol. 1978;56:416–23.

31. ElShaer A, Khan AS, Perumal D, Hanson P, Mohammed AR. Use
of amino acids as counterions improves the solubility of BCS II
model drug, indomethacin. Curr Drug Deliv. 2011;8:363–72.

32. Tong P, Zografi G. Solid-state characteristics of amorphous sodium
indomethacin relative to its free acid. PharmRes. 1999;16(8):1186–
92.

33. Doshi N, Feruman MS, Rudman R. The formation of the plastic
crystal phase in several pentaerythritol derivatives. Acta Crystallogr.
1973;B29:143–4.

34. Telang C, Mujumdar S, MathewM. Improved physical stability of
amorphous state through acid base interactions. J Pharm Sci.
2009;98(6):2149–59.

35. Tong P, Taylor LS, Zografi G. Influence of alkali metal counterions
on the glass transition temperature of amorphous indomethacin
salts. Pharm Res. 2002;19(5):649–54.

36. Towler CS, Li T, Wikström H, Remick DM, Sanchez-Felix MV,
Taylor LS. An investigation into the influence of counterion on the
properties of some amorphous organic salts. Mol Pharm. 2008;5(6):
946–55.

37. Kumar L, Baheti A,Mokashi A, Bansal AK. Effect of counterion on
the phase behaviour during lyophilization of indomethacin salt
forms. Eur J Pharm Sci. 2011;44(1):136–41.

38. Chauhan AS, Jain NK, Diwan PV, Khopade AJ. Solubility en-
hancement of indomethacin with poly (amidoamine) dendrimers
and targeting to inflammatory regions of arthritic rats. J Drug
Target. 2004;12(9–10):575–83.

39. Khan DE. The concept of dissolution efficiency. J Pharm
Pharmacol. 1975;27:48–9.

40. Thakral S, Suryanarayanan R. Unpublished results.

Salt formation during freeze-drying 3731


