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Abstract: The crystallization of amorphous drugs during dissolution is a type of solution mediated
phase transformation that can reduce the bioavailability enhancement one hoped to gain from
the amorphous state. The goal of this study was to explore the effects of processing on the
dissolution performance of amorphous indomethacin. The amorphous solids were prepared by
four techniques, quench cooling the melted solid, cryogrinding γ indomethacin amorphous for
1 or 3 h and quench cooling the solid followed by 1 h of cryogrinding. Dissolution results assessed
in a flow-through intrinsic dissolution apparatus reveal decreases in the dissolution rate of
amorphous indomethacin during the experimental time frame indicating that a solution mediated
phase transformation has occurred. The amorphous solids prepared by melt quenching and
melt quenching followed by cryogrinding showed a significant dissolution rate advantage over
the γ form of indomethacin. In contrast, indomethacin that was cryoground amorphous for 1 or
3 h did not show any dissolution rate advantage over the crystalline material. Transformation
was confirmed by in situ Raman microscopy and polarized light microscopy with differences
seen in the nature of the crystals apparent on the surface of the dissolving solid. A portion of
the melt quenched amorphous sample was annealed at 25 °C and 0% relative humidity to induce
partial crystallization of γ indomethacin. As crystallinity increased, the dissolution rate decreased.
The transformation time of partially amorphous indomethacin was not dependent on the level
of crystallinity present, indicating only a small fraction of crystalline material needs to be present
to affect the kinetics of crystallization. The solution mediated phase transformation of amorphous
indomethacin is affected by the processing method even though all solids were confirmed
amorphous by polarized light microscopy and X-ray diffraction. Dissolution may distinguish
differences in amorphous solids that other methods cannot discern.
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Introduction
The absorption of many potential therapeutic agents is

hindered by low solubility and, consequently, low dissolution
rate.1 Dissolution is a particularly important determinant of
the effectiveness of compounds that have high permeability,
but low solubility.2 With an increasing fraction of drug
compounds proposed for development exhibiting poor water

solubility and acceptable permeability (BCS class II com-
pounds), there is a broader need to find approaches to
improve solubility and bioavailability. Approaches to im-
prove solubility and bioavailability include salt form selec-
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tion, polymorph selection and forming amorphous solids.
Solid form selection is used as a tool to increase the solubility
of sparingly soluble solids which is expected to lead to an
increase in bioavailability.3,4 However, a more soluble solid
form is not the most thermodynamically stable form. One
drawback of using a metastable form is the propensity for
reversion back to the stable, often less soluble form,
particularly during dissolution. Therefore, the solubility
advantage expected from an alternate form can be lost upon
conversion by solution mediated phase transformation to a
less soluble form during dissolution.5-10 Solution mediated
phase transformation causes a decrease in dissolution rate;
this implies that solubility alone does not indicate whether
a new drug form will improve oral absorption.11

Amorphous solids undergo solution mediated phase trans-
formation to less soluble crystalline forms.6,7 Therefore,
formation of higher solubility amorphous solids may not
increase the bioavailability of a drug in proportion with the
solubility advantage.11 Solution mediated phase transforma-
tions occur in three steps, (1) dissolution of metastable phase,
(2) nucleation of stable phase, and (3) growth of stable
phase.12 This process can occur during dissolution even when
bulk solution conditions are not supersaturated with respect
to the stable form, because the concentration at the dissolving
surface is equal to the solubility of the amorphous solid
which is supersaturated with respect to the stable crystalline

form under those conditions. Since the solution close to the
surface is supersaturated, the stable crystalline form is likely
to precipitate on the original solid covering the amorphous
solid with a crystalline coating, thus eliminating the solubility
advantage of the amorphous solid. These transformations
have been well studied for polymorphic transitions.6-8,10,12-19

The dramatically higher solubility advantage offered by
amorphous forms leads us to study the solution mediated
transformation of this important drug form.

Indomethacin was chosen as a model compound for the
investigation of solution mediated phase transformation of
amorphous compounds due to the wealth of information
about the formation and characterization of the amorphous
form.4,6,20-30 Amorphous indomethacin can be prepared by
milling under cryogenic temperatures and by quenching the
melted solid in liquid nitrogen.4,20 The solubility advantage
of amorphous indomethacin has also been described for the
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neat solid theoretically and experimentally.4,31 Such experi-
ments result in a solubility advantage of approximately five
times that of the most stable crystalline form. The solubility
advantage is, however, short-lived due to the transformation
to crystalline forms. It is our objective to understand the
kinetics of the solution mediated phase transformation of
indomethacin during dissolution in a flow through dissolution
apparatus under controlled hydrodynamic conditions. The
specific aims of this study were to evaluate the effect of
processing (i.e., milling or melt quenching) and annealing
on solution mediated phase transformation and to understand
how conversion is affected by hydrodynamic conditions.

This study utilizes a flow cell for dissolution experiments
(Figure 1) that was described previously.32,33 The flow cell
was designed to (1) utilize small sample size of 15 mg or
less, (2) allow for real-time visual or microscopic inspection
of changes in the sample, and (3) allow for a range of fully
characterized hydrodynamic conditions at which the dissolu-
tion rate can be measured. The shear conditions of the flow-
through apparatus are comparable to the shear rates for
normal operating conditions of the USP type II34,35 apparatus

as well as in ViVo estimates for shear rates as described by
Abrahammson et al.36,37

Materials and Methods
Preparation of Amorphous Indomethacin Samples.

Indomethacin (>99% TLC grade) was purchased from
Sigma-Aldrich (St. Louis, MO) and found to be the γ
polymorph. Amorphous and partially amorphous indometha-
cin samples were prepared by four methods. First, an
amorphous form of indomethacin was prepared by melting
the crystalline form at 165-168 °C and holding for 2 min;
the melted drug was quenched cooled in liquid nitrogen. In
a dry glovebag, the resulting glass was ground with a mortar
and pestle and passed through a 150 µm screen. An alternate
process for generating the amorphous form of indomethacin
was by cryogenic milling (SPEX, Metuchen, NJ) of the
crystalline form with an impact frequency of 10 Hz and 2
min of grinding followed by 2 min of cooling. Grinding was
performed for a total of 1 or 3 h (2 or 6 h total time in
cryogenic mill). In a third method, indomethacin was melt
quenched as described above followed by cryogenic grinding
for 1 h (2 h total); this process was performed to determine
whether grinding has any effects on the melt quenched
amorphous solid. An X-ray diffractometer (XDS 2000,
Scintag Inc., Sunnyvale, CA) with Cu KR radiation at 45
kV and 40 mA was used to evaluate the crystallinity of the
sample at an interval of 0.02° and a scanning rate of 2°/min
over a 2θ range of 5° to 40°. All of the above samples were
found to be amorphous using this method and by polarized
light microscopy. Lastly, melt quenched indomethacin was
annealed at 25 °C and 0% relative humidity to induce partial
crystallization of only the γ polymorph.29 Subsequent
crystallization was quantified using ATR-FTIR with data
analysis using chemometric software as described below.
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Figure 1. Picture of the dissolution flow cell.
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Differential Scanning Calorimetry. Solids were charac-
terized by differential scanning calorimetry (DSC) im-
mediately after preparation using TA Instruments (New
Castle, DE) Q1000 with a scanning rate of 10 °C/min from
20 °C to 180 °C. Approximately 8 mg of solid was weighed
into sealed hermetic pans.

Quantification of Crystallinity. Solid samples were
analyzed for crystalline content using a Thermo Nicolet FTIR
(Model Magna IR 560, Nicolet Instruments Technologies
Inc., Westbury, WI) with ATR accessory equipped with
diamond ZnSe crystal (Golden Gate, Specac, Cranston, RI)
using OMNIC software. 64 scans were recorded with a
resolution of 1 cm-1. A chemometric technique (partial least-
squares) described previously was utilized to generate the
standard curve using TQ analyst software30 (Thermo Sci-
entific, Waltham, MA). Melt quenched amorphous in-
domethacin was mixed with proportions of γ crystalline
indomethacin to generate a standard curve for analysis with
ATR-FTIR to determine percent crystallinity by partial least-
squares. Melt quenched samples were also confirmed to be
amorphous by polarized light microscopy and powder X-ray
diffraction. The FTIR spectra of amorphous and γ in-
domethacin show many distinct differences (Figure 2). The
following spectral regions were used in the analysis,
1196-1183 cm-1, 1430-1405 cm-1, 1471-1441 cm-1 and
1713-1707 cm-1. These regions correspond to ring bending
and ring deformation of the chlorophenyl rings and the
asymmetric stretch of the carboxylic acid dimer.22 The
chemical bonds described by these regions play a critical
role in the hydrogen bonding essential to the crystal structure
of indomethacin.38 Melt quenched samples that were stored
at 25 °C and 0% relative humidity were analyzed for
crystalline content (γ polymorph) each week.

Dissolution. The dissolution apparatus is a channel flow
apparatus consisting of an outer housing and insert assembled
with a glass slide covering the insert (Figure 1). A previous
report has described this flow cell using an insert with
compact dimensions of 2 × 4 mm with a cross section of 4

× 2 mm.32,33 The channel used in this study has a cross
section of 1 × 6 mm (1 mm height and 6 mm width) and
has a circular drug compact with a surface area of 12.6 mm2.
Although the dimensions of the insert used in the present
study are slightly different than described previously,33 the
equations describing the hydrodynamics and mass transfer
in the flow cell are the same. The mass transfer has been
described by Shah et al.39 The dissolution rate described by
Shah et al. is expected to be constant throughout an
experiment where the experimental parameters (solubility,
diffusion coefficient, flow conditions) do not change with
time, implying that the cumulative amount dissolved with
time profile will be linear.39 The fluid flow is simple flow in
a rectangular duct and, at the flow rates used in this study,
is laminar. For the flow rates utilized in this study, 0.5 mL/
min and 7 mL/min, the Reynolds numbers (Re, which is a
dimensionless number to describe laminar vs turbulent flow)
are 2.4 and 34, respectively. These values for Re are much
lower than the critical Re of 2300 (indicating transition to
turbulent flow) for flow in a pipe or duct.40 This is important
since fluid flow in the GI tract has been suggested to be
laminar.36,37 In laminar flow, the layers of fluid flow over
each other linearly and smoothly in adjacent layers, while
in turbulent flow the layers interact with each other via
turbulent eddies. This interaction between layers can cause
temporary increases in local velocity which can add com-
plexity to dissolution.40 In order to avoid the turbulent flow
regime, dissolution was performed with velocity well into
the laminar flow regime. The concentration boundary layers
have been calculated and found to be 250 µm for flow at
0.5 mL/min and 70 µm for 7 mL/min, which are within the
dimensions of the apparatus.41

Indomethacin was compressed in the insert of the
dissolution flow cell using a two ton press at 500 lb (ICL
low ton press, Garfield, NJ) such that the indomethacin
compact was flush with the channel surface. The surface
area of the poorly soluble material remained constant
throughout the experiment. Water was delivered to the
flow cell via two syringe pumps with six 140 mL syringes
(KDScientific syringe pump, Holliston, MA) at 0.5 and 7
mL/min. Therefore, two important variables for dissolu-
tion, surface area and hydrodynamics, were controlled such
that dissolution rates of different solids could be directly
compared. Currently there is no temperature control on
the dissolution flow cell. Experiments were performed at
room temperature (20-22 °C).

The concentration of indomethacin in the effluent from
the dissolution flow cell was measured in fractions every 5

(38) Cox, P. J.; Manson, P. L. γ-Indomethacin at 120 K. Acta
Crystallogr., Sect. E: Struct. Rep. Online 2003, E59 (7), o986-
o988.

(39) Shah, A. C.; Nelson, K. G. Evaluation of a convective diffusion
drug dissolution rate model. J. Pharm. Sci. 1975, 64 (9), 1518–
20.

(40) Geankoplis, C. J. Transport Processes and Unit Operations; Allyn
and Bacon: 1978; 650 pp.

(41) Neervannan, S.; Reinert, J. D.; Stella, V. J.; Southard, M. Z. A
numerical convective-diffusion of neutral compounds under
laminar flow conditions. Int. J. Pharm. 1993, 96 (1-3), 167–
174.

Figure 2. ATR-FTIR spectra of (red) γ polymorph of
indomethacin and (blue) melt quenched amorphous
indomethacin.
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or 10 min by HPLC (Thermo Finnigan HPLC, Waltham,
MA). The mobile phase was 35% acetonitrile and 65% 0.1%
trifluoroacetic acid in water. The flow rate was 1 mL/min.
A Waters C18 Symmetry column was used with detection
at 254 nm (Milford, MA). Retention time was 4 min, and
the limit of quantification was 10 ng/mL.

Raman Microscopy. Raman spectra of the dissolving
surface were collected during dissolution at 7 mL/min in the
dissolution flow cell using a Thermo Nicolet Almega XR
dispersive Raman equipped with a 780 nm laser at 100%
power using a 20× objective (Thermo Scientific, Waltham,
MA). The data were collected using a CCD detector with a
resolution of 2 cm-1. The laser spot size was 10 µm using
the 20× objective.

Polarized Light Microscopy. Micrographs of the drug
surface were taken during or immediately after dissolution
using Olympus BX51 polarized light microscope with
Hitachi camera (Olympus America Inc., Center Valley, PA).
A 20× objective was used unless otherwise noted.

Results
Dissolution of X-ray Amorphous Samples. Dissolution

of solids that undergo solution mediated phase transformation
is often characterized by curvature in the cumulative amount
dissolved vs time curves due to the change in dissolution
rate during the experimental time scale.42 The curvature is
a result of precipitation of a more stable, less soluble form
on the metastable form, e.g. the solubility of the surface
exposed to the dissolution medium decreases with time,
therefore decreasing the dissolution rate with time. This
curvature is apparent in the dissolution of indomethacin melt
quenched samples at 0.5 mL/min (Figure 3a). However, the
curvature is less distinguishable in the samples that were
cryoground for 1 h, which appear to follow a dissolution
profile closer to the γ polymorph of indomethacin. Figure
3b shows the same data in terms of dissolution rate versus
time, which is a clearer representation of how the dissolution
rate changes with time. Melt quenched cryoground in-
domethacin has a dissolution rate advantage similar to that
of the sample that was melt quenched, but not cryoground.
There is a gradual decrease in the dissolution rates of both
the melt quenched and melt quenched cryoground in-
domethacin which approach, but do not equal, the dissolution
rates of the cryoground and crystalline samples. Although
amorphous indomethacin that was prepared by cryogrinding
for 1 and 3 h is indistinguishable from the melt quenched
samples by PXRD and polarized light microscopy, the
dissolution rate of the cryoground samples is markedly
different from the melt quenched samples. Indomethacin that
was cryoground for 1 h has no apparent dissolution rate

advantage over the γ polymorph despite the fact that, by
PXRD and polarized light microscopy, it is amorphous in
nature. Indomethacin that was ground for 3 h has a slight
dissolution rate advantage over the crystalline and 1 h
cryoground samples. The advantage appeared to dissipate
at 50 min where its dissolution rate approached the crystalline
and 1 h cryoground samples.

Curvature in the cumulative amount profiles of melt
quenched samples at the higher flow rate of 7 mL/min
(Figure 4a) is comparable to that at 0.5 mL/min (Figure 3a).
Again, the dissolution rates of melt quenched indomethacin
and melt quenched cryoground indomethacin are higher than
those of the cryoground amorphous samples and the γ
crystalline form (Figure 4b). Indomethacin that was ground
for 3 h had a slight dissolution rate advantage over the 1 h
cryoground and γ polymorph. However, this advantage
persisted only over the first 25 min of dissolution.

Dissolution rate profiles at both 0.5 mL/min and 7 mL/
min (Figures 3b and 4b) show that dissolution rates decrease
from the start of dissolution. For solids that undergo a
solution mediated phase transformation, a decrease in the
dissolution rate at t ) 0 suggests that nucleation and growth
of the stable crystalline form occurs on exposure to the
dissolution medium. After a crystal form has nucleated,
crystal growth inhibits the dissolution of the metastable, more
soluble underlying amorphous form. However, the dissolu-
tion rate of crystalline indomethacin also decreases with time

(42) Curvature in the cumulative amount dissolved vs time curve has
also been noted for dissolution of poorly soluble compounds that
do not undergo solvent mediated phase transformation.33 This
curvature is not as pronounced as the curvature attributed to
solvent mediated phase transformation and is hypothesized to be
due to surface smoothing.

Figure 3. Dissolution of γ indomethacin and amorphous
indomethacin prepared by melt quenching and cryo-
grinding at 0.5 mL/min in the dissolution flow cell: (9)
melt quenched IMC, (b) melt quenched cryoground
IMC, (×) 3 h cryoground IMC, ([) 1 h cryoground IMC,
and (2) crystalline (γ polymorph) IMC. (a) Cumulative
amount vs time. (b) Dissolution rate vs time.
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even though no solid phase change is observed. This
phenomenon has been described previously43 and has been
attributed to surface smoothing and disruption of fluid flow
at the boundary surface due to surface roughness.44 Other
groups have circumvented this anomaly by using the same
drug compact for successive dissolution experiments.43 This
procedure eliminates the decrease in dissolution rate for
crystalline indomethacin (Figure 5). When studying solids
that undergo solution mediated phase transformation, such
as amorphous indomethacin, however, repeated use of a
compact is not practical, since transformations appear to
occur on a similar time scale to the decrease due to surface
roughness. Therefore, in this study new compacts were
generated for each experiment, including for γ indomethacin.

To analyze the time course of the dissolution profiles in a
quantitative manner, an exponential equation, R ) A e(-t/
τ) + C was fit to the dissolution rate data (Table 1), where
R is the dissolution rate, t is time, and τ is a characteristic
time of conversion (describes when 63% of the conversion
has taken place). The terminal dissolution rate corresponds
to C, and the initial dissolution rate corresponds to A + C.

This empirical equation quantifies how the dissolution rate
changes with time characterizing the dissolution rates at time
zero (A + C, before conversion occurs), terminal dissolution
rates (C, final dissolution rate after most conversion occurs)
and a time constant (τ) which give a measure of the extent
and duration of a solubility advantage of a metastable solid
which is of practical importance for oral absorption. The
equation is based on observation of many dissolution curves
and simply provides quantitative parameters for a complex
process that is not fully understood. In examining the
dissolution rate equation given by Shah et al.,39 it is clear
the dissolution rate changes due to changes in the solubility
at the surface which occur due to crystallization in this case.
A physical model of the decrease in dissolution rate will
require additional knowledge of the decrease in solubility
with time due to crystallization. This entails measurement
of nucleation times, equilibrium solubility and growth rates
of any polymorph that crystallizes to understand how fast
the crystalline material covers the surface, and therefore
affects dissolution. For practical purposes, the exponential
equation provides parameters that can be used to compare

(43) Sun, W.; Larive, C. K.; Southard, M. Z. A mechanistic study of
danazol dissolution in ionic surfactant solutions. J. Pharm. Sci.
2003, 92 (2), 424–435.

(44) Grijseels, H.; De Blaey, C. J. Dissolution at porous interfaces. V.
Pore effects in a parallel-plate dissolution cell. Int. J. Pharm. 1983,
16 (3), 295–304.

Figure 4. Dissolution of γ indomethacin and amorphous
indomethacin prepared by melt quenching and cryo-
grinding at 7 mL/min in the dissolution flow cell: (9) melt
quenched IMC, (b) melt quenched cryoground IMC, (×)
3 h cryoground IMC, ([) 1 h cryoground IMC, and (2)
crystalline (γ polymorph) IMC. (a) Cumulative amount
vs time. (b) Dissolution rate vs time.

Figure 5. γ indomethacin dissolution in water, suc-
cessive trials on the same compact, 7 mL/min.

Table 1. Parameters for Crystalline and Amorphous
Indomethacin, Dissolution Rate, R ) A e(-t/τ) + C

A (µg/min cm2) τ (min) C (µg/min cm2)

Flow Rate ) 0.5 mL/min

γ IMC 1.6 (1.5)a 11.7 (3.5) 0.26 (0.01)

MQ IMC 2.7 (1.0) 25.4 (8.6) 0.42 (0.03)

MQ cryoground IMC 1.5 (0.1) 48.8 (10.5) 0.33 (0.02)

cryoground 1 h (5.8% xtsal) 7.0 (2.5) 5.6 (1.9) 0.27 (0.02)

cryoground 3 h 2.4 (0.3) 16.0 (3.6) 0.24 (0.01)

Flow Rate ) 7 mL/min

γ IMC 6.6 (0.4) 3.9 (0.8) 0.78 (0.07)

MQ IMC 3.3 (0.3) 23.8 (5.0) 1.39 (0.14)

MQ cryoground IMC 3.1 (0.5) 49.5 (11.4) 0.70 (0.25)

cryoground 1 h (5.8% xtsal) 6.9 (1.4) 5.0 (1.4) 0.79 (0.08)

cryoground 3 h 5.6 (1.3) 9.8 (1.5) 0.66 (0.02)

Flow Rate ) 0.5 mL/min

MQ IMC 3.7% xstal 4.7 (1.4) 10.1 (2.6) 0.40 (0.06)

MQ IMC 24.5% xstal 2.9 (1.3) 9.7 (1.3) 0.29 (0.03)

Flow Rate ) 7 mL/min

MQ IMC 3.7% xstal 5.1 (1.1) 11.4 (2.2) 1.03 (0.09)

MQ IMC 24.5% xstal 6.2 (1.9) 9.3 (2.8) 0.94 (0.06)

a Standard deviation of n ) 3.
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the conversion without measurement of physical quantities
that may be difficult or time-consuming to evaluate (such
as nucleation time and growth rates of each polymorph). The
characteristic time of conversion, τ, associated with the γ
polymorph of indomethacin during dissolution is representa-
tive of the time scale that surface smoothing takes place,
not of a phase change (Table 1).

The τ value for dissolution of crystalline indomethacin at
0.5 mL/min is about three times the τ value at 7 mL/min
indicating that the surface modifications that occur in the
absence of a phase change are dependent on fluid velocity
and mass transfer. In contrast to dissolution of crystalline
indomethacin, melt quenched amorphous samples have
similar τ values for conversion at 0.5 and 7 mL/min,
indicating that a phase change is not dependent on fluid flow
in the velocity range studied here. Additionally, τ values for
melt quenched indomethacin at 0.5 mL/min and 7 mL/min
are 2-6 times larger than for crystalline indomethacin, which
allows easier differentiation of the phase conversion and
surface smoothing processes. The dissolution of melt quenched
cryoground indomethacin is characterized by τ values that
are larger than that of melt quenched indomethacin, which
suggests that crystallization progresses more slowly for this
solid. Note that during compression of the melt quenched
cryoground and melt quenched samples we observed a
difference in the appearance in the compacted solids. The
samples that had undergone cryogrinding appeared to be
more translucent than the melt quenched samples. This
difference may be due in part to a difference in porosity
between the melt quenched and melt quenched cryoground
samples. Such differences in porosity could lead to differ-
ences in dissolution behavior.

Characteristic times of conversion, τ, for indomethacin
samples that were cryoground for 1 or 3 h to become
amorphous are shorter as compared to melt quenched
samples. The phase conversion occurs quickly in the case
of cryoground materials as compared to melt quenched
indomethacin, suggesting that the nature of the amorphous
forms is different, which has been previously suggested for
amorphous phases of griseofulvin and indomethacin.20,45,46

For example, milled amorphous griseofulvin displayed
different thermal behavior and X-ray diffraction patterns than
melt quenched amorphous griseofulvin.46 Indomethacin that
was cryogenically milled to become amorphous displayed
faster isothermal crystallization kinetics than melt quenched
amorphous indomethacin.20 The differences in melt quenched
and cryoground indomethacin were also evaluated by XRD
and analysis using a pair distribution function. The authors
concluded that the material that was cryoground amorphous
may have memory of the crystal structure, due to the method

of processing.47 Amorphous forms investigated in this study
displayed differences in thermal behavior by DSC consistent
with previous reports (Table 2).20 The glass transition (Tg)
temperatures for melt quenched amorphous and melt quenched
cryoground amorphous indomethacin were slightly higher
compared to the 1 and 3 h cryoground amorphous samples.
Stresses during processing have been shown to produce shifts
in Tg, which were found to be due to enthalpy recovery
effects.48 Using modulated DSC, however, the glass transi-
tion temperatures were not significantly different as previ-
ously reported.48 The crystallization exotherms of the
amorphous samples also differed depending on how the
sample was prepared. The cryoground samples crystallized
at lower temperatures than the melt quenched samples. The
sample that was cryoground amorphous for 3 h displayed
two exotherms, one at 81 °C and a broad exotherm at 110
°C. The cryoground and melt quenched cryoground samples
show melting endotherms corresponding to the γ polymorph,
while the melt quenched sample show melt endotherms
corresponding to the R and γ forms. Although the samples
were found to be amorphous by X-ray powder diffraction
and polarized light microscopy, there are differences ob-
served by DSC. The data in the present study are consistent
with the hypothesis that not all X-ray amorphous states are
the same. In this study, the differences are also characterized
by different dissolution behavior.

In addition to differences seen by DSC, the sample that
was cryoground for 1 h was found to have 2.3% crystalline
content (γ polymorph) by ATR-FTIR, which is a more
quantitative technique for indomethacin than PXRD or
polarized light microscopy in this range.30 The percentage
of crystalline content found in the sample that was cryo-
ground for 1 h is significant since the limit of detection of γ
indomethacin by our ATR-FTIR method is approximately
1.2%. Furthermore after compression of the solid the
crystalline content of the 1 h cryoground material was found

(45) Chamarthy, S. P.; Pinal, R. The nature of crystal disorder in milled
pharmaceutical materials. Colloids Surf., A 2008, 331 (1-2), 68–
75.

(46) Feng, T.; Bates, S.; Carvajal, M. T. Toward understanding the
evolution of griseofulvin crystal structure to a mesophase after
cryogenic milling. Int. J. Pharm. 2009, 367 (1-2), 16–19.

(47) Bates, S.; Zografi, G.; Engers, D.; Morris, K.; Crowley, K.;
Newman, A. Analysis of Amorphous and Nanocrystalline Solids
from Their X-Ray Diffraction Patterns. Pharm. Res. 2006, 23 (10),
2333–2349.

(48) Bhugra, C.; Shmeis, R.; Pikal, M. J. Role of mechanical stress in
crystallization and relaxation behavior of amorphous indometha-
cin. J. Pharm. Sci. 2008, 97 (10), 4446–4458.

Table 2. DSC Results for Amorphous Forms of
Indomethacin

temp °C,
glass transition

exotherms
temp °C,

endothermsbmaterial temp °C J/g

1 h cryoground 39.7 (1.4)a 70.6 (1.9) 43.1 (0.2) 160.7 (0.3)

3 h cryoground 39.9 (0.6) 81.3 (1.3) 31.8 (4.2) 160.2 (0.3)

110.1 (4.0) 13.6 (3.2)

melt quenched
cryoground

43.4 (0.5) 106.6 (0.7) 71.6 (0.6) 160.2 (0.3)

melt quenched 43.0 (0.4) 122.7 (1.1) 87.7 (6.3) 161.2 (0.3)

154.5 (0.0)

a Standard deviation of n ) 3. b Melting points for polymorphs
of indomethacin have been reported to be 160.9 (0.8) °C for the γ
form48 and 151.4 (0.6) °C for the R form.20

articles Greco and Bogner

1412 MOLECULAR PHARMACEUTICS VOL. 7, NO. 5



to be 5.8% ((0.6). This result was unusual given that
amorphous indomethacin is not known to crystallize during
compression.49 Further investigation revealed that crystal-
lization also occurred in the uncompressed powder during
the time the sample was compressed and analyzed, indicating
that the increase in crystallinity was due to exposure to
ambient conditions during handling, not compression. There-
fore it is estimated at the start of the dissolution experiment
the crystalline content of the 1 h cryoground samples is 5.8%
((0.6). It has been established that the isothermal crystal-
lization kinetics of cryoground indomethacin are much faster
than melt quenched indomethacin. Our findings are consistent
with that work.20 The melt quenched, melt quenched
cryoground and 3 h cryoground samples were found to be
amorphous by ATR-FTIR after compression.

The 3 h cryoground indomethacin sample exhibits a larger
τ value both at 0.5 mL/min and at 7 mL/min than does the
1 h cryoground indomethacin. These data indicate that the
3 h cryoground material takes longer to fully crystallize on
the surface of the compact than the 1 h cryoground material.
The solubility of the 1 h cryoground samples is expected to
be lower than the 3 h cryoground sample due to the
crystallinity measured at time zero (5.8% for the 1 h
cryoground and 0% for the 3 h cryoground). Furthermore
the crystallinity present at time zero in the 1 h cryoground
sample may serve as sites for surface crystallization, reducing
the overall time for conversion.

Raman microscopy was utilized to further investigate the
apparent crystallization of amorphous indomethacin during
dissolution. With the flow rate set at 7 mL/min, the laser
was focused on the solid surface while dissolution was
occurring. The Raman spectra of the crystalline and amor-
phous forms of indomethacin are distinct between 1525 and
1725 cm-1,22,23,25 which make differences in the Raman
spectra during dissolution relatively straightforward to
interpret. The peaks in this region are where carbonyl
vibrations are observed. The benzoyl carbonyl peak at 1696
cm-1 in the γ crystalline Raman spectrum is sharp, while
this peak appears broader and shifted to 1680 cm-1 in the
amorphous solid.22,23,25

The Raman spectra of dissolving samples of melt quenched
indomethacin indicate that changes in the solid begin
occurring between 10 and 20 min. However, crystallization
is observed by light microscopy approximately 5 min before
being detected by Raman spectroscopy (Figure 6), indicating
that light microscopy is more sensitive to detecting crystal-
lization than Raman spectroscopy for this sample. The delay
in detection of the transformation from amorphous to
crystalline indomethacin by Raman microscopy is most likely
due to penetration of the laser into the amorphous bulk of
the solid, which is semitranslucent. The detection of crystal-
line material on the surface of the compact by Raman
microscopy is dependent on the thickness of that crystalline

layer. When the crystalline layer is thin, the laser penetrates
into the compact (to a depth that is material dependent and
on the order of micrometers) and the crystalline signal is
overwhelmed by that of the amorphous phase beneath it.
Thicker crystalline layers are easier to detect by Raman
microscopy. The microscope is operated in confocal mode,
which improves detection of crystalline material at the
surface of the dissolving solid. However, the crystalline layer
of indomethacin that precipitates during dissolution is very
thin in the initial stages of dissolution and cannot be detected
even in confocal mode. This limitation suggests that the
crystallization is occurring at the surface of compact rather
than through the bulk of the compact. Surface crystallization
would be expected since the solid is in contact with the
dissolution medium at the immediate surface where two
mechanisms for crystallization are feasible: (1) dissolution
of the amorphous solid and recrystallization on the surface
due to supersaturation with respect to the crystalline forms
and (2) increased mobility (lower Tg) of the amorphous solid
due to absorption of water. A compacted melt quenched
sample was stored at 98% RH and qualitatively analyzed
for crystalline material every 30 min (data not shown).
Crystallization was apparent by polarized light microscopy
at 90 min. During dissolution, we find crystals at the surface
at 5 min, indicating that crystallization from a supersaturated
solution may be a more significant mechanism during
dissolution for this sample. Crystallization of similar com-
pacted partially amorphous solids showed transformation
through 10-20 µm of the compact,6 however, Raman
microscopy does not indicate this is the case for compacted
samples studied in the present work.

During dissolution of melt quenched indomethacin the
Raman spectra show development of a peak at 1650 cm-1,
corresponding to the R polymorph.22,23 At 45 min the
spectrum indicates a solid form present that is characterized
by a sharp peak at 1670 cm-1. This peak is not indicative of
γ, R or amorphous indomethacin, nor does it correspond to
the Raman spectrum of δ indomethacin.25 At 55 min, the γ
polymorph is observed at the surface characterized by the
sharp peak at 1696 cm-1. Thus, Raman spectra of dissolving
melt quenched indomethacin confirm a solution mediated

(49) Okumura, T.; Ishida, M.; Takayama, K.; Otsuka, M. Polymorphic
transformation of indomethacin under high pressures. J. Pharm.
Sci. 2006, 95 (3), 689–700.

Figure 6. Raman spectra during dissolution at 7 mL/min
in water of melt quenched indomethacin at (red) t ) 0,
(dark blue) t ) 20 min, (green) t ) 45 min, and (light
blue) t ) 55 min.
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phase transformation during dissolution to 3 distinct poly-
morphs of indomethacin.

The Raman spectra of melt quenched cryoground in-
domethacin (Figure 7) are similar to those of the sample that
was simply melt quenched (Figure 6) and indicate that a
solution mediated phase transformation begins to occur
between 15 and 20 min from amorphous indomethacin to
the R polymorph as evidenced by the shoulder at 1650 cm-1

(Figure 7). At 40 min, the appearance of the peak at 1670
cm-1 indicates that the unidentified form is present on the
surface of the dissolving solid. Examination of the surface
by polarized light microscopy after dissolution indicates three
crystalline habits on the solid surface (Figure 8). The
heterogeneous nature of the surface revealed by polarized
light microscopy confirms that a Raman spectrum at one
particular location on the compact surface is not representa-
tive of an average of the entire compact surface.50,51 The
laser spot size in which the Raman spectra are collected is

10 µm. Therefore, although the Raman data collected here
are not indicative of the average Raman spectra of the entire
surface (which would cover 12.6 mm2), Raman microscopy
is excellent for identification of polymorphs that have
precipitated by focusing on the location of each crystal. The
precipitated forms appear as hemispherical crystals, small
rectangular crystals and needles. After dissolution, the crystal
habits that were identified with polarized light microscopy
were examined by Raman microscopy. The hemispherical
crystals have Raman spectra corresponding to the R poly-
morph of indomethacin, the rectangular crystals correspond
to the γ polymorph of indomethacin and the needles are the
unidentified form that is characterized by the sharp peak at
1670 cm-1 (Figure 9). After the identification of the crystal
forms by their morphology, we can more clearly see the
reason that the γ form is difficult to detect in situ; due to
the small crystal size the laser spot is “sampling” not just
the γ crystalline form but the amorphous matrix on which it
is growing.

The Raman spectra collected during dissolution of the
samples that were cryoground for 1 h (Figure 10) exhibit
dramatic differences in the crystallization compared to the
melt quenched material. At t ) 0, the Raman spectrum does
not indicate that the γ polymorph is present in the compact,
though by ATR-FTIR it is estimated to be 5.8%. At 15 min

(50) Langkilde, F. W.; Sjoeblom, J.; Tekenbergs-Hjelte, L.; Mrak, J.
Quantitative FT-Raman analysis of two crystal forms of a
pharmaceutical compound. J. Pharm. Biomed. Anal. 1997, 15 (6),
687–696.

(51) The laser spot size for this instrument and the 20× objective is
approximately 10 µm, which does not capture enough surface area
to describe the entire compact surface. Others have remedied this
problem for quantification of solid forms using Raman spectros-
copy by using rotating stages.50 This approach was not used here
since quantification by Raman microscopy was not the intention
for this study.

Figure 7. Raman spectra during dissolution at 7 mL/min
in water of melt quenched cryoground indomethacin at
(red) t ) 0, (dark blue) t ) 20 min, (green) t ) 40 min,
and (light blue) t ) 60.

Figure 8. Polarized light microscopy after dissolution at
7 mL/min in water of melt quenched cryoground indo-
methacin.

Figure 9. Raman spectra of melt quenched cryoground
indomethacin surface after dissolution at 7 mL/min in
water (red) amorphous t ) 0, (dark blue) small
rectangles, γ, (green) white hemispheres, R, and (light
blue) needles, unidentified.

Figure 10. Raman spectra during dissolution at 7 mL/
min in water of indomethacin cryoground for 1 h at (red)
t ) 0, (dark blue) t ) 5 min, (green) t ) 15 min, (light
blue) t ) 30 min, and (magenta) t ) 60 min.
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a shoulder at 1696 cm-1 becomes evident, indicating the
appearance of the γ polymorph of indomethacin. As dis-
solution proceeds, the peak at 1696 cm-1 gradually increases
with no indications of other polymorphs at the surface. After
75 min of exposure to water, the polarized light micrograph
indicates only one crystalline form present on the dissolving
surface, the γ polymorph (data not shown). The surface is
remarkably homogeneous as compared with the melt quenched
cryoground sample with γ crystals much more numerous,
yet smaller in size. This visual observation suggests that more
nuclei or crystallites are present at the surface of the
cryoground material than the melt quenched material. Also,
more surface of the cryoground amorphous solid appears to
be covered with crystalline material at the end of the
experiment than for the melt quenched material, which
further hinders any solubility advantage of the amorphous
form.

Raman data collected during dissolution of the sample
cryoground for 3 h are similar to those of the 1 h cryoground
material. The only form that crystallized during dissolution
in water is the γ polymorph. The Raman data indicates the
γ form first becomes apparent at 5 min (Figure 11). This
result is consistent with the dissolution data which suggest
that solution mediated phase transformation occurred within
the first 10 min of the experiment. The layer of crystalline
material on the surface of the cryoground samples appears
to be very thin by microscopy and difficult to detect, thus
Raman spectra were collected at the edge of the compact
where the layer is thicker. Since the 3 h cryoground materials
resulted in a semitransparent compact, it was possible to
observe the sample using in situ polarized microscopy during
dissolution (data not shown). Crystalline material was
observed at the surface at 1 min into the experiment. At 20
min, the surface was completely covered by γ indomethacin,
in agreement with dissolution data.

The differences in dissolution and crystallization of
amorphous indomethacin prepared by melt quenching and
cryogrinding were not predicted based on the PXRD,
polarized light microscopy, and Raman spectroscopy which
indicated all were indistinguishably amorphous solids prior
to exposure to the dissolution medium. However, by DSC,

differences were seen in the recrystallization behavior. ATR-
FTIR indicated a small amount of crystalline material still
present in the 1 h cryoground material immediately after
cryogrinding that is not detected by any other method.
Crystallization of the 1 h cryoground sample proceeds in
ambient conditions during compression and assembly of the
dissolution apparatus. The τ values and dissolution data
indicate that the 3 h cryoground sample converts faster than
the melt quenched samples, though all samples are amor-
phous. Dissolution appears to be very sensitive to process
changes in preparing the amorphous solid.

Dissolution of Partially Crystalline Samples. Melt
quenched amorphous indomethacin was annealed at 25 °C
and 0% relative humidity. These conditions brought about
crystallization of the γ polymorph of indomethacin as
indicated by ATR-FTIR (Table 3). At a flow rate of 0.5 mL/
min the dissolution profiles of partially crystalline samples
show curvature in the amount vs time profiles, which is
indicative of solution mediated phase transformation (Figure
12). As the percent crystallinity in the solid increases, the
amount dissolved and dissolution rate decrease.

Melt quenched indomethacin allowed to crystallize to 3.7%
has a dissolution rate advantage over the crystalline form
that persists for more than 2 h (Figure 12). However, samples
with 24.5% crystallinity show a remarkably reduced dis-
solution rate advantage. At 67.0%, any advantage is lost and
the dissolution rate is similar to that of the crystalline form.
At 7 mL/min, the dissolution rate advantage also decreases
with an increase in crystalline fraction (Figure 13). However,
in contrast to the data at 0.5 mL/min, the solid containing
24.5% γ polymorph does appear to maintain a dissolution
rate advantage over the crystalline form. By plotting the ratio
of dissolution rates of the partially amorphous and crystalline
solids, we find no significant difference in dissolution rate
advantage at the different flow rates due to high standard
deviations in the first 10 min of each experiment (data not
shown). The high standard deviation at early times of the
experiments is likely due to sample compression; it was noted
that the samples with crystalline fractions compressed
differently (i.e., with more loose particle along the compact
edges) than the melt quenched samples alone. The 1 h
cryoground sample which is also partially crystalline (5.8%)
was found to have a dissolution rate that was not significantly
different from the γ crystalline material.

To quantitatively analyze the dissolution profiles of
partially amorphous indomethacin (Figures 12 and 13), an
exponential equation, R ) A e(-t/τ) + C was fit to the

Figure 11. Raman spectra during dissolution at 7 mL/
min in water of indomethacin cryoground for 3 h at (red)
t ) 0, (dark blue) t ) 5 min, (green) t ) 25 min, (light
blue) t ) 45 min, and (magenta) t ) 60 min.

Table 3. Quantification of Crystallinity of Amorphous Melt
Quenched Indomethacin Stored at 25°C/0% RH

time (weeks) % γ IMC

0 0
1 3.7 (0.7)a

3 24.5 (1.2)
6 67.0 (1.7)

a Standard deviation of n ) 3.
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dissolution rate data (Table 1). The characteristic time of
conversion, τ, of the amorphous solid with 3.7% γ poly-
morph dissolving in water at 0.5 and 7 mL/min is less than
half the τ for the melt quenched material. The conversion is
much faster in the presence of even minute fractions of
crystalline impurity (i.e., 3.7%). The characteristic time of
conversion, τ, is not further reduced as crystalline content
is increased to 24.5%, suggesting that only trace quantities
of crystallinity are required for faster transformation. Above
those trace quantities, the time course of conversion is
independent of the crystalline fraction.

Raman microscopy during dissolution of partially amor-
phous indomethacin with 3.7% γ polymorph reveals two
crystal forms present on the solid surface (Figure 14): the γ
polymorph, characterized by the shoulder at 1696 cm-1, and
the unidentified form with a characteristic peak at 1670 cm-1.
At 10 min the peak at 1696 cm-1 appears as a small shoulder.
This peak becomes more apparent at 60 min. The γ
polymorph is certainly present at 3.7% at t ) 0; however,
the small amount of the γ form present is undetectable by
Raman microscopy. It is clear that, as dissolution continues,
the fraction of the γ form at the surface increases. At 45
min the unidentified form is present on the surface. This form
was also found on the melt quenched amorphous surface
during dissolution. In addition, the R polymorph of in-
domethacin was detected at the surface of the solid after the
experiment was over (data not shown). The pattern of
crystallization on the solid containing 3.7% γ polymorph is

similar to crystallization in the amorphous melt quenched
sample, even though the time course of dissolution is
different.

Figure 15 shows the Raman spectra during dissolution of
partially amorphous indomethacin containing 24.5% γ poly-
morph. In this solid, the peak at 1696 cm-1, characteristic
of the γ polymorph of indomethacin, is evident on first
exposure to the dissolution medium. As dissolution progresses,
the peak at 1696 cm-1 increases, indicating the increase in
the γ polymorph on the surface of the dissolving solid. After
dissolution, the surface was examined by microscopy and

Figure 12. Dissolution of melt quenched amorphous
indomethacin with 0%, 3.7%, 24.5%, 67.0%, and 100%
crystallinity (t ) 0, 1, 3, 6 weeks, γ crystalline) at 0.5
mL/min: (9) 0% crystallinity, (2) 3.7% crystallinity, (b)
24.5% crystallinity, ([) 67.0% crystallinity, and (×)
100% crystallinity. (a) Cumulative amount vs time. (b)
Dissolution rate vs time.

Figure 13. Dissolution of melt quenched amorphous
indomethacin with 0%, 3.7%, 24.5%, 67.0%, and 100%
crystallinity (t ) 0, 1, 3, 6 weeks, γ crystalline) at 7 mL/
min: (9) 0% crystallinity, (2) 3.7% crystallinity, (b)
24.5% crystallinity, ([) 67.0% crystallinity, and (×)
100% crystallinity. (a) Cumulative amount vs time. (b)
Dissolution rate vs time.

Figure 14. Raman spectra during dissolution at 7 mL/
min in water of melt quenched indomethacin with 3.7%
γ polymorph content at (red) t ) 0, (dark blue) t ) 10
min, (green) t ) 45 min, and (light blue) t ) 70 min.
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the unidentified form with a characteristic peak at 1670 cm-1

was apparent at the surface of the compact. The R polymorph
was not identified on the surface of the solid before or after
dissolution. The presence of a large amount of γ polymorph
may have hindered the growth of this polymorph. Raman
spectra collected during dissolution of partially amorphous
indomethacin with 67.0% γ polymorph indicate that only
the γ polymorph of indomethacin is present on the surface
during dissolution. This result also suggests that the presence
of crystalline material in the partially amorphous samples
hinders the crystallization of other polymorphs.

The flow rate over the solid was varied to assess the
dependence of the solution mediated phase transformation
on hydrodynamics. The values for τ at 0.5 and 7 mL/min
for partially crystalline and amorphous solids prepared by
different processing methods (Table 1) suggest that the
solution mediated phase transformation of indomethacin is
not dependent on the fluid flow during dissolution as the τ
values are not significantly different at the two flow rates
0.5 and 7 mL/min. The solution mediated phase transforma-
tion of amorphous to crystalline indomethacin appears to be
a surface phenomenon.

Summary and Conclusions
Amorphous indomethacin undergoes a solution mediated

phase transformation during dissolution in water. This
transformation was observed during dissolution in a flow
through apparatus and confirmed by in situ Raman micros-
copy and polarized light microscopy. In all cases, differences
in the time course of solution mediated phase transformation
of indomethacin are more apparent from dissolution rate
profiles, rather than cumulative amount dissolved. This
analysis also allows the estimation of dissolution rates by
fitting data by nonlinear regression to an exponential decay
function. The estimation of dissolution parameters, A, C and
τ, allows for quantifiable comparison of dissolution data.

Using this analysis, we find that solution mediated phase
transformation of amorphous indomethacin is affected by the
processing method. Melt quenched amorphous indomethacin
(with or without cryogrinding) exhibits an initial dissolution
rate advantage over the amorphous form that was prepared

by cryogrinding. Although all materials were found to be
amorphous by PXRD and polarized light microscopy with
some differences seen by DSC, the dissolution profiles are
very different. These results suggest that dissolution is very
sensitive to changes in processing of amorphous solids. The
characteristic times of conversion, τ, that were found by
fitting the dissolution rate data to an exponential decay
function reveal that the amorphous materials that were
prepared by cryogenic grinding undergo solution mediated
phase transformation faster than the melt quenched amor-
phous materials. The sample that was cryoground for 1 h
was found to have residual crystallinity by ATR-FTIR that
was not detected by other methods. The material crystallized
with exposure to ambient conditions during handling,
therefore, at the start of the dissolution experiment the
crystalline content was estimated to be 5.8%. All other
samples remained amorphous during the time scale of
experimental preparation. The melt quenched materials were
found to crystallize to the γ and R polymorphs of in-
domethacin as well as an unidentified form with a charac-
teristic Raman peak at 1670 cm-1. The materials that were
cryoground amorphous were found to crystallize only to the
γ polymorph. The difference in crystallization and dissolution
of the melt quenched and 3 h cryoground samples (which
are all amorphous) indicate that there are differences in the
amorphous states that are not detected by PXRD or polarized
light microscopy, but suggested by DSC.

Indomethacin annealed to various levels of crystallinity
was also found to undergo solution mediated phase trans-
formation during dissolution. The characteristic time of
conversion was reduced in the presence of crystalline
impurity. However this reduction in conversion time was not
proportional to the fraction of γ indomethacin in the solid.
Instead, above small fractions of crystallinity, the conversion
times were indistinguishable. Additionally, the 1 h cryo-
ground sample was also partially crystalline with 5.8% γ
impurity at the start of the dissolution experiment. This
material had the shortest conversion time (τ value) of the
partially crystalline materials, indicating there are kinetic
differences in solution mediated phase transformation based
on processing of the amorphous solid even when crystalline
impurity is present. The cryoground material was found to
crystallize only to the γ polymorph while the material that
was annealed to 3.7% and 24.5% crystallinity converted to
more than one polymorph. Interestingly, as the γ crystalline
fraction of the starting material was increased, the number
of polymorphs that crystallized on the dissolving surface
decreased. In the case of indomethacin, the variety of
polymorphs that covered the amorphous or partially amor-
phous surface did not significantly affect the dissolution rate
since all known polymorphs have similar solubilities.4

Solution mediated phase transformation of amorphous
indomethacin was not affected by hydrodynamics in the
range of conditions studied here. The characteristic times of
conversion reveal similar kinetics of conversion of amor-
phous to crystalline indomethacin at 0.5 and 7 mL/min. This
implies that the solution mediated phase transformation of

Figure 15. Raman spectra during dissolution at 7 mL/
min in water of melt quenched indomethacin with 24.5%
γ polymorph content at (red) t ) 0, (dark blue) t ) 2
min, (green) t ) 30 min, and (light blue) t ) 60 min.
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indomethacin is a surface phenomenon, i.e., convection or a
concentration gradient does not result in a change in
conversion time.
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