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Purpose. The aim of this study was to develop a highly sensitive powder X-ray diffraction (XRD)
technique for quantification of crystallinity in substantially amorphous pharmaceuticals, utilizing
synchrotron radiation and a 2-D area detector.

Methods. Diffraction data were acquired at the European Synchrotron Radiation Facility (France) using
a 2-D charge-coupled device detector. The crystallization of amorphous sucrose was monitored in situ,
isothermally at several temperatures in the range of 90 to 160°C. An algorithm was developed for
separation of the crystalline and amorphous intensities from the total diffraction pattern.

Results. The synchrotron XRD technique allowed powder diffraction patterns to be recorded with a
time resolution of 40 ms. The gradual crystallization of sucrose is analogous to a series of physical
mixtures with increasing content of the crystalline component. The in situ crystallization approach
circumvented the problem of inhomogeneity in mixing—a potentially serious issue at extreme mixture
compositions. The estimated limit of detection of crystalline sucrose in an amorphous matrix was 0.2%
w/w, a considerable improvement over the reported value of ~1% w/w with a conventional XRD.
Conclusion. High-intensity XRD can discern subtle changes in the lattice order of materials. The first
evidence of crystallization can serve as an indicator of the potential physical instability of the product.
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INTRODUCTION

Amorphous materials have a higher free energy than
their crystalline counterparts. Consequently, amorphous
compounds have an increased tendency to undergo physical
and chemical changes. Even so, the use of an amorphous
ingredient in a formulation may be necessary to obtain a
drug product with required biopharmaceutical properties.
Amorphous materials often exhibit higher “apparent” solu-
bility and faster dissolution rate than the corresponding
crystalline materials. The apparent solubility of amorphous
indomethacin, novobiocin, and tetracycline were 1.4, 10, and
2.5 times that of their respective crystalline counterparts
(1-3). This increase in the apparent solubility can translate to
increase in the oral bioavailability of drugs with poor
aqueous solubility. In pharmaceutical products prepared by
freeze-drying, the physical state of the active pharmaceutical
ingredient (API) and excipients can influence product
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stability and performance. Lyoprotectants, i.e., additives added
to stabilize proteins during freeze-drying and subsequent
storage, must exist in an amorphous state to remain effective
(4-6).

Because an amorphous — crystalline transition is
thermodynamically favored, the use of amorphous material
in dosage forms poses a challenge. Crystallization of an
amorphous drug can occur even when it is stored below its
glass transition temperature (7,) (7). It is necessary to
develop techniques to assess the rate and extent of crystal-
lization. Very early detection of crystallization not only
identifies physical instability, but may also permit corrective
action. Moreover, an early detection of subtle changes in the
solid state of the API in the drug product can be important
from the viewpoint of ensuring therapeutic efficacy through-
out the shelf life of the formulation (8-10).

Several analytical methods have been developed for
quantification of crystallinity. When dealing with substantially
amorphous materials, FT-Raman spectroscopy was shown to
have high sensitivity (11). On the other hand, quantification
techniques based on water sorption, calorimetry, and FT-
Raman spectroscopy are reported to be of choice when
dealing with highly crystalline substances having low levels of
lattice disorder (11-14). Whereas X-ray diffractometry
(XRD) is a widely used technique for quantification of the
degree of crystallinity, the major limitation of conventional
XRD is its low sensitivity, attributed mainly to the low flux of
the X-ray source (12,15). Moreover, laboratory-based dif-
fractometers generally use point detectors that scan through
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the required 26 angular range. Because it takes about 10-15
min for a typical X-ray run, rapid data acquisition is not
possible. Preferred orientation can be a source of error in the
peak intensity measurements. Another drawback is that the
routinely used analytical procedures are somewhat subjective
and prone to errors due to individual judgment (15).

CRYSTALLINITY QUANTIFICATION BY XRD

The procedure developed by Hermans and Weidinger
for crystallinity quantification by XRD is most frequently
used (16,17). The procedure is simple and based on three
assumptions. First, it must be possible to demarcate and
measure the crystalline intensity (I.) and amorphous intensity
(1,) from the powder pattern. Second, there is a proportion-
ality between the experimentally measured crystalline inten-
sity and the crystalline fraction (x.) in the sample. Finally, a
proportionality exists between the experimentally measured
amorphous intensity and the amorphous fraction (x,) in the
sample.

Thus,

Xc :plc (1)
and
Xa = ql, (2)

where p and g are the proportionality constants.
The sum of amorphous and crystalline fractions is

X =Xc+Xa (3)

Combining Egs. (1), (2), and (3), we obtain

ql, = x — pl. (4)

NONO

The values of I, and /. can be determined for samples of
varying degrees of crystallinity. A plot of the experimentally
measured values of [, against those of /. should result in a
straight line with a slope of p/q. The intercepts on the y and
the x axes will provide the intensity values of the 100%
amorphous and 100% crystalline materials, respectively.

The degree of crystallinity, x.. (expressed as a percent-
age), of a sample is given by

or

Xc
= x 100 6
Yo = )

or

1

Xop = S x 100 (7)
I. +—I,
p

Thus, to calculate percent crystallinity values using
Eq. (7), (i) the I. and I, values need to be separated from
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the total X-ray pattern and (ii) the value of the proportion-
ality constant, g/p, should be known.

Limitations of the Procedure

(i) The demarcation of the crystalline (I.) and amor-
phous (1,) intensities from the experimentally obtained X-ray
diffraction pattern is done arbitrarily and is subject to
individual judgment. The procedure may thus lead to high
variability in the results, especially when the degree of
crystallinity is low.

(ii) Samples may show preferred orientation effects,
which may cause significant errors in peak intensity mea-
surement. An effective way to minimize preferred orienta-
tion is to decrease the particle size of the sample by grinding.
However, the grinding process itself can cause undesired
changes in the solid state of the material.

(iii) It is necessary to generate a standard curve using
samples with different degrees of crystallinity. A common
procedure is to mix crystalline and amorphous standard
phases in appropriate proportions. Nonhomogenous mixing
becomes a potentially important issue, especially when
preparing mixtures of extreme compositions.

Our investigation had two objectives: (i) to develop an
X-ray diffractometric technique, based on synchrotron X-rays
and a 2-D area detector, having increased sensitivity and rapid
data acquisition capability compared to conventional instru-
ments and (ii) to develop an objective method for calculating
the degree of crystallinity based on an algorithm. The key
analytical challenge, from a pharmaceutical perspective, has
been to develop a technique capable of discerning subtle
changes in lattice order in substantially amorphous materials.
Our focus was therefore on the detection and quantification
of the first evidence of crystallization in an amorphous
material. An in situ crystallization approach was used to
overcome the problem of inhomogeneity in mixing, which is
a particularly serious issue at extreme mixture compositions.

Sucrose was selected as the model compound based on
its following attributes (12,18 —20): (i) Sucrose can be readily
rendered amorphous by freeze-drying. (ii) Heating of amor-
phous sucrose above its glass transition temperature of 74°C
causes its complete crystallization. (iii) There are no issues of
polymorphism or solvate formation in sucrose.

MATERIALS AND METHODS
Materials
Preparation of Amorphous Sucrose

Sucrose was obtained from Mallinckrodt Baker Inc.
(Paris, KY, USA). Aqueous sucrose solutions (10% w/v,
filtered through 0.2-um membrane filter) were cooled from
25 to —50°C at 1°C/min in a tray freeze-dryer (Advantage 2.0
ES, Virtis, NY, USA), and held for 3 h. The chamber
pressure was then set to 50 mTorr. Primary drying was
carried out at —40°C for 48 h. Thereafter, the shelf tem-
perature was increased up to 40°C at 1°C/min, with an iso-
thermal hold for 10 h at 5°C intervals. The samples were
stored in a vacuum desiccator at room temperature.
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Preparation of Crystalline Sucrose

Amorphous sucrose was annealed at 130°C for ~15 min.
The powder X-ray pattern indicated that the sample was
highly crystalline. Water sorption experiments in an auto-
mated vapor sorption apparatus (DVS-1000, Surface Mea-
surement Systems, London, UK) did not reveal detectable
weight gain over the relative humidity (RH) range of 5 to
35%, indicating that the sample was completely crystalline
(12,21,22).

Methods

Baseline Characterization

Powder XRD. The sample was placed in an aluminum
holder by the side-drift method and was exposed to CuKo
radiation (45 kV x 40 mA) in a wide-angle X-ray powder
diffractometer (Model D5005, Siemens, Munich, Germany).
The instrument was operated in a step scan mode, in
increments of 0.05° 26. The angular range was 5 to 40° 26,
and counts were accumulated for 1 s at each step.

Differential Scanning Calorimetry (DSC). A differential
scanning calorimeter (Model 2920, TA Instruments, New
Castle, DE, USA) equipped with a refrigerated cooling
accessory was used. The instrument was calibrated with pure
samples of tin and indium. About 4-5 mg sample was packed
in aluminum pans, crimped nonhermetically, and heated at
10°C/min under dry nitrogen purge from room temperature to
200°C.

Thermogravimetric Analysis (TGA). The sample was
heated in an open aluminum pan from room temperature to
200°C, under nitrogen purge, at 10°C/min in a thermo-
gravimetric analyzer (Q50, TA Instruments).

Water Vapor Sorption. About 15 mg of sample was
placed in the sample pan of an automated vapor sorption
balance (DVS 1000, Surface Measurement Systems) and
dried at ~0% RH under dry nitrogen purge (flow rate of
200 ml/min) for 12 h. Thereafter, the RH of the sample
chamber was progressively increased to 35% over a period of
24 h. The sample weight change was monitored as a function
of time. The experiments were conducted at 25°C.

Sample Preparation for XRD in Transmission Geometry

In XRD using transmission geometry, the incident X-ray
beam passes through the sample and the diffraction pattern is
acquired using a 2-D area detector positioned on the
opposite side of the sample (in relation to the X-ray source).
The “vertical” configuration of “powder” samples was made
possible by filling sucrose samples (~20 mg) in aluminum
pans (used generally for differential scanning calorimetry,
TA Instruments), and the pans were crimped nonhermeti-
cally. The sample preparation (weighing, filling, and crimp-
ing) was performed in a glove box maintained at RH <1% by
a continuous purge of dry nitrogen gas.

2-D XRD Using a Rotating Anode X-ray Generator

X-rays were generated with a rotating copper anode
(Model RU-200BVH, Rigaku, Tokyo, Japan) operated be-
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tween 2.5 and 6 kW power. The diffractometer was set up
in the transmission geometry and used “Franks mirror”
optics to yield a ~200-um-diameter beam on the sample.
The focusing optics produce an X-ray beam of much higher
intensity than that obtained with pinhole collimators. The
sample chamber consisted of a 7 x 15 x 20 cm enclosure
having polyimide film (Kapton, DuPont, Wilmington, DE,
USA) covered windows for the entry and exit of the incident
and diffracted X-ray beams, respectively. The chamber was
contained in a sample stage fitted with cartridge heaters
connected to a water/glycol-based cooling system. The tem-
perature of the stage could be adjusted and controlled within
1°C, using a temperature controller (CN8500, Omega Instru-
ments, Stamford, CT, USA) interfaced with a PC via Labview
(National Instruments, Austin, TX). The chamber was purged
with dry helium during experiments. The 2-D diffraction
patterns were collected using a multiwire area detector
(HISTAR, Bruker, WI, USA). The sample (~20 mg), filled in
a crimped (DSC) pan, was placed on the sample stage and a
powder pattern was recorded at room temperature. The
sample was then removed from the stage, the stage heated to
the desired temperature, and the sample reinserted into the
chamber. Diffraction data were obtained with a 30-s integra-
tion time per pattern. Crystallization of amorphous sucrose
was studied isothermally at several temperatures in the range
of 90 to 110°C. At the end of each experiment, the sample
stage was heated to 160°C and an X-ray pattern was obtained
to confirm the complete crystallization of sucrose.

Time-Resolved 2-D XRD Using Synchrotron Radiation

Experiments were performed on the ID-2 beamline at
the European Synchrotron Radiation Facility (ESRF, Gre-
noble, France). The beamline, equipped with an undulator,
provided a highly collimated [~70 x 25 urad® (horizontal x
vertical) divergence] and intense beam (~10" photons s™*
mrad 2 per 0.1% bandwidth). A monochromatic [(AA/4) =
2 x 107% X-ray beam of 0.995 A wavelength was selected
using a cryogenically cooled Si(111) double-crystal mono-
chromator. The experiments were preformed in the trans-
mission mode. The incident beam size at the sample was
adjusted to 50 x 75 pum. Calibration was performed using
Al,O3 standard (SRM 674a, NIST). The sample chamber was
a 15 x 15 x 15-cm enclosure containing two electrical heating
elements and two air-circulating fans. The temperature could
be controlled to within 1°C, and the maximum attainable
temperature was 350°C (23). The sample chamber was fitted
with a horizontal bar driven by a computer-controlled
stepper motor and an electronic trigger. The horizontal bar
contained a small cavity at its end for vertical placement of
the aluminum sample pan. A 2-D charge-coupled device
detector (Photonic Science, East Sussex, UK) was used for
acquiring the diffraction data.

At the start of each experiment, the sample (~20 mg)
sealed in an aluminum pan, was placed vertically on the hor-
izontal bar (maintained at room temperature) of the sample
chamber. The main sample chamber was preheated to the
desired temperature. The sample mounted on the horizontal
bar was inserted into the preheated sample chamber by
activation of the trigger, thus exposing the sample to the inci-
dent X-ray beam. The sample was rapidly oscillated about its
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mean position by using a stepper motor connected to the
horizontal bar. Diffraction data were obtained continuously
as snapshots with a time resolution of 40 ms, in the trans-
mission geometry, as the sample was held under isothermal
conditions. The data were digitized by a Synoptic i860 frame
grabber in an 8-bit word binary data format. The details of the
setup have been described in detail elsewhere (24-26). The
signal-to-noise ratio was improved by integrating successive
frames together. The integration time for each successive
powder diffraction pattern was adjusted between 0.5 and 3 s,
taking into account the reaction rate and the memory
capacity of the frame grabber. The crystallization of amor-
phous sucrose was studied isothermally at several temper-
atures in the range of 110 to 160°C. At the end of each
experiment, the sample chamber was heated to 160°C, and an
X-ray pattern was obtained to confirm the complete crystal-
lization of sucrose.

Algorithm for Separation of I, and I. from an X-ray Pattern

Our goal was to develop an objective method to separate
the crystalline and amorphous intensity components from an
X-ray pattern. Each 2-D XRD pattern is composed of an
intensity signal arranged on a grid of 512 x 512 pixels. Because
synchrotron-based XRD experiments generated enormous
amount of diffraction data (time resolution of 40 ms,
integration time of 0.5 to 2 s), software routines (macros)
were developed for data analysis. The analyses were per-
formed on a UNIX and LINUX platform. The key steps
involved in analysis of diffraction patterns were as follows.

(i) Each 2-D X-ray pattern was first corrected for the
spatial distortion profile of the detector using a calibration
grid (27). The center coordinates for the diffraction pattern
(Debye rings) were determined, and the 2-D data were
converted from the Cartesian to a polar coordinate system.
(ii) An algorithm was developed that subdivided the diffrac-
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Fig. 1. Powder X-ray patterns of (a) amorphous, and (b) crystalline
sucrose.

1945

Crystallization

¢

u
50 60 70 80 90

Temperature (°C)

=a

Heat flow (arbitrary units)

Melting

N

Exo
>

0 50

L}
100 150 200
Temperature (°C)
Fig. 2. DSC curves of (a) amorphous and (b) crystalline sucrose. The

inset is an expanded DSC profile of amorphous sucrose in the
temperature range of 50 to 90°C.

tion pattern into small “probe” sectors of a predetermined
size. A smoothing kernel (four points) was used to minimize
random electronic noise in the recorded data. The minimum
intensity signals in each sector were determined, and the
results were stored in a separate data file. The operation was
performed successively for all the probe sectors. (iii) Subse-
quently, the probe sectors were redrawn such that the bound-
aries were translated by one pixel in the x and y directions
with respect to the former step. The process of assigning
sectors and subsequent computation steps was repeated
successively until all diffraction data were analyzed. (iv) A
2-D surface was generated by using the intensity signal data
generated by the above algorithm. The surface thus generat-
ed describes the intensity contribution due to the amorphous
component. The subtraction of the amorphous intensity from
the total pattern yields the crystalline component. (v) Sum-
mation of the amorphous and the crystalline patterns provide
the values of I, and the I, respectively. The operation was
checked for robustness by varying the sector sizes and
translation areas. (vi) The instrument background signal
(due to air, incoherent scattering, sample pan) was extracted
using the X-ray pattern of the completely crystalline material
obtained at the end of each in situ crystallization experiment.

RESULTS AND DISCUSSION

Baseline Characterization of Amorphous
and Crystalline Sucrose

The XRD pattern of amorphous sucrose showed a broad
“halo” in the range of 7 to 30° 20 (Fig. 1). The DSC curve
showed a glass transition event at ~74°C, a crystallization
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exotherm at ~138°C, and melting (endotherm at 190°C) of
crystalline sucrose (Fig. 2). When subjected to TGA, a weight
loss of <0.1% was observed in the temperature range of 25 to
125°C, indicating that amorphous sucrose, which was stored
under dry conditions, had very little sorbed water (results not
shown). The amorphous sucrose was considered to be
completely amorphous, i.e., 0% crystalline.

The X-ray pattern of crystalline sucrose (Fig. 1) con-
sisted of sharp peaks and was in excellent agreement with the
pattern reported in the Powder Diffraction Files maintained
by the International Centre for Diffraction Data (28). The
DSC curve revealed a single endotherm attributed to melting
at 190°C (Fig. 2). The TGA curve did not reveal any
detectable weight loss in the temperature range of 25 to
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Fig. 3. (a) Plot of amorphous (I,) vs. crystalline (I.) intensity during
the isothermal crystallization of amorphous sucrose. The slope of the
regression lines (dashed lines) provided the value of the proportion-
ality constant, g/p [Eq. (5); results presented in Table I]. The
experiments were performed on a rotating anode X-ray diffractom-
eter. Because the crystallization was rapid (<8 min), only a few
diffraction patterns could be obtained. (b) Plot of amorphous (7,) vs.
crystalline (I.) intensity during the isothermal crystallization of
amorphous sucrose at 100°C. PVP (grade K-12) was used as an
additive.
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Table I. Values of g/p for Sucrose Crystallization Determined from
the Plot of Amorphous (Z,) vs. Crystalline (I.) Intensities [Eq. (5)]

Additive (PVP)
Temperature of ~—m™ — 8

crystallization Conc. (6)%
(°C) Grade (% w/w) qlp Mean SD (%)
80 - 0.0 1.009
90 - 0.0 1.005
100 - 0.0 1.011  0.995 0.027 2.7
115 - 0.0 1.001
140 - 0.0 0.948
100 - 0.0 1.011
100 K-12 0.5 1.086
100 K-12 1.0 1.041
100 K-12 2.5 0.935 1.001 0.048 4.8
100 K-12 5.0 0.964
100 K-25 0.5 1.020
100 K-25 1.0 0.970
100 K-25 2.5 0.983

Experiments performed on a rotating anode diffractometer.

190°C. Crystalline sucrose did not sorb water when exposed
to progressively increasing RH up to 30% for 3 days in an
automated water sorption apparatus. Amorphous materials,
including amorphous sucrose, have a strong tendency to sorb
water (12,29-31). Thus, the XRD, DSC, TGA, and water
sorption experiments showed that the sample is completely
crystalline, i.e., 100% crystalline.

Computation of the Value of the Proportionality
Constant, g/p

The objective of this study was to develop an XRD
technique capable of discerning the first evidence of crystal-
lization of an amorphous material [Eq. (7)]. A usual approach
is to generate a standard curve using binary mixtures of crys-
talline and amorphous sucrose of various compositions.
However, when dealing with solids, the errors due to inho-
mogenous mixing can become significant, especially when the
analyte concentration is low. This problem becomes accentu-
ated when dealing with amorphous and crystalline materials
because these two phases often have a large difference in their
bulk densities (32). Therefore, we used an alternative ap-
proach wherein amorphous sucrose was allowed to crystallize
in situ under isothermal conditions in the X-ray sample
chamber. The rapid transition of sucrose from a completely
amorphous (assumed to be 0% crystalline or 100% amor-
phous) state to a completely crystalline (assumed to be 100%
crystalline or 0% amorphous) state was monitored by ac-
quiring 2-D X-ray diffraction data, as snapshots, during the
entire crystallization event.

As described in the “Introduction,” the degree of
crystallinity (or percent crystallinity) is defined by Eq. (7).
However, a simpler expression, the term “crystallinity index,”
is expressed as follows (33,34).

Crystallinity index(%)

_Intensity of crystalline peak(s) x 100 . x 100
B Total diffracted intensity A A

(®)
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Fig. 4. 2-D X-ray patterns of (a) amorphous, (b) partially crystalline, and (c) crystalline
sucrose. Darker shade represents higher intensity. Inner rings represent lower 26 values.
Patterns are corrected for detector distortion effects. Instrument background has not
been removed. To facilitate visualization, the diffraction data are presented in one
dimension as “intensity vs. 26” plots (i, ii, and iii).

The crystallinity index (%) is numerically equal to the
“percent crystallinity” (Eq. 7) if g/p is equal to 1.

The Hermans and Weidinger procedure [Eq. (7)]
assumes that the sample packing and the irradiated volume
are maintained constant during the entire set of experiments.
Any sample-to-sample variation in irradiated volume will
affect the magnitude of g/p [slope of the I, vs. I. plot, Eq. (5)]
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and can lead to erroneous results. When the XRD experi-
ments are conducted in the transmission mode, the diffracted
intensity can be influenced by the sample packing and powder
bed thickness. However, if the magnitude of g/p is demon-
strated to be close to unity, then Eq. (7) reduces to Eq. (8).
The results will not be sensitive to small changes in sample
packing and the crystallinity index = percent crystallinity.

2-Dimensional X-ray
pattern of partially
crystalline sucrose

()

Crystalline
intensity (/)

Amorphous
intensity (/)

Fig. 5. Separation of the 2-D X-ray patterns of partially crystalline sucrose into crystalline
(I.) and amorphous (/,) intensity components.
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Our goal therefore was to determine the value of the
proportionality constant, g/p, for sucrose. Aluminum pans
were tightly filled with the amorphous sucrose samples and
nonhermetically sealed. The isothermal crystallization was
monitored using a rotating anode X-ray source and an area
detector. The X-ray patterns were collected at 30-s intervals.
The crystalline (I.) and amorphous (/,) components of the X-
ray patterns were separated and I, was plotted as a function
of I. (Fig. 3a). In an effort to decelerate analyte crystalliza-
tion, sucrose was lyophilized with polyvinylpyrrolidone
(PVP, a crystallization inhibitor) (35). This approach enabled
us to collect more data points during the crystallization
experiment (Fig. 3b). The plots revealed that the slope values
[i.e., g/p, Eq. (5)] of the regression lines were very close to
unity (Table I). The x and y intercepts of the individual plots
were different due to the small run-to-run differences in the
volume of the sample packed in the holder. The major
drawback of the rotating anode setup was the limited time
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resolution and sensitivity. This experimental setup was un-
suitable for detecting subtle changes in crystallinity because
only a limited number of data points can be collected. A high-
intensity synchrotron source does not have these limitations.

Crystallinity Quantification Using Synchrotron XRD

As mentioned earlier, we were specifically interested in
developing a 2-D XRD technique for discerning the first evi-
dence of crystallization of an amorphous material. The 2-D
X-ray pattern of completely amorphous sucrose contained
broad halos and absence of any crystalline Bragg reflections
(Fig. 4a). As sucrose crystallized, the amorphous halo
receded and crystalline reflections (Debye rings) appeared
(Fig. 4b). Finally, the X-ray pattern of completely crystalline
sucrose consisted of sharp crystalline rings (Fig. 4c). Further
annealing of this sample did not cause any change in the
X-ray pattern. Moreover, an identically annealed sample did

Q [Frame 60 28.0 s | Frame 80

100%

39.0s 4055

Frame 85

Frame 87

Frame 89

41.5s

425

44.5s 455s

o Cryg
Frame 96 46.0 s | Frame 99

47.5 s | Frame 110 53.0s

Fig. 6. (a) Powder X-ray patterns, i.e., total diffracted intensity (/) recorded during
crystallization of amorphous sucrose at 150°C. The diffraction data for each 2-D pattern
(“frame”) were collected for 1/2 s. Only selected X-ray patterns are shown. (b) Crystalline
intensity (I.) separated from the total X-ray patterns ([, a). (c¢) Amorphous intensity (7,)
separated from the total X-ray patterns (I, a). Experiments performed on the synchrotron

beamline.
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~20% crvstalline =
Frame 92 _ Frame 93 44.5 s| Frame 95 455s

_ 4405
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Frame 96

Fig. 6. Continued.

not show detectable water uptake in an automated water
sorption apparatus at 10, 15, and 35% RH. These results
show that sucrose crystallizes completely under the isother-
mal experimental conditions.

Separation of Amorphous and Crystalline
Intensity Components

As described earlier and quantitatively described by
Eq. (7), the X-ray pattern of a partially crystalline material
has intensity contribution due to the crystalline (/.) and the
amorphous (I,) fractions. To quantify the crystallinity, it is
necessary to separate these two intensity contributions. We
developed an algorithm, described in the “Materials and
methods” section, to achieve this objective.

As a representative example, an X-ray pattern of
partially crystalline sucrose is shown in Fig. 5. The “Bragg
reflections” appear as concentric Debye rings. The center
coordinates of the Debye rings were determined and the
intensity data were transformed from the Cartesian to a polar
coordinate system. Using the algorithm, the pattern was

divided into “probe” sectors and processed to separate the
crystalline (I.) and amorphous (7,) intensity components.
Figure 5 shows the result of one such separation procedure.

The separation algorithm was used on all the successive
X-ray patterns (frames) recorded during isothermal crystal-
lization of sucrose, thereby spanning the entire crystallinity
range, i.e., from 0 to 100% crystallinity. A representative
series of diffraction patterns recorded during sucrose crystal-
lization is shown in Fig. 6a. The corresponding separated
crystalline and amorphous components of the patterns are
shown in Fig. 6b and c, respectively. Integration of the inten-
sities of the separated patterns provides the values of /. and 7.

Quantification of Subtle Changes in the Lattice Order
of Sucrose During Crystallization

After carrying out the crystallization experiments at
several temperatures, the g/p ratio was obtained by plotting
I. vs. I,. The plots were constructed using the entire powder
pattern. Similar plots were also constructed based on the
intensity of a single (100) reflection. The g/p values obtained
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Frame 96 46.0 s | Frame 99 47.5s| Frame 110 53.0s

100% crystalline

Fig. 6. Continued.

by the two methods were, in general, in good agreement and
close to unity (Table II). These results indicated that the
preferred orientation effects in the 2-D XRD method were
minimal. There was also some within-run variation in the
sample volume exposed to the synchrotron beam. The
variation was attributed to (i) the powder flow, especially
before the onset of crystallization when amorphous sucrose is
heated rapidly to temperatures above its glass transition
temperature, and (ii) to oscillation of the sample holder. As
mentioned earlier, because g/p = 1, the results are indepen-
dent of the irradiated volume and the “crystallinity index” =
“% crystallinity” [Egs. (7) and (8)].

Figure 7a is a plot of the crystallinity index as a function
of time, for sucrose crystallization at 150°C. It is noteworthy
that even subtle changes (<0.2%) in lattice order at the early
stages of crystallization could be detected and quantified
(Fig. 7b, c). Similar results were obtained when the crystal-
lization experiments were carried out at several other tem-
peratures (data not shown).

From a pharmaceutical formulation perspective, early
detection of crystallization can be crucial. The first evidence of
crystallization suggests that adequate nucleation and growth

has occurred. This could serve as an early indicator of the
potential physical instability (amorphous — crystalline transi-
tion) of the product. Furthermore, trace amounts of small
crystallites can serve as seeds and accelerate crystallization of
the amorphous material during pharmaceutical processing and
storage. As mentioned in the “Introduction”, several analyt-
ical methods have been developed to quantify the degree of
crystallinity of pharmaceuticals. However, the percent crys-
tallinity values obtained by different analytical techniques
often show poor agreement. Hence, too much emphasis should
not be given to the absolute values of percent crystallinity.
Nevertheless, the crystallinity estimates provide useful indica-
tion of the relative state of order of a material, and the data
can be correlated with other properties of the solid that can
influence product performance. Careful evaluation of the
impact of subtle changes in the state of order can yield
information useful toward developing a robust formulation.
In our synchrotron-based experiments, although adequate
attention was paid toward the characterization of both
amorphous sucrose (DSC, TGA, X-ray powder pattern on
conventional and high-intensity source) and crystalline su-
crose (water sorption, DSC, XRD), it is best to consider the
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Table II. The Values of “q/p” for Sucrose Crystallization Deter-
mined from the Plot of Amorphous (/,) Versus Crystalline (I.)
Intensities [Eq. (5)]

qlp

Temperature of Single peak Entire powder

crystallization (°C) [(100) reflection] pattern
150 0.990 0.983
150 1.042 1.020
150 1.042 1.064
160 0.990 0.980
160 0.978 0.963
160 1.053 1.031
170 0.980 0.971
Mean 1.011 1.002
SD 0.033 0.037
CV (%) 3.257 3.713

Experiments performed on a synchrotron XRD beamline.

development of crystallinity (0% crystalline — 100% crys-
talline) on a relative rather than an absolute scale. The data
analysis procedures used yield results with a high degree of
self-consistency and indicate that the technique is capable of
discerning subtle changes in the state of order.

Estimate of the Limit of Detection

The gradual crystallization of amorphous sucrose is
analogous to a series of physical mixtures prepared with
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Fig. 7. (a) Plot of crystallinity index vs. time during crystallization of
sucrose at 150°C. (b) Profile during the onset of crystallization. The
percent crystallinity values at selected data points are indicated. (c)
1-D powder patterns (intensity vs. 26) at the early stages of
crystallization. The stick patterns show the positions of the Bragg
peaks of crystalline sucrose.
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Table III. Estimated Limit of Detection for the Synchrotron XRD
Technique

Slope (m) of the
response signal

(1., counts) vs. Standard
crystallinity deviation Limit of
Temperature of (% wiw) plot of the blank detection =
crystallization [counts signal (3 X Splank)/m
(°C) (% wiw)™'] (1c)o Sbiank (% wiw)
140 21,502 1322 0.18
150 22,869 1224 0.16
150 22,853 1616 0.17
150 22,903 1075 0.14
160 21,407 1133 0.16
160 17,409 837 0.14
160 19,789 1196 0.18
Mean 0.16
SD 0.02
CV (%) 10.4

increasing fraction of crystalline component. Thus, the in situ
crystallization approach circumvented the problems asso-
ciated with preparing solid mixtures containing low levels of
analyte and allowed us to control the experimental variables.

In conventional validation procedures using standard
mixtures of crystalline (analyte) and amorphous phases, the
limit of detection (LOD) is given by the following equation
(36):

LOD :M

©)
where Spiank 1S the standard deviation of “blank” signal and m
is the slope of the standard curve.

The standard curve is obtained experimentally by
plotting the “response signal” vs. “analyte composition” in
the standard mixtures. However, for in situ crystallization
processes, such a standard curve cannot be obtained. Hence,
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Fig. 8. Plot of crystalline intensity signal (1) vs. percent crystallinity.
The temperature of crystallization was 150°C, and X-ray patterns
were recorded with an exposure time of 0.5 s per pattern. The inset
is an expansion of the plot corresponding to the region of <10%
crystallinity.
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the value for LOD, as defined in Eq. (9), cannot be deter-
mined. Nevertheless, an estimate of the LOD can be
obtained (37) by plotting the “intensity response” against
“crystallinity” (i.e., as amorphous sucrose is converted to a
crystalline state). Figure 8 shows such a response signal vs.
crystallinity plot. The large slope (m) value of the regression
line indicates that the method is very senmsitive to subtle
changes in crystallinity. The slope of this curve can also yield
an estimate of LOD using Eq. (9) (37). The standard deviation
(Sblank) Of the blank signal (I.)o was determined by using data
points obtained before the onset of crystallization (i.e.,
completely amorphous sample). The average estimated
LOD thus obtained (Table IIT) was ~0.2% w/w crystalline
content and was in good agreement with the experimental
observations.

SIGNIFICANCE

The method developed is capable of revealing the first
evidence of crystallization in an amorphous material. The
estimated LOD of 0.2% w/w is a considerable improvement
over the recently reported LOD of 0.9% w/w using conven-
tional XRD (18). An important feature of the developed
method is that the crystallinity quantification procedure is
objective. Conventionally, the separation of the amorphous
and the crystalline intensities is done arbitrarily and is subject
to individual judgment. Such an analysis can lead to a high
variability in results, especially when the weight fraction of the
analyte (i.e., crystalline content) is low. From a pharmaceu-
tical perspective, the early detection of crystallization in a
formulation can be crucial. If crystallization is not desired,
early information on the onset of crystallization can provide an
opportunity to take appropriate corrective actions. These in-
clude (i) reassessment of the shelf life recommended for the
product, and (ii) altering the storage conditions (e.g., de-
creased temperature or water vapor pressure). It is also likely
that the stability of the amorphous material is compromised
during pharmaceutical processing (e.g., exposure to water
vapor, interaction with excipients containing water, or an
increase in temperature during milling). A reevaluation of the
processing operations may be warranted for ensuring product
stability. Because XRD enables study of crystallization in
complex matrices, the annealing technique offers a rapid
method for assessment of the crystallization tendency of
amorphous phases. The efficacy of potential crystallization
inhibitors can thus be rapidly evaluated. Because of the
improved sensitivity, the high-intensity XRD technique be-
comes useful even if the weight fraction of the analyte in a
formulation is low.

CONCLUSIONS

An X-ray diffraction technique was developed using
synchrotron X-rays, 2-D detector, and a rapid acquisition
system that can provide high-quality powder patterns with a
time resolution down to 40 ms. An in situ crystallization
approach was used to demonstrate the utility of the XRD
technique for crystallinity quantification. A novel algorithm
was developed for separation of crystalline and amorphous
intensity contributions from an X-ray pattern. The crystallin-
ity determination procedure based on this algorithm is
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objective and requires minimal user intervention. The
technique developed is very sensitive to subtle changes in
the lattice order of amorphous materials. The estimated
LOD for the method is ~0.2% w/w.
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