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a b s t r a c t

An ALZA OROS® drug delivery system was evaluated for its potential to increase drug load and reduce side
effects when used with RWJ-333369 (S-2-O-carbamoyl-1-o-chlorophenyl-ethanol), a novel neuromodula-
tory agent initially developed by SK Bio-Pharmaceuticals and licensed by Johnson & Johnson. RWJ-333369
was found to have two crystalline polymorphs (A and B) that are enantiotropically related. Polymorph
A, used in the formulation, was thermodynamically stable at room temperature. A partial polymorphic
conversion in the solid state was observed at an elevated temperature of 60 ◦C during a two-week stability
test.

The OROS® RWJ-333369 manufacturing process included milling, granulation, compression, sub-
coating, membrane coating, drilling, and drying to produce a capsule-shaped OROS® tablet. The potential
for polymorphic conversion during manufacturing and stability testing was evaluated using Fourier Trans-
form Infrared Spectroscopy (FTIR), Raman Spectroscopy (Raman), and X-ray Powder Diffractometry (XRD)
to detect impurities; the latter was determined to be preferred method.

Pure polymorph A and polymorph B reference materials were used for method development. Mixtures
with different ratios of polymorph A and polymorph B were scanned using XRD, and the peak heights
and areas were used to generate a calibration curve. OROS® RWJ-333369 formulations were spiked with
polymorph B reference, and the detection limit was about 2% using the 22◦ 2� diffraction angle relative

peak area. Samples from different OROS® manufacturing process and stability tests were analyzed. The
results indicated that polymorph A was not converted to polymorph B during manufacturing process.
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Polymorph B impurity wa

. Introduction

Polymorphism is an important phenomenon in the drug devel-
pment and manufacturing process since different polymorphs
f a compound show variations in physicochemical properties
uch as density, morphology, solubility, dissolution rate, stabil-
ty, and hygroscopicity. As a result, different polymorphs of the
ame drug exhibit differences in bioavailability, efficacy, and drug
roduct performance. In order to control polymorphism in the
rug development and manufacturing processes, it is critical to

dentify, characterize, and quantitate the presence of the various
olymorphs of a pharmaceutical compound.
RWJ-333369 had previously been subjected to thermal treat-
ent, to a precipitation test, and to crystallization tests at different

emperatures using different solvents. Two crystalline polymorphs
A and B) and an amorphous form were detected in this study.

∗ Corresponding author. Tel.: +1 650 564 2571; fax: +1 650 564 4212.
E-mail address: rdeng@alzus.jnj.com (Z. Deng).
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ever, detected in stability samples.
© 2008 Published by Elsevier B.V.

olymorphs A and B are enantiotropically related polymorphs that
rystallize in different packing arrangements with the same ele-
ental composition. Polymorph A is thermodynamically stable at

oom temperature and was selected for use in the RWJ-333369
ontrolled-release product.

An ALZA OROS® Push-StickTM drug delivery system was
valuated for its potential as a controlled-release formula-
ion for RWJ-333369 to increase drug load and reduce side
ffects (Theeuwes et al., 1990). The Push-StickTM system is a
apsule-shaped, longitudinally compressed tablet, which includes
rug, cellulose acetate, magnesium stearate, poloxamer, polyethy-

ene oxide, sodium chloride, and stearic acid (Yam et al.,
005). During the OROS® RWJ-333369 manufacturing process,

et milling/micronization, granulation, compression, sub-coating,
embrane coating, drilling, and oven drying were used to pro-
uce the tablet. Processing solvents such as acetone, ethanol, and
ater were used during the granulation, membrane coating, and

ven drying processes. During the mixing and fluid-bed granula-
ion process, a solvent and polymeric binders were added to wet
he particulate drug substance and excipients. Once the wetting

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:rdeng@alzus.jnj.com
dx.doi.org/10.1016/j.ijpharm.2008.08.049
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ranulation phase was completed, drying and milling processes
ere applied before blended agglomerates were longitudinally

ompressed into tablets. A cellulose acetate membrane was coated
n the tablets, and an oven-drying process removed acetone and
ater. The combination of milling/micronization, granulation, sol-

ent wetting, and drying provided a suitable environment for
ossible conversion of RWJ-333369 to its alternate crystalline
orms. During stability studies of drug product, RWJ-333369 OROS®

ablets were stored at 25 ◦C and 60% relative humidity and at 30 ◦C
nd 65% relative humidity chambers for an extended period. A par-
ial polymorphic conversion in the solid state of the RWJ-333369
rug substance was observed at an elevated temperature of 60 ◦C
uring a two-week stability test. It is possible that polymorphic
onversion of RWJ-333369 could take place during OROS® tablet
anufacturing processes and drug product stability studies. In

upport of the new drug application (NDA) for RWJ-333369 (poly-
orph A), a quantitative assay was required for determination of

olymorph B in drug substance and controlled-released OROS®

rug products. Requirements for this assay included that it be suit-
ble for a quality control environment and that: (a) polymorphic
ransformation did not occur during sample preparation and anal-
sis and (b) the detection limit was ∼5% (w/w) for polymorph B
n drug product with polymorph A as the Active Pharmaceutical
ngredients (API).

The Food and Drug Administration (FDA) drug substance guide-
ine states that appropriate analytical procedure should be used
o detect polymorphic forms of drug substance (ICH, 1999). Fur-
her, it is the applicant’s responsibility to control the crystal form
f drug substances and drug products. In order to control polymor-
hism during manufacturing processes and stability studies of drug
ubstances and products, analytical methods must identify and
uantitate different crystal forms. It is essential that these methods
easure very small amounts of polymorphic content accurately.
any techniques have been used to determine polymorphic com-

osition of active pharmaceutical polymorphs in crystalline drug
ubstances and drug products (Byrn et al., 1995; Brittain, 1999).
iffuse reflectance infrared spectroscopy (IR) and X-ray powder
iffractometry (XRD) have been used to identify two different
ydrated forms of cefepime.2HC (Bugay et al., 1996). An IR quan-
itative assay was established with a minimum quantifiable level
f 1.0% (w/w) and a detection limit of 0.3% (w/w) dihydrate in
onohydrate materials. The XRD assay achieved a minimum quan-

ifiable level of 2.5% (w/w) and a detection limit of 0.75% (w/w).
ear-infrared spectroscopy (NIR) was used for quantitation of poly-
orphs during the drying phase of wet granulation process (Davis

t al., 2004). Solid-state nuclear magnetic resonance spectroscopy
NMR) was used to identify two polymorphs of clarithromycin
Tozuka et al., 2002). Areas from well-separated peaks of 13C spec-
ra for the two polymorphs were the basis for quantitative analysis
f polymorphic composition. Fourier-transform Raman (FT-Raman)
pectroscopy has a relatively low detection limit compared to
RD (Kontoyannis et al., 1997). A variety of analytical techniques

or characterization the solid forms of pharmaceuticals have been
eviewed recently (Stephenson et al., 2001). Each technique has
dvantages and drawbacks for quantitative analysis in terms of
ample preparation, measurement time, and sensitivity. Small sam-
le sizes, non-destructive sample preparation, rapid analysis with
he new generation X-ray detector and unique XRD patterns with
mproved detection limits make XRD the preferred technique for
he analysis of polymorphic composition in mixtures. Quantitative

etermination of the polymorphic composition of chlorpropamide

n intact compacted tablets using parallel-beam XRD has been
eported (Cao et al., 2002). The integrated intensity ratio of a
elected peak for each crystal form was used for quantitation of each
olymorph. Excellent linear correlation was observed for both poly-

i
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i
f
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orphs. Preferred orientation effect has also been investigated for
he quantitative analysis of mannitol polymorphs by XRD (Roberts
t al., 2002). Rotation and reduction of the particle size range to
125 �m halved the limits of detection and quantitation to 1% and
.6%, respectively. In addition, a novel powder sample preparation
ethod has been used to improve the sensitivity and accuracy of

uantitative analysis for polymorphic mixtures by XRD (Okumura
nd Otsuka, 2005). � and � forms of indomethacin were micronized
n a jet mill to remove anisotropy and attain a nearly equal grain size
f less than 10 �m. The micronization of analyte powder reduced
he effects of powder inhomogeneity and preferred orientation on
he peak intensity. The micronized powder was physically mixed
t various ratios in a vibrating mill containing a rubber ball. Using
recise standard mixtures, the detection and quantitation limits
ere calculated to be 0.57% and 1.73%, respectively, yielding supe-

ior sensitivity and accuracy compared to mixtures prepared using
n agate mortar. A synchrotron XRD method has also been devel-
ped for highly sensitive quantification analysis of crystallinity
n substantially amorphous pharmaceuticals (Nunes et al., 2005).
igh-intensity X-ray allows discernment of subtle changes in the

attice order of materials. The estimated limit of detection of crys-
alline sucrose in an amorphous matrix was 0.2% (w/w) compared
o the reported value of ∼1% (w/w) using conventional XRD.

The purpose of this study was to establish a reliable ana-
ytical method to determine lower detection and quantitation
imits for the polymorphic composition of RWJ-333369 during
ROS® formulation development and manufacturing processes.
ure polymorph A and B reference materials were used for method
evelopment. Raw drug, granulated, and compressed core samples
ere used to develop independent quantitative calibration curves

or polymorphic impurity concentrations. FTIR, Raman, and XRD
ethods for quantitative analysis of RWJ-333369 in drug substance
ere evaluated. XRD was found to be the preferred method to
onitor possible form conversion. Mixtures with different ratios

f polymorph A and polymorph B were studied to generate a cali-
ration curve. These reference samples were ground into a powder
orm and sieved to produce a material with a uniform particle size
istribution. Reference samples were mixed with low-weight per-
entages of polymorph B to make several different calibration sets.
ultiple scans of each calibration sample were taken. Scans were

tted using peak search application, and pertinent peak parameters
ere used to develop calibration models. The XRD scan peak height

nd area were calculated for the calibration curves. Peak height and
rea ratios were varied to find a parameter set with the highest cor-
elation and the lowest root mean square deviation. Models were
lso used to test for presence of polymorph B in stability sample
repared followed ICH guideline (ICH, 2003).

. Experimental

.1. Materials

A micronized RWJ-333369 lot used in the formulation and man-
facturing process was the reference material for polymorph A.
eproducibility of signal was confirmed with two other lots with
–15 �m particles of polymorph A. An additional lot of raw mate-
ial of polymorph A was milled and sieved into target particle
izes of 80, 50, and 20 �m to evaluate the effect of particle size
n XRD peak intensities. Reference polymorph B raw material was
btained in the form of needle-like crystals from. The major excip-

ents used were polyethylene oxide, poloxamer and magnesium
tearate. Products of drug granulation, placebo granulation, and
solated drug layer from core tablets at various stages of the manu-
acturing process were evaluated in this study. The drug load in the
ystems under study was substantial (∼70% by weight).
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.2. Sample preparation

Although reference materials were not ground before testing
ith FTIR and Raman spectra, XRD profiling requires fine particles

or reproducible patterns that are free from preferred orienta-
ion effects. In sample preparation for XRD, each polymorph was
eighed directly into a mortar and ground. Core and granula-

ion samples were also ground and sieved before being spiked
ith ground polymorph B to make calibration mixtures. Each mix-

ure was ground for 10 min to ensure uniform distribution, and
he entire amount of the mixture was transferred onto a zero-
ackground sample holder using a spatula and flattened into a disc
ith a 15-mm diameter.

.3. Instrumentation

.3.1. FTIR and Raman
The FTIR spectrum of each polymorph was obtained with a

erkinElmer Spectrum 2000 spectrometer (PerkinElmer Life and
nalytical Sciences, Inc., Waltham, MA, USA). A small amount of
eference material was placed on the Si crystal of a micro-ATR
ccessory (SplitPeaTM, Harrick Scientific Products, Inc., Pleas-
ntville, NY, USA), and FTIR-ATR spectra were obtained using a
iquid-N2-cooled MCT detector with 32 scans and 4 cm−1 resolu-
ion. Raman spectra of the two polymorphs were obtained using a
abRAM Infinity Raman microscope system (HORIBA Jobin Yvon
nc., Edison, NJ, USA) equipped with a holographic notch filter
nd Peltier-cooled CCD detector. The sample was irradiated with
frequency-doubled Nd:YAG laser at 532 nm, and the Raman sig-
al was collected using a 50× objective and holographic grating
hrough a 100 �m slit and accumulated for 30 s.

.3.2. X-ray powder diffractometry
Samples were weighed out using a Mettler Toledo AG245 ana-

ytical balance (Mettler Toledo Inc., OH, USA). A PANalytical X’Pert
RO PW3040-Pro X-ray diffractometer (PANalytical, Almelo, The
etherlands) equipped with an X’celeratorTM detector was used

o obtain patterns. Measurements at elevated temperatures were

ade with the Anton Paar TTK 450 hot temperature stage and the

CU 100 temperature controller unit (Anton Paar GmbH, Graz, Aus-
ria). With the X-ray generator set at 45 kV and 40 mA, a copper
node was used to produce a divergent beam with an average K�
avelength of 1.541874 Å. The range of 4–45◦ 2� with a step size

d
m
c
f
f

Fig. 1. FTIR spectra of two polymo
f Pharmaceutics 366 (2009) 74–81

f 0.017◦ 2� and a count time of 10.16 s per step was used for the
easurements. The room temperature measurements were con-

ucted on a spinner stage operating at a rotational speed of one
evolution per 2 s. Using a programmable divergence slit and a
rogrammable receiving slit, a spot of 11.5 mm from about the cen-
er was irradiated with the source and the central 10 mm of the
ample was observed by the detector. Calibration mixtures were
argeted to be 25 mg, so a similar mass of material was used in all
he measurements. X’Pert HighscoreTM data analysis software ver-
ion 1.0d (PANalytical, Almelo, The Netherlands) was used to find
eak parameters.

. Results and discussion

.1. Characterization of the reference polymorphs

.1.1. Spectral differences of two polymorphs
A prerequisite for polymorphic composition analysis is to have

istinguishable spectral profiles for each polymorph. Figs. 1–3,
espectively, show FTIR, Raman spectra, and XRD patterns of the
wo polymorphs of the RWJ-333369 active pharmaceutical ingredi-
nt (API). Two polymorphs of RWJ-333369 showed similar, but not
dentical FTIR spectra with measurable differences in peak position,
elative intensity, and line width for some corresponding peaks
rom form A and B. Apparently, the largest difference between
he two polymorphic forms in FTIR was two peaks at 764.4 and
55.9 cm−1 for polymorph A versus a single peak at 758.2 cm−1 for
. All of these corresponding pairs of peaks showed some degree
f overlap. Two polymorphs of RWJ-333369 also showed slightly
ifferent Raman spectral patterns as shown in Fig. 2, with a peak at
128 cm−1 for A versus a broad peak at 1115 cm−1 for B being the
iggest difference. Any of the corresponding pairs of peaks in form
and B did not show clear separation in Raman spectrum.
Among the three techniques employed, XRD provided most dis-

inct pattern differences between two polymorphs. Although many
f the diffraction peaks were common in both polymorphs in Fig. 3,
he peak position, relative intensity, and peak width were different.
here are also a few unique peaks for each polymorphs. A strong

iffraction peak in polymorph B appeared at 22.2◦ 2�, while poly-
orph A lacked any diffraction at that position. Other less intense

haracteristic peaks near 19.3◦ 2� and 30.7◦ 2� appeared also only
or polymorph B, while the peaks at 21.0 2� and 26.1 2� are unique
or form A without much interference from polymorph B. Based

rphic forms of RWJ-333369.
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Fig. 2. Raman spectra of two p

n the comparison, XRD was chosen for determining polymorphic
mpurity in RWJ-333369 OROS® formulations and stability samples
f OROS® drug products.

In this study, some of the unique XRD peaks were used for dis-
inguishing two forms and detecting the presence of polymorph B,
oth in drug substance as well as in formulations containing excipi-
nts. Among these peaks, 22.2◦ 2� of polymorph B was mainly used

or quantification of polymorph B. Amorphous portion of the API
nd the consequent amorphous halo in XRD pattern were insignif-
cant, and therefore a consistent baseline correction was applied
ndependent of the amount of spiked polymorph B.

ig. 3. XRD pattern comparison shows two polymorphic forms of RWJ-333369.
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orphic forms of RWJ-333369.

.1.2. Transformation of polymorph A to polymorph B
A temperature increase of 10 ◦C per minute was used to heat

reat the samples. Diffraction patterns were collected at each step
fter a 10 min wait time. The sample temperature was cooled to
elow 50 ◦C within 10 min after being at maximum temperature.
xperiments verified partial polymorphic conversion to polymorph
after the polymorph A reference sample was heated at approx-

mately 100 ◦C for the API and 70 ◦C for the blend. Fig. 4 shows
◦
ignificant conversion detected from XRD profiles at 120 C, but no

ncrease in the amorphous halo was observed. The melting point of
olymorph A is known to be lower than the melting point of poly-
orph B, and both are close to 130 ◦C. After 10 min at 130 ◦C, only

he polymorph B pattern remained during the in-situ scan. This was

ig. 4. RWJ-333369 polymorph A reference sample item heated to show conversion
o polymorph B at high temperature.
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onfirmed by the missing polymorph A signature peak near 26.0◦

� in the profile. The forced conversion resulted in a decrease in
rystallinity at 130 ◦C, as depicted by the change in the background
alo. After the sample was cooled, it was a powder. It did not appear
o have melted and recrystallized, but a solid-state conversion had
aken place.

Additional XRD profiles were taken after the sample was allowed
o cool to room temperature. When the temperature exceeded
35 ◦C (beyond the melting point of both polymorphs), the result-
ng room-temperature profile was only an amorphous halo, and the
ample appeared melted and recrystallized into amorphous. If the
ample was heated to 132 ◦C and cooled to room temperature, the
oom-temperature scan of the sample showed only polymorph B.
ollowing heating at 125 ◦C, the room-temperature profile showed
mixture of the two patterns.

.2. Quantitation

.2.1. Determination of peak analysis parameters
Mixtures of the two polymorphs were readily quantifiable using

he 22◦ 2� peak as shown in Fig. 5. There were two useful quan-
itation parameters from collected XRD profiles. First, a linear
elationship was demonstrated for the peak height of polymorph
versus the weight percentage of impurity. In addition to the cali-
ration of absolute peak intensity, the relative intensity of the peak
t approximately 22◦ 2� was used to quantify the presence of impu-
ity. An investigation of the linear performance from different sets
f parameters was used to compare the height of the peak near 22◦

� to the following: the absolute maximum peak, the 23◦ 2� inten-
ity, the sum of the intensities between 18◦ and 30◦ 2�, the net sum
f all peak intensities between 4◦ and 45◦ 2�, and the total number

f counts in the scan.

The second parameter employed to quantify impurity levels was
eak area. This parameter was more useful than peak height when
onsidering multi-component systems like granulation mixtures
r tablet cores. Plating uniformly distributed components from a

ig. 5. Polymorph B peak from scans of API calibration samples spiked with different
eight percentages of polymorph B.
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omplex mixture with consistent reproducibility was difficult to
chieve, and the small variations in the amount of each compo-
ent present were observed using normal XRD measurements. As a
esult, the use of a single observed value, such as peak height, to cor-
elate the impurity response led to larger variance. Improved results
ere obtained using the area parameter, because the response of

he impurity was averaged over a wider range of angles, and the
nfluences of excipient interference and changes in their concen-
rations were reduced.

.2.2. Preparation of the calibration curve
The peak height at each impurity concentration was mea-

ured six times after redistribution of the sample between
easurements. The average of these measurements was used for

uantitation after pre-treatment. For example, isolated peak height
as normalized using the maximum peak intensity in the scan,

iving values from 0 to 1 before averaging. The ratio of impurity
eak height to other peak heights was also a valuable parameter
or calibration. Another means of reducing inconsistencies was to
se the peaks that were not strongly influenced by particle size
nd associated with polymorph A as an internal reference stan-
ard to measure impurity concentrations. This approximation was
alid based on the assumption that there were only relatively small
hanges in polymorph A concentration. Overall, binary mixtures of
ifferent forms of pure API were more readily correlated using peak
eight as a variable.

The area calculations were not as straight-forward, because the
ull-width of peak at the half maximum (FWHM) value varied from
eak to peak over the given scan range. Other challenges, such
s determination of the background contribution, needed to be
esolved in order to study granulations or compressed cores. In
ddition, peak overlap in the formulation made the isolation of peak
rea difficult at many of the reflections. To avoid bias when calcu-
ating peak area, an automated software method that accounted for
he entire pattern was used to find peak parameters. Consequently,
or complex mixtures like granulations and cores, peak area param-
ters had slightly better impurity correlation than those using peak
eights.

.2.3. Estimation of assay errors and sources of error
Many researchers believe the greatest source of error when

erforming XRD quantitative analyses arises during sample prepa-
ation. Indeed, the reproducibility of the method relies heavily on
orrect preparation of samples and calibration sets. The meticulous
reparation and consistent technique used in this study ensured
roper blending of the spiked component in the calibration set. A
econdary means of verifying concentrations and uniform distri-
utions of polymorphic impurity in calibration samples is vital in
onfirming correct sample preparation.

Plating the entire calibration sample ensured the total amount of
piked impurity was captured in the measurement and confirmed
he sample contents. Weight measurements using a five-point scale
±0.01 mg) were considered adequate. For a 30-mg sample, a spike
ontribution of 1.5 mg was incorporated to prepare a 5% impurity
evel standard. For a method to be globally applicable, lot-to-lot
ariations and instrumental variations such as source intensity and
tability must be accounted for during calibration curve develop-
ent. Our rapid X-ray detector allowed spike measurements were

erformed in a single day to minimize this sort of shift or drift
f instrumentation. A total of six sets of patterns obtained during

ormal generator operation were collected over several days.

.2.4. Particle size effect on quantitation
Particle size studies on polymorph A revealed peak parame-

er dependence for strong reflections at 21.0◦ 2� and 27.3◦ 2�.
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ignificant variations were observed at these angles for samples
ith target mean particle size of 20, 50, and 80 �m. These varia-

ion issues would have been more apparent in the calibration set if
icron milling had not controlled particle size of the API. The angles
ere not excluded since the calibration set was made from a single
icronized lot. Chemometric methods may be able to exclude this

ource of discrepancy if required. Alternatively, sieving the sample
ay help to reduce variations caused by particle size.

.2.5. Excipient interference on quantitation
The probability of finding a peak without excipient interference

or quantification decreased as the number of components that
ere combined together in the formulation increased. Three of the

xcipients were amorphous, so their addition to mixture resulted
n a small upward shift in the baseline. Two other excipients had
eflections close to the signature polymorph B peak near 22◦ 2�
ut, at a fraction of a percent, the concentration of these compo-
ents was not significant enough to alter the collected patterns. The
nal two components had weak shoulder reflections in the region
f interest. Of these two, the excipient with the greatest amount
f interference was polyethylene oxide. Fortunately, the average
article size of polyethylene oxide was known to be greater than
5 �m. Hence, passing the sample through a 200-mesh sieve to
liminate particles larger than 75 �m reduced this interference as
hown in Fig. 6. The API particle size was small enough to easily pass
hrough this sieve. In addition, the sieving process made the col-
ected patterns smoother as the particle size distribution became

ore uniform.

.2.6. Determination of polymorph purity in API
With the strong polymorph B signature peak near 22◦ 2�, the

urity of polymorph A (up to 98%) was discernible by visual inspec-
ion of the collected pattern. Multi-variant regression methods may
e used to improve determination of exact levels of impurity; peaks
t 12.8◦ 2�, 19.4◦ 2�, and 30.8◦ 2� were other unique indicators of
olymorph B. A good quantitation method requires sample particle
ize control for all measurements. Sieving the reference polymorph
sample before spiking it improved the curve reproducibility by

essening the preferred orientation effects exhibited by larger par-
icles.

Because the response standard deviation increased as the impu-
ity weight percentage increased, based on counting statistics a
eight factor inversely proportional to the spike percentage was

pplied to emphasize data points at lower concentrations. After
pplying the weight factor, the ratio between the root mean square
rror and calibration slope was reduced by a factor of two, vali-
ating the assumption that more emphasis should be placed on
ower concentration responses. In fact, when a response peak
apidly grows with an increase in the spike percentage, the Pois-
on distribution—in which the standard deviation equals the square
oot of the number of counts—applies. Hence, the standard devia-
ion difference between 11.6% impurity at 1308 counts and 2.4%

o
t
s
m
w

able 1
ummary of fit and parameter estimates results from linearly fit model of RWJ-333369 AP

22◦ 2� 22◦ 2�:23◦ 2� 22◦ 2�

Area Height Area Height Area

Square 0.95 0.98 0.95 0.96 0.9
oot mean square error 5.24 0.47 1.45 1.66 9.3

ntercept −4.8 −1.0 0.1 −1.1 −14.6
lope 8.6 1.3 2.3 3.3 24.0

etection limit 2.0 1.2 2.1 1.7 1.3
uantitation limit 6.1 3.6 6.2 5.1 3.9
ig. 6. XRD profile of drug layer isolated from compressed core before and after
ieving compared to reference polymorph B and to polyethylene oxide.

mpurity at 319 counts was 32 versus 18, nearly double. As a result,
easurements taken at lower concentrations were more precise.
Table 1 shows the fit resulting from application of different

arameters on the same data set of API mixtures. In this case
tudy, calibration curves developed using the peak height parame-
ers were more robust than those using peak area parameters. The

ethod that used the ratio of the 22.2◦ 2� to the sum of peak param-
ters between 18◦ and 30◦ 2� had the best performance among the
egressions. Nearly all of the strong reflections were captured in
his range.

.2.7. Determination of polymorph purity in OROS formulation
nd stability samples

There were five calibration samples made with the granulation.
orrelations derived from height parameters were slightly better
han those derived from area parameters for the granulation cali-
ration curve. The method correlating the relative intensity of 22.2◦

� had the lowest limits of detection and quantification among the
ranulation sample set as shown in Fig. 7.

Since the investigation calls for the detection of minute amounts

f polymorph B, it was determined to emphasize low-spike concen-
rations (to 12%) of polymorph B. In evaluating the core calibration
amples, such a set would be able to detect conversion of poly-
orph A during manufacturing or stability testing. After practice
ith calibration samples comprised of API, granulation, and even

I calibration samples peak area vs. percentage spiked.

:18–30◦ 2� 22◦ 2�: net peaks 22◦ 2�: total counts

Height Area Height Area Height

8 0.98 0.97 0.98 0.96 0.97
8 9.95 7.33 7.06 4.88 0.60

−18.8 −10.1 −13.2 −5.5 −1.1
28.9 16.6 20.1 8.5 1.3

1.1 1.5 1.2 1.9 1.6
3.4 4.4 3.5 5.7 4.7
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Table 2
Summary of fit and parameter estimates results from linearly fit model of granula-
tion calibration samples peak area vs. percentage spiked and from linearly fit model
of core calibration samples peak area vs. percentage spiked.

Core 22◦ 2� 22◦:23◦ 2� 22◦:17–26◦ 2�

Area Height Area Height Area Height

RSquare 0.98 0.97 0.99 0.98 0.98 0.98
Root mean square error 6.42 0.68 0.32 0.71 0.1 0.13

Detection limit (%) 0.8 1.1 0.6 1 1 1
Quantitation limit (%) 2.5 3.2 1.8 3.1 2.9 2.9

Granulation 22◦ 2� 22◦:23◦ 2� 22◦:17–26◦ 2�

Area Height Area Height Area Height

RSquare 0.92 0.96 0.92 0.93 0.93 0.95
Root mean square error 1.83 15.02 1.88 1.29 0.34 0.22

D
Q

3

I
a
p
g
a
v

c
c
p
d
n
q
was over 99%, and it was used to investigate the effects of the
ig. 7. XRD profile behavior of drug layer that was isolated from compressed core,
round, sieved, and spiked with various percentages of polymorph B.

ome non-sieved-cores, the sample-preparation technique proved
uccessful with optimal execution for the sieved-core sample set.
he lowest detection limit for polymorph B content based on
ieved-core sample calibration curve performance was found using
he area parameter ratio comparison of 22.2◦ 2� to 23◦ 2� as shown
n Fig. 8. This detection limit was calculated to be 0.6% for the core

alibration curve. Core samples taken from the drug layer after com-
ression, sub-coating, and the coating and drying processes were
ll tested; no visible impurity peak was observed in any of these
amples.

ig. 8. Compressed core’s calibration curve comparison of three methods with plot-
ing response as a function of weight percentage spike.

m
t
h
t

etection limit (%) 1.8 1.3 1.8 1.6 1.7 1.4
uantitation limit (%) 5.4 4 5.5 5 5.2 4.1

.2.8. Evaluation of limit of detection and limit of quantitation
The detection and quantitation limits were calculated using

CH guidelines with consideration of both background response
nd blank response to determine the noise level. The results are
rovided in Table 2. The limited number of samples from the
ranulation set increased the quantitation limit to between 4
nd 5% with the height parameter having the greatest correlation
alue.

The core samples comprised a more complete sample set for
alibration curve development. The area parameter had better
orrelation and a lower quantitation limit compared to the height
arameter when considering the core samples. A calibration curve
eveloped from a ratio of the signature polymorph B peak to a
earby, strong, and reproducible peak at 23◦ two theta had a
uantitation limit below 2%. The correlation value for this curve
anufacturing process as well as stability storage on the API. Again,
he processing did not shown any indications that a transformation
ad taken place. However, the results of the calibration curve on
he stability samples after two years did indicate the presence of

Fig. 9. Results of core calibration curve applied to stability samples.
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olymorph B as shown in Fig. 9. The pattern comparison before and
fter sieving the pulverized tablet revealed that the interference
rom the excipient had been removed. Overlay of the pattern with
piked curves gathered from the calibration set have the signature
eak for the stability samples in the range between 0.9% and 2.1%,
atching well with the predicted value from the curve of about

.5 ± 0.6%.

. Conclusions

Powder X-ray diffraction can potentially be a viable method to
onitor crystal form stability of the active pharmaceutical ingre-

ient in tablet formulations. Here, it has been shown that XRD
easurements of the molecule under study were able to detect

olymorphic transformation down to less than 1%. Careful and
onsistent sample preparation was vital in developing a robust cal-
bration curve for quantitation. Particle size control was used to
egregate excipients that interfered with important method param-
ters and statistical methods were applied to focus on impurity
oncentrations less than 12%. This study proved that the OROS man-
facturing process did not cause any change in the crystal form of
he drug and that X-ray diffractometery can be used as a conve-
ient and effective test to monitor polymorphic form stability in
rug product.
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