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Abstract

A Raman spectroscopy method was developed for the quantification of the amorphous content of lactose. Both physical mixtures and
spray-dried samples were used and the results were compared with the IMC determinations. Sample inhomogeneities were averaged
out by collecting multiple spectra from each sample, and the total measurement time remained below 10 min due to the high sensi-
tivity of the CCD-Raman spectrometer used in the measurements. The obtained calibration error (SEC) for the physical mixtures was
1.3% (w/w) in the 0—-100% amorphous content range and was reduced to 0.2% (w/w) in the 0-10% range of more practical inter-
est. The crystallization heat values of the spray-dried samples showed a linear correlation with the Raman quantifications in the amor-
phous content range of 0—80%, but saturated over the 80% concentration. This finding suggests a reference value of ca. 60J/g for the
spray-dried samples, instead of the crystallization heat of amorphous lactose (ca. 50J/g) valid in the IMC determinations of physical
mixtures.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction beam of the Raman laser, causes variations between differ-
ent measurement spots, if the sample is not homogenous.
Typically, drugs and excipients are highly crystalline ma- Findley and Bugay3] have used a Step-n-Repeat sampling
terials. It must be noted, however, that they can also containaccessory to collect multiple spectra from the same sample.
various amounts of the amorphous phase. The amorphousThis helps to average out sample inhomogeneities, but, at
phase may decrease the physical stability of the compound.the same time, increases the total measurement time. The
On the other hand, the amorphous content may be utilizednumber of scans collected for each spectrum was typically
e.g., to increase the solubility of a poorly soluble material. 100[1,4], which means an acquisition time of 10—20 min per
The methods that are widely used in the quantification of the spectrum.
amorphous content of a sample are X-ray diffraction, mois-  In this study a Raman spectroscopy method for the quan-
ture sorption and isothermal microcalorimetry (IM[L}). tification of the amorphous content of lactose was developed,
In recent years FT-Raman spectroscopy has gained at-and the obtained values were compared with the IMC de-
tention as a rapid and non-destructive method of analyzing terminations. A CCD-Raman spectrometer was used in the
polymorphic forms of pharmaceutical compourdls5]. A measurements, instead of the FT-Raman spectrometers of the
small sample volume, determined by the narrow excitation previous reports. The change to a more sensitive CCD detec-
tor allows shorter measurement times to be used, but the shift
* Corresponding author. Tel.: +358 8 5512111; fax: +358 85512320, Of the excitation wavelength from 1064 nm of FT-Raman to,
E-mail addresspentti.niemela@uvtt.fi (P. Niem). e.g., 785nm, typical in CCD-Raman, increases the danger
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of fluorescent interferend®]. Fluorescence is not a severe time varied between 4 and 16 h, depending on the amorphous
problem, however, with pure pharmaceutical compounds. content of the sample.

2. Materials and methods 3. Results and discussion
2.1. Sample preparation 3.1. Evaluation of the Raman method

Lactose was used as a test material, and physical mixtures The Raman spectra of amorphous lactose @itactose
and spray-dried samples were prepared as described earliemonohydrate clearly differ from each other over the whole
[7]. spectral rangeHig. 1). Most bands of these two compounds

The physical mixtures were prepared by mixing 100% are, however, overlapping and the largest shifts can be seenin
amorphous lactose and 100%-lactose monohydrate the wavenumber range below 600chThe bands centered
(Pharmatos® 325M, DMV, The Netherlands). The amor- at 470 and 440 cm! were chosen to represent the monohy-
phous content of the mixtures varied from 0 to 100%. The drate and amorphous forms, respectively, and a simple band
physical mixtures were mixed in a Wig-L-Bug stainless steel ratio method was used in the calibrations.
mixing capsule without the bgl]. Mixing (5 min) was done The physical mixtures were used to evaluate the calibra-
gently in order to avoid deformation of the sample. The parti- tion method. Because of the large variations in the spectral
cle size distributions of these compounds were close to eachforms, a non-linear baseline determined by a modified polyfit
other, theDsq0, value being ca. 5Qm for monohydrate and  method[9] was subtracted from each spectrum. The chosen
20-40up.m for amorphous lactose (depending on the prepara- bands evolved smoothly with the changing component ra-

tion lot). tio (Fig. 2) and the ratio of band areas between 490-455 and
The spray-dried samples were prepared witlialB Mini- 490-410 cm for the measurement and reference bands gave
Spray Drier 190 fronw-lactose monohydra{&]. The amor- almost linear correlation with the amorphous content over the

phous content of the samples was controlled by the ratio of whole concentration rang€ig. 3). A correlation coefficient
ethanol to water in the feed solution. The amorphous contentof R? = 0.991 with a polynomial fit of second degree was ob-
of the samples varied from 0 to 100%. The 100% amorphoustained and the corresponding calibration error was only 1.3%
lactose used to prepare the physical mixtures was preparedw/w). The samples were homogenous, as indicated by the

using water as the feed solution. small value of standard deviation (1.0% (w/wWjid. 3.
Interestingly, when the amorphous content of the physical
2.2. Raman spectroscopy mixtures was less than 10%, more accurate results could be

obtained by simply using a linear baselifé. 4). The linear

A CCD-Raman spectrometer with a diode laser at the baseline could be used because the spectral features are very
830 nm wavelength was used in the tg8s The laser was  similar for 0-10% amorphous samples. The baseline points
focused on the sample through a fiber-optic probe and the
scattered power was collected with the same probe. The Ra-
man shift range of the spectrograph was 2000—200'cand x 10"
its spectral resolution was 8 cth The size of the measure-
ment spot was ca. 0.5 mm (dia.) and the laser power falling
on the spot was ca. 100 mW. ol i

A stepping motor was used to implement a multi-point | n
measurement system, which helps to average out the effect:,_ " I
of sample inhomogeneities. An acquisition time of only 10s 5 isk f o
was needed to obtain a high-quality spectrum for lactose. &
Six spectra were co-added at each measurement point anE
seven points were averaged for each sample, resulting atotaz 1|
measurement time of less than 10 min.

RAM

2.3. Isothermal microcalorimetry 0.5f

An isothermal heat-conduction microcalorimeter TAM
2277 was used for determination of the amorphous content 0 a0 00 400
[7]. The crystallization temperature and humidity weré@5
and 54% RH, respectively. The heat accompanying the crys-

tallization was d?termined in the an.alyﬁﬂ and a shorter ~ Fig. 1. Raman spectra aflactose monohydrate (---) and amorphous lac-
term ‘crystallization heat’ was used in the text. The analysis tose (—).

RAMAN SHIFT (cm™)
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Fig. 2. Spectra of mixed amorphous/monohydrate samples. The band atFig. 4. Band ratio calibration at the low end of the amorphous concentration
470 cmr ! increases with increasing monohydrate content: 0, 20, 40, 60, 80 range. A linear baseline between the wavenumber points 490 and 420 cm
and 100%. Non-linear baselines were subtracted from the spectra and thewas used and the reference band was limited between these points. The
band areas used in the calibration are shown. markers refer to single pointsj and mean values).

toyannis et al[10] and applied by othelfd,4], gives a linear
were chosen at wavenumbers 490 and 420%(Rig. 2) and correlation over the whole range of component concentra-
the reference band was limited between these points. Thetions (0-100%), but is based on the peak height of the bands,
measurement band used was the same as before. The coand integration of the band areas usually gives smaller vari-
relation of the band ratio with the amorphous content was ations in the results. We also found that the variations are
linear with a correlation coefficient d®=0.996, and the  further reduced if the baseline points are chosen close to
calibration error was as small as 0.2% (W/NR)J. 4). the bands, although this baseline does not necessarily rep-

Spectral differences between different polymorphic resent the zero level of the Raman signal. This was not

forms, or between crystalline and amorphous forms, are usu-possible, however, when the whole amorphous/monohydrate
ally small, and typically the analysis are based on two par- concentration range was considered and a new, iterative
tially overlapping bands. An algorithm, developed by Kon- method for background subtraction developed by Lieber and

Mahadevan-Jansgfl] was used.

&8 : ‘ ; ' ' ! 3.2. Comparison with the IMC method
0.7t Two batches of samples were prepared by spray dying.
These batches were used to compare the Raman method with
the IMC method. Three parallel determinations for each sam-
ple were performed with both methods and the mean values
were used in the comparison. Average deviations of paral-
lel samples were comparable in both methods, being 1.4%
(w/w) for Raman and 1.8% (w/w) for IMCHig. 5. The
responses determined by the amorphous and monohydrate
samples were used in transforming the values into the con-
centration units.

o
o

RAMAN BAND RATIO
o o
-l‘b- w

SEC = 1.3 % (w/w)

SD =1.0 % (wiw)

0.3f , The calibration function for the Raman quantifications,
y = 0.00001138 x"-0.002965 x + 0.7320 . . .
obtained from the measurements of the physical mixtures,
- , ‘ , . . . was used when the amorphous content of the spray-dried
' 0 20 40 60 80 100 samples was analyzed by Ramé&ig( 5). This compensates
AMORPHOUS CONTENT (% wiw) for the non-linearity of the Raman response, which is mainly

. . . dependent on the baseline method used and the band areas
Fig. 3. Ratio of the Raman band areas as a function of the amorphous content . . L. . . .
in physical mixtures. Correlation was determined for the mean values, and Chosen for the calibration. This kind of calibration transfer is
the average variation of separate measurement points is also given. The Obvious procedure when homogeneous samples are con-
markers refer to single pointsj and mean valuesl). sidered, but in cases of inhomogeneous samples differences
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Fig. 5. Comparlsqn of IMC and Raman methods with spray-dried lactose Fig. 6. Spectrum of the crystallized product of amorphous lactose (—/top)
samples. Each point represents a mean value of three parallel samples, angompared witha-lactose monohydrate (- - -/bottom) and roller-dripe

the average variation§ of both methods are also given. The two mark_ers referIactose anhydrate (—/bottom). Residual of the fitting with a combined spec-
to separate pre_parz_anon_ batches and an extrapolgted reference point (+) fofrum (40/60) is also given (- - -/top).
the IMC determinations is also shown. Only the points below 80% were used
when fitting the line.
sensitive CCD-Raman spectrometer equipped with a fiber-

in scattering properties, which are dependent on particle sizeoptic probe.
and mutual distribution of the components, may cause some
uncertainty in Raman quantifications.

The IMC and Raman values show a linear correlation 4. Conclusions
(R2=0.990) over the amorphous content range of 0-80%, re-
sulting ina mutual calibration error of ca. 2.0% (W/K)g. 5). Raman spectroscopy proved to be an effective method in
When the amorphous content was higher than 80%, the valuethe quantification of the amorphous content of lactose. The
of the crystallization heat, determined by IMC, did not in- calibration error for the physical mixtures containing 100%
crease with an increase in the amorphous conteigt 6). amorphous lactose and 1008lactose monohydrate was
This result may be related to the finding that in the IMC 1.3% (w/w) over the whole concentration range and reduced
determinations the crystallized product of amorphous lac- to 0.2% (w/w) in a narrower range of 0—10% amorphous
tose contains some anhydrogdactose in addition to the  content. In addition to Raman, the amorphous content of the
monohydratg11]. This can be clearly seen in the Raman spray-dried lactose samples was determined by IMC. The
spectrum of the crystallized product of the 100% amorphous correlation between the Raman and IMC methods was good,
lactose (54% RH, 25C). The spectrum can be explained resulting in a mutual calibration error of 2.0% (w/w) over the
by a combination of the spectra aflactose monohydrate amorphous content range of 0—80%. When the amorphous
and roller-drieg3-lactose anhydraté=(g. 6). The bestfitwas  content of the sample was higher than 80%, the value of
obtained with a concentration ratio of ca. 40/60 (monohy- the crystallization heat, determined by IMC, did not increase
drate/anhydrate). with an increase in the amorphous content. The result sug-

The present results suggest that a reference value of cagests that a higher reference value of ca. 60 J/g ought to be
60 J/g ought to be used in IMC determinations of spray-dried used in IMC determinations of spray-dried samples instead
lactose samples. This is higher than the crystallization heat ofof the crystallization heat of 100% amorphous lactose (ca.
amorphous lactose, ca. 50 J/g, normally used in IMC deter- 50 J/g) valid for physical mixtures.
minationg11]. The problem is not encountered with physical Raman spectroscopy has many generic features, which are
mixtures of amorphous lactose and lactose monohydrate, be-also advantageousin the determination of the amorphous con-
cause the amorphous fraction crystallizes to the mixture of tent of a sample e.g., the method is very fast compared with
mono- and anhydrates (40/60), and the response is linear ovemany traditional methods, usually no sample preparation is
the whole concentration range. needed and the method does not destroy the sample. Errors

Combining a Raman spectrometer with an IMC system due to the small sample area, limited by the narrow excita-
can be very useful in clarifying the processes that take placetion beam, can be reduced by averaging several measurement
during crystallization. The measurement could be performed points. This can be automated with an accessory driven by a
through the walls of a crystallization ampoule by using a stepping-motor, but the total analysis time tends to increase
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