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Abstract

Quantitative Raman spectroscopy of conventional wet granulated pharmaceutical immediate release tablets and subsequent data evaluat
was investigated. Different aspects of quantitative assessment of active pharmaceutical ingredient (API) in intact tablets with special focu:
on sub-sampling issues were addressed. Four different geometric laser irradiance patterns were examined to study the effect of sub-sampli
within the tablets. The Raman data was evaluated using both univariate and multivariate techniques. UV absorbance spectroscopy was us
as a reference method. The best result in terms of prediction error was attained by irradiating a large area of the tablets. Using multivariat
calibration with multiplicative signal correction (MSC) the prediction error was 1.7%. In addition, the effect of tablet density on the Raman
assessment was investigated. It was found that quantitative Raman assessment of chemical content can be made insensitive to variatic
in tablet density corresponding to a manufacturing compression interval of 5-20 kN provided that adequate data treatment is used. A shol
discussion about sample heating in the context of different irradiation patterns is included with reference to previous work. In conclusion, the
present study provides a platform for developing an implementation strategy for quantitative Raman spectroscopy for both laboratory analysi
and process analytical technology (PAT) applications.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction spectroscopic technique is near-infrared (NIR) spectroscopy.
It is indeed both simple and fast but has some limitations.
In the last few years the need for fast and simple labora- In NIR spectroscopy the broad spectral features overlap and
tory analyses as well as for at line/on line/in-line analyses for often hiding the relevant chemical information. In addition,
the pharmaceutical industry has increased dramatigy. light scattering within solid pharmaceuticals is quite extreme
With increased regulatory demands of control and increasedand will act to distort the spectra even further. This makes
number of assessments new tools have to be consideredspectral analysis complicated and multivariate evaluation is
The traditional analytical techniques often involving com- often required. Still problems exist with maintenance of mul-
plicated sample pretreatment procedures are in this contextivariate models and transfer of methods to other laboratories.
too slow. Furthermore, all solid-state information about the  There is a growing interest for implementation of
active ingredient and matrix is lost when using wet-chemistry Raman spectroscopy solutions for analysis of pharmaceu-
methods. Spectroscopic techniques, on the other hand, ardicals[2,4—6] Still, up to date a surprisingly small number
both simple and fag8]. Most spectroscopic techniques can of quantitative Raman studies have been reported. Raman
be performed remotely via optical fibers or otherwise and can spectroscopy has been utilized for probing of blending and
easily be multiplexed. So far the most utilized quantitative mixing of non-compacted powders. Deeley et al. compared
mid-IR and Raman spectroscopy of mixtures of polymor-
phic cortisone acetate and found prediction errors of about
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gquantitative models for mixtures of polymorphic forms of methods. The repeatability and prediction error of developed

an active substandg]. Taylor and Zografi developed quan- quantitative multivariate models will be compared for the

titative models of crystalline to amorphous content in dry different irradiance patterns and the results are discussed in

mixtures of indomethacing®]. view of the chemical homogeneity on the microlevel shown
Compacted solids present additional challenges for devel-by NIR imaging of the tablets. Different spectral evaluation

oping robust analytical procedures. The literature contains criteria are tested and compared with partial least squares

only a few examples where these problems are discussed(PLS) models. Lastly, the influence of tablet density on eval-

Kontoyannis reported on a Raman method for quantitative uated Raman spectrais studied and discussed in view of other

assessment of glycine/calcium carbonate taljléis A rel- spectroscopic techniques.

ative standard deviation (R.S.D.) of about 2.5% for repeated

measurements of single tablets was reported. Wang et al.

reported on assay of aspirin as well as determination of its 2- Materials and methods

major degradation product salicylic acid in binary aspirin

tabletg11]. Jedvert et al. used NIR and Raman spectroscopy

to assay c_omr_nermal |so$0rb|de-5-mqnon|trate taljledy Tablets were manufactured according to an experimental
Using multivariate evaluation a prediction error of lower than design. The content of the active component (produced at

2% was .reported, both for.Raman and NIR SpeCtr.O.SCop_)y. AstraZeneca R&D 8dertilje, Sweden) was varied between
Notably, in that paper arotating sample holder was utilized in 45 and 55 mg. The tablets contained microcrystalline cellu-

the Ram.an.analysisir? prderto achieve high repeatability. Thelose as a filler and five other excipients. The experimental
same p””C'P'e was utilized by Szostak apd Mazurekwhp also design comprised varying content of active (five levels), lot
used a rotating sample holder and multivariate evaluation of active component (two batches) and lot microcrystalline cel-

the Raman spectfa3]. Powders of ground tablets containing lulose (two batches). The amount of filler was adjusted for

ace.tylsallcyllc .ac_ld and acetaminophen were used and theye,, .y 1o\ of content active to reach a tablet weight of 157 mg.
achieved prediction errors of less than 2%.

. ) The use of multi- In addition, another set of tablets were manufactured with
variate evaluation of Raman spectra was further reported byvariation in tablet compression force at four levels: 5, 10, 15

!I)yrby etal.who ShO\.Ne.d the potential of variable selection to and 20 kN. The tablets were uncoated and had a diameter of
improve on the prediction errof$4]. Vergote et al. reported

on determination of the content of diltiazem hydrochloride

in diltiazem hydrochloride tablets using Raman spectroscopy
[15]. 2.2. Raman spectroscopy

2.1. Tablets

Analysis of compacted powders such as pharmaceutical

tablets requires a great deal of considerations other than the575Rgm?n sg/e;tra were acquired ésingb % Biol\I/T:dUg;S
more fundamental aspects of spectroscopy of solid materials. infrared/Raman spectrometer (Cambridge, ' )

Due to spatial variations and inhomogeneities of the sample‘?qu'pped with a Nd-Yag laser operating at 1064nm and a

matrix spectroscopic assessment of samples is a delicate taskqu'd ntltr?ggg-cci/?lltiﬁ ge_rmalnlum detector. Thef Igjer powe;[[]
that canyield different results depending on how the measure-"V2S S;_ a i MY, ef'gna was an ztiveragedoth scalnstf €
mentis setup. This s often referred to as scale of scrutiny andrecor4 Ing 1|m_|(_ahwa§. ca. tmlnfptehr s;l)ec rugn an t? resofution
has been thoroughly discussed for NIR spectroscopy of soligsVas “cm . The diameter of the laser beam at focus was
[16]. Compared with NIR, Raman spectroscopy is more crit- approximately 0.5 mm accordlr!g to the mstrument manufac-
ical because of the even smaller irradiated sample volume Off[urer_. The ta_blets were plaped In a rotating ?‘i.”?p'e holder to
pharmaceutical solids and only a small fraction of a cm-sized !rrad!at_e various areas during spect_ral ach|S|t|_on._ The_ laser
sample will be assessed by Raman measurements. Thus, iHr_adlqtlon pgtterns used are showrHg. 1. For pomt irradi-
orderto achieve arepresentative quantitative analysis of a sin-ation five points on each side were measured while the tablets

gle pharmaceutical unit such as a tablet, the sample has to pdvere stationary. For circle irradiation the tablets were rotated

moved to multiple positions during Raman acquisition. This _ _
sub-sampling problem has been discussed before in the liter- Point Circle Area

ature[12]. This has special implications for real-time process
Raman measurements since obviously the assessment has to
be rapid. One way to deal with the sub-sampling problem is

to utilize rotating sample holders. In this way the collected

signal will be acquired from a much larger area of the sam- Irradiated2 0.2 3.9 (small) 19.6

ple. This has also been used and reported eddibr13] araa, mm ) 48 (ame)

howeve_r, the effe(_:t was never studied in great_er gletail. % of tablet 0.4 8 (small 39
In this paper, important aspects of quantitative Raman  front surface: 16 (large)

analysis of tablets are investigated. The sub-sampling prob-
lem is addressed by comparing different laser irradiance Fig. 1. Different laser irradiance patterns for Raman assessment of tablets.
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to yield a pattern of a circle with a diameter of 2.5 mm (small Fos
circle) and 5 mm (large circle), respectively. The areairradia- = 5
tion was achieved by simultaneously rotating and translating & ™
the tablets resulting in a spiral motion of the excitation beam g 0.4
on the tablet surface. The diameter of the sampled area was g »
5mm. The Raman spectra were exported to Microsoft Excel §
where data evaluation was done. Multivariate evaluation was = 0_4 3 2

performed in Simca-P 8.1 (Umetrics AB, UBneéSweden).

—a—intensity

—a—ratio

Intensity ratio
(peak/total)

Sample position (mm)

2.3. Reference analysis Fig. 2. Profiling of the effective focal depth of the Raman excitation laser.
The Raman intensity at 1612 crhas well as the intensity ratio at 1612 ti

The content of active ingredient in the tablets was deter- and the average intensity between 1000 and 1500 dmdisplayed as a
mined using UV absorbance spectrophotometry. Each tabletfunction of sample position along the optical axis.
was weighed and transferred into a 25 ml volumetric flask. can be considered to be robust against variations in sample
Twenty milliliters of phosphate buffer pH 3.0 were added position for most practical situations.
and the flask was shaken vigorously in a mechanical shaker |n order to visualize the effect of sub-sampling a few
for 30 min until the tablet was completely disintegrated. The taplets were imaged using a NIR imaging system. Intact
samples were diluted to volume with phosphate buffer pH tablets were placed directly on the microscope sample table
3.0 and left to sedimentate for 3h. Five milliliters of the and images were recorded from both sides of the tablet. In
clear solution were transferred to a 50 ml volumetric flask addition, tablets were cut into half using a rotary cutter and
that was filled to volume with phosphate buffer pH 3.0. cross sections both parallel and perpendicular to the tablet
A diode array UV spectrophotometer (HP 8453, Hewlett front face were collected. Also images of piles of pure active
Packard Sverige AB, $mga, Sweden) was used. The spec- substance and excipients were collected. The spectral images
tral range was 190-1100 nm with a resolution of 1 nm. The \ere preprocessed using first order derivatives and spectral
light absorption was measured at 274 nm and the backgroundsignatures were determined characteristic for each substance
at 550 nm. using spectra from the pure componentsitn 3a, 1stderiva-
tive images at 1620 nm are shown for four intact tablets
displaying the distribution of the active substance at the front
surface. The four images illustrate well the statistical nature

~ Intact and bisected tablets were imaged using a near-q¢ he gistribution of the active component (white areas) with
infrared imaging system (MatrixNIR, Spectral Dimensions i, smaller and larger regions within the tablets. In gen-

Inc., Olney, MD, USA). Images were collected at10 nminter- o5 the active component was found to be present in larger
val from 1100 to 1700 nm using ador a 10 objective. The  jomains (<1 mm), lactose was found at smaller domains on
NIR data was processed using the evaluation program ISysSihe |imit of the spatial resolution and the microcrystalline

(Spctral Dimensions Inc.). cellulose appeared to be evenly distributed within the tablets.
The cross sections of the bisected tablets were studied with

2.4. NIR imaging

3. Results respect to accumulation of any substance closer to the sur-
face, however, no such spatial inhomogeneity could be found
3.1. Irradiance pattern see Fig. 3).

To further characterize and to give a quantitative mea-

A representative sample presentation is a key factor to sure of the sub-sampling problem tablets were measured in
attain reproducible and robust Raman assessment of tabletshe Raman system using the point irradiance patteia @,
The first aspect of sample presentation that was studied inpoint irradiance). Tablets were placed in a stationary tablet
this paper was the dependence of sample distance to focaholder and Raman spectra were acquired from five positions
plane on the Raman signal. A tablet was placed in the tableton each tablet side. The maximum intensity of the API peak
holder, its position along the optical axis was varied and a at about 1612 cm' was found for each spectrum and a rel-
Raman spectrum was collected for every 1 mm translated. ative standard deviation of 10 recordings for each tablet was
In Fig. 2, the intensity of the Raman signal at 1612¢his calculated. Inrable 1 the calculated R.S.D. for five different
plotted against the sample position along the optical axis. In tablets and the mean value of those are shown. As can be seen
addition, the evaluated Raman data expressed as the ratio ofhe mean value of R.S.D. values, that can be interpreted as
the intensity at 1612 crt and the average intensity between the point to point measurement error, is as high as 5%.
1000 and 1500 cmt is shown inFig. 2 In spite of the signifi- Raman measurements were performed using the different
cant effect on Raman intensity from different positions along laser irradiance patterns shownhig. 1 The circle irradi-
the optical axis, the variation in evaluated signal is minimal ance pattern was done both for 2.5 and 5 mm diameter. Two
after normalizing with peak ratioing. The calculated R.S.D. recordings were made on each tablet, one from each side, and
across 7mm was only 2.5%. Thus, the Raman assessmenthe difference of the two was calculated as a measure of the
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Fig. 3. NIR images of the surface of four different intact tablets (a) and one bisected tablet (b). The images were preprocessed using firsndeshative a
the corresponding values at 1620 nm. White areas correspond to areas of a high concentration of API. The size of the tablets was 8 mm.

sub-sampling error. The average values of recordings from3.2. Data evaluation

20 different tablets are shown ifable 2 The Raman data

was evaluated as the ratio of the peak at 1612%cand the A number of different data evaluation criteria are com-
average intensity between 250 and 1500 érifable 2shows pared here utilising the area irradiance pattern. Traditionally,
the benefit from increasing the sampled area as the progressophisticated data evaluation are not utilised due to the fact
sive lowering of the sub-sampling error. It is also shown that that Raman spectra in most cases include sharp features that
no improvement is attained going from a 5 mm circle pattern are clearly separated from each other. Thus, in many cases

to a 5mm area pattern. the peak height or peak area of one significant Raman feature
Table 1 Table 2

R.S.D. of evaluated Raman data expressed as the intensity at 1622cm Comparison of different laser irradiance patterns and effect on quantitative
Tablet R.S.D. (%) =10 assessment

1 7.3 Pattern Difference side A side B,n=20

2 4.8 Point 4.0

3 4.2 Small circle 2.1

4 4.0 Large circle 1.4

5 4.9 Area 1.4

Mean 5.1 The difference between two evaluations from the same tablet is calculated.

The R.S.D. values are based on 10 recordings from each tablet. Reported values are mean values of the differences from 20 tablets.
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Table 3

Different data evaluation criteria

Evaluation RMSE (%) 't’lafings
plo

Peak height 2.7

Peak area 2.7

Peak area-background 2.8

Peak area/total 1.9

Peak area/excipient 1 2.3

Peak area/excipient 2 2.2 tablet

PLS? 1.7 spectrum

Peak height: maximum intensity close to 1612¢mpeak area: inte-

grated intensity of 1612 peak, background: spectral background close to 0 500 1000 1500 2000

1612 cnTl, total: integrated intensity 1000—2000 thy excipient 1: maxi-
mum intensity close to 360 cm, excipient 2: maximum intensity close to
1097 cnr?,

a8 RMSEP value.

Raman Shift (cm-1)

Fig. 4. Raman spectrum of tablet together with loadings plot from PLS
calibration. Raman data between 1000 and 2000'awere used in the PLS
calibration.

is used. In our case the peak height or peak area gave simi-

lar results, as shown ihable 3 The root mean square error A more powerful data evaluation scheme is the use of mul-
(RMSE) was calculated as the relative standard deviation of tivariate analysis. Multivariate analysis is frequently used in
residuals from linear regression models of Raman and refer-combination with NIR spectroscopy where the spectral fea-
ence data. Since the background intensity may originate fromtures are less distinct. However, the combination of Raman
both sample fluorescence and hidden non-resolved Ramarspectroscopy and multivariate evaluation is quite unusual.
features it should be beneficial to subtract the backgroundHere, PLS models were developed as a comparison to the
from the peak area. However, no improvements were noticedother evaluation criteria reported ifable 3 Different data
from this procedure. The background procedure was repeatecpretreatment protocols were utilized: second derivative, mul-
for other data from the same tablets and again without any tiplicative signal correction, standard normal variate trans-
noticeable improvement. A further improvement was found form (SNV) as well as combinations of those. It was found
to be peak normalization. This was done using the integratedthatan MSC correction resulted in the lowest prediction error.
intensity over a large portion of the relevant Raman spectrum In Fig. 4a typical Raman spectrum is shown together with a
as well as using selected excipient peaks. The most succesdoadings plot. Using MSC pretreatment a single PLS compo-
ful normalization was found to be normalization against the nentwas sufficient to accurately model the API content. From
total area rather than selected excipient pedkblé 3. the tablet spectrum and loading plofo§. 4itis clear that the
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105 simulate. This will put the focus on the robustness of a PAT
g 1:8; I . tool and not only on a high precision. The robustness of an
£ 102} analytical procedure is a product of fundamental properties of
-_% 1.01 ¢ . 2 b ; the technique, instrumental realisation and the utilised sam-
- 0.9; I * M pling technique. Here, a number of important issues have
E 0.98 | 3 : . been addressed that have to be thoroughly investigated before
& 097} reliable Raman assessment can be realised.
b . , , . Representative measurements is of particular importance
0 5 10 15 20 25 in Raman spectroscopy due to the limited irradiated volume
Tablet compression (kN) per scan. From the NIR images fig. 3it is clear that the

size of the API region in the utilised tablets is comparable to
Fig. 6. Influence of tablet compression force during manufacturing on the laser focus diameter used here, about 0.5 mm. Thus, with
Raman signal. The evaluated Raman_signal is e_xpres_sed as the ratio °fpoint irradiance very Iarge errors may be introduced unless
the Raman peak at 1612 cthand the integrated intensity from 100 to L . . .
1600 cnT! and normalized against reference analysis data. the sample (or excitation beam) is ”_“’Yed during data acqui-
sition. On the other hand, already a limited sample movement
is sufficient to lower the assessment error below 2% and with
a further increased irradiated area the precision is not much
improved. A similar conclusion can be made from the mul-
tivariate evaluation as shown Fig. 5. In the latter case the
tbenefit from moving the sample seems to be less important.
This may be a result of multivariate evaluation being capable
of sorting out the relevant information, thus resulting in more
robust models. Furthermore, multivariate evaluation results
in lower prediction errors than manual data evaluation. The
" best manual evaluation technique was found to be normaliza-
tion against the total intensity, which is not surprising since
such measurements are largely insensitive to both sample
3.3. Tablet density movements and excipient inhomogeneities. It is important to
point out that the conclusions made here are based on one
A set of tablets was measured with variation in density as type of tablet only and may not be generalized. However, the
an effect of manufacturing compression force ranging from tablets were manufactured according to a widely used wet
5 to 20kN. Raman spectra were acquired using the samegranulation procedure and should at least to some extent be
measurement conditions as with the other tablets and usingrepresentative for other immediate release tablets.
2.5mm rotation diameter of the sample holder. The spectra  Another aspect of different irradiation patterns to be con-
were evaluated by calculating the ratio of the active sub- sidered is potential heating of the sample. It has been shown
stance carbonyl peak at 1612 chand the integrated Raman  that for some materials already low laser powers are suffi-
intensity from 100 to 1600 crmtand normalized against the  cient to raise the temperature locally during acquisition and
reference value as determined by UV absorbance analysisthat spectral shapes might be altef&d]. However, sample
The evaluated data are showrFiig. 6as a function of tablet  heating can be avoided again by moving the sample during
compression force. As can be seen fréig. 6 no signifi- acquisition in order to distribute the excess heat to a larger
cant effect of tablet density on the evaluated Raman signal isyvolume although for non-compacted powders the heat dis-
observed. The R.S.D. of all values was calculated to be 1.5%sipation is very poor. Hence, a slight movement of samples
which is comparable with values reported above for tablets during Raman assessment takes care of both the sub-sampling
of a single compression force. problem and potential sample heating. An in-depth discus-
sion can be found elsewhdE7].
The Raman measurements here on tablets manufactured at
4. Discussion different compression forces clearly show that Raman assess-
ment is not much influenced by tablet density. The calculated
The use of spectroscopic techniques for quality control of R.S.D. for all measurements was less than 1.5% and still
pharmaceutical materials has increased rapidly in the past fewthe design covers a wide range of compression forces. These
years. Raman spectroscopy has the potential to be developedesults are interesting in view of the current status of NIR
into the first choice for assessment of API in solid products. spectroscopy. Near-infrared spectra and associated calibra-
In particular, Raman solutions for process analytical tech- tions are strongly influenced by changes in the tablet matrix
nologies (PAT) require both rapid and reliable technologies. due to changes in light scattering properties. These effects
The main challenge for process control is the continuously can be limited by data pretreatment but still results in off-
changing process conditions that are difficult to predict or sets in existing calibrations. Possible reasons why Raman

API gives a positive contribution and the excipients a negative
contribution to the loading vector. Comparing the different
models root mean square error of prediction (RMSEP) values
were used, where the error is predicted from an independen
data set not included in the PLS model Hig. 5, prediction
plots for the different laser irradiance patterns are shown.
Again, irradiating a larger tablet surface seems to result in
lower prediction errors. Comparing the valuestable 3the
multivariate evaluation seems to be slightly better than aman
ual data evaluation at discrete frequencies.
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