
A

o
a
o
f
b
s
R
r
r
5
C

K

1

i
t
c
c
e
n
m
u

0
d

Available online at www.sciencedirect.com

Journal of Pharmaceutical and Biomedical Analysis 47 (2008) 221–229

Non-invasive quantitative assessment of the content
of pharmaceutical capsules using transmission

Raman spectroscopy

Charlotte Eliasson a, Neil A. Macleod a, Linda C. Jayes b, Fiona C. Clarke b,
Stephen V. Hammond b, Mark R. Smith b, Pavel Matousek a,∗
a Central Laser Facility, Science and Technology Facilities Council, Rutherford Appleton Laboratory,

Harwell Science and Innovation Campus, Didcot, Oxfordshire OX11 0QX, United Kingdom
b Pfizer, Process Analytical Support Group (PASG), Pfizer Ltd., Ramsgate Road, Sandwich,

Kent CT13 9NJ, United Kingdom

Received 15 November 2007; accepted 8 January 2008
Available online 17 January 2008

bstract

This study demonstrates how transmission Raman spectroscopy can be used in the quantitative, non-invasive probing of the bulk content
f production line relevant pharmaceutical products contained within capsules with a strong interfering Raman signal (principally TiO2). This
pproach is particularly beneficial in situations where the conventional Raman backscattering method is hampered or fails due to excessive Raman
r fluorescence signals emanating from surface layers (capsule or coating) that pollute the much weaker subsurface Raman signals. In these
easibility experiments the interfering surface Raman signal was effectively suppressed, relative to the Raman signal of the internal content,
y a factor of 33, in the transmission geometry in comparison with the conventional backscattering Raman approach. In conjunction with the
uperior bulk probing ability of the transmission Raman geometry, which effectively removes the sub-sampling problem inherent to conventional
aman spectroscopy, and multivariate analysis (principal component analysis (PCA), partial least squares (PLS) and classical least squares (CLS)
egression), this provides an analytical tool well suited for rapid control monitoring applications in the pharmaceutical industry. The measured
elative root mean square error of prediction (RMSEP) of the concentration of the active pharmaceutical ingredient (API) was 1.2 and 1.8% with
and 1 s acquisition times, respectively.
rown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
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. Introduction

In a number of analytical pharmaceutical applications there
s a need for techniques capable of probing capsules or coated
ablets non-invasively in order to quantitatively monitor the
hemical composition in terms of both active pharmaceuti-
al ingredients (API) and other constituents or impurities. For
xample, in quality control, information is needed rapidly and

on-destructively to quantify the presence (or absence) of poly-
orphs or undesired salt forms of the active ingredient, and

nwanted contaminants (including unreacted chemicals from

∗ Corresponding author. Tel.: +44 1235 445377; fax: +44 1235 445693.
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he production and purification stages). The need for such data
nalysis is emphasized by the Food and Drug Administration’s
FDA) Process Analytical Technology (PAT) initiative [1] that
equires pharmaceutical manufacturers to ensure the quality of
he final product by improved performance monitoring and con-
rol.

The need to obtain such information rapidly and non-
nvasively is dictated by the practical requirements of
pplications such as quality monitoring on production lines or
hen quantifying product shelf lifetime. While alternative ana-

ytical methods such as X-ray or THz spectroscopy can be used,

hese approaches are presently relatively expensive [2]. Near
nfrared (NIR) absorption can also be used non-invasively, but
he information obtained is limited in chemical specificity, which
estricts its potential application. Raman spectroscopy, on the
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Fig. 1. (a) Illustration of the conventional backscattering Raman, SORS and
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ther hand, possesses exceptionally high chemical specificity
nd, in conventional backscattering collection mode, has been
sed for monitoring the composition of pharmaceutical tablets
3–10]. However, with capsules, its applicability to non-invasive
robing has been limited to cases where the Raman signal and
uorescence emanating from the capsule shell does not interfere
trongly with the Raman signal of the material held within the
apsule.

This work builds on recent developments in the area of
eep non-invasive probing of diffusely scattering samples using
aman techniques. In particular, two practical methods have
een demonstrated to be suitable for the interrogation of pharma-
eutical samples, spatially offset Raman spectroscopy (SORS)
11,12] and transmission Raman spectroscopy.

The SORS method is capable of providing resolved spectra
f each layer of a stratified sample (e.g. coated tablets or phar-
aceutical capsules) and is based on the collection of Raman

ignals from spatial regions offset from the point of illumination
n the sample surface. Since the first experimental demonstra-
ion of the SORS concept on powders [11], it has been applied
n numerous applications including the demonstration of Raman
omography in turbid media and the non-invasive Raman spec-
roscopy of bones on cadavers by Schulmerich et al. [13–15] and
he first observation of the Raman spectrum of a human bone in
ivo by Matousek et al. [16]. Its potential has also been demon-
trated in pharmaceutical applications such as the non-invasive
onitoring of counterfeit drugs through packaging by Eliasson

nd Matousek [17]. Recently, a more sensitive variant, inverse
ORS has been demonstrated [18,19]. Research by Eliasson et
l. [20] also showed that a moderate suppression of surface sig-
als can be accomplished by defocusing a conventional Raman
nstrument.

Subsequently [21,22] it has been shown that transmission
aman spectroscopy is particularly effective in probing the bulk
ontent of non-absorbing or weakly absorbing pharmaceuti-
al and biological samples at depths well beyond the reach of
onventional approaches by removing the bias towards surface
ayers of the conventional Raman approach (sub-sampling) [21].
n the transmission Raman geometry, the laser beam is inci-
ent upon one side of the probed capsule and the Raman light
s collected from the opposite side (see Fig. 1). This concept
an be considered as a special case of SORS with the illumi-
ation and collection points situated at extreme displacement.
lthough the transmission Raman technique was demonstrated

n the early days of Raman spectroscopy [23], its benefits for
he non-invasive probing of the bulk content of pharmaceutical
amples had not been previously recognised. In particular, these
nclude the removal of the so-called sub-sampling problem [21]
over-sensitivity to the surface layers of the probed medium),
rom which conventional Raman spectroscopy suffers [24], and
he effective suppression of fluorescence components emanating
rom coating or capsule layers [22]. The aforementioned non-
nvasive Raman methods and their application areas are reviewed

n Ref. [25].

This work demonstrates the ability of the transmission Raman
ethod to provide quantitative information on the internal com-

osition of capsules where a strong interfering capsule shell

s
a
t
s

aman transmission geometries (from the top to the bottom). (b) Schematic
iagram of the experimental layout employing transmission collection geometry.

aman signal is present in conventional backscattering Raman
pectroscopy. The provision of this information is a key prereq-
isite for the deployment of this method in PAT applications.
he general feasibility of the quantification of tablets and cap-
ules using transmission Raman was recently demonstrated by
ohansson et al. [26]. This study, using 20 test tablets and an
nspecified number of capsules specifically formulated for the
rial runs, achieved a relative root mean square error of prediction
RMSEP) of API concentration of 2.2 and 3.6%, respectively,
ith a 10-s acquisition time. In this work, we applied the trans-
ission Raman technique to an existing drug mass produced

nd available on the market. The formulations were prepared in
laboratory environment within the relevant production concen-

ration range (Table 1 and Fig. 2). The capsules used possessed
trong interfering Raman signal hampering the use of other PAT
ompatible optical spectroscopy methods such as NIR absorp-
ion and conventional Raman spectroscopy for the purposes
f non-invasively quantifying the API present in the capsules.
he entire sample set contained 150 capsules. The measured

elative root mean square error of API prediction was higher
han that achieved before 1.2 and 1.8% with 5 and 1 s acqui-

ition times, thus reaching production line relevant accuracy
nd measurement times. The study demonstrates quantitatively
hat the transmission geometry suppresses the interfering cap-
ule shell Raman signature (mainly TiO2), by a factor of 33,
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Table 1
Relative concentrations (wt%) of the four ingredients of the laboratory produced batches

Blend (#) API (wt%) Mg stearate (wt%) Pregelatinised starch (wt%) Lactose (wt%)

1 27.0 0.67 9.5 62.8
2 27.0 1.00 10.0 62.0
3 27.0 1.38 10.5 61.1
4 28.5 0.84 11.0 59.7
5 28.5 1.20 9.0 61.3
6 28.5 0.67 10.0 60.8
7 30.0 1.00 10.5 58.5
8 30.0 1.38 11.0 57.6
9 30.0 0.84 9.0 60.2

10 31.5 1.20 9.5 57.8
11 31.5 0.67 10.5 57.3
12 31.5 1.00 11.0 56.5
13 33.0 1.38 9.0 56.6
1
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4 33.0 0.84
5 33.0 1.20

nd this improves the accuracy and stability of prediction mod-
ls.

. Experimental and methods

.1. Instrumental
The Raman spectra were measured using Raman appara-
us described earlier [18] modified to operate in a transmission
eometry [21]. The probe beam was generated using a frequency
tabilised diode laser operating at 830 nm (Process Instruments,

a
a
(
c

ig. 2. (a) Plot of API concentration vs. lactose concentration for each laboratory pro
9.5 56.7
10.0 55.8

odel PI-ECL-830-300-FS). The laser power at the sample was
50 mW and the laser spot diameter was ∼3–4 mm. The beam
as spectrally purified by removing any residual amplified spon-

aneous emission components from its spectrum using three
30 nm bandpass filters (Semrock).

Raman light was collected from the opposite side of the sam-
le from the illumination site using a 50-mm diameter lens with

focal length of 60 mm. The scattered light was collimated

nd passed through a 50-mm diameter holographic notch filter
830 nm, Kaiser Optical Systems Inc.) to suppress the elasti-
ally scattered component of light. A second lens, identical to

duced batch and (b) scatterplot/boxplot of the total mass of each capsule.
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he first, was used to image, with magnification 1:1, the sample
ollection zone onto the front face of a fibre probe (CeramOptec
ndustries Inc., numerical aperture = 0.37) made of 22 active
ptical fibres. The individual fibres were made of silica with
core diameter of 220 �m, a doped silica cladding diameter

f 240 �m and a polyimide coating of 265 �m diameter. The
bre bundle length was ∼2 m and at the output end the fibres
ere arranged into a linear shape [27] oriented vertically and
laced in the input image plane of a Kaiser Optical Technologies
olospec 1.8i NIR spectrograph. Raman spectra were collected
sing a NIR back-illuminated deep-depletion thermoelectrically
ooled CCD camera (Andor Technology, DU420A-BR-DD,
024 × 256 pixels) by binning the entire chip vertically. The
pectra are not corrected for the variation of the detection sen-
itivity across the spectral range. The spectral resolution was
stimated to be around 13 cm−1.

The measurements presented in Fig. 3 were obtained using
he laboratory instrument under the same conditions as above

part from the laser probe wavelength which was 827 nm and
sing a lower laser power (50 mW). The comparative Raman
easurements using a commercial confocal Raman microscope

ig. 3. Non-invasive Raman spectra of capsules. The spectra were obtained
sing (a) a standard commercial Raman system (Renishaw) in conventional
ackscattering geometry; (b) the same instrument as used in (a) but in a defo-
used mode; (c) a wide-area illumination laboratory Raman instrument in the
onventional backscattering geometry; (d) the laboratory instrument used in the
ransmission Raman geometry. The Raman spectra of an empty capsule shell
lowest trace) and the capsule content itself (top trace, the capsule content was
ransferred into an optical cell) are also shown for comparison. The dashed lines
ndicate the principal Raman bands of the capsule and of the API.
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Renishaw inVia) were performed with a 20× microscope
bjective with a probe wavelength of 830 nm and a grating of
200 lines/mm. The laser power at the sample was 50 mW and
cquisition time was 10 s. The spectral resolution was ≤6 cm−1.

.2. Samples

The accuracy of the concentration of the two dominant con-
tituents (API and lactose) depends on the accuracy of the
eighing and blending process as reference potency data was
ot available for this sample set (see Table 1). For this feasibility
tudy, the samples were laboratory prepared using a PK blender
nd encapsulated using a hand filler into gelatine capsules. The
arget weight (274 ± 15%) was based on a target blend weight
f 225 mg and a capsule weight of 49 mg (Fig. 2(b)). Given the
ature of their composition with only two dominant variable
omponents (API and lactose) a strong concentration correla-
ion was present between these two components (highlighted in
ig. 2(a)).

.3. Numerical analysis

Spectra were analysed using the MATLAB software package
Version 2006b, Mathworks Inc., Natick, USA) with the PLS
oolbox (Version 4.0, Eigenvector Research Inc., Wenatchee,
SA) with a combination of in-built and user written scripts.
The pre-processing routine comprised baseline subtraction

with a non-negative spectral constraint [28]), normalisation to
nit length (division by the sum of squares of all data points in a
pectrum) and mean-centering of the entire dataset. Additional
ultivariate analysis was performed using The Unscrambler®

Version 9.6, CAMO Software AS, Norway).
The multivariate techniques applied included PCA, PLS

egression and CLS regression [29]. The dataset comprised
150 individual spectra representing 15 distinct chemical com-

ositions (“blends”) with ca. 10 capsules in each blend. Clear
utliers (i.e. spectra not representative of the rest of the dataset)
ere identified visually in the PCA analysis and excluded from

urther analysis. For the calibration and regression methods, the
emaining dataset (containing ∼140 samples) was randomly
plit into a calibration set (two-thirds) and a prediction set
one-third); this division was repeated 10 times. A model was
onstructed from each of the calibration sets and applied to the
rediction sets; quality of fit was estimated from the RMSEP (Eq.
1)), where Ymeas is the reference concentration of the species of
nterest, Ypred is the predicted concentration and n is the number
f points in the prediction set:

MSEP =
√∑

(Ymeas − Ypred)2

n
(1)

For classical least squares analysis, Eq. (2) was solved (for the
atrix of pure spectra, S) in terms of the experimental dataset
X) and the concentration matrix (C) using the entire spectral
egion (200–1800 cm−1):

= CS (2)
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In the case of PLS regression, the number of latent variables
sed in the calibration (analogous to the number of principal
omponents in PCA) was assessed by a cross-validation proce-
ure using 10 subsets randomly selected across the calibration
et; the optimum number of latent variables was defined as
he minimum of the root mean square error of cross-validation
defined in a similar fashion as the RMSEP).

. Results and discussion

Fig. 3 shows non-invasive Raman spectra of one of the cap-
ules measured using several different approaches. The analysed
ample represents the mid-point of the concentration range for
oth the API and the lactose excipient; the spectra are domi-
ated by these two analytes. Spectrum (a) was obtained using a
tandard commercial Raman system (Renishaw inVia) in con-
entional backscattering geometry. The spectrum is strongly
ontaminated with a Raman spectrum originating from the cap-
ule shell as is evident from comparison with the pure spectrum
f the empty capsule shell (Fig. 3, lowest trace). The intensity
f the capsule shell signal grossly complicates the quantitative
on-invasive analysis of the contents of the capsule using con-
entional Raman methods. Some reduction, by about a factor
f 2, can be accomplished by defocusing the Raman instru-
ent [20] although the resulting interference is still substantial

Fig. 3(b)). A comparable conventional backscattering Raman
pectrum was also obtained using a wide-area illumination lab-
ratory Raman instrument (Fig. 3(c)) producing a spectrum
imilar to that obtained using the defocused confocal Raman
icroscope.
A dramatic reduction of the Raman signal of the capsule

hell relative to that of the capsule interior, by a factor of 33,
as accomplished using the laboratory system operated in the

ransmission Raman geometry (Fig. 3(d)). The absolute Raman
ignal of the capsule interior diminished only by a factor of
8 enabling relatively short acquisition times to be maintained.
he capsule shell Raman signature is dominated by the Raman
ignal of TiO2 (anatase) [30] which contaminates the conven-
ional Raman spectrum of the formulation with undesired noise,
hus diminishing its prediction sensitivity and accuracy. Such
ayers are also known to present a considerable challenge to
IR absorption spectroscopy. Its strong reduction accomplished
ith the transmission Raman approach is highly beneficial to the

tability and accuracy of prediction models.
Typical spectra used in the multivariate analysis are shown

n Fig. 4. The results of PCA on the complete dataset with an
cquisition time of 5 s are shown in Fig. 5; similar results were
btained using a 1-s accumulation time. Each spectrum was
aseline corrected, normalised to unit length and mean-centered
efore analysis. The eigenvalues (Fig. 5(a)) indicate the pres-
nce of two or three significant principal components, in broad
greement with the designed concentrations (major components
PI (∼30%) and lactose (∼60%) and minor components starch
∼9%) and magnesium stearate (∼1%)) and the fact that the
oncentrations of lactose and API are correlated. The first prin-
ipal loading vector/eigenvector (Fig. 5(b)) can be understood
from reference spectra of the pure constituents) as a combi-

c

o
s

ig. 4. Typical capsule transmission Raman spectra, with acquisition times of
and 5 s, as used in the multivariate analysis. The spectra have been corrected

or background fluorescence.

ation of the spectrum of the API (positive peaks) and that of
actose (negative peaks). The inverse correlation between the

ain constituents is a result of the experimental design of the
ample composition (see Fig. 2(a)).

Plots of the scores of each spectrum on the first principal
omponent versus API or lactose concentration (Fig. 5(c) and
d)) show a clear linear correlation; the constituent capsules of
ach individual blend group form relatively well-defined clus-
ers. Data points outlying from the general behaviour can be
eadily identified (points 20, 40 and 71–80). The tight cluster of
ablets of blend 8 (samples 72–80) and its deviation from a lin-
ar correlation indicated an error in the production or labelling
f this particular blend; a similar behaviour was found in the
ata recorded with 1 s accumulation time. A subsequent HPLC
nalysis confirmed that this blend indeed had a substantially
ower quantity of API (25.3%) relative to the target concentra-
ion (30.0%). Remarkably, this value was correctly indicated by
he transmission Raman measurement (see Fig. 5) despite being
ell outside of the concentration range of the remaining sam-
les emphasizing the robustness of the method. HPLC analysis
f two other, randomly selected, blends gave API concentrations
n agreement with the target concentrations. The remaining out-
iers (20, 40 and 71) can be traced to random variations of the

easurement parameters or the presence of other errors; a sim-
lar number of outliers (comprising different sample spectra)
ere found in the 1 s dataset. All outliers were excluded from

urther analysis.
Figs. 6 and 7 show the predicted versus measured concen-

rations of lactose and API from PLS and CLS regression,
espectively, of the dataset collected with 5 s accumulation time;
imilar results were obtained using the 1 s dataset. Values of the
MSEP are given in Table 2 for API and lactose. The entire

pectral range (200–1800 cm−1) was used in the calibration;
ypically 1–2 latent variables were required to model the API

oncentration while 2–3 were required for the lactose excipient.

Both calibration methods provide prediction errors (RMSEP)
f the order of 1% of the absolute concentration. PLS regres-
ion gives a lower value of RMSEP (0.4% absolute prediction
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Fig. 5. Principal components analysis (PCA) of the API dataset. Spectra were baseline corrected, normalised to unit length and mean-centered. (a) Plot of eigenvalues
vs. number of principal components, (b) first principal eigenvector (loading vector); “positive” peaks correspond to API bands, “negative” peaks to lactose, (c) plot
of score of each spectrum on the first principal component vs. API concentration (a subsequent HPLC analysis confirmed that samples 72–80 had a substantially
lower quantity (25.3%) of API than designed (indicated by the dotted line) in good agreement with an extrapolation based on the remaining samples) and (d) plot of
score of each spectrum on the first principal component vs. lactose concentration.

Fig. 6. Partial least squares (PLS) calibration of the API dataset (5 s accumulation time). Spectra were baseline corrected, normalised to unit length and mean-centered.
The dataset was randomly split into a calibration set (two-thirds) and a prediction set (one-third); obvious outliers from the PCA analysis were excluded from the
analysis. (a) Predicted vs. measured API concentration of the prediction set, the straight line represents the 45◦ diagonal and (b) predicted vs. measured lactose
concentration of the prediction set. The straight line represents the 45◦ diagonal.
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Fig. 7. Classical least squares (CLS) calibration of the API dataset (5 s accumulation time). Spectra were baseline corrected, normalised to unit length and mean-
centered. The dataset was randomly split into a calibration set (two-thirds) and a prediction set (one-third); obvious outliers from the PCA analysis were excluded
f n set, ◦
c l. (c) C
a ther c

e
C
r
s
r
s

a
p

rom the analysis. (a) Predicted vs. measured API concentration of the predictio
oncentration of the prediction set, the straight line represents the 45◦ diagona
sterisks indicate bands of API and lactose which appear in the spectra of the o

rror corresponding to 1.2% relative prediction error) than CLS.
omparison between the spectra computed from CLS and the
eference spectra of the pure ingredients (Fig. 7(c) and (d)) show
ignificant spectral overlap for all species in the 400–1500 cm−1

egion which can result in inaccuracies in the CLS method. The
pectra computed from the concentration data (Fig. 7(c)) show

a
a
e
t

the straight line represents the 45 diagonal. (b) Predicted vs. measured lactose
omputed component spectra of the four constituents from the calibration set,

omponents and (d) reference Raman spectra of the pure components.

number of bands of lactose and API which appear in, and
ollute, the spectra of the other components which adversely

ffects the predicted concentrations. In particular, the API has
rich vibrational spectrum which has significant overlap with

ach of the other ingredients. Furthermore, the concentrations of
he two main ingredients are correlated which will also adversely
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Table 2
Root mean square errors of prediction (RMSEP) for API and lactose for data
recorded at 1 and 5 s accumulation time

API RMSEP (wt%) Lactose RMSEP (wt%)

1-s accumulation
CLS 0.77 0.95
PLS 0.59 0.69

5-s accumulation
CLS 0.49 1.69
PLS 0.40 0.55
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utliers have been excluded. The data was baseline corrected, normalised to
nit length and mean-centered. Errors are an average over 10 randomly selected
uns.

nfluence the CLS calibration. The substantial improvement in
rediction accuracy for the PLS method over the CLS method
or lactose appears to derive from a more complex model incor-
orating additional latent variables (3) which, to some degree,
reaks the correlation between the concentrations.

An additional note of caution should also be addressed here;
lthough the transmission geometry reduces the relative influ-
nce of the Raman signal of the capsule, it does not completely
liminate it. Therefore a CLS-based calibration should include
he concentration of the capsule for completeness. However, this
oncentration is essentially unknowable as is the variation in
apsule thickness (and hence concentration) between capsules;
or these reasons a PLS-based calibration, where any variation
s included as part of the model, may be preferred.

This feasibility study has demonstrated the potential of
aman spectroscopy, in transmission mode, for the quantita-

ive analysis of pharmaceutical samples under the presence of
trong interfering Raman signal of capsule shell. The overall
ccuracy of prediction (∼1% of the measured concentrations)
s comparable with those derived from other non-invasive tech-
iques, i.e. NIR absorption, for which a relative prediction error
f 1–2% would typically be considered acceptable in a routine
anufacturing environment. Further improvements in predic-

ion accuracy and stability/robustness may be expected using a
ariety of approaches including the selection of spectral regions
articularly sensitive to each analyte [31–33] and an expanded
ange of samples spanning all potential concentrations and with
inimal correlation between the ingredients.

. Conclusions

This study has demonstrated experimentally the feasibility
f quantifying the content of pharmaceutical capsules non-
nvasively using transmission Raman spectroscopy. Substantial
eductions, relative to conventional backscattering Raman, in
oth Raman and fluorescence signals from the capsule shell
llow the spectrum of the internal, bulk, components to be
btained. This property, in combination with the superb chem-
cal specificity of Raman spectroscopy, rapid data acquisition

nd ease of deployment makes the transmission Raman concept
articularly well suited for the rapid analysis of pharmaceu-
ical capsules and tablets. Multivariate techniques (including
CA and PLS calibration) allow atypical samples (outliers) to

[

[

[

d Biomedical Analysis 47 (2008) 221–229

e detected and a model constructed to predict the bulk prop-
rties of the capsule. The ability to use defocused beams with
ransmission Raman spectroscopy (in contrast with conventional
aman microscopy) dramatically reduces the risk of sample
hoto-damage. For the laser sources used here (830 nm) only
ear-infrared photo-active samples would be susceptible to dam-
ge.
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