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In the present study, the Raman spectroscopy technique was used as a non-invasive, rapid analytical
method for measuring the crushing strength of tablets. The compressed tablets were individually detected,
using Raman spectroscopy, and the respective crushing strength values were measured, using a tablet
hardness tester as a reference method. The tablets were compressed from a granule mass containing
theophylline anhydrate as an active substance. For measuring the crushing strength of the tablets, Raman
spectra were recorded from the tablets. Partial least squares (PLS) regression models were constructed to
obtain information from the spectra. The correlation between measured and predicted crushing strength
values for the tablets was shown to be very favorable. With Raman spectroscopy, shifting of the base-
line was observed as the crushing strengths of tablets (and the smoothness of the tablet surface) were
increased. Consequently, correlation between the crushing strength data on the present tablets and Raman
spectra was observed. Multiple scanning electron (SEM) and non-contact laser profilometry (LP) micro-
graphs from the surfaces of the tablets were taken to describe the surfaces and applied as supportive
information for the proposed spectroscopy approach. In conclusion, Raman spectroscopy is a promising
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alternative for established off-line/at-line tablet-testing methods for some tablet formulations.
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1. Introduction

Testing the mechanical strength of tablets with a conven-
tional indirect diametral hardness-testing apparatus is an invasive
and laborious method that breaks up the tablet. The vibrational
spectroscopy technique of Raman spectroscopy is a rapid and
non-invasive method that can gain real-time quantitative and
qualitative information on both the chemical and physical prop-
erties of tablets. This technique may provide significant advances
as a future process analytical tool, since spectra can be mea-
sured directly on the surfaces of non-destructed samples (i.e.
tablets) without any pre-treatment (Otsuka and Yamane, 2006).
In addition, Raman spectroscopy can be used almost everywhere
and is portable. The method is easy to use and the measure-
ments are repeatable. The disadvantages of Raman spectroscopy
are the weakness of the signal, warming of the sample caused
by the laser and the fluorescence phenomenon. However, the
weakness of the signal can also be used to advantage, since it
enables measurement straight from the sample with no pre-
processing required. The fluorescence can be problematic, even
though the measurement conditions are in order. Fortunately,

* Corresponding author. Tel.: +358 919159146; fax: +358 919159144.
E-mail address: satu.virtanen@helsinki.fi (S. Virtanen).

0378-5173/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2008.04.022

fluorescence is not a problem for most pharmaceutical sub-
stances.

Raman spectroscopy is not based on absorption or emission,
but on in-elastic scattering. The Kubelka-Munk (KM) theory states
that diffusive reflectance increases with decrease in particle size
(Kubelka and Munk, 1931; Kubelka, 1948; Schrader et al., 1991),
which implies that Raman intensity should increase with increase
in particle size. On the other hand, this assumes that when the tablet
surface becomes smoother, Raman intensity increases. However,
the intensity of the signal, when vibrational spectroscopy methods
are used, can be influenced by many factors, e.g. wavelength of the
measurement, compression force and compressed material (Wang
etal., 2002).

Analysis of the tablet with spectroscopic methods requires con-
siderable experience. Due to spatial variations and inhomogeneities
of the tablet spectroscopic assessment is a precise task that can
give differing results, depending on how the measurement is done.
Raman spectroscopic measurement is critical, because the area
measured is very small (scale of scrutiny), which explains the sam-
ple must be moved, in this case rotated. When the sample is rotated
the measurement covers a larger area and warming of the sample
can also be reduced. A rotating sample holder was used to achieve
high repeatability (Szostak and Mazurek, 2002). When physical
properties are measured the distance between the sample and the
probe must be standardized (Lombardi et al., 1994). The change in
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Fig. 1. Scanning electron microscopy (SEM) micrographs of (a) theophylline anhydrate 100-M and (b) theophylline anhydrate 200-M. Scale bar 200 pm.

distance causes the same alterations in the spectra as does increase
in the crushing strength of the tablet.

Quantitative measurement with Raman spectroscopy is possi-
ble because there is a relationship between signal intensity and the
concentration. This enables straightforward concentration mea-
surements and explains why Raman spectroscopy has been used in
many pharmaceutical processes. Nevertheless, the number of phys-
ical measurements, such as crushing strength of tablets, has been
limited in the literature. Some studies determined influence of par-
ticle size on Raman intensity (Pellow-Jarman et al., 1996; Fangxin et
al., 1997; Wang et al., 2002; Williams et al., 2004; Hu et al., 2006).
The results showed that the intensity of the signal changes with
change in particle size. The particle shape and crystalline form of
the material measured, as well as the wavelength of the signal, also
influence the signal intensity.

Few reports are available on the applicability of Raman spec-
troscopy for tablet hardness determination. Only Wang et al. (2002)
and Johansson et al. (2005) groups studied intact tablets and Picker-
Freyer and Schmidt (2004) studied broken tablets. Picker-Freyer
and Schmidt observed differences in the Raman spectra that were
due to structural changes in the tablet. The intensity of the spectra
increased with increase in the hardness of the tablets. Johansson
et al. (2005) compressed tablets with different compression forces
and noted no significant effect of tablet density on the Raman
signal. They also stressed that the results were based on measure-
ments of a single type of tablet. Wang et al. (2002) investigated the
effects of compression force during tableting on the Raman signal.
They studied the effect of the tablet thickness by comparing the
Raman signals for tablets of the same particle-size powder. In their
measurement the Raman intensity decreased with increasing com-
pression force until a constant density was achieved. The crushing
strength of tablets was also investigated with near-infrared spec-
troscopy (Morisseau, 1996; Morisseau and Rhodes, 1997; Ebube et
al., 1999; Kirsch and Drennen, 1999; Chen et al., 2001; Donoso et
al., 2003; Otsuka and Yamane, 2006).

The factors that influence the mechanical strength of tablets can
be divided into three different groups: (1) material and formulation
factors, (2) process factors, and (3) environmental factors. Formu-
lation factors are due to the physical and chemical properties of
particles. A process factor may include the equipment used and
environmental factors the relative humidity and temperature of the
air. In pharmaceutical systems interparticular interactions, tribo-
electricity, liquid and solid bridges, porosity, particle size and shape,
and wetting may also be essential with regard to the mechanical
strength of granular systems. The mechanical strength of tablets
means the tablets’ ability to resist breakdown. Tablets must remain
intact until administration. In addition, they must be soft enough
so that the active pharmaceutical ingredient can be released in the

alimentary tract. The mechanical strength of tablets can be tested
in many ways. The method most used in pharmaceutical technol-
ogy is the diametral compression test. It is important to always
use the same test, because this reveals information only on the
force needed to breakdown the tablet, not how hard the tablet is. In
addition, the size and shape of the tablet influence the mechanical
strength. The test most used for mechanical strength is an indirect
diametral compression test.

The scanning electron microscope (SEM) and non-contact laser
profilometry (LP) were used to investigate tablet surface roughness
(Riippi et al., 1998; Podczeck et al., 1999). Riippi et al. examined
the effect of compression force on surface structure and tablet
parameters, such as crushing strength and friability. They discov-
ered that the surface roughness parameters characterize the tablet
surface quite well and noted that the crushing strength of the
tablets increased with increasing compression force. Podczeck et al.
(1999) investigated tablets of five different compression formula-
tions for their surface roughness, using SEM and LP. They found that
the composition of a formulation not only influenced the tableting
properties of the powder mixtures, but also the surface properties
of the final product. An increase in tableting pressure reduced the
tablet surface roughness. The assessment of surface roughness in
three dimensions appeared more effective than a simple line profile
measurement.

The primary objective of the present study was to determine
the applicability of Raman spectroscopy for a rapid mechanical
strength determination of intact tablets. LP and SEM methods were
used as additional methods to visualise the tablet surface profile
and show that Raman method to measure crushing strength of
tablets is based on the surface profiles.

2. Materials and methods
2.1. Materials

Theophylline (TP, Ph. Eur.) powders (particle size 100M and
200 M) (Fig. 1) were granulated in a fluid bed granulator (Glatt WSG
5, Glatt GmbH, Binzen, Germany). The granules were composed
of TP anhydrate as an active substance and polyvinylpyrrolidone
(PVP, Kollidon K25, BASF, Ludwigshafen, Germany) as a binder.
Prior to compression, the granules were mixed with 0.5% (w/w)
magnesium stearate (Ph. Eur.) for 3 min in a Turbula mixer with
a mixing speed of 46 rpm. The tablets were compressed with an
instrumented single-punch eccentric tableting machine (Korsch
EKO, Erweka Apparatebau, Hausenstamm, Germany) with a rotat-
ing speed of 30 rpm using a feed shoe. Flat-faced 9-mm punches
were used in the study. The flat punches were needed to enable
the spectroscopic measurement from a straight surface without
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disturbance of the convex surface. The tablets were compressed
so that their crushing strengths were between 30N and 200N
and the tablet weight was adjusted to 250 mg. There were five
groups of crushing strengths (I-V). Each tablet was treated indi-
vidually so that the response (crushing strength) could be linked
to the corresponding spectra measured from the same tablet.
The crushing strengths were measured with an indirect diametral
hardness apparatus (Multicheck, Erweka GmbH, Heusenstamm,
Germany).

2.2. Raman spectroscopy setup

The Raman spectra were collected using a Raman spectrom-
eter (Control Development Inc., South Bend, IN, USA) equipped
with a thermoelectrically cooled CCD detector and a fiber-optic
probe (RamanProbe, InPhotonics, Norwood, MA, USA). A 500-mW
laser source at 785 nm was used (Starbright 785S, Torsana Laser
Technologies, Skodsborg, Denmark). The spectral range recorded
was between 100cm~! and 2200cm~! with a 2-s integration
time and by averaging three scans. At least 20 parallel tablets
from each crushing strength group were measured, using Raman
spectroscopy from the lower side of the tablets. During Raman
measurement the tablet was rotated and the distance between the
tablet surface and the probe was standardized (8 mm).

All the measurements concerning the same TP grade were per-
formed within the same day, which prevented day-to-day variance
in the results. Replicate measurements were also performed using
two different procedures: (1) the tablet measured was removed
from the rotating holder, then returned and remeasured, and (2) the
tablet measured was rotated and several measurements performed,
switching off the laser between measurements. The fluorescence
did not interfere in this study because the materials were pure
and the measurements performed in the dark under standardized
conditions.

2.3. Partial least squares (PLS) regression

The multivariate calibration model was used to define the corre-
lation between the spectra and the crushing strength of the tablets.
In this study, partial least squares modeling served as a multi-
variate calibration model. It can be used to obtain qualitative and
quantitative information from spectra that are usually difficult to
obtain using traditional univariate methods. It can extract infor-
mation from regions or entire spectra and is particularly useful for
coping with cross-correlated and noisy data (Beebe et al., 1998).
The spectral region between 400 cm~! and 1730 cm~! was used in
the data analysis. PLS maximizes the covariance between the spec-
tral data and known crushing strength data, so that as much useful
information as possible is extracted from the spectra, while unre-
lated data are discarded (Aaltonen et al., 2007). PLS modeling was
performed with SIMCA-P software (Umetrics, Umed, Sweden). In
this study every third spectrum was used to create the PLS model
and the rest two thirds served as the test set. Hence, the spectra
were collected and the model was tested equally for each crushing
strength group. The parameters used to test the model performance
were R? (correlation coefficient) and Q2 (test set validation coeffi-
cient). The spectra gained were standardized using unit variance
(UV) correction before PLS modeling.

2.4. Non-contact laser profilometry and scanning electron
microscopy

The surface profile of the tablets, i.e. roughness, was also deter-
mined with non-contact LP (UBM Microfocus Optical Measuring
System, UBM Messtechnik GmbH, Ettlingen, Germany), using three

Table 1
Characteristics of the theophylline tablets (results are expressed as the mean=+S.D.,
n=20 per group)

Weight (mg) Thickness (mm) Hardness (N) Diameter (mm)
100-M
[ 250.3 +£ 2.2 3.82 £ 0.02 29.1 + 213 8.99<0.01
1l 2539 + 4.5 3.19 £ 0.02 86.6 + 8.66 9.00<0.01
11 258.8 + 4.5 3.08 + 0.03 120.3 + 10.53 8.99<0.01
v 275.7 £ 2.5 3.20 £ 0.03 148.6 + 7.13 8.99<0.01
\% 277.2 £ 31 3.14 £ 0.04 173.1 £ 7.50 8.99<0.01
200-M
[ 252.0 £ 3.7 3.88 £ 0.02 36.3 + 2.75 8.96<0.01
1l 261.0 + 3.2 3.25 £ 0.02 110.3 &+ 8.46 8.97<0.01
I 2722 +£ 1.7 3.22 + 0.01 147.6 + 5.83 8.97<0.01
v 273.7 £ 13 3.15 £ 0.02 183.3 +£5.33 8.97<0.01
\Y 268.0 + 1.6 3.03 £ 0.03 206.8 + 7.21 8.96<0.01

100-M TP tablets from each crushing strength group. The image size
was 2 mm x 2 mm and the measuring range was +50 pwm. The laser
spot was 1 m and the resolution 200 points/mm. The laser input
was 0.2 mW and the wavelength 780 nm. After data collection, the
image was leveled to remove slope caused by tilting of the tablet
surface, using Ubsoft Software (v 2.8 DOS, UBM Messtechnik GmbH,
Ettlingen, Germany). The roughness parameters were calculated
from these corrected images. The most important of these were
average roughness (R,) and the root-mean-square roughness (Rq).
These parameters were standardized and are presented in full detail
in British Standard (1972) and in the UBM System Reference Guide
(1995). The parameters described the tablet surface, using compa-
rable numerical values which give better results than many other
methods. The surface characteristics of the tablets were exam-
ined with contriving micrographs using Mathematica Software
(vs 5.1, Wolfram Research Inc., Champaign, IL, USA). SEM images
were measured with Zeiss DSM 962 scanning electron microscope
(Oberkochen, Germany) and they were used to visually characterize
the surface of the tablets.

3. Results

Raman spectroscopy detected changes in the crushing strengths
of two different grades of TP tablets, as did the SEM micrographs
and LP. The diameters, weights, and crushing strengths of the tablets
measured with the Multicheck apparatus are presented in Table 1.

3.1. Dependence of surface texture on mechanical strength of
tablets

SEM and LP methods were used as additional methods to visu-
ally illustrate the tablet surface profile. The surface morphology and
texture are related to the crushing strength of the tablets. This can
be seen in the SEM (Fig. 2) and LP micrographs (Fig. 3) from the
surfaces of the TP containing tablets. The SEM micrographs repre-
senting the tablets containing 200-M TP (Fig. 2), indicate that clear
differences exist within the surface textures of the tablets depend-
ing on their crushing strength (i.e. the compression force applied in
tableting). SEM micrographs were also taken from the tablets con-
taining 100-M TP. Surface profiles of these tablets were very similar
than in 200-M tablets (data not shown). As perhaps expected, the
higher the crushing strengths of the tablets, the smoother were
the surfaces of the tablets. Clear differences in the surface rough-
ness properties of the tablets were observed in tablets compressed
using lower compression forces (i.e. tablets with a crushing strength
of less than 100N). However, since the crushing strength of the
tablets was 100N or more, the differences in surface roughness
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Fig. 2. The surface of theophylline-containing (TP 200-M) tablets became smoother as the compression force was increased. SEM images on tablets with crushing strengths

of (a) 35N, (b) 110N, (c) 150N, (d) 185N, and (e) 205 N. Scale bar 50 pm.

properties within the tablets were no longer as evident. Applica-
tion of higher compression forces in tableting, results in greater
tendency for deformation and/or fragmentation of the individual
powder particles and granules, thus making it more challenging to
detect differences in the surface texture of the tablets.

The roughness of the surface of the TP (100-M) tablet can be
seen from the images measured with non-contact LP. The 200-M
tablets were not measured because LP is mainly a visual reference
method in this study. The method is in some cases more efficient
because quantitative roughness parameters can also be calculated
in contrast to SEM images. The most informative roughness param-
eters in this setup were R,, Rz, and Rq. The R, is an average of the
peaks and valleys of a surface, i.e. the arithmetic average rough-
ness of the surface, R, is an averaged profile depth, and Rq is a
root-mean-square deviation of roughness. Both the images and
the roughness parameter values were correlated with the crushing
strength (Fig. 3 and Table 2). However, since the crushing strength of
the tablets was 100 N or more, the differences in surface roughness
properties within the tablets were no longer as evident. Crush-
ing strength group I can be differentiated statically from the other
groups (p<0.05), but there were no statistical differences among
the other groups (p >0.05). The same phenomenon was also seen
in the SEM images.

3.2. Correlation between tablet density and crushing strength

The average crushing strengths were plotted against the weight
of the tablet divided by its thickness (w/t). The weight per thick-
ness value was used to describe tablet density because the diameter
of the tablets was the same. There was an exponential correlation
between the crushing strength and w/t. The phenomenon was sim-
ilar for both TP grades (Fig. 4). However, the 100-M curve was lower
than the 200-M curve, suggesting that when the w/t is the same, the
200-M (i.e. the smaller particles) endure higher crushing force than
the 100-M particles. This may be the result of increased interactions
among the smaller particles during compression. Their surface area
versus weightis higher than with the larger particles. TP is known to

Table 2
Roughness parameters measured with non-contact profilometry (results are
expressed as the mean, n=3)

100-M R, Ra Rq

I 56.5 33 5.1
Il 295 1.4 2.1
11 18.7 1.1 13
I\% 15.4 1.0 13
\'% 12.6 1.1 14
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Fig. 3. Surface profiles of the TP tablets (100-M) measured using non-contact laser profilometry. (a) Crushing strength group I, (b) group II, (c) group III, (d) group IV, and (e)

group V.

be a plastic material (Suihko et al., 2001), which supports this sug-
gestion. The correlation enables prediction of the crushing strength
of the tablets using weight and the thickness of the tablet.

3.3. Raman spectroscopy

Raman spectroscopy was examined as an alternative vibrational
spectroscopy technique in determining the mechanical strength of
the TP tablets; it can detect increases in crushing strength mainly
as a smoothing of the tablet surface. When the compression force is
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Fig. 4. Correlation between the crushing strength and weight/thickness of the
tablets.

high, the surface of the tablet is smoother and there are fewer pores
in the tablet. When the compression force increases, the structure of
the material condenses as the interfaces between air and the mate-
rial decrease. In this case, the Raman radiation can penetrate the
material more easily because the interfaces are diminished, which
decreases scattering from the surface. In the present study we used
organic materials, for which compaction is not as severe as for inor-
ganic materials. The measurement was based on the smoothness
of the surface; when the surface is smoother the radiation scatters
more efficiently because it will not go into the cavities.

No specific peaks in the spectra were sensitive enough to detect
changes in the crushing strength values of the tablets, due to base-
line shifting which occurs evenly throughout the spectra (Fig. 5).
Since the crushing strength is a physical property, one must be
careful that preprocessing of the spectra will not destroy the infor-
mation. Typical preprocessing methods such as mean centering
and corrections such as standard normal variation (SNV), multi-
plicative scatter correction (MSC), and the derivates cannot be used
because they lose the baseline-shifting information. The data can
be modeled as such or after normalization.

The correlation between the crushing strengths measured with
the Multicheck apparatus and with Raman spectrometry was stud-
ied, using multivariate modeling. The PLS model was completed,
using four principal components (PCs) for both TP grades after UV
processing. The modeling gave four PCs for both TP grades. All four
components explained 82.7% of the X-variance for the 100-M grade
and 98.8% of the X-variance for the 200-M grade. In addition, the
X-residuals were small and non-systematic (data not shown), sug-
gesting that the model is able to describe the systematic variation in
Raman spectra of the tablet surfaces. The Q2 value, which describes
the goodness of prediction and the predictive ability of the model,
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Fig. 5. Raman spectra of the theophylline tablets. The measured spectra
(100-2200 cm~1') and magnification from one peak to show the baseline shifting.
The intensity increase, which correlates with increase in the crushing strength, is
marked with blue arrow. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

was 0.839 for 100-M TP and 0.864 for TP 200-M and R? values were
0.970 for TP 100-M and 0.951 for TP 200-M. In addition, the load-
ings for PC 1 substantially resembled the Raman spectra (data not
shown). The replicate measurements were also performed using
two different procedures: (1) the tablet measured was removed
from the rotating holder, then returned and remeasured, and (2)
the tablet measured was rotated and several measurements per-
formed, switching off the laser between measurements. Predicted
values corresponding these measurements were determined using
PLS model and the relative standard deviation (R.S.D.) was calcu-
lated. The R.S.D. for the first procedure was 1.02 and for the second
procedure 0.95. These results indicate that the measurements were
repeatable.

The correlation between the measured and predicted crushing
strength values (Raman spectra) for TP tablets is shown in Fig. 6. The
results were averaged because actual crushing strength measure-
ment is not possible. For example, alignment of the tablet affects
the result when conventional crushing strength equipment is used.
If it were possible to measure the same tablet many times with
the diametral crushing strength apparatus, the result could be dif-
ferent each time. The standard deviations of the measured and
predicted crushing strength values were determined. The Raman
spectra were obtained for both TP grades and were very similar
(Fig. 6). The values for R were 0.997 and 0.999, thus indicating that
the correlation between the crushing strength data for the present
TP tablets and the Raman spectra applied was excellent.

To determine whether the Raman technique detects the crush-
ing strength of the TP tablets as smoothness of the surface or
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whether it detects the structure and bonding in the tablet, we also
measured Raman spectra from the plane of fracture of the tablets.
The tablets were halved and the spectra measured from the plane
of fracture, using a rotating sample. The obtained data were UV-
corrected and PLS-modeled. No correlation was found with either
of the TP tablet grades. In conclusion Raman spectroscopy detects
the crushing strength of the TP tablets as a smoothing of the tablet.

4. Discussion

The results obtained are consistent with the KM theory (Kubelka
and Munk, 1931), but contrasted with the results of Wang et al.
(2002). In their measurement, the Raman intensity decreased with
increasing compression force until a constant density was formed.
Wang et al. assumed that when the pressure increases, the space
between the particles decreases, which leads to increasing density.
In the Raman signal this could be seen as a decrease in inten-
sity. This is in contrast to the expected results and the KM theory
because the assumption was that the amount of those molecules
from which the Raman radiations scatter is increasing, so that
the Raman intensity should increase as well. In their measuring
system, the Raman intensity decreased with increase in diffuse
reflectance. This occurred because the diffuse reflectance decreases
gradually, until the particles form an almost homogenous sample
when the pressure increases. The transparency of compacted sam-
ples increases with increase in compression, especially in inorganic
samples, which Wang et al. used. The greatest differences between
our study and that of Wang et al. were (1) the material used, (2) the
measuring geometry, and (3) the distance between the probe and
the sample. The wavelength and compression force can also affect
the intensity of the Raman signal. These results indicate strongly
that determination of the crushing strength of tablets, using Raman
spectroscopy, demands a very accurate method. The results always
depend on the set-up and the material used. Hence, every formula-
tion demands its own model and production parameters have to be
constant. For instance, if there is a change in compression process
during the tableting, which causes capping or sticking, the Raman
method for measuring crushing strength cannot be utilised. Gen-
erally, the present Raman method can be used when the surfaces
of the tablets will not alter after successful compression process.

Raman spectroscopy is applicable as a rapid and non-invasive
method for predicting the crushing strength of tablets. The Raman
technique detected the increase in crushing strength mainly as a
smoothing of the tablet surface. The intensity of the Raman sig-
nal increased with increase in the crushing strength of the TP
tablets. The surface roughness of the TP tablets was observed
in images measured with non-contact LP and SEM. The surface
roughness values were calculated and correlated with the chang-
ing mechanical strength of the tablets. The results obtained indicate
strongly that determination of the crushing strength of tablet using
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Fig. 6. Correlation between measured and predicted crushing strengths of the theophylline tablets with standard deviations. (a) 100-M and (b) 200-M.
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Raman spectroscopy, demands a very accurate method. The present
results suggest that Raman spectroscopy, among other vibrational
spectroscopy techniques, is a promising analytical tool for non-
destructive determination of tablet hardness.
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