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bstract

The concentration of acetaminophen in a turbid pharmaceutical suspension has been measured successfully using Raman spectroscopy. The
pectrometer was equipped with a large spot probe which enabled the coverage of a representative area during sampling. This wide area illumination
WAI) scheme (coverage area 28.3 mm2) for Raman data collection proved to be more reliable for the compositional determination of these
harmaceutical suspensions, especially when the samples were turbid. The reproducibility of measurement using the WAI scheme was compared
o that of using a conventional small-spot scheme which employed a much smaller illumination area (about 100 �m spot size). A layer of isobutyric
nhydride was placed in front of the sample vials to correct the variation in the Raman intensity due to the fluctuation of laser power. Corrections were
ccomplished using the isolated carbonyl band of isobutyric anhydride. The acetaminophen concentrations of prediction samples were accurately
stimated using a partial least squares (PLS) calibration model. The prediction accuracy was maintained even with changes in laser power. It was

oted that the prediction performance was somewhat degraded for turbid suspensions with high acetaminophen contents. When comparing the
esults of reproducibility obtained with the WAI scheme and those obtained using the conventional scheme, it was concluded that the quantitative
etermination of the active pharmaceutical ingredient (API) in turbid suspensions is much improved when employing a larger laser coverage area.
his is presumably due to the improvement in representative sampling.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Raman spectroscopy has found increasing use for the analy-
es of diverse pharmaceutical products [1–3]. Raman offers the
dvantages of fast and non-destructive analyses with minimal or
o sample pretreatment or preparation. Additionally, it is an ana-
ytical method that can be widely adopted for Process Analytical
echnology (PAT) as the guideline proposed by the Food & Drug
dministration (FDA) in 2004 [4,5]. Among those pharmaceu-

ical applications for which Raman can be used, the quantitative

nalysis of pharmaceutical suspensions is one of the most
ifficult and challenging because they contain suspended par-
icles that can adversely affect the measurement reproducibility.

∗ Corresponding author. Tel.: +82 2 2220 0937; fax: +82 2 2299 0762.
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everal factors such as re-absorption (self absorption), elas-
ic (non-Raman) scattering and beam attenuation are potential
ources of variability.

Baeyens’ group has recently evaluated Raman spectroscopy
or the analysis of medroxyprogesterone acetate in a pharmaceu-
ical suspension and in-line monitoring of the homogenization
rocess of a pharmaceutical suspension using a fiber optic
robe [6,7]. A similar approach has been used to monitor the
ormulations of topical gels and emulsions by Ackermann
nd coworkers [8]. Although these studies were successful,
he possibility of non-representative sampling and its affect
n prediction accuracy was not addressed. A pharmaceutical
uspension is heterogeneous and is typically a mixture of solid

ctive pharmaceutical ingredient (API) and a supporting syrup
atrix. Due to the heterogeneity, the resulting Raman spectrum
ight not be representative of the correct API composition. The

otential for non-representative sampling with solid matrices
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as shown in a previous study by our group using tablets
9].

Due to the potential for particle settling inherent with sus-
ensions, Raman measurements of such samples are generally
erformed employing stirring in order to correctly represent the
ample composition [6]. However, the reproducibility of Raman
ata collection during sample stirring could be significantly
ffected by several factors such as the mixing speed and the
ample turbidity. Moreover, if Raman measurements are used
or the analysis of suspensions contained in their final packag-
ng, it is not possible to stir the sample without contamination
r damage.

Quantitative analyses of APIs in turbid suspensions could
e improved by the collection of Raman data with a larger
llumination spot in order to cover a larger sampling area. In
his manner, the Raman spectra should correctly represent the
verage sample composition of suspension samples. Also, the
pectral reproducibility, which is otherwise flawed by trouble-
ome effects such as elastic scattering and beam attenuation,
ould be improved by such an approach.

Using this reasoning, we have developed a novel Raman col-
ection system using a wide area illumination (WAI) scheme that
mploys a 6-mm diameter circular laser spot (area 28.3 mm2)
or sample analysis. To evaluate the performance of this WAI
cheme for the analysis of pharmaceutical suspensions, the quan-
ification of acetaminophen suspended in a syrup formulation
as been attempted. Simultaneously, we have installed a layer
f isobutyric anhydride as an external standard in front of the
uspension samples to correct for fluctuations in laser intensity.
he Raman spectra collected with the WAI scheme were much
ore reproducible compared to those using the conventional
aman collection scheme. When acetaminophen concentrations
ere in the higher range (visually very turbid), the corre-

ponding Raman intensity dropped unexpectedly. Because of
his, the data were segregated and two different partial least
quares (PLS) [10–12] models for the low and high concentra-
ion ranges were developed. By acquiring Raman spectra using
ppropriate representative sampling and effectively correcting
he Raman intensity using an external standard, the concen-
rations of acetaminophen in suspension were successfully
etermined.

. Experimental

.1. Suspension preparation

Appropriate amounts of acetaminophen were suspended
n a 70% (w/w) aqueous sucrose medium. The relative
oncentrations of acetaminophen varied from 79 to 130%
2.24–4.16 g/100 mL) based on the target concentration. The
cetaminophen concentration for each sample was expressed
s the percentage relative to the amount of acetaminophen in a
uspension. A suspension containing 3.2 g/100 mL was desig-

ated as 100% acetaminophen. Propylene glycol (1 g/100 mL)
nd β-cyclodextrin (1 g/100 mL) were added as solubilizers.
ethyl p-benzoic acid (0.09 g/100 mL) and propyl p-benzoic

cid (0.01 g/100 mL) were added as preservatives. A total of

c
t
(
i

ig. 1. Aqueous pharmaceutical suspensions with five different concentrations
79, 94, 100, 115 and 130%) of API in glass vials.

8 suspensions were prepared with different concentrations of
cetaminophen (increments of 3%).

Fig. 1 displays photographs of five different suspensions with
elative concentrations of 79, 94, 100, 115 and 130% (based on
he nominal level) in glass vials. The letters “Raman” printed
n white paper were placed behind these samples to compare
he relative transparencies. With relative acetaminophen con-
entrations less than 94%, the samples are fairly transparent.
he sample containing a nominal concentration of 94% was
lightly hazy in appearance. The sample with a nominal con-
entration of 100% appeared markedly turbid. The degree of
urbidity increased with the concentration of acetaminophen.

.2. Raman spectral collection and data processing

The detailed description and schematic diagram of the wide
rea illumination scheme used in this study can be found in
he previous publication [9]. The wide area illumination scheme
nvolves the application of a circular laser image to the sample
or excitation. The laser spot applied is 6 mm in diameter (area
8.3 mm2). The WAI scheme was shown previously to improve
he reliability of Raman measurements by significantly increas-
ng surface coverage area [9]. This advantage can be extended
o other heterogeneous samples such as pharmaceutical suspen-
ions. As in the previous studies, isobutyric anhydride sealed in
2-mm thick rectangular quartz cell was installed in front of the

ample of suspension to correct the Raman intensity variation
esulting from the uncontrollable fluctuation of laser power.

Raman spectra were collected using 785 nm laser (HoloLab,
aiser Optical Systems, Ann Arbor, MI, USA), with an expo-

ure time of 3 s with 32 scans (96 s total time). The suspension
ample was vigorously shaken before data collection and posi-
ioned so that the beam illuminated the center of the sample vial.
ince the suspension samples were viscous, there was insignif-

cant settling of the solids during spectral collection. Triplicate
pectra were collected for each suspension. After each mea-
urement, the sample was shaken vigorously and re-positioned.
ifty-four spectra collected from 18 suspensions were used as

he calibration set to construct PLS models. For the validation
et, the same samples were collected again with two different
xposure times of 2.5 and 2 s. This was done to simulate the

ircumstances likely to be encountered long term in the lab as
he power of the laser source deteriorates. A total of 36 spectra
2 spectra per sample) were collected. All of the calculations
ncluding baseline correction, intensity normalization and par-
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ial least-squares regression, were accomplished using Matlab
ersion 7.0 (The Math-Works Inc., MA, USA).

. Results and discussion

.1. Raman spectral features

Since the suspension was mainly composed of
cetaminophen and sucrose syrup, the individual spectral
eatures of these two components were initially examined.
ig. 2 shows the Raman spectra for acetaminophen (pure
owder), sucrose syrup and 100% acetaminophen suspension
3.2 g/100 mL). The spectrum of 100% acetaminophen sus-
ension was collected by positioning isobutyric anhydride in
ront of the sample as a synchronous external standard. The
ure isobutyric anhydride spectrum is also shown in Fig. 2
long with the Raman spectrum of the glass vial (sample
ontainer). A broad spectral feature occurs for the glass in the
800–1200 cm−1 range.

Many grades of glass fluoresce in a broad region as shown
n Fig. 2 (1800–1200 cm−1 range). This fluorescence could be
voided by choosing a different excitation wavelength and thus
xcluding the background resulting from the fluorescence of the
ontainers. However, choosing a shorter excitation wavelength
ncreases the chance of intractable sample fluorescence and
sing a longer excitation wavelength could result in decreased
ensitivity since Raman efficiency is decreased by the power of
our with increasing wavelength. Hence, 785-nm excitation is
sually a good universal choice if the glass fluorescence does
ot obfuscate the underlying features of interest from the sample.

The Raman spectrum of 100% acetaminophen suspension
s the composite of the spectral features from acetaminophen,
ucrose syrup, isobutyric anhydride and the glass vial. Since

he concentration of sucrose is very high, the overall spectral
eatures of 100% acetaminophen are similar to those of sucrose
yrup. Several peaks corresponding to acetaminophen appear in
he 1700–300 cm−1 range. The four major bands of the active are

ig. 2. Raman spectra of acetaminophen (pure powder), sucrose syrup, 100%
cetaminophen suspension (3.2 g/100 mL), isobutyric anhydride and glass vial
nly.
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arked as asterisks on the spectrum of the 100% acetaminophen
uspension.

To utilize an external standard to correct Raman intensity, it
s required to have at least one band of the standard that does not
verlap with the sample bands. The intensity of such an isolated
and from a standard can be used to compensate for laser power
ariation. The non-overlapping 1810 cm−1 band of isobutyric
nhydride (marked as a circle) was selected for this purpose.

.2. Comparison of spectral reproducibility for the
onventional and WAI schemes

Since the pharmaceutical suspensions used in this study were
iscous and turbid (over 97% acetaminophen), the resulting
aman spectrum could fail to represent correct compositional

nformation if the laser illumination spot were small. This obser-
ation was made during the previous study of naproxen tablets
9]. In such situations, the acquisition of Raman spectra by
nterrogation of a larger sample area could be useful to achieve
ccurate quantitative analysis.

To investigate whether the representative sampling of these
harmaceutical suspensions could improve quantification com-
ared to the conventional scheme, Raman spectra of a 100%
cetaminophen suspension collected by both the WAI scheme
nd a conventional small-spot scheme (non-contact Raman
robe with a 10-mm focal length) were compared. Fifty spectra
f a 100% acetaminophen suspension were collected using both
chemes. For this experiment, a rectangular, non-fluorescent
uartz cell (1 cm × 1 cm) was used as the sample holder to
xamine spectral variation without influence from a glass vial.
he spectra were collected without the use of external standard

isobutyric anhydride). With each measurement, the sample was
haken vigorously and re-positioned.

Fig. 3 shows the resulting 50 spectra (1700–700 cm−1 range)
f the 100% suspension using the conventional (top) and
AI (bottom) schemes. The broad glass background in the

800–1200 cm−1 range, shown in Fig. 2, was no longer appar-
nt in either cases. Even when the same sample is measured
epeatedly, the resulting Raman spectra vary significantly when
he conventional scheme is employed. The spectra are much

ore reproducible when using the WAI scheme. Since the laser
pot of the conventional scheme is about 100 �m, the local
hemical composition where the laser is focused could poten-
ially vary when different sample aliquots are measured. The
aman spectra acquired using the conventional scheme could
e representative only of a localized area and, if so, may not
e satisfactory in representing the average composition of the
cetaminophen suspension. By contrast, the Raman spectra col-
ected using the WAI scheme are more reproducible due to the
ide area coverage of the laser.
To quantitatively compare the spectral reproducibility, the

pectra were baseline corrected and zeroed at 1700, 960 and
00 cm−1, and the relative standard deviation (RSD) at each

avenumber was calculated for both cases. The RSD at each
avenumber is indicative of the degree of spectral variation.
he RSD for both schemes at each wavenumber is plotted in
ig. 4 (top plot). The sudden increases of RSD at 970 and
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ig. 3. Fifty raw spectra (1700–700 cm range) of a 100% suspension sample
ollected using the conventional (top) and WAI (bottom) schemes. With each
easurement, the sample was shaken vigorously and re-positioned.

80 cm−1 are from baseline correction and zeroing. By zeroing,
he corresponding average will be zero or nearly zero around
hese wavenumbers. Therefore, the calculated RSDs are artifi-
ially high. Therefore, the 1650–1000 and 950–815 cm−1 ranges
hich exclude these anomalous regions, were evaluated to com-
are the RSDs for both schemes. As expected, the relative
ariation is much larger for the spectra collected by the con-
entional scheme. Average RSDs for the conventional and WAI
chemes were 32.9 and 1.6%, respectively.

If the spectral variation from the use of the conventional
cheme originates only from the intensity change with correct
ompositional information, the resulting RSD should be very
mall after spectral normalization. If the RSD is still high even
fter normalization, it is an indication of the lack of successful
epresentation of the sampling. To investigate this, the same cal-
ulation outlined in the previous paragraph was performed using
he normalized spectra. The data were normalized by dividing
he original spectra by the corresponding total spectral peak area.
he result is shown in Fig. 4 (bottom). When normalizing the

aman intensity, the RSD for the conventional scheme is sig-
ificantly decreased (from 32.9 to 4.3%); however, it is still
omparatively higher (approximately four times) than that for
he WAI scheme (1.1%). This clearly suggests that the Raman

c
a
(

sing baseline corrected spectra (a) and normalized spectra (b). RSD variations
re compared for both the conventional and the WAI schemes.

pectra acquired with the conventional scheme might not be as
epresentative of the overall API concentration of the suspen-
ions. The spectra acquired using the WAI scheme appeared to
e more representative based on the lower RSD of the repetitive
easurements.

.3. Quantitative calibration using PLS

Fig. 5(a) shows all of the uncorrected Raman spectra collected
rom 18 suspension samples (calibration set). The spectra can be
ivided into two groups that can clearly be distinguished visually
y their spectral characteristics. The spectra that are offset more
rom the baseline correspond to suspensions containing 79–97%
cetaminophen and the spectra that are less offset represent the
uspensions containing 100–130% acetaminophen. The turbid-
ty of the suspensions with API contents greater than or equal to
he nominal 100% level result in an overall decrease in the corre-
ponding Raman intensity. Large suspended solids attenuate the
aman scattering in these samples. Beyond that point of notable

urbidity, the Raman intensity is not dramatically changed with
he higher suspension concentrations.
Due to the non-linear baseline effects from changing solids
ontents and from the scattering emanating from the glass vial,
baseline correction scheme was employed using a six-point

1845, 1775, 1183, 955, 690 and 283 cm−1) non-linear cor-
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ig. 5. Raman spectra collected from 18 suspension samples (a), the correspond-
ng intensity-corrected spectra (b) and then normalized spectra (c).

ection method. The band area of isobutyric anhydride in the
845–1775 cm−1 range was calculated and each sample spec-

rum was divided by that area to compensate for any Raman
ntensity variations from occasional laser power fluctuations.
he results are shown in Fig. 5(b). The enlarged band featured

n the inset is from the isobutyric anhydride band at 1810 cm−1.

t
e
t
g

ig. 6. The normalized spectral variation of the acetaminophen peaks in the
00–810 cm−1 range (94, 97, 100 and 103% acetaminophen).

Since the Raman intensity is significantly decreased with the
ncreased turbidity of the suspensions, this effect should be com-
ensated or minimized for reliable quantitative performance.
or this purpose, the intensity-corrected spectra (Fig. 5b) were
ormalized. The area under the 1775–283 cm−1 range was cal-
ulated and each sample spectrum was divided by the calculated
rea to minimize the Raman intensity variation from the differ-
nce in the turbidity of the samples. The resulting spectra are
hown in Fig. 5(c). To develop partial least squares [10–12] cal-
bration models, the intensity-corrected and normalized spectra
s represented in Fig. 5(c) were used.

Fig. 6 shows the normalized spectral variation of
cetaminophen peaks in the 900–810 cm−1 range (97, 100, and
03% acetaminophen). The bands at 885 and 858 cm−1 cor-
espond to acetaminophen, and the band at 835 cm−1 is from
ucrose syrup. The acetaminophen peaks clearly increase with
he API concentration while the band for the sucrose simultane-
usly decreases. However, the most striking observation is the
udden increase of Raman intensity for the spectrum represent-
ng the 100% suspension compared to the sample containing the
PI at a nominal level of 97%. This leads to the conclusion that

here is a significant deviation from linearity in the spectra due
o the solids contents. Such non-linearity can often be accounted
or in PLS calculations.

Three different spectral ranges of 1845–283, 1845–1183
nd 1183–283 cm−1 were used to evaluate the potential for
uantitative modeling using PLS. The 1845–283 cm−1 range
ncorporates all of the information from acetaminophen. The
183–283 cm−1 range utilizes the spectral region that avoids
he broad underlying background from the glass vial in the
800–1200 cm−1 range. The 1845–1183 cm−1 range represents
he region where Raman scattering from the glass vials occurs.

The resulting standard errors of calibration (SECs) from the
LS calibrations using the three different spectral ranges are
ummarized in Table 1. The numbers in parentheses correspond

o the number of factors used. To validate the calibration mod-
ls, the suspension samples were independently collected with
wo different exposure times of 2.5 and 2 s to simulate the
radual degradation of laser power. Fig. 7(a) shows the baseline-
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Table 1
Overall PLS calibration results for whole, low and high concentrations using three different spectral ranges

Spectral range (cm−1) Whole concentration (79–130%) Low concentration (79–97%) High concentration (100–130%)

SEC SEP SEC SEP SEC SEP

1845–283 2.1 (6) 2.2 0.8 (5) 0.9 3.3 (5) 3.0
1183–283 2.5 (4) 2.4 0.6
1845–1183 2.5 (6) 2.2 0.8

Numbers in parentheses correspond to the number of factors used.

Fig. 7. Baseline-corrected Raman spectra of the 97% acetaminophen suspension
at three different exposure times (a), the corresponding spectra that have been
intensity-corrected based on the area of the external standard peak (b) and then
followed by the normalization (c).
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(5) 0.8 2.1 (6) 2.2
(5) 1.0 3.3 (5) 3.4

orrected Raman spectra of the 97% acetaminophen suspension
t three different exposure times (3.0, 2.5 and 2.0 s). As shown,
he intensity of the isobutyric anhydride band at 1810 cm−1

enlarged in the plot) and the overall Raman intensity decrease
ith shorter exposure time. Fig. 7(b) shows the corresponding

pectra that have been intensity-corrected based on the area of
he external standard peak as described previously. Fig. 7(c)
hows the normalized spectra by the total spectral area. The
ntensity variation from different exposure times is substantially
educed using the isolated isobutyric anhydride band and area
ormalization.

A total of 36 spectra (2 spectra per sample) were predicted
nd the resulting standard errors of prediction (SEPs) were cal-
ulated. As shown in Table 1, the prediction results are similar for
he three cases although the calibration from the 1183–283 cm−1

egion required only four factors to adequately represent the
pectral variation whereas six factors were required in the other
wo cases. This is likely due to the need to factor out more back-
round when the higher shift range was employed. Fig. 8 shows
he correlation plot resulting from the PLS modeling procedure
ith the use of 1845–283 cm−1 range. The filled and open cir-
les correspond to calibration and prediction data, respectively.
p to the concentration of 106% acetaminophen, the correlation
etween the reference and calculated (predicted) values is quite
ood. However, the data points begin to exhibit greater error cor-

ig. 8. Concentration correlation plot resulting from PLS analysis using the
845–283 cm−1 range. Filled and open circles correspond to calibration and
rediction data, respectively.
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esponding to the observed spectral deviations that occur with
PI concentrations greater than 106%. This indicates that the

eproducibility of the Raman spectra worsens for turbid suspen-
ions. The corresponding intensity is also decreased when the
oncentration of acetaminophen is higher. The resulting signal-
o-noise decrease may contribute to the increased variability.

The acetaminophen concentrations were accurately predicted
ven with the variation in the Raman intensity that occurred
ith the turbidity increase at higher API concentrations. How-

ver, the prediction performance, as expected, was not as good
or the more turbid suspensions. The SEP for the whole con-
entration range was 2.2%. The SEPs for the low (79–97%)
nd high (100–130%) concentration ranges were recalculated
ndependently and were found to be 1.1 and 2.7%, respectively.
ence, as a possible alternative to rectify the anomalies caused
y the turbidity, the construction of separate calibrations was
nvestigated.

.4. Dual Models for low and high concentration ranges

In an effort to improve the PLS calibration performance,
eparate calibration models for the low (79–97%) and high
100–130%) concentration ranges were used. Because the
pectral intensity and baseline behavior in the low and high con-
entration ranges are clearly different, it should be possible to
re-assign an unknown spectrum a priori to either the low or
igh concentration range by the use of a simple principal com-
onent analysis (PCA) [13]. Fig. 9 shows the score plots (using
he first and second scores) indicating the clear separation of the
wo groups (79–97% and 100–130%). The normalized spectra
Fig. 3(c)) were used for this analysis. Circles and triangles cor-
espond to the samples in the low and high concentration ranges,
espectively. Filled and open symbols correspond to calibration
nd prediction data, respectively. The calibration and prediction
amples in the two different groups are consistent with each

ther.

Two different calibration models were developed using the
amples in the low and the high concentration ranges separately.
he three spectral ranges identified previously in Table 1 were

ig. 9. Score plots (using first and second score) showing the unambiguous
eparation of the low (not turbid 79–97%) and the high (turbid 100–130%)
oncentration samples.
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sed to develop the calibration models. For predictions, PCA
creening was initially performed to determine to which group
low or high concentration) the particular sample belonged. The
CA model was developed using the first and second scores for

he calibration samples. The Mahalanobis distance was used to
et up the discrimination limit of the score cluster for the low
nd high concentration samples.

To determine the Mahalanobis distance in any given case, an
llipsoidal boundary defined by the variation in the sample data
s calculated. This boundary circumscribes the data cluster in
uestion and is related to the standard deviation (σ) from the
ean (centroid). The proximity of an unknown sample to the

ata cluster in question can be measured as a function of the
istance from the centroid. The Mahalanobis distance is such
measure and the distance from the centroid is defined as a

unction of the deviation of the original data set from which the
lliptical boundary was calculated.

Using the PCA analysis just described, each prediction
pectrum was first assigned to its proper group (high or low
oncentration of active) by using the Mahalanobis distance with
σ level (99.7% confidence level). Once the group was assigned,
he relevant PLS model could be used to predict the concentra-
ion of acetaminophen. The results are summarized in Table 1.

hen two separate PLS models were developed for the two con-
entration ranges, the 1183–283 cm−1 range provided the best
esults and the corresponding accuracy was improved compared
o the use of one PLS model for the whole concentration range.
n additional benefit from this approach was that the spectral

ange of the glass interference was avoided. This likely aided in
he construction of more accurate PLS calibration models.

. Conclusion

The data in this study support the conclusion that the concen-
ration of the active pharmaceutical ingredient in both clear and
urbid suspensions can be accurately measured with the use of
he WAI scheme. By using a laser that illuminates a relatively
arge sample area, spectra could be obtained that were more rep-
esentative and more reproducible compared to the conventional
mall-spot scheme. Without the WAI scheme, the quantitative
nalysis of a turbid pharmaceutical suspension using Raman
pectroscopy would be less accurate because of the inadequate
epresentation by the small laser spot in a traditional measure-
ent scheme. By the same token, the reproducibility of the
aman spectra collected by the conventional small-spot scheme
ould be significantly degraded when measuring highly turbid

amples.
Because of the changing turbidity of the samples used in this

tudy, it was found that two separate calibrations yielded better
esults than one overall calibration. Fortunately, the appropriate
alibration needed for a given sample can be identified using
PCA model without the need for subjective definition by the
ser. This mode of operation should still work well in a Quality

ontrol application.

The use of the WAI scheme allows Raman to be used in a
anner that provides acceptably accurate quantitative analyses

ecause of the improved reproducibility and representative sam-
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ling compared to traditional small-spot schemes. Raman also
ffers the advantage of coupling to fiber optics which engen-
ers the potential for the application of this technique for in-line
nalyses. The same advantages exist for other pharmaceutical
pplications such as in-line monitoring of mixing homogeneity
n pharmaceutical blending as well as other common pharma-
eutical applications.
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