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bstract

The objective of this study was to investigate the use of Raman spectroscopy for the quantitative and qualitative analysis of an active ingredient
n hot-melt extruded film formulations. Clotrimazole and ketoprofen were used as the active pharmaceutical ingredients (APIs) in the subject
ormulations. Films were prepared with contents varying from 1 to 20% of the respective API. Raman spectroscopy was used to quantify these
PIs, both off-line and on-line. The spectral data were also used to ascertain the physical status of these APIs in the formulations. For off-line

nalysis, the films were cut into small rectangles, and the amount of the API was measured using a fiber optic probe equipped with a non-contact
ptic (NCO). For on-line analysis, real-time measurements were accomplished by fixing the probe over the extruded film for continuous data

ollection. Raman spectroscopy can be a convenient alternative to HPLC and other techniques currently employed for the quantification of the API
n these formulations. Because Raman is also sensitive to changes in crystallinity, employment of the technique provided additional information
o deduce the crystalline status of the API. The results reported in this paper suggest the suitability of Raman for PAT applications because of the
n-line capability.

2008 Elsevier B.V. All rights reserved.

; Proc

t
c
s
i
p
d
e

r
i
p

eywords: Raman spectroscopy; Hot-melt extrusion; On-line monitoring; PAT

. Introduction

Hot-melt extruded (HME) formulations are becoming
ncreasingly important as drug delivery systems (Repka et al.,
002) and the technology is currently being explored in the phar-
aceutical industry due to several advantages over traditional

rocessing methods (Repka et al., 2005). Several authors have
uccessfully used HME technology to prepare various dosage
orms including tablets, pellets, granules, and films (Zhang and

cGinity, 1992; Follonier et al., 1995; Aitken-Nichol et al.,
996; Repka et al., 1999; Young et al., 2002). HME may be used
o disperse drugs in a given matrix at the molecular level, thus

orming solid solutions. These formulations efficiently deliver
herapeutic compounds when used topically or systemically.

∗ Corresponding author. Tel.: +1 662 915 1155; fax: +1 662 915 1177.
E-mail address: marepka@olemiss.edu (M.A. Repka).
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Extruded formulations (e.g., films) typically contain plas-
icizers and excipients and the presence of such compounds
auses difficulty in routine quality assurance and process analy-
es. Tedious extractions are often necessary in order to properly
solate the APIs and these procedures suffer the risk of incom-
lete extraction and are time-consuming. For these reasons, the
evelopment of an alternative method of analysis is desirable,
specially one that will minimize preparative steps.

The need for alternative analytical methods extends to the
ealm of process analysis as well. There are several reasons for
nstituting real-time monitoring schemes for hot-melt extrusion
rocesses. It is worthwhile to be able to gather in-process infor-
ation concerning the API content of the film, the polymorphic

onstitution of that API and the uniformity of the API content
ithin the film. All of these goals are compatible with the FDA

rocess analytical technology (PAT) initiative.

The FDA established the PAT initiative by instituting a frame-
ork for Innovative Pharmaceutical Manufacturing and Quality
ssurance (FDA PAT initiative, 2004). PAT is a system for

mailto:marepka@olemiss.edu
dx.doi.org/10.1016/j.ijpharm.2008.01.036
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Table 1
The ingredients and the concentration of the ingredients used in the hot-melt
extruded films

Clotrimazole (%) PEO (%) Ketoprofen (%) PEO (%)

Film-1 0 100 0 100
Film-2 1 99 1 99
Film-3 2 98 2 98
Film-4 4 96 4 96
Film-5 5 95 5 95
Film-6 7.5 92.5 7.5 92.5
Film-7 10 90 10 90
Film-8 12.5 87.5 15 85
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esigning, analyzing, and controlling manufacturing processes
hrough timely measurements (i.e., during processing) of critical
uality and performance attributes of raw and in-process mate-
ials and processes. The ultimate goal is to ensure final product
uality (www.fda.gov/cder/ops/pat.htm).

NIR and Raman spectroscopy are two tools well suited for
AT applications. Raman has not been historically applied in
he pharmaceutical industry as often as NIR but is gaining pop-
larity rapidly. These two spectroscopic techniques have been
pplied to monitor both primary operations for API synthesis
Wiss and Zilian, 2003; Liotta and Sabesan, 2004; Florenzano
t al., 2005; Palucki et al., 2005; Smet et al., 2005) as well as
econdary pharmaceutical operations such as blending and gran-
lations (Berntsson et al., 2002; Blanco et al., 2002). Regarding
xtrusions, NIR has been applied as a means to monitor the
mount of drug content in hot-melt extruded films (Coates et
l., 2003; Tumuluri et al., 2004; Barnes et al., 2005) and is a
opular tool for on-line analyses. Raman has been used to mon-
tor extruded materials on-line in the polymer industry (Barnes et
l., 2003). Confocal Raman spectroscopy has been demonstrated
o be quite useful in studying solid dispersions (Breitenbach et
l., 1999). Because of its specificity, Raman can be used as a
evelopment tool to better understand processes, as well as to
outinely monitor end-points.

The present study explores the utility of Raman spectroscopy
or the analysis of hot-melt extruded films containing APIs. Two
odel drugs, clotrimazole and ketoprofen were chosen as the

ctive ingredients in each of the extruded film formulations.
he objective of this study was to investigate the use of Raman
pectroscopy, both off-line and on-line, for the quantitative and
ualitative analyses of active ingredients in hot-melt extruded
lm formulations.

. Materials and methods

Polyethylene oxide (MW 200,000) was purchased from Dow
hemical Company, Danbury, CT. Clotrimazole was obtained

rom Spectrum Chemical, Inc., Gardena, CA. Ketoprofen was
btained from Hawkins, Inc. (Minneapolis, MN). Other reagents
HPLC grade) were purchased from Fisher Chemicals, Fair
awn, NJ.

.1. Extrusion procedure

Two compounds, clotrimazole and ketoprofen, were used as
odel APIs in the subject formulations. Different film formu-

ations were extruded using varying loadings of clotrimazole
0, 1, 2, 4, 5, 7.5, 10, 12.5, 15 and 20%) or ketopro-
en (0, 1, 2, 4, 5, 7.5, 10, 15 and 20%) as provided in
able 1. The ingredients in each of the formulations were
ubjected to particle size reduction before extrusion using a
ortar and pestle and blended for 20 min using a V-blender.
he blended powders were then dried in an oven at 40 ◦C
or 24 h to minimize moisture content. Films were extruded
sing a single-screw extruder (Killion Model KLB100). The
xtrusion temperatures ranged from 80 to 110 ◦C with a
crew speed of 50 rpm. The films were collected, labeled

o
t
t
m

ilm-9 15 85 20 80
ilm-10 20 80

nd sealed in 5 mil foil-lined polyethylene bags for analy-
is.

A second set of formulations was extruded using a lab scale
xtruder (Randcastle, RCP-250). This process was performed
o evaluate the performance of the method for the prediction of
lm contents on-line with different equipment. Approximately
ix spectra were taken per formulation extruded in the lab scale
xtruder.

.2. Raman instrumentation

For both off-line and on-line analyses, Raman measure-
ents were accomplished using a Kaiser Optical Systems
amanRxn1TM spectrometer equipped with a MKIITM fiber
ptic probe with a 2.5-in. non-contact optic (NCO) for sampling.
he use of an NCO allowed sampling without direct contact of

he probe with the sample. The instrument was equipped with
785-nm laser (400 mW). 30-s exposures of the film formula-

ions were used for lab measurements. 40-s (lab extruder) or 60-s
pilot extruder) exposures were used for on-line measurements.
he manufacturer’s software (Holograms version 4.0) was used

or data acquisition.
For off-line lab analysis, extruded film samples were cut into

mall rectangles and placed on a lab jack which was used to
roperly focus the sample prior to each measurement. For on-
ine analysis, in the case of both extruders, various positions
or the probe were tested before ultimately deciding upon the
ositioning shown in Fig. 1. The probe positions investigated
ncluded placement under the extruded film instead of the top as
hown in the figure, such that measurements were taken from the
ottom. However, such positioning would be a safety concern.
he probe was also placed at the point at which the extruded
lms emerged from the die. Finally, the arrangement shown in
ig. 1 was selected as it was observed that the spectrum was
onsistent in this case and it was also safe for the operator. In
his case, the probe was clamped above the film. At this position,
he film was 90◦ to the incident beam making it convenient to
btain the spectrum but at the same time not pose any risk to

he operator from the laser. Spectra were taken continuously for
he on-line measurements. The off-line and on-line data were

odeled separately and compared.

http://www.fda.gov/cder/ops/pat.htm
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Fig. 1. Non-contact optic with the fiber optic

.3. Data analysis

Data were analyzed using GramsTM software (Thermo Corp.,
alem, NH, USA). Partial least squares (PLS) and multiple linear
egression (MLR) models were used for quantification of the
rug content in these extruded film matrices.
. Results

Separate calibration models were developed for data obtained
rom clotrimazole and ketoprofen films both off-line and on-

t
l
s

Fig. 2. Raman spectra for the off-line m
clamped over the extruded film formulation.

ine. For the models from the off-line data, the performance of
ach calibration was evaluated based on the error value of each
btained from cross-validation. For the on-line data, the veracity
f each model was decided based on the prediction values from
est sets. Each test set consisted of samples representing the
ntire range of concentrations used in the calibration set.
Fig. 2 shows the spectra for the off-line measurements of
he clotrimazole films. The spectra exhibited some slight base-
ine irregularities. This was effectively treated by performing a
econd derivative conversion of the spectra. Fig. 3 illustrates the

easurement of clotrimazole films.



80 V.S. Tumuluri et al. / International Journal of Pharmaceutics 357 (2008) 77–84

F
s

f
l
o
d
t
t
a
r
v
i
t
v
m
c
o

p
s

F

F
l
d
w
n
n
c
r
o
t
i
o
b
H
p
s
q

ig. 3. Calibration data for HME films containing clotrimazole in off-line mea-
urements.

act that there was good correlation between the theoretical drug
evels and the drug levels predicted from the Raman data. The-
retical drug levels were determined based on the percentage of
rug added to the matrix in the extrusion process. No additional
esting was performed to verify the absolute drug levels other
han the Raman measurements. The calibration performance was
ssessed by the root mean squared error of calibration (RMSEC),
2 (correlation coefficient), and root mean squared error of cross-
alidation (RMSECV) (Martens and Naes, 1989). The RMSEC
s the standard error obtained from the calibration data, whereas,
he RMSECV is the standard error from a leave-one-out cross-
alidation procedure (Martens and Martens, 2001). An MLR
odel was employed using the band intensity at 1585 cm−1. A

orrelation coefficient of 0.9969 was obtained with an RMSEC

f 0.49%. The RMSECV was 0.72%.

Consistent acceptable results were also obtained for the keto-
rofen films. Fig. 4 shows the spectra collected for these films. A
econd derivative pretreatment was performed prior to modeling.

f

d
s

Fig. 4. Raman spectra of ketoprofen-con
ig. 5. Raman spectra showing crystallinity in the ketoprofen HME films.

ig. 5 shows second derivative plots of the spectra of different
evels of ketoprofen and that of pure ketoprofen. The Raman
ata in this plot indicate that the ketoprofen in the formulations
as different in nature from the ketoprofen raw material. It is
ot completely clear why this occurred. The most likely expla-
ation is that the ketoprofen, after being melted in the extruder,
ooled to a different crystalline state or to an amorphous state,
epresenting a transformation from the original crystalline form
f the raw material. The spectral changes observed are consis-
ent with such a transition. It is also possible that solid-state
nteractions of the drug with the polymer contributed to the
bserved changes as the extent of the band shifting appeared to
e somewhat a function of the drug concentration (see Fig. 5).
owever, such changes are generally not attributable to sim-
le concentration changes. Detection of such a phenomenon
uggests that the Raman technique can alert developers to
ualitative changes in the nature of the drug material in the

ormulation.

The issue regarding this qualitative change was fortuitously
iscovered during the course of this investigation and was out-
ide the scope of our original research. Hence, this issue was not

taining HME films taken off-line.
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ursued with more vigor in order to elucidate the provenance
f the band shifting. Any physical change could cause the spec-
ral changes but crystalline transformations and drug–polymer
nteractions are the only two likely scenarios the authors can
nvision in this case. These discoveries are being pursued in
uture studies.

An excellent calibration model was obtained for the keto-
rofen films (Fig. 6). A correlation coefficient of 0.9979 was
btained using an MLR calibration with a primary wavelength
hift of 998 cm−1. A ratio band at 886 cm−1 was used in the
alibration model. A ratio band is often used in Raman cal-
brations to account for data fluctuations unrelated to analyte

oncentrations. An RMSEC of 0.31% was obtained, while an
MSECV of 0.66% was calculated. The physical change of the
ctive (crystalline to amorphous), in this case, may have made a

Fig. 6. Calibration curve for ketoprofen HME films that were scanned off-line.

Fig. 7. Raman spectra of ketoprofen HME films taken on-line.

Fig. 8. Raman spectra of clotrimazole HME films taken on-line.
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ig. 9. Calibration data for the on-line measurements of HME ketoprofen films.

lightly more complex calibration (i.e., the use of a ratio band)
ecessary.

The spectra for the on-line measurements of ketoprofen and
lotrimazole formulations are shown in Figs. 7 and 8, respec-
ively. Loading plots from the principle components analysis
PCA) of each set of data suggest that there are significant dif-
erences between data collected on-line and off-line. For both
ets of films, the first loading spectra for the on-line data exhibit
aseline slopes and a much greater amount of noise compared
o the first loading for the off-line data. This is not surprising, as
he measurement process for on-line data collection would be
xpected to be significantly noisier due to the dynamic nature
f the sampling. In spite of the additional noise from the mea-
urement dynamics, the data suggest that quantitative analysis
or on-line extruded film formulations is feasible.

For on-line measurements of the ketoprofen films, a correla-
ion coefficient of 0.9966 was obtained, while an RMSEC of
.51% was calculated (Fig. 9). All calibrations from on-line
ata were assessed with prediction samples. In each case, a
oot mean squared error of prediction (RMSEP) was calculated.
he RMSEP in the case of ketoprofen data was 0.94%. A PLS
quation, using 3 factors, was found to be optimal. The wave-
ength shift range employed for modeling was 506–1616 cm−1,
nd a band resulting from a C H bending vibration for PEO at
480 cm−1 was used for normalization. Normalization is car-

ied out routinely on quantitative Raman measurements. It is
one simply with a band area ratio. The effect that normaliza-
ion has on the results is to make them much more reproducible
y removing irrelevant data variation caused by phenomena such

o
b
c
e

able 2
he results obtained from off-line and on-line calibration models of clotrimazole and

easurement CT off-line CT

orrelation coefficient 0.9969 0.9
MSEC (%) 0.49 0.5
MSECV or RMSEP (%) 0.72 0.9
LS factors used 4 3
ig. 10. Calibration data for the on-line measurements of HME clotrimazole
lms.

s laser fluctuations. It is a well-accepted and common technique
pplied to Raman measurements to improve quantitative mea-
urements. Further, in this case the normalization was done to
ompensate for the issues related to laser focus that occur due
o the undulation of the moving film.

Fig. 10 shows the correlation plot for the on-line measure-
ents of clotrimazole. A correlation coefficient of 0.9948 was

btained using a three-factor PLS equation (176–1735 cm−1).
n RMSEC of 0.53% and an RMSEP of 0.97% were obtained.
he data were normalized to the PEO peak area from 1215 to
248 cm−1 to enhance the calibration model.

. Discussion

Table 2 summarizes the correlation coefficients and the asso-
iated errors in cross-validation or prediction samples in the
ff-line and on-line models. Model transferability was also
nvestigated in the current study. Efficient methods have become
vailable to transfer multivariate calibration models from one
nstrument to another. Considerable effort is put into the con-
truction of robust models since they are meant to be used
or extended periods of time. Problems can arise, however,
hen the samples to be predicted are measured on a different

nstrument or under significantly different environmental condi-
ions from those used to collect the data from which the model
as constructed (Feudale et al., 2002). Ideally, models should
e able to be applied without adjustment for a given product

n every instrument. Model transferability has been addressed
y Swierenga et al. in a study for the determination of the
omponent concentrations in a ternary mixture of methanol,
thanol, and 1-propanol using NIR spectroscopy (Swierenga

ketoprofen films

on-line KTP off-line KTP on-line

948 0.9979 0.9966
3 0.31 0.51
7 0.66 0.94

2 3
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Table 3
Predicted concentration values for (a) clotrimazole and (b) ketoprofen in the
films extruded from the lab scale extruder Randcastle RCP-250

Sample Predicted Theoretical % Error

(a) Clotrimazole
CLOT 0003 4.7 5 −6.00
CLOT 0006 9.8 10 −2.00
CLOT 0008 15.4 15 2.67

(b) Ketoprofen
KTP 000005 7.6 7.5 1.33
KTP 000001 10.4 10 4.00
KTP 0000014 20.4 20 2.00
KTP 0000016 19.8 20 −1.00
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analytical approach to solid dispersions and mapping of drugs. Pharm. Res.
Theoretical” column represents the theoretical concentration incorporated into
he extruded film. “Predicted” column represents the predicted concentration
alue from the developed model.

t al., 1998). They investigated the use of calibration mod-
ls obtained on one instrument when transferred to other NIR
nstruments.

The thicknesses of the films from the lab scale extruder were
easured and found to be similar to those obtained from the

ilot extruder. However, this is only a superficial measure of
quivalence. There are various parameters that differ when extru-
ions are done on a lab scale extruder versus a pilot extruder.
ome of the parameters that can manifest differences between

ab and pilot extruders are the length of the screw, the feed-
ng rate of the powder and the dimensions of the die. Hence,
hallenges to model transferability might be expected when
omparing measurements of films produced on the two extruder
ypes. Also, concerning the difference in the on-line and off-line

onitoring, the benefit of on-line measurements during produc-
ion is self-evident but the challenge in this case was sampling.
he undulation of the films was the major challenge and cor-

ecting for it was problematic. The sheet could be flattened at
ome point to make for a more consistent measurement. How-
ver, the simplest correction was applied (ratio the active band
o the polymer band) as that accounts for differences in path
ength caused by the undulation. A salient point here, how-
ver, is that, fortunately, the tolerance for error in an on-line
easurement is much greater because final product testing will

lways provide the final decision. On-line testing is performed
o make sure the process appears to be on track to a successful
roduct.

The calibration models obtained using the on-line measure-
ents of the films produced with the pilot scale extruder were

mployed to predict the content of the films obtained from the
ab scale extruder. Formulations for both active ingredients were
redicted using the respective models. Clotrimazole films with
oncentrations of 5, 10 and 15% were used for on-line pre-
ictions whereas concentrations of 7.5, 10 and 20% were used
or on-line predictions of the ketoprofen films. Evidence of the
obustness of the models for prediction of the content of the films

roduced from the lab scale extruder is shown in Table 3. These
ata suggest that the same model can be used to predict API
oncentration in films produced from different extruders under
ifferent extrusion conditions.

C

of Pharmaceutics 357 (2008) 77–84 83

. Conclusions

The data from this study suggest that Raman spectroscopy is a
onvenient means for analyzing HME film formulations both on-
ine and off-line. The API contents of the films were accurately
uantified in each case using the theoretical drug content as a
asis for quantification.

Off-line Raman measurements are desirable because they
llow the user to avoid the tedious extractions often employed in
ypical QC measurements. This approach also allows improve-

ents in analysis efficiency as measurements can be made much
aster compared to techniques requiring sample preparation.
hanges in the physical state of the ketoprofen in the films result-

ng from the HME processing were also elucidated, making the
nformation content more valuable.

Raman spectroscopy was also successfully applied for on-
ine measurements in this study as API levels were accurately
uantified in real-time measurements. This suggests that Raman
ould be used as a tool to satisfy needs for PAT. Since Raman
ffers the user the advantage of fiber optic sampling, the place-
ent of the spectrometer outside of the actual processing area

s possible.
This work also demonstrated that there is potential for model

ransfer using Raman spectroscopic techniques. This is critical in
rder to allow method development to be employed in multiple
ocations as necessary. Eventual model transfer would require
he use of a secondary method to confirm the validity of the
uantitative results.
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