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bstract

The concentration of an active pharmaceutical ingredient (povidone) in a commercial eyewash solution has been measured directly through
plastic (low-density polyethylene: LDPE) container using a wide area illumination (WAI) Raman scheme. The WAI scheme allows excitation
sing a 6 mm laser spot (focal length: 248 mm) that is designed to cover a wide sample area. As a result, it has the potential to improve the
eliability Raman measurements by significantly enhancing representative sample interrogation, thus improving the reproducibility of sampling.
t also decreases the sensitivity of sample placement with regard to the excitation focal plane. Simultaneously, isobutyric anhydride was placed in
ront of the bottles to use for a synchronous external standard configuration. This helps to correct the problematic variation of Raman intensity from
he inherent fluctuation in laser power. Using the WAI Raman scheme combined with the synchronous standard method, the povidone concentration
as successfully measured with spectral collection that was performed through a plastic barrier. The conventional Raman scheme was difficult to

mploy for the same purpose because of the degraded spectral reproducibility resulting from the smaller laser illumination area and the sensitivity
f such an approach to the position of the sample bottle. The result from this study suggests that the WAI scheme exhibits a strong potential

or the non-destructive quantitative analysis of pharmaceuticals measured directly in plastic containers. Preliminary work also shows that similar
easurements can also be made in glass bottles. If implemented, this technique could be utilized as a simple and rugged method for quality

ssurance of final products in a manner consistent with Process analytical technology (PAT) requirements.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Process analytical technology (PAT) is an evolving philos-
phy in the pharmaceutical industry that promotes strategies
or the control of primary and secondary manufacturing pro-
esses [1]. The announcement of the PAT guideline by the
ood & Drug Administration (FDA) in 2004 has prompted a
ubstantial increase in the investigation of new and rapid analyt-

cal methodologies for at-line and on-line measurements [2,3].
ear-infrared (NIR) and Raman spectroscopy are both good

andidates for PAT. Of course, each has advantages and disad-

∗ Corresponding author. Tel.: +82 2 2220 0937; fax: +82 2 2299 0762.
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antages in practice. Pharmaceutical process applications such
s the measurement of residual moisture in drying operations,
onitoring of uniformity in blending processes, monitoring of

rganic reactions and the analysis of tablets in or near production
ave been extensively studied [4–8].

Final products stored in containers such as glass or plastic
re common in the pharmaceutical industry. A method enabling
he non-destructive, direct analysis of these materials would be
reatly beneficial and of great interest to those responsible for
roduction and quality assurance operations.

The composition of pharmaceutical oral liquids in polyethy-

ene terephthalate (PETE) bottles had been directly measured
sing NIR transmission spectroscopy [9]. However, NIR absorp-
ion measurements are difficult to accomplish for aqueous
amples in large bottles since there will be inadequate energy

mailto:hoeil@hanyang.ac.kr
dx.doi.org/10.1016/j.aca.2007.01.062


M. Kim et al. / Analytica Chimica Acta 587 (2007) 200–207 201

F the
e

t
t
q
t
d
m
v
a

e
m
u
C
r
m
f
U
i
q
t

m
i
t
l
F
o

o
t
t
w
s
f

a
u
d
t
i
f
t
b
r
p
R
t
o
p
f

ig. 1. Schematic diagram of the wide area illumination (WAI) scheme (a) and
yewash solution while the other two are empty.

ransmission due to the long optical pathlength [10]. Addi-
ionally, the reproducibility of such a measurement would be
uestionable in the case of practical on-line measurements due
o the variation of pathlength resulting from the lack of repro-
ucibility of bottle positioning. Also, simple NIR transmission
easurements have been accomplished using disposable glass

ials [11]. However, this approach requires manual sampling
nd cannot be used for continuous on-line measurements.

For the measurement of an active pharmaceutical ingredi-
nt directly through glass or plastic, Raman spectroscopy offers
any advantages because it can provide a simpler optical config-

ration that can easily be interfaced for on-line measurements.
ompared to NIR spectroscopy, the resolved details from the

icher spectral features can be used to relate Raman data to
olecular structure and composition. McCreery et al. success-

ully demonstrated the non-invasive Raman identification of
nited States Pharmacopoeia (USP) pharmaceutical materials

n amber glass vials [12]. However, this report represented a
ualitative identification and did not require consideration of
he issues surrounding quantitative Raman spectroscopy.

To make reliable quantitative Raman measurements of phar-
aceutical liquids directly through plastic bottles, two major

ssues should be addressed. The first is the impairment of spec-

ral reproducibility from two major sources. One is the inherent
ack of physical and chemical homogeneity of the containers.
or example, the walls of plastic bottles will vary slightly from
ne to the next. The other source of variation is the sensitivity

s
c
T
d

picture of five different plastic bottles (b). The three bottles to the left contain

f the Raman response to the sample placement with respect to
he focal plane. The second issue is laser fluctuation, which is a
ractable consideration in quantitative analysis with Raman. One
ay to solve this is through continuous and synchronous external

tandardization to compensate for Raman intensity fluctuations
rom the variation of incident laser power [13–15].

For the in situ analysis of liquid pharmaceuticals in pack-
ging materials, we propose a novel Raman collection strategy
sing a wide area illumination (WAI) scheme to collect repro-
ucible Raman spectra of pharmaceutical liquid samples directly
hrough a plastic bottle, as shown in Fig. 1(a). By using an
ncident laser with a large surface area (28.3 mm2) and a long
ocal length (248 mm), resulting spectra are much less sensi-
ive to the morphological variations that occur from one plastic
ottle to another. The reproducibility enhancement due to the
educed sensitivity to sample placement with respect to the focal
lane provides a significant advantage compared to conventional
aman measurements with a small incident laser spot. In addi-

ion, we have initiated further improvements by installing a layer
f isobutyric anhydride as an external standard in front of the
lastic bottles to correct for Raman intensity in a synchronous
ashion, as in the previous study [16].

To evaluate the validity of the proposed Raman measurement

cheme, the quantitative analysis of an active pharmaceuti-
al ingredient (povidone) in eyewash solutions was performed.
hese measurements were accomplished directly and non-
estructively in low-density polyethylene (LDPE) bottles.
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only from the LDPE. In the case of the 2 wt.% povidone solu-
tion, the povidone band at 936 cm−1 (marked by a circle) clearly
matches a similar feature from povidone powder. Additionally,
weak povidone bands are observed in the 900–700 cm−1 range.
02 M. Kim et al. / Analytica Ch

ovidone is a widely used active ingredient in marketed eye-
ash solutions. The Raman data were modeled using a partial

east squares (PLS) regression [17–19] to quantify the povidone
ontent. By acquiring reproducible Raman spectra of samples in
lastic bottles using the WAI scheme along with effective Raman
ntensity correction by external standardization, the concentra-
ions of povidone in LDPE bottles were accurately determined.

. Experimental

.1. Sample preparation in plastic bottles

Commercial eyewash solutions are usually composed pri-
arily of two components, povidone (polyvinyl pyrrolidone,

0 mg/mL (2.0 wt.%)) and benzalkonium chloride (0.1 mg/mL,
0.01 wt.%)) used as an active ingredient and disinfectant,
espectively. We obtained cylindrical plastic bottles by purchas-
ng five bottles of commercial eyewashes at a retail pharmacy.
nly theses plastic bottles were used to acquire data for this

tudy. Fig. 1(b) shows the pictures of these bottles. The three
ottles to the left in the picture contain eyewash solution while
he other two are empty. The average transmittance of bottles
n visible range was 78%. It was calculated by collecting the
isible spectrum of plastic wall cut into 2 cm × 2 cm. The cor-
esponding dimensions are shown in the Fig. 1(b). The bodies
f the plastic bottles were composed of low-density polyethy-
ene (LDPE), which was soft and pliable commensurate with
equirements for the clinical application of eyewash solutions.
he average thickness of the walls of the bottles was found to
e 0.98 ± 0.03 mm.

Five sets of 10 different povidone concentrations ranging
rom 1.0 to 4.2 wt.% were prepared by dissolving appropriate
mount of povidone in distilled water. For Raman measure-
ents, each bottle was used for only one data set. Each data set
as composed of 10 different concentrations. Triplicate spectra
ere collected for each sample. For each of the triplicate collec-

ions, the sample was randomly rotated to illuminate different
pots on the bottle.

A total of 150 spectra were collected using five different plas-
ic bottles. Ninety spectra collected from three bottles were used
s the calibration set. Partial least squares (PLS) calibration
odels were constructed from these data. Sixty spectra from

wo independent bottles were used as the prediction set to val-
date the PLS models. Both the calibration and prediction sets
ncluded the full range of povidone concentrations used in the
tudy (1.0–4.2 wt.%). Raman spectra were collected using an
xposure time of 15 s and 8 scans (total 2 min).

.2. Wide area WAI (WAI) Raman scheme

The schematic diagram of the wide area illumination (WAI)
easurement scheme (Kaiser Optical Inc., Ann Arbor, MI,
SA) is shown in Fig. 1(a). The excitation laser (785 nm, diode
aser) was introduced and magnified to form a circular illumina-
ion area with a diameter of 6 mm (area: 28.3 mm2). This allows
nterrogation of a representative portion of each sample. A long
ocal length of 248 mm is also built into the probe design. The

F
p
t

Acta 587 (2007) 200–207

aman scatter was collected by an array of 50 optical fibers.
he radiation from the optical fibers was dispersed via a holo-
raphic transmission grating and a combined signal from all 50
bers was integrated over the total area illuminated using a CCD
etector. An extra optical fiber is present for the connection of
eon and white light sources when wavelength and intensity cal-
bration are necessary. For each measurement, the center of the
lastic bottle was positioned at the focal length to collect Raman
pectra.

To correct Raman intensity variation from the normal fluctu-
tion of laser power, the isobutyric anhydride external standard,
ealed in a 2 mm thick rectangular quartz cell, was positioned
t 22 mm in front of a plastic bottle. By doing this, the resulting
aman spectra contain spectral features from the povidone solu-

ion, the LDPE and the isobutyric anhydride. A non-overlapping
and of isobutyric anhydride was used to correct laser power
ariation.

All the calculations, including baseline correction, inten-
ity correction and partial least-squares (PLS) regression were
ccomplished using Matlab version 7.0 (The Math-Works Inc.,
A, USA).

. Results and discussion

.1. Raman spectral features

Fig. 2 presents the Raman spectrum of a 2 wt.% povidone
olution contained in an LDPE bottle. For the sake of com-
arison, the spectrum of povidone powder and that obtained
rom a plastic bottle containing only water are also displayed.
ll spectra were acquired using the WAI scheme without isobu-

yric anhydride standard. Water, a weak Raman scatter, shows no
ignificant band; therefore, the Raman features from the data col-
ected from the plastic bottle containing water contain the bands
ig. 2. Raman spectrum (1500–700 cm−1) of 2 wt.% povidone solution in a
lastic bottle. For the sake of comparison, the spectra of povidone powder and
hat obtained from a water-filled plastic bottle are also displayed.
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Table 1
The calculations (average, standard deviation and relative standard deviation
(R.S.D.)) of the peak ratio between the plastic bottle and the povidone solution
peaks from 20 Raman measurements

Scheme Average Standard deviation R.S.D. (%)
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he Raman spectrum of the plastic bottle shows the charac-
eristic spectral features of LDPE such as CH2 twisting bands
t 1295 cm−1. The povidone band at 936 cm−1 does not over-
ap with the bands from the LDPE. Consequently, although the
ntensity of the povidone band is relatively low due to its low
oncentration, this band can be used for quantitative calibration.

.2. Comparison of WAI and conventional Raman scheme

In a routine measurement, the position of the plastic bottle
ill inevitably vary slightly from measurement to measurement.
his will introduce minute variations in the distance between

he Raman probe and a plastic bottle. This would eventually
esult in variations of the intensity ratio between the plastic
ottle and povidone peak, and adversely affect the quantitative
erformance of the Raman measurement in the long term. The
AI scheme has a long focal length (248 mm). Therefore, minor

hanges of the bottle position should not significantly affect the
ntensity ratio between the plastic bottle and povidone bands.

Additionally, the WAI Raman scheme should improve the
eliability of Raman measurements by significantly increasing
urface coverage area. The location illuminated on each plas-
ic bottle was not controlled in the experiments reported in this
aper and would not be expected to be easily controlled in a
outine measurement situation. In the case of using the conven-
ional scheme with a small laser spot (50–500 microns), such
ack of control could result in variations of the intensity ratio
etween the plastic bottle and povidone peak. The laser illumina-
ion spot is significantly smaller than a plastic bottle. Therefore,
he Raman signal could be quite sensitive because the surface
orphology and the chemical and physical properties of each

lastic bottle where laser illumination takes place would not
e constant. Since the WAI scheme interrogates a much larger
urface area of the sample, the resulting Raman signal will be
uch less sensitive to the variation of the morphology of the

ottle surface and the plastic properties.
To confirm the improved spectral reproducibility that results

rom measurements using the WAI scheme compared to the con-
entional approach (laser spot size of about 80 �m and a focal
ength of 10 mm), we collected 20 Raman spectra of a 2 wt.%
ovidone solution using both schemes. The plastic bottle was
emoved and re-positioned with each measurement to simulate
routine measurement. Because of this, the position of the plas-

ic bottle was changed at least slightly with each measurement,
ven though reproducible placement of the bottle was attempted.
ig. 3(a) shows the resulting spectra in the 1520–925 cm−1

ange where spectral features from both povidone and LDPE
an be observed. The spectra shown were baseline corrected
etween 1520 and 925 cm−1. It is clear that greater spectral vari-
tion occurred when the conventional scheme was used, even
hough the same povidone concentration was measured. More
eproducible spectra were collected using the WAI scheme. For
eliable quantitative calibration, the intensity of the LDPE and

ovidone peaks should be constant with each spectral collection.
ecause of the small area of interrogation and the short focal

ength of the conventional scheme compared to WAI scheme,
he intensities of LDPE and povidone peaks are more sensitive

b
T
o
w

onventional 0.103 0.033 32.5
AI 0.078 0.003 3.2

o slight variations in the distance between the Raman probe and
plastic bottle. Variations in the bottle also have a greater affect
n the reproducibility of the conventional scheme.

In order to make the comparison quantitative, the peak ratio
etween the LDPE peak at 1063 cm−1 and the povidone peak
t 936 cm−1 was calculated. The corresponding average, stan-
ard deviation and relative standard deviation (R.S.D.) of this
atio were calculated and are summarized in Table 1. The results
re shown graphically in Fig. 3(b). The two horizontal lines
n the figure correspond to the average of the peak ratio from
he conventional (bottom line) and the WAI (top line) schemes,
espectively. For reliable Raman measurements, the peak ratio
etween LDPE and povidone should ideally be constant. The
.S.D. of the peak ratio using the WAI scheme was 3.2% but
as 32.5% for the conventional scheme. This significant differ-

nce suggests that the WAI scheme can substantially improve
uantitative analysis. The difference in reproducibility is likely
ade more dramatic in this case because data collection was

one through the plastic bottle.

.3. Isobutyric anhydride as an external standard

Raman spectroscopy is a single beam technique and there is,
herefore, no compensation for source fluctuations. This stands
n contrast to absorption methods such as UV, NIR and FT-IR. It
s commonly known that compensation for the variation in the
aser power is essential in order to achieve optimal quantitative
aman measurements. Although the WAI scheme compensates

or variation in sample representation and positioning, the fluc-
uation in the laser power is still an issue that must be addressed.
ven the best lasers can exhibit a 5% fluctuation in power which

ranslates directly to intensity variation in the spectral data.
herefore, a suitable scheme for incorporating standardization
ould be beneficial to obtain optimal quantitative analysis. With

his in mind, we employed a synchronous external standard
onfiguration in this study. This was achieved by positioning
he standard material in front of the plastic bottles as shown in
ig. 1(a). Using this configuration, the Raman spectrum of the
ample (povidone), the LDPE plastic bottle and the external stan-
ard could be collected in a synchronous fashion. Raman spectra
f raw isobutyric anhydride, 2% povidone in a plastic bottle (no
tandard present) and the same sample with the standard posi-
ioned in front are shown in Fig. 4. To exploit an external standard
ethod to correct Raman intensity, it is ideal to have at least one
and of the standard that is not overlapped by the sample bands.
he intensity changes of such an isolated band can be indicative
f laser power variation. The selection of isobutyric anhydride
as motivated by the fact that a carbonyl stretching band is found
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ig. 3. Twenty baseline-corrected spectra of 2 wt.% povidone solution, that wer
eak ratio between the bottle and povidone bands using both schemes (b).

t 1810 cm−1. This is a convenient standard peak because most
rganic compounds do not exhibit Raman bands with shifts in
hat area. In addition to the band at 1810 cm−1, three other iso-
ated bands at 966, 885 and 855 cm−1 (marked with asterisks)
ere also found in this case. These non-overlapping bands were

lose to peaks originating from the LDPE as well as a povidone
−1
and at 936 cm (indicated by a cirlcle). In this study, we used

hese three isobutyric anhydride peaks at 966, 885 and 855 cm−1

o correct for Raman intensity variations since they were near
he povidone peak of interest.

ig. 4. Raman spectra of raw isobutyric anhydride, 2 wt.% povidone in a plastic
ottle (no standard present) and the same sample with the standard positioned
n front.
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ined using both the WAI and conventional scheme (a) and the plot showing the

.4. Investigation of bottle-to-bottle variation

Before the construction of a calibration model, we inves-
igated the spectral variation from bottle to bottle that might
nfluence the calibration performance. To this end, five differ-
nt plastic bottles containing water were prepared. Six spectra
ere collected for each bottle by rotating 60◦ among each mea-

urement. A total of 30 spectra (6 spectra per bottle) were
ollected using the WAI Raman scheme using the isobutyric
nhydride standard. Fig. 5(a) shows all 30 untreated spectra
ollected from the five water-filled bottles. The most obvious
ariation is the vertical baseline offset. This is not unusual since
he degree of elastic scatter (non-Raman scattering) and laser
eflection can vary from bottle to bottle. To compensate for
his variation, a 6-point baseline correction at 1535, 981, 951,
23, 816 and 682 cm−1 was performed. The band area of one
f the peaks representing isobutyric anhydride (966 cm−1) was
ntegrated from 981 to 951 cm−1. Two more bands (885 and
55 cm−1) were integrated between 923 and 816 cm−1. Finally,
ach spectrum was divided by the total calculated area to com-
ensate for any Raman intensity variation from occasional laser
ower fluctuation. The results are shown in Fig. 5(b). By visual
nspection, the most significant variation can be observed in the
500–1050 cm−1 region, which mainly exhibit peaks represen-
ative of the LDPE. As shown in Fig. 3, the variation of the
DPE peaks is significantly decreased using the WAI scheme.

owever, it is difficult to completely remove the variation in

he plastic bands. Fig. 5(c) also shows the average spectrum and
tandard deviation spectrum of the 30 spectra. Once again, the
tandard deviation spectrum shows the greatest variation to be in
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ig. 5. Untreated Raman spectra (30 spectra) collected from five bottles by rotat-
ng bottles 60◦ (a), corresponding intensity-corrected spectra (b) and resulting
verage and standard deviation plot (c).

he spectral range of the plastic bottle bands. There is no signif-
cant spectral variation in the 1000–682 cm−1 range where the
ovidone and the three isobutyric anhydride bands are located.
herefore, this spectral range can be effectively used to build a
alibration model with minimal influence from the variation of
he plastic peaks.

.5. PLS calibration

A partial least squares (PLS) calibration model was devel-
ped using the calibration spectra collected from three plastic
ottles (10 samples per bottle and triplicate spectra per sample

or a total of 90 spectra). Fig. 6(a) shows all 90 raw spectra
sed for calibration. The most dominant feature is the base-
ine variation, as shown previously. Before constructing a PLS

odel, all of the spectra were baseline corrected and normalized

s
0
d
c

ovidone from three bottle sets (a) and the corresponding intensity-corrected
pectra to build PLS calibration models (b).

intensity-corrected) using the area of isobutyric anhydride band
n the same fashion as shown in Fig. 5(b). Fig. 6(b) shows the
orresponding intensity-corrected spectra after baseline correc-
ion. In this figure, only the 982–685 cm−1 range is displayed,
here the most apparent spectral variation of povidone can be
bserved. The systematic spectral variation corresponding to
he povidone concentration change is clearly observed with the
36 cm−1 band (magnified in the figure). Even with the variation
n the bottles, the spectra of the same povidone concentration
re well superimposed on each other, which can be ascertained
y simple visual inspection. Additionally, spectral variation is
lso observed around 760 cm−1 povidone band. It is somewhat
ifficult to observe this peak in the 2% povidone spectrum (see
ig. 2) due to the fact that it is a broad band.

To build a PLS calibration model, we used the intensity-
orrected spectra followed by baseline correction in the
82–680 cm−1 range, that included two povidone peaks and the
tandard peaks. The optimum number of factors was identified
y examining the decrease in the pattern of the standard error
f cross validation (SECV) plot, which is a function of the error
ersus the number of PLS factors with a proper F-ratio test. The
tandard error of prediction (SEP) was calculated by applying
alibration model to the sample spectra collected from the two
emaining bottles not represented in the calibration set (total 60
pectra). Using three factors, the resulting SECV and SEP were

.09% and 0.12%, respectively. The concentrations of the povi-
one solutions were accurately calibrated. The corresponding
oncentration correlation plots of the calibration and prediction
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ig. 7. Concentration correlation plots resulted from PLS calibration and pre-
iction.

ata resulting from the application of the PLS model are shown
n Fig. 7. We have used five different symbols to show the results
rom each bottle to examine any possible prediction dependency
n the individual bottles. As shown, there is no indication of a
ystematic tendency in the calibration and prediction results that
orrelate to the individual plastic bottles.

.6. Prediction performance under the laser power
ariation

It is widely known that lasers experience fluctuation and a
radual decrease of power output over time. Because this is
common occurrence, the prediction accuracy of any routine

ethod should be maintained under such circumstances. To sim-

late this situation, we intentionally decreased the exposure time
o 13 and 11 s (104 and 88 s total collection time, respectively).
hese were compared to the spectra collected with an exposure

t
o
w

ig. 8. Baseline corrected Raman spectra of 4.2 wt.% povidone solution col-
ected with three different exposure times (a) and corresponding intensity
orrected spectra (b).

ime of 15 s (the initial instrumental setting). A total of 30 spectra
10 spectra per each exposure time) were collected from the three
ifferent exposure times using only one bottle. The calibration
odel was applied to the resulting spectra. Fig. 8(a) shows the

aseline-corrected Raman spectra of the 2 wt.% povidone solu-
ion collected at three different exposure times. As shown in the
nlarged plot, the intensity of the povidone band at 936 cm−1

nd the isobutyric anhydride bands at 885 and 855 cm−1 both
ecrease with shorter exposure time. Fig. 8(b) shows the corre-
ponding spectra that have been intensity-corrected based on the
rea of the external standard peaks. Inspection of the enlarged
lot in the same figure reveals that the resulting povidone bands
re markedly similar to each other. The intensity variation from
ifferent exposure times is effectively corrected using the iso-
ated isobutyric anhydride bands. The prediction results with and
ithout the use of intensity correction are compared. With the

ntensity correction, the concentrations of the povidone solutions
ere accurately predicted even with the variation in the Raman

ntensity (SEP: 0.06%). Without intensity correction, the pre-
iction results were not satisfactory (SEP: 0.46%) and showed
bias pattern as expected.

. Conclusion
Direct Raman measurement through a plastic (LDPE) bot-
le has been successfully accomplished for the measurement
f an active pharmaceutical ingredient (povidone) in an eye-
ash solution. Non-overlapping peaks from an external standard
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isobutyric anhydride) were effectively used to correct for the
ariations of the Raman intensity resulting from the fluctua-
ion in laser power. The WAI scheme significantly improves
epresentative sampling including collection through a plastic
arrier. The use of the conventional Raman scheme presents
ifficulties for quantitative analysis directly through a plastic
ottle. The WAI scheme with the use of a synchronous external
tandard has the potential to allow Raman to be used for QC
nalysis for diverse pharmaceutical liquids contained in glass
normal or amber) or plastic containers. Additionally, the pro-
osed scheme has wide applicability for other sectors such as
ood and chemical industrial fields. Further, this could allow
uantitative Raman measurements to be performed directly
hrough diverse containers without manual sampling, such as
ould be the case for on-line measurements. This is the future
irection for pharmaceutical analyses in order to comply with
DA guidelines for PAT. The direct Raman measurement using

he proposed scheme in this paper through glass or amber bot-
les will undoubtedly be easier since there is no strong Raman
ignal from the glass itself. No fluorescence is observed from
mber bottles based on a preliminary study performed in our
aboratory.
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