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Maŕıa J. Culzoni, Maŕıa M. De Zan, Juan Carlos Robles,
Vı́ctor E. Mantovani, H́ector C. Goicoechea∗
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Abstract

Two spectrophotometric methods, assisted by chemometric tools, were developed for the determination of theophylline in syrups: derivative
spectroscopy (DS) and partial least-squares regression (PLS), the latter using both artificial and natural calibration sets. HPLC technique was
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mployed to apply a reference method in order to achieve a complete assessment of performance. Calibrations presented excell
gures of merits (i.e. LOD ranged from 0.03 to 0.4 mg L−1 and analytical sensitivity ranged from 1.7 to 8.3 L mg−1). The intermediate precisio
resented pooled coefficients of variation ranged between 0.54 and 1.08%. Accuracy was studied trough an elliptical joint confide

est (EJCR) comparing the obtained values when analysing spiked real samples by the HPLC and the studied methodologies. B
ethods can be considered acceptable for the pharmaceutical quality assurance of theophylline in syrup samples.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Theophylline (1,3-dimethylxanthine) has been exten-
ively used for asthma management during the last 70 years.
t remains an important drug in the treatment of this disease,
specially for patients with moderate to severe symptoms[1].

n addition, the methylxanthines aminophylline, theophylline
nd caffeine have been used widely to treat apnoea of prema-

urity. Today, they are among the most commonly prescribed
rugs in neonatal medicine.

Theophylline has been determined in pharmaceuti-
al preparations by several methods that include tech-
iques like liquid cromatography[2,3], micellar electroki-
etic cromatography[4], capillary electrophoresis[5] and

on chromatography[6]. Two chemometric–spectroscopic
pproaches were presented for its determination in blood
erum[7] and coffee[8].

∗ Corresponding author. Tel.: +54 342 4575205; fax: +54 342 4575205.
E-mail address: hgoico@fbcb.unl.edu.ar (H.C. Goicoechea).

Derivative spectrophotometry (DS) offers greater sele
ity than does classical spectrophotometry. It decreases
tral overlap and allows for better resolution because s
differences between spectra are magnified. Baseline
are eliminated as well. Consequently, it has been w
applied in pharmaceutical analysis of drug mixtures[9,10].
Moreover, the conversion of zero-order into higher order
derivative spectra may result in the elimination of the n
specific matrix interference[11]. This fact is possible becau
of the occurrence of zero-crossing wavelengths or minim
tion of the interference signal. Recently, a method b
on this technique has been presented for the simultan
determination of theophylline and ephedrine in tablets[12].
Interestingly, a review showing the latest applications
achievements of DS in chemical analysis has been rec
presented by Karpinska[13].

A variety of linear regression methods have been prop
for multicomponent analysis, among which the most po
lar is partial least-squares (PLS). Currently, it has becom
standard for multivariate calibration because of the quali
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the calibration models, the easiness of its implementation and
the availability of software[14–16]. PLS shows the advan-
tage of using full spectral data points, which is critical for the
spectroscopic resolution of complex mixtures of analytes. It
allows for a rapid determination of components, usually with
no need for prior separation. When applying PLS, calibration
can be performed by ignoring the concentrations of all other
components except the analyte of interest. Additionally, if
the prediction sample contains unexpected interferences, the
determination will be biased. Fortunately, this sample can be
identified as an outlier because of the unusually large spectral
residuals (this property is known as the first-order advantage)
[17]. This fact may be especially significant when the analyte
is immersed in a complex matrix like the one constituted by
syrups. Very recently, a review showing multivariate calibra-
tion as a powerful tool in pharmaceutical analysis has been
presented[18].

In the present report, as a part of a quality control pro-
gram, we discuss different strategies to carry out the deter-
mination of theophylline in syrup samples, by applying
electronic absorption measurements together with deriva-
tive spectroscopy, PLS-1 calibration and high-performance
liquid chromatography (HPLC) as reference technique. As
will be shown below, an important degree of spectral over-
lap exists among theophylline and syrup excipients (which
may substantially vary among production laboratories) in the
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cals for chromatography. A theophylline standard was pro-
vided by the Instituto Nacional del Medicamento, Buenos
Aires, Argentina (INAME). Stock solution of theophylline
(1.015 g L−1) was prepared by dissolving the standard of
theophylline in doubly distilled water. Solutions of the excip-
ients usually present in commercial theophylline syrups:
NaOH, sodium methylparaben, sodium propylparaben, sac-
charin, sorbitol and saccharose were also prepared in dou-
bly distilled water. Two mixture solutions of the excipients
present in the commercial theophylline syrup were also pre-
pared in doubly distilled water, one containing NaOH, sac-
charin, sorbitol and saccharose, and the other one containing
sodium methylparaben and sodium propylparaben.

2.3. Calibration and validation sets

2.3.1. Calibration set for applying derivative
spectroscopy

Univariate calibration solutions of theophylline were pre-
pared by diluting appropriate amounts of stock solution with
NaOH 0.1 mol L−1 (pH 13.0) in 50.00 ml volumetric flasks.
Seven standards were performed (three replicates) at the fol-
lowing concentrations: 6.5, 9.6, 12.8, 16.0, 19.2, 22.4 and
25.6 mg L−1. The absorption spectra were recorded in ran-
dom order with respect to analyte concentrations against
a blank consisting of NaOH 0.1 mol L−1. First derivative
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pectral region of interest. The problem thus consists of a
le analyte embedded in a highly complex matrix, whic
ometimes unknown or difficult to reproduce. We have
xplored the use of chemometric tools for accomplishing
oal.

. Experimental

.1. Apparatus

Electronic absorption measurements were carried ou
erkin-Elmer Lambda 20 spectrophotometer, using 1.0
uartz cells, 2 nm of slit width, a scan speed of 120 nm
nd a wavelength interval of 1.0 nm. UV spectra of work
olutions were recorded in the range 210–350 nm. All s
ra were saved in ASCII format, and transferred to a PC
ubsequent manipulation. First derivative spectra were c
ated with a Svitzky-Golay filter using a second-order p
omial and a five-point window. PLS-1 was implemen
sing the MVC1 MATLAB toolbox[19]. Chromatographi
easurements were carried out in a high-performance l

hromatograph Perkin-Elmer Series 200 pump, 785A
etector, NCI900 interface and manual injector with a 2�l

oop.

.2. Reagents

The experiments were performed with analytical-rea
rade chemicals for spectroscopy and HPLC grade ch
pectra were obtained, selecting the working waveleng
84 nm.

.3.2. Multivariate calibration PLS sets
In the presently studied syrup samples, the analyte of i

st is embedded in a complex mixture of a large numb
omponents. Moreover, the analyst occasionally has a
o the information corresponding to the composition of
yrup, but usually this information is not accessible. Ta
nto account these considerations, two sample sets were
o be used as calibration sets for applying PLS-1, in the
owing way:

.3.2.1. Calibration set number 1. Artificial, a training se
f 19 samples corresponding to a central composite d
ith five centre samples (in these case mixtures of the stu
omponent with five different levels of blank syrup sam

.e. syrup without theophylline) was prepared for calibrat
ith the concentrations of theophylline lying in the lin
bsorbance-concentration range of 0–20 mg L−1. The excip

ents were added from two separated solutions in ord
etter model the sources of variability: those excipients w
resent absorbance in the UV region and those that do
he corresponding concentration of theophylline and ex

ents can be seen inTable 1.

.3.2.2. Calibration set number 2. Natural/artificial, a com
ercial sample whose theophylline concentration
btained by HPLC was used. Concentration values o
yrup matrix excipients were taken from the formula
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Table 1
Composition of both calibration sets for applying PLS-1

Calibration sample Theophylline
added (mg L−1)

Syrup blank (A)
addeda (%)c

Syrup blank (B)
addedb (%)c

Theophylline
actual (mg L−1)

Syrup blank
actual (%)d

Set 1–1 11.7 100.0 100.0 – –
Set 1–2 20.2 100.0 100.0 – –
Set 1–3 16.0 74.8 100.0 – –
Set 1–4 16.0 125.2 100.0 – –
Set 1–5 16.0 100.0 74.8 – –
Set 1–6 16.0 100.0 125.2 – –
Set 1–7 13.5 85.0 85.0 – –
Set 1–8 18.6 85.0 85.0 – –
Set 1–9 13.5 115.0 85.0 – –
Set 1–10 18.6 115.0 85.0 – –
Set 1–11 13.5 85.0 115.0 – –
Set 1–12 18.6 85.0 115.0 – –
Set 1–13 13.5 115.0 115.0 – –
Set 1–14 18.6 115.0 115.0 – –
Set 1–15 16.0 100.0 100.0 – –
Set 1–16 16.0 100.0 100.0 – –
Set 1–17 16.0 100.0 100.0 – –
Set 1–18 16.0 100.0 100.0 – –
Set 1–19 16.0 100.0 100.0 – –
Set 2–1 – – – 12.0 80.0
Set 2–2 – – – 12.0 100.0
Set 2–3 – – – 12.0 120.0
Set 2–4 – – – 15.0 80.0
Set 2–5 – – – 15.0 100.0
Set 2–6 – – – 15.0 120.0
Set 2–7 – – – 18.0 80.0
Set 2–8 – – – 18.0 100.0
Set 2–9 – – – 18.0 120.0

a Syrup blank (A) containing the excipients that have absorbance in the UV region.
b Syrup blank (B) containing the excipients that not have absorbance in the UV region.
c The % is relative to the commercial syrup blank taken as 100%.
d The % is relative to the commercial syrup blank taken as 100%.

declared by the manufacturing laboratory. A training set of 9
samples was prepared for calibration, consisting in mixtures
of three levels of theophylline and excipients whit concen-
trations ranging from 80.0 to 120.0% of the target one (see
Table 1). In order to prepare the different standard solutions,
the following cases were considered:

a) Samples Set 2–1, Set 2–5 and Set 2–9 ofTable 1, dilutions
were performed on the commercial sample with NaOH
0.1 mol L−1.

b) Samples Set 2–4, Set 2–7 and Set 2–8 ofTable 1, spiking
with theophylline and suitable dilution were performed.

c) Samples Set 2-2, Set 2–3 and Set 2–6 ofTable 1, spiking
excipients and suitable dilutions were performed.

The spectra for all sets were recorded in random order
with respect to analyte concentrations.

2.3.3. Validation samples
Two validation sets were built with samples containing

different levels of theophylline and excipients. Each sample
was prepared in different days in order to take into account
the maximum possible data variability. Both the composition
and purpose of each set are the following:

2.3.3.1. Set number 1. Precision set, a commercial sam-
ple was proportionally partitioned into three sub-samples,
and analysed applying the studied methods ten times in
three different weeks in order to carry out statistical tests
for intra-day precision and to estimate the intermediate
precision.

2.3.3.2. Set number 2. Recovery assay set, obtained by spik-
ing the commercial sample with five levels of theophylline
from 105 to 125% of the target value declared for the manu-
facturing laboratory. This set was employed to further test the
performance of the methods through the slope and intercept
of the linear regression of calculated versus added concen-
tration values.

2.4. Sample

The analysed samples were different batches of Syrup
Crisasma nf 800 (Sintesina Laboratories, Argentine). This
pharmaceutical contains 8.0 g L−1 of theophylline and was
undergone to dilution 1/500 with NaOH 0.1 mol L−1 using
volumetric material previous to analysis.
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2.5. Chromatographic method

Chromatographic separation was performed on a
LiChrospher® 100, RP-18, 5�m, 250× 4 mm i.d., Merck
column at ambient temperature. The mobile phase con-
sisted of a filtered and degassedified mixture of acetonitrile
in 0.01 mol L−1 acetate buffer pH 3.2 (7/100). The analy-
sis was done under isocratic conditions at a flow rate of
1 ml min−1 and the effluent was monitored by UV measure-
ments at 280 nm. The standard was prepared by dissolving
an accurated amount of theophylline in mobile phase and
diluting in the same solvent to have a work solution of
80�g mL−1. Samples were diluted 1/100 in mobile phase.
All solutions were filtered through 0.22�m Millipore fil-
ter before inyected. Triplicate injections were made for each
solution and the peaks areas were recorded to calculate con-
centration in samples.

3. Results and discussion

3.1. Optimization of the working conditions

One of the first steps in applying UV spectrophotometry
is the selection of the most convenient working pH. Three
conditions were assayed: NaOH 0.1 mol L−1 (pH 13), HCl
0 pH
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Fig. 1. (A) Absorption spectra of syrup sample containing theophylline
(15.0 mg L−1) and all the excipients (see text), diluted (1/500) (1, dash line),
teophylline standard solution of (15.0 mg L−1) (2, solid line) and excipients
solution (dilution 1/500 of the sirup blank) (3, dash dotted line). (B) First-
derivative spectra corresponding to zero-order spectra presented in (A). All
analytes were dissolved in NaOH 0.1 mol L−1.

cluded that the graph is linear in the studied range (p < 0.05).
Table 2also presents three analytical figures of merit which
are very useful in comparing methodologies (see bellow).

3.3. Application of multivariate methodology

In the last years, PLS has become a routine multivariate
method for solving tasks such as the presently studied prob-
lem. This multivariate method involves a calibration step in
which the relation between spectra and component concen-
trations is estimated from a set of reference samples, and
a prediction step in which the results of the calibration are
used to estimate the component concentrations in an unknown
sample spectrum[15]. Here we implemented the PLS-1 ver-
sion that is optimised for the determination of a single analyte
of interest (theophylline)[14].

The optimum number of factors to be used within the PLS-
1 algorithm is an important parameter to achieve better per-
formance in prediction. This allows one to model the system
with the optimum amount of information, avoiding overfit-
ting. The well-known cross-validation leave-one-sample-out
procedure was applied in the present work. The optimum
numbers of factors are shown inTable 2. As can be seen,
the obtained latent variables (four and five) are indicating the
.1 mol L−1 (pH 1) and buffer solutions of sodium acetate (

.5) and phosphate (pH 8.0). NaOH 0.1 mol L−1 was selecte
wing to the high solubility, excellent spectral response
ood stability of theophylline.

.2. Application of zero-crossing methodology

Electronic absorption spectra for diluted and a
inised samples were recorded in the range 210–350 n
20 nm min−1 scanning speed and subjected to both de

ive and multivariate analysis. The zero-crossing metho
gy is recommended in the literature when the interfe
pectrum overlaps the analyte spectrum and its derivativ
al passes through zero at a defined wavelength, in whic
ertical distance from the zero line is measured and is pro
ional to the analyte concentration[20]. The present metho
s based on the zero-crossing first derivative spectros
s can be seen inFig. 1A, the absorption spectra of the
hylline and sample excipients are severely overlapped.

act hinders the resolution of the task by using conventi
pectrophotometry. Alternatively, first derivative spectra
he zero-crossing wavelength are presented inFig. 1B. In this
ase, the zero-crossing point at 284 nm was selected
ptimun wavelength for determination of teophylline in
resence of syrup excipients.

The statistical parameters obtained by least-squares
he calibration line of theophylline by zero-crossing sp
rophotometry can be seen inTable 2. A statistical test wa
lso performed to check linearity of the calibration l
ccording to the test proposed in reference[21]. It was con
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Table 2
Working wavelength, optimum number of factors, optimal data region and
statistical parameters corresponding to the calibration graph of the theo-
phylline by using zero-crossing derivative spectrophotometry and calibration
sets numbers 1 and 2 when applying PLS-1

Statistical parameters
and region

Zero-crossing
derivative

PLS-1

Set 1 Set 2

λ (nm) 284 – –
Intercept −0.003 – –
Standard deviation on

intercept
0.002 – –

Slope 0.0344 – –
Standard deviation on

slope
0.0001 – –

R 0.9999 – –
sfit 0.0028 – –
Factorsa – 4 5
Data region (nm) – 281–320 210–350
RMSECV (mg L−1)b – 0.13 0.24
REP(%)c – 0.81 1.58
SEN – 0.034 0.136
SEL – 0.220 0.053
γ−1 (mg L−1) 0.58 0.59 0.12
LOD (mg L−1) 0.4 0.13 0.033
LOQ (mg L−1) 1.1 0.38 0.10

a Factors were selected following the Haaland criterion[17].

b RMSECV=
√∑

(xact−xpred)
2

I
, whereI is the number of calibration

simples,xact, the actual concentration in calibration samples,xpred, the
predicted concentration with the PLS models and ¯xact is the average concen-
tration in the calibration set.

c REP(%) = RMSECV× 100 /x̄act.

large number of variability sources in the presently studied
system. This latter table also gives other important statistical
parameters and figures of merit such as the root mean square
error of cross-validation (RMSECV), the relative error of pre-
diction (REP%), the sensitivity (SEN), the selectivity (SEL),
the inverse of the analytical sensitivity (γ−1) and the limits
of detection (LOD) and quantification (LOQ). These latter
figures of merit can be calculated and used for method com-
parison or to study the quality of a given analytical technique.
Convenient definitions for the latter figures of merit can be
found in the literature[22,23].

Finally, Table 2presents the values of the optimal data
regions used for the multivariate method in the correspond-
ing calibrations (calibration sets numbers 1 and 2). The region
of sensors to be selected is a critical step for increasing the
predictive ability of multivariate analysis, and should ide-

ally eliminate both uninformative and/or highly correlated
data. In the present report we have applied a moving win-
dow strategy to the calibration set itself, in order to find the
most informative range in the time profile by localisation
of the minimum prediction error sum of squares (PRESS).
The method consists of building both a three- and a two-
dimensional contour plot of the calculated values of PRESS
for the calibration set as a function of first sensor and window
width. The values of PRESS are calculated using the optimum
number of calibration factors in each spectral region. A visual
inspection of both plots (not shown) allowed us to detect the
smaller PRESS and the region in which it is located. This
latter method has shown excellent results in several applica-
tions [19,24]. As regard the selected regions, an important
observation can be made: when using calibration set number
1, the selected region is reduced (281–320 nm), and elimi-
nates highly correlated data (seeFig. 1), but for calibration
set number 2 the selected region is almost identical to the
complete spectrum. This latter fact produces the increase in
both selectivity and sensitivity which is observed inTable 2
when calibrating with set number 2. On the other hand, the
quality of the calibration 1 fit (REP% 50% smaller) is better
than that for calibration 2. This is probably due to the fact
that the former was built using a more suitable experimental
design that comprises a larger number of calibration samples
(19 versus 9). When comparingγ−1, LOD and LOQ, better
fi can
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Table 3
Results obtained when analysing precision on zero-crossing spectrophotom

Derivative spectroscopy

Week 1a 7.44 (4)
Week 2a 7.48 (4)
Week 3a 7.45 (4)
(ANOVA)b F = 2.708 (p = 0.085)
Intermediate precision (CV%) 0.54

a Values between parenthesis correspond to standard deviation (10 replica

b Critical F(3−1);(30−3);0.05 value equal to 2.960.
gures are obtained for calibration set number 2. This
e explained by the use of more extensive analytical in
ation. Even though differences on the parameters sho

able 2are found, these are not significant, and the pe
ance of both calibrations (DS and PLS) can be consid
cceptable.

.4. Comparative study of the precision obtained when
pplying derivative spectroscopy and both
LS-calibrations

Table 3shows the results obtained when validation
umber 1 was analysed. As can be seen, the results ob
nalysing the same sample during three consecutive wee
sing the three methodologies are excellent. Both the rep
ility (intra assay variability) and the intermediate precis
resented coefficients of variation near to 1%. The ANO
howed that the inter assay and the intra assay variance
omparable for the three methods (p > 0.05).

etry and PLS-1 by using calibration sets numbers 1 and 2

PLS-1 (Set 1) (g L−1) PLS-1 (Set 2)

7.76 (8) 7.48 (8)
7.76 (8) 7.46 (7)
7.72 (9) 7.44 (8)

F = 0.766 (p = 0.475) F = 0.678 (p = 0.516)
1.03 1.07

tes).
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Table 4
Comparative study of the results obtained when applying HPLC, derivative univariate calibration and PLS-1 on the validation set number 3

Samples HPLC Theophylline found (g L−1)a

Derivative spectroscopy PLS-1 (Set 1) PLS-1 (Set 2)

1 7.54 (2) 7.42 (4) 7.61 (8) 7.50 (8)
2 7.94 (2) 7.92 (4) 8.06 (8) 8.01 (8)
3 8.39 (2) 8.21 (4) 8.38 (8) 8.19 (8)
4 8.68 (2) 8.62 (4) 8.76 (8) 8.63 (8)
5 9.12 (2) 9.06 (4) 9.18 (8) 9.00 (8)
6 9.50 (2) 9.47 (4) 9.59 (8) 9.46 (8)
Recovery (pooled) (%)b – 99.1 100.8 99.3

a Values between parenthesis correspond to standard deviation (five replicates).
b The recovery was calculated taking the HPLC value as 100%.

3.5. Comparative study of the results obtained when
applying HPLC, derivative univariate calibration
and PLS

In order to evaluate the accuracy and precision of the dif-
ferent methods herein analysed, linear regression analysis of
HPLC versus concentration values found by other methods
was applied utilising the results presented inTable 4. The esti-
mated intercept and slope (ˆa andb̂, respectively) were com-
pared with their ideal values of 0 and 1 using the elliptical joint
confidence region (EJCR) test, in this case by using a bivari-
ate least-squares fitting (BLS)[25]. The equation describ-
ing the joint region isN(a − â)2 + 2

(∑
x
)

(a − â)(b − b̂) +(∑
x
)2(b − b̂)

2 = 2s2Fα,2,N−2, whereN is the number of
data points,s2, the regression variance andF�,2,N−2 is the
statisticalF value with 2 and (N − 2) degrees of freedom at
a given 100× (1− �) confidence level, usually 95%. If the
point (1,0) is inside the EJCR, it can be concluded that con-
stant and proportional biases are absent.Fig. 2 shows the
EJCR plots for all the studied methods. As can be seen, the
ellipses contain the theoretical (a = 0,b = 1) point for the three
alternatives.

F
c metric
a scopy
( PLS-
1 etical
(

Interestingly, the recoveries obtained when comparing the
studied methods against the HPLC reference were 100± 1%,
indicating the high-performance of the methods herein anal-
ysed.

3.6. Final remarks

Taking into account the good results obtained by apply-
ing the DS and PLS methods, either of them can be rec-
ommended. Which method is adopted will depend on the
availability of the software and the analyst’s knowledge about
the theoretical considerations on the chemometric methods. If
the analyst wants to be independent of the excipients used for
the manufacturing laboratory, the best choice is to build a nat-
ural calibration set, with the subsequent application of PLS.
However, this option needs previous HPLC measurements.
Once the HPLC concentration is obtained, the calibration can
be used for a routine quality control activity of this kind of
pharmaceuticals. On the other hand, the simplest choice is
the implementation of DS.

4. Conclusions

A simple strategy including derivative univariate or PLS
multivariate spectrophotometric calibration for the deter-
m d. It
i ulti-
v ets.
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b ith
s le tool
t ring
t om-
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ral
a
T

ig. 2. Elliptical joint confidence regions for the slope (b) and intercept (a)
orresponding to regressions of HPLC method predicted vs. chemo
ssisted predicted concentrations of theophylline. Derivative spectro
black solid line), PLS-1/calibration set 1 (black dashed line) and
/calibration set 1 (gray solid line). The black cross marks the theor
a = 0, b = 1) point.
ination of theophlylline in syrup has been develope
nvolves the use of zero-crossing derivative or PLS m
ariate calibration using artificial or natural calibration s
he results were acceptable considering the complexi

he analysed sample and the speed in getting the results
omparing with the HPLC method. In conclusion, the c
ination of DS-univariate and -multivariate calibrations w
pectrophotometric measurements constitutes a valuab
owards the development of simple methods for monito
heophylline in pharmaceutical formulations presenting c
lex matrices.
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