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a b s t r a c t

Automated sequential injection (SIA) method for chemiluminescence (CL) determination

of nonsteroidal anti-inflammatory drug indomethacin (I) was devised. The CL radiation

was emitted in the reaction of I (dissolved in aqueous 50% v/v ethanol) with intermedi-

ate reagent tris(2,2′-bipyridyl)ruthenium(III) (Ru(bipy)3
3+) in the presence of acetate. The

Ru(bipy)3
3+ was generated on-line in the SIA system by the oxidation of 0.5 mM tris(2,2′-

bipyridyl)ruthenium(II) (Ru(bipy)3
2+) with Ce(IV) ammonium sulphate in diluted sulphuric

acid. The optimum sequence, concentrations, and aspirated volumes of reactant zones were:

15 mM Ce(IV) in 50 mM sulphuric acid 41 �L, 0.5 mM Ru(bipy)3
2+ 30 �L, 0.4 M Na acetate 16 �L

and I sample 15 �L; the flow rates were 60 �L s−1 for the aspiration into the holding coil

and 100 �L s−1 for detection. Calibration curve relating the intensity of CL (peak height of

the transient CL signal) to concentration of I was curvilinear (second order polynomial) for
ris(bipyridyl)ruthenium complex

harmaceuticals

emisolid dosage forms

0.1–50 �M I (r = 0.9997; n = 9) with rectilinear section in the range 0.1–10 �M I (r = 0.9995; n = 5).

The limit of detection (3�) was 0.05 �M I. Repeatability of peak heights (R.S.D., n = 10) ranged

between 2.4% (0.5 �M I) and 2.0% (7 �M I). Sample throughput was 180 h−1. The method was

applied to determination of 1 to 5% of I in semisolid dosage forms (gels and ointments). The

results compared well with those of UV spectrophotometric method.
. Introduction

ndomethacin (1-(p-chlorobenzoyl)-5-methoxy-2-methyl-3-
ndolylacetic acid) is a nonsteroidal anti-inflammatory drug
xhibiting analgesic, anti-inflammatory and antipyretic
Please cite this article in press as: K. Mervartová et al., Sequential injectio
using tris[(2,2′-bipyridyl)]ruthenium(III) as reagent and its application to
doi:10.1016/j.aca.2007.01.057

ffects. Its chemical structure is depicted in Fig. 1. Indome-
hacin gels and ointments are broadly used for calming
own acute joint and backbone pain and for the treatment
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of degenerative diseases of joints and ligaments such as
rheumatoid arthritis, osteoarthritis and ankylotic spondylitis;
on the other hand oral administration of indomethacin may
cause severe side effects including irritation of stomach [1,2].

The British Pharmacopoeia [3] uses a titration method for
the determination of indomethacin which is time consuming
n analysis (SIA)-chemiluminescence determination of indomethacin
semisolid pharmaceutical dosage forms, Anal. Chim. Acta (2007),

and impractical for routine analyse.
A number of papers have been published concerning

determination of indomethacin by various analytical meth-
ods in different matrices of pharmaceutical or biomedical

dx.doi.org/10.1016/j.aca.2007.01.057
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Fig. 1 – Structural formula of indomethacin.

interest. Among them separation methods, namely liquid
chromatography [4–14] and capillary zone electrophoresis
[15,16] using UV spectrophotometric [3–11,15,16] or mass spec-
trometric detection [13,14] with limit of quantification (LOQ)
of 1.1 nM indomethacin attained the leading position. Recently
indomethacin was determined in injections by derivative UV
spectrophotometry [17] and by spectrophotometry in visual
region with use of molybdate as colour reagent [18]. SIA
with fluorescence detection based on alkaline hydrolysis of
indomethacin (leading to formation of fluorescing products)
was used for its assay in pharmaceutical formulations [19]
including automated drug release studies [20]. Adsorptive
stripping voltammetry [21–24] with LOD values approaching
0.7 nM of indomethacin and room-temperature phosphorime-
try on a poly(vinyl alcohol) substrate [25] are among other
methods devised previously for the determination of this drug.

To our best knowledge only one chemiluminescence (CL)
method for the determination of indomethacin was published
so far [26]. This flow injection – CL method uses non-selective
CL reaction of indomethacin with soluble Mn(IV) species
and formaldehyde for the assay of >40 ng mL−1 (≈0.1 �M) of
indomethacin in urine; the interferences were overcome by
using selective absorption and pre-concentration of the ana-
lyte in a column packed with appropriate molecular imprinted
polymer. A single assay (1 injection) took almost 3.5 min.

Several well established CL reaction systems of analytical
relevance [27,28] (based, e.g., on luminol, lucigenin, lophine,
peroxyoxalate, sulphite, Ce(IV), Mn(VII) and Ru(III) complexes)
have been extensively utilized in practice especially in con-
nection with flow methods (FIA, SIA) in the recent decade.
The Ru(bipy)33+ complex can oxidize oxalate or some nitroge-
nous organic compounds while being reduced to excited
[Ru(bipy)32+]* species emanating visible light with maximum
emission at 610 nm [29]. The Ru(bipy)33+ reagent is relatively
unstable molecule which needs to be prepared in situ from
Ru(bipy)32+ by chemical, photochemical or electrochemical
oxidation. Chemical oxidation of Ru(bipy)32+ is accomplished
for example with Ce(IV) [30–32] or with permanganate [33,34]
in acidic medium. Many important drugs contain nitrogen
atoms in their molecules; hence the Ru(bipy)33+ has high
potential to become useful reagent for their CL determina-
tion. Chemiluminescence of some indole derivatives (indole,
indole-3-acetic acid, tryptophan, psilocin and psilocybin) in
the reaction with Ru(bipy)33+ was described previously [35–37].

Automated flow methods such as FIA and especially SIA
Please cite this article in press as: K. Mervartová et al., Sequential injectio
using tris[(2,2′-bipyridyl)]ruthenium(III) as reagent and its application to
doi:10.1016/j.aca.2007.01.057

proved to be powerful tools in solving practical problems
occurring in the field of quality assurance of pharmaceuticals
[38,39]. One of the advantages of SIA is feasibility of on-line
preparation of unstable reagents and at the same time sub-
 PRESS
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stantial reduction of waste generation as well as minimizing
the consumption of sample and reagents.

In our preliminary experiments we used the SIA-CL tech-
nique for screening a number of drugs (bulk substances)
containing nitrogen atoms in their molecules as potential
analytes possibly giving rise to chemiluminescence radia-
tion in the reaction with Ru(bipy)33+ generated via chemical
oxidation of Ru(bipy)32+ by Ce(IV) directly in the SIA sys-
tem. Indomethacin showed promising CL response usable
for its sensitive SIA-CL determination. The present work is
dealing with the development and validation of automated
rapid and sensitive SIA-CL method suitable for the assay of
indomethacin in semisolid dosage forms (gels and ointments)
involving evaluation of its accuracy by comparison with refer-
ence UV spectrophotometric method [17].

2. Experimental

2.1. Apparatus

The SIA system was built from CAVRO XL 3000 piston pump
(volume 2.5 mL Cavro Scientific Instruments Inc., USA), Vici
Valco ten-port selection valve with electrical actuator (Valco
Instruments Co., Inc., USA), model FS 970 Schoeffel Instrument
Corp. (USA) fluorimetric flow detector (UIV lamp switched off)
equipped with a lab-made CL module with spiral geometry;
the photomultiplier tube voltage was 320 V. The SIA system
involved a holding coil (length 70 cm, i.d. 0.75 mm, PTFE tub-
ing, volume 1.2 mL) and a PTFE tubing (i.d. 0.75 mm). The same
tubing was spirally coiled on a 52 mm × 52 mm Perspex plate,
which substituted the secondary filter in the fluorimeter; this
CL module had a central inlet, peripheral outlet and the diam-
eter of the spiral was 24 mm. The control unit consisted of
Pentium 75 MHz PC equipped with additional AT-MIO-16E10
data acquisition and AT-232/4 interface cards (National Instru-
ments Corporation, USA). The whole system was operated by
software (FaFSIA, Version 1.2); advanced data calculation and
analysis were performed by LPMcalc, Version 1.0 (lab-made
programs written in LabVIEW®). The optimization was carried
out by our own simplex MS DOS software. Schematic view of
the employed SIA manifold is shown in Fig. 2.

The solution stability monitoring and UV spectrophotom-
etry was performed on Agilent UV–vis photodiode array spec-
trophotometer (Model HP 8453). The CL emission spectra were
measured by Shimadzu RF-1501 spectropfluorophotometer.

2.2. Reagents

All solutions were prepared from analytical grade chemi-
cals and a Millipore Milli-Q RG ultra pure water. Standard of
indomethacin was obtained from Jiangsu Taicang, China and
stored in refrigerator. Tris(2,2′-bipyridyl)dichlororuthenium(II)
hexahydrate, acetonitrile, cetyltrimethylammonium bromide
(CTAB), sodium dodecylsulphate (SDS), triton X-100 and
methanol were purchased from Sigma–Aldrich, Chemie GmbH
n analysis (SIA)-chemiluminescence determination of indomethacin
semisolid pharmaceutical dosage forms, Anal. Chim. Acta (2007),

(Germany). Cerium(IV)-ammonium sulphate was purchased
from Fluka (Switzerland). Potassium dihydrogen phosphate
and sodium hydrogen phosphate were from Merck (Germany).
Acetone, sulphuric acid, potassium permanganate, sodium

dx.doi.org/10.1016/j.aca.2007.01.057
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Fig. 2 – Schematic view of SIA manifold: CS, carrier stream; SP, syringe pump; RC, holding coil; MSV, multi-position
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election valve; D, detector; W, waste; R1, Ce(IV) in sulphuric
ample in 50% ethanol.

ydroxide, acetic acid, sodium acetate, orthophosphoric acid,
thanol, hydrochloric acid and boric acid were obtained from
achema (Czech Republic). Indomethacin was determined in
ndobene gel (Merckle GmbH, Germany) and in Vonum cutan
intment (Pharmaceutica GmbH, Germany).

Stock solution of 0.1 mM indomethacin was prepared by
issolving appropriate amount of the substance in ethanol; it
as stored at 4 ◦C. This solution was stable for at least 2 days as

ound by measuring its UV spectrum. Working solutions were
repared by diluting the stock solution with aqueous 50% (v/v)
thanol.

The buffers used in the experiments were 0.2 M acetate
uffer (pH 5–5.6), 0.067 M phosphate buffer (pH 6–8) and
ritton–Robinson buffer (pH 2–10).

.3. SIA procedure

ppropriate volumes of indomethacin test solution or blank,
olution of Ru(bipy)32+, buffer and Ce(IV) in sulphuric acid
ere automatically aspirated in optimum order into the hold-

ng coil, the zones were mixed by flow reversal and the arising
L product was pushed into the detector cell. The transient
L signal was recorded in the form of peaks and processed by
ur original software written in LabVIEW (involving the peak
eight calculations in nA). Each measuring cycle was carried
ut five times at ambient temperature and the mean values of
he peak heights and their standard deviations were computed
utomatically. The net CL signal was calculated by subtracting
he mean blank signal from the mean raw signal value where
ppropriate.

.4. Optimization

esults of preliminary experiments indicated that the opti-
um order of the reactant zones aspirated into the holding
Please cite this article in press as: K. Mervartová et al., Sequential injectio
using tris[(2,2′-bipyridyl)]ruthenium(III) as reagent and its application to
doi:10.1016/j.aca.2007.01.057

oil was: (i) Ce(IV) sulphate in sulphuric acid, (ii) aque-
us Ru(bipy)32+, (iii) buffer solution, and (iv) test solution of

ndomethacin. This order was applied in all subsequent exper-
ments.
; R2, Ru(bipy)32+ complex; R3, buffer; S, indomethacin

2.4.1. Chemical parameters
Initially the effect of the concentration of the individual reac-
tants on the net CL response of 15 �L of 1 �M indomethacin
in aqueous 25% (v/v) ethanol was examined by the univariate
technique (the concentration of the reactant examined was
changed while the other concentrations were fixed). Flow rate
of aspirating the zones of the reactants into the holding coil
(FRa) was 25 �L s−1 and the flow rate of aspirating the zone of
emitting species into the detector (FRd) was 100 �L s−1.

The aspirated volume of the Ce(IV) sulphate in sulphuric
acid zone was 70 �L and the concentrations were varied in the
range 5–20 mM Ce(IV) and 10–100 mM H2SO4. The aspirated
volume of the Ru(bipy)32+ zone was 30 �L and the concentra-
tion of Ru(bipy)32+ changed in the range 0.1 to 5 mmol L−1. The
volume of the buffer solution aspirated was 30 �L and the pH
varied between 2 and 10 for the Britton–Robinson universal
buffer, pH 6–8 for 0.067 M phosphate buffer and pH 5.0–5.6 for
0.2 M acetate buffer; 0.1–0.5 M sodium acetate was also used
instead of the acetate buffer.

The effect of the content of 5–15% (v/v) of acetone, 5–15%
(v/v) of acetonitrile, 25–100% (v/v) of methanol and 25–75%
(v/v) of ethanol in the injected 1 �M indomethacin solu-
tion on the net CL intensity was tested at optimized Ce(IV),
sulphuric acid, Ru(bipy)32+ and Na acetate concentrations.
In addition possible enhancement of the CL intensity by
selected surfactants was examined by treating the injected
1 �M indomethacin solution in 20% (v/v) ethanol with appro-
priate surfactant to contain 0.02 to 0.21% of Triton X-100, 5 to
80 mM sodium dodecylsulphate or 1 to 10 mM cetyltrimethy-
lammonium bromide.

2.4.2. SIMPLEX optimization of flow parameters
With optimized concentrations of the reactants the volumes
of the reagents and the flow rates FRa and FRd were opti-
mized simultaneously by the multi-variate computer-aided
n analysis (SIA)-chemiluminescence determination of indomethacin
semisolid pharmaceutical dosage forms, Anal. Chim. Acta (2007),

SIMPLEX method using a MS DOS software devised in our lab-
oratory. The sample was 15 �L of 1 �M indomethacin in 50%
(v/v) ethanol; its volume was maintained constant during the
whole SIMPLEX process. The lower and upper limits of FRa and

dx.doi.org/10.1016/j.aca.2007.01.057
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FRd were 25 �L s−1 and 150 �L s−1 and the aspirated volumes
of the reagent zones were optimized within the range 5 �L to
100 �L.

2.5. Calibration curve, LOD, repeatability, robustness

Calibration was performed under the optimum conditions
with nine standard solutions of indomethacin covering the
concentration range 0.1–50 �mol L−1. For each standard solu-
tion five replicate injections were carried out. The calibration
data were evaluated by non-linear curve fitting and by linear
regression analysis with use of SlideWrite V6 software.

The LOD was calculated by the 3S/N method as the con-
centration of indomethacin giving rise to CL signal exceeding
three times the standard deviation of the blank signal.

The repeatability of the CL peak heights was estimated by
performing 10 replicate injections of two standard solutions
containing 0.5 �mol L−1 and 7 �mol L−1 of indomethacin; the
relative standard deviation (R.S.D.) of the mean peak height
was calculated for either concentration of indomethacin.

The robustness of the method was estimated by examining
the effect of varying the concentrations of Ru(bipy)32+, Ce(IV)
and sulphuric acid, and Na acetate and their aspirated vol-
umes as well as FRa and FRd within ±10% around their final
optimized values.

2.6. Analysis of pharmaceutical formulations

2.6.1. Procedure for the assay of indomethacin in gel or
ointment by the SIA-CL method
Two commercially available semisolid dosage forms were
analysed, namely Indobene gel and Vonum cutan ointment.
Approximately 0.25 g of a gel or ointment sample was weighed
into a 100 mL volumetric flask containing 50 mL of ethanol and
the mixture was sonicated for 10 min. Thereafter the volume
was adjusted to 100 mL with ethanol and the suspension was
filtered through a membrane filter (Nylon syringe filter, pore
size 0.45 �m, Teknokroma, Spain). A 1-mL (for gel sample) or
0.5-mL (for ointment) portion of the filtrate was diluted with
aqueous 50% (v/v) ethanol to 25 mL in a volumetric flask; this
test solution was directly analysed by the proposed SIA-CL
method under the optimum conditions with use of calibra-
tion curve covering the range 1 to 10 �M indomethacin. Five
separately weighed samples of each formulation were anal-
ysed and for each test solution five replicate injections were
carried out.

2.6.2. Recovery experiments
A 0.25-g sample of the ointment or gel was treated with known
volume of a standard solution of indomethacin in ethanol to
increase the original content of indomethacin by 40 to 100%.
Thereafter the spiked sample was analysed by the SIA-CL
method as described above and the recovery of the added
amount of indomethacin was calculated. The recovery exper-
iments were run in triplicate for each formulation.
Please cite this article in press as: K. Mervartová et al., Sequential injectio
using tris[(2,2′-bipyridyl)]ruthenium(III) as reagent and its application to
doi:10.1016/j.aca.2007.01.057

2.6.3. Procedure for the UV spectrophotometric assay of
indomethacin [17]
A 2.00-g sample of a gel or 0.40-g sample of an ointment
was weighed into a 50-mL volumetric flask containing 20 mL
 PRESS
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of methanol. Thereafter 20 mL of methanol was added, the
mixture was sonicated for 10 min and diluted to 50 mL with
methanol. The suspension produced was filtered through the
Teknokroma membrane filter (see above), a 2-mL portion of
the filtrate was transferred into a 25-mL volumetric flask,
0.5 mL of 1 M HCl was added and the volume was adjusted to
25 mL with methanol. Absorbance of this solution was mea-
sured at 318 nm in a 1-cm fused silica cell and corrected for
the baseline absorbance measured at 450 nm. The reference
standard solution of indomethacin (32 �g mL−1) in methanol
contained 20 mM HCl. Five separately weighed samples of each
formulation were analysed.

2.6.4. Accuracy
The accuracy of the proposed SIA-CL method was evaluated
by the statistical Student’s t-test [42]. Such a test involved
comparison of the results of indomethacin determination in
Indobene gel and Vonum cutan ointment as found by the SIA-
CL method and by the UV spectrophotometry [17].

3. Results and discussion

3.1. Optimization of chemical parameters

The only CL method for determining indomethacin pub-
lished to date is a flow-injection assay based on its reaction
with soluble Mn(IV) species in the presence of formalde-
hyde as an enhancer [26]; this method allowed to determine
≥0.1 �M indomethacin at relatively low sample throughput
of <20 h−1. Therefore, we attempted to devise another CL
method that would be faster and at least as sensitive as
the previous one. Initially we found that no CL is emitted if
indomethacin is allowed to react directly with acidified solu-
tions of permanganate or Ce(IV) as reagents commonly used
in many CL assays. Since the CL of some indole derivatives was
observed earlier [35–37] when unstable Ru(bipy)33+ species
was used as oxidant, we decided to employ relatively sta-
ble Ru(bipy)32+ as the reagent in combination with the SIA
technique for automated in situ formation of Ru(bipy)33+ and
its on-line CL reaction with indomethacin. We found that
the only sequence of reactant zones aspirated into the hold-
ing coil leading to CL emission is Ce(IV) in sulphuric acid -
Ru(bipy)32+ - acetate buffer - indomethacin. The orange light
emitted showed maximum emission at 590–610 nm; this fact
indicates that the emitting species is excited [Ru(bipy)32+]* [29].
There was no CL signal detected if Ce(IV) was substituted by
MnO4

−.
Sulphuric acid forms complexes with Ce(IV); it has been

already pointed out that the reactive species of Ce(IV) are
Ce(SO4)2 and H[Ce(SO4)3]− [40,41] and hence the concentration
of sulphuric acid should influence the reactivity of Ce(IV) with
Ru(bipy)32+. On the other hand extremely high acidity of the
Ce(IV) reagent could cause decomposition of the Ru(bipy)32+

complex. It was found that the intensity of CL increases when
decreasing concentration of H SO down to 0.05 mol L−1 but
n analysis (SIA)-chemiluminescence determination of indomethacin
semisolid pharmaceutical dosage forms, Anal. Chim. Acta (2007),

2 4

further decrease of its concentration results in the forma-
tion of precipitate in the flow system; therefore 0.05 M H2SO4

was selected as the optimum parameter. The intensity of
CL increased when increasing concentration of Ce(IV) from

dx.doi.org/10.1016/j.aca.2007.01.057
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Fig. 3 – Dependence of the intensity of CL on the
concentration of Ru(bipy)32+ complex 15 �L of 1 �M
indomethacin in 25% (v/v) ethanol injected; Reagent zones
aspirated: 70 �L of 15 mM Ce(IV) in 50 mM H2SO4, 30 �L of
Ru(bipy)32+, 30 �L of 0.2 M acetate buffer pH 5.4;
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Fig. 4 – Influence of the content of organic solvent in the
injected indomethacin solution on the intensity of CL. 15 �L
of 1 �M indomethacin in appropriate solvent injected.
Reagent zones aspirated: 70 �L of 15 mM Ce(IV) in 50 mM
H2SO4, 30 �L of 0.5 mM Ru(bipy)32+, 30 �L of 0.4 M Na
Ra = 25 �L s−1; FRd = 100 �L s−1.

to 15 mmol L−1 and it practically did not change for 20 mM
e(IV); hence the optimal concentration of Ce(IV) was set to
5 mmol L−1. The effect of the concentration of Ru(bipy)32+ is
epicted in Fig. 3; it can be seen that maximum CL response
as attained for 0.5 mM Ru(bipy)32+.

The CL signal increased with increasing the pH of the 0.2 M
cetate buffer from 5 to 5.6. There was no CL emission if
cetate buffer was substituted by water, by phosphate buffer
f pH 6 to 8 or by Britton–Robinson buffer of pH 2 to 10. Appar-
ntly the presence of acetate is essential for the formation of
he CL emitting species. Replacement of the acetate buffer by
lain sodium acetate solution resulted in further growth (by
26% compared to 0.2 M acetate buffer of pH 5.6) of the CL sig-
al; optimum concentration of the aspirated sodium acetate
olution was 0.4 mol L−1.

Indomethacin is sparingly soluble in water but well soluble
n common organic solvents such as methanol, ethanol, ace-
one and acetonitrile. Therefore, its stock solution as well as
he working and standard solutions were prepared in organic
r mixed aqueous-organic media. The effect of the content
f selected organic solvents in the injected test solution of

ndomethacin on the intensity of CL is shown in Fig. 4. It can
e concluded that ethanol exhibits the best sensitizing effect
nd that its optimum content in the injected sample is 50% (a
0% increase of CL intensity compared to sample containing
5% of ethanol is achieved). Anionic and cationic surfactants
xamined (see Section 2) did not influence the intensity of CL;
nsignificant increase of less than 20% of the original value was
bserved if the injected sample contained about 0.2% of non-
Please cite this article in press as: K. Mervartová et al., Sequential injectio
using tris[(2,2′-bipyridyl)]ruthenium(III) as reagent and its application to
doi:10.1016/j.aca.2007.01.057

onic surfactant Triton X-100; in view of this fact no surfactants
ere employed in further experiments.

To recapitulate, the optimum concentrations of the reac-
ants in the aspirated zones were 15 mM Ce(IV) in 50 mM
acetate; FRa = 25 �L s−1; FRd = 100 �L s−1. Curve 1: ethanol,
curve 2: methanol, curve 3: acetone, curve 4: acetonitrile.

H2SO4, 0.5 mM Ru(bipy)32+, 0.4 M Na acetate, and 50% (v/v) of
ethanol in the injected test solution of indomethacin.

3.2. SIMPLEX optimization of flow parameters

Sixteen SIMPLEX vertexes were run to optimize the volumes
of the aspirated zones of the reactants (except of the zone of
1 �M indomethacin with fixed volume of 15 �L) and the flow
rates FRa and FRd in terms of achieving maximum intensity
of CL. The process was initiated with 70 �L of 15 mM Ce(IV) in
50 mM H2SO4, 30 �L of 0.5 mM Ru(bipy)32+ and 30 �L of 0.4 M
Na acetate. The initial flow rates were FRa 25 �L s−1 and FRd
100 �L s−1.

After nine vertexes the CL intensity increased by 20% rel-
ative to the initial value and it did not improve with further
runs. Hence the final optimum conditions found after the 9th
vertex were 41 �L of 15 mM Ce(IV) in 50 mM H2SO4, 30 �L of
0.5 mM Ru(bipy)32+, 16 �L of 0.4 M sodium acetate, FRa 60 �L s−1

and FRd 100 �L s−1. The optimum time sequence of the SIA
control programme is summarized in Table 1.

3.3. Calibration curve, LOD, repeatability, robustness

The best curve fit of the calibration data covering the whole
concentration range of 0.1–50 �M indomethacin (nine con-
centrations) examined was a second degree polynomial:
I = −0.156c2 + 22.193c + 0.767 (r = 0.9997; n = 9) where I stands for
the mean peak height (CL intensity in nA) and c is concentra-
tion of indomethacin (�M). The deviation from rectilinearity
n analysis (SIA)-chemiluminescence determination of indomethacin
semisolid pharmaceutical dosage forms, Anal. Chim. Acta (2007),

in CL methods is a commonly known phenomenon that may
be caused for example by absorption of the emitted radi-
ation by the analyte [28]. For 0.1 to 10 �M indomethacin
the calibration curve was rectilinear: I = 19.51c − 4.4 (r = 0.9991;

dx.doi.org/10.1016/j.aca.2007.01.057
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Table 1 – Optimal concentrations of reactants and time sequence of control program for SIA-CL determination of
indomethacin

Device Command Values Aspirated solution

SP Valve position IN
SP Set flow rate (�L s−1) 100
SP Aspirate (�L) 500
SP Valve position OUT
SP Set flow rate (�L s−1) 60
MPV Set valve position 1 15 mM Ce(IV) in 50 mM H2SO4

SP Aspirate (�L) 41
MPV Set valve position 2 0.5 mM Ru(bipy)32+

SP Aspirate (�L) 30
MPV Set valve position 3 0.4 M Na acetate
SP Aspirate (�L) 16
MPV Set valve position 4 Indomethacin in 50% (v/v) ethanol
SP Aspirate (�L) 15
MPV Set valve position 9
SP Set flow rate (�L s−1) 100
SP Empty syringe
D On

SP: syringe pump, MPV: multi-position valve, D: detector.

Fig. 5 – SIA-gram of five replicate injections of standard
solution of indomethacin 15 �L of 3 �M indomethacin in
50% (v/v) ethanol injected; Reagent zones aspirated: 41 �L
of 15 mM Ce(IV) in 50 mM H2SO4, 30 �L of 0.5 mM

2+ −1
Ru(bipy)3 and 16 �L of 0.4 M Na acetate; FRa = 60 �L s ;
FRd = 100 �L s−1.

n = 5). The R.S.D. of the slope of this rectilinear calibration
curve was 7.1% when repeating the calibration eight times (in
eight different days); the correlation coefficient values ranged
between 0.9984 and 0.9998 (n = 5). The SIA-gram demonstrat-
Please cite this article in press as: K. Mervartová et al., Sequential injectio
using tris[(2,2′-bipyridyl)]ruthenium(III) as reagent and its application to
doi:10.1016/j.aca.2007.01.057

ing five replicate injections of 3 �M indomethacin is shown in
Fig. 5.

The LOD estimated as 3S/N ratio was 50 nmol L−1 of
indomethacin.

Table 2 – Determination of indomethacin in semisolid formulat
spectrophotometric method

Formulation Nominal content (%)

Vonum cutan 5 4.
Indobene gel 1 1.

a S.D., standard deviation of the mean value (n = 5).
b At 95% confidence level; na = nb = 5; tcritical = 2.228 [39].
The R.S.D. values of mean peak heights for 10 replicate
injections of 0.5 �M and 7 �M indomethacin were 2.40%
and 2.02%, respectively, which is the sign of acceptable
repeatability.

Maximum sample throughput was 180 h−1.
As for the robustness of the method, the CL signal was not

influenced if the optimized concentrations, volumes and flow
rates were changed within ±10% except of decreased concen-
tration of Ce(IV); in this case the CL signal diminished by 7%
relative to the optimal value if the concentration of Ce(IV) was
decreased by 10%.

3.4. Analysis of pharmaceutical formulations

The results of SIA-CL and UV spectrophotometric analysis [17]
of Indobene gel and Vonum cutan ointment are summarized
in Table 2. Comparison of the results obtained by the pro-
posed and reference methods by statistical Student’s t-test [42]
revealed that there is no significant difference between the
two methods at 95% confidence level. Thus, the proposed SIA-
n analysis (SIA)-chemiluminescence determination of indomethacin
semisolid pharmaceutical dosage forms, Anal. Chim. Acta (2007),

CL method provides accurate results that are not influenced by
the presence of excipients quoted by the manufactures such
as 2-propanol, diisopropyl adipate, carbomer 980, trometamol
and spruce essential oil for Indobene gel and lauromacrogol,

ions and comparison of results with UV

Content found (% ±S.D.a) t-testb

SIA-CL UV [17]

80 ± 0.08 4.88 ± 0.08 1.630
01 ± 0.04 0.97 ± 0.02 2.003

dx.doi.org/10.1016/j.aca.2007.01.057
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Table 3 – Recoveries of standard additions of indomethacin

Formulation Indomethacin found
by SIA-CLa (%)

Indomethacin
added (%)

Sum found
(%)b

Mean recovery (%) R.S.D.c (%)

Indobene gel 1% 1.01 1.00 2.01 99.65 2.50
Vonum cutan 5% 4.80 2.01 6.75 97.31 1.59

a In original formulation without analyte addition.
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b In original formulation with analyte addition.
c Relative standard deviation (n = 3).

acrogol, glycerol monostearate and cetostearomacrogol for
onum cutan ointment. This fact is also corroborated by the
esults of recovery experiments (see Table 3) based on the
tandard addition technique.

. Conclusion

ost of available methodologies for indomethacin determina-
ion are either time-consuming, need specific and expensive
quipment or require a rigorous operator intervention that
ould affect precision and accuracy. With the sample through-
ut of 180 injections per hour the devised automated SIA-CL
ethod is by far the fastest method employed for the deter-
ination of indomethacin among those published so far.

he proposed method is characterised by favourable limit
f detection that compares well with that of considerably
lower FIA-CL method based on different chemistry [26] which
as the only CL one published till now. This was achieved

y thorough optimization of the chemical and flow parame-
ers; considerable enhancement of the CL signal was attained
y the use of acetate as a novel specific enhancer and by
dding ethanol to the analysed indomethacin solutions. Rela-
ively broad calibration range, acceptable reproducibility and
electivity are among main benefits of the method. Since
ommon excipients used in the manufacture of commercial
els and ointments do not interfere with the SIA-CL assay
f indomethacin the method could be successfully applied to
outine determination of indomethacin in semisolid dosage
orms. Its future use in automated studies of the release
f indomethacin from pharmaceutical preparations can be
nvisaged.
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using tris[(2,2′-bipyridyl)]ruthenium(III) as reagent and its application to
doi:10.1016/j.aca.2007.01.057

[1] Czech drug database, AISLP – Automated information
system of pharmaceutical preparations.

[2] http://www.healthsquare.com/newrx/ind1209.htm, visited
25/8/2006.

[3] British Pharmacopoeia. The Stationery Office, London, 2004.
[4] M.A. Al Za’abi, G.H. Dehghanzadeh, R.L.G. Norris, B.G.
Charles, J. Chromatogr. B 830 (2006) 364–367.

[5] S.-J. Lin, Y.-R. Chen, Y.-H. Su, H.-I. Tseng, S.-H. Chen, J.
Chromatogr. B 830 (2006) 306–313.
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