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Abstract

For effective control of food quality, a laboratory should be able to analyse a large number of samples in an accurate, reproduc-
ible and quick way. As sequential injection analysis (SIA) is becoming an important tool for the automation of chemical procedures,
this paper presents an overview of the applications of this emergent methodology to food analysis. SIA systems developed to date
offer good characteristics for routine use and the analytical methods proposed show adequate precision and accuracy. In addition,
the results obtained are in good agreement with those furnished by the application of the reference methods.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction among automatic chemical analysis methods. This con-
tinuous flow analysis technique was initiated almost
In the seventies, flow injection analysis (FIA) ap- simultaneously by Ruzicka and Hansen (1975) in Den-
peared as a new concept that had a strong impact mark and by Stewart, Beecher, and Hare (1976) in

USA. Taking into account its advantageous characteris-
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most diverse matrices (waters, food, soils, drugs, biolog-
ical fluids, industrial products, etc.), has generated about
10000 articles, 10 books, monographs and reviews as
well as over 100 doctorate theses (Ph.D). Currently,
there is a research journal (Journal of Flow Injection
Analysis), a congress (International Conference on Flow
Injection Analysis) and a cycle of conferences (Flow
Analysis) dedicated to this technique.

The application of the FIA technique to food analysis
has received less attention than in other areas. The cause
of this situation is probably the elevated complexity of
the sample matrices, which basically made it necessary
to carry out sample pre- treatments that are more diffi-
cult when solid samples are considered. Lopez-Fernan-
dez, Rios, and Valcarcel (1995) wrote an important
review article about the quality of the analytical proce-
dures, based on the FIA methodology, applied to food
analysis. In spite of the aforementioned, it should be rec-
ognized that the majority of the work carried out is asso-
ciated with research laboratories and that the technique
has not been strongly implemented as a routine method
in food control laboratories.

In the nineties, Ruzicka and Marshall (1990) pro-
posed an important methodological innovation in the
area of continuous flow analysis methods that main-
tained the advantages associated with flow injection
analysis but reduced the inconveniences that hindered
its utilisation as a routine tool. This new methodology
was termed sequential injection analysis (SIA).
Although the aspiration and propulsion systems in
SIA are different to those used in FIA, the fundamentals
and basic principles are to a large extent similar —that is,
the sequential injection of well defined segments of sam-
ples and reagents, which disperse and penetrate, mutu-
ally allowing the attainment of a reproducible
overlapping zone (Fig. 1). Consequently, the reaction
products are formed in well-defined areas of concentra-
tion gradient and the transitory signals generated pro-
vide reproducible analytical results (Ruzicka, 1992).

Fig. 2 outlines a basic system founded on the SIA
concept. It is formed by a propulsion device (peristaltic
pump, automatic syringe or piston pump), a multi-posi-
tion selection valve with various entry points (ports) to
select fluids (substituting the injection valve in FIA),
which operates in synchronisation with the pump, and
a detector (any of the instrumental techniques utilized
in FIA with that purpose). In the first manifold devel-
oped by Ruzicka and Marshall (1990) the detector was
placed between the propulsion device and the selection
valve, but nowadays in the most part, the SIA systems
reported have the detector located in a port of the selec-
tion valve. With this configuration, the reaction product
passes under positive pressure through the detector,
avoiding bubble formation (Marshall & van Staden,
1992). Logically, the whole system is interconnected typ-
ically via Teflon tubing system, the holding and the reac-
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Fig. 1. Representation of reagent and sample zones: (a) stacked in the
holding coil, (b) in the reaction coil after flow reversal, (c) concentra-
tion profiles as seen by the detector: R, reagent zone; S, sample zone;
OZ, overlapping zone; H, peak height.

COMPUTER

Fig. 2. Basic scheme of a SIA manifold: C, carrier; P, pump; HC,
holding coil; SV, selection valve; R, reagent; S, sample; RC, reaction
coil; D, detector; W, waste.

tion coils being highlighted. The complete system
functions automatically and is controlled by computer.

Initially, the SIA system promotes the aspiration of
the carrier/washing solution to the holding coil, thus
implying that the propulsion device undertakes this
work in reverse form. Following this, a reduced volume
of sample is aspirated in an exact and reproducible way
through the appropriate positioning of the selection
valve, that through one of its ports makes access to
the holding coil viable. At this moment the propulsion



R. Pérez-Olmos et al. | Food Chemistry 90 (2005) 471-490 473

device is stopped to avoid an increase in pressure
(Christian, 1994). Subsequently, through the rotation
of the valve position, a small volume of the reagent
solution is also aspirated and sent in the same direc-
tion. Finally, by rotating the valve position to the
detector port, the direction of the flow changes and
the segments of the different solutions that are in the
holding coil are directed to the detector through the
reaction coil.

Therefore, a complete analytical cycle, excluding the
washing steps, can be simply made up of three steps.
However, the cycle can be composed of a greater
number of steps depending on the aspiration/propul-
sion device chosen and the type of operations to be
carried out in order to obtain a detectable species.
For this reason, the time required to carry out an
analysis is the sum of the reaction period, the meas-
urement period and the aspiration time of the different
solutions. So, the sampling rate of SIA systems is
lower than that of FIA systems for the same type of
determination.

Due to dispersion, as much axial as radial, the sam-
ple and reagent zones that were aspirated sequentially
and in close synchrony are intimately mixed. This gen-
erates a complex but reproducible concentration gradi-
ent, where a superimposed zone is created in which the
sample was transformed into a detectable species and
the generated transitory signal registered. Recently,
Zagatto, Rocha, Martelli, and Reis (2001) have sug-
gested that, even after the flow reversal, only a partial
overlap of analyte and reagent zone is achieved. This
feature can be a source of inaccuracy when the sample
is polluted by the presence of interferents, that also
consume reagent in the overlapping zone. An optimiza-
tion between the sample and the reagent volumes
permits large linear working intervals (Christian,
1992).

It has been pointed out that the penetration zone
(related to dispersion) is the key parameter to design
a SIA system and some authors have published several
articles describing the most important parameters to be
optimized (Gubeli, Christian, & Ruzicka, 1991; Ruz-
icka & Gubeli, 1991; Taljaard & van Staden, 1998;
Zable, 1996). Almost without exception the following
demonstrated to have a marked influence on the dis-
persion zone in a SIA manifold: The volumetric flow
rate, tube diameter, length of the tubing, sample and
reagent volumes, order of sample and reagent injection,
flow reversal and geometry of the coils or reactors
used.

The use of a selection valve with a greater number of
ports allows the SIA systems to undertake more com-
plex determinations without substantially increasing
the overall complexity of the manifolds. In effect, in sev-
eral situations it is necessary to aspirate the sample be-
tween two or more reagents that are indispensable for

generating the chemical species capable of being de-
tected. In this case, it is only necessary to connect auxil-
iary channels for the access of solutions to other ports of
the valve. It is equally possible to carry out multipara-
metric determinations if several detectors are addition-
ally coupled to the valve.

In SIA, in a similar way to FIA, the systems can be
more complex, especially with a view to carry out oper-
ations such as the dilution of concentrated samples, the
automatic calibration of the system, the utilisation of
the standard addition method as analytical measure-
ment technique, or carrying out on-line titrations. In
these systems it is also possible to subject the samples
to special treatments in the manifolds, which imply,
for example, the use of gas-liquid separation cells, gas-
diffusion and dialysis units, digestion minipumps made
of Teflon in microwave ovens and minicolumns packed
with ion exchange resins polymers or metal reductants
(Saraiva, 2000; Segundo, 2002).

This new flow technique needs computer control to
impose the performance of, the instruction sequence in
well defined periods of time in order to achieve a repro-
ducible process, and acquire and treat the data obtained.
Guzman and Compton (1993) have pointed out that the
lack of availability of adequate programs to manage
SIA systems has been one of the major difficulties that
have retarded their initial development. Several authors
developed their own programs with software written in
different working environments (Turbo C++, Basic, Vis-
ual Basic and Lab VIEW). Ruzicka’s group use a pro-
gram called FIAlab (Baxter, Christian, & Ruzicka,
1994), the flowTEK package was design by Marshall
and co-workers (Marshall, 1994), Cerda’s group initially
developed the program DARRAY (Cladera, Tomas,
Gomez, Estela, & Cerda, 1995) and more recently the
program AUTOANALYSIS (Becerra, Cladera, & Cerda,
1999). Kullberg, Vilen, Sund, Talaslahti, and Sara
(1999) wrote the program AnalySIA, Lenehan, Barnett,
and Lewis (2002a) and Fletcher and van Staden (2003)
have developed a software written within the National
Instrument Lab VIEW graphical programming environ-
ment to fully automate SIA instrumentation and data
acquisition. This fact explains why almost half of the
approximately 300 articles published since the introduc-
tion of this recent technique have appeared in the past
five years.

Recently, the need to design purpose-built software
has been lessened as commercially available software
has become more widely available in combination with
instrumentation (Lenehan, Barnett, & Lewis, 2002b).
Although the majority of the SIA systems have been
developed by using modular components, at present it
is possible to find some commercial analysers; for in-
stance: Global FIA (www.globalFIA.com), FIAlab
Instrument (www.flowinjection.com), formerly Alitea
Instrument, and the analyser developed in the Turku
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Centre for Biotechnology in Finland, commercialized by
Arctic Instruments.

2. Applications to food analysis

Although only a decade has passed since the first
application of this methodology to the analysis of foods,
more than 30 papers have been published in this area.
These are commented on below and the reader is re-
ferred to Tables 1 and 2, which provide a summary of
the results obtained, the inorganic or organic nature of
the compounds determined and the type of detection
used.

The initial applications of the SIA methodology to
food analysis were developed using simple matrices that
allowed analytical determinations to be carried out in a
direct way, without the need to accomplish any elabo-
rate on-line treatment to the sample. In the cases, where
direct determination was impossible, the samples were
the target of a chemical pre-treatment before being
introduced in the manifold. In this context, Van Staden
and McCormack (1998) developed a SIA system that
permitted the determination of the total edible amino
acid content in liquidized soya bean samples. The chem-
ical method underlying the determination was based on
the derivatisation reaction involving the free e-amino
acid group and the 2,4,6-trinitrobenzenesulfonic acid
(TNBS) which resulted in the formation of a yellow col-
oured compound detectable spectrophotometrically at
350 nm. Results obtained by applying this procedure
to real samples were on average 10% lower than those
furnished by the application of the manual method pro-
posed by Carpenter (1960). The sampling rate of the STA
system proposed was clearly lower than that achieved by
Sodek, Ruzicka, and Stewart (1978) for the same end
purpose but with a manifold based on the FIA concept.
However, it showed itself to be significantly more eco-
nomical regarding the notably reduced consumption of
the expensive TNBS reagent.

A sequential injection analysis method has been
developed by Fletcher and van Staden (2003) for the
determination of ethanol in spirit samples. The proce-
dure was based on spectrophotometric monitoring
(2 = 600 nm) of the Cr (III) formed when ethanol reacts
with potassium dichromate in sulphuric acid media.
Samples of vodka, gin and whisky were analysed using
the SIA system after a 10% dilution and the results ob-
tained showed a relative error less than 2% from the sta-
ted values by the manufacturers for all the samples
analysed.

The determination of primary amino acids and
ammonium, collectively referred to as yeast assimilable
nitrogenous compounds (YANC) in grape juice and fer-
menting must has been carried out by Muik, Edelmann,
Lendl, and Ayora-Canada (2002) by sequential injection

analysis with spectrophotometric detection. Isoindole-
derivatives from the primary amino acid were formed
by reaction with o-phthaldialdehyde and N-acetyl-L-cys-
teine and measured at 334 nm with respect to a baseline
point at 700 nm to avoid the Schlieren effect. The
method provides a fast and accurate determination of
the YANC contained in grape juices of different white
wines, which was demonstrated by comparison with
HPLC measurements. A #-test showed no significant dif-
ferences between both methods at a confidence level of
95%. Due to the long reaction time required for each
analysis, the STA system was configurated with four par-
allel reaction coils, so that four samples can be processed
simultaneously.

March, Simonet, and Grases (2000) developed a SIA
system to carry out the determination of phytic acid
(inositol hexaphosphate) in granules or seeds of different
plants such as walnuts, almonds, cocoa, coffee, etc. The
analytical method was based on the reduction in the crys-
tallisation velocity of calcium oxalate when in the pres-
ence of phytic acid. This velocity was evaluated by the
increase in turbidity (observed at 550 nm) with time.
Samples were analysed simultaneously by a manual spec-
trophotometric procedure, also proposed by March,
Simonet, Grases, and Salvador (1998), based on the
hydrolysis of phytic acid to phosphate and the liquid—
liquid extraction of the phosphomolybdenum blue,
clearly showing the attainment of concurring results.
The SIA procedure proposed permitted measurements
to be carried out with a sensitivity 1000 times greater than
the only FIA system proposed for automating this deter-
mination, based on the interaction of phytic acid with
molybdate (Kamaya, Furuki, & Nagashima, 1998).

Van Staden and van der Merwe (1998) have devel-
oped a SIA system for the determination of nitrite in
cured meat based in the modified version of the Shinn
method. Nitrite reacts with a primary amine to form a
diazonium salt, which is then coupled to another aro-
matic compound to form a highly coloured azodye,
the absorbance of which is measured at 540 nm. Samples
were off-line pre-treated by extracting in a 1 mol/l;
ammonium chloride solution (pH 9) and cooking in a
microwave oven for 4 min. Finally, the samples were
centrifuged for 5 min at 6000 rpm to separate the fats
and the solids. When the developed method was applied
on four meat samples, the results obtained were in good
agreement with those furnished by a standard method
not cited by the authors in their work. The SIA system
proposed offers similar sampling rate and slightly lower
precision when compared with a FIA system, based on
the same method, previously developed by the same
authors (Van Staden & Makhafola, 1996).

The multiparametric determination of glucose, fruc-
tose and sucrose in soft drinks was proposed by Schin-
dler et al. (1998). In this work some additional
potential uses of the SIA methodology were evident, in



Table 1

Determination of inorganic substances in food by using sequential injection analysis (SIA)

Analyte Sample Detector Method Linear range Detection limit  Precision® Accuracy® Samples Reference
per hour
Todide Nutrition salts UV-Vis 2 =528 nm The determination was based on the  10-100 pg/l 4.0 pg/l <0.03 95-105°¢ 24 Araujo et al.
catalytic effect of iodide on the (1997b)
oxidation of the chloropromazine by
concentrated H>O, under high acidity
Iron Table wines UV-Vis =510 nm  The sample was, in-line, digested in a  2-14 mg/I 0.6 mg/l 2.3 98-101° 9 Oliveira et al.
microwave oven, reduced with (2000)
ascorbic acid and a complex was
formed by reaction with o-
phenanthroline
Iron Infant formulas ~ UV-Vis 2 =480 nm Formation of the Fe(lll)/SCN™! 0.5-20.0 mg/I 0.5 mg/l <2 +0.5 100 Aratjo et al.
complex, previous digestion of the (1997a)
sample by dry ashing and treatment
Iron Soft drinks and ~ UV-Vis A=510 nm  The sample was, in-line, digested ina  2.0-20.0 mg/1 - <0.04 —0.98 9 Neira et al.
milk microwave oven, reduced with (2000)
ascorbic acid and a complex was
formed by reaction with o-
phenanthroline
Calcium Soft drinks and ~ UV-Vis 2 =535 nm  After, in-line, digestion of the sample, 15.0-150.0 mg/l — <0.04 +1.12 9 Neira et al.
milk the Ca(ll)/o-cresolphtahleine complex (2000)
was formed
Magnesium Soft drinks and ~ UV-Vis =535 nm The same procedure was carried out  5.0-50.0 mg/I - <0.04 +0.89 9 Neira et al.
milk but EGTA was added to protect the (2000)
Mg(ll)/o-cresolphathleine complex by
masking Ca(ll)
Nitrite Cured meat UV-Vis 2=540 nm Digested samples were aspirated and  0.1-50 mg/I - <1.7 -2.3° 49 Van Staden and
nitrite was coupled and diazotized van der Merwe
with sulphanilamide and N-(I- (1998)
naphtyl) ethylenediamine to form an
azodye
Phosphorous Wines, fruit UV-Vis /=619 nm The sample was, in-line, digested ina  20-400 mg/I 0.6 mg/l <3 97-107¢ 16 Oliveira et al.
juices, milk microwave oven and the (1998)
molybdenum blue method was
carried out by mixing the extract with
ammonium heptamolybdate,
ascorbic acid and NaOH
Phosphorous Milk UV-Vis /=710 nm The same spectrophotometric - 2 mg/l <2.0 2.2 17 Lima et al.
method that above but the in-line (2002)
digestion was carried out by means of
a UV-catalysed peroxodisulfate
oxidation
Sulphate Table wines UV-Vis 2=420 nm Turbidimetric determination by 300-1500 mg/1 154 mg/l 2.2 +0.3 5 Silva et al.
precipitation with BaCl, in acid (2003)

media. A mixing chamber was used

(continued on next page)
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Table 1 (continued)
Analyte Sample Detector Method Linear range Detection Precision® Accuracy® Samples Reference
limit per hour
Sulphur dioxide Table wines UV-Vis A =580 nm In a manifold with a gas diffusion 2-40 mg/1 0.1 mg/l 1.2 -2.2 17 Segundo and
(free) unit, the sample, directly aspirated, Rangel (2001)
reacted with formaldehyde and
pararosaniline
Sulphur dioxide Table wines UV-Vis A =580 nm The same procedure but the sample  25-250 mg/I 0.6mg/1 2.3 +1.1 16 Segundo and
(total) was processed after previous, in-line, Rangel (2001)
hydrolysis of bound SO, with NaOH
Iron Table and FAAS 2 =248.3 nm The sample was aspirated into the up to 5.0 mg/l 0.03 mg/l <3 -1.6 95 Costa et al.
Port wines holding coil and directly impelled (2000)
towards the nebulizator
Zinc Table and FAAS 2=213.9nm The sample was aspirated into the up to 2.0 mg/l 0.002 mg/l <3 -0.2 95 Costa et al.
Port wines holding coil and directly impelled (2000)
towards the nebulizator
Manganese Table and FAAS 2=279.0 nm The sample was aspirated into the up to 3.0 mg/l 0.002 mg/l <3 +2.3 95 Costa et al.
Port wines holding coil and directly impelled (2000)
towards the nebulizator
Copper Table and FAAS 1 =324.8 nm The sample was aspirated into the up to 2.0 mg/l 0.001 mg/l <3 -1.5 75 Costa et al.
(>20 mg/l) Port wines holding coil and directly impelled (2000)
towards the nebulizator
Copper Table and FAAS 1 =324.8 nm Formation of the Cu(ll))DDTC up to 0.5 mg/l 0.0004 mg/l <3 - 20 Costa et al.
(<20 mg/l) Port wines complex and preconcentration, on a (2000)
commercial cartridge packed with
silica C,g before being impelled
towards the nebulizator
Iron (III) Table wines FAAS 1 =248.3 nm Formation of the Fe(lll)/ 0.10-6.00 mg/1 0.03 mg/l 3.0 +0.1 18 Costa and
SCN complex and in-line liquid— Aratjo (2001)
liquid extraction with MIBK by using
a home-made device
Iron (total) Table wines FAAS A =248.3 nm The sample was aspirated into the 0.47-15.00 mg/l 0.14 mg/l 1.2 +0.6 18 Costa and
holding coil and directly impelled Aratjo (2001)
towards the nebulizator
Mercury Fish CVAAS 2=253.7 nm The sample and SnCl, solution were  2-50 pg/l 0.34 pg/l 0.9 -1.6 30 Bauza de
impelled into a cylindrical gas-liquid Mirabd et al.
separator and a N, flow swept the (1997)
reduced Hg into the quartz cell
Mercury Canned fish CVAAS 4=253.7 nm The same procedure, above 1-20 pg/1 0 46 pg/l 0.9 - 45 Doering et al.
described, was carried out, but Ar (2000)
instead of N, was used
Arsenic Table wines HGAAS 42=193.7 nm The sample, previous microwave 1.23-27.5 /1 0.37 w1 3.2 97-102¢ 23 Zarate et al.
digestion, was aspirated and mixtured (2001)
with NaBH,. The AsH; formed was
directed to the quartz cell
Chloride Milk Conductimetry The sample was directly aspirated - 0.025 g/l <1.5 +0.6¢ 30 Silva et al.
and a dialysis unit was used to (1999)

remove interferences and to facilitate
automated dilution. A standard
addition method was also used
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Zarate et al.

Zarate et al.
(2003)

(2003)

12
12

98.4-106°
+0.1

<2
<2

0.8 mg/l
0.8 mg/l

39-3900 mg/l
39-3900 mg/l

The sample was aspirated, mixtured
with ISA and impelled through the

tubular detector
was previously, in-line, digested in a

The same procedure but the sample
microwave oven

ISE K*
ISE K*

Port wines
Port wines

Table and

Table and
® Mean relative error of the SIA method versus the reference method (%).

¢ Range of spike recovery (%).
d Relative error of the SIA method versus standard reference material (%).

# Relative SD (%).

(total)

Potassium (free)

Potassium
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relation to the possibility for automatic preparation of
the multiple calibration solutions from individual stand-
ard solutions of each component. The utilisation of a
multidimensional detector, as in the case of a FTIR
spectrophotometer, made viable the processing of the
spectra obtained as a function of time to achieve a mul-
tivariate calibration model based on partial least squares
(PLS). The calibration model was obtained using two
different procedures. When it was based on the total
physical homogenization of the different standard solu-
tions before being sent to the detector, it permitted the
establishment of a linear relationship between the signal
measured and the concentration up to about 50 g/l. Nev-
ertheless, when a gradient mixture was created, the line-
arity reached attained 120 g/l. The precision values and
the deviations relative to the results obtained by HPLC,
using the differential refractometry for detection, were
better with the first procedure and are reflected in Table
2. With the incorporation of a mixing chamber in the
proposed SIA system, the same authors were able to
determine in wines, in addition to the reducing sugars,
other components such as ethanol, glycerol, and the fol-
lowing acids: Acetic, citric, tartaric, malic and lactic
(Schindler, Vonach, Lendl, & Kellner, 1998). The mix-
ing chamber with a capacity of about 400 pl was con-
structed in acrylic and could accommodate magnetic
agitation. The wine samples were analysed simultane-
ously by HPLC with IR spectrophotometric detection
and in the opinion of the authors, the results obtained
were in relative agreement for the species present at con-
centrations greater than 3 g/l (ethanol, glycerol, glucose
and fructose) or with characteristic IR spectra (lactic
acid). However, there were discrepancies of results in
the determinations of acetic, malic, citric and tartaric
acids. The authors concluded, however, that in both
studies the developed methodology is acceptable in the
control of processes or for the purposes of “screening”.
They also state the belief in the need to improve the cal-
ibration model with the purpose of increasing the accu-
racy of the individual determinations, with the degree of
precision being adequate.

LeThanh and Lendl (2000) have recently developed a
SIA system that permits the determination of sugars and
organic acids in soft drinks. To make the separation of
both types of compounds viable, the manifold proposed
differed from those previously described, in that it in-
cluded a new solid phase extraction unit that employed
convective interaction media (CIM) in the form of disks.
These were initially designed for low volume stationary
phases in HPLC, the active material (in the proposed
application) being formed on one side by quaternary
amines and by chloride ions as counter-ions. The sam-
ples were initially filtered to avoid the obstruction of
the disks and diluted until they fell within the linear con-
centration range. After the pre-concentration of the
acids in the CIM disks, they were eluted with an alkaline



Table 2

Determination of organic substances in food by using sequential injection analysis (SIA)

Analyte

Sample

Detector

Method

Linear range

Detection
limit

Precision®

Accuracy®

Samples
per hour

Reference

Aflatoxin B,

Aminoacids

Ethanol

Ethanol

Glycerol

Glucose

Glucose

L(+)-Lactic acid

D-Lactic acid

Pistachio

Liquidized
soya bean

Distilled
liquors

Table and
Port wine

Table and
Port wine

Milk

Milk

Table wines

Pork meat

UV-Vis 1 =620 nm

UV-Vis 2 =350 nm

UV-Vis 2 =600 nm

UV-Vis 2 =340 nm

UV-Vis 2 =340 nm

UV-Vis 1 =510 nm

UV-Vis 2 =510 nm

UV-Vis 4 =510 nm

UV-Vis 1 =340 nm

A suspension of acrylic beads with
immobilized AFB;—-BSA conjugate was
introduced into the jet ring cell and
perfused with the mixtured sample and
anti-rabbit alkaline-phosphatase
conjugate and Bluephos as substrate.
The development of colour was
monitored

The determination was based on the
reaction of the free e-aminoacid group
with 2,4,6-trinitrobenzenesulphonic acid
After a 10% dilution, spirit samples
were mixtured with acidified K,Cr,O,
and the Cr(III) formed was monitored
The determination was based on
monitorization of NADH after
oxidation of ethanol in the presence of
NAD™ by action of alcohol
dehydrogenase immobilized in a
microcolumn

The same procedure but the
immobilized enzyme used was glycerol
dehydrogenase

The sample was, previously,
deproteneized and after being aspired
was mixtured with the glucose oxidase/
peroxidase system, 4-chlorophenol and
4-aminoantipyrine. Again, the
quinoneimine was monitored

The same procedure but the enzymatic
system was immobilized in a
microcolumn

The sample was directly aspirated and
propelled into a dialysis unit, afterwards
was mixed with the lactateoxidase/
peroxidase system, 4-chlorophenol and
4-aminoantipyrine. The reaction
product, quinoneimine, was monitored
The previously treated sample reacted in
the presence of NAD™ inside an
enzymatic microreactor, packed with D-
lactate dehydrogenase co-immobilized
with L-alanine aminotransferase on
porous glass. The NADH released was
monitored

up to 20 pg/l

up to 1072 mol/l

0-6% (v/v)

0.1-0.5%

30-300 mg/l

up to 120 mg/l

0.25-2.5 g/l

(0.5-10.0) x 107> mol/l

0.2 g/l

0.09 (v/v)

0.005%

8 mg/l

7.0 mg/l

18 mg/l

0.07 g/l

0.1x1073
mol/l

2.3

3.4

1.1

<2

<2

<2

93-102°

—-1.1¢

+0.1

—0.2

—0.6

+3.4

+0.6

95-105°

6

15

19

22

22

20

Garden and
Strachan (2001)

Van Staden and
McCormack
(1998)

Fletcher and
van Staden
(2003)

Segundo and
Rangel (2002)

Segundo and
Rangel (2002)

Saraiva (2000)

Saraiva (2000)

Aratjo et al.
(1997¢)

Shu et al. (1993)
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L(—)-Malic acid

Phytic acid

Phytic acid

Reducing sugars

Reducing sugars

Yeast
assimilable
nitrogenous
compounds
(YANC)

Ethanol

Glycerol

Glucose

Table and
Port wines

Corn, nut,
peanut,
almond,
cocoa, coffee,
chocolate,
bread

Corn, rice,
oat wheat,
bean, pea
lentil

Table wines

Port wines

Grape juice
and
fermentation
must

Table wines

Table wines

Table wines

UV-Vis 4 =340 nm

UV-Vis 2 =550 nm

UV-Vis 4 =525 nm

UV-Vis 1 =460 nm

UV-Vis 4 =460 nm

UV-Vis 4 =334 nm

FTIR 970-1435
em™!

FTIR 970-1435
cm™!
FTIR 970-1435
cm™!

The determination was based on the
monitorization of the NADH after
oxidation of L-malate in the presence of
NAD" by action of a solution of L-
malate dehydrogenase

The determination was based on the
diminution of the calcium oxalate
crystallisation reaction rate in presence
of phytic acid. The sample was
previously purified by anion exchange
chromatography

The extracted samples were transported
to the ion-exchange resin beads packed
in the minicolumn. The phytic acid
retained was eluted and mixtured with a
Fe (IlI)-salicylate coloured complex.
The absorbance variation of the latter
was monitored

The sample was directly aspirated and
propelled into a dialysis unit to
minimize colour interference and to
dilute the sample. The method is based
on the reaction of Cu(I) with
neocuproine, after reduction of Cu(1l)
by reducing sugars

The procedure remained the same, just a
few operational parameters were
changed

Samples were initially diluted 1:1 with
borate buffer and the o amino acid
reacts with N-acetyl-L-cysteine (NAC)
and o-phthaldialdehyde to form
absorbing isoindole derivatives

The sample procedure, above described,
was carried out but the samples were,
in-line, diluted using a mixing chamber
The sample procedure, above described,
was carried out but the samples were,
in-line, diluted using a mixing chamber
The sample procedure, above described,
was carried out but the samples were,
in-line, diluted using a mixing chamber

0.01-0.15 g/l

0.05-0.6 mg/l

50-200 mg/l

2-25 g/l

20-140 g/l

28-140 mg/l (as N)

0.009 g/l

0.03 mg/l

3.5 mg/l

1.2 g/l

11.2 g/l

3.2 mg/l (as
N)

2.0

<32

2.1

1.7

1.5

0.7

0.4

1.3

3.4

+0.2

+0.3°

-0.2

—0.2

-5.0

—0.4

-3.2

—13.1

22

20

20

20

20

Segundo and
Rangel (2003)

March et al.
(2000)

Sartini and
Oliveira (2002)

Araujo et al.
(2000)

Araujo et al.
(2000)

Muik et al.
(2002)

Schindler et al.
(1998)

Schindler et al.
(1998)

Schindler et al.
(1998)

(continued on next page)
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Table 2 (continued)

Analyte Sample Detector Method Linear range Detection Precision® Accuracy® Samples Reference
limit per hour
Fructose Table wines  FTIR 970-1435 The sample procedure, above described, - 1.0 —6.8 20 Schindler et al.
cm™! was carried out but the samples were, (1998)
in-line, diluted using a mixing chamber
Lactic acid Table wines FTIR 970-1435 The sample procedure, above described, — - 0.8 +11.0 20 Schindler et al.
cm™! was carried out but the samples were, (1998)
in-line, diluted using a mixing chamber
Glucose Soft drinks ~ FTIR 971-1206 The determination was based on the up to 50 g/l - 2.5 +6.3 15 Schindler et al.
cm™! direct chemometric evaluation by means (1998)
of a PLS calibration model of the mid-
IR spectra of the untreated sample
Fructose Soft drinks ~ FTIR 971-1206 The determination was based on the up to 50g/1 - 2.1 +10.0 15 Schindler et al.
cm™! direct chemometric evaluation by means (1998)
of a PLS calibration model of the mid-
IR spectra of the untreated sample
Sucrose Soft drinks ~ FTIR 971-1206 The determination was based on the up to 50g/1 - 3.7 +4.1 15 Schindler et al.
cm™! direct chemometric evaluation by means (1998)
of a PLS calibration model of the mid-
IR spectra of the untreated sample
Glycerol and 2,  Table and ISE 104~ The determination was based on the - 220 mg/l 1.0 96-107¢ 33 Luca et al.
3- butanediol  Port wines diminution of potential signal (1998)
corresponding to a 104 solution,
continuously monitored, when reacts
with the glycerol contained in the
sample previously, in-line, purified by
anion exchange chromatography
Total N Silage ISE NH,* Taking into account the species to be 10-120 mg/1 3 mg/l <2 —4.6 30 Silva et al.
Volatile N determined, different, off-line, pre- (2000a)
Acid detergent treatments were carried out. After being
insoluble N mixtured with NaOH, the same NH3/
NH,"* conversion and potentiometric
determination were accomplished
Sucrose Silage ISE 104~ The determination was based on the - 0.13% <2% -0.3 24 Silva et al.
diminution of potential signal (2001)
corresponding to a 104~ solution
continuously monitored when reacts
with the reducting sugar contained in
the sample previously enzymatic
hydrolysed by a yeast crude extracts
Urea Milk ISE NH,* Urea contained in samples suffered, in- — 6.0x107* 1.9 99-101°¢ 20 Silva et al.
line, enzymatic hydrolysis and the mol/l (2000b)

gaseous NHj generated was
transformed in NH,4" ions, which were
potentiometrically monitored. A gas
diffusion unit was used for the chemical
conversion
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Mayer and Ruzicka (1996)
Mayer and Ruzicka (1996)

Niculescu et al. (2002)

—5.1°
—6.4°
2.84

2.9
2.9
<2.7

3.9 mg/l
0.9 mg/l
0.05 g/l

7.8-78.7 mg/l
1.8-270 mg/l
0.05-11.5 g/1

transported to the beads and the H,O,
liberated was detected measuring the

oxidation current
screen printed electrodes. The current

originated was measured by this

The same principle but glucoseoxidase
amperometric biosensor

was the immobilized enzyme

A suspension of acrylic beads with
The quinoprotein alcohol

immobilized alcohol-oxidase was
introduced into the jet ring cell, the
diluted samples were aspirated and
dehydrogenase was cross-linked to a
redox polymer and configurated as

Amperometry
Amperometry
Amperometry

Wines and fermentation

Beer and wine
musts

Beer and wine

Ethanol
Glucose
Ethanol
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solution (pH 8.5) sodium chloride. The multivariate cal-
ibration models proposed, one for sugars and the other
for acids, were established from standard solutions that
contained all of the determined compounds. The results
obtained were in agreement with those supplied by
application of commercial enzymatic kits (Roche), with
average percentage deviations of 4.7%, 4.4% and 3.7%
for glucose, fructose and sucrose and 3.6% and 4.1%
for citric and malic acids, respectively.

The simultaneous determination of citric, malic and
tartaric acids in soft drinks has also been carried out
by the same research group (Ayora-Canda & Lendl,
2000). The method is based on pH modulation and eval-
uation of the induced spectral changes of the sample.
The pH modulation took place in a novel sheath-flow
cell with three stream lines flowing adjacent to each
other in a strongly laminar fashion and the cell was con-
nected to a SIA system with FTIR spectrophotometric
detection. Stopped flow technique was applied and the
region between 1180-1400 cm ™! was used to setup a par-
tial least squares (PLS) calibration model. Eight samples
containing 0.5 g/l of each acid were prepared and ana-
lysed by the developed method and the relative standard
deviations of the predicted values using the PLS model
were 1.8%, 2.4% and 2.5% for citric, malic and tartaric
acids, respectively.

The determination of the iodide ion contained in io-
dised table salts was proposed by Araujo, Lima, Sara-
iva, Sartini, and Zagatto (1997b) using a SIA system
that also utilized a small mixing chamber. This was cou-
pled to one of the ports of the rotary valve with the
objective of simplifying the mixture of solutions differing
significantly in viscosity. In this way, an effective mixture
was ensured without significantly increasing the sample
dispersion, which could give rise to non-reproducibility
of the baseline noise on the spectrophotometric detec-
tion. The basis of the analytical determination was the
catalytic effect that the iodide ion exerts over the chloro-
promazine oxidation reaction by concentrated hydrogen
peroxide in a strongly acid medium, which gives rise to
the formation of a coloured intermediary species
(4 =528 nm). The possible interferent action of diverse
anionic and cationic species were equally studied, two
of which should be highlighted: The interferences due
to Fe(Ill), when present at concentrations 20 times
greater than iodide and the interference of iodate if pre-
sent at concentrations 10% lower than iodide.

Silva, Segundo, and Rangel (2003) have developed a
SIA system for the determination of sulphate in wines
based on the precipitation of sulphate in the presence
of barium chloride in acid media. The precipitate
formed was turbidimetrically monitored at 420 nm. A
mixing chamber, made of acrylic and furnished with a
magnetic bar, was used to dilute and acidify the samples.
If the chamber was located in one of the side ports of the
selection valve, several aliquots could be drawn and ana-

4 Mean relative error of the SIA method versus concentration stated by the producers.

® Mean relative error of the SIA method versus the reference method (%).

¢ Range of spike recovery.

% Relative SD.
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lysed, allowing replicate measurements from the initial
sample. This manifold also allowed time saving since
washing of the mixing chamber was not required be-
tween several determination cycles. To avoid settling
of the barium sulphate precipitate in the system, an
alkaline buffer—-EDTA solution was used to rinse the
tubing between determinations, such as Van Staden
and Taljaard (1996) had proposed when the procedure
was applied to industrial effluents. The sample colour
interference was eliminated by conjugating absorbance
measurement at a fixed time and substraction of the
absorbance of a blank assay. When the proposed SIA
procedure and the reference gravimetric procedure
(OIV, 1990a) were simultaneously applied on ten sam-
ples of different white and red wines, the results obtained
were statistically comparable.

The determination of zinc, magnesium, iron and cop-
per in wines was undertaken by Costa, Cardoso, and
Araujo (2000) through two slightly different STIA sys-
tems. When the first three cations and copper were di-
rectly determined (the latter at concentrations greater
than 0.20 pg/l), the manifold simply consisted of an
atomic absorption spectrophotometer as a detector, a
selection valve, a peristaltic pump as propulsion system
and thereafter, a three way solenoid valve with the
objective of ensuring reproducibility of the flow. Never-
theless, when copper was determined at concentrations
lower than 0.20 ug/l it was necessary to couple a module
that permits an additional on-line pre-concentration
step. This was carried out in an heterogeneous phase
using a commercial cartridge packed with silica gel
spheres covered with C18 and using an aqueous DDTC
solution as chelating agent. The authors demonstrated
the versatility that the developed SIA system posessed
by making viable the analysis of samples containing
these metals in diverse linear concentration intervals.
In this way, the multiparametric determinations could
be accomplished without the need to physically reconfig-
urate the system. The results were in agreement with
those obtained by the reference methods for zinc
(OIV, 1990b) and iron (OIV, 1990c), those proposed
by Ribéreau-Gayon, Peynaud, Sudraud, and Ribéreau-
Gayon (1982a) for manganese, and the official Portu-
guese methods for copper (Curvelo-Garcia, 1987a).

Araujo, Gracia, Lima, Poch, and Saraiva (1997a)
developed a SIA system that made possible the determi-
nation of iron contents in fortified infant food formula-
tions. Here the analytical procedure was based on the
attainment of the known coloured complex that is
formed between Fe(IIl) and SCN ™ and its spectrophoto-
metric determination (4 =480 nm). The solid samples
were treated previously to their introduction in the inte-
rior of the manifold, bringing them to ashes and dissolv-
ing in 0.2 mol/l HNOj;. The samples were also equally
analysed by flame atomic absorption spectrophotometry
adopted as reference method and this provided similar

results between the two methodologies. In the study
on possible interferent substances, it was deduced that
only phosphate showed adverse effects when present at
concentrations greater than 100 mg/l.

The determination of mercury in waters and canned
fish by the STA methodology was undertaken by several
authors using the cold vapour technique as the chemical
basis of the analysis, and atomic absorption spectropho-
tometry with a quartz cell as the detection system. Ini-
tially, Bauza de Mirabo, Thomas, Rubi, Forteza, and
Cerda (1997) developed a SIA manifold with two syr-
inge pumps (automatic burette) as the propulsion sys-
tem. Additionally, they used a cylindrical gas-liquid
separation cell, made of acrylic, using Sn(II) chloride
as reducing agent. More recently, Doering, James, and
Echols (2000) optimized a simpler manifold that em-
ployed a single peristaltic pump, a simple piece of plastic
in the form of a T as separation unit and the same reduc-
ing agent. In a similar way to the previous case, the solid
samples were digested in an acid medium, prior to their
introduction in the systems. Both methods were vali-
dated using reference materials. The results obtained,
which are shown in Table 1, do not differ substantially
between themselves and they show that both systems
present higher detection limits and lower sampling rates
than those attained in FIA (De Vargas & Romero,
1992).

Total arsenic contained in wines has been determined
by using a SIA system which used the atomic absorption
spectrophotometry with hydride generation as detector
(Zarate, Aradjo, Montenegro, & Pérez-Olmos, 2001).
Initially, the samples were off-line treated in a micro-
wave oven using concentrated nitric acid and hydrogen
peroxide to destroy the organic matrix. The digested
samples were aspirated and mixtured with sodium boro-
hydride, in presence of hydrochloric acid, as reducting
agent. The arsine generated was pushed out of the
reaction chamber and by means of a gaseous current
of argon was directed to the quartz cell of the
spectrophotometer.

More recently, SIA systems have been developed
which catered for on-line sample treatment; that is, in
the interior of the manifold itself. In this manner, Olive-
ira, Zagatto, Araujo, and Lima (1998) developed a SIA
manifold that permitted determinations of the total
phosphorus contained in different types of food such
as wines, milks, fruit juices and vegetables. Given that
the analytical procedure was based on the well known
method of the molybdenum blue, the detection system
was spectrophotometric (4 = 619 nm). The digestion of
the samples was carried out in the presence of a concen-
trated nitric acid flow in the interior of a self-constructed
PTFE minidigestor of 3 ml capacity made of PTFE.
This was introduced in a microwave oven and coupled
to one of the ports of the rotary selection valve. The sys-
tem also possessed a second control valve for the emis-



R. Pérez-Olmos et al. | Food Chemistry 90 (2005) 471-490 483

sion of gasses formed during the process, avoiding in
this way the need to use a bubble elimination unit, pre-
viously used in the determination of phosphorus in
residual waters by FIA (Benson, McKelvie, Hart, &
Hamilton, 1994). The data from the analysed samples
were in significant agreement with those obtained by
the same method with external and manual digestion
adopted as the reference technique (Zagatto, Krug, Ber-
gamin, & Jorgensen, 1989).

The determination of phosphorous in milk has also
been carried out by Lima, Fernandes, and Rangel
(2002). Since in SIA methodology the flow can be
stopped for a period of time, in-line digestion of complex
matrices can be easily accomplished. In this occasion the
method developed uses an in-line photo-oxidation diges-
tion procedure (UV light) together with oxidizing and
hydrolizing reagents (sulphuric acid and potassium per-
oxodisulphate) to convert all forms of phosphorous
compounds to orthophosphate. After reaction with
ammonium molybdate and stannous chloride as reduc-
tant the blue complex formed was determined spectro-
photometrically (1 =710 nm). Ten samples of cow
milk were simultaneously analysed by the SIA method
and a similar spectrophotometric manual adopted as ref-
erence (MSDA, 1973), and the results obtained were sta-
tistically concordant. If this SIA system is compared
with the system previously described it is possible to af-
firm that the precisions, accuracies and sampling rates of
both are similar but the latter showed higher detection
limit.

Oliveira, Sartini, and Zagatto (2000) extended the
application of the SIA system to the determinations
of calcium, magnesium and iron in milk and fruit
juices. The underlying chemical methods were based
on the development of coloured complexes between
the Fe(Il) and o-phenantroline (2 =510 nm) and be-
tween calcium and magnesium with o-cresolpthaleine
(4 =535 nm). To determine the magnesium in an iso-
lated form, EGTA was added as the calcium chelating
agent. To ensure that all the iron contained in the sam-
ple was in the ferrous form, the o-phenantroline solu-
tion also contained ascorbic acid. Although the
proposed procedure operated with concentrated solu-
tions, the Schlieren noise was absent, demonstrating
that the digestion pump also acted as an efficient mix-
ing chamber. On the other hand, the absence of abrupt
variations in the register, after prolonged periods of
functioning, evidenced the absence of air bubbles or
particulate material in the interior of the system. Finally,
the results from the system were in agreement with those
obtained after the application of atomic absorption
spectrophotometry as the reference technique and the
manual digestion of samples.

Neira, Reyes, and Nobrega (2000) conducted the
determination of total iron in white wines. In this case,
the developed manifold incorporated, in addition to

the microwave-assisted digestion system, an ultrasonic
bath that ensured the complete formation of the col-
oured complex resulting from the reaction between
Fe(Il) and o-phenantroline (4 =510 nm). In the case
of red wine samples, the authors proposed a more ener-
getic treatment during the digestion or the utilisation of
atomic absorption spectrophotometry as the detection
system.

The elimination of interfering substances in the anal-
ysis of wines was carried out in other work through the
utilisation of small ionic exchange columns. For exam-
ple, the determination of glycerol and 2,3-butanediol
in wines was proposed by Luca et al. (1998) employing
a SIA system that used a periodate selective electrode
as the detection system. This was made up of a tubular
configuration, without internal reference solution, using
bis(triphenylphosphoranylidene)ammonium chloride as
the sensor immobilized in PVC. The technique used
was similar to that previously described in FIA, but
using a different sensor (Montenegro et al., 1993). With
the objective of avoiding the interference of other reduc-
ing compounds present in wine, an anionic exchange
minicolumn in hydroxylated form was incorporated into
a side port of the valve. The analytical method was
based on the existing relationship between the concen-
tration of both polyols and the decrease in analytical sig-
nal generated by a periodate solution, when the reaction
between this and the reducing compounds mentioned
was carried out.

Silva, Souza, Ferraz, and Nogueira (1999) have de-
signed a STA system with conductimetric detection to
carry out the determination of chloride in milk. The
interferent action of the proteins present in the sample
was eliminated in the interior of the manifold by using
a small dialysis unit, such as it had been proposed for
the first time, in SIA methodology, by Ivaska and Ruz-
icka (1993). This device consisted of two plates or blocks
of perspex with a semicylindrical cavity that housed the
dialysis membrane in its interior and small (entry and
exit) channels for the liquids. With the objective of min-
imizing matrix interferences, the analytical procedure
used the standard addition method put forward by Ri-
zov and Ilcheva (1995). After an exhaustive study of
potential interferents, the optimized SIA method were
very reproducible and accurate, and the results obtained
when applied to reference materials were in significant
agreement with the certified values.

In addition to eliminating matrix interferences, the
dialysis units were used simply to enable the on-line dilu-
tion of samples to be undertaken. Therefore, Araujo,
Lima, Rangel, and Segundo (2000) carried out the deter-
mination of reducing sugars in wines. The basis of the
analytical procedure consisted of reacting the reducing
sugars with Cu(II) salts, the corresponding Cu(I) formed
reacting with the neocuproine to form a coloured com-
pound detectable spectrophotometrically at 460 nm.
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The results obtained in the analysis of the samples were
compared with those attained by applying a method
consisting of an iodometric titration after distilling
the wine, and showed concordance (Ribéreau-Gayon,
Peynaud, Sudraud, & Ribéreau-Gayon, 1982b). This
SIA system has resolved the problems that occurred
when the same determination was carried out using
FIA methodology: The necessity to filter the wine
through active carbon (Maquieira, Luque de Castro, &
Valcarcel, 1987); the lower efficacy using the dialysis unit
in the treatment of wines with higher sugar concentra-
tions (Peris-Tortajada, Puchades, & Maquicira, 1992)
and the need to use different injection volumes; reconfig-
uring the manifold according to the sample contents
(Lima, Neves, & Rangel, 1990).

In the SIA systems previously described in this work,
the measurements have been based on evaluating the
concentration of species obtained by a series of chemical
reactions. Nevertheless, SIA systems were also devel-
oped that employed enzymatic reactions. The enzymes
were used as much in solution as immobilized in the
interior of minicolumns or reactors. The first work re-
fered to the determination of D-lactic acid in pork meat
(Shu, Hakanson, & Mattiasson, 1993). This pioneering
work was based on the combination of a procedure to
stop the flow with the use of immobilized enzymes.
Two minicolumns were used, one with p-lactodehydrog-
enase (LDH) and the other with L-alanine aminotransf-
erase (ALT). Due to the biochemical reactions that take
place in the columns, NADH is released and monitored
at 340 nm. The comparison of results obtained after
sample analysis by SIA with those obtained by using
commercial Boehringer enzymatic kits yielded the con-
clusion that they were approximately 10% greater. These
authors also described that, from the practical point of
view, the interferent action of the organic acids (citric,
oxalic, succinic and piruvic) was negligible. The remark-
able success of this system was based on the considera-
ble reduction in the consumption of NADY, of which
the enzymatic system was dependent, when compared
with other FIA designs (Almuaibed & Townshend,
1988). For this reason the procedure proposed showed
itself to be particularly suited to monitoring D-lactic acid
in fermentation processes (Shu, Hakanson, & Mattias-
son, 1995).

Araujo, Lima, Saraiva, and Zagatto (1997¢) have
determined L(+)-lactate in wines using a SIA system
in which the interferent effect of some constituents pre-
sent in the wines was reduced by using a dialysis unit
connected to one of the ports of the fluid selection
valve and whose membrane was substituted weekly.
The difference in the work previously cited lay in the
fact that the enzymes were not immobilized in an het-
erogenous phase, but were rather used in the solution,
which was located between the pump and the central
port of the selection valve. The upper channel of the

dialysis unit was connected to the system, and the
other was filled with the carrier solution and stoppered.
Therefore, the aspirated sample remains in close con-
tact with the dialysis membrane to permit sensitivity
improvement. In this situation, the lactooxidase/peroxi-
dase system was used. The former promoted the con-
version of L(+)-lactate to pyruvate and hydrogen
peroxide, the latter being together with 4-chlorophenol
and 4-aminoantipirine, the substrate for the second.
The reaction generated quinoneimine which was moni-
tored spectrophotometrically at 510 nm. As in the pre-
vious case, the samples were analysed simultancously
with the Boehringer enzymatic kits adopted as the ref-
erence method.

The enzymatic determination of L(—)-malic acid in
wines has been carried out by Segundo and Rangel
(2003) using a SIA system with spectrophotometric
detection. The method was based on the monitorization
(4 =340 nm) of NADH formed by oxidation of L-ma-
late to oxaloacetate, catalysed by r-malate dehydroge-
nase in the presence of NAD". In order to avoid
interference due to the intrinsic absorption of the wine
matrix, a kinetic approach was implemented by stopping
the flow when a solution plug containing sample, NAD
and enzyme reached the reactor and the absorbance
changes were monitored during a fixed period of time.
Sixteen samples of table and Port wines were analysed
so as to evaluate the applicability of the SIA system
developed. The results obtained were comparable with
those obtained by application of the Boehringer enzy-
matic kit adopted as reference method. In the present
system enzyme consumption was 10 times lower than
that obtained in the emerging zones system proposed
by Garcia de Maria, Manzano, Alonso, and Garcia de
Maria (1991).

Saraiva (2000) subsequently developed a SIA system
that permitted the enzymatic determination of glucose
in milk. The basic fundamentals of the method consisted
of coupling two enzymatic reactions catalyzed by two
different enzymes. In the first place the glucose-oxidase
catalyzed the reaction between the glucose and oxygen.
The hydrogen peroxide formed subsequently reacted as
in the case of determining lactic acid referred to above.
Given the reduced glucose content in the samples and
therefore the need to increase the sensitivity of the deter-
mination, the reagent solution was aspirated, placing it-
self in the storage reactor, between two large sample
volumes. The samples were previously de-proteinised
with barium hydroxide and zinc oxide. At the same time,
these authors also optimized another SIA system for the
same purpose, but in which the enzymes were immobi-
lized in column. The results obtained, which are outlined
in Table 2, yielded the conclusion that the degree of pre-
cision of both methods was similar, as well as the levels
of agreement obtained against the Boehringer enzymatic
kit. The main differences resided on the fact that the
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method that used immobilized enzymes showed better
detection limits and greater sampling rates.

Segundo and Rangel (2002) have designed a SIA sys-
tem to carry out the enzymatic determination of glycerol
and ethanol in wines. The method was based on the
spectrophotometric determination of NADH at 340
nm after oxidation of glycerol and ethanol in the pres-
ence of NAD™ by the action of glycerol dehydrogenase
(GlyDH) and ethanol dehydrogenase (ADH) which
were immobilized and packed in two minicolumns.
The authors have included in the manifold an injection
valve and an additional pump to enhance the through-
put rate as it had been previously reported by Guzman
and Compton (1993). In this manifold, sample and rea-
gent were aspirated through a selection valve as in SIA,
but the stacked zones formed in the holding coil were
sent to fill the loop of an injection valve, the loop con-
tent was then injected into a carrier stream and directed
to the detector, as it occurs in FIA. The linear range ob-
tained for the determination of glycerol was higher than
the reported with the FTIR SIA system previously de-
scribed (Schindler et al., 1998). With respect to the eth-
anol determination it is interesting to point out that the
proposed method requires less NAD™ than the SIA sys-
tem developed by Hedenfalk and Mattison (1996). The
results obtained, when the proposed methods were car-
ried out on 15 wine samples, were in agreement with
those obtained through the hydrometric method (OIV,
1990d) for the ethanol determination, and the Boehrin-
ger enzymatic kit for the glycerol determination,
adopted as a reference method.

The determination of ethanol in wine samples and
during wine fermentation has been carried out by Nicul-
escu et al. (2002) using a SIA system with an ampero-
metric biosensor as detector. The biosensor was
constructed by cross-linking quinoprotein alcohol dehy-
drogenase to an Os-complex-modified poly(vinylimidaz-
ole) redox polymer using poly(ethylene glycol) diglycidil
ether. The optimised configuration of the sensor was
adapted to screen printed electrodes which were inte-
grated in the manifold using specially designed miniatur-
ized flow-through cell with a small dead volume. Three
samples of wine were analysed using the developed sys-
tem and the results obtained were in agreement with the
stated values by the manufacturers.

Silva, Souza, and Nogueira (2001) have developed a
SIA system for the enzymatic-potentiometric determi-
nation of non-structural carbohydrates content (ex-
pressed as percentage of sucrose) in sugar cane and
maize to be used for silage production. The manifold
was designed to automate the determination and to
perform in-line the sucrose enzymatic-hydrolysis pro-
moted by the use of a yeast crude extract (Saccharom-
yees cerevisae) as source of invertase. The same
tubular potentiometric detector previously cited (Luca
et al., 1998) was used for monitoring the periodate re-

mained from the reaction between the reducing sugar
monomer units and the periodate ions, in the same
manner that it had been proposed using FIA method-
ology (Gomes-Neto et al., 1994). Samples were dried,
milled and homogenized in water prior to being aspi-
rated and introduced in the manifold. The SIA system
developed presented some advantageous characteristics
such as the use of only one low cost reagent and the
agreement of the results obtained when compared with
those furnished by application of the Authrone spec-
trophotometric method (Silva, 1981) adopted as refer-
ence technique.

Silva et al. (2000b) developed a SIA system to deter-
mine urea in milk, by enzymatic means, that used an
ammonium tubular ion-selective electrode as detector.
This tubular detector was constructed without internal
reference solution and nonactine as the sensor in the
PVC membrane (Alegret, Alonso, Bartroli, & Fabregas,
1989). A gas-diffusion unit was placed between the sam-
ple/reagent flow channel and the detector channel to en-
hance the selectivity eliminating matrix interferences.
The authors employed Jack bean meal (Canavalia ensi-
formis DC) crude extract as an inexpensive source of ur-
ease, directly aspirated by one port of the selection
valve. The analytical procedure was based on the
potentiometric monitoring of ammonia generated by
enzymatic hydrolysis of urea in the donor channel which
diffused through the gas-permeable membrane. The
ammonia diffused is collected in the acceptor channel
by a carrier stream of Tris—-HCI buffer solution (pH
7.5) that promoted the conversion into ammonium ions.
The method was applied simultaneously with a commer-
cial enzymatic kit to various milk samples, yielding re-
sults that were in agreement.

With the aid of an appropriate flow cell, small
amounts of bead suspensions can be manipulated by
SIA systems to form renewable minicolumns that act
as disposable reaction surfaces. The suspended beads
can serve as solid-phase carriers for reagents, reactive
groups or even cells. This new operation mode named
as bead injection was used by Mayer and Ruzicka
(1996), who developed a SIA system with amperomet-
ric detection for the determination of the glucose and
ethanol contained in wine and beer. The principle of
the method is based on the introduction of a defined
volume of a suspension of non-conducting beads with
immobilized alcohol or glucose oxidase into a SIA sys-
tem, where the beads are trapped on the sensing sur-
face of an amperometric detector accommodated into
a jet ring cell previously designed by the authors (Ruz-
icka, Pollema, & Scudder, 1993). During the determi-
nation of alcohol, samples were diluted 1000-1700
times with phosphate buffer (pH 7.5) as carrier and
in the case of glucose, samples were diluted 3-30 times
with citric acid/sodium monohydrogenphosphate buffer
(pH 5.9) as carrier. Concentrations were determined by
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the standard addition method, and assays without en-
zyme beads trapped in the jet ring cell (blank signal)
were carried out. Kits from Sigma, glucose determina-
tion, and from Boehringer, ethanol determination, were
used as reference methods.

The bead injection principle has also been used by
Garden and Strachan (2001) in a SIA system developed
to determine aflatoxin B, (AFB,) in pistachios. In this
case the jet ring cell contained beads with AFBi-bovine
serum albumin (BSA) conjugate immobilized on its
sensing surface, which were also treated with BSA mixed
with phosphate buffered saline (PBS). The beads were
perfused with the sample mixture with antiAFB; and
BSA-PBS followed by anti-rabbit alkaline-phosphatase
conjugate antibodies and finally with Bluephos used as
substrate. The development of colour was measured at
620 nm for 5 min. The samples were off-line treated by
means of the extraction procedure proposed by Stra-
chan, John, and Millar (1997) slightly modified. Spiked,
pistachio nut samples were simultaneously analysed by
the SIA system and by the microtitre plate enzyme-
linked immunosorbant assay (ELISA) adopted as refer-
ence technique. The results showed that SIA was as
sensitive as ELISA and took less time to perform a
measurement.

Recently, a novel and interesting strategy for
exploiting ion-exchange in SIA systems, using a modi-
fication of the bead injection principle, has been pro-
posed by Sartini and Oliveira (2002). Its feasibility
has been demonstrated by the in-line phytic acid sepa-
ration and determination of phytic acid contained in
different food samples. Initially, a defined volume of
an ion-exchange resin (AG1-X8) suspension was intro-
duced and packed in the analytical path, immediately
before the flow cell, due to the presence of a circular
nylon screen. Afterwards, a selected sample volume
was directed to the resin minicolumn, where phytic
acid was retained while the sample matrix was dis-
carded. Finally, a defined volume of a solution contain-
ing chloride and Fe(Ill)-salicylate complex, used as
eluant and spectrophotometric reagent, was directed
towards the flow cell. The phytate ions were eluted,
reacting with the coloured complex and the variation
in the absorbance signal, proportional to the analyte
concentration, was monitored at 525 nm. The results
obtained when food sample extracts were processed
by this method where precise and in agreement with
those furnished by an official method (AOAC,
1997a). The SIA system developed showed higher sam-
pling rate and lower detection limit that, the kinetic—
turbidimetric method previously described in this re-
view (March et al., 2000). On the other hand, in the
present work the separation by the resin of the phytic
acid contained in the extracted food samples was done
in an in-line way, while in the other SIA system it was
done in an off-line way.

The SIA methodology has also demonstrated itself
to be an interesting tool in the field of speciation since
the possibility of carrying out different on-line treat-
ments allows it to determine different species. There-
fore, the use of a gas-diffusion unit was again
proposed by Silva, Nogueira, Souza, and Cruz
(2000a) for the determination of total, volatile and
acid detergent insoluble nitrogen, contained in silage
destined for livestock. The manifold employed the
same ammonium tubular ion-selective electrode as
the detection system. The analytical procedure was
based on the diffusion, in alkaline medium (NaOH
3.0 mol/l), of ammonia contained in sample extracts
obtained prior to introduction in to the system. The
diffusion took place through a Teflon hydrophobic
membrane, subsequently producing the conversion of
gaseous ammonia into ammonium ion by circulating
a Tris—=HCI buffer solution (pH 7.5) by the acceptor
channel. The system was optimized taking into ac-
count the possible interfering effect that some compo-
nents (also volatile) such as methanol, ethanol and
acetic acid presented, by being capable of crossing
the membrane. The results obtained were statistically
in agreement with those achieved by the Kjeldhal
method (AOAC, 1997b).

Regarding wines, Segundo and Rangel (2001) devel-
oped a SIA system that permits the determination of
free and total sulphur dioxide. A gas-diffusion unit
was incorporated with an hydrophobic membrane chan-
ged daily. To promote the formation of SO,, a 4 mol/l
solution of hydrochloric acid is added to the sample, be-
fore it passes through the acceptor channel in the diffu-
sion unit. To determine the free sulphur dioxide, the
sample was aspirated and sent to the storage channel
while for the determination of total sulphur dioxide,
an hydrolysis reaction of combined sulphur dioxide
was produced in the interior of the system by addition
of a 2.5 mol/l sodium hydroxide solution. The funda-
mentals of the method consisted of the formation of a
coloured compound between the sulphur dioxide, the
formaldehyde and the pararosaniline being detected
spectrophotometrically at 580 nm. In other SIA systems
previously developed, the two channels of the diffusion
unit had been connected to two different selection valves
(Lukkari, Ruzicka, & Christian, 1993) or to two inde-
pendent pumps (Echols, James, & Aldstadt, 1997). In
this way the transporter flowed simultaneously through
the two channels as in a FIA manifold. On the other
hand, in another SIA system the donor channel and
the receptor channel were connected to two consecutive
ports of an injection valve (Oms, Cerda, Cladera, Cerda,
& Forteza, 1996). Therefore, the transporter flowed
through the donor channel while the contents of the
receptor channel were stopped. However, in this work,
each channel was simply connected to different ports
of a single selection valve. The results obtained for the
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free and total SO, were in agreement with those ob-
tained by the reference methods (OIV, 1990e). After
studying the possible interferences, the authors con-
cluded that this SIA system could not be used with spar-
kling wine samples.

The determination of Fe(III) and total iron in table
wines by SIA with flame atomic absorption spectropho-
tometry, as detection system, has been carried out by
Costa and Arauajo (2001). The determination of Fe(III)
is based on the extraction with MIKB of the complex
formed between Fe(IIl) and thiocyanate. The manifold
includes a device for on-line liquid-liquid extraction; it
consists of a glass vial with a porous ceramic plate in-
side, which allows solvent less dense than water to float
above it. The feasibility of this device had been previ-
ously demonstrated by the same authors in other SIA
systems with the same type of detection (Araujo, Costa,
Lima, & Reis, 1998), and they avoided the use of a
phase-separation unit or large volumes of organic phase.
The determination of total iron was accomplished by
sending a small sample aliquot directly to the nebulizer
of the spectrophotometer. The results obtained on ten
wine samples were in accordance with those supplied
by the colorimetric thiocyanate method (Ribéreau-Ga-
yon, Peynaud, Sudraud, & Ribéreau-Gayon, 1982c)
and with the atomic absorption spectrophotometric
method (OIV, 1990b).

Zarate, Araujo, Montenegro, and Pérez-Olmos
(2003) developed a SIA system that permits the deter-
mination of potassium that is permanently linked to
the organic matrix of wines since the system can deter-
mine the total potassium and the existing free potas-
sium to the same extent. The manifold uses a
potassium selective electrode of tubular configuration
as detection, without internal reference solution, which
uses valinomycin as sensor in a PVC polymeric mem-
brane (Alegret et al., 1987). At one of the ports of
the selection valve, a PTFE minidigestor module was
joined and introduced for 60 s at 700 W, into a micro-
wave oven where the digestion of the wine occurs
through the action of hydrogen peroxide, in order to
determine the total potassium. The results obtained
for total potassium were in agreement with those ob-
tained through atomic emission spectrometry as refer-
ence method (Curvelo-Garcia, 1987b).

3. Conclusions

Sample injection, controlled dispersion and reproduc-
ible timing are the cornerstone of both FIA and SIA
methodologies, but SIA systems are mechanically sim-
pler and more universal than FIA manifolds since they
use only a single pump, a single valve and a single chan-
nel. This methodology offers a great advantage since the
systems can be easily adapted to different analytical sit-

uations, without the need for physical reconfiguration,
just changing flow parameters or injection volumes via
computer control.

SIA systems only perform when measurements are re-
quired and carrier is not pumped continuously like in
FIA, thus sample and reagent saving and reduction of
the waste produced are other possible advantages to
point out when SIA is compared to FIA.

SIA systems present a great capacity in relation to
solution handling operations and it is more flexible for
applying stopped-flow and reversed-flow operations.
Moreover, different types of devices, reactors and detec-
tors can be clustered around the selection valve; for
those reasons such systems can be designed to operate
in a multiparametric way.

SIA is a robust technique which allows the choice
of different types of liquid drivers, so they can manage
aggressive reagents and solvents, and do not tend to
present a faulty calibration, which can be easily per-
formed using a dilution conduit and a single standard.
solution. If standards are clustered around the selec-
tion valve the system might be automatically recali-
brated as required.

Many of these advantageous attributes of the SIA
methodology are of special interest to design and to
construct environmental monitors and process analys-
ers. However, SIA systems also present some disad-
vantages against FIA. Since SIA operates by
aspirating sample and reagents one after the other,
the sampling rate is considerably lower than in FIA
methodology.

Taking into account than in SIA the mixture of
sample and reagents takes place essentially during flow
reversal of the stacked zones in the holding coil, when
reactions involving three or more reagents are consid-
ered, efficient overlap of the zones is not attainable.
Fortunately, this problem can be avoided by using a
mixing chamber or by placing all the reagents in the
same solution.

Although SIA was initially proposed as an alternative
to FIA, experience demonstrates that both flow tech-
niques are complementary, and it is not possible to state
which one is better. It will depend on the specific analy-
sis and the features associated, such as sampling rate,
mixing conditions of solutions throughout the manifold,
sample availability and reagents cost and toxicity. All
these factors must be considered when choosing the
most adequate methodology.

Acknowledgements

This work was supported by the University of the
Basque Country (Spain) Project UPV 171.363-E—
14795/2002. One of the authors (N.Z.) also thanks for
the Ph.D. Grant UPV 98/13828/01.



488 R. Pérez-Olmos et al. | Food Chemistry 90 (2005) 471-490

References

Alegret, S., Alonso, J., Bartroli, J., & Fabregas, M. (1989). Flow
injection system for on-line potentiometric monitoring of ammonia
in freshwater streams. Analyst, 114(11), 1443-1447.

Alegret, S., Alonso, J., Bartroli, J., Paulis, J. M., Lima, J. L. F. C,, &
Machado, A. A. S. C. (1987). Construction of equipment for
potentiometric determinations in flow injection analysis. Quimica
Analitica, 6(3), 278-294.

Almuaibed, A. M., & Townshend, A. (1988). Enzymatic methods
for the determination of ethanol based on linear and cyclic
flow-injection systems. Analytica Chimica Acta, 214(1-2),
161-172.

AOAC. (1997a). Official methods of analysis of AOAC international
method 95504. (16th Ed., Vol. I, pp. 13-14). Gaithersburg, MD,
USA: AOAC International.

AOAC. (1997b). Official methods of analysis of AOAC international
method 98611. (16th Ed., Vol. II, pp. 42-43). Gaithersburg, MD,
USA: AOAC International.

Araujo, A. N., Gracia, J., Lima, J. L. F. C., Poch, M., & Saraiva, M.
L. M. F. S. (1997a). Colorimetric determination of iron in infant
fortified formulas by sequential injection analysis. Fresenius’
Journal of Analytical Chemistry, 357(8), 1153-1156.

Araujo, A. N., Costa, R. C. C,, Lima, J. L. F. C,, & Reis, B. F. (1998).
Sequential injection system in flame atomic absorption spectrom-
etry for the determination of calcium and magnesium in mineral
waters. Analytica Chimica Acta, 358(2), 111-119.

Araujo, A. N., Lima, J. L. F. C,, Rangel, A. O. S. S., & Segundo, M.
A. (2000). Sequential injection system for the spectrophotometric
determination of reducing sugars in wines. Talanta, 52(1), 59-66.

Araujo, A. N., Lima, J. L. F. C., Saraiva, M. L. M. F. S., Sartini, R.
P., & Zagatto, E. A. G. (1997b). A SIA system with a mixing
chamber for handling high concentrated solutions: Spectrophoto-
metric catalytic determination of iodide in nutrition salts. Journal
of Flow Injection Analysis, 14(2), 151-163.

Araujo, A. N, Lima, J. L. F. C,, Saraiva, M. L. M. F. S., & Zagatto,
E. A. G. (1997¢). A new approach to dialysis in sequential injection
analysis systems: Spectrophotometric determination of L(+)-lactate
in wines. American Journal of Enology and Viticulture, 48(4),
428-432.

Ayora-Canada, M. J., & Lendl, B. (2000). Sheath-flow Fourier
transform infrared spectrometry for the simultaneous determina-
tion of citric, malic and tartaric acids in soft drinks. Analytica
Chimica Acta, 417(1), 41-50.

Bauza de Mirabd, F. M., Thomas, A. Ch., Rubi, E., Forteza, F., &
Cerda, V. (1997). Sequential injection analysis system for determi-
nation of mercury by cold-vapor atomic absorption spectroscopy.
Analytica Chimica Acta, 355(2-3), 203-210.

Baxter, P. J., Christian, G. D., & Ruzicka, J. (1994). Rapid
determination of total biomass from a yeast fermentation using
sequential injection. Analyst, 119(8), 1807-1812.

Becerra, E., Cladera, A., & Cerda, V. (1999). Design of a very versatile
software program for automating analytical methods. Laboratory
Robotics and Automation, 11(3), 131-140.

Benson, R. L., McKelvie, I. D., Hart, B., & Hamilton, 1. C. (1994).
Determination of total phosphorus in waters and wastewaters by
online microwave-induced digestion and flow-injection analysis.
Analytica Chimica Acta, 291(3), 233-241.

Carpenter, K. J. (1960). Estimation of the available lysine in animal-
protein foods. Biochemical Journal, 77, 604-610.

Christian, G. D. (1992). Novel flow injection analysis systems for drug
analysis. Journal of Pharmaceutical and Biomedical Analysis, 10(10—
12), 769-773.

Christian, G. D. (1994). Sequential injection analysis for electrochem-
ical measurements and process analysis. Analyst, 119(11),
2309-2314.

Cladera, A., Tomas, C., Gomez, E., Estela, J. M., & Cerda, V. (1995).
A new instrumental implementation of sequential injection anal-
ysis. Analytica Chimica Acta, 302(2-3), 297-308.

Costa, R. C. D., & Araujo, A. N. (2001). Determination of Fe(III) and
total Fe in wines by sequential injection analysis and flame atomic
absorption spectroscopy. Analytica Chimica Acta, 438(1-2),
227-233.

Costa, R. C. C., Cardoso, M. 1., & Aratijo, A. N. (2000). Metals
determination in wines by sequential injection analysis with flame
atomic absorption spectroscopy. American Journal of Enology and
Viticulture, 51(2), 131-136.

Curvelo-Garcia, A. S. (1987a). Controlo de qualidade dos vinhos,
Quimica enologica, Metodos analiticos (pp. 187-188). Lisboa:
Instituto da Vinha.

Curvelo-Garcia, A. S. (1987b). Controlo de qualidade dos vinos,
Quimica enologica, Metodos analiticos (pp. 167-168). Lisboa:
Instituto da Vinha.

De Vargas, M. C., & Romero, R. A. (1992). Mercury determination by
cold vapour atomic absorption spectrometry in several biological
indicators from Lake Maracaibo, Venezuela. Analyst, 117(3),
645-647.

Doering, W. E., James, R. R., & Echols, R. T. (2000). A sequential
injection cold-vapor atomic absorption method for the determina-
tion of total mercury. Fresenius’ Journal of Analytical Chemistry,
368(5), 475-479.

Echols, R. T., James, R. R., & Aldstadt, J. H. (1997). Determination of
primary explosive azides in environmental samples by sequential
injection amperometry. Analyst, 122(4), 315-320.

Fletcher, P. J., & van Staden, J. F. (2003). Determination of ethanol
in distilled liquors using sequential injection analaysis with
spectrophotometric detection. Analytica Chimica Acta, 499(1-2),
123-128.

Garcia de Maria, C., Manzano, T., Alonso, A., & Garcia de Maria, L.
(1991). Enzymic determination of free L-(—)-malic acid in must and
wine by stopped-flow injection analysis. Analytica Chimica Acta,
247(1), 61-65.

Garden, S. R., & Strachan, N. J. C. (2001). Novel colorimetric
immunoassay for the detection of aflatoxin B,. Analytica Chimica
Acta, 444(2), 181-187.

Gomes-Neto, J. A., Nogueira, A. R. A., Bergamin, H. F°, Zagatto, E.
A. G., Lima, J. L. F. C., & Montenegro, M. C. B. S. M. (1994).
Multi-site detection in flow analysis. Part 3. Periodate tubular
electrode with low inner volume as a relocatable detector. Analytica
Chimica Acta, 285(3), 293-299.

Gubeli, T., Christian, G. D., & Ruzicka, J. (1991). Fundamentals of
sinusoidal flow sequential injection spectrophotometry. Analytical
Chemistry, 63(21), 2407-2413.

Guzman, M., & Compton, B. J. (1993). Use of sequential injection
technique and robotics for the automation of rh FXIII fluorometric
activity assay. Case study. Talanta, 40(12), 1943-1950.

Hedenfalk, M., & Mattiason, B. (1996). Sequential injection analysis of
ethanol using immobilized alcohol dehydrogenase. Analytical
Letters, 29(7), 1109-1124.

Ivaska, A., & Ruzicka, J. (1993). From flow injection to sequential
injection: Comparison of methodologies and selection of liquid
drives. Analyst, 118(7), 885-889.

Kamaya, M., Furuki, T., & Nagashima, K. (1998). Flow injection
analysis of phytic acid by a modified molybdenum blue method.
Phytochemical Analysis, 9(3), 119-123.

Kullberg, N., Vilen, M., Sund, P., Talaslahti, M., & Sara, R. (1999).
SIAmate-a compact and modular sequential injection analysis
controller. Talanta, 49(5), 961-968.

Lenehan, C. E., Barnett, N. W., & Lewis, S. W. (2002a). Design of
LabVIEW-based software for the control of sequential injection
analysis instrumentation for the determination of morphine. Journal
of Automated Methods and Management in Chemistry, 24(4), 99-103.



R. Pérez-Olmos et al. | Food Chemistry 90 (2005) 471-490 489

Lenehan, C. E., Barnett, N. W., & Lewis, S. W. (2002b). Sequential
injection analysis. Analyst, 127(8), 997-1020.

LeThanh, H., & Lendl, B. (2000). Sequential injection Fourier
transform infrared spectroscopy for the simultaneous determina-
tion of organic acids and sugars in soft drinks employing
automated solid phase extraction. Analytica Chimica Acta,
422(1), 63-69.

Lima, J. L. F. C., Neves, O. B. A. O., & Rangel, A. O. S. S. (1990). In
J. J. Bimbenet, E. Dumolin, & G. Trystram (Eds.), Automatic
control of food and biological processes (pp. 67-74). Amsterdam:
Elsevier.

Lima, M. J. R., Fernandes, S. M. V., & Rangel, A. O. S. S. (2002). A
sequential injection system for the in-line digestion and colorimet-
ric determination of phosphorous in milk. Journal of Food Science,
67(9), 3280-3283.

Loépez-Fernandez, J. M., Rios, A., & Valcarcel, M. (1995). Assessment
of quality of flow injection methods used in food analysis. Analyst,
120(9), 2393-2400.

Luca, G. C., Reis, B. F., Zagatto, E. A. G., Montenegro, M. C. B. S.
M., Araujo, A. N., & Lima, J. L. F. C. (1998). Development of a
potentiometric procedure for determination of glycerol and 2,3-
butanediol in wine by sequential injection analysis. Analytica
Chimica Acta, 366(1-3), 193-199.

Lukkari, I., Ruzicka, J., & Christian, G. D. (1993). Deter-
mination of total ammonium-nitrogen and free ammonia
in a fermentation medium by sequential injection analysis.
Freseniuss  Journal — of  Analytical — Chemistry, — 346(6-9),
813-818.

Maquieira, A., Luque de Castro, M. D., & Valcarcel, M. (1987).
Determination of reducing sugars in wine by flow injection
analysis. Analyst, 112(11), 1569-1572.

March, J. G., Simonet, B. M., & Grases, F. (2000). Kinetic-
turbidimetric determination of phytic acid by sequential injection
analysis. Analytica Chimica Acta, 409(1-2), 9-16.

March, J. G., Simonet, B. M., Grases, F., & Salvador, A. (1998).
Indirect determination of phytic acid in urine. Analytica Chimica
Acta, 367(1-3), 63-68.

Marshall, G. D. (1994). Ph.D. thesis, University of Pretoria.

Marshall, G. D., & van Staden, J. F. (1992). Operational parameters
affecting zone penetration in sequential injection analysis. Process
Control and Quality, 3(1-4), 251-261.

Mayer, M., & Ruzicka, J. (1996). Flow injection based renewable
electrochemical sensor system. Analytical Chemistry, 68(21),
3808-3814.

Montenegro, M. C. B. S. M., Lima, J. L. F. C., Mattos, J. L., Neto, G.
0., Neto, J. A. G., & Zagatto, E. A. G. (1993). Development of a
tubular periodate electrode for flow-injection determination of
glycerol. Talanta, 40(10), 1563-1568.

MSDA. (1973). Manuel Suisse des Dénrees Alimentaires (5¢me Ed.,
P1/27-28). Berne: Office Central Fédéral des Imprimis et du
Matériel.

Muik, B., Edelmann, A., Lendl, B., & Ayora-Canada, M. J. (2002).
Determination of yeast assimilable nitrogen content in wine
fermentations by sequential analysis with spectrophotometric
detection. Analytical and BioAnalytical ~Chemistry, 374(1),
167-172.

Neira, J. Y., Reyes, N., & Nobrega, V. (2000). Development of
hardware and software for on-line sample preparation using
sequential injection analysis. Laboratory of Robotics and Automa-
tion, 12(5), 246-252.

Niculescu, M., Erichsen, T., Sukharev, V., Kerenyi, Z., Csoregi, E., &
Schuhmann, W. (2002). Quinohemoprotein alcohol dehydroge-
nase-based reagentless amperometric biosensor for ethanol mon-
itoring during wine fermentation. Analytica Chimica Acta, 463(1),
39-51.

Oliveira, C. C., Sartini, R. P., & Zagatto, E. A. G. (2000). Microwave-
assisted sample preparation in sequential injection: Spectrophoto-

metric determination of magnesium, calcium and iron in food.
Analytica Chimica Acta, 413(1-2), 41-48.

Oliveira, C. C., Zagatto, E. A. G., Araujo, A. N., & Lima, J. L. F. C.
(1998). Sample preparation in sequential injection analysis. Spec-
trophotometric determination of total phosphorus in food samples.
Analytica Chimica Acta, 371(1), 57-62.

Oms, M. T., Cerda, A., Cladera, A., Cerda, V., & Forteza, R. (1996).
Gas diffusion techniques coupled sequential injection analysis for
selective determination of ammonium. Analytica Chimica Acta,
318(3), 251-260.

OIV. (1990a). Recueil des Méthodes Internationales d Analyse des Vins
et des Motts, method Al4. (pp. 247-249). Paris: Office Interna-
tional de la Vigne et du Vin.

OIV. (1990b). Recueil des Méthodes Internationales d Analyse des Vins
et des Motts, method A45. (pp. 225-226). Paris: Office Interna-
tional de la Vigne et du Vin.

OIV. (1990c). Recueil des Méthodes Internationales & Analyse des Vins
et des Mouts, method A9. (pp. 221-224). Paris: Office International
de la Vigne et du Vin.

OIV. (1990d). Recueil des Méthodes Internationales d Analyse des Vins
et des Motts, method A37. (pp. 303-304). Paris: Office Interna-
tional de la Vigne et du Vin.

OIV. (1990e). Recueil des Méthodes Internationales & Analyse des Vins
et des Motts, method Al7. (pp. 271-275). Paris: Office Interna-
tional de la Vigne et du Vin.

Peris-Tortajada, M., Puchades, R., & Maquieira, A. (1992). Determi-
nation of reducing sugars by the neocuproine method using flow
injection analysis. Food Chemistry, 43(1), 65-69.

Ribéreau-Gayon, J., Peynaud, 1. E., Sudraud, P., & Ribéreau-Gayon,
P. (1982a). In Traite & Oenologie, Sciences et Techniques du Vin,
Vol. 1, Analyse et Controle des Vins (pp. 280-281). Paris: Dunod
(Chapter VII).

Ribéreau-Gayon, J., Peynaud, I. E., Sudraud, P., & Ribéreau-Gayon,
P. (1982b). Traite d’Oenologie, Sciences et Techniques du Vin
Chapter VIII. Analyse et Controle des Vins (Vol. 1, pp. 313-315).
Paris: Dunod.

Ribéreau-Gayon, J., Peynaud, 1. E., Sudraud, P., & Ribéreau-Gayon,
P. (1982c). Traite d’Oenologie, Sciences et Techniques du Vin
Chapter VII. Analyse et Controle des Vins (Vol. 1, pp. 270). Paris:
Dunod.

Rizov, 1., & Ilcheva, L. (1995). Continuous flow and flow injection
potentiometry of complex-bonded metal ions by the standard
additions method. Analyst, 120(6), 1651-1655.

Ruzicka, J. (1992). The second coming of flow-injection analysis.
Analytica Chimica Acta, 261(1-2), 3-10.

Ruzicka, J., & Gubeli, T. (1991). Principles of stopped-flow sequential
injection analysis and its application to the kinetic determination of
traces of a proteolytic enzyme. Analytical Chemistry, 63(17),
1680-1685.

Ruzicka, J., & Hansen, E. H. (1975). Flow injection analysis: Part I. A
new concept of fast continuous flow analysis. Analytica Chimica
Acta, 78(1), 145-147.

Ruzicka, J., & Hansen, E. H. (2000). Flow injection analysis:
From beaker to microfluidics. Analytical Chemistry, 72(5),
212A-217A.

Ruzicka, J., & Marshall, G. D. (1990). Sequential injection: A new
concept for chemical sensors, process analysis and laboratory
assays. Analytica Chimica Acta, 237(2), 329-343.

Ruzicka, J., Pollema, C. H., & Scudder, K. H. (1993). Jet ring cell: A
tool for flow injection spectroscopy and microscopy on a renewable
solid support. Analytical Chemistry, 65(24), 3566-3570.

Saraiva, M. L. M. F. S. (2000). Ph.D. Thesis, Porto: Universidade do
Porto.

Sartini, R. P., & Oliveira, C. (2002). A new strategy for exploiting ion
exchange in sequential injection analysis: In-line phytic acid
separation/determination in foods as an example. Analytical
Sciences, 18(6), 675-679.



490 R. Pérez-Olmos et al. | Food Chemistry 90 (2005) 471-490

Schindler, R., Vonach, R., Lendl, B., & Kellner, R. (1998). A rapid
automated method for wine analysis based upon sequential
injection (SI)-FTIR spectrometry. Fresenius’ Journal of Analytical
Chemistry, 362(1), 130-136.

Schindler, R., Watkins, M., Vonach, R., Lendl, B., Kellner, R., &
Sara, R. (1998). Automated multivariate calibration in sequential
injection-Fourier transform infrared spectroscopy for sugar anal-
ysis. Analytical Chemistry, 70(2), 226-231.

Segundo, M.A. (2002). Ph.D. Thesis, Universidade Catolica Portu-
guesa, Porto.

Segundo, M. A., & Rangel, A. O. S. S. (2001). A gas difusion
sequential injection system for the determination of sulphur dioxide
in wines. Analytica Chimica Acta, 427(2), 279-286.

Segundo, M. A., & Rangel, A. O. S. S. (2002). Sequential injection
flow system with improved sample throughput: Determination of
glycerol and ethanol in wines. Analytica Chimica Acta, 458(1),
131-138.

Segundo, M. A., & Rangel, A. O. S. S. (2003). Kinetic determination
of 1(—)-malic acid in wines using sequential injection analysis.
Analytica Chimica Acta, 499(1-2), 99-106.

Shu, H. C., Hakanson, H., & Mattiasson, B. (1993). p-lactic acid in
pork as a freshness indicator monitored by immobilized D-lactate
dehydroghenase using sequential injection analysis. Analytica
Chimica Acta, 283(2), 727-737.

Shu, H. C., Hakanson, H., & Mattiasson, B. (1995). Online monitoring
of D-lactic acid during a fermentation process using immobilized D-
lactate dehydrogenase in a sequential injection analysis system.
Analytica Chimica Acta, 300(1-3), 277-285.

Silva, D. J. (1981). In Analise de alimentos. Métodos quimicos e
biologicos (pp. 92-97). Brazil: Universidade Federal de Vicosa.
Silva, F. V., Nogueira, A. R. A., Souza, G. B., & Cruz, G. M. (2000a).
Determination of total, volatile and acid detergent insoluble
nitrogen in silage by sequential injection. Analytical Sciences,

16(4), 361-364.

Silva, F. V., Nogueira, A. R. A., Souza, G. B., Reis, B. F.,
Aratjo, A. N., Montenegro, M. C. B. S. M., et al. (2000b).
Potentiometric determination of urea by sequential injection
using Jack bean meal crude extract as a source of urease.
Talanta, 53(2), 331-336.

Silva, F. V., Souza, G. B., Ferraz, L. F. M., & Nogueira, A. R.
A. (1999). Determination of chloride in milk using sequential
injection automated conductimetry. Food Chemistry, 67(3),
317-322.

Silva, F. V., Souza, G. B., & Nogueira, A. R. A. (2001). Use of yeast
crude extract for sequential injection determination of carbohy-
drates. Analytical Letters, 34(8), 1377-1388.

Silva, H. R., Segundo, M. A., & Rangel, A. O. S. S. (2003). Use
of a mixing chamber for sample preparation and multiple
collection in sequential injection analysis: Determination of

sulfates in wine. Journal of the Brazilian Chemical Society,
14(1), 59-64.

Sodek, L., Ruzicka, J., & Stewart, J. W. B. (1978). Rapid determina-
tion of protein in plant material by flow injection spectrophotom-
etry with trinitrobenzenesulfonic acid. Anatytica Chimica Acta,
97(2), 327-333.

Stewart, K. K., Beecher, G. R., & Hare, P. E. (1976). Rapid analysis of
discrete samples: The use of nonsegmented continuous flow.
Analytical Biochemistry, 70(1), 167-173.

Strachan, N. J. C., John, P. G., & Millar, 1. G. (1997). Application of
an automated particle-based immunosensor for the detection of
aflatoxin B; in foods. Food and Agricultural Immunology, 9(3),
177-183.

Taljaard, R. E., & van Staden, J. F. (1998). Application of sequential-
injection analysis as process analyzers. Laboratory of Robotics and
Automation, 10, 325-337.

Van Staden, J. F., & Makhafola, M. A. (1996). Spectrophoto-
metric determination of nitrite in foodstuffs by flow injection
analysis. Fresenius’ Journal of Analytical Chemistry, 356(1),
70-74.

Van Staden, J. F., & McCormack, T. (1998). Sequential-injection
spectrophotometric determination of amino acids using 2.4,6-
trinitrobenzenesulphonic acid. Analytica Chimica Acta, 369(1-2),
163-170.

Van Staden, J. F., & Taljaard, R. E. (1996). Determination
of sulfate in natural waters and industrial effluents by
sequential injection analysis. Analytica Chimica Acta, 331(3),
271-280.

Van Staden, J. F., & van der Merwe, T. A. (1998). Spectrophoto-
metric determination of nitrite in cured meats with sequential
injection analysis. South African Journal of Chemistry, 51(2),
109-113.

Zable, J. L. (1996). Ph.D. Thesis, University of Washington.

Zagatto, E. A. G., Krug, F. J., Bergamin, H. F°, & Jorgensen,
S. S. (1989). In J. L. Burguera (Ed.), Flow injection atomic
spectroscopy (pp. 225-257). New York: Marcel Dekker.

Zagatto, E. A. G., Rocha, F. R. P., Martelli, P. B., & Reis, B. F.
(2001). Detecting and circumventing sources of inaccuracy in flow
analysis. Pure Applied Chemistry, 73(1), 45-54.

Zarate, N., Araujo, A. N., Montenegro, M. C. B. S. M., & Pérez-
Olmos, R. (2001). Analisis por inyeccion secuencial de arsénico
total en vinos mediante AAS con generacion de hidruros. In
Proceedings of: XV encontro galego-portugues de quimica (pp. 371—
372). Spain: A Coruna.

Zarate, N., Araujo, A. N., Montenegro, M. C. B. S. M., & Pérez-
Olmos, R. (2003). Sequential injection analysis of free and total
potassium in wines using potentiometric detection and microwave
digestion. American Journal of Enology and Viticulture, 54(1),
46-49.



	Application of sequential injection analysis (SIA) to food analysis
	Introduction
	Applications to food analysis
	Acknowledgements
	References


