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ABSTRACT

Charles University in Prague, Faculty of Pharmacy in Hradec Kralové
Department of Analytical Chemistry

Candidate: Ivana Sramkova

Supervisor: Assoc. Prof. Hana Sklenafova, Ph.D.

Supervisor specialist: Burkhard Horstkotte, Ph.D.

Title of the Dissertation Thesis:

Application of non-separation flow techniques in pharmaceutical analysis

Flow techniques are a branch of instrumental techniques in chemical analysis based on the
handling of the sample in a tubing manifold. Since the introduction of what is recognized nowadays
as modern flow techniques in the early seventies, this analytical approach gained popularity among
scientist thanks to their main principles. Controlled dispersion and precise timing due to the
programming enable full automation of a variety of analytical procedures.

Flow methods were employed in a multiple different applications: simple sample measurement,
chemical reactions, kinetic studies, sample pretreatment, separation, and others in an automated
way. They are especially valued for automation, decrease of chemicals consumption and thus lower
cost and waste production, and shortening of the analysis time.

This dissertation presents new contributions to the field of flow techniques. It is divided into a
theoretical part and an experimental part, the latter one listing five publications and one manuscript
submitted for publication.

The theoretical part comprises three main chapters: sample pretreatment methods, flow
methods, and selected sample handling methods in flow techniques. An overview is given on
sample pretreatment and related procedures, and especially modern microextraction techniques are
emphasised here. Both liquid and solid phase-based methods are discussed further.

The definition and basic instrumentation of flow techniques is described in the following
section, highlighting the ones applied in the experimental works. The main features of each
technique are briefly discussed including the technical differences and performance.

The third chapter is devoted to the applications of flow techniques in several sample handling
procedures, applied in analysis of pharmaceuticals in their formulation or in a biological sample,
or in analysis of other biologically active substances. It includes applications of enzymatic
reactions and use of irradiation as well as the possibility of automation of selected microextraction
techniques in a flow manifold.

The experimental part comprises five publications and one manuscript currently submitted for

publication. Each of the attached publications is accompanied by a short comment clarifying the
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most interesting features of the respective work, the method development, and a discussion about
the novelty of the presented methods.

The first experimental work is focused on the execution of a reaction catalysed by an enzyme
in a sequential injection system with spectrophotometric detection. The method is applied to the
determination of an anaesthetic drug propofol in emulsion and compared to a simple flow method
with fluorimetric detection.

The second experimental work studies the use of a Sequential Injection Analysis system for the
automation of a liquid-liquid microextraction and a modified method for dispersive liquid-liquid
microextraction of thiocyanates in human saliva samples.

In the third experimental work, a novel mode of head-space single drop microextraction
performed in an In-syringe system applied to the determination ethanol as a model volatile analyte
is described.

The fourth experimental work deals with solid phase based microextractions carried out on-
line. A use of a flow-batch system for SPE, UV-photodegradation and a fluorimetric determination
of the pesticide metsulfuron methyl is presented as an application from the field of environmental
analysis that corresponds to the scope of cooperation with the Department of Chemistry at the
University of the South in Bahia Blanca, Argentina.

The fifth experimental work was focused on the study of conditions influencing fluorescence
of two model substances in a sequential injection system.

The last, sixth experimental work shows a novel mode of automation of microextraction by
packed sorbent coupled directly to separation in a low pressure sequential injection
chromatographic system. The method was applied to the determination of betaxolol in human urine
samples and the work is presented as a manuscript submitted for a publication in a scientific journal

with impact factor.
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Nazev dizertacni prace:

VyuZziti neseparacnich priitokovych metod ve farmaceutické analyze

Prietokova analyza je jednym z odvetvi inStrumentalnych technik v chemickej analyze. Je
zalozena na manipulécii so vzorkou v prietokovom zariadeni. Od uvedenia technik, povazovanych
dnes za moderné prietokové techniky, v sedemdesiatych rokoch minulého storocia, Si tento
analyticky pristup vdaka svojim charakteristikam ziskal medzi vedcami popularitu. Riadena
disperzia a presné casovanie vd’aka programovaniu umoziiuje plni automatizaciu rdéznych
analytickych procesov.

Prietokové metédy su vyuzivané v mnohych aplikdcidch: jednoduché meranie vzoriek,
chemickeé reakcie, kinetické Stadie, iprava vzorky, separacia a d’alSie, a to v automatickom mode.

Tieto techniky su cenené hlavne kvoli automatizécii, zniZeniu spotreby chemikalii,
vyprodukovaného odpadu a ndkladov na analyzu, skrateniu ¢asu analyzy.

Tato dizertacia predstavuje d’alsi prinos v oblasti prietokovej analyzy. Je rozdelena na teoreticka
a prakticka Cast, pricom prakticka ¢ast’ obsahuje pat’ publikacii a jeden manuskript odoslany k
publikacii v odbornom ¢asopise.

Teoreticka Cast’ je d’alej rozdelena na tri podkapitoly: metdédy upravy vzoriek, prietokové
metody a vybrané techniky manipulacie so vzorkou s vyuzitim prietokovych metdd. Praca obsahuje
prehlad metéd upravy vzoriek a pribuznych technik, a sistredi sa hlavne na moderné
mikroextrakéné postupy. St zahrnuté ako extrakéné metody z kvapaliny do kvapaliny, tak aj
extrakcie tuhou fazou.

Dalsi oddiel teoretickej ¢asti sa venuje definiciam a zakladnej inStrumentacii pouZivanej v
prietokovych technikéach, s dorazom na tie, ktoré boli vyuzité pri experimentalnej praci. Stru¢ne su
predstavené hlavné charakteristiky kazdej techniky, vratane technickych rozdielov a prevedenia.

Treti oddiel teoretickej Casti popisuje vyuzitie prietokovych technik v rdéznych metddach
manipulacie so vzorkou. Tieto metédy boli pouzité na analyzu lieCivych latok bud’ vo
farmaceutickom pripravku alebo v biologickej vzorke, alebo v analyze d’alsich biologicky
aktivnych latok. Zahrnuté je vyuzitie enzymatickych reakcii a pouZitie Ziarenia v prietokovom
systéme ako aj moznost automatizicie vybranych mikroextrakénych postupov s vyuZzitim

principov prietokovych technik.
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Prakticka cast’” predlozenej dizertacnej prace obsahuje pét publikacii a jeden rukopis v
stcasnosti odoslany k publikacii. Ku kazdej z predlozenych prac je prilozeny kratky komentar, v
ktorom s01 popisané najzaujimavejSie charakteristiky, vyvoj metddy a novost’ danej prace.

Prva experimentalna praca je zamerand na prevedenie reakcie katalyzovanej enzymom v
sekven¢nom injekénom systéme so spektrofotometrickou detekciou. Tato metdda je pouzita na
stanovenie anestetickej latky propofolu vo farmaceutickom pripravku. Zaroven je tato metdda
porovnana s jednoduchou prietokovou metédou s flourescencnou detekciou.

Druhad experimentdlna praca Studuje pouzitie systému sekvencnej injekCnej analyzy na
automatizaciu mikroextrakcie z kvapaliny do kvapaliny a modifikovani metddu na disperzni
mikroextrakciu tiokyanatanov vo vzorkach l'udskych slin.

Tretia praca popisuje novy spdsob mikroextrakcie do kvapky v priestore nad vzorkou, a to
priamo Vv strickacke piestovej pumpy. Ako modelova analyza prchavého analytu bol pomocou
vyvinutej metody stanoveny obsah etanolu vo vine.

Stvrta experimentalna praca sa zaobera on-line extrakciou tuhou fazou. Je popisané vyuzitie
»flow-batch* systému na extrakciu, UV-fotodegradaciu analytu a fluorimetrické stanovenie
pesticidu metsulfuron metylu. Praca teda spada do oblasti kontroly zivotného prostredia, Co
odpoveda oblasti zamerania spolupracujuceho zahraniéného pracoviska (Department of
Chemistry, University of the South, Bahia Blanca, Argentina).

Dalsia, piata, experimentélna praca bola zamerana na $tadium podmienok ovplyviujicich
fluorescenciu dvoch modelovych latok v systéme sekvencnej injekcnej analyzy.

Posledna, Siesta praca predstavuje novil metédu automatizacie mikroextrakcie na tuhom
sorbente, s priamym spojenim na separaciu v nizkotlakovom systéme sekvenénej injekénej
chromatografie. Metoda bola pouzita na stanovenie lie¢iva betaxololu I'udskom moci. Praca je

priloZena ako manuskript odoslany na publikaciu v odbornom ¢asopise s impakt faktorem.
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1 Introduction

1 INTRODUCTION

Flow analysis represents a well-established group of analytical techniques. Most well-known
flow injection analysis and related techniques are based on the introduction and manipulation of a
sample (including detection) in a stream of a carrier in a closed, low-pressure tubing manifold built
up of a pump, valve(s), tubing and the detection cell. Since its introduction in the 1970°s [1] (taking
the experience from previous similar techniques such as continuous flow analysis), it evolved into
various new related techniques, branches, or generations. Although these may differ in the flow
characteristics and handling in the course of one analytical run, for most of them the introduction
of sample into a stream of carrier remains the mutual attribute.

The field of application of flow techniques is wide — from measurements and analysis in
agriculture, environment, oceanography, and food analysis, through pharmaceutical and
biomedical field to biosensors and basic research. The number of areas demonstrates that the
features of flow techniques such as versatility, programmable flow, repeatability, and precise
sample handling contribute benefits to these fields. Since coupling chromatographic columns to a
flow manifold in 2003 [2], separation is also included in the scope of flow analysis, which then
represents a complementary (not competitive!) tool to chromatography.

To obtain reliable results of any analysis, one must have a representative sample treated in such
a way that it is possible to use the chosen detection technique. This can include extraction, clean-
up, or in a broader context, change of the physicochemical (optical) properties of the sample.
Therefore, sample pretreatment is of high importance and must be performed precisely and
reproducibly. In this context, the features of flow techniques (comfortable way of handling
solutions in a closed system, repeatability, precise sample handling, and programming) invite to
use flow systems in such important and wide area of application as automated sample pretreatment.

Sample pretreatment is not a laboratory-specific field, but in contrary every analyst has to
prepare samples for their analysis. Hence, the trends are decreasing the time of sample
pretreatment, automation, and downscaling of the solvents and sample volumes. Flow analysis has
its specific features to accomplish these requirements.

Precise timing is a key factor also in Kinetic studies or e.g. enzymatic reactions. In time based
studies, for instance light induced reactions, optimization and precise programming and thus timing
is crucial.

In this thesis, exploitation of flow techniques for new modes of automation of different
microextraction techniques as well as for the automation of an enzymatic reaction and photo-
induction prior to a fluorimetric measurement is presented in form of five publications and one
manuscript submitted for publication, including a theoretical discourse of flow methods, sample

pretreatment techniques and examples of sample handling in a flow system.
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2 Objectives

2 OBJECTIVES

The general objective of this thesis was to study and verify the use of non-separation flow
techniques in the analysis of biologically active substances (mainly in frames of pharmaceutical
analysis) and to develop new methods based on these techniques, focusing on the automation of
the analytical procedures.

The work aimed on the development of various automated sample pretreatment techniques,
coupled on-line with the detection step and using the technique of sequential injection analysis.
The goal was to develop methods for both solid phase- and liquid phase-based techniques: solid
phase extraction, microextraction by packed sorbent, liquid-liquid microextraction and head-space
single-drop microextraction. The automation of an enzymatic reaction in a flow system was also
included.

The goal was to apply these methods to the treatment of different kinds of samples, ranging
from pharmaceutical preparation (emulsion), biological (such as human saliva and urine) to food
(wine) and environmental (surface water) samples.

The specific objectives were:

a) Development of an automated system to perform an enzymatic reaction for determination of
an anaesthetic drug in its pharmaceutical formulation, to study the chemical conditions of
the reaction and to test the applicability of the method to real sample measurement.

b) Comparison of the conditions for fluorescence detection in a flow system for different
solvents in case of a naturally fluorescent substances and a substances with photo-induced
fluorescence;

c) Development of method enabling a sample clean-up, light-induced decomposition, and
detection in one fully automated system based on flow-batch principles;

d) Assembling of an analyser system for the automation of liquid-liquid microextraction and
dispersive liquid-liquid microextraction and elimination of the problem of mixing two
different phases in one flow system, optimization of all kinetic and dynamic conditions of
the reaction and the flow system; on-line determination of biologically active substance in a
complex matrix;

e) Evaluation of the possibility of automation of microextraction by packed sorbent by a
sequential injection chromatographic system and optimization of the conditions for
treatment of biological samples for the determination of betablockers;

f) Development and optimization of an automated system for head-space single-drop
microextraction and testing the applicability of this system for determination of a model

volatile substance.
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3 THEORETICAL PART
3.1 SAMPLE PRETREATMENT TECHNIQUES

3.1.1 General characteristics and requirements on sample pretreatment

The development of a method enabling direct and fast measurement of an analyte in an untreated
or only minimally treated sample is the aim of research of many analytical chemists. However,
most analytical methods do not offer this possibility. Usually, at least a simple intervention is
necessary to obtain a measurable sample even in non-complex matrices. The aim of the intervention
is to obtain a sample, in which it is possible to detect or reliably quantify the analyte of interest.

Such intervention includes either the isolation of the analyte from the matrix or decreasing the
quantity of interfering compounds from the matrix to a minimum (without losing the analyte) or
modification of the analyte of interest into a measurable form, e.g. by a chemical reaction.

Figure 1 gives a chart of the time spent on the respective steps of an analysis in average for the
most frequent analytical techniques such as chromatography. It shows that as much as 60% of the
total analysis time is spent on sample pretreatment, 27% on data treatment, 6% on sampling, and
only 6% on the actual analysis. The time devoted to sample treatment is justified as the performance
of this step is crucial for the whole analytical procedure, since a mistake in this step can affect the
result of the entire analysis without the possibility of corrections in later stages of the analysis.

"

sample
preparation
61%

Figure 1: Time spent on an average chromatographic analysis®.

'Adapted from [3].
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General requirements on a sample pretreatment technique include:

o Selectivity/universality — depending on the purpose of the work, highly selective techniques
or universal technigues suitable for a large range of substances might be preferred;

o Simplicity of operation and performance — the more complicated the technique, the more
training of the operator is required, the higher the risk of errors in the procedure and the
lower the sample throughput;

e High sample throughput — related to the previous point; relevant e.g. for laboratories carrying
out routine analyses;

¢ Low sample consumption — as the sample quantity might be limited, e.g. biological samples;

¢ Low consumption of solvents —to copy with the principles of green chemistry, to reduce the
exposition of the operator to vast toxic solvents vapours, and to reduce the quantity of
produced waste together with the cost of analysis; especially important in laboratories with
high sample throughput;

o Possibility of automation and compatibility with the used analytical manifold — automation
accelerates and facilitates the analysis and significantly reduces the risk of errors in analysis;

e Low initial (e.g. instrument purchase, stuff training) and performance cost (e.g.
maintenance);

¢ Prevention of analyte loss —a high recovery is crucial especially if the analyte concentration
is low.

The selection of a sample pretreatment method is based on several considerations. The cost of
analysis is always taken into account. Then, the available quantity of the sample volume plays an
important role, as different laboratories work with different materials (e.g. clinical laboratories
compared to waste waters analysis). Another factor is the need for preconcentration; this is more
important for less sensitive detection techniques (e.g. spectrophotometry) than for very sensitive
ones (e.g. mass spectrometry). The type of laboratory plays an important role; routine analyses
with high sample throughput would require a sample pretreatment method, which is not
significantly time consuming and costly in the sense of development and performance, on the other
hand time might be of less importance e.g. for a research laboratory. Depending on the application,
it should also be decided about usage of a more selective or a more universal methodology. The
complexity of the method should be taken into account too, since the more steps the sample
pretreatment has, the higher the chances of an error in the protocol.

The stability of the sample and its compatibility with the pretreatment technique must be
considered such as the solubility in different solvents, buffer addition or thermic stability. For
example, a sample heating cannot be used to accelerate the mass transfer in head-space extraction

for substances, which decompose at higher temperatures.
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The simplest sample preparation method is dilution. It does not require any instrumentation and
the effect of matrix can be already significantly decreased, but the method’s sensitivity for the
analyte can become a crucial factor. Other simple but not especially selective methods are
centrifugation and/or filtration, which are feasible when sensitivity is not a limiting factor of the
methodology and especially high selectivity is not required. However, one should bear in mind the
possible loss of analyte on the filter or on the sedimented material.

Protein precipitation (PP) is a relatively old method (since 1950°s), but it is useful in laboratories
designed for screening and with a very high sample throughput. The addition of an organic solvent,
acid, or salt to the sample leads to protein denaturation and possible precipitation. Although some
analyte can be lost by adsorption to the precipitate, this methodology remains, apart from simple
sample dilution, one of the fastest and least costly. Nowadays, this method can be fully automatized
by using a 96 well plate, while automation by flow techniques is not typical.

In the following chapters, the sample pretreatment techniques based on extractions are
described. Both the conventional and modern micro-scale liquid- altogether with solid-phase
extraction methodologies are included.

An emphasis is given to those techniques where automation by flow techniques has been
extensively explored and which are of high relevance to the experimental works presented in this
thesis in chapter 4. The aim of this part is not to give a comprehensive list of all developed
techniques but to present an overview of them as a comparison to the methods presented in this
thesis. Therefore, membrane-based sample pretreatment methods such as gas diffusion are not

included in this work.
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3.1.2 Liquid phase-based techniques

The liquid phase-based sample pretreatment techniques or the liquid phase microextractions
(LPME) are based on a use of a liquid extraction agent while the sample can be either in solid or

in liquid form.

3.1.2.1 General principles of liquid phase-based techniques. Classical methods

LPMEs are based on a different solubility of an analyte in two (or more) solvents, expressed as

the partition coefficient (logP):
logP =log Ki2=c¢1/c;

where c; is the concentration of an analyte in phase 1, e.g. octanol, and c; is the concentration
of the analyte in phase 2, e.g. water.

Ideally, the analyte is more soluble in the extraction solvent than in the sample solvent, usually
water. In some cases, e.g. for analytes with appropriate acido-basic properties, the solubility of the
analyte in the extraction solvent can be modified by the changing the pH (reduction of the analyte
ionization), or ion coupling with a counter-charged reagent is performed to achieve a neutral
complex soluble in an organic solvent (if the sample is agueous and the analyte is ionic).

The conventional method, used for sample clean-up, extraction, and preconcentration of the

analytes of interest, is denoted liquid-liquid extraction (LLE, Figure 2).
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Figure 2: Classical liquid — liquid extraction in a separatory funnel.
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It uses the sample and one extraction solvent. The traditional LLE is performed in a separatory
funnel or a flask, which sizes range from 10 mL to several litres and the volume of the extractant
solvent can reach hundreds of microliters to ten of millilitres [4]. The classical LLE is simple,
method development and performance are typically not time consuming and no special

instrumentation is required. LLE techniques are generally used for screening purposes or in
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combination with very selective detection techniques. The selectivity can be improved by a
derivatisation reaction performed in one step along with the extraction. However, large volumes of
both the sample and the organic solvent consumed for the extraction, together with large waste
production, low sensitivity or the need of evaporation of a large extraction solvent volume before
further analysis are significant drawbacks of this method. Although the range of applications is
wide and the performance is simple, downscaled formats are preferred nowadays.

3.1.2.2 Liquid-liquid microextraction sample pretreatment techniques

3.1.2.2.1 Generals remarks on liguid - liguid microextraction

Liquid phase microextraction techniques are based on classical LLE, however, the volumes of
both the sample and extractant solvent are significantly reduced. The sample volumes can be
downscaled from 40 - 50 mL in environmental analysis [4] to a few tens of microliters in case of
biological samples. The volume of the extractant solvent in a miniaturized liquid extraction
technique ranges typically between 1 - 20 uL [4].

Miniaturized versions of LLE were introduced in the lists of sample pretreatment methodologies
in the 1990°s. The first experiments with a very low volume of extractant were published by Liu
and Dasgupta in 1995 using a single drop for extraction of NH; and SO, from air [5]. This can be
considered a pioneering work for all liquid-phase microextraction techniques. The modern LPME
techniques overcome several of the above mentioned drawbacks of the conventional LLE, using
lower volumes of sample as well as the organic solvent/acceptor phase per analysis and feasible
automation. Also, higher preconcentration or enrichment factors are usually achieved.

Different criteria to classify LPME techniques can be found in the literature. One classification
divides these techniques according to the mode of performance of the contact between the sample
and the extractant solvent. Based on this criterion, the LPME mode can be divided into direct
immersion, head-space, dispersive or hollow fibre protected (two or three phases) [4].

The large growth in the number of new, modified or improved liquid phase microextraction
techniques documents the fact that these have a significant advantage over the traditional sample
pretreatment techniques. Pena-Pereira et al. reported that more than 50 new methodologies were
developed since 1995 [6]. Several other reviews on liquid-phase microextraction techniques were
published: in the work of Pena-Pereira et al. the authors reviewed single drop microextraction,
hollow-fibre microextraction and dispersive liquid - liquid microextraction [7]. In another work
from Novéakova and Vickova from 2009, new trends in chromatography and modern sample
preparation methods used in bioanalysis were discussed [8]. Recently (2014), the LPME techniques
were overviewed by He [9]. Cost and time savings, ease of performance, and application to a wide

range of samples [4] are several of the profits of liquid phase microextraction techniques.
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3.1.2.2.2 Single-drop microextraction

The first use of a single drop as an acceptor medium for gaseous analytes from air was presented
in 1995 by Liu and Dasgupta [5]. A drop of the sulphuric acid or hydrogen peroxide in
manganese(ll) sulphate was used to preconcentrate NH3z and SO, respectively, from a gaseous
sample. One year later, Jeannot and Cantwell used a single drop supported by a PTFE probe for
extraction of a model compound analysed later by gas chromatography (GC) [10]. In 1997, the
same authors described the idea of using single-drop microextraction (SDME) where a drop of an
organic solvent was exposed to a sample by means of a syringe and the syringe’s needle served as
the drop support [11]. After extraction and retraction of the needle, the syringe was used to inject
an aliquot directly into the GC system. Since then, this technique gained a lot of attention and
evolved into several modifications differing in the mode (static versus dynamic) or in the means of
assuring the contact of the analyte with the acceptor phase (e.g. head-space, direct immersion, or
continuous flow SDME) [12, 13]. The main advantages of this type of microextractions are high
preconcentration factor, ease of performance, and no other special instrumentation requirement

than a syringe.
Direct immersion single-drop microextraction

The origin of direct immersion single-drop microextraction (DI-SDME) dates back to 1996,
when Liu and Dasgupta published a work about the so-called drop-in-drop system [14] and Jeannot
and Cantwell described a system with a drop located at the end of a PTFE rod immersed in an
aqueous sample [10]. Two modes of SDME can be applied. In a static mode, the drop of the
extractant is held above or in the sample bulk. In the dynamic mode, the sample is continuously
exchanged. This mode assures a constant analyte transfer into the drop.

In DI-SDME, a drop of the extractant is directly immersed into a sample. It can be performed
in both the static and dynamic modes. Effective distribution of the analyte and its transfer into the
acceptor drop is assured by stirring [4]. After a defined (optimised) period of time of enrichment,
the drop is retracted back into the microsyringe and is subjected to further analysis. In this mode,
the acceptor phase comes into direct contact with the sample, and therefore has to be water
immiscible. The choice of the solvent has to be carefully considered, as solvents partly soluble in
water are not suitable in this case. Attention must also be also paid to the drop stability — a higher

stirring speed can dislodge the drop.
Head-space single-drop microextraction

Tankeviciute et al. and Theis et al. described the development of a head-space single-drop
microextraction (HS-SDME) in 2001 [15, 16]. This technique is based on exposing a drop of an
acceptor phase in the gas phase above the sample, so denoted head-space. Therefore, the sample

can be solid, liquid, or even gaseous. The principle of the HS-SDME is depicted in Figure 3. The
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analyte evaporates from the sample into the head-space and is adsorbed over time into the drop,
hence the duration of the drop exposition must be studied.

The mass transfer from the sample into the head-space can be enhanced in several ways:

1: Sample stirring,

2: Increased temperature of the sample,

3: Ultrasound,

4: Decreased/depressed pressure [17].

In HS-SDME, the acceptor phase does not come into direct contact with the sample, therefore
the use of organic solvents can be avoided. Instead, an aqueous phase can be used with advantage
regarding the requirements of green analytical chemistry. Sensitivity and selectivity can be
increased if a derivatisation reagent is used in the acceptor phase. On the other hand, this method
is only suitable for volatile or semi-volatile analytes, which is a limiting factor for a wider use of
HS-SDME. The duration of enrichment can be the limiting factor of the total analysis time and
sample throughput. Also, the stability of the drop at the end of the needle can be problematic,
especially at larger volumes (>10 pL). On the other hand, using a very small volumes of the drop
might result in the drop evaporation and worsening the reproducibility. Generally, the drop volume
is smaller than 5 pL, since larger volumes can also cause peak tailing in chromatographic analysis
[18]. The principle of HS-SDME designates this method to be used conveniently in combination
with chromatographic methods, especially GC [18].

1. Drop 2. Analyte 3. Drop 4. Retraction
exposition evaporation enrichment of the drop

Figure 3: Head — space single drop microextraction.

Continuous flow single-drop microextraction

Continuous flow single-drop microextraction (CF-SDME) is a dynamic variant of SDME. It
was introduced in 2000 [19] and the authors reported concentration factors of 260-1600 within an

extraction time of 10 min. In this study, a glass chamber was used as an extraction vessel with a

11



3.1 Sample pretreatment techniques

septum-port for a syringe needle, the needle being located over a sample’s inlet. Then, the sample
was pumped through the chamber and at the same time, a drop of 1-5 pL of the acceptor phase was
generated at the needle’s tip. The drop was then exposed to the flowing sample through the opening
in the glass chamber, so that it was always in contact with the same concentration of the analyte in
the sample. As a consequence, a constantly high extraction rate can be achieved, while in static
mode the concentration gradient and thus the extraction rate between sample and drop decreases
over time.

In such a dynamic assembly, the drop is more prone to being dislodged, and therefore, a careful
choice of the solvent must be done and flow rate optimization must be performed. Another
disadvantage of this technique is a relatively large sample consumption taking into account its
continuous flow. Another modification of this technique is called cycle-flow SDME [20], which

solves this problem by pumping the sample back into the sample reservoir instead to the waste.
Liquid-liquid - liquid single-drop microextraction

This variation of the single-drop microextraction (LLLME) [21] is a static method based on a
three phase system, where the final acceptor phase is an aqueous phase. Presented first in 1999,
this method uses a layer of organic phase to extract an analyte from a sample, and from this layer
simultaneously into an aqueous acceptor phase (back-extraction). This process is achieved by pH
adjustment, so that the analyte is in non-polar/non-ionized state in the sample for ideal extraction
into the organic phase and is transferred into its polar/ionized state by the aqueous acceptor phase,
e.g. acidification of the sample for the extraction of phenols. Analytical systems requiring an
aqueous sample can be coupled with this pretreatment technique, on the other hand, the operation

is more complicated when compared to simple SDME [7].

3.1.2.2.3 Dispersive liquid - liquid microextraction

The development of dispersive liquid - liquid microextraction (DLLME) is dated back to 2006
and was first reported by Rezaee et al. [22]. A three-component system is employed in this
technique. A very small quantity of the extraction solvent (in the range of pL) is mixed with a
larger volume of another solvent, denoted as dispersive solvent. The mixture is injected rapidly
into an aqueous sample and as a result, a cloudy solution is created (Figure 4). The function of the
dispersive solvent is to increase the contact of the extraction solvent with the sample by dispersing
it into small droplets in the sample volume. After this step, the layers are separated by their densities
(by centrifugation or by a simple separation by gravitation) and the organic layer with the extracted

analyte is submitted for further analysis.
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1. Injection of the 4. Withdrawal of
extraction mixture the organic part
with the analyte

2. Cloudy solution 3. Phase
(droplets) separation

o

Figure 4: Dispersive liquid - liquid microextraction with extraction solvent of denser than water.

The advantage of DLLME are in the reduced volume of the extraction solvent and increased
enrichment factor due to the larger surface, and in the speed of further manipulation in cases when
evaporation of the solvent is necessary prior to the next processing. The following advantages are
no need for any special instrumentation or devices and the speed of the process due to the direct
and significantly enlarged contact area between the sample and the extraction solvent, especially
in comparison to SDME. Also, addition of a derivatisation agent to the extraction solvent is
possible to increase the sensitivity and/or selectivity of the analytical methodology [23]. In the
contrary, the combination of solvents intended for use has to be tested, since several conditions
must be fulfilled: the extraction solvent must be water immiscible and the analyte must be very
well soluble in it.

Originally, solvents with density higher than water were preferred due to easier retraction of the
solvent with the extracted analyte from the bottom of the extraction vessel. Nowadays, also
alternative methodologies were suggested, corresponding more to the demands of the green
chemistry concept. For the extraction, solvents lighter than water are also used. Difficulties with
withdrawing the organic part after the phase separation were overcome e.g. using modified vessels
or by solidification of the organic drop by cooling. A review of the DLLME modifications using
solvents lighter than water and corresponding instrumentation is given elsewhere [24]. The
traditionally used chlorinated organic solvents can be replaced by more environment-friendly ionic
liquids. These kinds of solvents have been gaining popularity recently and a review on their
employment in DLLME was published lately [25].

The dispersive solvent must be soluble in both organic and aqueous phases, and not be a good
solvent for the analyte, so that the analyte migrates preferably into the extraction solvent. To

achieve dispersion, the action of the dispersive solvent can be either supported or replaced by
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application of ultrasound [26], increased temperature [27], decreased temperature [28], addition of
salts [29], stirring [30], vortexing [31] and bubbling [32].

3.1.2.2.4 Hollow-fibre liquid phase microextraction

A three-phase system (similarly as in LLLME) denoted as hollow-fibre LPME (HF-LPME) was
presented in 1999 [33]. In this case, a hollow fibre (usually polypropylene) is used as a support for
a microliter volume of the acceptor phase, so that it is more stable than in the case of SDME [9].
The fibre is attached to a needle of a syringe and initially immersed into an organic solvent, so that
the pores of the fibre wall are impregnated with the solvent, as depicted in Figure 5. The lumen of
the fibre is filled with the acceptor solution. The acceptor can be identical with the solvent in the
walls and the system is then two-phased, which is convenient as a sample pretreatment for a GC
analysis. Alternatively, it can be filled with an agueous solution and is then compatible with HPLC
or capillary electrophoretic (CE) systems [8]. When compared to the previously mentioned
techniques, the manipulation with the fragile fibre is less convenient but on the other hand, the
organic phase is better protected from the particles contained in the sample matrix. The sample to

acceptor phase ratios are large, so high enrichment factors can be achieved using this technique [8].

Hollow fibre

Sample

Fibre pores

Stirring bar

Figure 5: Hollow-fibre liquid - liquid microextraction

3.1.2.2.5 Salting out liquid - liquid extraction and QUEChERS

Salting-out is based on decreasing the solubility of an organic solvent in aqueous media by
increasing the salt concentration. The range of solvents potentially used for extraction is enlarged
by the water-miscible ones such as acetonitrile, acetone, or short-chain alcohols, which are suitable
for extraction of the neutral polar substances. The idea of salting-out originated in 1989 [34].
Usually, a large amount of salts must be added into the water sample to achieve phase separation,

usually chlorides or sulphates.
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Moreover, addition of salts to the sample helps to decrease the analyte solubility in the sample
and thus promotes its transfer to the acceptor phase — non-polar substances into water-immiscible
solvents or volatile analytes into the head space over the sample in case of the head-space
microextraction variation [35].

A similar concept was presented in 2003 for the determination of pesticides [36], which gave
base for the name QUEChERS — an acronym, which stands for Quick, Easy, Cheap, Effective,
Rugged and Safe. It is also based on the addition of solvent, salt, and buffer to an aqueous sample
solution with posterior clean-up of the organic phase by a solid phase extraction (SPE). The method

gained popularity and commercial kits with the chemicals needed are now available.

15



3.1 Sample pretreatment techniques

3.1.3 Solid phase-based methods

Solid phase-based methods are sample pretreatment techniques based on using a solid phase
(sorbent), on which the analytes are adsorbed. Afterwards, the analyte is released either by a chemical
way, e.g. using a solvent or changing the pH of the analyte, or by a physical way, e.g. by heat.

3.1.3.1 General principles of solid phase-based sample pretreatment techniques.

Classical methods

Solid phase extraction (SPE) is still the most common technique used for sample pretreatment
[37]. It is based on a partition of the analyte between a sorbent and the sample solvent. SPE is
usually performed in a cartridge filled with the sorbent.

The procedure is carried out in several steps. First, the sorbent is conditioned — wetted typically
with solvent such as acetonitrile or methanol. Then, an equilibration step with a solvent similar to
the sample composition is carried out. After the sample loading, the matrix is washed out with an
aqueous solution, sometimes with some addition of organic solvent (depending on the matrix). The
final step is the elution of the retained analyte. Further, solvent evaporation and reconstitution with
a mobile phase can be done prior to chromatographic analysis.

Over the years, a wide range of different sorbents were introduced to the market. Nowadays,
different materials and chemistries are available, corresponding to the requirements of selectivity,
recovery, and chemical stability. SPE sorbents are available for both polar and non-polar, as well
as for ionic substances. An overview of the new sorbents for SPE is given elsewhere [38, 39].

Many years of use and wide-spread of the technique prove its numerous benefits: high recovery,
ease of operation, and feasibility of automation [8, 37]. Both off-line (sample pretreatment
performed manually or using an instrument separated from the analyser) and on-line (directly
coupled to the posterior analyser) modes are possible. The extraction is typically performed using
a manifold for multiple SPE cartridges comprising a vacuum pump to speed up the percolation.

There are many similarities with chromatographic columns. This fact also led to the idea of a
full SPE automation and column switching approach in liquid chromatography (LC). In column
switching LC, the first column is used for the analyte extraction, which is transferred to the second
column for separation using a switching valve. The time of analysis and sample manipulation is
significantly reduced [40].

Although SPE is superior to LLE regarding the organic solvent consumption, modern liquid-
based microextraction techniques are surely improved in this regard because only microliters of
solvents are typically used, whereas larger volumes are typically used in SPE. Also, automation of
these techniques is feasible nowadays, using either robotic systems or flow analysis based systems.

Another pitfalls of typical SPE sorbents are: the flow rates cannot be controlled easily, drying of
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the solvent must be prevented [8], equilibration of the sorbent must be performed before each
loading of the sample, which increases the analysis time, and the cartridges are prone to clogging,
which is omitted when using liquid phase-based technique [4]. Despite some disadvantages, this
method still remains the method of choice in bio-analytical laboratories [8].

3.1.3.2 Miniaturized solid phase-based sample pretreatment techniques

3.1.3.2.1 General remarks on miniaturized solid phase-based sample pretreatment techniques

Although SPE has still a leading position among sample pretreatment methods, it does not fulfil
all requirements stated previously in chapter 3.1.1. Its relatively large format in which
correspondingly large volumes of sample, solvents and time of extraction are used, what motivated
the scientists to the development of downscaled and faster methodologies. Classification can be
done according to e.g. the number of phases of the extraction procedure, onto which kind of sorbent
the analyte is retained, or divided into head-space and direct sample contact [41] as well as into
static and dynamic mode. The following chapters present a short overview of the modern
techniques. More comprehensive publications on miniaturized solid phase-based sample

pretreatment procedures can be found in the literature [42, 43].

3.1.3.2.2 Microextraction by packed sorbent

Microextraction by packed sorbent, denoted by some authors also as a microextraction by
packed syringe (MEPS), represents a miniaturized version of SPE. In MEPS, a barrel is filled with
1 — 4 mg of a sorbent, and it is attached to a microsyringe of 100 or 250 uL (Figure 6). The
procedure is equal to classical SPE: conditioning of the sorbent usually with acetonitrile or
methanol, equilibration with a solvent identical or similar to the sample medium, sample loading,
matrix washing usually with water or water with small addition of organic solvent, followed by
elution with a specific solvent compatible with the used detection system (Figure 7). The solutions
pass the sorbent bed twice, as they are aspirated and dispensed by the syringe plunger movement.
The sample volumes typically range in tens of microliters, but larger volumes up to 1000 pL can
also be handled by repeated aspiration. The extraction efficiency can be thus increased by repeating

the sample loading step.
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Figure 6: MEPS cartridge with a microsyringe?.

Unlike the SPE, MEPS can be used repeatedly (up to 100 times for plasma and urine samples,
[45]), which dramatically decreases the cost of sample pretreatment. Full blood pretreatment with
MEPS was also demonstrated [46]. Aditionally, MEPS is compatible with LC, GC and capillary
electrophoresis (CE).

The performance can be quite tedious and time consuming when performed manually, and an
experienced operator is required. The flow rate is the key factor for high extraction efficiency and
analyte recovery. Too fast aspiration and discarding do not allow complete adsorption of the
analyte on the sorbent [8] and fluctuation in the flow rate impairs the repeatability.

MEPS extraction can be performed either manually, semi-automatically using a special motor-
driven pipette, or fully automatically using the autosampler of a used analytical instrument.

Apart from the tedious manual performance, small variety of sorbents can be considered to be
another disadvantage. However, smaller dimensions, shorter time, possibility of full automation

and repeatable use make MEPS a useful tool for sample pretreatment.

1. Conditioning 2. Equilibration 3. Sample loading 4. Washing 5. Elution

Figure 7: Microextraction by packed sorbent.

2 Adapted from [44].

18



3.1 Sample pretreatment techniques

3.1.3.2.3 Solid phase microextraction

Solid phase microextraction (SPME) is a solvent-less microextraction technique. It was firstly
presented in 1990 [47]. SPME is based on distribution of an analyte between the matrix and the
sorbtive material. This is typically a fused-silica fibre, which is usually coated with
polydimethylsiloxane (PDMS) or polyacrylate [48]. The fibre is attached onto a needle of a special
syringe. It is exposed to the sample during the extracting process and held inside the syringe during
the perforation of the septum of the sample void and during transportation. Then, the analyte is
released from the stationary phase by means of thermic desorption in the injector of a GC system
instead of elution with a solvent. There are two possible modes of SPME. The fibre is either
immersed in the sample (direct immersion, DI-SPME) or held above it (head-space, HS-SPME).
Derivatisation is feasible in SPME, either with a reagent bound onto the fibre coating or added into
the sample [48].

This technique is surely superior to other sample pretreatment techniques in the terms of solvent
consumption. It is also a relatively simple system consisting of one modified syringe. On the other
hand, some drawbacks such as possible long desorption time, limited capacity, and fragility of the
fibre prevent the SPME to become widely used. Carry-over might be a serious problem with some
substances even at elevated desorption temperatures [48]. The risk of irreversible binding of
substances with high molecular weight (e.g. proteins) by direct immersion must be taken into
consideration. Moreover, its application is restricted to the analytes with high vapour pressure and
thermic stability to enable thermic desorption [8].

3.1.3.2.4 Stir bar sorptive extraction

The principle of stir bar sorptive extraction (SBSE) is the extraction of the analyte based on the
partition coefficient. It was introduced in 1999 as a solvent-less sample pretreatment technique
[49]. A stir bar is coated with the acceptor phase, commonly PDMS, and placed in a vial with the
sample. During stirring, the analyte is adsorbed onto the bar coating. Then, the bar is removed,
washed and wiped gently in order to remove salts, proteins, or polymers from the sample matrix.
Afterwards, the analyte of interest is submitted to further analysis either upon thermic desorption or
liquid desorption in case of thermolabile substances [50]. A representation of SBSE is in Figure 8.

A good sensitivity can be obtained with this technique, since the whole extract can be submitted
to analysis and simultaneous derivatisation is also possible, e.g. by binding the reagent to the stir
bar coating, its addition to the sample before extraction or addition of the derivatisation agent into
the desorption chamber [50].

Stirring time, volume of the sample, and size of the bar as well as temperature and salt addition
can influence the extraction efficiency. Although the technique is quite simple to be carried out,

limited extraction of polar substances (due to the non-polar character of PDMS) and especially
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long extraction times (usually not less than 30 min, [51, 52]) are the main drawbacks of SBSE. The

applications, potentials, and limitations of this technique were summarized in a recent review [53].

Sample Coating

Stir bar

Figure 8: Stir bar sorptive extraction.

3.1.3.2.5 Other solid phase-based microextraction technigues

Dispersive solid phase extraction

The dispersive solid phase extraction (dSPE) usually follows the QUEChERS procedure. It was
firstly proposed by Anastassiades for pesticides analysis [36]. The acetonitrile fraction from the
QUEChERS procedure is submitted to dSPE. A specified quantity of sorbent is added to the sample
with the addition of salt and shaken or vortexed and then centrifuged for separation of the sorbent
from the sample. The sorbent is used to remove the sample matrix. The solvent is then submitted for
further analytical treatment, i.e. solvent evaporation and sample reconstitution in a mobile phase [36].

The advantage of this method is a simpler performance than the SPE in a cartridge, since no
vacuum pumps and preconditioning steps are required. Also, the problems with the cartridge

blockage are omitted and a combination of different solvents is feasible.
Disposable pipette tip extraction

In disposable pipette tips extraction, or DPX, the sorbent is loosely placed, e.g. not fixed, in a
pipette tip (Figure 9). It is dispersed in the sample by air bubble mixing at sample aspiration. The
advantages over the classical SPE are apparent: bidirectional flow enabling faster aspiration and
removal of a solvent, smaller sorbent quantity and therefore also lower volumes of sample and
solvents. Both, batch-like and semiautomated performances, are possible [54].

SPE can be miniaturized using a 96-well plate, too. Each well accommodates a 1-2 mL
individual cartridge with a 10-100 mg of the sorbent. Although it is similar to SPE, the transfer of
an optimized SPE method to a 96-well format is not straightforward [55], since the physical
characteristics (mass, volume, flow rate control) of the sorbent beds are different. The method

development can be therefore time consuming and costly.
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Figure 9: Disposable pipette tips extraction.

SPE in a disc format

This type of SPE brings the problem of the sorbent structure non-uniformity as well as the
processing time are significantly reduced. The discs are made of a fibre support (PTFE, glass)
loaded with the sorbent. They are available in different sizes, as a 0.5 mm membranes or loaded in
a cartridge and about 1 mm thick. More detailed review on SPE in a disc format was done e.g. by
Poole [56].

3.1.3.2.6  Modern sorbents for solid phase-based microextraction

Sorbents used in miniaturized solid phase extractions show many similarities to the
chromatographic sorbent. From the classical materials (silica, polymer, cellulose), the ones based
on silica still keep their leading position in use. Silica gels modified with C18, C8, CN, NH2 groups
are typically used in SPE as well as in the miniaturized formats. However, modern materials were
developed in order to increase the selectivity and performance of sample clean-up, some enabling
also direct on-line use. Although they were not used in the experimental work, they are included
in this thesis in order to give an up-to-date report on sample pretreatment possibilities. More
comprehensive reviews including nanoparticles, carbon nanotubes, and metallic particles with

magnetic properties can be found elsewhere [57, 58].
Restricted access material

Restricted access material (RAM) was firstly used in 1991 by Desilets et al. [59]. Authors bound
polyoxyethylene groups on the surface of the stationary phase for chromatography. Direct injection
of a sample into a chromatographic system was possible, since the polyoxyethylene groups acted
as a sieve, thus the size exclusion principle was applied. Biomolecules are washed away and the
smaller molecules penetrates inside the stationary phase and are retained inside the stationary phase
according to their affinity to it. RAM can be therefore considered as an enhanced form of on-line

sample pretreatment technique [60]. Nowadays, RAM can be tailor-made to fit the desired
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application — non-retentive surface and functionalized pores for retention can be improved by
“adding” a semipermeable polymer or protein coating or using molecularly imprinted polymers
(MIP) as the inner retentive phase [60].

Application of RAM enables direct injection of a sample into a chromatographic system. The
contamination of the sample due to manipulation between the sample preparation and actual
analysis is therefore prevented and the sample throughput is increased [60]. RAM cartridges were

also coupled into a sequential injection system for sample preparation [61, 62].
Molecularly imprinted polymers

MIPs are special polymers developed to increase the selectivity of solid phase-based extraction.
They are synthetized by polymerization of functional and cross-linking monomers around a
template molecule — the analyte of interest — in order to achieve a polymer, which possesses a
recognition property for the template or similar molecules [63]. The aim of the synthesis is to
achieve a polymer with chemical memory, which resembles the template by size, shape, and
binding sites and is therefore able to recognize the target molecule or chemically similar molecules.

Depending on the synthesis method, so-called template bleeding can occur, which makes the
quantification of the target analytes more complicated [64]. However, methods solving this
problem were also proposed, such as using radioactive labelling [65].

There have been several reviews devoted to the synthesis, characterization, and applications of
MIP [66, 67]. The use of MIP as a sorbent for SPE or SBSE or other miniaturized solid phase-
based extraction techniques in order to hyphenate the advantages of these techniques with the
selectivity of MIP was also revised [63].

Immunosorbents and aptamers

Immunosorbents (IS) and aptamers represent groups of highly selective solid phase sorbents.
IS are sorbents with bonded antibodies, employing the antibody-antigen reaction ensuring high
selectivity towards the target substance. IS can be used both in off-line or on-line modes and the
extraction procedure is similar to the SPE with C18 sorbents [68]. Cross-reactivity can be also
advantageous in extraction of a group of substances from a complex matrix. Wider exploitation of
IS is restrained by complicated preparation of antibodies for small molecules [68].

Aptamers are oligonucleotides (DNA or RNA), which can bind to a wide variety of substances,
from small molecules to supramolecular structures. They are applied especially due to their high
specificity, affinity, and good stability [69]. Their advantage over the IS is faster re-conditioning
(within minutes) for application after the denaturation, better batch-to-batch repeatability and in-

vitro preparation [69].
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3.2 FLOW TECHNIQUES

“The ideal flow analyser can be identified by three things: There must be careful design, it must be

practical, it can be assembled by anyone . (Zagatto et al., [73])

3.2.1 Definition and general remarks on flow techniques

There are several definitions of flow techniques, established in their early years: “a simple and
versatile analytical technology for automating wet chemical analysis, based on the physical and
chemical manipulation of a dispersed sample zone formed from the injection of the sample into a
flowing carrier stream and detection downstream” [70], or “information gathering from a
concentration gradient formed from an injected, well-defined zone of a fluid, dispersed into a
continuous unsegmented stream of a carrier” [71], and also “a flow analysis technique performed
by reproducibly manipulating sample and reagent zones in a flow stream under thermodynamically
non-equilibrated conditions” [72]. However, they mostly apply only to flow injection analysis
(FIA) and do not cover the whole spectra of different flow methodologies.

Flow techniques can be described as an analytical approach where the chemical analysis is
accomplished inside a manifold, typically assembled using narrow tubing. A discrete aliquot of a
liquid sample is precisely measured and inserted into this manifold and pushed towards a detector
by means of a propelling device (pump). The sample undergoes a physicochemical modification
inside the tubing manifold on the way to the detector [73]. The modification (such as reagent
addition or extraction) is performed so that the detector is able to detect the presence of the analyte
in the detection cell. The simplest modification, dilution by the carrier, can be however undesirable,
depending on the application. For most of the flow techniques, it is valid that the equilibrium of
the modification steps taking place inside a flow manifold is not reached, yet high reproducibility
of these steps allows to perform them before the steady-state [73].

The main purpose of invention of flow techniques is automation of analytical procedures. The
call for an automated system emerged in 1950 together with the growing number of clinical studies
[74]. Seven years later, a first analyser was built by Skeggs in 1957 [75]. This was the so-called
segmented flow analysis (SFA) system (in Figure 10), the predecessor of the later coming flow

techniques, which exploit a carrier solution.

water bubble . bubble = water hubbllubble water bubbl,

Figure 10: Segmented flow analysis — sequence of aspiration®.

3 Adapted from [75].
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This system differs from the other flow methodologies by reaching the equilibrium of the sample
modifying step [76]. Although not fully automated due to the missing computer-control at that time,
SFA offered a relatively high sample throughput [76] and is still applied in certain fields [73].

The pioneering work of what is called modern flow methods was done by Jaromir Ruzi¢ka and
Elo Hansen in the seventies, and their first work on the topic was published in 1975 [1]. In the next
chapters the key features and components of the most flow techniques will be discussed.

3.2.2 Basic principles of flow techniques

3.2.2.1 Sample introduction

The sample can be introduced into the flow manifold by different modes. Generally, several
microliters to several hundreds of microliters of sample are used [77], with the exception of flow-
batch approaches, where the sample volume can vary from one to more than ten millilitres [78, 79].

Generally the small volumes of samples contribute to small waste production [73]. An important
feature is the closed environment of the flow manifold where the sample is introduced. This is
advantageous for both the sample and the operator: sample loss or contamination is prevented in
this manner, which decreases the risk of bias [73] and the operator is protected from the harmful

effect of chemicals being used.

3.2.2.2 Controlled dispersion

A significant part of a flow manifold is made of narrow tubes, usually 0.3 — 1.0 mm i.d. In flow
techniques, the flow is typically laminar within the common range of flow rates. A zone of sample
introduced into such a tube will obtain a parabolic flow profile (due to friction) on the way
downstream, with the faster flow in the centre and slower movement next to the tubing walls [77].
The front and end boundaries of the sample zone therefore overlap and mix with the carrier
solution, decreasing the concentration of the sample in the overlapped part. Dispersion (D) is

mathematically expressed as
D = CO/CmaX
where cq is the concentration of the sample at the moment of injection and Cmax is the maximum

concentration of the sample recorded by the detector, i.e. the concentration of the sample, which

underwent all dispersive processes on the way to the detector [71]. The minimum value of D is 1.
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Figure 11: Effect of different flow conditions on dispersion®.

Sample volume, flow rate and tubing dimensions are the factors mostly influencing sample
dispersion as shown in Figure 11. High dispersion can affect negatively the limits of detection. On
the other hand, overlapping with the adjacent zones of the carrier containing a reagent is
advantageous when formation of a reaction product is aimed [80].

Dispersion contributes to mixing of solutions inside a flow manifold. Unlike in batch mode,
where the mixing is homogeneous, a concentration gradient is formed in a flow system as the
solutions pass downstream. This is reflected by a signal in shape of asymmetric peak in most

measurements [80].

3.2.2.3 Reproducible timing

Reproducible timing is the third and key feature of flow techniques. Precise and reproducible
manipulation with solutions in a flow system allows performing measurements before reaching
equilibrium of the sample modifying processes, thus the analysis time in comparison to standard
batch-wise methods can be significantly shortened. Suitability of signal data collection before
reaching the equilibrium should be evaluated for each application [73]. Improvement in
reproducibility is related to the expansion and accessibility of computers and their inclusion in
laboratory instrumentation.

4 Adapted from [74].
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3.2.3 Common components of a flow system

3.2.3.1 Propelling device

“There is no ideal pump.” Jaromir Rizicka

Propelling devices induce flow in the flow manifold. Taking into account the small volumes,
which are handled in a flow system, precision is an important characteristic of such a device.
Several principles have been used over time to propel liquids. The following text describes briefly
the most common ones, although other principles were used to drive a liquid inside a flow system,
such as electroosmosis [81], gas pressure [82], or gravity [83] and an overview on the propelling

principles can be found elsewhere [76, 77].

3.2.3.1.1 Peristaltic pumps

Peristaltic pumps are driven by a motor, which spins a module with rollers placed around. These
rollers then press flexible tubes arranged in one or more (depending on the type) channels around
them and the liquid inside the tubes is then pushed towards the output. Reconstitution of the original
state of the tube causes then the liquid suction from the inlet side and the flow is induced [84]. The
flow rate is adjusted by the tube i.d. and rotation rate [80].

Peristaltic pumps are typically used in flow injection analysis (see chapter 3.2.4), where a
continuous flow is characteristic. Flow programming is less convenient in this case, since delay of
the pump action can occur, which affects undesirably the time precision and is impermissible in
stop-flow measurements [77]. However, flow programming using a suitable interface for computer
connection and use in sequential injection analysis (see chapter 3.2.5) is possible. The disadvantage
of peristaltic pumps is the flow pulsation caused by pushing and releasing the tubes and the need

for relatively frequent tube exchange due to abrasion.

3.2.3.1.2 Piston pumps

Piston or syringe pumps are constructed from a stepper-motor, which drives a plunger inside a
syringe. The syringe is fabricated from inert materials such as glass and Teflon®. The pump
movement is bidirectional and produces a pulseless flow [85]. Introduction of the first cam-driven
piston pump to low-pressure flow systems was related to the introduction of sequential injection
analysis, where flow programming is inherent. Piston or syringe pumps are able to induce a variety
of flow rates depending on the application [77]. Although syringe pumps require time for refilling
from the reservoir and the sampling frequency is therefore lower compared to the peristaltic pumps,

the advantages outweigh these drawbacks [85]. Some of the pump types are shown in Figure 12.
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3.2.3.1.3 Solenoid pumps

Solenoid pumps generate a pulsed flow using an electromagnet built inside. A diaphragm
separates the operating mechanism from the flow channel. When the valve is on (solenoid is
energized), the diaphragm is retracted, creating a partial vacuum inside the pump. This pulls liquid
through a valve at the inlet and simultaneously closes a valve at the outlet. When the solenoid is
de-energized a spring pushes the diaphragm down, the vacuum is released and expelling a discrete

volume of liquid is propelled through the outlet valve. Simultaneously, the inlet valve is closed [86].
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Figure 12: Propelling devices used in flow techniques.

The advantage of solenoid pumps over the peristaltic pumps is the smaller size and weight,
which can be of significant advantage in some applications [87]. Also, individual control of each
channel, unlike with a multichannel peristaltic pump, is convenient.

The disadvantage is, similarly as with peristaltic pumps, generating a pulsed flow [87].
Moreover, the flow is unidirectional and liquids only can be pumped (air is not desirable).

Overheating, which can stop the pump, can be caused by fast flow rates over a long time.

3.2.3.1.4 MilliGAT™ pump

The MilliGAT™ pump, developed by GlobalFIA®, is the latest type of pump, which is supposed
to overcome the drawbacks of the peristaltic pumps (pulsation and frequent tubing exchange) and
the syringe pumps (necessity of barrel refilling). These two conditions were fulfilled and the
MilliGAT™ can pump bi-directionally both liquids and gasses at flow rates ranging from nL min-!
to mL min? [88]. However, not even this pump has a universal usage since it contains metal
components and is therefore not applicable in trace metal analysis, it is not resistant to strong bases
and acids and to high pressures, the action inside cannot be visually controlled (not transparent),
and it requires a professional service [80].

The pulseless and continuous pumping is here achieved by employing four pistons inside a

cylinder, which are moved by means of a motor. As they turn, they run a circular path. The pistons
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change their vertical positions by turning as they are attached to an inclined support [80]. While
one is aspirating, the opposite piston is discharging and the two remaining pistons are in the middle
of the action of aspiration or discharging [77] from the ports in the cylinder.

3.2.3.2 Tubing and mixing coil

The typical tubing used in flow methods has an i.d. of 0.3 — 1.0 mm [77]. In flow methods, the
purpose of the tubing is often different than just delivering liquids; thorough mixing of e.g. sample
and reagents is required [74]. To improve the mixing, coiled or knitted reactors are often employed
in flow systems. Pumping the sample and reagents in such reactor (mixing coil) promotes radial
flow and thus better mixing of the liquids is achieved [74]. Reversed flow also serves for this
purposes [89].

The materials of tubing and connectors in a flow system should be inert and resistant against
different chemicals. The mechanical characteristics should be also considered, according to desired
purpose. Teflon® is nowadays the prevailing material for tubing, although other, such as PEEK™
or Tefzel® are used for some applications due to improved characteristics over Teflon® such as
mechanical stability [74].

3.2.3.3 Sampling device

Metering the exact volume of the sample and passing it into the manifold is accomplished
together by a pump and the sampling device. Introduction of the sample or “injection” into the
stream of carrier solution can be achieved by different modes. The most typical devices are

described below and shown in Figure 13.

10 - port 9 —portvalve for  Solenoid valve

Injection valve Lab-on-Valve S . .
Multiposition valve In-syringe analysis

Figure 13: Selected injection devices used in flow techniques.

At the inception of FIA, the sample was literally injected into the system by means of a syringe
needle through a septum, having given also the name to the technique [77]. Injecting the desired
volume of sample and reagents by means of several burettes [74] is typical for multi-syringe FIA

(MSFI1A) [90], using peristaltic pumps and solenoid valves is characteristic for multicommutated
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FIA (MCFIA) [91] and solenoid piston pumps are used in multipumping flow systems (MPFS)
[92]. Description of other sample introducing modes and devices can be found elsewhere [77].

3.2.3.3.1 _Injection valve

Injection valves are designed as two (or three) attached disks, from which one is rotating (rotor).
For a six-port valve, six channels are drilled into the top disk (stator): 1. loop inlet, 2. sample inlet
3. waste outlet, 4. loop outlet, 5. channel leading to the manifold, 6. carrier inlet. The dimensions
of the tube for loop determine the sample volume. Connection of the channels at loading and
injection positions is depicted in Figure 14. At the loading step, pure carrier flows into the manifold.
At the injection step, the rotor turns and the loop connects with the channels opposite to those at
the loading step. They are linked in such way that the carrier washes the content of the loop into
the system [74]. The working principle of a proportional injection valve is similar, but instead of

discs, blocks are used and junction of channels is achieved by moving the middle block [93].

Loop inlet Loop inlet
Carrier Sample Carrie Sample
Waste Manifold
Manifold Waste
,/ /
Loop outlet Loop outlet
LOADING POSITION INJECTION POSITION

Figure 14: Scheme of an injection valve.

3.2.3.3.2 Multiposition valve

This type of valve (multiposition or selection valve) consists also of a rotating disc and other
disc with drilled lateral channels — ports (6, 8, 10, or more ports) and a central port. The central
port connects always the mixing reactor/holding coil with one of the ports, which is chosen by
movement of the turning disc. Tubes from the sample and reagents reservoirs and waste are
mounted to the respective ports. The selected volumes of solutions (controlled by a computer) are
aspirated (or discarded) by a pump. This type of valve and its mode of operation (possibility of

reversed flow) is more typical for sequential injection analysis [94].

3.2.3.3.3 Solenoid valve

It can be constructed as either two- or a three-channel valve. The two-channel valve is used to
facilitate or prevent fluid stream [74, 91]. In a three-channel valve, the solution is pumped through

one common channel and one of two optional channels. The solution flows constantly through the
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channel in OFF position and is directed to the other channel (ON) for the chosen period of time
[74]. The volume of the sample is determined by the time of the valve opening [77]. Solenoid
valves are typically used in multicommutated systems [95].

3.2.3.4 Detection

Flow technigues are compatible with a large scale of detection systems. The detector is either
specifically designed to be used in a flow system or a conventional laboratory detector is adjusted
to be used in flow instead of batch conditions.

The most common detection techniques in flow techniques are spectroscopic methods such as
UV and VIS spectrophotometry, fluorescence and chemiluminescence, atomic absorption
spectrometry (AAS) [73, 96-98]. The priority in applications is given by the easiness of operation,
robustness and high reproducibility of measurements [74].

In flow methods, detection cells are constructed with regards to the characteristics of flow. The
detection cell shape should reduce the dead volume; inner volume should be large enough to
prevent light beams collimation, but small enough to prevent retaining and merging of fluids zones,
sensitivity loss and peak broadening as a consequence [73, 77]. Typically, the flow cells volume
range from several units to tens of microliters [80, 98].

Adjusting of a conventional laboratory instrument for a flow technique can be done by mounting
a cuvette-like flow-cell, comprising inlet and outlet. Flow cells designed to be used in flow systems
have the inner flow-through channel typically Z-shaped facilitating the potentially occurring
bubbles to escape and not to collide with spectrophotometric measurements [73]. They are
conventionally used with optical fibres, using appropriate holders [80]. In that case, external light
source and data collector are coupled into the flow system.

The flow cells are made of inert material, with glass or quartz windows positioned either in-line
(UV, VIS) or at a right angle (fluorimetric measurements). Alternative flow cells (long light path,
Figure 15) were developed in order to increase the sensitivity of spectrophotometric measurements.
They are gaining popularity, since increasing the path length leads to sensitivity increase according

to the Lambert-Beer law:
A=cle
A - absorbance, | — path length, € — molar absorption coefficient (I mol-cm?).

Spiral flow cells (Figure 15) are used e.g. in chemiluminescence measurements [99].
Use of electrochemical techniques such as potentiometry, voltammetry or coulometry [100-
103], mass spectrometry [104-106] and others, and their hyphenation with flow techniques was

described in several monographs [77, 98].
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Figure 15: Examples of flow through detection cells.®

3.2.3.5 Computer and software

Computer control of the whole flow analyser is one of the premise for automation done by flow,
sequential injection, or related techniques. Nowadays, several control softwares are available and
supplied for the users by the developers of flow systems. Fl1Alab for Windows [107], FloZF [88]
and AutoAnalysis [108] are available to control the action of each component of a flow manifold,
to collect data, and to perform data evaluation and to enable the flow system user to write an
operation protocol [109].

The development in the field of control programmes is continuous, due to the versatility of flow
systems and hence to the possibility to connect - and consequently to control - additional devices.
Automatic optimization and communication with other softwares are also the aims of further
progress [109].

5> Adapted from [77, 80].
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3.2.4 Flow Injection Analysis

Flow injection analysis (FIA) was patented in 1974 and one year later published by Ruzicka
and Hansen in 1975 [1] as a descendent of SFA or continuous flow analysis (CFA). The mutual
feature with the previous technique is the use of a peristaltic pump and a tubing manifold for sample
handling. However, there are several differences: unlike SFA, in FIA, air bubbles are not employed
to separate sample zones and reagents. Laminar flow is here predominant. Zone merging by
overlapping and diffusion occurs. Furthermore, while SFA works at a reaction equilibrium, this
does not have to be reached in FIA due to the precise timing, sample introduction and controlled
dispersion, and the sample throughput is therefore significantly higher [73, 74].

In FIA, unlike in SFA, the sample zone is injected into a stream of carrier or reagent. The reaction
product is formed at the boundaries of the zones and the presence of this product is recorded by the
detector as a change in signal, reflecting change of the parameter measured by the detector. For
some applications, such as environmental analysis, so called reverse flow injection can be more
convenient, when the sample is abundant or the cost of reagent requires this configuration. In this
case, a relatively small volume or reagent is injected into the stream of sample [110].

A FIA system can be either single-lined or consists of multiple channels. The early FIA systems
worked solely at continuous flow conditions, using peristaltic pumps and tubing [80]. An injection
valve was used to introduce sample into the system. Operation of flow injection system was
improved and simplified by the implementation of computers into the control of flow system
components in the eighties [73].

The three basic features: sample injection, controlled dispersion and reproducible timing are
followed here. A precise volume of sample is metered by the loop of the injection valve and injected
into a flowing stream of the carrier or reagent. Due to dispersion, a concentration gradient is
formed. This is controlled by the flow rate and channel’s i.d. and length. Due to precise handling
and programming, the concentration, which is read by the detector, is always reached at the same
time, thus the timing is reproducible in terms of sample transport or chemical reaction duration.

Although the continuous flow was characteristic for FIA, development in the field brought flow
programming also into this method [80]. The typical characteristics of a FIA manifold are listed in
Table 1.

Table 1: Characteristics of FIA®.

Sample volume Flow rate Channel i.d. | Channel length | Sampling frequency

50 - 300 uL 1-2mLmin? | 0.2-0.8mm Upto2m 60-120 ht

¢ Adapted from [80].
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3.2.5 Sequential Injection Analysis

3.2.5.1 Classical Sequential Injection Analysis

Sequential injection analysis (SIA), also called the second generation of flow techniques, was
presented in 1990 by Ruzi¢ka and Marshall. The new generation is based on computer control of
all system components, and this hindered the wide spread of the technique shortly after its
introduction [74].

The components differ from that of FIA; piston or syringe pumps are used to aspirate and
dispense carrier, sample, and reagents. A multiposition valve is the centre of the system. It is
connected with the pump via the central port and a holding coil, in which the aspirated solutions
are stored and mixed (Figure 16). The lateral ports are employed to connect the central channel
with the sample and reagents reservoirs via tubing, or are connected to the detector or other
peripheral devices, respectively. Another difference in comparison to FIA is the implementation of
a holding coil, which prevents the aspirated solutions from entering the syringe barrel [74]. This is

not the case of In-syringe analysis (chapter 3.2.6.2).
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Figure 16: Sequential injection system comprising the basic components.

Two principles are added to the three corner stones of flow techniques: sequential aspiration
and flow reversal [73]. Sample and reagent(s) are sequentially aspirated into the holding coil,
upstream from the detector. By changing the flow direction, the solutions are propelled towards
the detector. The adjacent zones overlap and their mixing and formation of the reaction product is
improved in comparison to FIA with unidirectional flow [94].

Aspirated volumes and times, during which the sample stays in the system, are selected by
means of a software unlike in FIA where the choice of tubing dimensions determines these

parameters [74]. SIA enables selecting the flow rates according to the performed action: if a long
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time is necessary due to a slow reaction, slow flow rate is programmed. For actions such as system
washing, high flow rates are chosen. Stopped-flow measurements (see chapter 3.3.1) are amenable
with SIA system [111].

The discontinuous mode of operation brings significant advantage in comparison to the previous
technique: savings in solution consumption and waste production since they are aspirated
sequentially and not pumped constantly. The versatility is supported by the possibility of
connecting external devices to the basic assembly through the lateral ports of the multiposition
valve (reactors, extractors, secondary pump and valve).

On the other hand, the limitation is in the volume of the syringe barrel, which must be refilled
periodically. This gives SIA a disadvantage in the sample throughput compared to FIA. However,
precise programming and/or use of a MilliGAT™ pump enables to reach similar sampling
frequencies (Table 2).

The requirements of miniaturization led to the development of micro-SIA [112] and further
formats, such as described in the following chapter. Since its inception, SIA was employed in
different analytical fields, ranging from pharmaceutical [113] environmental [114, 115],
agricultural [116], industrial [117], and others.

Table 2: Characteristics of SIA.

) ) ) Sampling
Sample volume Flow rate Channel i.d. | Holding coil length
frequency
20-150 pL | 0.5-200 uL st | 0.3—-1.5mm Uptolm Up to 100 h'?

3.2.5.2 Bead Injection Analysis. Lab-on-Valve

The versatility of flow techniques enables use of beads (regular spherical particles) in the
system, without a significant hardware change. The first experiments, giving rise to bead injection
analysis (BI, BIA), were performed by Ruzicka in 1993 [118]. In BI, beads of a typical diameter
of 20 - 150 pum are aspirated into a system, which comprises a component (chamber) to entrap them
[80]. Beads can carry an immobilized reagent. After the beads are entrapped in the system, the
sample is aspirated and pumped through the bead bed. In this step, the reaction product is formed.
Then, the product measurement can be performed in several ways:

1. An eluent passes the beads and washes the captured analyte(s) or reaction product(s) into

a detection cell;

2. The measurement is performed directly on the beads — this is possible when transparent

Sephadex® beads are used and the change of signal is given solely by the reaction product or

the analyte captured on the beads [119, 120];

" Adapted from [74, 80].
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3. The product is washed into the furnace for AAS, where the analytes are subsequently detected

[121-123].

The critical moment in Bl is the aspiration of a uniform amount of beads for each analysis and
their correct positioning in a detection cell for direct measurements. Nowadays, Bl is carried out
in a Lab-on-Valve (LOV) format, which offer reliable and reproducible Bl performance [80].

The concept of LOV as another descendant of flow techniques was presented in 2000 [124].
The LOV platform is a monolithic unit with carefully drilled channels placed atop of a
multiposition valve, which fuses the function of a valve, flow channels, and detection cell [123]. It
is therefore more compact and one step further in downscaling flow systems.

LOV is a versatile system, enabling UV/VIS or fluorescence detections simply by connecting
optical fibres [125]. Hyphenation with electrochemical detection [126], inductively coupled plasma
mass spectrometry (ICP-MS) [127], or CE is also feasible. The LOV concept is suitable to perform
biochemical, biotechnological, or biological assays, including assays with cells [128, 129]. An
example of a system with the LOV platform is in Figure 17.

The remarkable advantage of this approach is that a new microcolumn is formed for each
analysis, so that the risk of carry-over is minimized. LOV gives an improved platform for Bl thanks
to the solid straight channels, thus minimizing the risk of accumulation of beads in non-desired
sites along their pathway.

Long - path
detection cell
MiliGAT™
Lab-on-valve
latform
Detector g
Opticalfibre

Figure 17: LOV system with MilliGAT™ pump®.

8 Adapted from [80].
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3.2.6 Flow-Batch approaches

In flow techniques, the solutions are typically processed in a tubing manifold of typically
<2 mm i.d. In following chapters, the approaches are denominated batch if a chamber-like device
is used in addition to handle (injection, mixing, reaction, extraction) the sample.

3.2.6.1 Flow-Batch systems with external vessels

The batch analyser (BA) was a system proposed and patented by Wang and Taha at the
beginning of 90" [130]. It was based on the injection of a small volume of sample very close to the
detector surface. The detector (electrode) was placed in a large volume tank. The signal shape was
similar to that one obtained in FIA and reflected the passage of the sample over the detector surface
[130]. Reproducible fashion of sample delivery towards the detector is the common feature of BA
and FIA. As the system concept is especially convenient for electrochemical detection, BA found
use in determination of species with redox properties [131, 132]. Further potential of Bl was
described in 2004 [133].

Flow-batch analysis (FBA) was presented by Honorato in 1999 and used for titrations [134].
In this system, sampling and signal readout are carried out similarly as in flow methods, but the
reaction takes place in a chamber belonging to the system. The chamber and valves for
multicommutation are additional components to a propelling device, tubing, and detector, as used
also in FIA or SIA. The solutions can be added to or removed from the chamber by a control
system. Although the flow is typically continuous since peristaltic pumps are mostly used in FBA,
the commutation system (use of three-way solenoid valves, Figure 18) enables recycling of the
solutions to their reservoirs when the valves are switched off. The chamber is usually equipped

with a stirring device [135].

Peristaltic
pump
paatli X

iddd
iy

|
[
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Figure 18: FBA system®.

° Adapted from [135].
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The advantage of these systems is higher sensitivity, since more efficient mixing can be
achieved in the chamber and thus a same amount of a reaction product is formed faster in
comparison to the simple zone overlapping in a tube [135]. Signal readout can be performed
directly in the chamber, in case it comprises glass or quartz windows for spectrophotometric
measurements [78]. The disadvantages are basically related to the use of peristaltic pumps, which
generate pulsed flow and require relatively frequent tubing exchange due to mechanical and
chemical changes.

Applications of FBA, such as titration, sample, standard addition and other were reviewed by

Diniz et al. [135]. Miniaturized FBA systems were also proposed [136].

3.2.6.2 Lab-In-Syringe technique

In 2012, Maya et al. presented a work where he aspirated a mixture of octanol and acetonitrile
for DLLME and a sample of benzo(a)pyren into a syringe of a MSFIA system [137]. Later on, he
performed a similar method in a SIA system [138] and used the syringe even as a detection cell
and established by this a novel Lab-In-Syringe (LIS) technique, also called in-syringe analysis
(ISA).

This technique altered one of the rules in SIA, that any other solution than the carrier can enter
the syringe. In LIS, the solutions are handled (by means of mixing, reaction, extraction) inside the
syringe. This technique omits the classical use of a carrier as in FIA or SIA, and differs from FBA,
where the respective channels are filled with solutions and have to travel relatively long distances
(at least the length of the peristaltic tube) to the mixing chamber. In LIS, the distances from the
solution reservoir to the syringe barrel are kept as short as possible. This can be facilitated by the
9-port selection valve [139], which is positioned directly atop of a syringe instead of a two-way
valve (Figure 19). So far, this technique was mainly used for liquid phase-based microextractions,
including DLLME [140, 141] and HS-SDME, as described in the article in chapter 5.3.

The use of the syringe as a mixing chamber has several advantages: the volume of the chamber
can be adjusted (the upper limit being the syringe volume), enabling to increase the volume of the
sample in order to achieve higher sensitivity. The system, using the SIA components, is compact
— it can omit some of the tubing and mixing coil and the chamber itself can be used as a detection
cell [138], minimizing also the dead volume.

The disadvantage is that additional syringe cleaning steps must be included in a control program
before measurement of every individual sample, unlike in SIA, where the system is self-cleaning
thanks to the carrier.

To achieve higher efficiency not only of the syringe cleaning step, but especially higher
efficiency of dispersion (in DLLME) and extraction, stirring devices were proposed in LIS by

Horstkotte et al., such as simple motor with an attached magnet positioned right next to the syringe,
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as described in chapters 4.4 and 5.3. A novel and more sophisticated way of stirring was also
proposed by the same author, using adapters creating magnetic field as driver for the stirring bar
inside the syringe [141, 142]. This applies that a small-size stirring bar is placed inside a syringe,
increasing the dead volume by disabling the piston to reach the very top position. However,
adequate washing, which is more efficient using the stirring, and precise calibration eliminate this
concern.

The use of solvents with density higher or lower than that of water and their dispensing into the
detection cell is convenient in LIS, since the position of the syringe can be arranged either with the
head up or alternatively, in head-down position [143].

Although relatively new, this technique was used not only in connection with

spectrophotometric detectors, but also with AAS [144].

Stirring
device

Figure 19: LIS system with 9-port selection valve.
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3.2.7 Sequential Injection Chromatography

Satinsky et al. [2] tested to couple a monolithic columns into a sequential injection system and
to separate four active substances of a topical pharmaceutical formulation in 2003 and established
a technique denominated as sequential injection chromatography (SIC). SIC combines the
advantages of both high performance liquid chromatography (HPLC) (determination of multiple
analytes in one sample) and flow techniques (programmable flow) by coupling a separation column
generally to one of the ports of a multiposition valve.

There are some clear advantages of SIC over HPLC: programmable instead of continuous flow
and thus generating significantly lower volumes of waste, significantly lower cost of instrument
and analysis, convenient pre- or post-column derivatisation, variability in flow manipulation and
in flow path (use of Z-cell, long-path flow cell) for detection [2, 145].

In the early years of SIC, one of the limitations was the low working pressure of the SIA system
(50 psi, [80]), allowing to use only monolithic columns for separation. This was partly solved by
development of a SIChrom™ system with the working pressure of more than 500 psi. Increased
working pressure of the system enabled to broaden the scale of possible columns to be used to
longer monolithic and core-shell columns such as presented in the work of Chocholous et al. [146],
where three core-shell particle columns (30 mm x 4.6 mm, core—shell particle size of 2.7 um) were
tested. lon-exchange column of 150 mg of strong anion exchanger sorbent filled into a 20 mm long
x 3 mm i.d. cartridge was used in a SIC system for separation of UV filters [147]. Coupling of
short monolithic columns was successfully applied even in flow injection-based systems [148] and
MSFIA systems [149, 150].

The feasibility of liquid handling in flow systems enables also to generate gradient flows in the
SIC format [151]. Sample pretreatment and subsequent separation and detection performed in one
SIC system is also advantageous [152, 153].

Although the benefit brought to the family of flow techniques by SIC is evident, the comparison
with HPLC shows some shortcomings of SIC; the pumps used in SIChrom™ are not comparable
to the ones used in HPLC and thus the use of longer particle columns and separation of a larger
number of analytes in one sample is cumbersome. Also, the existing data evaluation with the
software provided with SIChrom™ system is rather simplistic in comparison with those used in
HPLC [145]. However, comparison of SIC with HPLC in the meaning of performance is not fully
adequate since SIC still belongs to the family of low-pressure flow techniques and it does not aim
to be a competitor to HPLC.

SIC was applied mainly to pharmaceutical analysis of different formulations to determine the
active substances and excipients [153-155] but process monitoring assays were also performed
[156]. Environmental samples were analysed by SIC with UV detection using a long-path flow cell
[157] or with ICP-MS detection [158].
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3.2.8 Other flow techniques

The versatility of flow techniques offers the possibility for different system assemblies.
Different ways of fluid propelling, merging, and delivering to the signal read-out system, i.e.
different instrumentation gives raise to different flow techniques, and their categorization can be
troublesome. Linden suggested classification of flow-based methods in 1994 [159]. MCFIA
(techniques based on the use of three-ways solenoid valves), MSFIA (using multiple syringes,
which can be moved simultaneously, for the aspiration and propelling of different solutions; each
syringe coupled to a three-way valve), multi-pumping flow systems (MPSF; based on the use of
solenoid valves), all injection analysis (AlA) (aspiration of all solutions into a holding coil and
their circulating for a pre-defined time), chip-on-valve (incorporating the reaction coil into a
monolith flow circuit mounted on a selection valve ) and others are recognized by scientists among
flow techniques. The reader is referred to literature devoted to these techniques, since their
description exceeds the scope of this work [90-92, 160, 161].

Segmented flow
Continuous
sampling
Unsegmented flow
Flow Aspiration {Segmented flow (SFA, 1957, Skeggs)
analysis of sample Unsegmented flow
. Directly FBA (Honorato, 1999)
Intermittent | commutated
sampling sample Segmented MCFIA (Reis et al., 1994)
flow — FIA (Ra%icka & Hansen, 1975)
Injection SIA (RUZi¢ka & Marshall, 1990)
of sample MSFIA (Albertus et al., 1999)
BIA (RZicka, 1999)
Unsegmented LOV (Rezitka, 2000)
flow

AIA (Itabashi, 2001)

MPFA (Lapa et al., 2002)

SIC (Satinsky et al., 2003)

ISA (Maya et al., 2012)

Figure 20: Classification of selected flow techniques®®.

10 Adapted from [135, 159, 162].
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3.3 SELECTED SAMPLE HANDLING METHODS IN FLOW
TECHNIQUES

3.3.1 General remarks on sample handling in flow techniques

The versatility of flow analysers is given by the possibility of physical reconfiguration of the
system and implementation of a large choice of components for various applications. Flow
programming, which does not require any physical changes, contributes equally to the versatility
of flow techniques such as SIA, SIC or LIS. Since different actions in a flow system (sample
aspiration, mixing, detection etc.) require different conditions (flow rates, volumes, etc.) to achieve
their most efficient performance, flow programming can be very useful for this purpose [80]. As
an example, stopped-flow can be exploited in situations where a longer sample incubation time is
necessary, e.g. in enzymatic reactions, when higher sensitivity of the method is aimed (steady-state
can be achieved), or in case of phase separation. The flow rate is set to zero (the pump is stopped)
for a defined (optimized) period of time. During this time, there is almost no dispersion of the
sample zone but the chemical reaction or physical separation can continue [73]. As another
example, more efficient mixing of the sample and reagents can be achieved applying the sandwich
technique [163]. The sample is aspirated between two zones of the same reagent. Also, repeated
reverse flow (typical for SIA) can be applied to improve mixing. Different flow programming and
sample manipulation strategies as well as multiple applications were described in the monographs
dedicated to flow techniques [73, 77, 80].

Adjusting the flow for different purposes helps to decrease waste generation (continuous versus
programmable flow), to comply with the action carried out in a flow system, e.g. incubation,
addition of a reagent, phase separation, continuous monitoring etc.), and to achieve satisfactory
analytical performance in the meaning of the time of analysis, sampling rate, sensitivity etc.

In the following chapters, several applications of flow techniques exploiting different flow
strategies for sample pretreatment will be described and the main features of the methods will be
discussed. The methods described were employed in the works included in this dissertation. Liquid
phase-based extractions were automated in works described in details in chapters 5.2 (LLME) and
5.3 (HS-SDME). Solid phase-based extraction was explored in works presented in chapters 5.4
(SPE) and 5.6 (MEPS). Enzymatic reactions were performed in a SIA system, as demonstrated in

chapter 5.1 and irradiation for analyte alteration was applied in works described in chapter 5.4.
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3.3.2 Enzymatic reactions in flow systems

3.3.2.1 General introduction to enzymatic reactions

Enzymes are proteins with a three-dimensional structure, which act as biocatalysts, i.e. they
increase the reaction rate. The substrate molecule binds to an active site of the enzyme and is
converted into a product. Binding to the active site is highly specific due to the three-dimensional
structure. The high specificity of the enzymatic reaction, together with high turnover number,
biodegradability and natural origin [164] are some of the advantages of the use of enzymes in
analytical reactions in comparison with some other chemical reagents. The selectivity enables the
determination of a substance of interest in complex matrices with rather universal (less specific)
detection techniques [165]. A specific enzyme can be therefore used in pharmaceutical analysis to
determine the active substance, decomposition products, an excipient, inpurities or metabolites in
the pharmaceutical formulation or in a biological sample. These substances can be present at low
concentration in relation to the matrix components, and a specific reaction might reduce the sample
pretreatment or interference masking. On the other hand, some drawbacks, such as molecular
complexity, high cost of production and easiness of irreversible changes in structure and activity
[164] hinder broader applications of enzymatic reactions.

Analytical applications of enzymes are based on the Michaelis-Menten kinetics model and on
the following equation:

V = Vinax[S]-(Km + [S])*

where V is the reaction rate, Vm maximum reaction rate (depends on the enzyme activity), Ku
the substrate concentration, at which the reaction rate is half the maximum reaction rate, also called
Michaelis-Menten constant, and S is the substrate concentration.

Performing a time-dependent enzymatic reaction in a flow system has the advantage of precise
timing and the possibility of stopped-flow measurements. Also, utilization of small quantities of
an enzyme, measured accurately in the flow system, decreases the cost of analysis [77].

Flow techniques can be either used to perform the determination of an enzyme activity [111, 166],
or the enzyme is used within a flow manifold as a catalyst of a specific reaction for determination of
the substance of interest, which can act either as a substrate, inhibitor or activator [167].

There are several strategies for enzymatic determinations; enzymes can be handled either in a
form of a solution, or immobilized [77, 165, 168], both of them having advantages and
disadvantages, as discussed in the following chapters. The graphic representing the frequency of

use of enzymes in SIA in different forms and having a different role is shown in Figure 21.
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3.3.2.2 Use of reactors with immobilized enzymes in flow methods

Immobilized enzymes are “enzymes physically confined or localized in a certain defined region
of space with retention of their catalytic activities, and, which can be used repeatedly and
continuously” [169]. In other words, they are attached to an appropriate support over which the
substrate can pass and be converted into a product [170].

Enzyme as
catalyst

Enzymes in IA ‘ mmobilized
solution , zymes

Enzyme as
analyte

Figure 21: The role of the enzyme and its physical presence, from 2011,

Enzyme immobilization can be reasoned by several benefits, save of cost being one of the most
important. Repeatable utilization of enzymatic reactors decreases significantly the consumption of
enzymes, whose isolation is a costly procedure [165, 169]. Moreover, enzymes in solutions can
easily lose their activity due to the environmental factors such as temperature or pH, and some
authors claim the enhanced stability of the immobilized version under both the operation and
storage conditions [171]. The rigidity and more feasible handling with the immobilized enzyme
are also appreciated in bioanalysis. Preventing the possible incompatibilities in cascade reactions
using multiple enzymes was also pointed out [171]. Also, due to the repeated use, a larger amount
of the enzyme can be used for immobilization than if used in a solution, so that a more efficient
substrate conversion can be achieved [168].

On the other hand, immobilization of an enzyme requires additional time and cost. The blockage
or irreversible loss of activity, e.g. by a sample component, can increase the cost of analysis
significantly [165]. The enzyme activity must be regularly controlled over the time of utilization.

There are multiple methods of enzyme immobilization for biotechnological and bioanalytical
assays. They can be divided into reversible and irreversible [169]. Adsorption, ionic binding,

affinity binding, chelation or metal binding, and disulphide bonds belong to the reversible ones,

11 Adapted from [165]. Numbers represent the number of SIA applications with the two overlapped
characteristics.
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whereas covalent binding, microencapsulation, cross linking and entrapment are the irreversible
ones [169]. Several reviews on this topic were published [171-173], which also report on the used
support materials. From these, synthetic or natural polymers such as chitosan [174], agarose beads
[175] or inorganic materials [176], e.g. silica, are generally used.

Moreover, integration of the enzyme into the working electrode, e.g. by carbon pasting [177]
for amperometric detection is a common strategy of achieving a sensitive biosensor [98, 165].

Apart from the incorporation of an enzyme on the active surface of the electrode, another
approach, suitable also for other than electrochemical detection techniques, is the use of flow
through reactors. Packed beds and open tubular formats are the most common ones. Schematic

representation of such reactors is depicted in Figure 22.

PACKED-BED Beads with
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Figure 22: Examples of reactor with immobilized enzymes.

A packed-bed reactor is built by filling a tube by beads with immobilized enzyme. This type of
the reactor brings the risk of high pressure in the system due to particle compaction [165]. On the
other hand, it has the advantage of a large reactive surface. Open tubular reactors have the enzyme
immobilized on the inner wall of a tube, integrated in the flow system. The apparent disadvantage
of the lower enzyme quantity and hence substrate turnovers can be overcome by longer residential
time of the sample in the reactor (low flow rate or stopped-flow methodologies) or the dimensions
of the reactor [165].

Integration of an enzymatic reactor into a flow system can be done in several ways. In FIA, the
reactors are placed downstream towards the detector, with the possibility of serial coupling of
reactors for cascade reactions, where the product generated in one reactor passes through the
second column with immobilized enzyme [178]. Simultaneous analysis of several analytes in one
sample was done in parallel in a FIA system using multiple injection valves and different reactors

for specific analytes [179]. In SIA, the reactor can be placed either before the detector, so that
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detection of the product follows directly after the reaction [180]; in between the multiposition valve
and the holding coil, so that a reagent can be added to the product of the enzymatic reaction [181];
or connected to a special port of the multiposition valve, so that the sample resides in the reactor
for a defined time and is retracted back after the reaction [182]. The next generation of flow
techniques, LOV, enables to build a new reactor with the beads, on which the enzyme is
immobilized, for each assay directly in the desired channel of the monolithic manifold, with the

possibility of on-column detection.

3.3.2.3 Use of enzymes in solutions in flow methods

Some authors recommend to use enzymes in a solution as this strategy assures a fresh portion
of the enzyme for each assay [165]. Utilization of the enzymes in a homogeneous phase shows
some advantage over the enzymatic reactors. Problems such as clogging of the packed reactor,
carryover, deactivation of binding sites are omitted [77]. Also, a much simpler manifold can be
utilized, without the need of preparing a special reactor [168]. However, using an enzyme in
solution, the activity should be preserved by keeping the required conditions (pH, temperature,
presence of acids/bases, organic solvents or heavy metals) during storage, preparation of the
solution, and when at use. Temperature control of the system, reaction coil, or mixing chamber is
often required to assure the optimum working temperature for the enzyme [180, 183]. SIA system
for determination of propofol using an enzyme in solution with temperature control is discussed in
chapters 4.2 and 5.1.
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3.3.3 Reactions employing radiation in a flow system

3.3.3.1 General remarks on applying radiation in analytical methods

Radiation in several forms can be employed in different analytical procedures. Benefits of this
approach can be enhanced by implementation of the effects of electromagnetic field and vibration
to flow methods.

Some of the advantages of using ultrasound vibration as one of the auxiliary energies were
outlined by Bendicho et al. [184]. These features can be applied also to the methods exploiting
other forms of radiation and extended by the advantageous of flow methods:

a) Shortening of analysis in comparison with traditional, non-automated methods;

b) Possibility to decrease volumes of reagents;

¢) Closed system — safety for the operator and less possibilities for sample contamination or loss
of analyte(s);

d) Compliance with the principles of green analytical chemistry;

e) Lower cost of analysis with increased effectivity compared to the traditional methods.

The most typical forms of radiations used in combination with flow methods are microwaves,
ultrasound and UV irradiation. Their application in combination with flow techniques is briefly

described in the following chapters, with the focus on UV irradiation.

3.3.3.2 Application of microwave irradiation in automated sample pretreatment

Microwaves are a form of electromagnetic radiation of high frequency ranging from 0.3 to
300 GHz. Dipolar molecules (e.g. water) are re-oriented in the electric field of the microwaves.
Since the electric field is altering, the molecules move. Thanks to this movement, heat is generated
and transmitted through the sample [185]. The microwaves differ from the traditional sources of
heat by faster temperature raise [185]. Microwave irradiation is mostly exploited for sample
digestion, i.e. decomposing of a complex sample into simpler units by the means of heat, high
pressure, and specific reagents for the respective time period [186].

Domestic ovens, generating microwaves of wavelengths around 12.2 cm, are often used in flow
methods employing this form of radiation [187]. A chamber or a reaction coil is placed into the
oven to attain the effects of microwaves on the sample in a flow system [188]. Both continuous
and stopped-flow approach can be applied to assure sufficient dose of irradiation of the sample [189].

As stated by Smith et al., theoretically, all kinds of samples can be processed by microwave
radiation [190]. Additional advantages of this approach are feasibility, safer work for the operator
thanks to the closed environment (vapours of aggressive reagents), and low risk of sample
contamination. Mineralization of biological samples can be shorten from hours to minutes when

using microwaves [186].
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A large number of methods implementing microwave-assisted digestion are focused on metal
analysis. AAS or ICP-MS are mostly used for detection at such cases as these are the techniques
typically combined with analysis of metals. On the other hand, bubbles generated by the radiation
or Schlieren effect can interfere undesirably with spectrophotometric measurements [73].

Although digestion is the typical purpose to apply microwaves, examples of oxidation [187],
extraction [188], or hydrolysis [189] in FIA systems assisted by microwave radiation can be also
found in the literature. Comprehensive reviews on using microwaves in sample pretreatment [190],

also in flow analysis [186], were published.

3.3.3.3 Application of ultrasound in automated sample pretreatment

Ultrasound is a vibration in a gas, liquid or solid with the frequency over 20 kHz. If the
ultrasound is strong enough, bubbles (or cavities) are produced as the waves travel through a
matter. The bubbles formation, their growth and collapsing is called cavitation [191]. This process
is accompanied by a very high temperature and pressure [184].

In samples containing particles, the collapse of bubbles is accompanied by microjets towards
solid surfaces. This promotes both the release of substances into the liquid phase and also helps to
open bonds between the analyte and matrix components [192].

Ultrasound can be applied to the sample in two ways: using a chamber for ultrasound bath or
an ultrasound probe. The probes might be advantageous, since the use of ultrasound bath shows
some drawbacks: the non-uniformity of the energy distribution throughout the sample and the
subsequent loss of power over time; the probe, on the other hand, can provide a more efficient
cavitation in the sample by focusing the energy to a define sample zone [191].

Thus, application of ultrasound can bring improvements in various sample pretreatment
techniques. Leaching is one of the most common application [191]. Extractions can be successfully
carried out applying ultrasound: a water bath was used in a flow-batch method for determination
of glycerol in biodiesel [193]. In this method, the analyte was extracted directly into the water
mediating the vibrations and the method is completely reagent- and solvent-less, using only water.
Both extraction and hydrolysis of paracetamol in suppositories were ultrasound-assisted and
automated in a FIA system [194]. Enhancement of a chemiluminescence reaction of the luminol-
H,O,-cobalt(l1) system was carried out in a FIA system by immersing an ultrasonic probe for 4 s into

water in a water bath with a reaction coil [195].
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3.3.3.4 Application of UV irradiation in sample pretreatment

UV radiation is a spectrum of electromagnetic radiation characterized by wavelengths between
40 and 400 nm [196]. The UV radiation can be generated by deuterium, xenon or mercury vapour
lamps, the latter being the most common ones thanks to their properties such as ease of operation,
low cost, high efficiency of the energy conversion from electric to electromagnetic and emission
preferably in the UV region [73]. Mostly, UV radiation is used to convert UV sensitive analytes to
species detectable by the used detector [168]. The UV irradiation can fully replace the role of a
derivatisation agent, and represents a more environment-friendly variant of derivatisation. This
kind of energy can be further utilized for organic matter destruction, e.g. in analysis of
environmental samples [196].

In flow methods, UV irradiation is implemented easily by coiling a tube around the lamp being
the source of radiation as shown in Figure 23. Similarly to the implementation of microwaves,
stopped-flow strategy can be applied to a system with a coiled reactor to achieve the necessary
time of irradiation. Alternatively, a small chamber can be placed next to the lamp. The properties
of the material building the coil or chamber must be considered; it must allow the radiation
transmission to the sample [197]. Measurement of chemiluminescence or fluorescence is quite

typical in methods with UV irradiation since this is related to the generation of reactive species [196].

UV lamp

UV transparent
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Figure 23: Example of a simple flow system with a UV lamp and a reaction coil*?,
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A FIA system for hydride generation with AAS comprising a coiled reactor for on-line
photooxidation with peroxodisulphate for determination of organoarsenic and organotin
compounds in environmental samples was built by Tsalev et al. [199].

UV photodecomposition of organic arsenic species was carried out in a FIA system prior to

hydride generation by addition of sulphuric acid and aqueous sodium borohydride and ICP-MS

12 Adapted from [198].
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detection. The system was built to verify the applicability of an automated hydride generating
interface to ICP-MS for measurement of arsenic species in rice [200].

A SIA system with cold vapour AAS was developed for on-line monitoring of mercury in river
water [201]. UV irradiation was used in this case to enhance the digestion of the sample. The
digestion was done by mixing the sample with the bromide/bromate oxidation mixture and then
passing through the UV irradiated reaction coil.

Tue-Ngeun et al. [202] used UV irradiation for digestion of dissolved organic carbon in
freshwater samples with acidic peroxodisulphate. Then, the sample zone passed a phase separator
and was captured by the acceptor stream of cresol red. In the same SIA system, dissolved inorganic
carbon was determined: the sample reacted with sulphuric acid, and CO; passed again through the
membrane into the stream of cresol red and measured. The values obtained by measuring the
inorganic fraction were subtracted from the overall values to obtain the concentration of the
dissolved organic carbon.

Coiled reactor for UV irradiation at the presence of peroxodisulphate was used in a FIA system
for determination of malathion in waste water, grains and vegetables [203]. Phosphate, the product
of this reaction, further enters another, two-step reaction, the product of which is then detected by
a fluorescence measurement.

Pesticide asulam was determined using a multicommutation system [204]. After the irradiation
of the sample, oxidation with potassium permanganate in sulphuric medium followed and
subsequently, the generated chemiluminescence of the photoproducts was recorded.

UV photodegradation was applied in the determination of the antibiotic drug chloramphenicol.
The photoproducts, unlike the original substance, show chemiluminescence upon reaction with
potassium permanganate in sulphuric acid. The reaction was automated in a FIA system [205].

Application of UV irradiation to the pesticide metsulfuron methyl to generate a fluorescent
product, and the study of conditions with an effect on fluorescence is described in chapters 4.5, 5.4
and 5.5.
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3.3.4 Automation of liquid phase-based sample pretreatment techniques

using flow systems

3.3.4.1 General remarks on application of flow methods for automation of liquid

extractions

Liquid phase-based sample pretreatment techniques, or solvent extractions, are widely used in
analytical chemistry. They are used not only in batch-wise manners but nowadays the importance
of their automation is increasing, too. The main features of LLE and LPME were discussed in
chapter 3.1.2. Reduction of solvent consumption is one of the most important advantages of
modern, miniaturized sample pretreatment methods. Adding the advantages of flow techniques to
the extraction process can help to eliminate some drawbacks of LPME techniques: long phase
separation times can be shortened, errors-prone manual handling of small volumes can be avoided,
precision and repeatability can be improved due to programmed operation, and health risks
associated with an exposition of the operator to vapours of organic solvents are avoided thanks to
the closed tubing manifold.

Solvent extractions have been performed in flow methods since early after their introduction.
This chapter will review some approaches of the implementation of selected (non-dispersive
LPME, DLLME, SDME) sample pretreatment methods in flow analysers.

3.3.4.2 Automation of non-dispersive liquid - liquid (micro)extraction

Using a flow manifold in automation of liquid - liquid microextraction is advantageous, which
is documented by a high number of publications (over 100 in 2013) listed in a FIALab Database
[206]. Representative examples of LPME automated in a flow manifold are listed in a
chronological order in Table 3. The goal of LLE automation in flow techniques is to ensure a large
contact area between the sample and acceptor solution and subsequently, the measurement of the
analyte concentration, typically in the acceptor phase, in a simple and automated way.

The first methods for automated LLE were suggested in 1978 by Karlberg and Thelander [207]
and by Bergamin [208]. In their works, the sample was injected into a stream of aqueous carrier in
a FIA system. The aqueous phase was then divided into segments by the introduction of the organic
phase. The extraction occurred while the altering segments of sample and extractant passed along
a PTFE tube. Afterwards, the phases were separated in a specific unit.

A similar approach was adopted by Comitre and Reis, who employed a MCFIA system for the
automation of LPME and determination of Mo or Pb in plant materials, respectively. The sample,
reagents, and solvent were aspirated as very short plugs in several repetitions into an extraction

coil, where the reaction and extraction took place. Then, the mixture proceeded into a unit, where
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the phases were separated and the phase with the extracted analyte was further delivered to the
detector [209, 210].

In 1996, Luo et al. presented a different approach with Bromothymol blue as a model substance.
The authors took advantage of the affinity of organic solvents to the hydrophobic PTFE tubing to
form a so-called wetting film [211]. In their method, the extraction solvent, sample, and a second
solvent were sequentially aspirated in a SIA system. By flow reversal, the analyte was extracted
into the film of benzene formed on the inner tubing wall and was then washed into the detector by
25% methanol — 1M NaOH solution. This approach does not require any additional unit in the
system, such as a mixing or a phase separation units. However, careful choice of the solvents must
be done with regards not only to the extractability of the analyte but also to the affinity to PTFE
and the method repeatability. The same principle was used also in the determination of nitrophenols
by Cladera et al. [212] and Cr(V1) by Nielsen and Hansen [213].

In 2004, Diniz et al. [214] used a glass chamber as extraction and separation unit. Mixing and
sufficient contact between the two phases was assured by placing the chamber with a magnetic rod
on a stirrer. After the stirring time and subsequent phase separation, water was pumped into the
chamber to elevate the upper layer into the detection cell. In 2008, Anthemidis also used a chamber
for separation after the extraction in an extraction coil. SIA system with additional peristaltic pump
and injection valve to deliver the sample to the extraction chamber after it’s mixing with reagent
in the confluence point were used. The system was synchronized with the sample uptake of the
FAAS detector [215].

SIA systems with a pipette tip mounted to one port of the selection valve, serving for phase
separation were used by Burakham et al. in 2005 [216]. The applied technique was named Lab-at-
valve (LAV). The extraction took place in a coil, into which the solutions were sequentially
aspirated. After flow reversal, the liquids were delivered into the separator and after discarding the
aqueous phase, the organic part was propelled to the detector. The problem of non-stability of the
baseline and affected repeatability can arise by the phase changes in the detector when an aqueous
carrier is used.

Skrlikova et al. (2010) developed a universal Dual Valve-SIA (DV-SIA) system in our
laboratory [217]. The system comprised two SIA systems, one serving for the aspiration of the
reagents and extraction solvent (extraction unit, using water as carrier), the second one (detection
unit, using the extraction solvent as carrier) only for handling the organic phase. A polypropylene
microtube of 1.5 mL was used as a separation subunit. The solutions were aspirated and
subsequently delivered from the extraction unit to the separation chamber. After phase separation,
the organic solvent used for the extraction was aspirated in the detection unit for measurement. In
this way, problems related to the presence of two phases in one system were circumvented.

Formation of an organic film on the tubes, bubbles in the system or baseline shifting were avoided.
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The system was firstly used for the determination of picric acid in pharmaceutical formulations
and drinking waters. A modified system based on similar assembly applied to determination of
thiocyanates in biological samples (saliva) is discussed further in chapter 4.3 and as attachment in
chapter 5.2.

Mitani et al. (2015) [218] brought the sample and extraction solvent into contact by pumping
chloroform (extractant) into the extraction chamber, similar as in LAV, and propelling the aqueous
sample from an inlet in the bottom of the chamber through the plug of chloroform (drop-in-plug).
Another manifold, suitable for both solvents lighter and denser than water, was proposed later by
the same authors [219]. The solvent (denser than water) was pumped to the upper inlet of the
extraction chamber and runs downwards in a channel engraved on the inner wall of the chamber.
The sample was pumped from the bottom inlet of the chamber in opposite direction, so a counter-
current extraction takes place. Thereafter, the organic phase was collected at the bottom of the
chamber and propelled to the detector.

A different strategy is presented by utilization of membranes for LPME in flow systems. Two
streams - sample and acceptor - are propelled towards a semipermeable membrane from opposite sites
and the analyte is transported through it into the acceptor, as it was done e.g. by Araujo et al. [220].

More details on applications of membranes in automated LPME as well as on automation of
other LPME techniques in flow are given in a review by Silvestre et al. [221].

3.3.4.3 Automation of dispersive liquid - liquid microextraction

In DLLME, the volume of the extraction solvent is decreased, and more organic solvents are
typically used in the system, having the function of extractant, disperser, or eventually a modifier. In
automation of DLLME, the aims are:

1. Use of a very small volume of an extraction solvent,
2. Creation of the cloudy solution,
3. Handling of very small volumes of the solvent (~ tens of puL) in a repeatable manner.

Several technically different approaches were suggested for the automation of DLLME.
Automated methods simplify the use of extractant with density lower than that of water, which might
be even more difficult to handle than extractant heavier than water. The role of dispersive solvent can
be substituted by kinetic energy applied to the analytical mixture, which is in concordance with the
requirements of green analytical chemistry.

In the works of Anthemidis and loannou from 2009 and 2011, a cloudy solution was created in
one tube of a SIA manifold by confluence of the sample and the solvent mixture [226, 227]. The
droplets of the organic phase containing the analyte (an on-line formed complex of the metal cation
of interest) were retained on a home-made column with PTFE or PEEK flakes and the analyte was

then eluted with methyl isobutyl ketone. The system enabled chelation, cloudy solution formation,
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extraction, and phase separation in one step and it was effective thanks to the continuous flow and
high sample to solvent ratio. The solvent density did not have to be considered. On the other hand, a
column for phase separation and the third solvent for elution to the detector had to be used.
Recently, Alexovic et al. developed another approach. A plastic centrifugation microtube with a
volume of 1.5 mL was used as an extraction chamber, into which the sample, reagent, and the
extractant or extraction mixture were delivered. Two modes of mixing were applied in different
works, by air bubbling [228] and by vigorous injection [229]. A DV-SIA system was employed to
handle the aqueous and organic solvents separately. Later, the system was simplified to a single-valve
(SV)-SIA system. Several ways were suggested to handle extraction solvents lighter than water:
aspiration of the upper layer from the extraction solvent after phase separation [228], use of an
auxiliary solvent of high density to achieve sedimentation of the organic phase [230], or most
recently, the use of the microtube in an upside down position so that the conical part is at the top
(Figure 24), which enables an easy collection of the phase with the extracted analyte [229]. This later
flow-batch approach has the advantage of an easier configuration in comparison with the works from
Anthemidis and loannou [226, 227] described above. Moreover, droplet retention on a sorbent with
later elution was not required, thus the use of solvents is limited to the extractant. On the other hand,
the sample volume and therefore the enhancement factor were limited by the volumes of the syringe
and extraction unit. Also, the system is not self-washing, as in the works of Anthemidis and loannou.

HOLDING COIL Organic phase

Multiposition

valve I

Amylacetate

Carrier  SYRINGE
PUMP Reagent Methanol

Figure 24: SV - SIA system for determination of boron®3,

Berton and Wuillaud used a FIA system for handling the sample and solvents mixed off-line
[231]. The mixture was loaded onto a Florisil column and then eluted with acidified acetone
solution to ETAAS detector. The use of an ionic liquid for the extraction of metals makes the

developed methods more environmental-friendly.

13 Adapted from [229].
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Maya et al. (2012) demonstrated DLLME of benzo(a)pyrene using the later denoted LIS
technique for the first time with subsequent separation of the extracted analyte on a monolithic
column [137]. In further works for the determination of rhodamin B, copper, and phenols,
respectively, the system was fully automated and compact, and allowed mixing, extraction, phase
separation and even detection inside the syringe [140, 232, 233].

Hyphenation of in-syringe DLLME performed in a MSFIA system with GC was demonstrated
by Clavijo et al. [234]. Horstkotte et al. then proposed dispersion and mixing using the kinetic
energy of a stirring bar inside the syringe thus performing magnetic stirring-assisted DLLME [142,
235]. Although utilization of a solvent with density higher than water as typical in DLLME might
not be feasible to perform inside an upright syringe, this concern was solved later by using the
syringe in upside-down position [236]. This later configuration enabled to use chloroform as an
extraction solvent, to empty the syringe (containing the stirring bar) completely by the air inside
the syringe, and to perform the extract washing.

The selected works with different proposed DLLME automation modes and some key features
of the methods are listed in Table 4. DV-SIA systems with an auxiliary solvent for DLLME of
thiocyanates, with two different detection cell positions, were compared. The results were
presented at the ICFIA conference in 2012. The work is commented in chapter 4.3.

3.3.4.4 Automation of single drop microextraction by flow techniques

There are significantly less works devoted to the automation of SDME in a flow system than
other non-dispersive or dispersive LPME techniques, probably due to the seemingly cumbersome
manipulation with a single drop. The stability of a small volume of the acceptor phase during the
preconcentration must be assured and physicochemical characteristics should be carefully
considered, e.g. miscibility of the sample and acceptor solutions according to the SDME mode
(head-space or direct immersion), and the affinity of the acceptor phase to the support material
must be kept in mind before building a flow manifold.

The first attempts of automation date back to 1995, when Liu and Dasgupta published a study
of a liquid drop exploited as a sampling interface, used for determination of NHs in a SIA system
[5]. Two concentrically placed tubes were used in the work, the inner one for the drop delivery and
support, the outer one as a sample line. After the analyte collection time, the drop was withdrawn
into a SIA system and further processed. The geometry and physicochemical processes of the
analyte collection were described and the effects of relevant parameters such as humidity, drop size
and sample flow directions were explained in details.

Another exploration of the drop possibilities, so called drop-in-drop technique, was presented
in 1996 by H. Liu and Dasgupta [14]. In this work, a drop of the sample solution coloured by a
reagent was formed around the drop (1.3 pL) of chloroform. After the extraction time, the drop was

replaced by a colourless washing solution and the absorbance was measured. The drop was used
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not only as the acceptor phase but also as a windowless detection cell, so that any possible signal
bias caused by the drop transportation within the system or interaction of the drop with the cell
walls was omitted.

In 2008, Pena et al. presented a SIA system directly coupled with ETAAS detector for a single
drop immersed in a sample [242]. The system comprised a vial with the sample, in which an
immersed drop was generated, and later withdrawn by the furnace sampler arm. The external
chamber (vial) was placed on a magnetic stirrer to enhance the analyte transfer into the drop.
Although a peristaltic pump was used in the system, the sample volume and thus the method
sensitivity was limited by the vial volume.

An extraction chamber for SDME in a SIA system was suggested by Anthemidis and Adam
[243]. The chamber comprised a glass capillary for the drop support. The sample was pumped from
the bottom of the chamber by an additional peristaltic pump during the extraction time. The drop
was then aspirated back into the system and later pumped through injection valve into the graphite
furnace for detection in ETAAS.

A system similar to DV-SIA was assembled by Timofeeva et al. [244]. One pump, filled with
the acceptor solution, was used to generate a drop above the sample of concrete in the sample vial,
connected to one of the ports of the selection valve. After the analyte (NHs) collection in the
acceptor phase, the drop was pumped into a mixing chamber. The second pump was used to aspirate
reagent via the second valve and to propel it into the mixing chamber, where the reaction to form
a coloured product took place. The mixing was assured by the air. In this method, the vials
containing solid samples were replaced manually.

In chapters 4.4 and 5.3, a HS-SDME without any additional chamber, automated in a LIS system
is described. Vacuum was generated and magnetic stirring was exploited to enhance the analyte
transfer into the drop. This idea was adopted by Mitani et al., who used a similar system with
additional pump and valve for the determination of mercury [144]. Some examples of SDME

automation in flow manifolds are listed in Table 5 in chronological order.
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3.3.5 Automation of solid phase-based sample pretreatment techniques

using a flow system

3.3.5.1 Generals remarks on the application of flow methods in automation of solid

phase-based microextraction techniques

Automation of solid phase-based microextraction in flow systems is an interesting field in the
flow analysis community considering that the number of publications listed in FIA database [206]
devoted to this technique was higher than 200 in the year 2013 with mainly solid phase extraction
(SPE) being the target of automation. The explanation of the high interest might be the applicability
of these techniques for different purposes (matrix removal, preconcentration) for different analytes
on one hand, and search for automation of laborious manual procedures (taking into account the
protocols for e.g. SPE or MEPS) on the other hand. Various formats and materials of sorbents and
different flow techniques with a plenty of system configurations have been described.
Representative examples of possibilities of flow techniques in automation of SPE are described in
the following chapter and listed inTable 6.

3.3.5.2 Examples of solid phase-based microextraction automated in a flow system

A multitude of different kinds of sorbent chemistries and formats were incorporated into a flow
manifold to perform the preconcentration and purification of the analyte. Some modes of SPE
automation were derived from the wetting-film extraction, such as the utilization of a tube of a
flow manifold as a solid surface for extraction. A knotted PTFE coil was used as a phase for
adsorption of a complex of Cr(VI) before its elution with ethanol and propelling to an ETAAS
detector [213]. A similar approach was chosen by de Aquino et al. [245]. In their work, the walls
of a glass chamber acted as the extraction phase, and the analyte (Zn) was retained at high pH, at
which the silanol groups were deprotonated. The analyte was then extracted from the glass walls
by an organic solvent containing a ligand binding to the analyte. Although this approach does not
require sorbent particles, they were adopted in majority of methods for solid phase sample
pretreatment methods.

In order to avoid the loss of sensitivity caused by elution of the analyte preconcentrated on a
sorbent, Mir¢ et al. measured the absorbance or reflectance of the analyte while still being retained
on a membrane or in a microcolumn, respectively [246, 247]. A FIA system was employed in both
works to ensure the sorbent conditioning, sample loading and rinsing, and elution. An optosensing
device was mounted directly to the solid surface of the sorbent, and this approach enabled the

measurement of nitrite at trace levels.
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In our working group, Satinsky and co-workers contributed significantly to the field of SPE
automation. In 2002, a FIA system with a microcolumn filled with carboxyl-modified silica was
used for the determination of salbutamol in both pharmaceutical formulation and urine [248]. Later
on, SIA systems were employed in SPE automation. An elegant separation of two substances
without a chromatographic column was done by retention of the non-polar one on a C18 sorbent
and percolation of the polar one through the sorbent without retention [249]. Coupling of RAM for
increased selectivity [61, 250] and anion exchanger sorbents [251] was also successfully carried
out in SIA systems.

Integration of two SPE columns into one system for parallel determination of UV filters was
shown by Leon et al. [252]. While one sample was processed on one SPE cartridge, the previous
one has been already analysed on a coupled HPLC system. Such coupling of an analyser system
directly to a sample pretreatment system enables full exploration of the advantages of sample
pretreatment automation as the analytes can be eluted from the preconcentration cartridge onto the
chromatographic column.

A different strategy for SPE automation was presented by Oliveira et al. [253] who employed
MSFIA and several solenoid pumps to commute and direct the flow streams either to a polymeric
resin or to bypass it. The method was applied for screening of phenolic pollutants. MSFIA was
also used in connection with LOV platform, which enables the utilization of renewable sorbents.
The beads slurry is aspirated into a LOV channel and after the conditioning steps, the sample is
loaded. Thereafter, the analytes are eluted with a proper solvent directly into the loop of an injection
valve and proceed further onto an analytical column. The sample preparation in a flow system is
synchronized with the LC analysis [254]. Methods based on a similar approach were applied to the
determination of UV filters and riboflavin by Oliveira et al. [255, 256].

The possibility to build a multimodal column in a flow manifold was shown by Boonjob et al.
[257]. The authors used a MSFIA manifold with a selection valve and an injection valve. The
column was built in the short loop of the injection valve and the slurries and solutions were
aspirated through the ports of the selection valve. The eluate was pumped directly to the coupled
chromatographic system. The described system enabled to carry out automated multiresidue assays.

A single valve was used in a SIA system of Karakosta et al. [258]. The analytes were retained
on and eluted from a cartridge mounted to one of the lateral ports of the valve and collected to a
vial. The eluted analytes were aspirated in the next step from the same vial and delivered onto a
chromatographic column coupled to the system.

A conical column filled with Cyanex 923 (a mixture of straight-chain alkylated phosphine
oxides, mainly (92.4%) with normal hexyl and octyl groups) sorbent was mounted in a SIA system
for cadmium preconcentration with posterior hydride generation and detection by atomic
fluorescence spectrometry [259]. The system comprised both SIA and FIA components with the

proportional injection valve.
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A simpler FIA system with anion exchanger column was used for extraction of arsenic species
from groundwater before hydride generation AAS [260]. A cartridge mounted to the ports of an
injection valve was used for cadmium preconcentration before FAAS detection. The sample was
loaded by means of a peristaltic pump and eluted after valve switching, in an opposite direction,
by means of a syringe pump, to the detector [261].

Recently, coupling of SPE with separation and detection within one SIC system was presented
[262]. The sample was pumped through the SPE cartridge connected to the lateral port of a one
selection valve and the central port of the second valve. The matrix was washed out to the waste
and the retained analytes were eluted directly onto the chromatographic column connected to a
lateral port of the second valve. Excellent validation parameters were obtained with this method
for eight sulphonamides separated on a pentafluorophenylpropyl fused-core column.

In this dissertation, a work exploring on-line SPE in a flow-batch system coupled to a
photodegradation and detection chamber is described and commented in chapters 4.5 and 5.4. The
first coupling of MEPS and a separation column within one SIC system is described and discussed

in details in chapters 4.6 and 5.6.
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4.2 COMMENT ON PUBLICATION 1

Fully automated analytical procedure for propofol determination by sequential

injection technique with spectrophotometric and fluorimetric detections

In this work, two methods for propofol determination in pharmaceutical formulation were
developed and compared. For quantification, two different detectors were used: a
spectrophotometer and a fluorimetric detector comprising photomultiplier with excitation and
emission filters.

A simple SIA system with a water bath and a debubbler device was used to perform the
spectrophotometric determination. Since propofol is a phenolic substance, a colour reaction with
4-aminoantipyrine (4-AAP) catalysed by horseradish peroxidase was chosen for the
spectrophotometric determination. Several facts had to be considered before the method
development and optimization. First, propofol as a lipophilic compound is administered as an oil-
in-water emulsion, i.e. the excipients would contain hydrophobic substances and thus pure aqueous
solution could not be prepared. Second, since the used reaction was catalysed by an enzyme, its
denaturation should be avoided. Therefore, to release the substance from the formulation and to
free it for the reaction with 4-AAP to yield a colour product, ethanol was used to dilute the emulsion
ina 1 to 10 ratio. The colour product was determined at a wavelength of 485 nm. The enzyme was
used in a form of a solution prepared freshly every day, which ensured that it could be used without
any significant activity change during one working day and it was not altered by the content of
ethanol in the sample solution. Also, using the flow manifold, the enzyme consumption was
minimized.

The reaction conditions were optimised. First, the concentrations of reagents were tested and
the optimum temperature was found in batch conditions and then these were transferred to a flow
system, comprising also a water bath to ensure that the holding coil, accommodating the reaction
mixture, was placed at the optimum temperature of 37°C. The mixture of ethanolic and aqueous
solutions and increased temperature, however, led to bubbles formation, which worsen the
measurement repeatability and precision. A de-bubbler device was therefore added to the system
prior to the flow detection cell. The solution passed along a gas permeable membrane of the device
and bubbles were released through the membrane pores in its upper compartment and only a
consistent plug of the reaction product passed through the detection cell.

The system with fluorimetric detection consisted of only the basic SIA components. Since
propofol is a naturally fluorescent substance, no derivatisation was required. Only ethanol was used
as reagent to break the emulsion and to release propofol. Using filters for specific wavelengths cut-
offs for propofol excitation and emission, no interferences of the emulsion constituents were

observed in the ten times diluted samples.
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4.2 Comment on publication 1

Similar detection and quantitation limits were obtained in both systems. Lower sample
throughput was achieved with the enzymatic reaction, however, it was shown that similar limits
can be obtained using enzymatic reaction for spectrophotometric detection, which is commonly
less sensitive than the fluorimetric one. Two simple methods for the determination of an active

substance in a complex pharmaceutical matrix were developed and validated.
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4.3 COMMENT ON PUBLICATION 2

Application of DV-SIA manifold for determination of thiocyanate ions in human

saliva samples

The Dual Valve-Sequential Injection Analysis system was developed at our laboratory as a
universal tool for the automation of different LPME techniques. Its applicability was proven for
solvents both lighter and denser than water, as mentioned before in chapters 3.3.4.2 and 3.3.4.3. It
was also submitted as patent application and in 2014 also patented under the name “A device of
sequential injection analysis for liquid - liquid extraction” (Czech Patent No. 304296) [268].

In this work, the system was used to perform on-line reaction, extraction, and detection of
thiocyanates in human saliva samples. The determination of thiocyanates ions was based on the
formation of an ionic pair with the cationic dye Astra Phloxine at pH 3 and its extraction to amyl
acetate, which is a solvent with density lower than water. Typically, the type of solvent used for
extraction (lower or higher density) is projected in the position of the tube in the extraction unit for
aspiration of the organic phase with the extracted analyte.

The system was built of an extraction unit, a detection unit and an extraction cell (EC), into
which the solutions from the two remaining units were delivered. The first unit, comprising a
syringe pump and a multiposition valve, served for the aspiration of air, sample, buffer, reagent
and the extraction solvent and their delivery to the EC. The detection unit was designed to aspirate
the extraction solvent which was also used as a carrier serving for delivering of organic part with
the extracted ion associate to the flow detection cell. In this way, only organic solvent passed
through the flow cell circumventing any disturbances in the measured signal. The aspiration of the
organic solvent with the extracted analyte was achieved by careful adjustment of the position of
the aspiration tube.

The organic layer from the EC with the extracted ion pair then passed through the flow cell and
the absorbance at wavelength of 550 nm was recorded. The parameters to be optimised were the
pH value at which the ion pair is formed, the concentrations, and the volumes of reagents and
extraction solvent, as well as the phase separation time and positioning of tubes in the EC.

The method was applied to the determination of thiocyanates ions in human saliva samples, in
which this analyte can be found at increased levels especially in smokers and where it represents a
risk, as SCN- can be metabolised to cyanates. Using the DV-SIA system in this application, any
problems related to handling of aqueous and organic phases in one system were avoided, such as
bubbles or baseline shift caused by different optical properties of different phases.

In an additional work, the method for thiocyanates determination was modified and DLLME

was used as a sample pretreatment carried out in a DV-SIA system. In DLLME, the volume of the
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4.3 Comment on publication 2

extraction solvent is reduced thanks to the use of dispersive solvent. However, precise aspiration
of microliter volumes of organic phase lighter than water might be cumbersome if the surface to
volume ratio is relatively large and a careful adjustment of the tubes positioning is necessary. This
difficulty was overcome by using carbon tetrachloride as an auxiliary solvent to increase the
density in the mixture of amyl acetate as the extractant and acetonitrile as the dispersive agent
[230]. Thus, the organic solvent could be separated at the conical bottom of the microtube used as
EC and its collection for absorbance measurement was more feasible by placing the aspiration tube
at the bottom of the EC. The possibility to decrease the dispersion by changing the position of the
flow cell in the system was studied. Figure 25 demonstrates the difference in the system
configuration. The results were presented as a poster at the 12" International Conference of Flow

Analysis in 2012 in Thessaloniki, Greece (listed in chapter 5.7).
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Figure 25: Comparison of the assemblies for two different LPME methods.
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4.4 COMMENT ON PUBLICATION 3

Automated in-syringe single-drop head-space micro-extraction applied to the

determination of ethanol in wine samples

Automation of SDME, especially HS-SDME, in a flow manifold is not as common as the other
LPME techniques, although this technique has a significant advantage of selectivity for volatile
substances. This is probably due to the fact that the formation of a stable, reproducible drop and its
measurement is a challenging task. Only four of the works reviewed in chapter 3.3.4.4 describe
automation of HS-SDME and typically, relatively complex manifolds were used.

In the present work, the sometimes difficult formation of the drop was elegantly solved using a
new approach. The drop was positioned at the inlet of the syringe barrel by precise programming
of the sample and reagents flow. After aspiration of air (for head-space), buffer and sample inside
the syringe, 20 uL of the reagent for drop formation was aspirated and delivered to the syringe
barrel by aspiration of air and water plugs after the reagent. An important step to assure a stable
drop position was the increase of hydrophilicity by introducing a glass capillary into the channel
connecting the head-valve and the syringe barrel.

It is noteworthy that no organic solvents were used in this work for the microextraction, but
potassium dichromate in sulphuric acid. Since the extraction medium and the sample are not in
contact in head-space extraction, an aqueous reagent could be used instead of an organic solvent
and a reaction to increase the sensitivity was performed simultaneously with the analyte extraction.

Regarding the efficiency of head-space extraction, mixing and decreased pressure were used in
this work to support the mass transfer from the sample bulk into the head-space. Mixing was
realized by placing a magnetic stirring bar inside the syringe and a motor with two neodymium
magnets next to it. It was found that the measurement repeatability was improved by the mixing,
because it helped to homogenise the syringe content. Creating of vacuum was accomplished by
moving of the syringe piston downward when the multiposition valve was turned to a closed port,
which is one of the elements of novelty of this method.

The system was coupled to a VIS detector, measuring the decrease of absorbance of the reagent
(potassium dichromate) due to its reduction to chromium(l11) by ethanol. Measuring the absorbance
decrease instead of the increase of chromium(lll) absorbance had the advantage of higher
sensitivity, although the accuracy at higher ethanol concentration level was compromised.

Parameters such as vacuum, time of reaction, acid concentration were studied. The developed
method was proven to be applicable to the analysis of volatile substances as shown on the
determination of ethanol in wine samples. Unlike alternative methods for the analysis of volatile

substances, e.g. gas diffusion in a flow manifold using additional devices such as gas diffusion

71



4.4 Comment on publication 3

membranes or multiple pumping devices for the donor and acceptor streams, a spare, compact
instrumentation was developed in this work.

The limit of detection of the method was 0.025% (v/v) and the measurement repeatability lower
than 5%. Apart from publication in the scientific journal Analytica Chimica Acta, the work was
presented at The 18™ International Conference on Flow Injection Analysis in Porto, Portugal in
2013 in form of a poster and was awarded The Best Poster Award.
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4.5 COMMENT ON PUBLICATIONS 4 AND 5

Application of a fully integrated photodegradation-detection flow-batch analysis
system with an on-line preconcentration step for the determination of metsulfuron

methyl in water samples

Study of the effect of organic solvents on the fluorescence signal in a sequential

injection system

This work was a part of the project Mobility, No. 7AMB12AR008, supported by the Ministry
of Education, Youth and Sport of the Czech Republic and by the Ministry of Science, Technology
and Productive Innovation of Argentina and was done in a cooperation with the colleagues from
the Institute of Chemistry, University of the South, Bahia Blanca, Argentina.

The task was to develop an automated method for the determination of metsulfuron methyl
(MSM), a sulphonyl urea pesticide, in water. The fluorescence properties of the analyte after UV
irradiation were the basic characteristics important for the method development. The behaviour of
naturally fluorescent substance (quinine) and MSM upon irradiation in a flow system with
fluorescence detection and the effect of several factors were evaluated in an additional work,
published in the journal of Analytical Methods. The type of organic solvent used for preparation
of the solution, the irradiation time, the pH value, and the composition of the carrier stream were
the main variables influencing the fluorescence of the studied substances.

The actual determination of the analyte was carried out in a flow-batch manifold, coupling
several analytical procedures in one system. A column filled with C18 sorbent was coupled to the
system for the analyte preconcentration. After the on-line SPE procedure, the eluate was directed
to the mixing chamber by means of a solenoid valve. Activating another valve, sodium hydroxide
solution was delivered into the chamber, providing optimum pH for the photodegradation of the
analyte. For homogenisation of the chamber content, stirring was integrated. The chamber was
placed directly in the measuring site of a fluorimeter. Two quartz windows were integrated in the
chamber, placed at a right angle to each other, allowing to use the chamber as a detection cell. The
configuration and positioning of the chamber also enabled to use the light beams from the detector
for photodegradation. Then the signal of the photoproduct was measured directly in the chamber.
The method protocol was written in the LabVIEW program.

The conditions for the UV decomposition in a flow system and the effect of several factors were
studied in the context of the above mention task. The type of organic solvent for the analyte elution,
irradiation time and wavelengths, slid widths, the pH value, and the composition of the carrier

stream were the main variables influencing the fluorescence of the MSM decomposition product.
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After the optimization, the method performed fully automated sample purification and analyte
preconcentration, photodecomposition and detection in one system.

The method’s analytical performance parameters were evaluated and selectivity for MSM
among pesticides with various chemical structures was proven. The method was applied to MSM
determination in spiked surface waters of Bahia Blanca region (Buenos Aires, Argentina) and its
suitability for this purpose was proven with the achieved LOD of 0.28 uL L, which is within the
limits of Argentina’s regulations.

The novelty of the system lies in several points: 1. Sample clean-up as well as analyte
derivatisation and detection were fully automated and integrated in one flow-batch system, 2. UV
radiation from the detector light source was used for photodegradation, i.e. avoiding the use of any
derivatisation reagent, which fulfils one of the principles of green analytical chemistry, 3. Placing
the chamber directly inside the detector implies that any further movement of the analyte from the
point of derivatisation to the point of detection is left out thus any dispersion and subsequent loss
of sensitivity are avoided. The potential of this method is also in its universality, i.e. other pesticides

can be determined using the same manifold by changing the excitation and emission wavelengths.
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4.6 COMMENT ON PUBLICATION 6

On-line coupling of micro-extraction by packed sorbent with sequential injection
chromatography system for extraction and determination of betaxolol in human

urine

The idea behind this work was to develop a simple, fully automated method for MEPS directly
coupled to low pressure chromatography for the determination of betaxolol in urine. As stated
elsewhere, the automation of MEPS and its coupling with a suitable detection technique remains a
critical point [269]. A MEPS cartridge was chosen in this work as a sorbent format, which should
guarantee uniform sorbent filling and thus better reproducibility than lab-made columns. Also, the
usability time of the cartridge is typically longer than with classical SPE format. In addition, broadening
the scope of flow techniques in automation of various sample pretreatment techniques by automation
of MEPS was evaluated.

Automation of MEPS by SIA brings a significant simplification in comparison with the manual
performance. Since the use of precise and repeatable volumes and flow rates are essential in MEPS
performance, the advantage of computer-controlled flow programming, the main characteristic of
sequential injection analysis, is here fully taken and especially useful, bringing complete automation
and ensuring excellent repeatability. Also, a continuous loading of a large sample volume can be done
in a flow manifold, unlike in the manual or other automated modes.

The developed system was assembled of a SIC manifold and an additional eight-port valve. A MEPS
with a C18 sorbent was connected to one of the ports of the multiposition pump. The typical steps for
MEPS procedures were performed on-line with optimized solutions: conditioning with 50% methanol,
equilibration with 15% acetonitrile, and loading of urine sample. Then the matrix was washed out with
15% acetonitrile. All solutions were aspirated from their respective ports on the multiposition valve and
passed through the MEPS into waste by reverse flow and switching the valve to the respective port.
Then, a solution of 30% acetonitrile was propelled through the MEPS, eluting the retained substances
from the sorbent. By selecting the respective port on the second multiposition valve, this fraction was
pumped directly onto a chromatographic monolithic column where the analyte was separated from the
rest of the matrix not washed out during the sample pretreatment step (MEPS). The analyte was detected
by fluorimetric detection, using 220 nm as excitation and 305 nm as emission wavelengths,
respectively.

The method was applied to the determination of betaxolol in urine samples. Measurement of
blank urine showed that no other substances were co-eluted with the substance of interest. The
method was validated and real samples were measured. The manuscript describing the method

development and results has been submitted for publication to the scientific journal Talanta.
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Additionally, a similar method was developed for the determination of propranolol and presented
as a poster at the International Symposium of Luminescence Spectrometry in Rhodes, Greece
(chapter 5.7).
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In this work, an application of an enzymatic reaction for the determination of the highly hydrophobic
drug propofol in emulsion dosage form is presented. Emulsions represent a complex and therefore
challenging matrix for analysis. Et hanol was used for breakage of a lipid emulsion, which enabled optical
detection. A fully automated method based on Sequential Injection Analysis was developed, allowing
propofol determination without the requirement of tedious sample pre-treatment. The method was
based on spectrophotometric detection after the enzymatic oxidation catalysed by horseradish
peroxidase and subsequent coupling with 4-aminoantipyrine leading to a coloured product with an
absorbance maximum at 485 nm. This procedure was compared with a simple fluorimetric method,
which was based on the direct selective fluorescence emission of propofol in ethanol at 347 nm.

Both methods provide comparable validation parameters with linear working ranges of 0,005-
0100mgmL—' and 0.004-0.243mgmL-' for the spectrophotometric and fluorimetric methods,
respectively, The detection and guantitation limits achieved with the spectrophotometric method were
00016 and 0.0053 mg mL ', respectively. The fluorimetric method provided the detection limit of
0.0013mg mL " and limit of guantitation of 0.0043 mg mL ", The RSD did not exceed 5% and 2%(n=10),
comespondingly. A sample throughput of approx. 14 h~! for the spectrophotometric and 68 h ' for the
fluorimetric detection was achieved. Both methods proved to be suitable for the determination of
propofol in pharmaceutical formulation with average recovery values of 98.1 and 98.5%.

© 2013 Elsevier BV. All rights reserved.

1. Introduction

dissolution [2] or liberation; even applications to semi-solid
formulations such as ointments have been reported [3].

Sequential Injection Analysis (SIA) is a technique which is
valued for its simplicity, easy control, versatility, repeatability,
easy manipulation with solutions in a closed system, and the
possibility of automation of complex analytical protocols. All these
feamres make this technigue suitable for the analysis of samples
with complex matrices, such as pharmaceutical formulations or
food [1], where a fully automated sample pre-treatment would
bring a significant benefit.

Several methods using SIA system as a tool for analysis
of different pharmaceutical formulations have been suggested,
measuring the drug content or evaluating various pharmaco-
technological parameters stated in Pharmacopoeias such as

* Cor responding author Tel.: +420 495067453, fax: +420 495067164,
E-mail address: HanaSklenarova@falcunicz (H. Sklendrova).

039-97140/% - see front matter & 2013 Elsevier BV. All rights reserved.
http: [fds doi.or g/ 101016 . talanta 2013.09.059

Emulsions are often used as pharmaceutical dosage form due
to their capacity to dissolve and stabilize lipophilic compounds,
while achieving a high applicability and bioavailability of the
active substance. They are a heterogeneous mixtures of two
immiscible liguids, one forming microdroplets within the other
liquid. Emulsions can be administered either by the oral, topic, or
parenteral route. If a pharmaceutically active substance possesses
lipophilic properties and has to be administered intravenously, oil-
in-water emulsion is generally prepared as a dosage form.

Usually, a pharmaceutical emulsion represents a complex
matrix for analysis, as it contains, apart from the active substance,
two different solvents, generally water and vegetable oil as main
constituents and further additives such as antimicrobials, anti-
oxidants and surfactants which are necessary to maintain the
required stability of the active substance and the matrix over
the declared time. Both, the main emulsion constituents as well as
the additives can significantly affect the analysis and therefore,
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separation or extraction of the substance of interest is often
reguired. Potential co-extraction of matrix constituents together
with the active substance can require a selective reaction or
detection technique. Enzymatic reactions can further be carried
out to improve the selectivity or reaction rate.

Also, the oil content in the sample matrix inaeases the risk of
analysis performance deterioration, since it can stick to hydro-
phobic surfaces and lead to cross over. Therefore, a more thorough
and thus time consuming cleaning step is required. Additionally,
emulsions are generally turbid, which disables the direct use of
spectrophotometry or fluorimetry as the most commonly used
detection techniques. In consequence, a tedious and time consum-
ing sample pre-treatment process prior to analysis is needed in
many analytical methods to avoid matrix effects, which can
reguire as much as 80% of the total analysis time [4,5].

Organic solvents can be effectively used to overcome the
formerly mentioned problems as their addition can lead to a
homogeneous solution by breaking the surfactant micelles, which
permits the use of all optical detection techniques [5].

Although SIA systems are primarily applied to handling with
aqueous solutions, the usage of organic solvents in automated flow
systems has been reported, especially for sample pre-treatment,
e.g. solid-phase extraction, [7] liquid-liquid extraction [&] or when
a specific detection techniques such as atomic spectrometry are
used [9]. While sticking on the hydrophobic surfaces can be
desirable to coat the tubing walls with an organic film to perform
extractions [10], it can also be asource of problems in analysis as it
may impair the spectromefric measurement due to a different
refractive index compared to aqueous solutions [11]. Therefore,
analytical methods comprising an organic solvent are usually
more complex than others where only aqueous solutions are
used, requiring an additional/external component and a more
laborious clean-up step, leading to the decrease in sample
throughput and larger effluents production. Also, organic solvents
can represent a limitation for implementation of specific reagents,
such as enzymes, in the analysis, since they can affect their
activity [12].

The application of enzymatic reaction in the analytical proce-
dures has been studied very intensively [13]. The use of an enzyme
generally provides the method with higher selectivity and offers a
green alternative to inorganic catalysers which might possess toxic
properties [14].

For the analysis of highly hydrophobic substances employing
an enzymatic reaction, ionic liquids (IL) were suggested [15] as an
alternative to organic solvents that can affect the enzyme activity.
However, the cost of analysis represents a significant drawback for
the combination of enzyme and IL in one analytical procedure.

In this work, the application of an enzymatic reaction for the
determination of a highly hydrophobic drug propofol (2,6-diiso-
propyiphenol) in a complex emulsion matrix in the presence of
ethanol as a dissolving agent was presented.

Propofol is applied in medicine as an intravenous anaesthetic
drug. Its chemical structure is not related to any other anaesthetic
[16]. It is valued for its pharmacodynamic properties such as a
rapid onset and offset of anaesthesia and a fast recovery of the
patients without severe side effects due to a fast elimination from
the human body [17]. The drug has lately increased attention after
several death cases reports related to its application [18,19].

Due to the physical properties of propofol such as being an oily
liquid at room temperature and an octanol: water partition
coefficient of 6761:1 [20], the drug is administered in the form
of an oil-in-water emulsion as a bolus in intravenous injection.

Although there are many works dealing with propofol deter-
mination in body fluids in the literature, only a limited number of
papers were found referring to its determination in pharmaceu-
tical formulation. The first method for propofol determination in

bulk form was proposed in 1991 [21] and is based on the second
derivative UV spectroscopy and HPLC.

Almost 10 years later, Kariem and Abounassif [22] developed
a colorimetric method for propofol determination in emulsion
dosage form. In this method, propofol reacted with 2,6-dichloro-
quinone-4-chlorimide (DCQ) and the reaction product was devel-
oped within 15 min,

Pickl et al [23] used a more sophisticated instrumentation
to determine propofol in emulsions, allowing very low detection
limits. Headspace-solid phase microextraction was used as a
sample pre-treatment technique prior to GC-MS analysis.

Here, the fully automated spectrophotometric method based
on SIA for the determination of propofol in emulsion matrix
without any sample preparation requirement but simple dilution
is described and compared to a simple fluorimetric determination.
The proposed method is focused on the handling of emulsion to
enable the quantification of the analyte in such complex drug
formulation as a matrix using SIA system.

The first method is based on an enzymatic reaction where
horseradish peroxidase (HRP) was chosen as a catalyst of the
enzymatic reaction applied in its determination, since it exhibits
selectivity towards phenolic compounds [24]. Subsequently, the
oxidation product reacts with 4-aminoantipyrine t© give a
coloured product, which can be spectrophotometrically measured
at its absorbance maximum of 485 nm. This method was com-
pared with respect to sensitivity, linear range, recovery and
repeatability with a simple automated method with fluorimetric
detection.

The development, optimization, and the achieved analytical
performances and figures of merit of both methods are discussed
in detail The complexity of the first method induding the
problems arising from the handling of both aqueous and organic
solutions in one system is described.

2. Material and methods
2.1. Reagents and solutions

Analytical grade reagents were used to prepare all solutions
throughout the study. All agueous solutions were prepared in
ultra-pure water provided from a Millipore Milli-Q RG system
(EMD Millipore Corporation, Billerica, MA, USA).

Peroxidase from horseradish (HRP), Type I, and propofol
standard {=97%) were purchased from SAFC™ (Steinheim,
Germany). Hydrogen peroxide was purchased from Fuka
(Buchs, Germany). 4-Aminoantipyrine (4-AAP), sodium hydroxide
and potassium phosphate were purchased from Sigma-Aldrich
(Steinheim, Germany).

Propofol 1% MCT/LCT “Fresenius” iv. emulsion (Fresenius Pharma,
Graz, Austria) was used for recovery evaluation as reference material.
The emulsion constituents and additives are soybean oil, purified egg
lecithin, medium long chain saturated triacylglyceroles, glycerol, oleic
add, sodium hydroxide and purified water (agua pro-injectione).

For spectrophotometric batch experiments, a propofol stock
solution of approx. 14 mgL ' was prepared by the following
procedure: 60 pul of the substance was dissolved in 20 mL of
ethanol 96% (V/V) and then diluted with water to 50 mL to reach
a final ethanol concentration of 40% (V/V). Propofol working
solutions were prepared by dilution of the stock solution with
40% (V/V) ethanol

A 0.2 mol L~ ! phosphate buffer was prepared from dihydrogen
potassium phosphate and adjusted to pH 7.4 by addition of
0.2 mol L' sodium hydroxide solution.

Solutions of 4-AAP, H:05, and HRP were prepared dissolving
the adequate amounts of individual substances in buffer solution.
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For SIA measurements with spectrophotometric detection,
propofol was dissolved in 96% (V/V) ethanol. Reagents solutions
were prepared dissolving the appropriate amounts of each sub-
stance in water, and buffer was used as a carrier.

For both batch and SIA studies, Hz0; and 4-AAP solutions were
prepared daily prior to use. The propofol stock solution was used
for preparation of fresh working solutions. The HRP solution was
stable for over 3 days.

For the SIA measurements with fluorimetric detection, propofol
stock solution of approx. 1.4 mg L~ ! was prepared dissolving 60 pL
of the substance in ethanol 96% (VjV), The working solutions were
prepared diluting the stock solution with ethanol 96% (V/V).
Ethanol was also used as a carrier.

The sample solution was treated in the same way as the
propofol standard solution.

All prepared solutions were stored in dark at 4 °C.

22. Apparatus

For batch spectrophotomefric experiments, spectra were
acquired using an HP diode array spectrophotometer Agilent
8453 UV-vis. All SIA experiments were performed using a com-
mercially available FIAlab® 3500 system (FlAlab® Instrument
Systems Inc, Bellevue, USA, http:/fwww.flowinjection.com). It
consists of a Cavro syringe pump eguipped with a 5mL glass
syringe with a rotary three-way head valve to connect the syringe
either with the solution reservoir (carrier, IN) or the tubing
manifold (OUT) and an B-port Cheminert selection valve. All
connections were made using PTFE tubing of 0.75 mm id. The
central port of the selection valve was connected to the OUT port
of the syringe head valve via a holding coil (HC) of approx. 1.5 m
length. Lateral ports of the selection valve were used for solution
discharge to waste (port 1), aspiration of sample and reagents
(ports 2-6) and propelling the reaction mixture to a detection flow
cell (port 7) of 1 cm optical path length (Z-cell, PEEK). The detailed
manifold configuration for spectrophotometric detection is indi-
cated in Fig 1.

In the system with spectrophotometric detection, the holding
coil was placed into a vessel of a thermostat to maintain the
temperature at 40 °C for the enzymatic reaction.

A USB 2000 spectrophotometer (Ocean Optic Inc., Dunedin,
USA, hitp://www.oceanoptics.com) was used for signal detection.
A Mikropack DH-2000 Deuterium-Tungsten Halogen lamp was
used as a light source. Both instruments were coupled to the

Inlat

detection cell via optical fibres of 400 um diameter (1.D.) A home-
made de-bubbling device, shown in the Fig. 1, was used further. It
consisted of two pieces of PMMA (3 x 2 x 1cm). The first com-
prised a milled flow channel of 20 mm in length, 3 mm in width,
and 1 mm in depth, which was sealed with one layer of gas
permeable PTFE tape. The second piece was used to seal the cell by
the help of four metal screws and had four holes for air exit. It was
placed in between the selection valve and the detection flow cell,
fixed by means of commercially available fittings.

For the second system, FlAlab 3500 system equipped with a
Flow Through Photomultiplier based Detector {PMT-FL, FIAlab®)
was used. The detector comprises a photomultiplier for data
readout, a commercial fluorescence quartz flow cell with a cuvette
support and fibre optic connection to the same UV light source
as described above. Wavelength selectivity was achieved using
optical filters. A UV 330 band pass filter with wide wavelength
interval of 140 nm was used for excitation and a 295 Long Pass Filter
with cut off at any wavelength under 265 nmwas used for emission
light filtering (Edmund Optics, Barrington, New Jersey, USA).

Control of the whole flow system as well as data acquisition
and data collection evaluation was carried out using FlAlab soft-
ware for Windows, version 59,290 (FIAlab®),

23. SIA - spectrophotometric procedure

The operational protocol is given in Table 1. It started with the
aspiration of 600 pL of the carrier (buffer), from the reservoir at a
flow rate of 50 uL s~ ', followed by the aspiration of H,0,, propofol,
HRP and 4-aminoantipyrine solutions (50 pL of each reagent) at the
same flow rate. Solution mixing was improved using four flow
reversals under the flow rate of 50 uLs~ ' in the holding coil, heated
to 40 °C. By this step, efficient mixing and heating were ensured
and the peak shape and signal repeatability were improved.

The reaction was allowed to proceed in the holding coil (HC)
for another minute to enhance the reaction product yield. In
the following step, the mixture was propelled through the
de-bubbling device and the detection flow cell to waste at a flow
rate of 25 uLs ",

24. SIA - fluorimetric procedure

Fuorimetric determination of propofol was done using a very
simple control programme, which started with the aspiration of
1000 pL carrier (ethanol 96%, V/V) from the reservoir at a flow rate

M
\_ Channel for air
~ % bubbles release

Mambrane

Outlet

Fg. 1. Automated SIA system for determination of propofol in emulsion with spectrophotometric detedion, SP; syringe pump, SPV: syringe pump valve, HC: holding coil,

MV-multiposition valve, DBED: de-bubbling device, and D: detector.
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Table 1
Operation protoool for spectrophotometric determination of propofol.

Step Port Flow rate (uLs~") Operation Description

1 - 100 Aspirate 600 pL Syringe pump Valve in position; aspiration of the carrier

2 2 50 Aspirate 50pul Syringe pump Valve out position; aspiration of hydrogen peroxide

3 3 50 Aspirate S0pL Aspiration of sample

4 4 50 Aspirate 50pul Aspiration of enzyme

5 5 50 Aspirate S0pL Aspiration of 4-AAP

[ [ 100 Aspirate 50 ul, Dispense 50 pl Mixing, repeated 4 times

7 - Delay 1 min

8 7 i} Empty Propelling to the detection cell

of 80 uLs ', followed by 50 L of propofol standard or sample
dissolved in ethanol 96% (V/V) from the selection valve and
propelling it towards the detector at a flow rate of 50 pL s~ ! while
the fluorescence emission signal was registered. By the appro-
priate selection of excitation and emission filters, interferences of
the emulsion components were significantly reduced, as described
in the Results Section.

3. Results and discussion
3.1. Preliminary batch experiments

The optimum reaction conditions were investigated in batch
using propofol standard solution before transferring the reaction
procedure to the SIA system. This was done due to the complexity
of the reaction including four components (HRP, propofol standard
or sample solution, H;0; and 4-AAP solutions).

The parameters to be optimized in batch were the concentra-
tions of reagents, the temperature, and the reaction time. Once the
chemical parameters were optimized in batch, hydrodynamic
parameters such as solution volumes, flow rate and mixing mode
had to be studied in the SIA system.

For batch, equal volumes of all reagents were used to perform
these studies. All the reagents were prepared by dissolution in
02 mol L' phosphate buffer, adjusted to pH 7.4, which is the
reported activity optimum of HRP, and as further proven by a
preliminary test (data not shown). The value is also in good
agreement with an earlier report [25]. The ethanol content was
intended to be kept as low as possible in order not to affect the
enzyme activity. Thus, propofol was at first dissolved in pure
ethanol and then diluted with water to set the final ethanol
concentration to 40% (V/V). This was the lowest concentration,
for which two non-miscible phases were not observed. Later
experiments revealed that for the analysis of a propofol emulsion,
96% ethanol was required to eliminate the matrix effects, as
described in Section SIA - spectrophotometric method.

After scanning the whole spectrum range (200-700nm),
485 nm was chosen as optimum wavelength representing max-
imum absorbance. It should be pointed out that after reaching the
reaction’'s steady-state the second maximum was found at 436 nm.
However, the reaction kinetics studied at this wavelength was
slower and the blank value significantly higher, indicating that this
absorbance corresponds to a side product, most likely, the axida-
tion of 4-AAP with Hz0..

3.1.1. Study of the enzyme concentration

HRP was prepared and wsed in solution to ensure a fresh
portion of the catalyst for each run [14]. The concentration of
the enzyme was investigated in the range of 0.16-5.10 mg mL™ ',
with a multiplying factor of 2. Other solutions were prepared
in the following concentrations: cp,o, =18 mmol L™, Csnnp=

136 mmol LY, and Cpopora= 0.2mgmL~". The reaction was
performed at room temperature and the absorbance was mea-
sured after 20 min. An excess concentration of the substrate
(propofol) was used to ensure that the enzyme activity was not
dependent on the substrate amount but only on the enzyme
concentration.

The signal increased up to 256 mgmL~ ' while for higher
concentration of HRP, a similar absorbance was observed, and so
further experiments were performed with 2,56 mg mL~ ' of the
enzyme.

3.12. Study of the reaction time

After the optimum enzyme concentration was found, the influ-
ence of the reaction time was studied under the same conditions
mentioned in the previous paragraph. All reagents were mixed at
room temperature in a test tube. Then, an aliquot was taken and
the absorbance was measured. This was repeated every 5 min over
the next 45 min. The signal increased during the first 15 min and
then remained stable without significant changes. So, 20 min was
chosen to ensure that the reaction time is long enough to reach the
steady state.

3.13. Study of the temperature and reaction time correction

Since the rate of enzymatic reactions is highly temperature
dependent, it was necessary to choose an adequate reaction
temperature. The conditions were identical as in the previous
experiments: Cygp=2.56mgmL ", cy,o, = 18 mmolL !, Csanp=
136mmol L%, and Cpoporoi=02mgmL~". The test tube was
placed in a thermostat for temperature control The influence
of temperature was studied in the range of 25-45 °C, with 5 °C
increments. A signal increase was observed up to 40 °C, while
beyond that the signal decreased rapidly, which can be attributed
to the thermic denaturation of the enzyme.

Regarding this observation, the reaction time was re-examined,
setting the temperature to 40 °C. The results revealed that at a
higher temperature, the reaction reached the steady state after
10 min. Therefore, further batch experiments were performed at
40 °C with a reaction time of 10 min.

3.14. Study of the 4-AAP and H-0; concentration

The 4-AAP concentration was studied in the range of
6.0-11.0 mmol L~ ! with an increment of 1 mmol L~ . The highest
response was obtained when a concentration of 8 mmol L' was
used (Fig. 2A), so this concentration was chosen for all following
experiments.

The influence of the concentration of hydrogen peroxide was
tested between 16.0-20.0 mmol L. As demonstrated in Fig. 2B,
the reaction with 18 mmol L~ 'H,0; yielded the highest signals, so
this concentration was adopted for next trials.
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32. SIA - spectrophotometric method

Once the reaction conditions were established, they were rans-
ferred to the SIA system for automation of propofol determination.

In the automated system, other parameters had to be opt-
mized. The cucial role in the analysis performance had the
sequence of reagents aspiration, mixing conditions, and the reac-
tion time. Heating could not be omitted because it increases
significantly the reaction rate, as confirmed by batch experiments.

A thorough penetration of, first, the sample with HRP and its
substrate Hz0,, and then the chromogenic reagent was intended.
To accomplish this requirement, the following sequences of
aspiration were tested: 1st H:0:-sample-HRP-4-AAP; 2nd
Hz0,-4-AAP-sample-HRP; 3rd H,0.-HRP-sample—4-AAP. The
most satisfying results in terms of peak height and peak shape
were obtained when the solutions were aspirated in the 1st order.
This was accomplished by the sample aspiration in between the
zones of Hz0» and HRP solutions to react first with the analyte.

Regarding the volume of the solutions, range from 25 L to
50 pL was tested for each reagent. With the smaller one we did not
obtain peaks of symmetric shape, probably due to high level of
dispersion in the carrier.

Peaks of favourable shapes were obtained with the reagents’
volume of 50 pL, thus this volume was chosen for further experi-
ments. The behaviour with higher volumes was not investigated,
since large volumes caused very high consumption of reagents,
especially the enzyme.

The optimal temperature was ensured placing the HC into a
double-wall thermostatic glass beaker connected to a thermostat
with a water bath and the temperature set to 40 °C.

In the SIA system, buffer solution was used as a carrier ensuring
a stable pH value (optimal for the enzyme activity, i.e. 7.4).
Solutions (H,0,, 4-AAP, and enzyme) were prepared in water
and for sample preparation 96% (V/V) ethanol was used to obtain
higher solubility of propofol in real sample (emulsion). Using these
conditions the emulsion matrix was completely dissolved in
ethanol, which was important to achieve high recovery in case
of formulation analysis.

One consequence of increasing ethanol content (in comparison
to batch) and especially at increased temperature is the air bubbles
formation inside the flow system. This affected the spectrophoto-
mefric measurements in the SIA system significanty. This problem
'was overcome by placing a simple de-bubbling device depicted in
Fig. 1 right before the detection flow cell. It showed that the
bubbles were effectively removed and the spectrophotometric
detection was not affected by a baseline drift.

The main attractiveness of flow techniques is that a reaction
steady state does not have to be reached as long as high repeat-
ability can be achieved by careful optimization and timing. Due
to the fact, that a reaction time of 10 min was required to reach
steady-state in the previously described batch method, special
effort was given to achieve high repeatability and sensitivity
within a shorter time in the automated method.

To achieve efficient zone mixing for a homogeneous solution
and to achieve a better repeatability, four flow reversals were
performed at a flow rate of 50 pLs ! using 50 pL zones and were
followed by an additional reaction time of 5 min

However, this mode did not bring the expected results. Double
peaks and unacceptable repeatability were observed, indicating
that the solutions were not yet thoroughly mixed. Increasing
the number of flow reversals did not improve the results either.
Using a higher flow rate of 100 uLs ! for mixing, the shape of the
recorded peaks improved considerably. It was found that applying
the flow reversals over a period of 1 min was sufficient for
complete mixing of all aspirated zones.

In the second step, the time of reaction after stopping the
carrier flow was examined. It was observed that a reaction time of
5 min lowered the measurement repeatability while not increas-
ing the method's sensitivity significantly, Based on these observa-
tions, only one additional minute of stop flow was applied. The
peak heights at a given analyte concentration and repeatability
achieved using the optimized conditions were within the expected
limits and no carry-over between the individual measurements
was observed.

32.1. Figures of merit of spectrophotometric method

Linearity was obtained over the range of 0.005-0.100 mg mL '
for the enzymatic method with spectrophotometric detection. LOD
value was calculated as three times the standard deviation of ten
blank measurements divided by the calibration curve slope. LOQ
value was then calculated as 33-fold LOD. In the spectrophoto-
mefric detection technique values of 0.0016 and 0.0053 mg mL '
expressed LOD and LOQ, respectively. This method revealed good
repeatability, with RSD not exceeding 5% (Table 2). Regarding the
analysis time, a single run was completed within 5 min. For the
spectrophotometric determination, only 50 pL of ethanol {as a
sample diluent) and 50 pL of the enzyme solution (as the reagent
of highest cost) were consumed. Less than 1 mL of waste was
produced in a single run.

Bubble formation which aroused from mixing of organic
and aqueous solutions was effectively overcome using a simple
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Table 2
Summary of analytical p of the sp ph tric and fluorimetric
methods.

Method Spedrophotometry Fluorimetry

Slope (mLmg~") 3.054 + 0.161 2865 x 10° + 0308 x 10°

Intercept 0.016 +0.004 26.90 x 10° + 7239 x 10°
Correlation coeffident 0993 0997
Linear range (mgmL~") 0.005-0.100 0.004-0243
LOD (mg mL~") 00016 00013
LOQ (mgmL-") 00053 0.0043
Repeatability (RSD%, 445 (0075 mgmL-") 166 (0.050 mg mL~")
n=10) 429(0125mgmL-') 083 (0200mgmL-")
Recovery (%) 1038 97.5 (0,025 mgmL™")
(0.050 mgmL~")
94.7 (0075 mgmL™') 989 (0.050 mgmL™")
957 (0100mgmL-"') 991 (0.075mgmL-")
Sample throughput (h='y 14 68

* Expressed for single injection.

membrane device. Additionally, although the sample matrix was
complex, direct determination with only dilution as a sample pre-
treatment was possible due to the selective enzymatic reaction. To
evaluate potential interferences, the effect of the sample matrix
(soybean oil, purified egg lecithin, medium long chain saturated
triacylglyceroles, glycerol, oleic acid, and sodium hydroxide) was
tested at three different concentration levels (0.050, 0.075 and
0.100mg mL ') using the standard addition method. Recovery
values ranged from 94.7% to 103.8% with the average recovery of
98.1%. These results (Table 2) did not show any interference of the
additives from the pharmaceutical matrix with the proposed
method. The spectrophotometric method was found to fulfil the
requirements for all tested parameters and additionally, higher
selectivity of the enzymatic reaction could be expected (that is
important mainly in case of real samples of biological material).

33. SIA - fluorimetric method

Since fluorimetric detection has been often used for propofol
determination [27, 28], fluorimetric determination in the SIA
system was carried out for comparison with the developed
spectrophotometric determination. For this determination, the
sample was prepared in ethanol 96% (V/V). Therefore, the possi-
bility of reducing the organic waste production using water as a
carrier was examined. However, a strong baseline drift was
observed in this case which affected the detection considerably.
Comparing the results obtained with standard solutions and real
samples of the same concentration level (as dedared by the
producer of the pharmaceutical formulation), significantly differ-
ent results were observed. For this reason, ethanol was used as a
carrier, which improved the repeatability and analyte recovery
(evaluated with real samples) significantly.

Hence, the primary radiation from 260 nm was applied and
emission at 4 =295 nm was measured. This led to recovery values
near to 100%, so the matrix effects were eliminated by the
wavelength selection.

33.1. Figures of merit of fluorimetric method

Fluorimetry as a commonly used detection in other propofol
determinations was tested in the SIA system, too. The linear range
of 0.004-0.243 mgmL ' for the fluorimetric method was found.
LOD and LOQ values were 0.0013 and 0.0043mgmL ',

respectively. The analysis time of 1 min was needed and about
1.05 mL of waste was produced in a single run. The fluorimetric
determination required approx. 1 mL of ethanol per analysis as
environmentally harmless and economic organic solvent. The
fluorimetric method showed excellent repeatability, with RSD less
than 2%.

The recovery values in case of spiked matrix of pharmaceutical
emulsion ranged from 97.5% to 99.1% with average recovery
of 98.5% (Table 2). Simple fluorimetric determination revealed
similar values of all tested parameters which were within the
required limits. Only low selectivity of this detection decreases its
application in real biological samples analysis.

34. Comparison of spectrophotometric and fluorimetric methods

The parameters characterizing the analytical performance of
both methods were evaluated and compared in Table 2.

Linearity of both tested methods was found in similar range.
The fluorimetric method showed broader range towards the
higher concentration levels. Limits of detection and quantitation
were comparable and the described values were more than
three orders of magnitude smaller than the content of propofol
in the pharmaceutical formulation declared by the producer, being
10 mgmL .

The time of analysis per run was longer for the complex
spectrophotometric method which included the enzymatic reac-
tion. However, this did not lead to higher solvent and reagent
consumption, compared to other flow methods. Low waste volume
generation was proved in both methods. As for repeatability,
the RSD values of the spectrophotometric method were found to
be a little bit higher but did not exceed the common values found
in automated determinations using different flow techniques.
The difference in RSD values was caused by higher number of
steps in the spectrophotometric system compared to the simple
fluorimetric one.

The recovery values from the tests with real samples (pharma-
ceutical emulsion matrix) showed a slightly wider range in case of
spectrophotometric method but the average values were found to
be very similar. The data obtained from real sample measurement
proved that the suggested spectrophotometric method did not
exhibit the problems that are highly likely to occur when an
organic solvent and /or highly hydrophobic substance is handled in
a flow system, such as carry-over, Schlieren effect or the need of an
external device.

Comparing both methods (spectrophotometric and fluorimetric
detections), it can be seen that the more complex one (spectro-
photometric) provided a sensitivity comparable to the simple
fluorimetric detection. Higher selectivity is expected due to the
enzymatic reaction. As the recovery measurements revealed, in
both cases, the components of the studied emulsion sample did
not influence the analysis.

35. Comparison with the formerly reported methods

Most of the analytical parameters were found to be better than
the first reported method for propofol determination in pharma-
ceutical formulation [21). The detection limits were almost 100
times lower; also higher recovery and better repeatability were
achieved with the automated SIA methods.

In comparison with the manual spectrophotometric method
reported by Kariem and Abounassif [22], we observed an about
four times higher LOD. However, only one organic solvent (ethanol)
was used in the SIA method, unlike in their method, where two
solvents (2-propanol and dimethylsulphoxid) were necessary to
perform the analytical reaction. Moreover, the analysis time is
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about three-times shorter and the determination is carried out
fully automatically.

Pickl [23] presented a highly sensitive method, enabling the
detection of very small quantities of analyte in the sample
(emulsion). This was possible due to the use of a very sensitive
but very costly detection technique (mass spectrometry) which is
not accessible to all laboratories. Sample pre-treatment was
carried out prior to analysis (solid phase microextraction). This
step, however, increased the analysis time significantly.

Other separation methods with spectrophotometric and fluori-
metric detection were designed for propofol determination in
biological fluids matrix. They provided low detection limits,
required for such kind of samples. In [26], SPE pre-concentration
step is followed by HPLC/UV detection with total analysis time of
20 min. The HPLC/fluorimetry method developed by Boulieu at al.
[27] required less than 6 min for the elution of propofol, using
500 pL of the sample and producing 3.6 mL of waste in a single
injection. Similarly, an HPLC method with fluorimetric detection
was proposed by Cox et al [28]. Double liquid-liquid extraction
using 1.5 mL of acetonitrile-methanol mixture was performed to
increase the sensitivity. The following separation step took then
almost 10 min, with almost 15 mL of organic waste per analysis. In
comparison to these methods, the proposed SIA procedure offers a
faster, simpler, more economic and especially automated alter-
native for the determination of propofol.

In comparison with formerly published methods, this work
resulted in lower detection limits. SIA is a technigue based on flow
where the steady state is not reached, unlike in batch methods.
Other methods might have reached lower detection limits than
the proposed method; however, the SIA method offers other
advantages (low solvent consum ption, feasibility, automation, high
sample throughput, and easy manipulation with solutions).

4. Conclusion

The use of a fully automated system with spectrophotometric
detection for the determination of a highly hydrophobic substance
in a complex matrix, and the application of the selectivity of an
enzymatic reaction to eliminate sample matrix effects, was
demonstrated. The obtained results were described and compared
with an automated method with fluorimetric detection in terms of
analytical performance,

Both methods and the used analyser system stand out by
simplicity, rapidness, and high sensitivity, and were proven to be

applicable to the determination of the lipophilic analyte propofol
in emulsion taking advantage of both organic solvent and an
enzymatic reaction.
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ARTICLE INFO ABSTRACT

Article history:

An automated, simple and inexpensive double-valve sequential injection analysis { DV-5IA) spectropho-
Available online 14 January 2012

tometic method with online liquid-liquid extraction, for the determination of thiocyanate has been
developed. The method has been based on the formation of an ion associate between thiocyanate and

Keywords: Astra Phloxine in acidic medium, and the subsequent extraction with amylacetate. The absorbance of the

DV-SIA extracted ion associate was measured at 550 nm.

E{‘::c!lfta_gim The calibration function was linear in the range 0.05-0.50 mmeol L-! and the regression equation was
n

A=(1.887 £0.053)[SCN- mmol L-']+(0.037 £ 0.014) with a correlation coefficient of 0.995. The precision
of the proposed method was evaluated by the relative standard deviation (R5D) values at two concentra-
tion levels: 0.20 and 0.50 mmol L-'. The obtained results were 1.0 and 2.8%, respectively, for the intra-day
precision, and 4.2 and 3.8%, respectively for the inter-day precision. The calculated detection limit was
0.02 mmol L-".

The developed method has been successfully applied for determining thiocyanate ions in human saliva

Biological samples

samples.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Thiocyanate is usually present in human saliva in low amounts,
but its concentration could be increased as the result of the diges-
tion of glucosinolate-containing vegetables such as cabbage, turnip,
tomato, or by the intake of thiocyanate-containing food such as
milk and cheese [1,2]. 1t is also present in drugs that are used in the
treatment of thyroid problems and arterial hypertension. Another
important source of this ion arises from tobacco smoke, because
thiocyanate is the main metabolic product of cyanide.

Though not as toxic as cyanides, thiocyanate in chronically
increased levels can be harmful for life and its determination is
of great interest [3,4].

A considerable number of methods for monitoring the level of
thiocyanate are available in the literature in which different tech-
niques were applied including amperometry [5], fluorimetry [6]
and flame-atomic absoption spectrometry [ 7]. Several thiocyanate-
selective electrodes have been reported over the last years [8,9].

* Corresponding author at: INQUISUR (UNS-CONICET), Universidad Nacional del
Sur, Bahia Blanca, Argentina. Tel.: +54 291 4595100; fax: +54 201 4505158,
E-matl address: cacebal@uns.eduar (C.C Acebal),

0039-9140/5 - see front matter © 2012 Elsevier BV, All rights reserved.
doi:10.1016/j.talanta. 2012.01.021

Separation techniques such as electrophoresis and chromatog-
raphy were applied to thiocyanate determination in biological
samples [1,10].

Although some of these technigues have low detection limits
and a very good selectivity along with the ability to perform multi-
elemental analysis, spectrophotometry is still very popular because
ofits speed, simplicity and instrumentation availability. Many spec-
trophotometric methods have been developed to determine thio-
cyanate based on the Stugart reaction [11], on the well known Kon-
ing reaction [12] and on the guantitative oxidation of thiocyanate
using permanganate [13]. Thiocyanate also forms colored com-
plexes with copperand 2,2-dipyridyl-2-quinolylhydrazone that are
extractable with chloroform [14], and with the ion-pairing reagent
1-(3,5-diamino-6-chloropyrazinecarboxyl) guanidine hydrochlo-
ride monohydrate that are extracted with 4-methyl-2-pentanone
[15]. Another method that has been published was the reaction of
the analyte with chloramine-T in the presence of iron (1) chloride
as catalyst to give cyanogen chloride, which reacts with a mixture of
~y-picoline (4-methylpyridine) and barbituric acid to form a soluble
violet-blue product [16].

Thiocyanate ions interact with a poymethine dye, 13.3-
trimethyl-2-[3-(1,3,3-trimethyl-1,3-H-indol-2-ylidene)propenyl]-
3H-indolium chloride { Astra Phloxine, AP) to form an ion associate
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Fig. 1. Schematic view of the DV-5IA manifold for online liguid-liquid extraction and spectrophotometric determination of thiocyanate. AP, Astra Phloxine; BS, buffer

solution; 5, sample; AA, amylacetate; Al, air input.

in acidic medium. In general, the merits of polymethine dyes over
other classes of analytical reagents include the stability of their
solutions over time and their high values of absorbance [17]. AP
has been applied in our laboratory as reagent for the determination
of various analytes [18-20] but. to the best of our knowledge, it
has not been previously employed in thiocyanate determination.

In spite of the different techniques that have been employed to
determine SCN—, often the pre-treatment of the sample is required.
One of the most commonly and widely used sample pre-treatment
techniques in analytical chemistry is liquid-liquid extraction (LLE),
due to its simplicity, flexibility, selectivity and, in some cases, suit-
ability to achieve the analyte preconcentration. Likewise other
sample manipulation, the manual implementation of this tech-
nique introduces errors that affect the accuracy and precision of
results. The application of the automation and miniaturization to
perform LLE contributes greatly to improve the guality of the results
and leads to significant reduction in solvent consumption and an
inherent decrease in waste generation. In addition, the risks for the
operator and sample contamination are minimized and the sam-
pling throughput is significantly enhanced. The search for new and
improved methods are thus still of great interest in analytical chem-
istry and has been the focus of many recent developments. In fact,
several articles were published dealing with the use of LLE in flow
systems [21].

A simple, user-friendly and universal dual-valve sequential
injection (DV-5IA) system with the online incorporation of LLE cell
into the SIA manifold has been designed [22,23]. The design of the
S1A manifold was based on the separation of extraction and detec-
tion units, avoiding some commeon problems in such kind of flow
systems due to the different affinity of the organic and aqueous
phase to the walls of the PTFE tubing, and bubble formation. One
of its main advantages is the variability of samples and organic
solvents that could be used and analyzed in the same system.
Furthermore, the system was constructed only with commercially
available components, which makes it accessible and easy to be
assembled in any other laboratory.

In this work, the DV-SIA system was employed to the spec-
trophotometric determination of thiocyanate ions. The reaction
between the analyte and AP, the extraction of the formed ion asso-
ciate and the subsequent determination was carried out on-line.

The automated method was successfully applied for the determi-
nation of SCN™ in saliva samples.

2. Experimental
2.1. Reagents

Solutions were prepared using analytical grade reagents and
ultra pure water Millipore Milli-Q RG (Millipore, USA). Toluene
99.8% (HPLC grade, Fluka, Germany) and Amylacetate =99% (Sigma
Aldrich, Germany) were used as organic solvents.

A1.0x 10-2 mol L-! Astra Phloxine (AP) (Jiacheng-Chem Enter-
prise Ltd., China) solution was prepared by dissolving 0.1963 g of
the dye in 0.5 mL of methanol and filled up with water to 50.0 mL. A
2.0 x 10 mol L' solution was prepared by diluting 5.0 mL of this
solution to 25.0mL with water.

A 10102 molL™' NH4SCN stock solution was prepared
by dissolving 0.0381g of ammonium thiocyanate purum p.a.
(Chemapol, Czech Republic) in 50.0 mL of water. The working solu-
tions were prepared by appropriate dilution of the stock solution
with water.

The pH of the medium was adjusted with an ammonium acetate
buffer solution, pH 3.0. The buffer solution was prepared by mix-
ing 49.65mL of a 1.0 mol L~! CH3COOH solution with 0.35mL of a
1.0mol L~! NH4OH solution.

2.2, Apparatus

The DV-51A system divided into two parts (extraction and detec-
tion part) is depicted in Fig. 1. A commercially available FlAlab®
3500 system (FIAlab® Instrument Systems Inc., Bellevue, USA) con-
sisting of a syringe pump (syringe volume 5mL) and a central
eight-port Cheminert selection valve belongs to the extraction part.

The central port of the selection valve was connected to a PTFE
holding coil (0.75mm i.d. and 150 cm length). The extraction cell
consisted of a 1.5 mL polypropylene tube connected to both extrac-
tion and detection parts of the system.

External six-port Cheminert selection valve (Valco Instru-
ment Co., Houston, USA), a holding coil 34cm in length and an
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Table 1
51A procedure for the extraction and determination of thiocyanate ions in DV-51A.
Step Part selection Flow rate (uLs') Operation Description
1 - 200 Aspirate 600 pL Syringe pump in the valve in position: aspiration of carrier
2 B 50 Aspirate 105 Syringe pump in the valve out position. Aspiration of air
3 2 50 Aspirate 50 pL Aspiration of AP(2 = 10-3 M)
4 3 50 Aspirate 10 pL Aspiration of buffer solution pH 3
5 4 50 Aspirate 50 pL Aspiration of standard solutions/samples
B 5 (0] Aspirate 350 pL Aspiration of amylacetate
7 7 120 Empty Empty syringe pump into the extraction cell for the
extraction and self-separation of phases
8 100 Aspirate 600 pL External syringe pump in the valve in position: aspiration
of amylacetate as carrier
9 3 100 Aspirate 30 pL External syringe pump in the valve out position. Aspiration
of the extracted ion associate to fill the port by the
mieasured sample
10 1 100 Dispense 100 L Cleaning the external holding coil
11 I 50 Aspirate 100 pL Aspiration of the extracted ion associate
12 F 50 Empty Empty the external syringe pump into the detector and

measurement of absorbance

1-8-ports of selection valve in extraction part of the DV-SIA system,
1—4-ports of selection valve in detection part of the DV-SIA system.

external 5mL syringe pump (FlAlab® Instrument Systems Inc.,
Bellevue, USA) constituted the detection part of the system.
The absorption spectra were recorded by the fibre-optic charge-
coupled detector USB 2000 (Ocean Optics Inc., Dunedin, USA),
supplemented with a micro-volume Z-flow cell of 20 mm optical
path length and the VIS light source LS-1 tungsten lamp (Ocean
Optics Inc., Dunedin, USA).

FlAlab® for Windows software, version 5.9.290, was used to con-
trol the units of both parts of the SIA set-up and to perform the data
acquisition.

PTFE tubes of 0.75 mm i.d. were employed in the SIA manifold,
except for the aspiration of the carrier solution, which was made
of 1.5 mm i.d. PTFE tubing.

2.3. Optimization of the DV-SIA system

The physical and chemical parameters of the DV-SIA system
for the thiocyanate determination were optimized. The aspiration
sequence, AP aspiration volume (30-70 L) and AP concentration
(1x10~? to 5x 103 molL-') and the buffer aspiration volume
(0-30 pL) were tested to find the most favourable extraction con-
ditions. Additionally, the variables of the extraction procedure like
the method of mixing, the aspiration time of the air used for mixing
(2-145)and the flow rate to deliver the aspirated solutions into the
extraction cell (80-140 pLs—') were thoroughly studied.

The sample volume was kept constant at 50 pL. All measure-
ments were done in triplicate and average values with RSD (%) were
evaluated.

2.4. DV-SIA procedure

Table 1 shows the SIA procedure employed to carry out the
determination of thiocyanate. Firstly, 600 L of water, used as the
carrier, were aspirated at 200 wLs~! in the extraction part. After
switching to the Valve Out position, an air plug was aspirated into
the holding coil during 10s at 50 pLs~', followed by 30 pL of a
2102 mol L' AP solution, 10 pL of buffer solution (pH 3), 50 pL
of NH,4SCN working solutions{0.05-0.50 mmol L-!) or sample solu-
tion and 350 pL of amylacetate.

Next, all aspirated zones were delivered into the Extraction cell
at 120 pLs~'. The air was used for efficient mixing of the solutions
and to speed up the extraction of the ion associate into the organic
phase. The phases were then self-separated (3 s delay) due to their
different densities, leaving the organic phase with the extracted
compound in the upper part.

Then, the aspiration of 600 pL of amylacetate, using as a car-
rier, was carried out in the detection part. The valve position was
changed and the aspiration of 30 p.L of the extracted ion associate
was performed in order to wash and fill port 3' with the sample.
The excess volume was pushed into port 1', used as an auxiliary
waste, by 100 pL of the organic solvent.

To carry out the measurement of the absorbance, 100 pL of
the sample were aspirated and transferred to the detector by the
port 2’ using the remaining volume of the carrier. The signal was
recorded at 550 nm. The extraction of blank and sample solutions
is depicted in Figs. 2 and 3, respectively, and a real-time procedure
for the sample extraction is demonstrated with a short video file in
Supplementary data (Video 1).

Finally, the extraction cell was emptied aspirating the resid-
ual solution through port 7 and discarding it through port 1
to the waste. In order to prevent sample cross-contamination,
the extraction part of the SIA system was washed with water
between determinations (washing step was included in the control
program).

Fig. 2. Extraction procedure of blank solution measurement. The slight color of the
upper organic phase is caused by low amount of extracted AP, (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article,)
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Fig. 3. Extraction procedure of sample solution measurement. The ion associate
formed is extracted into the upper organic phase.

2.5. Preparation of the samples

Human saliva samples were collected from 4 healthy volunteers
between the breakfast and the lunch time in three non-consecutive
days. The sample was taken in previously weighted plastic tubes
and after that, the tube was reweighted to calculate the amount
of sample to be analyzed. Then, the sample was diluted to 7.0mL
with water and centrifuged 10min at 5000 rpm. The supernatant
solution was collected and 50 pL was aspirated to the SIA system
for the analyte determination.

For the recovery study, samples were spiked with 62.5pL of
1= 1072 molL~' NH4SCN solution using automatic pipette and
the same protocel was followed. The recoveries were calculated
according to the ADAC definition [24].

3. Results and discussion
3.1. Preliminary studies

To investigate the adequate conditions for the thiocyanate-AP
interaction and the suitable extraction solvent, some preliminary
studies were carried out in batch conditions.

To set the acidity of the medium to carry out the reaction,
the optimum pH value was studied. For this, ammonium acetate
buffer solutions of pH values between 3.0 and 8.0 were used, and
varied in increments of 1.0 unit. Briefly, in a test tube, 0.5mL
of 11073 molL ™" NH45CN, 4.0mL of ammonium acetate buffer
solution and 0.5mL of 1 x 10~ molL~" AP were manually mixed
with 3.0 mL of amylacetate. After the separation of the phases, the
absorbance of the organic extract was measured at 550 nm against
the reagent blank. The highest difference between the sample and
the blank signals was obtained using the buffer solution of pH 3.
Furthermore, at pH values lower than 3 the interference of some
anions, such as nitrates, can be observed; and at pH values higher
than 6, the absorbance of the blank increased. Thereby, pH 3 was
chosen for further experiments.

In order to obtain the best extraction efficiency with the lowest
blank signal, several organic solvents were tested. Amylacetate and
toluene met these requirements, but in case of toluene the forma-
tion of air bubbles in the extraction cell was observed. Therefore,
amylacetate was selected for the extraction in the DV-5IA system.

3.2. Optimization of the DV-SIA system

3.2.1. Optimization of the aspiration sequence

Different reagent sequences were tested at two thiocyanate
concentration levels, keeping the aqueous phase (dye, buffer and
sample solutions) together at the beginning or at the end of the
aspiration sequence. The optimum values were selected taking into
account the compromise between the highest value of the ana-
Iytical signal and the lowest value of the % RSD, obtained for two
standard concentrations (0.50 and 1.0mmol L-1).

Three possible combinations for the agueous phase were
tested when the organic solvent was aspirated at the end of the
sequence: (1) sample-buffer-dye, (2) dye-sample-buffer, and (3)
dye-buffer-sample. The best results were obtained with the last-
mentioned combination, when the aspiration of the AP solution
was carried out in the first place and buffer solution was aspirated
between the dye and the sample solution.

Keeping the chosen combination of agueous solutions, the aspi-
ration of the solvent at the beginning of the sequence was tested,
but an ineffective mixing between the solvent and the aqueous
phase was observed. Thus the aspiration of the organic solvent
after all aqueous solutions was the selected aspiration sequence
(dye-buffer-sample-amylacetate).

3.2.2. Optimization of the volume of reagents

The optimization of the volume of reagents was carried out using
three concentrations of the thiocyanate standard. To choose the
optimal value of the reagent, a criterion was established to achieve
the highest difference between three concentration levels (0.05,
0.25 and 0.50 mmol L) and the best repeatability of the measure-
ment.

The volume of the carrier was adjusted in order to keep the total
volume to be transferred to the extraction cell constant.

The volumes of the ammonium acetate solution and the AP solu-
tion were studied in 5L increments, in ranges of 0-30 L and
30-70 pL, respectively. The volumes of 10 p.Lof buffer and 30 pL of
the dye were selected.

3.2.3. Optimization of the AP concentration

The effect of dye concentration was investigated in the range
1x1072 to 5«10 molL™" of AP. In this case, the linearity of
the calibration function was used as the criterion of choice and a
2«10~ mol ™' concentration was picked out. At lower concen-
trations, the linearity was affected and similar absorbance values
were obtained for the higher standard concentrations, meaning
that the concentration of the dye was not high enough to inter-
act with the thiocyanate present in standard solution. At higher AP
concentrations RSD % values were increased.

3.24. Optimization of the extraction procedure

To ensure the best mixing of aqueous and organic phases in the
extraction part, three methods of mixing were studied: (1) unidi-
rectional - sample and reagents passed directly through the holding
coil to the extraction cell, (2) flow reversals in the holding coil and
(3) mixing with air bubbles in the extraction cell. In the last case,
zone of the air was aspirated followed by all reagents and bubbling
in the extraction cell ensured effective mixing of all solutions [23].
The value of the slope and the linearity of the analytical curve were
established as main criteria to choose among the methods.

At first, a comparison between (1) and (2) was made and bet-
ter results were found by repeating flow reversals three times
using 20 pL increments. Thus, different flow rates for the mixing
in the coil, and the subsequent movement to the extraction cell
were tested (80-140pLs~'). The optimal value (140 pLs~!) was
compared with mixing the solutions by aspirating an air zone (3).
Significant difference was not found when evaluating the slope and
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linearity. Taking into account the analysis time, mixing with air
zone was chosen for further determinations.

The quantity of air that was necessary to accomplish the ade-
quate mix of the solutions in the extraction cell was investigated.
For this, the time of aspiration was optimized between 2 and 14s
with a flow rate of 50 pLs~!, finding 10s as the optimum value.
Lower air aspiration times were insufficient to carry out mixing
and extraction of the ion associate and some troubles with the sep-
aration of the phases were observed. At higher aspiration times,
significant changes in the measured signal were not observed.

The flow rate used to dispense all aspirated zones into the
extraction cell was also optimized between 80 and 140 pLs~! in
increments of 20 p.L s~'. The best results were achieved with a flow
rate of 120 pLs~', and successive increase did not influence the
obtained results.

The volume of the organic solvent used for the extraction was
350 pL following previous experience [22]. Lower volumes of sol-
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Table 2
Effect of some possible interfering ions on the extraction and determination of SCN-,
Tolerance level (mM) Error (%)

52077 0 3.1

a 60 23

Hy POy 70 —16

Anions Br 2 -1.2
S042 200 47

F 300 -23

HCOq 200 —42

Ni2t 2 -1.1

Ph+ 30 -19

Zni* 2 -20

Co? 2 -26

. Cu? 1 -07
Cations o 10 21
K* 200 -42

Mg2* 200 -23

Fe® 2 -0.6

o™ 20 -3.1

vent were not suitable owing to the SIA configuration.
3.3. Analytical performance

The analytical performance was evaluated by the calibration
function, limit of detection (LOD), limit of quantitation (LOQ), sam-
ple throughput, intra-day and inter-day precision, and selectivity.

3.3.1. Analytical curve, LOD, LOQ and sample throughput

Using the proposed DV-SIA system and the optimized values
for physical and chemical parameters, an analytical curve for the
thiocyanate determination was constructed from seven data points
over the range of 0.05-0.50mmol L', The regression equation was
A-(1.B87 £0.053) [SCN~ mmuol L! ]+(0.037 £0.014) with a corre-
lation coefficient of 0.995.

The LOD was 0.02 mmolL~! and LOQ was 0.07 mmol L-! calcu-
lated from the calibration function. The sample throughput was
5h-1 for samples aspirated in triplicate and including the washing
step.

3.3.2. Precision

The intra-day and the inter-day precision were checked by the
RSD (%) values at two concentration levels: 0.20 and 0.50 mmol L-1.
The intra-day precision was carried out performing 10 determina-
tions and the results were 1.0 and 2.8%, respectively. The inter-day
precision was evaluated measuring the same concentrations by
triplicate over 10 days. The results for both concentration levels
were 4.2 and 3.8%, respectively.

The obtained RSD values showed good repeatability and
inter-day precision of automated extraction procedure and were
comparable with the values obtained when applying other methods
found in the literature [25-27].

3.3.3. Selectivity

Human saliva is produced by salivary glands and it is composed
of 98% water, but also contains macromolecules, antibacterial com-
pounds, proteins and inorganic ions. The effect of various ions
(possible interferents) on the extraction and determination of the

analyte was tested. For this purpose, a0.2 mmol L~! SCN- solution
was used. The tolerable amount for each ion was evaluated as SCN™:
interferent ion ratio that resulted in an error that did not exceed
+5%. The tested species and the tolerance limits are summarized
in Table 2. Nitrates significantly interfered with the determination
of thiocyanate, but in case of real samples nitrate levels are about
100-times lower than thiocyanate concentrations, for this reason,
in such conditions, it does not interfere with SCN- determination
[10]. Although phosphates can react with AP [20], they can barely
be extracted with amylacetate giving a tolerance level higher than
the quantity of phosphates that can be found in saliva samples.

3.4. Analysis of real samples

The proposed method was applied for determination of thio-
cyanate in human saliva samples. To study the thiocyanate
concentration levels at different day-times, saliva sample was col-
lected from two volunteers early in the morning before breakfast
and brushing teeth (1), before lunch (2), and after lunch (3). The
results were expressed as milligrams of SCN- per gram of saliva
sample. The added amount of standard solution was recalculated
considering the sample weight. As can be seen in Table 3, a sig-
nificant decrease of the SCN- concentration and the recoveries
values occurred after lunch, probably because of the changes in
the concentration of the different ions in the saliva as a result of
the digestion process. On the other hand, sampling in the morning
proved recovery values in the range acceptable for biological fluids
(100 +10%).

Hence, the concentration of thiocyanate was determined in
saliva samples collected between the breakfast and the lunch time.

Table 4 showed the obtained thiocyanate concentration for the
samples and the results of the recovery study. The variation of the
obtained results can be attribute to the strong relation between the
SCN~ ions and the individual saliva composition (the thiocyanate
concentration is different for each person). This fact can also be
observed in the values found in the literature [2,8,27]. Additionally,

Tabile 3
Thiocyanate determination in real saliva samples at different day-times.
Early morning Before lunch After lunch
Concentration (mgg-!) R(%) Concentration (mgg-!) R(%) Concentration (mgg-') R(%)
A 0.105 + 0.011 101.0 0,178 + 0.014 104.1 0,088 + 0.010 773
B 0.141 + 0.009 942 0.140 + 0,008 843 0.133 + 0014 78.1

A, B: person A, person B; Confidence limit x- 5t/ m, where 5 means standard deviation, t is Student coefficient for n— 1 degrees of freedom, n- 3; R, recovery percentage,
ER=({F-C)/Ca) = 100, where {f= measured analyte concentration in the spiked sample; C= measured analyte concentration in the non-spiked sample; Co=-added analyte

concentration.
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Table 4
Thiocyanate determination in real saliva samples,
A B C D
0.102+0.010 0,067 +0.024 0.116+0.005 0165+ 0041
Day 1 Added (mgg') 0,026 0022 0,065 0,033
Found (mgg-1) 0.134+0.029 0,134+ 00024 0.206+0.054 0,179+ 0.066
RI(E) 1045 868 1134 1108
0,104 +0.009 0,102 £ 0,020 0.089 + 0,009 0127 +0014
Day 2 Added (mgg') 0.052 0041 0.033 0.035
¥ Found (mgg-') 0.140+0.004 0.119+ 0,003 0.139+0.013 0,137 + 0,009
RIE) 923 833 114.0 854
0107 +0.014 0,062+ 0,007 0.140+0.014 0.168+ 0,030
Day 3 Added (mgg') 0.034 0052 0.028 0.050
Found (mgg ') 0.161+0.013 0,078+ 0,006 0.142 +0.016 0242+ 0,042
R(X) 1140 803 8343 111.0
Each measurement was done in triplicate,
A, B, C, D person A, person B, person C, person D; R (X): recovery percentage.
asmall variation could be observed for the same person at different References

days and this is possible to attribute to changes in the diet.

In spite of that, the obtained values are within the range of val-
ues found in the literature for the determination of this ion in saliva
samples [2]. The recovery percentages varied between 80% and
114%. It is worth to notice that the values were almost equal for
the same person, and it is related to the unique saliva composition
of each person and the diet.

4, Conclusion

The DV-SIA system was successfully used for extraction and
determination of thiocyanate ions in human saliva samples. Opti-
mal chemical and flow conditions were found. Repeatability of the
automated extraction procedure was 2.8%. Day-time of sampling
was studied in detail to achieve accurate results proved by recovery
tests.
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A novel approach of head-space single-drop micro-extraction applied to the determination of ethanol in
wine is presented. For the first time, the syringe of an automated syringe pump was used as an extraction
chamber of adaptable size for a volatile analyte. This approach enabled to apply negative pressure during
the enrichment step, which favored the evaporation of the analyte. Placing a slowly spinning magnetic
stirring bar inside the syringe, effective syringe cleaning as well as mixing of the sample with buffer
solution to suppress the interference of acetic acid was achieved.
Ethanol determination was based on the reduction of a single drop of 3 mmol L™! potassium dichromate
dissolved in 8 mol L~ sulfuric acid. The drop was positioned in the syringe inlet in the head-space above
the sample with posterior spectrophotometric quantification.
The entire procedure was carried out automatically using a simple sequential injection analyzer system.
One analysis required less than 5 min including the washing step. A limit of detection of 0.025% (v/v) of
ethanol and an average repeatability of less than 5.0% RSD were achieved. The consumption of
dichromate reagent, buffer, and sample per analysis were only 20 pL, 200 p.L, and 1 mL, respectively. The
results of real samples analysis did not differ significantly from those obtained with the references gas
chromatography method.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Abbreviations: DC, direct current; FT, flow techniques; GD, gas diffusion; HC,

holding coil; LLE, liquid-liquid extraction; MBL-GD, membrane-less gas diffusion; P,
pervaporation; R, reagent; SDME, single-drop micro-extraction; SIA, sequential
injection analysis; SV, selection valve; ETFE, ethylene tetrafluoroethylene.
* Corresponding author. Tel.: +420 495 067 504; fax: +420 495 067 164.
E-mail address: Horstkob@faf.cuni.cz (B. Horstkotte).

Miniaturized liquid-liquid extraction (LLE) techniques have
been extensively developed lately with the intention to decrease
solvent consumption and time while increasing the enrichment
factor. In this context, single-drop micro-extraction (SDME) was

http://dx.doi.org/10.1016/j.aca.2014.04.031
0003-2670/@ 2014 Elsevier B.V. All rights reserved.
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introduced in 1996 [1,2]. In immersed SDME, a sole drop of a few
microliters of solvent is generated and held inside a liquid sample
by means of a syringe and injection needle and later retracted.
Later, proposed variations differ in the way of bringing the sample
into contact with the solvent such as continuous-flow SDME [3] or
head-space SDME (HS-SDME) [4]. A comprehensive review on
SDME development and application is given elsewhere [5].

For volatile analytes, HS-SDME is a method of choice and a
powerful alternative to other pre-treatment methods since direct
contact of sample and solvent is omitted and coupling with mostly
GCinstruments enables automation of the entire procedure. In HS-
SDME, the needle of a micro-syringe penetrates the septum of a
sample vial and a drop of the extraction solvent is exposed in the
HS above the sample. After a defined time for analyte enrichment,
the drop is retracted and injected into the GC for analysis.

Generally in LLE, solvents immiscible with the sample have to
be chosen, while in HS-SDME, an aqueous drop can be used in case
that the octanol:water distribution coefficient of the volatile
analytes is low [6-8]. In addition, the acceptor phase drop can be
used not only for analyte preconcentration but also as a
derivatization reagent [6-10].

The rate of mass transfer from the sample into the head-space
and further into the acceptor phase is crucial for the method
sensitivity. Increased temperature or agitation are mostly used for
its acceleration. Another approach, although still less explored, is
the partial or total evacuation of the sample vial, which has been
applied to solid-phase micro-extraction from gas-phase [11].

Up-to-date, SDME has been used only in a few cases as a
procedure for analyte enrichment from liquid [2,3,12] or gaseous
samples [6,7,13] using non-separation analytical flow techniques
(FT). This is in clear contrast to other techniques of LLE, which have
been automated using FT and reviewed elsewhere [ 14].

In FT, the use of the syringe void as reaction vessel, i.e. the
aspiration of reagents and sample into the syringe, is normally
strictly avoided. However, if syringe cleaning prior to each analysis
is acceptable, new applications of in-syringe automation open the
way to SIA due to the possibility to handle sample volumes of
several milliliters in a closed and optionally stirred reaction vessel.
Another important advantage over the classically used separation
vessels is its inner volume adaptability [15]. Using a computer-

Table 1

controlled syringe pump, the potential of automation of LLE “in-
syringe” protocols has been proven [16-18].

In this work, automated in-syringe HS-SDME was studied for
the first time for the quantification of ethanol in wine, employing
the well-known oxidation of ethanol by acidic dichromate
solution.

The same non-selective reaction has previously been used for
the analysis of ethanol employing FT as an alternative to the
traditionally used GC. While direct mixing was applied for
distillates [19], special units coupled to flow system were used
for either trans-membrane gas diffusion (GD) [20,21 ], membrane-
less GD [22,23] or pervaporation [24] to achieve the required
selectivity. Alternative methods including Ce(IV) in combination
with GD [25], direct IR measurement [26] or IR after extraction of
ethanol into chloroform have been proposed [27]. The use of
colorimetric reactions in FT for ethanol determination is given in
Table 1. Enzymatic methods are summarized elsewhere [28].

Here, only a simple flow analyzer system following the typical
design of sequential injection analysis (SIA) [29] was employed for
automated solvent-free in-syringe HS-SDME, including an in-drop
reaction of the analyte. A single drop of only 20 L of the reagent
was positioned above the sample and after a short incubation time,
the reduction of dichromate by ethanol was quantified by
spectrophotometric detection. The method shows the advantage
of high flexibility of SIA, based on using the same simple
instrumental assembly for different analytical procedures just
by changing the computer-controlled operation protocol.

2. Material and methods
2.1. Reagents

All solutions were prepared with ultra-pure water. Reagents
were of “for analysis” grade and purchased from Sigma-Aldrich
(Prague, Czech Republic).

Aqueous stock solutions of 19.6% (v/v) ethanol, 0.25 mol L~! of
potassium dichromate, and 8 mol L' sulfuric acid were prepared
and stored in the dark at room temperature. For study of
interferences, further aqueous stock solutions of 15.0gL~!
glycerol, 0.3gL " acetic acid, 5.0 gL' glucose, 5.0gL " fructose,

Overview about reported methods for colorimetric determination of ethanol in flow systems.

FT Separation® Reagent Sample® Working 10D Repeatability Detection Required vol. Injected vol. Sample Ref.
range (% (v/v)) (% RSD) wavelength  of reagent of sample throughput
(% (v[v)) (nm) (mL) (mL) (h™1

SIA = 200mM K,Cr,05 in D 1-6 0.09 <1 600 0.2 0.1 19 [19]
4mol L1 HySOy4

FIA MBL-GD 30mM KxCr;07 in B.D,W 0.5-30 0.27 0.5 590 1 0.3 16 [23]
1.5molL" H2S04

SIA+FIA MBL-GD 200mM K2Cr207 in LM 5-50 06427 37 590 0.2 04 17/25 [22]
4mol L' Hz504

FIA GD 40mM (NH4)>Ce(NOs)s B, D,W 0.1-10 0.03 <13 415 3 0.1 20 [25]
in 0.3molL~! HNO;

FIA MBL-GD 150 mM KCr07 in G 3-80 0.9 <49 590 178 1.33 24 [32]
6mol L ! HyS04

FIA GD 200mM K;Cr,07 in D, W 1-20 0.5 3.7 600 25 0.5 20 [21]
4mol L1 HySO4

FIA GD 300mM K,Cr,07 in F 5-25 0.18 21 600 0.62 0.5 29 [20]
4mol L1 HySOy4

FIA P with heating 54mM K»Cr,04 in w 1-20 0.5 3 600 15 2 6 [24]

at 60°C 8mol L1 HySO4
SIA HS-SDME with 3 mM KyCry05 w 0-1.5, 0.025 <4 447 0.020 0.1 12 here

pressure decrease in 8molL ! HSO4 non

linear

* GD: Gas diffusion, HS-SDME: Head-space single-drop microextraction, MBL-GD: membrane-less gas diffusion, P: Pervaporation.
b B: Beer, D: Distilled spirits, F: Fermentation brew, G: gasohol fuel, L: Liquor, M: Medical product, W: Wine.
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2.0gL~! potassium metabisulfite, 100 mg L~ " gallic acid, 10 mgL™!
resveratrol and 0.5M sodium phosphate buffer, pH 12, were
prepared. A chromogenic reagent (R) was prepared daily from
K>Cr,07 and H,S0, stock solutions. The reagent proved to be stable
for over 24 h. Apart from the buffer, all working solutions were
prepared daily by appropriate dilution of the stock solutions.

2.2. Instrumentation

A rotary selection valve (SV, type Cheminert, 12U-0484H) from
Valco Instruments (Houston, TX, USA)and a syringe pump (SP, type
Cavro XL) from Tecan (San Jose, CA, USA), equipped with a 5ml
glass syringe, were used and controlled via RS232 connection.

A miniature fiber-optic spectrophotometer from Ocean Optics
Inc. (Dunedin, FL, USA), type USB4000, was used for detection. A
bright white LED was used as light source. Spectrophotometer and
LED were connected via 1 mm id optical fibers from FIALab® to a
micro-volume detection flow cell with 1cm optical path length
made of Ultem polymer from the same company.

The analyzer configuration is schematically shown in Fig. 1 with
all tubing dimensions indicated. Tubing connections were made of
0.8 mm id PTFE with the only exception being the detection cell
inlet and outlet where PTFE tubing of 0.5 mm id was used.

The syringe inlet was modified as given in Supplementary
material 1 placing a short piece of glass capillary (2 mm od, 1.5 mm
id, 3 mm length) from the inner side of the syringe barrel to yield
better wettability of the liquid inlet and by this, the stabilization of
the liquid drop. To decrease the dead volume further, a piece of
PTFE tube of 0.8 mm id was inserted from above.

Lateral ports of SV were connected to waste reservoir, sample,
reagent, water, and air, and standard solutions. The central port was

connected to the IN port of the SP by a short holding coil (HC, 25 cm).
The OUT port of the syringe pump was connected to the detection
flow cell and further to waste. All ferrules and fittings were made of
ETFE and Acetal, and purchased from FIALab™ company.

2.3. In-syringe stirring

In order to achieve high repeatability, homogeneous mixing of
sample, buffer, and water was required. As an adequate technique,
in-syringe stirring, as formerly described [16,17], was applied. In
this work, only homogenization of the solutions was aimed, so
slow rotation was sufficient. This allowed the use of a different
approach for the induction of the rotation of a magnetic micro-
stirring bar (3 mm in length, 1 mm diameter) placed inside the
syringe. Two neodymium magnets were fixed on the axis of a
simple direct current (DC) motor powered by a USB port of the
control PC and the rotation velocity was adjusted to approximately
300 rpm with a precision potentiometer. The motor was placed as
close to the syringe as possible, forcing the stirring bar inside the
syringe to turn. The configuration is given in Fig. 1 and as a photo in
Fig. 2. The slow motion and small size of the stirring bar was
sufficient to homogenize the solutions inside the syringe within
seconds but was slow enough to avoid disturbances of the liquid
surface or splattering.

2.4. Data acquisition and evaluation

The used detection wavelength was the maximum absorbance
of chromate in the visible range at 447 nm. A reference wavelength
of 570nm was used to compensate unspecific light intensity
fluctuations. An integration time of 10 ms and data averaging over

Fig. 1. Scheme of analyzer system configuration and operation for head space extraction of ethanol. a: holding coil between valve and syringe pump (25cm, 0.8 mm id) b:
PTFE tube to detection flow cell (7 cm, 0.5 mm id), ¢: PEEK tube to waste (10cm, 0.5 mm id) D: Detection flow cell, M: DC-Motor with magnets, SP: Syringe pump, SV: Rotary
selection valve, V: Rotary syringe head valve. B: Buffer, R: Chromate reagent, S: sample, W: Waste. Indicated operation procedure (not all steps shown) A: Aspiration of sample,
B: Aspiration of Air, C: Aspiration of chromic acid (R), D: Filling the holding coil with water and generation of droplet for head space extraction and enrichment time, E:
Application of negative pressure, F: Enrichment time, G: Release of negative pressure, H: Dispense for measurement and then syringe emptying through detection flow cell to

waste.
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Fig. 2. Photo documentation of drop exposure with stirring assembly (Left) and
analyzer system (Right).

15 single measurements were applied allowing an effective
measuring frequency of 5Hz. Spectral smoothing over 15 pixels
of the diode array sensor was carried out.

Instrumentation control and data processing were done using
FIALab software 5.9.321. Posterior data smoothing and peak-height
evaluation were done with MS-Excel. The obtained signals were of
rectangular shape and the average height of the signal plateau was
taken for data evaluation. All experiments were carried out as a
minimum in triplicate.

2.5. Operation protocol

The analytical method is given as Supplementary material 2; all
steps are indicated with numbers. The procedure started by
syringe cleaning aspirating three-times 0.8 mL of water through
syringe port IN and dispensing it to waste through syringe port
OUT (step 1+ 2). When the detection cell was filled with water after
cleaning, blank measurement was performed [3].

Secondly, 500 L of air were aspirated to avoid contact of the
sample with the top part of the syringe barrel [4]; 200 L of this air
zone was used to empty the detection cell and connecting tubes
completely at reduced flow rate [5].

Then, 1 mL of sample was aspirated slowly into the syringe [G],
followed by 200 pL of buffer [8] and three-times 33 L of water
[10], each separated into segments by air bubbles (7 +9) to achieve
a better cleaning of the holding coil from any rest of sample.

Mixing of solutions by stirring was achieved during the next
step (emptying the HC at low flow rate steps 11 +12). Another
100 L of air were aspirated to overcome the mechanical backlash
of the syringe pump [13].

Finally, 20 L of reagent [14], 15 L of air [15], and 145 L of
water [16] were slowly aspirated. These volumes were carefully
adjusted in a way that the reagent drop would notenter the syringe
completely but would stay attached to the syringe inlet, only about
3 mm over the liquid surface.

Negative pressure was applied by turning the selection valve to
the permanently closed port 7 and by performing an aspiration step
equal to 250 L [17]. With the main volume of air (500 L) inside the
syringe and only a very small volume of air in the HC (15 pL), the
liquid drop would hardly move but it would be blown up slightly by
the expansion of the air in the holding coil. The pressure inside the
syringe can be estimated to be approx. 2/3 of an atmosphere.

After an enrichment and reaction time [18], the negative
pressure was released by moving the syringe piston to its original
position [19]. Then, the droplet was slowly pushed through the
detection flow cell to register the occurred change of color due to
chromate reduction [20] followed by the complete and rapid
emptying of the syringe [21].

2.6. Reference method

Gas chromatography was used for comparison of the results
obtained with the proposed analyzer system for real wine samples,
diluted 1:10 with water. GC analysis was performed on a GC
Shimadzu 17a Ver.3 instrument from Shimadzu Europa GmbH
(Duisburg, Germany) using a 30m long, 0.32mm i.d., Alltech®,
AT™._624 column (Grace, Worms, Germany) with 1.80 pwm poly
[(phenyl)(cyanopropyl) dimethyl]siloxan stationary phase. An
injection volume of 0.5 wL and maximum splitting ratio of 1:150
were applied. The temperature profile was: 0-3 min at 40°C, then
rising between 3 and 8 min to 140 °C with a gradient of 20°C min~".
Injector and detector temperatures were set to 280°C and 300°C,
respectively. Isopropanol was used as internal standard at a
concentration level of 1% (v/v). Data acquisition and evaluation
were carried out with Data Apex CSW v.17 software.

3. Results and discussion
3.1. System configuration and method development

Since all solutions had to pass the HC, the avoidance of any
contact between the reagent drop and other solutions was crucial.
Each one would have caused bias signals either by dilution (water),
partly neutralization (buffer), or untimely and unselective reduc-
tion of dichromate by any organic compound (sample).

The sample was supposed to give the highest memory effect on
the walls of the HC; therefore, it was aspirated first, followed by
buffer solution and three small segments of water for cleaning. A
high flow-rate for sample aspiration was chosen to keep the
contact time between sample and HC as short as possible.

In off-line HS-SDME, the tip of a micro-syringe needle has to
provide an adequate support to achieve a stable and reproducible
liquid drop of the extraction solvent. In the same way, the
stabilization of the reagent drop in the syringe inlet was crucial in
this work. By using the unmodified commercial syringe initially, it
was observed that the aqueous reagent drop would easily leak
down on the inner side of the syringe and fall into the sample or
would not enter the syringe far enough to provide a significant
contact surface with the head-space atmosphere. Introducing a
short glass capillary as hydrophilic material in syringe inlet, it was
found that a stable drop could be created (Supplementary material
1). The length of the waste tube showed to have a significant
influence on the expulsion of the reagent drop through the
detector. When the detector cell and the connected tube were
emptied with air, remaining water on the inner wall of the PTFE
tubes would form pellicles driven by surface tension and air-
segments, which increased the pressure required for drop
expulsion. This problem was overcome by making the tubes to
detector and waste as short as possible and applying a reduced
flow rate for the drop expulsion (step 5).

Although the procedure comprises a large number of steps, all of
them were proven to be necessary. So, the repeated cleaning of the
HC with slugs of water (steps 9 and 10) was necessary to avoid even
minor cross-over between samples, which was evaluated by the
addition of fluorescein dye to the standard solution. The filling of the
HC after aspiration of the reagent drop was needed to avoid that the
drop would fall into the sample at vacuum application. It was
observed that at pressure decrease, the expansion of the air volume
remaining in the HC was sufficient to expose the reagentsolutionasa
drop at the syringe inlet.

3.2. Reagent and buffer

The reaction kinetics of dichromate reduction is considerably
enhanced in the presence of sulfuric acid. Therefore, the
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concentration of sulfuric acid in the reagent was studied in the
range from 1 to 8molL™" using both 1 and 10% (v/v) of ethanol
standards. The results and experimental conditions for both
concentration ranges are given in Fig. 3.

No significant reduction was observed for 1 and 2molL~! and
for4mol L=, only a 10% (v/v) standard yielded a significant signal
decrease. The highest sensitivity was achieved for acid concentra-
tion of 8 molL™", being the maximum concentration tested. This
concentration was used further as a compromise between the
reaction sensitivity and work safety.

Two modes of detection were considered being either the
measurement of dichromate, i.e. the decrease of the analytical
signal with higher ethanol content, or the increase of the
absorbance of Cr(Ill) as the reaction product.

Following dichromate reduction implies that the blank signal
yields the highest signal and since higher signals than 1.5 AU were
considered to be not reliably measurable, the initial dichromate
concentration must not be higher than 3 mmolL~". This means a
low chromium consumption and waste production. Due to a six-
fold higher molar absorbance of dichromate compared to Cr(lII),
this mode also yielded a higher sensitivity. On the other side,
dichromate availability for the reduction would be a limiting factor
so that non-linearity and a higher analytical error could be
expected than when measuring Cr(Ill), where the reagent could be
used in large surplus but with minor sensitivity. Finally, the first
option using 3 mmol L~! K,CrO; was adopted to achieve a faster
and more sensitive method.

The size of the drop contributes significantly to the extraction
efficiency. For HS-SDME combined with GC, the droplet volume is
normally <5 pLsince a larger volume can lead to peak tailing [30].
In this work, the drop volume had to be chosen mainly under
considerations of practical handling. For a larger drop, lower
sensitivity can be expected, since it could not enter the syringe
completely without risking its fall. Also, a longer reaction time
would be necessary to achieve equal reduction of the larger
quantity of dichromate. For a smaller drop, signal repeatability
decrease would possibly occur, e.g. by dilution with any remaining
liquid film in the detection cell, tube, or syringe head valve, drop
formation, or evaporation among others. A drop of 20 pL of the
reagent was used throughout avoiding the above described
problems while the possible volume range was 15-30 L.

An alkaline buffer solution was useful in order to avoid volatility
of organic acids and by that, their possible interference with
ethanol evaporation and oxidation. Considering acid concentra-
tions in the range of 1-2% in wine at a pH of 3 to 4 and a volume of

120%
100%
80%

60%

Absorbance [AU]

40%

57

1 mL of sample, 0.2 mmol of buffer capacity was considered to be
sufficient to increase the sample pH to neutral value. Testing the
mixture with wine samples led to final pH values between 6 and 7.
As well soluble, a 0.5 molL ! NasP0O,4/Na,HPO, buffer was chosen
and 200 L were used for interference study (see Section 3.5).

3.3. Enrichment time

The enrichment time was the second crucial parameter
affecting the method sensitivity and linearity. Obviously, the
optimum time would be different for low and for high ethanol
contents. Therefore, the time studied for two different ranges of
ethanol concentrations was 5-160 s for a low range (0.1-2.0% (v/v))
and 5-60s for a high range (10.0-40.0% (v/v)). The criterion for the
choice of the enrichment time was to achieve not more than 40%
reduction of the initial chromate concentration.

As it can be seen in Fig. 4, the blank value decreased, in
approximation, linearly over the studied time, which was
considered to be the result of droplet growth by water adsorption.

As expected, the analytical response being the difference
between blank and standard signals followed a saturation behavior
as the chromate was consumed. As enrichment times, 40s and 10 s
were adopted for further experiments for lower and higher
concentration range, respectively. Due to the saturation behavior,
non-linear calibration was performed as described in detail in
Section 3.6.

3.4. Application of vacuum and agitation

It was demonstrated that vacuum application can speed up the
kinetics of mass transfer from the bulk sample into the head space,
resulting in higher efficiency of HS-SDME [11]. A very interesting
feature of using an extraction vessel of adaptable volume is the
possibility of vacuum application without an external vacuum
pump. In this work, decrease of the pressure in the syringe was
achieved by aspiration of a certain volume through the selection
valve to the permanently closed position 7 (step 17). The effect of
vacuum was studied using different volumes (0, 125 pL, 250 pL,
and 375 L) to yield pressures of approximately 100%, 80%, 67%
and 57% of one atmosphere, respectively. The results and
experimental conditions are given in Supplementary material 3.
Again, two standard solutions of 1 and 10% (v/v) of ethanol were
used. The results confirmed the initial statement since the signal
height compared to normal pressure for the 10% (v/v) standard
decreased by about 7%, 8% and 12% with pressure decrease to 80%,

20% 4 | 01 % VNV Etharol %
A10% VIV Ethanol

0% : . . . . . T . :

0 1 2 3 4 5 8 7 8 9

Sulfuric acid concentration [mol L“]

Fig. 3. Effect of sulfuric acid concentration on the signal decrease in relation to the blank value. Conditions: 3mmol L ! KyCr,07 applied volume for pressure decrease:

250 pL, enrichment time: 40s for 1% (v/v) of ethanol, 10s for 10% (v/v) of ethanol.
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Fig. 4. Effect of enrichment time on the signal decrease given as absorbance. Conditions: 3 mmolL ' K5Cr,07 in 8 mol L' H,504, applied volume for pressure decrease:

250 uL.

67%, and 57% atmosphere, respectively. For a 1% (v/v) standard
solution, the signal decrease was about 10%, 29%, and 33%,
respectively, while for the blank signal (data not shown) there was
only a slight decrease of about 4% over the studied range.

The mass transfer of ethanol from the bulk sample into the head
space is considered to be facilitated by sample agitation [30].In this
work, in-syringe mixing of sample with buffer and water used for
cleaning was required to achieve a reproducible surface of the liquid.

3.5. Interferences study and use of buffer

The proposed system was applied to wine samples. Several
compounds in wines could potentially interfere with the analysis.
Most likely are substances which are volatile and oxidizable, which
increase the sample viscosity or show affinity to hydrophobic
surfaces such as the tubing material PTFE and cause sample
sticking, or which could change the volatility of ethanol/its
solubility in the sample.

Among the substances of highest content in wine apart from
ethanol, organic acid (acetic) glycerol, carbohydrates (glucose and
fructose) and antioxidants (natural: gallic acid, resveratrol; added
by producer: sulfite) were studied as possible interferences. For
this study, a set of standards was prepared being the blank solution
(ultra-pure water), a 1%(v/v) ethanol standard corresponding
approximately to a 1:10 diluted wine sample, two solutions of the

Table 2
Study of interferences. Conditions as given in Table 3.

potential interfering compound in a concentration equal to higher
concentration range reported for wine as well as a 1:10 dilution.
Two equal solutions but one with the addition of 1%(v/v) of ethanol
were prepared with the substances, which are found in wine at
high concentrations regarding ethanol (acetic acid, glycerol,
glucose, and fructose) to evaluate the effect on the volatility of
the analyte. The results and experimental conditions and concen-
trations are given in Table 2.

For acetic acid, the solutions were measured twice, i.e. with and
without buffer solution, in order to evaluate the effect of the buffer
on the suppression of the potential interference of volatile organic
acids. The study revealed that sole acetic acid does not show a
significant interference at the tested concentrations, while there
was a significant increase of the methods sensitivity to ethanol of
almost 27% if buffering was omitted. This is apparently caused by
changing the acidity (and not the ionic force) of the solution. Thus,
for all further measurements, 200 p.L of phosphate buffer were
used.

No interferences were observed from sugars and antioxidants.
Also, no significant difference was observed between the blank
solution and a 1.5gL~! solution of glycerol. However, with the
mixed solution of 1% (v/v) ethanol and 15gL~'glycerol, a 24%
signal lower than it was with the 1% (v/v) standard was measured.
Nevertheless, the glycerol concentration in wine normally does not
surpass 10gL~" [31] and in this case considering the applied

Compound Concentration No addition of ethanol; Addition of 1% (v/v) ethanol; signal in
(gL 1) signal in respect to blank+ SD (%) respect to the standard + SD (%)

Acetic acid 0.03 98.9+5.0 98.3+82

Acetic acid 03 99.5+4.0 100.7 + 8.8

Acetic acid® 0.03 98.8+28 73.0+4.7

Acetic acid® 03 98.8+23 71.8+5.9

Glycerol 1.5 101.2+34 88.1+7.9

Glycerol 150 90.5+3.1 76.3+2.0

Glucose 0.5 98.5+3.2 1042+ 119

Glucose 5.0 97.2+33 93.0+9.0

Fructose 05 103.0+2.5 100.1 +2.6

Fructose 50 106.3+3.3 98.0+48

Sulfite 0.002 97.9+4.6 -

Sulfite 0.02 95.6+4.9 -

Gallic acid 0.01 100.2 +£4.0 -

Gallic acid 0.1 88.8+26 -

Resveratrol 0.001 1052+ 16 -

Resveratrol 001 103.6+£5.5 -

# No buffer used.
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sample dilution by factor of 10, a concentration level of 1gL™!
glycerol would correspond to the real concentration, which proved
not showing any interference. The same conclusion can be taken
for gallic acid, where a signal decrease of approx. 11% can be
observed with the more concentrated solution, which represents a
ten-time higher concentration than the one in wine after sample
preparation (dilution). Also, from the reported concentration of
gallic acid in red wine (10-100 mg L") [32], the highest one was
chosen for interference testing.

3.6. Analytical performance

From the optimization studies, the following parameters were
chosen for method validation with the characteristics listed in
Table 3: aspiration of 250 pL from the closed port to decrease the
pressure in the syringe, 20 L drop of 3mmolL~! potassium
dichromate in 8 mol L~ sulfuric acid, and 40's enrichment time.

Three calibrations were measured in the range 0f0.25-1.50% (v/v)
of ethanol allowing the measurement of tenfold diluted wine
samples. As discussed in Section 3.3, the signal showed a saturation
behavior described by following equation: signal=a—b x [1 —exp
(—[ethanol]/c)]; the parameters are listed in Table 3. Here, a is the
parameter that gives the blank signal, b is the maximum possible
signal decrease, and c is a kinetic parameter.

The overall signal repeatability expressed as a relative standard
deviation (RSD; n=34) was <5.0% (considering the measurement
of blank, standards and samples). The limit of detection (LOD) was
calculated as three-times the standard deviation of the blank
divided by the negative ratio of b and ¢ parameters of the
calibration equation. This value equals to the initial slope of the
calibration curve, i.e. the slope at blank concentration. The limit of
quantification (LOQ) was then calculated as ten-times the standard
deviation divided by the initial slope. Due to the curvature of the
calibration function, the analytical error will increase with higher
sample concentrations. The possibility of in-syringe agitation
enabling automated and homogeneous sample dilution is there-
fore of interest.

The measurement frequency was 12h~, i.e. 5min per analysis
including the washing step. However, standard and samples were
measured in triplicate in this work, reducing the effective sample
throughput. The reagents consumption was very low. Only 20 p.L of
the dichromate in sulfuric acid, 200 p.L of buffer solution and 1 mL
of standard/sample were required per analysis, i.e. the actual
volume of wine sample, diluted with water 1:10, was only 0.1 mL.

3.7. Real sample analysis

The developed method was applied for the analysis of eight real
samples, consisting of two white, two rosé and four red wines. The
method resulted to be too sensitive for reliable measurement of
the undiluted samples even when the enrichment time was 0s.

Table 3
Analytical performance and method characteristics.

Figures of merit Obtained value

Calibration curve equation Signal=a— b x [1 —exp (—[Ethanol]/c)]

a 1.528 + 0.058 AU

b 1.278 + 0.089 AU

c 0.476 + 0.066% (v/v)
LOD 0.025 +0.084% (V[v)
LOQ 0.084 +013% (v/v)
Repeatability (RSD) <5.0%
Injection frequency 12h !

Conditions: 3 mmolL ' K,Cr,0; in 8 molL ' HyS04; buffer solution: 0.5 mol L'
sodium phosphate, pH 12: applied volume for pressure decrease: 250 pL,
enrichment time: 40s.

Therefore, the wine samples were diluted at 1:10 with water and
the enrichment time was set to 40 s, being the chosen time for the
lower concentration range. Samples were analyzed both by the
proposed analyzer system and, for comparison, by the GC method
described in Section 2.6. The obtained results are summarized in
Table 4. The ethanol contents found by both the proposed SIA
method and the reference GC method were in good agreement
with the contents declared by the producers with the exception of
sample 8 where a difference of 0.9% (v/v) was found. Comparing
the results obtained by both the methods, a good average
concordance of 100.1 +£5.6% was found between the concentration
values. This proves the suitability of the proposed method for the
intended application.

3.8. Discussion and outlook

A large number of papers proposing miscellaneous methods of
determination of ethanol as an analyte of high interest especially in
food and forensic analysis were proposed. Most of them employed
the same reaction as used here with the difference in the specie
quantified. Opting for the quantitation of dichromate instead of Cr
(I11) in this work was reasoned in Section 3.2; the main advantages
over other methods was a significantly lower concentration and
smaller volume of the toxic reagent and higher sensitivity (Table 1).
Using the same reaction, an SIA method with direct sample
injection was reported by Fletcher et al. [19]. Although a wide
working range was achieved, the method suffered from the need of
sulfuric acid in high concentration as a carrier and which led to
problems with Schlieren.

The Schlieren effect and interferences were overcome by
contactless separation such as by so-denoted membraneless gas-
diffusion (MBL-GD)[22,23,33]. Such problems were also omitted in
this work; the reagent drop did not come into contact with any
other liquid in the flow cell of the detector since it was emptied
during the cleaning step and the achieved sensitivity is at least ten-
times higher than in the cited works.

Using GD, MBL-GD, or pervaporation [24], more complex
analyzer systems with an external chamber were required.
Although MBL-GD was demonstrated to be potentially superior
to classical GD [23], flow rates of donor and acceptor phases must
be carefully adjusted and pressure release must be guaranteed at
filling the respective diffusion units [22,33]. Here in contrast, the
use of a syringe pump as reactor adaptable in size and
simultaneously the liquid handling system represents a versatile
assembly following the simplest SIA design without any external
vessel. Therefore, the potential problems related to the use of
membranes such as damage by the used reagent [24] or clogging
are also omitted while achieving miniaturization and simplifica-
tion of the analyzer system. Compared to all the above mentioned
works, the proposed in-syringe SIA system brings the advantage of

Table 4
Real sample analysis. Conditions as given in Table 3.

Sample no. Type Declared Values obtained Values obtained
(% (v[v)) by SIA method by GC method
(% (Vi) (% (vv))"
1 White 10.0 9.3 9.9
2 White 11.0 10.4 11.0
3 Rosé 9.5 9.2 9.8
4 Rosé 11.0 11.5 11.3
5 Red 11.0 11.4 105
6 Red 11.0 11.3 10.7
7 Red 115 11.5 11.3
8 Red 125 11.7 11.6

2 Average RSD of sample’s peak heights: 8.6%.
b Average RSD of peak areas corrected by the internal standard area: 3.3%.
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higher sensitivity, significantly lower consumption of the reagent,
and simplicity.

General advantageous features of in-syringe SIA for HS-SDME
were the straightforward application of negative pressure to the
sample to increase the analyte transfer into the gas phase and
portability of the system enabling field monitoring. Furthermore,
there is the potential of coupling the system with a separation
technique such as chromatography [34] or capillary electrophore-
sis [35] e.g. for organic analytes and even in-syringe analyte
derivatization in combination with HS-SDME could be performed.
Taking into account that in-syringe sample dilution and standard
addition have been demonstrated [ 16,17], there is a high potential
for future applications of the method presented.

4. Conclusion

In this work, the first exploitation of in-syringe analysis as a
tool for automation of HS-SDME was presented. A simple and
versatile analyzer system was proposed allowing full automation
of on-line extraction of the analyte without any organic solvent
and on-site measurement of the enriched acceptor phase.
Application of negative pressure without the use of any external
device was shown to improve the efficiency of head-space
enrichment of the analyte as well as in-syringe mixing of sample
and buffer solution. The proposed analyzer and method yielded
very low reagent consumption and very high sensitivity were
obtained.
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This work presents the development of a fully automated flow-batch analysis (FBA) system as a
new approach for on-line preconcentration, photodegradation and fluorescence detection in a lab-
constructed mixing chamber that was designed to perform these processes without sample dispersion
The system positions the mixing chamber into the detection system and varies the instrumental
parameters according to the required photodegradation conditions. The developed FBA system is simple
and easily coupled with any sample pretreatment without altering the configuration.

This FBA system was implemented to photodegrade and determine the fluorescence of the degradation
products of metsulfuron methy ( MSM), a natural ly non-fluorescent herbicide of the sulfonylurea's family.
An on-line solid phase extraction (SPE) and clean up procedure using a C18 minicolumn was coupled m© the
photodegradation-detection mixing chamber (PDMC) that was located in the spectrofluorometer. An
enrichment factor of 27 was achieved.

Photodegradation conditions have been optimized by considening the influence of the elution solvent
on both the formation of the photoproduct and on the fluorescence signal.

Under optimal conditions, the calibration for the M5M determination was linear over the range of 1.00-
720pgL~". The limit of detection (LOD) was 028 pg L~ '; the relative standard deviation was 2.0% and the
sample throughput for the entire process was 3 h—'. The proposed method was applied to real water
samples from the Bahia Blanca's agricultural region { Bahia Blanca, Buenos Aires, Argentina). This met hod
obtained satisfactory recoveries with a range of 94.7-109.8%,

© 2014 Elsevier BV. All rights reserved.

1. Introduction

sample conditioning, analyte-reagent addition and mixing, are
performed. Moreover, one of the main advantages of using the

Since the development of automated analytical methods, dif-
ferent applications have been performed to transform batch
processes into automated processes. After the development of
segmented flow analysis (SFA) [1] and flow injection analysis (FIA)
[2], flow-analysis methodologies have been implemented in a
variety of analytical techniques [3-7]. Among these techniques,
flow-batch analysis (FBA) systems draw upon the useful features
of batch and multi-commutation approaches [8). FBA also offers an
excellent alternative to traditional processes for the automation of
analytical procedures because of its flexibility and wersatility
(multi-task characteristics). The main component of a FBA system
is the mixing chamber in which different processes, such as

* Corresponding author. Tel.: +54 291 4595101x3566; fax: +54291 4595159,
E-mail address: cacebal@®unseduar (CC Acebal ),

hitp: [/dx doiorg101016]). talanta. 2014.05.024
0039-9140/2 2014 Elsevier BV, All rights reserved.

mixing chamber is that compounds of interest can be detected in
the chamber, avoiding the transport of material to the detector and
the resulting dispersion. Several analytical applications have been
developed using the FBA methodology [9].

Because of the public concern with the environmental and
human effects of analytical methods, new sample preparation
techniques have been developed [10] to incorporate procedures
that reduce the use of hazardous chemicals. Therefore, photora-
diation is a promising alternative to chemical reagents. Flow
methodologies have already shown high potential for the auto-
mation of photochemical derivatization methods. These methods
are being exploited for the quantification of various analytes upon
photodegradation [11,12].

Metsulfuron methyl (MSM) is a sulfonylurea selective systemic
herbicide for the post-emergent control of broadleaf weeds and
brush, and MSM is added to diverse crops, such as autumn-winter
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cereals, rice, maize, and soybean. MSM is moderately persistent in
water and highly mobile in soils and has the potential to enter
surface waters from field drainage or runoff water. The persistence
and mobility of this compound may cause serious damage to the
environment and human health. Because of its widespread use in
global agricultural production, particulady in the region surrounding
Bahia Blanca, Argentina, the MSM level in water sources intended for
both animal and human consumption must be monitored.

Many studies have focused on determining the concentration of
this herbicide using different techniques. One of the first attempts to
determine the concentration of MSM at trace levels in natural waters
employed a gas chromatography technique with electron capture
detection [13]. Because of the chemical properties of MSM, high-
performance liguid chromatography (HPLC) is one of the most used
technigues [14-16] combined with off-line preconcentration techni-
ques (dispersive liquid-liguid microextraction, DLLME, or solid phase
extraction, SPE) and specirophotometric detection (DAD). Recently,
ultra-high-performance liquid chromatography (UHPLC) with mass
spectrometry detection [17] was employed to determine the con-
centration of this herbicide. Other methods, such as capillary
electrophoresis [18,19], bioassays [20], and enzyme immunoassays
[21], have often been use in previous studies. Additionally, the
photochemical behavior of metsulfuron methyl in agueous and
organic media has been reported [22]. Since MSM is a naturally
non-fluorescent herbicide, Coly et al. [23] determined the concentra-
tion of this analyte through photochemically induced fluorescence
(PIF) detection in an aqueous micellar mobile phase using a flow
injection analysis (FIA) system for the detection of MSM after off-line
preconcentration employing successive exftraction steps. Another
study performed by Lopez Flores et al. [24] proposed a flow injection
system to preconcentrate and determine the concentration of the
MSM photoproduct instead of MSM using solid-phase fluorescence
spectroscopy. A suitable solid support was placed inside a flow cell to
preconcentrate and retain the photoproduct for detection.

Because of the low levels of MSM present in environmental
samples, a preconcentration step is required even for methods
with high sensitivities [25]. Furthermore, a clean-up process is also
necessary because of the complexity of the sample. Among the
extraction technigues, SPE is the most widely used to preconcen-
trate MSM because of its easy implementation and high precon-
cenftration capabilities. In addition, SPE is able to be automated,
which allows a reduction in the analysis time and prevents
exposure of operator to potential hazards. In previous studies,
however, this process was performed primarily off-line.

The aim of this study was to develop a simple flow manifold to
fully automate SPE-photodegradation-detection. The new FBA sys-
tem for MSM determination implemented both the photodegrada-
tion process and the detection step in the mixing chamber that was
placed instead of the cell holder in the spectrofluorometer. The
proposed system was employed to determine trace levels of MSM in
different water samples. For this purpose, an on-line solid-phase
extraction (SPE) procedure was coupled to the developed manifold.
Generally, photodegradation in flow systems is performed in a
reactor coiled around an UV lamp and photoproducts are then,
propelled to the detector [11,12,26]. To the best of our knowledge,
this study provides the first demonstration of a photodegradation
and detection procedures being performed in a flow-batch mixing
chamber (PDMC) employed as a photoreactor and as a cell.

2. Experimental

2.1. Reagents

Solutions were prepared using analytical-grade reagents
and ultra-pure water (18 M cm— '), Methanol, MeOH (99.8%, HPLC

C.C. Acebal et ol Talanta 1209 (2014) 233-240

grade, Fluka, Germany) and acetonitrile, ACN ( = 99%, Sigma Aldrich,
Germany) were used as the organic solvents.

A 140mg L-' MSM (Sigma-Aldrich, Germany) stock solution
was prepared in ACN and stored in a dark bottle at 4 °C. Working
solutions were prepared daily by appropriately diluting the stock
solution.

An appropriate volume of a 0.10 mol L~ ! sodium dodecyl sulfate
(SDS) (Anedra, Argentina) solution was added to the MSM working
solutions to obtain the critical micelle concentration {CMC).

The pH of the medium was increased using a 0.10 mol L~ !
NaOH (Merck, Germany). A 0.025mol L-' NaOH solution was
prepared by diluting the concentrated solution. The pH of the
samples was decreased using a 0.01 mol L~ ' HOl (Merck, Germany)
solution.

To evaluate possible interfering substances, solutions of sulfo-
meturon methyl (SMM), chlorsulfuron methyl (CSM), ethoxysul-
furon (ETS), nicosulfuron (NCS), deltamethrin, cypermethrin,
malathion, fenitrothion and cc- and |5-endasulfan (all from Sigma-
Aldrich, Germany) were prepared in the adequate solvent and
diluted with water.

The SPE minicolumn (30 mm x4 mm id.) was constructed by
packing a glass cylindrical tube with 200 mg of the sorbent
Polygoprep 60-80 C18 (Macherey-Nagel, Germany) with a particle
size of 63-100 pm, and the column was sealed with cotton frits at
both ends.

22, Apparatus and software

The spectrofluorometric measurements were performed on
a Jasco®™ FP 6500 spectrofluorometer. The fluid was pumped with
a Gilson® Minipuls 3 peristaltic pump. NResearch® three-way
solenoid valves were used to handle all of the solutions in the
system.

Tygon® tubes were used in all of the pumping channels. Tubes
with an id of 114 mm were used for ACN, water and NaOH,
whereas tubes with an id. of 1.30 mm were used for the sample
and waste channels. The remaining tubing was made of Teflon®
(0.5 mm i.d.).

The PDMC was constructed with Teflon® and was designed in
our laboratory to prepare the solutions and perform the photo-
degradation and detection in the same location. Detection win-
dows of the PDMC were made of quartz. A lab-constructed stirrer
system was designed to improve the mixing inside the PDMC. An
electronic actuator (EA) connected to a Pentium® 4 microcom puter
was used to control the peristaltic pump, solenoid valves and
stirrer system. A schematic diagram of the proposed FBA system is
shown in Fig. 1.

The software used to control the FBA system was developed
in the LabVIEW® 5.1 visual programming language. The developed
software controlled the solenoid valves, peristaltic pump and
magnetic stirrer.

23. Flow-batch analyzer system

The PMDC could be used to perform photodegradation (using
the lamp in the spectrofluorometer) as well as the detection cell
for spectrofluorometric measurements. As shown in Fig. 2, the lab-
constructed PMDC was designed with two inlets for the incoming
solutions and one output for emptying. The PMDC was equipped
with two gquartz windows at a 90° angle to each other, which were
located at the bottom of the chamber to ensure that the photo-
degradation and detection could be accomplished for the final
expected volume (0.90 mL). The inner volume was 1.5 mL Addi-
tionally, a small magnetic stirring system was constructed using a
cooler fan motor obtained from an Intel® microprocessor (DC12V,
0.06A) and placed below the PDMC.
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Fg. 1. FBA systemn for preconcentration, photodegradation and fluorescence determination of MSM. V1-VE: solenoid valves; F: syringe filver; CP: confluence point; PP:
peristaltic pump; PDMC: photode gradation-detection mixing chamber; D: detector; and WS: waste.

To dearly explain the entire procedure, the process was divided
into two parts: the preconcentration procedure and the photo-
degradation-detection procedure. Table 1 shows the flow rates and
valve-switching time intervals for the complete procedure.

23.1. Preconcentration procedure

The preconcentration component of the system consisted of
three channels: €, G and G These channels correspond to
ACN, water and the sample, respectively. The flow rate of ACN and
water was 122 mLmin " '; and the flow rate for the sample was
137 mLmin ', The direction of the flow in each channel was
controlled by a three-way solenoid valve. When the corresponding
valve (ie., Vy, Vs and V) was switched OFF, the solution was recycled
to the respective flask; when the valve was ON, the solutions were
pumped to the minicolumn. Additionally, a filter (0.45 pm) was
introduced in the Cs channel to filter the sample prior to preconcen-
tration in the C18 minicolumn. A fourth valve (Vi) was placed after
the minicolumn. When this valve was in the OFF position (in the
conditioning and loading steps), the solutions that passed through
the minicolumn were directed toward the waste. When this valve
was ON, ACN (eluting step) was directed toward the PDMC.

The C18 minicolumn was washed with 250 mL of ACN and
370 mL of water. Thus, the V; and V; valves were sequentially
switched ON for 120 s and 180 s, respectively. After this ime, 13.7 mL
of the standard solutions or sample was pumped through the C18
minicolumn by switching the V3 valve to the ON position, and the
MSM was retained. The minicolumn was then washed with 2.50 mL
of water by switching the V- valve to the ON position for 120s.

Finally, the elution of MSM was performed using 0.50 mL of
ACN. In this case, the V, valve was switched to the ON position for
46 s, that include pre-elution time (time required to displace the
volume of water that reminds in column and channels) and the
time for elution and filling the PDMC (25 s). During pre-elution
time, V; remained in the OFF position while during elution
and filling step the PDMC was switched ON to direct the flow to
the PMDC.

23.2. Photodegradation-detection procedure
As mentioned previously, when the V; valve was in the ON
position, the eluted MSM (in ACN) flowed to the PMDC In this

component, the system consisted of two channels: C; and Gg. These
channels had flow rates of 122 mLmin~' and 1.37 mLmin ",
respectively. In Cs, NaOH flowed to the PMDC, and the Vs valve
controlled the direction of the flow. When this valve was OFF, the
solution was recycled to the respective flask. When the valve was
ON, the NaOH solution was pumped to the PDMC. The sixth valve
(Vg) was used to control the emptying of the PDMC. Additionally, a
flask containing water was connected to Vg, and this flask was used
to ensure that the valve operated correctly when fluids were not
carried from the PMDC to the waste.

Using this method, 050 mL of the eluted solution and 0.40 mL
of 0.025 mol L™ ' NaOH solution were pumped to the PDMC. The
mixture was homogenized by stirring for 10 s. The UV lamp of the
spectrofluorometer was then switched ON, and the photodegrada-
tion of MSM was performed at 240 nm for 30 s. After this step, the
fluorescence signal was recorded (Aexe=276 nM; Adepy=385nm).
Finally, the Vi valve was switched ON for 50 s, and the contents of
the cell were aspirated toward the waste. The PDMC was cleaned
between measurements. The PDMC cleaning procedure was per-
formed by switching the V, and V, valves to the ON position and
stirring for 60 s. As the PDMC was cleaned, the conditioning of the
minicolumn started because V, was switched ON. The complete
emptying of the PMDC was assured by switching the Vi valve to
the ON position for 65 s.

24. Sampling and sample preparation

Diverse waters that are used for irrigation and consumption by
humans and animals were sampled from the region surrounding
the city of Bahia Blanca located in the Buenos Aires province in
southwest, Argentina. Two samples were collected from different
locations in the Napostd Grande Creek, one sample was obtained
from an artesian well used for human consumption located in
Mayo Park, and tap water was collected from the laboratory. In
addition, one of the samples was obtained from a well located in a
field close to San Martin city, La Pampa province that is used for
human and animal consumption. The samples were stored in the
dark at 4 °C until the analysis was performed.

The water samples were pre-filtered using 80 pm Whatman™
filter paper to remove any sand and other possible major particles.
The samples were then filtered on-line with a 0.45-pm Whatman™
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Fig. 2. (A) Top view of the PDMC placed instead of the cell holder in the
spectrofluorometer. (B) Schematic diagram of the top and lateral views of the
PDMC. Dimensions are expressed in mm.

syringe filter. The pH of the samples was between 6.0 and 7.0.
Therefore, the pH of these samples was adjusted to 5.0 with
0.01 mol L~ HCl before the samples were introduced into the SPE
column. The samples were analyzed in triplicate.

For the recovery study, the samples were spiked at two
concentration levels in the calibration range of 2.75-575pg L’
following an identical protocol. The recoveries were calculated
according to the ADAC definidon [27].

3. Results and discussion
3.1. Optimization of experimental conditions

The extraction and FBAvariables were optimized based on a higher
fluorescence signal and the repeatability of the measurements.

3.1.1. Instrumental conditions and photodegradation time

The instrumental conditions for the photodegradation step
were optimized. To irradiate the samples, the slit width on the
excitation monochromator was fixed o 20nm, which is the
maximum width in the employed instrument

Because the degradation of MSM can be achieved with a
germicide lamp (254 nm) [23], excitation wavelengths between
220 and 260 were tested, and the highest signal was obtained
with an excitation wavelength of 240 nm. Because emission is not
involved in this step, the emission wavelength was fixed to
385nm to monitor the process. The photomultiplier tube (PMT)
voltage was fixed to 475 V.

The irradiation time was optimized over the range of 20-60 s.
As the photodegradation time increased, an increase in the signal
was observed. The largest inarease occurred between 20 and 30 s,
and, a tendency to form a plateau has being noticed at higher
irradiation times. As a compromise between the highest signal
acquired and the analysis duration, 30s was chosen as the
optimum value,

After photodegradation was achieved, measurements of the
photoproduct were performed by exciting the sample at 276 nm
and recording the signal at 385 nm using a slit width of 10 nm for
excitation and a slit width of 20 nm for emission.

3.12. Effea of chemical variables on fluorescence signal

According to previous studies [23], MSM photoproducts can be
obtained in aqueous alkaline media (pH 12.0-13.0) in the presence
of micellar solutions of SDS. As was mentioned in introduction
part, M5M is presented in low levels in environmental samples
and SPE was selected as preconcentration technique considering
its intrinsic characteristics. In order to couple both, preconcentra-
tion and photodegradation, the eluate must be in the appropriate
medium to form the photoproduct. Because MSM solubility at pH
above 9.0is high [28], an aqueous alkaline solution was considered
to be used as eluent However, silica is stable at a pH range
between 2.0 and 8.0. Thus, considering the solubility of MSM
in different organic solvents, the effect of two possible eluents,
methanol and acetonitrile, on the fluorescent signal was studied.

Therefore, 1.25 mg L~ ' MSM solutions were prepared in different
aqueous:organic solvent mixtures and irradiated for 30 s. After irradia-
tion, the fluorescence signal of the photoproduct was measured at
Aem=385nm [Ax=276 nm). These signals were compared to the
signal of a MSM solution that was prepared in 0,01 mol L ' sDs (pH
12,0, adjusted with 0.1 mol L ! NaOH) and irradiated for an identical
duration. As shown in Fig. 3, similar signals were obtained using ACN
as the organic solvent. Of the two solutions containing ACN, the
solution prepared with SDS exhibited a higher signal than that
prepared without SDS. Additionally, the inclusion of SDS generated
bubbles in the system, which resulted in the need of an additional
deaning step, Therefore, a mixture of 0,01 mol L~ ' NaOH in ACN was
selected as the adequate media to achieve a compromise between the
highest signal and the lowest deaning time,

3.13. pH of the photodegradation medium

The pH of the photodegradation medium was optimized
between 8.0 and 13.0. The pH was varied by increments of
0.5 units. To select the optimal value, the main criterion was to
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Table 1

Valve switching time intervals and delivered volumes.
Valve switching time intervals, s (volumes, mL) Va Va2 Vs Vs Vs Vs
Filling channels 20 (0.40) 20 (0.40) 20 (0.46) OFF 20 (0.40) OFF
Column conditiomi ng
ACN 120 (24) OFF OFF OFF OFF OFF
Water OFF 180 (3.7) OFF OFF OFF OFF
Column loading - sample/standard OFF OFF 600 (13.7) OFF OFF OFF
Column washing OFF 120 (2.4) OFF OFF OFF OFF
Elution and transport to PDMC
Pre-elution 21 (0.43) OFF OFF OFF OFF OFF
Elution and filling PDMC 25 (0.50) OFF OFF 25 20 (0.40) OFF
PDMC cleaning
Emptying PDMC OFF OFF OFF OFF OFF 50
Cleaning POMC 60 (1.2) OFF OFF &0 OFF OFF
Emptying PDMC OFF OFF OFF OFF OFF 65
Column conditioning between samples
ACN 60 (1.2) OFF OFF OFF OFF OFF
Water OFF 180 (3.7) OFF OFF OFF OFF

Delivered volumes of each solution, expressed in mL, are indicated between bradkets.
ACN: acetonitrile; V: solenoid valves; and PDMC: photodegradation-detection mixing chamber.

L]

0
y 1
100

MEML MEMZ MEM3 MERA SRS

=Y

Arjueous-organic mixtures

Fg. 3. Effect of different aqueous: organic mixtures used as irradiation-detection
media, MSM1: 50:50 MeOH: 0,01 mol L™'NaDH; MSM2: 50:50 MeOH:
02 mol L' SDS and adjusted to pH 12,0 with 01 mol L™ 'NaOH, MSM3: 50:50
ACN: 0.01 mol L™ 'NaOH, MSM4: 50:50 ACN: 0.02 mol L™ 5DS and adjusted to pH
120 with 01 mol L~'NaOH, MSMS5: 0.01 molL~" 505 adjusted to pH 120 with
01 mol L= NaDH. I Fluorescence intensity.

achieve the highest signal of the MSM photo product with the best
repeatability of the measurements. The optimum value was 12.5.
At higher pH values, no signal increase was observed.

3.14. Extraction procedure

Sample preparation remains a bottleneck in most analyses
because it is ime consuming and because successive extractions
with large amounts of solvents, several of which are toxic, are
required in some cases. Additionally, evaporation to dryness and
reconstitution is a common resource because of incompatibilities
between the pretreatment and the separation or detection tech-
nigues that are intended to be employed.

In our method, a single SPE extraction was performed, allowing
both sample preconcentration and cleanup without additional
steps. Moreover, the extraction solvent was compatible with the
photodegradation and detection steps.

Based on previous studies [15], C18 was selected as the sorbent
material to perform the sample cleanup and preconcentration of

the MSM. The SPE minicolumn was packed with 200 mg of the
sorbent. The minicolumn was conditioned with 2.50 mL of ACN
(optimized in the range of 1.20-3.70 mL) followed by 3.70 mL of
water (1.20-6.10 mL) at a flow rate of 1.22 mLmin~ ",

The parameters that affected the online preconcentration and
elution of MSM were studied. The behavior of the SPE minicolumn
was evaluated in terms of sample volume and loading time. The
main criterion was to achieve the detection of low concentrations
of the analyte with a short analysis time. Thus, 13.7 mL of the
sample (1.0-20.0 mL) was passed through the minicolumn at a
flow rate of 1.37 mLmin . Above this volume, the recoveries of
the analytes slightly decreased.

As was described in Section 3.1.2, ACN was the solvent with the
smallest effect on the photodegradation of the analyte; thus, ACN
was selected as the eluting solvent. The elution volume was also
studied, and because quantitative recoveries were obtained using
500 pL, this volume was used in the following experiments.
Regarding the ratio ACN: NaOH studied in Section 3.1.2, it was
noted that the volume of the alkaline solution could be reduced
without any change in the optimum pH. Therefore, the dilution of
the eluate could be diminished and a 55:45 ACN: MaOH ratio was
selected for further experiments. Considering the elution volume,
an enrichment factor of 27 was achieved using this method.

3.15. Stirring time

When the solutions were delivered to the PDMC it was
necessary to stir the mixtures to obtain good signal reproduci-
bility. Therefore, different stirring times between 3 and 15 s were
tested. The best results with respect to signal height and repeat-
ability were obtained when the solutions in the PDMC were
stirred for 10 s. The analytical signal did not improve with longer
stirring times.

32. Analytical performance

The analytical performance of the proposed FBA method was
evaluated in terms of the calibration range, sensitivity (evaluated
as limit of detection (LOD) and limit of quantitation (LOQ)), sample
throughput, reproducibility (expressed as relative standard devia-
tion) and accuracy (expressed as the recovery percentages of
spiked samples).
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32.1. Analytical curve, LOD, LOQ, RSD and sample throughput

Using the proposed FBA method and the optimized values for
the physical and chemical parameters, the calibration curve for
the MSM determination was constructed over the range of
1.00-7.20 pg L-! (five points). The regression equation was A=
(725 £ 0.7) [MSM pg L~ '] +( =613 + 3.1) with a correlation coef-
ficient of 0.9995.

LOD was 028 pgL ! and was calculated as 3.35; where S5
represents the standard deviation corresponding to the predicted
concentration of a blank sample [27]. LOQ was 0.85 pg L' and
was calculated as the concentration corresponding to 10 times Sq.
The relative standard deviation (RSD %) was 2.0, and this value was
obtained from six replicate runs with a 4.25 pg L~' MSM solution.

The sample throughput of the photodegradation and detection
steps was 72h~', and the sample throughput for the entire
procedure, including the SPE procedure and washing steps,
was 3 h

It is important to highlight that the linear range could be
extended by linear regression, but considering that MSM is
presented in low concentrations in water sources, samples could
be easily diluted to employ the constructed analytical airve,

322 Selectivity

The effect of the presence of other pesticides in water samples
on the analysis of MSM was examined. For this study, other
sulfonylurea herbicides and pesticides with other structures that
are employed in Bahia Blanca's agriculture region were tested
(Table 2) to include different chemical groups of pesticides.

The entire procedure, including the pre-concentration step,
was performed. To reduce the analysis time, the MSM solution and
the standard solutions of each possible interfering compound
were prepared at a higher concentration (0.01 pg mL '), loaded
onto the minicolumn for a shorter time (5 min), and then sub-
jected to the procedure desaribed in Section 2.3.1. No signal was
observed for the standards of the possibly interfering pesticides,
indicating that these were not retained on the minicolumn or
eluted with ACN or that no fluorescent product was produced or
detected after irradiation under the conditions described above.

Concerning sulfonylurea herbicides, photodegradation varying
pH and irradiation time was studied, and the kinetics of degrada-
tion was different for each tested analyte. Therefore, the optimal
conditions for MSM photodegradation were inappropriate for the
tested sulfonylurea herbicides.

The identical procedure was repeated with mixed solutions of
MSM and each of the examined substances. The ratios of inter-
ferent:MSM were 1:1,10:1 and 100:1, and the MSM concentration
was maintained constant The results are given in Table 2.

Table 2
Pestiddes studied as possible interferences for MSM determination.

Pesticide family Intererent Tolerance ratio
(interferent:MSM)

Sul fo mylure as Ethoxysulfuron methyl 100:1
Sulfometuron methyl 30:1
Chlorsulfuron methyl 31
Nicosulfuron 100:1

Pyretroids Delamettin 100:1
Cypermetrin 10:0:1

Organop hosphates Malathion 1001
Fenitrothion 100:1

Organoch lorines a-Endosulfan 10:0:1
p-Endosulfan 10:0:1

The change in the signal due to the presence of the tested
pestidde did not exceed the RSD value (2.0%), indicating measure-
ment reproducibility. Two exceptions were observed: the signal of
MSM recorded in the presence of higher concentrations of SMM or
CSM was significantly higher than that obtained for MSM alone.
SMM did not appear to interfere with the MSM signal for SMM:
MSM mixtures at ratios below 30:1; however, at a ratio of 50:1, the
signal was approximately 2.4-fold higher than the average value
measured for MSM. At a ratio of 5:1, the presence of CSM resulted
in an approximately 1.5-fold increase in the signal Because
regulations allow the use of sulfonylurea herbicides at similar
concentrations to MSM, these pesticides should not be a source of
difficulties in real sample analysis.

33. Analysis of real samples

The proposed method was tested through the preconcentration
and determination of MSM in water samples. Although the
samples were collected from different potentially contaminated
water sources in which pesticide contamination is expected
because of agricultural technigues, MSM residues were not
detected. Thus, the samples were spiked as described in 2.4. For
both concentration levels, Table 3 shows the added concentra-
tions, the value determined for each sample, and the calculated
recovery percentage. The recovery values ranged from 94.7% to
109.8% and were acceptable for determining MSM at pg L™ ' levels.

The allowable amount of MSM in drinking water s not
stipulated by Argentina's regulations; only a maximum concentra-
tion level for total pesticides (100 pg L~ ') has been established [29],
However, the Drinking Water Directive in the European Union (EU)
established a maximum concentration of 0,10 and 0.50 pgL ' for
individual and total pestiddes, respectively [30]. Because drinking
water is derived from a variety of sources, induding rivers, reservoirs
and groundwater, it can regularly contain trace levels of pesticides in
excess of the drinking water standards [31]. Therefore, considering
Argentina‘s regulations and the fact that pesticides may be present
in higher amounts in raw waters, the proposed method is adequate
for determining the MSM level in the analyzed samples, with the
exception of tap water, which requires higher sensitivity.

34. Comparison with previous methods

Table 4 shows different analytical methods that have been
proposed for the determination of the MSM concentrations in
water samples. The methods are compared by considering the

Table 3
MSM determination in spiked real water samples applying the proposed FBA
method.

Sample Added (pgL~—") Found (ugL-') Recovery (%)
A 275 2,80 +0.01 1018
575 555 +0.01 96.4
B" 275 302 =002 109.9
575 544001 4.7
c 275 285 +0.01 1036
575 606 +0.01 1054
D 235 302 x0M 1098
575 625 +0.01 108.7
E” 235 269 002 978
575 561 +0.01 976

# A and C, Naposta Grande ereek.

B, San Martin, La Pampa, water well.
© D, Water upwelling

4 E, Tap water.
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Table 4

Briel mparison of the analytical methods for MSM determination in water samples,

GCJECD [13] HPLC [15] UHPLC [17] FAA-PIF [23] AAPIF [24] FBA
Automation No Yes Yes Partial Yes Yes
Pretreatment SPE SPE SPE LLE SPE SPE
Sample volume (ml) 500 10.0 2.0 206 13.7
Eluent volume (mL) - o3 - Continuous 050
Enrichment factor 100 130 125 5 - 28
Detection technigue GCOECD LC-ESI-M5 MS-MS Fluor escence Fluorescence Fluorescence
Multianalyte* Yes ! Yies 15 Yes! 15 No Yes' 2 No
Complexity of analysis High Mediuim Medium High Low Low
Linear range (uglL~—") 0.50-50.0 01-100 0.007-0.300 010-39.0 1.0-400 1.00-7.20
LOD (g L") 001 o3 0.002 [130i] 130 028
Lo (ug L") 005 (11 0007 Mot informed 1.0 063
BSD (%) < 12 (1] 20° i7 24 20
Throughput (h™") 8 3 375" 80 14" 3"

* Between brackets, amount of determined analytes,
" Included preconcentration step.
€ For 001 pg L=,

automation of the entire procedure, the preconcentration step, the
complexity of the analysis and the analytical parameters.

Lower detection limits are achieved with chromatographic meth-
ods. However, in most chromatographic analyses, time-consuming off-
line preconcentration processes that indude a higher number of steps
are required. In the FIA-PIF method [23], satisfactory analytical
parameters are obtained, but a tedious, long off-line preconcentration
is performed involving consumption of high amounts of toxic solvents
(such as dichloromethane) due to successive liquid-liquid extractions
to dean up the sample. On the other hand, an automated FIA system
with SPE preconcentration was proposed, but the preconceniration of
MSM photoproducts instead of MSM was achieved [24].

The proposed FBA method is a simple and fully automated
system with short SPE clean-up and preconcentration steps
followed by a photodegradation process and the detection of the
MSM fluorescent active photoproduct. Additionally, the entire
procedure (including the SPE preconcentration step) was per-
formed on-line. The FBA system required a low sample volume
(13.7 mL) and a low ACN volume (6.0 mL, including the volume
required for the conditioning of the minicolumn and washing of
the PDMC). Compared with chromatographic methods, the FBA
method showed a high sample throughput and substantial cost
savings because of the minimal consumption of reagents and the
low equipment cost. Additionally, the LODs were of the same order
of magnitude as the majority of those reported previously in the
literature with the exception of the LODs reported with the HPLC
method [15] and the UHPLC MS/MS method [17).

4. Conclusions

The developed FBA method successfully determined the MSM
concentration in real surface water samples that were spiked with
MSM. The novelty of the proposed configuration allowed the
photodegradation and detection processes to occur in the same
chamber without any loss or dispersion of the sample. Addition-
ally, the inherent advantages of using a FBA system (eg., low
consumption of reagents, decrease of waste generation, and
reproducibility) were compounded with the advantages of using
UV light as the decomposition agent. The combination of these
two processes resulted in a significant decrease in the amount of
the chemicals employed in the analysis. This decrease in con-
sumption is one of the most important principles in green
chemistry.

Furthermore, a simple SPE procedure was coupled to the FBA
system, allowing the realization of the sample clean-up and

analyte extraction and preconcentration more rapidly without
any additional steps. This process obtained a satisfactory enrich-
ment factor of 27. Moreover, the inclusion of an organic solvent did
not significantly affect the formation of the photoproduct or the
fluorescent signal and thus facilitates the completely on-line
determination of the concentration through the simple fully
automated system.
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Introduction

Fluorometry is one of the most used detection techniques in a
number of methods based on flow systems'™ due to its higher
sensitivity in comparison with spectrophotometric detection,
simplicity of instrumentation and lower cost of equipment in
comparison with more sophisticated detectors, such as atomic
absorption or mass spectrometry, and feasibility of coupling to
a sequential injection analysis (SIA) system. Fluorescence
depends, among other parameters, on the solvent used not only
in terms of emission wavelength but also in terms of intensity of
the measured signal.® The effect of different solvents on fluo-
rescence shift and intensity in the case of several analytes, e.g.
metallophthalocyanines,” citrinin® or carbamate and indol
compounds,’ was studied. The limitation in the wider use of
fluorometry is the number of naturally fluorescent substances.
However, fluorescent properties can be evoked e.g. by chemical
reactions or irradiation which enable the use of fluorometric
detection for determination of a large number of analytes.
Moreover, induced fluorescence can also lead to increased
method selectivity.

Recently, the use of organic solvents in flow systems has
been increasing, since many novel applications, such as
different modes of online sample pre-treatment automated in
flow systems, mainly based on sequential injection analysis
(SIA) principles,'®'? require the use of such solvents. Moreover,
several ways of handling the combination of organic solvents
together with aqueous solutions in one flow system were

“Department of Analytical Chemistry, Faculty of Pharmacy, Charles University, Hradec
Kralove, Czech Republic. E-mail: Hana.Sklenarova@faf. cuni.cz

PINQUISUR (UNS_CONICET), Department of Chemistry, National University of the
South, Bahia Blanca, Argentina

T Electronic supplementary information (ESI) available: Figures showing the
effects of different solvents, pH adjustment and UV decomposition on the MSM
fluorescence intensity without and after pH adjustment. See DOI:
10.1039/c4ay01977f
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of two model compounds (quinine sulphate as a naturally fluorescent substance and metsulfuron methyl
with fluorescent properties upon UV irradiation) was carried out in a sequential injection analysis system.

proposed, such as wetting the Teflon tubes with organic
solvents," using a de-bubbling device in front of the detection
cell to eliminate bubbles arising from mixing aqueous and
organic solutions," or modified flow systems to separate
organic and aqueous solution handling units in the case of a
dual-valve system (DV-SIA).'* In this way, possible disturbing
phenomena (that could arise from adsorption of organics to
lipophilic Teflon tubes and could cause noise in signal readout
because of different optical properties of different solvents) are
not considered as problems but as advantages of employing
organic solvents even in a SIA system. Also, due to the minia-
turization related to flow techniques, only small volumes of
organic solvents are commonly used, so the principles of green
chemistry are adopted. However, the compatibility of the carrier
stream with the sample solution must be taken into account in
the development of a flow method to exclude any unwanted
effects in the system, such as carryover or Schlieren effect,'
resulting from different chemical and physical (optical)
properties.

Flow techniques, especially SIA, are characterized by high
reproducibility ensured by computer-control of all steps of the
operating protocol. This makes it a convenient tool for auto-
mation of solution handling so that the sample treatment prior
to or during analysis, including derivatization by a reagent or
even by light (UV irradiation), can be performed on-line. Auto-
mation of UV irradiation in a flow system prior to fluorescence
detection of the irradiation product has been reported
elsewhere.'®

In this work, the effect of several organic solvents on the
fluorescence signal of two model compounds in an SIA system
was studied. Quinine sulphate is a well-known substance used
for treatment of malaria. As a naturally fluorescent compound
in acidic pH conditions, it is used as a standard to study the
fluorescence quantum yield under different conditions.'”**
Methods based on SIA were reported for either determination of
quinine' or using quinine as a sensitizer of photo-oxidation®"
or chemiluminescence® in determination of other substances.

This journal is © The Royal Society of Chemistry 2014
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Automated flow systems could involve on-line UV irradiation
to decompose the original analyte to a fluorescent product that
is determined afterwards (e.g. thiamine*?). In such applications
the UV irradiation time should be short enough to obtain
measurable fluorescence without the need to reach the steady
state so that the advantage of a fast flow method is not neglected
by a long irradiation time. Metsulfuron methyl, a sulfonylurea
selective herbicide, shows fluorescence upon UV irradiation and
this property was used in several analytical methods for MSM
determination, even in flow systems.*™* Here, it was chosenas a
model compound representing molecules which are not natu-
rally fluorescent but can be converted into a fluorescent
photoproduct. The fluorescence of such photoproducts can vary
in different solvents.

A thorough study of different conditions influencing fluo-
rescence of the model compounds was performed in this work.
The studied parameters such as organic solvent, pH adjust-
ment, irradiation time, and wavelength of UV light were tested
off-line to get information concerning the effect of the
mentioned parameters on the decomposition pathway and the
possibility to transfer such decomposition to an on-line system
(the key parameter is the time of the UV irradiation step) in
order to obtain expected benefits in terms of determination
sensitivity in compromise with quick amnalysis in the flow
system. The com patibility of the carrier stream with the solvent
used for sample preparation was studied with respect to the
flow conditions and compared in terms of fluorescence signal
intensity and repeatability of measurements. The study intends
to give a good starting point when choosing suitable conditions
for development of analytical methodologies based on fluores-
cence measurements in an SIA system, including the use of
organic solvents for sample pre-treatment or other applications.

Experimental
Reagents

Standards of quinine sulphate (QS) and metsulfuron methyl
(MSM) were purchased from Sigma-Aldrich (Prague, Czech
Republic) and the different solvents tested were: acetone and
isopropanol (Penta, Czech Republic); acetonitrile, methanol,
ethanol and toluene (Sigma-Aldrich, Czech Republic);
dichloromethane (Fluka, Switzerland), and trichloromethane
(Lachema, Czech Republic). Demineralized water (Merck-Milli-
pore, Czech Republic) was used as the main carrier stream if not
specified otherwise, and was also tested as a solvent for fluo-
rescent substances. Phosphoric acid and sulfuric acid were
purchased from Penta (Pardubice, Czech Republic).

Apparatus

Fluorescence detection was studied in the flow system based on
sequential injection analysis (SIA) principles. The setup corre-
sponded to a commercially available FlAlab® 3500 system
(FIAlab® Instrument Systems Inc., USA) with a syringe pump
[syringe reservoir of 5 mL), a central eight-port Cheminert
selection valve and 0.50 mm i.d. PTFE tubing used for all
connections (Fig. 1). Fluorescence detection was scanned in the

This joumal is € The Royal Scociety of Chernistry 2014
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Fig. 1 Set-up of the sequential injection analysis system.

flow cell (3.0 mm optical length) of the PMT detector (FIAlab®
Instrument Systems Inc., USA), scanning the whole spectrum
without using excitation or emission filters. A UV lamp (D1000
CE, Analytical Instrument Systems, Inc.) was used for excitation.
The latest version of the FIAlab® software (version 5.9.312) was
employed for system control and data acquisition.

UV decomposition was carried out off-line using two wave-
lengths - 254 and 366 nm [ UV lamp, Camag, Switzerland, 50 Hz,
220 V).

Measurement procedure

QS and MSM solutions in the respective solvent or a mixture of
solvents were prepared and aspirated into the SIA system using
a 50 pL sample zone that was transported to the detection flow
cell at a flow rate of 80 pL s~ " and the fluorescence signal was
scanned using 100 ms for integration time and 8 Hz as a
detector frequency. To obtain statistically relevant data, all
samples were measured in triplicate and the average value of
peak heights was used for the final evaluation.

QS at a concentration of 10 mg L™ " was tested using water as
a carrier stream for fluorescence detection of solutions prepared
in methanol, ethanol and isopropanol. Then the carrier stream
was changed to pure organic solvents to avoid the effect of
mixing the aqueous and organic phases. These tests were
carried out with methanol, ethanol, isopropanol and dichloro-
methane as the carriers. Dichloromethane was not tested in
combination with the aqueous carrier because of the immisci-
bility of these two solvents.

MSM fluorescent properties were tested with respect to
different solvents following the study published by Caselli**
where UV decomposition and an increased fluorescence of
degradation products were discussed. The tested concentration
of MSM solutions was 25 mg L™". The solutions were prepared
in: water, acetone, mixtures of water and acetonitrile and tri-
chloromethane. Two different pH values were tested for each
solvent, pH 2 and pH 7, adjusted by concentrated phosphoric
acid. UV decomposition was carried out off-line using a low-
pressure mercury arc lamp and 15 mL of each solution were
placed in a beaker at a distance of 15 cm from the mercury
lamp. The effect of the UV radiation on the fluorescence
(detection) intensity of the obtained decomposition products
was observed at intervals of 15 min for periods of 60-120 min.

Anal. Methods, 2014, 6, 9392-9396 | 9393
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Results and discussion
Effect of organic solvents on fluorescence detection of QS

At first a calibration of QS determination in the SIA system
under the described conditions was performed using aqueous
solutions in the concentration range of 1-100 mg L™" prepared
in 0.05 M sulfuric acid with water as a carrier stream. The linear
part of the calibration was found in the range from 1 to 10 mg
L' with a correlation coefficient of 0.9966 using baseline
subtraction. The effect of dilution of the acidified solutions in
water without pH adjustment used for transport of the QS zone
to the detection flow cell was not observed. The calibration
curve for higher concentrations of QS (10-100 mg L™") showed
logarithmic shape because of concentration quenching of the
fluorescence signal. Thus the highest concentration of the
linear range was chosen for further experiments to evaluate the
effect of organic solvents expressed as the difference in the
fluorescence intensity obtained under different conditions.

The effect of organic solvents was studied for combinations
of different solvents used for preparation of acidified QS solu-
tions at the 10 mg L™" level and water was used as a carrier
stream. The evaluation was based on the difference of fluores-
cence intensity between aqueous and organic solutions together
with comparison of repeatability of these measurements
expressed as standard deviation (SD) values.

The results given in Fig. 2 show that in the case of an
aqueous carrier stream, the aqueous QS solution was the most
fluorescent. What is more, the increased SD values for organic
solutions showed problems with mixing of aqueous and organic
phases in the flow system. The repeatability of aqueous solution
measurements ((,.53%) compared to the highest RSD values for
methanol solution (11.73%) was the main reason for the next
assay comprising modification of the carrier stream. The
solvent used as a carrier stream was identical with the solvent

2500000
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Fig. 2 Fluorescence intensity and standard deviation of QS measured

in the combination of different solvents — effect of the carrier stream/
acidified QS solution composition.
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used for preparation of the respective Q8 solution and the
sulfuric acid content was kept at the same level as in the
aqueous solution. The obtained results are summarized in
Fig. 2. Baseline subtraction of the respective blank solution was
applied for evaluation of each measurement. In this study, the
fluorescence intensity of acidified isopropanol solution was
found to be higher than in aqueous solution and also the
methanol solution revealed comparable fluorescence. The
observed repeatability was in an acceptable range for all
solvents (0.21% for isopropanol-2.75% for ethanol).

A very large difference of QS fluorescence in different
solvents showed the effect on the fluorescence intensity that
could highly influence fluorescent properties even in the flow
systems. Compared to the aqueous solution, dichloromethane
solution expressed just #.93% (because of fluorescence
quenching caused by chlorine atoms) and ethanol 63.50% of
the fluorescence intensity while QS prepared in isopropanol had
116.89% of the original fluorescence of the aqueous solution. In
the case of QS fluorescence, some of the tested organic solvents
slightly increased the measured intensity. Their consumption,
however, could be considerably large, which is a serious
disadvantage. From another point of view, the use of an
aqueous carrier stream can decrease their consumption.
Nevertheless, the combination of aqueous and organic phases
led to increased RSD values which affected the measurement
repeatability. Thus a compromise should be always found in
optimization of flow fluorescent measurements to obtain not
only the desired sensitivity but also repeatability and low
consumption of organic solvents that corresponds to the green
chemistry requirements.

Effect of UV decomposition of MSM solution in different
organic solvents

In the following experiments, MSM was chosen to study the
influence of organic solvents on the UV decomposition that is
commonly used in the case of light-induced fluorescence
determinations. At first, the fluorescence of MSM aqueous
solution at a concentration of 25 mg L™" was measured, using
water as a carrier stream. Fig. 3 shows the effect of UV (254 nm)
decomposition applied to a solution without and with pH
adjustment (pH 2) following the literature** where mainly the
effect of UV decomposition was stressed over the effect of pH. In

25000 4

BB

Fluorescence intensity

5000 I
[ T

noly  UVLEmin moWY UV 1Emin UV 30min UV E0min

Fig. 3 Fluorescence intensity of M5M in aqueous solution - blue
{without pH adjustrment) and yellow (pH 2).
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the tested solution, UV decomposition inereased the fluores-
cence relatively slowly. This is not advantageous for flow
systems where this step could be carried out even on-line using
a reaction tube coiled and fixed around an UV lamp. Also, a
much higher effect of pH adjustment on the fluorescence
intensity was found which was demonstrated by a 3.86-times
higher signal for acidified solution compared to a signal of the
solution without a pH adjustment.

In the next experiments, organic solvents or mixtures tested
for UV decomposition were used as carrier streams. In the case
of acetone solution, UV decomposition showed an effect on the
solution without pH adjustment and also the effect of pro-
longed decomposition was visible [2-times higher fluoreseence
was obtained after 30 min of degradation). The mixture of water
and acetonitrile that was described as the most suitable in the
literature®™ was tested in different ratios (7:3, 1:1, 3:5 and
1:9), with water as a carrier stream including the pH adjust-
ment and UV decomposition. Comparison of the obtained
results for the ratio of 7 : 3 is shown in Fig. 4 where a significant
difference caused by pH adjustment (4.5times increased fluo-
rescence) was proved. However, the UV decomposition had only
aslight effect on the fluorescence intensity — even after 60 min
of UV irradiation at 254 nm, the measured solution showed a
comparable signal to the original one.

Then the UV wavelength was changed to 366 nm to test the
effect of wavelength on the decomposition step but only a
decrease of the fluorescence intensity in the period of 30 min by
18.66% was observed. The effect of UV decomposition that
caused a decrease in the measured fluorescence was similar for
solutions without pH adjustment using 254 nm and with acid-
ified solutions in the case of 366 nm. The other solutions were
not affected by the applied UV degradation. It was found that
pH adjustment affected the fluorescence more significantly,
since an 8-times higher fluorescence signal was observed. This
corresponded to the higher effect of ionization of the MSM
molecule which is related to increased solubility but suppressed
fluorescent properties. The other previously mentioned ratios of
water and acetonitrile did not show any fluorescence either for
original solutions or after UV decomposition.

The last solvent tested was trichloromethane in which a
higher effect of acidification of MSM solution was also proved.

40000
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o T
5000 4 @ uy no UV u uv uv uv
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Fluorescence intensity

-10000
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Fig. 4 Fluorescence intensity of MSM in the mixture of water and
acetonitrile (ratio of 7 : 3) — blue (without pH adjustment) and yellow
(pH 2).
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Fig. 5 Fluorescence intensity of M5M in trichloromethane - blue
{without pH adjustrment) and yellow (pH 2).

Fig. 5 shows that 10-times higher fluorescence could be found
for acidified solutions prepared in this solvent and again only a
small effect of UV decom position was observed leading even to
lower signals. Comparing the same conditions with aqueous
solutions in the case of pH adjustment, 54-times higher and for
pH adjustment with UV decomposition using 30 min at 234 min
even 66-times higher fluorescence was found. Since the most
intense fluorescence was obtained with trichloromethane
solution, calibration using this solvent with pH adjustment was
also measured with linearity in the range of 5-25 mg L™ " and a
correlation coefficient of 0.999. Limits of detection and quan-
titation were calculated based on the 3<times and 10-times
baseline noise and were found to be 1.52 and 5.13 mg L7,
respectively.

Transfer of the UV decomposition step to an on-line proce-
dure in the flow system should provide a compromise between
benefits of determination sensitivity and analysis time (sample
throughput). Although in this tested determination simple pH
adjustment showed lower fluorescence signal, the automated
determination of MSM is not expected to be prolonged by 30
min decomposition. Thus fast and simple SIA determination
was found to be more suitable for practical applications in this
example.

The detailed comparison of fluorescence intensity obtained
in different organic solvents and after different degradation
times is given also in ESI 1-3.1

Conclusions

The effect of organic solvents that are commonly used in flow
systems based on sample pre-treatment automation (extraction
techniques) was studied in the SIA system. Mainly carrier
stream composition was taken into account and a combination
of organic solvents used for sample preparation with aqueous
carriers was tested and compared with respect to fluorescence
intensity and measurement repeatability. Varying fluorescence
was found for the respective combinations and decreased
repeatability (increased RSD values) was proved in the case of
combinations of small volumes of samples in organic solvents
aspirated into the aqueous carrier stream.

Testing organic solvents for UV irradiation as preliminary
information for transfer of this step into the on-line procedure

Anal. Methods, 2014, 6, 9392-9396 | 9395
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in the flow system was carried out, too. In this case, different
organic solvents show wvery big differences that could be
expected because of different pathways of decomposition. Thus
the choice of solvent could be the key factor to get a highly
fluorescent decomposition product for detection. As the other
important parameter, the time of irradiation should be opti-
mized to get reasonably high sensitivity together with accept-
able analysis time.

Crucial parameters should be studied in detail during opti-
mization of fluorometric measurements in flow systems using
organic solvents to take advantage of all benefits of such a
methodology, such as sensitivity, speed and precision of
analysis.
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Abstract

A novel approach for automation of Micro-Extraction by Packed Sorbent (MEPS). a solid phase
extraction technique, is presented. enabling precise and repeatable liquid handling due to the
employment of sequential injection technique. The developed system was used for human urine
sample clean-up and pre-concentration of betaxolol before its separation and determination. A
commercial MEPS C-18 cartridge was integrated into a SIChrom™ system. The
chromatographic separation was performed on a monolithic High Resolution C18 (50 = 4.6
mm) column which was coupled on-line in the system with micro-extraction using the
additional selection valve. A mixture of acetonitrile and aqueous solution of 0.5% triethylamine
with acetic acid, pH adjusted to 4.5 in ratio 30:70 was used as a mobile phase for elution of
betaxolol from MEPS directly onto the monolithic column where the separation took place.
Betaxolol was quantified by fluorescence detector at wavelengths dex = 220 nm and Jem = 305
nm. The linear calibration range of 5 — 400 ng mL™!, with limit of detection 1.5 ng mL! and
limit of quantification 5 ng mL™" and correlation r = 0.9998 for both the standard and urine
matrix calibration, respectively. were achieved. The system recovery was 105.8 = 4.8: 100.4 =
4.1: 107.6 = 0.9% for three concentration levels of betaxolol in ten times diluted urine - 5. 20

and 200 ng mL", respectively.

Keywords
Micro-Extraction by Packed Sorbent (MEPS): Automation: Sequential Injection

Chromatography (SIC): Betaxolol: Liquid Chromatography: Fluorimetry

1. Introduction

Downscaling the dimensions of solid phase extraction cartridge (SPE) led to the introduction

of Micro-Extraction by Packed Sorbent (MEPS) by Abdel-Rehim in 2004 [1]. The achieved

2
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advantage was the reduction of sorbent quantity. solvents consumption. waste production and
sample volumes, labour-intensity. time and costs of the procedure, considering also that MEPS
can be used repeatedly (up to 100x for urine samples). Typically. MEPS is performed manually
with the cartridge mounted on the Hamilton syringe or semi-automated using special engine-
driven syringe. It is crucial to keep the parameters such as volumes of the sample/solvents and
flow rate constant since a minor change in conditions (different operator, flow rate fluctuation)
can affect the recovery and repeatability of the method [2. 3]. However, constant conditions
might be tedious to accomplish when performing manually and a well-trained operator is
required for this task. Even though the MEPS procedure requires less time than SPE due to
smaller volumes to handle and no solvent evaporation and sample reconstitution, manual
processing of samples can take significant part of the total analysis time. Another shortcoming
of the manual performance is the need of repeated loading when large volume samples are to
be handled. Volumes of only up to 500 pL can be loaded at once and multiple repetitions of
this step can prolong significantly the total analysis time [4].

Taking into account the advantages of MEPS, several attempts of automation of this technique
were recorded lately to overcome the drawbacks of the manual handling. In the works of Abdel-
Rehim et al. and Said et al., programmable autosampler of a MEPS-LC-MS system was used
for handling the MEPS process and subsequent injection on chromatographic column [5. 6].
Attempts of direct coupling of MEPS with HPLC, GC or MS were reported in the literature [7].
Nevertheless, the automation and on-line coupling of MEPS with analytical instrumentation
remains a most critical step in the method development [4].0n the other side, the modern and
effective approaches of on-line sample clean-up using SPE procedure is presented by on-line
SPE-HPLC based ecither on the column-switching or coupled column technique. This
methodology is widely used for the analysis of trace level compounds in complex samples

because of its potential for on-line sample extraction and automation [8].
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Low pressure flow techniques represent a powerful tool for automation of both liquid and solid
phase-based sample pretreatment due to their versatility, as it was discussed in several reviews
[9-11]. Sequential Injection Chromatography (SIC) was introduced as a low pressure separation
system in 2003 by Satinsky et al. [12]. This technique combines the principles of Sequential
Injection Analysis with chromatographic separation and gained popularity due to the possibility
of flow speed and direction programming (mecluding stop-flow). and reduced solvents
consumption. The SIC developments enabled the use of not only monolithie but short core-
shell particle columns. too [13]. On-line coupling of the sample pretreatment with separation
was also carried out in a SIC system e.g. for preconcentration and SPE of sulfonamide
antibiotics from water solutions [14].

In this work. the advantage of precise and repeatable sample handling inherent to flow
techniques was explored for automation of miniaturized sample pretreatment and separation.
MEPS cartridge was coupled directly into a SIC system. aiming for a fully automated. highly
reproducible, labour reducing on-line sample clean-up — separation procedure. The potential,
advantages and limitations of this approach was demonstrated by determination of betaxolol in
human urine with fluorescence detection.

Betaxolol is a cardio-selective f-adrenergic blocking agent used in treatment of cardiovascular
diseases [15. 16] and intraocular hypertension [17]. Analytical methods for betablockers
determination in biological samples include liquid chromatography with UV or fluorescence
detection, respectively [18-20]. TLC [21] or voltammetry [22]. Due to the complex matrix of
biological samples. a pretreatment procedures such as LLE, or SPE are required for f-blockers
analysis [23]. Monitoring of betaxolol in bio-fluids is important due to the narrow drug
therapeutic range. To the best of our knowledge. this is the first report of coupling MEPS and

chromatographic separation in a SIC system.
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2. Material and methods

2.1. Equipment (MEPS - SIC system)

SIChrom™ system (FIAlab® Instrument Systems Ine..USA) comprising a Sapphire™ $17 PDP
piston pump (4 mL volume) and an eight-port selection valve (MV 1) together with second
Cheminert eight-port selection valve (MV 2) (both Valeo Instruments Co.. USA) were used to
assembly the MEPS-SIC system as shown in Fig. 1. The pump was connected with central port
of MV1 with a 1.2 mL holding coil made of 0.75 mm 1.d. PEEK tubing. The HyperSep C-18
MEPS. particle size 40-60 um. pore size 60 A (Thermo Scientific. MEPS Products. cat. No.
60308-407) cartridge was integrated in the system in such way that its inlet was connected to
port 3 of MV 1 and its outlet was connected to the central port of MV 2. Chromolith®
HighResolution RP18 column (50 x 4.6 mm) (Merck, Czech Republic) was mounted to port 2
of MV 2 by its inlet and to the detector by its outlet. PEEK tubes (0.25, 0.5 and 0.75 mm i.d.)
were used for connections in the system. The system was coupled to a RF-10A XL (Shimadzu
Corporation. Kyoto, Japan) fluorescence detector. The detection wavelengths were set to 220
nm for excitation and 305 nm for emission. The SIC operational protocol was written in
FIAlab® software (FIAlab® Instrument Systems Inc., USA). version 5.9.312. Data acquisition
and treatment were carried out using LC Solution software (Shimadzu Corporation. Kyoto,

Japan).

2.2. Reagents and solutions

Ultrapure water acquired by Milli-Q water purifier (Millipore, Bedford, MA, USA) was used
throughout the study. Betaxolol standard (98% purity). glacial acetic acid. acetonitrile (ACN:
HPLC grade) and triethylamine (TEA: p.a. grade). were purchased from Sigma-Aldrich. The

stock solution of betaxolol (1 mg L) was prepared by dissolving the substance in water.
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Working solutions of betaxolol for calibration were prepared by appropriate dilution of the
stock solution in water in the range of 5 — 400 ng mL™. using eight calibration points. Matrix
calibration solutions were prepared in equal concentration range by dilution of the stock
solution in ten times diluted and filtered urine. The TEA solution was prepared by dissolution
m water and pH was adjusted to 4.5 by addition of glacial acetic acid. For the MEPS procedure,
15% ACN in water was used for sorbent equilibration before sample injection as well as for the
sample matrix washout. ACN:0.5%TEA water solution adjusted with acetic acid to pH 4.5 in
ratio (30:70, v4) was used as an MEPS elution solution and mobile phase for separation.

Urine samples were obtained from healthy volunteers. They were filtered through a 0.2 pm
PTFE filter after ten - times dilution with water. The stock solution and all working solutions

and samples were stored at 4°C in dark.

2.3. Operation protocol

The MEPS-SIC measurement protocol for the whole analysis performance 1s described in Table
1. The system was primed before the first measurement, both the MEPS cartridge and the
column were activated and conditioned with the elution solution/mobile phase. The MEPS
extraction step used multiposition valve MV 2 switched into port 17 position, which directed
the MEPS outlet to the waste. The MEPS was successively washed with 500 uL of washing
solution for the equilibration before sample mjecting (steps 1 — 3) and then, 250 uL of urine
sample followed by 700 puL of the washing solution for sample loading and matrix washing
were propelled through the MEPS (steps 4 — 5). The rest of matrix was eliminated by another
500 pL of the washing solution (steps 7 — 8). The holding coil was then washed by the elution
solution before the elution (steps 10 — 11). In the next step. the MV 2 was switched to the
position 2° to link the outlet of the MEPS to the inlet of the chromatographic column. The

clution/separation step was performed by propelling 2500 uL of the elution solution/mobile
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phase through the MEPS and the column (steps 12 — 13). The retained betaxolol was eluted
from the MEPS directly to the chromatographic column where the separation took place and

eluted betaxolol was determined in the fluorescence detector.

Table 1: SIC-MEPS operational protocol

Step | Command Description
MV 1 port 6

1. [MV2portl

PP aspirate 700 uL at 70 pL s
MV 1 port 3 MEPS equilibration
PP dispense 500 uL at 15 puL 7!
MV 1 port 1

PP empty at 50 pL 571

MV 1 port 6

PP aspirate 700 L at 70 pL s’
MWV 1 port 5

PP aspirate 250 uL at 10 uL s
MV 1 port 3

PP dispense 800 uL at 10 uL s’
MV 1 port 6

PP aspirate 500 uL at 70 puL s™!
MV 1 port 3 Washing out sample

Sample loading

PP dispense 500 uL at 15 puL 7! matrix
MV 1 port 1

PP empty at 50 uL s
MV 1 port 7

PP aspirate 500 uL at 70 uL s? | Cleaning the holding
MV 1 port 1 coil

PP empty at 50 uL s

MV 1 port 7

PP aspirate 2500 pL at 70 uL st
MV 1 port 3 Elution/Separation
13, | MV 2 port 2

PP empty at 10 uL s’

10.

11.

12.
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3. Results and discussion

3.1. System assembly and method development

The MEPS-SIC system was assembled as in Fig.1. The pump outlet was connected through
holding coil (volume 1.2 mL) to the central port of MV 1. since the ports were used for
aspiration of sample, standard solution, washing solution and elution solution and for
dispensing of the solutions to the MEPS or waste. The outlet of the chromatographic column
was connected with the inlet of the fluorescence detector. All the parts of the system were
connected with adequately long tubing to prevent excessive dispersion of zones during the
operation.

Both ends of the MEPS cartridge was inserted in the PEEK tubes and fitted by means of two
1/16" ferrules and a joint connector (Figure 2). The MEPS inlet was connected to port 3 of MV
1. using 0.75 mm i.d. tubing (green). The MEPS outlet was connected to the central port of MV
2. using 0.50 mm i.d. tubing (orange). The chromatographic column was connected to port 2°
of MV 2. This setup enabled switching the flow passing the MEPS to the waste - sample loading
and matrix washing (Fig. 1a) or towards the column for separation — sample elution (Fig. 1b).
Unlike in the manual performance or MEPS coupled to the autosampler of an LC or GC system
where the stream flow is bidirectional and only small volumes of the sample can be loaded each
time (up to 500 pL), the flow of all solutions (sample. washing solution and elution) through
the MEPS cartridge was unidirectional in the described MEPS-SIC system. This arrangement
of MEPS in a flow manifold offers the possibility to load a large sample volume (up to the
syringe volume) on the MEPS sorbent, if inereased sensitivity is required, in a single step. No
performance worsening was observed which would indicate clogging of frits, aging or
compression of the sorbent in the MEPS cartridge outlet side by the passing stream of solutions

even after approximately 100 sample analyses.
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The operational protocol for automated MEPS procedure was written with respect to the
principles of SIC technique. The volumes of solutions aspirated in the holding coil were
approximately 30% larger then volumes injected on the MEPS and the excess volume was
discarded to waste to avoid the use of dispersed parts in the zones boundary which could cause
deviations. Aspiration of solutions was carried out at higher flow rates (70 uL s) in order to
keep the analysis time short. Injection flow rates were kept low (10 uL s for sample loading
and elution, 15 L s for matrix washing), following the usual MEPS protocols, in order to

maintain high efficiency of sample loading and prevent the analyte loss by high-speed flow.

HC PV

solution

My 2
Washing

sample  SClution

Elution
solution

Standard Washing

solution

Sample

Figure 1. Configuration of the MV:

a - sample loading and washing (steps 1-12). b - elution (step 13): C — chromatographic column:
FD — fluorescence detector; HC — holding coil: MV 1. MV 2 — multiposition valve 1. 2: PP —

piston pump: PC — personal computer: PV — pressure valve: W — waste.
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Figure 2. Integration of the MEPS into PEEK tubes holder for SIC system.

3.2. Optimization of on-line MEPS-SIC hyphenation

Compatibility of both parts of on-line hyphenated system is critical for the successful
performance of the whole analysis and it must be taken into account since the beginning of
optimization of each step. The MEPS working with reduced dead volumes enables fast change
of the flow composition with short dispersed zones and fast transfer of analytes on the
chromatographic column for appropriate small injection volume to prevent decrease of
separation performance. At the same moment the composition of the MEPS elution solution
must work as a mobile phase for separation on the chromatography column. The choice of the
final conditions of betaxolol analysis in human urine must be done with regards to all these

requirements.

10
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3.3. MEPS optimization

The C18 stationary phase of the MEPS sorbent was chosen in order to enable sufficient retention
of betaxolol. easy removal of the urine matrix and compatibility with subsequent separation
step. In the MEPS procedure, four different concentrations (7. 10, 15 and 20%) of ACN in water
were tested as a washing solution. For this study. 5 uL of the standard solution at a concentration
of 1 ng mL! was injected and the signals obtained with different tested washing solutions were
compared. The solution of 15% ACN was optimum. since higher ACN concentration led to
decreased signal, showing that minor part of betaxolol was also washed out during the matrix
washing. The concentration of ACN higher than 15% (vA7) resulted in partial elution of
betaxolol from MEPS sorbent. The evaluation of peak area of betaxolol vs. ACN concentration
in washing solution is depicted in Supplementary material (Fig. 1S). For the optimization of the
washing step flow rate, 1 mL of the washing solution (15% ACN in water) was pumped through
the MEPS cartridge at flow rates 8, 15 and 25 uL s under the same conditions as above. The
flow rate of 15 uL s was chosen as the compromise ensuring low time of analysis and high

Iecovery.

3.4, Chromatography optimization and elution

The choice of the chromatographic column was based on the properties of the sample and
analyzed substances and capabilities of the SIC system. The HighResolution monolithic column
(50x4.6 mm) with C18 sorbent was chosen as a good combination of high performance and low
working pressure within the used flow rates and low inner volume.

The elution solution/mobile phase was optimized to perform fast elution of the betaxolol from
MEPS, trouble-less on-line transfer and subsequent separation on the chromatographic column.

The first step was comparison of methanol and acetonitrile as an organic part of the mobile

11
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phase. Methanol was found unsuitable due to the strong peak tailing of betaxolol on the reversed
phase column sorbent. The better peak symmetry was achieved with acetonitrile in mobile
phase. Addition of triethylamine (TEA) as the competitive amine to the mobile phase enabled
sufficient suppression of free silanol groups interactions with betaxolol molecule resulting in
good peak symmetry. The final composition of the elution solution/mobile phase was: ACN:
0.5% water solution of TEA. pH adjusted to 4.5 with glacial acetic acid. in ratio 30:70. The
volume of 2500 pL of elution solution/mobile phase ensured both the complete elution of
betaxolol from MEPS sorbent as well as the entire separation on chromatography column. The
elution flow rate of 10 uL s! and small dead volume of the MEPS ensured fast and effective
clution of the analyte from the MEPS sorbent and its fast and undispersed injection on the

monolithic column. thus the separation of betaxolol was not affected.

3.5. Sample volume optimization

The choice of the sample volume injected into the system is the key parameter of the detection
limit of the developed method. The tested range of injected sample volumes was from 5 puL to
500 uL of ten times diluted urine (tested volumes 5. 50, 100, 150, 200, 250 and 500 pL). Under
the optimized washing and elution conditions no interference matrix peaks were observed on
the blank urine chromatogram in the whole tested range of sample volumes. Thus, the high
selectivity of the MEPS extraction process was confirmed. Although MEPS provides in general
a good extraction for broad spectrum of analytes, after injection of 500 pL of betaxolol in ten
times diluted urine were observed problems with mnsufficient recovery of MEPS (decreasing
betaxolol signal). The breakthrough volume of MEPS for betaxolol was probably exceeded.
Therefore 250 uL of sample injection was found to be optimum for sufficient betaxolol

preconcentration without the loss of extraction recovery.

12
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3.6. Study of the fluorescence detection

The SIC instrument was connected with the HPLC fluorescence detector to ensure high
sensitivity. fast data collection (20 Hz) and easy and effective data treatment with proprietary
software.

The fluorescence wavelengths for betaxolol detection in the elution solution were studied,
varying the execitation wavelengths of 210, 220 and 230 nm and the emission wavelengths of
295,305, 310, 315, 325 and 335 nm. The highest signal response was achieved at hex = 220 nm

and Jeym = 305 nm.

3. 7. Analytical performance and method characteristics

The developed method was validated and the analytical performance characteristics are
summarized in Table 2. The retention times were very stable even with the sample pretreatment
step included in the procedure (RSD = 0.05%. n = 10).

The chromatograms of two different blank urine samples were compared to the one spiked with
betaxolol and no interfering peaks were found at the retention time of betaxolol. confirming the
good selectivity of the method.

The linearity of response was confirmed at eight concentration levels (5 — 400 ng mL!) for both
the standards and spiked urine samples. Perfect correlation coefficients were found for both
calibration curves. constructed by plotting a relation between concentrations and peak areas
(Tab. 2).

The limit of detection (LOD) and limit of quantification (LOQ) were calculated from the data
obtained with the diluted samples. The LOD 1.5 ng mL corresponded to the ratio 3 of betaxolol
signal to the base line noise. The LOQ was found to be 5.0 ng mL! (RSD = 2.93% in ten times
water diluted urine sample). The accuracy was verified by calculating the recovery of standard

solutions at three concentration levels (5. 20 and 200 ng mL™!) in standard solutions and spiked

13
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urine samples, ten times diluted. The results in the range of 100 — 108% were obtained (Tab.
2).
The time of whole analysis including on-line MEPS extraction, interferences removal and

chromatography separation was less than 10 min. so the sample throughput was 6 h'? (single

injection).

Table 2: Analytical performance/Validation parameters

Parameters Values

.. _ v = (1109928 = 420)x - (286974 = 22113)
Calibration curve equation (n = 8)

mV
Linear calibration range (ng mL™, n = 8) 5-400
Correlation coefficient (1°) 0.9996
Matrix calibration curve equation (n = 8) yv=(112744 = 377)x + (29281 £ 11290) mV
Matrix linear calibration range (ng mL™, n =
g) 5-400
Correlation coefficient (%) 0.9997
LOD (ng mL) 2
LOQ (ng mLY) 5
Intra-day precision® (% RSD) 4.28:2.47: 0.80
Accuracy — spike recovery® (% + SD) 104.81+4.80: 100.37 £ 4.15; 107.62+ 0.87
Sample throughput (b, single injection) 6

*three concentration levels: 5: 20: 200 ng mL™!

3. 8. Real samples analysis

The developed method with the optimized parameters was applied to the determination of
betaxolol in human urine samples. The samples were obtained from a healthy male volunteer.
The administrated dose was 20 mg per oral. The urine samples were collected after 3, 4, 5 and

6 h after the administration. The urine sample was necessarily adjusted before injection on the

14
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MEPS. To prevent the system clogging and to enable effective betaxolol retaining the urine
sample was diluted ten times with water and filtered through a 0.2 pm PTFE filter.

Each sample was measured in triplicate. The concentration of betaxolol in ten times diluted
urine was found to be linearly inereasing in time and reached concentrations of 26.6 = 0.2; 31.9
=1.1:37.8= 0.8 and 42.4 = 0.2 ng mL, respectively.

The chromatograms of the blank urine sample and sample obtained after 3 hours from the

administration of betaxolol are in Fig. 3.

e TV
DetectorA:Ex:220nm Emi:30Enm d
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Figure 3. Chromatograms of blank urine (a) and urine sample 3 hours after the oral

administration of 20 mg of betaxolol (b).

4. Conclusion

A highly novel mode of automation of MEPS on-line coupled to chromatographic separation
manifold using sequential injection technique is presented in this work. The suggested method
offers a useful tool in practical performance of MEPS. hence a significant save of the operator’s
time and labour is achieved. Moreover highly repeatable results are assured by programmable
solutions handling in terms of volumes and flow rates. In the developed system, the extraction
is coupled directly to chromatographic separation in one robust. compact and closed SIC
system. The concept presents a sensitivity-increasing and selective method thanks to the sample
clean-up in the MEPS, chromatography separation and fluorescence detection. The method was

sucecesstully applied to determination of betaxolol in human urine, treated simply by filtration

15
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and dilution before analysis. The extension of the application scope of flow techniques in
automation of MEPS was presented for the first time. Moreover, the presented approach can be
used as an alternative effective tool in on-line MEPS sample pretreatment directly in
chromatographic systems with using additional selection valve and MEPS holder as presented
in Fig 2. This new methodological concept overcomes the idea that automation and on-line
coupling of MEPS with analytical instrumentation remains a most eritical step in the method

development.
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Supplement 1: Optimization of ACN content in the washing solution.
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6 SUMMARY

This dissertation was focused on new applications of the flow techniques, especially Sequential
Injection Analysis (SIA) and Lab-In-Syringe (LIS). It demonstrates the potentials of these
techniques not only in analysis of pharmaceuticals in their formulation or in biological samples but
also of other biologically active substances present in the environment or foodstuff. The thesis
comprised a theoretical introduction and six experimental works, five published in international
scientific journals and one submitted for publication. These works dealt with different sample
pretreatment techniques carried out in a flow manifold, followed by other automated processes in
the same system including UV decomposition or separation.

After the introduction and objective, the background for the experimental works was given in
the theoretical part of this thesis. As five of the six works dealt with automation of sample
pretreatment, the most common techniques were described in the first section of the theoretical
part, including both liquid phase-based and the solid phase-based extraction techniques (chapter
3.1.2 and 3.1.3). The requirements on modern sample pretreatment methodologies and their
common features were discussed, and the most frequent techniques were described in more details.

The second section of the theoretical part gave a short overview about the fundamentals of flow
techniques. It described the basic instrumentation typically used when assembling a flow manifold
(chapter 3.2.3). The principles of flow techniques employed in the experimental works were given
and some advantages and disadvantages were briefly discussed (chapter 3.2.4 - 3.2.8).

The third section of the theoretical part (chapter 3.3) focused on the selected sample handling
possibilities in a flow manifold. The specific characteristics of enzymatic reaction or use of
electromagnetic radiation in flow system were presented. Automation of sample pretreatment by
flow techniques was reviewed in the following chapters. Examples of non-dispersive and
dispersive liquid - liquid microextraction and head-space single drop microextraction were given
in chapter 3.3.4 and automation of solid phase extraction in flow was presented in chapter 0.

The next part of the thesis presented the experimental work. It listed the articles published or
submitted for publication, and a comment was given to each of the work included in the
dissertation.

The first work (chapter 5.1) presented the use of an enzymatic reaction for the determination of
the anaesthetic propofol in its pharmaceutical formulation (emulsion) in a SIA system. Special
features of this work was the comparison of a spectrophotometric and fluorimetric determinations,
and further the use of a de-bubbling device to overcome the problem of bubbles arising in the
system from mixing of water and ethanol.

The following work (chapter 5.2) dealt with automation of two different liquid phase
microextractions. In the first one, the DV-SIA manifold was used to perform LLME of

thiocyanates. The development of the system, optimization of chemical parameters and physical
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assembly was described. The same system was used for DLLME, reducing the consumption of the
extraction solvent. Two different positions of the detection cell were compared in order to evaluate
the effect of the cell position on the dispersion and thus, method sensitivity.

The next work (chapter 5.3) showed a novel approach for automation of head-space single drop
microextraction by LIS technique. The method gave a simple and elegant solution for the potential
shortcoming of this pretreatment method, which was the formation of a stable drop. The sample
handling took place in a closed syringe of the syringe pump. Vacuum formation was used for the
first time to enhance the mass transfer into the head-space over the sample. The application to
ethanol determination was described.

The fourth work (chapter 5.4) described the automation of solid phase-based microextraction
in a flow system. A flow-batch system with a lab-made minicolumn was used for the
preconcentration and determination of metsulfuron methyl in natural waters. The system comprised
a mixing chamber placed in the measuring chamber of a fluorimeter. The determination was based
on UV-irradiation of the substance of interest.

The fifths work (chapter 5.5) dealt with the study of the effects of different solvents used for
fluorescence measurement in a flow system. A naturally fluorescent substance and a substance
fluorescent upon irradiation was included in the study.

In the last work (chapter 5.6), a novel, simple automated method for MEPS coupled directly to
a chromatographic system was described. A sequential injection chromatography system and an
additional multiposition valve were used in this case. The coupling of MEPS and a
chromatographic column in a SIC was presented for the first time and it was applied to the
determination of beta-blockers.

This thesis showed the potential of flow techniques not only in performing of simple reaction
but also novel methods for sample pretreatment of different matrices. Coupling of several

analytical processes in one method was also presented.
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7 SHRNUTI

Tato dizertatna praca je zamerana na nové aplikacie prietokovych technik, predovsetkym
sekvenénej injekénej analyzy a “Lab-In-Syringe” (LIS) techniky. Dizertacia predstavuje potencial
vyuzitia tychto technik nielen v analyze farmaceutik v ich pripravkoch alebo v biologickych
vzorkach, ale takisto aj v analyze dalSich biologicky aktivnych latok pritomnych v zlozkéach
zivotného prostredia alebo v potravinach.

Predlozend praca obsahuje teoreticky uvod a Sest’ experimentalnych prac, pat’ publikovanych v
medzinarodnych odbornych ¢asopisoch a jeden manuskript odoslany na publikaciu. Tieto prace sa
prevazne zaoberaju réznymi technikami Gpravy vzoriek v prietokovom systéme. Na tpravu vzoriek
nadvizuju d’alSie automatizované procesy, ako napriklad UV-dekompozicia alebo separacia.

Po uvode a definicii cielov tejto prace nasleduje teoreticky uvod k experimentdlnym pracam
uvedenym v dizertacii. Ked’ze vacsina (5 zo 6) experimentalnych prac sa zaobera tpravou vzoriek,
najcCastejSie pouzivané metody Uprav su popisané v prvej sekcii teoretickej Casti, kde su zahrnuté
kvapalinové extrakéné metddy ako aj metody zalozené na pevnych sorbentoch (3.1.2 a 3.1.3).

Dalsia kapitola teoretickej ¢asti zahfiia kratky prehl'ad zakladoch prietokovych technik. St
popisané sucasti bezne pouzivané pri zostavovani prietokovych systémov (3.2.3). St popisané
principy prietokovych technik pouzitych pri vyvoji metdéd zahrnutych v dizertécii, a stru¢ne su
diskutované vyhody a nevyhody tychto technik (3.2.4 - 3.2.8).

Tretia kapitola teoretickej Casti (3.3) sa zameriava na vybrané pristupy v manipulacii so vzorkou
v prietokovom systéme. S0 zahrnuté Specifikd enzymatickych reakcii alebo pouzitie
elektromagnetického ziarenia v prietokovych systémoch. V d’alSich kapitolach st uvedené kratke
prehlady automatizacie vybranych metdéd Upravy vzoriek. Priklady realizacie disperznej
mikroextrakcie z kvapaliny do kvapaliny alebo mikroextrakcie do jedinej kvapky su uvedené
Vv kapitolach 3.3.4. Priklady automatizacie extrakcii tuhou fazou je v kapitole 0.

V dal$ej Casti tejto dizertacnej prace bol uvedeny prehl'ad experimentalnych prac — publikacii
v medzindrodnych ¢asopisoch a manuskriptu odoslanému k publikécii. Ku kazdej praci je prilozeny
komentar.

Prva praca (5.1) sa zaoberala vyuzitim enzymatickej reakcie pri stanoveni anestetika propofolu
vo farmaceutickom pripravku (emulzii) v SIA systéme so spektrofotometrickou detekciou. Bolo
popisané zariadenie na odstranenie bublin v systéme. Tato metdda bola v danej praci porovnana s
jednoduchou metodou s vyuzitim fluorescencného detektoru.

Nasledujtca praca (5.2) popisovala automatizaciu mikroextrakcie z kvapaliny do kvapaliny.
Bolo predstavené pouzitie sekven¢ného injekéného systému s dvomi ventilmi na mikroextrakciu
tiokyanatanov, vyvoj metody, optimalizacia chemickych parametrov a usporiadania systému.

Podobny systém bol pouzity na automatizaciu disperznej mikroextrakcie, pricom bolo mozné
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redukovat’ objem extrak¢ného rozpustadla. Boli porovnané dve roézne pozicie detekénej cely v
systéme z hl'adiska vplyvu pozicie cely na disperziu, a teda citlivost’ metody.

Tretia experimentalna praca (5.3) predstavuje novy pristup v automatizacii mikroextrakcie do
kvapky s pouzitim “Lab-In-Syringe” techniky. Vyvinuta automatizovana metdda prekonala mozny
nedostatok tohto spdsobu Upravy vzoriek, ktorym je vytvorenie stabilnej kvapky. Manipulacia so
vzorkou je umiestnena v striekacke piestovej pumpy. Po prvykrat bolo v tejto metdde vytvorené
¢iastocné vakuum, ¢o malo za nésledok zvysenie prenosu hmoty zo vzorky do priestoru nad fiou.
Bola popisand aplikacia metddy na stanovenie alkoholu vo vzorkach vina.

V nasledujucej praci (5.4) bola popisana automatizacia mikroextrakcie s pouzitim sorbentu, a
to s vyuzitim “flow-batch” techniky. V systéme bola zapojend kolona plnend sorbentom, ktord
sluzila na precistenie vzorky a zakoncentrovanie analytu. Sucastou “flow-batch” systému bola
komérka na zmieSanie vzorku s ¢inidlom. Zarovei v nej prebehla UV-dekompozicia analytu a jeho
fluorimetrické stanovenie.

Piata experimentalna praca (5.5) sa venovala Studiu vplyvu réznych faktorov na fluorescenciu
latok v prietokovom systéme. Dany experiment zahtal prirodzene fluoreskujticu latku ako aj latku,
ktora ziskava fluorescen¢né vlastnosti po vystaveni UV Ziareniu.

V poslednej praci (5.6) bola popisana nova jednoducha metéda automatizacie mikroextrakcie
na tuhy sorbent, ktord bola priamo spojena s chromatografickou separaciou. Metéda bola
realizovand pomocou systému sekvencnej injekénej chromatografie s pridavnym ventilom. Takéto
spojeniec MEPS a chromatografickej kolony bolo predstavené po prvykrat. Metoda bola pouzita na
stanovenie betablokatorov.

Predlozena dizerta¢na praca predstavila potencial prietokovych technik nielen pri automatizacii
jednoduchych reakcii, ale ukazala aj nové metddy Gpravy vzorku s roznymi typmi matric. Zaroven

boli prezentované moznosti spojenia niekol’kych analytickych procesov v jednej metdde.
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8 CONCLUSION

Since their invention, flow techniques found a lot of users and followers from different
analytical areas. The applications reach from simple sample delivering to the detector to the more
complex ones, including derivatisation reactions, kinetic measurements, sample pretreatment,
process monitoring and hyphenation with the latest analytical instrumentation. Flow techniques are
employed in the field of environmental analysis, bioassays, and agricultural applications and last
but not least, pharmaceutical analysis. The contribution of flow techniques to the solution of
complex analytical problems lays in the process rationalization: automation, decrease of analysis
time and reagents consumption, esuring the repeatability of the results, prevention of sample
contamination and protection of the operator by keeping the sample and reagents in a closed
manifold, minimization and simplification of instrumentation.

This thesis presents new contribution to the spectrum of applications of flow techniques in the
determination of pharmaceuticals and other biologically active substances in different matrices. It
focused on the exploitation of various flow assemblies in multiple sample pretreatment techniques.
The flow manifolds were used also in automation of other analytical procedures, e.g. enzymatic
reaction or using alternative (“green)” derivatisation agents, or coupling to a chromatographic
separation. The developed methods employed flow manifolds with technically novel solutions of
different analytical tasks. The methods were validated and proved to be suitable for the
determination of the analytes of interest and as such, they were published in scientific journals.

Methods based on flow techniques are therefore in concordance with modern analytical
chemistry, demanding precision, selectivity, sensitivity, short analysis time, cost effectiveness, and

minimal effect on the environment.
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