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Abstract

ABSTRACT

Charles University in Prague, Faculty of Pharmacy in Hr&lec§ | o v ®
Department of Analytical Chemistry

Candidate: Ivana Gr 8§mkov§

SupervisorAssocPr o f . Hana Skl eng§8Sov§g, Ph. D.
Supervisor specialist: Burkhard Horstkotte, Ph.D.

Title of the DissertationThesis:

Application of non-separation flow techniquesn pharmaceuical analysis

Flow techniques ara branch of instrumentaédniques inchemical analysi®ased orthe
handlingof the sample in a tubing manifold. Since the introduction of whatisgnizedhowadays
as modern flow techniques in the eadyenties this analytical approach gained popularity among
scientistthanks to lhdr main principles Controlled dispersion and preei timing due to the
programming enablfull automation ofa variety ofanalytical procedures.

Flow methods weremployedn amultiple differentapplications: simple sample measurement,
chemical reactions, kinetic studies, sample pretreatment, sepageattbothers in an automated
way. They are especially valued for automation, decrease of chemicals consuwangitiuslower
cost and waste producticerpdshortening of the analysis time.

This dissertation presentsw contributios to the field of flow techniquedt is divided intoa
theoreticapartandanexperimental parthe latter ondisting five publications an@nemanuscript
submitted for publication

The theoretical parcomprisesthree main chapters: sample pretreatment methods, flow
methods, and selected sample handling methods in flow techni¥ynesverview is given on
sample pretreatment anelatedproceduresand especially modern microextraction techniques are
emphasisetiere Both liquid and solid phadeased methods are discusfadher.

The definition and basic instrumentation flow techniquesis described in the following
section highlighing the onesapplied 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 applicatiohflow techniques in seral sample handling
procedures, applied ianalysis of pharmaceuticals in their formulation or in a biological sample,
or in analysis ofother biologically active substances.includes @plicationsof enzymatic
reactiors and use of irradiatioas well ashie possibility of atomation ofselectednicroextraction
techniques in a flow manifold

The experimental padomprises fivgpublicationsandone manuscripturrently submitted for

publication Each of the attached publications is accompanied by a short comment clarifying the



Abstract

most interesting featas of therespective workthe method developent anda discusgn about
the novelty of the presented methods

The first experimental work is focus@n the execution of a reaction catalysed by an enzyme
in a sequential injection systemth spectrophotometric detectiofihe method is applietb the
determination of an ans#hetic drug propofol in emulsiaand compared to a simple flow method
with fluorimetric detection

Thesecond experimentalork studieghe use o SequentidinjectionAnalysissystem fothe
automation ofa liquid-liquid microextraction and a modified method for dispersive lidigdid
microextraction of thiocyanates in humaaiga samples.

In the third experimental worlka novel mode of heaspace single drop microextraction
performed in an ksyringe system applied to the determination ethasa model volatile analyte
is described.

The fourth experimental workleak with solid phase based microextractions carried odt on
line. A use of a flowbatch system for SPBEV-photodegradation arafluorimetric determination
of the pesticide metsulfuron methylpsesenteds an application from the field of environmental
analysis hat corresponds to the scope of cooperation with the Department of Chemistry at the
University of the South in Bah?2a Blanca, Argent.i

The fifth experimental work was focused on the study of conditions influencing fluorescence
of two model substances @nsequential injection system.

The last, sixth experimental work showsi@el mode of automation of microextraction by
packed sorbentcoupled directly to separation in a low pressure sequential ciige
chromatograpic system The method waapplied to he determination of betaxolol in human urine
samples and the work is presergisd manuscript submitted for a publication in a scientific journal

with impact factor.



Abstrakt

ABSTRAKT

Univerzita Karlova v Prae , Far makud utai ovk $Hrfaa c i Kr 81l ov®
Katedra analyticRchemie

Kandi d8tvianMgrGr §mkov §

Gkolli dec. PharmDr. Hana Skleng&8Sovs§, Ph.D.
Gk o Il ispecealise: Burkhard Horstkotte, Ph.D.

N 8ezdize r t2pt Bc e :

Vyugit2 neseparaln2ch prTtokovich metod ve far
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1 Introduction

1 INTRODUCTION

Flow analysisrepresents wellestablished group of analyticechniquesMost well-known
flow injectionanalysisand related techniques are basedhenntrodudion and manipulatiorf a
sample (including detection) in a streanachrrier in a closedow-pressure tubingranifoldbuilt
upof a pump, valvés), tubingand the detection celbince its introduction in the 9 7 [1]Ktaking
the experience from previous similar techniques such as continuous flow analgsislétlinto
varioushew related techniquebranchesor generationsAlthough thee may differ in the flow
characteristicend handhg in the course of one analytical ruior most of them the introduction
of sample into a stream of carrier remains the mutual attribute.

The field of application of flow techniqueis wide i from measurements and analysis in
agriculture, environment, eanography and food analysis through pharmaceutical and
biomedical field to biosenssrand basic researchiThe number of areas u®nstrags that the
features of flow technigues such wearsatility, programmable flow, repeatabilitand pecise
sample handlingontributebenefits tathese fieldsSincecouplingchromatographic columrts a
flow manifold in 20 [2], separation is alsancluded in the scope of flow analysighich then
represerga complementary (naompetitive) tool to chromatography.

To obtain reliable residbf any analysis, one must have a representative sareptedn such
away that it is pesible tousethe chosemetection techniquéhis can include extraction, clean
up, or in a broader context, change tife physimchemical (optical) propertiesf the sample
Therefore sample pretreatment is of high importarexeéd must be performed precisely and
reproducibly In this context, the features of flow techniques (comfortable way of handling
solutions ina closedsystem, repeatability, precise sample handlamgl programminginvite to
useflow systemsn such impotant andvide area of application asitomatecdample pretreatment.

Sample pretreatment is not a laboratspgcific field, butin contrary every analyst has to
prepare samptefor thdr analyss. Hence, the trends amecreasingthe time of sample
pretraatment auomation anddownscalingf thesolvents and samplelumes How analysis has
its specific feature® accomplish these requirements.

Precise timing is a key factor also in kinetic studies.grenzymatic reactionsn time based
studies, for instance light induced reactiapsijmization angbrecise programmingnd thugiming
is crucial.

In this thesis exploitation of flow techniquefor new modes ofautomation ofdifferent
microextraction techniques as well fas the automation of an enzymatic reaction and photo
induction prior toa fluorimetric measurement is presentigdform of five publications and one
manuscript submitted for publicatipimcluding a theoreticaliscourse of flow methods, sample

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

2 OBJECTIVES

The general objective of thibesiswas to studyand verifythe use of notseparatn flow
techniques irthe analysis of biologically active substandesainly in frame of pharmaceutical
analysis)and to develop newnethods based on thefszhniqus, focusing orthe automation 6
theanalytical procedures.

The workaimedon the dewlopmentof variousautomatedsample pretreatment techniques
coupledortline with the detecion stepandusingthe technique ofequentiainjection analysis
The goal was to develop methods fatlbsolid phaseand liquid phaséased techniquesolid
phase extractiomnicroextraction by packed sorbeliguid-liquid microextraction andéadspace
singledrop microextraction The automatiorf an enzymatic reaction in a flow systevasalso
included

The goalwas to apply these methodstte treament of different kinds of samples, ranging
from pharmaceuticgbreparatior(emulsion) biological (such as human saliva and urine) to food
(wine) and environmentas(rfacewater) samples.

Thespecificobjectiveswere

a) Development of an automated system to perform an enzymatic reaction for determination of
an anaesthetic drug in its pharreatical 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 nadllly fluorescent substances and a substances with-pithioed
fluorescence;

c) Development of method enabling a sample clganlightinduceddecompaosition and
detection in one fully automated system based on-Hateh principles;

d) Assembihg of an analysersystemfor the automation of liquieiquid microextractionand
dispersive liquidliquid microextractionand elimination ofthe problem of mixing two
different phasgin one flow systemoptimization ofall kinetic and dynamiconditions of
the reaction and theflow system ortline determination of biologicallactive substance in a
complex matrix

e) Evaluation of the possibility of automation of microextraction by packed sorbent by a
sequential injection chromatographsystem and optimization of the conditions for
treatment of biological sampléar the determination of betablockers

f) Developmentand optimiation of an automated system for hegghce singkelrop
microextraction and tdsig the applicability of this syste for determination of amodel

volatile substance
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3 THEORETICAL PART
3.1 SAMPLE PRETREATMENTTECHNIQUES

3.1.1 General characteristics and requirements on sample pretreatment

The cevelopment of a method enabling direct and fast measurement of an analyte in an untreated
or only minimally treatecsample is thaim of research of manynalytical chemiss. However,
most analyticalmethod do not offer this possibility. Usually, at leastsianple intervention is
necessary to obtain a measurable saey#@ in no-compkexmatices The aim of the intervention
is to obtairasamplein whichit is possible taletect oreliably quantifythe analyte of interest.

Such intervention includes eithiire isolation of the analytéfom the matrix odecreasing the
guantityof interfering compounds from thmatrix toa minimum (without losing the analytepr
modification ofthe analyteof interestinto a measurable form, e.g. by a chemical reaction.

Figurel gives a chart athe time spent othe respective steps of analysisn averagdor the
most frequent analytical techniqgguch as chromatograpHy shows that as much as 60% of the
total analysis time ispenton sanple pretreatmeng 7% on data treatment, 6%n sampling and
only 6%ontheactual analysislhetime devoted to sample treatment is justiisthe performance
of this step is crucial for th@hole analytical procedursincea mistake in this step can affect the
result of the entire analysigthout the possibility of corrections in later stages of the analysis

"

sample
preparation
61%

Figure 1: Time spent on an average chromatographic analysis

tAdapted fron{3].
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General requirements a sample pretreatment technique include:

1

Selectivity/universalityi depending on the purpose of the work, highly selective techniques
or universal techniques suitable for a large range of substamgletbe preferred;

Simplicity of operation and perfarancei the more complicated the technique, the more
training of theoperator is required, the higher the risk of errors in the procedure and the
lower the sample throughput

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

Low sampleconsumptiori asthe sample quantity migbe limited, e.g. biological samples
Low consumption of solventsto copy with theprinciplesof green cheiistry, toreducethe
exposition of the operator to vatxic solvents apours and to reduce the quantity of
produced wastegether withthe cost of analysigspeciallyimportant inlaboratories with

high sample throughput

Possibility of automatiomndcompatibility with theusedanalytical manifold automation
accelerates and facilitates the analysis and significantly reduces the risk of errors in;analysis
Low initial (e.g. instrument purchase, stuff traininghd performancecost (e.g.
maintenance)

Preventionof analyte los$ a highrecovery 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 satnpheplays an

important role asdifferent laboratories work witldifferent maerials (e.g. clinical laboratories

compared tavaste waters analy3isAnother factor is the need for preconcentratitws ismore

important for less sensitive detectitethniquege.g. spectrophotomefryhan forvery sensitive

ones (e.g. mass spectroetry). The type of laboratory plays an important raleutine analyses

with high samplethroughputwould require asample pretreatmenmnethod which is not

significantlytime consumingnd costhjin the sense of development and performameehe other

hand timemight be of less importanaeg.for a research laborataripepending orthe application

it shouldalsobe decidel aboutusage ofa more selective or a more universal methodoldde

complexity of the method should be taken intwaunt too, since the more steps the sample

pretreatment has, thégherthe chancesf an error in the protocol.

The gability of the sample anits compatibility with thepretreatment technique must be

consideredsuch ashe solubility in different solents, buffer additioror thermic stability For

example a sampleheating cannot be used to accelerate the mass transfer isgegadextraction

for substancesvhichdecompose at higher temperatures.
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The simplest sample preparation method is diluticoes not require any instrumentation and
the effect of matrix can balready significantly decreaselut the methoé sensitivity for the
analyte can becomea crucial factor.Other simple but not apecially selective methodsre
centrifugation antbr filtration, which are feasible when sensitivity is not a limiting factor of the
methodology and especially high selectivity is not requirdsdvever, me should bear in mind the
possible loss of analyte on the filter or on sleeimentednaterial.

Proteinprecipitation(PP)is arelatively oldmethod(sincel 9 5)QbEt# is useful inlaboratories
designed for screening andth a very high samplthroughput The aldition ofanorganic solvent,
acid, or salt to the samplieads to protein denaturation gpakssibleprecipitaion. Althoughsome
analyte can be lost gdsorptiorto the precipitate, this methodologgymairs, apart from simple
sampledilution, one ofthe fastest and least costly. Nowadayis tiethod can be fully automagd
by usinga 96 wellplate while automation by flow techniquesi®t typical.

In the following chapters,the sample pretreatmentechniquesbased onextractionsare
described Both the conventional and modern migwale liquid altogether withsolid-phase
extraction methodogies are included.

An emphasis is giveno those techniquewhere automation by flow techniquésis been
extensively explorednd which are ohigh relevance to the experimental works presented in this
thesis in chapted. The am of this part is not to give eomprehense list of all developed
techniques but tpresentan overviewof themas acomparison tdhe methodspresented irthis
thesis.Therefore membranebased sample pretreatment methods suapaasdiffusionare not
included in this work
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3.1.2 Liquid phasebased techniques

The liquid phaséased sample pretreatment techniqoiethe liquid phase microextractions
(LPME) are based oa use ofa liquid extraction agent while the sample can be either in solid or
in liquid form.

3.1.2.1 General principles of liquid phadeased technique€lassicalmethods

LPMEs are based oadifferent solubiliy of ananalytein two (or more) solventexpressed as

the partition coefficient (logP):
logP = logK12=c1/c;

wherec: is the concentration oén analyte inphase 1, e.goctano] andc; is the concentration
of theanalyte inphase 2, e.gvater.

Ideally, he analyte isnoresoluble in theextraction solventhan in thesample solvenusually
water In some case®.g.for analytes witrappropriateacidobasicpropertiesthe solubilityof the
analyte in the extraction solvent can be modified by the chatigimiH (reduction of the analyte
ionization) or ion coupling with a counterharged reagent is performed to achieve a neutral
complex soluble in an organic solvent (if the sample is aquerndishe analyte is ionic

The conventional method, used for sample clganextraction, and preconcentration of the

analytes of interest, is denoted licliiguid extraction (LLE Figure2).

N
Organic layer 3 Organic layer
'3 Shaking with analyte
Sample Sample
Delay
(phase separation)
1.

Collection of the
Ana|y5|s ﬁ phase with analyte
Figure 2: Classical Iquid T liquid extractionin a separatory funnel

It uses the sample and one extraction solvent. The traditional LLE is performed in a separatory
funnel or a flaskwhichsizes range from 101L to several litres and the volume of the extractant
solvent can reach hundreds of microliters to ten of milliliflds The classial LLE is simple,
method development and performance #pically not time consuming and no special

instrumentation is required.LE technique are generallyused for screening purposes or in

8
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combination withvery selective detectiotechniques 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 extraogether withlarge waste
production, low sensitity 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 microextractionsample pretreatmen¢chniques

3.1.2.2.1 Generals remarks diqjuid - liquid microextraction

Liquid phasemicroextraction techniques are based on classicgl, however, the volumes of
both the sample@nd extractant solvent are significintreduced. The sample volumes can be
downscaled from 4050 mL in environmental analys[g] to afew tens of microliters in casd o
biological samples. The volume of the extractant solvent in a miniaturized liquid extraction
technique ranges typically between20¢ L[4].

Miniaturized versions dfLE were introduced in the lists of sampletreatmentmethodologies
in thel 9 %.0TEke first experiments withvery low volumeof extractantwere published by Liu
and Dasgupti 1995using a single drofor extraction of NH and SQ from air[5]. This can be
considered a pioneering work falf liquid-phase microextraction techniques. The mod€&thE
techniques overcomeeveral ofthe above mentioned drawbacks of thevamtional LLE using
lower volumes of sample as well as the organic solvent/acceptor pdrasgalysis andeasible
automationAlso, higher preconcentrati@r enrichment fact@areusually achieved.

Different criterato classifyLPME 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 solverBased on this criterion, the LPME mode candbeded into drect
immersion, heagpace, dispersiver hollow fibre protected (two or three phasg4).

The large growh in the number of new, modifiedr improved liquidphasemicroextraction
techniquesilocuments the fact that thelsave a significant advantage over the traditional sample
pretreatment techniqueBenaPereira et alteported thamore than 5tew methodologies were
developed since 1996]. Severalotherreviews on liquidphase microextraction techniquesre
published in the work of Pen#ereiraet al. the authors reviem single drop microextraction,
hollow-fibre microextraction and dispersiViguid - liquid microextraction[7]. In another work
from Nov8kovs§8 and VI énlsoirvd@ronfatography and 0édern sample t r
preparation methods used in bioanalygse discussefB]. Recently (2014xheLPME techniques
were overviewed by HE]. Cost and time savingsase of performancandapplication tcawide

range of sampke4] are seveiaof the profits of liquid phasmicroextractiortechniques.



3.1Sample pretreatment techniques

3.1.2.2.2 Singledrop microextraction

The first use of a single drop as an acceptor amthr gaseous analytes from aias presented
in 1995 by Liu and Dasgupta[5]. A drop of thesulphuric acid or hydrogen peroxide in
manganese(llsulphatewas used to preconcentrate N&hd SQ, respectivelyfrom a gaseous
sample.One year later, Jeannot and Cantwell used a single drop supporteBTyEgprobe for
extraction of a moel compound analysed later ggs chromatographysC) [10]. In 1997, the
same authordescribed the idea of using singleop microextractin (SDME) where a drop of an
organic solvent was exposedaeample by means afsyringeand the syringé seedle served as
the drop suppoftll]. After extraction and retraction of the needle, the syringe was used to inject
an aliguot directly into the GC systenin& then, this technique gained a lot of attention and
evolved into several modificatiomkffering in the mode (statigersusdynamic) orin the means of
assuringhe contact of theanalyte with the acceptor phased. heagspace, direct immeian, or
continuous flow SDMEJ12, 13] The main advantagef this type of microextractiomare high
preconcentratioffiactor, ease of performancand no other special instrumentati@guirement

than a syringe.
Direct immersion singkelrop microextraction

The origin ofdirect immersion singldrop microextraction (BEDME) dates back to 1996,
when Liu anl Dasgupta published a work about thecatied dropin-drop systeniil4] and Jeannot
and Cantwell described a system with a drop latatethe end of ® TFErod immersed in an
agueous samplgl0]. Two modes of SDME can be applied. In a static mode, the drop of the
extractants held above or in the sample bulk. In the dynamic mode, the sample is continuously
exchanged. This mode assusesonstananalyte transfer into the drop.

In DI-SDME, adrop ofthe extracntis directly immersed ito a samplelt can be performed
in bath the static and dynamic mal&ffective distribution of the analytand itstransferinto the
acceptor drofis assured by stirringl]. After a defined (optimised) period of tinod enrichment
the drop is retracted back into thmcrosyringeand is sufectedto further analysisin this mode,
the acceptor phase comes into direct contact with the sammdeherefore has tde water
immiscible.The choice othe solventhas tobe carefully consideredssolvents partly soluble in
water are not suitable this caseAttention mustlsobealsopaid to the drop stability a higher

stirring speed cadislodgethe drop
Headspace singl@rop microextraction

Tankeviciute et al. and Theis et al. described the developofemtheadspace singl&rop
microextraction (HSSDME) in 2001[15, 16] Thistechniques based on exposing a dropan
acceptor phasim the gas phasabove the sampleo denoted heagpace. Therefore, the sample

can besolid, liquid, or evengaseousThe principleof the HS-SDME is depicted irFigure3. The

10
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analye evaporates from the sample into the hgaate and is adsorbedertime into the drop,
hence the duratioof the drop exposition must Istudied

The mass transfer from the sample into the fsgmte an be enhanced in several ways:

1: Samplestirring,

2: Increased temperatuoéthe samplg

3: Ultrasound,

4: Decreased/depressed presgui@.

In HS-SDME, the acceptor phase does not come into direct contact wigtathgle therefore
theuse of organic solventan beavoided Insteadanaqueous phase can be used with advantage
regarding the requirementof green analytical hemistry Sensitivity and selectivity can be
increasedf aderivatisatiorreagenis usedin the acceptor phase. On the other hanid,method
is only suitable forvolatile or semivolatile analyteswhichis a limiting factor fora wide use of
HS-SDME. Thedurationof enrichment can be the limiting factof the total analysis time and
sample throughput. Alsdhe stability of the dropat the end of the needle can be problematic,
especially at | )a®ndhe othevhand, wsmg a veryahtolumes bf the drop
might result in the drop evaporation amdrseninghereproducibility Generally, the drop volume
issmallertharbe L, since | arger vol umehsomatagnaphiadalgsis caus e
[18]. The principle of HSSDME designates this method to be usedveniently in combination
with chromatographic methods, especi&@§ [18].

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

Figure 3: Headi space single drop microextraction.

Continuous flow singlelrop microextraction

Continuous flow singlelrop microextraction (GISDME) is a dynamiwariantof SDME. It
was introduced in 200[19] and the authors reped concentratiorfactois of 260-1600within an

extraction time ofLO min. In this study, aglass chamber was usedasextraction vessel with a

11
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septumportfor a syringe needle, threedlebeinglocated oveasamplé mlet. Then, theample
was pumped through the chamber and at the same time, afdrde L of t he wasceptor p
generated at the neell@p. The dropwasthenexposed toheflowing samplethrough the opening
in the glass chambesothat it was always in contact with the same concentration of the analyte in
the sample. As a consequenaeg;onstantly higkextractionrate can be achievedhile in static
mode the concentration gradient and thus the extraction rate between sample artreéaged
over time

In suchadynamic assembly, the drop is more prone to beisigdged andtherefore a careful
choice of the solveninust be done anflow rate optimeation must be performed. Another
disadvantage of this techniquedselatively large sample consumptiteking into accounits
continuous flow. Another modification of this technigsesalled cycle-flow SDME [20], which

solves thigproblem by pumping the sample back into the sample reservoir irietéedwaste.
Liquid-liquid - liquid single-drop microextraction

This variation ofthe singledrop microextraction (LLLME]21] is a static method based an
three phase systemwherethe final acceptor phase an aqueoughase. Presentdiist in 1999,
this method uses a layer of organic phase to exdreamalyte froma sample andfrom this layer
simultaneoushynto anaqueouscceptomphasegbackextractiorn. This process is achieved pi
adjustmentso that the analyte is mon-polarnonionizedstatein the sampldor ideal extraction
into the organic phase aigltransferred into itpolarionizedstateby the agueouacceptomphase
e.g. acidification of the sample for the extraction of phendisalytical systemgequiring an
agueous sample can beupledwith this pretreatment technique, on the other hane operation
is more complicatedthencomparedo simple SDMHE7].

3.1.2.2.3 Dispersivdiquid - liquid microextraction

The development of dispersiliquid - liquid microextraction (DLLME) is dated back to 2006
and was first reportedby Rezaee et a[22]. A threecomponentsystem is employeéh this
technique A very small quantity of the extraction solveimt therangecE L) i s nd xed wi t}F
larger volume ofanother solvent, denotexs dispersive solvenfThe mixture isinjected rapidly
into an agueousampleand & a resulta cloudy soluion is createdFigure4). The function ofthe
dispersive solvent i® increasd¢he contact of the extraction solvent with the sample by dispersing
it into small drgolets in the sample volume. After this step, the layers are sephydlestir densies
(by centrifugation oby asimple separation byravitation) and the organic layer with the extracted

analyte is submitted for further analysis.

12
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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 microextractionwith extraction solvent of denser than water.

The advantage of DLLME are ihereduced volume of the extraction solvent and increased
enrichment factodue to the larger surfacandin thespeed of further manipulation in casghen
evaporation of the solvent is necegsarior tothe nextprocessing. The following advantages are
no need forany special instrumentation or devices @hd speed othe processlueto the direct
andsignificantly enlarged contacireabetween the sample and the extraction sojvespecially
in comparison to SDMEAIso, addition of aderivatisationagent to the extraction solvent is
possible to increase the sensitivity and/or selectivity of the analytiediodology[23]. In the
contrary thecombination ofsolvens intended for use has to be testeihceseveral conditions
must be fulfilled: the extraction solvent must be water immiscible and the analytdeuesty
well soluble in it.

Originally, solvents with density higher than water were prefaetuedtoeasier retraction of the
solvent with the extrcted analyte from the bottom of the extraction veddeilvadays,also
alternative methodologies wemaiggested, corresponding more to the demands of the green
chemistry concept. For the extracti@olventslighter than watearealso used. Difficulties th
withdrawing the organic padfter the phase separatiere overomee.g.usingmodified vessels
or by solidification of the organic drop by cooling.raview of the DLLME maodificationsusing
solvents lighter than watemnd corresponding instrumentatiis given elsewherd¢24]. The
traditionally used chlorinated organic solvents can be replaced by more envirdrieratiy ionic
liquids. These kinds of solvents e been gaining popularity recently and a review on their
employment in DLLME was published latdB5].

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 Sbivent.

achieve dispersion, the action of the dispersive solvent carnth®¥ supported or replaced by
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application of ultrasounf®6], increased temperatuj27], decreased tempera#j28], addition of
salts[29], stirring[30], vortexing[31] and bubblind32].

3.1.2.2.4 Hollow-fibre liquid phase microextraction

A threephase systerfsimilarly as in LLLME) denotedas hollowfibre LPME (HFLPME) was
presented in 19983]. In this case, a hollotibre (usually polypropylenes used as a supportrfo
amicroliter volume of theacceptor phase, so that it is more stable than in the case of EIDME
Thefibre is attackedto aneedle ofa syringeandinitially immersed intanorganic solventso that
the pores of the fibre wall ammpregnated withhe solvent as depicted ifigure5. The lumen of
the fibre is filled withthe acceptosolution. The acceptor can be identical with gwventin the
walls and the system is thémo-phasé, whichis convenient aa sample pretreatmefur a GC
analysisAlternatively, t can be filled with an aqueous solution and is then compatible with HPLC
or capillary electrophoté&e (CE) systems[8]. When omparedto the previously mentioned
techniques, the manipulation with the fragile filisdess conveniertiut on the other handhe
organic phase is better protected frompheiclescontainedn thesample matrixThe sample to

acceptor phase ratios are largehigih enrichment factors can be achieved using this techfjiue

Hollow fibre

Sample

Fibre pores

Stirring bar

Figure 5: Hollow-fibre liquid - liquid microextraction

3.1.2.2.5 Salting outliquid - liguid extractionandQUEChERS

Saltingout is based on decreasing the solubility of an organic solvent in aqueous media by
increasing the salt concentratidrhe range of solvents potentially used for extraction is enlarged
by the watemiscible onesuch as acetonitrile, acgig or shortchainalcohols whichare suitable
for extraction of the neutral polar substancéke idea of dting-out originatedin 1989 [34].
Usually,a large amount of salts must be added into the water sample to achieve phase separation

usually dlorides orsulphats.

14



3.1Sample pretratment techniques

Moreover, adition of saltdo the sample helps to ciease the analysolublity in the sample
and thus promotes its transfer to the acceptor ghase-polar substances into watenmiscible
solvents or volatile analytes into the head space over the sample in caseheadspace
microextractiorvariation[35].

A similar concept was presented in 2003 fioe determination of pesticidg86], which gave
base for the name QUEChERSan acronymwhich stands for Quick, Easy, Cheap, Effective,
Rugged and Safe. It is also basedtmraddition ofsolvent,salt and buffer to an aqueous sample
solutionwith posterior cleatup of the organic phadey asolid phase extraction (SPHhe method

gained populdty and commercial kits witthe chemicals needed are now available.
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3.1.3 Solid phaséhased methods

Solid phasebased methods asample pretreatment techniguessed on using a solid phase
(sorbent)onwhichthe analyteareadsorbedAfterwards the analytes release@ither bya chemical
way, e.g.using asolventor changing the pH of the analybe by a physical wayge.g.by heat.

3.1.3.1 General principles of solid phademsedsample pretreatment techniques

Classicalmethods

Solid phase extractiorsPH is still the most common technique used for sample pretreatment
[37]. It is based ora partition of the analyte betweensorbent and the sample solve8RE is
usually performed in aartridgefilled with the sorbent.

The procedure isarried ouin several steps=irst, the sorbent is conditionédvetted typically
with solvent such as acetonitrile or methanol. Then, aililetion step with a solvent similar to
the sample composition is carried out. After the sample loading, the matrasigedout with an
aqueous solution, sometimes with some addition of organic solvent (depending on the matrix). The
final step is theelution of the retained analytéurther, solvent evaporation and reconstitution with
a mobile phase can be done ptmchromatographic analysis.

Over the yearsa wide range of different sorbents were introduiethe marketNowadays,
different mateials and chemistries are availalterresponding to the requirements of selectivity,
recovery and chemical stability. SPE sorbente availabldor both polarandnonpolar, as well
as forionic substancesAn ovewiew of thenew sorbents for SPE is given elsewH8& 39]

Many yearof useand widespread of the technique prove its numerous benkbfifs:recovery,
ease of operatignand feasibility of automation[8, 37]. Both off-line (sample pretreatment
performed manually ousingan instrument separated from thealysey and on-line (directy
coupkdto theposterioranalysey modes are possibl&he extraction is typically performed using
amanifoldfor multiple SPE cartridges comprising a vacuurmpuo speed up the percolation.

Therearemany similarities withchromatographic colunsn This fact also led tthe idea ofa
full SPE automatiorand column switching approadh liquid chromatographylL. C). In column
switching LC, the first column is used for the analyte extraction, which is transferred to the second
column for separation usingsavitchingvalve. The time of analysis and sample manipulation is
significantly reduce40].

Although SPE is superior to LLEegarding theorganic solvent consumption, hern liquid
based microextraction techniques are surely improved in this regaediseonly microliters of
solvents are typically usedhereas larger volumes are typically used in SR&0, automation of
these techniques is feasible nowadays, usithgr robotic systems or flow analysis based systems.

Another pitfalk of typical SPEsorbentsare:the flow rates cannot be controlled easily, drying of
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the solvent musbe prevented8], equilibration of the sdent must be performedefore each
loading of the samplevhichincreagsthe analysis timeand the cartridges are prone to clogging
which is omitted when using liquid phabased techniquil]. Despite some disadvantag#ss
methodstill remains the method of choice in kaoalytical laboratorief8].

3.1.3.2 Miniaturized solidphasebased sample pretreatmerthniques

3.1.3.2.1 General remarks on miniaturized solid phbased sample pretreatment techniques

Although SPE has still a leading position among sample pretreatment métdods,not fulfil
all requirements stategbreviously in chapter 3.1.1.t$ relatively large formatn which
correspondingly large volumes of samglelvents and time of extracti@ne used, whahotivated
the scientists tohe developnentof downscaled and faster methodologi€kassification can be
done according te.g.the number of phases of the extraction procedute whichkind of sorbent
the analyte isetained or divided into headspace and diredample contaddl] as well asnto
static and dynamianode The following clapters present a short overview of timodern
techniques More comprehensive publications on miniaturized solid phased sample

pretreatrentproceduresan be found itheliterature[42, 43]

3.1.3.2.2 Microextraction by packed sorbent

Microextraction by packed sorberdenoted by some authors als®a microextraction by
packedsyringe (MEPS)represents a miniaturizegrsion of SPEIn MEPS, a barrel is filled with
17 4 mg of a sorbent, and it is attached to a microsyringe06for 250 ¢ L(Figure 6). The
procedure is equal tolassical SPEconditioning of the sorbent usually with acetonitrile or
methanol, equilibration with solvent identicabr similar to the sample mediusample ladng,
matrix waslng usually with water or watewith small addition of organic solverfollowed by
elution witha specificsolvent compatiblavith the useddetectionsystem(Figure7). The solutions
pass the sorbent bed twice, as they are aspiratedispehsedy the syringe plunger movement.
The sample volumes typically range in tens of microljtbra large volumesup t01000e L ¢ a n
alsobehandledby repeated aspiratiofheextraction efficiencyxan behusincreasedy repeaing
thesample loadingtep
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Figure 6: MEPS cartridge with a microsyringe

Unlike the SPE, MEPS can be used repeatedly (up to 100 timpk$ona and urine samples,
[45]), whichdramaticallydecreasgthe cost of sample pretreatmertll blood pretreatment with
MEPS was also demonstratgth]. Aditionally, MEPS is compatible with LC, GC arwépillary
electrophoresis (CE)

The performance can be quite tedious and time consuming when performed mamaty
experierwed operatois required The flow &ate is thekey factor forhigh extraction efficiency and
analyte recovery. do fast aspiration and discarding do not alloempleteadsorption of the
analyte on the sorbef8] and fluctuation in the flow ratienpairsthe repeatability.

MEPSextractioncan be performed either manually, sexatomatically using a special motor
driven pipetteor fully automaticallyusing the autosampler ofuged analyticahstrument

Apart from the tedious manual performance, small variety of sorbents can be considered
anotherdisadvantage. Howevesmaller dimensionsshorter time, possibility of full automation
andrepeatableisemakeMEPSa useful tool for sample pretreatment.

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

Figure 7: Microextraction by packed sorbent

2 Adapted fron44].
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3.1.3.2.3 Solid phase microextraction

Solid phase microextraction (SPME) is a solvigs microextraction technique. It wiastly
presented in 199[7]. SPME is based odistribution of an analytebetween the matrix and the
sorbtive material. This istypically a fusedsilica fibre, which is usually coaed with
polydimethylsiloxandPDMS)or polyacrylatg48]. The fibre is attached onto a needle of a special
syringe It is exposed to the sample during the extracting process and heldlhessyeingeduring
the perforation of the septum of the sample void and durargportationThen, 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 solventhere are two possible modes of SPME. The fibre is either
immersed in the sample (direct immersiet-SPME)or held aboveti(headspace HS-SPMB).
Derivatisatioris feasible in SPMEeither with a reagent bound onto the fibre coating or added into
the samplg48].

This technique isurelysuperior to other sample pretreatment techriquihe term®f solvent
consumption. It is also a relatively simple system consisting of one modified syringe. On the other
hand, some drawbks such as possilong desorption time, limited capacijtgndfragility of the
fibre prevent the SPME to become widelyed.Carry-over might be a serious problem with some
substances even at elevated desorption temperdd8fsThe risk of irreversible binding of
substances with high molecular weight (e.g. proteins) by direct immersion must be taken in
considerationMoreover, its application is restricted to the analytes with high vapour presslre
thermic stabilityto enable thermic desorpti¢8].

3.1.3.2.4 Stir bar sorptive extraction

The principle of stir bar sptive extraction (SBSE) is thextraction of the analyte basedibe
partition coefficient. It was introduced in 1999 asdaventless samplgretreatment technique
[49]. A stir bar is coated with the acceptor phase, commonly PDMS, andl pleeeial with the
sample.During stirring, the analyte isdsabedonto the bar coating. Then, the barésnoved,
washed and wipedentlyin order to removealts,proteins or polymers from the sample matrix.
Afterwards the analyte of interest is submitted to further analysis either upon thorsaigtioror
liquid desorptiorin case othermolabilesubstancefb0]. A representation of SBSE is Figure8.

A good sensitivity can be obtained with this technique, since théewettract can be submitted
to analysisandsimultaneouslerivatisationis alsopossible 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 chambgsQ].

Stirring time, volume of the samplandsize of the bar as well as temperatame salt addition
caninfluence theextraction efficiency. Although the technique is quite simplbdcarried out

limited extraction of polar substances (due to the-pmar character foPDMS) and especially
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long extraction time(usually not less ta30 min,[51, 52) are the main drawbaskf SBSE.The
applications, potentiglandlimitations of this technique were summadze a recent revieb3].

Sample Coating

Stir bar

Figure 8: Stir bar sorptive extraction

3.1.3.2.5 Other solid phasbased microextraction techniques

Dispersive solid phase extraction

The disgrsive solid phase extraction (dSPE) usually follows the QUEChERS procedure. It was
firstly proposedby Anastadadesfor pesticides analysif86]. The acetonitrile fraction from the
QUEChERS procedure is submitted to dSPE. A spddifimntity of sorbent is addéaithe sample
with the addition of salt and akenor vortexed and then centrifuged for separation of the sorbent
from the sample. The sorbent is used to remove the sample matrix. The isalventsubmitted for
further analytical treatment, i.e. solvemaporation and sample reconstitutiommobile phas§36].

The advantage of this meth@la simplerperformance than theP& in a cartridge, since no
vacuum pumps and preconditioning steps are required. Also, the problems with the cartridge

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

In disposable pipette tipsieaction or DPX, the sorbent is loosely pla¢edg. not fixedin a
pipette tip(Figure9). 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 slvent, smaller sorbent quantity and therefore &dseer volumes of sample and
solvents. Bothbatchlike and semiautomated performagaepossible54].

SPE can be miniaturized using a-®éll plate, too. Each well accommodates -2 inL
individual cartridge witha 13100 mg of the sorbent. Although it is similar to SPE, the transfer of
an optimized SPE method to a-@@ll format is not straightforwarb5], 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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1. Conditioning 2. Sample loading 3. Mixing with air 4. Sample disposal 5. Washing 6. Elution

|

.:]]-cﬂ:-'i

Figure 9: Disposablepipette tips extraction

SPE in a disc format

This type of SPE bringthe problem of the sorbent structure aomformity as well as the
processing time arsignificantly reducedThe discs are made of a fibrepport (PTFE, glass)
loaded with the sorbent. They are available in different sizes, as a 0.5 mm membranes or loaded in
a cartridge and aboutrim thick.More detailedeviewon SPEnN a discformatwas donee.g. by
Poole[56].

3.1.3.2.6 Modern ®rbentsfor solid phasédased microextraction

Sorbens used in miniaturized solidohase etxactions show many similarities to the
chromatographic sorberffrom the classical materials (silica, polymer, cellulose)pties based
on silica still keep their leading position in use. Silicasgabdified with C18, C8, CN, Nkgroups
are typically used in SPE as well as in thi@iaturizedformats. However, modematerials were
developed in order to increase the selectivity and performance of samplee/eameenabling
alsodirect online use. Although they were not used in the experimental work, they are included
in this thesis in ordeto give an ugto-date report on sample pretreatmenbssibilities More
comprehensive reviews includinganoparticlescarbon nanotubesnd metallic particlesvith
magnetic propertiesan be found elsewhefg7, 58]

Restricted access material

Restricted access material (RAMasg/firstly used in 1991 by Desilets et[&B]. Authorsbound
polyoxyethylene groups on the surface of the stationary phase for chromatographynjgrgech
of a sample into a chromatographic system was possible, since the polyoxyethylene groups acted
as a sievethus thesize exclusion principle was applied. Biomolecules are washed away and the
smaller molecules penetrates inside the stationarsguad are retained inside the stationary phase
according to thir affinity to it. RAM can be therefore considered as an enhanced formlofeon

sample pretreatment techniq{@0]. Nowadays, RAM can be tailonade to fit the desired
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applicationi nonretentive surface and functionalized pores for retention can be improved by
faddi ngdo a semipermeabl e polymer or preostein
(MIP) as the inner retentive phgée].

Application of RAM enables direct injection of a sample into a chromatographic system. The
contamination of the sgute due to manipulation between the sample preparation and actual
analysis is therefore prevented and the sample throughput is incf@@lsédAM cartridges wee

also coupled into a sequential injection system for sample prepdiGitiod2]
Molecularly imprinted polymer

MIPs are special polymers devetapto increastheselectivity of solid phasbased extraction.
They are synthetizetdy polymerization offunctional and crosknking monomers arounc
template moleculé the analyte of interest in order to achieve a polymewhich possesses a
recogniton propertyfor the template osimilar molecules[63]. The aim of the synthesis is to
achieve a polymer with chemical mempryhich resembles the template by size, shapa
binding sites and is therefore able to recognize the target molecule or chemically similar molecules.

Depending onhte synthesis method, -salled template bleeding can occwhich makes the
guantification of the target analytes more complicd@4]. However, methods solving this
problem were also proposeslichas usingadioactivelabelling[65].

There have beereseralreviews devoted to the synthesibaracterizatiorand applicationsf
MIP [66, 67] Theuse of MIP as a sorbent for SPE or SBSE or other miniaturized solid-phase
based extraction techniquées order tohyphenate the advantages ofsh&echniques with the
sdectivity of MIP was also revisejé3].

Immunosorbentgnd aptamers

Immunosorbent$lS) and aptamers represent groups of highly selestiVid phasesorbents.
IS are sorbents with bwledantibodies employing the antibodgntigen reaction ensuring high
selectivity towards the target substan&can be used both in dffie or online mode and the
extraction procedure is similar to the SPE with C18 sorlfé@s Crossreactivity can be also
advantageous in extraction of a group of substances fammplex matrix. Wider exploitation of
IS is restrained by complicated preparation of antibodies for small mol¢68]es

Aptamers are oligonucleotidéBNA or RNA), whichcan bind to a wideariety of substances,
from small molecules to supramolecutdructures They are applied especially due to theirhhig
specifiity, affinity, and good stability69]. Their advantage over the IS is fastecomditioning
(within minutes) for application after the denaturation, better baddtatch repeatability and-4n

vitro preparatiorj69].
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3.2Flow techniques

3.2 FLOW TECHNIQUES

fiThe ideal flow analyser can be identified by three thifigsre must be careful design, it must be

practical, it can be assembled by any@n@agatto et al.[73])

3.2.1 Definition and generakemarks orflow techniques

There are several definitions of flow techniques, established in their earlyfgesiraple and
versatile analytical technology for automating wet chemical analysis, based on the physical and
chemical manipulation of a dispersed sampleezformed from the injection of the sample into a
fl owing <carrier strean/Oanadr dét enxdtoironat down gtan
concentration gradient formed from an injected, sdefined zone of a fluid, dispersed into a
continuous unsegmented streamof acarfiegt]l, and al so fAa fl ow anal ysi
by reproducibly manipulating sample and reagent zones in a flow stream under thermodynamically
nonequi | i br at ¢7d]. Howeved they imostlysapplgnly to flow injection analysis
(FIA) and do not cover the wholeectra of different flow methodologies.

Flow techniquescan be described as analytical approach where the chemical analysis is
accomplished insida manifold, typically assembledsingnarrow tubingA discrete aliquot of a
liquid sample is precisely rasured and inserted into this manifold and pushed towards a detector
by means of a propelling device (pumphe sample undergoespaysicochemicainodification
inside the tubing manifold on the way to the dete¢i®]. The modification (such as reagent
additionor 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 thapplication. For most of the flow techniquésis valid thatthe equilibrium of
the modificationstepstaking place inside a flow manifold is not reached, yet high reproducibility
of these steps allows to perform thbafore the steadgtate[73].

The main purpose of invention of flow techniques is automati@malytical 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 Skeg$957[75]. This wasthe so-called
segmented flow analysis (SFA) systéim Figure 10) the predecessor of the later coming flow
technigueswhichexploit a carrier solutian

water bubble . bubble = water hubbllubble water bubbl,

Figure 10: Segmented flow analysi sequence of aspiratioh

3 Adapted from [75].
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This system differs from the other flow methodologies by reaching the equilibrium of the sample
modifying steff76]. Although not fully automated due to the misstognputercontrol atthat time,
SFA offered a relatively high sample throughpi] and is still applied in certain field23].

Thepi oneering work of what is called mmdlern
Elo Hansen in the sevengjend their first work otthe topicwas publishedh 1975[1]. In the next
chapters the key features and componeftise most flowtechniques will be discussed

3.2.2 Basic principleof flow techniques

3.2.2.1 Sample introduction

The sample can be introduced into the flow manifolddifyerent modes. Generally, several
microliters to severahundred=f microliters of samplareused[77], with the exception of flow
batch approaches, where the sample volume can vary from one to more tiliilizas [78, 79]

Generally the small volumes of samples contribute to small waste prodd@&joAn important
feature is the closed environment of the flow manifold where the sample is introdineds
advantageus forboth the samplandthe operator: sample loss or contamination is prevented in
this mannerwhichdecreases the risk bias[73] and the operator is protected from the harmful

effect of chemicals beingsed

3.2.2.2 Controlled dspersion

A significant part of a flow manifial is made of narrow tubes, wdly 0.37 1.0 mm i.d.In flow
techniquesthe flow is typicallylaminarwithin thecommonrange of flow ratesA zone of sample
introduced into such a tube will obtain a parabolic flow profdee to friction) on the way
downstream, with the fastéow in the centre and slowerovemennext to the tubing wallg77].

The front and end boundis of the sample zone therefore overlapd mixwith the carrier
solution, decreasing the concentration of the sample in the overlapped part. Dispersion (D) is

mathematicall expressed as

D = @/Crmax

where gisthe concentration of the sample at the moment of injectionakid the maximum
concentration of the sample recorded by the deteiatothe concentration of the sampighich

underwent all dispersive processes on the way to the deffét}orhe minimum value of D is 1.
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Effect of sample volume Effect of tube length Effect of flow rate
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Figure 11: Effect of different flow conditions on dispersidn

Sample volume, flow rate and tubing dimensions are the factors mostlgriofihg sample
dispersion as shown Figurel1. High dispersion can affect negatively the limits of detection. On
the other hand, overlapping with tregljacent zone®f the carrier containing a reageist
advantageous when formation of a reaction produaitied[30].

Dispersion contributes to mixing of solutions inside a flow manifold. Unlike in batch mode,
where the mixing is homogeneowsgconcentration gradient is formed anflow system as the
solutions pass downstream. This is reflected by a signal in shapenofasyc peak in most
measurements0].

3.2.2.3 Reproducible timing

Reproducible timing is the third and key feature of flow technigBescise and reproducible
manipulation with solutions in a flow system allopforming measurements before reaching
equilibrium of the sample modifying processes, tthgsanalysis time in comparison standard
batchwise methods can be significantly shorten8ditability of signal data collection before
reaching the equilibrium h®uld be evaluated for each applicatiprd]. Improvement in
reproducibility is related tohe expansion and accessibility of computers and their inclusion
laboratory instrumentation.

4 Adapted fronm{74].
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3.2.3 Common omponents of a flow system

3.2.3.1 Propelling device

AnThere is no ideal pump. o0 Jarom2r

Propelling deviceinduce flowin 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 folleaxirdescriles briefly
the most common ones, although othenciples were usetb drive a liquid inside a flow system,
such as electr@mosis[81], gas pressuri82], or gravity[83] and an overvievon the propelling

principlescan be found elsewhefe6, 77]

3.2.3.1.1 Peristaltic pumps

Peristaltic pumps are driven bBynotor, whichspins anodulewith rollers placed around hese
rollers then presBiexible tubes arranged in one or more (depending on the type) channels around
them and the liquid gide the tubes is then pushed towards the output. Reconstitution of the original
state of the tubeauseshen the liquidsuctionfrom the inlet side and the flowiisduced84]. The
flow rate is adjusted by the tubd. and rotation raté80].

Peristaltic pumps argypically used in flow injectionanalysis (see chapt&:.2.4, wherea
continuous flowis characteristic. Flow programming is less convenient in this case, sincetlelay
the pump actiorran occuy which affects undesirably the time precisiand is impermissible in
stopflow measurement§7]. However, flomprogramming using a suitable interfacedomputer
connectiorand use in sequential injection analysise chapte3.2.5 is possible. The disadvantage
of perigaltic pumps is the flow pulsation causkeyg pushing and releasing thabesand the need

for relatively frequent tube exchange due to abrasion

3.2.3.1.2 Pistonpumps

Piston or gringe pumps areonstructedrom a steppemotor, whichdrives aplunger inside a
syringe The syringe is fabricated from inert materials such as glassefmhf. The pump
movementis bidirectional angbroduces a pulseless fld®&5]. Introduction ofthe first camdriven
piston pumpo low-pressure flow systemgas 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 applicat[@i]. Althoughsyringe pumpsequire timefor refilling
from thereservoir and the sampling frequgns thereforédower compaedto the peristaltic pumps

the advantages outweighegedrawback [85]. Some of the pump types are showirigure12.
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3.2.3.1.3 Solenoidpumps

Solenoid pumps generage pulsedflow using an electromagnet built insid&. diaphragm
separates the operating mechanism from the flow channel. When the sralvgSolenoid 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 diaginn downthevacuum is released and expelling a discrete

volume of liquid ispropelledthrough the outlet valve. Simultaneously, the inlet valve is cl@&&d

WY

4/'// s
Z4 - 2
§ -y . |
4—‘"?',—‘
e - =
Peristaltic pump Syringe pump Solenoid pump MiliGAT pump

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 applicaf@®ris Also, individual control of each
channel, unlike with a multichannel peristaltic pump, is convenient.

The disadvantage is, similarly as with peristaltic pumps, generatipgled flow [87].
Moreover, the flow is unidirectional and liquids only can bemped (air is not desirable).

Overheatingwhich can stop the pumpan be caused by fast flow ratager a long time

3.2.3.1.4 MilliGAT ™ pump

The MilliGATE pump developed by GlobalFf is the latest type of pumprhichis supposed
to overcome the drawbacks oktperistaltic pump(pulsation and frequent tubing exchange) and
the syringe pump (necessity of barrel refilling)These two conditions were fulfillednd the
MilliGAT E can pump bilirectionally both liquids and gasses at flow rates ranging from nt! min
to mL min? [88]. However,not even this pump Bs a universal usaggnce it contains metal
components and is therefore not applicabkedoemetal analysis, it is not regigit to strong bases
and acids and to high pressurém® action inside cannot be visually controlled (not transparent)
and itrequires a professional servi@9].

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

cylinder, whichare moved by means of a motor. As they turn, they run a ciygatlar The pistons
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change their vertical positions lyrning as they are attached to an inclined sudgoit While
one is aspirating, the opposite piston is discharging and the two remaining pisiarib@araiddle
of the action ofspiraton or discharging77] from theports in the cylinder.

3.2.3.2 Tubing andmixing coil

The typical tubing used in flow methods has an i.d. of 3 mm([77]. In flow methods, the
purpose of the tubing is often different thast delivering liquidsthorough mixing of e.g. sample
and reagents is requirgt4]. To improve the mixinggoiled or knitted reactors aoftenemployed
in flow systemsPumping the sample and reagents in such reactor (mixing coil) promotes radial
flow and thus better mixing of the liquids is achie\J@d]. Reversed flow also servéor this
purpose$89].

The materials ofubing 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 Teflorf is nowadays the prevailing materfal tubing, although othesuch as PEER
or Tefzef are used for some applicatidue to improved characteristics oveegflorf such as
mechanical stability74].

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 samfilerof e dntoithe n 0
stream of carrier solution can be achieved by different modes. The most typical deeices

described belovand shown irFigure13.
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Injection valve Lab-on-Valve .0 .port 9 p9nvalve o'r Solenoid valve
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 tecffifjuajecting the desired
volume of sample and reagents by means of several byigties typical formulti-syringe FIA

(MSFIA) [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 anilcés can be found elsewhgr&].

3.2.3.3.1 _Injectionvalve

Injection valves are desigedastwo (or threeattached diskgrom whichone is rotatingrotor).
For a sixport valve, & channelsare drilled into theop disk (stator) 1.loop inlet 2. sample inlet
3. wasteoutlet, 4. loop outlet, 5channel leading to theanifold 6. carrier inlet The dimensions
of the tube for loop determine the sample volu@ennection of the channels at loading and
injectionpositionss depicted irFigurel4. At the loading step, pure carrier flows into the manifold.
At the injection stepthe rotor turns and the loop connects with the channels opposite to those at
the loading step. They are linked in such way thatcarrier wasbs the content of the loop into
the systenj74]. The working principleof a proportional injection valvis similar, but istead of

discs, blocks are used and junction of channels is achieved by moving the midd@®]Jock

Loop inlet Loop inlet

Manifold

s
’ rd
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 valvgmultiposition or selection valveonsists also of a rotating disc and other
disc with drilledlateral channel$ ports (6, 8, 10or more ports) and a central port. The central
port connects always the mixing reactor/holding coil with one of the,pghigh is chosen by
movement of the turning disc. Tubes from the sample and reagents resandoisasteare
mounted to the respective ports. The selected vawfngolutions (controlled by a computere
aspirated (or discarded) by a pump. This type of valve and its mode of operation (possibility of

reversed flow) is more typical for sequentiakiciion analysi§o4].

3.2.3.3.3 Solenoid valve

It can be constructed as either tvap a threechannel valve. The twohannel valve is used to
facilitate or prevent fluid streafii4, 91] In a threechannel 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 wlume of the sample is determined by the time of the valve opéngSolenoid
valves are typically used in multicommutated systfa§

3.2.3.4 Detecion

Flow technigies are compatible with a large scale of detection sysfEmesdcetectoris either
specifically designed to be usidaflow system or a conventional laboratory detector is adjusted
to be used in flow instead bhtchconditions.

The most common detectidgachniquesn flow techniques are spectroscopic methods such as
UV and VIS spectrphotanetry, fluorescence and chemiluminescenadomic absorption
spectronetry (AAS)[73,96-98]. The priority in applications is given by the easiness of operation,
robustness ankigh reproducibility of measuremenist].

In flow methods, detection cells are constructed with regards to the characteristics dhiow
detection cellshapeshoud reduce thedead volume; inner volume should be large enough to
prevent light beams collimation, but small enough to prenegainingand merging of fluids zones
sensitivity loss and peak broadening as a conseqUiéBc&7] Typically, the flow cells volume
range from several units to tens of microlitg8, 98]

Adjusting ofaconventional laboratory instrumeiot a flow techniquean be done by mounting
a cuvettdike flow-cell, omprising inlet and outlet. Flow celiiesigned to be used in flow systems
have the innerflow-through channé typically Z-shapedfacilitating the potentially occurring
bubbles to escape and not to collide with spgtiotometric measurementg3]. They are
conventionally used with opttfibres,using appropriate holdef80]. In that case, external light
source and data collectarecoupled ito the flow system.

Theflow cellsare made of inert material, with glass or quartz windows positioned eitliee in
(UV, VIS) or at a right angle (fluorimetric measuremengdlernative flow cells(long light path,
Figurel5) were developed in order to increasedfassitivity of spectrophotometric measurements.
They are gaining popularity, since increasing the path length leads to sensitivity increase according
to the LamberBeer law:

A = cAl AU

A - absorbance,il path Iengtthl' molar absorption coefficient (I médnr?).

Spiral flow celk (Figure15) areused e.g. in chemiluminescence measurenj@fis

Use of éectrochemical techniquesuch as potentiometry, voltammetry or coulomgir§O-
103], mass spectrometil04-106] and othersand their hyphenation with flovechniquesvas

describedn several monographg7, 98]
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Figure 15: Examples of flowthrough detection cell$

3.2.3.5 Computerand software

Computer control of the whole flomnalyseis one of the premise for automation done by flow,
sequential injectioror related techniquwe Nowadays, severabntrol softwares are available and
supplied for he users by thdevelopers of flow systems. FIAldbr Windows[107], FloZF [88]
and AutoAnalysig108] are available to control the action of each component of a flow manifold,
to collect dataandto perform data evaluation artd enable the flowsystem user to writena
operation potocol[109].

The cevelopment in the field of control programsig continuous, due to the versatility of flow
systems and hendte the possibility to connectand consequently control- additional devices
Automatic optimizationand communication with other softwarare also the aims of further

progresg§109].

5 Adapted fron{77, 80].

31



3.2Flow techniques

3.2.4 Flow InjectionAnalysis

Flow injection analysi¢FIA) was patented in 1974 and one year

and Hansen in 1978] asa descendent of SFA oontinuous flow analysis (CFA)Jhe mutual
feature with the previous techniquéhgsuse ofaperistaltic pump andtubing manifold for sample
handling. However, there are several differences: unlike BFHAA, air bubbles are n@mployed

to separate sample zones and reagdmminar flow is here predominanto#@e mergingby
overlapping and diffusion occurBurtlrermore, while SFA works &t reactionequilibrium, this
does not have to beached in FlIAdue to the precise timing, sample introduction and controlled
dispersionandthe sample throughput is therefore significantly higfra, 74]

In FIA, unlike in SFA, thesample zone is injected into a stream of carrier or reafesteaction
product is formed at the boundaries of the zonedtayatesence of thiproduct is recorded by the
detector as a change in signal, reflecting change of the parameter measured by the Flatector.
some applications, such as environmental analysis, so called reverse flow injection can be more
convenientwhen the sample is abuartt or the cost of reagent requires this configuration. In this
case, a relatively small volume or reagent is injected into the stream of $atfjle

A FIA system can be either singiaed or consists ofnultiple channelsThe early FIA systems
worked solely at continuous flow conditions, using peristaltic pumps and f@ihd\n injection
valve was used to introduce sampletdnthe systemOperation of flow injection system was
improved and simplified byhe implementation of computers into the control of flow system
componentsn the eightieg73].

The three basic featuresample injection, controlled dispersion androglucibletiming are
followed hereA precise volume of sampletiseteredy the loop of the injection valve and injected
into a flowing stream of the carrier ceagent. Due to dispersioa,concentration gradient is
formed. This is controlled by the flow rate
and programming, the concentratiavhichis read by the detector, is always reached at the same
time, thus the timing is repduciblein terms of sample transport or chemical reaction duration

Althoughthecontinuous flow washaracteristic fof~1A, development in the field brought flow
programmingalso intothis method80]. The typical characteristics of a FIA manifold are listed in
Tablel.

Table1: Characteristics of FIX.

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

501300 ¢ 17 2mLmin* | 027 0.8mm Up to 2m 60i 120 h'

6 Adapted from [80].
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3.2.5 Sequential Injection Analysis

3.2.5.1 ClassicalSequentiallnjectionAnalysis

Sequential injection analysis (SIA)sa called thesecondgeneration of flow techniquegjas
presented in 1990 byT8 i | ka and Mar s h a lidbasedlolcamputeecantrgj @ ner at i
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 aspicate
dispensecarrier, sampleand reagentsA multiposition valve is the centre of the systelnis
connected with the pump via the central @ortl a holding cojlin which the aspirated solutions
are stored and mixedFigure 16). The lateral ports are employed to connect the central channel
with the sample and reagents reservoirs via tubdngare connected tthe detector or other
peripheral devices, respectively. Another difference in comparideiitis the implementation of
a holding coi] whichprevents the aspirated solutidnsm enteing the syringe barrdlr4]. This is

not the case of ksyringe analysis (chapt8r2.6.2.

HOLDING COIL
O\ u l l l j ¢ i Waste
@ — =\\/aste
b o)
® )
MULTIPOSITIO ® @
VALVE

Carrier  SYRINGE
PUMP

A

,, Reagent Blank Sample

Figure 16: Sequential injection systeraomprising the basic components

Two principles are added to the three corner stones of flow techniques: sequential aspiration
and flow reversa[73]. Sample and reagin) are sequentially aspirated into the holding cail,
upstreanfrom the detector. By ltanging the flow direction, the solutions are propelled towards
the detectorThe adjacent zones overlap and their mixing and formation of the reaction product is
improvedin comparison to FIA with unidirectional floj@4].

Aspirated volumes and timeduring which the sample stays in the systeane selected by
means ofa software unlikein FIA where the choice of tubing dimensiongeaitminesthese

parameter§/4]. SIA enables selecting the flow rates according to the performed action: if a long
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time is necessary due &slow reaction slow flow rate is programmed. For actions suchyates
washig, high flowrates are chosen. Stopgimv measurementsee chapte8.3.1) are amenable
with SIA systen{111].

The discontinuous mode of operatlmmngs significant advantage comparison to the previous
technique: savings in solution consumption and waste production giegeare aspirated
sequentially andnot 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 ahEv

On the other hand, tHinitation is in the volume of the syringe barrelhichmust be refilled
periodically. This gives SIA a disadvantage in the sample througbpytaredo FIA. However,
precise programming and/or use @fMilliGAT E pump enatds to reach similar sampling
frequendes(Table2).

The requirements of miniaturization led to the developmemhiofo-SIA [112] and further
formats, such adescribedn the following chapterSince its inception, SIA was employed in
different analytical fields, ranging from pharmaceuti¢all3] environmental[114, 115]

agricultural[116], industrial[117], and others.

Table2: Characteristics of SIA

_ . . Sampling

Sample volumg Flow rate Channel i.d.| Holding coil length
frequency
201150 051200 &10371.5mm Upto1lm Up to 100 H

3.2.5.2 Bead Injection Analysid.ab-on-Valve

The versatility of flow techniqguesnablesuse ofbead (regularspherical particlesin the
system, withoua significant hardware chargThe firstexperiments, giving rise to bead injection
analysis (Bl, BIA), were performed y ¢gR T k1893[iL18]. In BI, bead of a typical diameter
of20-150 e m ar e as pi ,whicheoohprissm tompoaentgchasnbee) to entrap them
[80]. Beadscan carryanimmobilizedreagent. After the beads are entrapjprethe system, the
sample is aspirated and pumped through the bead bed. In this step, the reaction product is formed.
Then, the product measurement ¢& performed in several ways:

1. An eluent passes the bes@nd washes theaptured analy{g) or reactionproduc{s) into

a detection cell;

2. The measurement igerformeddirectly on the bead$ this is possible when transparent

Sephadéx beads are used atite change of signal is given solely by the reaction product or

the analyte captured on the befik9, 120]

7 Adaptedfrom [74, 80].
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3. The poduct is washed into the furnafme AAS, where theanalytesare subsequently detected

[121-123].

The critical moment in Bl ishe aspiration ofa uniform amount of beads for each analysis and
their correct positioning in a detection cell for direct measurements. Nowadays;aBiiésl out
in a Labon-Valve (LOV) format whichoffer reliable and reproducible Bl performar&@].

The concept of LOV as another descendant of flow techniques was presented jh22Q.00
The LOV platform is a monolithic unit with carefully drilled channels placed atop of a
multiposition valve whichfuses the function of a valve, flow channelsd detection ce|lL23]. It
is therefore more compact and one step fulithdownscaling flow syems.

LOV is a \ersatilesystem, enabling UV/VIS or fluorescence detectisimply by connecting
optical fibres[125]. Hyphenation with kectrochemical detectidi 26], inductively coupled plasma
mass spectrometryGP-MS) [127], or CEis also feasibleThe LOV concept is suitable to perform
biochemical, biotechnologicabr biological assays, including assays with cgl28, 129] An
example of a system with the LOV platform isHigure17.

The remarkable advantage of this approach is that a new microcolumn is formed for each
analysis, so that the risk of catoyer is minimizedLOV gives an improved pléirm for Bl thanks
to the solid straight channel$us minimizing the risk of accumulation of beads in raesired
sites along their pathway.

Long - path
detection cell
MiliGAT™
Lab-on-valve
platform
Detector
Opticalfibre
Figurel72Z LOV system witth Mill i GATE pump
8 Adapted froni80].
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3.2.6 Flow-Batch approaches

In flow techniques, the solutions are typically processed in a tubing manifdigpicélly
<2mmi.d. In following chapters, the approaches are denominated batch if a cHéwmlaEvice

is usedn additionto handle ifjection, mixing, reaction, extran) the sample.

3.2.6.1 Flow-Batch systems with external vessels

The batch analyser (BA) was a system proposeohd patentedy Wangand Taha at the
begi nni [139]. Itovas b8sedon the injection of a small volume of sample very cltise to
detector surface. The detector (electrode) was placed in a large volume tank. The signedshape
similar to that one obtained in FIA and refiedthepassage 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 nh determination of species with redox properti#81, 132] Further potential of Bl was
described in 2004133].

Flow-batch analysis(FBA) was presented by Honorato in 1989®d usd for titrations [134].

In this system, sampling and signal readout are carried out similarly as in flow methods, but the
reaction takesplace in a chamber belonging to the syst@e chamber and valves for
multicommutation are additional components to a propelling device, {udidgdetectorasused

also in FIA or SIA.The ®lutions can be added to or removed from the chamber dontol
systemAlthough the flow is typically continuous since peristaltic pumps are mostly used in FBA,
the commutation system (use of thweay solenoid valvesFigure 18) enables recycling of the
solutions to their reservoirs when the valves are switched b#.chamber is usuallygaipped

with a stirring devicd135].

Peristaltic
pump
Rl

e’
£<Valve 1

£—<Valve 2

L

-

N,

alve 4

iddd
SRR AN
ry Jr]

HI

-

Figure 18: FBA systen.

9 Adapted fron{135].
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The advantage of these systerashigher sensitivity, since more efficient mixing can be
achieved in the chamber and thus a same amount of a regmtboluct is formed fastein
comparison to theimple zone overlapping in a tupg35]. Signal readout can be performed
directly in thechamber, in case it comprises glass or quartz windows for spectrophotometric
measurements 8]. The disadvantages are basically related to the use of peristaltic pumps, which
generate pulsed flow and require relatively frequent tubing exchange duechanmuoal 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 propofEzb].

3.2.6.2 Lab-In-Syringe technique

In 2012,Maya et al presented avork wherehe aspirate@ mixture of octanol and acetonitrile
for DLLME and a ampleof benzo(a)pyreimto a syringe of a MSFIA systefh37]. Later on, he
performed a similar method in a SIA syst§i38] and used the syringe even as a detection cell
and establishefly this a novelLab-In-Syringe(LIS) technique, also called -gyringe analysis
(ISA).

This techniquelteredone of the rules in SIA, that any other solution than the carrier can enter
the syringe. In LIS, the solutions are handleg fheans omixing, reaction, extraction) inside the
syringe. This technique omitseitlassical use of a c@r 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 eservoir to the syringe barrel are kept as short as possiblecarhisfacilitated bythe
9-port selection valv§139], whichis positioned directly atop of a syringe instead afva-way
valve (Figure19). So far, thigechnigue was mainly used for liquid phdmsesed microextractions
including DLLME [140, 141]and HSSDME, as described ithe article inchapter5.3.

The wse ofthesyringe as a mixing chamber has several advantages: the volume of the chamber
can be adjusted (the upper limit being the syringe voluargblingo increasehe volume of th
sample in order to achieveghersensitivity. The systemusing the SIA componentis, compact
T it can omitsome of the tubingnd mixing coil and the chamber itse#fn be used as a detection
cell[138], minimizing also the dead volume.

The disadvantage is that additiosgtinge cleaningtes must be included in a control program
before measurement of evendividual sample, unlike in SIA, where thgstem is seltleaning
thanks to thearrier.

To achieve higher efficiency not only of the syringe cleaning step, but especially higher
efficiency of dispersion (in DLLME) and extraction, stirring devices wemp@sed inLIS by

Horstkotte et a) suchas simple motor with an attached magnet positioned right next to the syringe
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as described in chapteds4 and5.3. A novel and moresophisticatedvay of stirring was also
proposed by the same author, usati@ptercreating magnetic field as driver for the stirring bar
inside the syring§l41, 142] This applies thata smalsize stirring bar is placed inside a syringe,
increasing the dead volume by disabling the piston to reach the very top pdsiisaver,
adequatevashing which is more efficient using the stirrir@nd precise calibratiogliminate this
concern.

The use of solvents with density higher or lower than that of water and their dispensing into the
detection cell is convenient IS, since the position of the syringe can be arranged either with the
head up or alternatively, in heddwn position143].

Although relatively new, this technique was used not only in connection with
spectrophotometric detectors, but algth AAS [144].

Stirring
device

Figure 19: LIS system with 9port selection valve.
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3.2.7 SequentialnjectionChromatography

Gat 2 nal |R]itestedio coupk amonolithic columns into a sequential injection system
to separat four activesubstances of a topical pharmaceutical formuldtidc2003and established
a technique denominated as sequential injectbromatography(SIC). SIC combines the
advantages of bothigh performance liquid chromatograptyRLC) (determination ofmultiple
aralytes in one samplend flow technique@rogrammable floyby couplinga 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 generiag significantly lower volumes of waste, significantly lower cost of instrument
and analysis, convenient prar postcolumnderivatisation variability in flow manipulation and
in flow path (use of Zell, longpath flow cell)for detection2, 145]

In the early years of SIC, one of the limitations was ¢heWworking pressure of the SIA system
(50 psi, [80]), allowing to use nly monolithic columns for separatiofThis was partly solved by
devel opment of a $he @drking prdSsurs gheré tham 50@si. théreased
working pressuref the system enabled twoaden the scale of possible columns to be trsed
longermonolithic andcoreshellcolumnss uch as presented i n[l46he wor k
wherethree coreshell partice columns30mm1 4.6 mm, coréshell particle sizef 2.7 Om) were
testedlon-exchange columaf 150 mg ofstrong anion exchangsorbenfilled into a 20 mm long
I 3 muoartridgewas used in a SIC system feeparation ofJV filters [147]. Coupling of
short monolithic columns was successfully applied évdiow injection-based systenjé48] and
MSFIA systemg149, 150]

Thefeasibility of liquid handling in flonsystens enables also to generate gradient $iowthe
SIC format[151]. Sample pretreatment and subsequent separation and detection performed in one
SIC systems also advantageo(&52, 153]

Although the benefit brought to the family of flow techniques by SIC is evident, the comparison
with HPLC showssome hor t comi ngs of SI C; the pumps used
to the ones used in HPLC and thhe use & longer particle columns argkparation of a larger
number of analytes in one sample is cumbersome. Also, the existing\ddttionwith the
software provided with SsticGrhconmparBonnithytisoseaisedin s r at
HPLC[145]. However, comparison of SIC with HPLC in the meaning of performance falhot
adequate since SIC stilelongs to the family of lowpressure flow techniques and it does not aim
to be a competitor to HPLC.

SIC was applied mainly to pharmaceutical analgs$idifferent formulations to determine the
active substances and excipiefit§3-155] but process monitoring assays were also performed
[156]. Environmental samples were analysed by it UV detection using a longath flow cell
[157] or with ICP-MS detectior[158].
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3.2.8 Other flowtechniques

The verstility of flow techniquesoffers the possibilityfor different system assenie
Different ways of fluid propellingmerging and delivering to the signal readt system, i.e.
different instrumentation gives raise to different flow technigaed, their categorization can be
troublesome Linden suggested classification of fldvased methods in 199459]. MCFIA
(techniques based on the usetloeeways solenoid valves)MSFIA (using multiple syringes,
which can be moved simultaneouslyr, fbe aspiration and propelling of different solutions; each
syringe coupled to a threeay valve),multi-pumping flow systemsMPSF based on the use of
solenoid valves)all injection analysigAlIA) (aspiration of all solutions into a holding coil and
their circulating for a pralefined time) chip-onvalve (incorporating the reaction coil into a
monolith flow circuit mounted onselection valvg and othersrerecognized by scientists among
flow techniques.The eader is referred to literature devoted these techniques, since their
description exceeds the scope of this wWek92, 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 (RiZicka & Marshall, 1990)

of sample

MSFIA (Albertus et al., 1999)
BIA (RUzZicka, 1999)
Unsegmented LOV (Rtitka, 2000)
flow
AIA (Itabashi, 2001)
MPFA (Lapa et al., 2002)
SIC (Satinsky et al., 2003)
ISA (Maya et al., 2012)

Figure 20: Classification ofselectedlow techniques®.

10 Adapted fron135, 159, 162].
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3.3 SELECTED SAMPLEHANDLING METHODS IN FLOW
TECHNIQUES

3.3.1 General remarks orample handlingn flow techniques

The versatility of flowanalyserss given bythe possibility ofphysical reconfigurationf the
systemand implementation o& large choice of componentsfor various applicatiors. Flow
programming, which does not require any physical changes;iloutes equally tahe versatility
of flow techniqus such as SIA, SIC or LIS.irge different actions in a flow system (sample
aspiration, mixing, detection eteequiredifferent conditiongflow rates, volumes, etc.) to achieve
their most efficienperformance, flow programming can be very uséfulthis purposd80]. As
an example, stoppedtbw can be exploited in situatisnvhere alonger sample incubation time is
necessarye.g. in enzymaticeactions,whenhigher sensitivityof the method is aistl (steadystae
can beachieved)or in case of phase separati®he 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 separatioordimue [73]. As another
examplemore efficientmixing of the sample and reagents can be achieved applying the sandwich
techniqug[163]. Thesample is aspirated between two zones of the same reAtgmtrepeated
reverse flow (typical for SIA) can be applismimprove mixing.Different flow programming and
sample manipulation strategies as well as multiple applicati@ne described in the monographs
dedicated to flow techniqu¢g3, 77, 80]

Adjusting the fow for different purposebelps to decrease waste generation (nooiils versus
programmable flow),a comply with the action carried out in a flow system, e.g. incubation,
addition of a reagenphase separation, continuous monitoring gyl to achieveatisfactory
analyticalperformance in the meaning thietime of analysis, sampling rate, sensitivity etc.

In the following chaptersseveralapplicatiors of flow techngues exploiting different flow
strategies for sample pretreatment will be described and the main features of the methods will be
discussedThe methods described were employed in the works included in this dissertation. Liquid
phasebased extractions weegitomated in workdescribed in details in chaptéy (LLME) and
5.3 (HS-SDME). Solid phasebased extraction was explored in works presented in chdpters
(SPE) and.6 (MEPS. Enzymatic reactions were performed in a SIA systerdeasonstrateth

chapters.1and irradiation for analyte alteration was applied in works described in chapter
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3.3.2 Enzymaticreactions in flow system

3.3.2.1 General introduction to enzymatic reactions

Enzymes are protesrwith a threedimensional structurewhich act as biocatasts i.e. they
increase the reaction rat€he substratamolecule binds to aactive siteof the enzyme ands
converted into a product. Binding the active site is highly specific due to the thil@aensional
structure.The hgh specificity of the enzymatic reaction, together with high turnover number,
biodegradability and natural origii64] are some of the advantages of the use of enzymes in
analytical reactionsn comparisorwith some other chemical reageriffe selectivity enablebe
determination o substance of interest in complex matrices with rather universal (less specific)
detectiontechnique$165]. A specific enzyme can be therefore used in pharmaceutical analysis to
determine the active substance, decomposition pradutexcipientinpurities or metabolites in
the pharmaceutical formulation or in a biological samphese substances can be present at low
concentratiofin relation to the matrix componentnd a specific reactianight reduce the sample
pretreatment or interference maski@n the other hand, some drawbacks, such as molecular
complexity, high cost of mduction and easiness of irreversible changes in structure and activity
[164] hinder broader applications efizymatic reactions

Analytical applications of enzymes are basedhmnMichaelisMenten kinetics model anoh
thefollowing equation:

V = VimaAS]AK N + [S])!

where V is the reactiorate, \{t maximum reaction rate (depends on the enzyme activity), K
the substrate concentrati@t which the reaction rate is half theximumreaction rate, also called
MichaelisMenten constant, and S is the substrate concentration.

Performing @ime-dependent enzymatic reactionarflow system hathe aslantageof precise
timing and the possibility of stoppdtbw measurementdlso, utilization of small quantities of
anenzyme measured accurately in the flow systeiecreases the cost of arsbf77].

Flow techniques can be either used to perthiedeternination ofanenzyme activity111, 166]
or theenzyme is used within a flow manifold as a catalyst of a specific reaction for determination of
thesubstancef interest whichcan act either as a substrate, inhibitor or actia&x].

There are several strategies émzymaticdeterminations; enzymes can be handled either in a
form of a solution, or immobilized77, 165, 168] both of them having advantages and
disadvantagesas discussed in the following chaptérbe graphic representing the fregay of

use of enzymem SIA in different forms and having a different role is showfigure21.
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3.3.2.2 Use of reactors withnnmobilized enzymas flow methods

|l mmobilized enzymes are fienzymes physically ¢
of space with retention of their catalytic activities, amdich can be used repeatedly and
cont i nladule bthewords, they are attached to an appropriate supportvbier the
substrate can pass and loaerted into a produ¢t70].

Enzyme as
catalyst

Enzymes in a SIA mmobilized
solution , zymes

Enzyme as
analyte

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

Enzyme immobilization cahe reasoned by several benefits, save of cost being one of the most
important. Repeatable utilization of enzymatic readecreases significantly the consumption of
enzymes, whose isolation is a costly procedléb, 169] Moreover, enzymes in solutions can
easily lose their activitylue to the environmental factors such as temperature camHsome
authors claimthe enhanced stability of the immobilized version under bbthoperation and
storage conditionfl71]. The rigidity and more feasible handling with the immobilized enzyme
arealso appreciateh bioanalysisPrevening the possible incompatibilities in cascadsactions
using multiple enzymesas also pointed olit71]. Also, due to the repeated use, a larger amount
of the enzyme can be used for immobilizatittvan ifused in a solution, so thatmore efficient
substrate conversion can be achiejM&8].

On the other hand, immobilization of an enzyneguiresadditional time and cost. The blockage
or irreversible loss of activitye.g. by a sample componeiin increase theost of analysis
significantly[165]. The enzyme activity must be regularly controlled over the time of utilization.

There are multiple methods of enzyme immobilizafionbiotechnologcal and bioanigtical
assays They can be divided into reversible and irrevers[tig9]. Adsorption ionic birding,

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

11 Adapted from[165]. Numbers represerthe number of SIA applications with the two overlapped
characteristics
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whereas covalent binding, microencapsulation, cross linkmhentrapment are the irreversible
ones[169]. Several reviews on this topic were publisfiedl-173], whichalso report on the used
support materials. From thesgnthetic omatural polymers such as chitogai4], agarose beads
[175] or inorganic materialgl76], e.g.silica, aregenerally used.

Moreover, integration of the enzymaa the working electrode, e.g. by carbon pastiity]
for amperometric detection common strategy of achieving a sensitive biosej@fr165]

Apart from the incorporation ofraenzyme 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 comm@&clerestic

representatin of such reactoris depicted inFigure22.

PACKED-BED Beads with
REACTOR immobilized enzyme
A1 S Ry
Sample inlet o L'{J ’-'_‘ j (\"_ } Sample outlet
[ PSSO
—) P OS] S o C—
g Rl
> af &l N0 QXK >
Frit Frit
OPEN TUBULAR Layer of
REACTOR immobilited enzyme
Sampleinlet Sample outlet

Support material

Figure 22: Examples of reactor with immobilized enzymes.

A packedbed reactpis built by filling a tubeby beads with immobilized enzyme. Tiype of
the reactor brings the risk of high pressure in the system due to particle comfa&Sio®n the
other hand, it has the advantage tdrge reactive surfac@pen tulnlar reactors have the enzyme
immobilized on the inner wall of a tube, integratedhi@flow system. The apparent disadvantage
of the lower enzyme quantity and hence substrate turnovers can be overcome hefidgetial
time of the samplén the reaatr (low flow rateor stoppedflow methodologiespr the dimensions
of the reactof165].

Integration of an enzymatic reactor into a flow system can be done in severaln\ys.the
reactors are placed downstream towards the detector, withassibility ofserial coupling of
reactorsfor cascade reactions, where the product generated in one reactor passestiigrough
second column with immobilized enzyrff/8]. Simultaneous analysis of several analytes in one
samplewasdonein parallelin a FIA systenusing multiple injection valves and different reactors

for specific analyte[179]. In SIA, the reactor can be plateither beforehe detectarso that
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detection of the product follows directly after the reacti@0]; in between the multiposition valve
and the holding cailso that a reagent can be added to the product of the enzyeaation[181];

or connected to a special port of the multiposition vadeethat the sample resides in the reactor
for a defined time and is retracted back after the rea¢1i8®]. The next generation of flow
techniques, LOV, enables to hdiila new reactowith the beads, on which the enzyme is
immobilized, for eachassaydirectly in the desiredhannelof the monolithic manifold, with the

possibility ofon-columndetection

3.3.2.3 Use of @zymes irsolutions in flow methods

Some authors recommend to use enzymessilidionas this strategy assures a fresh portion
of the enzyme for eachssay[165]. Utilization of the enzymes in a homogeneous phase shows
some advantage over thezgmatic reactors. Problems suaticlogging of the packed reactor,
carryover, deactivation of binding sites are omittéd]. Also, a much simpler manifold can be
utilized, without the need of preparing a special reaft68]. However, using an enzyme in
solution, the activity should be preserved by keeping the required condpidnsemperature,
presence of acids/bases, organic solvents or heavy metals) during storage, preplathgon
solution and when at use.dmperature contralf the system, reaction coil, orixing chambeiis
often required to assure tbptimum workingtemperature for the enzynmig80, 183] SIA system
for determination of propofol using an enzyme in solution véthperature control is discussed in
chaptes4.2and5.1
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3.3.3 Reactionemploying radiationn aflow system

3.3.3.1 General remarks on applying radiation in analytical methods

Radiationin several forms can be employeddifferent analytical procedureBenefits of this
approach can be enhanced by implementatigheoéffects of @ctromagnetic field and vibration
to flow methods.

Some of theadvantages of using ultrasound vibratams one of the auxiliary energiesre
outlined by Bendicho et a]184]. These features can be applied also tornethods exploiting
otherforms ofradiationand extended by the advantageous of flow methods
a) Shortening ofanalysis in comparisonith traditional, norautomated methods;

b) Possibility to decrease volumes of reagents;

c) Closedsystemi safetyfor the operator and less possibilities for sample contamination or loss
of analyte(s)

d) Compliance with the principles of green analytical chemistry

e) Lower costof analysiswith increased effectivitgompaedto the traditional methods.

The most typicaldrms of radiations used sombinationwith flow methodsare microwaves,
ultrasound and UV irradiation. Their application in combination with flow techniquiesely

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

3.3.3.2 Application of ncrowaveir radiationin automatedsample pretreatment

Microwaves are a form of electromagnetic radiation of high frequency ranging fromad.3
300 GHz. Dipolar molecules (e.g. wateaaje reoriented inthe electric field of the microwaves.
Since theelectic field is altering, the molecules movEhanks toliis movementheat is generated
andtransmitted through the samgi85]. The microwaves differ from the traditional sources of
heat by faster temperature raide35]. Microwave irradiationis mostly exploited for sample
digestion i.e. decomposg of a complex sample into simpler units by the means of, gt
pressureand specificdeagentsor the respective time peri¢di86].

Domestic ovengyenerating microwaves of wavetggths around 12.2m, are often useth flow
methods employing this form of radiatifh87]. A chamberor a reaction coil is placed into the
oven to attain the effects of microwaves on the sample in a flow sy$&3h Both continuous
andstoppedflow approacitan be applied to assure sufficient dose of irradiatitime sampl¢189].

As stated by Smith et altheoretically, all kinds of samples can be processed by microwave
radiation[190]. Additional advantages of this approach are feasibgafer work for the operator
thanks to the closed environment (vapours of aggressive reagends)ow risk of sample
contaminationMineralization of biological samples can be shorten from hours to minutes when

using microwave§l386].
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A large number of methods implementing microwassisted digestion are focused on metal
analysis AAS or ICP-MS aremostly usedfor detection at such cases asst@re the techniques
typically combined withanalysis oimetals.On the other handhubbles generated by the radiation
or Schlieren effeatan interfereundesirablywith spectrophotometric measuremems].

Although digestion is the typical purpose to apply microwaggamples obxidation[187],
extraction[188], or hydrolysig189] in FIA systemsassisted by microwave radiatican bealso
found in the literatureComprehensive reviews on using microwaves in sample pretredtréht

also in flowanalysig186], were published.

3.3.3.3 Application of ultrasound iautomatedsample pretreatment

Ultrasoundis a vibration ina gas, liquid or solidwith the frequency over 2RHz. If the
ultrasound isstrong enough, bubblger cavitie3 are produced as the waves travel through a
matter. The bubbldermation,ther growth andcollapsng is called cavitatiofil91]. This proces
is accompanied bgvery high temperature and press|ir@4].

In samples containing particles, the collapse of bubblasdesmpaniedby microjets towards
solid surfacesThis promotes both the release of substances into the liquid phase and also helps to
openbondsbetween the analyte damatrix componentd 92].

Ultrasound can be applied to the sample in weays: using a chambéor ultrasound batlor
an ultrasound prob&he probes might be advantageous, since the uskrasound batlshows
some drawbacks: the namiformity of the energy distribution throughout the sample and the
subsequent loss of powever time the probe, on the other hand, can provide a more efficient
cavitation in the sample by focusing the endmg define sample zorj&91].

Thus, application of ultrasound can bring imgments in various sample pretreatment
techniques. Leaching is ontthe most common applicati¢h91]. Extractions can be successfully
carried out applying ultrasound water bath was used in a fldwatch method for determination
of glycerol in biodiese[193]. In this method, the analyte was extracted directly into the water
mediating the vibrations and the method is completely reagrdtsolventess using onlywater.

Both extraction and hydrolysis of paracetamol in suppositories were ultraassisted and
automated in a FIA systefh94]. Enhancement of ehemiluninescenceeactionof the luminot
H2O.-cobalt(ll) systenwascarried ouin a FIA systermbyimmersing an ultrasonic probe fos4nto

water in a water bath with a reaction ¢a®5].
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3.3.3.4 Application of UV irradiation in sample pretreatment

UV radiationis aspectrunof electromagnetic radiation characterized by wavelengths between
40and 400nm[196]. The UV radation can begenerated by deuterium, xenon or mercury vapour
lamps, the lattebeing the most common ones thanks tir fi@perties such amase of operation,
low cost, high efficiency of the energy conversion from electric to electromagnetic and emission
preferably in the UV regiofv3]. Mostly, UV radiationis used to convet#lVV sensitiveanalytes to
speciedetectable by thased detectojl68]. The UV irradiation can fully replace the role of a
derivatisationagent, andepresenta more environmentriendly variant ofderivatisation This
kind of energy can bdurther utilized for organic matter destruction, e.g. in analysis of
environmental saples[196].

In flow methods, UV irradiation is implemented easily by coibingibe around the lamp being
the source of radiatioms shown inFigure 23. Similarly to the implementation ofmicrowaves,
stoppedflow strategy can be applied to a system with a coiled reactchi@ve the necessary
time of irradiation Alternatively,a small chamber canebplaced next to the lamphe properties
of the material building the coil or chamber must be considered; it must allow the radiation
transmission to the samp]&97]. Measurement of chemiluminesa®e or fluorescence is quite

typicalin methods with UV irradiatiorince thids related to the generatiofreactive specig496].

UV lamp

UV transparent
tubing

Pump

Sample —> \/“@- ‘

Figure 23: Example of a simple flow system with a UV lamp and a reactioit*éo

Product
collector

C O

A FIA system for hydrid generation with AAS comprising a coiled reactor forlioe
photooxidation with peroxodisulphatefor determination of organoarsenic and organotin
compounds in environmental samples was builf gglev et al[199].

UV photadecomposition of organic arsenic speciess carried out in a FIA system prior to

hydride generation by addition of guiuric aéd and aqueous sodium borohydride dG&-MS

12 Adapted fron{198].
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detection. The system was built to verify the applicability of an automated hydride generating
interface to ICPMS for measurement of arsenic species in[208)].

A SIA system with cold vapour AAS was developed foiliae monitoring of mercury in river
water [201]. UV irradiation was used in this case to enhance tgestion of the samplelhe
digestion was done by mixing the sample with bhemide/bromatexidationmixture and then
passing thoughthe UV irradiated reaction coil.

Tue-Ngeun et al.[202] used UV irradiation for digestionf dissolved organic carboim
freshwater samplesith acidicperoxodisulphateThen, the sample zone passed a phase separator
and was captured by the acceptor stream of cresol red. In the sasys®iA, dissolved inorganic
carbon was determined: the sample reacted with sulphuric acid, aph€¥ed again through the
membrane into the stream of cresol red and measured. The values obtained by measuring the
inorganic fraction were subtracted frotmet 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 waste water, grains and vegetalp3]. Phoshate, the product
of this reaction, further enters@ther,two-step reaction, the product whichis then detected by
a fluorescence measurement.

Pesticide asulam was determined using a multicommutation sjddinAfter theirradiation
of the sample, oxidation with potassium permanganate in sulphuric mddilowed and
subsequentithe generate@hemiluminescencef the photoproducts was recorded.

UV photodegradation was applied in the determination of the antibiotic drug chloramphenicol.
The photoproducts, unlike the original substance, show chemiluminescenceeaption with
potassium permanganate ir@wricacid. The reaction was automated in a Fysten{205].

Application of UV irradiationto the pesticide metsulfuron methyl to generate a fluorescent
product and the study of conditions with an effect on fluorescendescribed in chaptedss, 5.4
and5.5.
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3.3.4 Automation of liquid phasased sample pretreatment techniques

using flow system

3.3.4.1 General remarksmapplication of flow methods for automation of liquid

extractiors

Liquid phasebasedsample pretreatment techniques, or solvent extractions, are widely used in
analytical chemistryTheyareusednot onlyin batchwise manners but nowadays the importance
of their automation is increasing, tobhe main features of LLE andPME were discussd in
chapter3.1.2 Redwtion of solventconsumptionis one of the most important advantages of
modern, muiaturized sample pretreatment metho#ldding the advantages of flow techniques to
the extraction process can helpdiminatesome drawbacks dfPME techniqueslong phase
separation timgcan be shortenedrrois-prone manual handlingf small volumesan beavoided,
precision and e@peatabity can be improvediue toprogramned operation and health risks
associated witlanexposition of the operator to vapours of organic solvargsavoidedhanks to
the closedtubingmanifold.

Solvent extractions have @eperformed in flow methods siacearly after their introduction
This chapter willreview someapproachef the implementation of selectddondispersive
LPME, DLLME, SDME)sample pretreatmentethodsn flow analysers

3.3.4.2 Automation ohondispersivdiquid - liquid (micro)extraction

Using a flow manifold in automation tifjuid - 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 automatedai flow manifold are listedn a
chronological ordein Table3. The goal of LLE automation in flow techniques is to ensuaege
contact area between the sampid acceptor solution and subsequerttig, measurement of the
analyte concentration, typically in the accepggbasein asimple and automategay.

The first methodfor automated LLE wresuggested in 1978 by Karlberg and Thelariger]
and by Bergamif208]. In their woks, the sample wagnjectedinto a stream of aqueouatrrier in
a FIA system. The aqueous phase thaadivided into segments liteintroduction ottheorganic
phaseThe extraction occurred while the altering segments of saamgl@xtractanpassed alag
a PTFE tubeAfterwards, the phases weseparated in apecificunit.

A similar approach was adopted by Comitre and Reis, avhployed aMCFIA systemfor the
automatiorof LPME and determination of Mo or Pb in plant materials, respéygtitée sample
reagentsand solvent were aspirated as very siptugsin several repetitions into an extraction

coil, where the reaction and extracti@ok place. Then, the mixture procestinto a unit, where
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3.3 Selected sample handling methods in flow techniques

the phasesvere separatd and the phse with the extraetl analyte wa further delivered to the
detector{209, 210]

In 1996,Luo et al. presented a differaagproactwith Bromothymolblue as a model substance.
The authors tookdvantage oftte affinity of organic solvents to the hydrophoBitFEtubing to
form aso-called wetting film[211]. In their method,he extractiorsolvent sampleanda second
solvent were sequentially aspirated iBl& system By flow reversal, the analyt®asextracted
into the film ofbenzendormedontheinnertubing wall and was themashed into the detector by
25% methanol 1M NaOH solution.This approactdoesnot require any additional unit in the
system, such asmixing ora phaseeparatin units. However, careful choice of the solvents must
be done wittregards not only to the extractability of the analyte but ttbe affinity to PTFE
andthe methodepeatability Thesameprinciplewas usea@ilso in the determination of nitrophenols
by Cladera et a[212] and Cr(VI) by Nielsen anHlanserf213].

In 2004,Diniz et al.[214] useal a glass chamber as extraatiand separation unit. Mixing and
sufficientcontact between the two phaseswasured by placing the chamber with a magnetic rod
on a stirrer After the stirring time and subsequenphase separation, water svaumped into the
chamber to elevate the uppayer into the detection celh 2008,Anthemidis also uskachamber
for separation after the extraction in an extraction 8. system with additional peristaltic pump
and injectionvalve o del i ver the sampl e t oxingtithreagent r act i
in the confluence point were usethe systenwassynchronized with the sample uptake of the
FAAS detectof215].

SIA systems with a pipette tip mounted to one port of the selection valve, serving for phase
separatiorwere used bBurakham et alin 2005[216]. Theapplied techniqguevasnamedLab-at-
valve (LAV). The extraction took place in a coihto which the solutions were sequentially
aspiratedAfter flow reversal, the liquids werestivered into the separator and after discarding the
agueous phase, the organic part pagpelled to theletecor. The problenof nonstability of the
baseline and affected repeatabitign ariséby the phasehanges in the detector when an aqueous
carrier is used.

Gk r | 2 k o (2810) deiveloged a universdbual ValveSIA (DV-SIA) system in our
laboratory[217]. The system compriseivo SIA systens, one servindor the aspiration of the
reagents and extraction solvéaktraction unit using water as carrigrthe second on@letection
unit, using the extraction solvent as carrienly for handling the organic phase.pdlypropylene
microtube of 1.5 mL was used as aeparation subunitThe solutions wereaspirated and
subsequentlgeliveredfrom the extraction unib theseparatiorthamber After phaseseparation,
the organic solvent usddr the extraction was aspirated in the detectionfonimeasurementn
this way, problems related thie presencef two phases in one system were circumvented.

Formation ofanorganic film on the tubes, bubbles in the system or baseline shiftingawaitked.
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3.3 Selected sample handling methods in flow techniques

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 furtlodrajpierd.3andas attachment in
chapterb.2

Mitani et al.(2015)[218] brought thesample and extraction solveinto contact bypumping
chloroform (extractant) into the extraction chamber, similar as in LAV paogkllingthe aqueous
sample from amnlet in the bottom of the chamber through the plughdbroform (dropin-plug).
Another manifold, suitable for botolvents lighter and denser than watesis proposed later by
the same author19]. The solvent{denser than watgwas pumped to the upper inlet of the
extraction chamber and runs downwards in a channel engravib@ 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 theteletor.

A different strategy is presented by utilization of membranes for LPME in flow systems. Two
streams sample and acceptoare propelled towards a semipermeable membrane from opgitesite
and the analyte is transported through it into the aocequ it was done e.g. by Ada et al.[220].

More details on applications of membranes in automated LPME as wellaagamnation of
otherLPME techniques in flow argiven in a review by Silvestre et §21].

3.3.4.3 Automation of dispersiveguid - liquid microextraction

In DLLME, the volume of the extraction solvent is decreased, and more organic sah&ents
typically used in the system, having the function of extractant, disperser, or eventually a nhodifier.
automation of DLLME, theims are:

1. Useof a very small volume of an extraction solvent
2. Creationof the cloudy solution
3. Handlingofvery small volumso f t he s ol v enmtepeatabletmannes of ¢ L)

Several technically different approaches were suggefiedhe aitomation of DLLME
Automated methodsmplify the use of extractant wittensitylowerthanthat ofwater, which might
be even more difficult to handle than extractant heavier than.Whterole of dispersive solvent can
be substituteddy kinetic energyappliedto the anaftical mixture, which is in concordance with the
requirements of green analytical chemistry.

In the works of Anthemidis and loann&om 2009 and 201% cloudy solution was created in
one tube of a SIA manifold by confluence of the sample and the sohwenire [226, 227] The
dropletsof the organic phase containing the analgieof+line formedcomplex ofthe metalcation
of interes} were retaine@®n a homemade column with PTFE &?EEK flakesand the analyte was

then eluted with methykobutyl ketoneThe system mablel chelation, cloudy solution formatipn
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3.3 Selected sample handling methods in flow techniques

extraction and phase separationone step and waseffective thanks to the continuous flow and
high sampleo solvent ratioThe solvent dnsitydid not have to be consider€an the other hand, a
columnfor phase separation atitethird solvent forelutionto the detectonad to be used
RecentlyAl exovi | e tanothér apprdaehv @aktiocpngrifigationmicratubewith a
volume of 1.5mL was used as an extraction chambeto whichthe sample, reagerdnd the
extractant or extraction mixtungere delivered.Two modes of mixing were applied in different
works by air bulbling [228] andby vigorous injectiorf229]. A DV-SIA system was employed to
handle the aqueous and organic solvents separately. Later, the system was simplified teav@ngle
(SV)-SIA system.Several ways were suggested to handle extraction solvents liglewtier:
aspiration of the upper layer from the extraction solvent after phase sepf2a8pruse ofan
auxiliary solvent of high densityo achieve sedimentation of the organic ph@88], or most
recently theuse of the microtube in an upside down position so that the conical part is at the top
(Figure24), whichenablesn easyollection of the phase with the extracted andRB28]. Thislater
flow-batch approach has the advantage of an easier configuration in compéhishaworksfrom
Anthemidisand loannoui226, 227]described abovéoreover,dropletretentionon a sorbent with
laterelutionwas not requiredhusthe use of solventis limited to the extractan©n the other hand,
the sample volume and therefore the enhancement faetelimited by the volumes of the syringe
and extractionnit. Also, the system is not selfashing, as in the works of Anthemidisd loannou

HOLDING COIL Organic phase

Multiposition

valve I

Amylacetate

Carrier  SYRINGE
PUMP Reagent Methanol

Figure 24: SV - SIA system for determination of boré#

Berton andWuillaud used a FIA system for handling the sample and solvents mixéideoff
[231]. The mixture was loaded onto a Florisil column and then eluted with acidified acetone
solution to ETAAS detector. The use afiionic liquid for the extraction of metals makes the

developed methods more environmetfitedndly.

13 Adapted fronf229].
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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 phenoals,
respectively, the system was fully automated and compact, and allowed mixing, extraction, phase
separation and even detection inside the syifibg@, 232, 233]

Hyphenation of irsyringe DLLME performed in a MSFIA system with GC wasnd@astrated
by Clavijo et al.[234]. Horstkotte et al. then proposetsmgersion and mixing using the kinetic
energy of a stirring bar inside the syringe thus performing magnetic stssigted DLLME142,

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 upsidelown position[236]. This later configuration enabled to usecchform 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 ifiable 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 Work is commented in chap#s.

3.3.4.4 Automationof single dropmicroextractionby flow techniques

There are significantly lesgorks devoted tahe automation of SDM in a flow system than
other nordispersve or dispersie LPME techniquesprobably dued the seemingly cumbersome
manipulation with a single drop. The stability of a small volume of the acceptor ginise the
preconcentrationmust be assured and ploggchemical characteristicshould be carefully
considered, e.g. miscibility of the sample and acceptor solutions according to the SDME mode
(headspace or direct immersion), attie affinity of the acceptor phase to the support material
must be kept imind before building a flow manifold.

The first attempts of automation date back to 1995, vifiemnd Dasgupta published a study
of a liquid dropexploitedas a sampling interface, used for determination of INtd SIA system
[5]. Two cancentrically placed tubes were used in the work, the iomefor 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 géynand physicochemicaprocesses of the
analyte collectionveredescribed antheeffects of relevant parameters such as humidity, drop size
and sample flow directionsereexplained in details.

Another exploration of the drop possibilities, so calleopdn-drop technique, was presented
in 1996 by H. Liu and Dasgup{&4]. In this work, a drop of the sample solutiooloured by a
reagentwas formed around the drop (£.3) 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
biascaused 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 SlAs®mdirectly coupled with ETAAS detectdor a single
drop immersed in a samp|242]. The system comprised a vial with the samjrewhich an
immersel drop was generated, and later withdrawn thg furnace samgr 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 arttie¢hmsthod
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 chmber 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 fordetection inETAAS.

A system similar to DVSIA was assembled by Tinmedva et al[244]. One pump, filled with
the acceptor solution, was used to generate aaboyethe sampleof concretdn the sample vial,
connected to one of the ports thie selection valve. After the anag/(NHs) collection in the
acceptor phase, the drop was pumped into a mixing chamber. The second pump was used to aspirate
reagentvia the second valve and to projieinto the mixing chambemhere the reaction to form
a coloured product took plac&he mixing was assured by the air. In this method, the vials
containing solid samples were replaced manually.

In chaptergt.4and5.3, aHS-SDME without any additional chambaytomated in a LIS system
is described. Vacuum was generated and magnetic stirringxpéagited to enhance the analyte
transfer into the drop. Thisiéa was adopted by Mitani et,aivho used a similar system with
additional pump and valve fdahe determination of mercur{144]. Some examples of SDME

automation intbw manifolds are listed ifiable5 in chronological order.
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3.3 Selected sample handling methods in flowrnepies

3.3.5 Automationof solid phaséased sample pretreatment techniques

using a flow system

3.3.5.1 Generals remarks otmeapplication of flow methods in automation of solid

phasebased microextraction techniques

Automation of solid phasbased microextractioim flow systemss an interesting field in the
flow analysis communitgonsidering that the number of publications listed in FIA dataj28%3
devoted to thisechniquewas higher than 20@ theyear2013with mainly solid phase extraction
(SPB beingthe target of automatioithe explanation of thieighinterest might be thapplicability
of these techniques for different purposes (matrix removal, preconcentration) for different analytes
on one hand, and search for automation of laborious manualdpreséaking into accounthe
protocolsfor e.g. SPE or MEPS3)n the other hand/ariousformatsand material®f sorbents and
different flow techniqueswith a plenty of system configurationsave been described
Representativexamples opossibilities & flow techniques in automation of SRIEe described in
the following chapteand listed mTable 6.

3.3.5.2 Examples of solid phadsmsed microextraction automated in a fleystem

A multitude of differenkinds ofsorbent chemistries afidrmatswereincorporated into a flow
manifold to perfornthe preconcentration and purificatiof the analyte Somemodesof SPE
automationwere derived fromthe wettingfilm extraction such ashe utilization of a tube of a
flow manifold as a solicgurfacefor extraction. A knotted PTFE coil was used as a phase for
adsorption of a complex of Cr(VI) before its elution with ethanol and propellirzan BTAAS
detectorf213]. A similar approach washoserby de Aquino et al[245]. In their work,the walls
of aglass chambeacted ashe extraction phaseand 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 anorganic solvent containing a ligand binditaghe analyg. Although this approach does not
require sorbenparticles 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, Mi -  enkasuadd the absorbance or reflectance of the amaijfeestill beingretained
ona membrane dn a microcolumpnrespectivel\j246, 247] A FIA system was employed in both
works to ensure the gment conditioning, sample loading and rinsing, and elution. An optosensing
device was mounted directly to the solid surface of the sorbent, and this approach #mabled

measurement dfitrite at trace levels
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3.3 Selected sample handling methods in flow techniques

I n our working g-wakerpcontriGuted Significanily toathfield ot SPE
automation In 2002, a FIA system with a microcolumn filled withrboxyli modified silica was
usedfor thedetermination of salbutamol in both pharmaceutical formulation and[@48¢ Later
on, SIA systems were employ&d SPE automatianAn elegant gparation of two substances
without a chromatographic columwasdoneby retention of te norpolar one on &18 sorbent
and percolation of the polar one through the sorbent without ret¢246h Coupling of RAMfor
increasd selectivity[61, 250]and anion exchanger sorbef2§1] was also successfully carried
out in SIA systems

Integration of two SPE columns into one system for parallel determination of UV filters was
shownly L e - r253&. Whila dne sample was processedoore SPEcartridge, the previous
one has been alreadyalysed on a coupled HPLC systé&nch oupling of ananalyser system
directly to a sample pretreatment system enabilds exploration ofthe advantageof sample
pretreatment automation as tdgalytes can be eluted from the preconcentration cartridge onto the
chromatographic column.

A different strategy for SPE automation was presented by Oliveira[@b8].who employed
MSFIA and several solenoid pumpscammute and direct the flow streams eithea pmlymeric
resinor to bypass it The method waappliedfor screening of phenolic pollutantslSFIA was
also used in connection with LOV platformhich enableshe utilization ofrenewable sorbents.
The bead slurry is aspirated into a LOV channel and after the conditicstgys 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 sapnpparation in a flow system is
synchronized with the LC analyg®54]. Methods based omsimilar approachvere applied tohe
determination of UV filters and riboflaviny Oliveira et al[255, 256]

The possibility to build a multimodal column in a flow mif@ld was shown by Boonjob et.a
[257]. The authors used a MSFIA manifold wahselection valve and an injection valviéhe
column was built inthe short loop of the injection valve anti& slurries and solutionsere
aspirated through the ports of the selection valve. The eluate was pumped directly to the coupled
chromatographicystem. The described system enablechioy outautomaéd multiresidue assays.

A single valve was used in a SIA system of Karakosta §2%8]. The analyte were retained
on and eluted from a cartridge mounted to one of the lateral ports of the valve and collected to a
vial. Theeluted analytesvere aspirated in the next st&pm the same viand delivered onto a
chromatographic columeoupled to the syste

A conical columnfilled with Cyanex 923(a mixture of straighthain alkyated phosphine
oxides, mainly (92.4%) with normal hexathd octyl groupssorbentvas mounted in &lA system
for cadmium preconcentration with posteribydride generation and detection by atomic
fluorescence spectrometf®59]. The system comprised both SIA and Fdmponentsvith the

proportional injection valve
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3.3 Selected sample handling methods in flow techniques

A simpler FIA system with anion exchanger column was used for extractamsefic species
from groundwater befre hydrice generation AAS260]. A cartridge mounted to the ports of an
injection valvewas used for cadmium preconcentration before FAAS detection. The sample was
loaded by means of a peristaltic pump and eluted adtee switching in an opposite direction,
by means of a syringe pump, to the detef264d].

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 washetheuwwaste
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 suphonamides separated opentafluoropheylpropyl fusedcore column.

In this dissertation, a work exploringrtiine SPE in a flowbatch systenctoupled to a
photodegradatioand detection chambéer described and commented in chapteband5.4. The
first coupling of MEPSand a eparatiorcolumnwithin one SIC system is described and discussed

in details in chapter4.6 and5.6.
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4.2 Comment on publication 1

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, twomethodsfor propofol determination in pharmaceutical formulation were
developed and copared. For quariication, two different detectors were used: a
spectrophotometer and a fluorimetric deteatomprising photomultiplier with excitation and
emission filters

A simple SIA system with a water bath and a debub8ésirice was used to perforthe
spectrophotometric determinatio®ince propofol is a phenolic substance, a colour reaction with
4-aminoantipyrine (4AAP) catalysed by horseradish peroxidase was chosen for the
spectrophotometric determination. Several facts had to be consitefest the method
development and optimization. First, propo8sl a lipophilic compound is administered as an oll
in-water emulsioni.e.the excipientsvould contain hydrophobic substaneesl thus pure agueous
solution could not be prepared. Second, sineeutted reaction was catalysed by an enzyme, its
denaturation should be avoidekherefore, ¢ release the substance from the formulation and to
free it for the reaction with-AAP to yield a colour product, ethanol was used to dilute the emulsion
in alto10 ratio. The colour product was determined at a wavelength afm8%he enzyme was
used in a form o solution preparefteshlyevery day, which ensured thatould be used ithout
any significantactivity changeduring one working dagnd it was nbaltered by the content of
ethanol in the sample solutioAlso, using the flow manifold, the epme consumption was
minimized.

The reaction conditions were optimised. First, the concentrations of reagents were tested and
the optimum temperature was fouindoatch conditions and then these were transferred to a flow
system, comprising also a water bath to ensure that the holding coil, accommodating the reaction
mi xture, was placed at the optimum temperatur ¢
solutions and increased temperature, however, led to bubbles formation, which worsen the
measurement repeatability and precision. Adbbkr device was thereforaddedto the system
prior to the flow detection cell. The solution passdahga gaspermeable membrane of the device
and bubbles were released through miembrane porem its uppercomparimentand only a
consistent plug of the reaction product passed through the detection cell.

The system with fluorimetric detection consisted of onlky Hasic SIA components. Since
propofol is a naturally fluorescent substanced@advatisatiorwas requiredOnly ethanol was used
as reagertb break the emulsion and to release proptfsing filters for specific wavelengths eut
offs for propofol excitdon and emissionno interferences of the emida 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,elwew it was shown that similar limits
can be obtained using enzymatic reaction for spectrophotometric detection, wtichni®nly
less sensitive than the fluorimetric offa@vo simple methods for the determination of an active

substance in a complgharnaceuticaimatrix were developed and validated.
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4.3Comment on publication 2

4.3 COMMENT ON PUBLICATION 2

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

saliva samples

The Dual ValveSequential Injection Analysisystem was developed at our laboratory as a
universal tool forthe automation of different LPME techniques. Its applicability was pndoee
solvents both lighter and denser than water, as mentioned before in cBptefand3.3.4.3 It
was also submitted as patent application ian2014alsopatentedu nder t he name #AA
sequential injection analysis fiiquid - liquide x t r a c t i aterdNo.(3@l29§ [268]. P

In this work, the system was used to performlioe reaction, extractigrand detection of
thiocyanates in human salivangales. The determination of thiocyanates ions was basédeon
formation of an ionic pair witlthe cationic dyéAstra Phloxine at pH 3 and its extractionaimyl
acetatewhich is a solvent with density lowéhan waterTypically, thetype of solvent used for
extraction (lower or higher densitig) projected in theosition of the tubén the extraction unit for
aspiraton ofthe organic phase with the extracted analyte

The system was built ain extractionunit, a detection unit anén extractioncell (EC), into
which the solutions from the two remaining units wdgedivered The first unit, comprising a
syringe pump and a multiposition valve, servedtf@raspiration of air, sample, buffaeagent
and the extraction solvent and ithdelivery to the EE. The detection unit was designed to aspirate
the extraction solverwhich was also useaisa carrier serving for delivering of organic part with
the extracted ion associate to the flow detection cell. In this way, only organic sphssetd
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 adjustmenpositien of
theaspiration tube.

The organic layer from the@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 concentratjarsd the volumes of reagents and
extraction solventas well aghe phase separation time and positioning of tubes inGhe E

The method was applied tbhe determinationf thiocyanates ions in human saliva samgles,
whichthisanalytecan be found at increased levels especially in smak®tahere itrepresents a
risk, as SCNcan be metabolised to cyanates. Using theSD¥ system in this applicatiormny
problems related to handling of aqueous and organic phases in one wgsteavoidedsuch as
bubbles obaseline shiftaused by dferent opticapropertiesof different phases.

In an additional workthe method for thiocyanates determination was modified and DLLME

was used as a sample pretreatnoantied out in a DVSIA system In DLLME, the volume of the
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4.3Comment on publication 2

extraction solvent is reduced thanks to the use of dispersive solvent. Hopregeseaspiration

of microliter volumes of organic phase lighter than water might be cumbersome if the surface to
volume ratio is relatively large and a careful adjustmethi@tubes positioning is necessary. This
difficulty was overcome by using carbon tetrachloride asaxiliary solventto increag the
density in the mixture odmyl acetateas the extractant and acetonitrile as the dispersive agent
[230]. Thus,theorganic solventould beseparated at the conical bottom of the microtube used as
EC and its collection for absorbance measurement was maibligay placing the aspiration tube

at the bottom of the E’he possibilityto decreas the dispersioby changing the position of the
flow cell in the systemwas studied.Figure 25 demonstrates the difference in the system
configuration. The results were presented as a poster at'ttetdrhational Conference of Flow
Analysis in 2012 in Thessaloniki, Greece (listed in chaptdr

LLE HOLDING COIL Waste (—E

Water SYRINGE . SYRINGE
PUMP 1 ) AA

Reagent Buffer Sample AA

DLLME HoLoing coi !1"

Water SYRINGE
PUMP 1

SYRINGE Extraction
PUMP 2  Mixture

Reagent Buffer Sample Ethanol

Figure 25: Comparison of the assemibkfor two different LPME methods
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4.4 COMMENT ON PUBLICATION 3

Automated in-syringe singledrop head-space micreextraction applied to the

determination of ethanol in wine samples

Automation of SDME, especially HSDME, in a flow manifold is not asommonas the other
LPME techniquesalthough this technique has a significant advantageelefctivity br volatile
substances. This is probably due to the fact thabtimesition of astable, reproducible dragmd its
measuremens a challenging taskOnly four of the works reviewed in chapt@B.4.4describe
automation of HSSDME and typically, relatively complex manifolds were used.

In the present workhesometimes difficulformation of the dropvas elegantly solvedsing a
new approachThe drop was positioneat theinlet of the syringe barrel by precise programming
of the sample and reagents flow. After aspiration offairiieadspace) bufferand samplénside
the syringe20¢e L o freagenh fer drop formatiowas aspirated andetivered to the syringe
barrel by aspiration of air and water plufter the reagenfAn importantstepto assure a stable
drop position washeincrease ohydrophilicity by introducing a glass capillary into the channel
connecting the headhlve and thesyringe barrel.

It is noteworthy thano organic solvents were us#dthis work forthe microextraction, but
potassium dichromate in sulphuric acg&ince the extraction medium and the sample are not in
contact in headpace extractiorgn aqueous reage could be used instead of amganicsolvent
and a reaction to increase the sensitiwiggperformedsimultaneously wittheanalyteextraction.

Regarding the efficiency of heagace extraction, mixing and decreased pressure wergused
this work tosupport the mass transfer from the sample bulk into the-$Eaek Mixing was
realizedby placing a magnetic stirring bar inside the syringe and a motor witméadymium
magnets next to it. It was found that theasuremeniepeatability wasmprovedby the mixing,
because it helped to homogenise the syrcm@ent Creatingof vacuum was accomplished by
moving of the syringe pistalownwardwhen themultiposition valvewasturned to a closed port,
which is one of the elements of novelty of this method.

The system was coupled to a VIS detector, measuringeitreasef absorbance of the reagent
(potassium dichromatelue taits reduction to chromium(lll) by ethanol. Measurthgabsorbance
decrease instead dhe increase of chromium(lilabsorbancehad 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 studiéevelbped
method was proveto be applicable tahe analysis of volatile substanceas shown on the
determination of ethanol in wine sampleklike alternativemethods fotthe analysis of volatile

substance e.g. gas diffusion in a flow manifold using additional devices sudaadiffusion
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4.4Comment on publication 3

membranes or mufile pumping devices for the donor and acceptor streams, a spare, compact
instrumentation wadevelopedn thiswork.

The limit of detection of the method was 0.025% (v/v) and the measurement repeatability lower
than 5%. Apart from publication in the sci#ie journal Analytica Chimica Acta, the work was
presented at The T8nternational 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 online preconcentration step for the determination of metsulfuron

methyl in water samples

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

injection system

This work was a part of the project Mobility, No. 7AMB12AR088pported by the Ministry
of Education, Youth and Sport of the Czech Republic and by the Ministry of Science, Technology
and Productive Innovation of Argentimad was done in a cooperation with ta#leaguedrom
the Institute of Chemistry, Universityofh e Sout h, Bah2za Bl anca, Arget

The task was to develop an automated method for the determination of metsulfuron methyl
(MSM), asulphonyl uregesticide, m water. The fluorescengropertieof the analyte after UV
irradiationwere the basic char&eistics important fothe method developmerihe behaviour of
naturally fluorescensubstance (quinine) and MSM upon irradiation in a flow system with
fluorescence detection and the effect of several factors were evaluated in an additional work,
publisted 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 studiedandes.

The actual determination of the analyte was carried out in aldlaeh manifold, coupling
several analytical procedures in one system. A column filled with C18 sorbent was coupled to the
system for the analyte preconcentration. After thdirmmSPE 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 homogenisatiaf 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 ddtetten ce
configuration and positioning of the chamber asabledo 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 pragra

The conditions for the UV decomposition in a flow system and the effect of several factors were
studiedn the context of the above mention task. The type of organic sébrehe analyte elutign
irradiationtime and wavelengthsslid widths, thepH valug and the composition of the carrier

stream were the main variables influencing the fluorescence M3ih& decomposition product.
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After the optimization, the method performed fully automated sample purification and analyte
preconcentration, photodeoposition and detection one system

The methodEs anal yti cal evguatedind setctivitycdfoe MGVar amet er s
among pesticides with various chemical structures was prave method was applied MSM
determination in spiked surface water§ Bah2 a Bl anca region (Buenos A
suitability for this purpose was pravavith the achieved LOD of 0.28 L 1, which is within the
limtsof Ar gentinaEs regul ations

The novelty of the system lies in seaepoints: 1. Sample clearp as well asanalyte
derivatisatiorand detection were fully automated and integrated in onelbfiteh system, 2. UV
radiation from the detector light source was used for photodegradation, i.e. avoiding the use of any
derivatsationreagentwhichfulfils one ofthe principles of green analytical chemistry, 3. Placing
the chamber directlynside the detectamplies that any further movement of the analyte from the
point of derivatisatiorto thepoint of detection is left othusany dispersion and subsequent loss
of sensitivity are avoided@he 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 ideabehind this work was tdevebp a simple, fully automated method for MEPS directly
coupledto low pressurechromatographyfor the determination of betaxolol in urinAs stated
elsewhere, the automation of MEPS disccoupling with a suitable detection technique remains a
critical pant [269]. A MEPS cartridge was chosém this workas asorbent formatwhich should
guaranteauniform sorbent filling and thus better reproducibility than-tahde colums. Also, the
usabilitytime of the cartridge is typically longer thaith classical SPE format. In addition, broadening
the scopeof flow techniquesn automation of various sample pretreatment techeiqueutomation
of MEPSwas evaluated.

Automation of MEPS bySIA brings a significant simplificatiom comparisorwith the manual
performanceSince the use ofrpcise and repeatabkelumes ad flow rates are essential in MEPS
performance, the advantage eiimputercontrolled flow programming, the main characteristic of
sequential injection analysis, is here fulikenand especially useful, bringirmpmpleteautomation
andensuring excellenepeatabilityAlso, 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 afal@foldand an additional eigitort valve. A MEPS
with a C18 sorbent was connected to one of the ports of the multiposition puntypicakesteps for
MEPSproceduresvere performed cfine with optimized solutiongonditioring with 50% methanol,
equilibraton with 15% acetonitrile, anidading ofurine 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 revilmseand switching the valve tdhe respective part
Then,asolution of 30% acetonitrileas propelledhrough the MEPS, eluting the retained substances
from the sorbent. By selectitige respective port on the second multiposition valve, this fraction was
pumpeddirecty onto a chromatographioonolithiccolumn where the analyte was separated from the
rest of the matrix not washed out duringgheple pretreatmestiep (MEPS). The analyte was detected
by fluorimetric detection, using 228m as excitation and 30Bm asemission wavelengsh
respectively.

The method was applied tbhe determination of betaxolol in urireamplesMeasurement of
blank urine showed that no other substances werduted with the substance of interest. The
methodwas validated and real salep were measuredhe manuscript describing the method

development and resultsas beersubmittedfor publication to the scientific journdlalanta.
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Additionally, a $milar method waslevelopedor the determination of propranolol amgresented
as a poster ahe International Symposium of Luminescence Spectrometihodes, Greece
(chapters.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

82



5.1Publication 1

1. Srdmkovd et al / Takanta 118 (2014) 104-110 109

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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