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ANOTACIJA

Biologisko indikatororganismu un pasivo paraugu nemsanas iekartu
pielietojums Kkimisko piesarnotaju noteikSanai ar augstas izSkirtspejas
masspektrometrijas metodem. lkkere, L. E., zinatniskie vaditaji Dr. Chem.,
Prof. Bartkeviés, V. un Dr. Chem., Prof. Viksna, A. Zinatnisko publikaciju kopas
kopsavilkums, 54 lappuses, 16 atteli, 2 tabulas, 76 literatiras avoti. LatvieSu
valoda.

Promocijas darbs ietver parskatu par dazadu biologisko
indikatororganismu, tai skaita sauszemes dzivnieku, zuSu un gliemenu
pielietojumu sauszemes un udens ekosistému piesarnojuma noverteéSanai.
Petijuma aplikots plaSs piesarnotaju klasts, tai skaitd noturigie organiskie
piesarnotaji — liesmas slapétaji un perfluorétie savienojumi, ka arT nesen
uzmanibu piesaistijusi piesarnotaji — farmaceitiski aktivie savienojumi. Veikts
biotisku un abiotisku paraugu matricu piclietojamibas salidzingjums attieciba uz
tidens piesarnojuma novertésanu. Veikta divu inovativu augstas izskirtsp&jas
masspektrometrijas metozu izstrade farmaceitiski aktivu savienojumu
noteikSanai. Viena no izstradatajam metod@m balstita uz augstefektivo Skidrumu
hromatografiju apvienojuma ar Orbitrap masspektrometrisko detektoru, un tiek
pielietota, lai veiktu vienlaicigu 164 farmaceitisko savienojumu un to metabolitu
noteikSanu. Savukart otra izstradataja metodg pielietots Tpasi augstas izskirtsp&jas
Furje transformacijas jonu ciklotronu rezonanses masspektrometrs bez
hromatografiskas analitu atdaliSanas, tad€jadi nodroSinot atru apstiprinosu
analizes metodi hinolonu grupas antibiotiku noteikSanai. Abas izstradatas
metodes paredzetas turpmakiem piesarnotaju izplatibas p&tijumiem.

BIOINDIKATORI, AUGSTAS 1ZSKIRTSPEJAS
MASSPEKTROMETRIJA, VIDES PIESARNOJUMS, BROMETIE LIESMAS
SLAPETAJI, FARMACEITISKIE SAVIENOJUMI, NESTEROIDIE
PRETIEKAISUMA LIDZEKLI



SATURS/CONTENTS

APZIMEJUMU SARAKSTS ..ottt ssssssssesesnns 7
IEVADS ... e 9
1. LITERATURAS APSKATS ..ottt sssssesannns 14
1.1. Biologiskie indiKatOrorganiSmi...........ceeeererieinenienineneiseseese e 14
1.2. Pasivas paraugu nemsanas i€KArtas .........cecvrieererseeseeseenne s sieseenneens 16
1.3. P&tfjuma ieklautas savienojumu grupas ........c.cceoerrerrereseneseeieenenennens 17
1.4. Piesarnotaju izplatiba apkart€ja Vide..........ccvverierrieereeneeie e 19
1.5. ANalizes MEtOAES .....c.viveiieiiiiieiie i 20
2. EKSPERIMENTALA DALA ....coootiiiieieiieieieise ettt ssssnssees 22
2.1, PATAUGI vvvveeeiietereeeet ettt bbb 22
2.2. Brométo liesmas SIapetaju analize .........cccoveververiirinenisinecieesenennens 23
2.2.1. Paraugu SagatavoSana .........cccuereerieerieerieenieareane et 23
2.2.2. Instrumentald analiZe............ccocevviririiinieeee e 24
2.3. Perfluoreto savienojumu analiZe ...........ccceeverierieseeseesieesie e 24
2.4. Farmaceitiski aktivo savienojumu analize ...........coccoevervneeienenenennens 24
2.4.1. Paraugu SagatavoSaNa .........cccuereereerieenieenreanreare e e e 24
2.4.2. Instrumentald analiZe...........cccooeviririiinieeiese e 25
3. REZULTATI UN TO IZVERTEJUMS ..ot 27
3.1. Biologisko indikatoru pielieto$ana piesarnotaju izplatibas pétjjumos ... 27
3.1.1. Savvalas medijumi ka BFR piesarnojuma indikatori...................... 27
3.1.2. Zusi ka jauno BFR piesarnojuma indikatori.........c.cceeveevvicviniennnnns 29
3.1.3. Gliemenes ka BFR, PFC un farmaceitisko savienojumu
piesarnojuma INdiKatorT .........cvvvvieieiiiii i 32
3.1.4. Perifitona, gliemenu, Gidens un sedimentu salidzinajums ............... 35

3.2. POCIS pielietojums piesarnojuma noteikSanai.........c.covvvveeiereneninnens 37



3.3. HRMS metozu izstrade farmaceitisko vielu noteik§anai..............c........ 39

3.3.1. Orbitrap-HRMS metode farmaceitisko savienojumu noteiks$anai...39

3.3.2. FT-ICR-HRMS metode hinolonu noteik$anai ...........c.cceevvrvernenen, 42
SECINATUMI ..ottt ceeeteee sttt sttt sttt ss sttt ve e tene s saenn s e 46
PATEICIBAS ....cooviiiiecteteee ettt bbb 48
LITERATURAS SARAKSTS ...ootitiiiiiiiititeiete ettt 49
ABBREVIATIONS ..ottt st e 60
INTRODUGCTION ...ttt ettt sttt sae ettt sree s 62
1. LITERATURE REVIEW .....oooiiiiiie e 67

1.1. Biological indicator organiSms...........cccvereererieineneeneneeeseseeesie s 67
1.2. Polar organic chemical integrative Samplers..........cccoovevvveveniesiesieninens 69
1.3. Compound classes included in the scope of the study............ccccecvrenneee. 70
1.4. Occurrence in the eNVIFONMENT ..o 71
1.5. Analytical approaches ..o 72
2. EXPERIMENTAL PART ..ottt 75
2.1, SAMPIES ..o e 75
2.2. Analysis of brominated flame retardants............cccccccooeviviiie i, 76
2.2.1. Sample Preparation .........ooceieeineneeneeeee s 76
2.2.2. Instrumental @nalysSiS..........ooeiereririeiineiee e 77
2.3. Analysis of perfluorinated compounds..........cccoovererninersineeceee 77
2.4. Analysis of pharmaceutically active SUDSEANCES...........cooerviereniicienn 77

2.4.1. Sample Preparation ...........ccoceoerererenenieee e 77

2.4.2. Instrumental analySiS..........ocureiiniiiiniee s 78
3. RESULTS AND DISCUSSION ......ciiiiiiiiiieiieieie e 80

3.1. Application of biological indicators for the occurrence studies ............. 80

3.1.1. Wild game as an indicator of BFR contamination ................c......... 80



3.1.2. Eels as indicators of emerging BFR contamination........................ 82

3.1.3. Mussels as indicators of BFR, PFC and pharmaceutical

CONEAMINALION ...ttt sb e e 85
3.1.4. Comparison of periphyton, mussels, water and sediments.............. 88
3.2. Application of POCIS for contamination assessment ...........cccoceverernns 90
3.3. Development of HRMS methods for the determination of
PRAIMACEULICAIS .....coviviiciiieict s 92
3.3.1. Orbitrap-HRMS multi-residue method............cccceevveveivevenicicnen, 92
3.3.2. FT-ICR-HRMS method for high throughput analysis of quinolones
.................................................................................................................. 95
CONCLUSIONS ......cooictctt ettt sttt s a et esresaeneas 99
ACKNOWLEDGMENTS ...ttt ettt st sne et 101
REFERENCES ..ottt 102
PUBLIKACIJAS / PUBLICATIONS ....ooiiiitiveet ettt 109

I Brominated flame retardants and toxic elements in the meat and liver of
red deer (Cervus elaphus), wild boar (Sus scrofa), and moose (Alces
alces) from Latvian wildlife...........ccccoeiiininii 109

Il Emerging brominated flame retardants and dechlorane-related
compounds in European eels (Anguilla anguilla) from Latvian lakes.119

11 Occurrence of polybrominated diphenyl ethers, perfluorinated
compounds, and nonsteroidal anti-inflammatory drugs in freshwater
MUSSEIS FrOM LatVia ......cveieieieieiesise e 131

IV Determination of residues and metabolites of more than 140
pharmacologically active substances in meat by liquid chromatography
coupled to high resolution Orbitrap mass spectrometry............cc.ce...... 142

V  Direct injection Fourier transform ion cyclotron resonance mass
spectrometric method for high throughput quantification of quinolones in
POUIIIY ..ttt 155



APPI
BFR
BTBPE
DBDPE
dSPE
EH-TBB
El

FR
FT-ICR
GC
GPC
HBB
HBCD
HESI
HLB
HPLC
HRMS

LC

m.m.
MRL
MS/MS
MWCNT
WWTP
POP
NSAID

APZIMEJUMU SARAKSTS
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bromeétie liesmas slap&ta;ji
1,2-bis(2,4,6-tribromofenoksi)etans
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elektrontrieciena jonizacija
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Furjé transformacijas jonu ciklotronu rezonanse
gazu hromatografija

gelcaurspiesanas hromatografija
heksabrombenzols
heksabromciklododekans

apsildamas eletroizsmidzinaSanas jonizacija
hidrofilais-lipofilais lidzsvars
augstefektiva skidrumu hromatografija
augstas izSkirtsp&jas masspektrometrija
lipidu masa

skidrumu hromatografija

mitra masa

maksimali pielaujamais ltmenis
tandéma masspektometrija

daudzslanu oglekla nanocaurulites
notekiidenu attiriSanas stacija

noturigie organiskie piesarnotaji
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IEVADS

Ikdiena gan cilvéka darbibas, gan riipniecisko procesu rezultata videé
nonak dazadi bistami kimiskie savienojumi. Noturigie organiskie piesarnotaji
(POP), pieméram, liesmas slapétaji (FR), ir zinami gadu desmitiem, tac¢u gadu no
gada tiek atklati arvien jauni piesarnotaji, pieméram, farmaceitiski aktivie
savienojumi. STs vielas negativi ictekme ekosistému, tostarp dzivos organismus
un cilvekus. So piesarnotaju noteiksana abiotiskos vides paraugos, pieméram,
fdent, ir sarezgita zemo koncentraciju dél, l1idz ar to ir nepiecieSama dazadu
indikatoru izmanto$ana, lai noteiktu loti zemu piesarnojuma limeni. Sobrid
petnieku vidd ir aktuali izmantot bioindikatoru pieeju, novertgjot dazadus
piemerotus dzivos organismus [1].

IeprickSminétajai indikatoru stratégijai ir augsts potencials plasa spektra
piesarnotaju analizei, Ipasi kombinacija ar jutigam un selektivam instrumentalam
metodém, pieméram, augstas izskirtsp&jas masas spektrometriju (HRMS). Sada
pieeja lauj ne tikai batiski pazeminat piesarnojoso vielu noteikSanas robezu, bet
arl paver iespEjas iegiito datu retrospektivai analizei. Turklat augstas
selektivitates dél savienojumus ir iesp&jams noteikt arT traucgjoSu matricas
komponentu klatbutné. Tas savukart lauj samazinat kopgjo analizes laiku gan
atrakas parauga sagatavosanas, gan Tsakas hromatografijas programmas dgl, jo ir
iespgjams identificét un kvantitativi noteikt savienojumus, kas nav pilniba
hromatografiski atdaliti. Tomér galvena priekSrociba ir iesp&ja ieverojami
palielinat vienlaikus nosakamo piesarnotaju klastu.

Problemas praktiska nozime.

Stokholmas konvencijas jauno POP saraksta jau ir ieklauti tadi POP ka
heksa-, hepta- un dekabromdifenil&teri, ka art perfluoroktansulfonati (PFOS) un
perfluoroktanskabe (PFOA). Tas norada uz to noturibu vidé ilga laika perioda,
par to sp&ju plasi izplatities apkartéja vidé dabisku procesu rezultata, tai skaita
augsng, tident un, jo 1pasi, gaisa. Tapat Siem savienojumiem ir raksturiga sp&ja
uzkraties dzivo organismu, tostarp cilvéku taukaudos, ka rezultata Sie
savienojumi augstakos Iimenos ir atrodami partikas kédes augSgala eso$os
organismos. Siem savienojumiem piemit augsta toksicitate gan cilvékam, gan
citiem dzivajiem organismiem[2].

Vispargjas modernizacijas un labklajibas celSanas rezultata vidé nonak
arvien jaunas piesarnotaju grupas. Vieni no pédgjas desmitgades vairak uzmanibu
piesaistfjusiem piesarnotdjiem ir farmaceitiski aktivi savienojumi. Tiek 1&sts, ka
cilvékiem paredzéto medikamentu paterin§ ES ir no 50 Iidz 150 g uz vienu
cilvéku gada. Veterinaras zales tiek lietotas mazakos daudzumos, tacu arf tas ir
augoS$s farmaceitisko produktu tirgus segments. Satraucoss ir fakts, ka lielakaja
dala ES dalibvalstu aptuveni 50% neizlietoto cilvekiem paredz€to zalu (3 1idz 8%
no kopgja pardota daudzuma) netiek atbilstosi utilizeéti [3]. Lidz ar to dazadu
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vides sektoru (dens, augsnes un gaisa) piesarnojums ar farmacijas produktiem
ir kluvis par vides problemu. Ar farmaceitisko piesarnojumu ir saistiti vairaki
apdraud@jumi un riski, tostarp antibakteriala rezistence, hormonu ITmenu
izmainas fidens organismos un pat populacijas samazinasanas dazu organismu
gadijuma [3].

Iepriek§ minétie negativie efekti uz vidi un organismiem uzsver
nepiecieSamibu veikt So vielu uzraudzibu gan vide, gan partika. Piesarnotaju
noteikSana vidé niecigos daudzumos sagada griitibas gan zema noteikSanas
Itmena, gan piesarnojuma ltmena svarstibu del, kas novérojami dazados laika
periodos. Sis problémas iesp&ams parvarét, izmantojot bioindikatoru pieeju.
Attieciba uz partikas analizi nepartraukti ir nepiecieSamas arvien jaunas, atrakas,
uzticamakas metodes ar plasu analitu klastu, ko iespgjams noteikt viena
analttiskaja merjjuma.

Promocijas darba merkis ir izstradat analitiskds metodes un pielietot tas
piesarnotaju (dazadu POP un farmaceitiski aktivo savienojumu) noteikSanai
vides un partikas matricas, izmantojot HRMS iekartas un biologiskos
indikatororganismus, ka arl pasivas paraugu nemsSanas iekartas (POCIS).
Izstradatas metodes paredzetas plasa piesarnotaju klasta vienlaicigai apstiprinosi
kvantitativai noteikSanai, lai noveértétu to sastopamibu Baltijas regiona.
Promocijas darba uzdevumi:

i Novertet dazadu sauszemes dzivnieku pielietojamibu ka vides
piesarnojuma bioindikatorus attieciba uz polibrométiem difeniléteriem
(PBDE), heksabromciklododekanu (HBCD) un tetrabrombifenolu A
(TBBPA);

ii. Parbaudit zusu ka indikatororganismu pielietojamibu  tdens
piesarnojuma novertésanai attieciba uz jaunajiem brométiem liesmas
slapetajiem (BFR);

iii. Izpétit gliemenu ka bioindikatoru pielietojamibu PBDE, perfluoréto
savienojumu (PFC) un nesteroido pretickaisuma lidzeklu (NSAID)
piesarnojuma statusam tidens ekosistéma;

iv. Salidzinat dazadas matricas, tostarp gliemenes, perifitonu, sedimentus
un Udeni ka Gdens piesarnojuma indikatorus;

V. Novertet dazadus POCIS sorbentus farmaceitiska piesarnojuma
noteikSanai tident;
vi. Izstradat perspektivas HRMS metodes, izmantojot augstas veiktsp&jas

Skidruma hromatografiju, kas savienota ar Orbitrap HRMS (HPLC-
Orbitrap-HRMS) un Furjé transformacijas jonu ciklotronu rezonanses
HRMS (FT-ICR-HRMS), lai paplasinatu analitisko kapacitati
turpmakiem padzilinatiem farmaceitiska piesarnojuma petijumiem.
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Zinatniska novitate:

Analizgjot plasa spektra piesarnotajus (noturigie organiskie piesarnotaji,
farmaceitiskie savienojumi) dazadas matricas, demonstréta dazadu
HRMS analizatoru, tostarp magnétiska sektora, Orbitrap un FT-ICR, ka
ari dazadu jonizacijas metozu, piem&ram, elektronu trieciena (EI),
apsildamas elektroizsmidzinasanas (HESI) un atmosferas spiediena
fotojonizacijas (APPI) daudzpusiba un pielietojamiba.

Veikts plass Latvijas sauszemes un fidens biotas piesarnojuma stavokla
novertejums, analiz&jot savvalas dzivnieku, zusu, gliemenu, perifitona,
sedimentu un Gidens paraugus.

Izstradata efektiva analitiska metode, 164 farmaceitiski aktivo vielu un
to metabolitu vienlaicigai identificéSanai un kvantificeSanai muskulu
audos.

Izstradata atra un uzticama tie$as injekcijas FT-ICR-HRMS metode
hinolonu antibiotiku apstiprinosai noteikSanai ir viens no pirmajiem
zinojumiem par §is progresivas tehnologijas izmanto$anu partikas
nekaitiguma nozarg.

Petijuma praktiskais pielietojums.
Iegita plasa informacija par piesarnojuma stavokli Baltijas regiona.

Optimizetas un izstradatas analitiskas metodes nodrosina virkni labi raksturotu,
praktisku un uzticamu iesp&ju veikt farmaceitiski aktivo savienojumu noteiksanu
dazadas matricas. Metodes ir viegli pielagojamas dazadam paraugu matricam, un
tas var izmantot So kimisko vielu sastopamibas ilgstosai uzraudzibai vai
zinatniskiem petljumiem
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1. LITERATURAS APSKATS

1.1. Biologiskie indikatororganismi

Vides analizg, ipasi Gidens sist€mas, bitiskus apgriitinajumus rada vides
nepartraukta mainiba. Izmainas var biit straujas un griiti novértgéjamas. Fizikalie,
Kimiskie un bakteriologiskie mérfjjumi nevar atspogulot daudzo vides faktoru
mijiedarbibu un ekosistemu ilgtermina ilgtsp&jibu to momentanas dabas del. Ir
pieradits, ka biomonitorings ir svarigs papildinajums tradicionalajam
monitoringa metodém.

Biomonitoringu defing ka "sistematisku dzivo organismu vai to reakciju
izmantoSanu, lai noteiktu vides stavokli vai izmainas" [4]. Biomonitoringa
veikSanai var izmantot dazadus organismus. Sadus organismus sauc par
biologiskajiem indikatororganismiem. Bioindikators ir ‘“organisms (vai
organisma dala vai organismu kopiena), kas satur informaciju par vides (vai vides
dalas) kvalitati”. Idealam indikatororganismam jaatbilst $adiem kriterijiem: a)
taksonomiska stabilitate (viegli atpazit arT nespecialistam); b) plasa izplatiba; c)
zema mobilitate (lokalizéta informacija); d) labi zinamas ekologiskas Tpasibas; ¢)
pietiekama skaitliska izplatiba; f) piemérotiba laboratorijas eksperimentiem; g)
augsta jutiba pret vides stresa faktoru; h) augsta kvantitativas noteikSanas un
standartizacijas spgja [5].

Biologiskajiem indikatororganismiem ir jaspgj atspogulot gan dazadu
vides apstaklu ilgtermina mijiedarbibas, gan p&ksnas izmainas svarigos vides
raditajos. Udens ekosisttmu biomonitoringam iesp&jams izmantot dazadas
indikatororganismu alternativas, tomér kopuma visplasak atzitie un biezak
izmantotie organismi ir bentiskie makrobezmugurkaulnieki, perifitons, ka ari
dazadu sugu zivis. Sie organismi ir pieradijusi savu efektivitati, gan izmantojot
tos atseviski, gan kombinacijas [5].

Perifitons ir autotrofu un heterotrofu mikroorganismu maisijums, kas
saistits organiska detrita matrica. Perifitons sedz lielako dalu iegremdéto
substratu, sakot no smiltim Iidz augiem un beidzot ar akmeniem [6]. Perifitons ir
vertigs vides stavokla raditajs strautos un up@s. Perifitonu organismi ir
producenti, tap&c tie nodrosina svarigu baribas kédes pamatu tidens ekosistemas.
Perifitons atspogulo istermina ietekmi un p&ks$nas izmainas ekosisteéma, jo ta
reprodukcijas atrums ir augsts un dzives cikls ir 1sS. Daudzi autori ir devusi
prieksroku perifitonam Gdens sistému biomonitoringam [5].

Tadi makrobezmugurkaulnieki, ka gliemezi, tarpi, saldiidens gliemenes,
midijas un v&zi, jau ilgstosi tiek izmantoti biomonitoringa noliikos daudzas
valstis, lai uzraudzitu Gdens ekosistému ekologisko stavokli. Vairakas bentisko
makrobezmugurkaulnieku, Tpasi gliemenu, Tpasibas padara tas par piem&rotiem
indikatororganismiem kimiska piesarnojuma izplatibai vidé [7]. Pirmkart, tas ir
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mazkustigi organismi, tadgjadi, tas sp&j nodrosinat informaciju, kas raksturo
konkréto ievakSanas vietu. Turklat tas ir izplatitas visa pasaulé gan saldiidens
fidenstilp@s, gan jiiras un okeanos. Otrkart, Tpatni parasti veido kolonijas seklos
@idenos, no kurienes ir viegli ievakt paraugus un pieejamais daudzums ir
pietickams analizu veikSanai. Treskart, to cieta caula nodroSina vieglaku
parvadasanu un saglabasanu ekotoksilogiskiem p&tijumiem un in Situ analizém.
Ceturtkart, gliemenes barojas, filtr§jot apkart esoso tideni lielos apjomos caur
skropstinveida zaunam un mutes 1&veriem. ST Ipasiba ir Tpasi svariga, jo tada
veida notiek piesarnojuma akumuléSana organisma, nodrosinot informaciju gan
par to koncentraciju Gideni, gan biopieejamibu. Piektkart, gliemenes ir ekologiski
nozimigas ka bariba vai dzivesvieta citam sugam. Gliemenes ir primarie
pateretaji (barojas no planktona un citiem mikroorganismiem), tadgjadi tas
nogada antropog€no piesarnojumu no abiotiskas fazes uz augstakiem
trofiskajiem limeniem baribas k&de [8]. So ipasibu dél gliemenes ir izmantotas
ka bioindikatori gandriz 50 gadus [9]. Gliemengs analiz&tie piesarnotaji aptver
plasu savienojumu klastu, sakot no “prioritarajiem piesarnotajiem”, piemeéram,
smagajiem metaliem un halogen&tiem ogladenraziem, lidz jaunajiem
piesarnotdjiem, pieméram, FR, virsmaktivam vielam, farmaceitiskajiem
lidzekliem un pat narkotiskam vielam [8, 10, 11].

Upju ckosist€mas veselibas uzraudzibai jau ilgstosi tikuSas izmantotas
dazadu sugu zivju kopienas, jo tas ir viegli vizuali novértéjamas un sniedz vértigu
informaciju. Zivis ir idens baribas k&des aug§gala, un tas patéré cilveki, tapec tas
ir svarigs komponents piesarnojuma novértéSanai. Ta ka zivim ir relativi ilgs
dzives cikls, ka arT augsta mobilitate, tas ir piemeroti indikatororganismi
ilgtermina piesarnojumam plasaka teritorija. Zivju kopienas reagé uz vairakumu
vides izmainu un trauc€jumu antropogeénas ietekmes rezultata, tai skaita kimisko
piesarnojumu [5]. Eiropas zutis (Anguilla anguilla) ir plésiga, katadroma zivs,
kas ir plasi izplatita visa Eiropa. Zus$i absorb& un koncentré sava organisma
bioakumulativos organiskos piesarnotajus, kas neliela koncentracija atrodas to
uzturd, ko veido vézveidigie, tarpi, gliemeZi, kdpuri un mazas zivis. So iemeslu
d&l zusi jau sen tiek uzskatiti par piem&rotiem bioindikatoriem, kas var noradit
uz piesarnotajiem, kas atrodas vietgjos biotopos [12, 13].

Biomonitoringu var veikt ne tikai Gdens ekosisteémas, bet ar1 sauszemes
biotopos [14]. Sim noliikam ir izmantoti neskaitami organismi, tostarp augi,
bezmugurkaulnieki, rapuli, putni un ziditaji [15]. Sauszemes z1ditaji ir pazistami
ka labi POP un smago metalu indikatororganismi [16]. Izplatitakie lielie zaledaji
Latvija ir stirnas (Capreolus capreolus) (populacija 2014. gada ~ 130 000
Ipatnu), tam seko staltbriezi (Cervus elaphus) un alni (Alces alces) (populacija
2014. gada attiecigi ~ 52 000 un ~ 21 000 ipatnu) [17]. Staltbrieziem un alniem
ir viens no lielakajiem paredzamajiem dzives ilgumiem, un tadgjadi tie ir
visjutigakie pret POP un smago metalu bioakumulaciju, un tos var uzskatit par
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visjutigakajiem zalédaju vides piesarnojuma stavokla bioindikatoriem.
Staltbriezu un alpu uzturs galvenokart sastav no augiem un parstav
gaisa/augsnes — augu — zalédaju sistému, savukart mezaciikas (2014. gada
Latvija populacija ~ 55 000 ipatnu [17]) ir visédaji, kas patéré daudzveidigu
partiku, tai skaita augus un kukainus, ka ari maitas, zivis un moluskus, kas
nodro$ina papildu piesarnotaju uznemsanu.

1.2. Pasivas paraugu nems$anas iekartas

POCIS ir ierice, kas paredzeta Gident $kistoSo organisko kimisko vielu
paraugu nemsanai no uUdens vides. POCIS ir integréjos$s paraugu nemsanas
lidzeklis, kas nodrosina informaciju par laika sverto videjo kimisko vielu, tostarp
piesarnotaju, limeni. Parasti izvietoSanas periodi svarstas no dazam nedélam lidz
vairakiem méneSiem. Viena no galvenajam POCIS lietoSanas priekSrocibam ir
ta, ka tai nav mehanisku vai kustigu detalu, Iidz ar to tam nav nepiecieSams
energijas avots vai uzraudziba lietoSanas laika. Turklat POCIS integrétie sorbenti

1.1.att. Cetri POCIS uzstaditi uz neriiséjosa teérauda izvietodanas stativa

POCIS ierice sastav no sorbenta, kas atrodas starp divam mikroporainam
membranam (skatit 1.l.att€lu). Membranas lauj fdenim un izSkiduSajam
ktmiskajam vielam iziet cauri sorbentam, kur kimiskas vielas tiek adsorbgtas.
Lielakas dalinas, piem&ram, nogulsnes un cietas dalinas, neieklist membrana.
Membrana ir izturiga pret biologisko piesarnojumu, kas var ievérojami samazinat
adsorbéto kimisko vielu daudzumu. POCIS izmantojamo sorbentu iesp&jams
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pielagot ta, lai tas adsorbétu tikai konkretas interes€josas kimiskas vielas.
Savukart, lai vargtu veikt pla§aka savienojumu klasta noteikSanu, viena
izvieto$anas tvertné var izmantot dazada veida sorbentus [18]. POCIS tehnologija
ir piemérojama dazadam piesarnotaju klasém, pieme@ram, medikamentiem,
hormoniem, dazadiem pesticidiem, ka arT majsaimniecibas un ripniecibas
produktiem, tostarp alkilfenoliem, kofeinam un FR [19].

1.3. Pétijjuma ieklautas savienojumu grupas

BFR ietver daudzveidigu antropogéno kimisko vielu grupu, ko izmanto,
lai novérstu uzliesmoSanu. BFR samazina dazadu produktu, piem&ram,
tekstilizstradajumu, plastmasas, biivmaterialu un elektronisko iekartu,
uzliesmojamibu. Neskatoties uz neparprotamajam prieksrocibam, ko sniedz BFR
izmanto$ana, $o kimisko vielu visureso$a klatbiitne ir izraisijusi to izplatiSanos
vidé razoSanas, lietoSanas un iznicinaSanas rezultata. Savas noturibas un
lipofilitates dé]l BFR nonak sauszemes un tidens baribas kedes [20].

Vieni no svarigakajiem piesarnotajiem $aja saimé ir PBDE, kuru aplésta
produkcija pasaulé 2000. gadu sakuma sasniedza pat 67 000 tonnas gada, un tie
tika plasi izmantoti vairakas desmitgades [21]. Tomér, nemot véra to, ka Sie
savienojumi ir POP, un to potencialai parnesei lielos attalumos, tika noteikti
dazadi ierobezojumi to komercialajai pieejamibai [22]. Tapec, lai apmierinatu
tirgus pieprasijumu péc FR, tika izstradati vairaki alternativi BFR, starp kuriem
visvairak patérétie bija HBCD un TBBPA. Lidzigi ka PBDE, ari Siem
alternativajiem BFR bija POP lidzigas ipaSibas, un to izmantoSana, kam sekoja
utilizacija, izraisija vides piesarnojumu [20, 23]. Eiropas Komisija klasificgjusi
HBCD ka bioakumulativu un toksisku savienojumu, jo tas ir loti noturigs, slikti
§kist Gdeni un tam piemit augsta logKow vertiba [24], savukart attieciba uz
TBBPA raditajiem riskiem nav vienpratibas. Vecakas atsauces zino, ka TBBPA,
skiet, ir salidzino$i zema toksicitate salidzinajuma ar citam BFR grupam [25].
Tomér jaunakie pétijumi atspogulo toksikologiskas bazas par TBBPA klatbiitni
vidé [26], tadgjadi piesaistot zinatnisku interesi par §Is kimiskas vielas
sastopamibu vide. Papildus HBCD un TBBPA ir arT vairakas citas kimiskas
vielas, kas atzitas par jauniem jeb alternativajiem BFR, tostarp 1,2-bis(2,4,6-
tribromfenoksi)etans (BTBPE), heksabrombenzols (HBB) un
dekabromdifeniletans (DBDPE). Informacija par So jauno BFR izplatibu ir
skopa, tacu, lai Tstenotu efektivas stratégijas $o savienojumu iesp&jamas bistamas
ietekmes samazinaSanai, nepiecieSams veikt datu ievakSanu, tade] Eiropas
Komisija rekomendgjusi veikt o savienojumu monitoringu [27].

PFC ir liela savienojumu grupa, Kas tiek razoti jau vairak neka piecus gadu
desmitus. PFC ir pilniba fluoreti sintetiski savienojumi ar unikalam 1pasibam, kas
tiek klasificéti ka POP. Oglekla-fluora saite ir viena no spécigakajam saitém
organiskaja kimija. ST ipasiba padara PFC izturigus pret tipiskiem vides
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degradacijas procesiem un tadgjadi noturigus vide. Visizplatitakas PFC ir
perfluorétas karbonskabes un perfluorsulfonskabes, no kuram vispazistamakas ir
PFOA un PFOS. PFOS, ta sali un sulfonilfluorids ir ieklauti Stokholmas
konvencijas POP saraksta. Molekulas fluorogludenraza gals ir hidrofobs, lipofils
un nepolars, savukart funkcionala grupa molekulas otra gala nodrosina polaritati.
Gan PFOS, gan PFOA tiek klasificeti ka virsmaktivas vielas, kas krasi samazina
virsmas spraigumu. PFC tiek plasi lietoti razo$ana, tostarp tekstilizstradajumu
traipu atgridoSos lidzeklos, papira izstradajumu piedevas un tdens plévi
veidojosas putas, ko izmanto elektriskas stravas izraisitu ugunsgréku dzeésanai
[28]. Cilvekiem novérota PFC toksiska iedarbiba ietver kancerogenitati un
imiintoksicitati. Ka liecina jaunakie in vitro eksperimenti, PFOA ir toksiskaks
neka PFOS [29].

Farmaceitiskie produkti ir butiska sastavdala gan cilvéku, gan dzivnieku
medicind. Veterinaras zales tiek izmantotas misdienu lopkopiba un partikas
razo$ana un tiek lietotas dztvnieku veselibas uzturésanai, infekciju profilaksei un
slimibu arsteéSanai. Tomér aizliegto veterinaro zalu nelikumiga vai nepareiza
lietoSana, pieméram, noteikto periodu neievero$ana, kas jaietur péc zalu
lietoSanas, var izraisit zalu atlieku klatblitni dzZivnieku audos un ietekmet partikas
nekaitigumu. Veterinaro zalu atliekas var ietvert pasus pamatsavienojumus, ka
arT metabolitus un/vai konjugatus, un tiem var bt tieSa toksiska ietekme uz
patérétajiem, pieméram, alergiskas reakcijas paaugstinatas jutibas individiem,
hormonala iedarbiba, traucgjot cilvéka hormonu lidzsvaru vai attistibu, vai
antibakterialas rezistences izplatiba nepareizas antibiotiku lietoSanas rezultata
[30].

Zalu plasa paterina d€] farmaceitiski aktivas vielas ir kluvusas par vienu
no svarigakajam jauno vides piesarnotaju klasém. Jaunakie p&tjjumi ir atklajusi
to sastopamibu visa pasaul@ pétitajos vides paraugos, tostarp dazada veida idens
matricas. Plasa zalu lietoSana ir izraisfjusi relativi nepartrauktu zalu un to
metabolitu iepladi notekiidenos. Turklat farmaceitiskie lidzekli var nonakt tidens
avotos slikti kontrolétu razoSanas iekartu notekiidenos, galvenokart tajas, kas
saistitas ar plasi lietotam zalém. Vairakos pétijumos atklati farmaceitiskie Iidzekli
zemas koncentracijas dazados tidens avotos un dzerama tidens paraugos. Vargtu
domat, ka farmaceitiskais piesarnojums nerada tiesu kait€jumu cilvékiem, tacu
satraucosas norades Udens dzivniekos liecina par preventivu darbibu
nepiecieSamibu [31]. Antibakterialas rezistences génu veicinasana vidé apdraud
cilveku veselibu, lietojot dzeramo tdeni, zivis vai razu, kas satur aktivas
farmaceitiskas sastavdalas, tadgjadi apdraudot dzivibu glabjoSu antibiotiku
pieejamibu nakotné [32].

18



1.4. Piesarnotaju izplatiba apkarteja vide

PBDE izplatiba dazados organismos ir plasi p&tita un aprakstita, tomer ir
pieejami tikai dazi zinojumi par So BFR sastopamibu savvalas medijamo
dzivnieku vidii. Dazos Skandinavijas petijumos zinots, ka kop&jais PBDE limenis
alnu un briezu muskulu paraugos svarstds no 10 Iidz 500 pg gt (m.m.)
Atbilstosajiem aknu paraugiem bija ieverojami augstaks piesarnojuma limenis,
sasniedzot 1700 pg g* (m.m.). [33-35].

Par HBCD sastopamibu zus$0s ir zinojusi daudzi autori, savukart datu par
citu jauno BFR izplatibu ir maz. Zinotie HBCD limeni zu$u audos ir loti
atskirigi — no 0,1 lidz 12 100 ng g* (I.m.) [36, 37]. Ir zinots par HBB, 2-etil-
heksiltetrabrombenzoata (EH-TBB) un 2,4,6-tribromfenil-2,3-dibrompropil&tera
(TBP-DBPE) limeniem zu$os, tomér to koncentracijas bija mazakas par
1ngg*(l.m.)[38, 39].

PBDE biezi ir konstateti gliemengs. Dazados avotos zinotie Iltmeni
svarstas no 11,3 lidz 12 400 pg g (m.m.) ar vislielako vértibu, kas konstateta
gliemengs no Niderlandes [40]. Ar1 PFOS un PFOA ir konstatéti gliemenu
paraugos. Augstaka videja PFOS koncentracija 72 000 pg g (m.m.) tika
konstatéta gliemenés no Portugales ziemelu un centralas dalas sateces baseiniem,
kur atrodas papira, tekstila un adas riipnicas, kas izvada attiritus notektidenus upju
sisttmas [10]. Dati par NSAID sastopamibu gliemenés ir maz, jo tie netiek
uzskatiti par tradicionaliem piesarnotdjiem. Ir ticis zinots par diklofenaka un
ibuproféna klatblitni gliemengs. Zinotas vertibas bija attiecigi Iidz 16,1 un
93,7 ng g (s.m.) [41, 42].

Urbanizacijas, industrializacijas un lauksaimniecibas procesu dél adens
ekosistemas piesarnojums ir kluvis par nopietnu problému. DaZi autori ir
salidzinajusi farmaceitiska piesarnojuma stavokli fideni, izmantojot tadus
paraugu veidus ka perifitons, bezmugurkaulnieki un zivis. Ir noverots, ka NSAID
meédz koncentréties virszemes udenos un udens organismos, turpretim
antibiotikam ir tendence uzkraties sedimentos [43, 44]. Ir arT novérots, ka
savienojumi ar baziskam ipasibam (pKs>7) medz saistities ar suspendétam
cietvielam [45]. Tom&r tendences attieciba uz koncentraciju iideni vai sedimentos
ir neskaidras. Piem@ram, dazi autori zinojusi par augstaku acetaminoféna
koncentraciju virszemes tidenos, salidzinot ar sedimentiem, citi — tiesi pret&ji [43,
46]. To saturs sedimentos un perifitona paraugos parasti ir zemaks neka
virszemes tidens paraugos [44, 47].
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1.5. Analizes metodes

P&ttjumam izveletajam piesarnotaju grupam ir dazadas kimiskas 1pasibas,
tade] nepiecieSams izmantot dazadas analitiskas pieejas. Musdienas Svarigs
Kimiska piesarnojuma analizes instruments ir HRMS. Tas lauj noteikt
analiz€jamas vielas ar precizitati lidz tuvakajai 0,001 atomu masas vienibai.
HRMS pirmo reizi izmantoja DZons Beinons 1950. gados, un tas bija aprikots ar
magngétiska sektora analizatoru [48]. Kops ta laika HRMS vairs nav ierobezots
tikai ar gazu hromatografiju (GC), jo ir pieejami tadi instrumenti ka nolidojuma
laika analizators (TOF), Orbitrap un FT-ICR. Parasti §ie instrumenti méra precizu
analitu masu bez fragment€Sanas, tomer tos var kombinét ar kvadrupolu, tada
gadijuma iesp&jama ari fragmentacijas spektru iegiiSana un tiek panakta vél
liclaka selektivitate [49]. Sis metodes galvena prieksrociba ir ta, ka ta ir loti
selektiva, jo ta méra precizu savienojuma masu, laujot atskirt pat nelielas
struktiiras izmainas. Lidz ar to ir iesp&ams noteikt arT analitus ar loti tuvam m/z
vertibam un izvairities no to savstarpgjiem traucgjumiem.

Viens no lielakajiem izaicindjumiem BFR analizé ir paraugu
sagatavoSana. Lai sasniegtu nepiecieSamas noteik$anas robezas zemakas par ppt
(pg o) augsnée/sedimentos/biota, parasti ir nepiecieSami augsti ickoncentrésanas
faktori. Tas savukart prasa attiriSanas procediras, kas sp&j selektivi atdalit
potenciali lielus organisko materialu daudzumus, vienlaikus saglabajot péc
iespEjas vairak v€lamo analitu. Ekstraktu attirianas procediira parasti sastav no
dazadiem posmiem, pieméram, cietfazes-Skidruma adsorbcijas hromatografijas
kolonnas, izmantojot dazadu sorbentu kombinacijas, pieméram, silicija dioksida,
Florisil, aluminija oksida un dazada veida aktivétas ogles. Lielas molekulmasas
savienojumu (piemé&ram, lipidu) atdaliSanai no parauga ekstraktiem biezi izmanto
gélcaurspiesanas hromatografiju (GPC).

EI-HRMS un elektronu satveres zemas izskirtsp&jas masas spektrometrija
negativas jonizacijas reZima ir visizplatitakas BFR, piemé&ram, PBDE un HBCD
noteikSanas metodes. Polihloréto bifenilu klatbitne paraugos var izraisit
selektivitates problémas, traucgjot PBDE GC-MS analizi. No §Tm problémam
iesp&jams izvairities, izmantojot HRMS. Vel viena probléma BFR analizg,
izmantojot GC, ir termiska labilitate, Tpasi savienojumiem ar augstu bromé&sanas
pakapi (deka-BDE, HBCD un oktabromtrimetilfenillindans). Skidruma
hromatografijas (LC) izmantoSana novers termiskas labilitates vai savstarp&jas
konversijas problému analizes laika. Daudzos pétijumos ir zinots par LC-MS
balstitu metozu izmantoSanu HBCD diastereoméru specifiska analiz€ dazada
veida matricas. IzvEletais analizators parasti ir Orbitrap-HRMS. lzotopiski
markétie ieks$gjie standarti lauj pielietot iek$€jo standartizaciju — visuzticamako
pieeju pareizai un precizai kvantitativai noteik$anai [50].

PFOS un PFOA ekstrakciju no biologiskajam matricam parasti veic ar
ultraskanas palidzibu vai paatrinato skidinataja ekstrakciju. Izvéletie skidinataji
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parasti ir metanols, acetonitrils vai metil-t-butiléteris. Lai nodro$inatu bazisku
ekstrakcijas vidi, dazkart izmanto natrija vai kalija hidroksidus. Ekstraktu
attiriSsanu veic ar dispersivo aktivéto ogli etikskabes klatbGtn€ vai cietfazes
ekstrakciju (C18 vai Oasis HLB). Kvantitativo noteikSanu veic, izmantojot
$kidruma hromatografijas tandéma masas spektrometriju (LC-MS/MS) [51].

Farmaceitiski aktivas vielas satur savienojumus ar plasu kimisko 1pasibu
spektru, tap&c arvien pieaug interese par analitiskajam metodém, kas piemérotas
daudzu analitu vienlaicigai noteik$anai. Piem@rotas parauga sagatavoSanas
procediiras izstrade ir ievérojams izaicinajums, jo dazadas funkcionalas grupas,
analitu amfotéras ipasibas, un plaSais polaritates diapazons rada griitibas
ekstrakcijas, attirisanas un analitiskas atdaliSanas posmos. Tad€] parauga
sagatavoSana ir viens no vissvarigakajiem soliem. Visbiezak izmantotas paraugu
priekSapstrades metodes muskulaudu paraugiem ietver ekstrakciju ar $kidinataju
(SE) ar vai bez attaukosanas posma, cietfazes ekstrakciju (SPE), izmantojot SPE
kolonnas vai dispersivo cietfazes ekstrakciju (ASPE) (QUEChERS pieeja), kam
seko talaka attirisana un/vai koncentrésana [52].

LC-MS nodrosina universalu pieeju, kas piemérojama loti plasam
farmaceitisko savienojumu klastam. Visizplatitaka farmaceitiskas analizes
metode ir LC-MS/MS. Tomér &1 briza tendences analitiskaja kimija ir verstas uz
jaudigaku HRMS detektoru, pieméram, TOF vai Orbitrap, izmantoanu. ST
tendence ir saistita ar robustaku, jutigaku un selektivaku instrumentu pieejamibu.
Pedgjos gados Orbitrap sistéma ir guvusi atpazistamibu, jo tai ir labaks
dinamiskas koncentracijas diapazons, lielaka izskirtspgja, Iidz ar to arT labaka
masas precizitate salidzinajuma ar TOF sistemu [52].
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2. EKSPERIMENTALA DALA

Promocijas darba petijums tika sadalits vairakas dalas saskana ar 2.1.attéla
att€loto shému.

Dazadu piesarnojuma indikatoru izvértésana, pielietojot jau izstradatas
metodes, lai noteiktu piemérotako indikatoru veidu un aktualako
/ piesarnotaju grupu

/ \

POCIS sorbentu

‘ Biologiskie

e L) i 2t }DDE} Biotisko un abiotisko J salidzinajums

paraugu matricu
salidzinajums

Sauszemes
dzivniek

_ Gliemenes
Odens
Sedimenti

Modernu augstas izskirtspéjas masspektrometrijas metozu izstrade
identificéto piesarnotaju noteikSanai

|
FT-ICR-HRMS metode atrai W

[
UHPLC-Orbitrap-HRMS metode
plasa farmaceitisko savienojumu

- A hinolonu antibiotiku noteiksanai
klasta noteiksanai

2.1.att. Darba planojuma shematisks attélojums

2.1. Paraugi

BFR raksturo$anai sauszemes ekosistéma tika izmantoti 24 savvalas
dzivnieku, tostarp alnu, staltbriezu un mezactku audi.

Kopuma 58 dazada garuma un vecuma zusi, kas parstav&ja 5 paraugu
nemsanas vietas Latvija, tika analizéti ka iesp&amie tGdens ekosisttmas BFR
piesarnojuma raditaji.

Gliemenu paraugu partijas, kas parstavéja 24 paraugu nemsanas vietas,
tika izmantotas ka indikatororganismi turpmakai wdens piesarnojuma
novértésanai, paplasinot darbibas jomu, ieklaujot PFC un farmaceitiski aktivos
savienojumus.

Paraugu tipu salidzinasanas p&tjjumam tika izmantotas paraugu kopas, kas
sastavéja no gliemeném, perifitona, sedimentiem un tidens. Paraugi tika ievakti
no trim upém — Gaujas, Miisas un P&terupes. Paraugu ievakSanas vietas Gauja
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tika izveletas péc apdzivotam vietam — Valmieras, C&stm, Siguldas un AdaZiem,
ka arT ieteka. Misa paraugi tika nemti Pasvalg (Lietuva) pirms un p&c notekiidenu
attiriSanas stacijas (WWTP), Latvijas-Lietuvas robezas teritorija, ka ari no
ietekas Lielupé. P&terupé paraugi tika ievakti no Cetram vietam Saulkrastu
dzivojamo ciematu teritorija, ka arT ieteka.

Sorbentu efektivitates noteik$anai tika izmantotas POCIS paraugu
nemsanas iekartas, kas pilditas ar 9 dazadiem sorbentiem. 200 mg sorbenta tika
manuali iepakoti starp divam PES membranam (0,1 pm, @ 90 mm). Sorbenti, to
razotaji un Ipatngjie virsmas laukumi apkopoti 2.1. tabula. POCIS iekartas tika
ievietotas zivjaudzétavas “Tome” baseina, kas darbojas Daugavas tidens
caurteces reZima, un turétas vienu nedelu.

2.1. tabula
POCIS izmantoto sorbentu raksturlielumi
Ipatnéjais
g . virsmas
Nr.p.k. Sorbents RazZotajs laukums,
m2 g-l
1 HLB AFFINISEP 190-210
2 Grafena XG Sciences 750
nanogranulas
Graféna
3 nanogranulas Alpha Aesar 500
4 MWCNT Chengdu Organic Chemicals Company 200
5 MWCNTs-COOH Chengdu Organic Chemicals Company 120
6 8egtl:k1a molekularais SUPELCO >1000
Bayer MaterialScience AG, modificétas ar
7 MWCNT- aminopropilimidazola grupu Materialzinatnes 120
aminopropilimidazols | un lietiskas kimijas fakultates Polim&rmaterialu
institiita
.- Sintez&ts RTU Materialzinatnes un lietiskas
8 Oglekla nitrids kimijas fakultates Polim&rmaterialu instittita 210
9 Graféns-oglekla XG Sciences graféna nanogranulas un )
nitrids sintezetais oglekla nitrids (1:1)

2.2. Bromeéto liesmas slapétaju analize

2.2.1. Paraugu sagatavosana

Metode izvéleto BFR noteiksanai tika pielagota no iepriek§ publicétiem
pétijumiem [53-55]. Homogeniz&tu un liofiliz€tu vai mitru audu paraugu
alikvotam tika pievienots icks$gjo standartu Skidums. Paraugus ekstrahgja ar
dihlormetanu/n-heksanu (1:1, v/v), izmantojot automatisko Soxtec™ 2055 tauku
ekstrakcijas sisttmu vai ultraskanas veicinato ekstrakciju. P&c ekstrakcijas
Skidinatajus iztvaicEja lidz sausam atlikumam viegla slapekla plasma.
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Gravimetriski noteica lipidu saturu un tauku atlikumu atkartoti iz8kidinaja
n-heksana. Ekstrakts tika attirits, izmantojot ar skabi modificétu silikagela vai
Florisil kolonnas. P&c skidinataja iztvaic€Sanas ekstraktu apstradaja ar
koncentrétu seérskabi. Pirms PBDE GC-HRMS analizes skabi saturosais
apaksgjais slanis tika atdalits un organiskais slanis tika ietvaicéts, pievienojot
atglistamibas standarta Skidumu. Peéc PBDE analizes $kidinatajs tika nomainits
pret metanolu, un ekstraktos tika analizéts HBCD, TBBPA un EBFR saturs,
izmantojot HPLC-Orbitrap-HRMS instrumentu.

2.2.2. Instrumentala analize

PBDE analize tika veikta, izmantojot GC-HRMS, pielietojot EI jonizaciju
pozitivas jonizacijas reZima izveleta jona skené$anas (SIM) reZzima. Kvantitativa
noteikSana tika veikta, izmantojot izotopu atskaidiSanas metodi, ka ieksgjos
standartus izmantojot ar *3Cy, iezim&tus analitu surogatus. HBCD, TBBPA un
EBFR analizei tika izmantota HPLC-Orbitrap-HRMS metode. InteresgjoSie
savienojumi tika atdaliti, izmantojot C18 apgrieztas fazes analitisko kolonnu.
HBCD un TBBPA analizei tika izmantota HESI jonizacija negativaja jonizacija,
savukart jaunie BFR tika noteikti, izmantojot negativo APPI reZimu, izmantojot
toluolu ka piedevu. Analitu noteikSana tika veikta SIM rezima, izmantojot divus
intenstvakos jonus no attieciga molekularo jonu klastera. Kvantitativa noteikSana
tika veikta, pamatojoties uz izotopu atSkaidisanu ar '*Cip-iezimétiem analitu
surogatiem un iek$gjo standartizaciju.

2.3. Perfluoréto savienojumu analize

Parauga sagatavosanas procediira ietvéra ultraskanas veicinato ekstrakciju
ar metanolu un 0,2 M natrija hidroksida Skidumu tideni, kam sekoja analitu
koncentré$ana un attiriSana, izmantojot vajas anjonu apmainas SPE kolonnas.
Péc eluata ietvaicESanas sausais atlikums tika iz8kidinats metanola.
Instrumentalas analizes pamata bija HPLC-Orbitrap-HRMS, izmantojot HESI
jonizaciju izveletas reakcijas skengsanas (SRM) reZima.

2.4. Farmaceitiski aktivo savienojumu analize
Atkariba no parauga veida un izvel&tajam analitiem tika izmantotas
dazadas analitiskas metodes.

2.4.1. Paraugu sagatavoSana

NSAID analizei 2 g homogenizétu gliemenu paraugu ekstrah&ja ar
acetonitrilu un 0,02 M askorbinskabes tidens skidumu. Analitu koncentrg$ana un
atttrisana tika panakta ar Strata C18 SPE kolonnam.
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Sorbentus no POCIS ekstrahgja ar metanolu/dihlormetanu (1:1 v/v),
izmantojot Soxtec™ automatizéto Soksleta ekstrakciju. Pirms instrumentalas
analizes ekstraktu $kidinatajs tika aizvietots ar acetonitrila/metanola (9:1, v/v)
maisjjumu.

24 farmaceitiski aktivo savienojumu analizei dazadas matricas,
sedimentu un perifitona paraugi tika liofiliz&ti pirms paraugu sagatavoSanas
procediras. Gliemenu, sedimentu un perifitona paraugi tika ekstrahéti,
izmantojot ultraskanas veicinato ekstrakciju. Ekstrakcija tika veikta divos ciklos
pa 15 min, katra cikla izmantojot 5 mL 80% metanola $skidumu tident ar 0,1 %
etikskabi. Abas iegtitas ekstraktu porcijas tika apvienotas un atskaiditas ar tideni.
Tika veikta SPE, izmantojot Strata-X kolonnas. Udens paraugiem tika veikta ta
pati SPE procediira, pirms analizes paraugus filtr&jot. Visbeidzot, visi ekstrakti
péc ietvaicESanas tika iz8kidinati tidens/metanola $kiduma (80:20, v/v).

Galas paraugus ekstrah&ja, veicot mehanisku maisisanu ar
0,1 % skudrskabi acetonitrila Orbitrap skrininga metodei un ar tiru acetonitrilu
hinolonu analizei ar FT-ICR-HRMS. Ekstraktu attiriSana tika panakta, veicot
paraugu izsaldésanu -70°C temperatiira. Hinolonu analizei iegiitais ekstrakts tika
atskaidits ar 0,1% skudrskabi Gdeni. Skrininga metodei ekstrakti tika iztvaicgti
un izskidinati 2:1 (v/v) tdens-acetonitrila $kiduma, kas satur 5 mM amonija
formiata un 0,01% etikskabes.

2.4.2. Instrumentald analize

NSAID instrumentalo atdaliSanu un analizi veica ar LC-MS/MS,
izmantojot Acquity UPLC sistemu (Waters, Milford, MA, ASV). AtdaliSana tika
veikta uz Phenomenex Luna Omega analitiskas kolonnas (100 x 4,6 mm, 2,6
pm). Mobilas fazes sastavéja no 0,01% etikskabes Skiduma tdent (A) un
acetonitrila (B), plismas atrums bija 0,6 mL min? un tika izmantota gradienta
programma. Hromatografs bija savienots ar QTrap 5500 (AB Sciex, MA, ASV)
masspektrometru, kas aprikots ar elektroizsmidzinasanas avotu, kas darbojas
SRM rezima negativa jonizacija.

Dazadu farmaceitisko savienojumu un to metabolitu skrinings tika
veikts, izmantojot Dionex UltiMate 3000 HPLC sistému (Thermo Fisher
Scientific, Sanhos€, CA, ASV) un Phenomenex Luna Omega analitisko kolonnu
(100 x 2,1 mm, 1,6 um). Kustiga faze sastav&ja no (A) 0,1% skudrskabes tidenT,
(B) 0,1% skudrskabes acetonitrila un (C) 0,1% skudrskabes metanola. Tika
izmantota gradienta programma, un pliismas atrums bija 0,3 mL mint. HPLC
sistéma bija savienota ar Q-Orbitrap HRMS masas spektrometru (Thermo Fisher
Scientific), kas aprikots ar HESI avotu, kas darbojas pozitiva un negativa
jonizacijas rezima. Pilnas skengSanas dati gan pozitivaja, gan negativaja
jonizacijas rezima tika iegiti ar masas izskirtsp&u 70 000 FWHM.
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24 farmaceitiski aktivo vielu analize tika veikta, izmantojot Dionex
UltiMate 3000 HPLC sistemu (Thermo Fisher Scientific, Sanhose, CA, ASV) un
Kinetex C18 analitisko kolonnu (100 x 2,1 mm, 2,6 pm). Kustiga faze sastaveja
no (A) 0,01% etikskabes tident, (B) acetonitrila un (C) metanola. Tika izmantota
gradienta programma, un pliismas atrums bija 0,3-0,4 mL min*t. HPLC sistema
bija savienota ar Q-Orbitrap HRMS masas spektrometru (Thermo Fisher
Scientific), kas aprikots ar HESI avotu. SRM tika izmantots gan pozitivaja, gan
negativaja jonizacijas reZima.

Hinolonu noteiksana tika veikta ar tie$as injekcijas FT-ICR-HRMS
metodi. Pirms analizes katru dienu tika izmantots natrija formiata $kidums, lai
kalibrétu instrumentu, kas aprikots ar 7,0 T supervaditaja magnétu (Bruker
Daltonics, Brémene, Vacija). Paraugs tika tieSi ievadits ESI avota ar pliismas
atrumu 250 pL hl. Masas spektrometrs tika iestatits ta, lai tas darbotos masas
diapazona 100-1000 m/z pozitivaja jonizacijas rezima. Katrs masspektrs tika
iegiits, uzkrajot 32 individualus apakSmerijumus (2 miljoni datu punktu viena
apkasmérjjuma datu kopa). Izskirtspgja m/Am(50%)=140 000 un masas
precizitate <3 ppm nodroSinaja neklidigu molekularo formulu pieskirSanu
sadursmes izraisitas disociacijas rezims, ka sadursmes gaze izmantots argons,
sadursmes energija tika reguléta no 5 eV lidz 25 eV, izolacijas logi iestatiti uz 5
m/z un sadursmes RF amplitada tika iestatita uz 1500 Vpp.
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3. REZULTATI UN TO IZVERTEJUMS

3.1. Biologisko indikatoru pielietoSana piesarnotaju
izplatibas pétijumos
3.1.1. Savvalas medijumi ka BFR piesarnojuma indikatori

Lai novertétu savvalas dzivnieku ka sauszemes ekosisteémas
piesarnojuma indikatoru pielietojamibu, tika analiz&ti astonu staltbriezu
(Cervus elaphus), devinu mezactiku (Sus scrofa) un septinu alnu (Alces alces)
muskulu un aknu audu paraugi, lai noteiktu BFR, tostarp PBDE, HBCD un
TBBPA saturu.

Liclakas videjas PBDE koncentracijas (46,6 pg gt (m.m.)) tika
noverotas alnu audos, bet ievérojami zemakas — mezaciiku un staltbriezu audos.
Iegtitie rezultati bija zinama meéra parsteidzos$i, nemot vera zalédaju alnu un
vis€daju mezactuku atSkirigo uzturu, tadgjadi sagaidot augstaku BFR saturu
mezactku audos papildu PBDE ekspozicijas celu dél. Tas liecina, ka vecumam
ir liela nozime PBDE akumulacija, jo alnu ipatnu vidgjais vecums bija 2,7 gadi,
bet mezactku Tpatpu vidgjais vecums bija 1,4 gadi. Tomér netika novérota
neviena biitiska korelacija starp miisu pétijuma izmantota parauga vecumu un
BFR saturu (rs diapazona no -0,49 lidz 0,64; p-vértibas diapazona no 0,13 lidz
0,84). Meza ciku paraugos bija visaugstakais HBCD limenis ar vidgjo
koncentraciju 264 pg g (m.m.) muskulaudos. Alnu un staltbriezu paraugos
HBCD koncentracijas bija augstakas aknu audos neka muskulaudos, savukart
mezacikam HBCD koncentracija bija augstaka muskulaudos neka aknas.
Neskatoties uz TBBPA plaso pielietojumu Eiropa, kopuma tika novérota zema
vidéja koncentracija no 0,52 Iidz 4,54 pgg? (m.m.). Visticamakais 31
noverojuma izskaidrojums var€tu but fakts, ka TBBPA saturo$u poliméru
razoSanas laika §is BFR tiek Kkimiski saistits ar materialu, samazinot ta
izdaliSanas iesp&jamibu vide. Analiz&tajos paraugos noteiktie PBDE un HBCD
piesarnojuma Iimeni paraditi 3.1. attgla.

1Zacs, D.; Rjabova J.; Ikkere, L.E.; Bavrins, K.; Bartkevics, V. Brominated flame

retardants and toxic elements in the meat and liver of red deer (Cervus elaphus), wild
boar (Sus scrofa), and moose (Alces alces) from Latvian wildlife. Sci Total Environ
2018, 621, 308-316.
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Noverotie piesarnojuma ltmeni ir salidzinami vai nedaudz zemaki,
neka zinots citos petljumos. Somijas briezu muskulos novérota Y PBDE
koncentracija bija robezas no 10 Iidz 180 pg g* (m.m.), bet Lapzemes regiona
paraugos bija lielaka vértiba—500 pg g™ (m.m.). Citos veiktajos p&tijumos aknu
paraugos konstatétie ITmeni ir loti atSkirigi. Briezu aknas Vacija detekt&ts saturs
30-120 pg gt (m.m.), alnos Norvégija — 33-50 pg gt (m.m), bet ziemelbriezos
Somija lidz pat 1700 pg g* (m.m.) [33, 35].
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3.1.att. PBDE (A) un HBCD (B) koncentracijas analizétajos audos
Attieciba uz PBDE parstavju profilu, domingjosie bija PBDE tetra-
lidz heksabrométie homologi, kas sastadija no 59 lidz 91% no visiem
analiz&tajiem PBDE. Tas norada, ka nesen izmantotais “penta-BDE” preparats
ir iesp&jamais piesarnojuma avots. Neraugoties uz to, ka nesen plasi tika lietoti
“okta-BDE” un “deka-BDE” preparati, kas satur galvenokart PBDE-209, Sis
PBDE parstavis sastadija tikai aptuveni 6 % no kopg&ja daudzuma. Daudz lielaks
saturs tika novérots aknu paraugos, sasniedzot vidgji 36% meZzaciiku aknas.
legiitie rezultati atspogulo atSkiribas bioakumulacijas vai biotransformacijas
potenciala PBDE parstavjiem ar dazadu broméSanas pakapi, ka tas jau ir ticis
novérots iepriek$€jos pétijumos [33-35].

Novérotais HBCD izoméru profils bija lidzigs tidens biota parasti
sastopamajam sadalijumam, proti, novérojama izteikta a-HBCD dominance par

B- un y-HBCD [13], a-HBCD sastadot vid&ji 85% no Y} HBCD.
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3.1.2. Zusi ka jauno BFR piesarnojuma indikatori?

Lai noveértétu zusu ka indikatororganismu pielietojamibu tdens
ekosistémas piesarnojumam, tika noteikts septinu jauno BFR (tostarp HBCD,
DBDPE, TBP-DBPE, HBB, EH-TBB, BTBPE un tetradekabrom-1,4-
difenoksibenzola) saturs zu$os (Anguilla anguilla), kas ievakti no pieciem
Latvijas ezeriem. Iegitie rezultati apkopoti 3.2. attela.

HBCD tika konstatgts visos analizétajos paraugos, apstiprinot HBCD
visuresoSo izplatibu Eiropas fidens ekosisttma [56]. a-, B- un y-HBCD
koncentraciju (YHBCD) summa bija robeZas no 0,05 Iidz 6,58 ng g* (.m.), ar
vidgjo vertibu 1,64 ng g* (1.m.). Noteiktie HBCD Iimeni zu$0s no citam valstim
bija ieverojami augstaki, augstaka videja koncentracija 4500 ng gt (I.m.) tika
novérota zu$0S no loti piesarnotam teritorijam Belgija, kur atrodas vairakas
tekstilripnicas [37]. Analiz&tajos paraugos novérotais HBCD izoméru modelis
bija tipisks biotai, tapat, ka tika novérots jau iepriek$€ja pétijuma, ar izteiktu
a-HBCD parsvaru par B- un y-HBCD [13]. Galvenie faktori, kas var bt par
iemeslu §im novérojumam, ir: 1) B- un y-HBCD enzimatiska izomerizacija par
a-HBCD, ka tas ir ticis nov&rots zivim [56]; 2) a-HBCD ir augstaka $kidiba
tdeni (~49 mg L) neka B- un y-HBCD (~2 mg L), un tadgjadi tas ir vieglak
pieejams uznemsanai [57]; 3) in vitro eksperimenti ar aknu sub-§inu frakcijam,
kas iegtitas no zurkam un forelém, paradija, ka B- un y-HBCD biotransformacija
bija aptuveni tris reizes atraka neka a-HBCD [58]; un 4) y-HBCD termiska un
fotolitiska izomerizacija par a-HBCD [59].

27acs, D.; Ikkere, L.E.; Bartkevics, V. Emerging brominated flame retardants and
dechlorane-related compounds in European eels (Anguilla anguilla) from Latvian lakes.
Chemosphere 2018, 197, 680-690.

29



450
A)

3.60

Coeoper NE 7, (I.M.)

0.00 — piiieny

Usma Aluksnes Sivers Liepajas Kisezers

B)

Zyscor NE EY (1m.)
8

L8 T

Aluksnes Sivers Liepajas Kisezers

3.2.att. DPDBE (A) un HBCD (B) koncentracijas analizétajos zuSu paraugos

DBDPE bija vienigais BFR, kas, neskaitot HBCD, tika atrasts
analizétajos zu$u paraugos. 59% paraugu saturéja DBDPE Iidz 33 ng g (I.m.).
Cik zinams, I1dz §im nav publicéti citi zinojumi par DBDPE sastopamibu zusos.
Saskana ar pieejamajam atsaucem DBDPE netika konstatets dazados zivju
paraugos no Sentlorensa upes Kanada un Ciles piekrastes @denos [60, 61].
Savukart paraugos, kas iegiiti no loti piesarnotas upes Dienvidkina un vairakam
upém Spanija, tika konstatétas koncentracijas attiecigi Ilidz 230 un
130 ng g* (I.m.) [62, 63]. DBDPE Eiropa ir uzskaitits ka maza raZo$anas
apjoma kimiskais savienojums, tom&r Kina tas ir otrais visbiezak izmantotais
BFR [64]. Nemot véra novéroto koncentraciju izteikto neviendabigumu,
galvenie DBDPE piesarnojuma celi joprojam nav zinami. Piesarnojums ar
DBDPE var rasties gan no punktveida avotiem, gan no attaliem avotiem, jo
BDE-209 gadijuma pé&tijumos atklats piesarnojums ari attdlos regionos
atmosferas parneses rezultata. Fizikali kimiskas [idzibas dg] tas varetu attiekties
ar uz DBDPE [65].
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Iegiitie rezultati atspogulo, ka Latvijas ezeros ir pienemams vides
stavoklis attieciba uz kop&jo HBCD saturu, nemot véra Direktiva 2013/39/ES
[66] noteiktos EQS. Augstakic HBCD limeni tika novéroti zu$os no ezeriem,
kas atrodas regionos ar augstaku industrializacijas pakapi, savukart galveno
komponentu analizes rezultati (3.3. att.) liecina, ka HBCD koncentracija ir
atkariga no konkréta ezera, atspogulojot nevienmérigu jauno BFR
piesarnojumu Latvijas ezeros.
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3.3.att. HBCD limenu un zus$u biologisko parametru galveno komponentu analizes
grafiks

31



3.1.3. Gliemenes ka BFR, PFC un farmaceitisko savienojumu
piesarnojuma indikatori®

Talakais tGdens indikatororganismu novert€jums tika veikts, petot
saldiidens gliemenu pielietojamibu. Papildus jau apspriestajiem BFR saldtidens
gliemenu audos tika noteikta ari cita POP grupa, proti, PFC un jaunie
piesarnotaji — farmaceitiski aktivie savienojumi, konkr&ti NSAID.

PBDE tika konstatéti visos analizEtajos paraugos, kas vélreiz
apstiprina So liesmas slapétaju plaso izplatibu vide. Kopga XPBDE
koncentracija bija robezas no 11,3 lidz 193 pg g (m.m.), ar vid&jo vértibu
42,1pg g' (m.m.). Novérotie Iimeni bija vairak neka kartu zemaki neka
iepriek§gja pétijuma konstatétie limeni zu$os no Latvijas ezeriem (skatit 3.1.2.
apaksnodalu). Ka ierosinaja Marriusen et al, tas var bt saistits ar atSkirtbam
abu organismu lipidu satura [35]. Turklat zusi ir augstaka baribas k&des posma,
un to kop€jais mizs ir garaks. Salidzinot nove€rojumu rezultatus ar citviet
gliemen@s konstatetajiem, koncentracijas Latvijas gliemengs bija ieverojami
zemakas, iznemot gliemenes no Baiyangdian ezera, kas ir lidzigas Sim
pétijumam [67]. Tomer, neskatoties uz to, ka Latvija konstatétie PBDE limeni
bija salidzino$i zemi, 83% paraugu tika parsniegta EQS vértiba biota
(8,5 pg g (m.m.) parstavju Nr. 28, 47, 99, 100, 153 un 154 summai), ka
noteikts Eiropas Komisijas Direktiva 2013/39/ES [66].

Attieciba uz PBDE parstavju profilu (skatit 3.4.attela) visaugstakais
limenis tika novérots PBDE-209 gadijuma, kas ir vienigais dekabromgtais
BDE. Tas var but “deka-BDE” preparata plasas izmantoSanas, suspendéto
dalinu radito piesarnojoSo vielu uzkrasanas un neefektiva attiriSanas procesa
rezultats. Parstavji Nr. 47, 49, 99 un 100, kas parstav tetra- un pentabrométu
BDE, domingja lielakaja dala paraugu. Sis novérojums atbilst citu autoru
rezultatiem [68, 69].

3|kkere, L.E.; Perkons, I.; Sire, J.; Pugajeva, I.; Bartkevics, V. Occurrence of
polybrominated diphenyl ethers, perfluorinated compounds, and nonsteroidal anti-
inflammatory drugs in freshwater mussels from Latvia. Chemosphere 2018, 213, 507-
516.
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3.4.att. Gliemenés konstatéto PBDE parstavju sadalijums

Gliemenu audos tika noteikti divi savienojumi, kas parstav PFC -
PFOS un PFOA. PFOS tika konstatéts 3 no 24 (13%) paraugiem ar
koncentraciju robezas no 10 Iidz 21 pg g* (m.m.), savukart PFOA tika
konstatéts biezak — 10 no 24 (42%) paraugu, diapazona no 13 lidz
51 pg g (m.m.). Novérotas vértibas bija divas lidz tris kartas zemakas neka
PFOA un ta atvasingjumu EQS vértiba biota, kas noteikta Eiropas Komisijas
Direktiva 2013/39/EK [66]. Rezultati, par kuriem zinots attieciba uz gliemeném
no citiem regioniem, bija ievérojami augstaki — PFOS Iimenis Portugales
ziemelu un centralas dalas upju sateces baseinos bija Iidz 72 000 pg g (m.m.)
[10].

Gliemengs tika analiz€ti ar1 farmaceitiskie savienojumi — devini
NSAID, tostarp ibuprofens, tolfenaminskabe, meloksikams, karprofens,
fluniksins, diklofenaks, fenilbutazons, ketoproféns un mefenaminskabe. No
deviniem savienojumiem gliemengs tika konstatéts tikai ibuproféns. Ibuproféns
bija 50% paraugu ar koncentraciju robezas no 0,52 Iidz 109 ng g'* (m.m.) vai
no 5,1 Iidz 1363 ng g* (s.m.) Zinojumu par pé&tijumiem citas valstis ir maz,
nemot vera, ka NSAID ir jauni piesarnotaji. Limenis, kas noverots gliemengs
no Taihu ezera, Kina, ir krietni zemaks, sasniedzot vien 93,7 ng g* (s.m.) [42].

Augsts ibuproféna Itmenis Latvijas tdens vidé nove@rots citos
petijumos [70, 71], kur ibuproféns konstatéts virszemes tidenos un neattiritos
notekiidenos. Ibuproféns bija visvairak patérétais NSAID grupas medikaments
Latvija 2017. gada [72]. Galvenais ibuproféna ievadiSanas cel§ virszemes
tidenos ir noteklidenu attiriSanas iekartu notektideni. Ibuproféns un ta metaboliti
tiek izvaditi kanalizacijas sistéma gan cilvéka metabolisma rezultata, gan kopa
ar neizlietotajam zalém, kuras var izmest caur kanalizaciju un tualetem [73].

Katras piesarnotaju grupas kop&jo koncentraciju diagrammas ir
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paraditas 3.5. attela. Paraugi tika grupéti pec sateces baseina un tdenstilpju
veidiem — ezers, upe, upes delta vai tdenskratuve. PBDE bija biezak
sastopamas Daugavas un Lielupes baseina. Vislielaka izkliede tika novérota
ibuproféna gadijuma, jo Lielupes un Ventas baseinos tas bija sastopams
ievérojami lielakas koncentracijas neka Gaujas un Daugavas baseinos.
Attieciba uz piesarnotaju izplatibu dazada veida Gdenstilp&s, parauga no Rigas
tdenskratuves tika konstatéti ievérojami augstaki PBDE un ibuproféna
koncentraciju limeni.
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3.5.att. ZPBDE, XPFC (pg g (m.m.)) un ibuproféna (ng g (M.m.)) saturs gliemenu
paraugos dazZados sateces baseinos (a) un @idenstilpju veidos (b)
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3.1.4. Perifitona, gliemenu, iidens un sedimentu salidzinajums
Lai novertétu dazadu paraugu tipu piemé&rotibu indikatoru
pielietojumam, tika analiz&ti perifitona, gliemenu, tidens un sedimentu paraugi
no trim Latvijas up&m. Katra partija, kas sastavgja no ¢etriem paraugu veidiem,
tika ievakta no Cetram Iidz piecam paraugu nemsanas vietam Kkatra upé.
Petjumam tika atlasiti 23 farmaceitiski aktivi savienojumi. Kimisko
savienojumu atlase tika veikta, pamatojoties uz dazadu publikaciju informaciju
par Gidenos biezak sastopamajam zalu atliekam, un lielaka dala no tam ir
Pasaules Veselibas organizacijas saraksta ka pirmas nepiecieSamibas zales.
Atlasitie savienojumi pieder dazadam terapeitiskajam grupam, pieméram,
NSAID, asins lipidu Iimeni pazeminoSiem lidzekliem, antibiotikam,
pretepilepsijas Iidzekliem, B-blokatoriem, antidepresantiem un citiem.

Detektésanas biezums, %

W

Perifitons H Gliemenes ®Sedimenti m Udens

3.6.att. Analizéto savienojumu detektésanas biezums dazados paraugu veidos

No 23 analiz€tajiem savienojumiem tikai tris — lipidu regulators
simvastatins, veterinarais sedativs ksilazins un antidepresants fluoksetins netika
konstatéti neviena no paraugiem. Visu analiz€to terapeitisko grupu
detekteSanas biezums ir paradits 3.6. att€la. Visbiezak konstatétais savienojums
bija centralo nervu sistému stimulants kofeins ar kop&jo noteikSanas biezumu
91%. Sis savienojums tika ieklauts p&tijuma, jo tas tiek uzskatits par kimisko
markieri sadzives notekiidenu raditajam ddens piesarpojumam. Misu
iepriek3gja petjuma kofeins tika konstatéts notekiidenos Iidz 12 pug L [70].
Saja pétijuma kofeina koncentracija virszemes Gidenos bija zem 50 ng L.
Augstakais limenis tika novérots NSAID diklofenakam un pretepilepsijas
lidzeklim karbamazepinam tdenT — attiecigi 1138 un 1099 ng L. Novérotie
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Itmeni ir sam&ra augsti, pieméram, karbamazepins lidzigas koncentracijas tika
konstat&ts Vacijas up@s, savukart citas valstis [imenis bija ievérojami zemaks
[74]. Diklofenaka gadijuma citur ir noverots koncentracijas Iimenis Iidz pat
7100 ng L' [75]. Augstais piesarnojuma Itmenis Miisas upé Lietuva pie
Pasvales, visticamak, ir saistits ar tuvuma esoSo WWTP. Lai parbauditu So
hipotézi, pirms WWTP ieplides tika savakta vél viena paraugu partija, kas
sastavéja no tidens un sedimentu paraugiem. legiitic rezultati paraugos pirms
un pec WWTP iepludes apkopoti 3.1. tabula. Lielakajai dalai savienojumu tika
noveérots ievérojams Iimenu pieaugums, visizteiktak antibiotikas
sulfametoksazola, antihipertensiva metoprolola un NSAID diklofenaka
gadijuma — aptuveni 200 reizes. Sis novérojums var liecinat par nepilnigu
WWTP darbibu attieciba uz farmaceitisko savienojumu atdali§anu. Citi autori
ir aprakstijusi, ka tradicionalajas WWTP diklofenaka atdalisanas efektivitate ir
zema un dazreiz iesp&jams noverot pat koncentracijas pieaugumu konjugéto
formu hidrolizes dée] [75].

3.1. tabula
Farmaceitiski aktivo savienojumu izplatiba Miisas upé pie Pasvales, Lietuva
Koncentracija tident. Koncentracija
L Terapeitiska na L ’ sedimentos, ng g*
Savienojums arupa g (s.m.)
Pirms NAS | Péc NAS | Pirms NAS | Péc NAS
Azitromicins <1 31 <1 <1
Ciprofloksacins <1 100 <1 <1
Eritromicins . <10 44 <5 <5
- — Antibiotikas
Klaritromicins 1,6 40 <1 <1
Sulfametoksazols 1,0 161 <0,5 <0,5
Trimetoprims <1 34 <0,5 <0,5
Losartans 0,6 30 <1 <1
Metoprolols . . 14 273 18 12
Antihipertensivi
Propranolols 0,1 2,8 <1 <1
Valsartans 6,0 55 <1 1,3
Atorvastatins Lipidu <1 1,4 <10 <10
- vielmainas
Pravastatins requlatori <1 12 <1 15
Diklofenaks 6,3 1138 <5 <5
- NSAID
Ibuproféns <1 12 <1 <1
Acetaminofens Pretsapju <1 30 <1 <1
lidzekli
_ Pretepilepsijas

Karbamazepins Iidzekli 21 1099 <1 8,2
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Tris analiz€to upju salidzindjums paradits 3.7. att€la. Augstakie
konstatétie limeni, ka ari noteikSanas biezums tika novérots Miisas upé.
Attieciba uz paraugu nemsanas vietam tikai Miisas upé tika noverotas bitiskas
atSkiribas. Ka minéts ieprieksgja rindkopa, ieverojami augstaki limeni tika
konstatéti paraugos no Pasvales, Lietuva. Augsti Iimeni konstatéti ar1 paraugos
no Misas grivas (Lielupes), jo tur raksturiga lielaka antropogéna slodze.
Pargjas divas upgs atskiribas starp paraugu nemsanas vietam nebija tik izteiktas.
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3.7.att. Savienojumu detekteéSanas bieZums pétitajas upes

Visbeidzot tika salidzinati etri paraugu veidi. Ka redzams 3.6. un
3.7. attela, visaugstakais detekteSanas biezums tika noverots tidens paraugos.
Tas var buit saistits ar zemaku matricas efektu ITmeni neka citiem paraugu
veidiem. Var secinat, ka Tdens ir vispiemérotaka matrica Tslaicigai
piesarnojuma novéroSanai. Citi paraugu veidi var biit piemérotaki ilgstoSai
piesarnojuma noteikSanai; tome&r, lai uzlabotu analitisko metodologiju
pielietojamibu, ir nepiecie$samas jutigakas un selektivakas analitiskas metodes.

3.2. POCIS pielietojums piesarnojuma noteikSanai

Lai novertetu POCIS pielietojamibu, tika parbauditi devini dazadi
sorbenti piecpadsmit NSAID noteikSanai Daugava. Daudzslanu oglekla
nanocaurulites (MWCNT) un TNIM4 bazes sorbenti ieprieks ir pieradijusi, ka
veiksmigi adsorbé NSAID no virszemes tidens paraugiem [71]. Saja pétijuma
tika izmantoti gan tradicionali un biezi lietoti sorbenti, piem&ram, hidrofila-
lipofila Iidzsvara sorbents (HLB), gan jauni sorbenti, pieméram, MWCNT un
citi. Visi POCIS tika ievietoti zivjaudzétavas “Tome” baseina, kas darbojas
Daugavas tidens caurpliides reZima, uz vienu ned€lu viena un taja pasa paraugu
nems$anas vieta, lai nodroSinatu vienadus apstaklus. Rezultati paraditi
3.8. attela. Ka redzams, iegttie NSAID limeni ir loti atkarigi no izmantota
sorbenta.
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3.8.att. Noteiktas nesteroido pretiekaisuma lidzeklu koncentracijas izmantojot
dazadus POCIS sorbentus

Vislabakie rezultati tika ieghti, izmantojot plasi pielietoto HLB
sorbentu. Tika konstatéti pieci no piecpadsmit savienojumiem, tostarp
oksifenbutazons, kas netika detektéts neviena cita sorbenta ekstraktos. Turklat
ketoproféna limenis bija ievérojami augstaks, neka tika novérots ar citiem
sorbentiem. Tomé&r meloksikams tika detektéts tikai izmantojot graféna,
MWCNT-COOH un MWCNT-aminopropilimidazola sorbentus. Sis
noverojums var€tu biit saistits ar to, ka no visiem analitiem meloksikamam ir
viszemaka pKa. vertiba, proti 1,1. Komerciali pieejamais HLB sorbents ir
piemerots plasa klasta savienojumu sorbcijai, tomer 1pasi skabiem analitiem
rekomend€ izmantot anjonapmainas sorbentus.

Attieciba uz ipatn&jo virsmas laukumu redzams, ka graféna gadijuma
lielaks virsmas laukums nodros$ina ketoproféna sorbciju, kas netika noverota
mazaka virsmas laukuma gadijuma. Atskirigiem sorbentiem netika noverota
Tpatngja virsmas laukuma ietekme uz sorbcijas efektivitati.

legiitie rezultati norada, ka, lai sasniegtu labakos rezultatus plasam
savienojumu klastam, optimali biitu izmantot dazadu sorbentu kombinacijas.

Salidzinajuma ar iepriek§ 1.3.1. apaksnodala aprakstitajiem
rezultatiem par NSAID izplatibu gliemenés, kur no deviniem parstavjiem tika
konstatets tikai ibuprofens, eksperimentos ar POCIS izmantoSanu konstatets
plasaks savienojumu klasts — seSi parstavji. Tas liecina, ka POCIS piemit
augstakaefektivitate attieciba uz NSAID piesarnojuma noteikSanu @ident, neka
gliemeném. Sis novérojums varétu biit saistits notickoSajiem metabolisma
procesiem, kas dazadi ietekm& NSAID akumul&Sanas sp&ju gliemenu
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organisma. Tomér janem v&ra, ka abas paraugu kopas tika ievaktas atSkirigas
paraugu nemsSanas vietas, tade] viennozimigus secindjumus izdarit nav
iespgjams. Lai veiktu korektu abu indikatoru veidu salidzinajumu, bitu
nepiecieSams veikt papildu eksperimentus, ievietojot gliemenes un POCIS
viena paraugu nemsanas vieta un nodrosinot vienadus apstaklus.

3.3. HRMS metozu izstrade farmaceitisko vielu

noteikSanai

Ieprieks aprakstitie p&tijumi ir zinojusi satraucosi augstu farmaceitisko
vielu limeni Gdens vide, noradot uz farmaceitisko piesarnojuma picaugo$o
aktualitati. P&tijumos ir demonstréta ari dazadu organismu muskulaudu
pielietojuma daudzpusiba, detekt&jot dazadu klau piesarnotajus. So iemeslu
del turpmakie promocijas darba petfjumi tika veltiti progrestvu HRMS metozu
izstradei plaSa spektra farmaceitisko Iidzeklu noteikSanai muskulaudos.

3.3.1. Orbitrap-HRMS metode farmaceitisko savienojumu
noteik$anai*

Tika izstradata HRMS metode 164 farmaceitiski aktivo savienojumu
un to metabolitu skriningam, izmantojot HPLC-Orbitrap-HRMS. P&tijuma
ieklautie savienojumi pieder pie tadam terapeitiskam klasém ka pretinfekcijas
lidzekli (antibiotikas un kimijterapijas lidzekli), pretiekaisuma un pretparazitu
lidzekli, kortiko1di un lidzekli, kas iedarbojas uz nervu un reproduktivo sisteému,
vielas ar hormonalu un tireostatisku iedarbibu un beta agonisti.

Darba tika salidzinatas un optimizetas dazadas paraugu sagatavosanas
procediiras atlasito zalu vielu noteikSanai vistas, ciku un liellopu muskulaudos.
Tika noverteta skidinataja ekstrakcija ar tiru un paskabinatu acetonitrilu.
Parbauditas arT dazadas ekstrakta attiriSanas metodes, tostarp izsaldesana,
izsaliSana, SPE kolonnas un dSPE. Labakie rezultati tika iegtti ar tiru
acetonitrila ekstrakciju, kas apvienota ar izsaldéSanas posmu un SPE,

izmantojot fosfolipidu attirisanas kolonnas vai Strata-X kolonnas. dSPE,

4Pugajeva, L; Ikkere, L.E.; Judjallo, E.; Bartkevics, V. Determination of residues and
metabolites of more than 140 pharmacologically active substances in meat by liquid
chromatography coupled to high resolution Orbitrap mass spectrometry. J Pharm
Biomed Anal 2019, 166, 252-263.
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izmantojot primaro un sekundaro aminu salus, nebija piemérota, jo tika zaudeti
vairaki analiti. Relativo analitu atgiistamibu kopsavilkums ir paradits 3.9. attela.

PACN/F  maACN/F/S  maACN/F
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3.9.att. Relativas atgiistamibas ar dazadam paraugu sagatavo$anas metodém
(iekavas analitu skaits): pACN/F — ekstrakcija ar acetonitrilu un izsaldéSana;
aACN/F/S — ekstrakcija ar paskabinatu acetonitrilu, izsaliSana un izsaldé$ana;
aACN/F — ekstrakcija ar paskabinatu acetonitrilu un izsaldéSana (pienemts par
100 %)

Hromatografiskas metodes optimizacijas ietvaros salidzinatas dazadas
kustigas fazes un analitiskas kolonnas. Jonu avota parametri, pieméram,
temperatiira un slapekla gazes pliisma, tika optimizgti, lai uzlabotu jonizacijas
procesa efektivitati. Izvertgjot dazadas izskirtsp&jas vertibas, tika izveleta
70 000 FWHM. Visu analitu izvéléto jonu signalu hromatogrammas paraditas
3.10. attela.
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3.10.att. Visu pétijuma ieklauto analitu izvéléto jonu hromatogrammas pozitivaja
(A) un negativaja (B) jonizacijas rezZima

Optimiz&ta metode tika validéta, izmantojot tukSos paraugus ar
standartpiedevam &etros limenos (0,5, 1,0, 1,5 un 2 reizes maksimali pielaujama
Iimeni (MRL)) vai péc iesp&jas zemaka koncentracija vielam, kuram nav
noteikts MRL. lzvertetie veiktsp&jas parametri bija selektivitate, matricas
efekts, kvantitativas noteikSanas robeza un instrumentala noteikS$anas robeza un
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pareiziba. Kopa 123 atlasitos savienojumus muskulaudu paraugos vargja
kvantitativi noteikt ar pareizibu (atgGistamibu) no 70 lidz 120% un RSD mazaku
par 30%. Visbeidzot, izstradata metode tika veiksmigi pielietota, lai konstatétu
un kvantitativi noteiktu veterinaro zalu atliekas realos paraugos, kas atziti par
aizdomigiem, izmantojot neselektivo kvalitativo testu inhibitoru noteik$anai.
legitie rezultati tika apstiprinati, izmantojot attiecigas apstiprinasanas metodes.
Vairakos paraugos konstatetas koncentracijas, kas parsniedz MRL.

3.3.2. FT-ICR-HRMS metode hinolonu noteik$anai®

Otra HRMS metode farmaceitiski aktivo vielu noteikSanai
muskulaudos tika izstradata, izmantojot FT-ICR-HRMS. Sim pétijumam ka
analiti tika izvéléti specifiskas antibiotiku grupas savienojumi — hinoloni, jo
saistiba ar to izmantosanu ir daudz zinojumu par augstu detekt€Sanas biezumu
un saistibu ar antibakterialds rezistences attistibu [76]. Saja pétijuma
vienlaiciga desmit hinolonu grupas antibiotiku kvantitativa apstiprino$a
noteikSana tika panakta ar tieSas injekcijas analizi mazak neka stundas laika.

Paraugu sagatavoSanas optimizacija ietvéra tira un paskabinata
acetonitrila ekstrakcijas salidzinajumu, bufersalu klatbitnes ietekmi uz gala
$kidumu un atskaidiSanu ar tideni. Novertgto parametru salidzinajums paradits
3.11.attela. Tika optimize€ti MS parametri, piemeéram, plismas atrums,
skenéSanu skaits, kapilara spriegums, gala plaksnes sprieguma nobide,
izsmidzinataja spiediens, zavé$anas gazes plismas atrums un Zavé$anas
temperatiira. MS parametru optimizacijas kopsavilkums ir paradits 3.12. attéla.

5 Ikkere, L.E.; Perkons, I.; Pugajeva, |.; Gruzauskas, R.; Bartkiene, E.; Bartkevics, V.
Direct injection Fourier transform ion cyclotron resonance mass spectrometric method
for high throughput quantification of quinolones in poultry. J Pharm Biomed Anal®
2020, 188.
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3.11.att. Relativas signalu intensitates, izmantojot daZzadas paraugu sagatavoSanas
procediiras: A) ekstrakcijas Skidinataja un tidens satura ietekme; B) amonija

formiata un iidens satura ietekme; C) atSkaidiSanas faktora un tidens satura
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Ipa&i augstas izskirtspgjas prieksrociba tika demonstréta, atdalot
traucgjoso signalu no sarafloksacina signala (3.13. att.).
386.13491 Size 64k

Res. 5253
Int. 1.9-108

386.13067 Size 128k
Res. 10 926
Int. 3.3-106
386.13116 Size 256k
Res. 21 590
Int. 6.3-108
386.13095 Size 512k
Res. 40 663
Int. 1.3-106
- 386.13179  sizeiM.
Res. 77 739
Int. 1.7-108
386.13159 Size 2M
386.12922 Res. 187 032
Int. 3.0 -108
386,13145 Size 4M
386.12959 Res. 309 147
Int. 4.2:108
© 386.13139 Size 8M
386.12955 Res. 551 254
Int. 4.6 10

3.13.att. Sarafloksacina un tam traucéjoSa matricas signala masas spektri,
izmantojot dazadas izSkirtsp€jas

Neparprotamai hinolonu identificéSanai tika izmantota papildu
MS/MS fragmentacijas analize. Oksolinskabes un flumekvina molekularie un
fragmentu jonu att€loti 3.14. att€la. Neskatoties uz loti tuvajam m/z vértibam
un hromatografiskas atdalisanas trikumu, abi masspektrometriskie signali ir
skaidri atdaliti augstas izSkirtsp&jas del.

44



B A C14H13FNO3 262.08749
Error: 0.4 ppm A

C13H12NO5
Error 0.4 ppm

262 07110 262.08749

244,06‘053 244.07693 J\\ A
-

H,0 (Delta:18.010565 Da)

H,0 + 0.000006 (Delta:18.01057 Da)

244.07693
B

L "

3.14.att. Oksolinskabes (M/z=262.07110) un flumekvina (M/z=262.08749) masas
spektri: A — prekursora joni; B — fragmentu joni

Izstradatas metodes pielietojamiba tika parbaudita, analizgjot
komerciali pieejamus vistas galas paraugus, ka arT ar hinoloniem apstradatu
vistu paraugus. Neviens no 19 komercialajiem paraugiem nesatur&ja hinolonu
antibiotikas. Savukart apstradato vistu paraugi saturéja ciprofloksacina un
enrofloksacina kop€jo Itmeni Iidz 1064 pg kg™, Iegiitie rezultati labi saskangja
ar tiem, kas iegtti ar apstiprino§u HPLC-QgQ-MS/MS metodi.
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SECINAJUMI

Parbauditi dazadi indikatororganismi un demonstréta to pielietojamiba par

piesarnojuma bioindikatoriem:

a) Alnu, staltbriezu un mezactku audu analizé konstatéts, ka alnu audos
ir visaugstakie PBDE limeni, savukart mezaciku — HBCD. Aknu
audos detektetas augstakas koncentracijas, neka muskulaudos. PBDE
izomeru sastavs liecina par “penta-BDE” ka iesp&jamo piesarnojuma
avotu.

b) ZuSu audos no analizétajiem alternativajiem liesmas slapétajiem
konstateti HBCD izoméri un DBDPE. HBCD piesarnojums zu$os
neparsniedza vides kvalitates standartu, kas noradits direktiva
2013/39/EU. Salidzinot ar citviet zinotiem piesarnojuma ITmeniem
tidens organismos, Latvija konstatgtais piesarnojuma limenis ir zems.

C) Visos gliemenu paraugos tika konstatéta PBDE klatbatne, tacu
piesarnojuma Iimenis bija zemaks par citviet detekteto. Neskatoties uz
to, 83 % paraugu tika parsniegts direktiva 2013/39/EU noteiktais vides
kvalitates standarta slieksnis. Perfluoréto savienojumu Iimenis bija
relativi zems. Konstatétais ibuproféna piesarnojums gliemenés bija
biitiski augstaks, neka zinots citviet.

Salidzinot gliemenes, perifitonu, sedimentus un tidens paraugus ka tidens
piesarnojuma indikatorus, tika konstatéta 86 % analizeto farmaceitisko
savienojumu klatbiitne. Augstaka koncentracija detektéta ideni nesteroida
pretickaisuma Iidzekla diklofenaka un pretepilepsijas lidzekla
karbamazepina gadijuma —ap 1 pg L. Par piemérotako paraugu matricas
veidu Tslaiciga Gidens piesarnojuma noteiksanai tika konstatets tidens.
Vislabakos rezultatus POCIS izmantoSana nesteroido pretiekaisuma
lidzeklu noteikSanai tident uzradija HLB sorbents. Tika detekt&ti pieci no
piecpadsmit savienojumiem, tai skaita oksifenbutazons, kas netika
detektets ar citiem sorbentiem. Tomér meloksikams tika detektéts tikai ar
graféena, MWCNT-COOH un MWCNT-aminopropilimidazola
sorbentiem. Tas liecina, ka optimalai POCIS izmantoSanai piesarnojuma
novertéSanai nepiecieSams izmantot dazadu sorbentu kombinacijas.

Izstradatas divas HRMS metodes farmaceitiski aktivu savienojumu

noteikSanai:

a) Izstradata un validéta HPLC-Orbitrap-HRMS metode vienlaicigai 164
farmaceitisko  savienojumu identificeSani un kvantificéSanai
muskulaudos. Optimiz&ta plasam analitu klastam piemérota paraugu
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b)

sagatavoSanas metode sniedz iesp&ju ieglt informaciju par plasa
spektra farmaceitisko savienojumu klatbatni paraugos.

Izstradata tiesas injekcijas FT-ICR-HRMS metode nodrosina hinolonu
antibiotiku apstiprino$u noteikSanu muskulaudos 1sa laika, kas ir viens
no galvenajiem antibakterialas rezistences c€loniem.
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ABSTRACT

Application of biological indicator organisms and polar organic
chemical integrative samplers for the determination of chemical
contaminants using high-resolution mass spectrometry techniques.
Ikkere, L. E., supervisors Dr. Chem., Prof. Bartkevi¢s, V. and Dr. Chem., Prof.
Viksna, A. Summary of the collection of scientific articles in analytical
chemistry, 53 pages, 16 figures, 2 tables, 76 literature references. In English.

The thesis presents an overview on the application of various biological
indicator organisms, including terrestrial animals, eels and mussels for the
assessment of both terrestrial and aquatic contamination. A wide range of
contaminants has been investigated, including persistent organic pollutants, such
as flame retardants and perfluorinated compounds, as well as contaminants of
emerging concern — pharmaceutically active substances. A comparison of the
applicability of biotic and abiotic sample matrixes regarding aquatic ecosystem
contamination has been carried out. Nine types of sorbents have been investigated
regarding the determination of non-steroidal anti-inflammatory drugs in water by
utilising polar organic chemical integrative sampler approach. Finally, two
advanced mass spectrometric methodologies have been developed for the
analysis of pharmaceuticals. The method based on high performance liquid
chromatography coupled to Orbitrap mass spectrometry allows simultaneous
determination of 164 pharmaceutically active substances and their metabolites,
whereas direct injection Fourier transformation ion cyclotron resonance method
is characterised by rapid detection and confirmation of quinolone class
antibiotics. Both methodologies ensure the further extension of environmental
contamination research.

BIOINDICATORS, HIGH-RESOLUTION MASS SPECTROMETRY,
ENVIRONMENTAL CONTAMINATION, BROMINATED FLAME
RETARDANTS, PHARMACEUTICAL RESIDUES, NONSTEROIDAL
ANTI-INFLAMMATORY DRUGS



ABBREVIATIONS

APPI atmospheric pressure photoionization
BFR brominated flame retardant

BTBPE 1,2-bis(2,4,6-tribromophenoxy)ethane
DBDPE decabromodiphenyl ethane

dSPE dispersive solid phase extraction

d.w. dry weight

EH-TBB 2-ethyl-hexyl tetrabromobenzoate

El electron impact

EQS environmental quality standard

FR flame retardant

FT-ICR Fourier transformation ion cyclotron resonance
GC gas chromatography

GPC gel permeation chromatography

HBB hexabromobenzene

HBCD hexabromocyclododecane

HESI heated electrospray ionisation

HLB hydrophilic-lipophilic balance

HPLC high performance liquid chromatography
HRMS high resolution mass spectrometry

LC liquid chromatography

l.w. lipid weight

MRL maximum residue level

MS/MS tandem mass spectrometry

MWCNT multi-walled carbon nanotubes
NSAID nonsteroidal anti-inflammatory drug
PBDE polybrominated dipheny! ethers

PFC perfluorinated compound
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PFOA
PFOS
POCIS
POP

QaQ

SE

SIm

SPE

SRM
TBBPA
TBP-DBPE
TOF

Vpp

W.W.
WWTP

perfluorooctanoic acid

perfluorooctane sulfonic acid

polar organic chemical integrative sampler
persistent organic pollutant

triple quadrupole mass analyser

solvent extraction

selected ion monitoring

solid phase extraction

selected reaction monitoring
tetrabromobisphenol A
2,4,6-tribromophenyl 2,3-dibromopropyl ether
time of flight

Peak-to-peak voltage

wet weight

wastewater treatment plant
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INTRODUCTION

Various hazardous chemical compounds are released into the environment
daily as a result of both human activities and industrial processes. Persistent
organic pollutants (POPs), such as flame retardants (FRs), have been known for
decades, but year after year, new emerging pollutants, such as pharmaceutically
active compounds, are being discovered. These substances adversely affect the
ecosystem, including living organisms and humans. The detection of these
contaminants in abiotic environmental samples, such as water, is difficult due to
the low concentrations, consequently various indicators are needed to detect very
low levels of contamination. At present, it is important for the scientific
community to use the bioindicator approach when assessing suitable living
organisms [1].

The above-mentioned indicator strategy has a high potential for the
analysis of a wide range of contaminants, especially in combination with
sensitive and selective instrumental methods such as high-resolution mass
spectrometry (HRMS). This approach not only allows to significantly lower the
limit of detection for pollutants, but also opens up opportunities for retrospective
analysis of the data obtained. In addition, due to the high selectivity, it is also
possible to detect compounds in the presence of interfering matrix components.
This, in turn, allows reduction of the total analysis time due to both faster sample
preparation and shorter chromatographic program, as it is possible to identify and
quantify compounds that are not completely chromatographically separated.
However, the main advantage is the possibility to significantly increase the range
of simultaneously detectable pollutants.

The practical relevance of the problem.

POPs such as hexa-, hepta- and deca-bromodiphenyl ethers, as well as
perfluorooctane sulfonic acid (PFOS) and perfluoroctanoic acid (PFOA) are
already listed under the Stockholm Convention as new POPs. This indicates their
persistence in the environment for exceptionally long periods of time, availability
to become widely distributed throughout the environment as a result of natural
processes involving soil, water and, most notably, air, accumulation in the fatty
tissue of living organisms including humans, being found at higher levels in the
food chain, and being toxic to both humans and wildlife [2].

However, due to modernization and increase in welfare new emerging
pollutants are becoming a source of concern. Consumption of human medicines
has been estimated between 50 to 150 g per person per year in the EU. Veterinary
drugs are used in smaller quantities, nevertheless it is a growing segment of the
pharmaceutical products market. In the majority of EU Member States, about
50% of unused human medicinal products (3 to 8% of the total amounts sold) are
not collected [3]. Consequently, the pollution of the various compartments of the
environment (water, soil and air) with pharmaceutical residues has become an
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environmental concern. Several hazards and risks have been associated with

pharmaceutical pollution, including antimicrobial resistance, altered hormone

levels in aquatic organisms, and even decline of a population [3].

The aforementioned negative effects highlight the necessity for
monitoring of these substances both in the environment and food. The
environmental analysis of trace contaminants presents difficulties due to low
levels and fluctuations over short periods of time. These problems could be
overcome by employing the bioindicator approach. Regarding food analysis,
continuous efforts are necessary in order to develop faster, more reliable methods
with a wide range of analytes included in a single run.

The aim of the work is related to the development and application of mass
spectrometric methods for the determination of pollutants (various POPs and
pharmaceuticals) in environmental and food matrices using HRMS equipment
and biological indicator-organisms, as well as polar organic chemical integrative
samplers (POCIS). The developed methods are to be able to simultaneously
confirm and quantify a wide range of contaminants. The elaborated methods for
the determination of contaminants are foreseen for the validation and application
in order to assess their occurrence in the Baltic region.

The approach used to achieve the aim of the work:

i. Assess the applicability of several terrestrial animals as bioindicators of
environmental contamination regarding polybrominated diphenyl ethers
(PBDEs), hexabromocyclododecane (HBCD) and tetrabromobisphenol A
(TBBPA);

ii. Examine the applicability of eels as indicator-organisms for estimation of
aquatic contamination regarding emerging brominated flame retardants
(BFRs);

iii. Investigate the applicability of mussels as bioindicators for the
contamination status of PBDEs, perfluorinated compounds (PFCs) and
nonsteroidal anti-inflammatory drugs (NSAIDs) in the aquatic ecosystem;

iv. Compare various matrices, including mussels, periphyton, sediments, and
water as aquatic contamination indicators;

v. Evaluate different POCIS sorbents for pharmaceutical contamination
determination;

vi. Develop advanced HRMS methodologies employing high performance
liquid chromatography coupled to Orbitrap HRMS
(HPLC-Orbitrap-HRMS) and Fourier transformation ion cyclotron
resonance HRMS (FT-ICR-HRMS) in order to extend the analytical scope
for further in-depth studies of pharmaceutical contamination.

Scientific novelty.
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The versatility and applicability of different HRMS analysers, including
magnetic sector, Orbitrap-HRMS, and FT-ICR-MS, as well as various
ionization techniques, such as electron impact (El), heated electrospray
(HESI) and atmospheric pressure photoionization (APPI) was demonstrated
by analysing a wide range of both POPs and emerging contaminants in
various matrices;

New information was gathered about the contamination status of Latvian
terrestrial and aquatic biota was carried out by analysing wild game, eels,
mussels, periphyton, sediments, water and commercially available meat
samples;

An effective analytical method for simultaneous identification, screening
and quantification of 164 residues and metabolites of pharmacologically
active substances in muscle tissue was developed;

The developed fast and reliable quantitative confirmatory direct injection
FT-ICR-HRMS method is one of the first reports of employing this
advanced technology in the food safety sector.

Practical application of the work.

Widespread knowledge of contamination status in the Baltic region has been

obtained. The optimised and developed analytical methods provided a range of
well characterised, practical and reliable options for performing measurement of
pharmaceuticals in various matrices. The methods are highly adaptable and could
be applied for extended monitoring of the occurrence or scientific studies on these
chemicals.
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1. LITERATURE REVIEW

1.1. Biological indicator organisms

In environmental analysis, especially aquatic systems, one of the main
difficulties is that changes in hydrology are rapid and difficult to estimate. Long-
term sustainability of river ecosystems is of instantaneous nature. Physical,
chemical and bacteriological measurements cannot reflect the integration of
numerous environmental factors and long-term sustainability of ecosystems for
their instantaneous nature. Biomonitoring has been proven to be necessary
supplementary to traditional monitoring techniques.

Biomonitoring is defined as “the systematic use of living organisms or
their responses to determine the condition or changes of the environment” [4].
Various organisms can be used in order to carry out biomonitoring. Such
organisms are called biological indicator organisms. A bioindicator is “an
organism (or part of an organism or a community of organisms) that contains
information on the quality of the environment (or a part of the environment)”. An
“ideal” indicator should have the characteristics as follows: (a) taxonomic
soundness (easy to be recognized by non-specialist); (b) wide distribution; (c)
low mobility (local indication); (d) well-known ecological characteristics; (e)
numerical abundance; (f) suitability for laboratory experiments; (g) high
sensitivity to the environmental stressor; (h) high ability for quantification and
standardisation [5].

Bioindicator organisms need to indicate both the long-term interaction of
several environmental conditions and sudden changes of the important factors.
There are several alternatives for indicators of biomonitoring in the aquatic
environment, however benthic macroinvertebrates, periphyton and various fish
species are the most frequently utilised. These organisms have shown efficacy
when used separately and combined [5].

Periphyton is a mixture of autotrophic and heterotrophic microorganisms
embedded in a matrix of organic detritus. Periphyton covers most submerged
substrates, ranging from sand to plants to rocks [6]. Periphyton is a valuable
indicator of environmental status in streams and rivers. Periphyton organisms are
primary producers, hence they provide the important foundation of food webs in
water ecosystems. Periphyton reflects short-term impacts and sudden changes in
the ecosystem, since the reproduction rates are rapid and life cycles are short.
Periphyton has been preferred for aquatic system biomonitoring purposes by
many authors [5].

Numerous countries have a long history of using macroinvertebrates, such
as snails, worms, freshwater clams, mussels, and crayfish to monitor the
ecological status of water ecosystems. Several characteristics of benthic
macroinvertebrates, especially mussels make them suitable as an indicator
organism for the occurrence of chemical contamination in the environment [7].
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They are sessile, thus providing location-specific information. Furthermore,
mussels are filter-feeders that mainly consume phytoplankton by pumping and
filtering large volumes of water. This water filtration behaviour also enables them
to effectively accumulate chemical pollutants from water, thereby providing an
integrative measure of the concentration and bioavailability of water pollutants.
As lower members of the aquatic food chain, they transfer anthropogenic
pollutants from the abiotic phase and the primary production level to the higher
trophic levels in the food chain, such as mussel-eating invertebrates, birds, and
mammals [8]. Due to these qualities, bivalve organisms have been used as
bioindicators for nearly 50 years [9]. The range of contaminants analysed in
mussels ranges from “priority pollutants” like heavy metals and halogenated
hydrocarbons to chemicals of emerging concern like FRs, surfactants,
pharmaceuticals, and even drugs of abuse [8, 10, 11].

Fish communities have been applied to monitor river ecosystem health for
a long time as highly visible and valuable components of the water ecosystems.
Fish are the top of the aquatic food web and are consumed by humans, making
them important for assessing contamination. They can be good indicators of long-
term (several years) effects and broad habitat conditions due to their relatively
long life cycle and mobility. Fish communities respond significantly and
predictably to almost all kinds of anthropogenic disturbances, including chemical
pollution [5]. The European eel (Anguilla anguilla) is a carnivorous, catadromous
fish, which is widely distributed throughout Europe. Eel absorbs and concentrates
the bioaccumulative organic pollutants that are present in low concentrations in
its diet consisting of crustaceans, worms, snails, larvae, and small fish. For these
reasons, eels have long been considered as bioindicator species that can point to
the contaminants present in local habitats [12, 13].

Biomonitoring can be carried out not only in aquatic ecosystems, but also
in terrestrial habitats [14]. For this purpose, a myriad of organisms has been used,
including plants, invertebrates, reptiles, birds and mammals [15]. Terrestrial
mammals are known as good indicator species for POPs and heavy metals [16].
Red deer (Cervus elaphus) and moose (Alces alces), being the two most dominant
species (population of ~52,000 and ~21,000 animals in 2014, respectively) after
roe deer (Capreolus capreolus, population of ~130,000 in 2014), are the largest
herbivores among Latvian wildlife [17]. Red deer and moose have the longest
life expectancy and thus are the most susceptible to bioaccumulation of POPs and
heavy metals, and can be considered to be the most sensitive herbivore
bioindicators of environmental contamination status. While the diet of red deer
and moose consists generally of plants and represents the air/soil — plant —
herbivore system, wild boar (population of ~ 55,000 in Latvia in 2014 [17]) is
known to be an omnivore consuming a wide variety of plants and insects, as well
as carrion, fish, and molluscs that provide an additional uptake of contaminants.
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1.2. Polar organic chemical integrative samplers

POCIS is a device for sampling water-soluble organic chemicals from
aqueous environments. The POCIS is an integrative sampler that provides time-
weighted average levels of chemicals, including contaminants. Usually,
deployment periods are ranging from few weeks to several months. One of the
main advantages of the use of the POCIS, is that it has no mechanical or moving
parts, consequently it requires no power nor supervision during use. Furthermore,
the sorbents integrated in the POCIS adsorb chemicals from the dissolved phase
of the aquatic environment, mimicking the respiratory exposure of aquatic
organisms.

Fig.1.1. Four POCIS mounted on a stainless-steel deployment canister

The POCIS device consists of a sorbent contained between two
microporous membranes (see Fig.1.1). The membranes allow water and
dissolved chemicals to pass through the sorbent where the chemicals are
adsorbed. Larger particles such as sediment and particulate matter are excluded.
The membrane is resistant to biofouling that can significantly reduce the amount
of chemicals adsorbed. The type of sorbent utilized can be changed to specifically
target certain chemicals of interest. Different kinds of sorbent can be used on a
single deployment canister in order to sample a wider range of chemicals [18].
POCIS technology is applicable to various classes of contaminants such as
pharmaceuticals, hormones, various pesticides and household and industrial
products, including alkyl phenols, caffeine and FRs [19].
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1.3. Compound classes included in the scope of the study

BFRs comprise a diverse group of anthropogenic chemicals that are used
to prevent fire incidents. BFRs lower the flammability of a wide array of
products, such as textiles, plastics, building materials, and electronic equipment.
Despite the clear benefits provided by the use of BFRs, the ubiquitous presence
of these chemicals has resulted in their diffusion into the environment during
manufacturing, use, and disposal. Due to their persistency and lipophilicity, BFRs
enter the terrestrial and aquatic food chains [20].

Some of the most important contaminants in this family are PBDEs with
the estimated worldwide production up to 67,000 tons per year in the early 2000s,
and extensive use over several decades [21]. However, considering that these
compounds are POPs and taking into account their potential for long-range
transport, certain restrictions were imposed on their commercial availability [22].
Therefore, in order to meet the market demand for FRs, several alternative BFRs
were developed, among which the most consumed were HBCD and TBBPA.
Similar to PBDEs, these alternative BFRs also showed POP-like properties and
their use followed by disposal led to environmental contamination [20, 23]. While
HBCD was classified by the European Commission as a bioaccumulative and
toxic compound because of its high persistence, low water solubility, and high
logKow Vvalue [24], there is no consensus on the risks due to TBBPA. Older
references report that TBBPA seems to have a comparatively low toxicity
compared to the other BFR groups [25]. Nevertheless, the most recent studies
reflect toxicological concerns regarding the environmental presence of TBBPA
[26], therefore attracting scientific interest to the occurrence of this chemical in
the environment. Besides HBCD and TBBPA there are a number of other
chemicals recognised as emerging BFRs, including 1,2-bis(2,4,6-
tribromophenoxy) ethane (BTBPE), hexabromobenzene (HBB) and
decabromodiphenyl ethane (DBDPE). Although very scarce data is available
about the occurrence of the majority of these compounds, and in order to
implement effective strategies for the minimisation of possible hazardous effects
of these compounds, such information was requested by the relevant authorities
[27].

PFCs are a large group of compounds that are being produced for over
five decades. PFCs are fully fluorinated synthetic compounds with unique
properties, that are classified as POPs. Carbon-fluorine bond is one of the
strongest bonds in organic chemistry. This property makes PFCs resistant to
typical environmental degradation processes and hence persistent in the
environment. The most common PFCs are the perfluorinated carboxylic acids
and perfluorosulfonic acids of which PFOA and PFOS are the most well-known.
PFOS, its salts and sulfonyl fluoride are on the Stockholm Convention on
Persistent Organic Pollutants list. The fluorocarbon end of the molecule is
hydrophobic, lipophilic and non-polar, whereas functional group on the other end
of the molecule ensures polarity. Both PFOS and PFOA are classified as
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surfactants that drastically reduce surface tension. PFCs are used in numerous
applications, including stain repellents for textiles, additives to paper products,
and aqueous film forming foams used to fight electrical fires [28]. The toxic
effects of PFCs observed in humans include carcinogenicity and immunotoxicity.
As shown in recent in vitro experiments, PFOA is more toxic than PFOS [29].

Pharmaceuticals are essential in both human and animal medicine.
Veterinary drugs are used in modern animal hushandry and food production and
are applied to maintain animal health, prevent infection, and treat diseases.
However, illegal use of prohibited veterinary drugs or improper use, such as
ignoring the required withdrawal periods may result in the presence of drug
residues in animal tissues and affect food safety. Veterinary drug residues may
include the parent compounds themselves, as well as metabolites and/or
conjugates, and may have direct toxic effects on consumers, such as allergic
reactions in hypersensitive individuals, hormonal effects by interfering with the
balance of human hormones, or the development of antibiotic-resistant bacteria
as a result of misusing antibiotics [30].

Due to the widespread use of drugs, pharmaceutically active substances
have become one of the most important emerging classes of environmental
pollutants. Recent studies have discovered their occurrence in environmental
samples investigated worldwide, including different types of aqueous matrices.
The ubiquitous use of pharmaceuticals has resulted in a relatively continuous
discharge of the pharmaceuticals and their metabolites into wastewater. In
addition, pharmaceuticals may be released into water sources in the effluents
from poorly controlled manufacturing or production facilities, primarily those
associated with generic medicines. A number of studies found trace
concentrations of pharmaceuticals in wastewater, various water sources and
drinking water samples. Pharmaceutical pollution does not appear to be harming
humans directly, but disturbing indications from aquatic life suggest the necessity
for preventive actions [31]. The fostering of antimicrobial resistance genes in the
environment endangers human health through consumption of drinking water,
fish or crops containing active pharmaceutical ingredients, by jeopardizing the
availability of life-saving antibiotics in the future [32].

1.4. Occurrence in the environment

The occurrence of PBDEs in various organisms is widely reported.
However, only a handful of reports on the occurrence of BFRs in wild game are
available. Few Scandinavian studies reported total levels of PBDEs in moose and
deer muscle samples ranging from 10 to 500 pg g~* (w.w.). Corresponding liver
samples had significantly higher contamination levels reaching 1700 pg g*
(w.w.) [33-35].

The occurrence of HBCD in eels has been reported by numerous authors,
whereas data about other emerging BFRS is scarce. Levels of HBCD in eel tissue
varied greatly from 0.1 up to 12 100 ng g* (L.w.) [36, 37]. Levels of HBB, 2-
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ethyl-hexyl tetrabromobenzoate (EH-TBB) and 2,4,6-triboromophenyl 2,3-
dibromopropy! ether (TBP-DBPE) have been reported in eels, however the
concentrations were below 1 ng g* (I.w.) [38, 39].

PBDEs have been frequently detected in mussels. The levels varied from
11.3t0 12 400 pg g (w.w.) with the highest value detected in mussels from the
Netherlands [40]. PFOS and PFOA have been detected in mussel samples as well.
The highest average concentration of PFOS of 72 000 pg g (w.w.) was detected
in mussels from north-central Portuguese estuaries, where paper, textile, and
leather factories discharge their effluents [10]. Data on NSAID occurrence in
mussels is scarce, since they are not considered as traditional contaminants.
Presence of diclofenac and ibuprofen was reported in mussels. Reported values
were ranging up to 16.11 and 93.7 ng g* (d.w.) respectively [41, 42].

Aquatic system contamination has become a serious problem due to
urbanisation, industrialisation, and agricultural activities. Few authors have
compared pharmaceutical contamination status in water and such sample types
as periphyton, invertebrates and fish. It has been observed that NSAIDs tend to
concentrate in surface water and aquatic organisms, whereas antibiotics are prone
to accumulate in sediments [43, 44]. It has also been observed that compounds
with basic characteristics (pK.>7) tend to bind to suspended solids [45].
However, the trends regarding concentration in water or sediments are
ambiguous. For example, some authors reported higher acetaminophen
concentrations in surface water compared to sediments, others just the opposite
[43, 46]. Concentrations in sediments and periphyton samples are generally lower
compared to those in surface water samples [44, 47].

1.5. Analytical approaches

Contaminant groups selected for the study have diverse chemical
properties hence various analytical approaches have to be applied. An important
tool in modern analysis is HRMS. HRMS allows detection of analytes to the
nearest 0.001 atomic mass units. The HRMS was first applied by John Beynon in
the 1950s and it was equipped with magnetic sector analyser [48]. Since then,
HRMS is no longer limited to gas chromatography (GC), because such
instruments as time-of-flight (TOF), Orbitrap and FT-ICR are available.
Generally, these instruments measure the exact mass of analytes without
fragmentation, however, they can be combined with a quadrupole in which case
fragmentation is also possible and even higher selectivity is achieved [49]. The
major advantage of this method is that it is very selective since it measures the
exact mass of a compound allowing even minor changes in structure to be
distinguished. Consequently, analytes of very close m/z values can be determined
and interferences are avoided.

One of the greatest challenges in the analysis of BFRs is sample
preparation. In order to achieve the necessary detection limits of sub-ppt
(picogram per gram) for soils/sediments/biota high concentration factors are
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typically needed. This in turn requires the clean-up procedures that are capable
of removing potentially large quantities of organic material selectively, while
retaining as much of the desired analytes as possible. The clean-up procedure of
extracts usually consists of various steps such as solid-liquid adsorption
chromatography in open columns utilising the combination of different sorbents,
such as silica, Florisil, alumina, and various types of activated carbon. Gel
permeation chromatography (GPC) is also frequently used for the removal of the
bulk of high molecular weight compounds (e.g., lipids) from the sample extracts.

For BFRs such as PBDEs or HBCD, the most common detection
techniques are EI-HRMS and electron capture negative ionization low resolution
mass spectrometry. The presence of polychlorinated biphenyls in the samples
could cause selectivity problems by interfering with the GC-MS analysis of
PBDEs. These problems could be avoided by the use of HRMS. Another issue in
the analysis of BFRs using GC is thermal lability, especially for highly
brominated compounds (deca-BDE, HBCD and
octabromotrimethylphenyllindane). The application of liquid chromatography
(LC) eliminates the problem of thermal lability or interconversion during the
analysis. Numerous studies have reported the utilisation of LC-MS based
methods in diastereomer-specific analysis of HBCDs in various types of
matrices. The analyser of choice generally is Orbitrap-HRMS. lIsotopically
labelled standards allow applying internal standardisation — the most powerful
approach for a reliable and accurate quantification [50].

Extraction of PFOS and PFOA from biological matrixes is usually
performed by ultrasound assisted extraction or accelerated solvent extraction.
Solvents of choice are methanol, acetonitrile or methyl-t-butyl ether. Sodium or
potassium hydroxides are sometimes used to ensure basic extraction conditions.
Clean-up of extracts is performed by dispersed active carbon in presence of acetic
acid or solid phase extraction (C18 or Oasis HLB). Quantitative determination is
achieved by means of liquid chromatography tandem mass spectrometry (LC-
MS/MS) [51].

Pharmaceutically active substances comprise compounds of a wide range
of chemical properties, therefore analytical methods for multi-analyte
determination are of great interest. Development of the suitable sample
preparation procedure is a considerable challenge since the different functional
groups, often encountered amphoteric properties of analytes, and the wide range
of polarity pose difficulties for extraction, clean-up, and analytical separation.
Therefore, sample preparation is one of the most critical steps. The most
frequently used sample pre-treatment methods for meat samples include solvent
extraction (SE) with or without defatting step, solid phase extraction (SPE), and
dispersive solid phase extraction (dSPE) method (QUEChERS approach) for
further purification and/or concentration [52].

LC-MS provides a universal approach applicable to the broadest range of
pharmaceutical compounds. The most common technique for pharmaceutical
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analysis has been LC-MS/MS. The current trend is focused towards the use of
powerful HRMS detectors like TOF and Orbitrap. This development is due to the
availability of more rugged, sensitive, and selective instrumentation. In the last
years, the Orbitrap system has become more recognized because of its better
dynamic concentration range, higher resolving power, consequently better mass
accuracy compared to the TOF system [52].
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2. EXPERIMENTAL PART

The research of the thesis was divided in several parts, according to the
scheme depicted in Fig.2.1.

Evaluation of various contamination indicator types by using existing
methods in order to identify the most applicable indicator type and
/ relevant contaminant class

/ \

Biological indicator
POCIS

organisms - i
g E}DD Comparison of biotic
and abiotic sample
Mussels
Water
Sediments

Terrestrial
animals

n -

matrixes

Development of advanced methodologies for further research of
identified relevant contaminants and indicators

| |
UHPLC-Orbitrap-HRMS method for FT-ICR-HRMS method for rapid
the analysis of wide range of determination of quinolone
pharmaceuticals antibiotics

Fig.2.1. Schematic representation of the experiment design of the thesis

2.1. Samples

Tissue of 24 wild animals including moose, red deer, and wild boar was
used for characterisation of BFRs in terrestrial ecosystems.

A total of 58 eels of various lengths and ages representing 5 sampling
locations in Latvia were analysed as emerging BFR contamination indicators of
the aquatic ecosystem.

Batches of mussel specimens representing 24 sampling sites were used as
indicator-organisms for further evaluation of aquatic contamination, extending
the scope to include PFCs and pharmaceuticals.

Sample sets consisting of mussels, periphyton, sediments and water from
15 sampling sites were used for the sample type comparison study. Sample sets
were collected from three rivers — Gauja, Miisa and P&terupe. Samples from
Gauja River were taken at sites located after four cities — Valmiera, Césis,
Sigulda, and Adazi, as well as at the estuary. Sampling sites in Miisa River were
near Pasvale (Lithuania) before and after wastewater treatment plant (WWTP),
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on the Latvia-Lithuania border, and at the river mouth (Lielupe). Samples from
Peterupe River were collected at four sampling sites in the populated territory of
Saulkrasti, as well as at the estuary.

For investigation of sorbent efficiency, POCIS samplers packed with 9
different sorbents were used. 200 mg of the sorbent was manually packed
between two PES membranes (0.1 um, @ 90 mm). Sorbents used in the study as
well as their manufacturers and specific surface areas are summarised in Table
2.1. The samplers were placed in a tank at the “Tome” fishery, that was operated

in flow-through mode (water from Daugava River) and held for one week.

Table 2.1.
Sorbents used in POCIS samplers
Specific
No. Sorbent Manufacturer surface
area, m’g*
1 HLB AFFINISEP 190-210
2 Graphene XG Sciences 750
nanoplatelets
Graphene
3 nanoplatelets Alpha Aesar 500
4 MWCNT Chengdu Organic Chemicals Company 200
5 MWCNTs-COOH Chengdu Organic Chemicals Company 120
6 Carbosieve® SUPELCO >1000
Bayer MaterialScience AG, modified with
7 MWCNT-amino amino propyl imidazole functional group at 120
propyl imidazole RTU Faculty of Materials Science and Applied
Chemistry Institute of Polymer Materials
Synthesised at RTU Faculty of Materials
8 Carbon nitride Science and Applied Chemistry Institute of 210
Polymer Materials
9 Graphene-carbon XG Sciences graphene nanoplatelets and )
nitride synthesised carbon nitride (1:1)

2.2. Analysis of brominated flame retardants

2.2.1. Sample preparation

The method for the determination of selected BFRs was adopted from
previously published studies [53-55]. Briefly, aliquots of homogenised and freeze
dried or wet tissue samples were spiked with an internal standard solution. The
samples were extracted with dichloromethane/n-hexane (1:1, v/v) using
automatic Soxtec™ 2055 Fat Extraction System or ultrasound assisted extraction.
The solvents were evaporated to dryness under a gentle stream of nitrogen, the
lipid content was determined gravimetrically and the fatty residue was
redissolved in n-hexane. The extract was purified using acid-modified silica gel
or Florisil columns. After solvent evaporation the extract was treated with
concentrated sulfuric acid. The acidic bottom layer was discarded and the organic
layer was evaporated with the addition of recovery standard solution prior to the
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GC-HRMS analysis of PBDEs. After the analysis of PBDEs, the solvent was
exchanged to methanol and the extracts were analysed for the content of HBCDs,
TBBPA, and EBFRs using an HPLC-Orbitrap-HRMS instrument.

2.2.2. Instrumental analysis

The analysis of PBDEs was performed using GC-HRMS by applying EI
ionization in positive ion mode and selective ion monitoring (SIM) detection
mode. Quantification was carried out using isotope dilution method by applying
13Cyo-labeled surrogates as internal standards. For the analysis of HBCDs,
TBBPA, and EBFRs an HPLC-Orbitrap-HRMS method was used. The
compounds of interest were separated using a Cis reversed-phase analytical
column. For analysis of HBCDs and TBBPA HESI in negative ion mode was
used, whereas emerging BFRs were determined using negative APPI mode by
applying toluene as dopant. The detection of analytes was performed in targeted
SIM mode using the two most abundant ions of the respective molecular ion
clusters. The quantification was carried out based on isotope dilution with 3C,-
labeled surrogates and internal standardisation.

2.3. Analysis of perfluorinated compounds

The sample preparation procedure included ultrasound assisted extraction
with methanol and 0.2 M sodium hydroxide water solution, followed by
concentration and purification of the analytes using solid phase extraction on a
weak anion exchange cartridge. After evaporation of the eluate, the dry residue
was reconstituted in methanol. Instrumental analysis was based on HPLC-
Orbitrap-HRMS using HESI™ operated in selected reaction monitoring (SRM)
mode.

2.4. Analysis of pharmaceutically active substances
Various analytical methods were used depending on sample type and
analytes of choice.

2.4.1. Sample preparation

For the analysis of NSAIDs, 2 g of homogenised bivalve samples were
extracted with acetonitrile and aqueous 0.02 M ascorbic acid solution.
Concentration and purification of the analytes was achieved by solid phase
extraction with Strata C18 cartridges. Sorbents from POCIS were extracted with
methanol/dichloromethane (1:1 v/v) using automated Soxtec™ extraction.
Extracts were reconstituted in acetonitrile/methanol (9:1, v/v) prior instrumental
analysis.

For the analysis of 24 pharmaceutically active compounds in various
matrices, sediments and periphyton samples were lyophilised prior sample
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preparation procedure. Mussel, sediment and periphyton samples were extracted
using ultrasound assisted extraction. Extraction was performed in two cycles,
15 min each, using 5 mL of 80 % methanol in water with 0.1 % acetic acid.
Obtained extract portions were combined and diluted with water. SPE using
Strata-X columns were performed. Water samples were filtered and the same SPE
procedure was performed. Finally, all extracts were reconstituted in
water/methanol solution (80:20, v/v).

Meat samples were extracted by mechanical shaking with 0.1 % formic
acid in acetonitrile for the Orbitrap screening method and with pure acetonitrile
for the analysis of quinolones. Clean-up of extracts was achieved by freezing out
samples at -70°C. For analysis of quinolones obtained extract was diluted with
0.1 % formic acid in water. For the screening method extracts were evaporated
and reconstituted in 2:1 (v/v) water—acetonitrile solution containing 5 mM of
ammonium formate and 0.01% of acetic acid.

2.4.2. Instrumental analysis

Instrumental separation and analysis of NSAIDs was performed by LC-
MS/MS using Acquity UPLC system (Waters, Milford, MA, USA). Separation
was performed on a Phenomenex Luna Omega analytical column (100 x 4.6 mm,
2.6 um). Mobile phase consisted of 0.01 % acetic acid solution in water (A) and
acetonitrile (B) that was delivered at 0.6 mL min using a gradient program.
Chromatograph was coupled to a QTrap 5500 (AB Sciex, MA, USA) mass
spectrometer equipped with an electrospray source operated in SRM mode with
negative ionization.

Screening of various pharmaceutical residues and metabolites was
performed using a Dionex UltiMate 3000 HPLC system (Thermo Fisher
Scientific, San Jose, CA, USA) on a Phenomenex Luna Omega analytical column
(100 x 2.1 mm, 1.6 m). The mobile phase consisted of (A) 0.1% formic acid in
water, (B) 0.1%formic acid in acetonitrile, and (C) 0.1% formic acid in methanol.
The gradient program was used and flow rate was 0.3 mL min-. The HPLC
system was coupled to a Q-Orbitrap HRMS mass spectrometer (Thermo Fisher
Scientific) equipped with a heated electrospray ionisation probe operating in the
positive and negative ionisation modes. Full scan data both in the positive and
negative ionisation modes were acquired at a mass resolving power of 70,000
FWHM.

Analysis of 24 pharmaceutically active substances was performed using
a Dionex UltiMate 3000 HPLC system (Thermo Fisher Scientific, San Jose, CA,
USA) on a Kinetex C18 analytical column (100 % 2.1 mm, 2.6 m). The mobile
phase consisted of (A) 0.01% acetic acid in water, (B) acetonitrile, and (C)
methanol. The gradient program was used and flow rate was 0.3 — 0.4 mL min
. The HPLC system was coupled to a Q-Orbitrap HRMS mass spectrometer
(Thermo Fisher Scientific) equipped with a heated electrospray ionisation probe.
SRM both in the positive and negative ionisation modes was used.
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Determination of quinolones was performed by direct injection
FT-ICR-HRMS. Prior to the first analysis, a sodium formate solution was used
to calibrate the FT-ICR-HRMS instrument equipped with a 7.0T
superconducting magnet (Bruker Daltonics, Bremen, Germany). The sample was
directly introduced at a flow rate of 250 uL h! into the ESI source. The mass
spectrometer was set to operate over the mass range of m/z 100-1000 in the
positive ion mode. Each spectrum was acquired by accumulating 32 scans of
time-domain transient signals in 2 mega-point time-domain data sets. The
resolving power m/Am(50%)=140,000 and mass accuracy of <3 ppm provided
for unambiguous molecular formula assignments of singly charged molecular
ions. In the MS/MS experiments, collision-induced dissociation mode was
selected, argon was used as the collision gas, the collision energy was adjustable
from 5 eV to 25 eV, the isolation windows were set at m/z 5 and the collision RF
amplitude was set at 1500 Vpp.
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3. RESULTS AND DISCUSSION

3.1. Application of biological indicators for the occurrence
studies

3.1.1. Wild game as an indicator of BFR contamination?

In order to evaluate the applicability of wild animals as indicators for
terrestrial ecosystem contamination, muscle and liver tissues of eight red deer
(Cervus elaphus), nine wild boar (Sus scrofa), and seven moose (Alces alces)
specimens were analysed for the content of BFRs including PBDEs, HBCD, and
TBBPA.

The highest mean concentrations of PBDEs (46.6 pg g* (w.w.)) were
observed in the tissues of moose, while significantly lower values were observed
in wild boar and red deer tissues. The obtained results were somewhat surprising,
taking into account the different diets of herbivore moose and omnivore wild
boar, for which higher BFR content was expected due to additional PBDE
exposure pathways. This would suggest that age plays important role in the
accumulation of PBDEs, since the average age of moose specimens was 2.7
years, whereas the wild boar specimens had the average age of 1.4 years.
However, no significant correlations were observed between the age of any of the
specimens used in our study and the content of BFRs (rs ranging from -0.49 to
0.64; p-values ranging from 0.13 to 0.84). The wild boar samples contained the
highest levels of HBCD, with the mean concentration equal to 264 pg g* (w.w.)
in muscle tissues. A prevalence of HBCD concentrations in liver tissue exceeding
the levels found in musculature was observed for moose and red deer, while in
wild boar the HBCD concentrations were higher in muscle than in liver.
Generally low mean concentrations of TBBPA from 0.52 to 4.54 pg g* (w.w.)
were observed despite its wide application in Europe. The most probable
explanation for this fact could be based on the fact that during the manufacture
of TBBPA-containing polymers this BFR is chemically bonded to the material,
reducing the potential for its release into the environment. Contamination levels
of PBDEs and HBCDs determined in analysed samples are shown in Fig.3.1.

1zacs, D; Rjabova J.; Ikkere, L.E.; Bavrins, K.; Bartkevics, V. Brominated flame

retardants and toxic elements in the meat and liver of red deer (Cervus elaphus), wild boar
(Sus scrofa), and moose (Alces alces) from Latvian wildlife. Sci Total Environ 2018, 621,
308-316.
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Observed contamination levels are comparable or somewhat lower than
reported in other studies. Concentrations of > PBDE observed in muscle of
Finnish deer ranged from 10 to 180 pg g (w.w.) with higher values of
500 pg g~ (w.w.) in specimens of Lapland region. Levels in liver samples varied
greatly, German deer containing 30 — 120 pg g* (w.w.), Norwegian moose
33-50pg g (ww.) and Finnish reindeer reaching up to 1700 pg gt (w.w.)
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Fig. 3.1. Box plots of the concentrations of PBDEs (A) and HBCDs (B) in the liver
and muscle tissues of the analysed species

Regarding the congener profile of the PBDEs, the tetra- through
hexabrominated homologs of PBDEs were the predominant congeners
contributing from 59 to 91% of the total load of the selected PBDEs. This
indicates that the recently used “penta-BDE” formulation is a probable source of
contamination. Despite the recent widespread application of “octa-BDE” and
“deca-BDE” formulations containing mainly PBDE-209, the contribution of this
congener to the sum of PBDEs in muscle samples accounted for only about 6%,
while a much higher contribution was observed in liver samples, reaching 36%
on average for wild boar. Obtained results reflect the differences in
bioaccumulation or biotransformation potential of congeners having the different
extent of bromination, as already observed in previous studies [33-35].

The observed diastereomer profile of HBCD was similar to the pattern
typically found in aquatic biota, including a pronounced domination of a-HBCDs
over - and y-HBCDs [13], with a-HBCDs contributing 85% of the > HBCD on
average.
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3.1.2. Eels as indicators of emerging BFR contamination?

In order to evaluate the applicability of eels as indicator-organisms for
aquatic ecosystem contamination, the content of seven emerging BFRs (including
HBCD, DBDPE, TBP-DBPE, HBB, EH-TBB, BTBPE and tetradecabromo-1,4-
diphenoxybenzene) was evaluated in eels (Anguilla anguilla) sampled from five
Latvian lakes. The summary of obtained results is shown in Fig.3.2.

HBCD was found in all of the analysed samples, confirming the
ubiquitous distribution of HBCD in European aquatic environments [56]. The
sum of a-, (-, and y-HBCD concentrations (JHBCD) ranged
from 0.05 to 6.58 ng g* (l.w.), with the average value of 1.64 ng g* (L.w.). The
determined levels of HBCD in European eels from other countries were
significantly higher, with the highest average concentrations of 4500 ng g* (l.w.)
observed in eels from highly polluted areas in Belgium where a number of textile
factories are located [37]. The pattern of HBCD diastereomers observed in the
analysed samples was typical for biota already observed in the previous study,
with strongly pronounced predominance of a-HBCDs over - and y-HBCD [13].
The main factors that may be responsible for this observation are: 1) enzymatic
isomerization of - and y-HBCD to a-HBCD, as previously observed in fish [56];
2) a-HBCD has a higher water solubility (~49 mg L) than B- and y-HBCD
(~2 mg L), and thus is more readily available for uptake [57]; 3) in vitro
experiments with hepatic sub-cellular fractions obtained from rat and trout
showed that the biotransformation of - and y-HBCD was approximately three
times faster than that of a-HBCD [58]; and 4) thermal isomerisation of y-HBCD
incorporated in materials containing flame retardants to a-HBCD during the
disposal of electronic waste, as well as the photolytic conversion of y- to a-HBCD
[59].

2Zacs, D.; Ikkere, L.E.: Bartkevics, V. Emerging brominated flame retardants and

dechlorane-related compounds in European eels (Anguilla anguilla) from Latvian lakes.
Chemosphere 2018, 197, 680-690.
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Fig.3.2. Box plots of the concentrations of DPDBE (A) and Y HBCD (B)

DBDPE was the only other BFR found in analysed eel samples. 59% of
the samples contained DBDPE in levels up to 33 ng g (l.w.). To our knowledge,
there are no reports on the occurrence of DBDPE in eels until now. According to
the available references, DBDPE was not detected in various fish samples from
St. Lawrence River, Canada and coastal waters of Chile [60, 61], while the levels
reported for samples originating from a highly polluted river in South China and
various rivers in Spain showed concentrations up to 230 and 130 ng g* (L.w.),
respectively [62, 63]. DBDPE is listed as low volume chemical in Europe,
however, it is the second most used BFR in China [64]. Taking into account the
high heterogeneity of the observed concentrations, the main contamination
pathways of DBDPE are still unknown. Contamination with DBDPE may
originate both from point sources and long-range transport, since studies of
BDE-209 have revealed that long-range transport in the air leads to contamination

of distant regions. Due to their physicochemical similarity, this could be true for
DBDPE as well [65].
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The obtained results reflect the acceptable environmental status of
Latvian lakes with regard to the total content of HBCD (3 HBCD), considering
the EQS stated in the Directive 2013/39/EU [66]. The highest HBCD levels were
observed in eels from lakes corresponding to the industrialisation of these areas,
while the results of principal component analysis (Fig. 3.3.) showed that the
concentration of HBCD depended on the particular sampling lake, reflecting non-
uniform contamination of the Latvian environment with this emerging BFR.
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Fig.3.3. Score plot of principal component analysis of HBCD concentrations and
biological parameters
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3.1.3. Mussels as indicators of BFR, PFC and pharmaceutical

contamination?

Further evaluation of aquatic indicator-organisms was carried out by
investigating applicability of freshwater mussels. In addition to already discussed
BFRs, another POP group, namely PFCs and emerging pollutants - NSAIDs were
determined in the tissue of freshwater mussels.

PBDEs were found in all of the analysed samples, once more confirming
the wide distribution of these flame retardants in the environment. The total
concentrations of ZPBDE ranged from 11.3 to 193 pg g (w.w.), with the average
value of 42.1 pg g (w.w.). The observed levels were more than a magnitude
lower than determined in eels from Latvian lakes in our previous study (see
chapter 3.1.2). As proposed by Marriusen et al, this may be due to differences in
lipid content of both organisms [35]. Furthermore, eels are at a higher trophic
level and their overall lifespan is longer. When comparing observe results with
those detected in mussels elsewhere, our concentrations were significantly lower,
with exception of mussels from Baiyangdian Lake, China being similar to our
study [67]. However, despite the relatively low levels detected in Latvia, the
concentration of PBDEs in 83% of the samples exceeded the EQS value in biota
(8.5 pg g* (w.w.) for the sum of congeners 28, 47, 99, 100, 153, 154), as stated
in the European Commission Directive 2013/39/EU [66].

Regarding the congener profile of PBDE (shown in Fig.3.4) the highest
levels were observed in the case of PBDE-209, which is the only deca-brominated
BDE. This may be the result of widespread usage of deca-BDE formulation,
accumulation of pollutants originating from suspended particulate matter and
ineffective depuration process. Congeners No. 47, 49, 99, and 100 which
represents tetra- and penta-brominated BDE were dominant in most of the
samples. This observation corresponds to other authors’ results [68, 69].

3|kkere, L.E.; Perkons, 1. Sire, J.: Pugajeva, |.; Bartkevics, V. Occurrence of
polybrominated diphenyl ethers, perfluorinated compounds, and nonsteroidal anti-
inflammatory drugs in freshwater mussels from Latvia. Chemosphere 2018, 213, 507-516.
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samples.

Two compounds representing the PFCs were determined in the mussel
tissue — PFOS and PFOA. PFOS was detected in 3 out of 24 (13%) samples, with
concentrations ranging from 10 to 21 pg g* (w.w.) PFOA, however, was detected
more frequently, as 10 out of 24 (42%) samples were above the limit of
quantification, ranging from 13 to 51 pg g* (w.w.) The observed values were two
or three magnitudes lower than the EQS value for PFOA and its derivatives in
biota stated in the European Commission Directive 2013/39/EC [66]. Results
reported in mussels from other regions were considerably higher — levels of PFOS
were up to 72 000 pg g* (w.w.) in north-central Portuguese estuaries [10].

Nine NSAIDs were analysed in mussels, including ibuprofen,
tolfenamic acid, meloxicam, carprofen, flunixin, diclofenac, phenylbutazone,
ketoprofen, and mefenamic acid. Out of the nine compounds, only ibuprofen was
found in mussels. Ibuprofen was present in 50% of the samples, with
concentrations ranging from 0.52 to 109 ng g* (w.w.) or from 5.1 to 1363 ng g*
(d.w.) Reports from elsewhere are scarce, taking into account that NSAIDs are
emerging contaminants. Levels observed in mussels from Taihu Lake, China
were reaching 93.7 ng g* (d.w.) [42].

The high levels of ibuprofen in the aquatic environment of Latvia are
observed in other studies [70, 71], where ibuprofen was detected in surface waters
and untreated wastewater. Ibuprofen was the most consumed medication of the
NSAID group in Latvia in 2017 [72]. The primary route for the discharge of
ibuprofen into surface waters is through the effluent of wastewater treatment
plants. Ibuprofen and its metabolites are excreted into the sewage system along
with unused drugs that may be disposed of via drains and toilets [73].

The box plots for the total concentrations of each contaminant group are
provided in Fig. 3.5. The samples were grouped by the drainage basin and types
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of the water bodies — lake, river, river delta or water reservoir. PBDES were more
common in the Daugava and Lielupe basins. The highest variations were
observed in the case of ibuprofen, as it was present in the Lielupe and Venta
basins at significantly higher concentrations than in the Gauja and Daugava
basins. As for the different bodies of water, the only sample from the Riga water
reservoir contained remarkably high concentrations of PBDEs and ibuprofen.
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Fig.3.5. Box plots of the concentrations of selected contaminants (pg g (w.w.)
(ZPBDE and XPFC) or ng g* (w.w.) (ibuprofen)), grouped by the drainage basins (a)
and types of water bodies (b)
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3.1.4. Comparison of periphyton, mussels, water and sediments
In order to evaluate the suitability of various sample types as indicators,
periphyton, mussel tissue, water and sediment samples from three rivers in Latvia
were analysed. Each batch consisting of four sample types was collected from
four or five sampling sites from each river. 23 pharmaceutically active
compounds were selected for the study. The selection of chemical compounds
was based on the information from various publications about the most frequently
found pharmaceutical residues in wastewater and the majority of them are listed
as essential medicines by the World Health Organization. The selected
compounds represent different therapeutic groups such as NSAIDs, blood lipid
lowering agents, antibiotics, antiepileptic drugs, B-blockers, antidepressants, and

others.
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Fig.3.6. Detection frequencies of compounds from various therapeutic groups

Out of 23 analysed compounds only three — lipid regulator simvastatin,
veterinary sedative xylazine and antidepressant fluoxetine were not detected in
any of the samples. The detection frequencies of all analysed therapeutic classes
are shown in Fig.3.6. The most frequently detected compound was central
nervous system stimulant caffeine with an overall detection frequency of 91%.
This compound was included in the study since it is considered a chemical marker
for water pollution by domestic wastewaters. In our previous study caffeine was
found in wastewaters in levels up to 12 pg L™ [70]. In present research caffeine
concentrations in surface waters were below 50 ng L. The highest levels were
observed for NSAID diclofenac and antiepileptic agent carbamazepine in
water — 1138 and 1099 ng L respectively. The observed levels are considerably
high, for example carbamazepine was found in similar concentrations in rivers
from Germany, whereas in other countries levels were considerably lower [74].
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In the case of diclofenac, levels up to 7100 ng Lt have been observed elsewhere
[75]. The high contamination levels in the Maisa River in Lithuania near Pasvale
is most likely due to nearby WWTP. In order to examine this hypothesis, another
batch consisting of water and sediment samples was collected before WWTP.
The obtained results are summarised in Table 3.1. For the most of the compounds
significant increase in levels was observed. The most pronounced increase was
detected in the cases of antibiotic sulfamethoxazole, antihypertensive metoprolol
and NSAID diclofenac — approximately 200-fold. This observation might
indicate insufficient removal efficiency of described pharmaceuticals from
wastewater. Other authors have described that diclofenac is poorly removed in
traditional WWTP and sometimes even an increase in concentrations may be
observed due to hydrolysis of conjugated forms [75].

Table 3.1.
Occurrence of pharmaceuticals in Miisa River near Pasvale, Lithuania
Concentration in Concentration in
Therapeutic water, ng L sediments, ng g* (d.w.)
Compound group Before After Before After
WWTP WWTP WWTP WWTP
Azithromycin <1 31 <1 <1
Ciprofloxacin <1 100 <1 <1
Clarithromycin L 1.6 40 <1 <1
- Antibiotics
Erythromycin <10 44 <5 <5
Sulfamethoxazole 1.0 161 <0.5 <0.5
Trimethoprim <1 34 <0.5 <0.5
Losartan 0.6 30 <1 <1
Metoprolol Anti- 14 273 1.8 12
Propranolol hypertensives 0.1 28 <1 <1
Valsartan 6.0 55 <1 1.3
Atorvastatin Lipid <1 14 <10 <10
Pravastatin regulators <1 12 <1 15
Diclofenac 6.3 1138 <5 <5
NSAID
Ibuprofen <1 12 <1 <1
. Anti-
Acetaminophen analgesics <1 30 <1 <1
Carbamazepine Anti- 21 1099 <1 8.2
P epileptics '

Comparison between the three rivers is shown in Fig.3.7. The highest
detection frequencies and detected levels were observed in Misa River.
Regarding sample sites, only in Misa River significant differences were
observed. As discussed in the previous paragraph, considerably higher levels
were detected in samples from Pasvale, Lietuva. High levels were detected in
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samples from Miisa estuary (Lielupe) as well due to the higher anthropogenic
load. In the other two rivers the differences were not that pronounced.
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Fig.3.7. Compound detection frequencies in the three rivers included in the study

Finally, the four sample types were compared. As can be seen from
Fig.3.6 and Fig.3.7, the highest detection frequencies were observed for water
samples. This may be due to the lower level of matrix effects than for other
sample types. It can be concluded that water is the most suitable matrix for
temporal contamination observation. Other sample types may be more suitable
for long-term contamination monitoring; however, more sensitive and selective
analytical methods are necessary in order to improve the applicability of
analytical methodologies.

3.2. Application of POCIS for contamination assessment

In order to evaluate the applicability of POCIS, nine different sorbents
were tested for the determination of fifteen NSAIDs in the Daugava River.
Multi-walled carbon nanotubes (MWCNTS) and TNIM, based sorbents have
previously proven to successfully adsorb NSAIDs from surface water samples
[71]. In the present study we used both commonly used sorbents such as
hydrophilic-lipophilic balance (HLB) and novel sorbents such as MWCNTSs and
others. All of the samplers were placed in the same tank at the “Tome” fishery,
that was operated in flow-through mode (water from Daugava River) and held
for one week in order to ensure uniform conditions. The results are shown in
Fig.3.8. As it can be seen, the levels of the NSAIDs obtained are highly dependent
upon the sorbent used.
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Fig.3.8. Levels of detected NSAIDs using different sorbents

The best overall results were obtained when the most common sorbent
HLB was used. Five out of fifteen compounds were detected, including
oxyphenbutazone which was not present in the extracts of any other sorbent.
Moreover, the level of ketoprofen was significantly higher than observed with
other sorbents. Nevertheless, meloxicam was only detected when graphene,
MWCNT-COOH and MWCNT-aminopropyl imidazole sorbents were used. This
observation might be due to the fact that meloxicam has the lowest pK,value of
all the selected analytes, i.e. 1.1. Commercially available HLB sorbent is suitable
for sorption of wide range of compounds, however anion exchange sorbents are
recommended for sorption of strong acids in order to achieve the best results.

Regarding the specific surface area, it can be noted that graphene
nanoplatelets with bigger surface area ensured sorption of ketoprofen, that was
not observed with smaller surface area. No effect of surface area was observed
between different types of sorbents.

The obtained results suggest, that in order to achieve the best results for
a wider scope of compounds, combinations of different sorbents must be used.

POCIS approach has demonstrated higher detection rates of NSAIDs,
compared to previously described (section 1.3.1.) obtained NSAID results in
mussels, where only one out of nine compounds were detected. This might
indicate, that POCIS approach is more efficient regarding NSAID contamination
estimation in water ecosystems. This observation may be related to the ongoing
metabolic processes that have a different effect on the accumulation of NSAIDs
in bivalve molluscs. However, it should be noted that the two sets of samples
were collected at different sampling sites, so it is not possible to draw
unambiguous conclusions. In order to make an accurate comparison between the

91



two types of indicators, additional experiments of placing both sample sets in the
same location would be necessary.

3.3. Development of HRMS methods for the determination

of pharmaceuticals

Aforementioned studies have demonstrated concerning levels of
pharmaceuticals in the aquatic environment, indicating the emerging concern
regarding pharmaceutical contamination. The studies have also shown the
versatility of muscle tissue of various organisms as indicators. Therefore, further
efforts were made in order to develop advanced HRMS methods for the
determination of a wide range of pharmaceuticals in muscle tissue.

3.3.1. Orbitrap-HRMS multi-residue method*

HRMS method for the screening of residues and metabolites of 164
pharmaceutically —active substances using HPLC-Orbitrap-HRMS  was
developed. The compounds included in the study belong to such therapeutic
classes as anti-infectious (antibiotics and chemotheurapeutics), anti-
inflammatory and antiparasitic agents, corticoids and agents acting on the
nervous and reproductive systems, substances with hormonal and thyreostatic
action, and beta agonists.

Different sample preparation procedures were compared and optimised
for the detection of selected veterinary drugs in chicken, porcine and bovine meat.
Solvent extraction with pure and acidified acetonitrile was evaluated. Various
extract purification techniques including freezing out, salting-out, solid phase
extraction columns and dispersive solid phase extraction were tested. The best
results were obtained with pure acetonitrile extraction combined with a freezing
out step and SPE using Phospholipid removal column or a Strata-X column. dSPE
using primary and secondary amine salts was not suitable since several analytes
were lost. Summary of relative analyte recoveries is given in Fig.3.9.

“Pugajeva, I; Ikkere, L.E.; Judjallo, E.; Bartkevics, V. Determination of residues and

metabolites of more than 140 pharmacologically active substances in meat by liquid
chromatography coupled to high resolution Orbitrap mass spectrometry. J Pharm Biomed
Anal 2019, 166, 252-263.

92



PACN/F W aACN/F/S WaACN/F

g

-
w
o

g

Relative recovery, %

Fig.3.9. Summary of relative recoveries per therapeutic group (hnumber of analytes
in brackets): pACN/F — SE with pure acetonitrile and freezing out; aACN/F/S — SE
with acidic acetonitrile, salting out and freezing out; aACN/F - SE with acidic
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Chromatographic method optimisation included evaluation of mobile
phases and columns. lon source parameters like temperature and nitrogen gas
flow were optimised for improved efficiency of the ionisation process.
Resolution of 70 000 FWHM was proven to be sufficient. Chromatograms
containing selected ion peaks are shown in Fig.3.10.
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Fig.3.10. Selected ion chromatograms of all analytes included in the study in positive
(A) and negative ionization (B)

The optimised method was validated by fortifying the blank matrix at
four levels (0.5, 1.0, 1.5, and 2 times the maximum residue limit (MRL)), or at
concentrations as low as possible for substances without an MRL. The evaluated
performance parameters were selectivity, matrix effect, method and instrument
limits of quantification, and accuracy. A total of 123 selected compounds in
muscle tissue samples could be quantified with accuracy (recovery) ranging from
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70 to 120% and RSDs less than 30%. Finally, the method was successfully used
to detect and quantify veterinary drug residues in real samples found to be suspect
using the non-selective qualitative test for the detection of inhibitor substances.
The results were confirmed using the relevant one-residue confirmatory methods
revealing concentrations of residues higher than MRLs established for several
samples.

3.3.2. FT-ICR-HRMS method for high throughput analysis of
quinolones®

Another HRMS method for the determination of pharmaceutically
active substances in muscle tissue was developed utilising FT-ICR-HRMS. For
this study quinolones — a group of antibiotics — was selected as target analytes
due to numerous reports of high detection frequencies and link to the
development of antimicrobial resistance [76]. In our study simultaneous
detection, quantification and confirmation of ten quinolone group antibiotics was
achieved by direct injection analysis in less than an hour.

Sample preparation optimisation included evaluation of pure and
acidified acetonitrile extraction, addition of buffer salts to final extract and
dilution with water. The comparison of evaluated parameters is shown in
Fig.3.11. MS parameters such as flow rate, scan count, capillary voltage, end-
plate offset, nebuliser pressure, dry gas flow rate, and drying temperature were
optimised. The summary of MS parameter optimisation is shown in Fig. 3.12.

SIkkere, L.E.: Perkons, I.; Pugajeva, |.; Gruzauskas, R.; Bartkiene, E.; Bartkevics, V.
Direct injection Fourier transform ion cyclotron resonance mass spectrometric method for
high throughput quantification of quinolones in poultry. J Pharm Biomed Anal® 2020, 188.
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The effect of resolution was demonstrated by separating interfering
signal from sarafloxacin signal (Fig.3.13.).

386.13491 Size 64k
Res. 5253
Int. 1.9-108

386.13067 Size 128k

Res. 10 926
Int. 3.3:108
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Fig.3.13. Mass spectra of sarafloxacin and the interfering signal obtained using
different resolutions

Unambiguous identification of quinolones was achieved by additional
MS/MS analysis. Distinction between oxolinic acid and flumequine is shown in
Fig.3.14. Despite very close m/z values and the lack of chromatographic
separation, the two peaks are clearly separated due to the high resolution.
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The applicability of the developed method was tested by analysing
commercially available chicken meat and treated chicken samples. None of the
19 commercial samples contained residues of quinolones. The results were
confirmed by a confirmatory LC-MS/MS method. Treated chicken samples
contained levels of ciprofloxacin and enrofloxacin up to 1064 pg kg™, Results
were in a good agreement with those obtained by HPLC-QqQ-MS/MS method.
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CONCLUSIONS

1. Various organisms have been successfully tested and demonstrated as
suitable contamination bioindicators:

a. Analysis of moose, red deer, and wild boar tissues revealed the highest
mean concentrations of PBDEs in the tissues of moose, while wild
boar contained the highest levels of HBCDs. For all of the analysed
species, liver was found to contain higher concentrations of
contaminants compared to the muscle tissue. The congener profile of
PBDEs in the tissues of animals indicates probable contamination
from the recently used “penta-BDE” formulations.

b. Among the selected emerging BFRs in European eels, HBCD and
DBDPE were found. The environmental status of Latvian lakes with
regards to the contamination with HBCD is acceptable according to
the EQS criteria stated in the Directive 2013/39/EU. Considering the
data available in reports from other regions, it can be concluded that
the aquatic biota in Latvia reflects a lower degree of environmental
contamination.

c. PBDEs were detected in all of the mussel samples, but the
concentrations were generally lower than those observed in mussels
from other regions. Regardless, 83% of the samples exceeded the EQS
threshold for the sum of six PBDEs stated in the Directive
2013/39/EU. The levels of PFCs in mussels were low throughout the
territory of Latvia. The levels observed for ibuprofen were
significantly higher than those detected by other authors.

2. Comparison of mussels, periphyton, sediments and water indicated the
presence of numerous pharmaceuticals, revealing detection of 86% of all
analytes. The highest levels were observed for NSAID diclofenac and
antiepileptic agent carbamazepine at approximately 1 pg L. Water was
found to be the most suitable matrix for temporal contamination
observation.

3. For the POCIS the best overall results were obtained when the most
common sorbent HLB was used. Five out of fifteen compounds were
detected, including oxyphenbutazone which was not present in the
extracts of any other sorbent. Moreover, the level of ketoprofen was
significantly higher than observed with other sorbents. Nevertheless,
meloxicam was only detected when graphene, MWCNT-COOH and
MWCNT-aminopropyl imidazole sorbents were used. This suggests, that
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in order to achieve the best results for a wider scope of compounds,
combinations of different sorbents must be used.

Two advanced HRMS methods have been developed for determination of
pharmaceutically active substances:

a.

The developed method for the simultaneous identification and
quantification of 164 residues and metabolites of pharmacologically
active substances was evaluated and validated by HPLC-Orbitrap-
HRMS. The main advantage of the proposed method is the relatively
quick and generic sample preparation procedure with a wide scope
of analytes detectable in a single analytical run.

The analytical method for the simultaneous detection, quantification
and confirmation of ten quinolones in muscle tissue by direct
injection FT-ICR-HRMS was evaluated and validated. The
elaborated analytical method provides a high throughput
determination of quinolones, which is a major source of concern
regarding the development of antibiotic resistance.
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tures are likely to undergo congener-specific or diastereomer-specific bioaccumulation or metabolic degradation.
Considering the reports from other regions, it can be concluded that the terrestrial biota in Latvia is less affected
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1. Introduction
Brominated flame retardants (BFRs) comprise a diverse group of

anthropogenic chemicals that are used to prevent fire incidents. BFRs
lower the flammability of a wide array of products, such as textiles,
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plastics, building materials, and electronic equipment (D'Silva et al.,
2004). Despite the clear benefits provided by the use of BFRs, the ubig-
uitous presence of these chemicals has resulted in their diffusion into
the environment during the manufacturing, use, and disposal. Due to
their persistency and lipophilicity, BFRs enter the terrestrial and aquatic
food chains (D'Silva et al., 2004). Some of the most important contami-
nants in this family are polybrominated diphenyl ethers (PBDEs) with
the estimated worldwide production up to 67,000 tons per year in the
early 2000s, and extensive use over several decades (U.S. EPA, 2010).
However, considering that these compounds are persistent organic pol-
lutants (POPs) and taking into account their potential for long-range
transport (Hites, 2004), certain restrictions were imposed on their com-
mercial availability (European Union, 2003 ). Therefore, in order to meet
the market demand for FRs, several alternative BFRs were developed,
among which the most consumed were hexabromocyclododecane
(HBCD) and tetrabromobisphenol A (TBBPA). Similarly to PBDEs,
these alternative BFRs also showed POP-like properties and their use
followed by disposal led to environmental contamination (D'Silva
et al., 2004; Abdallah, 2016). While HBCD was classified by the
European Commission (EC) as a bioaccumulative and toxic compound
because of its high persistence, low water solubility, and high log K,
value (European Chemicals Agency, 2008), there is no consensus on
the risks due to TBBPA. Older references report that TBBPA seems to
have a comparatively low toxicity compared to the other BFR groups
(Darnerud, 2003). Nevertheless, the most recent studies reflect toxico-
logical concerns regarding the environmental presence of TBBPA (Lai
etal, 2015), therefore attracting scientific interest to the occurrence of
this chemical in the environment.

Atmospheric transport delivers significant quantities of BFRs from
contaminated areas into other aquatic and terrestrial environments
where these POPs are readily bioaccumulated through food chains
(Law et al., 2014). Considering the fact that terrestrial animals are gen-
erally known to be less susceptible to the bicaccumulation of POPs com-
pared to aquatic animals, because aquatic ecosystems are affected by
POPs through additional pathways (e.g., via TOC-rich sediments and
particulate matter suspended in water and by further bioaccumulation
and biomagnification of POPs) (Law et al., 2003; Law et al., 2006),
there has been less scientific interest towards the investigation of BFRs
in terrestrial wildlife and only a handful of reports are available on
this topic, with a focus on such carnivore species as fox and bobcat
(Corsolini et al,, 2000; Boyles et al., 2017; Fuglei et al., 2007). Less infor-
mation is available on the occurrence of BFRs in herbivores and omni-
vores (Suutari et al., 2009; Mariussen et al., 2008; Christensen et al.,
2005), even though such data would provide a better understanding
of environmental transport, deposition patterns, and the ultimate fate
of BFRs.

Another important group of toxicants is heavy metals, among which
cadmium and lead are of major concern (Flora and Agrawal, 2017). Ur-
banization, industrialization, intensive agriculture and aquaculture can
affect the environment with heavy metal emissions. Such factors as
metal smelting and reclamation, fossil fuel combustion, overuse of min-
eral fertilizers or improper waste disposal are considered to be the most
important sources of undesirable metallic elements in the global envi-
ronment (Falandysz et al., 2005). Despite the substantial efforts to min-
imize anthropogenic environmental pollutants since the 1970s, the
levels of heavy metal contamination in wildlife still may be significant
(Cooper et al, 2017).

Red deer (Cervus elaphus) and moose (Alces alces), being the two
most dominant species (population of ~52,000 and ~21,000 animals
in 2014, respectively) after roe deer (Capreolus capreolus, population
of ~130,000 in year 2014), are the largest herbivores among Latvian
wildlife (NeoGeolv, 2014 ). Red deer and moose have the longest life ex-
pectancy and thus are the most susceptible to bioaccumulation of BFRs
and heavy metals, and can be considered to be the most sensitive herbi-
vore bioindicators of environmental contamination status. While the
diet of red deer and moose consists generally of plants and represents
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the air/soil - plant - herbivore system, wild boar (population of ~
55,000 in Latvia in 2014 (NeoGeolv, 2014)) is known to be an omnivore
consuming a wide variety of plants and insects, as well as carrion, fish,
and mollusks that provide an additional uptake of contaminants. It has
been shown that the accumulation of heavy metals in plants and soil
may increase the risk of transfer to herbivorous wild mammals, includ-
ing game animals (Falandysz et al., 2005; Bilandzic et al., 2012). In con-
trast to pure herbivores, wild boars have a highly adaptable diet and are
exposed to contaminants via the multiple pathways. Therefore, the dif-
ferences in nutritional habits of herbivores (red deer and moose) and an
omnivore (wild boar) could provide an insight into the exposure routes
and bioaccumulation of BFRs and heavy metals.

In this study, we carried out a broad analysis of the most commonly
used chemicals from the BFR family, namely, PBDEs, HBCDs, and TBPPA,
as well as two heavy metals - lead and cadmium. Considering the bioac-
cumulation of the selected contaminants, as well as previous recom-
mendations for field studies (Lazarus et al., 2014; Neila et al., 2017;
Vanden Brink et al,, 2016), meat and liver were selected for the analysis
within the framework of this study. In order to assess the geographical
differences in the distribution of contaminants, the specimens were
sourced from different districts of Latvia.

2. Materials and methods
2.1. Samples

A total of twenty-four wild animals were analyzed in the current
study, including seven specimens of moose, eight specimens of red
deer, and nine wild boars. The individual specimens were killed by
local hunters in different districts of Latvia (Fig. 1), according to the rel-
evant Latvian legislation for game hunting during the period from Sep-
tember to December 2016. The animals were shot by hunting rifle and
their age and sex were determined. The dissection of the animal car-
casses and sampling of the musculature and liver was carried out in
the field. Animal tissue samples were packed in polyethylene bags
with ice, uniquely coded and delivered to the laboratory within 24 h.
In order to minimize the influence of possible contamination of the
samples during transportation, approximately one centimeter thick
layer was removed from the surfaces of samples after receiving at the
laboratory, the samples were homogenized and stored at —18 °C until
analysis. The appropriate sample amounts (5-20 g) were analyzed for
the content of twenty-four PBDE congeners, three HBCD diastereomers,
TBBPA, lead, and cadmium. Detailed information about the analyzed
specimens is presented in Table 1.

2.2. Chemicals and materials

All of the solvents used were at least of pesticide purity grade. Silica
gel for column chromatography, nitric acid, hydrogen peroxide, and sul-
furic acid were purchased from Sigma-Aldrich Chemie GmbH (Buchs,
Switzerland) or from Acros Organics (Morris Plains, NJ, USA). The native
and isotopically labeled standards for the analyzed BFRs were pur-
chased either from Cambridge Isotope Laboratories (Tewksbury, MA,
USA) or from AccuStandard (New Haven, CT, USA). Standard solutions
for lead and cadmium were obtained from Merck (Darmstadt,
Germany).

Along with the analysis of lead and cadmium, the following groups
of brominated flame retardants were determined (for compounds
given in bold, *C;,-labeled surrogates were available and were used
as internal or recovery standards):

1) Di- through decabrominated diphenyl ethers (PBDEs): IUPAC num-
bers 7,15, 17, 28, 47, 49, 66, 71, 77, 85,99, 100, 119, 126, 138, 139,
153, 154, 155, 166, 181, 183, 190, 209.

2) Tetrabromobisphenol A and hexabromocyclododecane diastereo-
mers: TBBPA, a- HBCD, B- HBCD, and y-HBCD
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Fig. 1. The distribution of sampling locations throughout Latvia.

2.3. Chemical analysis

2.3.1. Sample preparation for the analysis of selected BFRs

The method for the determination of selected BFRs was adopted
from previously published studies (Zacs and Bartkevics, 2015; Zacs
et al., 2014a; Zacs et al., 2015). Briefly, aliquots of homogenized
and freeze dried tissue samples were spiked with an internal
standard solution containing '3Cy,-labeled a-, -, and y-HBCD
diastereomers, '*C;,-labeled TBBPA, and '3C;,-labeled PBDE. After
equilibration for at least 1 h, the samples were packed into extraction
thimbles for the automatic Soxtec™ 2055 Fat Extraction System
(Hillered, Denmark) and extracted with dichloromethane/n-
hexane (1:1, v/v) solvent system in a pre-weighed glass vessel. The
solvents were evaporated to dryness under a gentle stream of
nitrogen, the lipid content was determined gravimetrically and the
fatty residue was redissolved in ~2 mL of n-hexane. The extract
was quantitatively transferred to the top of a column packed with
acid-modified silica gel (containing 44% of sulfuric acid) and the
analytes were eluted with 1:1 n-hexane-dichloromethane mixture.
The collected eluate was carefully evaporated on a rotary evaporator
to about 0.2 mL, the extract was transferred to a 2 mL chromato-
graphic vial, treated with 37 N sulfuric acid (30 pL), and vigorously
stirred on a vortex stirrer. The mixture was allowed to stand for
20 min and centrifuged at 3000 rpm to separate the acid and organic
layers. The acidic bottom layer was discarded and the organic layer
was evaporated with the addition of recovery standard solution in
toluene ('3Cy,-PBDE-139 (100 pg pL~') prior to the GC-HRMS
analysis of PBDEs. After the analysis of PBDEs, the solvent was
exchanged to methanol and the extracts were analyzed for the
content of HBCDs and TBBPA using an HPLC-Orbitrap-MS
instrument.

Sample preparation for the analysis of heavy metals was performed
using microwave-assisted digestion method as described elsewhere
(Rudovica and Bartkevics, 2015). In brief, homogenized muscle tissues
were placed in a Teflon digestion vessel and treated with concentrated
nitric acid and hydrogen peroxide. The digestion procedure was per-
formed by using microwave oven according to the following program:
the solutions were heated for 40 min at 150 °C and then for 40 min at
180 °C. After cooling, the solutions were diluted to 50 mL with deionized
water and subjected to the instrumental analysis.

2.4. Instrumental analysis

The analysis of PBDEs was performed using gas chromatography
coupled to high resolution mass spectrometry (GC-HRMS) by applying
electron impact ionization in positive ion mode (EI+) and selective
ion monitoring (SIM) detection mode. Quantification was carried out
using isotope dilution method by applying '*C;,-labeled surrogates as
internal standards. Detailed description of the instrumental analysis of
PBDESs can be found elsewhere (Zacs et al., 2015).

Elemental analysis of heavy metals was carried out by using induc-
tively coupled plasma mass spectrometry (ICP-MS) under conditions
described elsewhere (Rudovica and Bartkevics, 2015).

For the analysis of HBCDs and TBBPA, an HPLC-Orbitrap-MS method
was used. Detailed description of this method is available in the
Supporting Information file. In brief, the compounds of interest were
separated using a C;g reversed-phase analytical column and heated
electrospray ionization in negative ion mode (HESI~) was used. The de-
tection of analytes was performed in targeted selected-ion monitoring
(t-SIM) mode using the two most abundant ions of the respective mo-
lecular ion clusters. The quantification was carried out based on isotope
dilution with '*C;,-labeled surrogates and internal standardization.

2.5. Quality assurance and quality control (QA/QC)

In the analysis of BFRs, all stages of analytical procedure, including
the sample extraction, purification, and handling of the final extracts
were performed under conditions protected from ultraviolet (UV) radi-
ation (i. e, using amber colored glassware or wrapping the glassware
with aluminum foil). The quality control criteria for positive identifica-
tion of analytes of interest included the retention time of the native
compounds within a window of +-3 to 0 s compared to the correspond-
ing '3Cy,-labeled surrogates for PBDEs, and + 5 to 0 s for HBCDs and
TBBPA, respectively. The acceptable deviation of the isotopic ratio for
the two monitored ions (target/confirmation) was set as 4 15% of the
theoretical value for PBDEs and 4 25% of the value obtained for the cal-
ibration mid-point for HBCDs and TBBPA. Five-point calibration curves
were used for the quantification of analyte concentrations in each sam-
ple run. Procedural blanks and quality control samples were included in
the routine quality control (QC) protocol and were analyzed in each
sample sequence. The concentrations of contaminants determined in
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Table 1
Sampling data for wild animals investigated in the present study.

Sample* Sex Age, Sampling site Hunting Tissue Lipid content in
years date tissue,%
Wild boar samples
WB1 M 1.5 Ergli district Sept 1, 2016. Liver 102
Muscle 22
WB2 M 1.5 Madona district Sept 2,2016. - -
Muscle 24
WB3 F 1 Kocéni district Oct 2,2016. e -
Muscle 15
WB4 M 1 Raiskums parish Oct 10, 2016. Liver 09
Muscle 103
WB5 F 2 Talsi district Oct 15, 2016. Liver 20
Muscle 244
WB6 F 1 Koceni district 0Oct 10, 2016. Liver 19
Muscle 195
WB7 F 1 Dundaga district Oct 8,2016. Liver 2.0
Muscle 14.6
WB8 M 2 Burtnieki district 0Oct 9, 2016. - -
Muscle 13
WB9 F 2 Roja district Nov 21, 2016. Liver 72
muscle 18.0
Moose samples
M1 F 1 Jeri parish Oct 2, 2016. Liver 30
Muscle 10.1
M2 M 1 Vaidava parish Sept 16, 2016. Liver 21
Muscle 20
M3 M 2 Talsi district Oct 8,2016. Liver 19
Muscle 28
M4 F 4 Daugavpils district Oct 17,2016. Liver 49
Muscle 12
M5 F 5 Gulbene district Dec 3, 2016. Liver 29
Muscle 23
M6 M 5 Roja district Nov 5, 2016. Liver 1.8
Muscle 0.7
M7 M 1 Daugavpils district Nov 8,2016. Liver 36
Muscle 53
Red deer samples
D1 F 2 ‘Valmiera district Sept 20, 2016. Liver 14
Muscle 20
D2 F 3 ‘Valmiera district Sept 20, 2016. Liver 6.6
Muscle 2.7
D3 M 3 Asare parish Sept 26, 2016. Liver 189
Muscle 16
D4 M 5 Blome parish Sept 10, 2016. Liver 115
Muscle 164
D5 M 2 Tle parish Nov 28, 2016. o -
Muscle 1.7
D6 M 3 Valdemarpils rural territory Nov 28, 2016. - e
Muscle 038
D7 F 3 Ugale parish Nov 28, 2016. = =
Muscle 1.1
D8 F 5 Ventspils district Oct 12, 2016. Liver 52
Muscle 37

* - Abbreviations: WB - wild boar; M - moose; D - red deer;
** - The tissue was not available.

real samples were corrected by taking into account the analyte concen-
trations found in procedural blanks. A list of average blanks is presented
in the Supporting information (Table S1). The QC samples were in-
house reference materials (fortified meat and liver homogenates), and
the results obtained for QC samples were in good agreement with the
fortification levels (the recovery ranged from 75 to 117%; relative stan-
dard deviation (RSD) ranged from 7 to 22%). For elemental detection,
daily analyses of blank and QC materials (Multielement standard solu-
tion 5 for ICP (Sigma-Aldrich, St. Louis, MO, USA) were performed to
monitor the efficiency and accuracy of ICP-MS analysis.

2.6. Statistics

The regression analyses, correlation analyses, and principal compo-
nent analyses (PCA) were performed by using the Minitab 18 statistical
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software. Microsoft Excel 2013 was used to construct boxplots for data
sets. The horizontal line within the box represents the distribution me-
dian. The ends of the box represent the 25th and 75th percentiles, while
the interquartile range (IQR) is the difference between the 25th and
75th percentiles. The lines that extend from each end are whiskers,
from the ends of the box to the outermost data point that falls within
the distances computed as follows: 1st quartile — 1.5 x (IQR) 3rd quar-
tile +1.5 x (IQR).

3. Results and discussion
3.1. BFRs in the tissues of selected species

The overview of wet weight-based concentrations of selected BFRs
in the tissues of moose, red deer, and wild boar is shown in Table S4,
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while more detailed results for each individual sample are presented in
Tables S5-S10. In the case of estimating the total concentrations of se-
lected PBDESs (}_pgpe) and HBCDs (3 pcp), the lower bound (LB) con-
centrations were used as a more pragmatic indicator for the content of
BFRs. Data evaluation on wet weight basis was chosen as the more ap-
propriate approach due to the large differences in the obtained percent-
ages of lipids (0.27-24.4%) in the analyzed samples and the fact that the
lipid content in wild animals varies seasonally, while the excretion of
POPs is much less pronounced (Hakk et al,, 2001). Therefore, wet
weight-normalized concentrations could provide a more objective con-
tamination status of tissues, since such results are less affected by the
concentration or dilution of contaminants in the lipid fraction, com-
pared to the results derived from lipid-normalized concentrations. An
additional reason to discuss the wet weight-normalized contaminant
concentrations was the inclusion of data on heavy metals, for which
comparative assessments typically involve wet weight-based concen-
trations. Therefore, in order to facilitate the interpretation of results,
wet weight-normalized concentrations of selected contaminants were
discussed. A wide range of PBDE concentrations were observed in the
analyzed samples, although none of the samples had exceptionally
high PBDE content. There were no significant correlations between the
lipid content and BFR concentrations in the analyzed samples. The
> pepE CONcentrations in the analyzed muscle tissue samples varied be-
tween 3.63 and 77.5 pg g~ ' (w.w.). The muscle samples of moose
showed the highest mean PBDE content of 36.0 pg g~ ' (w.w.) among
the tested species, while red deer and wild boar musculature showed
significantly lower mean ) pppr concentrations of 16.7 and
18.0pgg ' (w.w.), respectively. The obtained results were somewhat
surprising, taking into account the different diets of herbivore moose
and omnivore wild boar, for which higher BFR content was expected
due to additional PBDE exposure pathways. Some studies report that,
besides the feeding ecology, also the age and sex could play an impor-
tant role in the accumulation of contaminants in mammals (Kim et al.,
2013). However, there was no proof that the higher concentrations of
PBDEs in moose samples were due the fact that the average age of
moose specimens was 2.7 years (ranging from 1 to 5 years), while the
wild boar specimens had the average age of 1.4 years (ranging from 1
to 2 years), as no significant correlations were observed between the
age of any of the specimens used in our study and the content of BFRs
(rs ranging from —0.494 to 0.636; p-values ranging from 0.125 to
0.842). It was found that the liver of the investigated specimens
contained significantly higher mean concentrations of PBDEs, in line
with the previous studies about the distribution of POP-like substances
in different tissues of pigs and lamb (Fernandes et al,, 2010; Shen et al.,
2012). Similarly to muscle tissue samples, moose liver samples showed
the highest mean 3_ pgpg concentration of 46.6 pg g~ ' (w.w.), but wild
boar liver and red deer liver samples had the mean ) pgpg concentra-
tions 0f 40.3 and 29.8 pg g~ ' (w.w.), respectively. Among the selected
species, the highest HBCD levels were observed in the tissues of wild
boar, with the mean Y_ypep concentrations of 274 and 125 pg g~ '
(w.w.) in muscle and liver, respectively. A prevalence of HBCD concen-
trations in liver tissue exceeding the levels found in musculature was
observed for moose and red deer, while in wild boar the HBCD concen-
trations (w.w.) were higher in muscle than in liver (Table S4). Despite
the wide application of TBBPA in Europe, this compound was found in
the tissues at low levels, with the mean concentrations ranging from
0.52 to 4.54 pg g~ ' (w.w.), in accordance with other studies on the oc-
currence of this BFR in environmental objects (Abdallah, 2016). The
highest detection frequency of 71% and maximum concentration of
14.6 pg g~ ' (w.w.) were observed in moose liver samples. The most
probable explanation for the low concentrations of TBBPA in terrestrial
animals could be based on the fact that during the manufacture of
TBBPA-containing polymers this BFR is chemically bonded to the mate-
rial (used as a reactive BFR), reducing the potential for its release into
the environment, as well as the susceptibility of this compound to met-
abolic transformation. Similarly to PBDEs, there were no significant

correlations between the biological parameters of the analyzed speci-
mens and the concentrations of HBCD and TBBPA.

In order to assess the effects of geographical distribution on BFR
levels, PCA was applied for the treatment of the raw data. However,
no data clustering was observed on the geostatic map, reflecting the
random distribution of BFR concentrations in samples (data not
shown). At the same time, the significant differences in the observed
contaminant levels could reflect the heterogeneity of the pollution in
the habitats of wild animals and probable presence of areas with elevat-
ed background contamination, despite the relatively small sampling ter-
ritory covered (~70,000 km?), which is comparable in size to the
distances covered by individual animals. There are no electronic waste
processing facilities and no major waste incinerators in Latvia that
have been shown to be significant emitters of BFRs into the environ-
ment elsewhere (Liagkouridis et al., 2014), thus the main sources of pol-
lution could be uncontrolled disposal of BFR-containing waste and
atmospheric emissions of these compounds through small-scale incin-
eration. Nevertheless, further research can be recommended in order
to identify highly contaminated localities.

There are only a handful of reports on the occurrence of BFRs in wild
game from other regions, and while there have been no data published
on the occurrence of BFRs in the tissues of wild boar, some indicative
comparisons can be provided with reindeer and moose. The Y pppg con-
centrations for muscle of red deer from 6.62 to 44.6 pg g~ (w.w.) ob-
served in this study were somewhat lower compared to those
obtained in the study on Finnish reindeer, in which the total concentra-
tions of selected PBDEs in the muscle samples of adult animals were in
the range from ~10 to 180 pg g~ ' (w.w.) (Suutari et al,, 2011a). The re-
sults of the same study for deer liver samples showed significantly
higher levels of PBDES, up to ~1700 pg g~ ' (w.w.) compared to the cur-
rent study where Y pgpe in red deer liver ranged from 17.7 to
59.2 pg g~ ! (w.w.). In a study from Germany (Pipke et al., 2011),
deer liver contained selected PBDEs (excluding PBDE-209) with the
total concentration ranging from 30 to 120 pg g~ ' (w.w.), which also
was higher than in our study. Regarding the PBDE content in moose
musculature, another research group (Suutari et al., 2011b) reported
concentrations that were similar to this study, with > pgpg of
20 pg g~ ' (w.w.) in adult moose specimens sampled in the middle re-
gion of Finland, while significantly higher mean }_ pgpe concentrations
0f 500 pg g~ ' (w.w.) were observed for the musculature of moose spec-
imens from the Lapland region of Finland. The liver of moose specimens
analyzed in the current study contained similar Y pgpg concentrations
to those observed in the study by Mariussen et al. (Mariussen et al.,
2008), in which the mean }_pppg concentrations were in the range
from 33 to 50 pg g~ ! (w.w.). It can be concluded from the aforemen-
tioned studies that herbivores in the wilderness of Latvia are generally
less exposed to PBDEs, compared to those in Finland and Norway,
which can be attributed to the higher degree of industrialization and
economic activity in the Scandinavian countries. The lower susceptibil-
ity of terrestrial animals to the accumulation of BFRs in comparison with
aquatic biota was confirmed by the fact that the mean concentration of
HBCDs found in the musculature of selected wild animals (90.9 pg g~ '
w.w.) was significantly lower in comparison to the mean concentrations
of HBCDs previously found in eel samples (312 pg g~ ! w.w.) collected
from Latvian lakes and in Baltic wild salmon (1590 pg g~ ' w.w.) (Zacs
et al, 2014a; Zacs et al., 2014b).

3.2. The contamination pattern with PBDE congeners/HBCD diastereomers

Despite the different patterns of PBDE bioaccumulation and bio-
transformation in various species, the congener profiles could substan-
tially reflect the probable sources of PBDE contamination. The tetra-
through hexabrominated homologs of PBDEs were the predominant
congeners in liver and muscle samples of the studied animals, contrib-
uting from 59 to 91% of the total load of the selected PBDEs (Fig. 3).
Among the individual congeners, PBDE-47 and PBDE-99 were
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predominant in musculature, most likely reflecting that the contamina-
tion source was the widely used and recently banned commercial
“penta-BDE” formulation, in which the latter congeners are among the
most predominant (D'Silva et al,, 2004). Despite the widespread appli-
cation of “octa-BDE” and “deca-BDE” formulations containing mainly
PBDE-209, the contribution of this congener to the sum of PBDEs in
muscle samples accounted for only about 6%, while a much higher con-
tribution of PBDE-209 to the ) _pppe Was observed in liver samples,
reaching 36% on average for wild boar. The observed PBDE distribution
between the tissues of selected animals probably reflected the differ-
ences in bioaccumulation or biotransformation potential of congeners
having different extent of bromination, as already observed in previous
studies for non-aquatic organisms (Huwe and Smith, 2007; Kierkegaard
et al, 2007; Thuresson et al., 2006). Fig. 4A illustrates significant corre-
lations (r? = 0.98) between the mean concentrations of PBDEs in the
musculature and liver of the selected species, if only tetra- through
hexa-BDE congeners are taken into account, while much weaker corre-
lation was observed when considering the hepta- and deca-BDEs (r° =
0.29 in the case of wild boar if highly brominated congeners are includ-
ed in the evaluation (data not shown)). The observed data could reflect
species-selective bioaccumulation and biotransformation of PBDEs in
terrestrial biota and support the earlier reports about species-selective
bioaccumulation and biotransformation, probably via debromination
of different PBDE congeners (Fernandes et al., 2009; Zhou et al,, 2002).
A notable observation was also made with regard to the concentrations
of individual tetra-brominated, penta-brominated, and hexa-
brominated PBDE congeners with high detection rates (e.g., PBDE-47,
PBDE-99, and PBDE-153). There were significant correlations between
PBDE-47 and PBDE-99 in both liver (r? = 0.81) and musculature (°
= 0.82), while much weaker correlations were observed between the
total concentration of PBDE-47 and PBDE-99 (3_47/0) and the concen-
tration of PBDE-153 (¥ = 0.67 and 1* = 0.62 for liver and musculature,
respectively) (Fig. S1). Along with the distinct bioaccumulation and
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biotransformation properties of different PBDE congeners, such correla-
tions could reflect the separate sources of these specific PBDEs, consid-
ering that PBDE-47 and PBDE-99 are two major components of the
commercial “penta-BDE” formulation, while PBDE-153 is released to
the environment from both “penta-BDE” and “octa-BDE” commercial
formulations (La Guardia et al.,, 2006).

The HBCD diastereomer profile observed in all of the analyzed sam-
ples was similar to the pattern typically found in aquatic biota, including
a pronounced domination of e-HBCDs over f3- and y-HBCDs (Covaci
et al,, 2006), with a-HBCDs contributing 85% of the J_pcp on average
(Fig. 3). Considering that y-HBCDs are the predominant contaminants
in the majority of environmental matrices like soils and sediments,
which tend to harbor HBCDs released from discarded polymers, as
well as in technical HBCD mixtures, the observed diastereomer pattern
probably arises by selective metabolism of the different enantiomers
(Zegers et al., 2005). The occurrence of these processes in selected ter-
restrial biota is supported by the close correlation (1° = 0.99, Fig. 4B) be-
tween the mean concentrations of - and -y-HBCDs observed in the
analyzed samples (liver or musculature of red deer, wild boar, and
moose), which was also consistent with a recent study on the distribu-
tion of HBCD diastereomers in fish and marine invertebrates (Son et al.,
2015).

3.3, Lead and cadmium levels in the selected species

The overview of wet weight-based concentrations of lead and cad-
mium in the tissues of moose, red deer, and wild boear is shown in
Fig. 2. Cadmium levels in the muscle tissues were relatively low. Twenty
out of the twenty-four muscle samples contained cadmium at concen-
trations below the limit of detection (0.005 mg kg~ ', w.w.). One sample
of moose muscle and two samples of red deer muscle contained levels of
cadmium that ranged from the limit of quantification (0.02 mg kg™,
w.w.) to 0.03 mg kg~ !, w.w. The determined levels of cadmium in red
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Fig. 2. Box plots of the concentrations of PBDEs (A), HBCDs (B), cadmium (C), and lead (D) in the liver and muscle tissues of the analyzed species.
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deer muscle were similar to those observed in Spain, with the mean
concentrations of 0.01 mg kg~ ', w.w. (Soler et al., 2016). None of the
wild boar muscle samples contained cadmium at detectable levels.
The highest cadmium levels were observed in liver samples, in a good
agreement with the fact that cadmium does accumulate in liver and kid-
neys, but to a much lower degree in muscle tissue. Red deer and wild
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boar liver samples contained relatively low levels of cadmium, with
the mean values of 0.18 and 0.15 mg kg~ ! w.w., respectively. No corre-
lations between the cadmium level in liver tissue and the age of animal
were observed for any of the selected species. The levels found in red
deer liver were similar to those in game meat from Croatia -
0.15 mg kg7, but the levels in wild boar were higher - 0.39 mg kg~',

B)

200 2
y=0.09x+ 169 L
. R2=0.99 e
2 e
£ 150 o
< -
g o
G 100 v
2 P
£ 5.0 ,09,
(<4
0.0
0 50 100 150 200

aHBCD, pg g, w.w.

o Liver © Musculature

Fig. 4. Correlations between the concentrations of BFRs in the analyzed tissues (A for PBDEs and B for HBCD).
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w.w. (Lazarus et al., 2014). The cadmium level detected in wild boar
liver from Spain was 0.33 mg kg™, w.w. (Neila et al., 2017). The highest
concentrations of cadmium (up to 2.32 mg kg~ ', w.w.) were observed
in moose liver, and could be associated with the diet of moose, which
consists mainly of aspen and willow. Studies by other authors have
shown that these tree species are by far the most important cadmium
contributors, while in the areas featuring extensive growth of aspen
and willow the daily intake of cadmium by moose could be as high as
7 mg or even more (Brekken and Steinnes, 2004). Thus, much higher
cadmium levels were observed in the Mackenzie Mountains region,
Canada, with the mean concentrations of 48.3 mg kg~ !, w.w. (Larter
et al, 2016). Considering that the cadmium levels in moose liver are
likely to depend on the age of the animal (Danielsson and Frank,
2009), the very pronounced differences of cadmium concentration
(ranging from 0.03 to 2.32 mg kg~ ', w.w.) in the analyzed moose sam-
ples could be attributed to the significant range of animal age. However,
the number of analyzed samples was too small to ensure statistically re-
liable information and further studies should be carried out to confirm
this trend. At the same time, it should be pointed out that no correla-
tions or trends were observed between the animal age and cadmium
levels in other species. In addition, our study demonstrated that the cad-
mium content in the analyzed animals was not dependent on the hunt-
ing region. The main source of cadmium in the environment is non-
ferrous mining and smelting. Since there are no smelters in Latvia, the
only relevant anthropogenic sources of cadmium are phosphate fertil-
izers, fossil fuel combustion, and waste disposal, especially incineration
(ATSDR, 2012). Considering that cadmium moves easily through soil
layers and enters into the food chain through uptake by plants, root
crops, and cereals, the contamination level of Latvian terrestrial envi-
ronment with cadmium is likely to be evenly distributed, with no highly
contaminated areas.

Overall, the concentrations of lead were lower than those of cadmi-
um. Lead was found at quantifiable levels in thirteen (31%) out of the
forty-two samples. The highest concentrations of lead (up to
1.21 mg kg, w.w.) were found in moose muscle tissue samples. One
of the main causes of lead contamination could be the use of lead-
based rifle bullets in hunting. These bullets are designed to disintegrate
on impact, resulting in widespread and significant fragment dispersion
(Knott et al., 2010). The highest detection frequencies of 38% in muscle
tissue and 78% in liver tissue were observed in wild boar samples. The
concentrations ranged from 0.01 to 0.04 mg kg~ ' (w.w.) in muscle tis-
sue and from 0.02 to 0.03 mg kg™ (w.w.) in liver tissue. The obtained
concentrations were significantly lower compared to those observed
in Croatia - 0.17 mg kg~ " in liver and 0.19 mg kg~ ' in muscle tissue
(Lazarus et al., 2014). The levels recently observed in Spain were even
higher - up to 0.38 mg kg~ " in liver (Neila et al., 2017). No correlation
between the concentration of lead and the age or origin of animals
was observed for the selected species. Taking into account that wild
boars are omnivore animals, heavy metals may be partly taken up by
consumption of earthworms, which are known to accumulate consider-
able amounts of lead, as well as other heavy metals (Latif et al., 2013).

Documenting the contamination status of wild animals can provide
a versatile tool for the characterization of terrestrial pollution and iden-
tification of potential health risks for wild game consumers. However,
there is no systematic information available on the human consumption
of wild game in Latvia, and therefore no assessment of contaminant in-
take can be provided. A comparison of the actual contaminant concen-
trations in wild game samples with the maximum levels (ML)
established in the EU could support any risk assessment strategies.
None of the analyzed samples exceeded the ML for cadmium in meat
(0.05 mg kg™ ), as set by the European Commission, while three of
the moose liver samples exceeded the ML for liver (0.50 mg kg~ ")
(European Union, 2006). Considering the EU MLs for lead in meat
(0.10 mg kg~ !, w.w.) and in offal (0.5 mg kg~ ', w.w.), none of the an-
alyzed wild game samples exceeded the established maximum permis-
sible concentrations. Therefore, it can be concluded that the
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consumption of wild game meat is unlikely to pose any risk due to the
intake of high levels of cadmium or lead, while the consumption of
moose liver might be less recommended.

4. Conclusions

Samples of moose, red deer, and wild boar tissues from different dis-
tricts of Latvia were analyzed for the content of PBDEs, HBCD, TBBPA,
cadmium, and lead in order to evaluate the contamination status of
Latvian terrestrial biota. Among the analyzed species, the highest
mean concentrations of PBDEs, cadmium, and lead were observed in
the tissues of moose, while wild boar contained the highest levels of
HBCDs. For all of the analyzed species, liver was found to contain higher
concentrations of contaminants compared to the muscle tissue. Al-
though the concentrations of the selected contaminants in the analyzed
terrestrial biota samples were not dependent on the sampling site, sig-
nificant differences in contaminant concentrations could reflect the het-
erogeneity of the pollution in the habitats of wild animals and probable
presence of areas with elevated background contamination. The conge-
ner profile of PBDESs in the tissues of animals indicate a probable con-
tamination from the recently used “penta-BDE” formulation, while the
highly brominated components of the widely applied “octa-BDE” and
“deca-BDE" formulations, as well as the components of technical mix-
tures of HBCDs may be prone to congener-specific or diastereomer-
specific bioaccumulation or metabolism in terrestrial animals. Consider-
ing the data available in sparse reports from other regions, it can be con-
cluded that the terrestrial biota in Latvia reflect a lower degree of
environmental contamination.
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Fifteen halogenated flame retardants (HFRs) including seven emerging brominated flame retardants
(EBFRs) and eight dechlorane-related compounds (DRCs) were analyzed in eels (Anguilla anguilla)
sampled from five Latvian lakes. Out of the seven EBFRs, hexabromocyclododecane (HBCD) and deca-
bromodiphenyl ethane (DBDPE) were found in eels in quantifiable concentrations, up to 6.58 and
33.0ngg ! lipid weight (Lw.), respectively. The mean total concentration of DRCs (3"prc) in the samples
was 0.62 ng g~ ! Lw. and the geographical distribution of DRC contamination was nearly uniform among
the selected lakes. Dechlorane 602 (Dec 602) was the predominant component, whereas the composition
of mixture containing syn- and anti-Dechlorane Plus (DP) stereoisomers showed a pronounced enrich-
ment of the anti-DP isomer and was close to the composition of OxyChem® DP commercial product. The
determined concentrations of HFRs were lower than in other studies of aquatic biota from Europe and
Asia, and the obtained results reflect the acceptable environmental status of Latvian lakes with regard to
the total content of HBCD (3 ngcp), considering the environmental quality standards (EQS) stated in the
Directive 2013/39/EU. The highest > upcp levels were observed in eels from lakes corresponding to the
industrialization of those areas, while the results of principal component analysis (PCA) showed that the
concentration of HBCD depended on the particular sampling lake, reflecting non-uniform contamination
of the Latvian environment with this EBFR.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Persistent organic pollutants (POPs) are of global concern
because of their toxicity, bioaccumulation, and the potential for
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long-range transport. Due to the bioaccumulation in food webs,
POPs pose significant risks to the environment and human health
(WHO/UNEP, 2013). Considering the behavior and fate of POPs,
marine and freshwater environments are highly affected by these
compounds and the contamination status of aquatic environments
could reflect the overall extent of pollution in the surrounding area
(Wenning and Martello, 2014). While the high degree of pollution
with POPs in the Baltic Sea environment has been known for
several decades (Helkom, 2004; Koistinen et al., 2008), there is a
notable knowledge gap on POP levels in the inland aquatic envi-
ronments of the Baltic region. Only few references report the levels
of such POPs as polychlorinated dibenzo-p-dioxins, dibenzofurans,
and biphenyls (PCDD/Fs and PCBs), as well as polybrominated
diphenyl ethers (PBDEs) in freshwater fish from the Baltic countries
(Zacs et al., 2013, 2016). Considerable political and scientific inter-
est over the past decades has been attracted by halogenated flame
retardants (HFRs), with a special emphasis on emerging bromi-
nated flame retardants (EBFRs) (Igbal et al., 2017). These com-
pounds are used on a large scale in order to lower the flammability
of materials used in electronic devices, plastics, polystyrene foams,
textiles, paints, and other consumer materials (D'Silva et al., 2004).
After restrictions imposed on the applications of PBDEs due to their
adverse effects to the environment and human health (European
Court of Justice, 2008) there has been a growing demand for
alternate flame retardants, and therefore the usage of EBFRs has
significantly increased. Nevertheless, these alternative BFRs also
showed POP-like properties similar to those of PBDEs. The use and
disposal of articles containing EBFRs resulted in their presence in
various environmental samples, as confirmed by recent studies
(Igbal et al,, 2017). Among the EBFRs, hexabromocyclododecane
(HBCD) is one of the most widely used FRs in Europe (Covaci et al.,
2006). However, due to its toxicity and the specific POP properties,
legal and administrative measures were recently requested by the
European Commission with regards to the production, use, import
and export of this compound (Commission Regulation (EU) No
2016/293). A number of brominated chemicals have been recog-
nized as EBFRs (e.g., 1,2-bis(2,4,6-tribromophenoxy Jethane (BTBPE)
and decabromodiphenyl ethane (DBDPE)), although very scarce
data is available about the occurrence of the majority of these
compounds, and in order to implement effective strategies for the
minimization of possible hazardous effects of these compounds,
such information was requested by the relevant authorities
(Commission Recommendation (EU) 2014/118/EU; EFSA, 2012).
Other promising contenders expected to fill the vacant niche in the
market of FRs after the prohibition of PBDEs were norbornene-
based FRs, among which the most important representatives are
Dechlorane Plus (DP), which is classified by the United States
Environmental Protection Agency (US EPA) as a high production
volume chemical (Ren et al., 2008), Dechlorane 602 (Dec 602), Dec
603, and Dec 604 (Shen et al., 2011a,b). However, compounds
belonging to the family of dechlorane-related compounds (DRCs)
were later found to be toxic and exhibiting the properties of POPs
(Chen et al., 2017). Moreover, recent studies reflect a notable in-
crease of DRC levels in the environment, therefore attracting the
attention of scientists in the field of environmental protection. (Li
et al., 2014; Liu et al., 2016).

Aquatic biota serves the role of a versatile indicator that can
accumulate POPs and thus reflect the overall contamination status
of the environment. The European eel (Anguilla anguilla) is a
carnivorous, catadromous fish, which is widely distributed
throughout Europe, Eel absorbs and concentrates the bio-
accumulative organic pollutants that are present in low concen-
trations in its diet consisting of crustaceans, worms, snails, larvae,
and small fish. For these reasons, eels have long been considered as
a bioindicator species that can point to the contaminants present in
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local habitats (Malarvannan et al., 2014; Roosens et al, 2010;
Santillo et al., 2005). The occurrence of FRs in eels has been docu-
mented in a number of publications (Bragigand et al., 2006;
Malarvannan et al, 2014; McHugh et al, 2010; Roosens et al.,
2010; Suhring et al., 2013, 2014, 2015; Ten Dam et al,, 2012; Zacs
et al, 2016). While the levels of legacy BFRs like PBDEs in eels
from Latvian lakes have been recently reported (Zacs et al., 2016),
there are no data on the occurrence of EBFRs and DRCs in inland
aquatic biota in Latvia. Such information is of great importance for
the assessment of contamination status of the Latvian environ-
ment, complementing the characterization of the overall situation
regarding POPs in European environment and providing an insight
into the bioaccumulation and persistence trends of these relatively
new compounds in such bioindicator species as the European eel.
Therefore, this study aims to investigate the concentration of EBFRs
and DRCs in eels sourced from five Latvian freshwater lakes
selected to representatively cover the geography of the region and
to compare these results to the levels of the same pollutants in eels
from other European countries.

2. Materials and methods
2.1. Sample collection and storage

Fifty eight eel (Anguilla anguilla) specimens of various length
and weight were caught in Latvian freshwater lakes during the
period from September 2013 to May 2014 at the 5 locations shown
in Fig. 1. These locations were carefully selected to evenly cover all
essential eel stocks in the Latvian territory and also to have a
maximum variation in body weight and length. At least five eel
specimens were collected to represent each sampling site. The
samples were packed in polyethylene bags, uniquely coded, and
stored with ice during delivery to the laboratory. The average
length and weight of eels were 76 cm (ranging from 39 to 101 cm)
and 1.0 kg (ranging from 0.10 to 1.87 kg). The age of eel specimens
was determined at the National Marine Fisheries Research Institute
(Gdynia, Poland) by applying otolith image analysis. The age was
established only for 60% of the collected specimens and was found
to be in the range from 11 to 30 years. The lipid content of samples
was determined within the scope of a previous study (Zacs et al,,
2016) and it was in the range from 20 to 41%. The specimens
were dissected, musculature (including subcutaneous fat) was
isolated and homogenized using a food blender (Kenwood FP101T,
Kenwood Ltd, UK), and the homogenates were packed into poly-
ethylene bags and stored at —18 °C until analysis.

2.2. Chemicals and materials

Standard solutions of individual >Cjy-labeled a-, §-, and y-
HBCD diastereomers, native Dec 602, syn-DP, anti-DP, and their
isotopically labeled surrogates 3Cyg-Dec 602, 3Cyo-syn-DP, 13Cyo-
anti-DP, as well as '3Cq5-PCB-194 were purchased from Cambridge
Isotope Laboratories, Inc. (Andover, MA, USA). Certified standards of
target FRs, namely, a-HBCD, 3-HBCD, y-HBCD, (2,3-dibromopropyl)
(2,4,6-tribromophenyl) ether (TBP-DBPE), hexabromobenzene
(HBB), 2-ethylhexyl 2,3,4,5-tetrabromobenzoate (EH-TBB), 1,2-
bis(2,4,6-tribromophenoxy)ethane (BTBPE), decabromodiphenyl
ethane (DBDPE), hexachlorocyclopentadienyldibromocyclooctane
(DBHCID) and tetradecabromo-1,4-diphenoxybenzene (TDBDPB)
were supplied by AccuStandard, Inc. (New Haven, CT, USA). The DP
derivatives decachloropentacyclooctadecadiene (CI10DP) and
undecachloropentacyclooctadecadiene (CI11DP) were supplied by
Wellington Laboratories (Guelph, ON, Canada), while Mirex, Dec
603, and Dec 604 were obtained from Santa Cruz Biotechnology
(Dallas, TX, USA). Stock solutions were prepared in toluene or in
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Fig. 1. Distribution of sampling locations throughout Latvia.

toluene/acetonitrile mixture and were stored at —18°C in amber
colored glassware. High performance liquid chromatography
(HPLC) grade methanol, pesticide grade n-hexane, dichloro-
methane (DCM), toluene, cyclohexane, ethyl acetate, and Florisil for
column chromatography were purchased from Sigma-Aldrich
Chemie GmbH (Buchs, Switzerland). Sulfuric acid and sodium sul-
fate were obtained from Acros Organics (Morris Plains, NJ, USA).
Solid phase extraction (SPE) cartridges filled with 500 mg of acidic
silica gel were prepared manually using 6 mL SPE cartridges from
Phenomenex (Torrance, CA, USA), while Bio-Beads SX3 (200—400
mesh) sorbent was obtained from Bio-Rad (Philadelphia, PA, USA).
Calibration solutions for GC-MS analysis of DRCs were prepared by
serial dilution of stock solutions in toluene, whereas for the LC-MS
analysis of EBFRs the respective solutions in toluene were evapo-
rated to dryness under gentle nitrogen stream and reconstituted in
methanol.

2.3. Sample preparation and clean-up

The sample preparation procedures for the analyses of EBFRs
and DRCs were performed separately. The eel homogenate samples
(2 g each) were freeze-dried and spiked with 100 pL of *C-isoto-
pically labeled surrogates (concentrations of the respective surro-
gates were 20 pg mL ! for DRCs and 50—500 pPg mL~" for EBFRs)
prior to a hot extraction procedure according to the method
described by Zacs and Bartkevics (2015).

2.3.1. Clean-up procedure for the analytes of EBFR group

For the analysis of EBFR group that included HBCDs, TBP-DBPE,
HBB, EH-TBB, BTBPE, DBDPE, and TDBDPB, the sample extract was
treated according to the procedure outlined by Zacs et al. (2014a).
In brief, the fatty residue obtained after hot extraction was recon-
stituted in n-hexane/DCM mixture, treated with sulfuric acid and
acidic silica gel, and subjected to fractionation using a Florisil col-
umn. After washing of the column with n-hexane, the analytes of
interest were eluted with n-hexane/DCM mixture, the organic

solvents were evaporated, and the final extracts were reconstituted
in methanol prior to LC-Orbitrap-MS analysis.

2.3.2. Clean-up procedure for the analytes DRC group

Analysis of the DRCs (Mirex, syn-DP, anti-DP, DBHCTD, CI10DP,
CI11DP, Dec 602, Dec 603 and Dec 604) was performed using the
method described by Rjabova et al. (2018), modified by including
acidic silica gel in the clean-up protocol. After the hot extraction
procedure, the bulk of high molecular mass compounds were
removed by using gel permeation chromatography (GPC) on a
column filled with Bio-Beads SX3 (Bio-Rad, Philadelphia, PA, USA)
stationary phase and cyclohexane/ethyl acetate (1:1, v/v) mixture
as eluent. The eluents obtained after GPC procedure were evapo-
rated, reconstituted in of n-hexane (~0.5mL), and applied on the
top of the SPE cartridge filled with 500 mg of acidic silica gel. The
DRCs were eluted from the column with 10 mL of n-hexane/DCM
mixture (1:1, v/v), the solvents were evaporated under a gentle
stream of nitrogen and the obtained residue was reconstituted in
50 pL of the recovery standard '>Cy5-PCB-194 solution in toluene
prior to the instrumental analysis.

2.4. Instrumental analysis

2.4.1. Instrumental analysis of EBFRs

The target analytes belonging to the EBFR group were deter-
mined using an HPLC-Orbitrap-MS system consisting of a Thermo
Scientific UltiMate 3000 Rapid Separation system (Thermo Fisher
Scientific, Waltham, MA, USA) coupled to a Q Exactive Orbitrap
mass spectrometer (Thermo Scientific, Bremen, Germany) equip-
ped with a Thermo Scientific lon Max atmospheric pressure
chemical ionization/atmospheric pressure photo-ionization (APCI/
APPI) interface. The Ion Max source was equipped with a Syagen
PhotoMate vacuum UV light source (krypton discharge lamp,
10.0 eV) (Syagen Technology, Tustin, CA, USA). The APCI probe was
used as a nebulizer-desolvation device without applying corona
discharge. The detection of analytes was performed in negative
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APPI mode by applying toluene as dopant, with the resolving power
of Orbitrap MS equal to 17,500 (full width at half maximum
(FWHM)). The HPLC separation of target compounds was carried
out by using a Kinetex C18 analytical column (100 mm x 2.1 mm,
2.6 pm). The mobile phases consisted of methanol/water and
methanol/toluene mixtures. Selected EBFRs were detected using
the two most abundant fragments of the most intense ion cluster
for each compound. Detailed information about the HPLC and
Orbitrap MS conditions and characterization of the monitored ions
can be found elsewhere (Zacs et al., 2016).

2.4.2. Instrumental analysis of DRCs

The analysis of DRCs was performed using a previously pub-
lished gas chromatography — high resolution mass spectrometry
(GC-HRMS) method (Rjabova et al., 2018). In brief, the measure-
ments were performed on a Micromass AutoSpec HRMS system
(Waters, Milford, MA, USA) coupled to an Agilent 6890 N gas
chromatograph (Agilent Technologies, Santa Clara, CA, USA)
equipped with an Agilent DB-5MS capillary column
(30m x 0.25 mm, 0.1 pm). The split/splitless injector was operated
in splitless mode, while helium was used as the carrier gas and
electron ionization in positive mode (EI") with electron energy of
35 eV was applied for analyte ionization. The data acquisition was
performed using selective ion monitoring (SIM) mode and the
resolving power of HRMS was greater than 10,000 (at 10% valley
definition). The analytes were detected using the two most abun-
dant fragments of the most intense ion cluster for each compound.

2.5. Quality assurance/quality control

All stages of the analytical procedure, including sample extrac-
tion, purification, and handling of the final extracts were performed
under conditions protected from UV light (i. e., using amber colored
glassware or wrapping the glassware with aluminum foil). The
quality control criteria for positive identification of analytes of in-
terest included the retention time of the native compounds within
awindow of 43 to 0 s compared to the corresponding >Cy,-labeled
surrogates for DRCs, and +5 to O s for EBFRs. The acceptable devi-
ation of the isotopic ratio for two monitored ions (target/confir-
mation) was set as +15% of the theoretical value for DRCs and +25%
of the value obtained at the calibration mid-point for EBFRs. Five-
point calibration curves were used for the quantification of ana-
lyte concentrations in each sample run. Procedural blanks and
quality control samples were included in the QC protocol on routine
basis and were analyzed in each sample sequence. The concentra-
tions of contaminants determined in real samples were corrected
by taking into account the analyte concentrations found in proce-
dural blanks. A list of average blanks is presented in the Supporting
information. The quality control samples were in-house reference
materials (naturally contaminated salmon tissue and fortified eel
homogenate), and the results obtained for QC samples were in the
range of 80—120% of the known fortification levels.

2.6. Statistics

Regression analyses, correlation analyses, principal component
analysis (PCA), and graph construction were performed using
Minitab 18 and Microsoft Excel 2013 software. Microsoft Excel 2013
was used to construct box plots for the data sets. The horizontal line
within the box represents the median of the distribution. The ends
of the box represent the 25th and 75th percentiles, while the
interquartile range (IQR) is the difference between the 25th and
75th percentiles. The lines that extend from each end are whiskers,
from the ends of the box to the outermost data point that falls
within the distances computed as follows: 1st quartile — 1.5 x (IQR)
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3rd quartile + 1.5 x (IQR).

3. Results and discussion

Detailed concentration data for the selected EBFRs and DRCs in
the analyzed eel samples are provided in the Supporting
Information. The current study deals with the actual levels of
selected contaminants in eels from Latvian lakes, but does not
provide human health risk assessment/dietary exposure estima-
tion, where the worst case scenarios should be considered. Taking
into account the significant differences between the lowerbound
(LB) and upperbound (UB) values of the total contaminant con-
centrations (3" ppcp and 3 prc), the LB concentrations were used as
a more reliable indicator for the content of these compounds. The
results were reported on a lipid weight (Lw.) basis. The length,
weight, age (established only for 60% of the collected specimens),
the lipid content, and the lake of origin were also included. The data
obtained in this study is presented and compared to recent studies
in Tables 1 and 2.

3.1. The levels of selected EBFRs

The current study reports data on the occurrence of seven
EBFRs, namely, HBCD, DBDPE, TBP-DBPE, HBB, EH-TBB, BTBPE and
TDBDP, which were prioritized considering the previous studies on
the occurrence of EBFRs from other regions (Byer, 2006; Suhring
et al, 2013, 2016) and the capacity of our analytical laboratory.
Except for the scarce reports on HBCDs there is no information
available about the occurrence of EBFRs in the environment of the
Baltic states. Five out of the seven aforementioned EBFR analytes
were not found in any of the eel samples above the LOQ
(Supporting Information), with only HBCDs and DBDPE detected.

3.1.1. The levels and diastereomer profile of HBCDs

a-HBCD was found in all of the analyzed samples, confirming
the ubiquitous distribution of HBCD in European aquatic environ-
ments (Law et al, 2014). The occurrence of HBCDs has been re-
ported in Latvian biota before, however, the environmental data
obtained were merely indicative since only a small number of
samples and sampling places were considered (Zacs et al., 2014a,b).
The sum of a-, §-, and y-HBCD concentrations (3 npcp) ranged from
0.05t0 6.58 ng g’] Lw., with the average of 1.64 ng g’l Lw. and the
median value of 124 ng g~" L.w. (Fig. 2), which was similar to those
obtained in our previous study. As shown in Table 1, the determined
levels of HBCD in European eel from other countries are signifi-
cantly higher, with the highest average concentrations of
4500ngg ! L.w observed in eels from highly polluted areas in
Belgium where a number of textile factories are located (Roosens
et al,, 2008). The pattern of HBCD diastereomers observed in the
analyzed samples was typical for aquatic biota, with strongly pro-
nounced predominance of a-HBCDs over (- and y-HBCDs (Covaci
et al., 2006). The main factors that may be responsible for this
observation are: 1) enzymatic isomerization of $- and y-HBCD to a-
HBCD, as previously observed in fish (Lawet al., 2014); 2) «-HBCD
has a higher water solubility (~49 pgL™') than §- and y-HBCD
(~2ug L"), and thus is more readily available for uptake (Hunziker
et al, 2004); 3) in vitro experiments with hepatic sub-cellular
fractions obtained from rat and trout showed that the biotrans-
formation of 8- and y-HBCD was approximately three times faster
than that of «-HBCD (Abdallah et al., 2014); and 4) thermal isom-
erization of y-HBCD incorporated in materials containing flame
retardants to a-HBCD during the disposal of electronic waste, as
well as photolytic conversion of y- to «-HBCD (Harrad et al., 2009).
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Fig. 2. Box plots of the concentrations (ng g~' Lw.) of selected FRs in the analyzed eel
samples.

3.1.2. The occurrence of TDB-DPE

No reports are available on the occurrence of TDB-DPE in aquatic
biota and only limited information has been published on the usage
volumes of TDB-DPE and its possible emissions. The non-detection
of this chemical in the analyzed samples does not prove its absence
in the environment, and probably could be explained with its high
molecular weight resulting in low bioavailability. Nevertheless, the
possible risks posed by the emissions of this compound into the
environment remain, as some authors suggest that TDB-DPE un-
dergoes chemical decomposition by photolysis to more bioavailable
and persistent debromination products (Chen et al., 2013).

3.1.3. The occurrence of EH-TBB

Assignificant share of the EBFR market has been filled by EH-TBB,
which was suggested as a “penta-BDE" replacement since its ban in
Europe in 2004. The data on the occurrence of EH-TBB in Latvian
lakes was in good agreement with the results from Germany, since
in both studies (Suhring et al., 2016; Zacs et al., 2016) this chemical
was not detected in eel samples. The lack of EH-TBB in eel muscle
could either be an indication that this compound is not readily
taken up by the fish, quickly metabolized, or that it is stored in
other tissue types rather than muscle (Suhring et al., 2016). How-
ever, the presence of EH-TBB was reported in freshwater fish from
Canada where the observed levels were up to 1.50ng g Lw.
(Widelkaet al., 2016).

3.14. The occurrence of HBB

Regarding the occurrence of HBB in eels, our findings were in
line with the German study in which HBB was not detected in eel
tissue (Suhring et al., 2016), whereas the same study reported that
the concentration of HBB in dabs was as high as 0.71 ng g ! Lw. and
the authors claimed that the concentration of HBB in dabs strongly
correlated with the contamination level in sediments. Eels, how-
ever, despite being bottom-dwelling fish, are unsuitable as in-
dicators for the POP pollution in sediments, because of the high
intake of contaminants through food chain (Suhring et al., 2016).
Currently no other studies are available regarding the levels of HBB
in eels, while the detection of HBB in other fish species in Europe is
not very common (see Table 1). This might be due to the fact that
HBB was extensively used as a flame retardant additive in Asia, but
no reports of production in Europe are available. It could be also
supported by the high concentrations of HBB in fish from South
China — up to 2451 + 778 ng g~ ! Lw., in samples collected from a
natural pond near an e-waste recycling site (Wu et al, 2010)

affirming the bioaccumulation potential of HBB.

3.1.5. The occurrence of BTBPE

Considering that BTBPE is classified as low production volume
chemical in Europe (EFSA, 2012) and the generally low BFR back-
ground concentrations found in the Latvian environment (Zacs
et al.,, 2016), the absence of this compound in our analyzed eels
was not surprising. Previous studies reported relatively low BTBPE
concentrations of 0.09+0.07 ngg'L.w. in American eels (Byer,
2006), while the highest levels of this BFR were observed in fish
from highly contaminated areas in South China, reflecting the
bioaccumulation properties of this compound (Table 1).

3.1.6. The levels of DBDPE

In our study, DBDPE was found in 59% of the eel samples (34 out
of 58 samples), showing a broad range of determined concentra-
tions from 0.04 and 33 ng g~ ' Lw., with an average of 2.00ng g~
L.w. and the median value of 0.07 ng g’1 Lw. (Fig. 2). According to
the available references, DBDPE was not detected in various fish
samples from St. Lawrence river, Canada and coastal waters of Chile
(Baron et al., 2013; Houde et al.,, 2014), while the levels reported for
samples originating from a highly polluted river in South China and
various rivers in Spain showed concentrations up to 230 and 130 ng
g~ Lw,, respectively (He et al., 2012; Santin et al., 2013). To our
knowledge, there are no reports on the occurrence of DBDPE in eels
until now. In a study by Santin et al. in 2013, eels were included in
the scope of the analysis, although the results were presented for
the pool of musculature from different fish species. DBDPE was
introduced as a BFR in the mid-1980s and became commercially
significant as an alternative to the BDE-209 based “Deca-BDE”
formulations (Cruz et al., 2015; Kierkegaard et al., 2009). Despite
being listed as a low production volume chemical (between 10 and
1000 tons per year) in the European Union, it has been the second
most frequently used BFR in China (Shi et al, 2009). Due to the
structural similarity of BDE-209 and DBDPE and the similar types of
applications, some relationships between their concentrations in
eel musculature could be expected. However, considering the
concentrations of BDE-209 in our analyzed eel samples (Zacs et al.,
2016), no significant correlation was observed between the levels of
both compounds (rs=—0.011; p-value = 0.933). The obtained data
were in agreement with a recent study where the amounts of
DBDPE were higher than those of BDE-209 in ambient air samples
from southern Sweden, although the concentrations did not
correlate, indicating different sources of these two compounds
(Egebacket al., 2012). Taking into account the high heterogeneity of
the observed concentrations, the main contamination pathways of
DBDPE are still unknown. Contamination with DBDPE may origi-
nate both from point sources and long-range transport, since
studies of BDE-209 have revealed that long-range transport in the
air leads to contamination of distant regions. Due to their physi-
cochemical similarity, this could be true for DBDPE as well (Cruz
et al., 2015).

3.2. Levels of selected DRCs

3.2.1. Individual DRCs

Nine DRC representatives, including Mirex, syn-DP, anti-DP,
DBHCTD, CI10DP, CI11DP, Dec 602, Dec 603, and Dec 604 were
included in the scope of this study. Considering the whole data set,
Dec-602 was the main contaminant among the individual DRCs,
showing concentrations in the range of 0.05-1.60ng g~ ' Lw., with
an average of 0.28 ng g’1 L.w. and approximately 40% contribution
to the total DRC concentration (3" pgc). The concentrations of syn-
DP and anti-DP in the analyzed samples ranged from n.d. to 0.45 ng
¢! Lw. and from n.d. to 0.89ng g~ ' Lw., respectively, with the
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average concentration of 0.14ng g’1 Lw., and 024ng g ' Lw.,
respectively. The contribution of anti-DP to the $"prc was approx-
imately 33%, while syn-DP accounted for approximately 10% of the
S pre on average. Mirex was found in almost all of the samples,
reaching 0.06 ng g’1 Lw. on average (ranging from n.d. to
022ngg ! Lw). Only few of the samples showed quantifiable
concentrations of Dec-603 and DBHCTD, while Dec-604 was not
found in any of the samples, which was in line with the previous
studies, reflecting the fact that these chemicals are minor DRCs
among the selected norbornene FRs in fish. Dec-602, Dec-603, and
Dec-604 were produced during the last half-century (Shen et al.,
2011a; Guerra et al,, 2011; Wang et al., 2011), but no information
is available on the producers or importers, as well as on the vol-
umes of these chemicals used within the EU, therefore the evalu-
ation of currently observed results in context of environmental
hazards is very complicated. Despite the generally low concentra-
tions of DRCs found in the analyzed eels in comparison with those
obtained from other EU countries (Table 2), the observed fractional
abundance of Dec-602 within the selected DRCs was consistent
with previous studies (Suhring et al.,, 2013). The unexpected pre-
dominance of Dec-602 concentrations in eels, however, could be
explained with the significantly higher bioaccumulation potential
of this compound in comparison with other DRC representatives
(the biota-sediment accumulation factor (BSAF) of Dec-602 is
nearly 500 times higher than that of DP) (Shen et al.,, 2011b). The
concentrations of DP found during this study were lower than those
observed in eels and other fish species from EU countries, while the
available data show that the DRC contamination in fish from Europe
in general is significantly lower than in South Korea and China
(Kang et al., 2010; Zhang et al., 2011).

3.2.2. Dechlorinated DP products

A notable observation was the occurrence of the dechlorinated
DP analogs CI10DP and CI11DP in our analyzed eels, pointing to a
probable transformation of DPs. However, the source of these DP
derivatives in living organisms is still not entirely clear, as the
possible presence of anti-CI11DP in bottom-feeding fish is more
closely associated with the bioaccumulation processes from the
environment, rather than in vivo biotransformation from the parent
compound (Li et al, 2014; Zhang et al., 2011). Such assumptions
could be verified by exploring the distribution of DPs and its
dechlorinated analogues in the tissues of snakehead, where a
noticeably higher ratio of anti-Cl11DP to anti-DP was found in liver
compared to the muscle, reflecting a possible species-specific he-
patic dechlorination of anti-DP (Zhang et al., 2011).

3.2.3. The DP isomer profile

For characterization of the stereoselective distribution of DP
isomers among various environments or types of species, the
fractional abundance of one of the DP isomers expressed as a ratio
of concentrations of the predominant isomer versus the sum of
both isomers (Y pp) was proposed as a comparative criterion
(Suhring et al., 2013; Sverko et al., 2010). Contrary to the previous
studies on European and American eels, where syn-DP was found to
be predominant in musculature over anti-DP isomer (Suhring et al.,
2015, 2016), in almost all of the samples included in our study anti-
DP predominated over syn-DP and therefore the f;; values were
calculated for the analyzed samples. Only for the samples in which
both isomers were detected, fi,¢ values were calculated and sub-
sequently considered in the calculations of mean f,; values for the
analysed samples. The fa, values were found to be in the range of
0.48—0.88 with the average of 0.64, and these observed values
agreed with the fyng of 0.69 for five different fish specimens from
South China reported by Kang et al. (2010), as well as with other
studies (Kakimoto et al., 2012; Peng et al., 2014; Zhang et al., 2011).
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Similar results were obtained in a study on the isomeric distribu-
tion of DP in muscle, liver, and brain tissues of northern snakehead
and mud carp, which showed the enrichment of anti-DP with the
fanti Values ranging from 0.51 to 0.80, whereas higher affinity for
anti-DP was determined in brain tissues (fan of 0.80 for northern
snakehead and 0.71 for mud carp) (Zhang et al., 2011). Therefore,
the observed distribution of DP isomers in eel tissue could reflect
the probable contamination source from OxyChem® DP commer-
cial product, in which the f3, value was found to be in the range
from 0.64 to 0.80 (Hoh et al., 2006; Tomy et al., 2007; Wang et al.,
2010, 2011; Shen et al., 2011a).

3.3. Biological parameters vs FR concentrations

Similarly to our previous study on the content of POPs in eels
(Zacs et al., 2016), no pronounced correlations were observed be-
tween the levels of HFRs and age, length, or weight of eels
(Spearman rank correlation p-values > 0.05). The grouping of the
samples according to length, age, or weight and the application of
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T-test for data treatment did not reveal statistically significant
differences between the sample groups (p-values > 0.05).

3.4. Geographical variation

Taking into account that the number of samples used in our
study was relatively low for some of the sampling locations and
certain variables are not known for several samples (e.g., the age of
fish specimens), detailed statistical analysis of the whole dataset is
problematic. According to the previously published geographical
trends of POPs in Latvian lakes (Zacs et al., 2016), the highest PBDEs
concentration range in eels were observed in Lake Kisezers and
Lake Liepajas, since they are both located near industrialized areas.
The box plot of concentrations of DBDPE, > ngcp, and > prc grouped
by the sampling locations of the current study are shown in Fig. 3.
The highest concentrations of HBCD were observed in eels from
Lake Liepajas and Lake Kisezers corresponding to industrialization
of the areas and reflecting similar geographical trend as for PBDEs
(Zacs et al., 2016). However, relatively high levels were also
observed in Lake Aluksnes, which is located outside the industri-
alized areas of Latvia, indicating unknown sources of contamina-
tion, probably historical wastewater influx into the lake or
municipal waste disposal in the surrounding area. As discussed in
the previous chapter, DBDPE and HBCD concentrations in our
analyzed eels did not reveal significant correlations, showing the
highest DBDPE concentrations in eels from Lake Usmas and Lake
Aluksnes, while the specimens from Lake Kisezers, Lake Sivers, and
Lake Liepajas contained significantly lower DBDPE concentrations.
Therefore, the pattern of lower contamination in lakes near the
Baltic Sea and higher contamination in inland lakes with poor
water exchange has been observed for DBDPE. Considering the DRC
data observed for the analyzed eel samples, there were no excep-
tional deviations in the levels of these contaminants within the
selected lakes, reflecting nearly constant background concentra-
tions for this group of contaminants.

In order to evaluate the effects of geographical distribution of
selected HFR levels and to assess the possible data clustering
related to the sampling locations, principal component analysis
(PCA) was applied for the treatment of the raw data while
considering the biological parameters and contaminant concen-
trations in the analyzed tissues of eels. The results of PCA showed
that only the levels of HBCD depended on the sampling location
(Fig. 4), whereas no data clustering was observed on the geostatic

map for other contaminants, confirming the random distribution of
DBDPE and DRC concentrations in samples from different locations
(data not shown). It is well known that the use of HFR-containing
materials is a major source for the influx of these compounds into
the environment. While there are no electronic waste processing
facilities and no large scale waste incinerators in Latvia that are
known to be significant emitters of BFRs into the environment
(Liagkouridis et al., 2014), it can be presumed that the main sources
of pollution could be uncontrolled disposal of HFR-containing
waste, atmospheric emissions through small scale incineration,
atmospheric deposition of these compounds from more industri-
alized areas or pollution through the rivers, which are affected by
industrial effluents from upstream factories beyond the Latvian
territory.

Taking into account the environment quality standard (EQS)
criteria developed for the assessment of environmental pollution
(Directive (EU) No 2008/105/EC), the observed results indicate
acceptable environmental status of Latvian lakes with regard to the
content of HBCD, showing the actual concentrations of this chem-
ical in the samples more than a hundred times lower than the EQS
criteria for biota established by the Directive 2013/39/EU. At the
same time, it should be pointed out that the EQS values established
for biota are criticized in some studies and could not provide
objective estimates in some cases (Jurgens et al.,, 2013). Despite the
generally low concentrations of HFRs observed in this study as well
as the absence of identified contamination hotspots and significant
sources of HFR influx throughout the territory of Latvia, the
observed clustering of HBCD data could indicate non-uniform
contamination of the Latvian environment and, therefore, the
possible presence of some areas with elevated levels of BFRs. Thus,
it is advisable to continue the efforts to identify such areas where
the protective measures and legislative initiatives on the reduction
of the presence of HFRs in the environment should be focused.

4. Conclusions

In order to evaluate the contamination status of Latvian aquatic
environment, samples of European eel from five Latvian lakes were
analyzed for the content of EBFRs and DRCs. For the first time, data
on these contaminants are presented for inland aquatic biota from
the Baltic region. Among the selected EBFRs, only HBCD and DBDPE
were found in the analyzed samples, whereas Dec-602 was the
predominant compound in DRC group. The fractional abundance of
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syn- and anti-DP stereoisomers showed pronounced enrichment of
anti-DP, which is close to the composition of OxyChem® DP com-
mercial product, reflecting a probable contamination source from
releasing of DP from disposal of consumer products. The concen-
trations of HFRs observed in the current study were lower than in
previous studies on aquatic biota from Europe and Asia. The envi-
ronmental status of Latvian lakes with regards to the contamina-
tion with HBCD is acceptable according to the environment quality
standard (EQS) criteria stated in the Directive 2013/39/EU.
Considering the data available in reports from other regions, it can
be concluded that the aquatic biota in Latvia reflect a lower degree
of environmental contamination.
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Supplementary data related to this article can be found at
https://doi.org/10.1016/j.chemosphere.2018.01.105.
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The occurrence of polybrominated diphenyl ethers (PBDE), perfluorinated compounds (PFC), and
nonsteroidal anti-inflammatory drugs (NSAID) in Latvian freshwater ecosystems was evaluated by using
filter-feeding mussels as bioindicators. Twenty four samples of mussels were collected from freshwater
bodies throughout the territory of Latvia during the summer of 2017. PBDE contamination was ubiqui-
tous, reaching the highest total concentration of 193.2 pg g~ w.w. BDE-209 was the most abundant
compound, followed by penta-BDE components BDE-49, -100, —99, —153, —154, and —47 in decreasing
order. The levels of PFCs in Latvian mussels were generally lower than those reported from other regions.
Perfluorooctanoic acid (PFOA) was more common in mussels than perfluorooctane sulfonate (PFOS).
Ibuprofen was the only NSAID detected in mussels during this study (detection frequency 50%). The
observed concentrations of this compound varied between 0.52 and 109 ng g~! w.w., being noticeably
higher than reported by other authors. Overall, the results indicate that among the three analysed groups
of contaminants, ibuprofen is present in Latvian freshwater environment at relatively high levels and
further monitoring should be carried out.
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1. Introduction

Several characteristics of freshwater mussels make them suit-
able as an indicator organism for the occurrence of chemical
contamination in the environment (Bedford et al., 1968). They are
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sessile, thus providing location-specific information. Furthermore,
mussels are filter-feeders that mainly consume phytoplankton by
pumping and filtering large volumes of water. This water filtration
behaviour also enables them to effectively accumulate chemical
pollutants from water, thereby providing an integrative measure of
the concentration and bioavailability of water pollutants. As lower
members of the aquatic food chain, they transfer anthropogenic
pollutants from the abiotic phase and the primary production level
to the higher trophic levels in the food chain, such as mussel-eating
invertebrates, birds, and mammals (Beyer et al., 2017). Due to these
qualities, bivalve organisms have been used as bioindicators for
nearly 50 years (Farrington et al., 2016). The range of contaminants
analysed in mussels ranges from “priority pollutants” like heavy
metals and halogenated hydrocarbons to chemicals of emerging
concern like flame retardants, surfactants, pharmaceuticals, and
even drugs of abuse (Beyer et al.,, 2017; Cunha et al. 2005, 2017; de
Solla et al., 2016). In this study, a wide range of contaminants was
selected, including brominated flame retardants (PBDEs), surfac-
tants (PFCs) and pharmaceuticals (NSAIDs). To our knowledge, no
data on the contamination status of mussels from Baltic inland
waters have been published before.

Flame retardants are a group of chemicals that are used to
prevent fire incidents. PBDEs were one of the most frequently used
groups of flame retardants until the mid-2000s when strict regu-
lations were imposed on the production of these compounds
(2003/11/EC, 2002/95/EC, and 2005/717/EC). Due to the high vol-
umes of production, widespread use in the past, as well as their
hydrophobicity (lipophilicity) and persistence, PBDEs have become
ever-present contaminants in the environment and their occur-
rence has been confirmed in various environmental media
including soil, air, water and sediment samples, as well as humans
and biota (Akortia et al.,, 2016). As a result, their occurrence in
various biotic matrices, including mussels, has been studied (Beyer
et al, 2017; Vandermeersch et al., 2015). PBDE contamination sta-
tus in Latvia has been previously reported for freshwater fish
samples and significant concentrations were discovered (Zacs et al.,
2016). PBDE concentrations in eel samples were above the envi-
ronmental quality standard (EQS) stated in Directive 2013/39/EU
and further studies were recommended.

PFCs are widely used as surfactants in industrial and consumer
products and as additives for fluoropolymer production (Ahrens,
2011). PFCs are extremely persistent, bioaccumulative and toxic,
and globally distributed in the environment. The best known PFCs
are perfluorosulfonates (PFOS) and perfluorocarboxylic acids
(PFOA). Both classes of substances are recognised as widespread in
the environment (Ahrens, 2011). Despite phasing out the produc-
tion of long-chain perfluorocarboxylic acids in the United States,
Western Europe and Japan, many PFCs are still released into the
environment due to continuous production and use in other
countries (OECD, 2015). PFCs have been reported in bivalves
worldwide (Houde et al., 2006).

Pharmaceuticals are referred to as emerging pollutants, because
their occurrence in the environment has been investigated rela-
tively recently and their impact has not yet been fully explored.
NSAIDs are some of the most often investigated and detected
pharmaceuticals in water samples all over the world (Nodler et al.,
2014). They are present in raw and treated wastewater (Nikolaou
et al., 2007; Pugajeva et al, 2017), surface water, groundwater
(Santos et al., 2010), and in drinking water (Caban et al., 2015).
Nevertheless, data on the occurrence of NSAIDs in bivalves are still
scarce. Taking into account that the European Commission has
recently included diclofenac in the watch list of substances to be
monitored in aquatic environments, data on the occurrence of
NSAIDs are particularly relevant (2015/495/EU).

This study aims to investigate the contamination levels and

spatial distribution of PBDEs, PFCs, and NSAIDs in the Latvian
freshwater environment using mussels as bioindicators. The study
provides new results on the contamination of mussels in Latvia by
compounds of various classes, thus filling the gaps in knowledge
about the occurrence of these compounds on a national scale. It also
improves the general understanding about the levels and temporal
trends of contaminants in Europe.

2. Materials and methods
2.1. Sample collection and storage

Freshwater mussels were collected from July to August 2017 at
twenty four sampling sites evenly distributed over the territory of
Latvia, as shown in Fig. 1. Batches consisting of three to one hun-
dred and eighty organisms of various species including swollen
river mussel (Unio tumidus), painter's mussel (Unio pictorum), duck
mussel (Anodonta anatina), swan mussel (Anodonta cygnea) and
zebra mussel (Dreissena polymorpha) were collected at each sam-
pling site. The amount of the specimens of each species is detailed
in Table S1. The mussels were kept after collection in water from the
respective sampling location for 24 h in order to eliminate partic-
ulate matter from the digestive tract. Each specimen was then
wrapped individually in aluminium foil, except for zebra mussels
that were wrapped in foil in batches because of their small size.
Mussels were frozen and stored at —18 °C. Once delivered to the
laboratory, shells of the specimens were removed, soft tissue was
isolated and homogenised using a food blender (Kenwood FP101T,
Kenwood Ltd., UK). The homogenates were packed into poly-
ethylene bags and stored at —18 °C until analysis.

2.2. Chemicals and materials

All of the solvents used in this study were at least of pesticide or
HPLC purity grade. Solvents, acids and sorbents were purchased
from Sigma—Aldrich (Buchs, Switzerland). Solid phase extraction
cartridges were obtained from Phenomenex (Torrance, CA, USA).
Deionised water was prepared with a Milli-Q (Millipore, Billerica,
MA, USA) water purification system.

The following three groups of anthropogenic pollutants were
analysed (the purity of the standards is given in parentheses; for
compounds marked with asterisk (*), 3C-labelled or deuterated
surrogates were used as internal standards):

1) PFCs: PFOS*(98%) and PFOA*(95.5%)

2) Tri-through deca-PBDEs: IUPAC numbers 28*(99%), 47%(99%), 49
(99%), 99%(99%), 100*(100%), 138*(99%), 153*(99%), 154*(99%),
183*(99%), 209" (99%)

3) NSAIDs: tolfenamic acid*(99.7%), meloxicam*(98%), carpro-
fen*(99.7%), flunixin*(99%), diclofenac*(99.5%),
ibuprofen*(99.9%), phenylbutazone®*(99%), ketoprofen (99.9%),
mefenamic acid (98.5%).

The native standards for compounds listed above were obtained
either from Dr. Ehrenstorfer (Augsburg, Germany), Sigma-Aldrich
(St. Louis, MO, USA) or Cambridge [sotope Laboratories (Andover,
MA, USA). Isotopically labelled standards were supplied either by
Cambridge Isotope Laboratories, WITEGA Laboratorien (Berlin,
Germany) or CDN Isotopes (Quebec, Canada).

2.3. Sample preparation and analysis
An aliquot of each sample was lyophilized in order to determine

the water content. The results are presented in Table S1. Sample
preparation and analysis was performed separately for each of the

133



LE. Ikkere et al. / Chemosphere 213 (2018) 507—516 509

Kura kurgu
hoiuala

0 25 50 km

Ventspils
24
e *:m ﬁisi
‘m\*,‘

Jelga\la

Kuldiga

S.ﬂndus

% 20

Bauska

o * Mazeiki -~ L [~ b A

* /-

Telsi F
Palanga 3 ¢ auli
ang: Plupge 3
Radviliski
5

Klaipé:
algeda

Limbati

Paneveza
o

3 EAN
u e RS
\\/\\ P Plesk:
an fleke
15017 N
Ceﬂsvs \ \\\: N ‘”{
16 Gulbene 13 "
*ilg J * 3
: 12 A
Mado] ] -
* * §
14

Fig. 1. The distribution of sampling locations throughout Latvia.

three contaminant groups. Detailed description of sample prepa-
ration and instrumental methods used in this study is provided in
the Supplementary material.

2.3.1. Determination of the compounds of PFC group

The sample preparation procedure included ultrasound-assisted
extraction with methanol and sodium hydroxide solution, followed
by concentration of the analytes using solid phase extraction on a
weak anion exchange cartridge. Instrumental analysis was based on
high performance liquid chromatography coupled to Orbitrap high
resolution mass spectrometry (HPLC-Orbitrap-HRMS) operated in
selected reaction monitoring (SRM) mode, with detection of
negative ions. The mass spectrometry conditions are presented in
Table S2.

2.3.2. Determination of the compounds of PBDE group

The method for the determination of selected PBDEs was
adopted from previously published studies (Zacs et al., 2016).
Sample preparation consisted of Soxtec™ automatic extraction of
freeze-dried samples with dichloromethane/n-hexane (1:1, v/v),
cleanup procedure using various sorbents and, finally, treatment
with sulfuric acid. Instrumental determination was performed us-
ing Agilent 6890N gas chromatograph (Santa Clara, CA, USA)
coupled to a Micromass Autospec Premier high resolution mass
spectrometer (Milford, MA, USA) by applying electron impact ion-
isation in positive ion mode (El+) and selective ion monitoring
(SIM) detection mode. Quantification was carried out using isotope
dilution method by introducing 3Cy»-labelled surrogates as inter-
nal standards. Detailed description of the instrumental analysis
procedure for PBDEs can be found elsewhere (Zacs et al., 2016).

2.3.3. Determination of the compounds of NSAID group
For the analysis of NSAIDs, homogenised bivalve samples were
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extracted with acetonitrile and aqueous 0.02 M ascorbic acid so-
lution. Concentration and purification of the analytes was achieved
by solid phase extraction with Strata C18 cartridges. Instrumental
separation and analysis of compounds was performed by LC-MS/
MS using Acquity Ultra Performance liquid chromatography sys-
tem (Waters, Milford, MA, USA) coupled to a QTrap 5500 (AB Sciex,
MA, USA) equipped with an electrospray source operated in MRM
mode with negative ionisation. Detailed MS parameters are shown
in Table S3.

2.4. Quality assurance/quality control

In the analysis of PBDEs, all stages of the analytical procedure,
including the sample extraction, purification, and handling of the
final extracts were performed under conditions protected from
ultraviolet (UV) radiation (i. e., using amber coloured glassware or
wrapping the glassware with aluminium foil).

The quality control criteria for positive identification of the
analytes of interest included the retention time of the native
compounds within a window of +3 to 0 s compared to the corre-
sponding >Cy,-labelled or deuterated surrogates. The acceptable
deviation of the isotopic ratio for the two monitored ions (target/
confirmation) was set as +15% of the theoretical value. Five-point
calibration curves were used for the quantification of analyte con-
centrations in each sample run. Procedural blanks and quality
control samples were included in the routine quality control (QC)
protocol and were analysed in each sample sequence. The con-
centrations of contaminants determined in real samples were
corrected by taking into account the analyte concentrations found
in procedural blanks. The QC samples were in-house reference
materials (fortified bivalve homogenates) and the results obtained
for QC samples were in a good agreement with the fortification
levels (the recovery ranged from 75 to 123%).
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2.5. Data analysis

Due to the small sample size and large variability among
treatments, we treated observations below method the limit of
detection to be zero. Open source software R (http://www.r-
project.org/) was used to construct box plots for the data sets.
Correlation analysis, principal component analysis (PCA), cluster
analysis (CA), and graph construction were performed using Min-
itab 18 software. CA was applied to cluster observations together
based upon similarity. Hierarchical agglomerative CA was per-
formed on the normalised data set using squared Euclidean dis-
tances as a measure of similarity. The coordinates of the new cluster
were calculated by complete linkage method. CA was performed on
standardised experimental datasets in order to avoid misclassifi-
cation due to wide differences in data dimensionality. PCA was used
to interpret the relationship between the contamination of mussel
samples and geographical locations. PCA calculates orthogonal
linear combinations of the standardised variables of the correlation
matrix according to the maximum variance criterion. Such linear
combinations are called principal components and the coefficients
of the linear combinations are called loadings. When the plot of
object is projected onto the first two principal component axes, a
linear projection of objects onto the two-dimensional subspace is
obtained, saving most of the total variance (Jolliffe, 2002).

3. Results and discussion

Detailed concentration data for the selected compounds in the
analysed mussel samples are provided in the Supplementary ma-
terial, Table S4.

3.1. Levels and profiles of PFCs

In order to assess PFC contamination in the freshwater
ecosystem of Latvia, two compounds (PFOS and PFOA) were ana-
lysed in mussels. PFOS was detected in 3 out of 24 (13%) samples,
with the concentrations ranging from 10 to 21 pg g’l w.w. PFOA,
however, was detected more frequently, as 10 out of 24 (42%)
samples were above the LOQ, ranging from 13 to 51 pg g ' w.w.
These values were two to three orders of magnitude lower than
9100 pg g’] w.w., which is the EQS value for perfluorooctane sul-
fonic acid and its derivatives in biota stated in the European
Commission Directive 2013/39/EC (2013/39/EC). As shown in
Table 1, most of the values observed in other studies are signifi-
cantly higher, with the highest average concentrations of PFOS of
72000 pg g~ ' w.w. in north-central Portuguese estuaries, where
paper, textile, and leather factories discharge their effluents (Cunha

et al,, 2005). Similar levels of PFC contamination to ours were
observed in coastal waters of Spain — up to 60 and 10 pg g~ ' w.w for
PFOS and PFOA, respectively (Domingo et al, 2012; Gomez et al.,
2011). PFCs have already been monitored in Latvian freshwater
biota during the summers of 2015 and 2016, when European perch
(Perca fluviatilis) was used as the indicator organism. The ranges
were 0.43—1.97 ng g~ w.w. and n.d.—0.85 ng g~ w.w., respectively
(LEGMC, 2016; LEGMC, 2017). The difference in the levels observed
in mussels and perch may be explained by accumulation differ-
ences. Some studies state that the low accumulation of PFCs in
mussels is due to the increased efflux transport activity of proteins
belonging to the adenosine triphosphate-binding cassette (ABC)
superfamily, which act as a first line of defence of the organism,
removing toxic chemicals from the cells (Epel et al., 2008).

Regarding the profiles of PFCs observed in our study, the most
abundant compound in mussels was PFOA. PFOA is more water
soluble than PFOS, demonstrating low bioconcentration factors
(BCFs) at higher trophic levels, whereas the BCFs calculated for
mussels are significantly higher (Quinete et al., 2009). It is in good
agreement with the data obtained by other authors (Nakata et al.,
2006; Quinete et al, 2009), although some studies have demon-
strated the opposite trend (Kannan et al.,, 2005).

3.2. Levels and profiles of PBDEs

PBDEs were found in all of the analysed samples, confirming a
wide distribution of these flame retardants in the freshwater
environment. The total concentrations of =pgpg ranged from 11.3 to
193.2 pg g’1 w.w., with the average of 42.1 pg g~ ! w.w. These levels
are lower than those observed in our previous study of European
eels (Anquilla anquilla) from Latvian lakes, where the sum of PBDEs
ranged from 280 to 26 700 pg g ! ww. (Zacs et al, 2016). Two
sampling places overlapped in both studies. Higher contamination
levels were observed in the Lake Kisezers — 14 900 pgg™' in eels
and 51.68 pg g~ in mussels, whereas in Lake Liepaja the contami-
nation levels were 9910 pgg ™' and 23.71 pgg |, respectively. The
concentrations of PBDE observed in eels were more than one order
of magnitude higher than those in mussels. This may be partly due
to the great differences in lipid content of both organisms. Positive
correlation between the lipid content and PBDE concentration has
been observed before (Marriusen et al, 2008). Another possible
explanation of the great concentration differences would be that
eels are at a higher trophic level, and PBDEs are bioaccumulative,
hence body burdens are proportional to trophic level. Furthermore,
the overall lifespan of the analysed mussel species is shorter than
that of eels, which may result in lower accumulation of contami-
nants in mussels. A comparison with other studies is provided in

Table 1

The concentrations of PFCs (pg g~ w.w.) in mussels from the current study and the data from previous studies (expressed as minimum — maximum (mean)).
Reference Region PFOS PFOA
Present study Latvia nd.—21(2) nd.—51(9)
Domingo et al., 2012 Spain nd.
Gomez et al., 2011 Spain nd—10
Kannan et al., 2005 USA, Great Lakes nd.
Munschy et al., 2013 France 5-900 -
Cunha et al,, 2005 Portugal 36800—125900 (72000) -
Nania et al., 2009 Mediterranean Sea n.d.—3000 n.d.—2500
Nakata et al., 2006 Japan nd. 3400-8100 (6000)
Quinete et al., 2009 Brazil n.d.—4700 n.d.—14900
Renzi et al., 2013 Italy 118-228 123-170
Zabaleta et al,, 2015 Spain n.d.—2400 -
So et al,, 2006 Japan 109-586 n.d.—661

" — the value is below the limit of detection.
not included in the study.
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Table 2.

Most of the concentrations observed elsewhere are significantly
higher, with only those in mussels from Baiyangdian Lake, China
being similar to our study (Hu et al,, 2010). Despite the relatively
low levels detected in Latvia, the concentration of brominated
biphenyl ethers in 83% of the samples exceeded the EQS value in
biota (8.5 pg g’] w.w. for the sum of congeners 28, 47, 99, 100, 153,
154), as stated in the European Commission Directive 2013/39/EU.
This fact is a source of concern regarding the water quality in Latvia
with respect to this group of chemical pollutants.

The congener profile of PBDE (shown in Fig. 2) in most of the
samples shows the predominance of tetra- and penta-brominated
BDEs, including PBDEs No. 47, 49, 99, and 100. Similar observa-
tions have been reported by several other authors (Debruyn et al.,
2009; Perez-Fuentetaja et al., 2015; Aznar-Alemany et al., 2017),
with the exception of PBDE-49, which is rarely analysed. However,
in our study PBDE-49 had the second highest average contribution
of 18%. Although this congener was found in small quantities in
penta- and octa-bromo technical BDE mixtures, significant
amounts have been also observed upon reductive debromination of
octa- and deca-brominated mixtures (Gaul et al., 2006). The highest
levels were observed in the case of PBDE-209, which is the only
deca-brominated BDE. The same results were obtained in the
analysis of mussels from the Bohai Sea, China (Wang et al., 2009).
This may be the result of several factors: 1) widespread usage of
deca-BDE formulation; 2) mussels are known to act as natural
water filters and possess limited metabolic capabilities, which leads
to the accumulation of pollutants originating from suspended
particulate matter, since highly brominated PBDE congeners tend
to accumulate in sediments (De Boer et al., 2003); 3) ineffective
depuration process. Therefore, the presence of PBDE-209 may
result from the presence of particulate matter in the digestive tract
of mussels. Some authors have not detected PBDE-209 in raw
mussels, however Aznar-Alemany et al., 2017 have observed sig-
nificant amounts of the congener in mussels after cooking — up to
18704 pg g’1 w.w. (Van Ael et al., 2012; Aznar-Alemany et al.,
2017). The great variance of observed PBDE-209 concentrations
could be a result of different usage of deca-BDE formulation across

Table 2

Contribution, %

L T T

PBDE-28 47 PBDE-49 PBDE-99 PBDE-100 PBDE-1

PBDE-154 PBDE-183 PBDE-200

Fig. 2. Box plot of the contributions (%) of selected PBDEs in the analysed mussel
samples.

studied regions.

In order to further evaluate the patterns of PBDE contamination
and to identify likely sources of PBDE congeners, correlation anal-
ysis was performed. The obtained data revealed significant Pearson
correlation between the presence of BDE-154 and the PBDE con-
geners No. 47, 49, 99, 100, and 153 (p-values < 0.01), which all are
components of commercial penta-BDE mixture. This mixture was
extensively used in the European Union until its phase out in 2004
(2003/11/EC). Strong correlation was observed between BDE-49
and BDE-209 by carrying out Spearman's correlation analysis
(Spearman's rho 0.776, p-value <0.001). This was in a good
agreement with the aforementioned observation by other authors
that BDE-49 is a degradation product of BDE-209 (Gaul et al., 2006).

3.3. Levels of NSAIDs

Eight of the nine analysed NSAIDs (tolfenamic acid, meloxicam,

The concentrations of PBDEs (pg g ' w.w. or pg g ' d.w.) in mussels from the current study and data from previous studies (expressed as minimum — maximum (mean) or

mean value + standard deviation).

Reference Region PBDE-28 PBDE-47 PBDE-99 PBDE-100  PBDE-153 PBDE-154 PBDE-183 PBDE-209 ZpBDE
Present study Latvia Pg g", 0.1-1.4 0.5-21.5 1.1-29.0 0.9-46.8 0.8-13.4 0.8-5.1 0.9-4.6 (2.0) 3.5-179.0 11.3-193.2
ww.  (05) (39) (55) (63) (33) (22) 17.4) (42.1)
Van Ael et al,, 2012 The 50-700 280-5160 50-3350 720-2780 50-450 200-580 40-270(90) n.d. 2090-12400
Netherlands (270) (1430) (360) (1530) (140) (350) (3800)
Christensen et al,,  Greenland - (100) (20) - nd. - - - (120)
2002
Perez-Fuentetaja  USA, Great (15) (910) (1120) 100+ 10 (80) 50+10 - (390) -
etal, 2015 Lakes
Hu et al., 2010 China 20-4.1 6.5-9.2 3.9-5.1(44) 1.5-24 25-54 1.8-3.1 03-116 - 25.4-58.9
3.1) (7.5) (1.8) (3.9) (26) (5.4) (45.2)
Aznar-Alemany  Europe nd.-74.2 nd.-3777 nd-2066.8 n.d.-2757 nd. n.d. nd.-2717.8 nd. 29.3-2989.2
etal, 2017 (27.5)° (123.9)° (277.0)* (43.6)° (2927 (764.7)°
Present study Latvia Pgg 1 11-132 3.7-183.3 10.0-255.5 7.9-4254 6.9-1216 69-462 7.3-422 29.2-1351.3 103.1-1560.1
dw. (4.2) (35.1) (49.1) (54.7) (29.0) (19.8) (18.0) (143.3) (362.5)
Debruyn et al., Canada - - - - - - - - (6710)
2009
Oros et al,, 2005  USA, CA - 17000+700 8000+4000 4000+1000 — - - - 2900013000
Liu et al,, 2005 China 320-25300 1420-8560 1410-21300 n.d.—1270 n.d.—17400 n.d.—1950 1580-20200 n.d.—13900 4730-109880
(7673) (3859) (8266) (677) (6870) (782) (8019) (4097) (40243)
Wang et al, 2009 China 20-390 140-1010 20-130(80) 20-110 10-100 (30) 30-270  nd-100 (10) 1010 1250
(100) (280) (30) (50) —1801000 —1803110
(2430) (3010)

“n.d." — the value is below the limit of detection.
“-" — not included in the study.

2 Values recalculated from ng ¢! lipid weight to pg ¢! wet weight using data from Aznar-Alemany et al, (2017.
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carprofen, flunixin, diclofenac, phenylbutazone, ketoprofen, and
mefenamic acid) were not detected in any of the samples.
Ibuprofen was present in 50% of the samples, with concentrations
ranging from 0.52 to 109 ng g~ w.w. or from 5.1 to 1363 ng g~ ' d.w.
A comparison with levels detected in other studies is shown in
Table 3 (compounds that were not detected in this study and were
not analysed by other authors are not included in the table). Rela-
tively few studies have been reported so far on the occurrence of
NSAIDs in mussels. Only ibuprofen and diclofenac have been
detected in mussels and bivalves elsewhere. The levels of ibuprofen
measured in Latvian mussels were up to ten times higher than in
Taihu Lake, China, where the highest observed value was 93.7 ng
g~ d.w. (Xie et al., 2015). Similarly to our study, neither ketoprofen
nor mefenamic acid were present in mussels from other regions
(Caban et al.,, 2016; Nunez et al, 2015; Mezzelani et al., 2016;
McEneff et al., 2014).

The detectable presence of ibuprofen in mussels corresponds to
the statistics of pharmaceutical use in Latvia. The consumption of
ibuprofen in 2017 was 23.46 defined daily doses per 1000 in-
habitants per day (DID), making it the most consumed medication
of NSAID group in Latvia. The consumption of diclofenac was
similar to that of ibuprofen—19.73 DID (State Agency of Medicines,
2017). Nevertheless, diclofenac was not detected in any of the
mussel samples. This fact can be explained by the rapid photo-
degradation of diclofenac in open basins (Buser et al., 1998).
Furthermore, this trend is confirmed by data obtained in a study of
Latvian and Norwegian surface waters, where ibuprofen was
detected in 33 and 60% of the samples, whereas diclofenac in only
10 and 20% of samples, respectively (Reinholds et al, 2017).
Ibuprofen was also the most common NSAID detected in untreated
wastewaters from the Daugavgriva municipal wastewater treat-
ment plant of the Riga city at up to 326ngL~! (Pugajeva et al,
2017). The primary route for the discharge of ibuprofen into sur-
face waters is through the effluent of wastewater treatment plants.
Ibuprofen and its metabolites are excreted into the sewage system
along with unused drugs that may be disposed of via drains and
toilets (Bound and Voulvoulis, 2006). Taking into account that only
1-8% of the consumed ibuprofen is excreted unchanged (Ternes,
1998), determination of ibuprofen metabolites in mussels should
be considered in further studies. Besides that, other studies have
shown that ibuprofen and its metabolites could pose ecotoxico-
logical risks (Lienert et al., 2007).

3.4. Distribution patterns of the analysed contaminants

In order to interpret the data reported in Table S4, we focussed
on the relationship between the levels of contaminants and sam-
pling locations. The box plots for the total concentrations of each
contaminant group are provided in Fig. 3. The samples were

grouped by the drainage basin and types of the water bodies — lake,
river, river delta or water reservoir. PBDEs were more common in
the Daugava and Lielupe basins. The highest variations were
observed in the case of ibuprofen, as it was present in the Lielupe
and Venta basins at significantly higher concentrations than in the
Gauja and Daugava basins. As for the different bodies of water, the
only sample from Riga water reservoir contained remarkably high
concentrations of PBDEs and ibuprofen. However, geographical
variation may not be the only reason for great differences in the
concentration of ibuprofen. Xie et al. (2015) have demonstrated
drastic contrast in the levels of ibuprofen observed in mussels
Anodonta and clams Corbiculidae — ibuprofen was not detected in
mussels, while the concentration in clams reached 93.7 ng g~ d.w.
(Xie et al., 2015). This observation suggests that there are major
differences in the ability of bivalve species to accumulate ibuprofen.
Since the levels of ibuprofen observed in Latvian mussels varied
greatly, correlation with mussel species was investigated. Signifi-
cant correlation was found between the levels of ibuprofen and the
contribution of zebra mussels Dreissena polymorpha in the sample
batch (Pearson correlation 0.6, p-value 0.002 at confidence level
0.95). Nevertheless, no pronounced correlations were observed
between the species and the levels of PFCs or PBDEs (p-
values > 0.05). This observation should be further investigated in
future studies by separately analysing the different mussel species.

We used CA and PCA to further evaluate the extent of contam-
ination at the sampled locations and to identify its sources and
distribution patterns. The CA method groups the objects into
clusters on the basis of similarity. A dendrogram is presented in
Fig. 4a. All 24 samples were grouped into six statistically significant
clusters at a similarity level of 0.80. Since three of the clusters
consisted of only a single sample each, they were considered as
individual samples, rather than clusters. The majority of mussel
samples belonged to the cluster 1, which included sampling loca-
tions showing low to moderate contamination with the analysed
compounds. Cluster 2 (sites 21, 22, and 24) consisted of samples
from the Liepaja region and was characterised by the presence of
ibuprofen at a concentration of about one order of magnitude
higher than those in the rest of the clusters. Cluster 2 samples also
contained PFOS, which was not present in the other clusters. This
trend may point to the significant anthropogenic impact in this
region. Cluster 3 (sites 10, 11,12, and 13) has the peculiar feature of
BDE-47 and BDE-99 present at much higher concentrations than
any other brominated compound, and BDE-209 is not present in
samples of this cluster at all. The lack of BDE-209 may be due to the
lower turbidity of water. The individual sample 8, which did not
belong to any cluster, contained the highest concentration of BDE-
209. The sampling location was Lake Dridzis — known as the
deepest lake in Latvia. This suggests that there might be some
relation between the depth of the water body and the

Table 3
The concentrations of NSAIDs (ng g~ d.w.) in bivalves from the current study and previous studies (expressed as minimum — maximum (mean) or mean value + standard
deviation).
Reference Region Diclofenac Ketoprofen Ibuprofen Mefenamic acid
Present study Latvia nd. nd. nd.—1363 (111) nd.
Bayen et al., 2016 Singapore nd. - - -
Caban et al., 2016 Poland nd. nd. nd. -
Xie et al,, 2015 China 1.41-5.42 (2.59) - n.d.—93.7 (41.6) -
Klosterhaus et al., 2013 USA, CA - - nd. -
Nunez et al,, 2015 Spain nd. nd. nd. -
Cunha et al,, 2017 Portugal nd.—45 - - -
Mezzelani et al., 2016 Italy 16.11£14.72 nd. 939+059 -
McEneff et al, 2014 Ireland nd. - - nd.

" — the value is below the limit of detection.
— not included in the studv.
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bodies (b).

concentration of PBDEs. Sample 18 from the Riga water reservoir
had the highest level of ibuprofen. CA confirmed the previously
mentioned observation that this sampling site was quite different.
Sample 20, collected from the Barta river near the Latvia-Lithuania
border had the highest concentrations of tetra-through hexa-BDEs.
The source of contamination could be wastewater influx or
municipal waste disposal in the surrounding area, since no known
PBDE emission sources are located near this sampling site.
PCAwas also applied to the data reported in Table S4. Each of the
individual contaminant levels were included in the statistical
analysis. First, three principal components (PC1, PC2, and PC3) with
eigenvalues higher than 1 were extracted. The three principal
components together accounted for 67% of the total variation. An
exploratory view of the samples/scores plot on the principal com-
ponents PC1 versus PC2, which accounts for more than 56% of the
total variance, is illustrated in Fig. 4b. The principal component PC1

138

showed positive associations with most of the PBDEs, except for
BDE-209, which indicated the possible role of a different source.
The PC2 allowed to account for 22% of the total variance and had
the highest negative association with BDE-183 and BDE-138.
However, with the number of data sets available, it was not
possible to identify significant correlation between the 24 sampling
locations and the levels of contaminants. All samples in Fig. 4b are
grouped in accordance with CA. Cluster 3, as well as the samples 18
and 20 were far different from the other samples, whereas Clusters
1 and 2, as well as the sample 8 were merged on the plot.

4. Conclusions

In order to evaluate the contamination status of Latvian aquatic
environment, mussel samples from various freshwater bodies were
analysed for the content of ten PBDEs, two PFCs, and nine NSAIDs.
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For the first time, data on the contamination status of mussels from Acknowledgements

Latvia are presented. PBDEs were detected in all of the mussel

samples, but the concentrations were generally lower than those This work was funded by the European Regional Development
observed in mussels from other regions. Regardless, 83% of the Fund, project No. 1.1.1.1/16/A/258 “Development and the applica-
samples exceeded the EQS threshold for the sum of six PBDEs tion of innovative instrumental analytical methods for the com-
stated in the Directive 2013/39/EU. The levels of PFCs in mussels bined determination of a wide range of chemical and biological
were low throughout the territory of Latvia, compared to other contaminants in support of the bio-economy in the priority sectors
regions and did not exceed the EQS criteria. The levels observed for of economy”.

ibuprofen, which was the only detected NSAID in Latvian mussels,

were significantly higher than those detected by other authors. It is Appendix A. Supplementary data

a source of concern that provides a reason for further monitoring

and control of this emerging contaminant, as well as its Supplementary data related to this article can be found at

metabolites.

Declarations of interest

None.

https://doi.org/10.1016/j.chemosphere.2018.09.036.

References

Ahrens, L., 2011. Polyfluoroalkyl compounds in the aquatic environment: a review
of their occurrence and fate. J. Environ. Monit. 13, 20—31. https://doi.org/10.



LE. Ikkere et al. / Chemosphere 213 (2018) 507—516 515

1039/c0em00373e.

Akortia, E.,, Okonkwo, J.0., Lupankwa, M., Osae, S.D., Adegbenro, P.D., Olukunle, O.I,
Chaudhry, A., 2016. A review of sources, levels and toxicity of polybrominated
diphenyl ethers (PBDEs) and their transformation and transport in various
environmental compartments. Environ. Rev. 24, 253—273. https://doi.org/10.
1139/er-2015-0081.

Aznar-Alemany, O., Trabalon, L., Jacobs, S., Liane Barbosa, V., Fernandez Tejedor, M.,
Granby, K, Kwadijk, C., Cunha, S.C., Ferrari, F, Vandermeersch, G., Sioen, S.,
Verbeke, W., Vilavert, L., Domingo, ].L., Eljarrat, E., Barcelo, D., 2017. Occurrence
of halogenated flame retardants in commercial seafood species available in
European markets. Food Chem. Toxicol. 104, 35—47. https://doi.org/10.1016/j fct.
2016.12.034.

Bayen, S., Estrada, E.S., Juhel, G., Kit, LW, Kelly, B.C., 2016. Pharmaceutically active
compounds and endocrine disrupting chemicals in water, sediments and mol-
lusks in mangrove ecosystems from Singapore. Mar. Pollut. Bull. 109, 716—722.
https://doi.org/10.1016/j.marpolbul.2016.06.105.

Bedford, J. w., Roelofs, EW., ], ZM., 1968. The Freshwater Mussel as Biological
Monitor of Pesticide Concentrations in a Lotic Environment, pp. 118—126.
https://doi.org/10.4319/10.1968.13.1.0118.

Beyer, J. Green, N.W. Brooks, S., Allan, 1], Ruus, A, Gomes, T, Brate, LN.L,
Scheyen, M., 2017. Blue mussels (Mytilus edulis spp.) as sentinel organisms in
coastal pollution monitoring: a review. Mar. Environ. Res. 130, 338-365.
https://doi.org/10.1016/j.marenvres.2017.07.024.

Bound, J.P, Voulvoulis, N., 2006. Predicted and measured concentrations for
selected pharmaceuticals in UK rivers: implications for risk assessment. Water
Res. 40, 2885—2892. https://doi.org/10.1016/j.watres.2006.05.036.

Buser, HR, Poiger, T, Miiller, M.D., 1998. Occurrence and fate of the pharmaceutical
drug diclofenac in surface waters: rapid photodegradation in a lake. Environ,
Sci. Technol. 32, 3449—3456. https://doi.org/10.1021/es980301x.

Caban, M., Lis, E., Kumirska, J., Stepnowski, P, 2015. Determination of pharmaceu-
tical residues in drinking water in Poland using a new SPE-GC-MS(SIM) method
based on Speedisk extraction disks and DIMETRIS derivatization. Sci. Total
Environ. 538, 402—411. https://doi.org/10.1016/j.scitotenv.2015.08.076.

Caban, M., Szaniawska, A., Stepnowski, P., 2016. Screening of 17a-ethynylestradiol
and non-steroidal anti-inflammatory pharmaceuticals accumulation in Mytilus
edulis trossulus (Gould, 1890) collected from the Gulf of Gdansk. Oceanol.
Hydrobiol. Stud. 45, 605—614. https://doi.org/10.1515/0hs-2016-0050.

Christensen, ].H., Glasius, M., Pécseli, M., Platz, J., Pritzl, G., 2002. Polybrominated
diphenyl ethers (PBDEs) in marine fish and blue mussels from southern
Greenland. Chemosphere 47, 631—638. https://doi.org/10.1016/S0045-6535(02)
00009-7.

Cunha, 1, Hoff, P, Van de Vijver, K., Guilhermino, L., Esmans, E., De Coen, W., 2005.
Baseline study of perfluorooctane sulfonate occurrence in mussels, Mytilus
galloprovincialis, from north-central Portuguese estuaries. Mar. Pollut. Bull. 50,
1121-1145. https://doi.org/10.1016/j.marpolbul.2005.06.046.

Cunha, S.C, Pena, A, Fernandes, ].0., 2017. Mussels as bioindicators of diclofenac
contamination in coastal environments. Environ. Pollut. 225, 354—360. https://
doi.org/10.1016/j.envpol.2017.02.061.

De Boer, J., Wester, P.G., Van Der Horst, A Leonards, PE.G., 2003. Polybrominated
diphenyl ethers in i d particulate matter, sediments, sewage
treatment plant and effluents And biota from The Netherlands. Environ. Pollut.
122, 63—74. https://doi.org/10.1016/50269-7491(02)00280-4.

de Solla, S.R,, Gilroy, A.M,, Klinck, J.S., King, L.E., McInnis, R,, Struger, J., Backus, S.M.,
Gillis, P.L., 2016. Bioaccumulation of pharmaceuticals and personal care prod-
ucts in the unionid mussel Lasmigona costata in a river receiving wastewater
effluent. Chemosphere 146, 486—496. https://doi.org/10.1016/j.chemosphere.
2015.12.022.

Debruyn, A.M.H., Meloche, LM., Lowe, CJ., 2009. Patterns of bioaccumulation of
polybrominated diphenyl ether and polychlorinated biphenyl congeners in
marine mussels. Environ. Sci. Technol. 43, 3700—3704. https://doi.org/10.1021/
es900472k.

Directive 2003/11/EC of the European Parliament and the Council of 6 February
2003, amending for the 24th time the Council directive 76/769/EEC relating to
restrictions on the marketmg and use of certain dangemus substances and
preparations (pentabr 1 ether and oc diphenyl ether). Offic.
J. L 042, 15.02.2003.

Directive 2013/39/EC of the European Parliament and the Council of 12 August
2013, amending Directives 200/60/EC and 2008/105/EC as regards priority
substances in the field of water policy. Offic. ]. L 226, 24.08.2013.

Domingo, J., Ericson-Jogsten, L, Perello, G., Nadal, M., Bavel, B. Van, Ki, A., 2012.
Human exposure to perfluorinated compounds in Catalonia, Spain: contribu-
tion of drinking water and fish and shellfish. J. Agric. Food Chem. 60,
4408—4415. https://doi.org/10.1021/jf300355¢c.

Epel, D., Luckenbach, T., Stevenson, C.N., MacManus-Spencer, L.A., Hamdoun, A,
Smital, T., 2008. Efflux transporters: newly appreciated roles in protection
against pollutants. Environ. Sci. Technol. 42, 3914—3920. https://doi.org/10.
1021/es087187v.

European Commission, 2015. Commission implementing decision (EU) 2015/495 of
20 March 2015 establishing a watch list of substances for Union-wide moni-
toring in the field of water policy pursuant to Directive 2008/105/EC of the
European Parliament and of the Council (notified under document C(2015)
1756). Offic. J. Euro. Comm. L226, 40—42.

European Court of Justice, 2008. Cases C-14/06 and C-295/06, Judgement of the
Court, 1 April 2008. Directive 2002/95/EC and Commission Decision 2005/717/
EC.

140

Farrington, J.W., Tripp, B.W., Tanabe, S., Subramanian, A., Sericano, J.L., Wade, T.L.,
Knap, AH., 2016. Edward D. Goldberg's proposal of “the mussel watch”: re-
flections after 40 years. Mar. Pollut. Bull. 110, 501-510. https://doi.org/10.1016/j.
marpolbul.2016.05.074.

Gaul, S., Von Der Recke, R., Tomy, G., Vetter, W., 2006. Anaerobic transformation of a
technical brominated diphenyl ether mixture by super-reduced vitamin B, and
dicyanocobinamide. Environ. Toxicol. Chem. 25, 1283-1290. https://doi.org/10.
1897/05-338R 1.

Gomez, C., Vicente, ], Echavarri-Erasun, B., Porte, C., Lacorte, S., 2011. Occurrence of
perfluorinated compounds in water, sediment and mussels from the Cantabrian
Sea (North Spain). Mar. Pollut. Bull. 62, 948—955. https://doi.org/10.1016/j.
marpolbul.2011.02.049.

Houde, M., Martin, J.W., Letcher, RJ., Solomon, K.R., Muir, D.C.G., 2006. Biological
monitoring of polyfluoroalkyl substances: a review. Environ. Sci. Technol. 40,
3463-3473. https://doi.org/10.1021/es052580b.

Hu, G.C, Dai, .., Xu, ZC,, Luo, XJ., Cao, H,, Wang, J.S,, Mai, B.X,, Xu, M.Q,, 2010.
Bioaccumulation behavior of polybrominated diphenyl ethers (PBDES) in the
freshwater food chain of Baiyangdian Lake, North China. Environ. Int. 36,
309-315. https://doi.org/10.1016/j.envint.2010.01.002.

Jolliffe, 1.T., 2002. Principal Component Analysis, second ed. Springer, New York.

Kannan, K., Tao, L., Sinclair, E., Pastva, $.D., Jude, D.]., Giesy, ].P,, 2005. Perfluorinated
compounds in aquatic organisms at various trophic levels in a Great Lakes food
chain. Arch. Environ. Contam. Toxicol. 48, 559-566. https://doi.org/10.1007/
500244-004-0133-x.

Klosterhaus, S.L, Grace, R, Hamilton, M.C, Yee, D., 2013. Method validation and
reconnaissance of pharmaceuticals, personal care products, and alkylphenols in
surface waters, sediments, and mussels in an urban estuary. Environ. Int. 54,
92-99, https://doi.org/10.1016/j.envint.2013.01.009,

Latvian Environment, Geo]ogy and Meteorology Centre, 2016. Parskats Par Virs-
zemes Un Pazemes Udenu Stavokli 2015 gada. [In Latvian]. https: //www.meteo.
Iv/fs/CKFinderJava/userfiles/files/Vide/Udens/stat_apkopojumi/udens_kvalit/
VPUI_parskats_2015.pdf. (Accessed 15 June 2018).

Latvian Environment, Geology and Meteorology Centre, 2017. Parskats Par Virs-
zemes Un Pazemes Udenu Stavokli 2016 gada. [In Latvian]. https://www.meteo.
Iv/fs/CKFinderJava/userfiles/files/Vide/Udens/stat_apkopojumi/udens_kvalit/
VPUK_parskats_2016.pdf. (Accessed 15 June 2018).

Lienert, J., Giidel, K., Escher, B.1,, 2007. Screening method for ecotoxicological hazard
assessment of 42 pharmaceuticals considering human metabolism and excre-
tory routes. Environ. Sci. Technol. 41, 4471—4478. https://doi.org/10.1021/
es0627693.

Liu, Y., Zheng, G.J., Yu, H., Martin, M., Richardson, B.J., Lam, M.H.W., Lam, PK.S., 2005.
Polybrominated diphenyl ethers (PBDEs) in sediments and mussel tissues from
Hong Kong marine waters. Mar. Pollut. Bull. 50, 1173—1184. https://doi.org/10.
1016/j.marpolbul.2005.04.025.

Mariussen, E. Fjeld, E., Breivik, K, Steinnes, E. Borgen, A. Kjellberg, G.,
Schlabach, M., 2008. Elevated levels of polybrominated diphenyl ethers (PBDEs)
in fish from Lake Mjesa, Norway. Sci. Total Environ. 390, 132—141. https://doi.
0rg/10.1016/j.scitotenv.2007.09.032.

McEneff, G., Barron, L., Kelleher, B., Paull, B., Quinn, B., 2014. A year-long study of the
spatial occurrence and relative distribution of pharmaceutical residues in
sewage effluent, receiving marine waters and marine bivalves. Sci. Total Envi-
ron. 476—477, 317—326. https://doi.org/10.1016/j.scitotenv.2013.12.123.

Mezzelani, M., Gorbi, S., Da Ros, Z,, Fattorini, D., d'Errico, G., Milan, M., Bargelloni, L.,
Regoli, F., 2016. Ecotoxicological potential of non-steroidal anti-inflammatory
drugs (NSAIDs) in marine organisms: bioavailability, biomarkers and natural
occurrence in Mytilus galloprovincialis. Mar. Environ. Res. 121, 31-39. https://
doi.org/10.1016/j.marenvres.2016.03.005.

Munschy, C,, Marchand, P, Venisseau, A., Veyrand, B., Zendong, Z., 2013. Levels and
trends of the emerging contaminants HBCDs (hexabromocyclododecanes) and
PFCs (perfluorinated compounds) in marine shellfish along French coasts.
Chemosphere 91, 233—240. https://doi.org/10.1016/j.chemosphere.2012.12.063.

Nakata, H., Kannan, K., Nasu, T., Cho, H.S., Sinclair, E., Takemura, A., 2006. Per-
fluorinated contaminants in sediments and aquatic organisms collected from
shallow water and tidal flat areas of the Ariake Sea, Japan: environmental fate
of perfluorooctane sulfonate in aquatic ecosystems. Environ. Sci. Technol. 40,
4916—4921. https://doi.org/10.1021/es0603195.

Nania, V., Pellegrini, G.E., Fabrizi, L., Sesta, G., Sanctis, P. De, Lucchetti, D., Di
Pasquale, M., Coni, E., 2009. Monitoring of perfluorinated compounds in edible
fish from the Mediterranean Sea. Food Chem. 115, 951-957. https://doi.org/10.
1016/j.foodchem.2009.01.016.

Nikolaou, A., Meric, S., Fatta, D., 2007. Occurrence patterns of pharmaceuticals in
water and wastewater environments. Anal. Bioanal. Chem. 387, 1225—-1234.
https://doi.org/10.1007/s00216-006-1035-8.

Nodler, K., Voutsa, D., Licha, T, 2014. Polar organic micropollutants in the coastal
environment of different marine systems. Mar. Pollut. Bull. 85, 50—59. https://
doi.org/10.1016/j.marpolbul.2014.06.024.

Nunez, M., Borrull, F, Pocurull, E., Fontanals, N., 2015. Pressurized liquid extraction
followed by liquid chromatography with tandem mass spectrometry to deter-
mine pharmaceuticals in Mussels. ]. Separ. Sci. 39, 741-747. https://doi.org/10.
1002/jssc.201501046.

Organisation for Economic Cooperation and Development, 2015, Working towards a
Global Emission Inventory of PFASS: Focus on PFCAS — Status Quo and the Way
Forward. Environment, Health and Safety Publications Series on Risk Manage-
ment No. 30. http:/fwww.oecd.org/chemicalsafety/risk-management/Working%
20Towards%20a%20Global%20Emission%20Inventory%200f%20PFASS.pdf.



516 LE. Ikkere et al. / Chemosphere 213 (2018) 507—516

(Accessed 28 August 2018).

Oros, D.R., Hoover, D., Rodigary, F, Crane, D., Sericano, J., 2005. Levels and distri-
bution of polybrominated diphenyl ethers in water, surface sediments, and
bivalves from the san Francisco estuary. Environ. Sci. Technol. 39, 22-41.
https://doi.org/10.1021/es048905q.

Pérez-Fuentetaja, A., Mackintosh, S.A., Zimmerman, L.R., Clapsadl, M.D., Alaee, M.,
Aga, D.S., 2015. Trophic transfer of flame retardants (PBDEs) in the food web of
Lake Erie. Can. J. Fish. Aquat. Sci. 72, 1886—1896. https://doi.org/10.1139/cjfas-
2015-0088.

Pugajeva, I, Rusko, J., Perkons, I., Lundanes, E., Bartkevics, V., 2017. Determination of
pharmaceutical residues in wastewater using high performance liquid chro-
matography coupled to quadrupole-Orbitrap mass spectrometry. J. Pharmaceut.
Biomed. 133, 64—74. https://doi.org/10.1016/j.jpba.2016.11.008.

Quinete, N., Wu, Q., Zhang, T., Yun, S.H., Moreira, I, Kannan, K., 2009. Specific
profiles of perfluorinated compounds in surface and drinking waters and
accumulation in mussels, fish, and dolphins from southeastern Brazil. Chemo-
sphere 77, 863—869. https://doi.org/10.1016/j.chemosphere.2009.07.079.

Reinholds, 1, Pugajeva, L, Zacs, D., Lundanes, E., Rusko, ]., Perkons, 1., Bartkevics, V.,
2017. Determination of acidic non-steroidal anti-inflammatory drugs in aquatic
samples by liquid chromatography-triple quadrupole mass spectrometry
combined with carbon nanotubes-based solid-phase extraction. Environ. Monit.
Assess. 189. https://doi.org/10.1007/510661-017-6304-9.

Renzi, M., Guerranti, C,, Giovani, A., Perra, G., Focardi, SE., 2013. Perfluorinated
compounds: levels, trophic web enrichments and human dietary intakes in
transitional water ecosystems. Mar. Pollut. Bull. 76, 146—157. https://doi.org/10.
1016/j.marpolbul.2013.09.014.

Santos, LH.M.LM., Araijo, AN. Fachini, A, Pena, A, Delerue-Matos, C.
Montenegro, M.C.B.S.M., 2010. Ecotoxicological aspects related to the presence
of pharmaceuticals in the aquatic environment. J. Hazard Mater. 175, 45-95.
https://doi.org/10.1016/j.jhazmat.2009.10.100.

So, M.K,, Taniyasu, S., Lam, P.X.S., Zheng, G.J., Giesy, J.P., Yamashita, N., 2006. Alkaline
digestion and solid phase extraction method for perfluorinated compounds in

mussels and oysters from south China and Japan. Arch. Environ. Contam. Tox-
icol. 50, 240—248. https: //doi.org/10.1007/s00244-005-7058-x.

State Agency of Medicines, 2017. Statistics on Medicines Consumption. https://
www.zva.gov.lv/doc_upl/zva-zstat-2017.pdf?c. (Accessed 15 June 2018).

Ternes, TA. 1998. Occurrence of drugs in German sewage treatment plants and
rivers. Water Res. 32, 3245—3260. https://doiorg/10.1016/S0043-1354(98)
00099-2.

Van Ael, E., Covaci, A, Blust, R., Bervoets, L., 2012. Persistent organic pollutants in
the Scheldt estuary: environmental distribution and bioaccumulation. Environ.
Int. 48, 17—27. https://doi.org/10.1016/j.envint.2012.06.017.

Vandermeersch, G., Lourengo, H.M., Alvarez-Muioz, D., Cunha, S., Diogene, J., Cano-
Sancho, G., Sloth, JJ. Kwadijk, C., Barcelo, D., Allegaert, W., Bekaert, K.,
Fernandes, J.0., Marques, A., Robbens, J., 2015. Environmental contaminants of
emerging concern in seafood - European database on contaminant levels. En-
viron, Res, 143, 29—45, https://doi.org/10.1016/j.envres.2015,06.011,

Wang, Z., Ma, X, Lin, Z,, Na, G., Yao, Z., 2009. Congener specific distributions of
polybrominated diphenyl ethers (PBDEs) in sediment and mussel (Mytilus
edulis) of the Bo Sea, China. Chemosphere 74, 896—901. https://doi.org/10.1016/
Jj.chemosphere.2008.10.064.

Xie, Z., Lu, G, Liu, ], Yan, Z, Ma, B., Zhang, Z., Chen, W., 2015. Occurrence, bio-
accumulation, and trophic magnification of pharmaceutically active compounds
in Taihu Lake, China. Chemosphere 138, 140—147. https://doi.org/10.1016/j.
chemosphere.2015.05.086.

Zabaleta, I, Bizkarguenaga, E., Prieto, A., Ortiz-Zarragoitia, M., Fernandez, LA.,
Zuloaga, 0., 2015. Simultaneous determination of perfluorinated compounds
and their potential precursors in mussel tissue and fish muscle tissue and liver
samples by liquid chromatography-electrospray-tandem mass spectrometry.
J. Chromatogr. A 1387, 13—23, https://doi.org/10.1016/j.chroma.2015.01.089.

Zacs, D., Rjabova, J., Fernandes, A., Bartkevics, V., 2016. Brominated, chlorinated and
mixed brominated/chlorinated persistent organic pollutants in European eels
(Anquilla anquilla) from Latvian lakes. Food Addit. Contam. A 33, 460—472.
https://doi.org/10.1080/19440049.2015.1136436.

141



IV

Pugajeva, I.; Ikkere, L.E.; Judjallo, E.; Bartkevics, V.

Determination of residues and metabolites of more
than 140 pharmacologically active substances in meat
by liquid chromatography coupled to high resolution

Orbitrap mass spectrometry

J Pharm Biomed Anal 2019, 166, 252-263

142



Journal of Pharmaceutical and Biomedical Analysis 166 (2019) 252-263

Contents lists available at ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis

EI SEVIER

journal homepage: www.elsevier.com/locate/jpba

Short communication

Determination of residues and metabolites of more than 140 )
pharmacologically active substances in meat by liquid oo

chromatography coupled to high resolution Orbitrap mass
spectrometry

I. Pugajeva*, L.E. Ikkere, E. Judjallo, V. Bartkevics

Institute of Food Safety, Animal Health and Environment “BIOR”, Lejupes iela 3, Riga LV-1076, Latvia

ARTICLE INFO ABSTRACT

Article history:

Received 23 July 2018

Received in revised form 8 January 2019
Accepted 13 January 2019

Available online 14 January 2019

This study reports an analytical method for simultaneous identification, screening and quantification
of 164 residues and metabolites of pharmacologically active substances belonging to such therapeu-
tic classes as anti-infectious (antibiotics and chemotheurapeutics), anti-inflammatory and antiparasitic
agents (against protozoa, endo- and ectoparasites), corticoids and agents acting on the nervous and
reproductive systems, substances with hormonal and thyreostatic action, and beta agonists. Different
sample preparation procedures were compared and optimised for the detection of selected veterinary
drugs in chicken, porcine and bovine meat by ultra-high performance liquid chromatography coupled
to high-resolution Orbitrap mass spectrometry. The optimised instrumental method and sample prepa-
ration procedures were validated by fortifying blank matrix at four levels (0.5, 1.0, 1.5, and 2 times the
maximum residue limit (MRL)), or at concentrations as low as possible for substances without an MRL.
The evaluated performance parameters were selectivity, matrix effect, method and instrument limits of
quantification, accuracy, and repeatability. A total of 130 selected compounds in chicken meat, 127 com-
pounds in bovine meat and 123 compounds in porcine meat samples could be quantified with accuracy
ranging from 70 to 120% and RSDs less than 30%.

Finally, the method was successfully used to detect and quantify veterinary drug residues in real
samples found to be suspect using the non-selective qualitative test for the detection of inhibitor sub-
stances. The results were confirmed using the relevant one-residue confirmatory methods revealing
concentrations of residues higher than MRLs established for several samples.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Veterinary drugs are an essential for modern animal husbandry
and food production and are applied to maintain animal health,
prevent infection, and to treat diseases. However, illegal use of
prohibited veterinary drugs or improper use, such as ignoring the
required withdrawal periods may result in the presence of drug
residues in animal tissues and affect the food safety. Veterinary
drug residues may include the parent compounds themselves, as
well as metabolites and/or conjugates, and may have direct toxic
effects on consumers, such as allergic reactions in hypersensitive
individuals, hormonal effects by interfering with the balance of

* Corresponding author.
E-mail address: iveta.pugajeva@bior.lv (I. Pugajeva).

https://doi.org/10.1016/j.jpba.2019.01.024
0731-7085/© 2019 Elsevier B.V. All rights reserved.

human hormones, or the development of antibiotic-resistant bac-
teria as a result of misusing antibiotics [1].

Considering the broad range of currently available veterinary
drugs, the strict regulations and limits that have been established, it
is clear that the development of multi-residue methods has become
anessential task in food analysis. An emerging trend in drug residue
analysis is the development of generic methods that are capable
of monitoring a wide variety of compounds, belonging to differ-
ent drug classes. This presents a considerable challenge since the
different functional groups, often encountered amphoteric proper-
ties of analytes, and the wide range of polarity pose difficulties for
extraction, clean-up, and analytical separation. Therefore, sample
preparation is one of the most critical steps. The optimal sam-
ple preparation method should be as non-specific as possible to
reduce the possible loss of information. The most frequently used
sample pre-treatment methods for meat samples include solvent
extraction (SE) with [2,3] or without [4] defatting step, solid-
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phase extraction (SPE) [5,6], and dispersive solid phase extraction
(dSPE) method (QUEChERS approach) [7,8] for further purification
or enrichment.

Liquid chromatography coupled to mass spectrometric detec-
tors (LC-MS) provides an universal approach applicable to the
broadest range of veterinary drugs [7]. The most common tech-
nique for veterinary drug analysis in foodstuffs has been LC coupled
to tandem mass spectrometry (MS/MS) [2,3,8,9]. The current trend
is focussed towards the use of powerful high-resolution mass spec-
trometric detectors (HRMS) like time-of-flight (TOF) [5,10] and
Orbitrap [4,11,12] with modern chromatographic systems. This
development is due to the availability of more rugged, sensitive,
and selective instrumentation. The benefits provided by HRMS over
classical unit-mass-resolution tandem mass spectrometry are con-
siderable, for example, the collection of full-scan spectra, which
provides greater insight into the composition of a sample and
the freedom to measure compounds without previous compound-
specific tuning. In the last years, the Orbitrap system has become
more recognised because of its better dynamic range, higher resolv-
ing power, consequently better mass accuracy compared to the TOF
system [13].

The aim of this work was the development, validation, and
practical application of an analytical method for simultaneousiden-
tification and quantification of residues and metabolites of more
than 140 pharmacologically active substances belonging to differ-
ent therapeutic classes in meat samples.

2. Experimental
2.1. Chemicals and materials

All analytical standards used within this study were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA and Steinheim,
Germany), Dr. Ehrenstorfer (Augsburg, Germany), Witega Lab-
oratorien (Berlin, Germany), and Toronto Research Chemicals
(Toronto, Canada).

HPLC grade methanol and acetonitrile were obtained from
Merck (Darmstadt, Germany). Anhydrous magnesium sulphate
and sodium chloride were supplied by Chempur (Piekary Slaskie,
Poland). Formic acid (98%), ammonium formate, acetic acid (>99%),
and octadecyl-functionalised silica gel were purchased from Sigma-
Aldrich (St. Louis, MO, USA), whereas primary secondary amine
(PSA) sorbent was purchased as a bulk sorbent from United Chem-
ical Technologies (Brockville, ON, Canada). Phree™ Phospholipid
Removal (1mL) and Strata X (200g/3mL) solid phase extrac-
tion columns were obtained from Phenomenex (Torrance, CA,
USA). Disposable Ultrafree” PVDF membrane filters (0.22 um) were
obtained from Merck Millipore. Deionised water was prepared with
a Milli-Q (Millipore, Billerica, MA, USA) water purification system.

2.2. Selection of compounds

The selected list of compounds (Table 1) consists of the major
classes of veterinary drugs that are commonly used in veterinary
practice and also prohibited substances that are listed in Com-
mission Regulation 37/2010/EC [14], as well as substances with
hormonal and thyreostatic action and beta agonists, which are pro-
hibited under Council Directive 96/22/EC [15].

2.3. Collection of samples

Within the framework of the National Residue Monitoring Plan,
40 bovine meat samples were collected from different slaughter-
houses in Latvia identified to be suspected samples on-site by the
microbial inhibition test (Explorer 2.0, Zeulab, S.L) for the screen-
ing of antimicrobial residues in food samples. Upon arrival at the
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laboratory, samples were homogenised and stored in freezer until
analysis.

2.4. UHPLC-HRMS method

The chromatographic separation of the residues was carried out
using a Dionex UltiMate 3000 UHPLC system (Thermo Fisher Sci-
entific, San Jose, CA, USA) on a Phenomenex Luna Omega analytical
column (100 x 2.1mm, 1.6 um). The mobile phase consisted of (A)
0.1%formic acid in water, (B) 0.1% formic acid in acetonitrile, and (C)
0.1% formic acid in methanol. The gradient program shown in Table
S1wasused. A10 pLaliquot of the extract was injected. The column
and autosampler were maintained at 40°C and 4 °C, respectively.

The UHPLC system was coupled to a Q-Orbitrap HRMS mass
spectrometer (Thermo Fisher Scientific) equipped with a heated
electrospray ionisation probe operating in the positive and negative
ionisation modes. The following parameters were applied: electro-
spray voltage 4.0kV in positive and 3.5kV in negative ionisation
modes, heater temperature 350°C, capillary temperature 300°C,
sheath gas (N3) 20 arbitrary units (arb), auxiliary gas (N») 6 arb,
and S-lens RF level at 50 arb. The automatic gain control (AGC) was
set to 3-10°, the maximum injection time (IT) was set to 200 ms.
Full scan data both in the positive and negative ionisation modes
were acquired at a mass resolving power of 70,000 FWHM. The m/z
scan range was 70-1050. The data processing was carried out with
Xcalibur 2.2 software (Thermo Fisher Scientific).

2.5. Sample extraction methods

2.5.1. Solvent extraction (SE)

Homogenised meat sample (2g) was transferred to a 50 mL
polypropylene (PP) centrifuge tube. The mixture of internal stan-
dards and reference standards for quality control samples was
added to the sample. A 0.1% solution of formic acid in acetonitrile
(10mL) was added and mixed over 20 min. After centrifugation
at 4000 rpm for 10 min, 9mL of the supernatant was transferred
into a centrifuge tube and frozen for 30 min at —70°C. The sample
was centrifuged at 4000 rpm for 10 min and a 5 mL portion of the
extract was evaporated under nitrogen stream at 45 °C. The residue
was dissolved in 2:1 (v/v) water-acetonitrile solution (300 L) con-
taining 5 mM of ammonium formate and 0.01% of acetic acid, and
filtered through a PVDF membrane centrifuge filter (0.22 wm) prior
to the analysis.

2.5.2. Solid-phase extraction (SPE)

Homogenised meat sample (2 g) was transferred to a 50 mL PP
centrifuge tube. The mixture of internal standards and reference
standards for quality control samples was added to the sample. A
0.1% solution of formic acid in acetonitrile (10 mL) was added and
the sample was vigorously shaken for 20 min and centrifuged at
4000 rpm for 10 min A 5 mL portion of the supernatant was loaded
for the purification onto a Phree ~ Phospholipid removal column or
Strata X SPE column that was pre-conditioned with acetonitrile. The
obtained extract (5 mL) was collected into clean sample tubes and
evaporated to dryness under nitrogen stream at 45 °C. The residue
was dissolved in 2:1 (v/v) mixture of water-acetonitrile solution
(300 L) containing 5mM of ammonium formate and 0.01% of
acetic acid, and filtered through a PVDF membrane centrifuge filter
(0.22 wm) prior to the analysis.

2.5.3. Dispersive SPE method (dSPE)

Homogenized meat sample (2 g) was transferred to a 50 mL PP
centrifuge tube. The mixture of internal standards and reference
standards for quality control samples was added to the sample.
A 0.1% solution of formic acid in acetonitrile (10 mL) was added
and mixed during 20 min. After centrifugation at 4000 rpm for



1. Pugajeva et al. / Journal of Pharmaceutical and Biomedical Analysis 166 (2019) 252-263

254

86 €1l 1z 99 Lz 001 sz8 SL 4 g L1g S8 0oL 8 q1g undauwLIaA] 143
91 6LL €188 LL e {0)8 69L2C (43 0S L6 00€T 78 oot <8 BLg UNIIULIDAL 23
79 soL LT S9 9T ozt 144 S9 (4] 56 cl 19 0oL €0L unoawey [43
A syl 91T 9z 1€ Svl S9€ 43 8% SEL zel LT or 09l undaweloq 1€
re 44} 18T €1 €2 LEL 08 St €1 L6 791 41 0z 8vl B1g UndRWeqy o€
SUIIAULIAY
auoydins
€L 66 €€ Ela8 89 €01 89 SeL [44 zol 8'c gt see 96 a[0zepuaqepL . 6T
v 86 ¥'6 ozl LT 86 0z 41 v zol 1 6Tl stz zol a[ozepuaqeL]. 14
apixoydins
09 76 9l SEl LS 66 ¥e €l 9¢€ 66 Ll 3 ste L6 a[0zepuaqepL, L
L8 sot 61 L9 6L 801 9% 19 08 06 ¥T 89 0ot 99 djozepuaqery . 9z
61 06 08T L6T €1 LIl 143 [£14 ['14 8Ll vivl SLT 00 [t surzesadig 14
9t sot L1 I 06 L01 ye SL 78 €6 ST €1 0z 86 APIUEZOPAXQ ¥Z
95 96 8T 09 |84 00t 19 ¥s 34 6 9t 4] 00t 9L [0zepuaqIxo €
auoydns
8L 06 €€ o€ 99 ¥6 T8 6T SL ¥6 8Y S¥ 0s 8L 2[0ZePURJX0 44
oL 601 681 £v zl S0t [VARS [43 61 Lzl 8vL Ly 0s LL 9]0ZepuaX0 1z
L6 96 €5 4 i L0l oL LLT €6 ort 19 887 00t 8L [IUIXOTIN oz
s9 €6 6T SE 09 S6 €9 43 €9 101 152 8€ 09 '8 aj0zepuUaqaN 61
86 901 98l S8 SL L6 85E 66 S8 68 €L 89 oL [ S0 IWeAY] 81
a|ozepuaq
a4 001 re LEL 9 66 L9 [543 6€ 86 e sl [rad ¥'6 -eLI0Ia)Y Ly
91 syl 6T 162 I Lzl s0T SET I3 zol |72 0sZ 00€ ) qredopruwj 9L
6 v6 €1 0€ TS ¥6 6T 8T 8 €6 61 |53 0s €8 ajozepuaqnyy st
89 901 i Ve YL 96 |4 43 Se 101 ST o€ 0s L8 a[0zZepuaquay i
06 €6 ¥65T ve L 96 £869 6T 9L 88 79t 43 0s ¥'6 [21ueqa4 €1
86 16 10z € 08 66 A% 44 S6 oLt S8l 9z 43 0L uojnsiopy 48
dlozepuagawn
8 L6 61 8¢ s L6 6€ SE S 96 £ 8¢ 09 L -ourwy I
suoydjnsouwe
€6 96 85 59 L 66 8el 19 1'6 88 S9 L9 0ot 9 -g-a10zepuaqry oL
apixoydins
o1 96 0z 89 L 86 14 19 98 16 8T 99 oot €L a[ozepuaqry 6
auoydns
96 6 61 v9 s 96 124 €9 8'8 56 Lz 99 0oL VL jozepuaqry 8
ST 66 oL ¥s T 66 02 £S5 ST €01 L LS 0ot 8 djozepuaqy L
dlozepuagawr
6 €11 9 89 68 481 oL €9 9t Lot 8L ¥S 09 €L -Ax01pAH-§ 9
alozepuaqeryy
6L 16 6€ 8¢ 69 96 L8 9 '8 16 €5 |82 oot €9 -Ax01pAH-g S
2lozepuaqnyy
€L S6 61 53 oL L6 4 o€ €5 06 [« [£3 0s €L -ounuy-z 14
sonunuayIuYy
9 $01 81 0€ i 66 9€ 67 78 06 I 62 0S ¥9 Toowaydurery €
(d)
00€ ‘() 001
9€ a8y 8L 6L1 €9 801 €6 L9 66 zi 44 €l ‘(@) 00z 69 [0d1ua}I0]4 4
6€ 86 €60 L10 S9 16 4 810 8t ¥6 [t 810 €0 €L [omaydwerogy) L
sjoquaydwy
3/3u B)/8u B/8u
%asy % 'foemmy DoT-w /87 ‘gD %°'asy % “foemxny DOT-wW  By/8M gD %'asy % “foemmxy DoT-w B8 gyd  By/Er A unw Ly punodwo) ON

Jeaw AunIog

Jeal UNAIYD

JeAW AUIAOY

*Apn1s au) ur papnout salkfeue 3y jo Arewwins v

Lalqer

145



255

1. Pugajeva et al. / Journal of Pharmaceutical and Biomedical Analysis 166 (2019) 252-263

S's
9¢

SL
S8

98
€T

9L

14

88

L'y
69

1'6

L'y
s
st
78
8L

6¢
VL
8S

L
oL

L'6
6T
ot
9s

4

€€

341

19
801

L9
88
98
LL
Svl
oL
88

(448
el
Sel
ozL

148

06

16

€0L

oL

66
601
6C1
9el

60
89
6T
[ak4
7508

6€T
SeL9
0Le9l
660T
8EL

Eizat

0L

8T
¥S

volL
09
LEL
88

S9
st

L9

€9

vl

(&}
98T
16
ww
L8

S¥S
[43
a4

jx48
0€

[43

L9
oL

(48
Ly
14!
€l

9T
8T

LT
(113

1z

174

48

€8
oL
9t
6

zr

6C
6
o€

61

148
(4
kid
'8
144
9T
(4
Le
S$6
ST

ve

L1l

08
66

oL
[
9L
8

0oL
8Ll

LEL
oel
8zl
LEL

€0l

96
86
86
66
st
oot

801
S0L

¥8
[448
Lot

oL
8Ll

68
[438

oLt
69
¥6
0oL
€6

68

[43

S€

St

9L
148
£8€
0z

oor

9L
28
v
244
€ESLL

oL

jag
LS

9LL
19
szl
|73

LL
61

65

09

601

s
8s
LL
6T
68
14!
LL

i
8L

9L

81

9¢
(24
St
s
jag
87
€L
jag

4
Lz

61
LE

a2t

61

081

08
L01

SLL
(491
Gt
L01
orlL
k41

£6

1L
1zt
{241
801

1ot

€6

16
16
901
801
ELL
96

(481
86
68

(488

1498

L
6LL

6%
9Ll
(0

6
29

69
ool

6L

0z

€L
91

Sl
<6
€L
89¢S
oLL
80S1
6629
[£:748
9zl
(k3
8911
9T
St

0z

L1

(241

6S

8S
9s
L
95

9

8S
[4:14
8L
LS
8

1ss

(d)osz
‘(>'a) 0oz
001

oz (d'q)or

001

oot
00l
00T
0ol

or

0ol
00S
oot
0oL
oot

0ooL
0s

00T
0s

€L
8L
(A
VL

S8
69
143
e
L

7oL

V UISojA] €L
ursodnuyLL [
unuwer, |74
unAwends oL
unAunpg 69
unAwendsoaN 89
uAuwrodury L9
un Aweseyry 99
unAweso[ 59
v unAwoiryiArg 9
SOPI0.ODLI PUD SAPILUDSOIUIT
UDIWRINPWIS €9
unfwoures 79
uisereN 19
UISUDUOIA 09
Ppro[ese] 65
satoydouoy

apixoydins
[Lnzenjo], 85

auoydins
[HnzenjoL LS
[Lnzeno] 95
auIpuaqoy 55
ajeurnban S
upIWeInpe £
auoursnjoreyy 4

(Ona)
2pIjiuEqIE03IUI] 1S
[unzeprq 0s
aeumbodaq 6V
fopidory 8y
wnyjoidwy Ly
SIDIS01P1220)
Injonjay 9
awiournbja) Sk
suozeradoja) 124
urxa[eje) 32
EJ{LERIIER) w
surrodsopyda)y
[o12INqua[) 12
[o1a1ed[iz ov
[owengjes 6€
aurwedoloey 8€
auLidnsxos| LE
Jo12nquiorg 9¢

SIS1U0SD-DI2g
un2IPIXON se

146



1. Pugajeva et al. / Journal of Pharmaceutical and Biomedical Analysis 166 (2019) 252-263

256

upuad

o1 43 £18€ L1 09 8L LLTE €1 €1 08 195 9L 4 I8 -lAyawhxouayd yoL
€5 96 61 981 76 06 08¢ A} T6 €01 Lzl 961 00 T8 uexQ €01
s L8 L8L L6l 1L 88 0oLe 691 S'S vol 6L 081l 00€ S8 urqeN zot
L SLL 0812 60T Sl oL LISS 681 oL ooL S901 8LL 00e S8 urexopla 1oL
79 €01 414 61 41 26 0t 91 '8 201 oLt 961 00€ €8 uy[pexo]) 001
9¢€ 6 81 1€ 06 4 18¢C Le g's €0L LEL 6T 0s 6L upiuadifzuag 66
13 99 608€ St 4 ¥8 TSk 43 3 9 ooy iy 0s L9 uyoidwy 36
Al 78 987 6¢ 4 06 oLL vE 61 zel 1€l (42 0s 99 ugRIXowy L6
suyiuag
eju 33 LeL L 34 L1 oLl vzl se 0s S1L uajoidepap 96
s €L €ET 62 € 96 605 62 8V 801 89T o€ 0s €6 pioe drwreuajjo L S6
LL 1418 L'L Se 89 08 ovlL re Ly 901 oL S'E S 1'6 suozenqiAuayd ¥6
8L 8L '8l re €l 96 8¥S o€ 8L 1Ll 8L (43 S €8 auozenquaydixo €6
€5 66 9¢ €5 <6 v0L gL 19 0% zuL 0's LS oL 96 ploe dIuNyIN 26
06 6 LLzz oL 76 76 €855 0L 6L 08 psLL <8 oL LL uaxoxden 16
(punAdnueourweAyiaw
9 19 vy 68 61 Lot L6 79 €2 601 161 6L 001 6 -b) aloziweray 06
6'S S6 1L 1L 8 801 8T 1 (24 601 SL (49 (1[4 S8 WedIXopPW 68
(48 oL 9 6L (48 S6 9L 69 L's soL 89 9 or €or ploedIWreuapR 88
€L 43 I'v61 ¥'s I 06 £9£9 09 89 €6 61 99 oL S8 uajoidoray L8
1 601 (22 L vl €01 aLL oL 9L 901 611 86 oL €9 uajoidnq] 98
(d)
9T 86 0 Lz gl L6 34 1 61 201 (4 1L 0s'(>a)0z 1'6 urxrunig <8
oL €01 Sl 89 I €6 e 79 8¢ 801 61 95 oL z0lL  poeduweudjnyy ¥8
6 L6 S61 re 9F .6 80F 6 53 voL 44 9T S S6 Seuajopia €8
8¢ 66 (48 L6T (a4 6 b4 00€ 6'€ €0L €L 68T 00S €6 udjoidie) 8
SAIYSN
LS 1418 St o1 L I 144 980 L S6 €L oL S 19 dJozeprur 18
o1 ot a1 ol vl 86 €61 60 1 €1l 69 It S 78 s|ozepiuoy 08
9 9Ll € oL 6S 601 4 080 86 001 8l o'l S 89 2|0ZepIuI0 6L
68 sel 0T It €L 61 Sst ol 9L 9zl 81 vl S (44 ajozepruonajy 8L
Ll i748 [44 rt Sl I 13 oL 1€ szl €L oL S €L sjozepruoid] LL
ajozepruoxdr
SL 8zl €T oL €L 601 w 60 09 80L SL 60 SL 69 -Kxo1pAH 9L
I'6 ot 90% re €1 811 661 I €1 66 69 It ST g€ INWINH SL
9l Lyl ¥sT 4 91 z1L 293 €l ¥e (48 951 Ut gL ' sjozepLawiq vL
$3]0ZDPIUI0ITIN
8y/3u B/8u 8y/3u
%asy % ‘femxny DoT-w  3/8v ‘g %'asy % ‘foemxny Do1-w B/ 'grd %'asy % 'oemzny DoTw Sy/Sv gy 8y/E A ULy punoduio) ‘ON
JeaW AUDIO] Jeaw UPIYD Je3W duIAOg

(panupuod) 1 a1qeL

147



257

/ Journal of Pharmaceutical and Biomedical Analysis 166 (2019) 252-263

1. Pugajeva et al,

jagd

8L

€l

9L

'8

S'L
9L

€C

9
69

96

k48
o1
LO1
801

66
Lol

S6

€6
88

901
1413

LIl
LIl

LIl
66
r4s
L6

o€l
1ot

ecl
001

66

w1
1oL

Syl
et
Loy
607

I
6T
€9
€T
8'8
%3
(498
{444
181

st
28
28
€T
48
Lz
4!
L

28
at

9zt
(44

(44

L
14

9
06

19
8L

9
65
65
9

<9

8%
9
65

¥9
S8

6LL
LS

LeT

9s
9S

LE
99
6

ot

408
66
86

80L
L6

LOL
L6

oL
901
oLL
(448

e

(288
[448

[448
86
oLt
96

80L
1ot

LOL
S6

86

oL

9zt
€8¢

L08

£SL

8LE
85
¥SsS
LLE

144

14
[x4

LE

89
99

€9

s
9
9

€S
09
(4%

8S
18

ste
€S

sor
9s

ot
oL
L6
oL

oLt
68
06
96

€Ll

€6
(418
1
oLt
(281

6

801
Ll
{241
601

66
601
€01

901

ot

L6
€01l
86
sor
oLt
oot

601
o1

ot
901

981
61

91

ot
68

L9
s
9L

L9
09
9
6L
o€
09
9¢

s
69

9
65
L9
L9
8S

9

9Ll
9

oL
or
oL
oL

or

ool
oL
oL

ool
ool
[y

0oL
ool

ool

oot
ool
ool

ool

oot
oot
oot

oot
0s1

() oo
‘(d'q) ooz

() 00€
‘(d'q) ooy
(d) oot
‘(>'a) ooz
0oL

(44
6'S
8L

oL

89

xopumbejo
xopumbay
xopeqiesAxosaq
xopeqie)

poe

J11AxoqIed
-aul[exouIND-z

auize|Ay
AUIZRWOI]
auizewoudio[yd
[ojozeie)
auoladezy
[o1adezy
auizewordady

auipAena]
aulpPAeNNAXO
aurpoAxoq
auipAIRnALIOND)

ajozewyreyding
alozeylaweyding
surprupeyding
aurxoyawip
-eydins
surzepuAd
-o1opyoeyding

9€l
sel
el
eel

el
sauppxoUIny)
el
o€l
6C1
8¢l
Lzl
9zl
szL
s1aziinbun.]
vel
€cL
[a48
k48
saurafaniaL
ozl
611
8LL

LIL

9Ll

sapuupuoyding

uDEXo[jeIeS
Pp1oe JMUI0X0
upexoyIqIo
uDEXORION
PI2E JIXIPIEN
unexXoyoqIe

sumbawn|
upexofjoIuy

upexopiq

upexopoueq
upexopjoid)

SLL
il
ELL
(488
L
oLt

601
801

Lot
901

sor
sauojoulno

148



1. Pugajeva et al. / Journal of Pharmaceutical and Biomedical Analysis 166 (2019) 252-263

258

“JeaW UNIIY-D ‘Jeaw auriod-d ‘Jeatt dUIAOQ-q| ‘[9AI] UOHIBPI[BA-TA

(a4 LLL 28 LE re [10]8 0T LT (24 €01 6 6T 0S 9 wdoyiawiiy, vl
09 sot 6L €€ a8 ¥6 61 LT 4t L 8V 84 0S '8 ufnuaurep €9l
91 9zl e Ly oF Sl 65 9 0z LEL voe (44 0s S8 uIso[eA|A] 91
L 66 9vE S9 €T 61 065 89 8 oot 9IT 9s 0oL €6 Ulxejy 191
SL 8Ll (491 ve €L 68 98¢ €e S's €0l ect 8T 0s Lot unolqoroN 091
19 S 16 18 €T €6 €6T LL 8T [ 09T 8 0oL S'L v unenpeg 6S1L
Sa001qIUD 1310
2U019150159)
89 06 81 990 1L €8 0e 650 0z 69 61 880 1 €6 1Ay 851
SUO0IIS0)SAUION
Sy 0oL [x4 650 8L (43 8T 640 k4 oL [43 L8°0 L 88 -61-dL1 LSL
3U0121S01SAON
08 €0l L81 8L0 38 stl 1413 60 61 SoL vee 160 1 1’6 “61-0LL 9S1
€9 6 €0T 950 1L vor L1E 96'0 9L o€l 681 L8°0 It 98 auojoqualL-g1 SS1
(44 96 L8T €50 L'8 vol [xad 890 el L8 e 580 1 L8 QUOJOqURIL-PL] vSL
9 66 581 €90 '8 6 9ze 120 €l 6 96C 0L’0 L 0'6  U0IANS0ISAL-FL 1 €61
suagolpuy
99 S8 Le 950 1L ¥8 SL 190 6T 6cL (44 (44 1 88 joueiaz a1
9s 98 149 290 9 €8 oL €90 i 8 144 oL It 06 Quoueferesz 1S1
¥'6 98 L9 80 6L €L Sl 60 9z 8¢l g 0T 1 '8 [ouez[e] 0SL
ot j74} €91 9e 9e [438 6C1 St St Lol 91 Sl L 901 [onsaqusiAyRlg 671
19 [43 €81 o 9T YL 8LE 990 e 601 961 88°0 18 89 [o13sa0uaI(q 8¥1L
suagonsg
14! 1L 6V 6L 6€ LS (43 ve Se Q9 0z (44 14 S8 wrxoyd Lyl
(sprwewiojAyaw
-N-[AuaydjAyrawip
96 8LL 8499 148 S6 401 76 9zl g 86 80S vl 00T s9 -#'2-N) dNdd 9L
(eprwewsioy([AuaydiAyiawp
6L 9LL €8¢ Lel (48 SoL S9L Lzl €8 801 9ps Lzl 00z L'L -¥'Z)-N) dda Skl
€6 98 01 (45 28 88 61 cl €l 6 [ i 0t 66 uouizelq vl
0€ L6 192 LSL S8 w6 785 G8L 4t 801 (349 v9C 00€ 9l QUIZBWOIA) vl
Sapndasuf
ajelade
LL ot S81 120 96 601 viv LLO 14 viL 161 90 1 oot [EEERIEIEI N wl
€6 €0l L 8L0 (4 891 14 060 8L 9el oL 580 1 86  2IL10° [0NsaBIN |21
2jejade
auoiasaford
I L6 14 €60 g8 €l w 120 [44 0oL [44 60 18 66 -Ax01pay ovL
21e1a0e
(48 ool X4 SE0 16 L01 €s €0 8L 98 €l 0€0 S0 86 SuoulpeurIoyy 6el
sunsafoud
(44 78 1z (x4 68 76 184 9T Ll 8 81T re 14 '8 QuojosIupald 8l
auojosiupaxd
6L 16 144 9 148 <ot (43 €L 9L L ot LL ot 78 RO LEL
Sp10211.102021]5)
8/8u B/8u 3y/8u
%asy % foemday Do1-w 3y/3 g %'asy % ‘foremxny DoT1-w  8/3 ‘g %'asy % ‘Areandoy DotT-w By/8r'gyd  8y/8rl 1A unw Ly punodwo) ON

1B9W AUDIO]

I3 UPIYD

P2 dUIADY

(panuyuo)) 1 a[qer

149



1. Pugajeva et al. / Journal of Pharmaceutical and Biomedical Analysis 166 (2019) 252-263 259

10 min, 9 mL of the supernatant was transferred into a centrifuge
tube and frozen for 30 min at —70°C. The sample was centrifuged
at 4000 rpm for 10 min and the supernatants were decanted into
15 mL PP tubes containing MgSO4 (2 g) and C18 sorbent (0.5g) or
PSA (0.5 g). After shaking, the sample was centrifuged at 4000 rpm
for 10min and a 5mL portion of extract was evaporated under
nitrogen stream at 45 °C. The residue was dissolved in 2:1 (v/v)
mixture of water-acetonitrile (300 L) containing 5 mM of ammo-
nium formate and 0.01% of acetic acid, and filtered through a PVDF
membrane centrifuge filter (0.22 m) prior to the analysis.

2.6. Method validation

An in-house validation protocol was carried out taking into
consideration the requirements outlined in Commission Deci-
sion 2002/657/EC [16] for a quantitative screening method, in
order to establish the performance characteristics of the method,
ensuring adequate identification and quantification of the target
compounds. The performance of the method was evaluated by
estimating its linearity, accuracy, and repeatability expressed as
relative standard deviation (RSD), detection capability (CC(3), and
specificity.

The instrumental limit of quantification (i-LOQ) was determined
as the minimum detectable concentration of analyte on column
with signal-to-noise (S/N) ratio exceeding 10 by sequential injec-
tion of decreasing concentrations of calibration standards.

The detection capability (CC) at the ¥ validation level (VL) was
determined from decision limit CCa that in turn was calculated
from 1.64 times the standard deviation at the ¥2 VL level for allowed
substances and 2.33 times the standard deviation at the %2 VL level
for banned substances using the following equations: CC(3 = CCa +
1.64 x SDg 5y, and CCa=VL+ 1.64 (2.33) x SDg sy

Matrix effects (ME) were assessed in porcine, chicken and
bovine meat in order to evaluate the degree of ion suppression or
enhancement. The matrix effects were calculated by dividing the
slopes of the matrix-matched calibration curves after extraction
(slopey;) and the slopes of the calibration curves obtained using
standard solutions (slopestp) according to the following equation:
ME (%)=100% x slopey [ slopestp. A value of 100% indicates that
there is no matrix effect, while values higher than 100% point toion
enhancement and values lower than 100% indicate ion suppression.

2.7. Statistical analysis

A two-factor ANOVA was performed without replication for
the determination of significant differences between the different
extraction procedures tested for each therapeutic class.

3. Results and discussion
3.1. Instrumental method optimisation

Different mobile phases and additives were compared in order
to optimise the chromatographic separation and selectivity. Ace-
tonitrile, methanol, a mixture of both solvents with or without
additives were tested as organic phase components while deionised
water without additives, water buffered with 0.05 M ammonium
formate and/or fortified with 0.1% formic acid were evaluated
as the aqueous components of the mobile phase. Three different
columns: Phenomenex Kinetex C18 (100 x 2.1 mm, 2.6 um), Phe-
nomenex Luna Omega (100 x 2.1 mm, 1.6 um), and Thermo Fisher
Scientific Hypersil GOLD (50 x 2.1 mm, 1.9 um) analytical columns
were examined. All columns provided satisfactory peak shapes and
responses. The Luna Omega column was chosen for all further
experiments due to the optimal distribution of analyte retention
times from 1.6 min for cyromazine to 18.4 min for narasin.

150

Ton source parameters like temperature and nitrogen gas flow
were optimised for improved efficiency of the ionisation process.
Accurate masses of the analytes were calculated using isotope
simulation calculator provided by Xcalibur 2.2 software (Table
S2). During the method development, unsatisfactory instrumental
method reproducibility was observed that can be related to such
parameters as AGC (ion count transferred to the analyser) settings
and ion accumulation time in the C-trap prior to the HRMS anal-
ysis. Optimisation of these parameters using spiked samples with
164 compounds does not really reflect a real sample analysis where
only few analytes at the time might be detected. To improve repro-
ducibility of the instrumental method several internal standards
representing different classes of drugs were included in the meth-
ods for accurate quantitation and internal quality control purposes.
These few internal standards were assigned to analytes by practi-
cal checking which one better covers a shift of the peak intensities
during the instrumental analysis. Information on the method per-
formance in terms of repeatability and accuracy not corrected by
internal standards is presented in Supplementary data as Table S2.

The resolving power was set at 70 000 FWHM that was found
sufficient by many authors [4,7] in order to distinguish the possi-
ble interfering endogenous matrix components from the analytes
of interest using full scan mode. Mass resolution of 140 000 FWHM
was also examined and showed satisfactory results, providing suf-
ficient data points for all analytes at 1V L. However, higher mass
resolving power usually requires longer scanning speed times, and
thus fewer data points are acquired across the target peak that can
cause difficulties for quantification. For that reason all subsequent
experiments were performed with the resolving power of 70 000
FWHM.

3.2. Sample preparation

Meat is a complex and challenging matrix due to the high protein
and lipid content. Considering the large number of target com-
pounds belonging to various classes and having different chemical
properties, the most challenging part of the multi-residue method
is the sample preparation in terms of both the extraction and clean-
up. The most frequently used pre-treatment methods for meat
samples (SE, SPE, and dSPE) were evaluated with some modifi-
cations. The procedures were evaluated by fortifying blank meat
samples at 0.5, 1, 1.5, and 2V L. The relative extraction recoveries
were compared based on recoveries at the concentration of 1VL,
assuming that extraction recovery applying the SE method (see
2.5.1) was equal to 100%. The linearity of calibration curves and
the number of the extracted analytes were also investigated.

3.2.1. The evaluation of a solvent extraction method

SE can be used as an effective, simple and rapid procedure
for non-targeted screening. However, there is a significant risk of
MS source contamination due to injecting extracts without any
clean-up. The methodology evaluated in the current study is based
on extraction with acetonitrile. High concentrations of acetoni-
trile precipitated proteins and caused denaturation of enzymes,
which was considered an advantage, as enzymes might otherwise
degrade drug residues during the extraction and clean-up steps.
The effect of formic acid in acetonitrile on the extraction efficiency
was also tested and was shown to be superior for all analytes except
amphenicols, were an average recovery of 214% was obtained by
extraction with pure acetonitrile.

A salting-out step with the addition of NaCl and MgS0,4 during
the extraction process was also evaluated, where NaCl was added
to promote the separation of aqueous and acetonitrile phases,
while MgSO, was added to remove water from the acetonitrile
supernatant for quicker evaporation. It was noticed that the salting-
out step caused decreased recoveries for such chemical classes



260

1. Pugajeva et al. / Journal of Pharmaceutical and Biomedical Analysis 166 (2019) 252-263

SE (PACN/F) m SE (2ACN/F/S) mSE (sACN/F)

200
R®
=
Z 150
2
]
2 100
s
2
S 50
]
o=
0
PP QO OSSP OSSP S S S
o & & o> & o T B B B
&\c\\‘»‘o kg,"g}c-\\z"-\-\o,@eo\-é@e,@,e
o‘(\"z" 06’ T FEFLET LT NE FE F &
S8 5 f>° & <~"Q FETE LS ELEFITE S S
o & & @ N <
MRS ® & & o4 &

Fig. 1. Summary of relative recoveries: pACN/F - SE with pure acetonitrile and freezing out; aACN/F/S - SE with acidic acetonitrile, salting out and freezing out; aACN/F - SE

with acidic acetonitrile and freezing out (assumed as 100% of recovery).

as quinolones, NSAIDs, macrolides, anthelmintics, tranquilisers,
ionophores, and coccidiostats, resulting in recoveries below 50%.
A summary of the relative recoveries for different classes of com-
pounds is shown in Fig. 1.

The solutions obtained without any clean-up steps contained
large amounts of matrix components, therefore we evaluated a
defatting step with hexane and freezing out at —70°C for 30 min.
The freezing out procedure was found to be more suitable as a
clean-up step for the multi-residue method, yielding higher recov-
eries of analytes in comparison to the defatting with hexane. The
additional clean-up step is very important for the removal of inter-
fering matrix peaks and lowering the noise level in the case of
analytes that must be quantitated at low levels, such as estro-
gens and androgens, progestins, nitroimidazoles, beta-agonists,
and chloramphenicol.

In the case of analytes that preferably form sodium adducts dur-
ing the ionisation step, such as cocciodiostats and avermectins, the
most critical step was reconstitution of the evaporated samples
before analysis. Reconstitution in only acidic water/acetonitrile
solution yielded decreased analyte signals due to insufficient ioni-
sation of molecules.

3.2.2. Evaluation of the SPE method

SPE is useful for sample clean-up and effective concentration
of analytes belonging to particular classes. There are certain lim-
itations to using SPE for multi-residue screening of components
with various physicochemical properties, because SPE sorbents
have limited interaction mechanisms. In the current study, two SPE
columns were evaluated for retaining such matrix components as
phospholipids, proteins and particulates on the stationary phase,
while the analytes of interest passed through the stationary phase:
Strata X (a mixed-mode sorbent) column and Phree™ Phospholipid
removal column.

The SPE method generally provided relative recoveries in the
range from 80 to 140%, except some cases when the relative recov-
eries were lower than 20% (Fig. 2A and B). Purification of the
extracts with SPE resulted in fewer interfering peaks on chro-
matograms. Good results were obtained by using Strata X columns
for avermectins, sulphonamides and quinolones, with the average
recovery for all analytes within those groups being 114%, 120%, and
118%, respectively. When a Phree™ Phospholipid removal column
was used for the clean-up, highly variable relative recoveries were
observed for analytes within one group, for example, the relative
recoveries of NSAIDs ranged from 10% for naproxen to 109% for
carprofen.

3.2.3. Evaluation of the dSPE method
Another common pre-treatment method for multi-residue
screening is dispersive solid phase extraction (dSPE) according to

the QUEChERS approach, which is commonly used for contaminant
analysis in various matrices. Two different sorbents were evaluated
for dSPE during this study: C18 bulk sorbent and PSA. The clean-up
experiments with C18 did not indicate any significant improve-
ments, while the use of PSA sorbent significantly improved the
recoveries of some compounds, for example, glucocorticoids and
estrogens. At the same time, losing tetracycline, quinolone, and
some analytes of the penicillin group (Fig. 2C and D).

3.2.4. Comparison of the proposed sample preparation procedures

There is no decisive recommendation in relation to the most
effective sample preparation procedure for multi-residue method.
In the procedures involving clean-up steps, better recoveries were
obtained for some analytes, while other analytes could be lost
completely. At the same time the matrix components and a high
background noise level do not present a significant problem for
substances with higher MRL values, while this issue is very critical
for banned substances that must be detected at very low concen-
trations. Statistical analysis showed significant difference for the
variance between the means of populations for the sample prepa-
ration procedures for all chemical classes listed in Table 1, except
for nitroimidazoles, where F<F;;, indicating relatively uniform
recovery among the different methods.

In summary, it can be concluded that only the dSPE method
using PSA for clean-up was not appropriate for the analysis of a
wide range of substances, due to the losses of a number of analytes.
The best results overall were observed with two sample prepara-
tion procedures - SE combined with a freezing out step and SPE
using Phree ~ Phospholipid removal column or a Strata X column.
Inour study we preferred the first option, as it was more convenient
and affordable. This procedure was evaluated in terms of selectiv-
ity, matrix effect, method limits of quantification, accuracy, and
repeatability and used for the screening the real samples.

3.3. Performance of the method

The analytical method validation for the determination of vet-
erinary drugs in bovine, chicken and pork meat was carried out at
four concentration levels at 0.5, 1, 1.5, and 2 times of VL, which
was equal to the maximum residue level (MRL), the minimum
required performance limit (MRPL), or to a specific “level of inter-
est”, if no MRL or MRPL levels were defined. All concentration
levels used in this validation study are listed in Table 1. The com-
pounds for which the MRL or MRPL levels could not be achieved
due to the limited sensitivity of the detector (carnidazole, hexestrol
and firocoxib) or losses during the sample preparation procedure
(closantel, rafoxamide, bethametasone, dexamethasone and ami-
traz), were excluded from the study. The validation experiments
for each type of meat were performed on separate days.
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Fig. 2. Relative recovery histograms for different sample preparation methods: A - SPE with Phree™ Phospholipid column, B - SPE with Strata X column, C - dSPE with C18,
D - dSPE with PSA. The recoveries obtained by SE with acidic acetonitrile and freezing out were assumed as 100%.

The method sensitivity was evaluated by measuring the instru-
mental limit of quantification (i-LOQ) that was experimentally
determined as the lowest amount of the analyte injected on-
column for which the S/N ratio exceeded 10. The LOQ values varied
from 0.033 to 67 pg of absolute amount (Table S2). The m-LOQ
values were calculated by taking into account the sample prepa-
ration procedure (such as sample weight taken for the analysis, the
amount of extraction solvent used, the final volume of the sam-
ple after reconstitution and the injection volume), as well as the
matrix effect obtained during the method validation. The m-LOQs
were expressed as ng kg~! of sample fresh weight (Table 1). The
obtained m-LOQs were always lower than the CC[3 value obtained
during validation of the method.

The CC(B value is defined as the lowest concentration of the
substance that may be detected, identified and/or quantified in a
sample with an error probability of § (in this study, 3 =5%). The
calculated CC[3 values are presented in the Table 1 and are lower
than the validation levels, except for estrogens in bovine muscle
where the established MRPLis 1 j.g kg~', but the obtained CC@ val-
ues were as high as 2.2 g kg~'. In the case of diethylstilbestrol, the
CCP values were even higher for all meat types, varying from 1.5
to3.6 pgkg .

The specificity of the method was checked by analysing 20 blank
samples for each type of matrix. The chromatograms were moni-
tored for peaks that can potentially interfere with the analytes of
interest. No interfering peaks were observed within the mass tol-
erance of 5 ppm. Higher mass deviations resulted in false positive
cases for some analytes in particular types of meat.

The mean repeatability and accuracy were calculated from the
data obtained by analysing blank samples fortified before extrac-
tion at 0.5, 1.0, 1.5, and 2.0 times the VL in 4 replicates each level.
A total of 130 selected compounds could be quantified in chicken
meat samples with accuracy ranging from 70 to 120% and RSDs
less than 30%. Analogously, 127 compounds could be quantified in
bovine meat and 123 compounds in porcine meat samples. Detailed
information on the RSD values and accuracy for each analyte in
different matrices is listed in the Table 1.

For the evaluation of ME, blank samples fortified before extrac-
tionat0.5,1.0, 1.5,and 2.0 times the VL were analysed and standard
calibration was performed in solvent at the same levels. The results
showed a strong matrix effect, especially in the case of chicken meat
where 145 analytes were affected by ion enhancement effect, while
only 10 analytes showed negligible ME and 9 analytes — ion sup-
pression effect (Table S2). A summary of the observed matrix effects
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Fig. 3. A summary of matrix effects observed in our study in different types of meat.

is provided in Fig. 3. Especially high matrix effects occurred in the
cases of piperazine, cefacetrile,and vedaprofen in bovine meat sam-
ples, while diethylstilbestrol showed the highest ME in all meat
types. A dramatic ion suppression effect was observed in the case
of brombuterol and salbutamol in bovine meat and vedaprofene in
porcine meat resulting in non-detection of these analytes. Taking
into account that ME in LC-MS with electrospray ionization source
can severely compromise quantitative analysis of compounds at
trace levels, as well as greatly affect the method reproducibility and
accuracy, standard calibration curve could not be used for quantifi-
cation. The results demonstrated that a calibration curve made up
in the matrix with addition of isotopically labelled standards must
be used to minimise the matrix interference and to avoid any under
or over estimation during quantification. At the same time, the
unacceptable accuracy and repeatability results could be improved
by selection or introduction in the method of more appropriate
internal standards for particular components.

Our study presents simultaneous within run screening of
chicken, bovine and pork meat for 164 veterinary drugs belong-
ing to 22 different classes that are either commonly used or
prohibited in veterinary practice. Many previous multi-residue
methods have been suitable for the detection of various types of
antibiotic classes, such as amphenicols, beta-lactams, lincosamides,
macrolides, pleuromutilins, quinolones, sulphonamides, tetracy-
clines, and others [4,6]. In some cases the scope of the analytical
methods has been extended beyond antibiotics. For example, 13
classes of veterinary drugs, including 76 compounds [3] and 131
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Table 2
Concentrations of pharmacologically active substances found in meat samples.
Sample No. Compound Result obtained by Confirmed result by MRL
LC-HRMS, pg/kg LC-MS/MS, pg/kg (bovine muscle),
nelkg
Oxytetracycline 6045 5679 100
1 Tylosin A 340 301 100
Metamizole (4-methylamino-antipyrin) 9.6 11 100
Benzylpenicillin 410300 407700 50
2 Metamizole (4-methylamino-antipyrin) 42 56 100
Ketoprofen 1770 1602 No MRL
Metamizole (4-methylamino-antipyrin) 54 11 100
3 Ketoprofen 13 14 No MRL
4 Meloxicam 502 734 20
5 Meloxicam 14 29 20
6 Trimethoprim 1.9 1.7 50
7 Tetracycline 157 151 100
8 Ketoprofen 7.4 43 No MRL

compounds [17], were determined in bovine meat by LC-MS/MS
analysis. Even more types of veterinary drugs were detected by
employing high-resolution mass spectrometry, including antibi-
otics, benzimidazoles, anthelmintics, nitroimidazoles, ionophores,
tranquilizers, and NSAIDs in chicken muscle [5]. Other screening
methods of animal origin products include column switching using
different mobile phase compositions [18]. Screening of 90 veteri-
nary drugs belonging to 14 therapeutic classesinroyal jelly samples
was presented by Zhang et al. [10], while Zhao et al. reported
the determination of 80 veterinary drugs belonging to 12 differ-
ent classes in Oplegnathus punctatus [11] and Jia at al. -137 drug
residues and metabolites from 16 classes in tilapia [19], and the
screening of more than 200 pharmaceutical and other residues in
aquatic foods was developed by Kong et al. [12]. At the present
time, only Yin at al [2]. have reported multi-residue determination
of 210 drugs in pork by LC-MS/MS and Dasenaki et al. [9] presented
an LC-MS/MS method for the determination of 115 drugs belonging
to 20 different classes in milk powder and butter, but these studies
include drugs used for humans, such as beta-blockers, analgetics,
diuretics, statins, antiepileptic drugs, and fibrates.

3.4. Application to real samples

In order to evaluate the applicability of the proposed method,
40 bovine meat samples found suspected on farms were analysed.
Inspection of the animals prior to slaughter showed clearly visible
injection sites without any records of the treatment for the partic-
ular animal, and the analysed samples showed positive results in
non-selective qualitative test for inhibitor substances.

In 8 out of the 40 analysed samples, pharmacologically active
substances of various therapeutic classes, namely, NSAIDs and
antibiotics of tetracycline, macrolide, and penicillin groups were
found (Table 2). In most of the cases, the detected concentrations of
pharmaceutical residues were higher than the MRL established by
the EU, indicating non-compliance with the veterinary regulations.

The residue concentrations determined using the proposed
method were quantified with matrix-matched calibration over the
relevant concentration ranges (the R? values for all calibration
curves were higher than 0.99) and the calculated concentra-
tions of residues were confirmed with a validated confirmatory
LC—MS/MS method used in the laboratory for the analysis of the
particular group of drugs. Oxytetracycline, tylosin A, trimetho-
prim, and benzyl penicillin were analysed by a method designed
for the analysis of antibiotics (excluding aminoglycosides) [6],
while ketoprofen, meloxicam and marker residue of metamizole
(4-methylaminoantipyrin) were analysed with specific method
designed for confirmation of NSAIDs [ 20]. These methods were vali-

dated as confirmatory methods in compliance with the Commission
Decision 2002/657/EC.

The concentrations of substances obtained by both methods
(screening and confirmatory) were in a good agreement.

4. Conclusions

The analytical method for the simultaneous identification and
quantification of 164 residues and metabolites of pharmacologi-
cally active substances were evaluated and validated in terms of
selectivity, matrix effect, method and instrument limits of quantifi-
cation, accuracy, and repeatability in chicken, porcine and bovine
muscle by ultra-high performance liquid chromatography coupled
to high-resolution Orbitrap mass spectrometry. The elaborated
multi-class residues method provides simultaneous screening of
drugs belonging to 22 different classes commonly used or prohib-
ited in veterinary practise. The performance of the method was
good for the detection of compounds above CCp levels, proving the
effectiveness of this methodology for fast routine analysis of these
compounds, followed by confirmation according to the require-
ments of Commission Decision 2002/657/EC in case of positive
findings.

Finally, the method was successfully used to detect and quan-
tify veterinary drug residues in real samples found to be suspected
using the non-selective qualitative test for inhibitor substances.
The results were confirmed using the relevant confirmatory one-
residue class methods that revealed concentrations of residues
above the established MRLs.

Acknowledgments

This research was co-financed by ERDF (85%) and the state bud-
get of Latvia (7.5%) under the project No. 1.1.1.1/16/A/258.

A. Suppl

ary data

Supplementary material related to this article can be found,
in the online version, at doi:https://doi.org/10.1016/j.jpba.2019.01.
024.

References

[1] S.F. Sundlof, veterinary drugs residues: veterinary drugs — General, in: Y.
Motarjemi (Ed.), Encyclopedia of Food Safety, 3, Elsevier Inc., MI, USA, 2014,
Pp. 35-38, http://dx.doi.org/10.1016/B978-0-12-378612-8.00248-1.

[2] Z.Yin, T. Chai, P. Mu, N. Xu, Y. Song, X. Wang, Q. Jia, ]. Qiu, Multi-residue
determination of 210 drugs in pork by ultra-high-performance liquid
chromatography-tandem mass spectrometry, J. Chromatogr. A 1463 (2016)
49-59.

153



I Pugajeva et al. / Journal of Pharmaceutical and Biomedical Analysis 166 (2019) 252-263 263

[3] M.E. Dasenaki, C.S. Michali, N.S. Thomaidis, Analysis of 76 veterinary
pharmaceuticals from 13 classes including aminoglycosides in bovine muscle
by hydrophilic interaction liquid chromatography-tandem mass
spectrometry, J. Chromatogr. A 1452 (2016) 67-80.

G. Cepurnieks, J. Rjabova, D. Zacs, V. Bartkevics, The development and

validation of a rapid method for the determination of antimicrobial agent

residues in milk and meat using ultra performance liquid chromatography
coupled to quadrupole -Orbitrap mass spectrometry, J. Pharm. Biomed. Anal.

102(2015) 184-192.

RJ.B. Peters, YJ.C. Bolck, P. Rutgers, A.A.M. Stolker, M.W.F. Nielen,

Multi-residue screening of veterinary drugs in egg, fish and meat using

high-resolution liquid chromatography accurate mass time-of-flight mass

spectrometry, J. Chromatogr. A 1216 (2009) 8206-8216.

I. Reinholds, I. Pugajeva, I. Perkons, V. Bartkevics, The application of

phospholipid removal columns and ultra-high performance liquid

chromatography-tandem quadrupole mass spectrometry for quantification of

multi-class antibiotics in aquaculture samples, J. Pharm. Biomed. Anal. 128

(2016) 126-131.

[7] BJ.A. Berendsen, T. Meijer, H.G.]. Mol, L. van Ginkel, M.W.F. Nielen, A global
inter-laboratory study to assess acquisition modes for multi-compound
confirmatory analysis of veterinary drugs using liquid chromatography
coupled to triple quadrupole, time of flight and Orbitrap mass spectrometry,
Anal. Chim. Acta 962 (2017) 60-72.

[8] G.RD. Silva, J.A. Lima, L.F. de Souza, F.A. Santos, M.A.G. Lana, D.C.S. Assis, S.V.
Cangado, Multiresidue method for identification and quantification of
avermectins, benzimidazoles and nitroimidazoles residues in bovine muscle
tissue by ultra-high performance liquid chromatography tandem mass
spectrometry (UHPLC-MS/MS) using a QuEChERS approach, Talanta 171
(2017) 307-320.

[9] M.E. Dasenaki, N.S. Thomaidis, Multi-residue determination of 115 veterinary
drugs and pharmaceutical residues in milk powder, butter, using liquid
chromatography-tandem mass spectrometry, Anal. Chim. Acta 880 (2015)
103-121.

[10] Y. Zhang, X. Liu, X. Li, J. Zhang, Y. Cao, M. Su, Z. Shi, H. Sun, Rapid screening
and quantification of multi-class multi-residue veterinary drugs in royal jelly
by ultra performance liquid chromatography coupled to quadrupole
time-of-flight mass spectrometry, Food Control 60 (2016) 667-676.

[11] F. Zhao, X. Gao, Z. Tang, X. Luo, M. Wu, ]. Xu, X. Fu, Development of a simple
multi-residue determination method of 80 veterinary drugs in Oplegnathus

=

5

[6

154

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

punctatus by liquid chromatography coupled to quadrupole Orbitrap mass
spectrometry, J. Chromatogr. B 1065-1066 (2017) 20-28.

C. Kong, Y. Wang, Y. Huang, H. Yu, Multiclass screening of &200
pharmaceutical and other residues in aquatic foods by ultrahigh-performance
liquid chromatography-quadrupole-Orbitrap mass spectrometry, Anal.
Bioanal. Chem. (2018), http://dx.doi.org/10.1007/s00216-018-1124-5.

A. Kaufmann, P. Butcher, K. Maden, S. Walker, M. Widmer, Quantitative and
confirmative performance of liquid chromatography coupled to
high-resolution mass spectrometry compared to tandem mass spectrometry,
Rapid Commun, Mass Spectrom. 25 (2011) 979-992.

E. Commission, Commission regulation (EU) No 37/2010 on pharmacologically
active substances and their classification regarding maximum residue limits
in foodstuffs of animal origin, Off. J. Eur. Commun. L15 (2010) 1-72.

E. Commission, Council Directive 96/22/EC of 29 April 1996 concerning the
prohibition on the use in stockfarming of certain substances having a
hormonal or thyrostatic action and of 3-agonists, and repealing Directives
81/602/EEC, 88/146/EEC and 88/299/EEC, Off. . Eur. Commun. L125 (1996)
3-9.

E. Commission, Commission Decision 2002/657/EC implementing Council
Directive 96/23/EC concerning the performance of analytical methods and the
interpretation of results, Off. J. Eur. Commun. L221 (2002) 8-36.

M.J. Schneider, S.J. Lehotay, AR. Lightfield, Validation of a streamlined
multiclass, multiresidue method for determination of veterinary drug
residues in bovine muscle by liquid chromatography-tandem mass
spectrometry, Anal. Bioanal. Chem. 407 (2015) 4423-4435.

J. Zhan, D. Xu, S. Wang, J. Sun, Y. Xu, M. Ni, J. Yin, J. Chen, X. Yu, Z. Huang,
Comprehensive screening for multi-class veterinary drug residues and other
contaminants in muscle using column-switching UPLC-MS/MS, Food Addit.
Contam. Part A 30 (2013) 1888-1899.

W._Jia, X. Chu, F. Chang, P.G. Wang, Y. Chen, F. Zhang, High-throughput
untargeted screening of veterinary drug residues and metabolites in tilapia
using high resolution Orbitrap mass spectrometry, Anal. Chim. Acta 957
(2017) 29-39.

E. van Pamel, E. Daeseleire, A multiresidue liquid chromatographic/tandem
mass spectrometric method for the detection and quantification of 15
nonsteroidal anti-inflammatory drugs (NSAIDs) in bovine meat and milk,
Anal. Bioanal. Chem. 407 (2015) 4485-4494.



V

Ikkere, L.E.; Perkons, I.; Pugajeva, I.; Gruzauskas, R.;
Bartkiene, E.; Bartkevics, V.

Direct injection Fourier transform ion cyclotron
resonance mass spectrometric method for high

throughput quantification of quinolones in poultry

J Pharm Biomed Anal 2020, 188

155



Journal of Pharmaceutical and Biomedical Analysis 188 (2020) 113389

Contents lists available at ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis

journal homepage: www.elsevier.com/locate/jpba

Direct injection Fourier transform ion cyclotron resonance mass )
spectrometric method for high throughput quantification of it

quinolones in poultry

L.E. Ikkere®*, I. Perkons?, I. Pugajeva?, R. Gruzauskas®, E. Bartkiene¢, V. Bartkevics?®

2 Institute of Food Safety, Animal Health and Environment “BIOR”, Lejupes Str. 3, Riga, LV-1076, Latvia

b Kaunas University of Technology, Radvilenu Rd. 19, Kaunas, LT-50254, Lithuania
¢ Lithuanian University of Health Sciences, Tilzes Str. 18, Kaunas, LT-47181, Lithuania

ARTICLE INFO

ABSTRACT

Article history:

Received 22 January 2020

Received in revised form 21 May 2020
Accepted 21 May 2020

Available online 31 May 2020

Keywords:

Quinolones

Poultry

lon cyclotron resonance mass spectrometry
Direct injection

Many recent studies have shown high detection frequencies of quinolone antibiotics in poultry, as well
as an increasing incidence of antimicrobial resistance. The main purpose of this project was to develop a
fast and reliable analytical method for the detection of quinolones in poultry meat. In order to develop a
rapid quantitative confirmation method, ion cyclotron resonance mass spectrometer was used. First, the
sample preparation procedure was simplified by reducing the procedure to extraction and freezing out
steps. Second, the chromatographic separation step was excluded and mass spectrometric parameters
were optimised. Third, the method was validated by fortifying a blank matrix at four levels (0.5, 1, 1.5,
and 2 times the maximum residue limit (MRL) or level of interest in those cases when no MRL was
established). As a result, the overall analysis time was reduced to less than an hour. The validation study
revealed that the method is capable of detection and confirmation of ten quinolone compounds in poultry
above the detection capability (CC3) of the procedure. Finally, the developed method was applied to 19
commercially available chicken meat samples. None of the samples contained quinolones above the limit
of quantification (LOQ) of the method. Analysis of treated chickens revealed that the developed method
is suitable for the determination of ciprofloxacin and enrofloxacin. The developed method could be one

of the fastest quantitative confirmatory methods for the analysis of quinolones available so far.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Quinolone antibiotics are a group of widely used antimicrobial
agents. Quinolones (Qs) are often employed as first-choice drugs
for the treatment of acute gastrointestinal infections in humans.
Since Qs possess activity against the full range of pathogens that
may cause bacterial gastroenteritis (most commonly, Campylobac-
ter, Salmonella, Shigella or E. coli), they are often used for empirical
treatment in human medicine when the pathogen is yet unknown
[1]. Because of their broad-spectrum activity, Qs have been used
successfully in veterinary medicine as well. However, it has been
observed that the introduction of Qs in veterinary practice hasled to
higher incidence of antimicrobial resistance [2,3]. Concerned about
the growing trend of antimicrobial resistance, USA has banned the
use of Qs for poultry since 2005. Nevertheless, no action has been

* Corresponding author.
E-mail address: ikkere laura@gmail.com (L.E. Ikkere).
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taken in the European Union and Qs are still extensively used for
the medication of poultry. In order to reduce the risk associated
with the presence of these compounds in animal tissues, the max-
imum residue limits (MRLs) for several Qs in foodstuffs of animal
origin have been established by the Commission Regulation (EU)
No 37/ 2010 [4].

Numerous papers have been published regarding the analysis of
Qs residues in animal products [5]. Liquid chromatography (LC) is
the most commonly used analytical separation technique, but such
methods as gas chromatography [4,6] and capillary electrophoresis
[7-9] have also been employed. Regarding the detection, tan-
dem mass spectrometry (MS/MS) is the favoured confirmatory
method [10]. LC-MS and LC-MS/MS methods are typically char-
acterised by superior selectivity and sensitivity, for instance, the
limit of detection (LOD) can be as low as 1 ng kg~' for enrofloxacin
[11]. Nevertheless, in order to achieve such method performance,
excessive sample clean-up procedures and at least a ten minute
chromatographic run must be performed. The analytical procedure
could be shortened either by simplification of sample preparation
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or by reducing the time of instrumental analysis. To date, only a few
reports of non-chromatographic methods for the determination of
Qs are available. These include immunoassay and luminescence
techniques. The latter usually lacks the required selectivity in the
case of complex mixtures, as it has been applied to the determi-
nation of individual Qs [12,13]. Immunochemical methods have
shown great potential as a screening tool, although most of them
only allow semi-quantitative analysis [14]. Regarding the sample
preparation, procedures consisting only of extraction step without
any clean-up have been reported. UHPLC-Orbitrap-HRMS, operated
at a resolution of 70 000 FWHM, was used by Cepurnieks [15].
HRMS methods such as Orbitrap and ion cyclotron resonance are
capable of achieving a resolution of up to 500 000 FWHM. Such a
high resolving power enables the separation of very close m/z val-
ues of analytes, as well as provides a better resolution of analyte
peaks from the matrix signals. Consequently, there is no need for a
thorough sample clean-up. In our present study, we utilize Fourier
transform ion cyclotron resonance mass spectrometer (FT-ICR MS).
This allows simplification of the sample preparation procedure,
as well as elimination of chromatographic separation. The bene-
fits of HRMS over the classical unitmass resolution tandem mass
spectrometry are considerable, for instance, the collection of full-
scan spectra, which enables both non-targeted and retrospective
analysis [16].

The objective of this work was to develop a rapid, sensitive, and
reliable method for the determination of residues of ten Qs in poul-
try by direct injection FT-ICR MS. The sample preparation procedure
involved a simple extraction step and clean-up by freezing out at 70
°C. Combined with ultra-fast detection, the achieved overall anal-
ysis time was less than an hour. The method was comprehensively
validated in accordance to the Guidelines for the validation of quan-
titative methods for residues of veterinary medicines [17]. To the
bestof our knowledge, this is the first time that a complete quantifi-
cation and confirmation of quinolone residues in poultry has been
achieved in less than an hour.

2. Materials and methods
2.1. Chemicals and materials

Analytical standards of ciprofloxacin (CIP), danofloxacin (DAN),
difloxacin (DIF), enrofloxacin (ENR), flumequine (FLU), and nor-
floxacin (NOR) were purchased from Dr. Ehrenstorfer GmbH
(Augsburg, Germany). Analytical standards of nalidixic acid (NAL),
orbifloxacin (ORB), oxolinic acid (0XO0), and sarafloxacin (SAR), as
well as formic acid (98 %) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Gradient grade acetonitrile was obtained from
Merck (Darmstadt, Germany). Deionised water was obtained using
a MilliQ water purification system from Millipore (Billerica, MA,
USA).

2.2. Chicken meat samples

2.2.1. Commercial samples

Atotal of 19 chicken meat samples were purchased from differ-
ent hypermarkets and farmers’ markets in Latvia, representing the
range of chicken meat types available on the markets of Latvia. The
origin countries of the obtained meat samples were Latvia (n = 3),
Lithuania (n =5), Estonia (n = 1), Poland (n=9), and France (n=1).

2.2.2. Treated chicken samples

Six chickens (age: 10 days) treated with a commercially avail-
able veterinary medication containing ENR were obtained. The
antibiotic was administered to the chickens via drinking water.
The water containing 0.01 % of ENR was offered to the animals in

the morning. After the treatment, fresh water was available ad libi-
tum. The treatment was performed for five days. The chickens were
slaughtered on the next day after the last treatment.

Meat of each sample was minced separately, homogenised, and
stored at —20 °C until sample preparation for the analysis.

2.3. Sample preparation procedure

An aliquot of muscle sample (2 g) was extracted by adding ace-
tonitrile (10 mL) and shaking for 10 min. After centrifugation at
4000 rpm for 5 min, the supernatant was transferred into another
centrifuge tube and frozen for 15 min at -70 °C. The sample was
then centrifuged at 4000 rpm for 10 min and a 1 mL portion of the
supernatant was diluted with 1 mL of 0.1 % formic acid solution in
water. Finally, the sample was filtered through a PVDF membrane
centrifuge filter (0.22 pm).

2.4. DI ESI FT-ICR MS method

Prior to the first analysis, a sodium formate solution was used to
calibrate the FT-ICR MS instrument equipped with a 7.0 T supercon-
ducting magnet (Bruker Daltonics, Bremen, Germany). The sample
was directly introduced at a flow rate of 250 wL h~! into the ESI
source. The mass spectrometer was set to operate over the mass
range of m/z100-1000 in the positive ion mode. The ESI source
conditions were as follows: the nebuliser gas pressure was 0.3 bar,
the dry gas flow rate was 9.0 L min~!, capillary voltage 4.0 kV, ion
flight time 0.65 ms, ion accumulation time 0.1 s, and the transfer
capillary temperature was 250 °C. Each spectrum was acquired by
accumulating 32 scans of time-domain transient signals in 2 mega-
point timedomain data sets. The resolving power m/Am(50 %) =
140,000 and mass accuracy of <3 ppm provided for unambiguous
molecular formula assignments of singly charged molecular ions. In
the MS/MS experiments, collision-induced dissociation (CID) mode
was selected, argon was used as the collision gas, the laboratory
collision energy was adjustable from 5 eV to 25 eV, the isolation
windows were set at m/z5 and the collision RF amplitude was set
at 1500 Vpp. Bruker Compass HyStar 4.1 SR.1 and FTMS Control
2.2.0 software were used to control the FT-ICR MS system, while
Bruker Compass DataAnalysis 5.0 SR.1 software suite was used for
raw data interpretation.

2.5. Data processing

Open access software R (www.r-project.org) was used for fur-
ther processing of the obtained full-scan spectra. The complete
mass list was subjected to analysis using an algorithm that can
be found in the Supplementary material file. The output of the
algorithm contained the observed my/z values of the first and the
second most abundant isotopic ion signals of ten quinolones tar-
geted in this study. For each compound, six types of adducts
were investigated, including [M+H][*, [M+NH,]*, [M+Na]*, [M+K]*,
[M+CH30H+H]*, [2M+H]*, and [M+2H]*. A compound was consid-
ered present in the sample if the m/z error was below 2 ppm and
the ion ratio error was less than 30 %. The final MS parameters used
in the study are presented in Table 1. Quantification was achieved
by a procedural five-point calibration.

2.6. Method validation

Anin-house validation protocol was carried out, taking into con-
sideration the requirements outlined in the Commission Decision
2002/657/EC [17] for establishing the performance characteristics
of quantitative confirmation methods, ensuring adequate identi-
fication, quantification, and confirmation. The performance of the
method was evaluated by estimating its linearity, accuracy, and
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Table 1
MS parameters for the determination of Qs included in the study.

Compound Molecular Accurate mass, m/z IsnFopic MS/MS fragments
formula ratio, % B N
Q1 Q2 Species Accurate mass, m/z Collision energy, V
cip C17H1sFN;05 332.140496 333.143857 186 [M-CO,+H]* 288.150667 10
DAN C19Hy0FN303 358.156146 359.159507 20.7 [M-H, 0+H]" 340.145581 15
DIF Cy1HigF2N305 400.146724 401.150088 229 [M-CO,+H]* 356.156895 10
ENR Cy9H2FN305 360.171796 361.175159 20.7 [M-CO,+H]" 316.181967 10
FLU C14H12FNOs 262.087398 263.090759 153 [M-H; O+H]" 244.076833 5
NAL C12H12N; 05 233.092069 234.095431 131 [M-H, 0+H* 215.081504 5
NOR C16H1sFN303 320.140496 321.143857 17.5 [M-COy+H]* 276.150667 10
ORB CioH0F3N305 396.152953 397.156318 208 [M-CO,+H]* 352.163123 10
0X0 Ci3Hy1NOs 262.070999 263,074365 143 [M-H; O+H]" 244.060434 10
SAR C20Hi17F2N303 386.131074 387.134436 21.8 [M-CO,+H]* 342.141245 10
repeatability expressed as the relative standard deviation (RSD), —_—
‘ b e 100 Water
detection capability (CC3), and specificity. fent. %
LOQ was determined as the minimum concentration of analytes 80 - C:] ;n e
with the signal-to-noise (S/N) ratio exceeding 10 by sequential A 60 10
injection of decreasing concentrations of matrix-matched stan- E
40 E3 20
dards. '
CCP atthe 2 validation level (VL) was determined from the deci- 20 SACN ACN
sion limit CC«, which in turn was calculated from 1.64 times the p
standard deviation at the % VL level using the following equation: 100 ==
CCP = CCa + 1.64 x SDg5y1. 80 El . Water .
Matrix effects (ME) were assessed in order to evaluate the - content, %
degree of ion suppression or enhancement. ME was calculated B 60 o5
by dividing the slope of the matrix-matched calibration curve 40 B3 10
after extraction (slopeM) and the slope of the calibration curve ! t E3 20
obtémed using standard solution (slopeSTD) according to the fol- 20 5o NH,FA solution Water
lowing equation: ME(%) = 100 % x slopeM/slopeSTD. A value of 100
% indicated that there was no matrix effect, while values higher 100 .
than 100 % pointed to ion enhancement, and values lower than 100 Water .
% indicated ion suppression. c’s ** T ? content, %
Extraction recovery (ER) was calculated by dividing the slope of 1 + T 20
the matrix-matched calibration curves prior to extraction (slopeP) 50 * E3 50
with the slopes of the matrix-matched calibration curves after 25 el =
extraction (slopeM) according to the following equation: ER(%) = 2x 4x 8x 16x

100 % x slopeP/slopeM.

3. Results and discussion
3.1. Sample preparation and clean-up

The objective of the study was to develop a fast and generic
sample preparation procedure to ensure high sample throughput.
It was found from our previous study that extraction with acidi-
fied acetonitrile followed by clean-up by freezing out was the most
suitable procedure for the analysis of a broad range of veterinary
drugs [18].

Minor optimisation of sample preparation was carried out. First,
the effect of formic acid (FA) addition to the extraction solvent was
evaluated, since lesser extraction of interfering matrix components
was observed by Pugajeva [11]. The effect of water content in the
final extract was examined simultaneously. It should be noted that
the FA content in the final extract was kept constant at 0.1 % dur-
ing all experiments. As shown in Fig. 1a, the extraction with pure
acetonitrile gave the most intense signals for all compounds if 20
% of water was added. The introduction of 5 mM aqueous ammo-
nium formate had no significant effect (Fig. 1b). Finally, the effect
of dilution was tested, including by adding up to 70 % of water. As
shown in Fig. 1c, the best results for most Qs were observed if the
extract was diluted with an equal volume of pure water.

It was found that the [M+K]* adducts, instead of [M+H]*, gave
overall higher peaks for NAL, OXO and FLU. However, poor lin-
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Fig. 1. The relative signal heights of ten quinolones during sample preparation opti-
misation: A) the effect of extraction solvent and water content; B) the effect of
ammonium formate and water; C) the effect of dilution and water content.

earity was observed during the validation study, therefore [M+H]*
adducts were selected for the quantification of all Qs.

The optimised sample preparation procedure consisted of
extraction with pure acetonitrile, followed by freezing out as a
clean-up step. The obtained extract was diluted to one half of the
concentration with 0.1 % FA solution in water.

3.2. Instrumental method optimisation

Instrumental parameters were optimised consecutively. A
matrix-matched standard containing concentrations correspond-
ing to 100 pg kg~! of each Q was used for the experiments. The
obtained curves are shown in Fig. 2. The initial parameters were
as follows: flow rate 150 WL h~', scan count 32, capillary voltage
4500 V, end-plate offset -500 V, nebuliser pressure 0.7 bar, dry gas
flow rate 6.0 L min~!, and drying temperature 220 °C. The param-
eters were optimised in the aforementioned order. Regarding scan
count, alinear relationship was observed, as expected, and 32 scans
were chosen because the intensities of all ions were sufficient and
the analysis time was less than one minute. The optimised values of
all the parameters were chosen by compromise between all of the
compounds. The final parameters were as follows: flow rate 250 p.L
h~1, scan count 32, capillary voltage 4000 V, end plate offset-100 V,
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Fig. 2. Optimisation of instrumental parameters for ten quinolone type analytes.

nebuliser pressure 0.3 bar, dry gas flow rate 9.0 Lmin~', and drying
temperature 250 °C.

3.3. Performance of the method

The analytical method validation for the determination of Qs in
chicken meat was carried out at four concentration levels: 0.5, 1,
1.5, and 2 times of VL. The VLs were equal to the MRLs for CIP, DAN,
DIF, ENR, FLU, and OXO or to the specific “levels of interest” for NAL,
NOR, and ORB, as no MRL levels were defined for the latter three
compounds. The VL of 30 pg kg~! (MRL for Salmonidae) was cho-
sen for SAR in accordance with the “cascade” principle laid down
in Commission Regulation 2018/470 [19]. All of the concentration
levels used in this validation study are listed in Table 2.

The sensitivity of the method was evaluated by measuring the
LOQ. Matrix extracts spiked prior the analysis at the levels of 1, 5,
10,25, and 50 pg kg~ ! were used for the experiments. Two parallel
samples were prepared and each was analysed in triplicate. The
concentration levels for which the S/N ratios of quantitation ion
signals were at least 10 were recorded as the LOQs. The LOQ values
varied from 5 to 10 pg kg~'. The differences of back-calculated
values were in the range of 0.6-10.6% (Table 2). The obtained LOQs
were always lower than the CCP values obtained during the method
validation.

An additional series of MS/MS fragmentation experiments was
performed in order to achieve unambiguous confirmation and to
prevent any false positive results. First, a solution containing all Qs
was analysed by isolating the corresponding parent ions and apply-

ing increasing collision energies. Next, the most intense fragment
signals and the corresponding collision energies were selected.
The fragments were either [M+H-H,0]" or [M+H-CO,|* (Table 1).
Finally, the matrix extracts fortified with 5, 10, and 25 g kg~!
of each compound were analysed correspondingly. As can be seen
from Table 1, the parent ions of FLU and OXO had very similar m/z
values. Unambiguous distinction was possible due to the high mass
accuracy (Fig. 3). The confirmatory fragments were detectable at
the concentration level of 5 p.g kg ! for all of the compounds, hence
providing confirmation at the LOQ level.

The CCP value is defined as the lowest concentration of the
substance that may be detected, identified, and/or quantified in a
sample with an error probability of 3 (in this study, 3 = 5%). The
calculated CC[ values are presented in Table 2, and they are lower
than the validation levels for all compounds.

The specificity of the method was checked by analysing 20
blank samples. The mass spectra were monitored for peaks that
can potentially interfere with the analytes of interest. Matrix inter-
ference was observed in the mass spectra of SAR. The effect of
resolution was investigated by analysing spiked blank samples (10
g kg~1) using various time domain data sets. The acquisition time
was directly proportional to the resolution, reaching 5 min atR =
500 000. As can be seen from Fig. 4, a minimum resolution of 187
032 (2 M data set) was necessary for distinguishing the SAR sig-
nal from interference. This value was chosen for the method since
it provided a sufficient resolution and an acquisition time shorter
than one minute. The interfering signal (m/z = 386.12922) was dis-
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B A C14H13FNO3 262.08749
Error: 0.4 ppm A

C13H12NO5
Error: 0.4 ppm

262.07110  262.08749

244.06053 244.07693

H,0 (Delta:18.010565 Da)

H,O + 0.000006 (Delta:18.01057 Da)

244.07693
le

L n

Fig. 3. MS/MS spectra of oxolinic acid (m/z = 262.07110) and flumequine (m/z = 262.08749): a) parent ions; b) fragment ions ([M-H,O+H]").
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Fig. 4. Mass spectra of SAR and the interfering signal obtained using different resolutions.
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Table 2
A summary of method performance.
Compound cp DAN DIF ENR FLU NAL NOR ORB 0xo SAR
VL, pg kg 50 200 300 50 400 50 50 50 100 30
Linearity 0.992 0.994 0.990 0.993 0.992 0.98 097 0.991 0.996 0.996
CCa, pg kg 25.6 103 161 256 205 25.7 26,6 25.2 51.1 151
Validation CCB.} Hg kg 26.2 106 172 26.2 210 26.4 282 255 522 152
study Precision, % (n = 24) 4.8 3.1 6.4 2.6 3.6 2.8 3.5 25 3.5 4.4
Recovery, % (n = 24) 49 66 65 82 93 95 51 78 92 34
lon ratio range, % 17-19 19-29 22-23 20-22 15 12-15 17-20 19-20 14-15 21-23
ME, % 36 38 42 39 6.4 8.4 36 40 14 25
ER, % 47 66 99 78 90 80 43 73 92 73
L0Q, pg kg1 10 5 5 5 10 10 10 5 5 10
L0Q study Back-calculated value, pg kg 9.6 48 4.7 5.4 9.3 92 10.1 4.7 5.5 8.9
Difference, % —4.3 -3.1 -5.9 8.6 -6.9 -7.6 0.6 —6.9 9.3 -10.6
S/N ratio at the LOQ level 14 12 24 17 14 11 13 45 10 13

tinguishable from the analyte signal (m/z = 386.13159). Hence the
method meets the specificity criterion.

The mean repeatability and accuracy were calculated from the
data obtained by analysing blank samples fortified before extrac-
tionat0.5,1.0,1.5,and 2.0 times the VL in G replicates for each level.
Detailed information on the RSD values and the accuracy for each
analyte is listed in Table 2, For the evaluation of ME, standard solu-
tions and blank sample extracts fortified prior to the analysis at the
aforementioned levels were analysed. The results showed a strong
ion suppression effect for all Qs, especially NAL, 0XO, and FLU. For
the evaluation of ER, blank sample aliquots fortified before extrac-
tion and blank extracts fortified prior to the analysis at the same
levels were analysed. The results are shown in Table 2. ER varied
from 43 % for NOR to 99 % for DIF. The obtained results clearly indi-
cate, that standard calibration cannot be used. Instead, procedural
calibration must be performed.

3.4. Application to real samples

In order to evaluate the applicability of the proposed method,
19 chicken meat samples from different hypermarkets and farm-
ers’ markets in Latvia were analysed. ORB was the only Q detected
during the initial full-scan analysis. A second injection for MS/MS
analysis was performed to confirm the obtained results. The char-
acteristic fragment was not observed, indicating a lack of ORB in
the samples. Example of suspicious sample spectra and fragmenta-
tion pattern is presented in Fig.S2. The results were confirmed by
avalidated confirmatory LC-MS/MS multi-residue method used in
the laboratory for the analysis of antibiotics.

Six samples of chickens treated with ENR were analysed in order
to evaluate the method applicability, since commercial chicken
samples did not contain any residues of Qs above the method LOQ.
The results were compared with the previously described ultra-
sensitive UHPLC-MS/MS method for the determination of ENR and
CIP in poultry [11]. The results obtained both by ICR-HRMS and
UHPLC-QqQ-MS/MS methods are compiled in Table S1. The total
concentration of CIP and ENR determined by ICR-HRMS method
ranged between 102 and 1064 pg kg~!. Obtained results were in
good agreement with those obtained by the LC-MS/MS method,
namely 148-1164 pg kg 1.

4. Conclusions

An analytical method for the simultaneous detection, quantifi-
cation and confirmation of ten quinolones in chicken meat by direct
injection Fourier transform ion cyclotron resonance mass spec-
trometry was evaluated and validated. The elaborated analytical
method provides a high throughput determination of quinolones
in chicken, which is a major source of concern regarding the devel-
opment of antibiotic resistance. The performance of the method

was good for the detection of compounds above CC[3 levels, prov-
ing the effectiveness of this methodology for fast routine analysis
of these compounds. Finally, the method was successfully applied
to real samples. Quinolones were not detected in any of the com-
mercial samples. The obtained results were confirmed using the
relevant confirmatory HPLC-MS/MS method. Analysis of treated
chickens revealed that the developed method is suitable for the
determination of total ciprofloxacin and enrofloxacin amount.
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