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ABSTRACT (EN)

This work is focused on development of new anaitimethods involving modern
solid phase extraction (SPE) for sample purificatmd pre-concentration, state-of-art
ultra high-performance liquid chromatography (UHBEQ separation of analytes and
detection using diode-array detection (DAD) andiore-of-flight mass spectrometry
(ToFMS). The major part of the results has beerighdd in prestigious international
journals. The relevant yet unpublished results iactuded in the thesis as well.
Besides a model comparison of various column chemssused for “ultra-high
performance” separations, some meaningful appticatwere developed. While one
part of applications deal with determination of iliotics as environmental
contaminants that are responsible for the developnaad spread of microbial
resistance, the second part is concerned with zinglyand finding of potential natural
source of novel antimicrobial agents that can b#hé&r used as new antibiotics.

The first part of the thesis was focused on therd@hation of residual antibiotics in
different matrices (liquid hog manure, wastewatsusface water). The mostly
prescribed antibiotics in both human and veterimaggdicine were chosen as analytes
in this study employing analytical methods consgtiof UHPLC-DAD and
UHPLC-ToFMS together with SPE or liquid-liquid exttion (LLE). The methods
were validated and the proper calibration techrsquere employed for quantification.
The developed procedures were applied for anabysieal environmental samples
from different localities in the Czech Republic ahé results revealed the occurrence
of antibiotics in the majority of the tested sanspl€he liquid hog manure was positive
for tested tetracyclines at concentrations up tmb kg*. All tested water samples
were positive for studied antibiotics at conceimbra ranging from 5 ng t

to 1290 ng L.

The second part of the thesis was focused on dewaot of analytical methods useful
for study of secondary metabolites produced by ifusfggenus Geosmithia The
probability of the employment of the secondary rhelises” production for the
characterization of these fungi was expected. Maredhese symbionts represent the
potential reservoir of bioactive secondary metdbsliwith various antimicrobial
activities. A new UHPLC-DAD-ToFMS method was deymd for chemical



fingerprinting of extracellular secondary metaleditin fermentation broth of these
fungi and was applied for analysis of &&osmithiastrains. Various SPE chemistry
and LLE procedures were tested resulting in empétnof strong cation-exchange
mixed-mode polymeric sorbent (Oasis MCX) for extiat of secondary metabolites.
Strong correlation between the UHPLC-DAD-TOFMS #&ngrints and the
taxonomical identity ofGeosmithiaspp. was revealed. These results qualify the
method as a chromatographic fingerprinting tooldbaracterization of fungal strains
based of the analysis of their secondary metalsolite

The subsequent chromatographic screening for h@actecondary metabolites
employed both UHPLC-DAD-ToFMS and HPLC-UV methodsnong the tested
strains, the secondary metabolites characterizedithy antimicrobial spectrum were
revealed and these compounds were determined ubmgdeveloped analytical
methods. This fact confirmed that the introduced m€thods represent a useful tool
for the chromatographic screening for bioactiveoséary metabolites and that the

Geosmithiafungi are promising reservoir of interesting antirabial compounds.

The third part of the thesis was aimed on the agpgres how to improve the efficiency
and speed of analysis of microbial secondary métabo The recently introduced

columns packed with superficially porous particigepresented by Kinetex C18
column) were tested and compared with fully porparticles (represented by Acquity
BEH C18 sub-2um particle column) in UHPLC systerdamboth acidic and alkaline

conditions using gradient elution program. The kKexeC18 column was found to be a
suitable alternative to Acquity BEH C18 column. Tdreat advantage of the Kinetex
C18 column is the lower column backpressure thabkes its use on conventional LC
system. However, the limitation of employment oh&iex C18 column under alkaline
conditions was observed with respect to its deanggserformance with the growing

number of injections on the column.



ABSTRAKT (C2)

Tato disertani prace je zagfena na vyvoj novych analytickych metod sestavdjieic
extrakce tuhou fazi (SPE) pouzité pro purifikaczkoncentrovani analita jejich
stanoveni pomoci ultra-vysok&idné kapalinové chromatografie (UHPLC)
s detektorem diodového pole (DAD) a/nebo hmotnodttékci za pouziti analyzatoru
doby letu (ToFMS). ¥tSina gedkladanych vysledkbyla publikovana v prestiznich
mezinarodnichtasopisech. S@asti prace jsou také vyznamna dosud nepublikovana
data. Krond¢ modelovych srovnani aenych tym kolonovych materidl pro
ultra-vysokodinné separacerpdstavuje prace také vyznamné aplikace vyvinutych
metod. Zatimco prvnicast prace je d&novana stanoveni antibiotik jakoZzto
kontaminani Zivotniho prosedi zodpovdnych za vyvoj a &kni bakterialni
rezistence, druhdast se ¥nuje analyze a hledani biologicky aktivnich sekuniti
metabolifi z prirodnich zdroj, které mohou byt v budoucnu vyuzity jako nova

antibiotika.

Prvni ¢ast diserténi prace je zasftena na stanoveni rezidualnich antibiotikizych
matricich (prasé@ mrva, odpadni voda, povrchova voda). Jako andiytg vybrana
nejpouzivarjsi humanni a veterinarni antibiotika. Metody seaji@i z UHPLC-DAD
a UHPLC-ToFMS a dale z SPE nebo extrakce kapalampalina (LLE) byly
validovany a pro kvantifikaci byly vybrany vhodnéalibraini techniky. Vyvinuté
metody byly pouZity pro analyzu realnych vziprkiznych lokalitCeské republiky a
vysledky odhalily pitomnost antibiotik ve &sSin¢ z nich. Pras#é mrva obsahovala
tetracyklinova antibiotika v koncentracich aZ 6 kagf. VSechny testované vzorky vod
byly pozitivni na antibiotika s na¥fenymi koncentracemi pohybuijicimi se od 5 iy L
do 1290 ng [*.

Druhacast této prace je zatiena na vyvoj analytickych metod¢enych pro studium
sekundarnich metabalitprodukovanych houbami rodBeosmithia U &€chto hub se
piedpoklada moznost jejich charakterizace na zékladodukce sekundarnich
metabolifi. JakoZto symbionti jsou tyto houby jsou navic potélnim zdrojem
biologicky  aktivnich  sekundarnich  metabdlit Byla  vyvinutd  nova
UHPLC-DAD-ToFMS metoda pro ,chromatograficky fingeinting“ extracelularnich

metabolifi ve fermenténim médiu &chto hub a naslednbyla pouzita pro analyzu



48 kmerii rodu Geosmithia Pro extrakci analyitbyly testovanytizné SPE sorbenty a
postupy pro LLE s vyslednym pouzitim silnéhoémge kationfi (Oasis MCX).
Vysledky odhalily silnou korelaci mezi ,UHPLC-DADeFMS fingerprinty* a
taxonomickou fislusnosti jednotlivych kmeén Tyto dosazené vysledky potvrzuji, Zze
vyvinutd metoda je vhodna procely ,chromatografického fingerprintingu*
zaloZzeného na analyze produkovanych houbovych sékaith metabolit

Déale byly vyvinuty UHPLC-DAD-ToFMS a HPLC-UV metodyro nasledny
~chromatograficky screening“ biologicky aktivnictekaindarnich metabalit téchto
hub. U testovanych kmérbyla zjiS&na produkce sekundarnich metaliotie Sirokym
antimikrobialnim spektremdinnosti a tyto latky byly vyvinutymi metodamidemy.
Tim bylo potvrzeno, Ze vyvinuté LC metody jsou vhédpro ,chromatograficky
screening” biologicky aktivnich sekundarnich metdba Ze houby rodGeosmithia

piredstavuji slibny zdroj zajimavych antimikrobialniéitek.

Treti ¢ast prace se zabyva moznymiisiupy vedoucimi ke zvySeniciGnosti a
rychlosti chromatografickych separaciii panalyze mikrobialnich sekundarnich
metabolifi. Byla srovnavana nedavnoreglstavena kolona obsahujici povrchov
poréznicéstice (reprezentované Kinetex C18 kolonou) s kamlos plr poréznimi
casticemi (reprezentovany Acquity BEH C18 sub-2umtigda kolonou) na UHPLC
systému za pouziti mobilni faze o kyselém i zasadipH. Bylo zjis&¢no, Ze kolona
Kinetex C18 je vhodnou alternativou Acquity BEH Ck8lony. Velkou vyhodou
kolony Kinetex C18 je jeji nizSi 2my tlak, coZz umoiuje jeji pouziti na &ném
HPLC chromatografu. Nicménbyla zjiS€na limitace Kinetex C18 kolony v pod®b

jeji omezené stability v alkalické oblasti pH.
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1 PREFACE

Antibiotics are the typical secondary metabolitesdpced by microorganisms, in
particular actinomyces and microfungi. They exhibittibacterial and antifungal
activity and they are widely used as antibioticsthie prevention and treatment of
infectious diseas€sThe consumption of antibiotics rises significanéyery year.
About 50-90% of the administered pharmaceuticakdssexcreted rapidly after the
treatment in their parent form or as metabolite$ tdan then enter the environment and
cause the development of bacterial resistance. st important sources of such
compounds in the environment are households, wastemreatment-plants
(WWTPs), hospitals, industrial units and intensiaimal husbandry. The
development and spread of antibiotic resistancthésgreatest threat to successful
antibiotic coveragé. Therefore, there is a strong need for control hef &ntibiotic
usage, for monitoring of the occurrence of antibitin the environmeft and

continuing and urgent need for new antibioticsabeutic agents.®

Microbial natural products represent a rich sowtéiologically active compounds
and are an example of molecular diversity with gegped potential in drug discovery
and developmerit.2 Among the microorganisms, fungi cover about 8,d@8cribed
microbial species with assumption of existence eMesal millions species, which is
the highest supposed number among the microbiddw®his qualifies fungi to have
the biggest potential on the field of natural pratduresources and it looks that the
world of fungi is one of the largest reservoirs fmolating further bioactive
metabolites. Geosmithia(Ascomycota: Hypocreales) are little known but tegand
worldwide distributed filamentous symbiotic fungis symbionts, they enter complex
chemical-based interactions with their hosts and fhossess a diversity of secondary
metabolites with various biological activities. Mower, supposed the production of
secondary metabolites to reflect both the phylogealeand ecological relatedness of
their producers. Therefore the study of secondastabolites can provide the
information about the taxonomical identity of theags and can also lead to discovery

of novel biologically active compound®.

Chromatographic techniques in combination with a&tion methods provide the
opportunity to study the low molecular secondaryabnelites in complex matrices in

14



both high and low concentratiof’s.Moreover, hyphenated techniques such as
high-performance liquid chromatography (HPLC) otraulhigh-performance liquid
chromatography (UHPLC) with diode-array detectioDAD) or with mass
spectrometric detection (MS) and tandem mass speetric detection (MS/MS)
provide multi-dimensional and multi-informationatadyses of high sensitivity. They
are therefore useful for determination of trace cemtrations as well as for
chromatographic fingerprinting and screening meshibadditional information about

unknown compounds is needed.

Nowadays, there is a strong demand on efficienay speed of analysis in many
application areas of liquid chromatography, sucimgsharmacy, drug discovery, drug
development, food industry, environmental monitgrar clinical analysis. In order to
perform rapid procedures, different strategies banapplied. The possibility of
employing both UHPLC technique using sub-2 pm caoluparticles and the
alternative approach of using superficially poroakimn particles represent one of the
mostly opted approaches in order to achieve fastlyaes of high separation

efficiency.

15



2 AIMS OF THE THESIS

The thesis is focused on development of analytiosthods consisting of

chromatographic and extraction procedures for study microbial secondary

metabolites. The microbial secondary metabolitessawdied from two different points
of view: (a) as classic antibiotics used as phaeutical, which is connected with their
occurrence in the environment and with developrméantimicrobial resistance, (b) as
a promising reservoir of bioactive compounds thah de further used as novel
antimicrobial agents. In general, the fast analyddsigh separation efficiency in the
field of liquid chromatography have become of aaglienportance in antibiotics” and

secondary metabolites” researches.

Therefore the main aims of the thesis are

1. To develop analytical methods consisting of exioac procedures followed by
liquid chromatography with both UV/VIS and MS dédten for:

(a) Determination of antibiotics in the environmentah®les; namely in liquid
hog manure, and in influents/effluents of WWTPs.eTimostly used and
prescribed antibiotics in both human and veterinargdicine should be
selected as analytes in this study. The main denwmemdhe method is its
versatility for determination of wide spectrum aitifiotics and good method
sensitivity. The application of the developed methdor analyses of real
samples from different localities in the Czech Rujouis a part of the study
too. The results will give information about thecowmence of selected
antibiotics in the environment of the Czech Repul§iAPER 1andPAPER 2)

(b) Study of secondary metabolites produced by fungihef genusGeosmithia
since these symbiotic fungi can possess a diveddisecondary metabolites
with various biological activities. Firstly, thisag is focused on the
development of chromatographic fingerprinting mekttimat will serve as a tool
for characterization of the fungal strains basedha&ir secondary metabolites”
production. Secondly, this part is aimed on thebilve secondary metabolites
of Geosmithiafungi employing chromatographic screening for thevel

antimicrobial agents produces by these microorgasiGAPER 3)
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2. To focus on the possible approaches of fast aeslg$ high separation efficiency.
This part is aimed on comparison of the performasfcguperficially porous particles
and fully porous sub-2 pm column patrticles for gsial of low-molecular antibiotics

of different chemical properties on UHPLC systéPAPER 4)
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3 BIOACTIVE MICROBIAL SECONDARY METABOLITES
3.1 NATURAL PRODUCTS, SECONDARY METABOLITES

The usual definition of natural products in the egtisense emphasize that they “are
chemical compounds included carbon in the molethd¢ are isolated from diverse
living things”. These compounds may derive by prynar rather secondary
metabolism of living organisnis.The metabolism is defined as the sum of all
biochemical reactions carried out in an organismm&y metabolic pathways
converge to few products while secondary metabphthways diverge to many
products'? The primary metabolites (polysaccharides, proteinsleic and fatty acids)
are common in all biological systems. The secondaetabolites (SMs) are, however,
low molecular (MW<3000), chemically and taxonomigalextremely diverse
compounds with obscure function, characteristicyato some specific, distinct
types of organism$.Plants, fungi, lichen fungi, and actinomycetes paeticularly
good producers of SMs, whereas yeast, protozoa, amihals are less efficient
producers® Higher plant metabolites cover great number of mmm plant
compounds, such as alkaloids, flavonoids, terpenaiteroids, carbohydrates .2tc
Microbial SMs include pigments, toxins, effectoré ecological competition and
symbiosis, pheromones, enzyme inhibitors, antitsogitc** The exact definition and
the real position and function of microbial SMs #&oe long time highly discussed
topic in the whole area of microbiolody!® The SMs may evince some kind of
biological activity or are without any discoveredtdaraction with other living
organisms. The activity may be highly specific, ibking usually at low concentration
(representing the usual bioactivities), or may leeywnspecific (toxic) action. The
exact number of bioactive natural products is alniosleterminable but this figure by
all means is at least 200 to 250 thousands, inofudiore than 20 thousands microbial

metabolites,
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3.2 BIOACTIVE SECONDARY METABOLITES

Antimicrobial agents are substances that kill dnbit the growth of prevent damage
due to the action of infectious microorganisms. Mi®rof antimicrobial agents

comprises antibacterial, antifungal, antiprotozaalj antiviral agenfs.

3.2.1 Antibiotics

There exist many definitions of what is antibiatiat were changing during the times.
The SMs isolated from microbes and exhibit antiotical activity used to be called as
antibiotics? The word “antibiotic” was first used by Waksman1i#42° and defined
as substances produced by microorganisms antaigaimighe growth of life of others
in high dilution (the last clause being necessargxclude such metabolic products as
organic acids, hydrogen peroxide and alcoh@}her definition is extended to all of
those SMs, which regulate growth processes, rejaitg and/or exhibit some kind of
responding (regulating, inhibiting, stimulating)tiaa to the life cycle of prokaryotic
or eukaryotic cells at the biochemical level in mmal concentration. This broadest
definition should cover besides the so-called ‘&ilzed antibiotics” practically all
bioactive compound$At present, the term “antibiotic” refers to molésithat stop
microbes, both bacteria and fungi, from growingkdl them outright. Antibiotics
include both natural products and manmade syntlostgenicals, designed to block
some crucial processes in microbial cells selelgtivéhe antibiotics and similar
compounds form perhaps the most interesting, mgsardically increasing, and one
of the practically most important groups of theunak products. They are widely used
in the human therapy, veterinary, agriculture, rsitfie research and in the countless

other area&.

3.2.2 Characterization of antibiotics

The most important, inherent characteristics ofidioactive microbial metabolites are
their microbial origin (specific microbial produsgr their interaction with the

environment (various biological activities), an@ithunique chemical structurds.
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3.2.2.1 Producers of antibiotics

The main producers of antibiotics are soil micr@migms as actinomycetes, moulds
and fungi*® Antibiotics such as macrolides, lincosamides,atstclines,f-lactams,
aminoglycosides, and glycopeptides are produceadiynomycetes. Among them,
genusStreptomyceproduces enormous diversity of antibiotics, of vihanly 1-3% is
believed to have been discoveréd.

3.2.2.2 Modes of action of antibiotics

At basis of all antimicrobial chemotherapy lies ttencept of selective toxicity. This
can be achieved in several ways. According to taogganism of the antimicrobial
agents, antibiotics are mainly classified as awotdr@al agents, antifungal agents,
antiprotozoal agents and antiviral ageéht€?! The antibiotics studied in this thesis

represent antibacterial agents.

3.2.2.2.1 Antibacterial agents
The selective action of antibiotics is enabled toyctural and metabolic differences of

bacterial and mammalian cells. In theory, thereranmerous ways in which bacteria
can be selectively killed or disabled, namely iitioits of bacterial cell wall synthesis
(e.g. B-lactam agents), inhibitors of bacterial proteimtbesis (e.gtetracyclines,
macrolides, lincosamide} inhibitors of nucleic acid synthesis (e.qg.
fluoroquinolones, sulfonamide$, or agents affecting membrane permeability (e.g.

polymixin B, ionophores}.*

3.2.3 Antibiotics classes

Antibiotics can be categorized on the basis ofrtisbiemical structure. The major
classes include: penicillins, cephalosporins, aglymosides, macrolides,
sulfonamides, quinolones and fluoroquinolones, atsftclines, polypeptides,

lincosamides. Antibiotics studied in this thesis fanrther characterized.

3.2.3.1 Tetracyclines

Tetracyclines are a group of natural products @erifvomStreptomycespp. and their
semi-synthetic derivates based on a hydronaphtkeacaoleus containing four fused
rings. They exhibita broad-spectrum of activities including bactenal grotozoa.

They are active against many common Gram-positiveé @Gram-negative bacteria,
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Chlamydia Rickettsia etc.; they are distinguished mainly for bactdatie action
caused by inhibition of bacterial protein synth&si&

The natural products includehlortetracycline (CTC), oxytetracycline (OTC) and
tetracycline (TC). Doxycycline (DOX) belongs to semi-synthetic derivafe§C and
DOX are used in both human and veterinary mediaiiele CTC and OXY only in
veterinary mediciné& For chemical structures, sEgure 1.
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Figure 1. Chemical structures of tetracycline antiliotics studied in this thesis.

3.2.3.2 Sulfonamides

Sulfonamides exhibit broad-spectrum antimicrobizivity. Their primary activity is
e.g. against susceptible forms 8ftreptococcusStaphylococcus aurepiSscherichia
coli, and oral anaerobes. Well known members of thesigaresulfathiazole (STZ),
sulfadiazine (SDZ), sulfadimidine (SDD), sulfafurazole sulfadimethoxine (SDM) or
sulfamethoxazole(SMX).2 SMX is highly prescribed in both human and vet@mnn
medicine. All other mentioned sulfonamides are usedeterinary medicin& For

chemical structures, s&ggure 2.
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Figure 2. Chemical structures of sulfonamide antitics studied in this thesis.

3.2.3.3 Macrolides

The macrolides form a large group of closely simdatibiotics produced mostly by
StreptomycesThey consist of a macrocyclic lactone ring to ethitypically two
sugars, one of amino sugar, are attached. The grofisynthesized members of
macrolides contain the most important therapewgengs characterized by 14-, 15- or
16-membered-ring macrolides. It is, e.g. erythromy& and its newer derivates
roxithromycin or clarithromycin. Concerning antimobial activity, the 14-, 15- and
16-membered-ring macrolides share the same argiti@cspectrum including most
Gram-positive organisms and both Gram-positive &hm-negative anaerobes.
Erythromycin (ERY) is a 14-membered-ring macrolide produced@splex of six
components (A to F) b8accharopolyspora erythreaudnly erythromycin A has been

developed for clinical us€larithromycin (CLA) androxithromycin (ROX) are 14-

22



membered-ring macrolides derived from erythromyaintylosin (TYL) is the 16-
membered-ring macrolide.
CLA and ROX are used in human medicine, ERY in bltiman and veterinary

medicine, and TYL in veterinary medicifitFor chemical structures, sEgure 3,
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Figure 3. Chemical structures of macrolide antibioics studied in this thesis.

3.2.3.4 Lincosamides

A small group of agents based on a novel struainhi&e that of any other antibiotics.
The naturally occurring members of the group amedmycin and celesticetin. Semi-
synthetic derivates of lincomycin have been pregpamethe hope of improving on its
properties; however, they have proved to be leBgeacThe only important exception
was the chlorinated derivate, clindamycin. Theyrshan unusual antimicrobial

spectrum, being active only against Gram-positine aot against Gram-negative
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aerobes, but widely and potently active againseanises. They are also active against
some mycoplasmas and protozoa.

Lincomycin (LIN) is a fermentation product ofStreptomyces lincolnensis.
Clindamycin (CLI) is a semi-synthetic chloro-7-dehydrolincormycof the same
antimicrobial spectrum as lincomycin, but it is geaily more poterit.

LIN and CLI are both human and veterinary medicef3 For chemical structures,

seeFigure 4.
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Figure 4. Chemical structures of lincosamide antilmtics studied in this thesis.

3.2.3.5 Fluoroquinolones

Fluoroquinolones originated from quinolones, sytith&eompounds based on 4-
quinolone nucleus. All these compounds are chaiaeteby a dual-ring structure with
nitrogen at position 1, a carbonyl group at posidoand a carboxyl group attached to
the carbon at position 3 of the first ring. Duethe increase of bacterial resistance
against quionoles, the structure the fluoroquinetoas congeners with fluorine in the
6-position of the molecule with superior propertiesre developefi.Ciprofloxacin
(CIP) is overall the most potent of the currentisaitable fluoroquinolones against
Gram-negative bacteridlorfloxacin (NOR) is particularly active against a wide range
of Enterobacteriacea@scherichia coli, Salmonellaetc.). Ofloxacin (OFL) exhibits
potent activity against wide range of Enterobaatsrae including the strains resistant
to other members of this groujnrofloxacin (ENR) is effective against broad

spectrum of Gram-positive and Gram-negative baxtdg.g. Escherichia coli,
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Enterobacter. Salmonella, Chlamydiand Staphylococgi CIP, NOR, and OFL are
used in human medicine, while ENR is veterinary iwaibn® For chemical

structures, sekigure 5.
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Figure 5.Chemical structures of fluoroquinolone antibioticsstudied in this thesis.
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3.3 MICROBIAL RESISTANCE

The microbial resistance represents nowadays sergoblem on the field of

antibiotic usage. Antibiotic resistanceis a typefdmig resistance where
a microorganism is able to survive exposure to rdibiatic. We can divide the

microbial resistance to two main types, at intenéinherent, natural) and acquire
resistancé.

When quantitative measurements of antimicrobialcepsbility are made, some
species are clearly less sensitive to the giveibiatit than others. This is defined as
intrinsic resistance and is given by the bactesjacies and its characteristic (e.qg.
Gram-positive and Gram-negative bacterf. The intrinsic resistance defines also
the spectrum of antibiotic for the particular agéntOn the other hand, some
microorganism can become resistant to an antimigkabedicine to which it was

previously sensitivé’ This is called acquired resistance. The resisieganisms (they

include bacteria, viruses and some parasites) ate # withstand attack by

antimicrobial medicines, such as antibiotics, ardls, and antimalarials, so that
standard treatments become ineffective and infestipersist and may spread to

others?’

3.3.1 Development of acquired resistance (clinical resiahce)

The phenomenon of acquired resistance commonlgsavibien populations of bacteria
have grown in the presence of the antibfotind is a consequence of the great use,
particularly misuse, of antimicrobial medicifésThe most important sources of
antibiotics in the environment are households, ewater-treatment-plants (WWTP),
hospitals, industrial units and intensive animalsandry’® The significantly
established resistance levels were also revealadesult of similar compounds being
used in medicine and agriculture. Antibiotic remmte is a growing problem in the
treatment of infectious diseas@sn particular, bacterial resistance to antibioties
emerged over the past decades as a major healitepr®” 2 The most hazardous are
hospital infections caused by the bacterial spa@sistant to the antimicrobial agents,
because they often fail to respond to the stantt@atment, resulting in prolonged
illness and greater risk of death and thus potintispreading resistant

microorganisms to othef$.The historical observations are that when a newscbf
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antimicrobial agents is introduced into widesprekaical use, a significant resistance
appears in months or years (SBable 1).3° The growth of global trade and travel
allows resistant microorganisms to be spread mapidl distant countries and
continents’’ The evolution and spread of antibiotic resistaiscéhe greatest threat to
successful antibiotic coveragd&herefore, it is necessary to choose the strateuev

to overcome the antimicrobial resistance.

Tabi‘f 1. The development of resistance to selectadtimicrobial agents in clinical
use:

antimicrobial agent discovery clinical use  development of resistance

penicillin 1929 1943 1940
streptomycin 1944 1947 1947
tetracycline 1948 1952 1956
erythromycin 1952 1955 1956

3.3.2 Strategies to overcome the antimicrobial resistance

There are several strategies how to overcome tiiraiarobial resistance, e.g.:

- control of usage and prescription of antimicrolaigénts

development of new schedules of dosing of thesenpdzeuticals

encouragement of the sensible prescription andeusbgntimicrobial agents

control of the occurrence of antimicrobial agentshe environment

improvement the processes responsible for disposantimicrobial agents
exposed into the environment (e.g. in WWTPS)

searching for novel antimicrobial agents (derivatdsknown antibiotics,
completely novel compounds from natural sourcesatesjies employing

genetic approaches, etc. )

This thesis is focused on strategies dealing viasghcontrol of occurrence of antibiotics
in the environment and with gaining novel antilietirom natural sources (microbial
SMs with antimicrobial activity). These approachase described in following

chapters.
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3.4 DETERMINATION OF RESIDUAL ANTIBIOTICS IN THE
ENVIRONMENT

Antibiotics represent a group of pharmaceuticaid #ire widely used in both human
and veterinary medicine and their consumption rsgsificantly every year. About
50-90% of the administered pharmaceutical dosgdeeéed rapidly after the treatment
in their parent form or as metabolites that cam teter the environment and cause the
development of bacterial resistari¢€® There are three significant field of application
of antibiotics for animal husbandry: treatment rfiection in livestock, prevention of
infection and growth promotefS8.The most widely used groups of antibiotics in the
European Union’s animal husbandry are tetracyclinegcrolides, penicilines,
aminoglycosides and sulfonamid8sSignificant growth of antibiotic consumption in
the Czech Republic has been observed from the mhiegirof 1990°s, with the main

2> 34 and the associated

increase of macrolides, penicilines, and fluoroglone
antibiotic resistance grows annually from the 1899 his trend is observed in most
European countries, but the situation in the CzBeapublic is one of the most
alarming® Different classes of antibiotics in water sampésoncentration ranging
from nanograms to micrograms per liter were fourgd ® Spairi’ France®® United
Kingdom?® ** Italy,** Switzerland®™ ¢ Austria?’ Swedert; “® *° Croatia>®® and
Poland?® Concerning the Czech Republic, Seifertova et misgnted a study dealing
with fluoroquinolones in wastewaférbut there is still lack of information about the
presence of a wide spectrum of antibiotics in aquatvironment in the Czech
Republic. As mentioned above, animal husbandry\&@hdTPs are important sources
of pharmaceuticals in the environment. Although #pplication of antibiotics as
growth promoters in livestock was banned by EU 00& there is an apprehension
that they are still used for this purpose. Themfadne control of their application in
animal husbandry is obviously necessary. WWTPsritute also to the exposure of
antibiotics into the environment significantly, bese the excreted antibiotics are
discharged from WWTPs at certain levels due to egadte removal efficiencies of
the plants® This fact shows the need of WWTPs efficiency eatin and further

improvement of the water treatment processes.
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3.5 GAINING NOVEL ANTIBIOTICS FROM NATURAL SOURCES
3.5.1 Approaches to finding novel antimicrobial agents

3.5.1.1 Current methods
There are two main possible current approacheshen development of novel
antibiotics:
- through the discovery of completely novel antitmdtom natural sources
- by the use of derivates of known antibiotics thiag fequently prepared by
semisynthetic methods and that are not affected ekigting resistance
mechanisms.
Although completely novel classes of antimicrob&éjents were discovered and
frequently implemented rapidly into clinical praei throughout the 1940°s and
1950’s, a truly new antibiotic class has not enkfge many years, perhaps since the
discovery of the fluoroquinolones in the early 1%70n contrast, the modification of
known antibiotics has been the major source of medicinal agents for decades.

3.5.1.2 Genetic approaches

It is well known that small changes in culture cibinds or in the media may result in
a big alteration in the biosynthesis of metabolitBise cultivation of producers with

unnatural precursors, the random mutagenesis amdugh of genetically modified

strains are the simplest but promising opportusitie increase the chemical and
biological diversity. The mutasynthesis or mutasibbiosynthesis, namely culturing

microbes with unnatural precursors, also produagditreds of new hybrid molecules
(aminoglycosides, glycopeptides, &t Combinatorial biosynthesis, the genetic
manipulation of enzymes for natural product biokgsts with the aim to obtain new

molecule, is an additional possibility’?

3.5.1.3 Novel methods
Novel methods cover approaches as using non-chl&ir@® and non-multiplying
bacteria as targetd>® or employing bacteriophages (the viruses thatirtfacteria) as

antibacterials® °’
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3.5.2 Natural products as sources of antimicrobial componds

Natural products represent a rich source of bickfy active compounds and are an
example of molecular diversity with recognized moi@d in drug discovery and
development. They play an essential role in margasrin the society, e.g. as
nutritional and therapeutic agents to prevent ame cdiseases. The World Health
Organization (WHO) has estimated that approximaé&B6 of the world’s population
rely mainly on plant-derived traditional medicirfes their primary health car®: **By
1990, 80% of drug substances were either natucalysts or their analogs.Despite
changing strategies in natural products researamgkes selection and collection,
isolation techniques, etc.) the discovery of aotibs from natural sources decreased,
as depictsFigure 6. Nevertheless, there is continuing need to isolatgue low
molecular weight compounds with biological actesti Natural products resources,
including microbial world, are mainly unexploredtban its dimension and in the

respect of geographic, ecological and environmeuit of view®

Mitomycin
Novobiocin
Amphotericin
Vancomycin
Neomycin Cephalosporin
Virginiamycin
Chlortetracycline Gentamicin
Candicidin Monensin
Chloramphenicol Adriamycin
Spiramycin  Pristinamycin

Bacitracin Tetracycline Avoparcin
Erythromycin Kasugamycin Lovastati
Streptothricin Griseofulvin Polyoxin Teicoplanin
Streptomycin Tylosin Rapamycin
Actinomycin Rifamycin  Cyclosporin Avermectin  Spinosyn

Penicillin Oxytetracycline Bialaphos Nikkomycin Epothilone
Gramicidin Nystatin Kanamycin Lincomycin Tacrolimus

1940 1950 1960 1970 1980 1990 2000

Figure 6. History and intensity of antibiotics disovery.*°

3.5.2.1 Fungal secondary metabolism
Among the microorganisms, fungi cover about 8,088cdbed microbial species with

assumption of existence of several millions speondsich is the highest supposed
number among the microbial world. They are the sddargest eukaryotic group next
to the insects and exceed not only the bacteriaaatidomycetes, but the higher plant

also in the terms of the possible existing spetiesfungi, more than 4,000 fungal
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metabolites have been descritfednd 5,000 - 7,000 taxonomic species have been
studied with respect to their chemistry. Considgrthat 6 out of 20 of the most
commonly prescribed medications are of fungal affgand only 5% of the fungi have
been describ&é ®3 fungi offer an enormous potential for new progudt looks that
the world of fungi is one of the largest reservtor isolating further bioactive
metabolites.

The fungal kingdom includes many species with uaigund unusual biochemical
pathways. The products of these pathways inclugmitant pharmaceuticals such as
penicillin, cyclosporine and statins; potent posonincluding aflatoxins and
trichothecenes; and metabolites that are both tamat pharmaceutically useful, such
as ergot alkaloid¥’ The systematic study of fungal SMs began in 1988eu the
leadership of Harold RaistricR.However, it was not until the discovery of perigil

that widespread attention was focused on fungahbudites®

3.5.2.2 Secondary metabolites produced by Geosmithia fungi

Geosmitha (Ascomycota: Hypocreales) are little known bugutar and worldwide
distributed filamentous fungi belongs to regulasagsates of many insect species
infesting the phloem or sapwood of various plamtega worldwide (seBigure 7).2°"*
These dry-spored symbiotic fungi occur in gallebedt by many phloephagous bark
beetles (Coleoptera: Curculionidae, Scolytinae).géneral, symbiotic fungi enter
complex chemical-based interactions with their fi@std thus possess a diversity of
SMs with various biological activiti€.It is supposed that the production of SMs also

reflects both the phylogenetical and ecologicalteglness of their producéfs.
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The teams of microbiologists from the Institutedicrobiology of the Academy of
Sciences of the Czech Republic in cooperation Wititure Collection of Fungi in
Prague have collected over 6G@osmithiaisolates from beetles from across Europe
during the years 1997 - 2005. These isolates wanteds into operational taxonomic
units based on their phenotype similarity and pbgtoy of internal transcribed spacer
(ITS) region of ribosomal DNA (ITS-rDNA sequenc®)So far, 33 different lineages
of Geosmithiawere found, and some of them were described astaeat® "* Twenty
lineages appear to be novel taxa with unique g@eotynd phenotype. Most of
Geosmithiaspp. in our collection are represented by manyinsgtrdrom many
locations, which is necessary for quality taxonommalysis”’ The study of SMs can
provide the information about the taxonomical idgndf the strains and can also lead
to discovery of novel biologically active compoundée analytical methods used for
study of fungal SMs are detailed described in ok 6.
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3.6 ANALYTICAL METHODS USED FOR STUDY OF SECONDARY
METABOLITES

SEPARATION TECHNIQUES

Since there is often interference with the requimeghsurement by other constituents
of the sample, many techniques for separating andemtrating the species of interest
have thus been deviséd.” Such techniques are based on the selective traoife
analytes (in a liquid phase) between two immiscpiflases and are aimed at exploiting
differences in physico-chemical properties betwdle@ various components of a
mixture. Volatility, solubility, charge, moleculaize, shape and polarity are the most
useful in this respect. All separation techniquasolve one or more chemical
equilibria, consequently the resolution achieved caary greatly according to

experimental condition$.

3.6.1 Extraction techniques

Liquid-liquid extraction (LLE) is based on solubility differences, where selégtiis
achieved by pH control and/or complexatibnin practice, one phase is usually
agueous while the other phase is an organic solvent

SPEis based on distribution of analyte between adsstirbent and a liquid phaSe.
The sorption process must be reverdiblend the selectivity of the extraction is
achieved by pH control, solvent composition andame chemistry of the sorbefit.
SPE is often used for sample clean-up prior to mlatographic analysis and
pre-concentration of trace and ultra-trace levédlarmlytes’® and is often useful in
both pharmaceutical and environmental applicatin$his technique nowadays
largely replaces LLE because SPE provides majoargdges in terms of simplicity,
high throughput, robustness, and low solvents aopsion. A wide range of SPE
sorbent chemistries is now available for varioupliaptions, and therefore SPE
sample preparation techniques provide improvedyassandardization and hence
better reproducibility?

The available sorbents cover polar, polymeric, leohdilica, and graphitized carbon
sorbents of general applicability as well as fummiized polymeric resins, ion-
exchange sorbents, controlled-access sorbents, neffinity sorbents, and
molecularly imprinted polymers designed for moredific purposes? The silica or
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chemically modified silica used for SPE is simiiarthe bonded phases used in HPLC
but of larger particle size, typically 40—@@n in diameter. Silica or polymeric resins
(e.g. polystyrene/divinylbenzene ®-vinylpyrrolidone/divinylbenzene copolymers)
with chemically bonded alkyl chains such as octgld€gs (ODS) or octyl G, phenyl,
amino, ion-exchange groups are widely used. Unrremtligilica, florisil (activated
magnesium silicate), alumina and charcoal alsodapplications?

3.6.2 Liquid chromatography

Chromatography
In general, all chromatographic techniques depgrahuhe same basic principle, i.e.
variation in the rate at which different componenfsa mixture move through a

stationary phase under the influence of a mobiksph

High-performance liquid chromatography

HPLC is suitable for separation of non-volatile stainces® At present, reversed-
phase HPLC (RP-HPLC) has taken and still takesnairtnt position. It is estimated
that about 80-90% of HPLC separations are perforaséty RP-HPLC®

Stationary phases for HPLC

Concerning the stationary phases, the prominentitipos belongs to the
microparticulate silicas, but other stationary @sasas organic/inorganic hybrid
particles, metal oxid-based stationary phases, fitbimocolumns, and superficially
porous particles find their application in the diebf RP-HPLC nowaday¥. The
mobile phase is typically pumped at pressures @ghtut 6000 psi (400 bar), and flow
rates of 1-5 mLmin™ can be achieved through 10-25 cm columns. Unmatlifie
chemically modified microparticulate silicas (3p510um) are preferred for nearly all
HPLC application$?® The particles, which are totally porous, may béesizal or
irregular in shape but it is essential that thes s@nge is as narrow as possible to
ensure high column efficiency and permeability. Bleparation process is performed
inside the pores of the fully porous particles. Bmealler particles enable faster the
inter- and intra-particular mass transfer and imptbthe separation efficienéy.

For separations based on adsorption, unmodifiechsivhich has a polar surface due
to the presence of silanol (Si—OH) groups, is usguhropriate chemical modification
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of the surface by treatment with chloro- or alk®ilanes, e.g. R(CHLSICI, produces
bonded-phaspackings which are resistant to hydrolysis by @rai forming siloxane
(Si—O—Si—C) bonds. Materials with different poléeg and chromatographic
characteristics can be prepared. The most extdpsiged are those with a non-polar
hydrocarbon-like surface, the modifying groups,bBing Ggs, Cs or aryl. More polar
bonded-phases, e.g. amino-propyl, cyanopropylil@itand diol; and cation- and
anion-exchange materials are also available. M@B&/aminopropyl and ODS/nitrile
phases having enhanced selectivity for certainsel®f compound have also been
produced. Chiral stationary phases for the semaraif enantiomergstereoisomers)
are produced as wel.

By far, silica is still the most popular substrédemanufacture RP stationary phases.
Silica has a high mechanical strength that enalilesuse under high-pressure
conditions encountered in HPLC. Furthermore, thisstrate does not swell or shrink
when exposed to organic solvents. Finally, its potidn and bonding chemistry is
well understood and can be performed in many diffemorphologies and is very
reproducible’® However, the relative chemical and thermal inditgbre known
drawbacks of the silica-based phaSeBypically, the Gs phase is declared to be stable
only in the pH range from 3 to 7’8 Recently, however, substantial progress has been
made in the synthesis of RP-HPLC silica-based htmsevercome this limitation, e.g.
the improvement of the initial silica materfd.’” An alternative approach how to
manufacture more stable silica-based phases wasytitbesis of organic/inorganic
hybrid silica-based stationary phases that waslyfinstroduced by Unger et &f. This
concept combines the high efficiency and mecharstatility of the silica together
with the extraordinary pH stability of the polymesorbent. These types of stationary
phases for RP-HPLC are commercially available sirg@9%'%

The application of more both chemically and thernséhble oxides like, e.qg.
aluminum, zirconium and titanium oxides as poténtigbstrates for RP stationary
phases has already been investigated. Surface singrof these oxides is, however,
very different from that of silica because thesag#s show Lewis basic and acidic
activity. Therefore, compared to silica, signifidgrdifferent retention and selectivity
behavior of metal oxide-based RPs can be expététA numbers of attempts were
made to overcome this limitation and further depetent is expectetf:

Monolithic columns are another alternative to thenwentional packed columns.

Monolithic packings consist of one piece of eitherorganic material or silica-based
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continuous homogenous phase instead of a packediteddividual particles. These
columns are usually made by sol-gel technologyctvl@nables formation of highly
porous material, containing two types of porestsnsiructure. Macropores (typically
2 um) are responsible for a low flow resistance thedefore permit the application of
high eluent flow rates, while the mesopores (addutnm) verify sufficient surface
area for separation efficienfi®® However, compared to conventional packed
columns, the achieved efficiency is significantyer for monoliths’

The development of superficially porous (fused-corecore-shell) particles is often
considered as a breakthrough in column technolaggd at reducing analysis times
while maintaining column efficiency and requiringlatively low back pressuf&. &
The technology of monoliths and superficially paquarticles is discussed in more

detail in the next chapter.

3.6.3 Modern approaches in column chemistry in the last dcade (2000-2010)

Efficiency and speed of analysis have become ofreatgimportance in many
application areas of liquid chromatography (LC)lsas in pharmacy, drug discovery,
drug development, environmental monitoring or ciianalysi$® *° In order to
perform rapid procedures, different strategies loarapplied. The rapid evolution of
packed column technology over the last 10 years masked by the successive
appearance of the silica monolithic réés? the sub-2 pm particlé$, ° and the
superficially porous particles (shell particlé€$)?® Monolithic columns, for example,
were introduced for their potential use at high iteophase velocities due to decreased
mass transfer effects over conventional fully psroparticles® ° Their main
drawbacks, however, was low efficiency (100,00Qq8er metéf), limited number
of commercially available columns with dimensiorfsnot full compatibility with
mass spectrometry together and high organic sob@mumptior’?

Therefore, either columns with sub-2 um particleshell particles appear to be useful

as far as high efficiency and rapid analyses anee@med and studied.

3.6.3.1 Ultra high-performance liquid chromatography usingub-2 pum column
particles

Since the beginning of modern HPLC in the late 196Qusers have required

continually new and improved columns to tackle maifecult separation problems or
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to improve their overall productivity and sampleatiighput, which led to development
of more efficient and reliable packing materialsneOof the areas in which
improvements have been made is in particle sizactexh. Figure 8 depicts a series of
H (separation efficiency, or height equivalent tedretical plate [HEPT]) versus

(mobile phase linear velocity) curves that showedinfluence of particle size of silica
gel on column efficiency. These data show thatube of smaller particles results in
more efficient separatior’$.The separation efficiency in micrometers as a tioncof

mobile phase velocity is described by the van Deemguation, shown simplistically

in Equation 1.
H=A+B/u+Cpu (1)

where A, B, C are constants and u is the mobils@liaear velocity (proportional to
flow rate), measured in cm’s The A term is a measure of the packing efficieanyl

is a function of packing efficiency and particleesi The B term is a function of
longitudinal diffusion in the mobile phase, and &€m is a function of the mass
transfer between the stationary and mobile phaseetisas within the mobile phase.
Within the C term, there is also a proportional efegency of the particle diameter
squared. The minimum of the van Deemter curve sgmts the ideal flow velocity
where maximum column efficiency is obtairéd.

According to the van Deemter curve, which can besdugo investigate
chromatographic performance, small column partide® induces an increase in
separation efficiency, optimal velocity, and impeavents in mass transfer. Therefore,
efficient separations can be performed with shoatealysis times when sub-2 pm
particles are uséfl (seeFigure 8). The small particle technology is responsible for
significantly higher back pressure. Hence thera reed for suitable instruments that
are capable of operation at pressure as high 80apsi (1,000 bar), which gave birth
to the UHPLC® These columns are characterized by the achievigleaties of at
least 300,000 plates per meter but the necessityhef special instrumentation

represents the main drawback of UHP{'C.
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Figure 8. Van Deemter plot for different particle sizes.
HETP=height equivalent to a theoretical pl&te.

Acquity BEH columns (bridged ethylene hybrid teclogy) manufactured by Waters
Company belong to the first and mostly used UHPbftirons. These hybrid materials
utilizing bridged ethylsiloxane/silica structureghéit improved column efficiency
due to 1.7 um particles, mechanical strength aatuilgy in wide pH range (1-12). The
columns are provided with different bonding chenmest as @, Cis, Phenyl, Shield,
etc. The Shield technology is based on incorpamatio embedded carbamate group
into the bonded phase ligand, which results initloeease of retention for phenolic

compounds versus straight chain alkyl colurtth®’

3.6.3.2 ALTERNATIVE APPROACH TO UHPLC ANALYSES OF SECONDARY
METABOLITES - SUPERFICIALLY POROUS COLUMN PARTICLES

There was a strong attempt to overcome the lirotadif the sub-2 pum particles and to
develop separation columns with similar efficierasyd short analysis time compared
with UHPLC but compatible with conventional HPLGssyms. Recently, new column
particles composed of solid core surrounded by ia gorous silica layer were
introduced as fused-core partictesind analogous core-shell particlesThe main
benefit of the shell particles is the small diftusipath (e.g., 0.5 pum) compared to fully
porous particles (e.g., 1.7 um, 3um); Begure 9. In theory, decreasing the thickness
of the porous layer of porous material should causkecrease of the C term in the
van Deemter plot (seEigure 8 and Equation 1), because the length along which
molecules should diffuse decreases. The reduced-patticle flow path provides
superior masstransfer kinetics and better performance at highbilaophase

velocities®®° More importantly, e.g. 2.7 um superficially poroparticles produce
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only approximately half the backpressure of theIn8 porous patrticles, which makes
possible to use them on conventional HPLC systehis Technology is said to be
promising alternative to fully porous particles lwihinimal impact on the separation

speed, efficiency, and resolutigh.

3um Superficially Jum Totally
porous paticle porous paticle

0.5 pm . Diffusion path

Figure 9. Comparison of structures of superficiallyporous and fully porous
column particles®®

3.6.4 Detection techniques in LC — molecular spectrometd methods

Over the years a large number of LC detectors tees developed. The ultraviolet
and visible absorption detector (UV/VIS), and MSed#or will be discussed in this

section.

3.6.4.1 The UV/VIS and Diode-array detectors

UV/VIS spectrophotometry is based on the absorpdibalectromagnetic radiation in
the ultraviolet and visible regions (180 - 780 rohthe spectrum resulting in changes
in the electronic structure of ions and molectfe¥°This type of detection belongs to
the most widely used technique for liquid chromaply’® There are two types of
UV detectors, the simple fixed wavelength detectansl the multi-wavelength or
DAD detectors® The DAD detector utilizes a deuterium or xenon pathat emits
light over the UV/VIS spectrum range giving the gbdity of recording the
full UV/VIS absorption spectra of samples. The U\8\&pectra increase the reliability
of the analyte identification if it is based on qmamison of retention times of the
standard and the analyte. Moreover, the spectcambplex chromophore systems can
classify the analytéo a specific group of compounds with characterigiv/VIS

spectra®*
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3.6.4.2 Mass spectrometry detectors

Mass spectrometry is an analytical technique tbpasates and measures the charged
particles according to their mass-to-charge ratit)( after they are ionized in the
ionization source. lonization methods include eagnospheric pressure chemical
ionization, chemical ionization, electrospray iatinn (ESI), matrix assisted laser
desorption and others. With most ionization methbése is the possibility of creating
both positively and negatively charged sample {8As%

The generated ions are then separated in masszanallge better known of which
include quadrupoles, time-of-flight (ToF) analyseragnetic sectors, and both Fourier
transform (FT) and quadrupole ion traps. The amatyare characterized by different
features, including then/z range that can be covered, the mass accuracythend
achievable resolution, compatibility with ionizationethods and others. ToOFMS is a
relevant for multi-component analyses because theab/sers provide high specifity
due to both high mass accuracy and high mass tesgland allow the reconstruction
of highly selective accurate mass chromatogramgaajet residues in complex
matrices. The advantage of a ToOFMS analyser ighitty to analyze a sample for a
theoretically unlimited number of compounds anddfee the LC-ToFMS approach
is capable of screening for a large number of dealwith high sensitivity within one
run. Furthermore, data can be acquired and remedesvithout anya priori
knowledge about the presence of certain compoutidg; is, no analyte-specific
information is required before injecting the sampled the presence of newly
identified compounds can be confirmed in previouahalyzed sample simply by
reprocessing the dat¥" '° Moreover, accurate mass determination and catmlilat
elemental composition data can be used for stre@lucidation as welf’®

MS/MS detectors consist of more than one analysdrsa can be used for structural
and sequencing studies. More popular tandem masgrgmeters include those of
the quadrupole-quadrupole, magnetic sector-quatkupcand more recently,
the quadrupole-ToF geometrit’. 1%

Among the detectors employed for monitoring anaignaission of the ion current to
the data system cover, the more common ones arghtdtemultiplier, the electron

multiplier and the micro-channel plate detectdfs:®®
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3.6.4.2.1 Mass spectrometric detection and matrix effects

Concerning the determination of residual antibetin the environmental samples
employing the ESI-MS detection technique, the phesmon known as matrix effect
has to be discussed.

In analytical chemistry the matrix effect is definey IUPAC as “the combined effect
of all components of the sample other than they#émadn the measurement of the
guality. If a specific component can be identifiasl causing an effect then this is
referred to as interferenct”’ When the analysis of a complex real sample is
performed, the matrix effect is one of the mosevaht drawbacks that can play an
important role in the accuracy and precision of easurement! It can affect the
sample preparation step as well as it can influerc#h qualitative and quantitative
analyses if mass spectrometry detection hyphenabediquid chromatography
separation is employed. '®® In ESI-MS quantitative analysis this phenomenon
belongs to the significant drawbacks® because of the susceptibility of the ESI-MS
to organic and inorganic components that are ptebeth in the sample matrix
together with the analyte and in the mobile pHa3&he matrix effects can lead to
signal instability reflected in signal suppression enhancement and can cause
erroneous results of quantificatiof**2

There are several strategies to reduce matrix tekbeg. selective extraction, effective
sample clean-up after the extraction, or improvameh the chromatographic
separation. Sometimes, these approaches are naipaippe solutions because they
could lead to analyte losses as well as long aeslygmes’ ** Appropriate
calibration technique should be employed to comaienfor the matrix effects > 18

112 such as addition of internal standards, echo-peaknique, calibration using
external matrix-matched standards, standard additio dilution of sample extracts.
The addition of internal standards (isotopicallgdbed or standards that cannot occur
in the analyzed samples) belongs to the most suiigidthe main disadvantage of this
strategy is the very high costs of the isotopickllyeled standard§: *°® *?Calibration
using external matrix-matched standards is basetth@@employment of the standards
with the same or similar matrix composition as #malyzed sample. This approach
provides practically full compensation of the muataffects, but, unfortunately the
main limitation of this strategy is often the un#afaility of the proper blank matrix

(material free of residues of target analyt&).
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Therefore, the calibration approach employing exkematrix-matched standards with
internal standard addition was used for quantiocatf residual antibiotics in the
influents and effluents of the WWTPs by UHPLC-ToFMSorder to compensate the

matrix effects.

3.6.5 Chromatographic fingerprinting of SMs and chromatographic screening

for novel antimicrobial agents

3.6.5.1 Chromatographic fingerprinting of SMs

Chromatographic fingerprinting (CFP) is an effeeti@nd rational method based on
comparison of fingerprints (chromatograms) of thengncompounds found in highly
complex samples. CFP can provide the whole prafilenot only the marker
compounds but also the unknown components. Thegerprints can then be used as
an effective tool for comparison, classificatiom,identification of samples based on
the production of SM& Several chromatographic techniques such as HPtE?
UHPLC® gas chromatography (G&¥ capillary electrophoresis (CE3* and thin
layer chromatography (TLEY have been used for fingerprinting. Due to the high
complexity of the studied matrix, additional andm@ementary information is often
required. Therefore, hyphenated techniques sudhPdsC-DAD, CE-DAD, GC-MS,
HPLC-MS, HPLC-DAD-MS/MS, CE-MS, CE-DAD-MS/MS and HE with nuclear
magnetic resonance detection (NMR) generating rduttensional and
multi-informational fingerprints are preferred. Witdditional spectral information,
these hyphenated techniques give a much more ctenpiefile of the investigated
samples® Since the fungal fermentation broth represents ptexn matrix, the
combination of UHPLC with both DAD and ToFMS detent was found to be a
proper instrumentation for the purpose of CFP. UBRillows faster separations with
higher separation efficienci&8 and DAD detection provides additional spectral
information of the sample components by generating 3D chromatograms®
Moreover, the TOFMS analyser is able to analyzer#tecally unlimited number of
compounds in the sample with high mass accuracyhadmass resolutiof??

The purification and pre-concentration of SMs ptioe analysis is necessary and can
be performed by either LLE or SPE. SPE providesyratvantages over LLE and is
nowadays preferred for many applicatidns.
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Chromatographic and spectrometric data can beettehy multivariate statistical
methods as either binary or quantitative datBor the evaluation of similarities or
differences of the fungal extracts, the Principainponent analysis (PCA), Principal
coordinates analysis (PCoA) and Hierarchical cluatalysis (HCA) were use®CA

is well known multivariate data analysis apprdathand is used to explain the
maximal variance of the dafa”. Generally, PCA compress the original data, and a
new set of variables called principal componentSs)Pis obtainedThese PCs are
linear combinations of the original variables, ard chosen to be orthogonal to each
other. PC score — score plots, loading variablgéspénd biplots are common two
dimensional display methods for exploring the ddtacture PCoA is a more general
projection method than PCA. PCoA, also known ass$€ital scaling, is a metric
multidimensional scaling method based on projectiomhich uses spectral
decomposition to approximate a matrix of distardiesimilarities by the distances
between a set of points in few dimensions. It isduso explore and to visualize
similarities or dissimilarities of data by findingypothetical variables (components,
coordinates) that account for as much of the vagan a multidimensional data set as
possible. These new variables are linear combinsitad the original variables. PCoA
is a standard method for reducing the dimensignafitmorphometric and ecological
data’® ™ HCA has also been applied for fingerprint analysisHIBA, distances
between pairs of samples are calculated and cochp&elatively short distances
between samples indicate similarity. The primargppge of HCA is to present data in
a manner that emphasizes natural grouping. Ploti@d results as a dendrogram

facilitates visual recognition of such categories.

3.6.5.2 Chromatographic screening for novel antimicrobiabgants

Nowadays, high-throughput screening techniquesapmdied in searching for new
antimicrobial agent¥’ The success of a screening depends on the ajmiicaf
suitable, sensitive, highly specific and effectidd@gh-throughput method. These
methods allow the screening of an almost unlimitechber of samples in a very short
time? The identification of bioactive compounds fromnfiemtation samples (extracts,
whole broths) is one of the most complicated, tcoasuming steps of the screening
protocols. Recently, a great progress in chromagagc isolation methods (LC-DAD-
MS, LC-UV, LC-MS, LC-NMR, etc.) has been achieved.
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The screening for the bioactive compounds in timgdlifermentation broth consists of
the following stepsi(a) development of the effective extraction technigide to
separate and concentrate the potentially activepoamds from the fermentation
broth; (b) bioassay of the obtained extrac{g) tracing the fungal strains with
antimicrobial activity;(d) detailed study of the selected strain/s usingdsag-guided
fractionation; (e) determination of the bioactive compound/s andthisr further

identification.

3.6.5.2.1 Bioassay of fungal SMs in extracts

The methods used for antimicrobial activity testimgludes e.g. broth dilution
methods, E-test and mostly used Kirby-Bauer digtusion susceptibility test. This
method was introduced in 1961 by W. M. M. Kirby aldW. Bauer. The purpose of
this test is to determine the sensitivity or resise of tested pathogenic organisms to
the compound or mixture of compounds with potenéiatimicrobial activity (e.qg.
extract obtained from fermentation broth of testedroorganism). The pathogenic
organism is grown on Petri dish with agar in thespnce of the filter paper
impregnated with the tested compound/extract. Ticeihation on the plates is time
and temperature controlled. The presence or absdrEathogenic organism’s growth
around the disk is an indirect measure of the tgbalf that compound to inhibit that
organism. In order to evaluate the antimicrobidivitg, the zone sizes around the
filter paper disk are measured after the incubdtidn

The organisms mostly used for antimicrobial acyiviesting include both Gram-
positive and Gram-negative bacteria (for definitam®' 9. Kocuria rhizophilais the
mostly used indicating organism of Gram-positivetbea® while Escherichia coliis
the mostly used Gram-negative bacteria for antiomial tests.Saccharomyces
cerevisiag Beauveria bassiana Penicilinum decumbens and Graphium

fibriisporum are often used eukaryotic representatives of itidig@rganisms2°

3.6.5.2.2 Bioassay-guided fractionation

Bioassay-guided fractionation is a procedure of mbg extract is
chromatographically fractionated and refractionatedil a pure biologically active
compound is isolated. Each fraction produced dutimg fractionation process is
evaluated in a bioassay system (e.g. Kirby-Baust) tand the extract is further

fractionated. This method can be successfully eygalan drug discovery research
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due to its effectiveness to directly link the azaly extracts and targeted compounds
using fractionation procedure that followed withita@ biological activity:® 2

3.6.5.2.3 Methods for identification of biologically activéS

The isolated biologically active compounds in p@® possible form are further
identified using analytical techniques as MS/MS, RINbr X-ray crystallography.
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4 EXPERIMENTAL (for unpublished data)

The experimental sections specify the instrumesratised for development and
application of the liquid chromatography methodsd adescribe experimental
procedures for the unpublished results. For expartal data concerning the published

results, see the respective papers attached apiendices.

Instrumentation

UHPLC analyseswere carried on Waters Acquity UPLC System (Watérague,
Czech Republic) consisting of Acquity UPLC Solvevianager, Acquity UPLC
Sample Manager, Acquity UPLC Column Heater/cooterd Acquity UPLC Diode
Array Detector and since 2010 couplet with Wate@TI' Premier XE orthogonal
accelerated time of flight mass spectrometer (V8akés, Manchester, UK) with an
ESI interface. Data were processed with Empowen@ MassLynx V4.1 software
(Waters, USA).

HPLC analyseswere performed on Waters HPLC system (Waters, U&raGzech
Republic) equipped with 600 Controller, 717 plus tésampler, 2487 Duak
Absorbance Detector and Empower 2 software (Waté34#) for data processing.
Off-line MS detection was carried on an APEX-Ultra FTMS instrument eqaigbp
with a 9.4 T superconducting magnet and an DuaBll ion source (Bruker Daltonics,
Billerica, MA). The interpretation of mass specit@s done using DataAnalysis

version 4.0 software package (Bruker DaltonicseBda, MA).
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4.1 DETERMINATION OF RESIDUAL ANTIBIOTICS IN THE
ENVIRONMENT

4.1.1 High-throughput analysis of tetracyclines and theirepimers in liquid hog
manure using UHPLC-DAD method

For experimental data, seBAPER 1 in the appendice¥® The experimental

procedures described in this subsection referdadhults in subsectidnl.l

4.1.2 Determination of antibiotics in influents and effluents of WWTPs in the
Czech Republic using SPE and UHPLC-ToFMS method

For experimental data, sSEBAPER 2 in the appendices. The experimental procedures

described in this subsection refer to the resnl®ibsection.1.2
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4.2 STUDY OF SECONDARY METABOLITES PRODUCED BY Geosmithia
FUNGI

42.1 The UHPLC-DAD-ToFMS fingerprinting method for analysis of
extracellular metabolites of fungi of the genus&eosmithia

For development of SPE and UHPLC-DAD fingerprintimgthod, se®APER 3 in
the appendice¥’ The method was updated in 2011 — 2012; namelyTtfeMS
detection was additionally employed and the sestatlied Geosmithiastrains was
enlarged with the total number of 48 strains (Sable 4 in the Supplementary data).
Moreover, the statistical evaluation (PCA, PCoA, A)®f the UHPL-DAD-ToFMS
data was made in 2012. The unpublished experimpriabdures are described in this
section. The experimental procedures describeklisnstibsection refer to the results in
subsectiorb.2.1

UHPLC-DAD-ToFMS method updateDue to the better compatibility with the MS
detection added, the trifluoroacetic acid (TFA)-evab.1:99.9 (v/v) used as aqueous
component of the mobile phase was replaced withiforacid-water 0.1:99.9 (v/v)
under similar gradient elution program (min/ %A):9%, 15/ 65, 25/ 0, 27/ 0, 30/ 95.
The ESI interface of Waters LCT Premier XE ToFM&maped in both positive and
negative ion mode. The parameters for TOFMS werlisvs: cone voltage, 50 V;
capillary voltage, +2500 V (positive), —2500 V (iage); ion source block
temperature, 120 °C; nitrogen desolvation gas teatpes, 350 °C; desolvation gas
flow, 800 L h'; cone gas flow, 50 L'h Full scan spectra fromn/z 100 to 1600 were
acquired with a scan time of 0.1 s and 0.01 ssuoter delay in both W+ and W- optic
mode for an operating resolution of 10,000 (FWHMata were collected from 1.3 to
27 min and the mass accuracy was maintained by kmlay using Leucine
Enkephalin. Other conditions were the same asdipttblished papéf’

For the evaluation of CFP data obtained with UHHRAD-ToFMS method, the PCA,
PCoA and HCA were employed.
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4.2.2 Chromatographic screening for bioactive fungal SMs

The experimental procedures described in this stibserefer to the results in chapter
5.2.2

The Geosmithiastrains studied in the project dealing with UHPDBD-ToFMS
fingerprinting method (chaptet.2.1 and correspondin@APER 3 in appendices?)
were subsequently tested for their potential amtiatiial activity. Kirby-Bauer disk
diffusion susceptibility test was employed, usiKgcuria rhizophila (CCM552),
Escherichia coli(ATCC3988), Saccharomyces cerevisid€CM 8191), Beauveria
bassiana (CCF4422), Penicilinum decumbens (CCF4423), and Graphium
fibriisporum (CCF4421) as indicating organisms. This set oficaithg organisms
includes both prokaryotic and eukaryotic organisamepng the bacteria both Gram-
positive and Gram-negative representatives; whichovige the versatile
characterization of antimicrobial activity of thessted fungal strains.

Afterwards, the strains with significant antimicralbactivity were selected for further
tracking of bioactive SMs employing the method widssay-guided fractionation.

For the extraction procedure and UHPLC-DAD-ToFMS3hod conditions see chapter
4.2.1and Experimental iRAPER 31%°

Fungal strains

Forty eight monosporic strains representing 28 isgeof the genu§&eosmithia(see
Table 4in Supplementary data), maintained at the IngtiadtMicrobiology, Academy
of Sciences of the Czech Republic and in Cultur#eCioon of Fungi in Prague were
tested for their antimicrobial activify?®

4.2.2.1 Kirby-Bauer disk diffusion susceptibility test

The agar plates for particular indicating organismse as follows:

Beauveria bassianaPenicillinum decumbensGraphium fibriisporum MEA agar
(malt extract, 20 g/L; agar, 20 g/L).

Kocuria rhizophila, Escherichia cqlB1 agar (beef extract, 10 g/L; peptone, 10 g/L;
NacCl, 5 g/L; agar, 20 g/L).

Saccharomyces cerevisjd€23 agar (yeast extract, 5 g/L; peptone, 4 glucase 40
g/L; agar, 20 g/L).
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All agar plates were dried up before inoculatiotatés were then overlaid with the
indication organism (suspended in sterile salinat&m and vortexed unless smooth
suspension is obtained). The filter paper discewapregnated with 25 pL of fungal
extract and air dried. Disk impregnated with methlaserved as a blank control.
Afterwards, the impregnated discs were placed ahe agar surface. Growth
inhibition zones, indicating the antimicrobial ady of the fungal extract, were
detected: after 24 hours of incubation at 30 RGduria rhizophila, Escherichia coli;
B1 agar); after 24 hours at 38 °Saccharomyces cereviside23 agar); after 48 hours
at 24 °C Beauveria bassian@enicillinum decumbensraphium fibriisporum MEA

agar). Following the incubation the inhibition zeneere evaluated and measuted.

4.2.2.2 HPLC-UV method for bioassay-guided fractionation

The fungal strain RJ0258Ggosmithiasp. 9) provided exceptional antimicrobial
activity against all indicator organisms and waaréifiore chosen for further detailed
study of the bioactive SMs.

The bioassay-guided fractionation was carried onevgaHPLC system with Gemini
C18 analytical column (250 x 4.6 mm i.d., 5 um; dmenex, Torrance, USA).
Firstly, theHPLC-UV gradl method was employed. The 3.5 minutes lastingitrast
were collected, evaporated to dryness at 45 °CGecwhstituted in 40 pL of methanol.
Twenty five pL were used for Kirby-Bauer antimicrabactivity test employing
Graphium fibriisporum as indication organism. Fractions were analyzed by
UHPLC-DAD-ToFMS method described in chapde2.lin order to control the purity
and identity of the fraction. Afterwards, the extravas refractionated using the
adjusted gradienHPLC-UV grad2. The methods conditions were as follows:
HPLC-UV gradl: mobile phase (A) formic acid-water 0.1:99.9 (v/aipd (B) ACN;
gradient elution (min/%A): 0/ 95, 35/ 65, 65/ 0oVl rate, 1 mL mift; equilibration
step, 15 min; column temperature, 25 °C; samplespéeature, 10 °C; injection
volume, 60 pL, UV 260 nmHPLC-UV grad2: gradient elution (min/%A): 0/ 70,
50/ 50, 55/ 50, 60/ O; other chromatographic coowlt remained the same as for
HPLC-UV gradl.

Subsequently, the determined bioactive fractionsrewasolated on Gemini
C18 preparative column (250 x 10 mm i.d., 5 um;n@heenex, Torrance, USA) using
isocratic elution programHPLC-UV iso method: mobile phase composed of
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formic acid-water 0.1:99.9 (v/v) and ACN, 50:50 deatic elution; flow rate,
2 mL min’; analysis time, 60 min; column temperature, 25 S&mnples temperature,
10 °C; injection volume, 120 pL, UV 260 and 310 nm.

4.2.2.3 UHPLC-ToFMS and off-line MS detection of bioactiveMs

The isolated bioactive fractions were analyzed ideo to determine the accurate
molecular mass of bioactive compounds, their eléad@omposition and MS spectra
after mass fragmentation. The mass fragmentation pvavided by both in-source
collision (Waters LCT Premier XE ToFMS) and MS/M@3\PEX-Ultra FTMS

instrument).

UHPLC-ToFMS detection: The conditions for MS detection were described
previously in section4.2.1 The fragmentation using in-source collision-inedic
dissociation (CID) was achieved by the Aperturalue set to 25V.

In general, for a TOFMS having a mass resolutioatmut 10,000 (FWHM) and the
external calibration the accurate mass measurensersecured® The available
applications of Mass Lynx software, namely Elemke@amposition editor together
with MS spectra acquisition in both ESI+ and ESie aseful tools for determination
of elemental composition of tested compounds. EteateéComposition editor uses a
CHNO algorithm, which provides standard functiotiesé such as mass measurement
error (compared to predicted mass), double bondvalgmce, isotope predictive
filtering (i-FIT), or isotope modeling applicatidor comparison of the theoretical and
the measured isotope pattern. The i-FIT value ples/ian exact numerical comparison
of the theoretical and measured isotopic pattera odmpound®" ***Moreover, the

in-source collision gives the opportunity to prediee molecular structure of analytes.

Off-line MS detection(performed by Ing. Petr Novak, Ph.D., ASCR, v.v.i;) The
isolated bioactive fractions were evaporated tonedsg and reconstituted in
methanol-water-formic acid 50:50:0.1 (v/v/v) wereabyzed in negative ion mode by
direct infusion on an APEX-Ultra FTMS instrument uggped with a 9.4 T
superconducting magnet and an Dual Il ESI ion soBruker Daltonics, Billerica,
MA). The cell was opened for 1.1 msec, accumulatiore was set at 0.2 s for MS
experiment (1.0 s for MS/MS experiment), and ongeexnent was collected for each

sample where one experiment consists of the aveodgeur spectra. After MS
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experiment one MS/MS experiment was carried ounftbe most intensive ion. The
isolation window was set to 3 a.m.u. and the doltisenergy was kept at -6 V. The
acquisition data set size was set to 1M points withmass range startingratz 150

a.m.u., resulting in a resolution of 100,000vdkz 400. The instrument was calibrated
externally using clusters of arginine resultingnrass accuracy below 1 ppm. The

acquired spectra were apodized with a square sfiefunction and FT with one
zero-fill.
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4.3 ALTERNATIVE APPROACH TO UHPLC ANALYSES OF SECONDARY
METABOLITES - SHELL COLUMN PARTICLES

For experimental data SEAPER 4in the appendices®
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5 RESULTS AND DISCUSSION

This chapter briefly summarizes the published tsstdibr more detailed information
see the respectiiRAPER 3in the appendice%® Further, the chapter includes the yet
unpublished experiments.

5.1 DETERMINATION OF RESIDUAL ANTIBIOTICS IN THE
ENVIRONMENT

5.1.1 High-throughput analysis of tetracyclines and theirepimers in liquid hog
manure using UHPLC-DAD method

Slight modifications of previously published metstd***were done in terms of the
sample volumes, extraction solution increase angEN®A solution addition directly
to the extraction media. Moreover, the solubilifydoy extracts obtained from LLE
was tested in three solutions, i.e. 10% methanolvater, 100% methanol, and
methanol-acetic acid 99:1 (v/v). The highest sditybi was achieved in
methanol-acetic acid solution.

The baseline separation of all compounds was obdenith the exception of DOX
and DOX,, where slight overlay could be observethe developed UHPLC-UV
method was validated in terms of accuracy, pregisiod selectivity. The analytes
were quantified as a sum of peak areas of eachiatitiand its corresponding epimer.
The obtained recovery values were 52.4 + 3.8% (T2)4 + 5.0% (OTC), 83.8 £
5.7% (CTC), and 95.9 = 4.7% (DOX). Instrument liraftquantification (ILOQ) was
8 ug mi* for all analytes. The determined method limitsgo@ntification (MLOQ)
determined with respect to ILOQ and recovery ofheanalyte were as follows: TC,
1.6 mg kg OTC, 1.2 mg kg; CTC, 1.0 mg kg; DOX, 0.9 mg kg in the liquid hog
manure (for abbreviations of the antibiotics, deapter3.2.3)

The method was applied for analysis of liquid hognore samples from 5 different
localities in the Czech Republic. One sample wasmdoto contain the monitored
antibiotics in concentrations 5.88 mg kdCTC) and 0.99 mg kg (DOX). Although
the presence of TC and OTC was proved (off-line M5, the concentrations
determined were 10 times lower than MLOQ. The UHPRAr@lysis of the positive
sample is shown ikigure 10.
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Figure 10. The UHPLC analysis of positive liquid hg manure sample.

Chromatographic conditionsAcquity UPLC BEH Shield RP18 column (50 x 2.1 mm
i.d., 1.7um; Waters); mobile phase, (A) formic acid-water:9919 (v/v), (B) ACN;
gradient elution (min/ %A): 0/ 95, 2.3/ 92, 2.8/,800/ 75, 5.5/ 0, 6.0/ 95; flow rate,
0.4 ml mir; column temperature, 22; sample temperature, 22 °C; injection volume,
1 ul; UV 350 nm. For abbreviations of antibiotics stapter3.2.3.
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5.1.2 Determination of antibiotics in influents and effluents of WWTPs in the
Czech Republic using SPE and UHPLC-ToFMS method

All 19 tested antibiotics were satisfactorily segtad employing the developed
UHPLC-ToFMS method during a 25 min gradient elutidine selectivity of the
method is demonstrated in

Figure 11 depicting the chromatographic separation of testetibiotics in spiked
blank water sample (100 ng*J.under the optimized conditions.

The main demand on the method was its utility fdame number of analytes of
different physico-chemical characteristics, whicls & difficult task during
multi-residue analysi¥: Different SPE sorbents were tested for sampleaetitn and
the recovery using the blank water samples spikita antibiotics (500 ng t) was
considered to indicate the SPE efficiency. Witlpees to the acid-base properties of
the studied antibiotics, the Oasis HLB, Oasis M@Xd Oasis MAX sorbents were
employed for SPE procedure. Macrolides and lincadasnrepresent weak bases,
sulfonamides are weak acids, and tetracyclinesflaodoquinolones are amphoteric
drugs that can exhibit both weak acidic and bakiracter*®> Although the tested
ion-exchange cartridges can be promising sorbeats ektraction of particular
antibiotic classes (e.g. MCX for macrolides and cdisamides, MAX for
fluoroquinolones), none of them was found to bdulder extraction of all analytes in
this study.

The Oasis HLB enabled, as the only sorbent, theaetxdbn of all analytes and was
therefore used for the maintenance of the metheshtibty. Subsequently, the sample
pH adjustment prior to Oasis HLB method was tesfexdit was impossible to find the
optimal recoveries for all analytes at a singlevattue, it was necessary to employ two
extraction procedures differing in sample pH adnesit. The pH 4.5 was proved the
most effective for tetracyclines, macrolides, ahmrfoquinolones, while pH 7.5 was
determined for sulfonamides and lincosamides. Coimgpahe developed SPE method
with previously published studies, the Oasis HLBresents the mostly used sorbent
for antibiotics extraction and concentration in erasamples. °* 2**'3%The obtained
recoveries in this work were in most cases sirhifal*°or slightly highe? *** **%han

in previously published papers when determinedstiiae analytes in wastewater or
surface water. Similar strategy of employment ob @xtraction procedures for each

sample due to recovery improvement was previousicidbed in the literaturg: *4°
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Figure 11. UHPLC-ToFMS separation of tested antibitcs in spiked blank water
sample (100 ng ) under the optimized conditions.

Chromatographic conditionsAcquity UPLC BEH C18 (50< 2.1 mm i.d., 1.7um,;
Waters); mobile phase, (A) formic acid-water 0.19@&/v), (B) formic acid-methanol
0.1:99.9 (v/v); gradient elution (min/ %A): 0.0/,980.0/ 75, 15.0/ 60, 21.0/ 45, 21.5/
45, 23.0/ 0, 25.0/ 95; flow rate, 0.4 ml rlincolumn temperature, 30; sample
temperature, 10 °C; injection volumeuB specific [M+H]" ions were extracted with
0.01 Da extraction mass window. For abbreviatidrentibiotics see chapt&2.3
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Different aqueous components of the mobile phasgamc modifiers as well as
gradient elution steepness were tested during #weldpment of chromatographic
method. Moreover, different analytical columns weomsidered. Concerning the MS
detection, the parameters as ionization mode, lagpioltage, cone voltage or needle
counter electrode distance were optimized. To corsge matrix effects, which is the
main well known and significant drawback in ESI-M8antitative analysi¥ %% 112
the matrix-matched calibration and internal staddlaladdition were employed. The
usefulness and versatility of the method was docueteby achieving MLOQs values
up to 10 ng [* and recoveries >80% for the most analytes difterin their
physico-chemical properties. Compared to previouplyblished HPLC-MS/MS
method with triple quadrupole analyzer, the MLOQuea that we obtained are often

Pl 138 13%r even lower® These findings demonstrate that, as

similar or slightly highe
discussed in a previous arti¢fthe UHPLC technique is able to compensate for the
lower selectivity of TOFMS instrumentation.

The developed analytical method was used for detation of selected antibiotics in
influent and effluent of WWTP from 6 different Iditees in the Czech Republic. The
monitoring study revealed that all analyzed samplee positive for different classes
of antibiotics in both influents and effluents ofWW'Ps. The concentration ranged
from 5.0 ng ! (LIN) to 1287.9 ng [* (CLA); the detailed results are listedTable 2

(for abbreviations see chap®&e.3.

Analysis of both the influents and effluents reeeathe insufficient efficiency of
water treatment processes of WWTPs in removal wfnéerobial agents, which causes
the release and remaining of antibiotics in theewand leads to the constant

increasing of the bacterial resistance.
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Table 2. Antibiotic concentrations (ng L) in influents and effluents of the WWTPs
from 6 different localities in the Czech Republic.

locality | A B C D E F

inf.2  eff® | inf. eff. inf. eff. inf. eff. inf. eff. inf. eff.
OXY | nd nd nd nd nd nd nd nd nd nd nd nd
CTC | nd nd nd nd nd nd nd nd nd nd nd nd
DOX | nd nd nd nd nd nd |206 nd nd nd nd nd
ERY | nd nd 248.6 204.2 38.2 274 493 36.3 60.3d 8.7 36.3
TYL nd nd nd nd nd nd nd nd nd nd nd nd
CLA | 79.0 61.0| 12879 289.0 952.2 422.0 989.2 273.4 52385.1 1010.4 794.2
ROX | nd nd 74.8 35.7 | nd nd nd nd nd nd nd nd
SDz | nd nd nd nd nd nd nd nd nd nd nd nd
STZ | nd nd nd nd nd nd nd nd nd nd nd nd
SDD | nd nd nd nd nd nd nd nd nd nd nd nd
SMX | nd nd 33.9 272.2) 150.0 68171 550.0 4389 796.2 5444 6102.377.8
SDM | nd nd nd nd nd nd nd nd 177.1 <MLOQ nd nd
OFL |nd nd 232.0 138.0 nd nd 138.0 113.0 485.0 283.0 67.0 <MLOQ
NOR | nd nd nd nd nd nd 167.6 63.0| 186.8 24.2 377.4 33.2
CIP nd nd 111.0 7.53 | nd nd 640.6 133.6 273.8 70.7 386.6 11.8
ENR | nd nd nd nd nd nd nd nd nd nd nd nd
LIN nd nd 24.3 10.8 | nd nd 941 46.4 | 5.0 42.2 32.7 17.7
CLI | nd nd 28.6 102.1) 150.7 48.4 619 419 352 55.3 63.6

& inf. — WWTP influent, eff. - WWTP effluent
nd - antibiotic not detected
for abbreviations of antibiotics see chafet.3
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5.2 STUDY OF SECONDARY METABOLITES PRODUCED BY Geosmithia
FUNGI WITH FOCUS ON BIOLOGICAL ACTIVITY

5.2.1 UHPLC-DAD-ToFMS fingerprinting method for analysis of extracellular
metabolites of fungi of the genu§&eosmithia(Acomycota: Hypocreales)

The development of the fingerprinting method inelddseveral steps; namely
optimization of sample pretreatment (extractioncpdure), optimization of UHPLC
conditions (analytical column, mobile phase, gratielution program), and MS
conditions.

The method used for extraction of SM from fungahfentation broth was developed
using six strains representing six different spea Geosmithiaspp. (MK1712a,
RJ74k, CCF4205, CCF3333, 1259, CCF3555), whicletf in the SMs production,
and therefore, epitomize a representative set afipks for extraction method
development. Five solvents of rising polarity weested for LLE; namely hexane,
diethyl ether, dichloromethane, ethyl acetate, iacatid-ethyl acetate 1:20 (v/v).
Afterwards, different sorbents for SPE were evadathamely Amberlite XAD-2,
Amberlite XAD-4, Strata C18-E, Strata NH5ep-Pack C-18, Oasis HLB, Oasis MAX,
Oasis MCX, Oasis WAX, and Oasis WCX. Although LLEldngs to the most
frequent used method for extraction of SM from fainfrmentation brotf**** this
method was not found to be suitable for extracttdnSM of Geosmithiastrains.
Among the several tested SPE sorbents, Oasis M@Xis(HLB, and Strata C18-E
were found to be appropriate sorbents because efgtieatest number of SMs
presented in the extract. With respect to the pat@kisities and shapes the Oasis MCX
was finally the sorbent of choice.

The main demands on the new UHPLC-DAD-ToFMS metivad to well separate a
great number of SM differing in polarity in a relaly short analysis time (about
30 min). Six selected strains Geosmithiaspp., namely MK1712a, RJ74k, CCF4205,
CCF3333, 1259, CCF3555 were used for UHPLC-DAD-Toéthod development.
Since the majority of presented SMs showed maxiatsorbance at 260 nm, this
wavelength was used during the evaluation of théhatkeconditions. Four analytical
UHPLC columns, namely Acquity UPLC BEH C18 (50 X 2nm i.d.; 1.7um),
Acquity UPLC BEH C18 (100 x 2.1 mm i.d.; 1ufh), Acquity UPLC BEH Shield RP
(50 x 2.1 mm i.d.; 1.7um), and Acquity UPLC BEH HILIC (50 x 2.1 mm i.d.;71
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um), all Waters, Czech Republic, were evaluated @dpared. The parameters as
peaks retention times, peaks shapes and resolatimmhthe total analysis time were
calculated and compared. Acquity BEH C18 columnl60 mm length provides

sharper and better separated peaks with highetti@teof separated components.
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201 1 mM ammonium formate, pH 4.0
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Figure 12. Different mobile phase composition for HPLC-DAD analysis of
RJ74k strain fermentation broth.
a-c. peaks evaluated during the method development.

Chromatographic conditionsAcquity UPLC BEH C18 column (100 x 2.1 mm i.d.,
1.7 um; Waters); mobile phase, (B) ACN; gradientieh (min/ %A): 0/ 95, 15/ 65,
25/ 0, 27/ 0, 30/ 95; flow rate, 0.4 mL riincolumn temperature, 25 °C; sample
temperature, 10 °C; injection volume, 1 pl;; UNO2€&m.

Several aqueous components of mobile phases sudtragly acidic (0.1% and
0.05% TFA, 0.1% formic acid, 0.1% acetic acid, 0.JHosphoric acid), acidic
(2 mM ammonium formate, pH 4.0) and alkaline (1 navid 5 mM ammonium
acetate, 1 mM ammonium formate, all of pH 9.0) wasseessed; the selected results
are shown inFigure 12 Organic modifiers, gradient elution program aradumn
temperature were tested as well. The used agueonganent of the mobile phase was
TFA-water 0.1:99.9 (v/v) for former UHPLC-DAD mettidPAPER 3'2%, and formic
acid-water 0.1:99.9 (v/v) for updated UHPLC-DAD-TM5 method, due to a better
compatibility with the MS detection. For both medlsp ACN was employed as organic

61



modifier and similar gradient was applied, namehmn(%A): 0/95, 15/65, 25/0, 27/0,
30/ 95 (total analysis time of 30 min) with colurtamperature of 25 °C. Concerning
the MS detection, the W optic mode was preferreel iua higher mass accuracy in
comparison to V optic mode. The parameters affgctine ESI interface were
optimized in direct infusing experiments with then@al extracts in methanol at a
constant flow rate of 5 uL mihinto the analyte probe using the syringe pump. The
tested parameters were: capillary voltage (fromQ€18 to +3000V with 500 V steps)
and cone voltage (from 25 V to 50 V with 5 V stepBEhe final conditions were as
follows: cone voltage, 50 V; capillary voltage, €86V (positive), —2500 V
(negative); ion source block temperature, 120 °Gogen desolvation gas
temperature, 350 °C; desolvation gas flow, 800'.done gas flow, 50 Lh Full scan
spectra fromm/z 100 to 1600 were acquired with a scan time of ©9.4nd 0.01 s
interscan delay in both W+ and W- optic mode foroaerating resolution of 10,000
(FWHM). Data were collected from 1.3 to 27 min atite mass accuracy was
maintained by lock spray using Leucine Enkephdther conditions remaindered the
same as in the publish@APER 3%

The developed UHPLC-DAD-ToFMS method generated indithensional and
multi-informational chromatographic fingerprintsvéfy compound in every extract
was characterizeda) by its retention time(b) UV/VIS spectral profile (local maxima
in UV/VIS; 200-600 nm)(c) by MS spectral profilen/zratio in both ESI+ and ESI-),
and (d) by peak area. An example of characterization ofiqudar SM is shown in
Figure 13
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Figure 13. Characterization of compounds presentein UHPLC-DAD-ToFMS
fingerprints. Every compound is characterized for purpose ofssitzdl| analysis by its
retention time, UV/VIS spectral profile, MS spettprofile (m/zratio in both ESI+

and ESI-), and peak area.

Chromatographic conditionsAcquity UPLC BEH C18 column (100 x 2.1 mm i.d.,
1.7 pum; Waters); mobile phase, (A) formic acid-wafel:99.9 (v/v), (B) ACN;
gradient elution (min/ %A): 0/95, 15/65, 25/0, 278D/ 95; flow rate, 0.4 mL mih

column temperature, 25 °C; sample temperature,CL0 ihjection volume, 1 pl; UV

260 nm.

MS detection cone voltage, 40 V; capillary voltage, £2500 nisource block
temperature, 120 °C; nitrogen desolvation gas teatpes, 350 °C; desolvation gas
flow rate, 800 L R'; cone gas flow, 50 L, W mode; scan time, 0.1 s; interscan

delay time 0.01 s.

The developed CFP method was applied for analys#8 strains oflGeosmithiaspp.

The generated fingerprints revealed the correlatib8Ms production with the strain

affiliation. As an example, the overlays of chrooggbms of four pairs of strains

belonging to the same species (extracted at 260 narhely Geosmithiasp. 8
(MK1712a and MK263)Geosmithiasp. 32 (MK1826 and MK1834), @&. morbida
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(1259 and 1272) andseosmithiasp. 24 (RJO6ka and MK1842) are shown in
Figure 14. The overall pattern of obtained data thereforegsats obvious correlation
of generated UHPLC-DAD-ToFMS chromatograms withotaomical identity. The

results are summarized RAPER 3'%°.

— MK263 a - —1259 b
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Figure 14. The overlay of UHPLC-DAD 2D chromatograns of different strains of
the genus Geosmithia Overlay of chromatograms of strains MK1712a and
MK263 (a); 1272 and 1259 (b); MK1826 and MK1834 (¢)MK1842 and RJ06ka

(d).

Chromatographic conditionsAcquity UPLC BEH C18 column (100 x 2.1 mm i.d.,
1.7 um; Waters); mobile phase, (A) TFA—water 0.199Q//v), (B) ACN; gradient
elution (min/ %A): 0/ 95, 15/ 65, 25/ 0, 27/ 0, 3W:flow rate, 0.4 mL min; column
temperature, 25 °C; sample temperature, 10 °Gcfign volume, 1 pl; UV 260 nm.

Afterwards, the PCA, PCoA and HCA were used forles#on of generated
UHPLC-DAD-TOFMS data. The CFP data evaluation wasfqggmed in PAST
statistical software (PAlaeontological STatistidbe data analysis package originally
aimed at paleontology but now also popular in matier fields. It includes common
statistical, plotting and modeling functiots.

The set of 206 major components (peaks in chromamogefers to SMs) from all

48 tested species of gendsosmithiawere chosen for statistical evaluation employing
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the PCA, PCoA and HCA. Since only 2D datasets eanalyzed by PCA, PCoA and
HCA, the 2D dataset of peaks” characterizationtbdoe constructed. Therefore, the
dataset of all SM found in all studied strains witie specific characterizatioma-¢l)
were constructed. The statistical analysis of lassgefingerprints performs difficult
task, especially when spectroscopic detection edtf§ **’ For instance, shifts of
retention times and baseline shifts are knowndiffies during the data alignment for
the automated statistical computitif Therefore, the manual data handling was used
for data evaluation. Although this approach perfedriiong-lasting and difficult task, it
was the only possibility how to obtain representa®Ms characterization. Finally, for
PCA, PCoA and HCA, only binary data matrix was u€kee present, O = not present;
concentration expressed as a peak area was notlemd, since the variation of SMs
concentration in the identical strain was obserfeedlifferent cultivations in different
time and was therefore considered to be irrelef@rdata evaluation.

The PCoA analysis of 48 tested strains is depictdélgure 15 The two coordinates
of the PCoA plot represent the directions of twghleist variations through the data.
Therefore, the distinction of the strains riseshvifteir distance along the coordinate.
The strains with suffixa, -b (strains CCF4197, CCF3861) refer to the replicdta
single strain used for repeatability testing otigakion and extraction procedure.

The closeness of the strains in the PCoA plotsame agreement with the similarity of
UHPLC-DAD chromatograms ifrigure 14. discussed abovand inPAPER 3in the
appendices$?® For instance, strains 1272 and 1259 (W®&thmorbida Figure 14b) are
located in the PCoA plot almost identically, whiobrresponds with their similar SMs
profile. The same findings were obtained for otk&ains inFigure 14, namely
MK1712a and MK263Geosmithiasp. 8), MK1826 and MK183@5eosmithiasp. 32),
MK1842 and RJO6ka anéeosmithiasp. 24). In general, the distribution of the stsai
in PCoA plot corresponds with their taxonomicalntiy. However, interesting strain
distribution along the Coordinate 1 also revealezldorrelation of the data with other
characteristics of the particular strains (eg. @ggl distribution). The dashed line in
the plot divides the strains into two groups acowydo their specific host spectrum
(seeFigure 15). “Specialists” refer to strains characterized dysingle host plant
family, while “generalists” refer to multiple hogilant spectrum. These findings
enabled tracing of SMs characteristic for the spstctrum of the strains and revealed

other utilization of the developed CFP method.
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Figure 15. Principle coordinate analysis (PCoA) o#8 Geosmithiastrains based on
UHPLC-DAD-ToFMS fingerprinting.

PCoA conditions Euclidian distance; binary data used; generdinggst in PAST
software.

For conditions of UHPLC-DAD-ToFMS analyses, seaption to Figure 13 and
chapterd.2.2

Figure 16 depicts the corresponding HCA dendrogram of thelistl strains. The
primary purpose of HCA is to present data in a neanthat emphasizes natural
grouping. Relatively short distances between sasnipidicate similarity. The pairs of
strains with similar SMs production (based to theertay of chromatograms in
Figure 14) are highlighted in the HCA dendrogram. Their grog in the HCA

demonstrates their similarity of UHPLC-DAD-ToFMSnderprints and is in

agreement with their taxonomical relatedness.
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Figure 16. Hierarchical cluster analysis (HCA) dendogram representing
similarity of 48 Geosmithia strains based on UHPLC-DAD-ToFMS
fingerprinting.

HCA conditions neighbor joining (NJ) tree; binary data used; @on similarity
index; 1000 bootstrap resampling.

For UHPLC-DAD-TOFMS conditions see caption Fagure 13 and chapter4.2.1

Strains used for demonstration of SMs profile samiy in Figure 14 are highlighted.
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The results from PCA, PCoA and HCA were compareth viindings that were
obtained by our collaborative group employing thHeylpgenetical analysis of the
rDNA." Both findings were in agreement and the similaoityesults proved that the
UHPLC-DAD-ToFMS method can be successfully usedG@éi analyses of fungal
strains and that it is the useful tool for taxonoragd also alternative to the
phylogenetical analyses.

Generally, the result from PCoA and HCA analysesified the correlation of
UHPLC-DAD-ToFMS fingerprints with the taxonomicalentity of theGeosmithia
strains.

However, discrepancies in the correlation of UHPRED-ToFMS fingerprints with
taxonomical identity were observed for some of égsstrains, e.g. for CCF4206
(Geosmithiasp. 27). Based on the taxonomic identity, thiaistshould be grouped
with the taxonomically related species (e.g. MK9&td otherG. pallida strains).
According to the PCoA and HCA plot, the strain C26@ shows the similarity of
fingerprints e.g. with strains CCF3702Gdosmithia sp. 9) and CCF3754
(G. eupagiocedi This, and others, discrepancies are probablysemhlby not yet
understood and complex factors resulting in thdwtom of different SMs spectra. In
this particular case, th@eosmithiasp. 27 (CCF4206) is specifically associated with
bark beetles feeding on the family Pinaceae (sriyilas Geosmithiasp. 24 and 9 on
the Figure 16), nevertheless taxonomically related species f@Garpallidagroup (e.g.
MK980) are generalist, distributed on both hardwsadd conifers.
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5.2.2 Chromatographic screening for bioactive fungal SMs

5.2.2.1 Kirby-Bauer disk diffusion susceptibility test

Forty eight Geosmithiastrains were tested for their antimicrobial adjivagainst

5 indicating organisms. In total, 12 strains exieitiantimicrobial activity against at
least one of the indication organisms and 36 grai@re inactive against all indicating
organisms. The overview of strains that revealetimacrobial activity is listed in
Table 3, the example of antimicrobial activity testingngiKirby-Bauer disk diffusion
susceptibility test depictSigure 17. Concerning bacterial indicating organisms, many
strains expressed the antimicrobial activity onlyaiast Gram-positive Kocuria
rhizophilag e.g. CCF3861, RJ06ka, CCF4205) and were inactagainst
Gram-negative bacteri&$cherichiacoli), which is a common phenomenon caused by
the structural differences of bacterial cell will§trains CCF4213 and RJ0258
(Geosmithiasp. 9) exhibited antimicrobial activity againse tiwhole set of indicating
organisms, which revealed broad spectrum of theimacrobial activity and qualified
them for further investigation. Since both strae$ong to the same species and their
SMs production is similar (according to previous RIEL-DAD-ToFMS fingerprinting
method, chapteb.2.1 and PAPER 3 in the appendicé®), the strain RJ0258 was
chosen for the detailed study using chromatograpbieening and bioassay-guided

fractionation.

Table 3. Results of antimicrobial activity testingof Geosmithia strains using
Kirby-Bauer disk diffusion susceptibility test.

strain indicating organism
No.
Kocuria Escherichia  Saccharomyces Graphium Beauveria  Penicillinum
rhizophila  coli cerevisiae fibriisporum bassiana decumbens
antimicrobial activity — inhibition zones (cm)
CCF3334 0 0 0.8 0.7 1.2 0
CCF3861 1.6 0 0.8 0.8 0.7 0.7
1272 0.8 0.8 0 0.7 0.7 0.7
CCF3751 0 0 0.9 0.8 0.7 0.7
CCF3350 0.8 0 0 0 0.7 0.7
RJ0258 1.1 0.9 0.9 1.4 1.3 1.0
CCF4213 1.2 0.9 1.0 1.1 0.7 0.7
CCF3555 0.8 0 0 0.8 0.7 0
RJ0O6ka 0.9 0 0 0.8 0.8 0.7
CCF4205 1.0 0 0.8 0 0.9 0
CCF4206 0.8 0 0 0 0 0
RJ74k 0 0 0 0 0.7 0
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Figure 17. Example of antimicrobial activity testing of Geosmithiastrains using
Kirby-Bauer disk diffusion susceptibility test.

Indicating microorganisms-Graphium fibriisporump-Beauveria bassiana
c-Penicillinum decumbens.

5.2.2.2 HPLC-UV bioassay-guided fractionation

During theHPLC-UV gradl method development, two analytical columns, namely
Gemini C18 column (250 x 4.6 mm i.d., 5 pmpd XTerra Prep RP18 column
(150 x 7.8 mm i.d., 5 pum; Waters, Prague, CzechuBle) were evaluated and
compared. Since shifts of retention times (compatedUHPLC-DAD-ToFMS
analyses) for selected major SMs were observedguXifierra column (data not
shown), the Gemini column was finally chosen foe thactionation. Among the
aqueous components of the mobile phases, formicvaatier 0.1:99.9 (v/v) and pure
water were tested. The formic acid-water 0.1:99v®/)( provided higher peak
resolution, better peak shapes and higher retentimes. Concerning organic
modifiers, ACN provided sharper peaks compared ¢bhanol. The applied gradient
elution profile was programmed with regards to pesdolution and the total analysis
time. The wavelengths set for dual wavelength U®detector were 260 and 310 nm
respecting the maximal absorbance of the majofitgMs. For final chromatographic
conditions see chaptdr2.2.2in Experimental section arfeigure 18.

The 3.5 minutes lasting fraction were collectedhwiihal number of 23 fractions
(see Figure 18). Five fractions, marked as FR11 — FR15 exhibiaadimicrobial
activity (see Figure 190 and they were therefore further refractionatedngis
HPLC-UV grad2method. The gradient elution program was adjusteess the single
peaks were isolated separately. The purity of tteetibns was verified by the
previously developed UHPLC-DAD-ToFMS method (seeapthr 4.2.1 in

Experimental section).
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The final gradient profile dfiPLC-UV grad2method was as follows (min/%A): 0/ 70,
50/ 50, 55/ 50, 60/ 0, followed by 15 min equiltioa step Figure 20). Other
conditions remained the same as 1dPLC-UV gradl (see chapterd.2.2.2 in

Experimental section).
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Figure 18. HPLC-UV fractionation of strain RJ0258 HPLC-UV gradl method).

Chromatographic conditionsGemini C18 column (250 x 4.6 mm i.d., 5 pm;
Phenomenex); mobile phase (A) formic acid-water9®.D (v/v), and (B) ACN;
gradient elution (min/%A): 0/ 95, 35/ 65, 65/ 0/ B5; flow rate, 1 mL mif}; column
temperature, 25 °C; samples temperature, 10 °€ction volume, 60 pL; UV 260 nm.
Dashed vertical lines refer to isolated fractions.

* refers to fractions FR11-FR14 with antimicrobadtivity according to Kirby-Bauer
disc diffusion susceptibility test.

Figure 19. Antimicrobial activity testing of fraction isolated fromHPLC-UV
gradl method using Kirby-Bauer disk diffusion susceptibiity test.

Indicating microorganisms-Kocuria rhizophilab- Graphium fibriisporum.
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Figure 20. HPLC-UV refractionation of strain RJ0258 (HPLC-UV grad2method).

Chromatographic conditionggradient elution (min/%A): 0/ 70, 50/ 50, 55/ 50/ ®,
75/ 70 For other chromatographic conditions se¢i@apo Figure 18.

Dashed vertical lines refer to isolated fractions.

* refers to fractions with antimicrobial activitgeording to Kirby-Bauer disc diffusion
susceptibility test.

The bioassay-guided refractionation revealed thoeactive SMs of the RJ0258.
According to UHPLC-DAD-ToFMS analyses, the majoakavith retention time of
36.5 min was the mixture of many co-eluting comptsinThis peak was excluded
from further detailed study, since it was impossital optimize the elution program in
order to separate these compounds and isolate separately. Therefore, two SM
with retention time of 22.1 min and 47.3 min, regpely, were further isolated using
the HPLC-UV preparative analysis and they were ma@rlas RJ0258-F1 and
RJ0258-F2

For subsequent isolation of bioactive SNRJ0258-F1 and RJ0258-F2 Gemini
C18 preparative column (250 x 10 mm i.d., 5 umhwAPLC-UV iso method was
employed. Since the isocratic elution is generptferred for preparative HPLC, the
mobile phase was composed of formic acid-water90.9: (v/v) and ACN 50:50,
isocratic elution. Duall. Absorbance Detector was set at 260 nm (preferoed f
RJ0258-F1) and 310 nm (RJ0258-F2). Other conditiares described in chapter

4.2.2.2 in Experimental section. The analysis is shown Figure 21 and the
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verification of antimicrobial activity depictSigure 22 The isolation of the selected
bioactive SMs was repeated since the amount of bfragch SM was obtained.

The purity of the fractions was confirmed by UHPD&D-ToFMS (see chapter
4.2.1) and the SMs were further studied as describdallmwing subsections. The test
of bioactivity of isolated SMs was performed, réisig in confirmation of their
antimicrobial activity against all employed indicaf organisms and their stability
during the sample handling (data not shown).
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Figure 21. HPLC-UV preparative analysis of bioactie SMs of strain RJ0258
(HPLC-UV iso method).

Chromatographic conditions:Gemini C18 column (250 x 10 mm i.d., 5um;
Phenomenex); mobile phase, formic acid-water 0.2:9®/v) and ACN 50:50,
isocratic elution; flow rate, 2 mL mih column temperature, 25 °C; samples
temperature, 10 °C; injection volume, 120 pL, U\026d 310 nm.

Figure 22. Antimicrobial activity testing of fraction isolated withHPLC-UV iso
method using Kirby-Bauer disk diffusion susceptibiity test.

Indicating microorganisnfSsaccharomyces cerevisiae.
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5.2.2.3 Detailed MS and off-line MS/MS study of bioactiveVs

UHPLC-ToFMS detection

The SMRJ0258-F1was characterized by MS spectranakz 325.2020 (positive ion
mode; ESI+) and 323.1867 (ESI-), which corresponitls elemental composition of
C1sH2805 with obtained mass error of = 1.5 ppm (ESI+)A = 2.8 ppm (ESI-) and
i-FIT (norm) error of 0.1 (ESI+) and 0.0 (ESI-).

The formation of the most intensive peaknakz 369.1909 in negative ion mode (see
Figure 23) was observed, which corresponds with molecularadduct with formic
acid in mobile phase ¢gH»¢O7 in ESI-; mass error oh = =1.1 ppm; i-FIT (norm)
error of 2.2). The influence of mobile phase conmpws on ion adduct formation in
obvious from Figure 24. The formic acid—water 0.1:99.9 (v/v) and pure evat
respectively, were compared as the agueous comfgokemobile phase, showing the
strong contribution of formic acid to molecular iadduct formation. If pure water is
used as the mobile phase, the molecular ion i€pegf and the presence of dimmer of
molecular ion (2M-H) is also evident. The formation of molecular iordact with
formic acid even when pure water is employed asntiobile phase was probably

caused by trace amounts of formic acid remainingenUHPLC system.

! [M+HT 1: TOF MS ES+
- RJ0258-F1_MS 376 2079 2.66e3
L 307.1974
289.1859
B26.2120
2111174
199.1730 466.1671
152'99431 \l Al b L 393.[1935 n |l 5115535 507.1191 668.3762 ?43'34057?0'3550
RJO258F1 MS [M+HCOOH-H]- 2: TOF MS ES-
100 - 369.1845 1.66e4
A
[M-H]-  p70.1894
323.1750
293.1653 B71.1342
0 1BB.0430 531 1442 2717 ) 463.1030 5533248 B633212 700 2630 7273190 7875158
100 150 200 250 300 350 400 450 500 550 600 650 700 750 600

Figure 23. MS spectra in both ESI+ and ESI- ionizabn mode of bioactive
secondary metabolite RJ0258-F1 produced by RJ02%8eosmithiastrain.

For UHPLC-DAD-ToFMS conditionsee caption t&igure 13and chapted.2.1

74



RJ0258-F1_MF=HCOOHMeOH_MS [M+HCOOH-H]- 2: TOF MS ES-
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Figure 24. MS spectra of bioactive secondary metabte RJ0258-F1 produced by
RJ0258Geosmithiastrain — comparison of mobile phase used for UHPLDAD-
ToFMS in ESI- ionization mode.

Top mobile phase; (A) formic acid—water 0.1:99.9 jy{B) ACN.

Down mobile phase; (A) water, (B) ACN.

For other UHPLC-DAD-ToFMS conditions see captionFRigure 13 and chapter
4.2.1

The SM RJ0258-F2was characterized by MS spectranofz 307.1903 (ESI+) and
305.1753 (ESI-), as depicigure 25. This corresponds with elemental composition
of C1gH2604 with obtained mass error of = —2.0 ppm (ESI+)A = -2.3 ppm (ESI-)
and i-FIT (norm) error of 0.0 (ESI+) and 0.0 (ESI-)
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Figure 25. MS spectra in both ESI+ and ESI- ionizabn mode of bioactive
secondary metabolite RJ0258-F2 produced by RJ02%8eosmithiastrain.

For UHPLC-DAD-ToFMS conditions, see captionfigure 13and chapted.2.1

The elemental compositi

on of the bioactive SM wathker verified on an APEX-Ultra

FTMS instrument by direct infusion. Same findingerev obtained resulting in

elemental composition

OC18H2305 (R30258-F]) and C1gH2604 (RJOZSS-FQ,

respectively. The MS/MS spectra after mass fragatiemt are depicted iRigure 26

and Figure 27, respectively. Similar CID MS spectra were alsdaoted on LCT

Premier XE ToFMS when fragmentation using in-soutd® was applied (data not

shown).
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Figure 26. MS/MS spectrum of bioactive secondary nigbolite RJ0258-F1
produced by RJ0258Geosmithiastrain.

MS/MS detectianAPEX-Ultra FTMS instrument; ESI-; cell opened ,fdr1 msec;
accumulation time, 1.0; isolation window, 3 a.maallision energy, -6 V.
For other conditions see chapfe?.2.3
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Figure 27. MS/MS spectrum of bioactive secondary nt@bolite RJ0258-F1
produced by RJ0258Geosmithiastrain.

For conditions of MS/MS detection, see captiofigure 26 and chapted.2.2.3.

The CFP data revealed that these two bioactive &bte produced only by strains
RJ0258 and CCF4213 and that they were not presemtéte blank matrix sample.
This is in accordance with the antimicrobial adtiviesting, using Kirby-Bauer disk
diffusion susceptibility test, since no other straixhibited the antimicrobial activity
against all the indicating microorganisms (Sesble 3). This unique antimicrobial
spectrum qualifies these SMs to be the potentigkhantibiotics and there is a great
demand on their further identification. The utilafthe developed extraction, CFP and
chromatographic screening methods for tracking afadiive fungal SMs was

therefore proven.
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5.3 ALTERNATIVE APPROACH TO UHPLC ANALYSES OF SECONDARY
METABOLITES - SUPERFICIALLY POROUS COLUMN PARTICLES

The performance of the two tested columns was comdpan UHPLC system by
evaluation of their experimental peak capaciB). (Three curves describing the
dependence of experiment@lon linear velocity of the mobile phasay) at three
different gradient slope&/up constructed for both tetracyclines and macrolideshe
two chromatographic columns are depictedrigure 28. Maximal experimental peak
capacities for analysis of tetracyclines were §A&uity BEH C18 column; 50 x 2.1
mm i.d., 1.7 um) and 48.4 (Kinetex C18 column; 5@.% mm i.d., 2.6 pm). This
indicated that Kinetex C18 is a suitable alterrativ Acquity BEH C18 column for
analysis of tetracyclines under acidic conditior@n the contrary, maximal
experimental peak capacities for analysis of mabeslon Acquity BEH C18 column
were substantially higher (46.7) than that on KemetC18 column (36.9). The
comparison of analyses of tetracyclines is showkigare 29.

The curves revealed that experimerRalalues considerably decreased, from certain
values, with increasingly. This phenomenon is in accordance with previously
performed experimenf€, howeverP is according to the theory independent upn
Additionally, experimentaP is apparently strongly dependent on gradient sfipe
so that higheP is obtained when lower gradient sloff@y is applied. Nevertheless,
low gradient slope&s/up is in principle connected with long analysis tinvehich is
inconsistent with desired high-throughput analys&berefore, the compromise
betweerP and gradient slop&'uy represents the crucial task.

Under all conditions compared, higheiwas achieved on Acquity BEH C18 column
for both antibiotic groups with most significantifdrences observed for macrolides.
This was in contrast with the recently publishasigtby Gritti et af’ revealing better
performance of Kinetex C18 column compared to AggBEH C18 column under
gradient conditions. However, analytes (proteinsjeaused in this study.Therefore,
the discrepancy can be possibly explained by fasiass transfer in Kinetex C18
column that affects positively the analysis of &rgolecules, however, the analysis of
the low-molecular tetracyclines appears to be erfbed by this parameter less

significantly.
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Figure 28. Experimental peak capacity as a functiorof linear velocity up in

gradient separation. (A) Tetracyclines on Acquity @8 column; (B) Tetracyclines
on Kinetex C18 column; (C) Macrolides on Acquity C8 column; (D) Macrolides
on Kinetex C18 column.

Chromatographic conditions:

Analytical columnsAcquity BEH C18 (50 x 2.1 mm i.d., 1.7 um; Watenshetex
C18 (50 x 2.1 mm i.d., 2.6 um; Phenomenex)

Tetracyclines Mobile phase, TFA-water 99.95:0.05 (v/v) and AGNadient started
A:B 95:5 (v/v) and changed to A:B 70:30 (V¢ = 0.25) during the respective time
of gradientty.; column temperature 40 °C; sample temperatu@e,’d; injection
volume, 1uL; UV 350 nm.

Macrolides.Mobile phase, 1 mM ammonium formate pH 9 and ACNidegnt start
A:B 80:20 (v/v) and changed to A:B 35:65 (v/Wg(= 0.45) during the respectitg;
column temperature 40 °C; sample temperature, tGrfj€ction volume, LuL; UV
194 nm (ROX, CLA), 240 nm (CAM), 286 nm (TYL).
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Figure 29. UHPLC chromatogram of gradient separatio of tetracyclines. (A)
Acquity BEH C18 column; (B) Kinetex C18 column

Chromatographic conditionsAnalytical columnsAcquity BEH C18 (50 x 2.1 mm
i.d., 1.7 um; Waters) and Kinetex C18 (50 x 2.1 min 2.6 um; Phenomenex)

Mobile phase, TFA-water 99.95:0.05 (v/v) and ACiNehr velocityup= 0.294 cm $;
gradient timelg= 8.89 min; change of solvent composition during dinadient time\g

= 0.25; gradient slopgf/uy = 0.142 ni; column temperature 40 °C; sample
temperature, 10 °C; injection volumepll UV 350 nm.

The maximal backpressure generated on the botbdtestiumns was, as expected,
significantly lower on Kinetex C18 column. Ak = 0.589 cm $ it was 5,205 psi
(under separation conditions for macrolides) andb@, psi (for tetracyclines) on
Kinetex C18 column, while 8,565 psi (for macroliflasd 8,910 psi (for tetracyclines)
was achieved on Acquity BEH C18 column at the sagdn general, within the
whole studied range abthe Kinetex C18 column backpressure was lower )00
psi (400 bar), which enables to use this columdRL.C mode.

A decreasing performance of Kinetex C18 column ected with its instability at
alkaline conditions was observed during the anslgdi macrolides. The worsening
performance of Kinetex C18 for CLA and ROX from oimgection to another is
depicted inFigure 30. Unlike Acquity BEH C18 column, Kinetex C18 column
exhibited dramatically decreasing performance \gitbwing number of injections for
analysis of two macrolides (CLA and ROX). As canseen, the Kinetex C18 column
was after 70 injections incapable of separating GlIodl ROX, however, analysis of
TYL and CAM including their retention times did ndiffer considerably. This was
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found to be the main drawback of the Kinetex C1Bimm in comparison to Acquity

C18 column.
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Figure 30. UHPLC chromatograms of gradient separatn of macrolides on
Kinetex C18 column. (A), (C) analysis of initial igection; (B), (D) analysis after
70 injections

Chromatographic conditionsAnalytical columns, Acquity BEH C18 (50 x 2.1 mm
i.d., 1.7 um; Waters) and Kinetex C18 (50 x 2.1 intn, 2.6 um; Phenomenex);
mobile phase, 1 mM ammonium formate pH 9 and AQ@idr velocityup = 0.221 cm
s*: gradient timetg = 40 min; change of solvent composition during ginadient time
Ag = 0.45; gradient slopgf/u, = 0.047 m'; column temperature, 40 °C; sample
temperature, 10 °C; injection volumepll UV A, B 194 nm;C, D extracted from 240
to 286 nm.
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6 CONCLUSIONS AND FUTURE PERSPECTIVES

Nowadays, in the field of modern analytical chemyisthere is a strong demand on
high separation efficiency, high speed of analymm both high sensitivity and
accuracy of detection techniques. Moreover, muatiponent analyses employing
very complex matrices have to be often performed. séems that special
instrumentation for particular application is nexsy. However, this work
demonstrates that all these requirements can beomgiished using
UHPLC-DAD-TOFMS instrumentation accompanied with pegpriate extraction
procedure. This instrumentation offers unsurpasgedformance for screening
purposes; it is also sensitive enough for detertitinaof trace levels of analytes and
provides multi-informational data that are usefuhem unknown components are
analyzed. In this thesis, the modern UHPLC methvaitits DAD and ToFMS detection
together with the SPE and LLE pre-separation procedwere developed and applied
for study of antibiotics and bioactive microbialceadary metabolites. Both known
and unknown secondary metabolites were analyzedifiarent complex matrices,
namely in liquid hog manure, wastewater and rivater, and fungal fermentation
broth. The utility and versatility of the employ&ethniques is shown and advocated

by achievement of the goals of this thesis.

The stated aims were accomplished as follows:

(@) The novel analytical method employing UHPLC-DAD aktHPLC-ToFMS
techniques along with LLE and SPE extraction praces were developed and used
for determination of residual antibiotics in liguidbg manure, and wastewater and
surface water. The mostly used antibiotics in blattman and veterinary medicine
were chosen as analytes. Proper calibration appesaovere employed for
guantification. The developed methods were apgbednalysis of real environmental
samples from different localities in the Czech Rujpu All analyses revealed a
significant concentration of the selected antilo®in the tested samples, which means
a great threat to the public health because ofiseciated development of bacterial
resistance. The UHPLC-DAD and UHPLC-ToFMS methodettgped and validated in
this thesis is characterized by its versatilitygcuaacy, selectivity and sensitivity, and
can be successfully used for detection of residaoabiotics in different environmental

samples.
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(b) The UHPLC-DAD-ToFMS method employing SPE using @&CX sorbent was
developed for analysis of secondary metabolitesgmtein fungal fermentation broth
of different strains of the gen@eosmithia- symbiotic fungi that are supposed to be
strong producers of bioactive SMs. Various colurhenistries and SPE sorbents were
tested during the method development. The hyphdn&telPLC-DAD-ToFMS
technique generates multi-informational fingermint that provide both
chromatographic and spectral information about $anspmponents. The statistical
PCA, PCoA and HCA methods were employed for evaloat of
UHPLC-DAD-ToFMS data of 48 fungal strains. This gpilanalysis proved an
interesting coherence between SMs profiles (gee@rathromatograms) and
taxonomical identity, which qualify this method be useful for chromatographic
fingerprinting tool for fungal secondary metabditend to be an alternative approach
to phylogenetical evaluation

Subsequently, the chromatographic screening foadbice SMs of these fungi was
performed. The Kirby-Bauer disc diffusion susceifitiptest selected the strain with
exceptional antimicrobial activity that was furth&udied with the aim to determine
SMs of bioactive nature. The method of bioassagenlifractionation together with
UHPLC-DAD-ToFMS method revealed two bioactive SMsithw elemental
composition of GgH2g05 (RJ0258-F1) and {gH2604 (RJI0258-F2). It was verified that
these compounds exhibit the antimicrobial activagainst all used indicating
microorganisms and are therefore, characterizedekiyaordinary antimicrobial
spectra. The utility of the developed extractiom;PCand chromatographic screening
methods for tracking of bioactive fungal SMs wasven.

(c) The novel superficially porous core-shell particlespresented by Kinetex C18
column) were found to be a useful alternative tb-8ysm column particles (Acquity
BEH C18 column) concerning the column efficiencyhahe advantage of markedly
lower generated column backpressure, which enalolesse these columns with
conventional HPLC instrumentation. However, the mdrawback of Kinetex C18
column was the insufficient stability under alkalinonditions when gradient elution
was applied. Although the undisputed advantagésrms of comparable efficiency of
Kinetex C18 with Acquity BEH C18 column togetherthwiits compatibility with
HPLC are pronounced, the limitation for analysisdem alkaline conditions was
obvious. Therefore, the employment under acidicdd@ns is preferred for Kinetex

C18 column.
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SUPPLEMENTARY DATA

Table 4. Overview and characterization of 48 genuSeosmithiaspecies that were
analyzed using developed chromatographic fingerpriting method.

strain No. species identification reference
CCF3754 G. eupagioceri o7
CCF3334 G. fassatiae 69

CCF3333 G. flava 71

MK1645 G. langdonii 0

MK1683 G. langdonii &9
CCM8366 G. lavendula 68

1212 G. lavendula &8
CCF3861 G. microcorthyli 67

1259 G. morbida 6o

1272 G. morbida 6o
CCF3425 G. obscura 69

MK1510 G. pallida(sp. 2) 0
CCF4215 G. pallida(sp. 5) unpublished
MK980 G. pallida(sp. 5) o

MK1807 G. pallida(sp. 23) unpublished
CCF3342 G. putterillii 0
CCF3751 G. rufescens &7
CCF3660 Geosmithiasp. 1 o
CCF4207 Geosmithig(sp. 8) unpublished
MK1712a Geosmithigsp. 8) I

MK1713 Geosmithigsp. 8) I

MK263 Geosmithigsp. 8) I
CCF3350 Geosmithigsp. 8) I

RJ0258 Geosmithigsp. 9) I
CCF4213 Geosmithigsp. 9) 0
CCF3702 Geosmithig(sp. 9) unpublished
CCF3560 Geosmithia(sp. 10) 0
CCF3555 Geosmithia(sp. 11) 0

MK555 Geosmithia(sp. 12) 0

U16a26 Geosmithia(sp. 13) 0

MK1665 Geosmithigsp. 21) o8

MK1759 Geosmithigsp. 21) o8
CCF3645 Geosmithigsp. 22) 68

RJ06ka Geosmithia(sp. 24) unpublished
MK1842 Geosmithia(sp. 24) unpublished
CCF4222 Geosmithia(sp. 24) unpublished
CCF4205 Geosmithig(sp. 26) unpublished
CCF4223 Geosmithig(sp. 26) unpublished
CCF4206 Geosmithig(sp. 27) unpublished
CCF4292 Geosmithia(sp. 29) &7
CCF4221 Geosmithig(sp. 29) unpublished
CCF4197 Geosmithig(sp. 31) unpublished
CCF4218 Geosmithia(sp. 31) unpublished
MK1811la Geosmithia(sp. 31) unpublished
RJ74k Geosmithia(sp. 31) unpublished
MK1826 Geosmithia(sp. 32) unpublished
MK1834 Geosmithia(sp. 32) unpublished
MK1811 Geosmithig(sp. 36) unpublished
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Antibiotics contained in animal manure can contaminate soil, groundwater and eventually surface and
drinking water. To reduce the usage of antibiotics in livestock industry the EU banned their application
as growth promoters in 2006. Even though the antibiotics are still used for this purpose and therefore it is
necessary to control their applications.

An Ultra Performance Liquid Chromatography method (UPLC) with UV detection for determination of
tetracycline (TC), oxytetracycline (OTC), chlortetracycline (CTC), and doxycycline (DOX) including their
epimers in the liquid hog manure was developed. The antibiotics were extracted with ethyl acetate
and separated on UPLC BEH Shield RP18 column. The validated method was selective for all analytes
and system suitability was assessed. Calibration curves ranged from 7.8 to 250.0 pg mL~" with determi-
nation coefficient of 0.9999. The method limits of quantification ranged from 0.9 to 1.6 mg kg . Recov-
eries were 52.4 + 3.8%, 72.4 + 5.0%, 83.8 + 5.7% and 95.9 + 4.7% for TC, OTC, CT, and DOX, respectively. The

Keywords:

Liquid-liquid extraction

Ultra Performance Liquid Chromatography
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Liquid hog manure

Tetracyclines

Epimers of tetracyclines

method was used for the determination of TC, OTC, CT, and DOX in liquid hog manure samples.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Antibiotics represent a large group of pharmaceuticals with still
growing consumption in both human and veterinary medicine
(McEvoy et al., 2004). There are three significant field of applica-
tion of antibiotics for animal husbandry: treatment of infection
in livestock, prevention of infection and growth promoters (Schliis-
ener et al., 2003). About 50-90% of the administered pharmaceuti-
cal dose is excreted rapidly after the treatment (Kroker, 1983).
Little is known about the behavior, concentration and the fate of
antibiotics in manure and soil (Nowara et al., 1997; Haller et al.,
2002; Schliisener et al., 2003). Excreted antibiotics may be mobile
in soil and could be transported to the ground and surface water
and consequently to the drinking water (Schliisener et al., 2003;
Thorsten et al.,, 2003). Regarding former studies, the presence of
antibiotics in the environment can cause the development of anti-
biotics-resistant bacteria and can have an adverse effect on the
water environment and animals (Lu et al., 2004). Their potential
presence in source drinking water could have unknown health
effect on humans and animals due to the chronic low-level expo-
sure to these substances over the lifetime (Batt and Aga, 2005).

The most widely used groups of antibiotics in the European
Union’s animal husbandry are tetracyclines, macrolides, penici-

* Corresponding author. Tel.: +420 241062616; fax: +420 241062347.
E-mail address: olsovska@biomed.cas.cz (J. OlSovska).

0045-6535/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.chemosphere.2009.11.020

lines, aminoglycosides and sulfonamides (European Commision,
1999).

Tetracyclines both natural and semisynthetic form a large group
of products produced mainly by Streptomyces spp. They have a
broad-spectrum of activities including inhibition of many common
Gram-positive and Gram-negative bacteria, chlamydia, rickettsie,
etc.; they are distinguished mainly for bacteriostatic action caused
by inhibition of protheosynthesis (Cooper et al., 1998; Debut,
1988).

Extraction procedures and chromatographic methods for deter-
mination of tetracyclines (oxytetracycline, tetracycline, chlortetra-
cycline, and doxycycline) in liquid manure have been previously
published. For extraction of tetracyclines liquid-liquid extraction
(LLE) using various extraction solution and pressurized-liquid
extraction (PLE) as well as solid-phase extraction (SPE) were
described. Extraction solutions for LLE were, e.g. ethyl acetate
(Hamscher et al., 2002), citric buffer (Kiihne et al., 2000), mixture
of acidified ACN and EDTA-Mcllvaine buffer (Hu et al., 2008;
Martinez-Carballo et al., 2007) mixture of citric acid, oxalic acid,
methanol and water (Wang and Yates, 2008) or buffered metha-
nol-water mixture (Aust et al., 2008). For PLE citric acid followed
by mixture of methanol, water and citric acid (Jacobsen and
Halling-Serensen, 2006) was used as the extraction solution. SPE
was developed either as the only extraction step (Thorsten et al.,
2003; Kemper et al., 2008) or as the clean-up and pre-concentra-
tion step after LLE (Jacobsen and Halling-Serensen, 2006;
Martinez-Carballo et al., 2007; Aust et al., 2008; Hu et al., 2008).



354 T. Tylovd et al./Chemosphere 78 (2010) 353-359

R2 CHj

H \\\N(CH3)2
\ OH

OH 0 OH @)

Fig. 1. Structures of tetracyclines.
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Determination of tetracyclines was performed on HPLC-UV (Hu
et al., 2008; Kiihne et al., 2000; Thorsten et al., 2003; Wang and
Yates, 2008) or on HPLC-MS/MS (Aust et al., 2008; Hamscher
et al., 2002; Jacobsen and Halling-Sgrensen, 2006; Kemper et al.,
2008; Martinez-Carballo et al., 2007) system.

To date no studies about determination of tetracyclines in any
matrix using Ultra Performed Liquid Chromatography (UPLC) has
been published. UPLC is a modern separation technique providing
considerable high-throughput analysis compared to HPLC. UPLC al-
lows separations on column materials at high pressures up to
100 MPa using sub-2 pum particles, which yields significantly high-
er separation efficiencies and shorter run times compared to HPLC
technique (Bendahl et al., 2005).

In this study, the validated UPLC method with LLE pre-concen-
tration for analysis of tetracycline antibiotics, i.e. tetracycline (TC),
oxytetracycline (OTC), chlortetracycline (CTC), doxycycline (DOX)
and their epimers (TCep, CTCep, and DOX,p) in liquid manure is de-
scribed (for structures see Fig. 1). Because both the LLE procedure
and UPLC analysis were performed under acidic conditions, the for-
mation of the epimers was considered (Cooper et al., 1998; Hal-
ling-Serensen et al., 2002; Hamscher et al., 2002; Skilason et al.,
2003). The developed method was applied for analysis of liquid
hog manure samples from five different localities in the Czech
Republic.

2. Experimental
2.1. Chemicals, reagents, and glassware

TC was purchased from Spofa (Prague, Czech Republic), OTC
from VUAB (Roztoky u Prahy, Czech Republic), CTC from Sigma-Al-
drich (Steinheim, Germany) and DOX from Calbiochem (San Diego,
USA). The acetonitril (ACN) used as the chromatographic mobile
phase was LC/MS grade and was obtained from Chromservis
(Prague, Czech Republic). Methanol HPLC grade used for standards
and manure samples preparation was purchased from Merck
(Darmstadt, Germany). Ethyl acetate p.a. and citric acid were
purchased from Lach-Ner (Neratovice, Czech Republic). Acetic acid
and NaEDTA were purchased from Sigma-Aldrich (Steinheim,
Germany).

To avoid formation of complexes of tetracyclines with metal
ions, proteins, and silanol groups (Thorsten et al., 2003; Batt and

Aga, 2005) all glassware used was rinsed with saturated solution
of Na,EDTA in methanol-water (50:50, v/v) and air-dried before
use.

2.2. Standards and samples preparation

2.2.1. Stock solution

Individual antibiotic standards (1 mg) were diluted in 1 mL of
methanol-acetic acid (99:1, v/v) and stored at —20 °C. Stock mix-
ture solution was prepared by mixing of equal volumes of TC,
OTC, CTC, and DOX standard solutions to final concentration of
250.0 pgmL~' and were stored at —20 °C for maximum of 14 d
(see Section 3.3.6).

2.2.2. Manure sampling and pretreatment

Liquid manure samples were collected (1 L amber glass bottles)
in five different animal farming areas (one sample from each area)
in the Czech Republic in autumn 2008 and stored at —20 °C before
use.

2.2.3. Spiked matrix preparation

Liquid manure (5g) free of targeted antibiotics (blank) was
spiked with stock solution (0.5 mL) to required concentration for
validation tests (see Section 2.6) and kept at 4 °C for period of
3 d prior to analysis (simulation of natural conditions).

2.3. Liquid-liquid extraction

LLE procedure was similar to previously published one (Cooper
et al., 1998; Hamscher et al., 2002). Briefly, 6 mL of citrate buffer
(pH 4.7) was vortexed intensively with 5 g of liquid manure sam-
ple. Then 1 mL of Na,EDTA solution (5 mg mL™') was added and
vortexed intensively again for 1 min. After that 35 mL of ethyl ace-
tate was added, vortexed intensively for 1 min, slightly for 15 min
and centrifuged. The organic phase was separated and the proce-
dure was repeated with another 1 mL of Na,EDTA solution and
35 mL of ethyl acetate. The organic phase was evaporated to dry-
ness and reconstituted in 0.5 mL of methanol-acetic acid (99:1,
v/v).

2.4. UPLC

UPLC analysis with UV detection was carried out on a Waters
Acquity UPLC System (“W”, Czech Republic, Prague) consisted of
Acquity UPLC Solvent Manager, Acquity UPLC Sample Manager,
Acquity UPLC Column Heater/cooler, Acquity UPLC Diode Array
Detector (PDA, set at 200-400 nm, 350 nm used for chromatogram
extraction). Empower 2 software was used for data processing. The
analyses were performed on Acquity UPLC BEH Shield RP18 col-
umn (50 x 2.1 mm i.d.; particle size, 1.7 pm; Waters); flow rate,
0.4 mLmin~!; column temperature, 22 °C. The temperature of
the sample manager was set to 10 °C for analysis of standards
and 22 °C for manure samples to avoid matrix precipitation (for de-
tails see Section 3.2.2). The mobile phase A, formic acid-water
(0.1:99.9, v/v); B, ACN; gradient elution (min/%A): 0/95, 2.3/92,
2.8/80, 4.0/75, followed by 1.5 min equilibration step (total run
time 5.5 min). For analysis of manure samples the gradient proce-
dure was supplemented with 1.0 min wash step with 100% ACN.

2.5. Off-line MS detection

UPLC fractions evaporated to dryness and reconstituted in
methanol-water-formic acid (50:50:0.1, v/v/v) were analyzed by
direct infusion on an APEX-Ultra FTMS instrument equipped with
a 9.4 T superconducting magnet and an Dual II electrospray ioniza-
tion (ESI) ion source (Bruker Daltonics, Billerica, MA). The cell was
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opened for 1.3 ms, accumulation time was set at 0.2's, and one
experiment was collected for each sample where one experiment
consists of the average of four spectra. The acquisition data set size
was set to 1M points with the mass range starting at m/z
150 a.m.u., resulting in a resolution of 100 000 at m/z 400. The
instrument was externally calibrated using clusters of arginine
resulting in mass accuracy below 1 ppm. The acquired spectra
were apodized with a square sine bell function and Fourier trans-
formed with one zero-fill. The interpretation of mass spectra was
done using Data Analysis version 4.0 software package (Bruker
Daltonics, Billerica, MA).

2.6. Method validation

2.6.1. Selectivity

Selectivity of the analytical method was verified by comparison
of chromatograms of blank liquid manure, standard mixture
(8.0 ng mL™1), and spiked (2.0 mg kg~ ') liquid manure (see Section
2.2.3) samples (CDER/CBER, 2001).

2.6.2. Calibration curves

Calibration curves over linear range from 7.8 to 250.0 pug mL™!
for individual antibiotic standards were determined. Stock stan-
dard solution was diluted to required concentration with metha-
nol-acetic acid (99:1, v/v). Three sets of calibration standards
were prepared; each point of calibration curve represents arithme-
tic means of three values.

2.6.3. ILOQ and MLOQ

Instrument limit of quantification (ILOQ) was determined as the
lowest point of the calibration curves with a precision (expressed
as RSD %) less than 20% and accuracy of 80-120% in six replicates.

Method limit of quantification (MLOQ) was determined as the
lowest amount of tetracyclines that can be quantified in extracted
sample of liquid hog manure after LLE with respect to ILOQ, enrich-
ment factor, and recovery of each target analyte. MLOQ was ex-
pressed in mg kg~! units (CDER/CBER, 2001).

2.6.4. Accuracy and precision

To evaluate the accuracy and precision of the assay, quality con-
trol samples were prepared at concentrations of 250.0, 60.0 and
8.0 ng mL~! for each standard. For accuracy and precision, six rep-
licates of quality control samples at each concentration were as-

sayed. Relative standard deviation (RSD %) was taken as a
measure of precision, and the percentage difference between
determined and expected amounts was considered a measure of
accuracy (CDER/CBER, 2001).

2.6.5. Recovery

The recoveries were determined at two different concentration
levels, 25.0 and 2.0 mg kg~ !, and calculated by comparing the peak
areas of the analytes in the extract from the spiked liquid hog man-
ure and their standard solutions in methanol-acetic acid (99:1, v/
v) (four replicates for each concentration) (CDER/CBER, 2001).

2.6.6. Stability

Stock solutions and spiked liquid manure samples extracted by
LLE method were tested for short and long term stability. Samples
were divided into required number of parts, stored at room
temperature (RT, short term stability) or at —20 °C (long term sta-
bility) and analyzed after 0, 2, 4, 6, 8, 12, and 24 h, or 0, 1, 2, 3, 4,
7, and 14d, respectively. Two concentration levels, 10.0 and
125.0 ug mL~! (standard mixture) and 2.0 and 25.0 mg kg~ (liquid
manure) were tested. Each sample was analyzed in triplicate
(CDER/CBER, 2001).

3. Result and discussion
3.1. Liquid-liquid extraction

Slight modifications of previously published methods (Cooper
et al., 1998; Hamscher et al., 2002) were done to achieve a greater
enrichment factor for tested compounds. Namely, the volumes of
sample, citrate buffer and ethyl acetate were increased; Na,EDTA
solution was added directly to the extraction media to suppress
the formation of antibiotic complexes. Further, the solubility of
dry extracts obtained from LLE was tested in three solutions, i.e.
10% methanol in water, 100% methanol, and methanol-acetic acid
(99:1, v/v). The highest solubility was achieved in methanol-acetic
acid solution (data not shown).

3.2. UPLC
3.2.1. Detection

Tetracyclines have a very characteristic UV spectrum with three
maxima, TC (221, 271, 258 nm), CTC (233, 270, 370 nm), OTC (219,
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Fig. 2. UPLC separation of antibiotic standard mixture including epimers. Chromatographic conditions: acquity UPLC BEH Shield RP18 column (50 x 2.1 mm i.d., 1.7 pm);

—1.

column temperature, 22 °C; injection volume, 1 pL; flow rate, 0.4 mL min~'; mobile phase, formic acid-water (0.1:99.9, v/v) (A) and acetonitrile (B); gradient elution (min/

%A): 0/95, 2.3/92, 2.8/80, 4.0/75; UV 350 nm.



356

270,355 nm), DOX (220, 278, 351). Therefore 350 nm was used for
both identification and quantification of antibiotics thorough this
study. Furthermore, this wavelength proved to be advantage due
to the fact, that no interferences of a very complex matrix were
observed.

3.2.2. Method development

Two analytical UPLC columns (Acquity UPLC BEH C18 and
Acquity UPLC BEH Shield RP18) in three mobile phases differing
in strength of organic acid (acetic acid, trifluoroacetic acid, formic
acid, all 0.1%, v/v in water) and two mobile phases differing in pH
of ammonium acetate buffer solution (1.0 mM; pH 4.0, 9.0) were
tested during the procedure development. In all cases the acetoni-
trile was used as an organic modifier. The best separation was
achieved on Acquity UPLC BEH Shield RP18 column with gradient
elution in mobile phase A, formic acid-water (0.1:99.9, v/v) and
B, ACN. The gradient elution was further optimized for analysis
of liquid manure samples where washing step (100% ACN, 1 min)
was added to remove all matrix content from the column.

UPLC analysis of standard mixture including epimers (TC, TCep,
OTC, CTC, CTCep, DOX, and DOX,p) is shown in Fig. 2. The baseline
separation of all compounds was achieved with the exception of
DOX and DOX.p, where slight overlay could be observed. Unknown
peak (UNK) originated from OTC standard. The identities of all
peaks were confirmed by off-line MS analysis. Retention and sepa-
ration parameters, i.e. peak symmetry, resolution, and efficiency
(expressed as EP plate count) are summarized in Table 1.

The temperature of autosampler was set to 22 °C due the man-
ure sample matrix precipitation at lower temperature. This was

Table 1
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observed in repeated analysis of one among the five manure sam-
ples where the peak areas of target analytes decreased rapidly with
decreasing temperature of the sample. While the peak areas at
22 °C were 100%, the areas at 5 °C were about 3%. This event was
not observed with standard solutions.

3.3. Method validation

3.3.1. Selectivity

The developed method shows a very good selectivity for all
studied compounds which is demonstrated in Fig. 3. No interfering
components of sample matrix were detected by UV detection un-
der chromatographic conditions used.

3.3.2. Calibration curves

The calibration curves of tetracyclines were prepared over a lin-
ear range from 7.8 to 250.0 pg mL™" at six concentration levels, 7.8,
15.6, 31.3, 62.5, 125.0 and 250.0 pg mL~'. Samples were prepared
from the stock solution by subsequent dilution. The analytes were
quantified as a sum of peak areas of each antibiotic and its corre-
sponding epimer. The resulting regression equations were: TC
(TC+TCep), ¥y=32x10°x —84x10% OTC, y=32x10%+
8.1 x 10%; CTC (CTC + CTCep), y =2.7 x 10°x — 2.6 x 10%; and DOX
(DOX + DOXep), ¥ =3.8 x 10°%x — 3.9 x 10°. Determination coeffi-
cients for all regressions reached the value of 0.9999.

3.3.3. ILOQ and MLOQ
ILOQ was determined as 8.0 ug mL~! with following values of
accuracy: TC, 99.2 £ 0.4% and RSD 3.5%; OTC, 97.7 £ 0.1% and RSD

Retention characteristics and system suitability of UPLC method for determination of tetracyclines. Chromatographic conditions: acquity UPLC BEH Shield RP18 column

(50 x 2.1 mm i.d., 1.7 pm); column temperature, 22 °C; injection volume, 1 puL; flow rate, 0.4 mL min™';

gradient elution (min/%A): 0/95, 2.3/92, 2.8/80, 4.0/75; UV 350 nm.

~1: mobile phase, formic acid-water (0.1:99.9, v/v) (A) and acetonitrile (B);

Analyte RT (min) Resolution EP plate count Symmetry factor RT repeatability (RSD %) Area repeatability (RSD %)
TCep 2.05 - 5451 1.03 0.1 32

OTC 2.59 5.15 11442 1.14 0.1 1.5

TC 2.86 2.79 12023 1.07 0.1 2.6

UNK 3.19 4.87 - - 0.1 -

CTCep 3.27 23 130226 1.00 0.0 7.8

CTC 3.47 5.42 132101 1.06 0.1 2.6

DOXep 3.60 2.00 120722 0.98 0.1 0.7

DOX 3.68 3.23 114336 1.19 0.1 2.5

AU

0.50 1.00 1.50 2.00 250

3.00

3.50 4.00 4.50

Minutes

Fig. 3. The UPLC chromatograms overlay of blank liquid manure (a), standard mixture at concentration of 8.0 ug mL™! (b) and spiked liquid manure at concentration of

2.0 mg kg~' (c). For chromatographic conditions, see Fig. 2.
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1.3%; CTC, 103.6 + 0.6% and RSD 4.7%; DOX, 102.1 £ 0.1% and RSD
1.5%.

The determined MLOQ values were as follows: TC, 1.6 mg kg™ !;
OTC, 1.2 mg kg '; CTC, 1.0 mg kg~!; DOX, 0.9 mg kg ! in the liquid
hog manure (all analyses were in quadruplicate).

3.3.4. Accuracy and precision

Results of accuracy and precision are summarized in Table 2.
Results confirm that developed analytical method is accurate and
precise.

3.3.5. Recovery

The individual antibiotic recovery values of the assay were
52.4+3.8% (TC), 72.4+5.0% (OTC), 83.8+5.7% (CTC), and
95.9+4.7% (DOX) at all concentrations studied. Detailed results
of recovery determination are shown in Table 2. Lower recoveries
of antibiotics from liquid manure are caused by the complexity
of the matrix.

3.3.6. Stability

The stabilities of TC, OTC, CTC, and DOX during the sample stor-
age and processing procedure under conditions described above
(see Section 2.6.6) were evaluated. No significant degradations
were found (data not shown). Total content of individual antibiot-
ics was calculated as a sum of the peak areas of each target com-
pound and its corresponding epimer. The epimerization process
at —20 °C was not observed and the content of epimers (resulted
from sample handling) remains constant during the stability test
(14 d). On the other hand, the epimerization was much faster when
samples were stored at RT and data are summarized in Table 3. TC
and CTC reach the equilibrium (epimer ratio was about 1:1) after
12 h. Both TC and CTC form epimers on C(4) (Cooper et al., 1998;
Halling-Serensen et al., 2002). The epimerization of DOX was
slower than that of TC and CTC. The content of DOX., reached
about 15% within 24 h. This could result from possible stabilization
of the structure by formation of intramolecular hydrogen bond be-
tween H of hydroxyl group on C(5) (proton donor) and disubsti-
tuted N (proton acceptor) on C(4), i.e. (-C(5)-O-H « N(CHs),-
C(4)-) (see Fig. 1). However, DOX was known to form epimer also
on C(6) (Skdlason et al., 2003), which was probably the epimer
found under condition used. No epimerization was found for
OTC, which structure could be again stabilized by hydrogen bond
formation as in the case of DOX.

3.4. HPLC and UPLC method comparison

In comparison with formerly developed HPLC methods (Ham-
scher et al., 2002; Thorsten et al., 2003; Jacobsen and Halling-

Table 2

Accuracy, precision and recovery of the UPLC method for determination of tetracyclines.
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Table 3
Content of TC, CTC, and DOX epimers (rel %) in standard mixture of antibiotics stored
at room temperature; solvent, methanol-acetic acid (99:1, v/v).

Time (h) Analyte
M (T CTCep (%)° DOXep (%)°
0 11 9 1
6 44 42 4
12 49 47 5
24 52 48 14
® TCep(%) = grectconbeatc - 100-

> Same equation for CTCep (%) and DOXep (%).

Serensen, 2006; Hu et al., 2008) the most significant advantage
of the new UPLC method is run time reduction. While the analysis
time of HPLC methods were 25 min (Hamscher et al., 2002; Jacob-
sen and Halling-Serensen, 2006; Hu et al., 2008), and 45 min (Thor-
sten et al., 2003), a total analysis time of the presented UPLC
method is 6.5 min. This value assures high-throughput analysis,
which is essential for residual antibiotic monitoring.

The high selectivity of the sub-2 pm particles chromatographic
column used in UPLC method allows complete (baseline) separa-
tion of all tetracyclines and their epimers formed during extraction
under acidic conditions. This fact substantially increases the accu-
racy and reproducibility of the described method. It is evident from
our results that the tetracycline antibiotic epimerization signifi-
cantly affects final quantification (Section 3.3.6.).

In general the determined MLOQs of our UPLC procedure are
about the same as previously described for other HPLC methods,
ie 1.0-2.0mgkg .

3.5. Off-line MS antibiotic detection

Tetracyclines and their epimers structures were confirmed by
off-line MS detection after isolation of appropriate peaks during
UPLC analysis. This determination was proved in both standard
mixture and positive liquid hog manure sample. In the HR-MS
spectra of the standard tetracyclines samples, the peaks of m/z
445.16047 (A4 =0.2 ppm), 445.16055 (4 =0.0 ppm), 461.15600
(4 =-0.2 ppm), 479.12181 (4 =-0.7 ppm), 479.12147
(4 =0.2 ppm), and 445.16054 (4 = 0.0 ppm) corresponding to the
pseudomolecular ions [Cp>HasN,Og]™ (TC), [C22H2sN20g]" (TCep),
[C22H25N,00]* (OTC), [C22H24CIN,05]* (CTC), [C22H24N205] " (CTCep),
and [Cp,HysN,04]" (DOX), respectively, were observed. The HR-MS
spectra of the isolated fractions from the positive liquid hog man-
ure sample showed the peaks of m/z 445.16070 (4 = —0.4 ppm),
445.16093 (4 = —0.8 ppm), 461.15546 (A4 = —0.8 ppm), 479.12207

Analyte Nominal concentration (pug mL™") Accuracy (%)? Precision RSD (%)?* Nominal concentration (mg kg~ !) Recovery (%)°
TC 250.0 100.2 £6.8 1.8 25.0 52.4+3.8
60.0 109.0 3.1 3.0
8.0 99.2+0.4 35 2.0 53.8+1.5
OTC 250.0 103.0+1.4 0.7 25.0 72.4+5.0
60.0 102.5£3.8 5.6
8.0 97.7+0.1 13 2.0 76.9£2.7
CTC 250.0 1004 £ 6.1 1.7 25.0 84.2+3.4
60.0 109.3+1.2 1.9
8.0 103.6 £ 0.6 4.7 2.0 83.8+5.7
DOX 250.0 104.0 £6.1 24 25.0 959+4.7
60.0 107.9+1.6 2.6
8.0 102.1 £0.1 1.5 2.0 99.6+5.7

2 Mean value of six measurements.
 Mean value of four measurements.
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Fig. 4. The UPLC analysis of positive liquid hog manure sample. For chromatographic conditions, see Fig. 2.

(4=-1.0ppm), 479.12193 (4 =-0.8 ppm), and 445.16093 (4 =
—0.9 ppm) corresponding to the pseudomolecular ions
[C12HasN20g] ", [CooHasN; 05", [Co2HasN2Oo]*,  [CoHa4CIN,O5)",
[C22H24N,0g)", and [CpH,sN,0g]", respectively. It could be thus
concluded that the isolated fractions contained TC, TCe, OTC,
CTC, CTCep, and DOX.

3.6. Method application

Liquid hog manure samples from five different localities were
analyzed using the developed assay. One sample was found to con-
tain the monitored antibiotics in concentrations 5.88 mg kg™!
(CTC) and 0.99 mg kg~! (DOX, both values were recalculated for
100% recovery).

Although the presence of TC and OTC was proved (off-line MS)
the concentrations determined were 10 times lower then MLOQ.
The UPLC analysis of the positive sample is shown in Fig. 4.

The tetracyclines concentration in positive liquid hog manure
samples published in previous articles ranged from 0.6 to
173.2 mg kg~! (Hu et al., 2008), from 0.1 to 4.0 mg kg~! (Hamscher
et al., 2002), from 0.061 to 15.7 mgkg~! (Jacobsen and Halling-
Serensen, 2006) or were about 0.1 mgkg~! (Thorsten et al.,
2003). These concentration values correspond with concentrations
found in positive manure sample in the Czech Republic. These re-
sults confirmed that the MLOQ reached by our method is sufficient
for predicted antibiotics concentrations (from tenths to hundreds
of mg kg !). The novel UPLC method with UV detection is recently
used for monitoring of tetracycline antibiotics in liquid hog man-
ure samples.

4. Conclusions

An assay for determination of four tetracycline antibiotics (TC,
OTC, CTC, and DOX) and their epimers in liquid hog manure is de-
scribed. Parameters reached, i.e. selectivity, sensitivity, analysis
time, etc. qualify this assay for high-throughput analysis of liquid
hog manure samples to control the usage of antibiotics as growth
promoters in animal farming. The necessity of the development
of such a control process is well documented by finding of one po-
sitive sample in our study. Further, the UPLC analytical method
could be directly applied for LC/MS analysis of the antibiotic in
other matrices without any modification due to the MS compatibil-
ity of the mobile phase used.
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Abstract:

A method consisting of solid phase extraction followed by ultra-high performance liquid
chromatography combined with time-of-flight mass spectrometry (UHPLC-ToFMS) has been
developed for the determination of multiple-class antibiotics in influents and effluents of
wastewater-treatment-plants (WWTPs). The nineteen analyzed antibiotics belonging to 5

most prescribed antibiotic classes in the Czech Republic, namely to tetracyclines, macrolides,



sulfonamides, fluoroquinolones, and lincosamides. The matrix-matched calibration technique
with internal standard addition for each antibiotic group was employed for quantification.
Two extractions employing Oasis HLB cartridge and two injections were needed for each
sample due to the different physico-chemical properties of the tested antibiotics. Prior to the
extraction on the Oasis HLB SPE cartridge, the samples were adjusted to pH 4.5 and 7.5. The
usefulness and versatility of the method was documented by achieving method limits of
quantification up to 10 ng L™ and recoveries >80% for most analytes differing in their
physico-chemical properties. The method was used for analysis of water samples of WWTPs
from 6 localities in the Czech Republic in order to reveal the occurrence of selected
antimicrobial agents and assess the efficiency of WWTPs in the removal of these antibiotics.
All tested samples were positive for antibiotics with concentrations ranging from 5 ng L™ to
1290 ng L. Antibiotics were present in both influent and effluent water samples, which

documented the poor removal efficiency of the WWTPs.

Key words: antibiotics; wastewater samples; UHPLC-ToFMS; solid phase extraction;

wastewater-treatment-plants; Czech Republic

1. Introduction

Antibiotics represent a group of pharmaceuticals that are widely used for treatment of various
bacterial infections in both human and veterinary medicine and their consumption rises
significantly every year. About 50-90% of the administered pharmaceutical dose is excreted
rapidly after the treatment in their parent form or as metabolites that can then enter the
environment and cause the development of bacterial resistance '*. The most important
sources of such compounds in the environment are domestic sewage, wastewater-treatment-

plants (WWTPs), hospitals, industrial units and intensive animal husbandry ° Significant



growth of antibiotic consumption in the Czech Republic has been observed from the
beginning of 1990°s, with the main increase of macrolides, penicillins, and fluoroquinolones
619 The associated antibiotic resistance grows annually from the 1990’s, and beginning in
2000 the increase in antibiotic resistance of some important infection agents was very
significant. This trend is observed in the majority of European countries, but the situation in
the Czech Republic is one of the most alarming °.

Various classes of antibiotics in water samples were found at concentration ranging from

11,12 13, 14

nanograms to micrograms per liter e.g. in Spain , France °, United Kingdom , Ttaly *°,

19'21, Croatia 22, and Poland “. Concerning the Czech

Switzerland ' 17, Austria 18, Sweden
Republic, Seifertova et al. presented a study dealing with fluoroquinolones in wastewater ',
but there is still a lack of information about the presence of a wide spectrum of antibiotics in
aquatic environment in the Czech Republic. As mentioned above, WWTPs are important
point sources of pharmaceutical entry into the environment, because the excreted antibiotics
are discharged from WWTPs at certain levels presumably due to inadequate removal
efficiencies in the plants **.

The liquid chromatography-tandem mass spectrometry (LC-MS/MS) is the most frequent
method of choice for the determination of trace concentrations of pharmaceuticals in aquatic
environment. For instance, HPLC coupled to triple quadrupole (QqQ) was recently employed
in many studies > '> ** 2*?°_ Another approach introduced in other papers was the use of an

27, 28

ion trap (IT) . The advantage of UHPLC over conventional HPLC when connected with

13,29

QqQ was demonstrated in still other related studies . The UHPLC generates narrow peaks

(improving sensitivity), facilitates resolving the analytes and matrix interferences (crucial for
complex matrices such as wastewater) and brings shorter analysis times . Due to the recent

31,32

innovations of this technology , time-of-flight (ToF) analyzers find their application in the

determination of residual antibiotics in complex matrices. This instrumentation provides high



specificity due to both high mass accuracy and high mass resolution, and allows the
reconstruction of highly selective accurate mass chromatograms of target residues in complex
matrices. The full scan data permit the testing of any a posteriori hypotheses by extracting the
desired exact mass chromatogram. The higher resolution provided by UHPLC is an important
factor compensating for the fact that the selectivity of ToFMS instrumentation is generally
less than that provided by monitoring MS—MS transitions >>. A fast method development is
an advantage of the UHPLC-ToFMS technology. A method consisting of UHPLC coupled to
hybrid quadrupole time-of-flight MS (QToFMS) was recently introduced * **, revealing the
potential of this instrumentation for rapid screening of antibiotics in wastewater and surface
water with higher certainty of compounds” identity provided by fragment ions.

Concerning the extraction techniques, the solid phase extraction (SPE) during the
determination of antibiotics in wastewater and surface water was employed in majority of

13,15,22,24-27,46,47

published articles using different sorbent chemistries . Among them, the

copolymeric sorbent Oasis HLB belongs to the most frequent 2**27-4647,

The aim of this article was to demonstrate that the UHPLC-ToFMS instrumentation can be
successfully used for determination of a wide spectrum of antibiotics at trace levels in
influents and effluents of WWTPs, as it was employed previously for screening of antibiotics

31, 32

in other complex matrices as meat or urine . The matrix effects, which are the major

drawback of LC-MS and LC-MS/MS, especially in combination with electrospray ionization
(ESI), require a special calibration technique for their compensation described in previous
studies 223> %°,

Nineteen most prescribed antibiotics of diverse physical and chemical characteristics used in

- . -6, 8-10, 36, 37
both human and veterinary medicine were used for method optimization > * ™ > °'.  Th

e
selected antibiotics belong to 5 different antibiotic classes, namely tetracyclines, macrolides,

sulfonamides, fluoroquinolones, and lincosamides. The SPE was employed for extraction and



concentration of the antibiotics. The utility and sensitivity of the newly developed UHPLC-
ToFMS method was demonstrated by monitoring the residual antibiotics in the influent and
effluent of WWTPs from 6 localities in the Czech Republic.

The main novelty of this study is the use of UHPLC-ToFMS instrumentation for determining
multiple-class antibiotics in wastewater and treated water in the Czech Republic with
employing of the matrix-matched calibration technique with internal standard addition for

each antibiotic.

2. Experimental

2.1. Chemicals, reagents, and glassware

Tetracycline (TC) was purchased from Spofa (Prague, Czech Republic); oxytetracycline
(OTC) from VUAB (Roztoky u Prahy, Czech Republic); chlortetracycline (CTC),
erythromycin (ERY), roxithromycin (ROX), tylosin (TYL), sulfadimethoxine (SDM),
sulfadimidine (SDD), sulfadiazine (SDZ), sulfamethoxazole (SMX), sulfathiazole (STZ),
enrofloxacin (ENR), norfloxacin (NOR), lincomycin (LIN), clindamycin (CLI), ofloxacin-D3
(OFL-D3), sulfadimethoxine-D6 (SDM-D6) from Sigma-Aldrich (Steinheim, Germany);
doxycycline (DOX) from Calbiochem (USA); ciprofloxacin (CIP) from Krka (Novo Mesto,
Slovenia); clarithromycin (CLA) from Dr. Ehrenstorfer (Augsburg, Germany). Ofloxacin
(OFL), oleandomycin (OLE), granatycine (GRA), and butyllincomycin (BULIN) were kindly
provided by Prof. Jaroslav SpiZek, Institute of Microbiology of the Academy of Sciences of
the Czech Republic, v.v.i., Czech Republic. All antibiotics were of +95% purity except for
CTC (90%). Acetonitrile (ACN), methanol (MeOH) and trifluoroacetic acid used as the
chromatographic mobile phase were LC/MS grade and were obtained from Biosolve
(Valkenswaard, The Netherlands). Ammonium hydroxide A.C.S. reagent (29% aqueous

NH4OH solution) and disodium salt of ethylenediaminetetraacetic acid (Na,EDTA) were



purchased from Sigma-Aldrich (Steinheim, Germany), and formic acid (98-100%) was from
Merck (Darmstadt, Germany). Ultrapure water was prepared using Milli-Q water purification
system (18.2 MQ; Millipore; Billerica, USA). The SPE cartridges Oasis HLB, Oasis MAX,
and Oasis MCX (all 60 mg) were purchased from Waters, Czech Republic.

SPE 12-position Vacuum Manifold (Phenomenex; Torrance, USA) and Visiprep ™ Large
Volume Sampler (Sigma-Aldrich; Steinheim, Germany) were used for SPE procedure. The
Acquity UPLC BEH C18 (50 x 2.1 mm i.d.; 1.7 um) analytical column was purchased from
Waters, Prague, Czech Republic.

To avoid formation of complexes of tetracyclines and macrolides with metal ions, proteins,
and silanol groups all glassware used was rinsed with saturated solution of Na,EDTA (0.3 M)
in methanol-water (50:50, v/v) and air-dried before use *” .

The antibiotics that exist in their parent form as well as isomers and/or degradation products
were quantified as a sum of all their forms present in the sample. This involves isomers of

tetracyclines: TCis and CTCjgo = %

, macrolides” degradation products: ERY—H,O existing as
two isomers (ERY—H»Ojs1 and ERY—-H>0Oj2) and as ERY—H>O+H,, and aglycones ERY,,
TYL,e, CLAg, ROX,, 4.9 The tested antibiotic forms are listed in Table 1. GRA, OLE,
SDM-D6, OFL-D3, and BULIN were employed as internal standards. SDM-D6 and OFL-D3
are isotopically labeled; GRA, OLE, and BULIN are not commercially available and therefore

cannot occur in real samples.



Table 1. List of tested antibiotics including their isomers and degradation products with
corresponding retention times and acquisition parameters for UHPLC-ToFMS analysis.

antibiotic abbreviation R, [M+H]" average
(min) (m/z)* mass
error
(ppm)
tetracycline TC 5.45 445.161 5.8
tetracycline isomer TCiso 4.11 445.161 34
oxytetracycline 00,44 5.88 461.156 6.0
chlortetracycline CTC 9.46 479.122 25
chlortetracycline isomer CTC; 7.39 479.122 6.1
doxycycline DOX 12.72 445.161 5.4
erythromycin ERY 17.71 734.469 1.6
erythromycin—H,O isomer1 (degr’) ERY-H;Oj 18.65 716.459 3.0
erythromycin—H,O isomer2 (degr’) ERY-H,0j0 20.66 716.459 5.2
erythromycin—H,O+H, (degr.” ERY-H,O+H, 19.61 718.459 6.5
erythromycin aglycon (degr.”) ERY,, 17.74 576.375 2.8
tylosin TYL 18.19 916.527 0.8
tylosin aglycon (degr.") TYL,, 18.41 742.430 7.0
clarithomycin CLA 19.81 748.485 1.6
clarithromycin aglycon (degr.”) CLA,, 19.99 590.390 3.0
roxithromycin ROX 20.59 837.532 1.1
roxithromycin aglycon (degr.”) ROX,, 20.62 679.438 6.5
sulfadiazine SDZ 1.91 251.060 3.8
sulfathiazole STZ 2.57 256.021 1.2
sulfadimidine SDD 4.33 279.092 3.7
sulfamethoxazole SMX 5.94 254.060 3.0
sulfadimethoxine SDM 10.27 311.081 1.7
ofloxacin OFL 6.10 362.152 34
norfloxacin NOR 6.39 320.141 0.8
ciprofloxacin CIp 6.83 332.141 2.7
enrofloxacin ENR 7.57 360.172 3.7
lincomycin LIN 4.43 407.222 3.8
clindamycin CLI 14.37 425.188 1.7

internal standard

granatycine GRA 13.71 445.114 2.2
oleandomycin OLE 15.84 688.427 2.1
sulfadimethoxine-D6 SDM-D6 10.15 317.120 4.1
ofloxacin-D3 OFL-D3 5.80 365.172 5.2
butyllinkomycin BULIN 7.24 421.238 4.2

* jon used for detection in the UPLC-ToFMS with ESI+ ionization; mass to charge ratio

*degradation product

“average absolute mass error obtained as mean value of 6 measurements (antibiotics mixture in sample matrix;
200 ng mL™")



2.3. Sample preparation and SPE

The water samples (raw influents and final effluents of WWTPs) were collected from 6
different localities in the Czech Republic into methanol pre-washed 1 L amber glass bottles
rinsed with the sample water on site. Sampling was provided by qualified personnel using
standard sampling field protocol **. The samples are marked anonymously in accordance with
the pledge of secrecy. Information about localities, inhabitants, or treatment process
characterization is therefore unfortunately missing. The samples were filtered through 2 um
glass microfiber filter (Whatman; Maidstone, UK) and stored at 4°C.

The chemistries of the SPE cartridges used were:

Oasis HLB; copolymeric sorbent, hydrophilic N-vinylpyrrolidone and lipophilic
divinylbenzene; retention, reversed-phase and polar interactions; application, acidic, neutral
and basic compounds.

Oasis MCX; strong cation-exchange mixed-mode polymeric sorbent built upon HLB
copolymer; retention, reversed phase and cation-exchange (sulfonic acid content); application,
bases.

Oasis MAX; strong anion-exchange mixed-mode polymeric sorbent built upon HLB
copolymer; retention, reversed phase and anion-exchange (quaternary amine content);
application, acids.

The SPE using Oasis HLB cartridges were employed for extraction of the samples; namely
real, spiked, and blank water samples (water with an absence of any tested antibiotics). Prior
to extraction, the water was filtered through 0.45 pm nylon membrane (Millipore; Billerica,
USA). The Na,EDTA (500 mg L") was added as a chelating agent. Each water sample was
treated using two methods differing in sample pH adjustment, namely pH 4.5 (adjusted by
formic acid) and pH 7.5 (by NH4OH). The pH 4.5 was preferred for tetracyclines, macrolides,

and fluoroquinolones, while pH 7.5 was more appropriate for sulfonamides and lincosamides



(see section 3.1.). Both sets of samples were then treated using a similar procedure as follows.
The Oasis HLB was conditioned with 2 mL of MeOH followed by equilibration with 2 mL of
Milli-Q water. Two hundred fifty mL of water sample was passed through the cartridge at a

"'and the sorbent was then rinsed with 2 mL of Milli-Q water.

flow rate of 3 mL min
Afterwards, the cartridge was air-dried for 5 min, the analytes were then eluted with 1.2 mL
of MeOH and the extracts were evaporated to dryness. The extracts of raw or spiked WWTP
influents/effluents were reconstituted in 200 uL of methanol-water (50:50, v/v) and 50 pL of
internal standards’ mixture (500 ng mL™") was added. The blank water sample extracts were
dissolved in 250 pL of methanol-water (50:50, v/v) and used for preparation of matrix-
matched calibration standards (see section 2.5). Two extracts differing in pH adjustment prior
to SPE were obtained for each sample and both extracts were injected after centrifugation into
the UHPLC-ToFMS system and both were analyzed under similar conditions described later
in the text. .

The same protocol as described in the previous paragraph was used for other extraction
sorbents with specific conditions as follows:

Oasis MAX: sample pH, >8; wash solvent, NHsOH-water (5:95, v/v); elution solvent I,
methanol; elution solvent II, formic acid-methanol (2:98, v/v).

Oasis MCX: sample pH, <3; wash solvent, formic acid-water (2:98, v/v); elution solvent I,

methanol; elution solvent II, NHsOH-methanol (5:95, v/v).

2.4. UHPLC-ToFMS analysis

UHPLC-ToFMS analysis was carried out on a Waters Acquity UPLC System (Waters,
Prague, Czech Republic) consisting of Acquity UPLC Solvent Manager, Acquity UPLC
Sample Manager, and Acquity UPLC Column Heater/cooler coupled with Waters LCT

Premier XE orthogonal accelerated ToFMS (Waters MS; Manchester, UK) with an ESI



interface operating in positive ion mode, using the following parameters: cone voltage, 25 V;
capillary voltage, +3000 V; ion source block temperature, 120 °C; nitrogen desolvation gas
temperature, 350 °C; desolvation gas flow, 800 L h™'; cone gas flow, 50 L h™. Full scan
spectra from m/z 100 to 1200 were acquired with a scan time of 0.1 s and 0.01 s interscan
delay. Mass accuracy was maintained by lock spray using Leucine Enkephalin, and Mass
Lynx V4.1 software was employed for data processing. After acquisition, the specific [M+H]"
ions (see Table 1) were extracted with 0.01 Da extraction mass window. Separations were
performed on Acquity UPLC BEH CI18 column (50 x 2.1 mm i.d.; 1.7 um) with the mobile
phase flow rate of 0.4 mL min™', column temperature of 30°C, and injection volume of 3 L.
The mobile phase consisted of (A) formic acid-water (0.1:99.9, v/v), and (B) formic acid-
methanol (0.1:99.9, v/v) using gradient elution program (min/ %A): 0.0/ 95, 10.0/ 75, 15.0/
60, 21.0/ 45, 21.5/45, followed by 1.5 min wash step with 100% B and 2.0 min equilibration

step.

2.5. Method validation

Individual antibiotic standards (2 mg) were diluted in 1 mL of methanol-water (50:50, v/v)
and the stock solution was prepared by mixing individual standard solutions to the final
concentration of 100 pg mL™. The stock solution of internal standards (100 pg mL™) was
prepared in an identical manner.

The matrix-matched calibration technique with internal standards addition was employed for
quantification. The calibration solutions were prepared by subsequent dilution of the stock
solution into the blank water sample extracts (WWTP influents/effluents with an absence of
any tested antibiotics) and by internal standard addition. For each antibiotic group, an internal
standard was used, namely granatycine (tetracyclines), oleandomycin (macrolides),

sulfadimethoxine-D6 (sulfonamides), ofloxacin-D3 (fluoroquinolones), and butyllincomycin
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(lincosamides). Two series of calibration solutions were prepared using the blank water
samples with pH adjustment prior to SPE of 4.5 (tetracyclines, macrolides, fluoroquinolones)
and 7.5 (sulfonamides, lincosamides), respectively. The concentration of analytes ranged from
the instrument limit of quantification (ILOQ) of each analyte to 500 ng mL’; the
concentrations of internal standards were 100 ng mL" in each sample. Three sets of
calibration standards were prepared. The ILOQ was determined as the lowest point of the
calibration curve with a precision (closeness of agreement between independent
measurements of a quantity under the same conditions; expressed as RSD%) less than 20%
and trueness (percentage difference between determined and expected amounts) of 80-120%
in six replicates. Method limit of quantification (MLOQ) was determined as the lowest
amount of each antibiotic that can be quantified in water extract after SPE with respect to
ILOQ, enrichment factor, and recovery of each analyte. MLOQ was expressed in ng L™ units
44

The repeatability of the instrument was determined as system suitability assessment using 6
replicated injections of antibiotic mixture in sample matrix (200 ng mL™") by measurement of
retention time and peak area. RSD% was taken as a measure of repeatability. To evaluate the
trueness and precision of the assay, quality control samples (antibiotic mixture in sample
matrix) were prepared at concentrations of 500, 50 and 5 ng mL™ in replicates of 6 for each
concentration **.

The blank water samples spiked at concentration levels of 500 and 60 ng L™, in replicates of 4
for each concentration, were treated by the SPE procedure and used for recovery tests. The
recoveries were expressed as the percentage ratio of peak areas before and after extraction s,
The antibiotic mixture in extracted blank sample (100 ng mL™") and extract of spiked water
(500 ng L") were tested for both short and long term stability. Samples were divided into the

required number of parts, stored at room temperature (RT, short term stability) or at -20 °C
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(long term stability) and analyzed after 0, 2, 4, 6, 8, 12, and 24 hours, or after 0, 1, 2, 3,4, 7
and 14 days, respectively. Stability was expressed as the percentage ratio of peak areas of all

forms of each analyte **.

3. Results and discussion

3.1. Sample preparation and SPE

The recovery using the blank water samples spiked with antibiotics (500 ng L") was used for
determination of SPE efficiency, which is a key parameter of final multi-residue analysis.
Moreover, the main demand on the developed method was its utility for a large number of

analytes of different physico-chemical characteristics °

. With respect to the acid-base
properties of the studied antibiotics, the Oasis HLB, Oasis MCX, and Oasis MAX sorbents
were tested for SPE procedure development. Macrolides and lincosamides represent weak
bases, sulfonamides are weak acids, and tetracyclines and fluoroquinolones are amphoteric
drugs that can exhibit both weak acidic and basic character **. The SPE protocols for all three
sorbents are described in section 2.3.

Great differences in recoveries were observed using tested SPE sorbents. Selected results of

SPE development are shown in Table 2. The Oasis MCX was found to be effective for

13, 15 15

macrolides (except for TYL) with recoveries >73% and for lincosamides '~ with
recoveries >48%, which is in agreement with their weak basic character. Unfortunately, this
sorbent was absolutely unusable for other antibiotic groups such as fluoroquinolones and
tetracyclines (recoveries 0%). Concerning MAX sorbent, macrolides and lincosamides were
eluted in elution step I (100% MeOH), which reveals that only hydrophobic and polar
interactions were employed for retention of these compounds on MAX sorbent. This also

corresponds with the weak basic character of macrolides and lincosamides. Furthermore, it

was found that the Oasis MAX cartridge was the most fitting for fluoroquinolones (recoveries

12



>80%), which is caused by its weak acidic character. To the best of our knowledge, MAX
sorbent has never been used for extraction of fluoroquinolones from water samples.
Tetracyclines and sulfonamides, as weak acids, exhibited retention on the MAX sorbent as
well. However, the recoveries for tetracyclines were lower than 62% and for sulfonamides
lower than 23%.

Although the tested ion-exchange cartridges can be promising sorbents for extraction of
particular antibiotic classes (e.g. MAX sorbent for fluoroquinolones), we did not find them
useful for extraction of all analytes under study.

As the only sorbent, Oasis HLB permitted the extraction of all analytes and was therefore
used for determining the versatility of the method. Due to the weak acid-base character of the
tested antibiotics, the dependence of the sample pH on the retention for the HLB sorbent was
expected. Therefore, the sample pH adjustment prior to Oasis HLB method was subsequently
tested in the range from 3 to 9 with 0.5 unit steps and a strong dependence of recovery on
sample pH was revealed. Since it was impossible to find optimal conditions for all analytes at
a single pH value, it was necessary to employ the two extraction procedures differing in
sample pH adjustment. Therefore, the pH 4.5 was chosen for tetracyclines, macrolides, and
fluoroquinolones, while pH 7.5 was used for sulfonamides and lincosamides. On comparing
the developed SPE method with previously published studies, the Oasis HLB represents the

a - S 22,24,25,27, 46,47
most used sorbent for antibiotic extraction and concentration in water samples “~ “" 7> 7> ™7

24, 47 22, 25, 46

The obtained recoveries were in most cases similar or slightly higher than in

previously published papers. A similar strategy of two extraction procedures for each sample
resulting in recovery improvement was previously described in the literature ***,
Finally, the versatility of the extraction procedure was verified by achieving >80% recoveries

for all antibiotics (except for TYL and SDZ, see Table 2). Moreover, after slight modification

the method could be used for determination of the other added antibiotics when required.
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Table 2. Overview of SPE recoveries for studied antibiotics using different extraction
sorbents and sample pH adjustment during the metod development.

Oasis HLB Oasis MAX QOasis MCX
antibiotic pH antibiotic  elution elution
3.0 4.5 7.5 9.0 solvent® solvent®
TC 97.8 94.4 55.2 324 TC 1 2.4 1 0.0
11 52.5 11 0.0
OTC 1003 950 713 368 OTC I 338 I 0.0
11 62.7 Il 0.0
CTC 923 865 482 107 CTC I 0.0 I 0.0
11 394 11 0.0
DOX 888 902 685 166 DOX I 0.0 I 0.0
11 492 Il 0.0
ERY 70.1 90.1 84.5 64.9 ERY 1 76.7 1 0.0
11 34 11 76.2
TYL 556 604 552 515 TYL I 65.0 I 0.0
11 3.8 11 11.7
CLA 771 962 938 662 CLA I 70.5 I 0.0
11 2.0 11 73.1
ROX 60.1 936 854 495 ROX I 76.1 I 0.0
11 0.9 11 78.0
SDZ 481 647 749 517 SDZ I 0.0 I 0.0
11 7.1 11 8.2
STZ 458 679 893 852 STZ I 0.0 I 0.0
11 6.3 11 34.0
SDD 327 660 927 541 SDD I 0.0 I 0.0
11 18.0 11 96.4
SMX 412 63.0 900 792 SMX I 0.0 I 0.0
11 22.8 11 332
SDM 436 722 888 873 SDM I 0.0 I 0.0
11 14.7 11 16.0
OFL 98.6 1000 889  80.4 OFL I 0.0 I 0.0
11 80.9 11 0.0
NOR 1033 1044 836 719 NOR I 0.0 I 0.0
11 84.3 11 0.0
CIP 979 1063 818  63.0 CIP I 0.0 I 0.0
11 91.6 11 0.0
ENR 98.0 98.0 86.8 81.5 ENR 1 0.0 1 0.0
11 89.0 11 0.0
LIN 355 325 925 992 LIN I 95.8 I 0.0
11 0.0 11 48.7
CLI 445 383 896  98.0 CLI I 94.7 I 0.0
11 0.0 11 52.5

% elution solvents: elution solvent I, 100% methanol; elution solvent II, formic acid-methanol (2:98, v/v)

b elution solvents: elution solvent I, 100% methanol; elution solvent II, NH;OH-methanol (5:95, v/v)
For other conditions see experimental section.
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3.2. UHPLC- ToFMS analysis

3.2.1. Chromatographic separation

Formic acid, acetic acid and trifluoroacetic acid (all 0.1 and 0.05%), and ImM ammonium
formate (pH 4.0 and 9.0) were tested among the aqueous components of the mobile phase.
ACN, methanol, formic acid-ACN (0.1:99.9, v/v), formic acid-methanol (0.1:99.9, v/v) were
evaluated as organic modifiers. The gradient elution program was employed in view of the
different polarities of the analytes. The standard stock solution (100 ng mL™") and spiked
water extract (500 ng L") were used for developing the chromatographic method. The final
conditions were chosen with respect to the efficiency of the separation of all analytes and the
matrix components, analyte peak shapes, and total analysis time. Methanol was found to be an
optimal organic modifier with respect to the peak resolution and ESI ionization. Basic
additives, such as ammonium formate, suppressed the signal in ESI+ interface, while acidic
additives provided signal increase, as described previously °. Based on these findings, the
composition of mobile phase was (A) formic acid-water (0.1:99.9, v/v), and (B) formic acid-
methanol (0.1:99.9, v/v). Subsequently, we tested the effect of column temperature (ranging
from 25°C to 45°C with 5°C steps) in combination with the gradient steepness on the
separation of analytes.

All 19 tested antibiotics were satisfactorily separated during a 25 min gradient elution (50 min
in total considering that two injections per sample are needed). The selectivity of the method
is demonstrated in Fig. 1 depicting the chromatographic separation of tested antibiotics in
spiked blank water sample (100 ng L") under optimal conditions. The high mass accuracy of
the method is accomplished by achieving of average absolute mass error up to 10 ppm (see
Table 1).

The detailed method conditions are described in section 2.4.
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Fig. 1. UHPLC-ToFMS separation of tested antibiotics in spiked blank water sample
(100 ng L'; WWTP influent) under optimal conditions.

Specific [M+H]" ions were extracted with 0.01 Da extraction mass window; for
chromatographic and MS detection conditions see Experimental section.
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3.2.2. Optimization of MS parameters

A standard solution of 200 ng mL™" prepared in methanol-water (50:50, v/v) was used to
optimize the MS parameters. The ESI+ mode was employed, because all antibiotic forms
showed intense protonated molecular ions [M+H]" with higher peak intensities compared to
ESI-. The different solvents for sample dilution, namely methanol-water (20:80, v/v),
methanol-water (50:50, v/v), and 100% methanol were compared. The highest peak intensities
were obtained with methanol-water (50:50, v/v).

The parameters affecting the ESI interface were optimized in direct infusing experiments with
standard solution of 200 ng mL™" in methanol-water (50:50, v/v) at a constant flow rate of 5
uL min™ into the analyte probe using the syringe pump. The tested parameters were: capillary
voltage (from +1500 V to +3000V with 500 V steps), cone voltage (from 25 V to 50 V with 5
V steps), and needle counter electrode distance (from 2 mm to 4 mm with 0.5 mm steps). The
optimal conditions are given in section 2.4.

Matrix effects caused by the susceptibility of ESI-MS to organic and inorganic components
both in the sample matrix and in the mobile phase can lead to signal suppression or
enhancement and can cause erroneous results during quantification ** *> *°. Therefore, the
matrix-matched calibration and addition of internal standards were employed to compensate
the signal instability. The main drawback of this approach is the absolute absence of blank
matrix . The extracted influent/effluent of WWTP was therefore used as the blank matrix
solution for matrix-matched calibration. Since the analyses proved the presence of a low
concentration of CLA in this sample, the peak area of CLA (originating from sample itself)

was subtracted during method validation (calibration, recovery tests).
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3.3. Method validation

The matrix-matched calibration curves were prepared over a linear range from ILOQ of each
analyte to 500 ng mL". The concentration levels were 391, 7.81, 15.63, 31.25, 62.5, 125,
250, and 500 ng mL™ (the lowest point depended on the ILOQ of each analyte). The analytes
were quantified as a sum of peak areas of each antibiotic and its corresponding isomers or

degradation products > !

. ILOQ, which complied with precision (expressed as RSD%) of
less than 20% and trueness of 80-120%, varied from 3.9 to 15.6 ng mL™ for all analytes. With
respect to ILOQ, recovery, and concentration factor, the corresponding MLOQ ranged from
3.68 to 18.07 ng L. The MLOQs were verified by analysis of blank water samples spiked at
a corresponding concentration (4 samples in total). Except for CTC, DOX, and SDZ the
MLOQ values were up to 10 ng L. For the parameters of calibration curves and detailed
ILOQ and MLOQ see Table 3. Compared to previously published HPLC-MS/MS method
with QqQ analyzer, the MLOQ values we obtained are often similar or slightly higher > ** 7,
or even lower *2. These findings demonstrate that, as discussed in a previous article »°, the
UHPLC technique is able to compensate for the lower selectivity of TOFMS instrumentation.

The RSD% values of retention times and peak areas of the antibiotics did not exceed 0.54%
and 4.34%, respectively, which verified the instrumental repeatability. The trueness and
precision of the method (including the ILOQ) was confirmed, with trueness values from
94.53% to 107.14% and with the precision <8.78% for all tested antibiotics. The detailed
results of recovery determination and corresponding RSD% are shown in Table 3. Although
different recoveries in influents and effluents of the WWTP could be expected due to the
difference in the matrix, control tests revealed a similar recovery for all compounds. This fact

was probably caused by using of an internal standard, which compensated for the matrix

effect. While the recoveries at both concentration levels were similar, the arithmetical mean
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was taken as the average recovery. Except for TYL and SDZ, good average recoveries

ranging from 86.50% to 106.30% were obtained.

All tested antibiotics were found to be stable, with percentage ratio of peak areas ranging

from 93.80% to 110.67% and from 95.81% to 109.23% for short term and long term stability,

respectively.

Table 3. Analytical parameters of the UPLC-ToFMS method with SPE.

antibiotic calibration curve® recovery MLOQ"*

(ng L™

linear range R’ ILOQ pH" recovery® RSD

(ng mL™) (ng mL™) (%) (%)

(n=8)
TC® 500 —15.63 0.9996 7.81 4.5 94.4 0.81 8.27
oxy 500 —7.81 0.9984 7.81 4.5 95.0 1.79 8.22
CTCf 500 —15.63 0.9993 15.63 4.5 86.5 2.15 18.07
DOX 500 —15.63 0.9989 15.63 4.5 90.2 0.51 17.33
ERY?® 500-3.91 0.9962 391 4.5 90.1 0.43 4.34
TYL! 500 —-3.91 0.9986 3.91 4.5 60.4 6.56 6.47
CLA' 500-3.91 0.9985 391 4.5 96.2 0.86 4.06
ROX 500 —3.91 0.9970 7.81 4.5 93.6 1.00 8.34
SDZ 500 —-7.81 0.9995 7.81 7.5 74.9 7.82 10.43
STZ 500 —7.81 0.9991 7.81 7.5 89.3 2.31 8.75
SDD 500 —-7.81 0.9979 7.81 7.5 92.7 2.77 8.43
SMX 500 —7.81 0.9991 7.81 7.5 90.0 3.75 8.68
SDM 500 —7.81 0.9978 7.81 7.5 88.8 3.41 8.80
OFL 500 —7.81 0.9999 7.81 4.5 100.0 3.03 7.81
NOR 500 -3.91 0.9996 3.91 4.5 104.4 5.95 3.75
CcIp 500-3.91 0.9990 3.91 4.5 106.3 4.84 3.68
ENR 500 -3.91 0.9996 3.91 4.5 98.0 7.09 3.99
LIN 500 —3.91 0.9997 3.91 7.5 92.5 1.42 4.23
CLI 500-3.91 0.9997 391 7.5 89.6 2.29 4.36

* calibration curves over linear range from ILOQ of each antibiotic to 500 ng mL ™" using internal standard calibration

technique

® pH adjustement of the water sample prior to solid phase extraction

¢ average recovery obtained as mean value of 8 measurements (4 measurements at both 500 ng L™ and 60 ng L™)

4 obtained with respect to ILOQ, enrichment factor, and average recovery

¢ quantified as a sum of peak areas of ERY, ERY—H,0;,,;, ERY—H,0;,,0, ERY—H,0+H,, and ERY,,

" quantified as a sum of peak areas of TYL and TYL,,
¢ quantified as a sum of peak areas of CLA and CLA,,
" quantified as a sum of peak areas of ROX and ROX,,
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3.4. Method application

The method was used for determination of selected antibiotics in influent and effluent of
WWTP from 6 different localities in the Czech Republic. All tested samples were
anonymous. A monitoring study revealed that all analyzed samples were positive for various
classes of antibiotics. The concentration in both influents and effluents of WWTPs ranged
from 5.0 ng L™ (LIN) to 1287.9 ng L' (CLA); the detailed results are listed in Table 4. These

. . . . 13-22
concentration values correspond to those previously found in other European countries > >

> In some cases, the antibiotic concentrations in effluents are higher than in influents. This
phenomenon is caused by the fact that both samples (influents and effluents) were collected at
the same time and therefore the effect of the treatment process does not show. In general, the
antibiotics so determined and their concentrations are in agreement with the frequency of their
use® #1738 For instance, CLA was found in a concentration ranging from 61.0 to 1287.9 ng
L in all samples, which corresponds with its growing consumption in human medicine in the
past decade ’. Five out of 6 samples were positive for SMX, a frequently prescribed antibiotic
in both human and veterinary medicine *” ** **. The repetitive occurrence of LIN and CLI
observed in the water samples is in accordance with their large consumption in both human
and veterinary medicine " >*. Although tetracyclines belong to highly consumed antibiotics

37, 53

in the veterinary medicine , they were absent from the tested samples. This can be

explained by their great tendency to form complexes with metal ions, proteins, and silanol
groups > °’; they are therefore more likely to be found in water sediments >*. The only
exception was DOX, which was detected in one sample at a concentration of 20.6 ng L. The

37, 38
> °%. Therefore

reason was probably its extremely high prescription also in human medicine
there is a likelihood that the real concentration of DOX and other tetracyclines in the

environment is much higher.
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It follows from the analysis of both the influents and effluents of the WWTPs that the
efficiency of water treatment processes is often very poor. The low efficiency of the WWTPs
together with the 50-90% excretion of the administered pharmaceutical dose after the
treatment ' cause the release and retention of the antibiotics in the water. This phenomenon

leads to a constant increase of bacterial resistance and, therefore, a strong need of

improvement of the water treatment processes is obvious.

Table 4. Antibiotic concentrations (ng L™) in influents and effluents of the WWTP from 6
different localities in the Czech Republic.

locality A B C D E

inf.” eff.” inf. eff. inf. eff. inf. eff. inf. eff. inf. eff.
TC nd nd nd nd nd nd nd nd nd nd nd nd
OXY nd nd nd nd nd nd nd nd nd nd nd nd
CTC nd nd nd nd nd nd nd nd nd nd nd nd
DOX nd nd nd nd nd nd 20.6 nd nd nd nd nd
ERY nd nd 248.6 204.2 38.2 27.4 493 36.3 60.3 nd 8.7 36.3
TYL nd nd nd nd nd nd nd nd nd nd nd nd
CLA 79.0 61.0 | 1287.9 289.0 | 9522 422.0 | 979.2 2734 | 237.5 85.1 1010.4 7942
ROX nd nd 74.8 357 nd nd nd nd nd nd nd nd
SDZ nd nd nd nd nd nd nd nd nd nd nd nd
STZ nd nd nd nd nd nd nd nd nd nd nd nd
SDD nd nd nd nd nd nd nd nd nd nd nd nd
SMX nd nd 339 272.2 150.0 681.1 | 550.0 438.9 | 796.2 5444 102.6 377.8
SDM nd nd nd nd nd nd nd nd 177.1 <MLOQ nd nd
OFL nd nd | 2320 1380 | ~nd nd | 138.0 113.0 | 485.0 2830 | 67.0 <MLOQ
NOR nd nd nd nd nd nd | 167.6  63.0 | 186.8 242 | 3774 332
CIP ndond | 1110 7.53 nd nd | 6406 133.6 | 273.8  70.7 | 3866  11.8
ENR nd nd nd nd nd nd nd nd nd nd nd nd
LIN nd nd 243 10.8 nd nd | 941 464 | 50 422 | 327 177
CLI nd nd 268 1021 | 1507 484 | 61.9 419 | 352 nd 553 636

* inf. — WWTP influent, eff. - WWTP effluent
nd - antibiotic not detected
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4. Conclusions

A UHPLC-ToFMS method was developed for determination of the most prescribed
antibiotics in the influents and effluents of WWTPs in the Czech Republic. The validated
procedure is characterized by its versatility, trueness , and sensitivity. These parameters,
together with the potential of fast UHPLC-ToFMS method development, qualify this assay
for screening of trace levels of antibiotics in wastewater and treated water. The method
employs the SPE using Oasis HLB extraction sorbent for extraction and concentration of the
analytes. Due to the different physico-chemical properties of the tested antibiotics, two
extractions and injections were needed for each sample.

The monitoring study revealed a significant concentration of antibiotics in the influents and
effluents of WWTPs in the Czech Republic. Close attention should be paid to this
phenomenon, because the associated development of bacterial resistance represents a threat to
the public health. These repeated alarming findings call for urgent reduction of antibiotic use

and especially for the need of significant improvement of the wastewater treatment processes.
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Abstract A new simple ultra-high-performance liquid
chromatography method with diode array detection
(UHPLC-DAD) was developed for chemical fingerprinting
analysis of extracellular metabolites in fermentation broth
of Geosmithia spp. The SPE method employing Oasis
MCX strong cation-exchange mixed-mode polymeric sor-
bent was chosen for extraction of the metabolites. The
analyses were performed on an Acquity UPLC BEH CI18
column (100x2.1 mm i.d.; particle size, 1.7 um; Waters)
using a gradient elution program with an aqueous solution
of trifluoroacetic acid and acetonitrile as the mobile phase.
The applicability of the method was proved by analysis of
38 strains produced by different species and isolated from
different sources (hosts). The results revealed the correla-
tion of obtained UHPLC-DAD fingerprints with taxonom-
ical identity.
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Introduction

Filamentous fungi of the genus Geosmithia (Ascomycota:
Hypocreales) are little known although they represent
frequent and worldwide broad type symbionts of bark
beetles (Coleoptera: Curculionidae, Scolytinae). They in-
clude common associates of bark beetles and ambrosia
beetles [1] and recently recognized plant parasitic species,
Geosmithia morbida [2]. In general, symbiotic fungi enter
complex chemical-based interactions with their hosts and
thus possess a diversity of secondary metabolites (SM) with
various biological activities, which makes them a proper
target for bioprospecting [3]. It is supposed that the
production of SM will reflect both the phylogenetical and
ecological relatedness of their producers.

A collection of strains from 22 published species [2] and
at least 20 more unpublished species of the genus Geo-
smithia is maintained at the Institute of Microbiology,
Academy of Sciences of the Czech Republic and in Culture
Collection of Fungi in Prague. For updating of taxonomic
overview of these strains and/or for studying the diversity
and ecological role of SM, chromatographic fingerprinting
(CFP) can be employed. CFP is an effective and rational
method based on comparison of fingerprints (chromato-
grams) of the many compounds found in highly complex
samples. CFP can provide the whole profile of not only the
marker compounds but also the unknown components [4,
5]. These fingerprints can then be used as an effective tool
for comparison, classification, or identification of samples
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and have found widespread use in, e.g., chemotaxonomic
characterization of microorganisms [6], in quality assess-
ment [7-9], or in flavor research [10].

Several chromatographic techniques such as high-
performance liquid chromatography (HPLC) [7, 8, 11-14],
ultra-high-performance liquid chromatography (UHPLC)
[5], gas chromatography (GC) [15], capillary electrophore-
sis (CE) [16], and thin-layer chromatography (TLC) [17]
have been used for fingerprinting. Due to the high
complexity of the studied matrix, additional and comple-
mentary information is often required. Therefore in 2000,
Luo et al. proposed a solution of multi-dimensional and
multi-informational fingerprint by hyphenated techniques
such as HPLC with diode array detection (DAD), CE-DAD,
GC with mass spectrometric detection (MS), HPLC-MS,
HPLC-DAD-MS/MS, CE-MS, CE-DAD-MS/MS, and
HPLC with nuclear magnetic resonance detection (NMR)
[18]. With additional spectral information, these hyphenat-
ed techniques give a much more complete profile of the
investigated samples [14]. Among all the detection techni-
ques of hyphenated instruments, tandem mass spectrometry
is generally considered as one of the best tools for CFP due
to its selectivity and powerful ability of structural qualifi-
cation [19-21]. On the other hand, DAD is widely applied
to simultaneous determination [22], peak purity checking
[23], chromatographic discrepancy correction [24], and
identification of chromatographic peaks [9]. Moreover,
both HPLC-DAD and UHPLC-DAD belong to very
common hyphenated instruments. Therefore, both these
techniques represent useful methods for CFP of SM
produced in fungal fermentation broth.

Since the fungal fermentation broth contains many
compounds that have to be separated during the analysis,
the analysis run time generally needed on HPLC is about
1 h [7, 8, 13]. In comparison, the UHPLC allows faster
separations on column materials at high pressures of up to
100 MPa using sub-2 um particles yielding higher
separation efficiencies and shorter run times [25] and
represent, therefore, more effective technique for CFP.

The reproducible extraction method represents an inte-
gral part of the final CFP assay, because purification and
pre-concentration of SM with diverse physicochemical
properties presented in the complex matrix is needed in
order to obtain representative fingerprints [26]. Liquid—
liquid extraction (LLE) belongs to the most frequent
methods used for fungal fermentation broth sample prepa-
ration [26-30]. Solid-phase extraction (SPE) was used for
fungal SM extraction less often and was employed either
directly [31-34] or as the second extraction step that
followed after LLE [35-37]. To the best of our knowledge,
SPE has never been used as an original method for
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extraction of SM from fungal fermentation broth for the
CFP analysis.

The aim of this study was to develop an analytical
method for CFP analysis of Geosmithia spp. Firstly, the
fast and simple SPE method was employed for extraction
of a wide spectrum of extracellular SM presented in
fungal fermentation broth. Secondly, an UHPLC method
with DAD detection was developed for the analysis of
fungal extracts. The obtained UHPLC-DAD fingerprints
were then evaluated to reveal, e.g., taxonomical, host
specific, or ecological relatedness of secondary metabolites
production.

Experimental
Chemicals and materials

Acetonitrile (ACN), methanol (MeOH), and trifluoroacetic
acid (99.95%; TFA) were of LC/MS grade and were
obtained from Biosolve (the Netherlands). Hexane, diethyl
ether, dichloromethane, and ethyl acetate were all p.a. grade
and were purchased from Lach-Ner (Czech Republic).
Acetic acid (99+%) and ammonium hydroxide A.C.S.
reagent (29% aqueous NH4OH solution) were obtained
from Sigma-Aldrich (Germany), and formic acid (98—
100%) was purchased from Merck (Germany). Ultrapure
water was prepared using Milli-Q water purification system
(18.2 MK, Millipore, USA).

The SPE sorbents used for sample extraction were:
Oasis HLB, Oasis MAX, Oasis MCX, Oasis WAX, Oasis
WCX, and Sep-Pack C-18 (all were purchased from
Waters, Czech Republic); Amberlite XAD-2 and Amber-
lite XAD-4 (both from Supelco, USA); and Strata C18-E
and Strata NH, (both from Phenomenex, USA). SPE 12-
position vacuum manifold was obtained from Phenomenex
(USA).

The analytical UHPLC columns used were: Acquity
UPLC BEH C18 (50%2.1 mm i.d.; 1.7 um), Acquity UPLC
BEH C18 (100%2.1 mm i.d.; 1.7 um), Acquity UPLC BEH
Shield RP (50%2.1 mm i.d.; 1.7 um), and Acquity UPLC
BEH HILIC (50%2.1 mm i.d.; 1.7 pm); all purchased from
Waters.

Fungal strains, cultivation conditions

Thirty-eight monosporic strains representing 28 species
were used (Table 1). Cultures were maintained on malt agar
slants (malt extract, 20 g/l and agar, 20 g/1) and cultivated
on malt extract medium (malt extract, 20 g/l; glucose, 20 g/
1; and peptone 1 g/1). The submerged cultivations were done
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Table 1 Overview and characterisation of 38 genus Geosmithia
species analyzed using developed chromatographic fingerprintig
method

Strain No. Species identification Reference
CCF3754 G. eupagioceri [1]
CCF3334 G. fassatiae [38]
CCF3333 G. flava [39]
MK1683 G. langdonii [38]
CCF3861 G. microcorthyli [1]

1259 G. morbida [2]

1272 G. morbida [2]
CCF3425 G. obscura [38]
MK1510 G. pallida sp. 2 [39]
RJ137m G. pallida sp. 5 Unpublished
MK1807 G. pallida sp. 23 Unpublished
CCF3342 G. putterillii [40]
CCF3751 G. rufescens [1]
CCF3660 Geosmithia sp. 1 [37, 40]
MK1712a Geosmithia sp. 8 [40]

MK263 Geosmithia sp. 8 [40]
CCF3350 Geosmithia sp. 8 [40]

RJ10m Geosmithia sp. 9 [40]
CCF3560 Geosmithia sp. 10 [40]
CCF3555 Geosmithia sp. 11 [40]
U16A26 Geosmithia sp. 13 [40]
MK1665 Geosmithia sp. 21 [41]
MK1759 Geosmithia sp. 21 [41]

RJ06ka Geosmithia sp. 24 Unpublished
MK1842 Geosmithia sp. 24 Unpublished
MK1796 Geosmithia sp. 26 Unpublished
RJ0919 Geosmithia sp. 27 Unpublished
MK1820 Geosmithia sp. 29 [

RJ15ak Geosmithia sp. 31 Unpublished
MK1793 Geosmithia sp. 31 Unpublished
MKI181la Geosmithia sp. 31 Unpublished
RJ74k Geosmithia sp. 31 Unpublished
MK1834 Geosmithia sp. 32 Unpublished
MK1826 Geosmithia sp. 32 Unpublished
MK1835 Geosmithia sp. 33 Unpublished
MK1827b Geosmithia sp. 33 Unpublished
MK1811 Geosmithia sp. 36 Unpublished
MK1806 Geosmithia sp. 37 Unpublished

in 250-ml Erlenmeyer flasks on a rotary shaker (3.4 Hz) for
the period of 14 days at 24 °C in the dark. All strains are
maintained in the Culture Collection of Fungi (CCF codes)
or in the laboratory of the senior author (others). The blank
matrix sample was prepared under same conditions with the
absence of fungal inoculum.

Sample preparation

After the 14-day cultivation, the fermentation broth was
centrifuged (15 min at 4,000xg) and then filtered
through 2 pm glass microfibre filter (Whatman, UK).
Prior to SPE, the pH of the samples was adjusted to 3
with formic acid (98-100%). SPE was performed using
60 mg Oasis MCX cartridges. The sorbent was condi-
tioned with 2 mL of MeOH followed by equilibration
with 2 mL of Milli-Q water; 50 mL of fermentation broth
was passed through the cartridge at the flow rate of
3 ml min" ', and the sorbent was then rinsed with 2 mL of
water and 2 mL of formic acid—water (1:99, v/v).
Afterwards, the cartridge was air-dried and the SM were
eluted using 2 mL of MeOH. The MeOH extracts were
evaporated to dryness and reconstituted in 100 pL of
MeOH.

UHPLC instrumentation and chromatographic conditions

The UHPLC-DAD analyses were carried out on Waters
Acquity UPLC System (Waters, Prague, Czech Republic)
consisting of Acquity UPLC Solvent Manager, Acquity
UPLC Sample Manager, Acquity UPLC Column Heater/
cooler, and Acquity UPLC Diode Array Detector (set at
200-600 nm). Empower 2 software was used for data
processing. Analyses were performed on Acquity UPLC
BEH CI18 column (100x2.1 mm i.d.; particle size,
1.7 wm; Waters) with the mobile phase flow rate of
0.4 ml min' and column temperature of 25 °C. The
mobile phase consisted of (A) TFA—water (0.1:99.9, v/v)
and (B) ACN with the gradient elution (min/% A): 0/95,
15/65, 25/0, and 27/0, followed by a 2-min equilibration
step. The samples were kept at 5 °C, and the injection
volume was 1 pL.

Method reproducibility and repeatability

Validation tests of reproducibility and repeatability were
performed to ensure the validity of the developed method
[42]. Ten major and well-separated peaks in sample
CCF3333 were selected and used for validation tests.
The reproducibility of the chromatographic data was
investigated by system suitability evaluation that was
assessed by six replicated injections of an identical
CCF3333 sample. The repeatability of the analytical
method was assessed by analysis of four independently
prepared samples of CCF3333 fermentation broth. The
reproducibility and repeatability of the method were
expressed as repeatability of retention times and peak
areas (relative standard deviation (RSD%)).
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Sample stability

Samples MK1712a, RJ74k, MK1835, CCF3333, 1259, and
CCF3555 were selected for sample stability determination in
order to obtain information about stability of various unknown
compounds produced by different species (see Table 1).
Samples were divided into identical aliquots, stored at room
temperature (short-term stability) or at —20 °C (long-term
stability), and analyzed after 0, 2, 4, 8, 12, and 24 h or after
0,1,2,3,4,7, and 14 days, respectively. In each sample, ten
major peaks were selected and their peak areas repeatability
(RSD%) was investigated.

Results and discussion
Sample preparation optimization

The extraction method was developed using six strains
representing six different species of Geosmithia spp.
(MK1712a, RJ74k, MK1835, CCF3333, 1259, and
CCF3555; see Table 1), which differ in the SM produc-
tion, and therefore epitomize the representative set of
samples for extraction method development. Five solvents
of rising polarity were tested for LLE; namely hexane,
diethyl ether, dichloromethane, ethyl acetate, acetic acid-
ethyl acetate (1:20, v/v). Afterwards, different sorbents for
SPE were evaluated; namely Amberlite XAD-2, Amberlite
XAD-4, Strata C18-E, Strata NH,, Sep-Pack C-18, Oasis
HLB, Oasis MAX, Oasis MCX, Oasis WAX, and Oasis
WCX. The comparison of extracted samples with un-
extracted samples analyzed directly after filtration and

centrifugation of the crude fermentation broth was used in
order to verify that the loss of monitored major SM was
minimal.

An example of comparison of LLE and SPE procedures
for sample RJ74k is shown in Figs. 1 and 2, respectively.
Although LLE belongs to the most frequented method used
for extraction of SM from fungal fermentation broth [26—
30, 37], this method was not found to be suitable for
extraction of SM of Geosmithia strains. It is obvious from
comparison of LLE and SPE procedures in Figs. 1 and 2
that, unlike the SPE methods, none of the solvents used for
LLE was able to extract both polar and less-polar
compounds in one extraction step. The early eluting peaks
(tg=1.5 min) in diethyl ether, ethyl acetate, and acetic acid-
ethyl acetate (1:20, v/v) fractions, respectively, represent
solvent peaks and did not originate from the fermentation
broth. This fact was confirmed by analysis of the blank
solvent sample (pure solvent). Moreover, in general, the
peak shapes and their intensity in retention window ranging
from 16 to 21 min are evidently much better using SPE
than with LLE. SPE proved to be a method characterized
by high throughput, robustness, and low solvent consump-
tion. A wide range of SPE resin chemistries is now
available for various applications, and therefore SPE
provide improved assay standardization and hence better
reproducibility [43]. The comparison of several tested SPE
sorbents is shown in Fig. 2. Oasis MCX, Oasis HLB, and
Strata C18-E were found to be appropriate sorbents because
of the greatest number of SM presented in the extract.
Finally, the Oasis MCX sorbent was chosen as the best
alternative with respect to the peak intensities and shapes
(for extraction protocol see “Sample preparation.”).

Fig. 1 The UHPLC-DAD

1.00 4 hexane
analyses of extracts obtained 5
with liquid-liquid extraction of = 0507
RJ74k fermentation broth using 0.00 2
different extraction solvents. 1.00 diethyl ether
Chromatographic conditions: 2 0,501
Acquity UPLC BEH C18 N . A [ ﬂ‘
column (100%2.1 mm); mobile 0.00 -
phase (A) TFA-water (0.1:99.9, . 1004 dichloromethane
v/v) and (B) ACN; flow rate, = 0.50
0.4 mL min'; column 0.00 A X e LLJL,‘
temperature, 25 °C; sample 1,00 ethyl acetate
temperature, 10 °C; injection 5
volume, 1 pl; gradient elution < 0.504 ﬂ ﬂh
(min/% A), 0/95, 15/65, 25/0, 0.00 L i A
27/0; UV, 260 nm 1.00 4 acetic acid-ethyl acetate (1:99, viv)
2 050 H M
D00 A . ; e . . .
000 200 400 600 800 1000 1200 1400 16.00 1800  20.00  22.00
Minutes
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Fig. 2 The UHPLC-DAD

1.004 Oasis MCX
analyses of extracts obtained 2 :
with solid-phase.extraction o‘f 0.00 X L . l m Jl W
RJ74k fermentation broth using : SeioHiB
different extraction sorbents. For - 1:001
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Fig. 1 0.00 U"\-'\-'-'--""L - A L A ul
1.00 4 Strata C18-E
% L
000 . N ”
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- 100 l
<
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The generic Oasis MCX method for extraction of basic
compounds (http://www.waters.com/webassets/cms/library/
docs/IcSP.pdf) consists of two elution steps; namely MeOH
(elute 1) and NH,OH—MeOH (5:95, v/v; elute 2). In case of
extraction of SM from Geosmithia fermentation broth, the
elute 2 was finally eliminated, because NH,OH-MeOH
fraction did not contain any compounds absorbing in the
wavelength range from 200 to 600 nm (data not shown).
According to the generic Oasis MCX method (http:/www.
waters.com/webassets/cms/library/docs/IcSP.pdf), the
presence of weaker acids and neutral compounds is
expected in elute 1, thus SM extracted from Geosmithia
fermentation broth are probably of this character. This
presumption is supported by the fact that the pH values of
all tested fermentation broths ranged from 3.35 to 5.48,
while the pH of the blank matrix sample was 5.52.

UHPLC-DAD method optimization

The main demands on the new UHPLC-DAD method was
to separate well a great number of SM differing in polarity
in a relatively short analysis time (about 30 min). Six
selected strains of Geosmithia spp., namely MK1712a,
RJ74k, MK 1835, CCF3333, 1259, and CCF3555 were used
for UHPLC-DAD method development. Since the majority
of the presented compounds (SM) showed maximal
absorbance at 260 nm, this wavelength was used during
the evaluation of the method conditions.

Four analytical UHPLC columns, namely Acquity
UPLC BEH C18 (50x2.1 mm i.d.; 1.7 pum), Acquity
UPLC BEH CI18 (100x2.1 mm i.d.; 1.7 um), Acquity
UPLC BEH Shield RP (50%x2.1 mm i.d.; 1.7 um), and

Acquity UPLC BEH HILIC (50%2.1 mm id.; 1.7 um)
were evaluated and compared. The length of the column
was found to be the most significant parameter affecting
the quality of the analysis. All 50-mm length columns
had approximately comparable results, while the Acquity
BEH C18 column of 100-mm length provides sharper
and better separated peaks with higher retention of
separated components. The parameters as peaks retention
times, peaks shapes and resolution, and the total analysis
time were calculated and compared (data not shown).
The example of comparison of tested columns is shown
in Fig. 3.

Several aqueous components of mobile phases such as
strongly acidic (0.1% and 0.05% TFA, 0.1% formic acid,
0.1% acetic acid, and 0.1% phosphoric acid), acidic (I mM
ammonium formate, pH 4.0) and alkaline (1 and 5 mM
ammonium acetate, 1 mM ammonium formate, and all of
pH 9.0) were assessed; the selected results are shown in
Fig. 4. Although the analyses using 0.1% TFA and 1 mM
ammonium formate of pH 4.0 as mobile phase, respectively,
were comparable, better peak shapes and longer retention
times of early eluting peaks were observed with 0.1% TFA.
When alkaline mobile phase was used, the decrease in
quality on analysis was evident. For instance, while the
selected peaks a, b, and ¢ were sharp and well separated in
strongly acidic and acidic mobile phase, under alkaline
conditions the significant increase of peak widths was
observed. Moreover, the peaks b and c¢ coeluted using
alkaline mobile phase (Fig. 4).

Concerning organic modifiers, ACN and MeOH were
tested. ACN provided sharper peaks than MeOH (data not
shown). Since very similar results were obtained for the
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Fig. 3 Difterent analytical 120
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other strains, the mixture of TFA—water (0.1:99.9, v/v) with
ACN was chosen as the final mobile phase.

Several gradient programs based on multiple stepwise
increase of the ACN ratio were applied and final gradient
(min/% A): 0/95, 15/65, 25/0, 27/0 was chosen with
respect to resolution of major compounds, peak shapes,
and total analysis time (29 min), which was about half
that used in the HPLC fingerprinting methods recently
described [7-9, 13, 14]. Similar analysis time shortening
was obtained by Liu et al. [S] after an optimization of
UHPLC method for CFP analysis of 20 bioactive compo-
nents in plant material.

The effect of column temperature on analysis was tested
in the range from 25 °C to 45 °C with 5 °C steps. The
analysis time decreased with rising column temperature,
which led to a worse separation of the first eluting peaks.
For this reason, the column temperature of 25 °C was
chosen as a final condition.

Minutes

Method reproducibility and repeatability

The results of reproducibility and repeatability tests are
listed in Table 2. The RSD% values of retention times and
peak areas of ten selected peaks (Fig. 5) in six replicated
injections (reproducibility) ranged from 0.01% to 0.05%
and from 0.41% to 0.75%, respectively.

The RSD% values of retention times and peak areas of
ten selected peaks in four independently prepared CCF3333
samples (repeatability) did not exceed 0.25% and 1.59%,
respectively. These results confirm that the developed
analytical method is reproducible and repeatable, and
therefore, it is applicable for CFP analyses.

Sample stability

The corresponding RSD% values of ten selected peak areas in
each chromatogram were less than 3.20% and 3.91% in short-

Fig. 4 Different mobile phase 1201 0.1 % trifluoracetic acid
composition for UHPLC-DAD 1.00 c
analysis of RJ74k strain 2 Ziz { b
fermentation broth. a—c Peaks 040
evaluated during the method 020 ’
AL
development. For other 0001
chromatographic conditions, see :zz 1 mM ammonium formate, pH 4.0 . c
Fig. 1 om0 b
3 0.60
0.40
020

0.00

1209 1 mM ammonium formate, pH 9.0

1.00
0.80

2 060
040
020
0.00

N WLML

000 100 200 3.00 400 500 600 7.00 800 900 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00 21.00 22.00
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Table 2 The reproducibility and repeatability of the analytical method demonstrated as repeatability of retention times and peak areas of ten

selected peaks in strain CCF3333

Peak no. tr (min) UHPLC system suitability® Method repeatabilityb
tr repeatability (RSD%) Area repeatability (RSD%) tr repeatability (RSD%) Area repeatability (RSD%)

1 2.562 0.05 0.74 0.22 1.10
2 3.208 0.02 0.41 0.25 1.22
3 4.330 0.03 0.67 0.11 1.59
4 6.582 0.04 0.58 0.08 0.93
5 10.421 0.02 0.54 0.05 1.33
6 10.751 0.02 0.62 0.05 0.96
7 12.257 0.02 0.58 0.06 0.72
8 13.235 0.03 0.75 0.05 0.88
9 13.580 0.02 0.63 0.05 1.57
10 17.079 0.01 0.53 0.04 0.76

# System suitability was assessed by repetitive analysis of strain CCF3333 sample (n=6)

® Method repeatability was assessed by analysis of independently prepared samples of CCF3333 fermentation broth (n=4)

For chromatographic conditions and peak numbering, see Figs. | and 5, respectively

term and long-term stability tests, respectively, which indicated
that all tested samples were stable (data not shown).

Method application

The developed UHPLC-DAD fingerprinting method was
used for analysis of 38 strains of Geosmithia spp. and blank
matrix sample. Generated 3D chromatograms represent
multi-dimensional and multi-informational chromatographic
fingerprints and every compound in the extract is thus
characterized by its retention time (corresponding to its
polarity), spectral profile (UV/VIS spectra of wavelengths in
the range from 200 to 600 nm), and concentration (peak
area). The peaks originating strictly from the matrix were

identified using analysis of blank matrix sample and were
excluded from SM data file.

The example of 3D chromatograms of strains CCF3333
and CCF3660 (the known producer of hydroxylated
antraquinones [44]) are shown in Fig. 6. These strains
belong to different species (Geosmithia flava and Geosmithia
sp. 1, respectively; see Table 1) and the production of
different SM are obvious according to presented compounds
and their additional spectral information.

Figure 7 shows the overlay of 2D chromatograms of strain
RJ74k and MK1793 belonging to the same Geosmithia sp.
31 (see Table 1). For the simplicity, the chromatograms were
extracted at 260 nm and their overlay reveals the production
of similar SM. This statement was proved by correspondence

Fig. 5 The UHPLC-DAD

analysis of CCF3333 strain 1.00
fermentation broth under

optimal conditions. /—/0 Peaks

selected and used in method 080
reproducibility and repeatability

tests. For chromatographic

conditions, see Fig. 1 00

AU

0.40

0.20

0.00

i AL,
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Fig. 6 UHPLC-DAD 3D
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of retention times and spectral characteristics of 12 selected
major SM (for A\ see Fig. 7). The same correlation was
observed among all tested strains, for instance in Geosmithia
sp. 8 (MK1712a and MK263), Geosmithia sp. 32 (MK1826
and MK 1834), G. morbida (1259 and 1272), and Geosmithia
sp. 24 (MK1842 and RJO06ka); the overlays of chromato-
grams extracted at 260 nm are shown in Fig. 8. The overall
pattern of obtained data therefore suggests obvious correla-
tion of generated 3D chromatograms with taxonomical
identity.

It is supposed that the compounds having general
occurrence within the genus or compounds correlating
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with the particular ecological trait can be traced by this
method. According to the frequency of production some
compounds were found to be characteristic for the whole
genus. For instance, one of the most frequent SM with tg=
6.273 min and A, (206, 261, 319) nm was presented in 24
out of 38 species. On the other hand, some SM were found
to be characteristic only for a selected species; e.g., peak
with g =11,831 min and A« (200, 256, 321) nm presented
only in strains of G. morbida, or peak with tg=12.537 min
with Apax (262, 321) nm found strictly in strains belonging
to Geosmithia sp. 9. Such characteristic SM with taxonom-
ical information is supposed to be responsible for the
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Fig. 7 The overlay of 2 -
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Fig. 8 The overlay of UHPLC-DAD 2D chromatograms of different
strains of the genus Geosmithia. Overlay of chromatograms of strains
MK1712a and MK263 (a); 1272 and 1259 (b); MK 1826 and MK 1834

(¢); MK1842 and RJ06ka (d). UV, 260 nm; for other chromatographic
conditions, see Fig. |
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specific behavior of the species. Therefore, these SM will
be studied in detail and will serve as reference compounds
for the particular species.

Conclusions

The UHPLC-DAD method employing SPE using Oasis
MCX sorbent was developed for analysis of SM present in
fungal fermentation broth of different strains of the genus
Geosmithia. The method represents a fast, simple, and
reproducible assay that is useful for high-throughput
analysis of fungal samples. Moreover, the hyphenated
UHPLC-DAD technique generates multi-informational
fingerprints that provide both chromatographic and spectral
information about sample components. The pilot analysis of
38 strains proved an interesting coherence between SM
production and taxonomical identity, which qualify this
method to be useful for CFP analyses of fungal SM.
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Abstract The recently introduced Kinetex C18 column
packed with core-shell 2.6 pm particles is declared to pro-
vide similar efficiency and short analysis as Acquity BEH
C18 column with 1.7 pm porous particles. Unlike Acquity
BEH C18 column, Kinetex C18 column exhibited lower
column backpressure making this column compatible to
conventional LC systems. The performance of Kinetex C18
column (2.1 x 50 mm) and Acquity BEH C18 column
(2.1 x 50 mm) for gradient separation of tetracyclines
under acidic conditions (oxytetracycline, tetracycline,
chlortetracycline, and doxycycline) and macrolides under
alkaline conditions (tylosin, clarithromycin, roxithromycin,
and carbomycin) was studied. The columns were compared
by evaluation of their experimental peak capacity and its
dependence on linear velocity and gradient slope. The
maximal experimental peak capacities for analysis of tet-
racyclines were 51.8 (Acquity BEH C18 column) and 48.4
(Kinetex C18 column). This indicated that Kinetex C18 was
a suitable alternative to Acquity BEH C18 column for the
analysis of tetracyclines under acidic conditions. On the
contrary, the maximal experimental peak capacities for
analysis of macrolides on Acquity BEH C18 column was
higher (46.7) than that on Kinetex C18 column (36.9).
Moreover, application of Kinetex C18 column for the
analysis of macrolides under alkaline conditions was
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limited with respect to its decreasing performance with
growing number of injections on the column.

Keywords Column liquid chromatography - Sub-2 um
particles - Acquity BEH C18 column - Core-shell particles -
Kinetex C18 column - Macrolides - Tetracyclines

Introduction

High performance liquid chromatography represents now-
adays the most widespread separation technique applied
commonly in pharmacology, toxicology, clinical analysis
as well as various research fields [1-4].

The efficiency of chromatographic separation can be
described by van Deemter equation. The comparison of van
Deemter curves for column particles of different size
reveals that the smaller particles are used the more effec-
tive separation is obtained. This statement led to the
development of sub-2 pm particles [5] giving birth to
ultra high-performance liquid chromatography (UHPLC).
Acquity BEH C18 column packed with 1.7 pum particles is
one of the most often used UHPLC sub-2 pm particles
columns. The particles based on BEH technology (bridged
ethylene hybrid) provide excellent mechanical robustness,
chemical stability in wide pH range, high separation effi-
ciency, and short analysis time. On the other hand, particles
of this size are responsible for significantly higher back
pressure. Therefore, UHPLC columns are not compatible
with conventional HPLC systems and their use is thus
unavoidably connected with the employment of special
instrumentation capable of dealing with the pressure up to
15,000 psi [6]. A great deal of attempts was done in order
to overcome this disadvantage and develop separation
columns with similar efficiency and short analysis time
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R, R, R;
TC H OH H
OTC H OH OH
CTC Cl OH H
DOX H H OH

Fig. 1 Structures of analyzed tetracyclines

compared with UHPLC, but compatible with HPLC sys-
tems working usually up to 6,000 psi (400 bar).

These requirements are accomplished in recently intro-
duced technologies fused-core particles [7, 8] and analo-
gous core-shell particles [9, 10]. The particles of Kinetex
C18 column (core-shell technology) are composed of a
solid core (1.9 um) surrounded by a thin porous silica layer
(0.35 um). This technology enables that the analyte can
diffuse only into the pores of the thin porous layer. The
particle size together with porous silica layer provides
separation efficiency and analyses time similar to UHPLC,
but with lower column backpressure making these columns
compatible to conventional LC systems [9, 10].

The first comparative study [11] of fused-core silica and
sub-2 um particles for fast separations in pharmaceutical
process development revealed that fused-core packed col-
umns have the same or slightly better separation parame-
ters at a much lower column backpressure. Recently, Gritti
etal. [12] have compared Kinetex C18 column and the sub-
2 pm particles Acquity BEH C18 column for analysis of
large molecule mixtures and have obtained similar peak
capacities for both columns. Even though, several publi-
cations have investigated Kinetex C18 performance
[13-15], there is a lack of studies comparing this column
with conventional sub-2 pm particles columns for specific
applications in gradient mode.

The aim of this study was to compare the performance
of Kinetex C18 column and Acquity BEH C18 column for
analysis of low-molecular antibiotics of different chemical
properties on UHPLC system.

Both tested columns are declared to be stable in a wide
pH range: pH 1-12 for Acquity BEH C18 and pH 1.5-10
for Kinetex. Therefore, the columns were tested under
acidic as well as alkaline conditions.

@ Springer

The testing compounds represent antibiotics frequently
used in human and veterinary medicine, which currently
belong to potential residual environmental pollutants [16].
Tetracyclines (see Fig. 1), namely oxytetracycline (OTC),
tetracycline (TC), chlortetracycline (CTC), and doxycy-
cline (DOX), were separated under acidic conditions,
whereas macrolides (see Fig. 2), namely tylosin (TYL),
clarithromycin (CLA), roxithromycin (ROX), and carbo-
mycin (CAM) were analyzed under alkaline conditions.

Experimental
Chemicals, Standards

TC was purchased from Spofa (Prague, Czech Republic),
OTC from VUAB (Roztoky u Prahy, Czech Republic), TYL
from Fluka (Steinheim, Germany), DOX from Calbiochem
(San Diego, USA) and CTC, CLA, ROX, and CAM from
Sigma—Aldrich (Steinheim, Germany). Acetonitrile (ACN),
methanol, and trifluoracetic acid (99.95%; TFA) were of
LC/MS grade and were obtained from Biosolve (Nether-
lands), and formic acid (98-100%) was purchased from
Merck (Germany). Ammonium hydroxide A.C.S. reagent
(29% aqueous NH4OH solution) was purchased from
Sigma-Aldrich (Steinheim, Germany). Ammonium formate
was prepared of formic acid of the respective molarity and
ammonium hydroxide was added until the required pH value
was obtained.

Standard Stock Solution Preparation

Standard stock solutions were prepared with methanol at a
concentration of 1 mg mL™'. Tetracycline standard mix-
ture was prepared by mixing equal volumes of TC, OTC,
CTC, and DOX standard stock solutions resulting in a final
concentration of individual compounds of 100.0 pg mL™".
Macrolide standard mixture consisted of CLA, ROX, TYL,
and CAM methanolic solutions spiked into 50% methanol
to the concentrations of 500, 300, 50 and 50 pg rnL*l,
respectively.

Chromatographic System

Chromatographic analyses were carried out on the Acquity
UPLC™ system equipped with 2996 Photo Diode Array
(PDA) Detector (cell volume, 500 nL, optical path length,
10 mm). The dwell volume of the UHPLC system was
0.17 mL and was measured as described in [17]. The
capillary connecting chromatographic column and PDA
detector was 24 cm long with internal diameter of
177.8 pm. MassLynx V4.1 software was used for data
processing. Samples were separated on Acquity BEH C18
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Carbomycin (CAM)

Fig. 2 Structures of analyzed macrolides

column (50 x 2.1 mm i.d., particle size; 1.7 pm, Waters)
and Kinetex C18 column (50 x 2.1 mm i.d., particle size;
2.6 um, Phenomenex). One microliter of sample was
injected by Acquity Sample Manager in partial loop with
needle overfill mode (the loop volume was 10 pL).

Chromatographic Conditions
Tetracyclines

Tetracyclines were separated on both columns at 40 °C
using the mobile phase consisted of solvent A, TFA-water
(0.05:99.95, v/v) and solvent B, ACN, injection volume
was 1 pL. The gradient started at solvent composition A:B
95:5 (v/v) and changed to A:B 70:30 (v/v) (Ap = 0.25)
during the respective time of gradient t,. The PDA detector
was operating in the range from 200 to 400 nm with the
sampling rate of 10 spectra per second and the chromato-
grams were extracted at 350 nm.

Macrolides

Macrolides were separated on both columns at 40 °C
using the mobile phase consisted of solvent A, 1 mM

Tylosin (TYL)

Roxithromycin (ROX)

ammonium formate pH 9 and solvent B, ACN, injection
volume was 1 pL. The gradient started at solvent com-
position A:B 80:20 (v/v) and changed to A:B 35:65 (v/v)
(Ap = 0.45). The PDA detector was operating in the
range from 194 to 400 nm with the sampling rate of 10
spectra per second. The chromatograms for further
processing were extracted at wavelengths of 194, 194,
240, and 286 nm for ROX, CLA, CAM, and TYL,
respectively.

Comparison of Column Performance under Gradient
Conditions

The chromatographic column performance under gradient
conditions was characterized by experimental peak
capacity (P), which was calculated as follows:

In — 1
WMo v

where #y and ¢, represent the gradient elution times of the
most and less retained peak, respectively, N is the number
of peaks selected for the calculation (N = 4 for tetracycline
and 2 for macrolide analyses), and w; is the baseline peak
width of the i™ peak measured as follows:

P=1+
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o — 2(t1y2,ri = iy2g.i) 2)
1v/1.38629

where 1,5 ,.; and t;/, z; are the experimental elution times of
the rear and front parts of the peak measured at half of its
height [12].

In order to make an appropriate comparison of columns
performances the linear gradient was applied with constant
intrinsic gradient steepness, G, defined as [18, 19]:

G = SPio 3)

where S is the slope of the relationship between the loga-
rithm of the retention factor measured under isocratic
conditions (k) and the organic solvent concentration (¢) in
the case of linear solvent strength retention model (LSSM),
[ represents gradient slope, and 7, is the column hold-up
time. The LSSM describes the retention behavior and the
dependence of the retention factor of the compound on the
mobile phase composition under gradient elution condi-
tions [18, 20, 21].
According to the equation:

S = Alogk/Aep, (4)

the values of S for given compound, column and separation
conditions were obtained from two isocratic measurements
with ¢ varied for tetracyclines and macrolides, respec-
tively, on both tested columns [18].

Since the total column porosity &t of the tested columns
is different (er = 0.654 and 0.542 for Acquity BEH C18
and Kinetex C18, respectively [12]), the volumetric flow
rate F for both columns was adjusted with respect to their
er:

F = ugnr’er (5)

where r is the internal column radius, ug is the linear
velocity dependent on the column length (L), and #,:
uy = g (6)
The change of solvent composition during the
gradient, Ap, was deliberately kept constant at 0.25 for
tetracycline and 0.45 for macrolide analyses on both
columns. P was measured for 16 values of u, ranging
from 0.037 to 0.589 cm s~ with 0.037 cm s™' steps.
These measurements were performed for three different
B/ug = 0.047, 0.142, and 0.425 m™', where f depends
on time of gradient 7, as follows:

Ag
g
Table 1 summarizes linear velocities uy Wwith

corresponding volumetric flow rates F at the two
columns and times of gradient 7, for the three tested
values of f/uy.

@ Springer

Table 1 Summary of parameters employed during the Acquity BEH
C18 and Kinetex C18 columns comparison

Acquity BEH C18 Kinetex C18 Plug (m™h
0.047  0.142 0425
uo (em s~ F (mL min~") t, (min)
0.037 0.050 0.041 240.00 80.00 26.67
0.074 0.100 0.083 120.00 40.00 13.33
0.110 0.150 0.124 80.00 26.67 8.89
0.147 0.200 0.166 60.00 20.00 6.67
0.184 0.250 0.207 48.00 16.00 5.33
0.221 0.300 0.249 40.00 1333 4.44
0.258 0.350 0.290 3429 1143 381
0.294 0.400 0.331 30.00 10.00 3.33
0.331 0.450 0.373 26.67 8.89 296
0.368 0.500 0.414 24.00 8.00 2.67
0.405 0.550 0.456 21.82 727 242
0.441 0.600 0.497 20.00 6.67 222
0.478 0.650 0.539 18.46 6.15  2.05
0.515 0.700 0.580 17.14 5.71 1.90
0.552 0.750 0.622 16.00 533  1.78
0.589 0.800 0.663 15.00 5.00 1.67

Result and Discussion
Development of UHPLC Methods
Tetracyclines

During the UHPLC method development, three mobile
phases differing in the strength of organic acids (acetic
acid, trifluoroacetic acid, formic acid in water) were tested.
In all the cases, the ACN was used as an organic modifier.
The best separation of all analytes on both columns was
achieved with formic acid-water (0.05:99.95, v/v) as sol-
vent A, and ACN as solvent B of the mobile phase.

The significant effect of the column temperature on sep-
aration of tetracyclines was observed and studied in the range
from 30 to 60 °C with 5 °C steps. The higher the temperature
was the lower retention times of analytes were achieved. At
lower temperatures (30, 35 °C), the poor resolution of early-
eluting peaks (OTC, TC) was obtained, while at higher
temperatures (from 45 to 60 °C), the later-eluting analytes
(CTC, DOX) were only partially separated. This phenome-
non was observed on both Acquity BEH C18 and Kinetex
C18 columns. Therefore, the temperature of 40 °C was
chosen as a compromise parameter for both columns.

Macrolides
Strongly acidic (0.1% trifluoracetic acid), acidic (1 mM

ammonium formate, pH 4.75) and alkaline (1 mM ammo-
nium formate, pH 9) aqueous parts of mobile phases were
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Fig. 3 The dependence of maximal column backpressure p on linear
velocity u, for Acquity BEH C18 and Kinetex C18 columns

tested for macrolides separation. The alkaline conditions
were the most convenient, which corresponds with previ-
ously published data [22]. ACN as an organic modifier was
chosen with respect to low cut off, so it enables sensitive
detection of CLA and ROX, which absorb at 194 nm. The
effect of column temperature on macrolides analysis was
tested in the range from 30 to 60 °C with 5 °C steps. The
increasing temperature improved significantly the separa-
tion of the analytes and peaks symmetry in the whole tested
range. However, considering the alkaline conditions (pH 9)
employed for the separation, the temperature of 40 °C was
applied with respect to column life-time.

Comparison of the Column Performances on UHPLC
System

The dependence of maximal column backpressure
achieved during the gradient on i in the range from 0.037

to 0.589 cm s~' is shown in Fig. 3. The maximal back-
pressure on Acquity BEH CI18 column achieved at
uy = 0.589 cm s7! was 8,565 psi (macrolides) and
8,910 psi (tetracyclines), while on Kinetex C18 column, it
reached 5,205 psi (macrolides) and 3,450 psi (tetracy-
clines) at the same u,. In the whole studied range of u_ the
Kinetex C18 column backpressure was lower than
6,000 psi (400 bar), which enables to use this column in
HPLC mode.

Further, the performance of the two tested columns was
compared with UHPLC system by evaluation of their
experimental P. As described earlier, the intrinsic gradient
steepness G has to be kept constant for a fair comparison of
the columns performance. The crucial parameter deter-
mining G is parameter S (see Eq. 4). It was revealed that the
values of S are slightly higher for Kinetex C18 than for
Acquity BEH C18 column for all analytes with maximal
difference of 13.8%. However, this difference affects the
values of G only negligibly as shown in Table 2. Since this
variation influences the experimental peak capacity insig-
nificantly [12], the parameter S was considered to be com-
parable for both columns and therefore did not need to be
taken into account for the columns performance compari-
son. Three curves describing the dependence of experi-
mental P on u, at three different gradient slopes p/ug
constructed for both tetracyclines and macrolides on the two
chromatographic columns are depicted in Fig. 4. The curves
revealed that experimental P considerably decreased with
increasing u,. Even though P is according to the literature
independent on u, this phenomenon is in accordance with
previously performed experiments [12]. Additionally,
experimental P is apparently strongly dependent on gradi-
ent slope f/uy so that higher P is obtained when lower
gradient slope f/uq is applied. Nevertheless, low gradient
slope f/uq is in principle connected with long analysis time,
which is inconsistent with desired high-throughput

Table 2 Parameters S and

G for tetracyclines and Acquity BEH C18 Kinetex C18
macrolides on Acquity BEH Bl (m™h Blug (m™h)
C18 and Kinetex C18 columns
0.047 0.142 0.425 0.047 0.142 0.425
S; G = Spty S; G = Spty
Tetracyclines
OTC 2.609 2.628
Te 2127 0.0039 0.0116 0.0347 2196 0.0040 0.0121 0.0364
CTC 1.030 ’ ' ' 1.141 ' ' ’
DOX 0.778 0.884
Macrolides
TYL 1.822 1.825
CLA 0.819 0.880
G values were obtained from the ROX 0.759 0.0039 0.0118 0.0354 0.846 0.0041 0.0124 0.0372
arithmetic mean of S; values for CAM 0.305 0.347

tetracyclines or macrolides
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Fig. 4 Experimental peak
capacity as a function of linear
velocity ug in gradient
separation. a Tetracyclines on
Acquity C18 column;

b tetracyclines on Kinetex C18
column; ¢ macrolides on
Acquity C18 column;

d macrolides on Kinetex C18
column

Fig. 5 UHPLC chromatogram
of gradient separation of
tetracyclines. a Acquity BEH
C18 column; b Kinetex C18
column. Chromatographic
conditions: mobile phase:
0.05% trifluoracetic acid and
acetonitrile; column
temperature 40 °C; linear
velocity uy = 0.294 cm s
gradient time t, = 8.89 min;
change of solvent composition
during the gradient time

Agp = 0.25; gradient slope
B/ug = 0.142 m™"; injection
volume 1 pL; UV: 350 nm
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analyses. Therefore, the compromise between P and gra-
dient slope f/uq represents the crucial task.

Tetracyclines

The analyses of tetracyclines on Acquity BEH C18 and

Kinetex C18 columns employing ug = 0.294 cm s~

@ Springer

' and

B/ug = 0.142 m~" as a compromise between experimental
P and analysis time are shown in Fig. 5.

For all applied conditions, all four analytes were
baseline separated with good peak symmetry. The only
exception with poor peak symmetry was found on both

columns

at ug = 0.037 cm s!

and gradient

slope

Blug = 0.047 m~"' for CTC and DOX, which also
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Fig. 6 UHPLC chromatogram
of gradient separation of
macrolides. a Acquity BEH C18
column; b Kinetex C18 column.
Chromatographic conditions:
mobile phase: 1 mM
ammonium formate pH 9 and
acetonitrile; column E L
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resulted in a very low peak capacity at this uy and
Blup.

The maximal experimental P of Acquity BEH Cl18
column was 51.8 (at up=0.221cm s and
Plug = 0.047 mfl) and for Kinetex C18 was 48.4 (at
uo = 0.221 cm s~ ' and f/ug = 0.047 m™"). In general, the
experimental P of Acquity BEH C18 column was for tet-
racycline analysis found to be slightly higher than that of
Kinetex C18 column. On the contrary, Gritti et al. [12]
recently published results revealing better performance of
Kinetex C18 column compared with Acquity BEH C18
column under gradient conditions. However, proteins—
analytes of different properties were used in their study.
Therefore, the discrepancy can be possibly explained by
faster mass transfer in Kinetex C18 column that affects
positively the analysis of large molecules, but the analysis
of the low-molecular weight tetracyclines appears to be
influenced by this parameter less significantly.

Interestingly, the maximal experimental P for Kinetex
C18 column was for all the three f/ug achieved at same value
of ug = 0.221 cm s~!. On the other hand, the maximal
experimental P for Acquity BEH C18 column was at higher
B/ug ratios shifted to lower ug: up = 0.110 cm s~ for
Blug = 0.425 m™', uy = 0.147 cm s~ for f/uy 0.142 m ™',
and ug = 0.221 cm s~ for f/up = 0.047 m~' (see Fig. 4a,
b). The steepness of the experimental P decrease with
increasing uq was for both columns very similar.

Macrolides

The chromatograms of macrolides analyses on both col-
umns at uy = 0.294 cm s~ and f/up = 0.142 m™" repre-
senting a reasonable compromise between experimental
P and time of gradient #, are shown in Fig. 6.

3.00 4.00 5.00 6.00 7.00 8.0
Time {min)

9.00 10.00

Under all uy and gradient slopes f/uo applied, macro-
lides were well separated on Acquity BEH C18 column
with good peak symmetry rates for all peaks. Kinetex C18
column also separated macrolides sufficiently; however,
the peak symmetry rates of CLA and ROX were not
optimal. Unlike TYL and CAM, retention times of CLA
and ROX on both columns differed significantly. More-
over, worsening performance of Kinetex C18 for CLA and
ROX from one injection to another was observed. Figure 7
depicts analysis of macrolides on Kinetex C18 column
(o = 0.221 cm s~ and f/uy = 0.047 m™") and the same
analysis on the same column after 70 injections. The
Kinetex C18 column was after 70 injections incapable of
separating CLA and ROX; however, analysis of TYL and
CAM including their retention times did not differ con-
siderably. This phenomenon observed on two newly
employed Kinetex C18 columns is apparently connected
with alkaline pH of the mobile phase and with the two
specific analytes—CLA and ROX. The cause of this phe-
nomenon and whether it has a more general relevance
remains unclear and requires further investigation. With
respect to this fact, CLA and ROX were excluded from the
evaluation of the columns performance by experimental
P and only TYL and CAM were in case of both columns
considered.

The maximal experimental P of Acquity BEH C18
column was 46.7 (at uy=0.184 cm s~ and Sy =
0.047 m™ ") and for Kinetex CI18 was 369 (at
up = 0.221 cm s and B/up = 0.047 m~"'). The experi-
mental P of Acquity BEH CI18 column was up to
up = 0.294 cm s~' for all gradient slopes f/uo substan-
tially higher than that for Kinetex C18 column. However,
the differences between experimental P at higher u, were
negligible (see Fig. 4c, d). In other words, the steepness of
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Fig. 7 UHPLC chromatogram
of gradient separation of
macrolides on Kinetex C18
column. a, ¢ analysis of initial 7
injection; b, d analysis after 70 g 1082 3
injections. Chromatographic
conditions: Mobile phase:

1 mM ammonium formate pH 9 0o
and acetonitrile; column 3
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experimental P decrease with increasing u, is much flatter
in case of Kinetex C18 column.

Conclusion

The chromatographic performance of Kinetex C18 and
Acquity BEH C18 columns in gradient separation of low-
molecular tetracycline and macrolide antibiotics on
UHPLC system was tested by evaluation of experimental
peak capacity P and its dependence on linear velocity ug
for three gradient slopes f3/ug. Under all conditions, higher
P was achieved on Acquity BEH C18 column for both
antibiotic groups; however, the difference was dependent
on specific parameters and was more pronounced for
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macrolides. The markedly lower column backpressure
generated on Kinetex C18 column during the gradient
elution confirmed its compatibility with conventional
HPLC system. On the other hand, unlike Acquity BEH C18
column, Kinetex C18 column exhibited dramatically
decreasing performance with growing number of injections
for analysis of two macrolides (CLA and ROX). This
phenomenon is connected to alkaline conditions (pH 9) but
was not observed neither for the other macrolides (TYL
and CAM) nor tetracyclines analyzed under acidic condi-
tions. In conclusion, Kinetex C18 column represents a
convenient alternative to Acquity BEH C18 column for
analysis of tetracyclines under acidic conditions, but
exhibited substantial limitations for analysis of macrolides
under alkaline conditions.
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