<@ sustainability

Article

Screening of Commonly Used Antibiotics in Fresh and
Saltwater Samples Impacted by Aquacultures: Analytical
Methodology, Occurrence and Environmental Risk Assessment

Vasiliki Boti 1>3*(, Vasiliki Toli !, Christina Efthymiou !

check for
updates

Citation: Boti, V,; Toli, V.; Efthymiou,
C.; Albanis, T. Screening of
Commonly Used Antibiotics in Fresh
and Saltwater Samples Impacted by
Aquacultures: Analytical
Methodology, Occurrence and
Environmental Risk Assessment.
Sustainability 2023, 15,9199. https://
doi.org/10.3390/5u15129199

Academic Editor: Yawei Shi

Received: 9 April 2023
Revised: 2 June 2023

Accepted: 5 June 2023
Published: 7 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Triantafyllos Albanis /%3

Department of Chemistry, University of Ioannina, 45110 Ioannina, Greece; ch.evthymiou@uoi.gr (C.E.);
talbanis@uoi.gr (T.A.)

Institute of Environment and Sustainable Development, University Research Center of Ioannina (URCI),
45110 Ioannina, Greece

Unit of Environmental, Organic and Biochemical High-Resolution Analysis-Orbitrap-LC-MS,
University of Ioannina, 45110 Ioannina, Greece

Correspondence: vboti@uoi.gr

Abstract: Traditionally, antibiotics have been used to treat human and animal diseases caused by
pathogenic bacteria. The aquaculture industry, which is massively expanding currently, also makes
use of several antibiotic classes, resulting in potential antibiotic residues in the surrounding aquatic
environment, as well as the cultured products raising bacterial resistance. The aim of this study was
the optimization, validation, and application of a solid-phase extraction (SPE) method in combination
with liquid chromatography (LC)-LTQ/Orbitrap mass spectrometry in order to determine the most
commonly used antibiotics in waters sampled from fish farms, both saltwater and freshwater, located
in Greece. Under optimum conditions, the method was validated, achieving recoveries in the range
of 57.7% (for sulfamethoxazole in river water) to 95.8% (for florfenicol in river water). The method
quantification limits were within the range of 0.25 and 10 ng-L~! in all cases, with relative standard
deviations (RSDs) < 15.9%. The application of the proposed methodology revealed the presence of
oxytetracycline and trimethoprim traces. Finally, an assessment of the environmental risk posed by
the detected antibiotics was performed, calculating either the risk quotient (RQ) for three trophic
levels (8.013 x 107° < RQ < 0.496) or the mixture RQ (0.005 < RQ < 0.682), proving that in all cases,

the risk was medium to low.
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1. Introduction

Aquaculture is expanding globally, because of the simultaneous rising of the demand
for seafood and the decline in catchable wild fisheries [1-3]. Among pharmaceuticals,
antibiotics have demonstrated good results over the years, concerning the prevention
or treatment of bacterial infections in humans and animals, including aqua species [4].
Although the major input of these compounds is decisive, the massive expansion of aqua-
culture and the excessive use of antibiotics have posed serious threats to aquatic ecosystems
through direct release and to human health via dietary habits.

It has been many years since commercial antibiotics were first developed and they
have proliferated enormously, both in variety and number, up to the present day [5,6].
Their excessive use in medicine, veterinary practice, and agriculture contributes to the
emergence, selection, and spread of antibiotic-resistant bacteria and genes [4,7]. Many of
the antibiotics utilized in aquaculture are also applied in human medicine [8]. As fish may
be a source of bacterial infections for humans via consumption, it is crucial to control the
emergence of antimicrobial resistance (AMR) and mitigate possible environmental and
human health concerns [9]. Therefore, many antibiotics have lost their efficacy and have
become partly unreliable or threatening to both human and animal health [10,11].
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Greece is a major producer of fish products in Europe, with the majority originating
from near-shore and offshore marine aquaculture facilities. It produced 123.620 tons of
marine finfish in 2016, primarily gilthead seabream and European seabass, while in 2019,
total aquaculture production reached 149.975 tons [12,13].

Among antibiotics approved for use in aquaculture, oxytetracycline (tetracycline),
sarafloxacin (fluoroquinolone), florfenicol (amphenicol), erythromycin (macrolide), sul-
fadimethoxine, sulfamethoxazole (sulfonamides), trimethoprim (diaminopyrimidine), and
oxolinic acid (quinolone) are the most frequently used [14,15]. However, each country has
set its own regulations regarding the use and the concentrations of antibiotics in aquacul-
ture and food. The Aquatic Animal Health Code (AAHC) was developed by the World
Organization for Animal Health (WOAH), in order for the AAHC to establish the guide-
lines and maximum residue limits (MRLs) for the responsible use of antimicrobial agents
in aquatic animals. Therefore, a list of veterinary antibiotics has been published, aiming for
the best balance between animal health needs and public health considerations [16-18].

Overall, the entry of antibiotics into the environment often leads to the pollution of
terrestrial and groundwater ecosystems, finally entering the food chain and ultimately
reaching humans. The rapid growth of aquaculture has resulted in an increasing burden
on the aquatic ecosystem. Although antibiotics can be partly digested after ingestion, up to
80% of antibiotics are eliminated in the urine or feces without fully decomposing [7,19,20].
Moreover, the overuse and illegal application of antibiotics has resulted in their pseudo-
persistent behavior in aquatic environments. Even though many environmental processes,
such as photolysis (direct or indirect), could be considered as an effective way to decrease
the antibiotics’ concentration in the environment, their continuous addition or discharge
in water bodies has led to a consistent detected concentration of these contaminants,
especially near fish farming facilities [21,22]. Therefore, a need to control and determine
the presence of residues of antibiotic compounds in water bodies possibly impacted by
nearby aquaculture facilities has arisen.

Analysis of the presence of such antibiotics is challenging as they often occur at trace
levels, which necessitates the use of reliable and sensitive analytical techniques, so as to
identify and quantify them in aquatic environments. Despite the existence of different
and novel analytical techniques, solid-phase extraction (SPE) remains the most popular,
easy to handle, and adaptable extraction method with regard to water samples [23-26].
Furthermore, when it is combined with up-to-date, accurate-mass and high-resolution in-
strumentation such as the hybrid LTQ/Orbitrap MS, the selectivity and sensitivity achieved
for antibiotic analysis is very reliable. Such methods are of crucial importance in the screen-
ing of antibiotic residues—which is still limited in Europe—given the threat these residues
pose to aquatic ecosystems.

This study is aimed at optimizing, validating, and applying an analytical, SPE-based
methodology for the simultaneous determination of the most commonly used antibiotic
compounds in fish farm facilities of both fresh and saltwater. Six antibiotic compounds
were selected which are representative members of different chemical groups. The main
parameters that influence the extraction technique were optimized for the appropriate
conditions to be configured. Separation, identification, and quantification of the selected
antibiotic compounds with a high-resolution and accurate mass LC-LTQ/Orbitrap MS
system was also investigated. Finally, this study sought to assess an updated and complete
environmental risk posed by the detected antibiotics at three trophic levels using the risk
quotient (RQ) calculation method.

2. Materials and Methods
2.1. Standards and Materials

Analytical-grade standards (purity greater than 94%) of the selected antibiotics, oxyte-
tracycline (OTC)—oxolinic acid (OXO), erythromycin (ERY), trimethroprim (TMP), and
sulfamethoxazole (SMX)—were obtained from Sigma-Aldrich (Taufkirchen, Germany)
besides florfenicol (FFC) which was purchased from Dr. Ehrenstorfer GmbH (Augsburg,
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Germany). In Table S1, the physicochemical properties and therapeutic use of each selected
analyte are depicted.

All solvents used were of high purity (LC-MS grade), including methanol and water
purchased from Fisher Scientific (Leicester, UK) and dichloromethane from Acros Organics
(Geel, Belgium). Additionally, hydrochloric acid, sulfuric acid, formic acid (Merck, Darm-
stadt, Germany), disodium hydrate ethylenediamine tetraacetic acid (EDTA.Nay.2H;0)
(Merck, Darmstadt, Germany), as well as ammonium formate (Fluka Analytical Taufkirchen,
German) were used during the experimental procedure. Individual stock solutions were
prepared at 1000 or 2000 mg L~ in methanol and stored in amber glassware at —20 °C.
Stock solution of oxolinic acid was prepared in methanol by adding 100 uL NaOH 1 M,
due to its small solubility in methanol [27]. Erythromycin’s stock solution was prepared
in its anhydro erythromycin form (ERY-H,O) since erythromycin is easily degraded in
the aquatic environment and finally detected as the above-mentioned degradation prod-
uct, according to the existing literature: initially, a standard solution of erythromycin of
2000 mg L~ was prepared and then it was diluted to a new standard solution of ery-
thromycin of 500 mg L~!. The newly prepared solution was acidified using sulfuric acid
0.25 M to obtain a pH value of 3 and left under stirring for 4 h [28-31] The standard stock
solution of oxytetracycline was stored for one month at —20 °C and then it was re-prepared
due to the fact that oxytetracycline decomposes easily [32]. All working solutions were
stored in amber glassware at 4 °C.

Extraction of the water samples was carried out by solid-phase extraction (SPE) using
Oasis HLB extraction cartridges (divinylbenzene /N-vinylpyrrolidone co-polymer, 200 mg,
6 mL) supplied from Waters Corporation (Milford, CT, USA).

2.2. Sampling and Sample Preparation

Water samples (sea and river) were collected and used for the method optimization
and validation. Subsequently, a series of seawater samples were collected (Figure S1) in two
saltwater fish farms in Greece, located in the Ionian Sea, NW Greece, from two sampling
points: one in each fish farm center (Slc, S2c), one sampling point in each fish farm’s exit
(Sle, S2e) to the outer sea and one reference point (Sr) around 700 m away from the farms,
all at 2 m from surface. In addition, fresh water was sampled (Figure S1) along one of
the rivers in NW Greece (Louros river) severely impacted by local aquaculture facilities.
The river sampling stations included points starting from the river spring (R1), serving as
reference points R2 and R3, two points along river and before fish farms, point R4 inside
one fish farm, and the sampling point R5 located at the river estuary. The reference points
were used as controls and to carry out the method optimization and validation. Purpose
of the selected sampling campaign, apart from exploring the antibiotic load inside and
farther from the surrounding fish farms’ aquatic environment, was also to investigate the
application of the proposed method in waters of different characteristics such as sea and
river waters. Samples were collected in amber glass bottles of 2.5 L and were transferred
to the laboratory, filtered through GF/F glass fiber filters (0.7 pm pore size, Whatman
International Ltd., Maidstone, UK), and stored at —4 °C until analysis.

Targeted analytes were extracted using an off line solid-phase extraction (SPE) system
(12-port vacuum extraction manifold, Visiprep-DL, Supelco) connected to a vacuum pump
by using Oasis HLB cartridges. Initially, an appropriate volume of Na,EDTA solution was
added, to achieve a concentration of 0.1% in 250 mL of water sample. Addition of Na,EDTA
as a chelator has been shown to prevent antibiotics from forming complexes with metallic
ions, resulting in increased recoveries [33]. Sample pretreatment included its acidification at
pH 3.5 with 1 M HCL Then, the Oasis HLB extraction columns were placed in the extraction
apparatus and were pre-conditioned with the successive percolation of 6 mL methanol
and 6 mL of LC-MS water at a flow rate of ~1 mL min~'. Immediately after activation
and before the adsorbent dries, the pretreated acidified water sample (250 mL) was added
for extraction at a flow rate of ~2 mL min~!. Without leaving the sorbent to dry, 6 mL
of LC-MS water was added as a wash step in order to remove interfering substances and



Sustainability 2023, 15, 9199

40f19

cartridge remained under vacuum for 30 min to achieve complete removal of the moisture.
The elution of the antibiotics was performed with 2 x 5 mL methanol at a flow rate of
~2 mL min~!. The eluents were evaporated to dryness under a gentle stream of nitrogen
and then reconstituted in 0.5 mL of methanol: water (10:90, v/v) with 0.3% formic acid. The
final extract was transferred to an autosampler vial and subjected to LC-LTQ/Orbitrap MS
analysis. The validation of the analytical method was performed using fortified samples
with an appropriate volume of the target analytes to achieve the concentration range of
0.25-250 ng L~! based on the latest SANTE guidelines [34]. The application of SPE method
to sea and freshwater samples impacted by aquacultures occurred after its optimization
and validation. Prior to analysis, the physicochemical characteristics of the water samples
were measured, as illustrated in Table S2, by applying standard methods. The temperature,
salinity, conductivity, and total dissolved solids (TDS) were measured by a WTW LF
3215 conductivity meter with TetraCon 325 Probe (WTW, Weilheim, Germany), and the pH
was directly measured using a Consort C932 analyzer (Constort N'T, Turnhout, Belgium)
with a HI-1230 pH electrode (Hanna Instruments, Woonsocket, RI, USA).

2.3. LC-LTQ/Orbitrap MS Analysis

Chromatographic separation was accomplished by an Accela LC system (Thermo
Fisher Scientific, Inc. GmbH, Bremen, Germany) which consisted of an Accela AS autosam-
pler model 2.1.1 and an Accela quaternary gradient LC-pump. The LC system was coupled
with an LTQ-FT Orbitrap XL 2.5.5 SP1 mass spectrometer (Thermo Fisher Scientific, Inc.
GmbH, Bremen, Germany). The linear ion trap (LTQ) part of the hybrid MS system was
equipped with an Ion Max Electrospray Ionization (ESI) probe, operating in positive and
negative ionization mode while the instrument control and data processing were carried
out by Xcalibur 2.1 software (Thermo Electron, San Jose, CA, USA).

The target antibiotics were separated on a reversed-phase Hypersil GOLD PFP analyt-
ical column (50 mm x 2.1 mm i.d., 1.9 um) from Thermo Fisher Scientific (Thermo Fisher
Scientific, Inc. GmbH, Bremen, Germany). Oxytetracycline, oxolinic acid, trimethoprim,
sulfamethoxazole and ERY-H,O were identified as protonated molecular ions [M+H] *
in positive ionization mode (PI), while florfenicol formed the deprotonated molecular
ion [M—H]™ in negative ionization mode (NI). Chromatographic analysis in both cases,
PI and NI, was performed using the relevant gradient elution programs (Table S3) with
initial mobile phases consisting of (A) water and (B) methanol. In the PI case, 0.1% formic
acid was added in both (A) and (B) while for NI 0.1%, formic acid and 5 mM ammonium
formate were added accordingly. The flow rate was kept constant at 300 pL min~! in both
modes; the oven temperature was set at 27 °C and the injection volume was set to 10 uL.
Elution programs were tested in order to find the best compromise over minimum run time,
enhanced sensitivity, and well-shaped compound peaks. All analytes were successfully
separated in no more than 9 min runs in total. Antibiotic compounds were identified on
the basis of their retention times, their expected molecular ions and their main fragment
ions, too.

The instrument main parameters were optimized at the instrument tuning sections,
apart from some important ones (injection solvent and volume, scan mode, automatic
gain control (AGC) value) that were optimized manually. Single ion monitoring (SIM) in
positive (PI) and negative (NI) ionization mode was applied with mass resolving power
of 60,000 FWHM, and extracted ion chromatograms were used for identification and
quantification purposes. Moreover, a data-dependent acquisition (SIM MS/dd-MS?) using
collision-induced dissociation (CID, 35% normalized collision energy, NCE) was applied for
the analytes’ confirmation through their main produced fragments (Table S4). Operational
parameters of LTQ-Orbitrap HRMS instrument are reported in supporting information
section (Table S5). The mass tolerance window was set to 5 ppm.
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2.4. Environmental Risk Characterization

The environmental risk was assessed by the risk quotient (RQ) method, according
to the revised EMEA guidelines [35]. It is an important tool to characterize the potential
ecological risk posed by many contaminants such as antibiotics in aquatic ecosystems. RQ
is defined as the ratio of the measured environmental concentration (MEC) to the predicted
no-effect concentration (PNEC), for species from at least three trophic levels (see Equation
(1)). A PNEC is obtained by dividing the lowest no-observed-effect concentration (NOEC)
for the most sensitive species with an appropriate safety factor (Equation (2)). Thus, an
ERA requires acute and chronic ecotoxicity data for standard test organisms such as algae,
Daphnia (invertebrates), and fish [36].

MEC
RQ = PNEC @)
PNEC — (LC50 or E(iSli) or NOEC) ‘ )

In accordance with the EMEA guidelines and the technical guidance document on
risk assessment by the EU [37,38], the PNEC values for each detected compound were
derived from the lowest available values of acute LC50 or EC50 divided by an assessment
factor (AF) of 1000. In the case of chronic toxicity, NOEC-value was used, divided by an
assessment factor of 100, 50 or 10 with regard to the availability of chronic NOECs for one,
two, or three trophic levels, respectively. In this study, information was collected from the
literature on the acute or chronic toxicity of the target antibiotics to fish, invertebrates, and
algae [39] (Tables S6 and S7). The MEC in the surface waters was analyzed and the PNECs
derived were used to calculate the RQ of each antibiotic detected following the “worst-case”
scenario; thus, the maximum concentraon value of each antibiotic for river and sea water
samples, respectively, was applied. Levels of concern taken into consideration for RQ
were defined as high ecological risk for RQ > 1, medium risk for 0.1 < RQ < 1, and low or
negligible risk for 0.01 < RQ < 0.1 [40,41].

In fact, multiple antibiotics in the environment may interact simultaneously with
aquatic organisms. The water quality that has been investigated substance by substance
may lead to underestimation in aquatic risk assessment; thus, the evaluation of the toxic
effects of micropollutant mixtures becomes necessary [42]. Therefore, an approach based
on summing up the MEC/PNEC ratios for each antibiotic was applied in order to assess
the risk at each sampling point where more than one antibiotic was detected, for acute and
chronic toxicity. A final mixture risk quotient corresponding to the antibiotic mixture per
each sampling point, termed RQmpcpnEc, Was calculated according to Equation (3):

_yvn MEC;
RQuEc/pNEC = it (prEc,)
- 3
_ Z MEG; 3)
min(ECSOﬁSh/ ECSOinvertebrates/EC5Oalgae)i x1/AF

i=1

A second approach to the estimation of the mixture RQ was also applied; that is,
summing the toxic units (STU) of the trophic level with the highest predicted sensitivity to
the mixture (maximum STU among trophic levels used) multiplied with the corresponding
AF and termed RQSTU (Equation (4)):

RQsty = max(STUgsh, STUinvertebrates, STUalgae) x AF =

4)
n PEC; n PEC; n PEC; ) (
m I o ! . X A
aX( i=1 PNECi, fish ” i=1 1—JI\IECL invertebrates ” i=1 PNECL algae F

The ratio between RQygc/pnec and RQsry is generally found to be in the range of
1-3 [43,44], and the second approach is recommended for use as the next step for cases in
which RQumecpNEC exceeds one [45].
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3. Results and Discussion
3.1. LC Separation-LTQ/Orbitrap MS Determination

The target antibiotics were satisfactorily eluted with a methanolic gradient elution
program on a pentafluoro phenyl (PFP) analytical column that, alternatively to C18 columns,
produces the separation of halogenated compounds and non-halogenated polar compounds.
It is noteworthy that selection of the injection solvent is crucial in terms of well-shaped
peaks and separation efficiency of such difficult-to-resolve mixtures as the relatively polar-
selected antibiotics. Due to the fact that the use of methanol as the injection solvent resulted
in peak fronting especially for the most polar analytes, a mixture of water and methanol
was tested. It was observed that as the water content in the methanol increased, the
chromatographic separation and peak shape optimized. Thus, methanol/water (10:90, v/v)
was selected as the optimum injection solvent. Moreover, the addition of formic acid in the
injection solvent was found to lead to enhanced peak intensity and morphology with the
percent content of 0.3% formic acid being adopted as the optimum (Figure 1).

RT:2.73 RT:2.73 RT:275 . __
100 N 3756 100 NL: 1.33E7 100 NL: 7.78E6
80 m/z=291.1437-291.1467 80 m/2=291.1437-291.1467 80 r'n]z\f_ésll?;‘lgz;i\luh‘
60 FTMS + ¢ ESI SIM ms 60 FTMS + c ESI SIM ms 60 MSxcEX M ms
40 40 40
20 20 20
0 T- 2 0 -9 0 , 5
100 RT:2.94 —p— i RT: 294 T 1% RT: 2.95 —
_: 2.10E6 NL: 8.16E5 9.98E5
80 m/z= 254.0581-254.0607 80 m/z=254.0581-254.0607 80 m/z=254.0581-254.0607
60 FTMS + ¢ ESI SIM ms 60 FTMS + ¢ ESI SIM ms 60 FTMS + ¢ ESI SIM ms
40 40 40
20 20 20
s 0 % 0 2o 3
2 100 RT: 3.12 — 2 100 100 RT:3.12 ;1. 4 06E4
g m/z=461.1532-461.157 £ 32 FTMS + ¢ ESI SIM ms
2 60 FTMS + ¢ ESI SIM ms Z 60 <60
g 40 2 40 Z4
22 22 352
= 1% RT;4.06 e RT: 4.06 &% RT: 409
50 NL: 1.62E6 i NL: 1.82E6 . NL: 1.50E6
% m/z=262.0697-262.0723 2 m/z=262.0697-262.0723 E m/z=262.0697-262.0723
60 FTMS + ¢ ESI SIM ms 60 FTMS + ¢ ESI SIM ms 60 FTMS + ¢ ESI SIM ms
40 40 40
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0 i 2 0 X 3 0 %
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60 MS SISIMms RT:7.04 60 SI SIM ms 60 1S SISIM n
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Figure 1. Comparative depiction of the SIM-LC-LTQ/Orbitrap MS chromatograms of the antibiotics
in PI at concentration 50 pg L L (a) injection volume 10 pL, AGC 5 x 10%, 0.3% FH; (b) injection
volume 10 uL, AGC 5 x 10%, 0.3% FH; (c) injection volume 10 uL, AGC 5 x 10%, no FH.

All target antibiotics were detected in positive ion mode as [M+H]* whereas florfenicol
was monitored in the negative ion mode as [M—H]~. The molecular ions were identified
and quantified in a time-scheduled selected ion monitoring (ts-SIM) acquisition mode.
SIM mode was compared with the full scan mode and was found to be more sensitive,
achieving lower quantification limits, especially in the case of tetracycline, as depicted in
Figure 52. After SIM mode was selected, as many parameters of the acquisition method
as possible were optimized in the tuning sections of the instrument by direct infusion of
known concentrations of the target antibiotics, in order to acquire maximum sensitivity
and selectivity. The common tuning parameters such as tube lens and ion optics voltages,
which depend mainly on the molecular structure of the analytes, as well as the capillary
voltage, were optimized automatically. For the analytes detected in the positive ion mode,
some parameters were found to be important including the injection volume, the content
of formic acid in the injection volume, and the automatic gain control (AGC) target value.
The tested conditions are depicted in Figure 1, resulting in optimum values of 10 uL for



Sustainability 2023, 15, 9199

7 of 19

the injection volume, 0.3% formic acid in the injection solvent, and AGC value of 5 x 10*%.
Moreover, a resolution of 60,000 FWHM proved to be ideal in order to simultaneously
achieve a good peak shape and width, low mass errors, and adequate data points over the
chromatographic peak. It has been reported [46] that fewer peak data points are observed
as the analyte’s concentration decreases, without significantly affecting the Orbitrap mass
spectrometer’s efficiency to produce high-quality results. Additional confirmation of the
antibiotic residues was obtained via their main fragment ions, acquired in data-dependent
mode using a collision-induced dissociation (CID 35%) fragmentation process. Table S4
illustrates the main LTQ-Orbitrap mass spectrometric characteristics of the selected antibi-
otics. In Figure S3, the characteristic ts-SIM-LC-LTQ/Orbitrap HRMS chromatograms are
depicted of all analytes of interest in a distilled water matrix-matched substrate at 25 ug L~?
using the optimum conditions, indicating mass errors below 3.0 ppm in all cases.

Under optimal conditions, seven-point solvent calibration curves were constructed
to determine the instrument’s analytical characteristics, in the range of 0.1-500 pg L~!
depending on the analyte, using the peak areas. The calibration graphs were constructed
using three replicated measurements per point corresponding to peak area. In all cases,
experimental points fitted a linear model with relative standard deviation (RSD;) ranging
from 0.3 to 4.8%. Excellent linearity in detector response was observed for all target
antibiotics (>0.9991), while the instrument limits of quantification (LOQ;s) ranged from
0.1 ug L~! for trimethoprim and oxolinic acid to 5 g L~! for sulfamethoxazole and anhydro
erythromycin form.

3.2. Optimization and Validation of the SPE Method

Antibiotics were extracted from water samples via a modified solid-phase extraction
method based on the existing literature [28,41,47,48]. The most crucial parameters were
optimized, including the sample pH, the elution solvent, and the extraction cartridge
type. The sample pH can significantly control the analyte’s retention and elution from
the cartridges. For example, many drugs have acidic or basic properties, and it can be
anticipated that their cartridge retention and elution behavior will be affected by the pH of
the extraction system [49]. Table S1 illustrates the main physicochemical properties of the
selected antibiotics. The wide range of their Ko, (lipophilic character) and pK, values is
indicative of the need to adjust pH in order for the analyte to correctly interact with the
sorbent material of the extraction columns. In addition, an elution solvent system able to
obtain antibiotics from the cartridges’ sorbent is crucial. The selection of the type of the
cartridge is also dependent on the analyte’s properties, with the reversed-phase being the
most commonly used, generating better efficiency overall. These parameters were tested for
the compounds monitored in the positive ion mode. Data were obtained after conducting
experiments in triplicates. Afterwards, the optimized method was applied for florfenicol
analysis (negative ion mode), for which excellent performance was also observed.

Solid-phase extractions using Oasis® HLB (6 cm®, 200 mg) cartridges (divinylbenzene/
N-vinylpyrrolidone copolymer) have been known to efficiently extract diverse groups of
antibiotics from aqueous matrices [23,50-55]. Oasis MCX that is a mixed polymeric-cation
exchange column could also efficiently extract acidic, basic, and neutral compounds at low
pH values [56]. However, preliminary experiments of these two cartridge types exhibited
a significantly lower MCX performance (Rec < 45%) for all analytes and thus, HLB was
considered as the most suitable sorbent for the target analytes” enrichment from aqueous
matrices. This was in accordance with the majority of the studies in which HLB columns
were selected for the extraction of tetracycline and macrolide antibiotics, since they are
silanol-free, avoiding the antibiotics binding [56].

The pH of the sample significantly affects the chemical form of the analytes in the
water, their stability, as well as the interaction between the analytes and the sorbent material
of the extraction columns. Consequently, for sample preparation it is important to consider
the pK, value of each target compound. With regard to the reversed-phase mechanism,
analytes should be in their neutral form. Thus, the pH of charged, ionizable compounds
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should be adjusted to two units above or below the analyte pKa, according to the charged
group (basic or acidic compounds) [57]. The pK, (Table S1) of the selected antibiotic
compounds range from 1.97 (sulfamethoxazole) to 8.88 (erythromycin)and this is due to
the fact that these compounds belong to different groups (tetracyclines, sulfonamides,
etc.) which contain acidic and/or basic groups and, therefore, for their ionization, the
pH must be adjusted. It is common practice to adjust pH values between 2.0 and 4.0 in
the case of multi-residue analyses, whereas few studies exist which do not incorporate
pH adjustment. However, in studies involving several water types with different pH
values, pH adjustment is preferable when obtaining universal extraction conditions for
all samples [56]. Thus, in this study, three different pH values were investigated: 3.5, 5.5,
and 7.0 as the best compromise over the selected antibiotics” properties (pK, values), the
type of water samples, the and columns’ sorbent material. The recovery of trimethoprim
remained relatively unaffected by the tested pH values, while oxytetracycline presented
better recoveries for pH = 5.5 and pH = 3.5. ERY-H,O exhibited improved recovery at acidic
pH and especially at pH = 3.5 when compared to neutral pH 7.0, in accordance with the
relevant literature [58] (Figure 2). A pH value of 3.5 was selected for antibiotics extraction
as the best compromise which is also documented by several authors [59,60].

90 -+
80 -

70 -
60 -
50
40
30 -
20 -
10 -
0 -

MP OTC OXO  ERY-H20 SMX
EMpH35 mMpHS55 pH7.0

Recoveries (%)

Figure 2. Recoveries (%) after SPE of the selected antibiotics in different pH conditions (HLB
cartridges; methanol as the elution solvent).

Following this, the suitable elution solvent system was explored. Generally, the choice
of solvents significantly affects both the retention of the analyte in the adsorbent material
and its subsequent elution. Methanol is known to generate strong hydrogen bonds and it
has a high permeability for many analytes; thus, it can induce highly efficient elution for the
majority of analytes, including antibiotics. The selected antibiotic compounds are relatively
polar compounds (Table S1); therefore, the relevant eluents must be selected. Tetracyclines
and SAs, for instance, are compounds with great polarity and water solubility, so that
they are miscible in bases, acids, and polar organic solvents (especially alcohols) while
macrolides (MLs) are mild acids, lipophilic, and poorly water-soluble [61,62]. Quinolone
antibiotics have a high polarity and generally amphoteric characteristics and display poor
water solubility at pH 6-8 [61]. In general, both acetonitrile and methanol are the common
eluents for antibiotics’ recovery from HLB-sorbent material. However, methanol results
in better chromatographic peaks and, compared to acetonitrile, evaporates faster under
a stream of nitrogen. Due to the multi-class analysis required in this study, methanol
was tested alone and acidified along with the inclusion of another polarity grade but still
easily evaporating solvent—dichloromethane. The three different elution systems were
(1) methanol, (2) methanol acidified with 0.1% formic acid, and (3) methanol followed by



Sustainability 2023, 15, 9199

90f19

methanol-dichloromethane (50:50 v/v). Based on the obtained results, it was observed that
methanol and acidified methanol exhibited slight difference; thus, methanol was selected
as the most appropriate elution solvent (Figure 3).
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Figure 3. Antibiotics’ recoveries (%) after distilled water extraction using SPE testing of different
elution solvent systems (HLB cartridges; pH 3.5).

The optimized SPE method was then validated in terms of trueness, linearity range,
limits of detection (LODs), and quantification (LOQs) along with precision as relative
standard deviation (RSD %) and matrix effect (ME %). Method validation was performed
in water samples of different origins (distilled, river, and sea water) (Table 1). For that
purpose, aqueous samples were fortified with a mixture of the target antibiotics at the
appropriate concentration levels, were subjected to the optimized SPE methodology as
described in Section 2.2, and then injected into the liquid chromatography-LTQ/Orbitrap
mass spectrometry system.

Table 1. Main analytical method characteristics after SPE validation at 50 ngL.~!.

Distilled Water Seawater River Water
Antibiotic  Rec RSD, RSDg LOQ Rec RSD, RSDg LOQ Rec RSD; RSDg LOQ
(%) (%) (%) (ngL-1) (%) (%) (%) (ngL-1) (%) (%) (%) (ngL-1)
TMP 875 712 8.07 0.25 94.6 8.34 14.9 2.40 817 185 7.60 0.30
SMX 616 126 7.50 5.00 74.1 1.05 6.50 5.00 577 6.62 15.9 5.00
OTC 741  5.66 10.3 10.0 2.6 484 7.90 10.0 772 539 115 10.0
OXO 852  3.84 5.77 2.40 925 3.70 8.64 1.00 799 434 114 2.40
ERY-H,O0 771 462 8.37 10.0 77.1 492 11.2 10.0 817 492 10.2 10.0
FEC 89.5  1.89 8.69 2.40 90.8 3.59 9.54 2.40 958 3.8 9.04 5.00

Linearity range was evaluated by spiking each water sample with a mixture of the
antibiotics, to obtain concentrations ranging from 0.25 to 250 ng L~!. The response of the
detector was found to be linear in the range of LOQ to 250 ng L ! depending on the analyte,
with coefficients of determination (R%) above 0.997 in all cases.

The method’s trueness was based on the calculation of the recoveries in fortified
distilled, river, and sea water samples. The recoveries of antibiotics were calculated for the
concentration level of 50 ng L~! and were analyzed in triplicates (n = 3). The level selection
was based on the concentration levels at which the selected compounds are generally found
in the environment [23,63-71]. As shown in Table 1, mean recoveries in distilled water
ranged from 61.6% (sulfamethoxazole) to 89.5% (florfenicol), in river water from 57.7% (sul-
famethoxazole) to 95.8% (florfenicol) and in seawater from 74.1% (sulfamethoxazole) to
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94.6% (trimethoprim). As it can be deduced, recoveries were enhanced in seawater when
compared to other substrates, due to the fact that the ionic strength is one of the factors
that positively affect the antibiotics” extraction. The extraction capacity of the selected
compounds was increased due to the salting-out effect observed in the case of seawater
extraction [72]. Five replicates (n = 5) of each kind of fortified water of 50 ng L~1, were
analyzed in the same day to calculate the repeatability of the method (RSDy), and in five
consecutive days to obtain the reproducibility of the method (RSDg). The method’s repeata-
bility ranged from 1.3% to 7.1% for distilled water, from 1.9% to 6.6% for river water, and
from 1.1% to 8.3% for seawater, while reproducibility was in the range of 6.5% (sea water)
and 15.9% (river water) (Table 1).

The suggested SPE method’s LOQs, determined as the signal to noise ratio equal to 10,
were found to range from 0.25 ng L' (Trimethoprim) to 10.0 ng L~! (Oxytetracycline and
ERY-H,0) in distilled water, in river water they ranged from 0.30 ng L~! (Trimethoprim)
to 10.0 ng L~! (Oxytetracycline and Erythromycin-H,0), and in seawater ranged from
1.00ng L~ (Oxolinic acid) to 10.0 ng L1 (Oxytetracycline and Erythromycin-H,O) (Table 1).
Finally, the method’s LODs, determined as a signal to noise ratio of 3, were found to be
in the range of 0.07 ng L~! to 3.00 ng L~ for the three matrices. Generally, the method
offered comparable or improved performance features compared to previous SPE-LC-
MS/MS methodologies for the determination of antibiotics in several types of surface
waters [73-76].

The matrix effect (ME) is generally defined as the combined effect of all the components
of which a sample may be composed, in the analytical signal, except for the substances
to be determined. It is a substantial concern in LC/MS studies, especially in electrospray
mass spectrometry due to the fact that ESI is very liable to other components presence in
the sample which may lead to inaccurate results [41]. To estimate the matrix effect, it is
necessary to compare the calibration curve slopes derived from the standard solutions and
matrix-matched standards (substrate-simulated solutions). Experiments were conducted
in triplicates. Slight matrix effect (ME) values (Figure 4) were observed ranging between
—20% and 20% in many cases. In river water, the effect of the matrix negatively contributed
to the signal response for all compounds except florfenicol for which the effect was not
significant. For seawater, all target antibiotics exhibited an insignificant matrix effect, while
medium signal suppression was observed for trimethoprim and, on the contrary, signal
enhancement was obvious in the case of florfenicol. Finally, when the distilled water was
tested for a matrix effect, a slight to strong increase in the signal was observed in the case
of sulfamethoxazole.

™P SMZ OTC OXO  ERY-H20

1irrrrl
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Matrix effect (%)
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Figure 4. Matrix effect (%ME) for the studied antibiotics.
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3.3. Occurrence in Surface Water Samples Impacted by Aquacultures

The optimized and validated analytical methodology for the detection and identifi-
cation of the six targeted antibiotic compounds was further applied in real surface water
samples impacted by aquacultures. The selected sampling points are described in Section 2.2
in detail. Results are depicted in Figure S4.

Concerning the river water samples, none of the target antibiotics were detected
in the sampling points, R1, R2, and R3 as expected. However, in sampling point R4
(inside the fish farm), oxytetracycline was found at a concentration level of 38.8 ng L~!
followed by trimethoprim that was also detected but at a lower concentration (2.5 ng L™1).
Oxytetracycline was also detected at the river estuary (sampling point R5), though at
a much lower concentration than sampling point R4 (15.5 ng L~1). Sulfamethoxazole,
oxolinic acid, erythromycin, and florfenicol were not detected in any river samples.

As far as the seawater samples are concerned, oxytetracycline and trimethoprim were
again the predominant compounds detected (Figure S4). Oxytetracycline was detected in
all sampling points except the reference one, at concentrations ranging from 12.6 ng L~!
(Sle) to 84.4 ng L1 (Slc). Trimethoprim was also detected but in lower concentrations,
in the center of the first facility (Slc) (3.02 ng L™!) and at its exit, sampling point Sle
(16.3 ng L), while its concentration in the center of the second fish farm (S2c) was below
the method quantification limit. Concerning the other antibiotics, sulfamethoxazole in the
facility center (S1c) and florfenicol at its exit (S1e) were also found at trace levels. Oxolinic
acid and erythromycin were not detected in any of the samples. A positive trimethoprim
detection in the exit of the first saltwater fish farm is depicted in Figure 5.
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Figure 5. LC-LTQ/Orbitrap MS? extracted ion chromatogram (EIC) of seawater (Sle) containing
trimethoprim at 16.3 ng L.
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In summary, oxytetracycline and trimethoprim were the most frequently detected
antibiotics in both fresh and seawater samples impacted by nearby aquaculture facilities.
This is due to the fact that these two substances are among the most common antibiotic
compounds used in fish farms of both salt and fresh water. In seawater fish farms, enhanced
concentration levels of oxytetracycline were found in the center of the farms, while as the
distance from the center increased, the concentration decreased, which is easily attributed
to the sea currents and further dilution of the concentration. Oxytetracycline was also
detected in river water fish farm samples and, as has been observed, the concentration
decreased approaching the estuary. It is worth noting that at the time of sampling, the river
was at a sufficient volume, which may explain the non-detection of compounds at points
outside the unit.

Mean levels of OTC, TMP, and FFC detected in sites near trout farms of the Nera river
(Italy) were 73.9, 38.5, and 34.8 ng L ™!, respectively [19]. According to Pereira et al. [77]
levels of OTC were also detected in freshwater aquaculture in the Caima river (Portugal), at
the range of 3 to 11.9 ng L™!. Literature concerning the concentration levels of the selected
antibiotics in seawater aquafarms in Europe is limited, with the majority of studies dealing
with the detection of residues in sediments or tissues of cultivated species [78,79]. It is
noteworthy that even if the range of the targeted antibiotics differs between countries, their
residues—trimethoprim, and sulfamethoxazole—retain their place as some of the most
detected antibiotics [80].

3.4. Environmental Risk Assessment

For each compound identified in river and sea samples “based on the worst-case
scenario”, the maximum concentration values were used to assess the potential risk posed
by the antibiotics on the three trophic levels. The RQs were calculated for acute and
chronic exposure. Results for the RQ values for fish, invertebrates and algae are depicted in
Figures 6 and 7, and in Table S6. Data concerning acute and chronic toxicity for the target
antibiotics are shown in Tables S7 and S8.

TMP (river) TMP (sea) OTC (river) OTC (sea) SMX (sea) FEC (sea)
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RQmax

0.01 -

0.001 -
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..... I”I' ||[

Figure 6. Risk quotients (RQs) based on maximum concentrations in salt and river water impacted
by aquaculture facilities, for three taxonomic classes: algae, invertebrates, and fish, and acute
toxicity levels.
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Figure 7. Risk quotients (RQs) based on maximum concentrations in salt and river water impacted
by aquaculture facilities, for three taxonomic classes: algae, invertebrates, and fish, and chronic
toxicity levels.

As far as acute toxicity is concerned, none of the detected antibiotics exhibited
RQs < 1; thus, none of them posed a high risk to any of the three trophic levels tested.
However, oxytetracycline seemed to be capable of posing medium risk on invertebrates
and algae in both fresh (RQ = 0.216 and 0.229, respectively) and salt waters (RQ = 0.469 and
0.496, respectively), demonstrating RQs between 0.1 and 1. It should be noted that its
maximum concentrations were observed inside the river as well as at the sea fish farms.
Moreover, a moderate risk was probably posed to algae by sulfamethoxazole’s presence in
the sea water (RQ = 0.185). With the exception of sulfamethoxazole, that exhibited low risk
to invertebrates, in all other cases, no risk was posed, especially on fish.

Regarding to chronic toxicity, trimethoprim, sulfamethoxazole, and florfenicol posed
no risk to the three trophic levels of aquatic life in both fresh and salt waters. On the other
hand, oxytetracycline showed a low risk only to algae for river and sea water.

Opverall, the selected antibiotics” associated risk assessment highlighted the negligible
danger of these compounds in the receiving aquatic ecosystems, with the exception of
tetracycline for which, however, no high risk was detected in all cases. This is in accordance
with other studies, indicating that antibiotics pose a medium or low risk to the aquatic
environment [81-84].

The above estimation of RQs was made for each compound separately but it must be
taken into consideration that, in the aquatic environment, antibiotics are frequently present in
mixtures which may lead to toxicity risks that did not result from single compounds [84,85].

Table 2 shows the calculated RQyec/pnEc, RQsty, and their ratio, for acute and
chronic toxicity in each sampling point where more than one antibiotic was present. Thus,
the four sampling points consisted of one along the river (R4, inside fish farm) and three in
the sea (Slc and Sle inside and at the exit of fish farm 1, and S2c inside fish farm 2).

According to the results, the calculated values of risk quotients, with both approaches,
for the antibiotic mixtures were less than 1 for all relevant sampling points, indicating the
absence of a high risk for the aquatic environment, even when antibiotics are present in
mixtures. In the case of acute toxicity, risk reached the medium level inside all fish farms
(one river and two sea) while for chronic exposure assessment, low risk was posed by the
antibiotic’s mixture in all cases. The ratio of RQygc/pNEc and RQgry based on acute and
chronic toxicity reached values equal to 1 in almost all sampling sites. Similar results were
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found in other studies concerning the risk assessment of these antibiotic compounds in
surface water [86-90].

Table 2. Calculated RQypc/pnEc, RQsTu, and their ratio, based on acute and chronic toxicity for the
sampling points where more than one antibiotic was detected.

ROwmEc/PNEC RQsTU ROMEec/PNEC/RQsTU
SAMPLING POINTS - - -
Acute Chronic Acute Chronic Acute Chronic
R4 (inside river fish farm) 0.229 0.016 0.229 0.016 1.000 1.000
Slc (center of sea fishfarm1) 0.682 0.039 0.682 0.039 1.000 1.000
Sle (exit of sea fishfarm1) 0.078 0.005 0.078 0.005 1.000 1.019
S2c (center of sea fishfarm?2) 0.130 0.009 0.130 0.009 1.000 1.001

The application of the concept of mixture risk toxicity decreases deviations in the
evaluation of toxicity and may more accurately predict the potential effects of antibiotics
on aquatic organisms [91].

4. Conclusions

A targeted analytical methodology, based on SPE followed by high resolution LC-
LTQ/Orbitrap MS analysis, has been optimized and validated for the determination of the
most commonly used antibiotic compounds in fresh and salt water fish farms. Its excellent
analytical characteristics (accuracy, precision, linearity, and limits of quantification) proved
the method’s suitability for the application in sea and river water samples impacted by
nearby aquacultures. Waters were collected from the relevant sampling points in Greece.
Generally, oxytetracycline, along with trimethoprim, was detected at concentrations below
84.4 ng L~!, whereas other antibiotics were not found or were below quantification limits
in all sampling locations.

The need for their continuous monitoring has become obvious due to their wide and
intensive use resulting in their dispersion in sea and river waters, especially those hosting
fish farm facilities. Furthermore, a more comprehensive study could follow, including more
location points along impacted rivers or the related seas. The expansion of this study to
more aquaculture systems in Greece could offer an integrated assessment of the ecological
health of one of the biggest Mediterranean Sea aquatic system contributors. However, the
induced risk for the aquatic environment was proven to be medium or low at three trophic
levels in the worst case scenario, and so is the crucial mixture toxicity estimation, since the
antibiotics’ presence in mixtures may induce different toxic effects. To conclude, systematic
control of the pollutant load related to the aquaculture waters and surrounding aquatic
environment (including fish and other aquatic organisms) could be a future addition to this
study and always in a prominent place among the research community.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su15129199/s1, Figure S1: sampling location; Figure S2: comparative
depiction of the SIM—LC-LTQ/Orbitrap MS chromatograms of the selected antibiotics in positive
ionization at concentration 50 pg L' with (a) full scan acquisition mode and (b) time-scheduled
SIM acquisition mode (all other parameters were the same); Figure S3: SIM-LC-LTQ/Orbitrap MS
chromatogram of the selected antibiotics matrix-matched solution at concentration 25 ug L~1. Peaks
are: (a) florfenicol (FFC), (b) trimethoprim (TMP), (c) sulfamethoxazole (SMX), (d) oxytetracycline
(OTCQ), (e) oxolinic acid (OXO), (f) erythromycin-H20 (ERY-H;O); Figure S4: The selected antibiotics’
concentration levels expressed as percent (%) occurrence detected in each sampling point (R1-5 and
S1-2 exit and center) of surface waters impacted by aquaculture facilities; Table S1: list of the surveyed
antibiotics with their physicochemical properties and therapeutic use; Table S2: physicochemical
properties values of water samples depending on their origin; Table S3: Gradient elution programs for
positive (PI) and negative ionization (NI); Table S4: Detection parameters for SIM MS/ dd-Ms? analysis
of the selected antibiotics; Table S5: operational parameters of LTQ-Orbitrap HRMS instrument in
positive and negative ionization, respectively; Table S6. Acute and chronic RQ values obtained after
the potential risk assessment for each identified antibiotic in river and sea samples “based on the worst-
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case scenario” for the three trophic levels.; Table S7: acute toxicity data (EC50, mg/L) of antibiotics
on fish, invertebrates and algae (lower values indicated in bold font); Table S8: chronic toxicity data
(NOEC, mg/L) of antibiotics on fish, invertebrates and algae (lower values indicated in bold font).
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