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Abstract Antibiotics are a class of pharmaceuticals that are
of great interest due to the large volumes of these
substances that are consumed in both human and veterinary
medicine, and due to their status as the agents responsible
for bacterial resistance. They can be present in foodstuffs
and in environmental samples as multicomponent chemical
mixtures that exhibit a wide range of mechanisms of action.
Moreover, they can be transformed into different metabo-
lites by the action of microorganisms, as well as by other
physical or chemical means, resulting in mixtures with
higher ecotoxicities and risks to human health than those of
the individual compounds. Therefore, there is growing
interest in the availability of multiclass methods for the
analysis of antimicrobial mixtures in environmental and
food samples at very low concentrations. Liquid chroma-
tography (LC) has become the technique of choice for
multiclass analysis, especially when coupled to mass
spectrometry (LC-MS) and tandem MS (LC-MS2). How-
ever, due to the complexity of the matrix, in most cases an
extraction step for sample clean-up and preconcentration is
required before analysis in order to achieve the required
sensitivities. This paper reviews the most recent develop-
ments and applications of multiclass antimicrobial determi-
nation in environmental and food matrices, emphasizing the
practical aspects of sample preparation for the simultaneous
extraction of antimicrobials from the selected samples.
Future trends in the application of LC-MS-based techniques
to multiclass antibiotic analysis are also presented.
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Introduction

Antibiotics are defined as drugs of natural, semisynthetic or
synthetic origin with antibacterial, antifungal or antipara-
sitic activity [1]. These drugs are used as chemotherapeutic
agents in the treatment of infectious diseases in humans and
animals. They can also be used as growth promoters in
livestock farming (although EU legislation has forbidden
this practice since January 1, 2006 [2]), as well as in
agriculture to control bacterial diseases when growing fruit
or vegetables and in bee-keeping [1].

Antibiotics have attracted a great deal of attention during
the last decade, especially in relation to food safety and
their presence, behavior and fate in the environment.
Antibiotic use is the major contributor to the selection and
propagation of resistant bacterial strains that represent a
serious health risk to humans and animals. Resistance to
some antibiotics can emerge after controlled treatment, after
the prolonged use and/or following the application of
concentrations that are too low to cure but are high enough
to promote the emergence of resistant bacterial strains.

The main antibiotics used in both human and veterinary
medicine fall into the following classes : β-lactams
(β-LCs), tetracyclines (TCs), macrolides (MCs), amino-
glycosides (AGs), amphenicols (AMPs), quinolones (Qs)/
fluoroquinolones (FQs), sulfonamides (SAs), lincosamides
(LCs), glycopeptides (GPs) and polyether ionophores
(IPhs) (Fig. 1) [1]. They can be classified according to
their chemical structure or mechanism of action. Antibiotics
are used extensively in human and veterinary medicine, as
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well as in aquaculture, in order to prevent (prophylaxis) or
treat microbial infections.

These pharmaceuticals can be administered by injection
(intravenously, intramuscularly, or subcutaneously), orally,
topically on the skin, or by intramammary and intrauterine

infusions in veterinary medicine. All of these routes can
lead to the appearance of residues in foods of animal origin,
especially when the drugs are used in the wrong or an
abusive way (e.g., with withdrawal periods that are too
short, incorrect doses, self-medication, etc.).
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Data on antibiotic consumption at international level are
scarce and heterogeneous. The total antibiotic consumption
around the world was estimated at between 100,000 and
200,000 tons per year [3]. According to a survey carried out

in 2000 by the European Federation of Animal Health
(FEDESA), 13,216 tons of antibiotics were used in the EU
and Switzerland in 1999, 65% of which were applied in
human medicine, 29% in veterinary medicine, and 6% as
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growth promoters. Between 1997 and 1999, the total
antibiotic consumption increased by about 10%, although
their use as growth promoters decreased by 51% during this
period. According to a recent report in the United States,
approximately 11,200 metric tons of antibiotics were used
as growth promoters for cattle, hogs and poultry [4].

The European Surveillance of Antimicrobial Consump-
tion (ESAC) webpage provides information about the
specific consumption of antibiotics for human medicine in
Europe, expressed as “defined daily doses” (DDD, World
Health Organisation definition) [5]. There is great variation
in the use patterns as well as in the classes of antibiotics
used in different countries. Figure 2 summarizes data on the
application of antimicrobials for systemic use in DDD/100
inhabitants/day during 2006 in 24 European countries [5].
The group of β-LC antibiotics—especially penicillins
(PCs), cephalosporins (CPs) and, to a minor extent,
carbapenems (CPNs)—accounts for approximately 50–
70% of ambulatory antibiotic consumption in these selected
countries [5, 6]. The second most important group are the
MCs, followed by the TCs, FQs and SAs.

There are significant differences among the different
classes of antimicrobials in terms of their importance as
environmental contaminants. β-LCs, the most widely used
antibiotics, are easily hydrolyzed and are not usually
thought to be a serious threat to the environment, but
SAs, MCs and FQs are much more stable [7] and have been
detected in different environmental compartments [1].

After consumption, antibiotics are often metabolized
only partially and are excreted via urine or feces (Fig. 3).
The degree of metabolization varies across chemical classes
and within a chemical class and depends mainly on the

animal species and mode of application. For instance, the
degrees of metabolism of TCs, MCs and amoxicillin (a β-
LC) are lower than 20%, whereas it is higher than 80% for
SAs [8, 9]. Antibiotic metabolites can be more toxic to
humans than the parent compounds, although not much
information is available on this area [10].

Disposal of unused therapeutic drugs or residues from
the plants that produce them can also represent a source of
environmental contamination [11]. Once they are released
into the environment, the nonmetabolized active drug,
along with its metabolites, may be degraded, transported
and distributed between different environmental compart-
ments. The parent compounds and metabolites are only
partially eliminated at sewage treatment plants (STPs).
Effluents from the STPs are discharged into receiving
surface waters, and trace amounts of these pharmaceuticals
have been detected in surface and ground waters and—
more rarely—in drinking water [12].

They can also be present in sediments, especially
beneath fish farms [1], where antimicrobials are fed directly
into the water to treat infections in farmed fish. The
application of sewage sludge or manure to soils can also
be a potential route for antibiotics to enter the terrestrial
environment. The manure and slurry are typically collected
and stored before being applied to the land as fertilizer.
During storage, some antibiotics can degrade (particularly
SAs, β-LCs, MCs and AGs), whereas others (such as Qs
and TCs) are more persistent [13].

Once the drugs reach the soil, they can be partially
adsorbed onto the soil particles transported to surface
waters via overland flows or drain flows, leached into
groundwater, and/or degraded. The adsorption of antibiotics
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at the organic and mineral exchange sites in soils is mostly
attributed to charge transfer and ion interactions and not to
hydrophobic partitioning [14]. Therefore, sorption will be
strongly influenced by the pH of the medium, which will
affect antibiotic mobility and transport. Antibiotic degrada-
tion in the environment can occur through the action of
microorganisms, photodegradation processes and/or hydro-
lysis [13]. It has been shown that the binding of antibiotics
to soil particles or to sediments hampers biodegradation,
increasing their persistence in the environment [15]. For
example, Qs are strongly adsorbed onto sewage sludge,
soils and sediments, and some studies have shown that are
not biodegraded in sediments [4]. However, they are
rapidly photodegraded in waters, as are TCs, ivermectin
and furazolidone, although this process is also less effective
when the drugs are bound to the soil surface [15].

The significance of the presence of these compounds at
low levels in the environment is currently unclear, but
according to EU directives 2001/83/EC [16] and 81/852/EC
[17] and their amendments, all new pharmaceuticals must
undergo an environmental risk assessment before they are
introduced into the market. Guidelines on the assessment of
the environmental impact of veterinary and human pharma-
ceuticals have been issued by the European Medicines
Evaluation Agency (EMEA) and by the Food and Drug
Administration (FDA) in the USA [18, 19]. On the other
hand, the International Cooperation on Harmonisation of
Technical Requirements for Registration of Veterinary
Medicinal Products (VICH) has developed more specific
guidelines for veterinary products in an effort to ensure a
harmonized approach for Japan, the USA, and the EU [20,
21].

Concentration limits or tolerance levels of antibiotics in
the environment are not regulated, but they vary between
the higher µg/L range in hospital effluents, the lower µg/L
range in municipal wastewater, and the higher and lower
µg/L ranges in different surface waters, groundwater and
seawater [1].

Regarding foodstuffs, the FDA in the USA and the EU
have set maximum residue limits (MRLs) for veterinary
drug residues in foods of animal origin to ensure consumer
safety [22–24]. However, legislation can differ considerably
between different countries, especially in developing
regions, where, in many cases, national food regulations
are still being created and updated [25]. Moreover, MRLs
are not established for all of the antibiotics found in each
food commodity and food-producing species. Therefore,
veterinary drug-residue control represents an important
issue in ensuring consumer protection.

As mentioned before, antibiotic residues do not occur as
isolated parent drugs in the environment. They can be
transformed into different metabolites by the action of
microorganisms, as well as by other physical or chemical
means. On the other hand, a broad range of pharmaceuticals
are applied for human and veterinary uses, so they will be
present in the environment as multicomponent chemical
mixtures with a wide range of different mechanisms of
action. This “cocktail” usually has a synergic effect,
showing a higher ecotoxicity than the individual com-
pounds, as some authors have reported [26, 27]. According
to the current guidelines for medical product authorization
issued by EMEA, ecotoxicological assessment is not
necessary if the predicted environmental concentrations
(PEC) of human pharmaceuticals in the aquatic environ-
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ment are below 0.01 μg L−1 or below 10 μg kg−1 and
0.1 μg L−1 in soil and groundwater, respectively, in the case
of veterinary medicines. Obviously, these cut-off values are
not sufficient for mixtures of substances with similar or
even dissimilar activities [28]. Therefore, there is growing
interest in the availability of multiclass methods for the
analysis of pharmaceutical mixtures in the various environ-
mental compartments that allow realistic evaluation of the
ecotoxicological effects of these drugs for different organ-
isms. On the other hand, they are also requested by
regulatory agencies as part of their requirement to monitor
the food supply for regulated veterinary residues and
contaminants. Moreover, the application of multiresidue
analysis methods also allows the time and cost of analysis
to be reduced.

Antibiotics, and in general pharmaceutical compounds,
in contrast to chemical industrial pollutants, possess special
characteristics that make multiclass analysis difficult. They
are comparatively large and chemically complex molecules,
with several functionalities and multiple ionization sites
within the same molecule. They can therefore be cationic,
anionic or zwitterionic, and the solution pH can affect their
physicochemical properties, sorption behaviors, photo-
stabilities, as well as their antimicrobial activities and
toxicities [29]. The diversity of the chemical properties of
different antibiotics, and the low concentration levels at
which they can be present in samples, increase the difficulty
involved in finding generic analytical procedures for
multiclass analysis, especially for complex matrices such
as food or sludge.

The simultaneous analysis of different antimicrobials
requires chromatographic separation using gas (GC) or
liquid chromatography (LC). The first has found limited
applicability in antibiotic analysis. Due to the polar nature,
low volatility and thermal stability of these drugs, they
require derivatization before analysis. Therefore, LC has
become the technique of choice for multiclass analysis,
especially when coupled to mass spectrometry (MS) and
tandem MS (LC-MS2), the latter allowing increased
sensitivity and selectivity in complex matrices [30, 31].
Despite these characteristics, due to the low concentration
levels of antibiotics found in most environmental [32] and
food [33] samples, the majority of applications require a
extraction step, for both sample clean-up and preconcentra-
tion, before analysis.

In this review we present an overview of recent
developments in the analysis of multiclass antibiotic
residues in environmental and food samples. Most of the
references included herein correspond to methods published
in the last five years for the analysis of more than two
antimicrobial classes. We discuss the main sample treat-
ment methods, as well as the analytical procedures reported
for multiresidue determination in the selected matrices,

emphasizing their analytical characteristics and future
prospects.

Analytical methodology

Sample preparation

The aim of sample preparation procedures for single-class
residue analysis is to obtain the maximum recoveries of the
analytes in a given matrix. In contrast, during the
development of multiclass methods, recovery optimization
remains an important but secondary issue, because the main
goal is the simultaneous extraction of as many analytes
from multiple classes as possible. Obviously, the more
variation there is in their physicochemical properties (e.g.,
pKa, polarity, solubility, stability, etc.), the greater the
difficulty in finding a generic extraction procedure for all
analytes with acceptable recoveries of them. In addition, the
complexity of some matrices, especially when considering
food samples, requires clean-up steps or dilution of the
extracts prior to LC-MS determination in order to avoid
matrix effects [30]. Thus, up to now, multiclass methods
have been relatively scarce compared to multimatrix or
single-class residue methods. However, the situation is
changing rapidly, and the availability of straightforward
multiclass extraction procedures is increasing in the
literature due to the interest in applying them to routine
monitoring programs that would drastically reduce the time
and effort devoted to sample preparation. Whenever
possible, sample preparation procedures for multiclass
analysis should be as simple as possible in order to achieve
high sample throughput.

Environmental matrices

Multiclass antibiotic analysis has mainly been carried out in
environmental water samples and, to a lesser extent, in
sludge and soil, which are much more complex matrices.
Sample treatment methods for liquid samples (e.g., surface
water, groundwater or drinking water) are usually based on
solid-phase extraction (SPE) using polymeric sorbents,
although other techniques such as lyophilization or liquid–
liquid extraction (LLE) have also been reported [34, 35].
Prior to SPE, the samples are filtered to remove particles in
suspension. The relatively low antibiotic concentrations
predicted in environmental waters require preconcentration
factors that are typically of the order of 1000, and sample
volumes are usually in the range 100–1000 mL [30].
Tables 1 and 2 summarize the sample preparation proce-
dures as well as the analytical methods available for the
determination of multiclass antibiotics in environmental
samples.
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a) Waste water, surface water and groundwater

Babic et al. [36] have described the preconcentration of
three SAs, a sulfonamide synergist, trimethoprim (TMP), a
TC, a FQ and a β-LC from wastewater of a pharmaceutical
company using Oasis HLB cartridges. Recoveries of
between 89.3% and 97.9% were obtained, except for
penicillin G/procaine (68.3%) and sulfaguanidine (11.2%).
Reported intraday and interday reproducibilities were lower
than 8.4% and 10.1%, respectively.

Göbel et al. [37] applied HLB sorbents for the extraction
of four MC antibiotics, six SAs, the human metabolite of
sulfamethoxazole, N4-acetylsulfametoxazole, and TMP in
primary effluents (1° EFFL, after mechanical treatment),
secondary effluents (2° EFFL, after biological treatment), and
tertiary effluents (3° EFFL, after sand filtration). The most
influential parameter for sample extraction was pH, which
had a significant impact on the retention of the compounds,
especially on SAs; due to their amino groups, SAs showed
their highest recoveries at pH 4, whereas the recoveries of
MCs and TMP showed almost no pH dependence. Under
these conditions, the metabolite N4-acetylsulfametoxazole
was stable during sample treatment, but erythromycin was
unstable, transforming into erythromycin-H2O. Recoveries of
the antibiotics in the different sample matrices were above
80% (RSD≤18%), except for TMP (30–47%), due to the use
of a nonideal surrogate sulfamethazine-phenyl-13C6

(13C6SMZ) for its determination.
Senta et al. [38] compared the performances of three

popular extraction cartridges: Envi C18, a classical lipo-
philic sorbent, and two polymeric SPE phases, Oasis HLB
and Strata X, for the extraction of three classes of
antimicrobials, including six SAs, TMP, three FQs and five
MCs. Higher recoveries were achieved with the polymeric
cartridges (>66%), illustrating the importance of the
hydrophilic groups in the retention mechanism. In compar-
ison to the protocol described by Göbel et al. [37], the
optimized retention pH for all of the antibiotic classes was
3.0, and on this occasion it was also crucial to the retention
of FQs. The use of basic conditions (1% NH3 in methanol)
during the elution step allowed higher extraction recoveries,
especially for MC antibiotics.

Batt et al. [39] developed an SPE-LC-MS2 method for
the analysis of 13 antibiotics and caffeine in surface waters
and wastewaters. The selected compounds were represen-
tative of different classes used in both human and
veterinary medicine, including TCs, FQs, SAs, LCs, and
MC antibiotics, which are expected to have different
environmental fates and effects. Caffeine monitoring was
also included, as it behaves as an anthropogenic marker of
untreated domestic wastewater contamination, and its
presence in surface waters is indicative of untreated sewage
overflows. The antibiotics were preconcentrated using

Oasis HLB cartridges, as in the previous papers, but the
sample pH was adjusted to between 2.8 and 3.0 to increase
the retention of the TCs and FQs, which decreases at
neutral pH. However, below pH 7.0 erythromycin is
immediately degraded to erythromycin-H2O, which is
quantified in the extracts instead of the parent molecule.
The recoveries of MC antibiotics were increased by adding
a chelating agent, EDTA, that binds to the soluble metals,
increasing the antibiotic extraction efficiency. The eluting
solvent was ACN instead of MeOH, as it allowed improved
recoveries of erythromycin-H2O and roxithromycin. The
optimized SPE-LC-MS2 procedure was applied to the
extraction of these compounds from three different matrices
(groundwater, surface water and wastewater), and the
analysis reported the presence of clindamycin (1.1µg L−1)
in surface water from the Niagara River (US) and multiple
antibiotics (0.10–1.3µg L−1) in wastewater effluents from
two different STPs.

Ye et al. [40] reported a multirun analytical method for
the trace determination of 24 antibiotics, including seven
SAs, three MCs, seven Qs/FQs, six TCs, and TMP, in
chlorinated drinking water using SPE followed by LC-MS2

analysis. Some antibiotics, sulfamethoxazole, ciprofloxacin,
enrofloxacin and erythromycin, can react with free chlorine
and are expected to undergo substantial transformations
under extended exposure to residual chlorine in finished
drinking water [41]. Ascorbic acid was added to the
samples to increase the storage time, as it quenches residual
chlorine without affecting the analysis and stability of the
antimicrobials. Preconcentration was carried out in the HLB
cartridges with sample loading at pH 3.0, and elution in
acidified methanol (0.1% formic acid) to increase the
recovery of the piperazinylic quinolones. All antibiotics
were successfully extracted from the drinking water
samples with recoveries ranging from 90 to 106%.
However, TC and SA losses were observed after solvent
evaporation before the chromatographic analysis. The TC
losses were attributed to antibiotic sorption on the glass
surfaces, but for the SAs, the lower recoveries were
explained by their possible association with matrix compo-
nents that precipitate during solvent reduction and are
removed by filtration before analysis.

HLB cartridges have also been applied in several studies
to evaluate the occurrence and fate of multiclass antibiotics
in environmental water samples in several countries. For
example, the occurrence of SAs, FQs, chloramphenicol
(CAP) [42] and TMP [43] in urban river water and
wastewater in Guangzhou, China, was evaluated by SPE
followed by LC-DAD/FLD, indicating that activated sludge
treatment is effective at and necessary for removing
antimicrobial substances from municipal sewage.

These cartridges have also been applied to the analysis
of 17 antibiotics, belonging to four groups, Qs, SAs, NMZs
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and diaminopyrimidines, in the Seine River inner estuary
using ultraperformance liquid chromatography (UPLC)
coupled to MS2 [44]. In a different work, Oasis HLB
coupled to LC-MS2 was used to evaluate the occurrence
and distribution of nine selected antibiotics from five
different antibacterial families—FQs, SAs, diaminopyrimi-
dines, TCs and MCs—in a small Mediterranean stream
(Arc River, Southern France) [45], and thirty-one antimi-
crobials—MCs, Qs, quinoxaline dioxide, SAs, and TCs—in
final (treated) effluents from eight wastewater treatment
plants in five Canadian cities [46].

Other cartridges that have also been tested for the
enrichment of antibiotics from aqueous samples include
Oasis MCX [47–50], Strata X [51, 52], LiChrolut EN [47],
C18 [53], and mixed-phase C2/ENV

+ [54].
Oasis MCX is a strong cation-exchange mixed-mode

polymeric sorbent that is capable of both cation-exchange
and reversed-phase interactions. MCX sorbent is based on
HLB copolymer, but the additional presence of sulfonic
groups allows for cation-exchange interactions [50]. It can
extract acidic, basic and neutral compounds at low pH
values. Strata X is styrene-divinylbenzene (SDVB) polymer
that has been surface-modified with N-methyl-2-piperidone
moieties that possess both hydrophobic and hydrophilic
properties [51].

The LiChrolut EN cartridge is an ethylvinylbenzene-
divinylbenzene copolymer that can extract polar organic
compounds. At pH 7, this polymeric sorbent can also retain
neutral drugs through hydrophobic interactions. Castiglioni
et al. [47] developed a multiresidue analytical method to
measure 30 pharmaceuticals belonging to different thera-
peutic families, including three MCs, four LCs, two FQs,
one SA, one TC and one β-LC, in urban wastewaters. Due
to the different physicochemical properties of these com-
pounds, SPE was carried out using two different cartridges:
a) LiChrolut EN at pH 7.0 for the extraction of seven
pharmaceuticals, including three LCs (clarithromycin,
erythromycin, spiramycin) and one MC (tylosin); b) Oasis
MCX for the rest. Extraction was carried out at pH 1.5–2
with the second cartridge, in the presence of EDTA to
prevent the TCs complexing with Ca2+ and Mg2+ ions and
residual metals during the SPE. Recoveries were higher
than 70% in the Oasis MCX cartridges, except for
amoxicillin, ciprofloxacin and oxofloxacin (36%, 32%,
31%, respectively), and they were slightly lower when
using the LiChrolut EN (47–64%). Sample analysis
revealed the presence of nineteen pharmaceuticals in the
sewage treatment plant at concentrations ranging from 0.5
to 2000 ng L−1, including FQs and SAs.

Pozo et al. [53] have described the application of
reversed-phase C18 cartridges, a nonpolar sorbent, for the
online SPE of 16 antibiotics (ten FQs and six β-LCs) in
water. A notable breakthrough was observed for the FQs

that could be reduced by acidifying the samples at pH 2.5
with formic acid. This low pH favored penicillin degrada-
tion, and the acid had to be added immediately before
loading the sample into the SPE-LC system.

Isolute C2/ENV
+ solid-phase extraction sorbents are based

on highly crosslinked polystyrene polymers that are specially
derivatized to obtain a wettable surface. They are specially
suited to the extraction of analytes that are highly soluble in
water and have been applied [54] to the analysis of FQs, β-
LCs (penicillins and cephalosphorins), doxycycline, sulfa-
methoxazole, TMP and metronidazole in hospital sewage
water. This sorbent does not show ion exchange properties,
but the authors found that the use of triethylamine in MeOH
(instead of MeOH alone) as an eluting solvent significantly
improved recoveries (48–90%), probably due to a reduction
in the secondary interactions between the analytes and the
residual silanol groups on the particle surface. The authors
reported the presence of antibiotic concentrations on the
order of 100µg L−1 for some antibiotics in the hospital waste
waters, and found large temporal variations in the analyte
concentrations.

Most of the methods described previously were based on
offline SPE procedures, but online procedures have also
been reported for multiclass environmental analysis.
Feitosa-Felizzola et al. [45] compared an online SPE
coupled to LC-MS2 with the offline mode for the analysis
of several classes of antibiotics (TCs, SAs, FQs and MCs)
in urban wastewaters. The application of the online mode
facilitates method automation, minimizes sample manipu-
lation, and reduces analysis time and organic solvent
consumption. However, the sample volume is limited by
the system and the enrichment factors can be lower than
those obtained with offline SPE.

In some applications, two or more SPE cartridges have
been used either in tandem [55–57] or in parallel to
preconcentrate different groups of analytes [47]. Neverthe-
less, in most cases, the use of one cartridge is preferred in
an effort to simplify the sample preparation procedure as
much as possible for the simultaneous preconcentration of a
wide range of pharmaceuticals from different therapeutic
groups, rather than using more complex procedures that
yield higher recovery rates. In that regard, Gros et al. [58]
have evaluated the application of MCX and HLB cartridges
in tandem versus the use of the individual cartridges
separately for the simultaneous preconcentration of 73
pharmaceutical residues, including 25 antibiotics, mainly
from the MC, TC, FQ and SA families, in surface and
wastewater. The use of two cartridges did not significantly
improve the recovery rates of the target compounds, and
Oasis HLB cartridges—with EDTA addition prior to
extraction—were selected for sample preconcentration
since they provided the best overall recoveries (from 50%
up to 100%, with some exceptions). The addition of the
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chelating agent had more of an effect than adjusting the
sample pH to acidic values (2.5–3) in terms of enhancing
the retention of FQs, TCs and MCs in the polymeric
sorbent, so samples were loaded at their natural pH in the
presence of 0.1% EDTA. The use of an analysis method
based on LC-MS2 and using a hybrid quadrupole–linear ion
trap mass analyzer (QqLIT) allowed high sensitivity,
selectivity and reliability of results.

In conclusion, the optimization of multiclass antibiotic
SPE-based preconcentration methods for the analysis of
environmental water samples requires careful selection of
both the nature of the cartridge and the extraction
conditions. Sample pH is an important consideration for
maximizing the retention of the antibiotics, especially
those with a strong pH dependence, and avoiding
antibiotic degradation [37, 53]. The coextraction of matrix
components such as humic and fulvic acids, which
complicate the analysis of the more polar antibiotics that
elute at the beginning of the chromatogram in particular,
also depends on the pH of the extracted sample and has
been found to decrease at neutral pH values versus
extraction in acidic media [59–62]. Nevertheless, it has
been shown that the presence of humic acids can improve
the extraction of MC antibiotics from spiked groundwater
[63].

Chelating agents (such as EDTA) can be added to the
sample prior to analysis to remove residual metals from the
matrix or glassware, or those sorbed onto the surface of
the cartridge sorbent, which can cause low extraction
recoveries of MCs, FQs, and especially TCs [39, 47, 58,
64]. Salt addition (e.g., sodium chloride) can also be
applied in order to improve antibiotic extraction efficiency
in hydrophilic–lipophilic balance polymers, particularly for
SAs and TMP [57, 65].

b) Sewage sludge and sediments

The presence of antibiotics, and pharmaceuticals in
general, in solid environmental samples such as sewage
sludge or sediments has been studied to a lesser extent than
in water samples, probably due to their greater complexity.
However, the analysis of antibiotics in these matrices is
important, as it allows the eliminating power of sewage
treatment plants (SPTs) to be controlled and the safety of
the sewage sludge used as manure to be evaluated, and
finally the incorporation of antibiotics into the food chain to
be avoided (Fig. 3) [66].

The main antibiotic classes that have been measured in
solid matrices include SAs, MCs, TCs and FQs [14]. The
concentrations of antibiotics observed in solid waste
samples seemed to be significantly higher than those in
aqueous media, suggesting some form of preconcentration
onto the solid samples. These drugs differ considerably in
terms of their sorption and fixation in soils due to their

different physicochemical properties, such as their
molecular structures, sizes, shapes, solubilities and
hydrophobicities, and also because the cation exchange
properties, cation bridging, surface complexation and
hydrogen bonding can change from sample to sample
[67]. Their antibacterial power usually decreases after
sorption and fixation, but in most cases they still produce
some antimicrobial effects, which can influence the
selection of antibiotic-resistant bacteria in the terrestrial
environment. For example, FQ antibacterials such as
ciprofloxacin and norfloxacin have been shown to be
sorbed specifically to sewage sludge in waste water
treatment plants, and concentrations in the mg kg−1 range
have been found in digested sludges [68]. TCs have also
been shown to bond strongly to soil organic matter due to
their ability to form complexes with doubly-charged
cations, such as calcium, that occur at high concentra-
tions in soil [14].

Antibiotics may occur together with other potentially
interfering compounds that will require further separation
before the analysis. Preparative techniques for soils and
sludge generally include multistep procedures that first
involve the extraction of the antibiotics from the solid
samples into the liquid phase. This step can be based on
mechanical shaking or ultrasound-assisted solvent extrac-
tion (USE) [63, 69], using high volumes of different
organic solvents in most cases. Alternatively, pressurized
liquid extraction (PLE) has also been applied, and it
provides high recoveries for most analytes in a shorter
time and with decreased organic solvent consumption [66].
These techniques are further combined with SPE for sample
clean-up and preconcentration of the target analytes in order
to avoid matrix effects during chromatographic analysis
[69, 71].

One of the major challenges in the analysis of solid
environmental samples is the preparation of synthetic stand-
ards for method characterization and validation. To do this, the
analytes must be incubated for a defined time prior to
extraction in order to attain sorption–desorption equilibrium.
On the other hand, the microbial and enzymatic activities in
the sediments may transform the analytes and/or influence
their binding to the solid matrix, affecting the extraction yields
[32]. In order to minimize the influences of any biotransfor-
mation processes, the samples are usually lyophilized before
analysis [66, 70]. Other authors have proposed sterilizing the
sediments prior to extraction using γ radiation or autoclaving
for example [63].

Díaz-Cruz et al. [70] have described the simultaneous
determination of eleven antibiotics, nine SAs and two PCs in
sludge from infiltration basins. The extraction of antibiotics
was performed by PLE, mixing the sieved sludge samples
with EDTA and Hydromatrix. A further clean-up step was
carried out by SPE with an Oasis HLB cartridge. The
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recoveries obtained were lower than 67%, with large RSDs
ranging from 9% to 43% (at spiking levels of 1µg g−1).

Better recoveries were reported by Barron et al. [71] using
a similar method based on PLE followed by SPE for the
analysis of 27 pharmaceuticals, including four antibiotics
(TMP, sulfamethoxazole, sulfamethazine and triclosan) from
biosolid-enriched soils and digested sludge. Different
commercial SPE cartridges were tested for clean-up,
including Waters Oasis HLB, Phenomenex Strata X,
Varian Focus, Merck LiChrolut EN and Phenomenex
Strata X-CW. Final method recoveries of ≥60% were
obtained with the HLB cartridges in soils and digested
sludge. The sample extracts were analyzed by LC-MS2,
and it was found that the ion suppression effects arising
from matrix components were more pronounced in
digested sludge samples than in soils.

Nieto el al. [66] reported a method for the extraction of
three MCs, five SAs, ranitidine, omeprazole and TMP in
sewage sludge using PLE followed by LC-ESI-MS without
further clean-up. Recoveries ranged between 54% and 95%
for the analysis of a lyophilized sludge sample spiked at
2 mg/kg. The inclusion of an SPE step that used Oasis HLB
cartridges after PLE to preconcentrate the extracts before
chromatographic analysis did not improve the antibiotic
recoveries, which were lower than 50% with the exceptions
of sulfapyridine and tylosin (>68%). This method was
applied to the analysis of sludge samples from two STPs,
and concentrations of between 1.3 and 4 mg kg−1 of
roxithromycin and tylosin were obtained. Some others were
found in several samples at levels below the limit of
quantification, and could be determined with more sensitive
detectors such as MS–MS.

An alternative extraction technique has been optimized
by Löffler et al. [63] using USE for the determination of
three MCs, three SAs and TMP in river sediments.
Antibiotics were extracted first with MeOH, and then by
acetone and ethyl acetate, and the collected supernatants
were rotaevaporated and reconstituted with deep ground
water, which is supposed to be free of organic contami-
nants. The extracts were spiked with a constant amount of
humic acids to favor the extraction of the MC antibiotics,
and preconcentrated using a mixture of LiChrolute EN and
LiChrolute C18 as sorbent [56]. The SPE extracts were
analyzed by LC-MS2. The performance of the method at
low spiking levels (3 ng/g) was very poor, except for
sulfadiazine. Anyhow, the main disadvantages of USE over
PLE for extraction from sludge and soil samples include the
higher organic solvent consumption per sample (180 mL
[63], versus ~22 mL for PLE [69]) and the lower sample
throughput (~90 min for USE [63], versus ~20 min for PLE
[69]), although USE is a simpler and cheaper approach.

Göbel et al. have published a comparative evaluation of
the performances of USE and PLE for the extraction of

MCs, SAs and TMP from activated and digested sewage
sludge [69]. For the PLE method, a MeOH/H2O mixture
(50:50, v/v) was selected as extraction solvent using an
extraction temperature of 100°C, higher than that used in
other applications [66, 71]. For USE, the samples were
ultrasonicated for 5 min with MeOH and acetone, and the
combined extracts were evaporated. The extracts were
reconstituted with local groundwater for SPE using Oasis
HLB cartridges. SA antibiotic retention on the SPE
cartridges was not affected by the pH of the loading
samples, as reported for wastewater samples [37]; however,
higher RSDs (up to 33%) were observed when the pH of
the sample was adjusted to 4.0 prior to SPE, due to
increased clogging of the cartridges, which did not allow
the enrichment of the total sample volume in some cases.
The precision ranged between 2% and 8% for PLE and
between 7% and 20% for USE. The lower precision of USE
could be attributed to the higher amount of matrix extracted
with the solvents used in this method and to the higher
automation of the PLE procedure in comparison to USE.
However, USE seemed to be equally or slightly less
efficient for the extraction of MCs and TMP, while
significantly lower extraction efficiencies were obtained
for SAs compared to PLE.

Jacobsen et al. [72] reported the simultaneous extraction
of two TCs, two MCs and one SA from agricultural soils.
They carried out a PLE extraction of all of the antibiotics,
followed by a clean-up and preconcentration step using
SPE and then LC-MS2 determination. Two cartridges in
tandem were applied for sample clean-up and preconcen-
tration: a SAX cartridge was employed to remove nega-
tively charged humic material and to reduce matrix
interferences, thus avoiding clogging, contamination and
overloading of the HLB cartridge that retained the
antibacterial agents. PLE extractions were performed at
room temperature and 1500 psi to avoid the conversion
of TCs into their epi or anhydrous form when heated.
The sample, with an average moisture content of
approximately 5%, was mixed with an equal amount
of Otawa sand. The extraction solvent was a 1:1 mixture
of MeOH and 0.2 M citric acid buffer (pH 4.7). The
addition of the chelating agent favored the extraction of
TCs in particular, as they form strong complexes with di-
and trivalent cations in the clay mineral interlayers or
with hydroxy groups at the surface of the soil particles.
For samples with low concentrations of antibiotics, three
PLE extracts were combined prior to preconcentration to
improve method sensitivity. The recoveries varied
depending on the spiked concentration level and the
type of soil, although the extraction procedure was
optimized for TCs and so higher recoveries could
probably be achieved for MCs and SAs under different
conditions.
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Food matrices

The most common analyzed food matrices include milk,
honey, animal tissues and eggs. Sample preparation
involves procedures for deproteinization, defatting, and
sugar hydrolysis for honey samples [33, 83]. Deproteiniza-
tion is usually achieved with organic solvents such as
acetonitrile or methanol, and, when necessary, sample
extracts are further defatted with hexane.

“Dilute and shoot” is the simplest sample preparation
strategy, especially when designing multiclass methods,
where the selectivity of SPE is somewhat of a disadvantage.
Dilution of the extracts can reduce matrix effects to a
certain degree, but extensive maintenance of the LC-MS
system is needed to ensure reproducible chromatograms
and MS sensitivity through column regeneration and MS
ion-source cleaning and/or the use of a divert valve.

As an example, Chico et al. [84] developed a simple
method for the analysis of 39 antimicrobials (TCs, Qs, PCs,
SAs and MCs) in animal muscle tissues. It consisted of an
extraction with MeOH/H2O (70:30, v/v) containing EDTA
to improve the extraction of TCs followed by the dilution of
the extracts before injection into the chromatographic
system. Matrix-matched standards were used for correct
quantification of the samples. The simplicity of the sample
preparation procedure along with the use of UPLC enabled
a high sample throughput to be realized. The method was
successfully applied in an Official Public Health Laboratory
for the routine analysis of 1012 samples over a six-month
period [84]. Moreover, the method was applied in several
interlaboratory studies with good results.

In another application, Granelli et al. [85] developed a
method for the extraction of a total of 19 antimicrobials,
including TCs, SAs, Qs, β-LCs and MCs, from muscle or
kidney samples. Extraction was performed with 70%
MeOH, and the extracts were then diluted fivefold with
water before LC-MS injection. The method was only
suitable for screening purposes at the MRLs. Matrix effects
were more relevant in kidney samples than in muscle,
especially for TCs and MCs, which were affected by signal
suppression, resulting in poorer precision for these two
antimicrobial classes. This can be attributed to the fact that
during extraction with 70% MeOH, urine salts are
coextracted with the analytes, causing suppression. More-
over, lower recoveries were also observed for TC, MCs and
Qs in kidney samples (<66%) compared to muscle.

A recent work has described, for the first time, a “dilute-
and-shoot” strategy for the simultaneous extraction of a
wide variety of residues and contaminants (pesticides,
mycotoxins, plant toxins and veterinary drugs) from
different food (meat, milk, honey and eggs) and feed
matrices [86]. Several antimicrobial classes were included
(SAs, Qs, LCs, MCs, IPhs, TCs and NMZs) in the

analytical methodology. Sample extraction was performed
with H2O/ACN or acetone/1% formic acid, but instead of
diluting the extracts before analysis by ultraperformance
liquid chromatography with tandem MS (UPLC-MS2),
small extract volumes (typically 5µL) were injected to
minimize matrix effects. Despite the absence of clean-up
steps and the inherent complexity of the different sample
matrices, adequate recoveries were obtained for the major-
ity of the analyte/matrix combinations (typical values for
antimicrobials were in the range 70–120%). Moreover, the
use of UPLC allows high-speed analysis, since all analytes
eluted within nine minutes.

Sample preparation strategies known as “QuEChERS”
(quick, easy, cheap, effective, rugged and safe), that were
previously used for pesticide analysis [87], have recently been
applied to the analysis of multiclass veterinary drugs in
foodstuffs. The conventional QuEChERS strategy is based
on ACN extraction/partitioning of the analytes followed by
the removal of water and proteins by salting out with sodium
chloride and magnesium sulfate. Afterwards, dispersive SPE
(d-SPE), which involves the addition of small amounts of a
bulk sorbent to the extracts, is usually applied [87]. The
application of this methodology provides—among other
advantages—high recovery rates for analytes covering a
wide polarity range, and allows the use of smaller amounts
of organic solvents.

For instance, Aguilera-Luiz et al. described a simple and
fast procedure for the extraction of SAs, Qs, MCs and TCs
from milk samples based on a buffered QuEChERS liquid
extraction methodology [88]. The target compounds were
extracted from milk with acidified ACN in the presence of
EDTA to increase the recoveries of MCs and TCs. After
this step, water and proteins were removed by adding a
mixture of magnesium sulfate and sodium acetate followed
by centrifugation and filtration of the organic phase; the
diluted extracts were analyzed directly without further
clean-up. No denaturing of proteins was required prior to
extraction and fat removal, which was performed in a single
step, so the proposed method is less time-consuming and
easier to perform than the currently available procedures.
Furthermore, extraction times were lower than 10 min per
sample, with recovery values for the antimicrobials ranging
between 73% and 108%, and separation of the analytes by
UPLC was achieved in less than 10 min, so this method
could be applied in routine laboratories.

In another work, Stubbings et al. [89] demonstrated the
applicability of a QuEChERS procedure for the analysis of
multiclass antimicrobials (SAs, Qs, FQs, IPhs and NMZs)
in animal tissues. Although the conventional QuEChERS
liquid extraction method is performed under neutral
extraction conditions, the use of buffered acidic conditions
was selected for this work in order to improve the
extraction efficiency of Qs/FQs. Thus, extraction was
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performed with ACN containing 1% (v/v) acetic acid in the
presence of anhydrous sodium sulfate, followed by d-SPE
with a Bondesil-NH2 sorbent. An aliquot of the extracts
was evaporated to dryness and redissolved in ACN/H2O
(90:10, v/v) before LC-MS2 analysis. Determination of
NMZs required additional clean-up after d-SPE with Bond
Elut SCX cartridges. Validation was performed on chicken
muscle samples, using matrix-matched standards because of
the MS suppression signal observed for many of the target
analytes. Besides the abovementioned antimicrobial classes,
recent progress in this line of research has demonstrated
that the method is also applicable to other antimicrobial
classes, namely MCs and LCs.

Yamada et al. [90] have described a method for the
simultaneous screening of 61 antimicrobials of different
classes along with other 69 veterinary drugs in bovine,
porcine and chicken muscle. The samples were first
homogenized with sodium sulfate and then extracted with
ACN/MeOH (95:5, v/v). After centrifugation, the extracts
were defatted with n-hexane saturated with ACN, evapo-
rated to dryness, and the residue was dissolved in MeOH
before LC/MS2 analysis. The great majority of the analytes
showed recoveries of between 70 and 110%, and only
ciprofloxacin and norfloxacin among the antimicrobials
yielded recoveries of below 70%. Although no significant
matrix effects were observed, poor precisions (RSDs>20%)
were obtained for AMPs and SAs.

Didier et al. have recently developed a generic milk
sample preparation procedure for the comprehensive
screening of 150 veterinary drugs by UPLC-TOF-MS
[91]. Among the antimicrobials, β-LCs, MCs, NMZs, Qs,
SAs and TCs along with other veterinary medicinal
products and metabolites were analyzed by the proposed
methodology. To ensure high sample throughput, the
sample treatment was kept as simple as possible. It
consisted of protein precipitation with a solution of 0.1%
formic acid in ACN, followed by ultrafiltration using cut-
off membranes of 3 kDa. In this way, it was possible to
screen more than 50 samples per day.

A substantial matrix effect was observed that was very
compound dependent. Thus, Qs and TCs suffer significant
signal enhancement (up to 1300% for enrofloxacin),
whereas considerable signal suppression was observed for
avermectins. In fact, many accuracy values exceeded the
120% level, and in some particular cases they even reached
807%. So, from a quantitative point of view, the method
possesses an important limitation, since matrix effects must
be controlled to avoid important quantitative errors. Despite
that, the signal enhancement was quite beneficial for
screening purposes, as it allows better detection limits.
The method was successfully applied to the screening of
more than 150 raw milk samples as part of the Swiss
National plan for residue monitoring.

Honey is a complex matrix that contains sugars, pig-
ments and phenolic compounds that must be removed prior
to LC-MS analysis [83]. Finding a generic extraction
procedure for multiclass antibiotic analysis in this type of
matrix is not an easy task. For instance, acid hydrolysis is
usually required to dissociate sugar-bound SAs and TCs. In
contrast, MCs are usually extracted under basic conditions
because they are not stable at acid pH, and the addition of
EDTA is required to avoid the complexation of these
antimicrobials with metal ions.

Thus, a rather laborious sample preparation procedure
consisting of four subsequent LLE steps has been described
for the extraction of 37 multiclass antimicrobials (TCs,
MCs, AGs, β-LCs, AMPs and SAs) from honey samples
[92]. Despite analyzing the extracts independently or
pulling them together (which causes β-LC loss due to the
presence of acid in two of the extracts), the authors
performed a single LC-MS2 analysis using a stacking
injection method. Thus, 10µL of each of the four honey
extracts were successively injected, giving a final injection
volume of 40µL. The gradient elution and MS/MS
acquisition was started after the injection of the last honey
extract. The extract injection order was a very important
influence on the β-LC loss during LC-MS2 acquisition. Up
to twelve honey samples can be prepared within five hours
using the abovementioned sample preparation procedure.

Nevertheless, most of the sample preparation methods
for multiclass antibiotic analysis in food matrices have
adopted SPE clean-up prior to LC-MS determination, either
to remove matrix interferences or to concentrate the
antimicrobials in order to achieve sub-µg kg−1 level
sensitivities. Typical sorbents for SPE include Oasis HLB
(hydrophilic–lipophilic balanced) and Strata X, among
others. Oasis HLB cartridges have been preferred due to
their good retentions and highly reproducible recoveries of
a wide range of compounds, whether polar or nonpolar (due
to their combined hydrophobic–hydrophilic retention mech-
anism). Strata X cartridges, which have a similar function-
ality to Oasis HLB cartridges, provide comparable results.

SPE is generally performed in offline mode, but in some
cases coupling of online SPE with LC-MS through a
column-switching valve has been used for semi-automated
sample preparation in order to improve sample throughput.
Thus, online SPE provides a solution for high sample
throughput and could be more effective when analyzing a
large number of samples in a limited time. However, some
disadvantages of online SPE clean-up include the gradual
deterioration of reusable cartridges and the risk of sample
cross-contamination after analyzing incurred samples.

Among the multiclass methods reported in the literature, a
procedure that involves sample dissolution with EDTA under
mildly acidic conditions (pH 4.0) followed by SPE with Oasis
HLB cartridges has been applied for the simultaneous analysis
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of MCs, TCs, Qs and SAs in honey samples [93]. Separation
and determination by UPLC-MS2 enabled the analysis of 17
compounds in less than 5 min. Mean recoveries ranged from
70 to 120%, except for three compounds (doxycycline,
erythromycin and tilmicosin), which had recoveries of
>50%. The method has been applied to the analysis of
honey samples obtained from different beekeepers and local
supermarkets, and it found residues of erythromycin, sara-
floxacin and tylosin in three of them.

Other authors have proposed a sample preparation
procedure that involves the dissolution of honey with
water, centrifugation and filtration, followed by SPE with
Strata X cartridges [94]. In this way, 15 antimicrobials from
seven different classes, namely TCs, FQs, MCs, LCs, SAs,
AGs and CAP, could be quantified at very low ng mL−1

levels, whereas erythromycin and monensin were only
detected and confirmed—not quantified—due to the very
low recoveries (~30%) obtained for these two analytes. The
method has several drawbacks: the analysis of AGs (e.g.,
streptomycin) has to be performed separately due to the
particular extraction and chromatographic conditions re-
quired, such as the use of ion-pairing reagents; CAP is
assayed in a second chromatographic run because this
antibiotic is detected in ESI negative ion mode. Obviously,
sample processing and analysis then becomes very time
consuming, resulting in a low sample throughput.

In another work, Turnipseed et al. described a method
for the multiclass residue determination of β-LCs, SAs,
TCs FQs and MCs in milk and dairy products [95]. The
sample preparation combines extraction with ACN, clean-
up with Oasis HLB cartridges, and ultrafiltration using
molecular weight cut-off filters to improve the overall
performance of the analysis. Acceptable recoveries were
obtained for SAs, MCs and Qs (>70%); however, they were
rather low for TCs (50–60%) and β-LCs (<50%). Despite
the extensive clean-up procedure, a large degree of matrix
ion suppression was observed for many compounds,
making it necessary to include matrix-matched calibration
standards for quantification purposes.

Stolker et al. [96] developed a method that was useful
for screening more than 100 veterinary drugs in milk,
including antibacterials of different classes, namely MCs,
PCs, Qs, SAs, TCs, NMZs, IPhs and AMPs. After protein
precipitation with ACN, centrifugation and further clean-up
with Strata X cartridges, the extracts were analyzed by
UPLC-TOF-MS. The results obtained were satisfactory in
terms of repeatability (RSDs<20% for 86% of the
compounds), reproducibility (RSDs<40% for 96% of
dthe compounds) a,nd accuracy (80–120% for 88% of the
compounds). However, identification criteria for TOF-MS
detectors are not yet included in the EU 2002/657/EC
guidelines [97], so the method can only be used for
screening purposes, and those samples that are suspected

to be positive must be confirmed by a tandem MS
technique.

In the same way, Kaufmann et al. have reported a
method based on UPLC-TOF-MS for the analysis of more
than 100 veterinary drugs, including the most relevant
antibiotic classes, in different animal tissues (muscle,
kidney and liver) [98]. The sample preparation proposed
by these authors is rather extensive. It consisted of a liquid–
liquid–solid extraction technique (so-called bipolarity ex-
traction) which enables polar, medium polar and apolar
compounds to be recovered, followed by SPE clean-up with
Oasis HLB cartridges. The use of aqueous solvents failed to
extract the most apolar compounds, whereas organic
solvents showed poor recoveries for polar PCs and TCs.
Thus, an extraction combining two solvents of different
polarities, such as ACN and aqueous McIlvaine buffer
(0.1 M citric acid, 0.2 M disodium phosphate), was
performed in the presence of high amounts of ammonium
sulfate, which induces phase separation. The formation of
an emulsion favors the simultaneous extraction of a wider
range of analytes in terms of polarity than the use of ACN
dissolved in aqueous buffer. Subsequent extract clean-up
using Oasis HLB cartridges allowed the removal of major
matrix food components.

Despite the fact that the sample preparation approach
was rather laborious, recoveries of over 74% were obtained
for the most of the analytes. Nevertheless, β-LCs were
recovered at lower rates from liver and kidney than from
muscle, probably due to the high enzymatic activity in these
matrices, which is partly responsible for such losses.

A high-throughput method that combines online extrac-
tion and determination by LC-MS2 has been developed for
the screening of 13 multiclass antibacterials (MCs, FQs,
LCs, and TMP) in different animal muscle tissues [99].
After sample deproteinization with ACN, the sample
extracts were directly loaded onto the SPE cartridge,
packed with an Oasis HLB sorbent, and connected through
a switching valve device to a short LC analytical column.
In this way, a complete cycle of SPE clean-up and LC
determination can be performed in only 6 min. The method
has shown excellent selectivity, as no interfering peaks
were observed in the retention windows of any of the target
compounds. Furthermore, the performance of the extraction
cartridge was found remain consistent over 100 injections.
The only precaution taken was to flush ACN and MeOH
over the cartridge once the clean-up step was finished, in
order to remove residual tissue matrix.

Heller et al. developed a method to screen antibacterial
residues in table eggs [100]. A total of 29 analytes
belonging to four antibacterial classes (SAs, TCs, FQs, β-
LCs) were analyzed. The extraction of the antimicrobials
from the matrix was achieved by adding succinate buffer
and centrifugation; afterwards, the cloudy extracts required
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a clean-up step with Oasis HLB cartridges. Recoveries for
each drug class were as follows: SAs (70–80%), TCs (45–
55%), FQs (70–80%), and β-LCs (25–50%). Indeed, the
reproducibility of the method varied widely (from 10% to
>30%). Therefore, the results provide an estimated con-
centration range and the method could be useful for
screening purposes, but not for quantitation.

Pressurized liquid extraction (PLE) possesses great
potential as a sample preparation technique in food
analysis, since it combines the benefits of high throughput,
automation and low solvent consumption, although expen-
sive lab equipment is required [101, 102].

Recently, Carretero et al. described a multiclass method
for the analysis of 31 antibacterials (including β-LCs, MCs,
LCs, Qs, SAs, TCs, NMZs and TMP) in meat samples by
PLE-LC-MS2 [103]. Meat samples were homogenized and
blended with EDTA-washed sand, and then extracted with
water by applying 1500 psi, 70°C and one extraction cycle
(10 min). Besides the automation of the extraction
procedure, a drawback of the method is the large volumes
of extract (40 mL) obtained, which required evaporation to
reduce the extract volume to 10 mL and thus increase
sensitivity. This evaporation step considerably increases the
time required for sample preparation. The proposed
methodology has been applied to the analysis of 152
samples of cattle and pig tissues, fand the presence of Qs,
TCs and SAs was found in 15% of the samples, although at
concentrations below the MRLs.

Tables 3 and 4 summarize the sample preparation
procedures as well as the analytical methods used to
determine multiclass antibiotics in foodstuff samples.

LC-MS analysis

The majority of the LC methods used for multiclass
antimicrobial analysis in environmental and food matrices
(Tables 2 and 4) make use of reversed-phase chromatogra-
phy with stationary phases based on octadecyl (C18) or
octyl (C8) silane. Some compounds (e.g., AGs), due to their
highly polar nature, require the use of hydrophobic ion-pair
reagents to improve the peak shape and retention in
reversed-phase chromatography. It is known that ion-pair
reagents can cause ion suppression and produce significant
analyte signal loss, decreasing sensitivity for many com-
pounds. For these reasons, it is usually difficult to separate
out AGs using current multiclass methods.

Recently, the introduction of UPLC, a fast chromato-
graphic technique based on the use of stationary phases
containing small particles (typically <2µm in size), has
enabled multiclass separations to be performed with higher
resolutions, sensitivities and reduced analysis times (around
three times shorter than classical LC separation). The
current trend towards more generic and less selective

sample preparation procedures for multiclass analysis
increases the risk of spectral interferences and ion suppres-
sion. The use of UPLC could help to reduce matrix effects
produced by isobaric co-eluting sample compounds be-
cause of the enhanced chromatographic resolving power
provided by UPLC in comparison to conventional LC.
Although the application of UPLC is still scarce (Tables 2
and 4), it is growing in popularity.

In the 1990s, LC-MS2 operated with electrospray
ionization (ESI) or atmospheric pressure chemical ioniza-
tion (APCI) sources became mandatory as confirmatory
techniques for the analysis of target veterinary drug
residues, especially in the field of food safety [104].
Nowadays, besides conventional tandem mass analyzers,
time of flight mass spectrometry (TOF) is emerging as a
powerful and complementary technique for the identifica-
tion of non-target contaminants (e.g., unknown degradation
products and metabolites) [105].

Among the tandem mass analyzers applied to multiclass
antimicrobial analysis (Tables 2 and and 4), the triple
quadrupole (QqQ) is the one that is the most widely used
for quantitative analyses of target compounds due to its
high specificity and sensitivity, especially when operated in
the multiple reaction monitoring (MRM) mode [106].
According to EU criteria (2002/657/EC) [97] for confirm-
ing veterinary drug residues in foodstuffs, at least two
MRM transitions (in the correct ion ratios) must be
recorded, usually corresponding to those from the most
abundant precursors to the most abundant product ions.

The major limitation of QqQ working in the MRM mode
is that a complete mass spectrum cannot be obtained, so
unknown or non-target compounds are missed, thus making
it difficult to detect the presence of novel residues,
metabolites or transformation products. Furthermore, de-
spite the technological advances in the latest QqQ ana-
lyzers, they are limited in terms of the number of MRM
transitions that can be monitored, and thus in their ability to
determine a large number of analytes (over 100) in a single
LC-MS2 run.

On the other hand, the ion-trap (IT) analyzer
provides high sensitivity in full-scan mode and has the
ability to perform multiple-stage fragmentations (MSn),
which is important for the structural elucidation of
unknown metabolites or degradation products, but its
sensitivity is one order of magnitude lower than that of
QqQ instruments.

Nowadays, in the field of multiresidue analysis, there is
a clear trend towards the use of accurate mass full-scan MS
techniques (TOF) [107, 108]. Full-scan MS approaches
offer the ability to screen a virtually unlimited number of
analytes, including both target and non-target compounds.
In the latter case, the possibility of retrospectively evaluat-
ing the MS spectra and the isotopic patterns is a useful tool
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in addition to accurate mass determination for detecting and
identifying non-target compounds.

Thus, the coupling of UPLC to high-speed TOF
analyzers provides an excellent analytical tool for the
multiclass screening of hundreds of different compounds
in complex matrices [104, 107]. This is particularly
interesting for environmental or food safety laboratories
that have to confirm the presence of a large number of
contaminants or residues in environmental samples or food
commodities.

The TOF analyzer offers improved selectivity due to its
high mass accuracy (1–3 ppm error) and medium mass
resolving power (typically 10,000 FHWM), which allows
the identification of mass interferences that have the same
nominal masses and chromatographic retention times as
analytes. The disadvantage of the TOF analyzer is its
narrow linear dynamic range, which somewhat limits its
applicability to quantitative analysis.

On the other hand, the new hybrid quadrupole time-of-
flight (QqTOF) spectrometer can be described as a QqQ in
which the last quadrupole has been replaced with a TOF
analyzer. A QqTOF can be simply operated as a TOF analyzer
in full-scan mode, or as a tandem mass spectrometer in the
product-ion scanmode. This imparts unique features—such as
the acquisition of full MS spectra with high sensitivity, mass
accuracy and medium-range high resolution—that favor
multiresidue screening and the structural elucidation of
unknown compounds, as well as accurate mass product-ion
spectra that allow the unequivocal identification or confirma-
tion of compounds of interest.

However, the sensitivities of TOF and/or QqTOF
analyzers are generally 1–2 orders of magnitude lower than
that of a QqQ operated in the MRM mode, compromising
their applicability, especially in environmental fields,
considering the very low concentrations of antimicrobials

normally present in these samples. Table 5 summarizes the
main characteristics of the different MS analyzers used for
LC-MS determinations of multiclass antibiotics.

Unfortunately, despite the potential of accurate-mass LC-
MS technologies for multiclass analysis, the European
Commission Decision 2002/657/EC [97] does not describe
criteria for confirming veterinary drug residues in food-
stuffs using these medium-range, high-resolution mass
analyzers. Decision 2002/657/EC does not take into
account an important parameter, mass accuracy, for the
confirmation of a chemical contaminant. However, different
authors have proposed that additional LC-MS criteria
should be implemented in Decision 2002/657/EC [107].
Thus, some have suggested that three TOF ions should be
collected in order to earn the 4.0 identification points (IPs)
usually required for confirmation when using common
tandem MS analyzers [107]. By contrast, others have
proposed a criterion based on the use of either absolute or
relative mass errors for IP assignment, rather than resolu-
tion power [109]. Thus, for substances with MRLs, at least
two ions must be monitored to achieve a minimum of three
IPs for satisfactory confirmation with mass errors of
between 2–10 mDa or ppm.

Conclusions

Recent approaches in antimicrobial analysis have focused on
the development of multiclass analytical methods that allow
a realistic evaluation of the fates, bioavailabilities and
ecotoxicological effects of these drugs in the environment,
and enable the food supply to be monitored for regulated
veterinary residues and contaminants, in response to the
demands of regulatory agencies, while minimizing the time
and costs involved.

Table 5 Summary of the different MS analyzers used for LC-MS determinations of multiclass antibiotics

MS analyzer Characteristics Detection capabilities

QqQ High specificity and sensitivity in MRM mode, but complete mass
spectra cannot be obtained. Low mass resolution. Wide linear
dynamic range

Outstanding advantages for quantitative determinations of target analytes, but
not appropriate for identifying unknowns or non-target compounds. Limi-
tations when determining a large number of analytes (over 100) in a single run

IT High sensitivity in full scan and multistage fragmentation (MSn)
capabilities. Low mass resolution. Narrow linear dynamic range

Useful for screening and identifying unknowns or metabolites. Lacks adequate
sensitivity to perform quantitative trace analysis, especially of banned drugs

QqLIT Combines the selectivity of a QqQ with the full-scan high
sensitivity of an IT. Low mass accuracy. Wider dynamic range
than IT

Identification and quantification of target compounds. Identification of
unknowns from fragmentation patterns. Ideal for the confirmation and
quantification of compounds that exhibit poor fragmentation

TOF Acquisition of full mass spectra. Mass accuracy (1–3 ppm) and
high mass resolution (10,000 FHWM). Narrow linear dynamic
range. Lower sensitivity (1–2 orders) than QqQ

Identification of unknowns based on accurate mass and isotopic profile
evaluation. Possibility of retrospective analysis

QTOF Acquisition of full or MS2 spectra. Mass accuracy (5 ppm) and
medium-range high mass resolution (5000 FHWM). Lower
sensitivity (1–2 orders) than QqQ

Unequivocal identification or confirmation of unknowns based on accurate mass
and isotopic profile evaluation of product-ion spectra. Possibility of
retrospective analysis

IT, ion trap; MRM, multiple reaction monitoring; QqQ, triple quadrupole; QqLIT, quadrupole–linear ion trap; QTOF, quadrupole time of flight;
TOF, time of flight
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The method of choice for multiclass antimicrobial analysis
is liquid chromatography coupled to MS and LC-MS2.
However, despite the high sensitivities and selectivities of
these techniques, especially LC-MS2, the complexity of
many food and environmental matrices necessitates clean-up
steps or dilution of the extracts prior to the chromatographic
analysis.

Sample preparation procedures for single-class residue
analysis aim to obtain maximum recovery rates of the analytes
in a specific matrix. However, the main goal of the
optimization of multiclass methods is the simultaneous
extraction of the largest number of analytes, from multiple
classes, using simple methods in order to achieve high sample
throughput. This requires a compromise between the different
solid phases that provide the best recoveries for each class of
compounds. However, the wide variations in the physico-
chemical properties of the different antibiotic families and the
fact that they are usually present at low concentration levels in
environmental and food matrices considerably complicate
sample preparation, and this issue constitutes one of the main
challenges for future research in this field.

SPE is the preferred extraction technique for sample clean-
up and preconcentration in these samples. Although offline
methods are applied in most cases, recent developments
include the optimization of online procedures that facilitate
method automation, minimize sample manipulation, and
reduce analytical time and organic solvent consumption.

Regarding chromatographic separations, the introduction
of UPLC has facilitated multiclass separations with higher
resolutions and sensitivities as well as reduced analysis
times. The availability of this technique is still low, but it is
a promising method for future developments. Besides
conventional tandem mass analyzers, recent mass analyzers
such as time-of-flight mass spectrometers (TOF-MS) and
new hybrid quadrupole time-of-flight (QqTOF) spectrom-
eters are emerging as powerful and complementary tech-
niques for the identification of new contaminants, although
their sensitivities are generally 1–2 orders of magnitude
lower than that of a QqQ operated in the MRM mode,
meaning that they may not be applicable to some samples.

Our current knowledge of the impact of antimicrobials in
environmental and food samples focuses mainly on
individual compounds; however, we also need more
scientific research aimed at understanding how the presence
of complex antibiotic mixtures affects human health and
environmental sustainability.
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