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Abstract Antimicrobials are used in large quantities in
human and veterinary medicine. Their environmental
occurrence is of particular concern due to the potential
spread and maintenance of bacterial resistance. After intake
by the organisms, the unchanged drug and its metabolized
forms are excreted and enter wastewater treatment plants
where they are mostly incompletely eliminated, and are
therefore eventually released into the aquatic environment.
The reliable detection of several antimicrobials in different
environmental aqueous compartments is the result of great
improvements achieved in analytical chemistry. This article
provides an overview of the more outstanding analytical
methods based on liquid chromatography tandem mass
spectrometry, developed and applied to determine antimi-
crobial residues and metabolites present in surface, waste,
and ground waters.

Keywords Antimicrobials - Pharmaceuticals - Solid-
phase extraction - Liquid chromatography tandem mass
spectrometry - Water analysis

Introduction

Pharmaceuticals have been identified as emerging environ-
mental contaminants even though it must be assumed that
they have been present in different aqueous environmental
compartments ever since their introduction. Many studies
have highlighted the spread of pharmaceutical residues
around the world. In surface water alone, around 100
pharmaceutical compounds and metabolites have been
detected. Despite these pollutants having been designed to
have specific biological effects in humans and animals,
they have received comparatively little attention [1].
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Among pharmaceuticals, antimicrobials are of particular
concern because they can induce bacterial resistance [2]
through continuous exposure, which results in untreatable
diseases. These effects have been reported to occur in
different aqueous compartments, such as waste effluents of
pharmaceutical plants and hospitals [3, 4].

Antimicrobial agents, also known as antibacterial or
anti-infectives, comprise synthetic and natural compounds.
The term antibiotic originally meant only natural sub-
stances produced by bacteria or fungi, but today it is used
to refer to both synthetic (or semi-synthetic) compounds,
such as sulfonamides (SAs) and quinolones, and natural
compounds, such as penicillins (PENs) and tetracyclines
(TCs). In this review, the term antimicrobial refers to
antibacterial antibiotics, since other antimicrobial agents
such as antifungal or antiparasitics are beyond the scope of
the present work.

The large quantities of antimicrobials used in human (to
treat microbial diseases) and veterinary medicine (to
prevent and to treat diseases, and as supplement to promote
growth in food animals) have led to their occurrence in the
environment. After their medicinal application and excre-
tion via urine and feces, residual human antimicrobials
mainly enter municipal sewage treatment plants. The
frequent detection in wastewater treatment plant (WWTP)
effluents indicates the incomplete removal of many
antimicrobials. Most of the veterinary drugs used are
antimicrobials, which mainly reach the aquatic environ-
ment via animal manure [5], almost in 90 % unchanged
form, through direct urination or defecation on the fields or
through dispersion on agricultural lands as fertilizer.
Figure 1 shows the evolution in manure produced by
confined animals in farms of all USA states in ten years
(1987-1997).

Depending on the mobility of antimicrobials and
metabolites in the soil system, they may threaten the
surface and ground waters, affecting both terrestrial
and aquatic organisms [6]. Overland flow has recently
been identified as a pathway through which veterinary
antimicrobials, such as sulfonamides and tetracyclines,
may be transported to surface waters from arable
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Fig. 1 Distribution of dry manure production in all USA animal
farms. Data from the Economic Research Service United States
Department of Agriculture, http://www.ers.usda.gov/data/manure

lands previously treated with animal manure [7]. The same
picture is found when the sludge originating in WWTPs is
used to fertilize soils. The direct introduction of anti-
microbials used in veterinary medicine into surface waters
is also possible through fish farming [8]. Antimicrobials
are widely used in aquaculture, and the main groups used
are TCs and SAs [9].

Production data for antimicrobials and pharmaceuticals
in general is not available; however, it is known that large
quantities of antimicrobials are used not only with
therapeutic purposes but also for growth promotion of
farm animals and as additives in soaps, creams, and
disinfectants. According to the information reported [10,
11] the use of antimicrobial substances in human prescrip-
tions in comparison with the use in veterinary medicine is
balanced in the European Union, whereas in the USA the
total amount used in animals is nearly tenfold higher.

Despite the fact that the individual amounts of
antimicrobials and their metabolites introduced into the
environment are likely low, continuous introduction can
lead to cumulative high long-term concentrations, thus
promoting the possibility for continual but unnoticed
adverse effects, which may accumulate so slowly than

changes remain undetected until the effects become
irreversible.

For multi-analyte determinations in the analysis of
antimicrobials, chromatographic techniques are an excel-
lent tool. Gas chromatography (GC) has a high resolving
power owing to the use of capillary columns; however,
liquid chromatography (LC) is getting more popular, in
part owing to advances achieved through the development
of atmospheric pressure ionization (API) interfaces. There-
fore, LC has become the technique of choice for the
analysis of antimicrobials, which are rather polar, non-
volatile, and in some cases thermally labile, without the
need for derivatization.

Degradation products and metabolites are often for-
gotten when analyzing antimicrobials; a notable exception
is the macrolide erythromycin, which has been determined
as its dehydro-form in acidic samples [12, 13, 39, 57].

The aim of this review is to provide a number of
analytical methods based on liquid chromatography
tandem mass spectrometry (LC-tandem MS) developed
for the analysis of the antimicrobials mostly present in
surface, ground, and wastewaters. These methods are
characterized by their extremely high sensitivity and
selectivity, which are required by the low concentrations
of these substances found in the environment. In previous
papers [14, 15], the authors have reviewed the state-of-the-
art in the environmental analysis of pharmaceuticals,
including antimicrobials, and these reports were devoted
mainly to sample preparation, stability, degradation, and
matrix effects. In the present review, we focus on the
advances achieved in MS detection and on recently
reported data on the analysis of metabolites. Finally,
some information regarding the removal of antimicrobials
in wastewater treatment procedures is also included.

Physico-chemical properties

Often information on the physical and chemical properties
of'a drug, e.g., the octanol/water partition coefficient (Ky,),
distribution coefficient (Ky), dissociation constants (pK,s),
vapor pressure or Henry’s law constant (K;), will help to

Table 1 Ranges of physico-chemical properties of selected antimicrobial classes

Antimicrobial classes Molecular weight (g mol™')  Water solubility (mg L™")  logKoy pK. Ky (Pa L mol™)
Sulfonamides 150-300 7-1.5x10° -0.1-1.7 2-3%4-11°  1.3x10"22x10°®
Quinolones 200-400 3-20x10° -1.0-1.6 25 5x10717-4x1078
B-Lactams 300-500 20-10x10° 0.9-3.0 2.5 2.5x10719-1x10712
Aminoglycoside 300650 10x10°-50x10° -8.0to—1.0 6.5-8.5 8.5x107'%-4x107®
Tetracyclines 400-600 200-55x10° -1.5-0.1 3-9 1.5x10 2=5x10"2>
Polypeptides 500-1,000 Partial -1.0-3.0 NR ca. 0-3x107%
Polyethers 650-750 2x107%-3x10 5.0-9.0 6.5 2x107"8-1.5x107"®
Macrolides 650-1,000 0.5-15 1.5-3.0 7.5-9 7.5x1072%2x1072¢
Data from literature cited

’pK, range

prz range

NR not reported


http://www.ers.usda.gov/data/manure

determine whether the compound is most likely to
concentrate in the aquatic, terrestrial, or atmospheric
environments. Antimicrobials have diverse physico-chem-
ical properties as shown in Table 1. Compounds with high
logK,,, values may show affinity to sludge or soil, whereas
high K4 values indicate the tendency for compounds to be
adsorbed onto soil materials through the phenomena of
adsorption distribution or solid/liquid partition. Both
factors contribute to the reduction of their concentrations
in the aqueous phase.

Tetracyclines, whose name is derived from the four rings
forming their chemical structure, are photodegradable
amphoteric substances stable in acids but not in bases,
which tend to bind divalent and trivalent metal ions,
silanolic groups, and proteins [16, 17] as result of the
presence of two ketone groups in their molecular structure.
Sulfonamide antimicrobials are generally derivatives of
sulfanilamide which have amphoteric properties, but
mainly behave as weak acids, due to the N-H bond of the
sulfonamidic group, and are able to form salts in strongly
acidic or basic media [17]. Aminoglycoside antimicrobials,
which are generally composed of two or three aminosugars
linked between them by a glycosidic bond, are also sus-
ceptible to photodegradation. The high number of amino
and hydroxyl moieties are responsible of their strong polar
properties. Therefore, these basic compounds are char-
acterized by their high water and poor lipid solubility [17].
Macrolides feature a common nucleus, a lactone macro-
cycle, to which one or two sugars are attached. This class of
antimicrobials are weak bases characterized by their high
molecular weight only comparable to polypeptides and
polyether antimicrobials (PEs) [17]. The {3-lactam anti-
microbials (the most used antimicrobials in human med-
icine) are thermolabile compounds with a limited stability
due to the presence of a four-membered (3-lactam) ring in
their structure; they are unstable in alcohols and isomerize
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in acid medium. Quinolones resist acid and basic hydrol-
ysis and between pH 6 and 8 exhibit poor water solubility,
but are lipid soluble; however, they are prone to UV-light
degradation [17]. Polyether antibiotics are composed of
multiple cyclic ethers with a carboxylic acid group at one
end and a terminal alcohol group to the other. These
compounds are rather lipophilic, and exhibit poor solubility
in water, which is even reduced when mono and divalent
metal ions are present due to the formation of lipid-soluble
cyclic complexes.

Metabolites

After consumption, antimicrobials are metabolized in the
organism to different extents and are therefore often
excreted only slightly changed (see Fig. 2). In some
cases, one metabolite of a certain drug may be the
predominant form found in the environment. In general,
metabolism takes place in two steps. In the first step,
reactive functional groups are introduced into the molecule
mainly through oxidation, reduction, or hydrolysis reac-
tions. Finally, the parent drug or its first-step metabolite is
covalently bound to polar molecules present in the body,
such as sugars, sulfates, and acids. As a consequence,
metabolites are more polar than the parent compound,
thereby being easily excreted by the organism. It is known
that under certain environmental conditions or wastewater
treatment procedures, excreted metabolites may be trans-
formed back to the parent compound, for instance through
de-glucuronidation. An early study by Berger et al. [18]
revealed the back transformation of the glucuronide of
amphenicol and N*-acetylsulfametazine to the active parent
compounds during the storage of liquid manure and
suggested a possible similar behavior for other N*-
acetylated SAs.

Fig. 2 Mean excretion rates 100
(%) for selected antimicrobials
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The inactive N*-acetylsulfamethoxazole first-step metab-
olite of the sulfonamide sulfamethoxazole, which is the most
prescribed antimicrobial in human medicine, is known to be
excreted in 50 % of the administered dose [19]. In lower
rates, 20 % and 13 %, the second-step metabolites of the
macrolide clarithromycin, 14-OH-(R)-clarithromycin and
14-OH-(R)-N-demethyl-clarithromycin, respectively, are ex-
creted after undergoing hydroxylation and N-demethylation.

Little is known about the occurrence of antimicrobial
metabolites in the environment. This may mainly be at-
tributed to their relatively high polarity and to the lack of
reference substances, which both hinder their analytical
determination. In order to better assess the occurrence of
antimicrobials in the environment Gobel et al. [20] have
pointed out the need to consider the metabolites of dosed
drugs. In their work, the elimination of N*-acetylsulfa-
methoxazole and dehydro-erythromycin were studied
among other residues, and for the acetylated form a
tentative fragmentation process was presented. In an earlier
study, Hilton and Thomas [21] included N*-acetylsulfa-
methoxazole among the pharmaceuticals investigated in
effluent and surface water. Findings indicated that while
sulfamethoxazole could not be quantified in any sample
(<50 ng L"), N*-acetylsulfamethoxazole was present in all
samples and at quite high concentrations (<50-2,200 ng
L™"). Regarding erythromycin, it is never detected in its
original form but as a degradation product with the loss of
one molecule of water. This dehydration process is known
to occur in acidic aqueous solution (pH<7). In order to
elucidate which form is mainly present in environmental
waters Hirsh et al. [22] carried out a simple experiment
consisting of extracting spiked samples with erythromycin
at different pH values. The findings indicated that only the
degradation product could be detected; thus, the dehydra-
tion process takes place in the natural aquatic environment,
contrary to earlier explanations pointing out the formation
of the degradation product during the ionization process
when analyzing by mass-spectrometry-based methods. In
this work, in addition to erythromycin other antimicrobials
were investigated in wastewater treatment plant effluents
and surface waters. The highest concentration in the
effluents was reached by dehydro-erythromycin with a
mean value of 2,500 ng L' (maximum of 6,000 ng L™).

The study of degradation products and epimers of TCs
in the environment has scarcely been addressed. This can
be likely due to the low proportion relative to the parent
TC in which they are formed, especially for degradation
products. These products are known to be formed through
hydrolysis and photolysis reactions yielding the epi-
tetracyclines, anhydro-tetracyclines, and iso-tetracyclines.
Nevertheless, their consideration is important because of
degradation products are known to be more soluble in
water phases than the parent compounds, which increases
their mobility potential. In recent work, Halling-Sorensen
et al. [23] evaluated the occurrence of oxytetracycline
(OTC) in soil interstitial water as regards the parent and
eight degradation products, namely, 4-epi-OTC, «- and
-Apo-OTC, 4-epi-N- and N-desmethyl-OTC, 4-epi-N-
and N-didesmethyl-OTC, and 2-acetyl-2-decarboxamido-

OTC. Results indicated that OTC and 4-epi-OTC were the
only compounds found to be at significant concentrations in
soil interstitial water, whereas all other degradation
products were present at <2 % relative to OTC.

Removal in WWTPs

A variety of antimicrobial residues have been found in
WWTP effluents in concentrations up to the low pg L™
range. Mean values for receiving surface waters are
generally around one order of magnitude lower than the
median values for the WWTP effluents. Elimination rates
differ considerably depending on the compound, on the
environmental conditions, and on the process conditions
with adsorption and degradation being the main processes
taking place during the wastewater treatment for the
removal of contaminants. In a recent paper, Castiglioni et
al. [24] classified a number of pharmaceuticals, including a
few antimicrobials, depending on the seasonal variation in
their removal rates; the following three groups were
defined: those most removed in summer, those with no
seasonal influence on their elimination, and those not
removed either in winter or in summer.

Hydraulic retention times are generally shorter than the
degradation half-lives of most antimicrobials entering
WWTPs, and as a result polar compounds are discharged
into the effluents before complete degradation can occur.
According to several authors [25-30], elimination rates of
antimicrobials during the sewage treatment are between 50
and 99 %. In general, more polar antimicrobials are not
effectively eliminated during the process, whereas rather
lipophilic compounds are more easily removed from the
waste water by adsorption on the sewage sludge through
hydrophobic interactions [31, 39]. 3-Lactams are expected
to be easily eliminated in WWTPs due to the lability of the
[3-lactam ring towards chemical and microbial degradation;
however, concentrations up to 330 ng L' of clarithromycin
were detected in WWTP effluents in Sweden [26]. TCs and
quinolones are effectively removed by retention in sludge
through precipitation as metal complexes and by adsorption
through hydrophobic interactions, respectively [27-29].
Low removals (around 60 %), however, have been reported
for SAs and trimetoprim [30, 32].

Regarding the occurrence of antimicrobials during
wastewater treatment procedures, in general, studies have
addressed final effluents [33, 34, 57]. Raw influents have
scarcely been considered [20, 32, 35]; nevertheless, for a
complete assessment of the suitability of current treat-
ments, the study has to be extended to primary, secondary,
and tertiary effluents (whenever these exist). Golet et al.
have followed such an integrated approach [20] in the
study of selected macrolides, sulfonamides, and the
metabolites N*-acetylsulfamethoxazole and dehydro-eryth-
romycin along the wastewater treatment process in two
municipal WWTPs in Switzerland. Results indicated that
the compounds investigated are not efficiently eliminated,
and therefore they reach surface waters. Tertiary treatment
seems to not efficiently decrease the concentration of



contaminants present in the secondary effluent; on the
contrary, in quite a number of antimicrobials their
concentrations increased in the tertiary effluent, for
instance sulfapyridine and the acetylated metabolite. As
regards N*-acetylsulfamethoxazole, it is eliminated exclu-
sively in the primary treatment (mechanical process) with
concentrations of 518 and 943 ng L™ in primary effluents,
86 ng L™" and <LOQ in secondary effluents and 82 and
71 ng L™" in the final tertiary effluent. The high removal
rate of N'-acetylsulfamethoxazole has to be considered
when evaluating the extent of elimination of sulfamethox-
azole along wastewater treatment, since the removal of the
parent form is quite poor and this would lead to an
underestimation of its attenuation. A similar study was
conducted in one WWTP in Spain [32]; however, the
process comprises a pre-treatment and primary and
secondary treatments. The overall removal efficiency
reported for sulfamethoxazole was around 60 %, in
agreement with those values found in the literature;
however, N*-acetyl metabolite was not considered.

There is a lack of information regarding production data
for antimicrobials and for pharmaceuticals in general. Little
data on prescribed dosages in human medicine is available.
Thus, the evaluation of overall environmental loads of such
substances is intricate. Despite that, Lindberg et al. [35]
recently performed a survey on the occurrence of
antimicrobials in five WWTPs in Sweden in order to
assess the amount of antimicrobials discharged into the
environment. The total amounts found (considering final
effluent and sludge) normalized to the number of popula-
tion in the area where the plant is located were compared
with theoretical predictions based on consumption data.
The authors concluded that quite reliable values of
antibiotic loads could be estimated from consumption
data without additional measurements.

Analytical determination
Sample preparation

Commonly used methods for analysis usually include
extraction for enrichment and clean-up of aqueous
samples. Prior to analysis filtration is often carried out on
0.45- or 0.2-um glass-fiber filters. When analyzing
aminoglycosides, however, filtration should be avoided
because significant loss occurs due to their extremely high
sorption ability [36]. Solution pH is critical, because it
determines the chemical form of analytes in the samples,
their stability, and the interaction between analyte and
sorbent when further solid-phase extraction (SPE) is
carried out. Most antimicrobials are acidic substances;
thus the acidification of water samples in order to obtain
their neutral or acidic forms allows the retention of the
negatively charged organic matter usually present in
natural samples, in anionic exchange SPE -cartridges,
which improves the further retention of target compounds.
Nevertheless, in some cases, acidic pH values can promote
the degradation of the compound, as would be the case of
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penicillin G, and therefore the acidification of the sample is
performed just before extraction [37]. Similarly, when
extracting PEs, the pH value of the sample has to be
adjusted to neutral (around 7.5) just before the extraction
since they are acid- and/or base-labile [38].

Because TCs, SAs, and PEs form complexes with metal
ions, special precautions have to be taken, for example, to
heat all glassware at 450 °C for 1 h followed by rinsing
with a strong chelating agent, such as Na,EDTA [38, 39].
Temperature control is needed when analyzing TCs and
macrolides since temperatures higher than room tempera-
ture cause their transformation into epi- or anhydrous forms
[40], and higher than 100 °C promotes the degradation of
macrolides [41]. The use of glassware has also to be
avoided when analyzing strongly polar compounds, such
as aminoglycoside, in order to prevent losses by adsorption
[36] and for penicillins in order to avoid the formation of
epimers that are catalyzed by both heavy metal ions and
basic media [14].

Additional problems in determining TCs are the forma-
tion of keto—enol tautomers in alkaline aqueous solutions
[42] and the formation of 4-epimer isomers in acidic
aqueous solutions [43]. Although these reversible phenom-
ena have been known to occur for a long time, very few
recent papers have focused on detecting TCs and their
degradation products and epimers in environmental anal-
ysis [23, 44, 45, 61]. The strong affinity of PEs by mono
and divalent metal ions strongly suggests the conversion of
such compounds into their single sodium adduct species in
the water sample before analysis in order to perform
sensitive, specific, and reproducible determinations. To
fulfil such requirements, addition of sodium chloride to the
water samples before extraction may be employed [38].

A literature survey reveals that different extraction
techniques are employed to extract antimicrobials, includ-
ing lyophilization (Lyo), liquid—liquid extraction (LLE),
and SPE, but mainly enrichment and clean-up are usually
carried out on SPE cartridges of a number of sorbent
materials: Lichrolut EN, Lichrolut C,g, Oasis MCX, Oasis
HLB, and Widepore CBX. Oasis HLB cartridges are more
often employed owing to their better recovery of both polar
and non-polar compounds. The use of Oasis MCX-HLB in
tandem is an excellent approach to ensure the elimination
of the interfering organic substances, since the presence of
organic matter may result in the reduction of extraction
efficiencies, therefore hindering detection. Polar solvents
such as acetone, MeOH, acetonitrile (ACN), or ethyl
acetate are employed for elution (see Table 2).

In order to avoid undesirable matrix effects (ion
suppression or signal enhancement) due to interfering
matrix-related components control experiments should be
always carried out with matrix-free blanks.

High enrichment factors are required to achieve the
low limits of detection necessary for the environmental
analysis of antimicrobials. In response to such demands,
Hartig et al. [46] reported a robust SPE procedure for
the extraction and purification of sulfonamide drugs in
surface waters and waste water effluents in which 1-L
acidified samples (pH 2.5) were extracted using
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Table 2 Summary of LC-tandem MS analytical methods for the determination of antimicrobials and metabolites in water samples

Compound Matrix Tandem Recovery LOD Extraction LC conditions Reference
MS (%) procedure
detection
Single antimicrobial class
Sulfonamides STP (ESI+)- 18-101 0.2- SPE Supersphere RP18 ec [46]
effluents TQP 37ugLl™t pH2S5 (250x2 mm, 4pm)
Surface A: ACN/water (3:97),
waters 1 % formic acid
B: ACN/water (75:25),
1 % formic acid
Tetracyclines Ground (ESI+)-  69-98 50 ng L™ SPE Puresil C18 [44]
water TQP (150%4.6 mm, 5 pm)
A: water/0.5 % formic
acid/ammonium acetate
(pH 2.5)
B: ACN
Tetracyclines Ground (ESI+)-  87-109 0.2— SPE BetaBasic C18 [60]
water ion trap 03 ugL™? pH2S5 (200%2.5 mm, 5 pm)
Animal Water/5 % formic acid/
wastewater ACN/MeOH (23:40:25:12)
OTC, OTC Soil (ESI+)-  72-94 0.1- No XTerra C18 MS [61]
degradation interstitial TQP 05mg L' extraction (100x2.1 mm, 3.5 pm)
products water pH 7.9 A: water/MeOH (80:20),
0.1 % formic acid
B: water/MeOH (5:95),
0.1 % formic acid
Macrolides Surface (ESI+)-  90-96 0.03— SPE Xterra MS C18 [13]
water ion trap  (surface) 0.7 ug L (50%2.1 mm, 2.5 um)
Wastewater 83-87 (surface) A: water
(waste) B: ACN, 1 % formic acid
Gentamicin Hospital (ESI+)-  49-68 02pug L' SPE Chrompack Omnispher [36]
wastewater  TQP pH 7-8 C18 (ion pair LC)
(50x3 mm, 3 pum)
A: water, B: MeOH
C: 20 mM HFBA
Polyether antimicrobials Surface water (ESI+)-  82-100 30-50 ng L™' NaCl Xterra MS C18 [38]
(ionophores) ion trap SPE (50%2.1, 2.5 pum)
A: water, 1 % formic
acid
B: MeOH
C: ACN
Multiple antimicrobial classes
Erythromycin, trimethoprim, Sewage (ESI+)-  56-123 10-50ng L' SPE Luna C18 [21]
sulfamethoxazole, N*-acetyl- effluents ion trap pH 3 (250x2 mm, 5 pm)
sulfamethoxazole Surface A: MeOH
waters B: water, 40 mM
ammonium acetate,
formic acid (pH 5.5)
Penicillins, tetracyclines, Surface (ESI+)-  45-137 20-50ng L' Lyophilization Several columns [57]
sulfonamides, macrolides waters TQP (Lyo) (LOQ) SPE and solvents
15-120 Na,EDTA
(SPE) pH 3
Sulfonamides, macrolides, Groundwaters (ESI+)- 11-119  1-6.5 ng L' Na,EDTA Nucleosil 10-3C18 [62]
penicillins TQP pH 5 (250x2 mm, 3 pm),

different solvents
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Compound Matrix Tandem Recovery LOD Extraction LC conditions Reference
MS (%) procedure
detection
Novobiocin, roxithromycin ~ Sewage (ESI+)-  61-93 2 pg Soxhlet YMC ODS-AQ [58]
effluents TQP 3 pg extraction (100x1 mm, 3 pum)
Surface SPE A: ACN
waters pH 4 B: water, 10 mM
ammonium acetate
Sulfamethoxazole, Sewage (ESI+)- 75 6.7 ng L' SPE NR [32]
roxitrhomycin effluents TQP
Tetracyclines, penicillins, STP effluents (ESI+)- NR NR Lyophilization NR [22]
sulfonamides, macrolides Surface water TQP SPE
Ground water Na,EDTA
Penicillins, tetracyclines, Surface (ESI+)-  54-108 20,50 ng L' Lyophilization NR [39]
macrolides, sulfonamides STP effluents TQP (Lyo) (Lyo) SPE
Drinking 15-120 2,5 (SPE) Na,EDTA
water (SPE) (LOQ) pH 5
Sulfamethoxazole, Surface (ESI+)-  63-96 5-10 ng L' SPE XTerra C18 RP [51]
erythromycin, Drinking Q-TOF (LOQ) pH 3 A: water, ammonium
chloramphenicol Groundwater acetate 2 mM
B: MeOH, ammonium
acetate 2 mM
Macrolides, quinolones, WWTP (ESI+)-  73-99 1-8 ng L' SPE Genesis C18 [33]
quinoxaline dioxide, effluent TQP pH 3, pH 6 (50%2.1 mm, 3 pm)
sulfonamides, tetracyclines Different methods
Tetracyclines, sulfonamides WWTP (ESI+)-  80-104 30-70ngL™' SPE Xterra MS C18 [28]
influent and  ion trap Na,EDTA-cit- (50%2.1, 2.5 um)
effluent ric acid A: water, 1 % formic
acid
B: ACN
Quinolones, penicillins Surface ESI(+)-  74-123 04— On-line SPE  Kromasil C18 [37]
Groundwater TQP 4.3 ng L'  Ammonium (100x2.1 mm, 5 pm)
ESI(+)- 50ng L' acetate A: water, 1 % formic
Q-TOF acid
B: MeOH, 1 % formic
acid
Macrolides, quinolones, WWTP (ESI+)-  <5-101 6-160ngL ' SPE YMC Hydrospher C18 [35]
sulfonamides, tetracyclines, influent ion trap pH 3 (150x4.6 mm, 5 pm)
penicillins, cephalosporins,  and effluent A: ACN, 0.1 % formic

nitroimidazole, trimethoprim

acid
B: water, 0.11 % formic acid

ACN acetonitrile, MeOH methanol, LOQ limit of quantification, NR not reported, HFBA heptafluorobutyric acid

Lichrolut EN SPE cartridges regardless of their origin.
A concentration factor as high as 670 was employed,
achieving recovery rates between 50 and 90 %.
Analytical procedure

Chromatographic separation

The chromatographic column preferably used has an end-
capped C;3 phase; however, aminoglycosides are not

retained in alkyl-bonded silica columns. Therefore, the
common approach in this case is to use ion-pair chroma-
tography, where ion-pair agents compatible with MS
detection (high volatility) must be used, such as hepta-
fluorobutyric acid. In order to reduce ion suppression it is
strongly recommended to avoid the use of trifluoroacetic
acid.

The influence of the LC mobile phase on the ionization
process has been the aim of several studies [47, 48].Typical
mobile phases comprise water/ACN or water/MeOH
mixtures where volatile organic modifiers such as acetic/
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acetate buffer, formic acid, or acetic acid are added to
improve ionization efficiencies and control pH (see
Table 2). The presence of non-volatile compounds in the
mobile phase causes clogging in the orifice plate and
significant drop in signal intensity. The methanolysis
observed for penicillins when prepared in MeOH is not
observed during LC separation using methanolic mobile
phases: in fact, an improvement of response is observed in
ESI+ mode.

Tandem MS detection

Instrumentation Mass spectrometry as a technique for
chromatographic detection provides high sensitivity and
specificity, especially in multiple reaction monitoring
(MRM) mode, and allows compound confirmation and
provides structural information. In general, LC-MS can be
used for quantification purposes only when the analyte is
present in simple matrices, such as tap water and bottled
water, whereas LC-tandem MS is required to quantify with
confirmation of identity of residues in complex matrices
such as wastewaters.

The analyzers used most as LC detectors are the quad-
rupole (Q), ion trap (IT), and time of flight (TOF) either
alone or combined to give tandem mass spectrometers as
the triple quadrupole (TQP) and hybrid instruments, such as
the quadrupole/time of flight (Q-TOF), ion trap/time of
flight (IT-TOF), and the quadrupole/linear ion trap (Q-LIT).
IT instruments are able to perform many stages of MS
(MS"), thereby achieving an extremely high sensitivity
since they can record a complete mass spectrum of each
pulse of ions introduced into the trapping volume [49].
Sensitivity achieved by TOF and TQP instruments is quite
similar but for increased specificity TOF is recommended;
however, the significantly lower effective linear dynamic
range compared to that provided by TQP instruments limits
their use in quantitative determinations. The recently
introduced Q-TOF instruments are of great interest in
confirming proposed analyte identities owing to the
accurate masses provided for both precursor and product
ions and the possibility of recording a full-scan product-ion
spectrum [18, 50]; however, the main drawback of such
instruments is their lower sensitivity compared to TQP
instruments working in MRM mode. An attempt to improve
sensitivity in Q-TOF detection of selected penicillins and
quinolones in surface and groundwater was carried out by
Pozo et al. [37] by increasing the volume of sample
extracted (1 L); however, the LOD was still higher than that
obtained by TQP detection. These findings are in agree-
ment with the results reported by Stolker et al. [51] who
compared the performances of TQP and Q-TOF detections
for the screening and confirmation of selected antimicro-
bials belonging to different classes, namely chlorampheni-
col, erythromycin, and sulfamethoxazole, in surface,
ground, and drinking water. The method allowed screening
and confirmation of a large number of trace pharmaceu-
ticals in the range 1-100 ng L™" in one run. Comparing the
performances of triple quadrupole and Q-TOF, authors

concluded that fully satisfactory results were obtained with
both techniques; however, Q-TOF has the advantage of the
enhanced selectivity owing to information provided by the
accurate mass measurements of product ions. Method
characteristics such as linear dynamic range and repeat-
ability were found to be similar for both techniques, but
LODs of TQP were somewhat lower.

The IT-TOF analyzer is a variation of the Q-TOF
obtained by substituting the quadrupole by an IT and
therefore combines the extremely high IT sensitivity with
the excellent TOF resolution [49]. The new Q-LIT mass
spectrometer is also a powerful tool providing the
specificity and robustness of the TQP instruments with
the full-scan tandem MS sensitivity of IT analyzers,
thereby increasing the instrumental dynamic range [52,
53]. Its capability to decouple some of the ion processing
steps in the production of a product ion mass spectrum
overcomes most of the limitations, such as the low-mass
cut off, of conventional ion trap MS instruments, and thus
it may be suitable for the analysis of small molecules. An
additional advantage is the selective detection shown for
multiply charged ions over singly charged ions. To the best
of the author’s knowledge no application in environmental
analysis of antimicrobial residues has been reported so far.

Application Some conventional interface systems used
years ago, e.g., thermospray and particle beam, do not fit
to the requirements for environmental analysis due to their
poor sensitivity and robustness; however, two mild
ionization interfaces, electrospray ionization (ESI) and
atmospheric pressure chemical ionization (APCI), satisfy
the requirements. Recently a new API interface has been
developed, the so-called atmospheric pressure photo-
ionization (APPI) [54, 55]. APPI is a modification of the
APCI source in which the corona is replaced by a gas-
discharge lamp, emitting radiation in the UV region able to
selectively ionize the analytes in the presence of the LC
mobile phase. To the best of the knowledge of the authors,
this new interface has only been applied for detecting
chloramphenicol in fish meat [56].

The electrospray source appears to be the most
frequently employed mode of ionization in antimicrobial
residue determination, since it is particularly suitable for
both polar and non-polar analytes and for thermally labile
substances, although it is known to be more prone to
signal suppression than APCI.

Positive ionization is often preferred when both positive
and negative ionization are possible, such as for the
[3-lactams and penicillins. Therefore, ESI+ is employed
with only a few exceptions, such as cephalosporins,
novobiocin, and chloramphenicol, which ionize better in
ESI— mode [57, 58].

The first step in the tandem MS detection is the
selection of the precursor ion. In residue analysis it is
preferable that the ionization spectrum consists of a
molecular or quasi-molecular ion due to a singly charged
droplet of the analyte and negligible fragmentation. The
protonated molecular ions, [M+H]", are generally con-
sidered as the best precursor ions; however, for a better
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Fig. 3 (continued) Sulfonamides
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sensitivity, selectivity, and reproducibility the [M+NH,]"
and [M+Na]" ions are selected for penicillins and PEs,
respectively [38, 46, 57]. In a recent study by Pozo et al.
[37], addition of formic acid was carried out to avoid the
formation of the sodium adduct of penicillins, which
seemed to present a deficient fragmentation in the collision
cell. The formation of ammonium adducts has also been
reported to occur during the ionization process, when
analyzing sulfonamides using ammonium additives in the
mobile phase, which significantly worsen sensitivity.
However, the formation of adducts may not always con-
stitute a drawback, since when internal standards are used
they will show the same specific formation of adducts
in a given system, which may even facilitate their
detection. The formation of the stable single sodium
adduct species of PEs is a somewhat difficult process,
since other alkali metal ions present as impurities during
the analysis can also form adducts driven by the high
affinity of PEs for alkali metal ions. In order to avoid

[M+Na]+

[M+Na-H,0+

that, an excess of sodium cations has to be guaranteed,
for example, simply by adding sodium chloride to the
water samples prior to extraction and adding formic acid
to the mobile phase in order to prevent deprotonation of
the terminal carboxyl groups and subsequent formation
of adducts with more than one metal ion [38]. In the
same way, the precursor ion [M+Na]" is also preferred
to [M+H]" for novobiocin (C3;H36N,O;;, a coumarin
antibiotic) for increased sensitivity. In the course of its
fragmentation process, the noviose moiety is lost yielding
the sodiated complementary fragments [CoH;sNOs + Na]"
and [C»,H,NOg + Na]" at m/z 240 and 410, respectively.
Nevertheless, Miao et al. [58] recently reported a more
intense signal an a higher number of fragment ions
operating in negative ionization mode, with [M—H] as
the precursor ion, and proposed a fragmentation pattern of
[M—H] for novobiocin.

The application of multi-residue methods allows a large
amount of data to be obtained after a single sample



preparation step and in a single LC-tandem MS run. In
addition, under specific conditions, compounds belonging
to the same antimicrobial class usually form common
fragments in the fragmentation process. These fragments
may be considered as class-specific fragment ions, which
contribute to a best performance (see Fig. 3 and Table 3).
This would be the case with the four components of
gentamicin, which form a common fragment detected at
m/z 322 as a consequence of the cleavage of the
purpurosamine group. [3-Lactam rings also undergo
cleavage during fragmentation providing (3-lactams with
class-specific fragment ions at m/z 160 and 114. Common
neutral losses for the same class of antimicrobials also aids
their detection, e.g., loss of the sugars desosamine and
cladinose in macrolides, loss of H,O, CO,, and the
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piperazine substituent in quinolones, loss of the sulfanil-
amide moiety in SAs (m/z 156), and of NH; and H,O for
TCs. In a very interesting study, Kamel et al. [59] carried
out the mass spectral characterization of selected TCs by
electrospray ionization and multiple stage mass spectrom-
etry using TQP and IT instruments. Compositions of
product ions and mechanism of decomposition could be
determined by comparison of spectra of deuterated and
non-deuterated species.

Regarding metabolites and degradation products, ac-
cording to Halling-Sorensen et al. [23] OTC and its deg-
radation products (4-epi, apo, and demethyl derivatives)
follow similar fragmentation processes, involving neutral
losses of H,O and NH; from the precursor ion [M+H]".

Table 3 Most frequently used base peaks (m/z) of precursor and product ions in the tandem MS determination of selected antimicrobials

Compound Precursor ion (m/z) Product 1 (m/z) Product 2 (m/z)

Roxitromycin 838 [M+H]" 158 [DS+H]* 680 [M—DS+H]"
Erythromycin—H,O 716 [M—H,O+H]" 522 [M—DS—2H,0+H]" 558 [M—DS—-H,O+H]"
Clarithromycin 750 [M+H]" 116 [CL-OCH;+H]" 592 [M—DS+H]"

Tylosin 916 [M+H]" 771 [M—-MY+H]" 318 [DS-O-MY]"
Spiramycin T 843 [M+H]" 700 [M—MY+H]" 540 [M—DS+H]"
Oleandomycin 689 [M+H]" 545 [M—oleandrose+H]" 158 [DS+H]"

Trimethoprim 293 [M+H]* 123 [M—trimetoxyphenyl]" 231 [M—2CH;0+H]"
Chloramphenicol 323 [M—-H] 152 [nitrobenzylalcohol carbanion] 176 [194-H,0]
Chlortetracycline 479 [M+H]* 444 [M—H,0— NH5+H]" 462 [M—NH5+H]"
Doxycycline 445 [M+H]" 428 [M—NH;+H]" 410 [M—H,O-NH;+H]"
Demeclocycline 465 [M+H]" 448 [M—NH5+H]" 430 [M—H,O-NH;+H]"
Oxytetracycline 461 [M+H]" 426 [M—H,0-NH;+H]" 444 [M-NH;+H]"
4-Epi-oxytetracycline 461 [M+H]" 426 [M—H,O-NH;+H]" 444 [M—-NH5+H]"
Tetracycline 445 [M+H]" 410 [M—H,0-NH;+H]" 427 [M—H,0+H]"

Cloxacillin 453 [M+NH,]" 160 [F1+H]" 277 [F2+H]"

Dicloxacillin 487 [M+NH,]" 160 [F1+H]" 311 [F2+H]"

Amoxicillin 366 [M+H]" 349 [M-NH;+H]" 160 [F1+H]"

Ampicillin 350 [M+H]" 160 [F1+H]" 114 [F1-COOH]"

Methicillin 381 [M+H]" 165 [dimethoxybenzaldehyde]” 222 [cleavage in B-lactam+H]"
Nafcillin 432 [M+NH,]" 171 [ethoxynaphthyl]" 199 [ethoxynaphthylcarbonyl]*
Oxacillin 419 [M+NH,]" 144 [phenylisoxazolyl+H]" 243 [M—methylphenylisoxazolyl]"
Penicillin G 352 [M+NH,4]" 160 [F1+H]" 176 [F2+H]"

Penicillin V 368 [M+NH,4]" 114 [F1- CO,+H]" 160 [F1+H]"

Sulfamethazine 279 [M+H]* 186 [M—H,NPh]" 124 [aminodimethylpyridine+H]"
Sulfamethoxazole 254 [M+H]* 156 [H,NPhSO,]" 108 [H,NPhOT"
N*-Acetyl-sulfamethoxazole 296 [M+H]" 134 198

Sulfadiazine 251 [M+H]* 156 [H,NPhSO,]* 108 [H,NPhO]*
Sulfapyridine 250 [M+H]" 184 [M—H,SO,+H]" 156 [H,NPhSO,]"
Ciprofloxacin 332 [M+H]" 314 [M—H,0 +H]" 288 [M—H,0—-CO,+H]"
Ofloxacin 362 [M+H]" 344 [M—H,0 +H]" 261

Norfloxacin 320 [M+H]" 302 [M—H,O +H]" 276 [M—CO,+H]"
Enrofloxacin 360 [M+H]" 342 [M—H,O +H]" 316 [M—CO,+H]"

Monensin A 694 [M+Na]* 676 [M+Na—H,0]" 658 [M+Na—2H,0]"
Monensin B 679 [M+Na]* 662 [M+Na—H,0]" 643 [M+Na—2H,0]"
Salinomycin 773 [M+Na]* 755 [M+Na—H,0]" 733 [M+Na—2H,0]"

Narasin A 787 [M+Na]* 769 [M+Na—H,0]" 544 [M+Na—H,0-C,H;40,]"

Data from literature cited. CL cladinose, DS desoxamine, F'/and F2 see Fig. 2
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Conclusions

The requirement for quantitative data at environmentally
relevant concentrations (ng L' range) reinforces the need
for powerful analytical techniques, which ensure low
detection limits and are certain to confirm analyte
identities. LC-tandem MS fulfils these criteria. Hybrid
Q-TOF instruments allow an ultimate identity confirmation
of unknowns by the accurate mass measurement of product
ion spectra. Despite that, its application in environmental
analysis is still limited due to its lower sensitivity compared
to TQP analyzers. Therefore, in the analysis of antimicro-
bials at environmentally relevant concentrations, typically
in the low ng L' level, the technique of choice so far is
LC-tandem MS with TQP instruments for both detection
and confirmation purposes. For further improvement in
antimicrobial environmental analysis the use of the
recently introduced hybrid Q-LIT mass analyzer might be
a very interesting tool.

Despite the increasing number of studies devoted to the
analysis of metabolites and degradation products, they are
only available for some antimicrobial compounds, such as
TCs. This may be due to their usually high polarity and to
the lack of reference substances, which both make their
analytical determination difficult.

Most efforts in environmental analysis have to be
focused on the minimization of matrix effects. Suppression
or enhancement of the analyte signal is a complex effect,
whose extent seems to be dependent on several experi-
mental and instrumental conditions. Strategies to diminish
those unwelcome effects together with improved calibra-
tion approaches are required to obtain reliable data on the
occurrence and fate of antimicrobial residues in the
environment. To attain these challenges, enhanced extrac-
tion and purification procedures need to be developed, and
more labeled internal standards should be commercially
available.
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