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Rapid analysis of trace levels of antibiotic polyether ionophores
in surface water by solid-phase extraction and liquid chromatography

with ion trap tandem mass spectrometric detection
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Abstract

The occurrence of antibiotics in surface and ground water is an emerging area of interest due to the potential impacts of these compounds on
the environment. This paper details a rapid, sensitive and reliable analytical method for the determination of monensin A and B, salinomycin and
narasin A in surface water using solid-phase extraction (SPE) and liquid chromatography–ion trap tandem mass spectrometry (LC–MS–MS)
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ith selected reaction monitoring (SRM). Several product ions as sodiated sodium salts for MS–MS detection have been ide
ocumented with their proposed fragmentation pathways. Statistical analysis for determination of the method detection limit (MDL)
nd precision of the method is described. The average recovery of ionophore antibiotics in pristine and wastewater-influenced
6.0± 8.3% and 93.8± 9.1%, respectively. No matrix effect was seen with the surface water. MDL was between 0.03 and 0.05�g/L for these
ntibiotic compounds in the surface water. The accuracy and day-to-day variation of method fell within acceptable ranges. The
pplied to evaluate to the occurrence of these compounds in a small watershed in Northern Colorado. The method verified the

race levels of these antibiotics in urban and agricultural land use dominated sections of the river.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The ionophore antibiotics (e.g. monensin (MON), sali-
omycin (SAL), narasin (NAR), etc.) produced by vari-
us strains ofStreptomyceshave microbiological activities
gainst Gram-positive bacteria, fungi and protozoa. These
ntibiotics are used in veterinary applications as feed addi-

ives (coccidiostats) for poultry and livestock and as growth
romoters for ruminants[1,2]. Their basic structure consists
f multiple cyclic ethers, a free carboxylic acid group at one
nd of the molecule and a terminal alcohol group at the other,
uch that they are described as polyether antibiotics (Fig. 1).
hese ionophores readily form electrically neutral pseudo-
acrocyclic complexes with polar mono and divalent cations,

∗ Corresponding author. Tel.: +1 970 491 8336; fax: +1 970 491 7727.
E-mail address:kcarlson@engr.colostate.edu (K.H. Carlson).

i.e. Na+, K+, Li+, Cs+, NH4
+, Ca2+, Mg2+ and Cu2+ in so-

lution and are lipid soluble[2–4]. The transport of cation
across the cell membrane by the ionophores is the main
ture of their pharmacological activity.

When applied in veterinary medicine, a fraction of th
drugs are metabolized to inactive compounds, but a sig
cant amount is excreted as active metabolites unchang
urine or feces. A variety of residual antibiotics have b
found in WWTP effluents with concentrations as high
6�g/L [5]. U.S. Geological Survey reported that 95 orga
wastewater contaminants (OWCs) including antibiotics w
found in 80% of the 139 streams sampled[6]. Antibiotic
concentrations as high as 1.9�g/L were found and only 1
of 24 compounds measured were not detected in any o
streams[6]. Donoho[7] revealed the presence of MON
cattle feces and urine, and Catherman et al.[8] found NAR
(1.0–725.0�g/kg) in poultry feces and manure.
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Fig. 1. Chemical structures of carboxylic polyether ionophores.

The presence of antibiotics in the aquatic environment has
created two concerns. The immediate concern is the potential
toxicity of these compounds to aquatic organisms and humans
through drinking water. In addition, there is growing concern
that release of antibiotics to the environment contributes to
the emergence of strains of disease-causing bacteria that are
resistant to even high doses of these drugs[9].

The origin of antibiotic contamination in surface and
ground waters is considered to be point and non-point source
discharges of municipal and agricultural wastewater[10].
Since few studies have been conducted on the occurrence, fate
and transport of antibiotics in the environment[11] there are
several questions that need to be answered on local and water-
shed levels. Thus, there is a need for sensitive and reliable an-
alytical methods to measure concentrations of polyether an-
tibiotics (PEs) in both natural and wastewater environments.

Numerous methods for analytical determination of one or
more of these ionophores in biological matrices (e.g. feeds,
eggs, liver, human plasma, poultry tissue) have been reported
in the literature[2,3,12,13]. Because ionophore antibiotics do
not exhibit any significant UV absorbance[12], derivatiza-
tion to form a UV-absorbing compound is generally required
for their analysis by high-performance liquid chromatog-
raphy (HPLC). Liquid chromatography–mass spectrometry
(LC–MS) [3,13–15]or LC–MS–MS[2,16] has been used
i high
s on.
R for a
v ent.

The majority of LC–MS or LC–MS–MS methods for PEs
in biological matrices are for single or triple quadrupole
mass spectrometers[2,3,13–15]and ion trap tandem mass
spectrometers[3]. However, Kiehl et al.[3] did not fully
report electrospray ionization (ESI) data and procedures
for the investigated MON using an ion trap tandem mass
spectrometer. In water matrices, no study of the analytical
method for the determination of MON A and B, SAL and
NAR A has been conducted with single, triple quadrupole
or ion trap mass spectrometers.

Analysis of the ionophore antibiotics presents substantial
problems. The polyether compound exhibits lower limited
solubility in water due to the formation of lipid-soluble
cyclic complexes with alkali metal cations. The compounds
with hemiactetal or ketal structures tend to be acid labile.
While their lipophilic property facilitates their extraction
from aqueous matrices, the equal lipophilicity of their salts is
sensitive to the type of acid–base extraction. The appearance
of multiple charge adducts for a single analyte of polyether
ionophores, which readily form cyclic complexes with polar
cations is an issue that some analytical techniques face.

This paper details a rapid, sensitive and reliable analytical
method for the determination of MON A and B, SAL
and NAR A in surface water using solid-phase extraction
(SPE) and ion trap LC–MS–MS with ESI (+) and SRM.
T n of
i ass
s salts
f nted.
n the analysis of ionophore antibiotics because of its
ensitivity and ability to provide compound confirmati
esearchers have varied methodological approaches
ariety of biological matrices and site-specific equipm
his study discusses product ions by fragmentatio
onophore–sodium ion complexes in an ion trap m
pectrometer. Several product ions as sodiated sodium
or MS–MS detection have been identified and docume
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Statistical analysis for determination of the method detection
limit (MDL), accuracy and precision of the method is de-
scribed. The method is applied to evaluate the occurrence of
these compounds in a small watershed in Northern Colorado
that is influenced by WWTP effluents and agricultural
landscapes.

2. Experimental

2.1. Materials and reagents

Monensin sodium salt (purity, 90–95%), salinomycin
(purity, 96%), narasin (purity, 97%) and Na2EDTA (purity,
99%) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Simatone, the internal standard (1000 mg/L in
methanol) was purchased from Absolute Standards Inc.
(Hamden, CT, USA). Stock solutions of the standards were
prepared by dissolving each compound in methanol at a
concentration of 100 mg/L and stored at−20◦C in the
dark. Fresh stock solution was prepared monthly. Working
solutions (10, 1 and 0.1 mg/L) were prepared fresh weekly by
diluting the stock solution with deionized water and stored
at 4◦C in the dark. Internal standard working solutions
(1.0 mg/L) were prepared by diluting the standard solution
( at
4

2

ache
l
T e in
R un-
t the

Front Range city of Fort Collins. After traveling through Fort
Collins, the river moves through approximately 45 miles of
mostly agricultural landscape before joining the South Platte
River in Greeley, CO, USA.

2.3. Sample collection and preparation

Approximately 45 samples were collected from five lo-
cations on the Cache la Poudre (Poudre) River in northern
Colorado, USA (Fig. 2) over a period of six months from Jan-
uary 1, 2004 to June 30, 2004. The samples were collected
in triplicate in the center of the stream as a depth composite
using a water grab sampler.

All water samples were filtered through 0.4-�m glass fiber
filters (Millipore, MA, USA) and stored at 4◦C in refrigera-
tors until they were extracted, typically within one week. SPE
and measurement were performed on the same day since the
solubility of the extracted PEs during freezing and thawing
was variable.

2.4. Preparation of ionophore–sodium salt

To convert the investigated ionophores into a single
sodium adduct species, appropriate amounts (0.005–1%,
w/v) of sodium chloride as a surplus of sodium were dissolved
i d for
3 ded
a con-
c
C

2

etal
c 0

Cache
1000 mg/L in methanol) with deionized water, stored
◦C, and replaced with a fresh solution each week.

.2. Description of the investigated area

A watershed-scale field study was conducted on the C
a Poudre (Poudre) River in northern Colorado, USA (Fig. 2).
he Poudre River originates near the continental divid
ocky Mountain National Park flowing through steep mo

ainous terrain for approximately 43 miles before entering

Fig. 2. Samples sites along the
n water samples and then the samples were left to stan
0 min prior to SPE and LC–MS–MS analyses. The ad
mount of sodium chloride depends on the sum of cation
entrations (e.g. Na+, K+, Li+, Cs+, NH4

+, Ca2+, Mg2+ and
u2+) in water samples.

.5. Solid-phase extraction

Because the ionophores form complexes with alkali m
ations, all glassware used was heated for 1 h at 45◦C,

la Poudre River in Northern Colorado.
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cooled, rinsed with 5 mL of 5.0% Na2EDTA and then 10 mL
of HPLC grade water three times, and air-dried prior to SPE.
SPE experiments were conducted using 60 mg/3 mL Oasis
HLB cartridges (Waters, Millford, MA, USA). Cartridges
were preconditioned with 3 mL of MeOH, 3 mL of 0.5 M
HCl and 3 mL of deionized water at 8 in Hg on a vacuum
manifold (PrepSep 12 port, Fisher Scientific, PA, USA). One-
hundred and twenty millilitres of aqueous samples added
at 0.005–1.0% (w/v) of sodium chloride were prepared for
extraction. For controls and calibration curves, appropriate
amounts of working solution containing each of the analytes
was added. Because the investigated ionophores are acid
and/or base labile, extraction using the HLB cartridges was
performed with the neutral sample pH adjusted by 0.01 M
NaOH to 7.5 immediately prior to extraction. To test the be-
havior of PEs spiked into a natural water matrix, a water sam-
ple was collected from the Poudre River Site 1. This water was
used as a matrix because it has been shown in other studies by
the authors[17,18]that this water was devoid of pharmaceu-
tical compounds since it is essentially snow runoff. Before
it was used as a matrix, the water was again analyzed using
the developed method in this study and no PEs was detected.

Water samples were passed through the cartridges at
5 mL/min and then, rinsed with 3 mL of deionized water.
The analytes were eluted with 5 mL of MeOH into a test tube
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10 min A/B/C = 18:74:8. The investigated PEs eluted in only
5.84 min. A 10-minute post-time allowed re-equilibration of
the column.

2.7. Ion trap tandem mass spectrometry

Full scan mode was used to acquire mass spectra, precur-
sor ions as protonated sodium salts and product ions as sodi-
ated sodium salts from standard PE solutions. Mass spectral
data shown in this study were acquired on a LCQ Duo ion
trap tandem mass spectrometer equipped with an ESI source
operated in positive ion mode.

Infusion into the ion trap tandem mass spectrometer
was performed as follows: the flow of standard compounds
(7 mg/L) coming from an integrated syringe pump at a flow
rate of 5�L/min was mixed with mobile phases A/B/C at a
15:32:53 ratio through a T-piece for tuning the mass spec-
trometer and optimizing the ESI source. The ESI source and
MS–MS parameters were automatically optimized and saved
in a tune file. Spray needle voltage was set at 4.5 kV for PEs,
automatic gain control (AGC) was on, maximum isolation
time was 300 ms, and three microscans per scan were ac-
quired. Voltages on capillary and tube lens were 38 and 25 V.
These were set by automatic optimization using the LCQ
autotune program on the mass spectrometer instrument. Ni-
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ontaining 12�L of the internal standard, 1.0 mg/L sim
one. Simatone was chosen as an internal standard be
t eluted within the same chromatographic time frame a
nalytes, responded well in ESI (+) mode, and had no no
ble matrix effects. The extracts were concentrated un
ow of N2 gas to about 50�L using a nitrogen evaporatio
ystem (N-Evap, Organermation Associates Inc., MA, US
o this, 70�L of mobile phase A was added. The result
olutions were transferred to 0.5 mL amber autosampler
o prevent photodegradation of PEs.

.6. Liquid chromatography

The LC system was a HP 1100 LC (Agilent, Palo A
A, USA) with a variable wavelength UV detector. The
onitoring wavelength was 520 nm for PEs. The mass s

rometry was a Finnigan LCQ Duo ion trap (ThermoQu
A, USA) equipped with a heated capillary interface, an
lectrospray ionization source. ThermoQuest Xcalibur
are was employed to control the mass spectrometric
itions. PEs were separated using a short Xterra MS18
olumn (2.1 mm× 50 mm) with a 2.5�m pore size (Water
illford, MA, USA) in combination with a guard column o

he same type (2.1 mm× 4 mm) from Phenomenex Inc. (To
ance, CA, USA). An injection volume 40�L and a ternar
radient with a flow rate of 0.30 mL/min were used. T
C column temperature was kept at 25◦C. Mobile phas
was water with 0.1% formic acid, mobile phase B w
ethanol and mobile phase C was acetonitrile. Separatio
Es were achieved with the following mobile phase grad
rogram: at 0 min A/B/C = 18:74:8, 9 min A/B/C = 13:1:8
e
rogen was used as a sheath and auxiliary gas. Helium
sed as the collision gas in the ion trap. The optimized
onditions were as follows: sheath and auxiliary gas
ate each was set at 50 units (a scale of arbitrary units i
–100 range defined in the LCQ system) and capillary
erature was 175◦C. MS–MS parameters for PEs includ

heir proposed structures, and collision energy and isol
idth (m/z) are summarized inTable 1.

.8. Quantitation

The product ion, [M + Na− H2O]+ as a sodiated sodiu
alt producing the highest intensity was used for SRM
uantitation to increase analytical sensitivity and select

n LC–MS–MS mode. For the internal standard, the pr
ated molecular ion, [M + H]+ was chosen for the SIM. F
RM the product ion of the highest intensity for the inv

igated MON A and B, SAL and NAR A was reported
oldface inTable 1. Quantitation was based on a detecto
ponse defined as the ratio of the base peak ion (the sp
roduct ion of interest) to the base peak ion of the inte
tandard. Calibration curves constructed for PEs spiked
ater samples before extraction ranged from 0.05 to 5�g/L

n deionized water and surface water (Poudre River Si
nd 3).

.9. Statistical analysis

The method detection limit (MDL) was determined us
he recommended US EPA method for MDL determina
19] on the basis of the variability of multiple analyses
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Table 1
MS–MS parameters for analysis of ionophore antibiotics

Formula of MON A Product ions (m/z) Formula of MON B Product ions (m/z)

Nominal molecular mass (Da) 670.5 Nominal molecular mass (Da) 656.4
Isolation width (m/z) 3.3 Isolation width(m/z) 3.2
Normalized collision energy (%) 33 Normalized collision energy (%) 30

Precursor ion Precursor ion
Protonated sodium salt Protonated sodium salt

[M + Na]+, C36H62O11Na+ 693.5 [M + Na]+, C35H60O11Na+ 679.4

Product ions Product ions
Sodiated sodium salts Sodiated sodium salts

[M + Na− H2O]+, C36H60O10Na+ 675.5a [M + Na− H2O]+, C35H58O10Na+ 661.5b

[M + Na− 2H2O]+, C36H58O9Na+ 657.5 [M + Na− 2H2O]+, C35H56O9Na+ 643.4
C34H58O8Na+ 617.5 C24H42O7Na+ 465.3
C34H56O7Na+ 599.4 C24H40O6Na+ 447.2
C25H44O7Na+ 479.3
C25H42O6Na+ 461.3

Formula of SAL Product ions (m/z) Formula of NAR A Product ions (m/z)

Nominal molecular mass (Da) 750.5 Nominal molecular mass (Da) 764.5
Isolation width (m/z) 3.0 Isolation width(m/z) 3.2
Normalized collision energy (%) 35 Normalized collision energy (%) 35

Precursor ion Precursor ion
Protonated sodium salt Protonated sodium salt

[M + Na]+, C42H70O11Na+ 773.5 [M + Na]+, C43H72O11Na+ 787.5

Product ions Product ions
Sodiated sodium salts Sodiated sodium salts

[M + Na− H2O]+, C42H68O10Na+ 755.5c [M + Na− H2O]+, C42H66O9Na+ 769.5d

[M + Na− 2H2O]+, C42H66O9Na+ 737.4 C30H50O7Na+ 545.3
C29H48O7Na+ 531.4 C29H48O7Na+ 531.4
C29H46O6Na+ 513.3 C29H46O6Na+ 513.3
C23H36O6Na+ 431.3 C23H36O6Na+ 431.3
C23H34O5Na+ 413.2 C23H34O5Na+ 413.2
C19H34O5Na+ 365.1 C20H36O5Na+ 379.1
C13H22O4Na+ 265.1 C14H24O4Na+ 279.1

a,b,c,dProduct ions (m/z) of the highest intensity for SRM and quantitation are reported in bold face.

seven surface water (Poudre River Sites 1 and 3) extracts
spiked at a concentration of 0.2�g/L. To assess the accu-
racy and day-to-day variation of the LC–MS–MS method,
repeatability experiments were carried out with six surface
water (Poudre River Sites 1 and 3) extracts spiked with 0.1,
1.0 or 2.0�g/L of PEs for three days. Each day, six extracts
spiked at three different concentrations in the two water ma-
trices were analyzed.

3. Results and discussion

3.1. Liquid chromatography

The LC method employing a ternary gradient sequence
combined with ESI (+)–MS–MS allowed the rapid, sensitive,
selective and reliable determination of the investigated PEs
in water matrices. The mass peaks corresponding to PEs
appeared on the total-ion chromatograms (TICs) monitored
at the selected product ion. The data were processed by
creating reconstructed total-ion chromatograms (RTICs) for
each analyte as shown inFig. 3. These results indicate that

efficient separation of PEs was achieved in only 5.84 min by
the short C18 column using a column temperature (25◦C),
a volumetric flow rate of 0.30 mL/min and mobile phases
in a ternary solvent system, meaning fast analysis of the
investigated ionophore antibiotics.

3.2. Determination of ionophore components in
standard materials

Interestingly, the ionophore antibiotic standard materials
are known to contain their derivatives as impurities. To
determine components of derivatives in the ionophore
standards (e.g. monensin sodium salt, purity = 90–95%;
salinomycin, purity = 96%; narasin, purity = 97%) used in
this study, 2 mg/L of each standard solution was detected in
the LC–MS–MS method with SRM developed in this study,
followed by the comparison of mass peak areas. Standard
monensin (MON) comprised MON A and B (Fig. 1). MON
B (an analogue of MON A that has a methyl instead of an
ethyl group) was detected with a 0.91 min shorter retention
time as compared to that of MON A (Fig. 3). The average
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Fig. 3. Reconstructed total-ion chromatograms of ionophore antibiotics
spiked at a concentration of 2�g/L before extraction for 120 mL of Poudre
River Site 1 as the surface water matrix using LC–MS–MS in SRM.m/z
indicates precursor ion→ product ion used for quantitation.

composition of MON A and B in the MON standard material
used was 87.7 and 12.3% with a 1.2% standard deviation,
respectively.

Derivatives of standard SAL were not detected in even full
scan LC–MS mode. Standard NAR mostly comprised NAR
A as the major component (Fig. 1). These results for SAL
and NAR were consistent with those of Harris et al.[20],
reporting the derivatives of less than 5% relative to the main
components. Thus, MON A and B, SAL and NAR A were
quantitated in LC–MS–MS with SRM in this study.

3.3. Electrospray ionization characteristics of ionophore
antibiotics

The high affinity of ionophore antibiotics for alkali metal
cations as various impurities present in sample matrices and
mobile phases has been described in the literature on electro-
spray ionization[3,16,21,22]. Analysts have tried to force
all of the analyte to a particular charge state in a similar
manner such as the addition of a particular modifier in the
sample matrix and/or mobile phase. Several studies on elec-
trospray ionization showed the predominance of protonated
sodium salt, [M + Na]+ and the lack of protonated molecular
ion, [M + H]+ [2,3,12,16]. Blanchflower and Kennedy[14,15]
added 0.8% NaOH solution to egg and poultry tissue extract
t
f the
5
c using
d nd
L mo-
n se in

order to ensure sodium adduct formation[3,13,15]. Because
the modifier and mobile phase are in great excess of the an-
alyte, this can be effective, as the ion formation reaction can
be driven far to the right in terms of its equilibrium. These re-
sults indicate that it is desirable to quantitate a sodium adduct
ion for the ionophores in LC–MS and/or LC–MS–MS. To
develop sensitive, specific and reproducible LC–MS and/or
LC–MS–MS methods for ionophore antibiotics, it is desir-
able to convert the ionophores into a single sodium adduct
species in the sample matrix and then to enhance the ioniza-
tion process in the mobile phase containing sodium acetate to
ensure a surplus of sodium in order to ensure sodium adduct
formation.

To improve sensitivity, selectivity and specificity for the
chosen sodium ion of analyte in this study, appropriate
amounts (0.005–1%, w/v) of sodium chloride were dissolved
in water samples prior to SPE and LC–MS–MS analyses
to convert the investigated ionophores into a single sodium
adduct species. The added amount of sodium chloride de-
pends on the sum of cation concentrations (e.g. Na+, K+,
Li+, Cs+, NH4

+, Ca2+, Mg2+ and Cu2+) in water samples from
the investigated Poudre River Sites 1–5. The sum of cation
concentrations in the investigated surface water ranged from
20 mg/L (Poudre River Site 1) to 500 mg/L (Poudre River Site
5). Sodium acetate as a basic modifier in the mobile phase
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o quantitate MON, SAL and NAR using the [M + Na]+ ion,
ollowed by the addition of 15 g of sodium sulfate in
g portion of animal tissues by Matabudul et al.[2] and the
onversion of ionophores into a single adduct species
ichloromethane (DCM) and alkali chlorides by Volmer a
ock [16]. For ionophores, basic modifiers such as am
ium and sodium acetate were added to the mobile pha
ay be advantageous to maximize sensitivity and speci
or the sodium adduct ions of PEs in MS–MS analyses
e did not use the basic modifier as a non-volatile comp

n the mobile phase due to the problems with clogging o
nterface of the mass spectrometer without a Z-spray.

.4. Fragmentation of ionophores in the electrospray io
rap tandem mass spectrometer

This study reports the investigation of protonated sod
dduct ion ([M + Na]+) fragmentation in a positive electr
pray ion trap tandem mass spectrometer. Mass spect
roduct ions as sodiated sodium salts for PEs were cl
bserved in the full MS–MS scan mode of the ion trap
em mass spectrometer.Fig. 4shows full scan MS–MS spe

ra of precursor ion, [M + Na]+ for a standard solution o
mg/L MON A and B, SAL and NAR A with ESI (+) sourc
nd their proposed fragmentation pathways. Molecular
Da), precursor ions as protonated sodium salts and pr
ons as sodiated sodium salts atm/z for LC–MS–MS includ-
ng their proposed structures, and collision energy and i
ion width (m/z) are listed inTable 1. Each of the PEs exhibite
haracteristic fragmentation with the ESI (+) source and
recursor ion observed for all analytes was [M + Na]+.

For MON A and B (Table 1andFig. 4A), fragmentation
f MON A and B were the result of openings of the cy
ther rings as illustrated inFig. 4A. Fragmentation of MON
with ion trap MS–MS in this study produced neutral los

f 18 and 36 Da corresponding to the sequent losses of2O,
M + Na− H2O]+ and [M + Na− 2H2O]+ from the precurso
on, [M + Na]+. According to the nomenclature for ionoph
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Fig. 4. Proposed MS–MS fragmentation pathways of solidated sodium adduct ions and full scan MS–MS spectra of (A) MON A and B, (B) SAL and NAR A.

antibiotics suggested by Kim et al.[22], fragmentations
containing the terminal carboxyl group of the molecule or
the terminal hydroxyl group were named as Type A or Type
F ions, respectively. It means that these complementary ions
correspond to charge retention via the sodium ion on each

side of the broken bond for the left hand and the right hand of
the molecule. MON A exhibited Type-A product ions (e.g.
m/z617, 599, 479, 461 due to losses of H2O from the 617 or
479 ion) and no Type-F product ions were observed in this
ion trap MS–MS mode. MON B exhibited the product ions
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(m/z 465 and 447) at 14 Da lower than their counterparts in
MON A spectra due to the different alkyl substituents at the
C(16) (Fig. 4A). However, nom/z603, 585 and 567 in MON
B relative to their counterparts (m/z617, 599, 581) in MON
A were observed in the ion trap MS–MS of this study.

For SAL and NAR A (Table 1, Fig. 4B), fragmentation
of SAL and NAR A with ion trap MS–MS in this study pro-
duced neutral losses of 18 Da and/or 36 Da corresponding
to the subsequent losses of H2O, [M + Na− H2O]+ and/or
[M + Na− 2H2O]+ from the precursor ion, [M + Na]+ as ob-
served in the fragmentation of MON A and B. Two ma-
jor fragmentation pathways (Fig. 4B) were observed in the
ion trap tandem mass spectrometer. The major fragmenta-
tion pathways involved�-cleavage of the oxygen-activated
C C bonds on each side of the C(11) carboxyl function, as
illustrated inFig. 4 (B). In the first fragmentation pathway
of SAL, �-cleavage and subsequent hydrogen migration oc-
curred at C(9)–C(10), resulting in two production ions,m/z
531 and 265. The 531 ion was then followed by loss of H2O,
resulting inm/z 513. The second fragmentation pathway of
SAL was due to bond dissociation at C(12)–C(13) to givem/z
431 and 365, followed bym/z 413 due to loss of H2O from
the 431 ion. Thus, SAL exhibited both of the Type-A product
ions (e.g.m/z 265, 365) and Type-F product ions (e.g.m/z
531, 513, 431, 413). NAR A exhibited the same fragmenta-
t that
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groups at low pH, thereby reducing and/or eliminating the
possibility of [M + 2Cat− H]+ formation. Also, protonation
of the carboxyl function at low pH could lessen the extent
of hydrogen bonding between the carboxyl function and
the terminal hydroxyl group, thus making cyclic complex
formation more difficult. These results indicate that the
investigated PEs show considerable sensitivity, selectivity
and specificity for the chosen sodium ion ([M + Na]+) and
the specific product ion ([M + Na− H2O]+) of the highest
intensity for quantitation of analyte in LC–MS–MS analysis
with SRM of this study (Table 1, Fig. 4).

3.5. Recovery comparison

Ionophore antibiotics show multiple charge adduct ions
for a single analyte with the various ratio of the multiple
charge species in different water matrices, resulting in various
recoveries in SPE and then a loss of raw sensitivity and preci-
sion in LC–MS–MS analysis. To reduce recovery variability
in SPE, the investigated ionophores were converted into a
single sodium adduct species by adding sodium chloride to
water samples before extraction to promote the formation of
a single sodium adduct species.

The recoveries of PEs from the HLB cartridges were
measured by extracting analytes from 120 mL of deionized
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Full scan MS–MS spectra for the investigated ionop
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M + H] + or multiple charge adducts (e.g. [M + Cat+,
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1.5�g/L spike, indicating the HLB cartridges also ga

eproducible recoveries for PEs and were effective for
solation of the PEs. Recoveries in Poudre River Site 1 w
ere similar to those in deionized water indicating
atrix effects in surface water were minimal.
To assess the matrix effects for PEs in more com

urface water, recovery was also determined with water
oudre River Site 3, immediately downstream of the WW
ecause MON A and NAR A were detected at the sam
ite using the developed method, recovery in this matrix
period of six months was determined using a concentr
alculated by subtracting the measured background co
ration from the spiked concentration. For Poudre River
(Table 2) the average recovery of PEs was 93.8± 9.1% a

he investigated concentration range, 88.2± 10.6% with a
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ater matrix were also minimal. In addition, the aver
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Table 2
Recoveries of ionophore antibiotics from 120 mL of water samples

Ionophores Recovery, X± SD (%)

Deionized water (�g/L) Poudre River Site 1 (�g/L) Poudre River Site 3(�g/L)

0.07 1.5 0.07–50.0 0.07 1.5 0.07–5.0 0.07 1.5 0.07–5.0

MON A 85.6± 10.5 95.0± 8.3 96.9± 8.6 83.6± 12.2 92.4± 11.7 94.1± 11.5 86.1± 13.2 92.6± 11.8 93.7± 12.3
MON B 91.2± 6.4 92.7± 5.1 99.0± 4.9 89.2± 6.8 92.7± 5.3 94.8± 5.7 88.6± 7.4 93.4± 8.7 92.3± 6.9
SAL 90.5± 7.1 95.1± 7.4 102.2± 6.5 91.7± 10.1 96.5± 10.4 99.3± 8.9 89.5± 10.9 101.7± 11.2 93.9± 9.8
NAR A 93.1± 8.6 92.0± 6.8 101.6± 7.2 88.5± 9.4 93.2± 8.8 95.6± 7.2 88.7± 10.8 92.9± 9.6 95.4± 7.2
Average recovery 90.1± 8.2 93.8± 6.9 99.9± 6.8 88.3± 9.6 94.0± 9.1 96.0± 8.3 88.2± 10.6 95.1± 10.3 93.8± 9.1

recovery of lower concentrations of 0.07�g/L for the
investigated PEs in deionized water and surface water were
lower (88.0–90.0%) as compared to more than 92.0% at
higher concentrations but the difference was not statistically
significant. Likewise, recoveries of MON A followed the
lower and higher concentration trend observed with MON
B, SAL and NAR A in deionized water and surface water.

3.6. Quantitation

It is desirable that both a compound as an internal standard
and target compounds should have structural similarities such
that it reflects the properties of the target compounds during
the entire analytical procedure. This implies that it would
be more ideal to have an internal standard (e.g. isotopically
labeled compound, structurally similar compound) for each
class of antibiotics. Unfortunately, this equates to the added
cost and the difficulties in obtaining the ideal compound.
Thus, simatone was chosen as an internal standard for PEs
in this study and previous studies[17,18] because it eluted
within the same chromatographic time frame as the analytes,
responded well in ESI (+) mode and did not exhibit notice-
able matrix effects. As shown in RTICs (Fig. 2) of this study,
simatone (spike concentration of 0.1�g/L) also eluted much
earlier in the chromatogram and was therefore much less af-
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coefficients (R2) > 0.99 for the MS–MS procedure. Because
Poudre River Site 3 already contained MON A and NAR
A, a calibration curve for these ionophores in this matrix
was constructed by subtracting the level concentration from
the spiked concentration. The ionophore concentrations in
Poudre River samples from Sites 1–5 were determined repro-
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Table 3
The accuracy and day-to-day variation of the LC–MS–MS method in surface water (the Poudre River Sites 1 and 3) extracts from 120 mL spiked with 0.1, 1.0 or 2.0�g/L of ionophore antibiotics

Samples n Spike
concentration
(�g/L)

MON A MON B SAL NAR A

Mean
concentration
(�g/L)

Accuracy
(%)

RSDa

(%)
Mean
concentration
(�g/L)

Accuracy
(%)

RSDa

(%)
Mean
concentration
(�g/L)

Accuracy
(%)

RSDa (%) Mean
concentration
(�g/L)

Accuracy
(%)

RSDa

(%)

Day 1
Poudre River, Site 1 6 0.10 0.10 3.6 8.3 0.10 −1.3 7.4 0.11 6.4 6.4 0.11 8.7 8.6

6 1.00 1.03 3.3 10.1 1.00 −0.1 5.0 1.01 0.6 5.5 1.09 8.6 7.6
6 2.00 2.04 1.9 7.2 1.98 −0.8 6.5 1.96 −1.8 7.2 2.02 0.9 6.7

Poudre River, Site 3 6 0.10 0.11 9.4 13.9 0.09 −7.5 8.5 0.11 8.6 7.8 0.10 −1.8 9.2
6 1.00 0.99 −1.4 11.4 1.04 3.8 6.6 1.10 9.6 8.6 1.07 7.3 11.9
6 2.00 1.96 −1.8 8.0 1.96 −22 7.1 2.04 1.8 6.6 1.93 −3.3 7.0

Day 2
Poudre River, Site 1 6 0.10 0.10 −2.5 10.6 0.10 −3.7 7.0 0.10 −1.4 7.0 0.11 5.4 8.8

6 1.00 0.97 −3.5 9.6 1.02 1.8 7.5 1.04 3.7 7.3 0.96 −3.6 9.3
6 2.00 2.02 0.8 7.3 2.01 0.7 6.2 2.10 4.9 6.6 2.00 0.1 7.1

Poudre River, Site 3 6 0.10 0.10 −2.9 12.3 0.11 5.1 8.9 0.10 −1.6 9.2 0.11 8.8 12.4
6 1.00 1.05 5.3 8.6 1.10 9.8 8.4 0.96 −3.6 8.6 1.06 6.3 8.3
6 2.00 2.02 1.2 10.1 1.86 −6.8 6.5 1.99 −0.6 6.0 1.97 −1.5 7.3

Day 3:
Poudre River, Site 1 6 0.10 0.09 −5.2 10

6 1.00 1.06 5.6 9
6 2.00 1.98 −1.1 7

Poudre River, Site 3 6 0.10 0.10 −0.8 12
6 1.00 1.06 6.3 10
6 2.00 2.02 0.9 9

a RSD: relative standard deviation.
7
–
1
9
8

.4 0.10 −1.7 7.3 0.10 −0.2 7.1 0.09 −5.2 9.8

.1 1.10 9.7 6.8 0.98 −2.4 6.2 0.98 −2.2 6.1

.8 1.99 −0.5 6.0 2.09 4.4 6.7 1.94 −3.2 8.5

.4 0.10 −4.3 9.5 0.11 6.4 8.9 0.09 −6.5 11.7

.1 1.01 1.4 6.1 1.06 6.4 9.1 0.97 −3.1 8.5

.7 2.06 2.9 7.4 2.03 1.7 5.6 2.08 3.8 6.2
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Fig. 5. Occurrence of ionophore antibiotics in the Poudre River. Concentra-
tions shown are the triplicate average of three samples at each site over a
period of six months. Number of samples at each site,N= triplicates× three
samples× five frequencies = 45.

from 5.0 to 10.6% and 6.1 to 13.9% in the Poudre River Sites
1 and 3 samples, respectively. No concentration dependence
was observed.

3.8. Occurrence, distribution, and fate of ionophore
antibiotics

The average concentrations of four PE compounds
measured along the Poudre River are shown inFig. 5. As
expected, no PE compounds were detected in the pristine
river section (Site 1) since there are no urban or agricultural
influences. No PE compounds were detected at the fringes
of the urban area (Site 2) either indicating minimal urban or
agricultural influences.

The first occurrence of MON A (0.03�g/L) and NAR
A (0.04�g/L) is at Site 3, immediately downstream of the
WWTP, around the lower density animal feed operations
(AFOs) and concentrated animal feed operations (CAFOs)
near to urban area. These trace concentrations are mos
likely due to the influence of agricultural since all four of
these antibiotics have only veterinary applications.

As agricultural land use pre-dominates, i.e. Site 4 (around
the greater density AFOs and CAFOs) and Site 5 (around
the greatest density AFOs and CAFOs), a general increase
in MON A and NAR A concentration is noted relative to Site
3 unds
a hen
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g und
w

nt at
t e
c r coc
c that
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matrices and form complexes with alkali metals cations in the
sample matrices. This indicates that these compounds may be
present at higher concentrations in sediments, manures and
lagoon waters. Thus, it is desirable to evaluate the occurrence
and fate of ionophore antibiotics in these matrices as well as
surface water. The SPE–LC–MS–MS method in this study
was first applied to evaluate the occurrence of four ionophore
antibiotics in the Cache la Poudre River influenced by WWTP
effluents and the surrounding agricultural activities, and
therefore will be applied to develop analytical methods for
these compounds in more complex environmental matrices
of manure and lagoon water eventually.

4. Conclusions

A SPE–LC–MS–MS method with SRM has been shown
to be accurate, reliable and robust for the determination
of three ionophore veterinary antibiotics. The method was
able to quantify two analogues of monensin (A and B)
and the results showed a significant fraction of the total
(approximately 12%) was monensin B.

Ionophores will readily form different complexes with
alkali metal cations in different water matrices, resulting in
various recoveries in SPE and then a loss of raw sensitivity
a ctiv-
i and
t sis
w tion
t cies.
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ass
. The results indicate that the two ionophore compo
re present at higher concentrations in the river with w

he land use is dominated by agriculture activity. S
0.04�g/L) was first detected along the river with t
reatest influence of agriculture. No MON B compo
ere detected at any of the sites.
Four PE compounds found in this study were prese

race levels (0.03–0.06�g/L) in the river water, although th
ompounds have been used as a growth promoter and/o
idiostats in cattles, chickens and turkeys. This reflects
he PE compounds exhibit lower limited solubility in wa
t

-

nd precision in LC–MS–MS analyses. Sensitivity, sele
ty and specificity for the chosen protonated sodium ion
he specific product ion of analyte in LC–MS–MS analy
ith SRM were improved by adding NaCl before extrac

o promote the formation of a single sodium adduct spe
The average recovery of ionophore antibiotics in pris

nd wastewater-influenced water was 96.0± 8.3% and
3.8± 9.1%, respectively. No matrix effect was seen w
urface water. The MDL was between 0.03 and 0.05�g/L
or MON A and B, NAR A, SAL with an accuracy of bett
han ±10%. The method verified the presence of tr
evels (0.03–0.06�g/L) of these antibiotics in urban a
gricultural land use dominated sections of the river.
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