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Abstract A multi-component method focussing on thor-
ough sample preparation has been developed for simulta-
neous analysis of swine manure for three classes of
antibiotic—tetracyclines, sulfonamides, and tylosin. Liquid
manure was initially freeze-dried and homogenised by
pulverization before extraction by pressurised liquid ex-
traction. The extraction was performed at 75°C and 2,500
psig in three steps using two cycles with 0.2 mol L' citric
acid buffer (pH 4.7) and one cycle with a mixture of 80%
methanol with 0.2 mol L™" citric acid (pH 3). After liquid—
liquid extraction with heptane to remove lipids, the pH of
the manure was adjusted to 3 with formic acid and the
sample was vacuum-filtered through 0.6 um glass-fibre
filters. Finally the samples were pre-concentrated by
tandem SPE (SAX-HLB). Recoveries were determined
for manure samples spiked at three concentrations (50—
5,000 ug kg ' dry matter); quantification was achieved by
matrix-matched calibration. Recoveries were >70% except
for oxytetracycline (42-54%), sulfadiazine (59-73%), and
tylosin (9-35%) and did not vary with concentration or
from day-to-day. Limits of quantiﬁcation (LOQ) for all
compounds determined as a s1gnal to-noise ratio of 10,
were in the range 10-100 pg kg™’ dry matter. The suit-
ability of the method was assessed by analysis of swine
manure samples from six different pig-production sites, e.g.
finishing pigs, sows, or mixed production. Residues of
antibiotics were detected in all samples. The largest
amounts were found for tetracyclines (up to 30 mg kg '
dry matter for the sum of CTC and ECTC). Sulfonamldes

were detected at concentrations up to 2 mg kg ! dry matter
(SDZ); tylosin was not detected in any samples.
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Introduction

Antibiotic residues from veterinary use can enter the envi-
ronment when liquid manure is spread on agricultural fields
as orgamc fertilizer [1, 2]. Sulfonamides have been detected
in wet swine manure at concentrations up to 20 mg kg~

one study [3]; another study showed concentrations to be
below 0.5 mg L' [4]. Tetracycline concentrations up to
41 mg kg ' have been determmed in liquid swine manure
[5] and approximately 1 mg L™ was found in swine lagoon
samples [4]; amounts of macrolides were somewhat lower,
e.g. 0.11 mg kg ' for tylosin [6].

The objective of the work discussed in this paper was to
develop a multi-component method for analysis of swine
manure for tylosin, sulfonamides, and tetracyclines used in
Danish pig farming, i.e. tylosin A (TYL A), sulfadiazine
(SDZ), sulfamethazine (SMZ), sulfadoxine (SDX), tetracy-
cline (TC), oxytetracycline (OTC), chlortetracycline (CTC),
doxycycline (DOXY), and the epimerised tetracyclines epi-
tetracycline (ETC), epi-oxytetracycline (EOTC), and epi-
chlortetracycline (ECTC). These compounds have a wide
range of physicochemical properties, as is shown in Table 1.
Because liquid swine manure is a complex and heterogene-
ous matrix consisting of faeces and urine from the farm
animals, feed residues, straw, and wash waters, several
analyte—matrix interactions and possible impurities must be
considered during method development. The dry matter
content of manure is usually 1-10%; it has been shown to
consist largely of organic matter (62—73%) and nutrients
(N and P) [7] but may also contain substantial amounts of
proteins and lipids (approximately 10 and 2%, respectively)
[8]. The organic matter pool of swine manure has been
examined in detail and the humic and fulvic acids contents
were 0.70-2.47% and 0.50-1.00%, respectively [7]. These
substances are characterised by low molecular weight and
high content of functional groups such as carboxylic acids
and phenols and, hence, contain numerous sites for binding
of the tetracyclines, sulfonamides, and tylosin by hydrogen
bonding and ion-exchange. Tetracyclines also interact
strongly with divalent metals ions by complexation (e.g.
up to 2.7% Mg and 6.3% Ca in swine manure [9]), as shown
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Table 1 Physicochemical properties of the tetracyclines, sulfonamides, and macrolides analysed in this study, including the instrument

standard oleandomycin

M, (g mol ") pK, l0og Kow
Chlortetracycline (CTC) § o 478.9 3.33,7.55;9.33* —-0.360°
Oxytetracycline (OTC) 460.4 3.22;7.46;8.94° -0.890°
Tetracycline (TC) 444 4 3.32,7.78;9.58* -1.131°¢
Doxycycline (DOXY) 444 .4 3.02;7.97;9.15° —0.024°
) b _ b
Sulfadiazine (SDZ) 250.3 1.57; 6.15 0.092
Sulfamethazine (SMZ) O‘\s\(H/ 278.3 2.07;7.49* 1.07¢
(=sulfadimidine) /@ ot
Sulfadoxine (SDX) \\S\\; ()
=N d
AT Y 3103 - 0.550
Tylosin A (TYL A) 915.0 3.31;7.50° 1.630°
Oleandomycin triacetate 813.9 - 0.6°

(OLEA)

“[34]; °[35]; °[36]; “[37); °[38]

No pK, or log K, data are available for epi-chlortetracycline (ECTC), epi-oxytetracycline (EOTC), and epi-tetracycline (ETC)

in several studies [10, 11]. The higher molecular-weight
organic matter constituents (humus) are more hydrophobic
substances, for example straw and feed, and sorption may
occur as a result of hydrophobic interactions, i.e. van der
Waals forces. The sorption coefficient (Ky) for OTC in
swine manure was determined to 78-83 L kg ' [12]; in
other studies K4 values for TYL were 36-56 L kg ' [12]
and 39-108 L kg™ ' [13]. As far as we are aware sorption of

sulfonamides by manure has not been investigated, but K4
for soil-manure (50:1) mixtures was 0.59—-1.18 L kgf1 [14].

The objective of method development in this study was to
obtain homogeneous and representative samples by sample
pretreatment and extraction procedures that encompassed
the breaking of numerous analyte—matrix interactions and to
remove impurities differing strongly in physicochemical
properties, for example hydrophilic humic acids and hydro-
phobic lipids.
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Finally, the suitability of the developed method was
assessed by analysis of manure samples from six different
swine-production farms, varying in production type, i.e.
finishing pigs, sows, or mixed production. The antibiotic
content was expected to vary according to the general
health of the respective farm animals.

Experimental
Materials and chemicals

Oxytetracycline hydrochloride (OTC) (>95%), chlortetra-
cycline hydrochloride (CTC) (79%), tetracycline hydro-
chloride (TC) (>95%), tylosin tartrate (TYL) (89.8%),
oleandomycin triacetate (OLEA), sulfamethazine sodium
salt (SMZ) (>99%), sulfadoxin (SDX), and sulfadiazine
sodium salt (SDZ) (>99.0%) were all from Sigma-Aldrich,
Germany. Doxycycline hydrochloride (DOXY) (>99%)
was obtained from Calbiochem (La Jolla, USA) and epi-
oxytetracycline (EOTC), epi-chlortetracycline (ECTC),
and epi-tetracycline (ETC) from Acros Chemicals. Meth-
anol and n-heptane of HPLC grade was obtained from Lab-
Scan (Dublin, Ireland) and formic acid (GR for analysis,
98-100%), citric acid monohydrate, and sodium hydroxide
pellets (GR for analysis) from Merck (Darmstadt, Ger-
many). Ottawa sand standard, general-purpose grade
(S/0365/63), was purchased from Fisher Scientific (Leices-
tershire, UK). Water was obtained from a Millipore
purification system equipped with an Ultrapure organex
cartridge (Billerica, MA, USA).

Solid-phase extraction (SPE) was performed with SAX-
cartridges (strong anion exchange, 500 mg sorbent, 6 mL
cartridge) purchased from Isolute (IST, Mid Glamorgan,
UK) and HLB-cartridges (poly(divinylbenzene-co-N-pyr-
rolidone), 200 mg sorbent, 6 mL cartridge) purchased from
Waters Oasis (MA, USA).

Manure sampling and pretreatment

Completely mixed manures were sampled from manure
storage tanks from six different swine-producing farms in
May 2005, immediately before application of the manure to
agricultural fields. The samples were immediately frozen to
reduce degradation of the antibiotics during transport. On
arrival at the laboratory the samples were freeze-dried to
complete dryness in fractions of 100-500 mL and sub-
sequently homogenised by pulverization in a coffee mill. A
summary of the procedure used for sample pretreatment
and subsequent extraction and clean-up is illustrated in
Fig. 1.

Selected physicochemical properties of the liquid
manures are listed in Table 2. Total nitrogen and ammonium
nitrogen were determined by the Kjeldahl method and ICP
was used for determination of P, K, Mg, and Cu, all by a
commercial laboratory (Steins Laboratories, Holstebro,
Denmark). The authors determined dry matter, organic
matter, and pH. Dry matter was determined as the weight-

Liquid Manure
Approx. 10 ml

v

Freeze-drying

- — ——
\ 4

Pressurised liquid extraction
2x 0,2M CitricAcid—1x 80%MeOH+0.2M CitricAcid
2500 psi, 75°C

v

Liquid-liquid extraction
10 ml Heptane

het

N N )

—

Heptane  \__ __ __ _ _|
+ lipids ¥

Dilution
to 500 ml with miliQ water

Formic acid
- ——— 1.5ml
Y
Filtration
Glassfibre, 0.6 um

Solid phase extraction
SAX-HLB

Elution
,‘- === 2 ml MeOH
Standard Addition '
¢ Instrument std.
- == Oleandomycin
\ 4
LC-ESI-MS/MS

) N ) /—\.f—\

Fig. 1 Overview of the complete sample-preparation and clean-up
procedure for analysis of sulfonamides, tetracyclines, and tylosin in
swine manure

loss during freeze-drying, organic matter was determined
by loss-on-ignition at 360°C as described elsewhere [15],
and pH was measured directly in the liquid manure.

Pressurised-liquid extraction (PLE)

PLE was performed with an ASE 200 system equipped with
a solvent selector, both from Dionex Sunnyvale, California,
USA). Approximately 0.750 g freeze-dried manure sample
was accurately weighed into 22 mL extraction cells (lined
with glass microfibre filters from Whatman, Maidstone,
UK) and mixed with 20 g Ottawa sand standard before
extraction.

The extraction procedure was optimised with regard to
extraction solvent, pressure, temperature and number of
cycles. Optimum extraction conditions were found to be
2,500 psig and 75°C and a three-step extraction procedure
using two different extraction buffers—0.2 mol L™ aque-
ous citric acid buffer with pH adjusted to 4.7 with NaOH
(two cycles) then 80% methanol with 20% 0.2 mol L™
citric acid (pH 3.5) (one cycle). The program for each cycle
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ical properties of the swine Manure. #.1 Lo . 2 #3. #‘.‘ L . " e

manure samples used in this Production type Finishing pigs  Sows Mixed Finishing pigs  Sows Sows

study Dry matter (% of total) 13.4 9.0 2.8 43 10.6 4.6
Org. C (% of total) 10.3 6.9 1.8 2.8 8.1 32
Org. C (% of dry matter)  77.3 76.9 65.0 65.3 76.4 69.8
Total-N (kg ton ") 433 1.31 2.85 3.30 5.58 3.64
NH4-N (% of dry matter)  14.97 2240 2021 16.99 3.89 6.74
Total-P (kg ton ") 0.27 0.07 0.19 0.34 1.80 1.02
Total-K (kg ton ") 3.0 0.88 1.4 1.8 2.3 1.6
Mg (kg ton ') 0.15 0.05 0.08 0.15 0.44 0.30
Cu (g ton ") 5.0 1.0 43 12.0 42.0 23.0
pH 7.7 7.7 6.9 8.3 7.0 72

of the PLE-procedure was: 5 min heat (no pre-heat), 5 min
static, 50% flush volume, and 60-s purge.

Sample clean-up and pre-concentration

Liquid-liquid extraction with 10 mL heptane per 40 mL
manure extracts (lipid removal) was performed end-over-
end for 15 min and the heptane phase was discarded. The
extracts were diluted to 500 mL with Millipore water,
adjusted to pH 3 by addition of 1.5 mL formic acid, and
then vacuum-filtered through GF-3 glass fibre filters
(0.6 um retention; Macherey—Nagel, Germany). Finally
the samples were concentrated using SAX-HLB tandem
SPE as described elsewhere [16, 17]. In brief, the SAX
cartridge was placed on top of the HLB cartridge and both
columns were conditioned with 3x1 mL methanol and
3x1 mL 0.04 mol L' citric acid buffer (pH 3). The samples
were passed through both cartridges at approximately
5 mL min ', washed with 5 mL Millipore water, and,
finally, dried under vacuum for 15 min. The SAX cartridge
was then discarded and the antibacterial agents were eluted
from the HLB cartridge with 2 mL methanol. Before LC—
MS-MS analysis the methanol extracts were diluted 1:1
with Millipore water, and oleandomycin (OLEA) was
added, as instrument standard, at a constant concentration
0f 250 ug L' (100 pg L' during validation).

LC-ESI-MS-MS analysis

Analysis of the manure extracts was performed by LC-ESI-
MS-MS with an Agilent Technologies (Palo Alto, CA,
USA) 1100 series HPLC system equipped with a degasser,
a cooled autosampler (4°C), and a cooled column oven
(15°C) and coupled to a Sciex API 2000 triple quadrupole
mass spectrometric detector with an electrospray source
(ESI) (Applied Biosystems, Foster City, CA, USA).
Collection and data treatment were performed with Analyst
1.4 Software (Applied Biosystems).

HPLC gradient separation of the antibacterial agents was
achieved on Xterra MS-C18 guard and analytical columns
(10 mmx2.1 mm and 100 mmx2.1 mm, respectively; par-
ticle size 3.5 um). Mobile phases A and B consisted of 95%
and 20% methanol, respectively, in Millipore water at pH 3
(adjusted with formic acid). The antibacterial agents were
separated by use of a 25 min gradient running from 5 to
75% mobile phase A, then 15 min equilibration.

The mass spectrometer was operated in positive-ion
mode and the antibacterial agents were detected using
MRM in two periods with different settings (Table 3).
Sulfonamides and tetracyclines were analysed together in
one period (0—22 min) and tylosin and OLEA in a sub-
sequent period (22—40 min). Chromatograms showing the
total ion count (TIC) for all the antibiotics and the extracted
ion-counts (XIC) for MRM analysis of the individual
analytes are presented in Fig. 2.

Validation of manure extraction procedure
(PLE-SPE-LC-ESI-MS-MS)

The entire extraction and clean-up procedure was validated
for recovery, limit of detection, and day-to-day variation
using manure samples #1 and #2 in Table 2. Recoveries
were determined for six replicate samples at three con-
centrations (50, 500, and 2,500 pg kg ' dry matter
(5,000 ug kg™ for tetracyclines)). The liquid manure was
fortified with the antibiotics before freeze-drying then
subjected to the sample preparation procedure described
above. Recoveries were calculated using an external
calibration plot prepared for the sample matrix (matrix-
matched calibration) to take into account matrix effects and
background levels of the antibacterial agents. To determine
the day-to-day variation this procedure was repeated after
one week with three replicate samples at each concentration
level. The limit of detection (LOD) and limit of quantifica-
tion (LOQ) for the entire method were determined as signal-
to-noise ratios (S/N) of 3 and 10, respectively. S/N values
were calculated by correlation with the sample concentra-
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Table 3 Retention-times

Ist period (0-22 min)

Precursor—product ion (m/z) Retention times (min)

and precursor and product ion Compound

masses for the antibiotics in-

cluded in this study (qualifier

ion indicated in brackets)

(-) denotes not available SDZ

The method analysed tetracy-

clines and sulfonamides in one ~ SMZ

period (1st) and tylosin in a SDX

separate period (2nd). Mass ETC

spectrometry settings are listed T

for the two periods C
EOTC
OTC
ECTC
CTC
DOXY
TYL A
TYL B
TYL C
TYL D
OLEA

Mass spectrometry settings

Declustering potential (V)
Focusing potential (V)
Entrance potential (V)
Collision energy (eV)
Collision cell exit potential (V)
Curtain gas (psig)
Collision gas (psig)
Ionspray potential (V)
Temperature (°C)

Ton source gas 1 (psig)
Ion source gas 2 (psig)

251.0—156.0 (108.0) 3.90
279.0—186.0 (156.0) 7.27
311.0—156.0 (108.0) 14.78
445.0—410.2 (428.0) 4.07
445.0—410.2 (428.0) 6.44
461.0—426.0 (444.0) 5.45
461.0—426.0 (444.0) 7.67
479.0—444.2 (462.0) 10.13
479.0—444.2 (462.0) 17.07
445.0—428.0 (410.2) 20.97
2nd period (22—40 min)

916.6—772.5 (174.1) 23.84
772.0—174.0 (-) 22.54
902.5—758.5 (-) 25.43
918.0—774.0 (-) 26.62
772.5—187.1 (586.8) 24.39

Ist period (0-22 min) 2nd period (22-40 min)

25 90
370 370
9 12
28 48
8 19
20 22
5 5
5000 5500
200 300
40 45
20 50

tion determined by standard addition, by use of the software
tool Analyst 1.4.

Application to farm samples

The applicability of the method to real samples was dem-
onstrated by analysis of manure samples from six different
farms (Table 2) representative of different types of swine
production (finishing pigs, sows, and mixed production),
production size, storage tank capacity, and general health
status of the livestock.

Liquid manure (200 mL) from each farm was freeze-
dried and pulverised. Triplicate samples of the freeze-dried
material were prepared as already described. The amounts
of antibiotics were quantified by standard addition. Each
sample furnished 2 mL methanol extract; this was divided
into six sub-samples of 250 uL and the remaining 500 pL
was saved for potential further analysis. Each sub-sample
was subsequently diluted 1:1 with aqueous standards to
create a standard addition plot with six concentration levels
(0-250 pg L™"). The instrument standard (OLEA) was also
added with the aqueous standards.

Data treatment

In the following sections recoveries are expressed as mean
values from analysis of three replicate samples unless
otherwise indicated, and standard deviations are shown in
parentheses as +values. Throughout the manuscript signif-
icant differences between treatments are determined as
P<0.05 calculated by one-way ANOVA at the 95%
confidence level using GraphPad Prism, version 4.01.

Results and discussion

Sample pretreatment (stability and freeze-drying
procedures)

Freeze-drying of large volumes of liquid manure samples
and subsequent pulverisation resulted in homogeneous
samples including the contents of liquid and solid phases of
the manure. The procedure also facilitated sample handling,
including the possibility for using PLE. Numerous other
research groups have analysed antibiotics in manure, but
the analysis was usually performed using smaller volumes
(1-15 g wet weight) of liquid manure samples [3, 5, 18, 19],
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Fig. 2 LC-ESI-MS-MS total-ion count (TIC) chromatogram
showing the separation of sulfonamides, tetracyclines, and tylosin
included in this method, and corresponding extracted ion counts
(XIC) for MRM detection of the individual analytes. The dotted
vertical line at 22 min in the TIC chromatogram indicates separation
of the detection method into the two periods

which may hamper the homogeneity of the samples. For
comparison 200-500 mL liquid manure was freeze-dried
per run in this study, resulting in approximately 10-20 g
dried manure. Reproducibility of liquid samples may be
improved by sample homogenisation, e.g. by blending, but
handling is still complicated. Different approaches for
sample pretreatment include filtration or centrifugation of
liquid manure slurries and subsequent handling of the liquid
phase only, i.e. by SPE clean-up [4, 20-22]; substantial
amounts of antibiotics may, however, be removed with the
solid phase.

Instability of the antibiotics was observed in the liquid
manure samples before freeze-drying. Tylosin was partic-
ularly rapidly dissipated in the manure samples; it has been
reported in several publications that this is because of
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degradation and strong sorption [12, 23-25]. Conservation
of the liquid manure samples with three levels of sodium
azide (0.5, 1.0 and 2.5% w/v) was therefore investigated.
Addition of 2.5% NaAz significantly improved recoveries
(P<0.05); mean recoveries were still as low as 11.5% for
TYL, however (data not shown) so use of this strategy was
discontinued. Inhibition of antibiotic degradation by im-
mediate freezing was also investigated. Liquid manure
samples were fortified with OTC, SDZ, and TYL and either
frozen at —18°C immediately after fortification or left for 5,
20, 40, 90 or 210 min before freezing (data not shown). No
significant degradation of OTC and SDZ was observed
within the first 90 min after spiking the manure but re-
coveries of TYL declined from 58(%7.7)% for samples
frozen immediately after spiking to 29(£6.2)% when
samples were left for just 5 min before freezing. After
90 min only 5.2(+1.1)% was recovered. Subsequently,
therefore, samples were frozen immediately after sampling.

Extraction solvent and procedure

The procedure for extraction of the antibiotics from the
freeze-dried manure was optimised for SDZ, OTC, and TYL,
unless otherwise indicated. A wide range of organic solvents
were investigated for extraction, for example methanol,
methanol-ammonium buffer, acetonitrile, dimethyl sulfoxide
(DMSO), acetone, dichloromethane, ethyl acetate (EtAc),
tetrahydrofuran (THF), iso-propanol, methyl #-butyl ether
(MTBE), and hexane (data not shown). The efficiency of the
solvents was usually in accordance with the solubility of the
antibiotics [26] and only the more polar solvents (methanol,
acetone, DMSO) proved promising as extraction solvents.
This was somewhat surprising, because numerous methods
successfully employ EtAc for extraction despite the low
solubility of the antibiotics in this solvent [26]. For example,
extraction of sulfonamides from manure has been performed
using EtAc and sodium chloride and/or Mcllvaine buffer [3,
18] and EtAc, EDTA, urea, and phosphate buffer have been
used for macrolide extraction [19]. Hamscher et al. [5]
isolated sulfonamides and tetracyclines from liquid manure
by extraction with citric acid and EtAc. Because this method
seemed promising, with recoveries near unity, we repeated
the procedure in our laboratory; we achieved recoveries of
only 38-61% for tetracyclines (CTC and OTC) and 70-79%
for sulfonamides (SDZ and SMZ), however, for both
concentrations tested (0.2 and 1.0 mg kg '). We also
observed heavy precipitation in the final manure extracts,
possibly because of precipitation of lipids, so use of EtAc
was not pursued further. Use of chelating agents is
widespread in these methods and the approach has also
traditionally been used for analysis of antibiotics residues
in food products [27]. Extraction with aqueous buffers was
therefore investigated, and citric acid, EDTA, phosphoric
acid, and ammonium acetate buffers all resulted in
satisfactory extraction. The optimum extraction solvent
was found to be 0.2 mol L™" aqueous citric acid at pH 4.7
(referred to below as “buffer A”). Increasing the molarity or
reducing the pH did not affect the extraction efficiency



1170

(data not shown). We also included methanol as an
extraction solvent, because the solubility of the antibiotics
in this solvent was higher than in water—6.9 mg mL ™'
water compared with 16.4 mg mL™' methanol for OTC
[28]. Inclusion of a second extraction-step using methanol
was also expected to increase extraction efficiency for a
variety of manure matrices. The extraction efficiency for
methanol was significantly improved by addition of 20%
1.0 mol L™ citric acid compared with that of pure methanol
(P<0.05); no additional effect was observed when the citric
acid content was increased to 50% (data not shown).
Hence, 80% methanol with 0.2 mol L™ citric acid and pH
3.5 was for extraction (referred to below as “buffer B”).
Hence the extraction solvent finally chosen is comparable
with those used previously [6, 29]. Use of Mcllvaine
buffer, EDTA, and methanol. EDTA was also investigated
in this study, but precipitation was observed within few
hours when mixed with methanol, potentially causing
blockage of the PLE system. Therefore, only citric acid was
used as chelating agent.

PLE was chosen as the extraction technique because of
possible optimisation of pressure and temperature to
achieve vigorous extraction of the strongly adsorbed anti-
biotics. Combination of cycles was also investigated and
significantly better recoveries were achieved when two
cycles of buffer A and one cycle of buffer B were used
(P<0.05) (Fig. 3).

Extraction was performed at 500, 1,500, and 2,500 psig
and, although no statistically significant differences were
observed (P>0.05), mean values for recoveries where
higher at 2,500 psig (Fig. 3). The extracts did not contain
additional impurities when pressure was increased, so
2,500 psig was chosen as the extraction pressure. Increasing
the temperature to above 75°C caused recovery of OTC to
decrease significantly (P<0.05), because of the heat
sensitivity of this class of antibiotic [28], whereas extrac-
tion at room temperature (OFF), 50, or 75°C did not
significantly affect recovery (Fig. 3). Although no signif-
icant effects (P<0.05) of temperature on recoveries of SDZ
and TYL were observed, higher mean values for extraction
efficiency were obtained at 75°C than at lower tempera-
tures; this temperature was therefore chosen for further
extractions.

Clean-up and pre-concentration procedure

An array of clean-up procedures was applied for purifica-
tion and pre-concentration of the manure samples, as
illustrated in Fig. 1.

Lipid removal was efficiently achieved by liquid-liquid
extraction of the manure extract with nonpolar organic
solvents such as pentane, hexane, cyclohexane, heptane,
toluene, and 1,1,1-trichlorethane. Heptane was selected for
lipid removal, because this solvent phase-separated well from
the aqueous manure extract and is less toxic than hexane,
which has previously been employed successfully [18].

After the heptane-wash the manure extract were diluted
with Millipore water, which forced hydrophobic constitu-

100
l Cycles E=EE 1x buffer A + 1x buffer B
EZZ3 1x buffer A + 2x buffer B
80+ mmmm 2x buffer A + 1x buffer B
i =3 2x buffer A + 2x buffer B
60 == 1x buffer B + 1x buffer A
40
20
| Pressure &= 500 psi
80+ ez=m 1500 psi
9\: 1 == 2500 psi
- 60
e
q, -
3 40
9 i
[3) ]
(2’
20+
0_ .
| Temperature mm=m OFF
80 B 50°C
J ==375°C
mm 100°C
60 150°C
40+
20

TYL

Fig. 3 Results obtained from optimisation of pressurised liquid
extraction (PLE). The procedure was optimised for OTC, SDZ, and
TYL as representatives of the three classes of antibiotic. The method
was optimised for cycles (number and combination), pressure, and
temperature. The temperature setting “OFF” corresponds to room
temperature. Each bar represent mean values from replicate
extraction of three samples; the standard deviation is shown as
error bars

ents to precipitate while the hydrophilic antibiotics re-
mained dissolved in the aqueous phase. The subsequent
filtration step completely removed the turbidity from the
sample, without any detectable removal of the antibiotics.
Dilution of the sample reduced the methanol content to
<5% so antibiotics were not eluted from the HLB cartridges
during subsequent tandem SPE (SAX-HLB). Formic acid
was added to achieve pH 3 in the sample, so all the
antibiotics were either positively charged or neutral
(zwitterions) (pK, values are given in Table 1), and so
were not retained on the SAX cartridge, whereas humic
acids and other negatively charged species were removed.



Although HLB cartridges have been widely used for clean-
up of manure extracts [21, 22, 29], a disadvantage of the
broad adsorption affinity of the HLB material is co-sorption
of impurities; this may be avoided by use of more specific
SPE materials. Hydrophobic materials such as LiChrolute
EN and C;g materials have been used for clean-up of
manure extracts of different classes of antibiotic, including
sulfonamides, tetracyclines, and macrolides, but recoveries
were not reported [4]. In a previous study of aqueous
samples, however, the method worked well for the hydro-
phobic macrolides but was not applicable to tetracyclines
and recoveries for sulfonamides were poor (15-75%) [30].
The hydrophilicity of the antibiotics has also been exploited
in SPE clean-up. Schliisener used diol-material for clean-up
of macrolides, ionophores and tiamulin from manure
extracts and obtained recoveries of 75-94% except for
TYL, for which recoveries were not reproducible [19].
Pfeifer et al. used aminopropyl SPE for sulfonamides and
trimethoprim, achieving recoveries of 77-91% [18]. The
analytes were retained by hydrogen-bonding to the NH,-
groups, a sorption mechanism that is applicable to all the
antibiotics studied in this work. The hydrophilic interac-
tions also enable removal of lipids from the cartridge by
washing with hexane, without eluting the analytes [18].
Hence, the aminopropyl material may be an excellent
alternative to the HLB cartridge; this was not investigated
in this study.

LC-ESI-MS-MS analysis

Separation of fourteen compounds, including eight anti-
biotics, three epimerised tetracyclines, and three tylosin
degradation products, was achieved by use of a 25-min
gradient LC-ESI-MS-MS method with 15 min equilibra-
tion time between samples (40-min method). The chromato-
grams in Fig. 2 show the total ion count (TIC) for all the
analytes with the extracted ion counts (XIC) for the
individual antibiotics. Baseline separation was achieved for
the tetracyclines and the corresponding epimers, and the
other compounds were easily separated by mass using
MRM detection. The tetracyclines and sulfonamides were
analysed in one period (0—22 min) using the same mass
spectrometry conditions; a second period was included for
analysis of TYL and degradation products (22—40 min) to
obtain satisfactory sensitivity.

Oleandomycin (OLEA) was included as an instrument
standard to monitor instrumental variation during runs. The
response was very stable when the matrix was not changed;
this is apparent from Fig. 4a, the OLEA signal during the
three-week period of validation when all samples were run
using the same manure (see below). The signal was affected
by changing the matrix, however; Fig. 4b shows the OLEA
signal during analysis of samples from six different farms.
The MS signal was constant within runs for each farm
(approximately 50 injections), but varied dramatically
between runs. This effect confirmed the need to use stan-
dard additions as the method of quantification; this com-
pensates for matrix effects of the sample being quantified
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and has been shown to be the most reliable method of
quantification in ESI-MS analysis of highly matrix-loaded
samples [31].

Method validation

Validation of the method was performed using a mixture of
manures #1 and #2 and was achieved using standard plots
obtained for this background matrix, which simultaneously
takes into matrix effects and the background amounts of the
antibiotics. All the manures used in this study contained
DOXY at concentrations >500 pg kg™', however, and
recoveries for this compound at low concentrations were
inconsistent. Recoveries determined for sulfonamides and
tetracyclines were above 70%, except for SDZ and OTC.
These recoveries are satisfactory for a multi-component
method and are usually in the same range as for other
published methods, i.e. 77-91% [18], 47-89% [3] and 72—
108% [5, 32] for sulfonamides and 82-127% for tetra-
cyclines [5, 32]. Recoveries of TYL were poor; this is
probably because of degradation in the liquid manure, as
previously discussed, and more work should be performed
to improve sample preservation. Other authors also
experienced difficulties analysing TYL in manure samples,
either because of interfering peaks in the UV chromatogram
[29] or because of inconsistent recoveries [19]. In this

30004
A Validation

2000+

9y X X
RS Xxxx%x&“xxx&%k N

10004

C 1 1 1 1 1
10 20 30 40 50

B Application

Response

200004

150004

100004

50004

1 1 1 1
100 150 200 250
Injection #

Fig. 4 Response for the instrument standard (OLEA) during LC—
ESI-MS-MS analysis; each point represent injection of a sample.
(a) Constant response during the validation of the method when all
samples were run using the same manure matrix (100 pg L'
OLEA). (b) Changes in response during analysis of manures from
six different farms (250 pg L' OLEA), illustrating substantial
matrix variation
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study, however, we wished to include TYL despite the low
recoveries, because this compound is widely used in Danish
pig farming.

Recoveries were determined at three concentrations—
from 50 pg kg ' dry matter the lowest concentration, near
the LOQ, to 5 mg kg regarded the maximum amount
likely to be found in manure samples. Recoveries at the
50-pg kg ' level may be affected by background concen-
tration (particularly for CTC, ECTC, TC, and ETC) and
higher standard deviations were observed at this level.
Otherwise no tendency toward concentration-dependence
was observed, despite the wide concentration-range. Re-
peating the recovery determination after one week also
established that the day-to-day variation of the method at
the 50-pg kg '-concentration level was below 25%, except
for EOTC and ECTC.

The limits of detection and quantification were deter-
mined as signal-to-noise ratios of 3 and 10, respectively, for
a sample in which concentrations of the antibiotics were
near the LOQ The LOQ measured were between 10 and
100 pg kg ' dry matter, correspondlng to approximately
0.5-10 pug L' liquid manure, assuming 5—10% dry-matter

content. This sensitivity is sufficient for quantification of
typical levels of the antibiotics in manure samples and also
enables evaluation of the manures in accordance with
env1r0nmenta1 risk assessment criteria (cut-off value
100 pg kg') stipulated by the European agency for
evaluation of medicinal products [33]. Furthermore, LOQ
of other published methods are usually at the low ng kg '-

level, e.g. 20 50 ug kg ' [5, 32], <100 pg kg [3], and
5 ug kg ' [18] for sulfonamldes 50 ug kg ' [5, 32],
0.5 ug L' [4] and 140 pg L' [29] for tetracyclines, and

10 pug L™ manure for tylosin [6]. This level is, therefore,
generally regarded as the requirement for quantification of

antibiotics in manure. The validation data ontained in this
work are listed in Table 4.

Application to farm samples

The freeze-dried manure from the six different farms varied
widely in appearance, i.e. colour and density, but all
samples passed easily through the clean-up procedure and
the final extracts all seemed similar and homogenous. Three
replicate samples were analysed for each farm and the
content was quantified by using linear standard-addition
plots for each sample. The mean values and corresponding
95% confidence intervals are listed in Table 5

Manures #1 and #2 were collected from swine-producing
farms with extremely low consumption of antibiotics
because of the very high health standards of the farm
animals. This is reflected in the results shown in Table 5; for
manure #1 the amounts of several of the antibiotics were
below the LOQ. Manures #3-#6 were collected from
conventional farms, and substantially larger amounts of the
antibiotics  were observed, i.e. concentrations up to
30 mg kg ' for the sum of CTC and ECTC. These high
concentrations are comparable with previously pubhshed
results, i.e. tetracychne concentrations up to 41 mg kg ' [5]
and 1 mg L™ in liquid manure [4]. Sulfonamide con-
centrations in this study did not exceed 10 mg kg ';
previous studles have found 0.5 mg L™" liquid manure [4]
and 20 mg kg~ ' [3].

TYL was not detected in any samples and may already
have been degraded in the manure tank, during mixing of
the manure, or after sampling. In a study by De nguoro and
co-workers a TYL concentration of 0.11 mg kg~ ' was found

Table 4 Validation results for the entire method for analysis of tetracyclines, sulfonamides, and tylosin in swine manure

LOD LOQ Recovery (%) (Day 1) Recovery (%) (Day 7)

S/N=3 S/IN=10 50 ug kg ! 500 ug kg' 2,500 ug kg ' 50 ug kg 500 ug kg 2,500 pg kg

(ug kg ' dry matter) Mean (SD) (n=6) Mean (SD) (n=3)
Tetracyclines
TC 10.3 34.5 85.9 (13.8) 73.1 (1.2) 68.5 (3.2) 93.2 (20.4) 80.5 (3.7) 87.4 (4.9)
OTC 83 27.8 53.2 (4.8) 47.2 (1.8) 42.0 (1.6) 54.4 (7.6) 52.6 (2.4) 46.5 (1.3)
CTC 14.8 49.0 184.1 (10.0) 89.3 (7.1) 81.2 3.4) 228 (94) 75.6 (5.3) 95.5 (5.3)
DOXY 15.3 51.0 - 1249 (11.9)  97.6 (3.1) - 137.8 (3.9) 98.9 (6.8)
ETC 3.9 132 30.0 (6.7) 51.6 (1.3) 53.9 (2.9) 29.2 (19.5) 57.9 (2.3) 53.9 (1.7)
EOTC 16.7 55.7 96.2 (6.3) 86.8 (2.6) 82.6 (4.9) 61.5 (10.9) 96.7 (4.5) 98.8 (3.7)
ECTC 32.1 107 23.9 (10.9) 66.5 (3.9) 76.0 (4.2) 97.1 (55.2) 72.9 (7.4) 76.8 (4.8)
Sulfonamides
SDZ 8.7 28.9 65.0 (2.5) 58.5 (2.0) 58.9 (2.4) 84.6 (7.8) 63.6 (2.4) 72.7 (2.8)
SMZ 8.2 27.3 95.0 (1.8) 84.1 (2.1) 97.8 (4.0) 91.3 (8.0) 88.6 (5.5) 108.6 (3.1)
SDX 2.7 8.9 100.7 (3.4) 87.0 (2.6) 92.7 (2.5) 81.6 (10.9) 86.3 (1.7) 100.3 (4.7)
Macrolide
TYLA 269 89.6 31.9 (1.6) 11.9 (1.0) 349 (1.1) 239 (1.7) 9.1 (1.2) 33.1 (2.0)

5000 ug kg™' for tetracyclines

Recoveries were determined by fortifying the manure samples at three concentrations before freeze-drying; day-to-day variation was
determined by repeating the procedure after one week. Limits of detection and quantification was determined as signal-to-noise ratios of 3

and 10, respectively
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Manure #1 Manure #2 Manure #3 Manure #4 Manure #5 Manure #6
Tetracycline

<LOQ 0.17 [0.11-0.22] 0.091 [0.089-0.094] 1.6 [1.3-1.9] 0.33 [0.31-0.36] 0.32 [0.25-0.39]
Oxytetracycline

<LOQ <LOD 1.5 [1.4-1.6] 0.048 [0.037-0.060]  0.94 [0.88-0.99] <LOQ
Chlortetracycline

<LOQ 1.1 [0.95-1.3] 1.8 [1.7-1.8] 15.7 [6.9-24.4] 6.2 [4.5-7.9] 7.1 [5.3-8.9]
Doxycycline

0.76 [0.74-0.79]  0.62 [0.53-0.71] 1.3 [1.3-1.3] 0.55 [0.29-0.82] 0.59 [0.52-0.66] 3.1 [2.7-3.5]

Epi-tetracycline
<LOD
Epi-oxytetracycline
<LOD

Epi-chlortetracycline

0.19 [0.15-0.22]

<LOD

0.061 [0.056-0.067]

0.45 [0.42-0.47]

0.99 [0.84-1.2]

0.22 [0.20-0.25]

0.21 [0.16-0.27]

<LOQ 1.7 [1.3-2.0] 1.3 [1.2-1.3]
Sulfadiazine

<LOD <LOD <LOD
Sulfamethazine

<LOD <LOD <LOD
Sulfadoxine

<LOD 0.015 [0.009-0.020]  0.22 [0.21-0.22]
Tylosin A

<LOD <LOD <LOD

<LOD 0.33 [0.31-0.35] <LOD
14.1 [7.2-20.9] 5.6 [5.4-5.9] 7.5 [5.8-9.3]
0.63 [0.49-0.76] <LOQ 2.1 [1.1-3.2]
<LOD <LOD <LOD
<LOD 0.098 [0.070-0.13]  <LOD
<LOD <LOD <LOD

<LOD: Below limit of detection
<LOQ: Below limit of quantification

Values are mean concentrations from analysis of three replicate samples; 95% confidence intervals are reported in square brackets

Concentration of antibiotics (ug g ' freeze-dried manure)

in liquid manure [6]. Despite low recoveries, such levels of
TYL should be detectable using the method presented here.

Conclusions

A multi-component method has been developed for
analysis of tetracyclines, sulfonamides, and tylosin in
swine manure samples. The focus was on development of a
thorough sample-preparation procedure furnishing homo-
geneous and reproducible samples. Homogeneous samples
were achieved by freeze-drying of a large volume of liquid
manure and subsequent pulverisation. Extraction of the
antibiotics was performed by PLE, using a combination of
citric acid and methanol as extraction solvents. Sample
clean-up consisted of lipid removal by liquid-liquid ex-
traction with heptane and subsequent vacuum-filtration.
Remaining humic materials were removed by SPE with
SAX and HLB cartridges in tandem. The antibiotics were
analysed by LC-ESI-MS-MS and quantification was
performed by standard addition to compensate for matrix
effects.

Recoveries for the entire method were >70%, except for
SDZ, OTC and TYL, and did not vary with concentration or
from day-to-day. Limits of quantification were in the range
10-100 pug kg .

The suitability of the method was assessed by analysis of
manure samples from six different farms. Antibiotics were

detected in all the samples, with the highest amounts found
for tetracyclines (up to 30 mg kg ™' for the sum of CTC and
ECTC). Sulfonamides were detected at concentrations up to
2 mg kg ' (SDZ) and tylosin was not detected in any
samples. Antibiotics were detected even in samples from
farms with very low consumption of antibiotics, indicating
that the method is suitable for analysis of swine manure
containing only trace levels of antibiotics.
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