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a b s t r a c t

A new extraction method coupled to a high throughput sample analysis technique was developed for the
determination of four veterinary antibiotics. The analytes belong to different groups of antibiotics such
as chemotherapeutics, sulfonamides, lincosamides and macrolides. Trimethoprim (TMP), sulfadoxin
(SFX), lincomycin (LCM) and tylosin (TYL) were extracted from lyophilized manure using a sonication
extraction. McIlvaine buffer and methanol (MeOH) were used as extraction buffers, followed by cation-
exchange solid phase extraction (SPE) for clean-up. Analysis was performed by laser diode thermal
desorption-atmospheric pressure chemical-ionization (LDTD-APCI) tandem mass spectrometry (MS/MS)
with selected reaction monitoring (SRM) detection. The LDTD is a high throughput sample introduction
method that reduces total analysis time to less than 15 s per sample, compared to minutes when using
traditional liquid chromatography (LC). Various SPE parameters were optimized after sample extraction:
the stationary phase, the extraction solvent composition, the quantity of sample extracted and sample
pH. LDTD parameters were also optimized: solvent deposition, carrier gas, laser power and corona
discharge. The method limit of detection (MLD) ranged from 2.5 to 8.3 mg kg�1 while the method limit of
quantification (MLQ) ranged from 8.3 to 28 mg kg�1. Calibration curves in the manure matrix showed
good linearity (R2Z0.996) for all analytes and the interday and intraday coefficients of variation were
below 14%. Recoveries of analytes from manure ranged from 53% to 69%. The method was successfully
applied to real manure samples.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

In the past few decades, veterinary antibiotics have been
widely used in swine breeding [1]. They have been administered
routinely at therapeutic doses to prevent diseases, improve feed
efficiency and accelerate growth, and as a result, huge quantities
have been used for swine husbandry. However, all these anti-
biotics are not absorbed by the animals and a significant portion is
excreted in the feces and urine and end up in the manure. Those
antibiotics enter the environment through the land application of
manure as organic fertilizer and can potentially contribute to
bacterial resistance [2–4]. For several years, researchers have
studied the anaerobic digestion of swine manure slurry [5]. They
are now trying to understand the biodegradation of veterinary
antibiotics in swine manure. Thus, robust analytical methods are
necessary in order to quantitate and measure the degradation of

these compounds. Various authors have dealt with the analysis of
veterinary antibiotics in manure or other matrices (soils, waste-
waters, animal meat, etc.) and they almost systematically use
liquid chromatography (LC) before analysis by tandem mass
spectrometry (MS/MS) [6–11]. This article explores an original
analytical approach for the analysis of veterinary antibiotics in
manure which switches from using a time consuming method
based on LC-MS/MS (measured in minutes) with an ultrafast
analytical method based on laser diode thermal desorption (LDTD)
coupled to MS/MS (measured in seconds).

Most of the methods proposed in the literature for the analysis
of antibiotics use LC and require time-consuming preparation
steps such as solid phase extraction (SPE) with solid liquid
extraction (SLE), followed by evaporation to dryness [6,12,13],
and reconstitution in the solvent selected for analysis. Moreover,
for LC techniques using ultraviolet or fluorescent detection, a
derivatization step is usually required prior to analysis [12].
Therefore sample preparation and chromatography require several
minutes. The global objective of this study is to develop an
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original, simple, sensitive, robust and fast method to extract and
quantify veterinary antibiotics from a complex dirty matrix like
swine manure. This method requires the use of an LDTD interface
to permit high throughput sample introduction. The LDTD is
coupled to an atmospheric pressure chemical ionization (APCI)
source which precedes a triple-quadrupole MS instrument capable
of MS/MS determinations. This method was applied to four
different antibiotics: trimethoprim (TMP), sulfadoxin (SFX), linco-
mycin (LCM) and tylosin (TYL) which are among the most widely
used antibiotics in veterinary medicine for swine production. The
sample preparation time is minimized to an ultrasonic extraction
followed by SPE and only one evaporation step. Ultrasonic extrac-
tion using a solution of methanol (MeOH), McIlvaine buffer and
ethylenediaminetetraacetic acid (EDTA) was used for the extrac-
tion of the target analytes [12,14,15]. Efficient clean-up was
required, therefore a cation exchange cartridge was used to
strongly retain the target analytes to the sorbent and allow the
use of organic solvents to remove a large portion of the interfering
matrix. This clean-up is crucial because no chromatographic
separation occurs using the LDTD-APCI prior to MS/MS detection.
The method was tested and validated with freeze-dried manure
from the experimental farm of Agriculture and Agri-food Canada
(Lennoxville, QC, Canada). Method performance was evaluated by
the determination of extraction recovery, linearity, precision,
repeatability and limits of detection and quantification. The
determination of targets compounds at micrograms per kilogram
in pig manure was performed to confirm the applicability of the
method in real environmental samples.

LDTD-APCI is an alternative sample introduction technique
without a separation step like LC or gas chromatography (GC)
prior to detection. For that reason, LDTD-APCI technology permits
the virtual elimination of chromatographic columns and mobile
phase, thus drastically reducing analysis time, sample preparation
and analysis costs while increasing sample throughput. In fact, the
LDTD-APCI is coupled to MS/MS and reduces total analysis time to
15 s compared to minutes with LC coupled to MS/MS. The LDTD
technology is based on the volatilization and on the physicochem-
ical properties of the compound. An IR laser diode beam hits
the back of the sample well (metal bottom) and the target sample
is volatilized by the heat-gradient that is thus generated. In a
second step, the compounds are transferred with a gas flow and
ionized in the APCI before entering the MS/MS. To the best of our
knowledge, there are no published methods using LDTD or similar
APCI-based approaches to quantify veterinary antibiotics in swine
manure. Some analytical methods have been published on LDTD-
APCI-MS/MS and it has so far been applied in toxicology [16,17],
pharmaceutical [18], environmental samples such as endocrine
disruptors in wastewaters [19], municipal sludge and aquatic
sediments [20], and sulfonamides in dairy milk [21]. The sche-
matic and assembly of the LDTD-APCI source apparatus have
previously been detailed [22].

2. Materials and methods

2.1. Chemicals, reagents and stock solutions

LCM (purityZ89.1%), SFX (purityZ99.9%), TMP (purityZ
99.5%), TYL (purityZ83.8%) and spiramycin (SPI, purityZ90.0%)
were purchased from Sigma Aldrich (St. Louis, MO, USA).
Isotopically-labeled trimethoprim, [13C3]-trimethoprim ([13C3]-
TMP) used as internal standard (IS, purityZ99%), was obtained
from ACP Chemical Inc. (Montreal, QC, Canada). All solvents used
were of HPLC grade purity from Fisher Scientific (Whitby, ON,
Canada) and deionized/distilled water (dd-H2O) was used for
dilutions. Individual stock solutions were prepared in MeOH at a

concentration of 1000 mg L�1 and kept at �20 1C for a maximum
of 6 months. Individual intermediate solutions were prepared by
dilution of the 10 mgL�1 stock solution in MeOH. Given the
potential for degradation of the target analytes [23], working
solutions were prepared daily at a concentration of 1 mg L�1 by
dilution in MeOH from individual intermediate stock solution.
Sodium phosphate dibasic (Na2HPO4, purityZ99.0%) and citric
acid (purityZ99.5%) were purchased from Sigma Aldrich (St Louis,
MO, USA).

2.2. Agricultural soil

Swine manure was obtained from the Dairy and Swine
Research and Development Center of Agriculture and Agri-Food
Canada (Lennoxville, QC, Canada). Manure samples were collected
in plastic flasks, homogenized and freeze-dried in Lennoxville. All
the samples were kept at 6 1C until analysis. This manure does
not contain target analytes and was used for all method
validation tests.

2.3. Extraction and cleanup

Approximately 100 mg of freeze-dried manure was weighted
into a 15 mL conical-bottom centrifuge tubes from Kimble Chase
(Rockwood, TN, USA) and 5 mL of extraction buffer MeOH/McIl-
vaine/EDTA (50:45:5, v/v/v) at pH 5 was added. McIlvaine buffer
(20 mL) was prepared by mixing 9.70 mL of 0.1 M citric acid and
10.30 mL of 0.2 M Na2HPO4. The tubes were mixed for 1 min on a
vortex and were subsequently placed into an ultrasonic bath for
15 min. They were then centrifuged at approximately 2750 g for
15 min. The supernatant was collected into a 15 mL brown glass
tube. These extractions were repeated twice but 50 mL of acetoni-
trile (MeCN) was added for the second extraction, before the
centrifugation step, to help precipitate proteins [11].

SPE was done using a 12-position manifold manufactured by
Phenomenex (Torrance, CA, USA). Strong cation mixed mode phase
Strata-X-C (surface-modified styrene divinylbenzene polymer)
cartridges with a total volume of 6 mL and a 200 mg bed mass
from Phenomenex were used to wash the sample extracts. Multi-
ple SPE parameters were optimized: cartridge type, loading
step, loading flow rate, washing step and sample pH. The SPE
cartridges were conditioned with 2�5 mL of MeOH and 2�5 mL
of distilled-deionized water (dd-H2O) acidified at pH 4. Samples
were loaded on the cartridge column at a flow rate of 2–
3 mL min�1 by applying negative pressure using a mechanical
pump. The SPE cartridges were washed with 2�5 mL of MeOH
followed by 2�5 mL of ethyl acetate (EtAc). The analytes were
eluted with 2�5 mL of MeOH/NH4OH (95:5, v/v) at pH 9.0 into
conical-bottom centrifuge tubes. Before evaporation, eluates were
filtered on 0.45 mm pore size fiberglass membranes from What-
man (Piscataway, NJ, USA) to eliminate particulate materials. The
eluates were then evaporated to total dryness under a gentle
stream of nitrogen at 40 1C with a nine-port Reacti-vap unit from
Pierce (Rockford, IL, USA) and then reconstituted to 200 mL with
MeOH/H2O (90:10, v/v) for LDTD-APCI-MS/MS analysis.

2.4. LDTD-APCI-MS/MS

Desorption and ionization of target veterinary antibiotics were
performed with the T-960 LDTD-APCI ionization source controlled
by the LazSoft 4 Software, developed and manufactured by
Phytronix Technologies (Quebec, Canada) and data integration
was performed using the Xcalibur™ 2.0 software (Thermo Fisher
Scientific, Watthan, MA). For analyte detection, LDTD-APCI was
mounted on a Quantum Ultra AM triple quadrupole mass spectro-
meter by Thermo Fisher Scientific (Waltham, MA). Ionization was

M. Solliec et al. / Talanta 128 (2014) 23–3024



performed in positive mode (PI). Sample solutions (3 mL) were
spotted into a 96-well LazWell plate (Phytronix Technologies, QC,
Canada) containing inserts made of proprietary stainless steel
alloy and then dried at 40 1C for 5 min until complete solvent
evaporation. The loaded LazWell plate was then transferred into
the LDTD housing unit. An infrared (IR) laser diode (980 nm, 20 W)
was then focalized to impact the back of the inserts, thermally
desorbing the dried sample which is vaporized into the gas phase.
The uncharged molecules travel along the transfer tube with a
carrier gas (medical grade purified air). Upon reaching the corona
discharge region, they are ionized by the APCI and then transferred
to the MS inlet (see details in Supporting information Fig. S-1).

The LDTD-APCI optimization for MS/MS conditions in positive
ionization mode (PI) was performed by depositing the standard
analytes of interest and the corresponding internal standard (IS) at
a concentration of 1 mg L�1 in the well plate inserts. Analytes
were spotted into the sample well once reconstituted in a MeOH/
H2O (90:10, v/v) solution following SPE with a deposition volume
of 3 mL. Optimization of LDTD-APCI parameters was performed in
pre-concentrated extraction samples in order to account for the
matrix effects. The LDTD-APCI source parameters were set as
follow: capillary temperature at 350 1C, a discharge current of
3.6 mA in PI mode, a carrier gas temperature of 50 1C, a carrier gas
flow set at 3.0 L min�1, and the ion sweep gas set at 0.3 (arbitrary
unit). The sheath gas, the auxiliary gas, the skimmer offset and
the vaporizer temperature were set to 0. The final laser pattern for
SDX, LCM and TMP consisted of a 0.5 s initial linear ramp from
0% to 40% with no holding time at the maximum power before
shut-down. For TYL, the laser pattern consisted of a 0.5 s initial
linear ramp from 0% to 50% with a holding time of 1 s before shut-
down. The two laser patterns of the target analytes are illustrated
in Fig. 1.

The respective relative intensity ratios per compound were
used in selected reaction monitoring (SRM) mode for detection
and quantification. Optimization of MS/MS parameters was done
with the following settings: collision gas (Ar) pressure at
1.5 mTorr, resolution for Q1/Q3 was set at 0.7 u and scan time
was set at 0.005 s. The different SRM transitions and their
optimized parameters for the quantification and confirmation of
target analytes are shown in Supporting information Table S-1.

2.5. Validation of LDTD-APCI-MS/MS method

A minimum of two SRM transitions and their relative intensity
ratios were used to avoid false positive and confirmed the
presence of the compounds of interest. The instrument response
was determined as the ratio of the analyte area to that of the IS.

The method limit of detection (MLD) and the method limit of
quantification (MLQ) were determined as 3.3 and 10 times,
respectively, the standard deviation of the y intercept divided by
the slope of the calibration curve in matrix sample. The most
intense transition was used for quantification and the second
weaker transition was used for confirmation.

The recovery values for the SPE method were evaluated using
concentrations of 100, 250 and 500 mg kg�1. During the SPE
optimization, three sets of samples were prepared to determine
the extraction recovery. Extraction recoveries were determined by
comparing mean peak area ratios of target analytes spiked prior to
extraction in manure samples with those of the target analytes
spiked in post-extraction manure samples in triplicate and were
reported in percentage. Un-spiked manure samples were also
extracted to account for their presence in the recovery values.
The IS was added after the extraction and before the reconstitution
step to calculate the extraction recovery. In the case of manure
samples containing antibiotics, the IS was added before the
extraction step to correct for analytes losses through handling.

The repeatability (intra-day precision, expressed as relative
standard deviation in %) was evaluated by analysis of the same
spiked sample at 100 mg kg�1

five times on a single workday.
Reproducibility (inter-day precision) was also calculated by spik-
ing an extracted sample at 100 mg kg�1 freshly prepared each day
during 3 days. The Statistical Package for Social Science (SPSS 13.0,
Chicago, IL), ANOVA test was used to compare the signal inten-
sities for the optimization of the LDTD-APCI parameters, and a
post-hoc Tukey's b test was performed with statistical significance
defined as po0.05.

3. Results and discussion

3.1. Manure characteristics

Because swine manure is a complex matrix consisting of feces,
urine, feed residues, straw and wash waters, several analyte-
matrix interactions and possible impurities must be considered
during method development. Manure consists largely of organic
matter and nutrients but may also contain substantial amounts of
proteins and lipids. The organic matter of swine manure is mainly
composed of low molecular weight compounds and a high content
of functional groups such as carboxylic acids and phenols which
contain a lot of potential binding sites for the target molecules
based on hydrogen bonding and ion-exchange [24]. The higher
molecular weight organic matter constituents are more hydro-
phobic substances which could make hydrophobic interactions
with van der Walls forces. The sorption coefficient (Kd) for TYL in
manure is between 39 and 108 L kg�1 [25]. To the best of our
knowledge, sorption coefficients of TMP, LCM and SFX in manure
have not been investigated, but Kd for sulfonamide in soil-manure
(50:1) mixture was 0.59–1.18 L kg�1 [26]. Thus, TYL is expected to
show stronger retention on manure than SFX. TYL is excreted as
the parent compound and metabolites from livestock with des-
mycosin, macrosin and relomycin (TYL B, C and D) as the most
commonly observed. Moreover, TYL degrades rapidly into its
various metabolites in swine manure [27,28].

3.2. Manure extraction method development

A number of different techniques deal with the extraction of
organic chemicals such as veterinary antibiotics from manure.
Traditional non-instrumental techniques such as soxhlet extrac-
tion and shake flask extraction are well established but can be
time consuming and they use large volumes of organic solvents
[29]. An alternative technique which is rapid and does not

Fig. 1. Illustration of LDTD laser patterns for SDX, LCM, TMP method and TYL
method.

M. Solliec et al. / Talanta 128 (2014) 23–30 25



consume large volumes of solvents or expensive instruments is
ultrasonic extraction [10,12]. This technique has been successfully
applied to veterinary antibiotics and it has been adopted in the
current study.

The first step was to select a buffer suitable for extracting the
target compounds. Sulfonamide is known to form chelate com-
plexes with metal ions and therefore, the use of chelating agents
such as EDTA and McIlvaine buffer were suitable. McIlvaine buffer
is a mixture of citric acid and Na2HPO4 and has previously been
used in the extraction of sulfonamides from manure [8,15]. For
that reason, this extraction mixture was chosen for this study.

The extraction was optimized with the procedure described in
Fig. 2. Before the clean-up step, target analytes have to be
protonated to create a positive charge that allows the formation
of an ionic bond with the cationic phase. The pKa of the target
analytes is in the same range (Table 1), the pKa of SDX is the lowest
at 6.01 [30] and the pKa of LCM is the highest at 7.79 [31]. The pH
must be below the pKa of the compounds to allow protonation. But
TYL is instable below pH 4 [32], so the pH cannot be lowered
below 4. Initial experiments with a single extraction gave poor
recoveries, so a second extraction was added to the procedure.
Extractions were also carried out using a pH 5 McIlvaine buffer
with a mixture of MeOH and EDTA to improve performances with
our target analytes. A vortexing stage was also added to the
procedure before the ultrasonic extraction step to suspend the
particles and homogenize the solution. Ultrasonic extraction was
done at 25 1C during 15 min for TMP, LCM, SDX and TYL. After
centrifugation, the supernatant liquids produced by the two

extraction processes were added one to the other and combined
in a single 15 mL glass vial.

3.3. Sample clean-up and elution

A solid phase extraction procedure was used to enable the
manure extracts to be cleaned-up. We use a Strata X-C cartridge, a
cation exchange cartridge that permits the use of organic solvents
during the washing step so as to remove large portions of the
interfering matrix [12,33]. The pH of the supernatant solutions
was checked and adjusted with citric acid, if necessary, before
clean-up because it could change due to the multiple compounds
present in the samples. The pH of the solution has to be below the
pKa of the target analytes (Table 1) [31]. Thus, citric acid was added
to the solution to protonate the target compounds and maintain
slightly acidic conditions. The supernatant containing TMP, LCM,
TYL and SDX was maintained to a pH of 5 because SDX has a lower
pKa (Table 1). The pH of the supernatant should not be below
4 because TYL is instable under such conditions. Maintaining a pH
between 4 and 5 thus allows an ionic bond between the proto-
nated target compounds and the cationic phase. Ionic bonds are
stronger than van der Walls interactions and further allow us to
use a strong wash with organic solvents to remove a maximum of
interfering compounds. Various solvents and solvent mixtures
were tested at different pH. After a series of experimental washes,
MeOH and EtAc were found to remove maximum interferences
without affecting analytes recovery. Additional washing stages
were also tested to try to remove interfering compounds that had
not been removed from the Strata X-C.

Target analytes were eluted with a solution of MeOH/NH4OH
(95:5, v/v) at pH 9.0, above the pKa of the compounds. The pH of
the eluting solution should not be above pH 9 because TYL is
instable at higher pH [32,33]. This basic solution breaks ionic
bonds between the protonated compounds and the cationic phase
thus releasing the target analytes.

It is important to properly control pH conditions at this step.
First, it allows the retention and release of the analytes from the
cartridge. Secondly, TYL is unstable at extreme pH, therefore, the
pH has to be maintained between 4 and 9. Outside this range of
pH, TYL will degrade rapidly into various metabolites. The stability
of TYL was studied by varying the pH and measuring the amount
of TYL. This shows that the pH used in this study to treat the
samples did not affect TYL stability (Fig. S-2). Moreover, it was
shown that TYL degrades rapidly outside this range [32] but for
exposure below 24 h, degradation is not significant.

3.4. LDTD-APCI parameters optimization

Analysis of different pharmaceuticals by LDTD-APCI necessi-
tates the optimization of different parameters to improve signal
intensity. Therefore, several LDTD parameters were optimized to
achieve signal enhancement while minimizing variability: the
laser power, the laser pattern, the deposition volume, the carrier
gas flow rate and the solvent of deposition. LDTD parameters were
optimized in positive ionization mode (PI). Aliquots of extracts of
manure were spiked with target analytes at 500 mg kg�1 to
account for matrix effects. Each spiked sample was analyzed
6 times (n¼6) in SRM mode with the corresponding m/z precursor
and product, and optimized tube lens and collision energy.

Fragmentation of precursor ions at m/z 311 for SFX, 291 for
TMP, 407 for LCM, and 916 for TYL gave very clean MS/MS spectra,
consistent with the literature of MS/MS spectra from the same ions
obtained using APCI and ESI. The major product ions obtained
correspond to the losses of part from [MþH]þ and were observed
at m/z 156 and 92 for SFX, m/z 123 and 230 for TMP, m/z 126 and
359 for LCM and m/z 174 and 772 for TYL, and those transitions

Fig. 2. Sample-preparation and clean-up procedure for analysis of SFX, LCM, TMP
and TYL.

Table 1
Physicochemical properties of SDX, LCM, TMP and TYL including molecular weight,
pKa [30,31] and log P.

Compounds MW pKa Log P

SDX 310.3 6.01 0.58
LCM 406.5 7.79 0.56
TMP 290.3 6.76 1.28
TYL 916.4 7.50 2.32
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could be used for detection. Tube lens and collision energy for
each quantification transition are presented in Supporting infor-
mation Table S-1.

The laser power and the laser pattern were used to control the
power of the laser diode applied to the back of the metal well
during a short period of time, approximately 1–3 s. Therefore,
increasing the percentage of laser power will increase the laser
radiation power hitting the back side of the Lazwell plate and
ultimately the amount of energy transferred to the sample. This
fast heat transfer (as high as 3000 1C s�1) generates a temperature
of roughly 200 1C induced by the laser and allows the thermal
desorption of the target compounds, induces sublimation and
transfers them by the gas flow to the APCI ionization [34]. The
amount of energy transferred is dependent on the laser power
setting of the instrument (%). The laser power should not be set
too high in order to maintain a low background signal generated
by the thermal degradation of matrix components and cause the
degradation or fragmentation of target compounds. Depending on
the matrix, increasing laser power can cause a decrease of S/N
response because of a larger amount of interfering compounds are
being desorbed and transferred to the corona discharge along with
the compounds of interest. By adjusting the laser ramp pattern
and the hold time at maximum laser power, it is possible to
increase the amount of desorbed analytes and control the amount
of desorbed matrix components. Laser power was evaluated
between 10% and 60%. Fig. 3 shows the various laser patterns
tested with their corresponding signal. The optimal laser power
for maximum compound desorption was set at 40% for SFX, LCM
and TMP but it was set at 50% for TYL. Lower laser power did not
allow for maximum compound desorption and a higher laser
power caused higher variability and decreased signal intensity
which we attribute to heat-promoted compound degradation.
Optimized laser pattern for SFX, LCM and TMP was a 2 s at 0%,
with a ramp of 0.5 s from 0% to 40%, with no hold time required at
maximum power, and a direct decrease of 0.1 s from 40% to 0%
with finally 2 s at 0% (Fig. 1). Previous work used the same type of
laser pattern for desorption of various pharmaceutical compounds
in wastewater [18]. For TYL, optimized laser pattern was 2 s at 0%,
with a ramp of 0.5 s from 0% to 50%, with a hold time of 1 s before
a direct decrease of 0.1 s from 50% to 0% with 2 s at 0% (Fig. 1). The
hold time of 1 s was necessary to completely desorb TYL, pre-
sumably because of its higher molecular weight. The total analysis
time is 15 s per sample, which compares very favorably with the
minutes usually required for chromatography analysis.

LDTD does not permit compound separation prior to analysis.
Therefore, during desorption, a large amount of compound includ-
ing matrix components and target analytes will simultaneously

reach the APCI region. A competition will then occur between the
compounds for ionization. Consequently, it is beneficial to try to
desorb part of the interfering matrix components before the
desorption of the target analytes. TYL starts to desorb at 35%, thus
several laser patterns were tested in two different steps. Initially, a
short laser impulsion at 25% laser power is used to desorb a part of
the matrix without desorbing the analyte. In a second step, the
target analyte will be desorbed with the optimized laser pattern
(Fig. 1). Laser patterns are presented in Fig. 4 (subfigure numbers
1–4) and the peak area measurements with their respective laser
patterns are presented in Fig. 5. SFX, LCM and TMP start to desorb
at a low laser power (15%). Subsequently, it was not possible to use
this “pre-desorption” technique for these analytes. Three different
laser patterns were tested on a matrix solution spiked with
250 mg L�1 of TYL (Fig. 4) and peak areas were measured in each
case. Number 1 is the reference laser pattern. The best results
seem to be the laser patterns 2 and 3 for which variability is lower
and peak area is greater. Laser pattern number 4 gives the smallest
peak area. Therefore, laser pattern numbers 2 and 3 were com-
pared to the reference with an ANOVA post-hoc Tukey b test. The
result of this test showed that there is a significant difference
between number 3 and the reference (Po0.05). Laser pattern
number 3 was therefore chosen for the TYL method.

The solvent of deposition for analytes has an important impact
on the MS/MS peak shape, peak intensity and signal variation [19].
Depending on the solvents used for deposition, those parameters
could change significantly. Therefore, optimization of deposition
solvent is required to optimize the LDTD-APCI method. Different
types of solvents and mixtures were tested and the coefficient of
variation (CV, n¼5) was compared for the 8 different solutions.
Fig. 6 shows that the MeOH/H2O (90:10, v/v) mixture gave the best
peak intensity and the lowest CV. Thus, this mixture was selected
for all optimization experiments.

The deposition volume has an important influence on the APCI
ionization and on the MS signal intensity of the target compounds.
Previous work showed the influence of deposition volume in the
Lazwell plate upon the effectiveness of the APCI [19]. It was shown
that, by adding a large volume of sample, a higher amount of
analyte would reach ionization, increasing the signal and sensi-
tivity, and improving the MLD. Consequently, more compounds in
the ionization area can induce a proton affinity competition during
the APCI discharge and would also affect signal intensity. Also,
non-volatile matrix products could trap the target compounds and
affect signal intensity. The deposition volume was tested from 2 to
8 mL in steps of 1 mL (see details in Supporting information Fig. S-
3). The peak area progressively decreases with increasing deposi-
tion volume in spiked matrix aliquots. These results suggest

Fig. 3. Effect of laser power on peak area of target analytes spiked in matrix solution (SDX use the right y-axis scale, others compounds use the left axis-scale).
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minimizing the deposition volume to minimize matrix effects and
to maximize the peak area and the S/N. An optimal deposition
volume of 3 mL was chosen for the analysis of all target compounds
with significantly higher S/N response (po0.05).

For the carrier gas optimization, the same samples were used to
determine the highest S/N signal. The carrier gas flow has two
main functions: transferring the thermally desorbed analytes to
the corona discharge region for ionization and thermalization of
the vaporized analytes. Carrier gas flow has an influence on the
APCI ionization. A higher carrier gas flow reduces the residence
time of neutral compounds in the ionization source and a lower
gas flow limits the amount of molecules reaching the source. It has
to be optimized to bring enough water molecules in the corona
discharge area and permits formation of charged water clusters
(H2O)nHþ through a chain of ion–molecule reactions starting with
N2

þ , O2
þ , NOþ , and H3Oþ . Those clusters react with target analytes

by proton-transfer and induce the ionization [35]. Therefore, it
becomes important to control the time of residence in the
ionization area to optimize ionization and thus improve sensitiv-
ity. Carrier gas flow rate was optimized between 1 and 8 L min�1

and was set to 3 L min�1 which gave significantly higher peak area

response (po0.05) and showed the highest S/N values for the
SRM of all target analytes. Additionally, a gas flow of 3 L min�1

provided a smaller signal variability than using 2 L min�1. This
optimal flow rate corresponds with what has been observed
previously for hormones and pharmaceutical compounds [18,19].

A sample of resulting peak shapes is illustrated in the Support-
ing information Figs. S-4 and S-5. Peak shapes of LCM, SFX and
TMP are symmetrical and reproducible for quantitative analysis.
For TYL and SPI, peak shapes are asymmetrical with significant
peak tailing which might be caused by the laser pattern of the TYL
method which has a hold time of 1 s at maximum laser power.
This hold time is necessary to desorb all TYL and SPI. Different
hold times were tested at 0.5 s, 1 s and 1.5 s with 50% and 55%
laser power (Fig. 7). The peak shapes are still asymmetrical when
those parameters were modified. Despite being asymmetrical, the
peaks are reproducible. A hold time of 1 s with 50% laser power
gives the best intensity and seemed to be optimal for TYL (Fig. 7).

The target compounds were analyzed in two desorption events
(two plate wells) in PI mode using two LDTD methods. Several
LDTD methods were necessary because of the limitation of the
maximum MS/MS transitions that can be handled simultaneously
in the same method. Therefore, 8 SRM transitions can be handled
to keep enough acquisition point per peak. Moreover, TYL requires
a higher laser power than the other target compounds, thus two
LDTD methods are required. In the first method TMP, SFX, LCM and
[13C3]-TMP (as IS) were analyzed with the laser pattern described
in Fig. 1. The second method allows the analysis of TYL and SPI (as
IS) using the other laser pattern described in Fig. 4 (number 3).

3.5. Method validation

The LDTD-APCI-MS/MS method with optimized parameters
was applied to spiked freeze-dried manure. The analysis took
15 s per well, with 2 separate LDTD methods per sample. In
consequence, for a sample, two wells were desorbed. The samples
were concentrated using SPE and gave acceptable extraction

Fig. 4. Illustration of different LDTD laser patterns tested for the TYL method.

Fig. 5. Effect of laser pattern (presented in Fig. 4) on TYL peak area measured with
250 mg kg�1 of target analyte in matrix solution (n¼5).
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recoveries for a concentration of 250 mg kg�1 ranging from 53% to
69% in spiked freeze-dried manure for all tested antibiotics.

To validate the method, a five-point standard addition calibra-
tion curve was analyzed in a freeze-dried manure sample that was
spiked one night before the SPE procedure. Each point of the linear
dynamic range (0–500 mg kg�1) was analyzed using triplicates.
Method validation parameters are presented in Table 2. The
calibration curves showed good linearity, with coefficients of
determination ranging from 0.984 to 0.996. MLD are calculated
from calibration curves and range from 2.5 to 8.3 mg kg�1 and MLQ
ranged from 8.3 to 28 mg kg�1. The MLD is comparable to several
other analytical methods applied to veterinary antibiotics, includ-
ing off-line SPE coupled to LC-MS/MS [8,10].

SPE followed by LDTD-APCI-MS/MS was tested with success to
the spiked freeze-dried manure. Accuracy and precision are pre-
sented in Table 3. Accuracy was determined at three concentration
levels as percent bias (%) between the concentration added and
that found in the spiked freeze-dried manure (n¼3). Accuracy was
good with bias under 11% for each concentration levels (100, 250,
500 mg kg�1) for all compounds. Intraday precision calculated for
3 concentration levels (n¼10) ranged from 5% to 10% and interday
precision calculated for 3 concentrations levels (n¼10) ranged
from 8% to 14%. The entire method with optimized parameters was
applied to real manure sample containing TYL. The compound was
detected and quantified in the sample with concentrations ranging
from 30.3 to 543 mg kg�1.

Overall, the LDTD-APCI-MS/MS is a robust method that allows
high throughput analysis with less than 15 s/sample and could be
a powerful tool for fast screening of veterinary pharmaceuticals in

manure. TYL and SPI are well desorbed by LDTD and macrolides
have practically the same structure. We can presume that other
macrolides could potentially be analyzed using LDTD-APCI-MS/
MS. Moreover, TYL metabolites are well documented and could be
analyzed with this method.

Fig. 7. Effect of hold time in laser pattern and laser power on TYL peak area
measured with 250 mg kg�1 of target analyte (n¼3).

Table 2
Method validation parameters including linearity ranges, coefficient correlation
(R2), sensitivity, the limit of detection (MLD), the limit of quantification (MLQ) and
recoveries.

Compounds Linearity
range
(lg kg�1)

R2 Sensitivity MLD
(lg kg�1)

MLQ
(lg kg�1)

Recovery
(%)
7STDa

SDX 1.4–500.0 0.984 0.0011 8.3 28 6172
LCM 0.6–500.0 0.989 0.0048 3.3 11 5373
TMP 0.5–500.0 0.988 0.0015 3.1 10 6971
TYL 0.4–500.0 0.996 0.0075 2.5 8.3 6373

a Recovery is measured in 100 mg kg�1 matrix solution with n¼3.

Table 3
Mean concentration (mean analysis7SD, n¼3) of target analytes measured in
freeze-dried manure samples including bias values and method interday/intraday
precision (n¼10).

Compounds Accuracy Precision

Amount
added
(lg kg�1)

Amount
found7SD
(lg kg�1)

Error
(%)

Intraday
(%)

Interday
(%)

SDX 100 9073 10 6 12
250 22876 9 6 8
500 45977 8 8 12

LCM 100 9372 7 6 10
250 23477 6 5 9
500 47077 6 7 12

TMP 100 9672 4 5 13
250 24276 3 9 11
500 48078 4 10 14

TYL 100 8973 11 8 14
250 23075 8 6 8
500 46577 7 9 14

Fig. 6. Effect of solvent mixture on peak area of target analytes.
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4. Conclusion

In summary, this new analytical method for antibiotics in swine
manure is simple, sensitive, fast and allows high-throughput
analysis with a simple extraction and cleanup step. The LDTD-
APCI-MS/MS is suitable for the rapid detection and quantification
of 4 veterinary antibiotics targeting some of the mostly commonly
used antibiotics for hog production. Target analytes were deter-
mined at mg kg�1 levels using 100 mg of freeze-dried manure. This
is proposed as an alternative to the traditional LC-MS/MS which
gives comparable results. Only ultrasonic extractions followed by a
SPE step with cleanup are necessary to remove interfering matrix
components from this complex matrix. We used a solid phase
extraction method using a cation exchange cartridge that allows a
strong organic solvent wash and removes a large part of matrix
components. SPE recovery ranged from 53% to 69%. The calibration
curves were linear with R2 values ranging from 0.984 to 0.996.
MLD and MLQ ranged from 2.5 to 8.3 mg kg�1 and from 8.3 to
28 mg kg�1. The resulting accuracy bias was less than 11% for all
compounds at 3 different concentrations levels. Interday and
intraday precision was good with CV from 8% to 14% and 5% to
10%, respectively for all compounds. The ultra-fast analysis com-
bined with a robust quantification and simple sample pre-
treatment makes this method a useful alternative for further
environmental analysis and monitoring.
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