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The presence of residues of veterinary pharmaceuticals in farm wastewaters such as pig slurry represents a prob-
lem that needs to be tackled to avoid further contamination of environmental waters and the development of
resistant bacteria. For their monitoring and control, it is necessary the existence of reliable analytical tools. The
present paper describes for the first time the development and optimization by statistical experimental design
of a specifically designed analytical method for the analysis of 21 veterinary drugs, including 18 antibiotics of
several families (p-lactams, tetracyclines, fluoroquinolones, sulfonamides, macrolides, among others), 1 antipara-
sitic, 1 analgesic and 1 hormone, in a complex environmental matrix such as the fresh solid phase of pig slurry.
The resulting method, consisted of an ultrasound assisted extraction (UAE) combined with in-situ dispersive solid
phase extraction (d-SPE) from a 0.3 g of freeze-dried sample aliquot followed by a preconcentration step by com-
pact solid phase extraction (c-SPE) and subsequent instrumental analysis by ultra-high-performance-liquid-chro-
matography (UHPLC) coupled to mass spectrometry in tandem (MS/MS) by a triple quadrupole, was success-
fully validated as a very sensitive (method limit of quantification in the low ng g~!) and reliable method (rela-
tive recoveries around 100% and method repeatability featured by a general relative standard deviation below
20%). Provided raw data was intended to be processed by matrix-matched quantification approach. The resulting
methodology was applied to the characterization of several pig manures from different Spanish farms sampled
across breeding season between 2018 and 2019. Sample precedence showed to have a high impact in the posi-
tives, its frequency and concentration.

© 2021

1. Introduction

The consumption of pork meat is growing annually worldwide. Con-
sequently, the number of pig farms is gradually increasing. The Euro-
pean Union (EU) is the world's second biggest producer of pork, only
surpassed by China. In particular, Germany, Spain and France are lead-
ing the European ranking, and between them they represent half of the
EU's total production.

In industrial intensive swine farming, pigs are usually raised in sta-
bles. In order to comply with health and hygiene controls, pigsties are
regularly cleaned by using high volumes of water pressure. The resulting
piggery wastewater (PWW) mainly contains pig urine and feces, in ad-
dition to other components such as rests of feed and straw bed. PWW is
made up to 98% of water and high concentrations of inorganic nutrients
and organic matter (Makara and Kowalski, 2015).

For many years, PNW has been commonly discharged as fertilizer
directly onto the agricultural land surrounding the farms. It was the
simplest and most inexpensive way to dispose this kind of wastewater
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(Khatri and Tyagi, 2015). However, underlying aquifers were becom-
ing contaminated by nutrient leaching. Thus, in 1991 the EU issued the
Directive 91/676/EEC in order to protect the waters against pollution
caused by nitrates from agricultural sources, and limited the discharge
of total nitrogen to 170 kg ha™1 y~1.

At the same time, since 2006 the use of antibiotics as growth pro-
moters in livestock is only authorized under prescription in EU, and its
use has been severely restricted in the US since 2016. However, little or
no control is enforced in many other countries around the world. Fur-
thermore, as it happens for other types of drugs, many antibiotics are
poorly absorbed in the digestive system and are scarcely metabolized.
Therefore, they are mainly excreted and incorporated into the manure
(Ezzariai et al., 2018) (Spielmeyer, 2018). Stunning antimicrobial
loads of up to 100 mg L~! have been reported in the literature revision
published by (Van Epps and Blaney, 2016). In fact, it is very diffi-
cult to find residues-free manure (Ezzariai et al., 2018) (Spielmeyer,
2018). Consequently, when PPW is discharged, antibiotics are probably
released into the environment too, which enhances the risk of develop-
ing antibiotic resistance in pathogenic bacteria, as consistently reported
in the last years (Peeples, 2015).

Highest amounts of nitrogen are found in the liquid phase pig ma-
nure. In addition, transportation costs drastically decrease when the
liquid phase is removed from the pig manure. Hence, latest manage-
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ment approaches tend to separate both phases. Liquid phase is usu-
ally further treated as sewage and solid phase manure is commonly
processed to be used as fertilizer in agriculture.

To date, only a few methods intended to determine pharmaceuticals
in pig slurry (Patyra et al., 2020) (L6pez-Serna et al., 2019) (Bour-
dat-Deschamps et al., 2014), and only one tailor-made it for its solid
phase (Marti et al., 2020). The latter used of pressurized liquid ex-
traction as technique to extract the analytes from the matrix, which is
expensive and not often available in analytical laboratories. In addition,
its efficiency to extract the analytes is often depleted by its associated
matrix effect, as it also shows a high efficiency extracting the matrix
(Pérez-Lemus et al., 2019). It is paramount to assess the feasibility
of a wider range of techniques, including the most commonly present
in routine-analysis laboratories, which would enlarge analytical capac-
ity for this type of analysis. This study aimed at developing and optimiz-
ing a creative analytical method consisting of Ultrasound-assisted-ex-
traction (UAE) with in-situ dispersive solid phase extraction (d-SPE) fol-
lowed by compact-solid-phase-extraction (c-SPE) and Ultra-High-Per-
formance-Liquid-Chromatography (UHPLC) coupled to Mass spectrom-
etry in tandem (MS/MS) for 21 veterinary drugs in the solid phase of
pig slurry, using statistical experimental design. To the authors' knowl-
edge, this is the first time statistical design has been specifically tai-
lor-made to find the optimum conditions to analyze veterinary drugs of
different chemical properties and medical indications in swine manure
solid-phase.

2. Materials and methods
2.1. Standards and reagents

Twenty-one veterinary pharmaceuticals, including 18 antibiotics (5
sulfonamides, 4 fluoroquinolones, 3 tetracyclines, 2 p-lactams, 1
macrolide, 1 pleuromutilins and 2 others), as well as 1 anti-parasitic,
1 hormone and 1 analgesic were selected according to their high pre-
scription in veterinary farms in Spain, particularly in Castilla y Ledn,
region where the farm providing with samples for this study was lo-
cated (AEMPS, 2011). Drug standards of high purity grade (>95%)
were obtained from Sigma-Aldrich, except for tylosin and florfenicol
which were purchased from LGC Standards (Supplementary data 1).
All of them were acquired as neutral non-solvated molecules, except
for amoxicillin (trihydrated) and, penicillin G, doxycycline, oxytetracy-
cline, tetracycline, tiamulin, and tylosin, which were obtained as salts.
An isotopically labelled internal standard, enrofloxacin-ds, was supplied
by Sigma-Aldrich. Stock solutions for each compound (1 gL™1) were
prepared in methanol (MeOH), except for amoxicillin and danofloxacin
(dissolved in a (1:1) H,O/MeOH mixture) and ciprofloxacin (dissolved
in (1:1) H,O/MeOH in presence of 0.2% (v/v) hydrochloric acid (HCL)).
Mixture and work solutions were prepared in MeOH and stored at
—80 °C in darkness until further use.

LCMS-grade MeOH and formic acid (FA) were supplied by Schar-
lau. Ultrapure water was obtained by a Milli-Q Advantage A10 wa-
ter purification system from Merck Millipore. HCl (37%) was acquired
from Sigma-Aldrich. Oasis® HLB cartridges (60 mg, 3 mL) were pro-
vided by Waters Chromatography. Powdered activated carbon (AC), alu-
mina (Al,03) and Na,EDTA were purchased from Panreac, while octade-
cylsilane (ODS) was purchased from Supelco. Al,O3 was activated before
use by heating at 110 C for 12 h.

2.2. Method development and optimization

2.2.1. Solid phase pig slurry analytical methodology

Swine manure from a pig farm at Segovia (Spain), which was freshly
collected and transported at 4 C and darkness to our laboratory within
the day, was used to develop and validate the methodology further dis-
cussed in Sections 3.1 and 3.2.1.
2.2.1.1. Sample pretreatment The solid-phase pig-slurry analytical
method was designed as follows: 1) Within a 24-h time span since
its collection, aliquots of 100 mL of fresh homogenized swine manure

were centrifuged in a Thermo Sorvall Legend RT + Refrigerated Bench-
top Centrifuge at 14,000 rpm (30,000 X g) for 10 min. The resulting de-
canted suspended solids constituted the target matrix, the so-called solid
phase of the pig slurry. This is also the usual procedure to obtain envi-
ronmental solid matrixes such as sewage sludge (Pérez-Lemus et al.,
2020) (Lopez-Serna et al., 2018). Thus, the remaining supernatant
was discarded. The amount of analytes remaining in the solid phase in-
terstitial water was considered negligible. 2) The wet solid phase was,
then, freeze-dried and stored in darkness at —20 C if not immediately
analyzed. 3) An aliquot of ca. 300 mg was accurately weighed into a
50-mL centrifuge tube, and a volume of 100 pL of a 0.5 mg L~! solu-
tion of the isotopically labelled internal standard (enrofloxacin-ds) was
added. 4) The mixture was thoroughly vortex-stirred for approximately
1 min and, then, was let it settle in darkness overnight to allow solvent
evaporation and internal standard fixation. The loss of analytes during
about 12 h in darkness of settling was considered negligible. This spik-
ing procedure is common practice in solid samples (Jeli¢ et al., 2009)
(Gago-Ferrero et al., 2011). 5) An amount of 0.3 g of previously ac-
tivated alumina (Al,03) was added to the sample for in situ cleanup
(dispersive solid phase extraction (d-SPE)). 6) A volume of 10 mL of
10:90 MeOH/H,0O was added as extraction solvent and the mixture
was, then, vigorously vortex-stirred to obtain a homogenous suspension.
7) Then, the centrifuge tube underwent Ultrasound Assisted Extraction
(UAE) for 15 min at room temperature in a JP Selecta Univeba ultra-
sound bath of 50 W and 60 Hz. 8) Subsequently, the suspension was
centrifuged for 10 min at 14,000 rpm (30,000 x g). 9) Six millilitres of
the resulting supernatant were collected with a glass pipette, filtered
through 0.7 um-pored glass fibre and transferred to a 100-mL volumetric
flask. 10) Steps 6-9 were repeated once more, adding 15 mL of extrac-
tion solvent and collecting 9 mL of the resulting supernatant, this time.
Extracts from both UAE cycles were combined. As in sewage sludge
(Pérez-Lemus et al., 2019), two in situ d-SPE-UAE cycles were consid-
ered enough to quantitatively extract the target analytes without aug-
menting unnecessarily the matrix effect by excessively co-extracting ma-
trix components. 11) Then, Na,EDTA was added to reach a concentra-
tion of 0.1% and, the solution was diluted up to 100 mL with ultrapure
water. This diluted extract was concentrated and cleaned up by compact
solid phase extraction (c-SPE) as described elsewhere (Lopez-Serna et
al., 2019). In brief, Oasis® HLB cartridges with 60 mg of stationary
phase (Waters Chromatography) were conditioned with MeOH and H,0.
Afterwards, samples were extracted and, then, eluted with 6 mL of ACN.
Finally, the organic solvent was evaporated to dryness and, the extracts
reconstituted in 1 mL of 0.1% FA in a 95:5 H,O/MeOH mixture.

2.2.1.2. LC-MS/MS analysis Analytes in the extracts were determined
by ultra-high performance liquid chromatography (UHPLC) - tandem
mass spectrometry (MS/MS). Chromatographic separation was carried
out by a Sciex Exion UHPLC equipped with a Phenomenex re-
versed-phase column Kinetex EVO C18 (2.1 mm X 50 mm, particle size
1.7 pm). The mobile phase consisted of H,O and MeOH containing 0.1%
FA as modifier working under gradient conditions (from 5% MeOH,
held for 1 min, to 95% MeOH in 2 min, held for 3 min). The flow
rate was 0.5 mL min~! and the injection volume was 10 pL. The col-
umn was kept at 40 °C and samples were preserved in the autosam-
pler at 15 C. Mass detection was performed by the triple quadrupole
Sciex 6500+ QqQ in selected reaction monitoring (SRM) mode. LC and
MS instruments were interphased by electrospray ionization (ESI) in
positive mode. The full list of SRMs is given in Supplementary data
2. Some of the ESI conditions were set as follows: capillary voltage,
5.5 kV; source temperature, 400 °C. N, was used for the curtain gas,
ion source gas 1 and 2, and collision gas at a flow rate of 20, 45 and
9 L min~!, respectively. To achieve the optimum mass sensitivity/selec-
tivity ratio, unit resolution was set at both first (Q1) and third (Q3)
quadrupole. Instrument control and data acquisition were performed by
Analyst® software. Data processing was carried out by SciexOS soft-
ware.The optimized method based on UAE - SPE — LC-MS/MS was ap-
plied to the analysis of swine manure from pig farms in Segovia and
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Almeria (both in Spain) at different times of the year and pig raising sea-
sons, and the results are presented in Section 3.2.2.

2.2.2. Experimental design

Previous studies such as (Lopez-Serna et al., 2019) (Liu et al.,
2017) (Ostman et al., 2017) (Golet et al., 2002) (Guo et al.,
2017) (Lépez Zavala and Reynoso-Cuevas, 2015) (Goulas et al.,
2017) (Montesdeoca-Esponda et al., 2012) (Silva et al., 2011)
(Lara-Martin et al., 2014) (Kantiani et al., 2010) (Liu et al., 2011)
were reviewed. Based on them, influencing parameters were identified
and then narrowed down into the most significant ones. Their subse-
quent optimization was divided into two steps. Firstly, variables such as
sample size, type of cleanup adsorbent and extraction technique were
tested, in triplicate, in a classical one-factor-at-a-time approach. The an-
alytical method described in section 2.2.1 was used by default. The ex-
perimental design consisted of a replicated fractional factorial 2¥~1, with
two central points. Thus, a set of 20 experiments was randomly per-
formed to optimize extractant pH, organic solvent content in the extrac-
tant, amount of cleanup agent, and amount of complexing agent. Af-
terwards, the software Statgraphics Centurion XVII was used to process
the acquired experimental data and find out the potential influence of
some operation parameters. During the whole optimization, samples
were spiked at 1000 ng g~! of each target compound by adding 150 L
of a mix stock solution at 2 mg L1 in MeOH during the step 3) of sec-
tion 2.2.1.1, and both individual (IS/N) and total (TS/N) signal to noise
ratios were used as response variables. TS/N was calculated as the sum
of the IS/N of each target analyte in the resulting chromatogram.

3. Results and discussion
3.1. Pretreatment method development and optimization

3.1.1. Preliminary experiments

Some preliminary experiments were carried out in triplicate in a
one-factor-at-a-time approach to optimize the sample size, type of cleanup
agent and extraction technique. These qualitative discrete variables were
not tested within the experimental design described in section 3.1.2 as
they included more than two levels per factor, which would complicate
the design. The method protocol described in section 2.2.1 was used as
starting point and only the tested parameter was modified in each case.
Once a parameter was optimized, the method protocol was updated ac-
cordingly. Samples were spiked at 1000 ng g~! of each target compound
during the step 3) of section 2.2.1.1. This level was in the top range
of expected concentration in real sample for the target analytes. Hence,
optimization at a real scenario could be carried out comfortably. As the
method includes the simultaneous analysis of several compounds with
quite different physico-chemical characteristics, the performance condi-
tions needed to be compromised. In this case, the total method sensi-
tivity, characterized by the TS/N was selected as criterion to achieve a
multicomponent method. Fig. 1 shows the accumulated percentage of
the IS/N for all the tested levels in each parameter.
3.1.1.1. Sample size Three amounts of freeze-dried solid phase pig ma-
nure, i.e., 0.1, 0.3 and 0.5 g were tested. Due to matrix effect, sensitivity
was not expected to constantly improve with sample size. The break-
through sample mass was then investigated. In general, the smaller the
sample size the more ecologically sustainable is the analysis and easy
to handle and safer for the analyst (L6pez-Serna et al., 2018). Fig.
1A shows 0.3 g provided the best S/N for most of the compounds, and
a TS/N of (176 + 145) x 106, versus (108 * 57) x 10° for 0.1 g and
(130 + 89) x 10° for 0.5 g. It was particularly well functioning for sul-
fathiazole with an IS/N of (66 + 1) x 103 (versus 10 x 103and 2 x 10°
for 0.1 g and 0.5 g, respectively). In contrast, trimethoprim showed poor
sensitivity at this sample size with an IS/N of (95 + 1) x 103 (versus
125 x 10% and 387 x 10° for 0.1 g and 0.5 g, respectively).

3.1.1.2. Type of cleanup agent After reviewing the literature
(Pérez-Lemus et al., 2020) (Perestrelo et al., 2019) (Wang et al.,
2020), three adsorbent substances intended to be used as cleanup agent
during the in situ d-SPE step, i.e., activated Al,03, ODS and AC, were
tested. Alumina, both in-house packed or in commercial cartridges, has
been traditionally used for the isolation and cleanup of analytes from bi-
ological matrices such as animal tissues and vegetable material (Telling
et al., 1977) (Cheng et al., 2009) (Zhu et al., 2018), but rarely from
non-biological environmental matrices. A blank sample without cleanup
agent was also run and subsequent c-SPE step could not be completed
as cartridges became blocked due by the matrix content in the extract.
Hence, the d-SPE cleanup agents turned out to be essential to decrease
the matrix effect in a solid matrix as complex as the present one. How-
ever, their efficiency needed to be limited to the removal of matrix com-
ponents and not to the analytes. This balance between effectiveness and
selectivity was assessed.The results confirmed AC had an extraordinary
adsorption capacity, even visually observed as the extracts were trans-
parent and colourless when it was in use. However, the overall low ex-
traction recovery showed by most of the analytes when in use, was at-
tributed to the adsorption of the analytes onto it too. In Fig. 1B, relative
S/Ns, when the different tested cleanup agents, is depicted. Despite ODS
seemed to be more suitable for some drugs, such as penicillin G and the
tetracyclines, Al,O3 turned out to be slightly more efficient adsorbent
for most of the compounds, with a TS/N of (496 *= 332) x 10° versus
(427 = 286) x 10° for ODS and (9 * 6) x 10° for AC. Thus, alumina
was selected as the optimized cleanup agent from that point on.

3.1.1.3. Extraction technique Ultrasound assisted extraction (UAE) and
microwave assisted extraction (MAE) were proposed as solid-liquid ex-
traction techniques as they were reported to be cheap, environmentally
friendly and effective in extracting the analytes of interests from envi-
ronmental matrices (Pérez-Lemus et al., 2020).TS/N seemed to be
higher for UAE (26 + 21) x 10° for UAE vs. (19 + 10) x 103 for MAE)
as well as for most of the IS/N ratios (Fig. 1C). Nonetheless, penicillin
G was the most notable exception with an IS/N of 5 + 4 (versus 11 + 4
for MAE). In addition, the simplicity in the technical use and mainte-
nance led to the selection of UAE as the preferred option in the final
optimized method.

3.1.2. Experimental design

With the method updated after the preliminary assays, the influence
of the remaining four factors was assessed under a replicated fractional
factorial design at two levels 2k 1), i.e., extractant pH (Low level: 3;
High level: 8), organic solvent content in the extractant (Low level: 10%
MeOH; High level: 35% MeOH), amount of alumina for the cleanup (Low
level: 33% of the sample size; High level: 100% of the sample size), and
amount of complexing agent (Low level: 0.05 g of EDTA; High level: 0.1 g
of EDTA), including two central points. These factors and levels were
selected after reviewing related literature (Pérez-Lemus et al., 2020)
(Li et al., 2018) (Pan and Chu, 2017) (Li et al., 2017) (Wang et
al., 2019) (Conde-Cid et al., 2018) (Gros et al., 2019) (Qian et
al., 2016). The principles of the so-called green chemistry were also
taken into consideration by proposing lower percentages of methanol
during the UAE extraction, in comparison to most of the reported UAE
analysis so far, where organic solvents usually made more than 50%
of the extractant (Li et al., 2015) (Widyasari-Mehta et al., 2016)
(Hu et al., 2010). The resulting 20 experiments, whose analytical
conditions are gathered in Table 1, were randomly performed. Again,
aliquots from the same freeze-dried solid phase pig slurry were spiked
at 1000 ng g~!. TS/N values, obtained under each experiment, were in-
troduced in the Statgraphics Centurion XVII software as response vari-
able. After mathematically fit the data to a second order polynomial
model through the least squares method, only one factor, the amount of
Al,O5 cleanup agent, turned out to have a significant effect (R> = 57%;
p < 0.05). Hence, as it could be expected, a positive relationship be-
tween the added amount of Al,O3 and the TS/N value was observed.
That meant that the response variable increased when increasing the
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Fig. 1. Preliminary experiments.
alumina amount. Al,O3 may have decreased the amount of co-extrac- electrospray interface, increasing the subsequent TS/N ratio. In addi-
tives in the extract by preferentially adsorbing the matrix components tion, IS/N were also statistically processed for each drug. Individual

over the analytes, and, therefore, the related ion suppression in the significant effects are shown in Supplementary data 3. The amount of
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Table 1
Replicated fractional factorial 2 X1, with two central points, experimental design.

Mass
% EDTA

Experiment pH %MeOH Al,03 (€3]
1 3 10 33 0.05
2
3 3 10 100 0.1
4
5 3 35 33 0.1
6
7 3 35 100 0.05
8
9 8 10 33 0.1
10
11 8 10 100 0.05
12
13 8 35 33 0.05
14
15 8 35 100 0.1
16
17 5.5 225 66 0.05
18
19 5.5 225 66 0.1
20

Al;O3 turned out to be a significant factor (p < 0.05) for the analysis
of 9 drugs, with a positive effect in all cases, except for amoxicillin. For
the other 11 analytes, the presence of alumina did not show any sig-
nificant effects (either positive or negative) in their IS/N. This trans-
lated into a negligible or balanced adsorption of both matrix and ana-
lyte components onto the alumina. It is worth pointing out to the fact
that 8 of those drugs with positive effect presented some of the high-
est lipophilia among all, and had a log P above 1 in all cases. In con-
trast, this parameter is below 1 for amoxicillin (Supplementary data 1).
Therefore, the addition of 0.3 g of alumina (high level) was included in
the optimized method. The TS/N response variable was not able to de-
tect the significance of the percentage of MeOH in the extractant solu-

tion. However, three drugs, in particular tetracycline, oxytetracycline
and ciprofloxacin, showed a negative significant effect when the IS/Ns
were taken into consideration. This meant their IS/Ns decreased when
the %MeOH increased. This is compatible with their high polarity, es-
pecially in the cyclines (Supplementary data 1). Therefore, only 10% of
MeOH was decided to be contained in the extractant solvent of the fi-
nal method, to foster the extraction of these particular compounds. This
came to show that actually low organic contained extractans might be
preferred when it comes to desorb microcontaminants from solid ma-
trixes by solid-liquid extraction. On the other hand, as no individual or
joint effect was significantly detected for the pH and the amount of com-
plexing agent, in the optimized method pH was not adjusted in the ex-
tracting solvent and the EDTA was added in high concentration (0.1 g,
equivalent to 0.1% in dilution).

3.2. Method validation and application

3.2.1. Method validation

Five validation parameters, i.e., accuracy, matrix effect, precision,
sensitivity and linear dynamic range were determined for all 21 target
analytes in the developed analytical method for solid phase of swine ma-
nure. With this purpose, matrix-matched calibration curves were built
from 3 to 2000 ng g~!, spiking identical samples at 8 different con-
centrations. Spiking concentrations at 170 (low level) and 1300 (high
level) ng g~ were prepared in triplicate. In addition, non-spiked sam-
ples (blanks) were also analyzed in duplicate. All samples were spiked
with Enrofloxacin-d5 at 170 ng g~!, intended to correct the signal of
the fluoroquinolone antibiotics, for which an internal standard calibra-
tion curve was built. With the combination of both quantification ap-
proaches, any matrix effect or any analyte degradation along the method
procedure would be compensated. The results, which are discussed be-
low, are shown in Table 2.

1) Accuracy: Relative recoveries, calculated after comparing the spiked
concentrations to the obtained with the quantification approach, af-
ter applying the optimized analytical method, are shown in Table
2. They turned out to be between 92 and 106% for all compounds

(n = 3).
Table 2
Validation parameters.
Veterinary drug Accuracy Precision Matrix effect Sensitivity Dynamic range
Relative recovery (%) RSD (%) Signal suppression (%) MLQ (ngg 1) R? Linear range (ng g )" Equation
Amoxicillin 94 7 27 136 0.995 MLQ - 2000 y = 314 x - 22,305
Penicillin G 101 2 25 6.8 0.998 MLQ - 1333 y = 1628 x - 23,232
Oxytetracycline 92 2 38 0.4 0.993 MLQ - 2000 y = 1074 x + 124,563
Tetracycline 101 28 33 20 0.999 MLQ - 2000 y = 1389 x + 108,267
Doxycycline 104 19 37 1.3 0.999 MLQ - 2000 = 1089 x 209,791
Marbofloxacin 101 19 95 33 0.994 MLQ - 2000 y = 0.0109 x - 1.471
Ciprofloxacin 106 30 96 1.3 0.992 MLQ - 2000 y = 0.0074 x - 2.288
Enrofloxacin 96 15 96 3.9 0.997 MLQ - 2000 y = 0.0155x - 1.387
Danofloxacin 100 18 94 4.7 0.993 MLQ - 2000 = 0.0099 x - 0.737
Sulfadiazine 96 2 74 0.06 0.991 MLQ - 1333 = 48,307 x + 1,927,222
Sulfathiazole 105 2 65 0.1 0.992 MLQ - 2000 y = 67,947 x + 3,713,376
Sulfamethizole 101 2 73 0.11 0.999 MLQ - 2000 y = 73,778 x + 630,974
Sulfadimidine 101 5 74 0.04 0.999 MLQ - 2000 y = 96,187 x + 1,856,201
Sulfamethoxazole 98 2 84 0.07 0.999 MLQ - 2000 y = 26,731 x — 249,646
Tiamulin 92 9 81 0.08 0.995 MLQ - 2000 y = 49,581 x + 1,044,982
Tylosin 97 19 69 0.18 0.992 MLQ -1333 y = 2638 x + 433,605
Trimethoprim 97 4 63 0.02 0.994 MLQ - 1333 y = 116,798 x + 5,376,861
Florfenicol 100 1 -16 0.3 0.999 MLQ - 2000 y = 4797 x + 89,605
Fenbendazole 96 14 99 5.6 0.998 MLQ - 2000 y = 2382 x - 108,796
Dexamethasone 104 6 86 0.3 0.998 MLQ - 2000 y = 4294 x + 62,214
Progesterone 101 2 98 0.4 0.998 MLQ - 1333 y = 1628 x - 23,232

2 MLQ: Method limit of quantification.
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2) Matrix effect: Although it was corrected by the implemented quantifi-
cation method, it was considered relevant to determine how much a
matrix as complex as the solid phase of pig slurry affected the analy-
sis. For this, areas obtained after applying the optimized analytical
method to spiked samples corrected by blanks and samples without
matrix, were compared. % signal suppression by the matrix is shown
in Table 2. In all cases, effect was positive between 25 and 99%,
except for florfenicol which showed a matrix signal enhancement of
16%.
Precision: As shown in Table 2, thirteen of the compounds showed
a relative standard deviation (%RSD, n = 3) below 10%. All the rest
presented a repeatability below 20% with the only exception of tetra-
cycline (28%) and ciprofloxacin (30%).
Sensitivity: Method limits of quantification (MLQ), defined as the
concentrations that provided signal-to-noise ratios of 10, are dis-
played in Table 2 and were observed to be below 0.1 ng g~! for
6 analytes (sulfadiazine, sulfathiazole, sulfadimidine, sulfamethoxa-
zole, tiamulin, trimethoprim), below 1 ng g~! for another 6 analytes
(oxytetracycline, sulfamethizole, tylosin, florfenicol, dexamethasone,
progesterone), and below 10 ng g~! for the rest, except for amoxi-
cillin and tetracycline.
5) Dynamic range: Table 2 gathers the linearity parameters, i.e., concen-
tration range providing a linear equation with an R? > 0.99. At least
3 and up to 5 orders of magnitude of linearity range were observed
for most of the compounds.

3

=

4

—

All these indicators were considered to be highly satisfactory and,
then, the method successfully validated as sensitive, efficient, reliable
and capable for its purpose.

3.2.2. Method application

Once the analytical method was proved to be valid for its purpose,
it was applied to the analysis of four pig slurries from two different
farms (Almeria and Segovia, Spain) sampled at different times along
the period 2018-2019. Each farm used a different pigsty cleaning pro-
cedure which contributed, along with the breeding season, to the dif-

Table 3
Method application.

ferences in the composition of the pig manures. Grab samples were
taken from the collecting tank. Average concentrations in nanograms
per gram of freeze-dried solid phase pig slurry are shown in Table
3 p-Lactams, some fluoroquinolones such as marbofloxacin and
danofloxacin, some sulfonamides such as sulfathiazole and sulfamethi-
zole and the hormone progesterone, were not detected in any of the
samples. In contrast, all three monitored tetracyclines, the antibiotics
trimethoprim and florfenicol, and the parasitic fenbendazole were ubig-
uitous. The rest of compounds were detected in some of the samples de-
pending on their location or time of the sampling. Thus, enrofloxacin
and sulfamethoxazole were only found in the manure solid phase from
Segovia pig farm. In general, more veterinary drugs and at higher con-
centrations were observed in samples from Segovia. Thus, pig slurries 1
and 2 showed quantifiable levels in 12 and 11 drugs accounting for a
total load of 31.3 and 36.0 ng g~! versus 7 and 9 pharmaceuticals sum-
ming 2.0 and 3.4 ng g~! in samples 3 and 4, respectively. Differences
within farms along the time could be attributed to variations in the
medication routines depending on the moment of the breeding season
(piglets growing, sow farrows, pig fattening, epidemic breakouts, etc.).
Sample characterization has shown a very polarized picture. Hence,
some compounds were not detected whatsoever and, in contrast, oth-
ers were quantified at very high concentrations, above or at the very
top limit of the linearity range, which led to sample dilution for re-
liable quantification. Oxytetracycline and doxycycline accumulated at
such high concentration (> 10 times above top limit of the linear-
ity range) that their concentration could only be estimated. Only other
study concerning the presence of pharmaceuticals in the solid phase of
pig slurries was found (Marti et al., 2020) and similar concentrations
were reported. Hence, they also found tens of micrograms per gram of
tetracyclines, ubiquitously, in Spanish pig farms. Likewise, the fluoro-
quinolones ciprofloxacin and enrofloxacin were determined to be pre-
sent at units of ng g~! in most of samples too, but danofloxacin absent.
However, those Catalonian pig farms seemed not to use fenbendazole as
parasitic, as they were not reported to be present in their solid phase
samples, despite its high analytical response factor. The high occur-
rence of the tetracyclines in the solid phase, despite their low lipophilia

Therapeutic Pig slurry
Therapeutic class subclass Pig slurry 1 Pig slurry 2 Pig slurry 3 4
Nov-18 Feb-19 Jan-19 May-19
Segovia Almeria

1 Amoxicillin Antibiotic p-lactams < MLD < MLD < MLD < MLD
2 Penicillin G < MLD < MLD < MLD < MLD
3 Oxytetracycline Tetracyclines >40,000 >40,000 >40,000 >40,000
4 Tetracycline 24,112 + 4149 30,445 + 6158 < MLD 581 = 21
5 Doxycycline > 40,000 >40,000 > 40,000 >40,000
6 Marbofloxacin Fluroquinolones < MLD < MLD < MLD < MLD
7 Ciprofloxacin 2364 + 86 < MLD < MLD < MLD
8 Enrofloxacin 2225 + 193 1681 = 124 < MLD < MLD
9 Danofloxacin < MLD < MLD < MLD < MLD
10 Sulfadiazine Sulfonamides 174 = 11 < MLD 1668 + 121 < MLD
11 Sulfathiazole < MLD < MLD < MLD < MLD
12 Sulfamethizole < MLD < MLD < MLD < MLD
13 Sulfadimidine 19+1 11 =11 1+0 10+0
14 Sulfamethoxazole 70 £ 5 77 < MLD < MLD
15 Tiamulin Pleuromutilins 2028 + 14 3474 + 110 < MLD 218 =7
16 Tylosin Macrolide < MLD < MLD < MLD 2147 = 10
17 Trimethoprim Others < MLQ < MLQ < MLQ < MLQ
18 Florfenicol < MLQ < MLQ < MLQ < MLQ
19 Fenbendazole Anti-parasitics 349 + 12 359 + 21 292 + 9 460 + 79
20 Dexamethasone Analgesic/Anti-inflammatory < MLD 77 < MLD < MLD
21 Progesterone Hormones < MLD < MLD < MLD < MLD

MLD: Method limit of detection, defined as the concentration providing signal-to-noise ratios of 3.
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(Supplementary data 1) show their high use in pig raising and/or their
low degradability. In fact, tetracyclines were pointed out as one of the
most commonly used antibiotic class in Europe and North America (Lek-
agul et al., 2019) and the most in Spain (Casal et al., 2007). In ad-
dition, the majority of first-generation tetracyclines are not metabolized
(though 5% of tetracycline is metabolized to a less active metabolite).
Instead, they are most often eliminated by renal excretion (Vojtova
and Urbanek, 2009). Once the pig slurry is produced, oxytetracycline
is completely degraded after 18 days, but around a 7% of tetracycline
might still remain after 20 days of incubation, according to (Chang et
al., 2014). Nonetheless, in our particular study, samples were collected
immediately after they were produced and solid phase was separated
and frozen the same day they were sampled. Thus, the latter kind of
degradation was considered negligible in the present work. Either way,
the use of this kind of biosolids as soil amendment should be carefully
controlled in order to avoid the contamination of aquifers and/or the
development of antibiotic resistance. In contrast, the absence of proges-
terone, in spite of its high log P (Supplementary data 1), may show ei-
ther it was not included in the therapeutic routines during the sampling
periods, or it degrades at a high rate. This latter fact has been reported
in the literature. Hence, up to 80% of the administered progesterone is
immediately metabolized and will not be excreted as the original drug
by the animal unless it was transdermal administered (De Ziegler and
Fanchin, 2000).

4. Conclusions

The development of a tailor-made method for the analysis of 21 vet-
erinary drugs in the very complex matrix of the fresh solid phase pig
slurry has been conducted. The resulting methodology based on UAE
with in situ d-SPE followed by c-SPE and UHPLC-MS/MS was intra-lab-
oratory validated and subsequently applied to real samples. The main
conclusions drawn were as follows:

1. After some preliminary assays, aliquots of 0.3 g of freeze-dried sam-
ple, activated Al,O3 and UAE were selected as the best performing
sample size, in situ d-SPE cleanup agent and extraction technique, re-
spectively.

2. A fractional factorial design showed that the pH in the extraction
mixture and the EDTA amount during the SPE process had not a sig-
nificant influence in the overall method sensitivity. In contrast, the
amount of activated Al,O3, and in a lower extent the MeOH per-
centage in the extraction mixture, resulted to be significant factors;
MeOH and Al,03 amounts were set to 10% and 0.3 g, respectively,
in order to achieve the best results. The use of TS/N ratio as response
variable showed to be a valid compromise solution as it detected the
most predominant significant factor.

3. Despite the complexity of the target matrix, a simplified sample pre-
treatment was achieved by successfully implementing in situ d-SPE
during the UAE. The resulting analytical method could be considered
both reliable and sensitive, with general relative recoveries between
92 and 106%, repeatability expressed as %RSD below 20%, MLQ un-
der 10 ng g~! and a linearity range of up to 5 orders of magnitude,
which validated it as a method suitable for its purpose. This came
to dismantle the conventionally accepted need of high percentages of
organic solvent in the solid-liquid extractants, and showed that more
environmentally sustainable options are also possible.

4. The direct application of the methodology to the analysis of real sam-
ples from different farms and sampled in different periods along the
year showed big variations in the list of detected analytes as well as
their concentrations. Nonetheless, the antibiotics tetracyclines were
ubiquitous at stratospheric concentrations ranging the tens of micro-
grams per gram.

Declaration of competing interest

The authors declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was supported by the Regional Government of Castilla
y Ledn, the EU-FEDER programme (CLU 2017 - 09, UIC 071, IN-
FRARED2018-UVA3, VA080G18) and the Spanish Ministry of Science,
Innovation and Universities (CTQ2017-84006-C3-1-R project). It was
partially carried out in the Laboratory of Instrumental Techniques from
the University of Valladolid (UVa). The UVa is also recognized for
the postdoctoral contract held by Rebeca Lépez Serna (2018POSTDOC
UVA12).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.chemosphere.2021.130039.

References

(AEMPS), S.A. of M. and M.D., 2011. Datos de ventas de antimicrobianos en Espana en el
afio 2009.

Bourdat-Deschamps, M., Leang, S., Bernet, N., Daudin, J.-J., Nélieu, S., 2014. Multi-residue
analysis of pharmaceuticals in aqueous environmental samples by online solid-phase
extraction-ultra-high-performance liquid chromatography-tandem mass spectrometry:
optimisation and matrix effects reduction by quick, easy, cheap, effective. J.
Chromatogr. A 1349, 11-23.

Casal, J., Mateu, E., Mejia, W., Martin, M., 2007. Factors associated with routine mass
antimicrobial usage in fattening pig units in a high pig-density area. Vet. Res. 38,
481-492.

Chang, B., Hsu, F.-Y., Liao, H.-Y., 2014. Biodegradation of three tetracyclines in swine
wastewater. J. Environ. Sci. Health. B. 49, 449-455,

Cheng, J., Liu, M., Yu, Y., Wang, X., Zhang, H., Ding, L., Jin, H., 2009. Determination
of pyrethroids in porcine tissues by matrix solid-phase dispersion extraction and
high-performance liquid chromatography. Meat Sci. 82, 407-412.

Conde-Cid, M., Alvarez-Esmoris, C., Paradelo-Nifiez, R., Névoa-Muioz, J.C.,
Arias-Estévez, M., Alvarez-RodrigueZ, E., Fernandez-Sanjurjo, M.J., Ntfiez-Delgado,
A., 2018. Occurrence of tetracyclines and sulfonamides in manures, agricultural soils
and crops from different areas in Galicia (NW Spain). J. Clean. Prod. 197, 491-500.

De Ziegler, D., Fanchin, R., 2000. Progesterone and progestins: applications in gynecology.
Steroids 65, 671-679.

Ezzariai, A., Hafidi, M., Khadra, A., Aemig, Q., El Fels, L., Barret, M., Merlina, G., Patureau,
D., Pinelli, E., 2018. Human and veterinary antibiotics during composting of sludge
or manure: global perspectives on persistence, degradation, and resistance genes. J.
Hazard Mater. 359, 465-481.

Gago-Ferrero, P., Diaz-Cruz, M.S., Barceld, D., 2011. Occurrence of multiclass UV filters
in treated sewage sludge from wastewater treatment plants. Chemosphere 84,
1158-1165.

Golet, E.M., Strehler, A., Alder, A.C., Giger, W., 2002. Determination of fluoroquinolone
antibacterial agents in sewage sludge and sludge-treated soil using accelerated solvent
extraction followed by solid-phase extraction. Anal. Chem. 74, 5455-5462.

Goulas, A., Bourdat-Deschamps, M., Nélieu, S., Jimenez, J., Patureau, D., Haudin, C.-S.,
Benoit, P., 2017. Development of a soft extraction method for sulfamethoxazole and
transformation products from agricultural soils: effects of organic matter co-extraction
on the environmental availability assessment. Sci. Total Environ. 607- 608,
1037-1048.

Gros, M., Mas-Pla, J., Boy-Roura, M., Geli, I., Domingo, F., Petrovi¢, M., 2019. Veterinary
pharmaceuticals and antibiotics in manure and slurry and their fate in amended
agricultural soils: findings from an experimental field site (Baix Emporda, NE
Catalonia). Sci. Total Environ. 654, 1337-1349.

Guo, X., Yan, Z., Zhang, Y., Kong, X., Kong, D., Shan, Z., Wang, N., 2017. Removal
mechanisms for extremely high-level fluoroquinolone antibiotics in pharmaceutical
wastewater treatment plants. Environ. Sci. Pollut. Res. 24, 8769-8777.

Hu, X., Luo, Y., Zhou, Q., 2010. Simultaneous analysis of selected typical antibiotics
in manure by microwave-assisted extraction and LC-MS ™. Chromatographia 71,
217-223.

Jelié, A., Petrovi¢, M., Barcel6, D., 2009. Multi-residue method for trace level
determination of pharmaceuticals in solid samples using pressurized liquid extraction
followed by liquid chromatography/quadrupole-linear ion trap mass spectrometry.
Talanta 80, 363-371.

Kantiani, L., Farré, M., Freixiedas, J.M.G. i, Barcel6, D., 2010. Development and validation
of a pressurised liquid extraction liquid chromatography-electrospray-tandem mass
spectrometry method for p-lactams and sulfonamides in animal feed. J. Chromatogr.
A 1217, 4247-4254.

Khatri, N., Tyagi, S., 2015. Influences of natural and anthropogenic factors on surface and
groundwater quality in rural and urban areas. Front. Life Sci. 8, 23-39.



8 M. Argiieso-Mata et al. / Chemosphere xxx (xxxx) 130039

Lara-Martin, P.A., Gonzélez-Mazo, E., Petrovic, M., Barceld, D., Brownawell, B.J., 2014.
Occurrence, distribution and partitioning of nonionic surfactants and pharmaceuticals
in the urbanized Long Island Sound Estuary (NY). Mar. Pollut. Bull. 85, 710-719.

Lekagul, A., Tangcharoensathien, V., Yeung, S., 2019. Patterns of antibiotic use in global
pig production: a systematic review. Vet. Anim. Sci. 7.

Li, C., Chen, J., Wang, J., Ma, Z., Han, P., Luan, Y., Lu, A., 2015. Occurrence of antibiotics
in soils and manures from greenhouse vegetable production bases of Beijing, China
and an associated risk assessment. Sci. Total Environ. 521-522, 101-107.

Li, X., Guo, P., Shan, Y., Ke, Y., Li, H., Fu, Q., Wang, Y., Liu, T., Xia, X., 2017.
Determination of 82 veterinary drugs in swine waste lagoon sludge by ultra-high
performance liquid chromatography-tandem mass spectrometry. J. Chromatogr. A
1499, 57-64.

Li, X, Liu, C., Chen, Y., Huang, H., Ren, T., 2018. Antibiotic residues in liquid manure
from swine feedlot and their effects on nearby groundwater in regions of North China.
Environ. Sci. Pollut. Res. 25, 11565-11575.

Liu, J., Lu, J., Tong, Y., Li, C., 2017. Occurrence and elimination of antibiotics in three
sewage treatment plants with different treatment technologies in Urumgqi and Shihezi,
Xinjiang. Water Sci. Technol. 75, 1474-1484.

Liu, S., Ying, G.-G., Zhao, J.-L., Chen, F., Yang, B., Zhou, L.-J., Lai, H.-J., 2011. Trace
analysis of 28 steroids in surface water, wastewater and sludge samples by rapid
resolution liquid chromatography-electrospray ionization tandem mass spectrometry.
J. Chromatogr. A 1218, 1367-1378.

Lopez-Serna, R., Garcia, D., Bolado, S., Jiménez, J.J., Lai, F.Y., Golovko, O., Gago-Ferrero,
P., Ahrens, L., Wiberg, K., Muifoz, R., 2019. Photobioreactors based on
microalgae-bacteria and purple phototrophic bacteria consortia: a promising
technology to reduce the load of veterinary drugs from piggery wastewater. Sci. Total
Environ. 692, 259-266.

Lopez-Serna, R., Marin-de-Jests, D., Irusta-Mata, R., Garcia-Encina, P.A., Lebrero, R.,
Fdez-Polanco, M., Mufoz, R., 2018. Multiresidue Analytical Method for
Pharmaceuticals and Personal Care Products in Sewage and Sewage Sludge by Online
Direct Immersion SPME On-Fiber Derivatization — GCMS. Talanta 186.

Lépez Zavala, M.A., Reynoso-Cuevas, L., 2015. Simultaneous extraction and determination
of four different groups of pharmaceuticals in compost using optimized ultrasonic
extraction and ultrahigh pressure liquid chromatography-mass spectrometry. J.
Chromatogr. A 1423, 9-18.

Makara, A., Kowalski, Z., 2015. Pig manure treatment and purification by filtration. J.
Environ. Manag. 161, 317-324.

Marti, E., Gros, M., Boy-Roura, M., Ovejero, J., Busquets, A.M., Coldn, J., Petrovic,
M., Ponsa, S., 2020. Pharmaceuticals removal in an on-farm pig slurry treatment
plant based on solid-liquid separation and nitrification-denitrification systems. Waste
Manag. 102, 412-419.

Montesdeoca-Esponda, S., Sosa-Ferrera, Z., Santana-Rodriguez, J.J., 2012. Combination
of microwave-assisted micellar extraction with liquid chromatography tandem mass
spectrometry for the determination of fluoroquinolone antibiotics in coastal marine
sediments and sewage sludges samples. Biomed. Chromatogr. 26, 33-40.

Ostman, M., Lindberg, R.H., Fick, J., Bjorn, E., Tysklind, M., 2017. Screening of biocides,
metals and antibiotics in Swedish sewage sludge and wastewater. Water Res. 115,
318-328.

Pan, M., Chu, L.M., 2017. Leaching behavior of veterinary antibiotics in animal
manure-applied soils. Sci. Total Environ. 579, 466-473.

Patyra, E., Kwiatek, K., Nebot, C., Gavilan, R.E., 2020. Quantification of veterinary
antibiotics in pig and poultry feces and liquid manure as a non-invasive method to
monitor antibiotic usage in livestock by liquid chromatography mass-spectrometry.
Molecules 25.

Peeples, L., 2015. Can We Wean Our Future Food off Antibiotics.

Perestrelo, R., Silva, P., Porto-Figueira, P., Pereira, J.A.M., Silva, C., Medina, S., Cdmara,
J.S., 2019. QUEChERS - fundamentals, relevant improvements, applications and future
trends. Anal. Chim. Acta 1070, 1-28.

Pérez-Lemus, N., Lopez-Serna, R., Pérez-Elvira, S.I., Barrado, E., 2020. Sample
pre-treatment and analytical methodology for the simultaneous determination of
pharmaceuticals and personal care products in sewage sludge. Chemosphere 258.

Pérez-Lemus, N., Lopez-Serna, R., Pérez-Elvira, S.I., Barrado, E., 2019. Analytical
methodologies for the determination of pharmaceuticals and personal care products
(PPCPs) in sewage sludge: a critical review. Anal. Chim. Acta 1083, 19-40.

Qian, M., Wu, H., Wang, J., Zhang, H., Zhang, Z., Zhang, Y., Lin, H., Ma, J., 2016.
Occurrence of trace elements and antibiotics in manure-based fertilizers from the
Zhejiang Province of China. Sci. Total Environ. 559, 174-181.

Silva, B.F.D., Jelic, A., Lopez-Serna, R., Mozeto, A.A., Petrovic, M., Barcel6, D., 2011.
Occurrence and distribution of pharmaceuticals in surface water, suspended solids and
sediments of the Ebro river basin, Spain. Chemosphere 85, 1331-1339.

Spielmeyer, A., 2018. Occurrence and fate of antibiotics in manure during manure
treatments: a short review. Sustain. Chem. Pharm. 9, 76-86.

Telling, G.M., Sissons, D.J., Brinkman, H.W., 1977. Determination of organochlorine
insecticide residues in fatty foodstuffs using a clean-up technique based on a single
column of activated alumina. J. Chromatogr. A 137, 405-423.

Van Epps, A., Blaney, L., 2016. Antibiotic residues in animal waste: occurrence and
degradation in conventional agricultural waste management practices. Curr. Pollut.
Reports 2, 135-155.

Vojtova, V., Urbének, K., 2009. [Pharmacokinetics of tetracyclines and glycylcyclines].
Klinicka Mikrobiol. a Infekeni Lékarstvi 15, 17-21.

Wang, J., Xu, J., Ji, X., Wu, H., Yang, H., Zhang, H., Zhang, X., Li, Z., Ni, X., Qian, M.,
2020. Determination of veterinary drug/pesticide residues in livestock and poultry
excrement using selective accelerated solvent extraction and magnetic material
purification combined with ultra-high-performance liquid chromatography—tandem
mass spectrometry. J. Chromatogr. A 1617.

Wang, Z., Wang, X., Tian, H., Wei, Q., Liu, B., Bao, G., Liao, M., Peng, J., Huang, X., Wang,
L., 2019. High through-put determination of 28 veterinary antibiotic residues in swine
wastewater by one-step dispersive solid phase extraction sample cleanup coupled with
ultra-performance liquid chromatography-tandem mass spectrometry. Chemosphere
230, 337-346.

Widyasari-Mehta, A., Suwito, H.R.K.A., Kreuzig, R., 2016. Laboratory testing on the
removal of the veterinary antibiotic doxycycline during long-term liquid pig manure
and digestate storage. Chemosphere 149, 154-160.

Zhu, M., Zhao, H., Xia, D., Du, J., Xie, H., Chen, J., 2018. Determination of 21 antibiotics
in sea cucumber using accelerated solvent extraction with in-cell clean-up coupled
to ultra-performance liquid chromatography-tandem mass spectrometry. Food Chem.
258, 87-94.



