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Abstract

The growing use of reclaimed water in agriculture worldwide calls for developing high-sensitivity methods to quantify
wastewater-derived organic contaminants in soils so that the potential risk of this irrigation practice can be properly assessed.
This work describes an analytical method for the determination of trace levels of 14 drugs that are known to be poorly removed
during conventional wastewater treatment in soil. The analytes selected for investigation included ten pharmaceuticals from
different therapeutic classes (carbamazepine diclofenac, cis-diltiazem lamotrigine, methadone, midazolam, oxcarbazepine, sul-
famethoxazole, trimethoprim, valsartan), one illicit drug (cocaine), and three transformation products/metabolites (acridone, 4'-
hydroxydiclofenac, and valsartan acid), thereby covering a broad range of physical-chemical properties. The methodology
developed was based on ultrasonic solvent extraction (USE) of the analytes from the soil matrix, and subsequent clean-up and
analysis of the USE extracts with a fully automated approach by means of solid-phase extraction and liquid chromatography-
tandem mass spectrometry detection (online SPE-LC-MS/MS). The method was fully validated with affording method detection
and quantification limits ranging from 0.03 to 1 ng g ' and from 0.09 to 3.3 ng g, respectively. This method was applied to
investigate the fate of the selected drugs in potting soil irrigated for a long term (60 days) either with water containing the target
compounds at a concentration of 200 pg L™ or with wastewater treatment plant effluent and thus, at real environmental
concentrations. All investigated compounds were found to accumulate in soil irrigated with artificially fortified water. The
highest accumulation potential was observed for cis-diltiazem followed by methadone and midazolam that presented average
concentrations of 1517 ng g”', 1041 ng g, and 962 ng g ' d.w., respectively. On the contrary, oxcarbazepine (5.8 ng g~') and
sulfamethoxazole (22 ng g ') were the target drugs presenting the lowest accumulation potential. Only trace levels of ten drugs
were measured in soil irrigated with regenerated water (average concentrations between 1.6 and 4.7 ng g d.w.).

Keywords Pharmaceuticals - Soil adsorption - Ultrasound extraction - Online solid-phase extraction - Liquid
chromatography-mass spectrometry - Reclaimed water

Introduction

For many decades, soil contamination by heavy metals, pesti-
cides, and persistent organic pollutants has raised concern. With
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the environment has radically changed. It includes now a variety
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disposal or agricultural application of organic waste products that
may contain trace levels of these substances, like manure, waste-
water treatment plant effluents, and sewage sludge [2-16].
Certain antibiotics were found to persist after manure storage
and application on agricultural fields, and consequently, they
could eventually leach into groundwater [17]. Once released,
these contaminants, despite being polar and ionizable, could also
persist in the soil matrix for long periods and, consequently,
adversely affect microbes, worms, and other soil organisms [1].
Furthermore, their presence can contribute to the selection and
proliferation of antibiotic-resistant bacteria [18-20]. Any phar-
maceutical accumulated in soil could also potentially be uptaken
by growing crops, which represents a potential risk to human
health [4, 21-27]. In this regard, carbamazepine (CBZ), one of
the drugs most frequently detected in soils [5], has been reported
to translocate from soil to plant tissues [21].

Concentrations of pharmaceutically active compounds in
soils are usually relatively low (in the low ng g~' level), pre-
senting values below those commonly reported in water [5,
28]. Such low levels and the potential interactions of these
substances with active soil sites make their extraction and
detection in this matrix a real analytical challenge.

Several approaches have been used to extract these rela-
tively polar compounds from soil, e.g., pressurized liquid ex-
traction (PLE), microwave-assisted extraction (MAE), pres-
surized hot water extraction (PHWE), ultrasonic solvent ex-
traction (USE), and QuEChERS (Quick, Easy, Cheap,
Effective, Rugged and Safe) [29-38]. USE has been proved
to be one of the most efficient techniques for the extraction of
polar compounds from environmental solid samples [38]. It
also has the benefit of being a relatively quick method that
does not require sophisticated equipment.

USE extracts need to be cleaned-up before liquid
chromatography-mass spectrometry (LC-MS) analysis to re-
move co-extracted salts and humic and fulvic acids, main
constituents of soil organic matter, that could otherwise inter-
fere in the ionization of the target analytes [39]. For this, solid-
phase extraction (SPE) has been widely used. This process can
be automated and coupled to the detection system (online
SPE), thereby reducing lab effort, sample handling, and anal-
ysis time and, consequently, improving method reproducibil-
ity and increasing sample throughput.

In this context, the aim of this study was to evaluate the
effectiveness of USE followed by an online SPE clean-up
approach coupled in series with the LC-MS detection system
(online SPE-LC-MS/MS) for the analysis of selected
wastewater-derived organic pollutants in soil. Fourteen com-
pounds, covering a wide range of physical-chemical proper-
ties, were considered. The list of selected chemicals included
diclofenac (anti-inflammatory/analgesic), the antibiotics sul-
famethoxazole and trimethoprim, the antiepileptics carbamaz-
epine, oxcarbazepine, and lamotrigine, the anti-hypertensives
cis-diltiazem and valsartan, the tranquilizer midazolam
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(benzodiazepine), and the analgesic methadone (opioid-ago-
nist). In addition, one illicit drug (cocaine) and three transfor-
mation products (TPs) (acridone, 4'-hydroxydiclofenac, and
valsartan acid) were included. Method development and per-
formance have been presented and discussed. As part of the
validation process, the methodology was applied to the anal-
ysis of the selected drugs in potting soil samples irrigated
either with a mixture of these pollutants (200 pg L™") or with
treated wastewater (environmental concentrations) for 60 days
with the final aim of evaluating their long-term accumulation
potential.

Materials and methods
Chemicals

Certified reference standards used for method development
and analytical purposes (Table S1, see Electronic
Supplementary Material, ESM) were of high purity (mostly
99%) and were purchased from Sigma-Aldrich (St. Luis, MO,
USA) and Cerilliant (Round Rock, TX, USA). Isotope-
labeled compounds (carbamazepine-d;o, cocaine-ds,
diclofenac-dy4, lamotrigine—13C3, methadone-ds,
midazolam-'3Cg, sulfamethoxazole-d., trimethoprim-ds,
valsartan-d;, valsartan acid-d;) were purchased from
Cerilliant, Alsachim (Illkirch-Graffenstaden, France), or
Toronto Research Chemicals (Toronto, ON, Canada) for their
use as surrogate standards. In view of the high amounts of
analytical standards needed for the soil irrigation experiments
and the high price of some of them, marketed drug products
were purchased, i.c., midazolam (EFG injectable solution,
5 mg mL~", Normon, Madrid, Spain), valsartan (Valsartan
40 mg, Kern Pharma S.L., Barcelona, Spain), oxcarbazepine
(Trileptal® 300 mg, Novartis, Switzerland). Cocaine hydro-
chloride salt and methadone hydrochloride salt were provided
for research purposes (2009C00124) by the Division of
Narcotic Drugs and Psychotropic Substances of the Spanish
Agency of Pharmaceuticals and Medical products. Valsartan
acid (= 95%) was synthesized and purified following the pro-
cedure described by Nodler et al. [40].

LC-MS grade acetonitrile (ACN) (>99.9%), methanol
(MeOH) (>99.9%), and water were purchased from Merck
(Darmstadt, Germany). Dimethyl sulfoxide (DMSO) (>
99%) and formic acid (>96%, ACS reagent) were supplied
by Sigma-Aldrich. Polytetrafluoroethylene (PTFE) filters
(13 mm, 0.2 pm) were purchased from Millipore
(Carrigtwohill, Cork, Ireland). Oasis HLB online SPE car-
tridges (10 x 1 mm, 30-pm particle size, 2.5 mg) were sup-
plied by Waters Corporation (Milford, MA, USA).

Individual reference standard stock solutions
(1000 pug mL™") were prepared in MeOH except lamotrigine
which was prepared in DMSO. Working mixtures of
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pharmaceuticals and/or surrogate standards (2 g mL ™), used
in the validation studies and for calibration purposes, were
prepared by diluting an appropriate volume of the stock solu-
tions in MeOH. All solutions were stored in the dark at —
20 °C. A dechlorinated tap water-based standard mixture
(200 pg L") [21] of the target analytes was freshly prepared
before each watering event.

Soil characterization and experimental setup

Commercially available sterile potting soil was purchased
from a local organic garden store (Barcelona, Spain). This
type of soil was selected because it has a soft consistency
and good organic fertilization, and it is representative of'a well
ventilated and well-balanced natural soil. Furthermore, the
sterilization treatment ensured that seeds of weeds that could
interfere with the experiment did not sprout. Physical-
chemical characterization of this soil, i.e., total nitrogen
Kjeldahl (TNK), available phosphorus (P,Os), exchangeable
potassium (K,0), sodium (Na*), magnesium (Mg?*), calcium
(Ca*"), and organic matter (O.M.) content, was conducted
according to the Italian Official Methods of Soil Chemical
Analysis [41]. For this, an aliquot of soil was air-dried for
5 days, crushed, and sieved (mesh size 2 mm) before analysis.
Electrical conductivity (EC) and pH were determined by
potentiometry in a soil sample dispersed in distilled water,
using a soil:water ratio (by weight) of 1:2.5 and 1:2, respec-
tively. Soil characteristics are presented as ESM in Table S2.
This soil was used for method optimization and validation as
well as in the experiment conducted to evaluate the potential
accumulation of the target drugs. For the latter, nine plastic
flowerpots of 20-cm diameter were filled with 2000+ 5 g of
potting soil. Three pots were used as experiment controls (ir-
rigated with dechlorinated tap water), three other pots were
irrigated with dechlorinated water fortified with the analyte
mixture (200 pg L"), and the remaining three were irrigated
with wastewater treatment plant effluent. All pots were placed
in a greenhouse and were daily watered with 100 mL of the
corresponding water for 60 days.

Soil sample collection and extraction

Before sample collection at the end of the irrigation period, the
pots were not irrigated for 2 days and the content of each pot
was well homogenized. A sample aliquot of approximately
100 g was taken from each pot and stored at —20 °C. The
samples were freeze-dried (LyoAlfa 6, Telstar Technologies,
Terrassa, Spain) and then finely ground using a mortar and
passed through 400-pm and 250-um sieves to remove gravel,
sand, and other coarse particles. Freeze-dried samples were
kept at —20 °C until extraction.

The extraction approach used was adapted from a method-
ology previously developed by the authors to analyze the

target compounds in lettuce [21]. For soil analysis, a freeze-
dried soil aliquot (0.5 g) was weighed into a 50-mL centrifuge
tube and fortified with a known amount of the surrogate stan-
dard mixture (100 ng g "). Then, the soil aliquot was left for
1 h in the fume hood to allow MeOH evaporation, and stored
afterward at 4 °C overnight. Before extraction, 2 mL of 0.1%
formic acid HPLC-grade water solution was added. The sam-
ple was then vortex-shaken for 30 s and left to soak for 2 h at
room temperature, to promote the interaction of the acidic
water with the soil matrix. Subsequently, 16 mL of
ACN:MeOH (1:1, v/v) was added, and the sample was
vortexed for 60 s and sonicated for 20 min (Fisherbrand
FB15064 ultrasonic water bath; Fisher Scientific, Pittsburgh,
PA, USA). Upon sonication time, the sample was centrifuged
at 4000 rpm for 15 min, and the supernatant was transferred to
a 60-mL glass vial. The extraction procedure was then repeat-
ed once again using the same extracting solvent and conduct-
ed a third time using 16 mL of 0.5% formic acid in
ACN:MeOH (1:1, v/v). All three supernatants collected were
combined and evaporated to 2 mL under a gentle stream of
nitrogen at 24 °C using a TurboVap® LV (Biotage AB,
Uppsala, Sweden). After evaporation, the extracts were re-
dissolved in 100 mL of HPLC-grade water and filtered
through a 0.2-um PTFE syringe filter. The filtrate was trans-
ferred to a 10 mL-vial for clean-up and analysis by means of
online SPE-LC-MS/MS.

Sample clean-up and analysis

Soil extracts were cleaned-up and analyzed using an automat-
ed online SPE sample processor Symbiosis™ Pico (Spark
Holland) connected in series with a 4000QTRAP hybrid triple
quadrupole-linear ion trap (QqLIT) mass spectrometer (Sciex,
Redwood City, CA, USA). For clean-up, 5 mL of the aqueous
extract was loaded at a low flow rate (I mL min~") onto a
previously conditioned Oasis HLB cartridge (2 mL of ACN
and 2 mL of MeOH and equilibrated with 2 mL of water at a
flow rate of 5 mL min '). Upon extract loading, the cartridge
was washed with 1 mL of HPLC water to complete sample
transfer and remove matrix interferences such as inorganic
salts. Retained analytes were then eluted from the cartridge
with the LC mobile phase (linear organic gradient of acetoni-
trile in water with formic acid, see Table S3 in ESM) and
transferred to the LC column (Purospher STAR RP-18 end-
capped column (125 x 2 mm i.d., 5-um particle size, Merck,
Darmstadt, Germany)). lonization of the analytes was done
using a Turbo lon Spray source operated in positive
electrospray ionization mode (ESI+). MS acquisition was per-
formed in the selective reaction monitoring (SRM) mode, by
acquiring two SRM transitions per target analyte and one for
the corresponding surrogate compound. A detailed descrip-
tion of the optimization of the LC-MS/MS conditions selected
has been provided elsewhere [21]. The SRM transitions
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monitored for each analyte are summarized alongside with the
optimal instrumental conditions set for their analysis in
Table 1.

Method validation

The optimized method was validated in terms of linearity,
recovery, intra-day precision, limits of detection (MDLs) and
quantitation (MQLSs), and matrix effects.

The linearity of the method was evaluated in a matrix-
matched calibration curve constructed between 0.5 and
1000 ng g~ d.w. (equivalent to 0.0025 ng mL™' and
5 ng mL™", respectively, in the aqueous extract). Calibration
curves were constructed using linear weighted least-squares
regression (1/x as weighting factor) by plotting the ratio of the
analyte signal to that of its corresponding surrogate standard
(added at a fix concentration of 100 ng g~ d.w (0.5 ng mL™")
in all samples) as a function of the analyte and surrogate stan-
dard concentrations ratio. Surrogate standards used in each
case are shown in Table 1.

The accuracy of the method was evaluated through analyte
recovery. For this, soil samples (n = 3) were fortified with the
fourteen target compounds before USE at two concentration
levels (50 ng g~ and 400 ng g~' d.w.) and analyzed.
Background concentrations of target analytes in the soil

sample used for the recovery study were also evaluated and
considered in the calculation of analyte recoveries.

Recoveries of the extraction procedure (RE) [42] were de-
termined by comparing the response (peak area) for analytes
spiked before extraction and online clean-up (Agpikcd-soi) With
the corresponding peak arcas for standards spiked after the
extraction (Agpiked-matrix) at equivalent concentrations
(50 ng ¢ and 400 ng g~' d.w.) according to Eq. 1:

Aspiked—mil )

spiked—matrix

RE(%) = 100*( (1)

Method repeatability (intra-day precision) was assessed by
the relative standard deviation (RSD) of the relative recoveries
obtained after analysis of soil samples (n = 3) fortified at two
levels (50 ng g ' and 400 ng g~' d.w.).

Method detection limits (MDLs) and method quantifica-
tion limits (MQLs) were determined as the minimum detect-
able amount of analyte with a signal-to-noise ratio (S/N) of 3
and 10, respectively. They were calculated using the S/N ratio
observed in the soil samples fortified at the lowest level
(50 ng g~ d.w.).

The assessment of the presence of matrix effects (ME) was
based on direct comparison of the analytes’ response (peak
arcas) obtained after online SPE-LC-MS/MS analysis of (.)
soil samples (n=3) fortified with the analyte mixture at

Table 1 Conditions used for the LC-ESI(+)-MS/MS analysis of the target analytes
Target compound Abbrev? SRM transitions Optimized parameters Surrogate standard

RT®  Precursor ion (m/z) Quantify ion  Qualifyion Ion DP® CE® CXP°

(min) [M+HJ (SRM1) (SRM2) ratio (V) (V) (V)
Acridone ACR 16.1 196 167 139 33 101 48/72 14/10 Carbamazepine-d;q
Carbamazepine CBZ 17.1 237 194 192 44 61 29/31 14/12 Carbamazepine-d;,
Cis-diltiazem CDM 157 415 178 109 2.0 60 35090 10/4 Midazolam-"*Cq
Cocaine cocC 11.9 304 182 77 4.2 70 30/90 10/15 Cocaine-ds
Diclofenac DCF 23.8 296/298 296 >214 298>216 1.1 40/46 45/45 16/12 Diclofenac-dy
4'-Hydroxydiclofenac OH-DCF 21.1 312/314 312>230 314>232 1.1 66/56 45/45 18/12 Diclofenac-d4
Lamotrigine LMG 10.6 256 211 109 1.8 86 37/70 12/6 Lamotrigine-'>C>
Methadone MTD 17.5 310 265 105 2.4 45 20/40 15  Methadone-d;
Midazolam MDZ 14.5 326 291 249 44 102 38/52 16/18 Midazolam-">Cg
Oxcarbazepine OxCBZ 15.1 253 236 180 7.8 61 21/41 14  Carbamazepine-d;q
Sulfamethoxazole SMX 13.5 254 156 92 1.2 71 25/10  2/6  Sulfamethoxazole-d,
Trimethoprim T™MP 8.7 291 230 123 1.1 72/86 35/31 10/20 Trimethoprim-ds
Valsartan VST 22.6 436 235 207 1.1 66 27/37 12/16 Valsartan-ds
Valsartan acid VSA 15.2 267 206 178 2.6 66 25/43 12/14 Valsartan acid-d,4

# Abbreviation
®Retention time

¢ Declustering potential
4 Collision energy

¢ Collision cell exit potential
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50 ng g and 400 ng g~' d.w after USE extraction (Aspiked-
matix) and HPLC-grade water fortified at equivalent concen-
trations (0.25 ng mL™" and 2 ng mL™", respectively) (Apprc),
according to Eq. 2:

Aspiked—matrix
ME(%) = <7SPX:L“:“‘ —1)*100 2)

Results and discussion
Soil characterization

Main physicalchemical characteristics of the soil used for
method development and in the irrigation experiments are
summarized in Table S2 (ESM). After the irrigation period,
EC and pH of the soil slightly increased, as well as divalent
cations (Mg** and Ca”*) and P,Os. These changes could orig-
inate from the characteristics of the dechlorinated tap water
used for irrigation (hard water with high conductivity). In
general, an increase in the soil pH may lead to a reduced
availability of microelements, the formation of insoluble
phosphates, and the increase of the calcium amount.

Sample extraction

The extraction method was based on a USE approach. Before
USE extraction, the lyophilized soil sample was rehydrated to
favor analyte desorption from soil particles, because water
molecules compete with the analytes for the adsorption sites
of the soil humic substances. This process also allows the
organic solvents to interact better with the pores of the soil
[36, 43].

The ACN:MeOH (1:1, v/v) extraction solvent was proven
to be one of the best options to extract the target compounds
from lettuce [21]. Thus, it was also selected to extract the
compounds of interest from soil samples. The addition of
formic acid (0.5% formic acid in the ACN:MeOH (1:1) sol-
vent mixture) to enhance the extraction efficiency and stabi-
lize the pH was also evaluated. In fact, the presence of formic
acid may contribute to breaking the ionic interactions poten-
tially occurring between ionized pharmaceuticals and the
charged surfaces of the soil. Analyte recoveries from soil
using the solvent mixture with and without acid are summa-
rized in Fig. 1. As shown in the figure, most of the analytes
were better extracted with the non-acidified than with the
acidified mixture, except methadone, cis-diltiazem, and co-
caine, whose recoveries increased by 74, 73, and 95%, respec-
tively, when the acidified solvent was used. Aiming at keeping
the method as simple as possible and similar to our previously
reported method [21], and to maximize extraction efficiency
for most target compounds, analyte extraction was performed

[ ACN:MeOH ] ACN:MeOH FA 0.5%
100
. Ex
X
>
g o
9]
[&]
o
[0]
s, 50
]
C
<
o mm
AL K& KECC QN F R L e
ST L 00\2\90 Y © $o+ N L@
9

Fig. 1 Effect of acid addition on analyte recovery from a soil sample (n =
3) fortified at a concentration of 100 ng g ' d.w

with two USE cycles using ACN:MeOH (1:1, v/v) and a third
one using the acidified solvent mixture.

Extract clean-up and analysis

Since soil is a highly complex matrix, an SPE-based clean-up
step of the USE extracts obtained was evaluated so that matrix
components interfering with MS ionization could be reduced,
as well as the frequency of cleaning the MS ionization source.
Depending on the nature of the sample, matrix components
may enhance or suppress the ionization of the analytes,
compromising thereby the accuracy of the measurements [44].

For clean-up, and due to the different physical-chemical
properties of the target analytes, two generic-purpose sor-
bents, i.e., Oasis HLB and HySphere Resin GP, were evaluat-
ed by extracting HPLC-grade water fortified with the target
analytes at a concentration of 100 ng L™". The retention of the
target analytes on the tested sorbents during the clean-up pro-
cess is showed in Fig. S1 (ESM). The results indicated a
satisfactory retention capacity of both sorbents for the target
analytes, with recovery values comprised between 45 and
110% for most of the compounds, except for OH-DCF
(120% with Oasis HLB), SMX (46% with Oasis HLB and
24% with HySphere Resin GP, VST (46.5% with Oasis
HLB and 36% with HySphere Resin GP), and VSA (below
20% with both sorbents). Oasis HLB was selected over
HySphere Resin GP because it provided improved repeatabil-
ity of the results (RSD < 15% in general) and a better recovery
efficiency for cis-diltiazem, cocaine, methadone, sulfameth-
oxazole, and valsartan, compounds that were otherwise poorly
recovered.

The online SPE-LC-MS/MS analysis of HPLC-grade wa-
ter right after the online SPE analysis of high-concentration
fortified soil samples or calibration solutions in a sequence
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4 Fig. 2 LC-MS/MS chromatograms of the target analytes obtained in PI
mode from a soil extract spiked at a concentration of 50 ng g ' d.w. of
each compound and ordered by RT.

confirmed the absence of carry-over or memory effects during
the automated SPE procedure.

LC-ESI-MS/MS conditions, summarized in Table 1 and
ESM Table S3, were optimized in a previous work [21] for
all compounds but for OH-DCF and SMX, which were opti-
mized after direct infusion of individual standard solutions
(0.5 ug mL™") into the MS. The analysis of all target analytes
in a single analytical run under positive ionization contributes
to reducing analysis time and cost, despite the fact that
diclofenac, valsartan, and valsartan acid are better ionized in
negative than in positive mode. Extracted ion chromatograms
(XIC) of the target analytes after USE and online SPE-LC-
MS/MS analysis of a soil sample fortified at a concentration of
50ng g ' d.w. are shown in Fig. 2.

Method performance

The optimized approach was validated for the analysis of the
target compounds in soil samples in terms of linearity, accu-
racy (analyte recovery), intra-day precision (repeatability),
sensitivity, and matrix effects. Method performance has been
summarized in Table 2.

Linearity ranges for the different analytes were determined
by constructing matrix-matched calibration curves with a min-
imum of eight calibration points within the concentration
range 0.5-1000 ng g~ (equivalent to 0.0025 ng mL™" and
5 ng mL™, respectively, in the soil extract). The matrix-
matched curves for each compound were built using blank
extracts. Linearity expanded between 0.5 or the analyte limit
of quantification if higher and 1000 ng g~ for all compounds,
except for cocaine, diclofenac, hydroxydiclofenac,
lamotrigine, oxcarbazepine, sulfamethoxazole and trimetho-
prim, for which the linearity of the response extended only
up to 500 ng g ! (equivalent to 2.5 ng mL™"). Calibration
curves presented coefficients of determination (R?) above
0.99 for all compounds. The accuracy of calibration solutions
was +20% of the corresponding nominal concentrations (up
to £25% at the lowest concentration).

Recovery values were obtained as the average of triplicate
measurements at both spiked levels (50 ng g' and 400 ng g™
d.w.). The wide interval was chosen in order to cover a wide
range of concentrations since there are no maximum limits or
standards recognized by the regulations in force. Results are
summarized in Table 2. Recoveries ranged from 78% (MDZ
and VSA) to 114% (CDM) for the low fortification level and
from 71% (OH-DCF) to 122% (MTD) at a high level. Relative
standard deviations (method repeatability) were below 10% in
all cases, confirming the good performance of the proposed
method.

The MDLs and MQLs ranged from 0.03 to 1 ng g~' and
from 0.09 to 3.3 ng g~' d.w., respectively. For most of the
target analytes, MDLs and MQLs achieved were of the same
order of magnitude than those reported in previously pub-
lished methods in soil [32, 45, 46].

Matrix effects

Matrix effects, shown in Fig. 3, ranged on average from 37%
(valsartan acid) to —52% (diclofenac). As a general trend,
suppression was more prominent than enhancement, maybe
due to poor specificity of the sorbent or to saturation of the
sorbent capacity by co-extracted matrix substances. This high
variability of the matrix effects underlined the importance of
using isotopically labeled compounds as surrogate standards
or matrix-matched calibration curves to ensure the accuracy
and reliability of the results. Note that isotopically labeled
analogs were not available for the quantification of acridone
and oxcarbazepine (see Table 1).

Long-term exposure study

The proposed method was successfully applied to study the
accumulation of the target compounds in potting soil that was
irrigated with a solution containing the compounds of interest
for 60 days. Furthermore, to verify the suitability of the pre-
sented methodology at environmental conditions, another set
of soil pots (n = 3) was irrigated during the same period with
the effluent water from a wastewater treatment plant running
with conventional activated sludge treatment. The selection of
potting soil as substrate instead of real agricultural soil was
made because it provides adequate ventilation, and it has good
water absorption before becoming waterlogged or excessively
dry [47, 48], and good initial nutrient supply (see ESM
Table S2). Therefore, potting soil is ideal to grow plants and
vegetables in a controlled environment such as a greenhouse.
Positive identification of the analytes in the potting soil sam-
ples was performed following the standards set by Directive
2002/657/EC on the performance of analytical methods and
interpretation of the results [49], by comparing the analyte
retention time and SRM ratio (see Table 1) in the sample
and in a standard solution.

None of the analytes under investigation was deter-
mined neither in the blank soil extract nor in the control
pots (irrigated with tap water). On the contrary, all of them
were found in all intentionally contaminated soil samples
(irrigated with 200 ug L™" of each analyte). Concentrations
measured in these soil samples are summarized in Fig. 4a.
The most abundant compounds were cis-diltiazem, metha-
done, and midazolam. For the quantitative determination
of the concentrations of these compounds, samples had to
be diluted and re-analyzed. Average concentrations of cis-
diltiazem, methadone, and midazolam were 1517, 1041,
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Table 2 Method performance for the determination of the target
analytes in soil samples at two concentration levels (50 and 400 ng g™’
d.w.): linearity range and coefficients of determination (R?), accuracy

(analyte recoveries (RE%), method repeatability (RSD), and method
limits of detection (MDL) and quantification (MQL)

Linearity Analyte recoveries Repeatability Sensitivity
Range (ngg™) R? RE% RSD% MDL¢(ng gy  MQL® (ng g
50ngg! 400ngg! S0ngg! 400ng g’

Acridone® 0.5-1000 0.9996 97 82 0.7 3 0.3 0.9
Carbamazepine 1-1000 0.9984 99 89 1.5 1.2 0.1 0.34
Cis-Diltiazem® 0.5-1000 0.9984 114 100 7 0.1 0.03 0.09
Cocaine 0.5-500 0.9962 105 85 0.6 3 0.03 0.12
Diclofenac 05-500 0.9983 86 73 3 2.3 0.3 1
4'-Hydroxydiclofenac 1-500 0.9989 82 71 1.1 1.8 0.6 2
Lamotrigine 5-500 0.9976 92 78 3 3 1 33
Methadone 0.5-1000 0.9986 102 122 2.6 1 0.05 0.15
Midazolam 0.5-1000 0.9996 78 71 2.8 1.5 0.3 0.9
Oxcarbazepine® 0.5-500 0.9994 79 62 1.2 0.5 0.3 1.1
Sulfamethoxazole 0.5-500 0.9979 90 84 1.5 7 0.5 1.6
Trimethoprim 0.5-500 0.9995 81 76 3.8 1.2 0.2 0.8
Valsartan 0.5-1000 0.9997 93 87 3.7 1.7 0.3 12
Valsartan acid 0.5-1000 0.9990 78 100 5.4 25 0.5 1.6

* Compound quantified with carbamazepine-d; as surrogate standard
® Compound quantified with midazolam-'> C as surrogate standard

° Estimated from the mass spectrometry signal observed in the real samples or the recovery samples at 50 ng g ' d.w

and 962 ng g ! d.w., respectively. The lowest potential
accumulation was observed for acridone, sulfamethoxa-
zole, valsartan, and valsartan acid that presented average
concentrations below 72 ng g~ d.w. While RSD values of
the measured concentrations were low (<20%) for

Fig. 3 The extent of matrix
effects affecting the USE and LC-
MS/MS analysis of the target
compounds in soil samples

Valsartan acid
Methadone
Cis-diltiazem
Midazolam
Valsartan
Cocaine
Trimethoprim
Carbamazepine
Oxcarbazepine
Sulfamethoxazole
Lamotrigine
OH-Diclofenac
Diclofenac

Acridone

-100

acridone, carbamazepine, methadone, and midazolam,
high variability of the results was observed for the remain-
ing compounds. This could be attributed to the potential
degradation of these compounds in the soil throughout the
experiment duration.
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Fig. 4 Average concentration (ng g ' d.w.) of the target compounds
detected in artificially contaminated soil (a) and WWTP-effluent water-
irrigated soil (b) (n=3)

As for the soils irrigated with wastewater treatment plant
effluent, only 10 out of the 14 target compounds were detect-
ed. Most of them were measured at average concentrations
close to 2 ng g_1 d.w. COC, OXCBZ, and OH-DCF were
not detected in any sample, whereas SMX was found at levels
below its MLQ. Overall, this preliminary data set indicates
that the selected pharmaceuticals may effectively accumulate
in soils. They may even reach measurable concentrations in
reclaimed water-irrigated soil.

Conclusions

This study presents a simple and effective procedure to deter-
mine the presence of selected drugs in soil samples. The meth-
od developed allows the extraction of analytes with different
physical-chemical properties and therefore, it could

potentially be applied to the extraction of pharmaceutically
active compounds with similar structures, or belonging to
the same chemical classes. The analytical method described
enables the detection and quantification of the selected com-
pounds in soil samples in the low ng g d.w. range, which is
the concentration level at which this type of compounds is
expected to occur in the environment. The proposed method
showed good performance in terms of linearity, accuracy, and
precision and provides reliable results due to the use of isoto-
pically labeled compounds as surrogate standards that contrib-
ute to correct for potential extraction losses and matrix effects.

Application of the developed methodology to potting soil
samples exposed to the target analytes through irrigation with
artificial water and wastewater treatment plant effluent for
60 days suggested the potential accumulation of all investigat-
ed drugs in soil. Future work will be directed to study these
compounds in the water-soil-plant system, to evaluate the po-
tential effects that wastewater reuse in agriculture could have
on the environment and eventually on human health.
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