
PAPER IN FOREFRONT

Development and validation of an analytical method based
on liquid chromatography–tandem mass spectrometry detection
for the simultaneous determination of 13 relevant
wastewater-derived contaminants in lettuce

Nicola Montemurro1,2 & Cristina Postigo2 & Antonio Lonigro1 & Sandra Perez2 &

Damià Barceló2,3

Received: 27 February 2017 /Revised: 31 March 2017 /Accepted: 12 April 2017 /Published online: 11 May 2017
# Springer-Verlag Berlin Heidelberg 2017

Abstract We present an analytical method developed and
validated to study the potential uptake of 13 selected drugs
(ten pharmaceuticals, one illicit drug, and two transformation
products) into lettuce plants from contaminated water and soil.
Some of the selected drugs (i.e., cocaine, methadone, cis-dil-
tiazem, valsartan, and valsartan acid), which are commonly
present in treated wastewater, were investigated for the first
time in plant tissues. The method is based on ultrasonic sol-
vent extraction with acetonitrile–methanol (1:1, v/v) and sub-
sequent automated extract cleanup and analysis by means of
online solid-phase extraction–liquid chromatography–tandem
mass spectrometry. Optimum extraction conditions were se-
lected after evaluation of analyte recoveries with four different
extraction techniques (ultrasonic solvent extraction, solid–liq-
uid extraction, pressurized liquid extraction, and a Bquick,
easy, cheap, effective, rugged, and safe^ based method) and

six different solvent mixtures. Furthermore, two different
solid-phase extraction cleanup sorbents were evaluated. The
method developed has high sensitivity (with limits of detec-
tion between 0.1 and 12.6 ng per gram dry weight and limits
of quantification between 0.5 and 42.0 ng per gram dry
weight), satisfactory accuracy (with analyte relative recoveries
above 80% for all analytes but acridone and oxcarbazepine),
and good repeatability (with relative standard deviations be-
low 9% for all analytes). As part of the validation procedure,
the analytical method was applied to the analysis of lettuce
plants irrigated with water fortified with the selected com-
pounds for the entire growing period. The results obtained
evidenced the transfer of all the investigated drugs into lettuce
leaves.
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Introduction

Water scarcity and the increasing water demand for agriculture
have forced water authorities to seek alternative water re-
sources. Consequently, countries in arid and semiarid regions
where water is a limited commodity (e.g., countries bordering
the Mediterranean Sea) are increasingly using treated munici-
pal wastewater to cover water demand [1, 2]. Although the
safety and the suitability of reclaimed wastewater for agricul-
tural irrigation have already been demonstrated [3, 4], it can
also be a source of anthropogenic chemicals, such as pharma-
ceutically active compounds and personal care products, in the
environment [5] because they are not completely removed dur-
ing wastewater treatment processes. Thus, the consumption of
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fresh crops irrigated with reclaimed water could represent a
direct route of human exposure to wastewater-derived contam-
inants [6].

In recent years, numerous analytical methods have been de-
veloped to determine the occurrence of pharmaceutically active
compounds, drugs of abuse, pesticides, and hormones in envi-
ronmental aqueous matrices (drinking water, groundwater, sur-
face water, and wastewater) [7–11]. Most of these methods are
based on solid-phase extraction (SPE) of the analytes and liquid
chromatography (LC)–mass spectrometry (MS) detection. SPE
is a quite versatile technique useful to extract and
preconcentrate a wide spectrum of organic compounds from
environmental samples that can be connected in series to the
LC–MS system. This allows the development of fully automat-
ed methods that have been proved to be more sensitive and
reproducible than off-line analytical approaches, because the
whole sample is transferred into the LC–MS system and sample
handling is reduced [12–14].

In contrast, few analytical methods exist in the peer-
reviewed literature for the determination of such organic con-
taminants in environmental solid matrices, such as soils and
plants, being even scarcer for the later [15–19]. Different sam-
ple preparation approaches have been used to extract pharma-
ceutically active compounds from plant tissues. Boxal et al.
[20] extracted ten drugs of common veterinary use from let-
tuce and carrots with different solvent mixtures, by solid–liq-
uid extraction (SLE) or Soxhlet extraction. Pharmaceutically
active compounds commonly found in treated wastewater,
including carbamazepine, diclofenac, and ibuprofen, and var-
ious pesticides were successfully extracted by means of pres-
surized liquid extraction (PLE) from lettuce using acetone–
hexane and ethyl acetate (EtAc)–hexane [21]. Ultrasonic sol-
vent extraction (USE), for instance, with acetonitrile (ACN)–
water, or methyl tert-butyl ether (MTBE) followed by ACN,
was used to extract various wastewater-derived contaminants
(pharmaceutically active compounds, personal care products,
steroid hormones) from different plant tissues (radish and rye-
grass [22], lettuce and spinach [23], and lettuce and tomato
[24]). An SLE method using methanol (MeOH) and MeOH–
water has been recently developed by Riemenschneider et al.
[25] to extract several organic contaminants from lettuce, cab-
bage, and tomato. The extraction of pharmaceutically active
compounds with Bquick, easy, cheap, effective, rugged, and
safe^ (QuEChERS)-based approaches was also explored on
several occasions [25, 26], and it was reported to provide good
analyte recoveries in celery and lettuce matrices [26]. SPE is
usually the technique of choice to clean up and purify the plant
extracts obtained [20, 22, 23, 25].

Measurement of polar organic compound concentrations in
plant tissues is of great interest to investigate their fate in
edible crops. However, it is a big challenge because of the
low concentrations at which these compounds may be present
[usually in the nanograms per gram dry weight (dw) range]

and the complexity of these matrices, as they contain pig-
ments, fats, cellulose, and waxes in different proportions,
which may interfere with analyte extraction and instrumental
analysis [23, 27]. Co-extracted chlorophyll and waxy or fatty
materials from plant tissues may interfere with the accuracy
and precision of the results if they are not removed during
sample treatment [28]. The analytical methods reported to date
in the peer-reviewed literature to analyze pharmaceutically
active compounds in plant tissues require considerable time
and effort for the sample preparation process or specialized
extraction equipment [15].

In this context, the main objective of the present study was
to develop and validate an analytical method based on LC–
tandemMS (MS/MS) detection for the simultaneous determi-
nation of 13 drugs of widespread use and commonly present
in treated wastewater in lettuce leaves. [10, 11]. The perfor-
mance of four techniques (i.e., SLE, PLE, USE, and
QuEChERS-based extraction) to extract the selected drugs
from this matrix was compared. Lettuce was selected as the
matrix of study for several reasons: (1) it is the most cultivated
leaf vegetable worldwide, (2) it is a quick-growing crop, (3) it
is easy to grow in greenhouse conditions, (4) it is usually
consumed without being cooked or heated, which preserves
the retained contaminants, (5) it has an extensive complex root
structure that may facilitate the uptake of organic contami-
nants from soil [29], and (6) its vegetative part consists merely
of green leaves, which simplifies sample preparation. The
drugs selected included ten pharmaceuticals belonging to six
different therapeutic classes—that is, nonsteroidal anti-
inflammatory drugs (diclofenac and ibuprofen), antibiotics
(t r imethoprim), ant iconvulsants (carbamazepine,
oxcarbazepine, and lamotrigine), antihypertensive drugs (cis-
diltiazem and valsartan), benzodiazepines (midazolam), and
opioid agonists (methadone)—one illicit drug (cocaine), and
two transformation products (acridone and valsartan acid).
After validation, the optimized analytical approach was ap-
plied to the analysis of the selected drugs in lettuce plants
grown in soil pots and irrigated with a mixture of these drugs
for the entire growing period. To our knowledge, cocaine,
methadone, cis-diltiazem, valsartan, and valsartan acid have
not been previously investigated in plant tissues, and this work
represents the first report on the potential accumulation of
these compounds in lettuce.

Materials and methods

Chemicals reagents

High-purity standards used for method development and ana-
lytical purposes were purchased from Sigma-Aldrich (St Louis,
MO, USA), and Cerilliant (Round Rock, TX, USA). Cocaine
hydrochloride salt and methadone hydrochloride salt used in
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the mixtures used for irrigation were provided as a concession
for research purposes (2009C00124) by the Division of
Narcotic Drugs and Psychotropic Substances of the Spanish
Agency of Pharmaceuticals and Medical Products. Medical
formulations were used for irrigation in the case of midazolam
(EFG injectable solution, 5 mg of active principle per milliliter,
Normon, Madrid, Spain), valsartan (40 mg, Kern Pharma,
Barcelona, Spain), valsartan acid (purity 95% or greater, syn-
thesized and purified following the procedure described by
Nödler et al. [30]), and oxcarbazepine (Trileptal® 300 mg,
Novartis, Basel, Switzerland). The chemical structures of the
target drugs as well as their purity, suppliers, and selected phys-
icochemical properties are provided in Table S1.

Isotopically labeled compounds used as surrogate standards
(diclofenac-d4, ibuprofen-d3, trimethoprim-d3, carbamazepine-
d10, valsartan-d3, valsartan acid-d4, lamotrigine-13C3,
midazolam-13C6, cocaine-d3, methadone-d3) were purchased
from Cerilliant, Alsachim (Illkirch-Graffenstaden, France), or
Toronto Research Chemicals (Toronto, ON, Canada).

Individual stock standard solutions with a concentration of
1000μg mL-1 were prepared inMeOH and stored at -20 °C. A
fresh irrigation solution was prepared before each use by di-
lution of a water-based stock standard mixture of the target
analytes (2 μg mL-1) with tap water to a final concentration of
200 ng mL-1. Working mixtures containing the target analytes
and/or the isotopically labeled compounds were prepared in
MeOH at appropriate concentrations to be used in the valida-
tion studies and for calibration purposes. The Bond Elut
QuEChERS method extraction kit and the Bond Elut
QuEChERS dispersive SPE kit for general fruits and vegeta-
bles were purchased from Agilent Technologies (Santa Clara,
CA, USA). High-performance LC (HPLC)-grade solvents
were purchased from Merck (Darmstadt, Germany): ACN
(purity 99.9% or greater), MeOH (purity 99.9% or greater),
EtAc (purity 99.5% or greater), hexane (purity 99.0% or great-
er), acetone (purity 99.7% or greater), and water. Chromasolv
MTBE (purity 99.9% or greater), formic acid (purity 96% or
greater, ACS reagent), and sodium thiosulfate pentahydrate
salt (purity 99.5% or greater) were supplied by Sigma-
Aldrich. Polytetrafluoroethylene (PTFE) filters (13 mm, 0.2
μm) were purchased from Millipore (Carrigtwohill, Cork,
Ireland). Oasis HLB online SPE cartridges (10 mm× 1 mm,
30-μm particle size, 2.5 mg) were purchased from Waters
(Milford, MA, USA), and HySphere Resin GP online SPE
cartridges (10 mm × 2 mm, 5–15-μm particle size, 13 mg)
were purchased from Spark Holland (Emmen, Netherlands).

Sample preparation

Lettuce (Lactuca sativa L. ‘Maravilla de Verano-Canasta’) was
selected for the study as it can be cultivated in both outdoor and
greenhouse setups at any time of the year and it is very resistant
to fungal diseases. A mature lettuce head was purchased from a

local organic supermarket to perform method optimization and
validation studies. Grown plants irrigated with a mixture of the
selected drugs (see BExperimental design for the uptake study^
for further details) were investigated to evaluate drug uptake.
Before extraction, lettuce leaves were gently hand washed with
tap water to remove soil residues and subsequently rinsed with
deionized water. Then, the leaves were gently blot dried with a
paper towel, and stored at –20 °C for at least 48 h. Frozen
leaves were then freeze-dried for 3 days or longer if needed
(until no ice was left) to remove residual water using a LyoAlfa
6 system (Telstar Technologies, Terrassa, Spain). Freeze-dried
samples were ground to powder with a laboratory grinder with
a stainless steel grinding chamber (Snijders, Tilburg,
Netherlands) and stored in 20-mL glass vials in the dark at –
20 °C until extraction.

Sample extraction and cleanup

Four extraction techniques were assessed and compared in this
study: SLE, PLE, USE, and QuEChERS-based extraction. For
each technique, six different extraction solvent mixtures were
tested: ACN–MeOH (1:1, v/v), MTBE–MeOH (1:1, v/v), hex-
ane–acetone (1:1, v/v), MTBE–ACN (1:1, v/v), EtAc–MeOH
(1:1, v/v), and 0.5% formic acid in ACN–MeOH (1:1, v/v).
Detailed extraction protocols are described in the electronic
supplementary material. The effects of a cleanup step on ana-
lyte recovery were also evaluated. For this, lettuce leaf extracts
obtained with the different extraction techniques and extraction
solvent mixtures were filtered through 0.2-μm PTFE filters,
liquid–liquid extracted with hexane (hexane washed), or
preconcentrated by SPE on either Oasis HLB or HySphere
Resin GP cartridges followed by LC–MS/MS analysis (see
the electronic supplementary material for further details).

In the optimized approach, 0.5 g of a freeze-dried lettuce
leaf sample was placed in 50-mL polypropylene centrifuge
tubes and spiked with a known amount of the isotopically
labeled compounds (100 ng g-1 dw, equivalent to 0.5 ng mL-
1 in the final extract). Spiked samples were left in the fume
hood for 1 h to allow the MeOH of the spiking solution to
evaporate, and then placed in a fridge overnight. Analytes
were extracted from lettuce leaves by means of two consecu-
tive USE cycles using 16 mL of a mixture ACN:MeOH (1:1,
v/v) and a Fisherbrand FB15064 ultrasonic water bath (Fisher
Scientific, Pittsburgh, PA, USA). For the first extraction cycle,
2 mL of water was also added to the lettuce sample. Each 20-
min USE cycle was performed after vortex mixing of the
extraction solvent and the sample for 2 min. After each USE
cycle, the sample was centrifuged at 4000 rpm for 30 min, and
the supernatant was transferred to a 40-mL glass vial.
Extraction solvents were combined and evaporated until a
volume of 2 mL under a gentle stream of nitrogen at 24 °C
with use of a TurboVap® LV (Biotage, Uppsala, Sweden).
Then, the 2-mL extract was diluted with HPLC water to 100
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mL, and filtered through a 0.2-μm PTFE filter. A 10-mL ali-
quot of the filtrate was transferred to a vial for extract cleanup
by online SPE.

For cleanup, 5 mL of the extract was preconcentrated on
Oasis HLB cartridges by means of an automated online SPE
sample processor (Symbiosis Pico; Spark Holland). Online
SPE cartridges were conditioned with 2 mL of ACN and 2
mL of MeOH, and equilibrated with 2 mL of water, at a flow
rate of 5 mL min-1. Extract loading was performed at a slower
flow rate (1 mL min-1) to enhance analyte retention onto the
sorbent. After extract loading, the cartridge was washed with 1
mL of water to complete the transfer of the sample and remove
interferences such as inorganic salts, and trapped analytes
were eluted from the cartridge to the LC column with the
LC mobile phase. This cleanup step contributed to improving
method sensitivity and reducing matrix interferences.

LC–MS/MS analysis

LC–MS/MS analyses were performed in a system consisting of
an HPLC Symbiosis Pico system, operated in extraction LC
mode, connected in series to a 4000 QTRAP hybrid triple quad-
rupole–linear ion trap mass spectrometer equipped with a
TurboIonSpray source (Sciex, Redwood City, CA, USA), oper-
ated in the positive electrospray ionization (ESI) mode. The an-
alytical instrumentation was controlled by Analyst 1.4.2 (Sciex),
into which the Symbiosis software (Spark Holland) was
integrated.

HPLC separation of the analytes was performed with a 125
mm × 2 mm Purospher STAR RP-18 end-capped column
(5-μm particle size) (Merck, Darmstadt, Germany) and a mo-
bile phase consisting of ACN and water, both acidified with
0.1% formic acid, at a flow rate of 0.3 mL min-1. The initial
conditions (5% ACN) were maintained for 2 min before the
organic solvent content was increased from 5% to 50% during
the next 19 min and then to 100% in the following 2 min. Pure
organic conditions were held for 5 min before returning to the
initial conditions, which were maintained for 10 min to allow
column reequilibration before the next injection. This gradient
provided a chromatographic analysis time of 38 min.

MS/MS analyses were performed in the selected reaction
monitoring (SRM) mode. Thus, the transitions from the precur-
sor ion to two of its main fragment ions were registered for each
target compound. Only one SRM transitionwas selected for each
surrogate standard. Selected SRM transitions for each analyte
and isotopically labeled compound and the optimal instrumental
conditions set for their analysis are summarized in Table 1.

Method validation

The performance of the optimized analytical approach was
evaluated in terms of linearity, trueness (analyte recovery),
precision (repeatability), sensitivity, and matrix effects.

Quantification was performed by the internal standard
method. For this, a fixed and known amount of surrogate
standard (100 ng g-1 dw) was added to the samples, calibration
standards, and blanks. The calibration curve was then con-
structed by linear weighted least-squares regression (1/x as
the weighting factor) by plotting the ratio of the analyte signal
to the surrogate standard signal as a function of the analyte
concentration. Calibration standards were prepared by spiking
compound-free lettuce extracts with the appropriate amount of
standards, and expanded within the calibration range 0.0025–
2.5 ng mL-1 (equivalent to 0.5–500 ng g-1 dw in lettuce
leaves).

Extraction recoveries were evaluated from replicate
analysis (n = 6) of compound-free lettuce leaf samples for-
tified with the 13 target compounds before the extraction
process at two concentrations (50 and 400 ng g-1 dw).
Absolute recoveries were determined by comparing the
peak areas obtained in the spiked lettuce leaf samples with
those obtained in standard solutions at equivalent concen-
trations (0.25 and 2 ng mL-1, respectively). Analyte rela-
tive recoveries were evaluated by comparing the analyte
absolute recovery with that obtained for the surrogate stan-
dard used for quantification. Method precision, expressed
as method repeatability, was calculated as the relative stan-
dard deviation (RSD) of the relative recoveries obtained in
the recovery study.

Method detection limits and method quantification
limits were estimated as the concentration of analyte
that provided a signal-to-noise ratio of 3 and 10, respec-
tively. For those analytes found at high concentration in
the samples or that were not found in the lettuce sam-
ples, method detection limits and method quantification
limits were estimated from the signal-to-noise ratio ob-
served in the samples fortified at the lowest level
(50 ng g-1 dw) in the recovery study.

To evaluate the matrix effects (the potential ion suppression
or ion enhancement produced by the matrix components),
compound-free lettuce samples (n = 3) were extracted with
the optimized protocol, and the extract was spiked with the
target compounds at 1 ng mL-1 (equivalent to 200 ng g-1 dw)
just before online SPE–LC–MS/MS analysis. The peak areas
obtained in these samples were compared with those obtained
in online SPE–LC–MS/MS analysis of HPLC water spiked at
an equivalent concentration (1 ng mL-1).

Quality controls were prepared by spiking analyte-free let-
tuce extracts at a concentration of 50 ng g-1 dw, and they were
analyzed every six samples. Blanks consisting of the lettuce
used in the validation study fortified only with the surrogate
standard mixture were also analyzed to confirm the absence of
the target analytes in this matrix, and blanks consisting of
HPLC-grade water were also injected after every quality con-
trol sample to confirm the absence of carryover or memory
effects.
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Experimental design for the uptake study

In May 2016, nine plants (three controls and six replicates) of
lettuce (Lactuca sativa L. ‘Maravilla de Verano-Canasta’) at
approximately the four-leaf stage were purchased from a local
plant nursery and transplanted individually into 0.20-m-deep
poly(ethylene terephthalate) pots filled with about 2000 ± 20 g
of organic substrate for horticulture. Lettuce plants were left to

grow on the terrace of a three-story building under natural
sunlight (Institute of Environmental Assessment and Water
Research, Barcelona, Spain). After 5 days of acclimation,
the plants were irrigated daily with 100 mL of tap water con-
taining the selected drugs at a concentration of 200 ngmL-1 by
pouring the water directly onto the soil. Control plants were
irrigated with 100 mL of tap water. Sodium thiosulfate [1 mL
of a 1.8% (m/v) solution] was used to remove residual

Table 1 Optimum conditions for
the liquid chromatography (LC)–
positive electrospray ionization
tandemmass spectrometry (ESI(+
)-MS/MS) analysis of the target
analytes

Analyte tR (min) SRM transitionsc DP (V) CE (eV) CXP (V) SRM1/SRM2

TMP 9.2 291 > 230 72 35 10 1.2
291 > 123 86 31 20

TMP-d3 9.2 294 > 230 86 37 10

LMG 11.2 256 > 211 86 37 12 1.1
256 > 109 86 70 6

LMG-13C3 11.2 259 > 214 86 37 12

COC 12.5 304 > 182 70 30 10 3.3
304 > 77 70 90 15

COC-d3 12.5 307 > 77 70 90 15

MDZ 15.1 326 > 291 102 38 16 4.3
326 > 249 102 52 18

MDZ-13C6 15.1 332 > 297 106 39 16

VSA 15.3 267 > 206 66 25 12 2.7
267 > 178 66 43 14

VSA-d4 15.3 271 > 182 71 25 12

OxCBZa 15.4 253 > 236 61 21 14 1.3
253 > 180 61 41 14

CDMb 16.3 415 > 178 60 35 10 2.0
415 > 109 60 90 4

ACRa 16.4 196 > 167 101 48 14 2.9
196 > 139 101 72 10

CBZ 17.3 237 > 194 61 29 14 4.6
237 > 192 61 31 12

CBZ-d10 17.2 247 > 204 71 29 18

MTD 18.3 310 > 265 45 20 15 2.7
310 > 105 45 40 15

MTD-d3 18.2 313 > 268 60 20 15

VST 22.7 436 > 235 66 27 12 1.0
436 > 207 66 37 16

VST-d3 22.7 439 > 235 71 27 14

IBU 23.9 207 > 161 63 14 9 2.0
207 > 119 63 32 5

IBU-d3 23.9 210 > 164 66 15 12

DCF 24.0 296 > 214 40 45 16 0.9
298 > 216 46 45 12

DCF-d4 23.9 302 > 218 46 43 12

ACR acridone, CBZ carbamazepine, CDM cis-diltiazem, CE collision energy, COC cocaine, CXP cell exit
potential, DCF diclofenac, DP declustering potential, IBU ibuprofen, LMG lamotrigine, MDZ midazolam,
MTD methadone, OxCBZ oxcarbazepine, SRM selected reaction monitoring, TMP trimethoprim, VSA valsartan
acid, VST valsartan
a Compound quantified with CBZ-d10 as a surrogate standard.
b Compound quantified with MDZ-13C6 as a surrogate standard.
c Quantification SRM transition is highlighted in italic.
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chlorine (approximately 0.6 mg L-1) present in the tap water
used for irrigation. Application of fertilizers and pesticides and
irrigation were performed as needed to ensure optimal crop
growth. No rainfall occurred during the experimental period.
Mature lettuces were harvested after 60 days by cutting them
just below the cotyledonary node, and were processed for
analysis in triplicate as described earlier in BSample
preparation^ and BSample extraction and cleanup^ sub-
sections.

Results and discussion

Optimization of sample extraction and cleanup

Themost efficient extraction approach (described in the electron-
ic supplementary material) was selected after evaluation of ana-
lyte absolute recoveries in filtered extracts. For this, analyte peak
areas obtained after LC–MS/MS analysis of filtered extracts and
standard solutions prepared with a mixture of H2O–MeOH at
equivalent concentrations (100 ng mL-1) were compared.
Besides the extraction efficiency, other factors such as extraction
time and cost were also considered in the final decision.

Analyte absolute recoveries indicated the ACN–MeOH ex-
traction mixture to be one of the best options to extract the
target compounds from lettuce leaves, as can be observed in
Fig. S4. Good recoveries were achieved with this solvent mix-
ture in USE, SLE, and QuEChERS-based extraction. Overall,
the poorest extraction yields were obtained when a mixture of
hexane–acetone was used.

Although the analytes were successfully extracted by SLE
with different extraction mixtures—that is, ACN–MeOH (1:1,
v/v) and MTBE–MeOH (1:1, v/v)—this technique was not
selected because the recoveries obtained for most analytes
presented high variability (RSD >20%) and it is a very time-
consuming technique (extraction time of 16 h).

QuEChERS-based extraction has been the technique of
choice of several authors [26, 31, 32] to extract pharmaceuti-
cals and personal care products from plant tissues. However, it
was not used further in our study because we obtained recov-
ery values of less than 50% for more than half of the target
compounds (see Fig. S4).

PLE was not selected because the acidic compounds
diclofenac, ibuprofen, valsartan, and valsartan acid were not
recovered at all by means of the PLE approaches tested. This
could be attributed to the low extraction temperature used (up to
80 °C) to avoid thermal degradation of the analytes, or the use
of the incorrect extraction solvent, because these are factors that
can severely affect the extraction efficiency [33]. Other authors
used water as an extraction solvent to recover pharmaceuticals
from plant tissues [26]. For instance, Chuang et al. [26] reported
recoveries greater than 70% for PLE of carbamazepine and
trimethoprim with different ACN–MeOH–H2O mixtures.

However, according to our results, these compounds were also
efficiently PLE- extracted with a different polar solvent mix-
ture, i.e., MeOH–acetone.

Therefore, taking all the aforementioned findings into con-
sideration, we finally selected USE for further optimization.
Since preliminary tests were performed using individual sol-
vents sequentially, the USE- extraction recoveries provided by
solvent mixtures were also evaluated. For this, spiked lettuce
samples were extracted with two USE cycles using either
ACN–MeOH (1:1, v/v), or hexane–acetone (1:1, v/v), or the
aforementioned mixtures in sequence. The results, shown in
Fig. S5, confirmed the ACN–MeOH mixture as the best ex-
traction solvent mixture. Unfortunately, this extraction solvent
mixture proved very difficult to evaporate, as it left a viscous
residue that was difficult to evaporate and resuspend (experi-
mentally observed and reported by Bragança et al. [31] as
well). For this reason, 2 mL of water was added to the extrac-
tion solvent mixture. To solve the problem of suspended par-
ticles, all samples were filtered through 0.2-μm PTFE filters.

Although a good signal was obtained for most target
analytes in LC–ESI-MS/MS analysis of filtered USE extracts,
a cleanup approach was considered to avoid precipitation of
matrix components in the ionization source, and thus frequent
cleanup of the source, and ultimately, to increase method ro-
bustness. Following the recommendations provided in peer-
reviewed analytical studies [28, 34], the suitability of a clean-
up step based on hexane washes was evaluated. Analyte re-
coveries in hexane-washed extracts are provided in Fig. S6.
The results obtained indicated that this procedure was not
effective for extract cleanup because of the losses of many
analytes during the process. Furthermore, this step resulted
in very high RSD values because waxy or fatty components
were not completely removed [28] and/or the need of inten-
sive manual sample handling.

An SPE-based cleanup of the extract was also evaluated, as
this technique may increase method sensitivity because of
extract preconcentration and removal of matrix interferences
that are not retained in the SPE sorbent, and can be completely
automatized, which reduces sample handling and consequent-
ly improves method precision. The extraction recoveries of
the analytes on two generic SPE sorbents (i.e., Oasis HLB
and HySphere Resin GP) was evaluated through the analysis
of HPLC water fortified with the target analytes at a concen-
tration of 0.1 ng mL-1. The results obtained are shown in
Fig. 1. As it can be observed in this figure, both sorbents
provided similar average extraction recoveries. However,
Oasis HLB was chosen for the excellent RSD values (n = 3)
provided, less than 10%, except for diclofenac (15%).

LC–ESI-MS/MS analysis

Optimum MS conditions under positive and negative ioniza-
tion were obtained for each target analyte after infusion of
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individual standard solutions (0.5–1 μg mL-1) into the mass
spectrometer. The carboxylic acid bearing compounds
diclofenac, ibuprofen, valsartan, and valsartan acid were
found to be amenable to both positive and negative ESI, with
the latter providing higher signal intensity. However, they
were all analyzed in the positive polarity mode so that all
target compounds could be determined in a single analytical
run, reducing analysis time and cost, and contributing with the
latter to the development of a Bgreen^ analytical approach.

Furthermore, the analysis of ibuprofen in positive ESI
mode allowed us to register two SRM transitions, which is
an important criterion required by EU legislation for reliable
identification of organic residues in food [35]. The ibuprofen
molecule fragments poorly in negative ESI mode, providing
only one SRM transition for its analysis (Gros et al., 2006).

Different LC mobile phases with ACN, MeOH, or a mix-
ture of both (1:1) as organic constituents and with and without
pH modifiers in the aqueous phase (0.1% formic acid for pH
2.7, 10 mM ammonium formate for pH 4, and 10 mM ammo-
nium acetate for pH 6) were tested to maximize the signal of
the target analytes. The use of acidified MeOH provided the
highest MS signal for all target compounds but ibuprofen, and
good chromatographic peak shape in all cases. However,
MeOH had to be replaced by ACN to produce narrow and
symmetric peaks when we switched to online SPE–LC–MS/
MS mode. This was because ACN has a higher elution
strength than MeOH, which is required to properly elute the
target compounds from the SPE cartridge.

A representative total ion chromatogram and representative
extracted ion chromatograms of the target analytes obtained after
online SPE–LC–ESI(+)-MS/MS analysis of a lettuce sample
fortified at a concentration of 50 ng g-1 dw are shown in Fig. 2.

Method validation

Method performance was evaluated in terms of linearity, ana-
lyte recovery, repeatability, sensitivity, and matrix effects as
described in BMethod validation^ in BMaterials and
methods.^ Validation results are provided in Table 2.

The MS signal response was linear from the analyte limit of
quantification to 500 ng g-1 dw for all analytes, but for acridone,
cis-diltiazem, diclofenac, lamotrigine, and valsartan acid, for
which the linearity range extended only up to 400 ng g-1 dw
or even 300 ng g-1 dw in the case of valsartan acid. Coefficients
of determination (r2) higher than 0.998 were obtained for all
calibration curves. All curves were constructed by linear
weighted least-squares regression with 1/x as the weighting
factor, and including at least six calibration points, for which
the predicted concentration did not differ by more than 20%
(exceptionally 25%) from the theoretical concentration.

Recoveries of the overall method were calculated by anal-
ysis of lettuce leaf samples (n = 6) fortified at 50 and 400 ng g-
1 dw. As shown in Table 2, the absolute and relative analyte
recoveries obtained at both concentrations were, in general, in
good agreement. The lowest overall method absolute recover-
ies were observed for ibuprofen and valsartan acid (around
30%). These low recoveries can be explained by pronounced
ionization suppression effects observed in the case of ibupro-
fen (81%) (see Table 2) and the low recoveries provided by the
SPE cartridge for valsartan acid (30%) (see Fig. 1). However,
extraction losses and matrix effects can be well compensated
by the use of isotopically labeled surrogates as indicated by
relative recovery values, which were between 81% and 119%
in all cases, but for acridone, oxcarbazepine, and cis-diltiazem.
The deviations observed in the relative recoveries of the afore-
mentioned compounds can be attributed to the fact that isoto-
pically labeled analogues were not available for these com-
pounds, and thus isotopically labeled analogues of structurally
rela ted compounds (e .g. , carbamazepine-d10 for
oxcarbazepine) or closely eluted compounds with similar ab-
solute recoveries (e.g., carbamazepine-d10 for acridone and
midazolam-d3 for cis-diltiazem) were used. Method repeat-
ability was satisfactory for all target compounds, with RSD
values below 9% for all analytes. The online SPE cleanup
process contributed to improving the precision of the method
because it reduced sample handling. This parameter was neg-
atively affected when the extracts were hexane-washed to re-
move undesired matrix components (see Fig. S6).

All target analytes but cis-diltiazem, methadone, and
valsartan acid were subject to ionization suppression ef-
fects, as shown in Table 2. The MS signal was reduced
between 12% (trimethoprim) and 81% (ibuprofen). In ad-
dition to ibuprofen, ionization of acridone, lamotrigine,
and oxcarbazepine was seriously reduced (by more than
50%) by lettuce matrix components. Besides correcting
for analyte losses, isotopically labeled compounds added

Fig. 1 Absolute recoveries of target analytes in the solid-phase extraction
sorbents evaluated. ACR acridone, CBZ carbamazepine, CDM cis-diltia-
zem, COC cocaine, DCF diclofenac, IBU ibuprofen, LMG lamotrigine,
MDZ midazolam, MTD methadone, OxCBZ oxcarbazepine, TMP tri-
methoprim, VSA valsartan acid, VST valsartan
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as surrogate standards also contributed to compensate for
matrix-derived ionization effects.

With regard to method sensitivity, the method developed
allowed detecting and quantifying most of the target analytes in

lettuce leaves at concentrations as low as 0.1 ng g-1 dw, and 0.5 ng
g-1 dw in the case of diclofenac. The highest method detection
limit and method quantification limit were obtained for
lamotrigine, as 12.6 ng g-1 dw and 42.0 ng g-1 dw, respectively.

Fig. 2 Total ion chromatogram (a) and extracted ion chromatograms (b)
obtained for the target analytes after online solid-phase extraction –liquid
chromatography–positive electrospray ionization tandem mass

spectrometry analysis of a lettuce leaf sample fortified at a concentration
of 50 ng per gram dry weight

5382 N. Montemurro et al.



Uptake of selected drugs by lettuce plants

The optimized and validated analytical method was applied to
determine the occurrence of selected drugs in the leaves of the

lettuce plants used in the uptake study. The leaves of each
individual plant were analyzed in triplicate. Leaves of control
plants (i.e., lettuces that were not irrigated with the target drugs)
were found to be free of drugs; however, all experimental plants

Fig. 2 (continued)
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accumulated the investigated drugs to some extent. The con-
centrations measured are summarized in Fig. 3. All analytes
were detected in all investigated samples, but ibuprofen and
valsartan acid that were detected in only a few plants at con-
centrations below the method quantification limit. The com-
pounds that accumulated the most in lettuce leaves were carba-
mazepine followed by methadone, cis-diltiazem, and cocaine,
presenting average concentrations above 100 ng g-1 dw in all

the samples analyzed (1497, 475, 215, and 170 ng g-1 dw,
respectively). Since carbamazepine concentrations exceeded
the method linearity range for this compound, samples were
diluted and reanalyzed. Carbamazepine was reported by other
authors to potentially move inside the plant, and to accumulate
preferably in plant leaves rather than in roots [36]. The lowest
concentrations were observed for acridone, diclofenac, ibupro-
fen, valsartan acid, and valsartan, with average values below

Table 2 Performance of the method for the different target analytes in
lettuce leaf samples: linearity (coefficients of determination, r2), ultrasonic
solvent extraction (USE) recovery, solid-phase extraction (SPE) recovery,

absolute recovery (AR) and relative recovery (RR) of the overall method,
method repeatability (relative standard deviation, RSD), matrix effects,
method detection limit (MDL) and method quantification limit (MQL)

Compound Linearity USE recoveryc (%) SPE recoveryd (%) Method recoverye Repeatibilityf

RSD (%)
Matrix
effectg (%)

MDLh

(ng g-1 dw)
MQLi

(ng g-1 dw)
(r2) AR (%) RR (%)

ACRa 0.9990 76 56 56/57 58/74 4/5 -70 3.2 10.0

CBZ 0.9986 88 70 78/75 81/97 1/1 -47 0.2 1.0

CBZ-d10 96 4

CDMb 0.9994 85 78 43/57 99/146 4/4 0 0.2 0.8

COC 0.9992 87 82 53/59 103/119 1/1 -29 3.6 12.0

COC-d3 51 5

DCF 0.9992 75 140 97/85 105/110 2/2 -25 0.1 0.5

DCF-d4 92 5

IBU 0.9999 83 136 29/25 94/91 8/3 -81 4.8 15.8

IBU-d3 31 7

LMG 0.9986 75 53 45/45 102/105 4/2 -57 12.6 42.0

LMG-13C3 44 3

MDZ 0.9998 66 61 43/43 103/111 1/2 -20 0.6 2.0

MDZ-13C6 42 5

MTD 0.9990 93 91 55/68 91/119 1/3 13 0.6 2.0

MTD-d3 60 4

OxCBZa 0.9994 83 68 69/57 72/74 2/5 -53 1.4 4.0

TMP 0.9998 82 63 70/63 98/106 2/1 -12 2.2 8.0

TMP-d3 72 8

VSA 0.9996 85 30 31/19 96/111 2/9 11 2.0 10.0

VSA-d4 32 4

VST 0.9999 77 46 96/61 97/104 1/1 -25 0.4 2.0

VST-d3 98 3

a Compound quantified with CBZ-d10 as the internal standard-
b Compound quantified with MDZ-13C6 as the internal standard
c Evaluated at 50 ng g-1 dw by comparison of the peak areas obtained in the online SPE–LC–MS/MS analysis of lettuce extracts fortified before and after
the USE

dEvaluated at 0.1 ng mL-1 by comparison of the peak areas obtained in the online SPE–LC–MS/MS analysis of high-performance LC (HPLC)-grade
water and LC–MS/MS of a standard solution at an equivalent concentration
e AR and RR calculated at 50 and 400 ng g-1 dw (corresponding values separated by a slash) by comparison of peak areas obtained in the online SPE–
LC–MS/MS analysis of lettuce extracts fortified before USE and LC–MS/MS analysis of a standard solution at an equivalent concentration.
f Calculated as the RSD of the analyte recoveries
g Calculated at 200 ng g-1 dw by comparison of the peak areas obtained in the online SPE–LC–MS/MS analysis of lettuce extracts fortified after USE and
online SPE–LC–MS/MS analysis of HPLC-grade water spiked at an equivalent concentration (1 ng mL-1 )
h Estimated from the mass spectrometry signal observed in the real samples or the recovery samples at 50 ng g-1 dw
i Estimated from the mass spectrometry signal observed in the real samples or the recovery samples at 50 ng g-1 dw
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30 ng g-1 dw. This could be attributed to a low potential for
uptake, translocation, or accumulation of these compounds by
lettuce plants, due to plant physiology itself or compound deg-
radation in the soil. In the case of diclofenac, these low con-
centrations are in agreement with previous studies that reported
slightly higher amounts of diclofenac in plant roots than in
leaves [34, 36, 37]. The results from this study clearly showed
that lettuce is capable of taking pharmaceuticals up from soil
and water, and accumulating them in edible parts.

Conclusions

After comparison of different techniques to extract drugs from
lettuce leaves, a novel analytical method based on USE
followed by a SPE-based extract purification approach con-
nected in series to the LC–ESI-MS/MS instrument was opti-
mized and validated for the reliable quantification of 13 drugs.
The drugs selected have been reported to be commonly pres-
ent in wastewater treatment plant effluent water, and conse-
quently they are likely to be taken up and accumulated by
crops irrigated with reclaimed water. Satisfactory relative re-
coveries (72–103%) were obtained for all compounds but
those for which isotopically labeled analogues were not avail-
able (acridone, cis-diltiazem, and oxcarbazepine), with RSD
values below 9% in all cases. The validated method allows the
detection and quantification of the selected compounds in let-
tuce leaves in the low nanogram per gram dry weight range.
This method was applied to evaluate drug uptake by lettuces.
The results revealed that all investigated drugs could enter
lettuce after irrigation of the plant with water fortified
(contaminated) with the drugs selected. This work represents
the first step to provide novel knowledge of the behavior of
these organic compounds in the water–soil–plant system, as
some of them were investigated for the first time in plant

tissues (i.e., cocaine, methadone, midazolam, cis-diltiazem,
valsartan, and valsartan acid). Future work will be directed
to further investigate the fate of the selected compounds in
the plant root system and in the soil, and the effect that a
contaminated soil may have on new plant individuals, so that
the main mechanisms driving the uptake and accumulation of
these drugs in the plant can be identified, and the potential risk
of consuming edible plants contaminated with these products
to human health can be correctly assessed.
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