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epartment of Analytical Chemistry, Faculty of Chemical Engineering and Technology, University of Zagreb, Marulićev trg 19, 10000 Zagreb, Croatia
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The  matrix  solid-phase  dispersion  (MSPD)  technique  accompanied  with  LC–MS/MS  detection  for
the  purpose  of determination  of 12  pharmaceuticals  (sulfaguanidine,  sulfadiazine,  sulfamethazine,
sulfamethoxazole,  trimethoprim,  roxithromycin,  praziquantel,  febantel,  enrofloxacin,  ciprofloxacin,
norfloxacin  and  procaine)  applied  to  sediment  samples  has  been  described  in  this  paper.  Different  param-
eters,  such  as the  type  of  solid  phase,  the elution  solvent  and  its volume  have  been  investigated.  The
analytes  were  successfully  extracted  by C18  as an  MSPD  sorbent  with  5 mL  of  acetonitrile:5%  of  oxalic
harmaceuticals
atrix solid-phase dispersion

iquid chromatography–tandem mass
pectrometry
ediment

acid  = 6:4  (v/v)  as  an  elution  solvent.  The  proposed  method  provides  a linear  response  over  the  con-
centration  range  of 0.0005–100  �g/g,  depending  on pharmaceuticals  with  correlation  coefficients  above
0.9928 in  all  cases  except  for trimethoprim  (0.9889).  Also,  the  method  has  revealed  low  limits  of  detection
(0.125–500  ng/g),  good  precision  (intra  and inter-day),  a  relative  standard  deviation  below  15%  and  recov-
eries  above  80%,  except  for roxithromycin,  febantel  and  enrofloxacin.  The  method  has  been  successfully
applied  to  analysis  of  different  sediment  samples.
. Introduction

Pharmaceuticals represent a large and diverse group of com-
ounds designed to prevent, cure and treat diseases and improve
ealth. They are utilized in significant quantities throughout the
orld. For example, in the European Union (EU), around 3000 dif-

erent pharmaceutically active compounds have been approved for
se in human medicine. Although the effects of pharmaceuticals
ave already been identified as an emerging problem in envi-
onmental chemistry [1],  the potential environmental impacts of
heir production and use are slightly understood and have recently
ecome a topic of research interest [2].  Residues of pharmaceutical
ompounds end up in the environment due to common prac-
ices of their usage which facilitates improvement of the state of
ealth of both humans and animals. The concentration of pharma-
euticals in the environment, their evolution with time and their
ossible effects depend not only on the quantity of manufactured
rugs and the dosage frequency but also on their amount when
eing discharged from wastewater treatment plants (WWTPs)

3]. In contrast to the aquatic environment, the occurrence and
he fate of pharmaceuticals in solid matrices, such as soil and
ediment have not been thoroughly studied yet. Animal origin
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pharmaceuticals, including aquaculture-derived compounds, con-
tribute significantly to the occurrence of pharmaceuticals in solid
matrices due to their patterns of application.

The fate and degradation pathway of pharmaceuticals released
into the environment vary depending on the physicochemical prop-
erties of compounds. The mobility of compounds greatly depends
on water solubility, the octanol–water partitioning coefficient and
the organic carbon contents of the sorbent. For example, tetra-
cyclines show the highest sorption coefficient compared to other
major antibiotics and sulfonamides which are usually relatively
mobile. These trends help us predict where compounds can be
found in the environment. In terms of the major antibiotic classes,
sulfonamides are most commonly detected in groundwaters due
to their high mobility. Several complex processes can be involved
in the sorption mechanism of pharmaceuticals in solid matri-
ces. This does not comprise only hydrophobicity but also cation
exchange, cation bridging, surface complexation and hydrogen
bonding, which all play important roles in retaining pharmaceu-
ticals on a solid matrix [4].  The sorption and fixation of antibiotics
is strongly governed by the property of numerous compounds to
ionize depending on the pH of a medium. The log Kow coefficients
of ionizing compounds change considerably in a pH range around
the pKa. The adsorption coefficients Kd of sulfonamides increased

when the soil pH decreased. This was related to the ionization of
amphoteric sulfonamides [5].

Many analytical methods have been developed for determina-
tion of pharmaceuticals in environmental samples.

dx.doi.org/10.1016/j.chroma.2012.08.025
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:dragana.mutavdzic@gmail.com
mailto:dmutavdz@fkit.hr
dx.doi.org/10.1016/j.chroma.2012.08.025
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Concerning pharmaceutical extraction procedures from soils
nd sediments, a number of alternative techniques exist along
raditional extraction methods. The former include microwave
ssisted solvent extraction (MASE) [6],  ultrasonic solvent extrac-
ion (USE) [7–9], microwave assisted micellar extraction (MAME)
3],  accelerated solvent extraction (ASE) [7,10] and/or pressurized
iquid extraction (PLE) [1,2,9,11]. These alternative procedures have
hown clear advantages in terms of time and solvent consumption,
hough some of them require utilization of expensive equipment.
lso, the above extraction techniques are followed by the clean-up
tep with solid-phase extraction (SPE). Matrix solid-phase dis-
ersion (MSPD), a process allowing simultaneous extraction and
lean-up of analytes from solid samples, can also be used as an
lternative technique to classical extraction methods with signifi-
ant reduction in solvent consumption and requires no particularly
xpensive instrumentation. MSPD has been mainly used for extrac-
ion of organic environmental pollutants from food and biological

atrices [12], but to our knowledge it has not been applied to
xtraction of pharmaceuticals from sediment samples. The perfor-
ance of MSPD is mainly affected by the column packing technique

nd the elution procedure. Particularly, analyzed samples (solid
r semi-solid) are blended with a suitable adsorbent (e.g. C18) to
orm a homogenous packing material. After successful packing, the
ample/adsorbent column is eluted by a stepwise solvent program
imilar to SPE [13].

Pharmaceuticals are usually determined by chromatographic
ethods, precisely GC or LC after the extraction and preconcentra-

ion step. LC is a more preferable chromatographic method since
o time-consuming derivatization is needed because most phar-
aceuticals are polar substances [1,14].  The majority of current

nalytical methods for separation and detection of pharmaceuticals
efer to liquid chromatography coupled with mass spectrometry
LC–MS). LC with a single quadrupole MS  analyzer offers good sensi-
ivity, but when very complex matrices such as solid environmental
amples are investigated, insufficient selectivity often impairs the
nequivocal identification of analytes. Tandem MS guarantees
uperior performance in terms of sensitivity and selectivity in
omparison with single quadrupole instruments. Therefore, liquid
hromatography–tandem mass spectrometry (LC–MS/MS) is the
est choice when determining polar pharmaceuticals in environ-
ental samples [15,16].
Simultaneous analysis of several groups of compounds with

uite different physico-chemical characteristics generally requires
 compromise in the selection of experimental conditions, which,
n some cases, means failing to obtain the best performance for each
ompound. However, developing a multi-group method is reward-
ng as it can be applied in routine analysis, providing a large amount
f data [17].

A novel, rapid, sensitive, an environmentally friendly and inex-
ensive multi-residue method has been proposed in this paper
or the purpose of simultaneous extraction of 12 commonly used
harmaceuticals with a variety of structures and different physico-
hemical properties (sulfaguanidine, sulfadiazine, sulfamethazine,
ulfamethoxazole, trimethoprim, roxithromycin, febantel, praz-
quantel, enrofloxacin, norfloxacin, ciprofloxacin and procaine)
rom sediments. These compounds were selected on the basis of
heir vast production and consumption worldwide, especially in
eterinary practices. The selected pharmaceuticals belong to dif-
erent therapeutical classes: nine antibiotics, two anthelmintics
nd one anesthetic. The developed analytical method involves
atrix solid-phase dispersion (MSPD) as a sample preparation

echnique and determination by LC–ESI-MS/MS. The advantage

f the MSPD method over other reported applications thereof
12,18–27] reflects in its suitability for a wide range of compounds
nd matrices and for reduction of usage of organic solvents, which
esults in a decrease of the analysis costs and in safeguarding the
matogr. A 1258 (2012) 1– 15

integrity of the analyst and the environment. The performance of
the method was evaluated through estimation of the linearity, sen-
sitivity, repeatability and reproducibility. Finally, the method was
successfully applied to the analyses of selected pharmaceuticals in
different sediment samples.

2. Experimental

2.1. Reagents, standards, materials

The studied pharmaceuticals are as follows: praziquantel
(PRAZ), febantel (FEBA), trimethoprim (TMP), norfloxacin (NOR),
ciprofloxacin (CIPRO), enrofloxacin (ENRO), sulfaguanidine (SGUA),
sulfadiazine (SDIAZ), sulfamethazine (SMET), sulfamethoxazole
(SMETOX), procaine (PROC) and roxithromycin (ROXI). High purity
(>99%) analytical standards of pharmaceuticals were obtained from
Veterina Animal Health Ltd. (Kalinovica, Croatia) (PRAZ, FEBA, TMP,
ENRO, SGUA, SDIAZ, SMET and PROC) or supplied by Sigma–Aldrich
(NOR, CIPRO, SMETOX and ROXI). The studied pharmaceuticals and
their physico-chemical properties are shown in Table 1.

A stock solution of a pharmaceutical mixture was prepared by
dissolving accurate quantities of powdered standards in acetoni-
trile:water = 1:1 (v/v), and stored far away from light at 4 ◦C. The
mass concentrations of each pharmaceutical in the stock solution
were as follows: 10 �g/mL for PRAZ and FEBA; 50 �g/mL for ENRO,
PROC, SMETOX, SMET and TMP; and 100 �g/mL for SGUA, SDIAZ,
NOR, CIPRO and ROXI. Working standard solutions were prepared
from this stock by serial dilution. All the used solvents belonged to
the HPLC-grade and were supplied by Kemika (Zagreb, Croatia).

The polypropilene SPE empty reservoir (3 mL)  and adequate
20 �m polyethylene frits were purchased from Agilent (Santa Clara,
CA, USA).

MSPD sorbents Florisil PR and C18 ODS were purchased from
Agilent (Santa Clara, CA, USA) with average particle size 45 �m and
average pore size 60 Å.

2.2. Sampling and sample characterization

Several sediment samples were obtained from different Croa-
tian regions, the Zadar County (sediment 1 and sediment 2), the
Lika-Senj County (sediment 3) and the City of Zagreb (sediment 4).
Once in the laboratory, samples were air-dried and grinded to pass
through a sieve with 2-mm openings.

These sediment samples were characterized. The particle size
analysis was  set out by the Pippete method which is based on sed-
imentation of particles by their gravity [30]; organic matter (OM)
content by the Kochman method which consists of organic matter
oxidation using potassium permanganate and oxalic acid; sedi-
ment pH values in 1 M KCl with a sediment to solution ratio of
20 g:50 mL  was determined with a pH meter (Mettler Toledo, USA);
sediment electrical conductivity (EC) values in water with a sedi-
ment to water ratio of 20 g:50 mL  was  determined by an inoLab
Cond 720 conductometer (Weilheim, Germany) and the content
of calcium carbonate by volumetric measurements by calcimetry
[30]. Their mechanical composition and basic chemical properties
are presented in Table 2.

The sediment samples were different in texture (sandy, sandy
loam and clay texture) with a different content of calcium carbon-
ate, low level of organic matter (<5%) and pH values. Due to the
above features of the sediments, it would be very interesting to
investigate how their compositions influence the extraction effi-

ciency of pharmaceuticals.

The sediment samples which were free of pharmaceuticals (sed-
iment 1) by means of preliminary analysis were used as a control
blank and for optimization and validation of the method. Spiked



D. Mutavdžić Pavlović et al. / J. Chromatogr. A 1258 (2012) 1– 15 3

Table 1
Chemical structure and physico-chemical properties of studied pharmaceuticals.

Empirical formula CAS no. pKa [28] log Kow [29] log Koc [29]

SDIAZ

S
N

N

N
H

O O

NH2 68-35-9 2.10; 6.28 −0.09 1.87

SMET

S
N

N

N
H

O O

NH2

CH3

CH3

57-68-1 2.28; 7.42 0.19 2.28

SGUA

S
N
H

O O

NH2

NH2

NH

57-67-0 1.55; 11.24 −1.22 1.70

SMETOX

N

OH

CH3

S
N
H

O O

NH2 723-46-6 1.83; 5.57 0.89 2.41

TMP

N

NNH2

NH2

OCH3

OCH3
OCH3 738-70-5 3.23; 6.76 0.91 2.86

ROXI

OO

CH3

HO

CH3

O

CH3

OH

CH3

OH
CH3

O

N

OH

CH3
O

N

CH3

CH3

OH
O

OMe
CH3

CH3

O O
O
CH3

80214-83-1 9.17 2.75 3.98

PRAZ

N

N
O

H

O

55268-74-1 n.a. 2.42 3.55

FEBA

S N

N
H

HN

O

N
H

O

O

CH3

O

O

O
CH3

CH3

58306-30-2 n.a. 1.53 3.62
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Table 1 (Continued)

Empirical formula CAS no. pKa [28] log Kow [29] log Koc [29]

ENRO
N

N N

O

F

CH3-CH 2

COOH

93106-60-6 5.86; 8.24 0.70 1.17

CIPRO
N

N N

O

F COOH

H
85721-33-1 6.68; 8.63 0.28 0.90

NOR N

N N

O

F COOH

H 70458-96-7 6.22; 8.38 −1.03 1.27

NH2

-46-1
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PROC COOCH2CH 2N(C2H5)2 59

.a., not available.

ediment samples were prepared by adding 2 mL  of the standard
olution of investigated analytes to 2 g of the sediment. The spiked
ediments were allowed to air dry at the room temperature for 24 h.

.3. Matrix solid-phase dispersion (MSPD)

C18 and Florisil sorbents were air-dried and cleaned before
se. Both sorbent types were first washed three times with
-hexane and then three times with methanol. Actually, Florisil
as activated at 160 ◦C before the washing. 50 mg  of the sedi-
ent was placed in a glass mortar with 100 mg  of the previously

leaned sorbent material. The materials were mixed in the glass
ortar using a glass pestle to obtain a homogeneous material

or the MSPD column. After the blending had been completed
after 2–3 min), the sample was packed into an empty column
ontaining a polyethylene frit at the bottom. The second frit was
laced on top of the sample by careful compression with a syringe
lunger. The packed column was attached to a vacuum manifold
VisiprepTM 24, Supelco) coupled with a small vacuum pump
hile the flow was adjusted to 1 mL/min. The pharmaceuticals
ere then extracted using 5.0 mL  of acetonitrile:5% of oxalic

cid = 6:4 (v/v). All the extracts were evaporated to dryness using
 rotary vacuum evaporator in a water bath at 40 ◦C, redissolved in
.0 mL  of acetonitrile:water = 1:1, and filtered through a 0.45 �m

embrane filter before HPLC analysis. The extraction solvent and

olume described above are based on the optimized procedure.
uring the optimization assays, a similar experimental procedure
as followed using different pure solvents (methanol, ethanol,

able 2
extural and chemical properties of the four tested sediments.

Sediment Coarse sand (%) Clay (%) Silt (%) Fine s

Sediment 1 15.40 0.35 0.15 84.10
Sediment 2 30.25 0.15 0.35 69.25
Sediment 3 0.65 0.25 0.45 98.65
Sediment 4 66.25 0.05 0.10 33.60
 2.24; 8.84 2.14 2.40

acetone, 1-prophanol, 2-prophanol, acetonitrile, dichloromethane
and water (different pH values)) and also mixtures of
methanol and acetonitrile with water (methanol:water = 6:4,
methanol:water = 7:3, methanol:water = 8:2, acetonitrile:water
= 6:4, methanol:water = 7:3 and acetonitrile:water = 8:2) and dif-
ferent acids (oxalic acid, acetic acid, hydrochloric acid, phosphoric
acid and trifluoroacetic acid). Different elution volumes (5.0,
7.0, and 9.0 mL)  and solid supports (C18 and Florisil) were also
applied. Fulfilling the final optimized conditions, 50 mg  (weighed
accurately) of the sediment sample was first soaked in 50 �L of
a saturated methanolic potassium hydroxide solution in a glass
mortar and then 100 mg  of Florisil and 0.5 g of anhydrous sodium
sulphate were added. The mixture was thoroughly blended with
the pestle to obtain complete disruption and dispersion of the
sample on the solid support. The blending was followed (after
1 min) by packing the homogeneous mixture into a column con-
taining a layer of 100 mg  of Florisil at the bottom. These materials
act as co-column or clean-up phases in the cartridge elution.

2.4. LC–ESI-tandem MS  analysis

The LC analysis was performed using an Agilent Series 1200
HPLC system (Santa Clara, CA, USA) equipped with a Synergy Fusion
C18 embedded column (150 mm × 2.0 mm,  particle size 4 �m)  and

supplied by Phenomenex. The mobile phase used in the chromato-
graphic separation consisted of a binary mixture of eluent A (0.1%
formic acid in MilliQ water) and eluent B (0.1% formic acid in
acetonitrile). A simultaneous mobile phase gradient program was

and (%) pH EC (�S/cm) OM (%) CaCO3 (%)

 7.52 124.0 2.91 8.34
 7.73 200.2 1.69 33.3
 3.97 20.0 2.79 3.17

 7.09 150.6 4.50 3.58
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Table 3
LC–ESI-MS/MS conditions for the analysis of selected pharmaceuticals in MRM  mode.

Compound Retention time (min) Precursor ion (m/z) Quantification transitiona (m/z) Confirmation transitiona (m/z) Fragmentor voltage CEb (eV)

SGUA 2.7 215 92 156 100 20
SMET 17.5  279 92 156 130 30
SDIAZ 14.5 251 156 92 110 20
SMETOX 19.7 254 92 156 120 20
TMP 14.3  291 230 123 135 30
ROXI  19.7 838 158 679 135 20
PRAZ  22.4 313 83 174 135 30
FEBA  23.5 447 383 415 110 30
ENRO 16.4  360 245 342 135 30
CIPRO 15.9 332 314 288 130 20
NOR 15.7  320 302 276 130 20
PROC  10.9 237 100 120 100 20
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In an attempt to extract the 12 studied compounds simul-
taneously, it was important to consider their physicochemical

Table 4
Sorption data for some investigated pharmaceuticals in soils and sediment samples
[5].

Compound Matrix; texture/pH/OM% Kd (L kg−1) Koc (L kg−1)

SDIAZ Silt loam/7.0/1.6 2.0 124
Clay-loam/6.2/3.1 2.5 81

SMET Sand/5.2/0.9 1.2 174
Loamy sand/5.6/2.3 3.1 125
Sandy loam/6.3/1.2 2.0 208
Clay silt/6.9/1.1 1.0 82

ENRO Clay/4.9/1.63 3037 186,340
Loam/5.3/0.73 5612 768,740
a Transition = precursor ion → product ion.
b Collision energy.

sed: the elution started with a 2.5 min  linear gradient from 100%
 to 8% B, followed by a 3.5 min  linear gradient to 10% B, a 5 min

inear gradient to 30% B, a 4 min  linear gradient to 60% B and finally
 3 min  linear gradient to 95% B which was being maintained for
0 min  and then a 0.1 min  linear gradient back to 100% of A. After
he gradient elution, the column was being equilibrated for 12 min
efore another injection. The flow rate amounted to 0.2 mL/min. An

njection volume of 5 �L was applied in all analyses. The tandem
S analyses were carried out on an Agilent 6410 triple quadrupole
ass spectrometer equipped with an ESI interface. The analyses
ere conducted in the positive ion (PI) mode regarding all the

nvestigated analytes. The parameters for the analyses were as
ollows: drying gas temperature 350 ◦C; capillary voltage 4.0 kV;
rying gas flow 11 L/min and nebulizer pressure 35 psi. The opti-
al  collision energies, fragmentor voltages and transitions chosen

or the multiple reaction monitoring (MRM)  experiment are listed
n Table 3.

The instrument control, data acquisition and evaluation were
arried out with the MassHunter Agilent 2003–2007 Data Acquisi-
ion for Triple Quad B.01.04 (B84) software.

.5. Validation of analytical procedure

Each compound was analysed by MRM,  using the two highest
haracteristic precursor ion/product ion transitions. The positive
dentification criterion of the target analytes was founded on the LC
etention time and the ratio of abundances of two  specific precursor
on/product ion transitions.

The extraction recoveries of target compounds were identi-
ed using the sediment samples spiked with the analytes at three
oncentration levels. The recoveries were determined comparing
he concentrations obtained with the initial spiking levels. In each
xperiment, the samples were analyzed in triplicate.

The linearity of the method was assessed using standard
olutions and matrix-matched calibration and analyzing 10 con-
entration standards in triplicate (concentration ranges from
5 ng/L to 10 mg/L for FEBA and PRAZ, 125 ng/L to 50 mg/L for ENRO,
MP, SMET, SMETOX and PROC and from 250 ng/L to 100 mg/L
or SGUA, SDIAZ, CIPRO, NOR and ROXI) to obtained concen-
ration between 0.000025 and 100 �g/g in the final sediment
amples, depending on pharmaceuticals. Calibration curves were
onstructed for each compound extracted from the sediment sam-
les (spiked with calibration standards) by plotting the peak area
ersus the analyte concentration. Blanks were also prepared as a
uality control tool, but were not included in the regression analy-

is. The results were analyzed by the linear regression method.

The matrix effects were studied by the evaluation of signal
uppression or enhancement for each pharmaceutical. Several
pproaches for the evaluation of matrix effects were described
and, among them, Matuszewski et al. [31] proposed a procedure
which leads to a quantitative information. Residual compounds still
present after sample preparation can interfere with the MS  ion-
ization process leading to the well-known signal suppression or
enhancement situations. The influence of endogenous compounds
on LC–MS (i.e. matrix effect, ME)  is evaluated by the ratio of peak
areas from a matrix sample fortified after the sample preparation
and a neat standard [31,32]. The matrix effect (ME) were calculated
as follows:

ME (%) = Area of pharm. after extraction spike
Area of pharm. in standard solution

× 100

The precision of the method was calculated by repeated (n = 3)
intra-day and inter-day analysis of the spiked sediment at the con-
centration level in the middle of the linearity range. The precision of
the method was expressed as the relative standard deviation (RSD)
of replicate measurements. The limits of detection (LOD) and lim-
its of quantification (LOQ) were derived from the spiked sediment
samples and expressed as a concentration producing an S/N ratio
of 3 and 10, respectively.

The recoveries of the analytes from the spiked sediment samples
were evaluated by the ratio of the response (peak area) obtained
from the measurements of extracts to the response of a correspond-
ing standard solution.

3. Results and discussion

3.1. Optimization of the MSPD method
Loamy sand/6.0/1.23 1230 99,980
Loam/7.5/1.58 260 16,510
Loamy sand/5.3/0.70 496 70,910

OM, organic matter.
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roperties which include the degree of binding of investigated com-
ounds to sediment samples.

The pharmaceuticals of different structural classes vary consid-
rably according to their molecular structures and physicochemical
roperties (Table 1). Some substances are hydrophobic or non-
olar whereas others are completely water soluble or dissociate
t pH values typical for soils. Thus, distribution coefficients (Kd)
or the adsorption of antibiotics to soil materials and aquatic sed-
ments vary, for example, for sulfonamides from 0.6 to 4.9 and
or fluoroquinolones from 310 to 6310. However, the sorption
f pharmaceuticals to soil minerals is weaker than to the soil
rganic matter. Although the adsorption of various sulfonamides
as stronger to clay than to the sand size fraction of a soil, the

pposite was true for the increase of the partition coefficients at
he desorption step. The sorption parameters for some of the inves-
igated pharmaceuticals are shown in Table 4.

Sorption of antibiotics is particularly influenced by the soil pH,
he soil organic matter and soil minerals. Correspondingly, the
trong adsorption of fluoroquinolones to soils, especially to clay
inerals was accompanied by expansion of the spacing of montmo-

illonite. The main mechanism for fluoroquinolones is adsorption
f anionic antibiotics via cation bridging to clay minerals. Thereby,
he deprotonated carboxylic group of fluoroquinolone-carboxylic
cids is fixed to the clay minerals while the sorption of the decar-
oxylated derivative is much smaller [5].

The extraction of pharmaceuticals from sediment samples was
arried out by MSPD. The preliminary experiments were carried
ut to optimize the main parameters affecting MSPD, such as the
ype of sorbent and the solvent polarity. In this procedure, it is
ital to select a suitable adsorbent because the chosen adsorbent
s not only used as an adsorption separation material but also as

 blending solid support to disrupt and disperse the sample [13].
lorisil and C18 with different extraction solvents were initially
ested to obtain an optimal extraction sorbent. For that purpose,
everal elution solvents, such as methanol, ethanol, acetonitrile, 1-
rophanol, 2-prophanol, dichloromethane, acetone and water were
sed for pharmaceutical extraction from the sediment samples. The
xtraction recoveries were almost the same for all pharmaceuti-
als, but chromatogram of extracts which obtained with the C18
orbent shown better peak shape with less unknown compounds
han Florisil.

Beside the sorbent selection, the nature of the elution solvent
lso matters since target analytes should be efficiently desorbed
hile the remaining matrix components should be retained in the

olumn [13,33]. In this context, the elution profile is also an impor-
ant factor in the MSPD procedure because it also plays two roles,
he first one refers to separation wherein the profile appears as a
eneral mobile phase and the second one relates to the dissolu-
ion/extraction of target compounds [13].

Therefore, methanol, acetonitrile and water were selected as
n extraction solvent in the second set of the experiments after
he selection of C18 as an optimal sorbent. The former selection
as based on the first set of experiments. In fact, these three

olvents showed more potential for extracting selected pharma-
euticals than the other solvents and because of that, different
cetonitrile–water and methanol–water mixtures (6:4; 7:3; 8:2)
ere used. The results of these experiments were presented in

ig. 1.
From the presented results, it is obvious that the extrac-

ion results for all the investigated pharmaceuticals were almost
he same for both organic solvents. The largest extraction dif-
erences referred to febantel. The extraction recoveries ranged

rom 55 to 71% for methanol–water mixtures, and from 67 to
7% for acetonitrile–water mixtures, bearing in mind that the
core of 97% was achieved with acetonitrile:water = 6:4 (v/v). Rox-
thromycin was extracted with very low efficiencies (2.5–42.5%)
matogr. A 1258 (2012) 1– 15

and on the other hand, fluoroquinolones (ciprofloxacin, norfloxacin
and enrofloxacin) were not extracted from the sediment samples
at all with respect to the above extraction mixtures. The extraction
efficiencies for all other pharmaceuticals (sulfonamides, trimetho-
prim, procaine and praziquantel) amounted to or exceeded 90%.
The lower values obtained for roxithromycin can be ascribed to
its partial binding to the lipophilic matrix. This possibility is sup-
ported by relatively high Kow values of roxithromycin which is
the highest value between all selected pharmaceuticals. Due to
its high liposolubility, this pharmaceutical could be absorbed and
retained by sediment particles [25]. The fact that procaine and
praziquantel also have relatively high Kow values (log Kow > 2) dif-
ferences between the obtained extraction results compared to
those of roxithromycin can be probably attributed to the feature
of roxithromycin being a big molecule which is hardly douching
and move through the sediment. The reason for very bad fluoro-
quinolones results is probably the strong interaction between the
fluoroquinolones and the sediment, which makes them difficult to
extract. Additional features, such as the interactions of quinolones
with silica structures or their ability to form stable complexes with
Al(III), Fe(III) and other metal ions must be considered. Apart from
these features, quinolones with a different type of substituents
have rather different physical properties. The carboxylic group
makes the compounds acidic. However, 7-piperazinyl quinolones
also contain basic amine substituents. In an attempt to extract
quinolones with different acid-base properties, Turiel et al. [34]
have evaluated different mixtures of various organic solvents with
several acids and bases to find a suitable solution for extraction of
quinolones [35].

For that reason and based on the previous results in another
set of experiments, several 5% acid solutions such as oxalic acid,
acetic acid, hydrochloric acid, phosphoric acid and trifluoroacetic
acid were used in combination with acetonitrile. Acetonitrile:5%
acid = 6:4 (v/v) was selected as the ratio for experiments with acids.
The results of these experiments are shown in Fig. 2.

The result of the tested acetonitrile:5% acid mixture indicates
that it is clear that the most advantageous results can be linked
to the mixture of oxalic and acetic acid. Phosphoric acid pro-
vides for very high extraction recoveries (>100%), especially for
CIPRO and NOR. The higher peak areas can be explained by the
matrix effect enhancing the chromatographic response to phar-
maceuticals (especially fluoroquinolones) but the real reason for
that is not known. One of the potential reasons is probably hid-
den in the fact that phosphoric acid shows the tendency to form
different complexes with sediment ingredients or, possibly, with
pharmaceuticals. These results were the reason for investigation of
different percentages (1, 2 and 10%) of the above acids in a mixture
with acetonitrile. The results are shown in Figs. 3 and 4.

In case different percentages of acetic acid are used, extraction
recoveries increase with the increase of the acetic acid percentage
for almost all pharmaceuticals. The only exception is connected
with 5% of the acidic acid.

On the other hand, the increase of oxalic acid percentage
has shown a different influence on pharmaceuticals extraction
recoveries. The extraction recoveries were increased for almost
all pharmaceuticals. In few cases, the pharmaceutical extraction
recovery did not exceed 2% (e.g. SMET, PRAZ, and ENRO) and 5% (e.g.
SGUA), respectively. Regarding some pharmaceuticals, the increase
of the oxalic acid percentage showed a negative influence (e.g.
FEBA and PROC) and as far as SMETOX is concerned, there was no
detected influence.

The most important thing in the last set of experiments is that

the obtained extraction results for fluoroquinolones were satisfac-
tory considering the fact that they seemed to be a big problem
during the whole extraction procedure. Experiments with a mix-
ture of natrium hydroxide and methanol were also done but the
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Fig. 1. Comparison of MSPD recoveries obtained using different extraction solvent mixture and C18 sorbent (n = 3).

Fig. 2. Comparison of MSPD recoveries obtained using different acetonitrile:5% acid mixtures and C18 sorbent (n = 3).
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Fig. 3. Comparison of MSPD recoveries obtained using different % of acetic acid in mixture with acetonitrile and C18 sorbent (n = 3).

Fig. 4. Comparison of MSPD recoveries obtained using different % of oxalic acid in mixture with acetonitrile and C18 sorbent (n = 3).
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Fig. 5. Comparison of MSPD recoveries obtained using different extrac

esults were not so good for all of the 12 pharmaceuticals and the
atrix effect was greater than in other extraction experiments.

herefore, the mixture of acetonitrile and 5% of oxalic acid in the 6:4
v/v) ratio was selected as extraction solvents for the investigated

ixture of pharmaceuticals in further experiments.
With respect to the selected extraction solvent, the obtained

xtraction recovery results were not so good for all pharmaceuti-
als, especially for roxithromycin and febantel. What can be said for
oxithromycin and febantel based on the previous experiments is
hat roxithromycin show affinity to pure methanol while febantel
hows affinity to pure acetonitrile. A pretty good extraction effi-
iency of investigated pharmaceuticals using these pure organic
olvents was achieved. Taking account of this fact, the following set
f experiments for extraction of selected pharmaceuticals from sed-

ments included combinations of the aforementioned pure organic
olvents with a selected extraction solvent were used. Accordingly,
he first series allowed methanol or acetonitrile to pass through the

SPD column followed by acetonitrile:5% of oxalic acid = 6:4 (v/v)

able 5
inearity range, correlation coefficient, limits of detection and quantification of the MSPD

Compound Linearity range (�g/g) Linearitya equation 

SGUA 5–100 A = 60.724� + 1732.6
SMET  0.0125–50 A = 869.52� + 1267.1
SDIAZ  0.025–100 A = 364.79� + 1182.4
SMETOX 2.5–50 A = 179.57� − 171.4
TMP 0.0025–50 A = 1105.7� + 2259 

ROXI  5–100 A = 52.37� + 150.82 

PRAZ  0.5–10 A = 294.88� + 223.86
FEBA  0.0005–10 A = 68.902� + 564.61
ENRO  0.00125–50 A = 247.41� + 211.18
CIPRO 0.0025–100 A = 477.67� + 1885.6
NOR 0.0025–100 A = 560.07� + 2365.5
PROC  0.0125–50 A = 907.3� + 603.67 

a Calculated as peak areas versus concentration.
lvent, their combinations and different volume on C18 sorbent (n = 3).

while in the second series, the order was reverse. To sum up, these
experiments have disclosed that the best extraction efficiency can
be obtained with 1 mL  of acetonitrile followed 2× 2 mL of acetoni-
trile:5% of oxalic acid = 6:4 (v/v). The aforementioned combination
of solvents facilitates an increase of the extraction efficiency of
almost all pharmaceuticals, especially for roxithromycin and feban-
tel. Still, the advantage of this extraction solvent in comparison with
acetonitrile:5% of oxalic acid = 6:4, was  not so high when selecting
it for an optimal extraction solvent. For that reason both extraction
solvents were used in the following sets of experiments.

Whereas the selectivity of the MSPD procedure depends on an
applied sorbent/solvent combination, the aforementioned method
can be improved and this is what was tried. But on the other hand,
the intentional ionization or suppression of analytes ionization and

matrix components can greatly affect the nature of interactions
of specific target analytes with the matrix and eluting solvent.
Accordingly, this should be considered as a variable for attaining
reproducible and efficient extractions [33]. In some publications

–LC–ESI-MS/MS method.

r2 LOD (�g/g) LOQ (�g/g)

 0.9941 0.5 5
 0.9979 0.0025 0.0125
 0.9973 0.005 0.025

1 0.9971 0.25 2.5
0.9889 0.00125 0.0025
0.9986 0.5 5

 0.9978 0.05 0.5
 0.9928 0.00025 0.0005

 0.9982 0.000125 0.00125
 0.9981 0.00025 0.0025

 0.9977 0.00025 0.0025
0.9993 0.0025 0.0125



1 J. Chro

[
c
s
o
i
e

M
m
s
m
p
t
p
m
m
h
c
c
i

m
d
l
a
d
o
7
F

t
a
s
c
w
I
(
w
o
u
c
i
a
i
t
w
s

3

m
m
s
l
r

s
p
c
s
t

3

t

ples problematic in some cases [37]. The mechanism and the origin
of the matrix effect is not fully understood, but it may originate
from the competition between an analyte and the coeluting, unde-
tected matrix components reacting with primary ions formed in

Table 6
Recoveries obtained for target analytes at three different spiking levels tested over
the  linearity range.

Compound Concentration level (�g/g) Recovery ± RSD (n = 3), %

SGUA 5 129.8 ± 1.9
25 98.3 ± 6.4

100 102.2 ± 7.4

SMET 2.5 136.7 ± 3.5
12.5 99.3 ± 11.0
50  102.5 ± 6.4

SDIAZ 5 137.1 ± 10.8
25 119.5 ± 15.5

100 108.7 ± 5.2

SMETOX 5 77.9 ± 6.4
25 80.3 ± 11.9

100 73.9 ± 0.5

TMP  0.25 114.6 ± 11.4
6.25  93.6 ± 1.7

25 110.5 ± 2.9

ROXI 5 40.3 ± 4.7
25 47.0 ± 16.0

100 37.0 ± 5.9

PRAZ 0.5 116.0 ± 2.6
2.5  108.6 ± 0.0

10 89.4 ± 4.5

FEBA 0.05 101.5 ± 9.3
1.25  96.1 ± 8.8
5  50.4 ± 2.3

ENRO 0.25 29.8 ± 18.5
6.25  58.1 ± 10.9

25 85.3 ± 3.7

CIPRO 0.5 73.4 ± 22.9
12.5 100.6 ± 7.9
50  79.9 ± 3.0

NOR 0.5 71.3 ± 28.7
12.5 100.9 ± 4.6
0 D. Mutavdžić Pavlović et al. / 

20,25,33],  authors have added acids, bases, salts, chelating or de-
helating agents, etc. to co-blending with the sample and solid
upport because these additives could affect the elution sequence
r retention of the target analyte. The real reason for that is mod-
fication of the chemistry of the sample, which could increase the
xtraction efficiency of some compounds.

Therefore, this aspect of experiments was also checked.
ethanolic saturated potassium hydroxide was added to the sedi-
ent in the dispersion stage. The same was done with anhydrous

odium sulphate using C18 as a solid support to examine the afore-
entioned effect on the extraction efficiency. Besides, many MSPD

rocedures also employ the use of co-columns to obtain a fur-
her degree of fractionation and sample clean-up [36]. For that
urpose, Florisil was used in another experiment as a co-column
aterial packed into the bottom of the same column as the MSPD
aterial (sediment and C18). This way, the authors were curious

ow these two aspects (modifying the nature of the sample and
o-column) exercise effect on the extraction efficiency of selected
ompounds. Nevertheless, these experiments have provided unsat-
sfactory recoveries.

The next step in the MSPD method development was  opti-
ization of the extraction solvent volume. Experiments with

ifferent volumes of selected extraction solvents (acetonitrile fol-
ow acetonitrile:5% of oxalic acid = 6:4 and acetonitrile:5% of oxalic
cid = 6:4) were put under the spotlight since it was difficult to
ecide which extraction solvent is the best choice for extraction
f 12 pharmaceuticals from sediment samples. For that purpose, 5,

 and 9 mL  of the total volume were tested. Results are shown in
ig. 5.

The presented results have shown that an increase of the extrac-
ion solvent volume brings to a fall in the extraction efficiency for
lmost all selected drugs. 5 mL  of the total volume of the extraction
olvent was sufficient for complete the elution of pharmaceuti-
als from the MSPD column for both extraction solvents. This is
hy 5 mL  of methanol was chosen for the elution solvent volume.

n case acetonitrile followed by acetonitrile:5% of oxalic acid = 6:4
v/v) were used as extraction solvents, the extraction efficiencies
ere a little bit more acceptable, particularly for febantel and then

n the occasion when only acetonitrile:5% of oxalic acid = 6:4 was
sed. However, it is important to pay attention to the obtained
hromatograms as well as to the simplicity of the procedure. Tak-
ng into considerations these conclusions, acetonitrile:5% of oxalic
cid = 6:4 (v/v) was selected as the optimal extraction solvent for
nvestigated pharmaceuticals from the sediment. With this extrac-
ion solvent, good recoveries and better peak shape of compounds
ere achieved. A representative chromatogram of spiked sediment

ample is shown in Fig. 6.

.2. Validation of the MSPD–LC–ESI-MS/MS method

Once the factors that affect the MSPD procedure had been opti-
ized, the performance characteristics of the MSPD–LC–MS/MS
ethod were established by validation of the method with spiked

ediment samples. In terms of quantitative purpose linearity, the
imits of detection (LOD) and quantification (LOQ), precision and
ecovery were evaluated.

The most intensive fragment ion from each precursor ion was
elected as transition ion for detection and quantification. For this
urpose, two criteria for positive identification were used: (a) the
orrelation of retention time with the standards (±2%) and (b) first
elected precursor/product ion transition. Less intensive second
ransition was used for confirmation purposes.
.2.1. Specificity and selectivity of the method
The specificity and selectivity of the method were established by

he analysis of blank samples. The absence of any chromatographic
matogr. A 1258 (2012) 1– 15

peak in sediment extracts, at the same retention times as target
pharmaceuticals, indicated that there were not matrix compounds
that might give a false positive signal in these blank samples.

3.2.2. Linearity and matrix effects
The linearity in the concentration range was assessed for

each pharmaceutical in sediment samples of 0.025–100,000 ng/g,
depending on a pharmaceutical using five to ten standard mix-
tures. Calibration curves were prepared for each compound from
the spiked sediment by plotting the peak area versus the ana-
lyte concentration. Blanks were also prepared as a quality control
tool but were not included in regression analysis. The results were
analyzed by the linear regression method. The coefficients of cor-
relation exceeded 0.9928, except for trimethoprim (0.9889), thus
confirming the linearity of the method (Table 5).

As described before, calibration was performed by the use of
matrix-matched standards. The use of matrix-matched calibration
standards was  done to compensate for the matrix effect, i.e. signal
suppression or enhancement of studied pharmaceuticals in matrix
solution. It is well known that matrix effects are one of the main
drawbacks of LC–MS/MS methods, making quantification in sam-
50  94.4 ± 5.4

PROC 2.5 101.3 ± 10.4
12.5 101.5 ± 9.2
50 107.2 ± 8.8
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Fig. 6. Chromatogram of spiked sediment samples: total ion chromatogram and extracted MRM  chromatograms for target analytes.
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Fig. 7. Matrix effect at t

he HPLC–MS/MS interface [31]. However, LC–MS is highly selec-
ive method in selected ion monitoring and in multiple reaction

onitoring mode still the other compounds – although invisible in
he LC–MS signal – may  and very often do interfere. The suppres-
ion or enhancement of ionization by the co-eluting compounds
ccurs in the ESI source before any mass-spectrometric detection
nd it is thus in principle impossible to compensate it by mass spec-
rometry [38]. Matrix effect was quantified comparing the areas
f compounds in spiked matrix samples after extraction with the
reas obtained in standard solutions. Fig. 7 shows matrix effects
or every tested pharmaceutical substance at three concentration
evels within the linearity range.

Knowing that the nature of matrix effect is pretty varying, the
ercentage is just a relative indicator of the degree of suppres-
ion and enhancement. Most of the investigated pharmaceuticals
isplayed the suppression of the signal, but it was  not a general
attern because the impact of matrix interferences was  different
or each compound. Sulfamethazine, sulfamethoxazole, praziquan-
el and procaine were not significantly affected by the matrix
omponents, since the signal change was less than 20% in the
hole investigated concentration range. All other compounds

how some degree (<30%) of signal suppression or enhancement.
oxithromycin showed the highest signal suppression (from 63.5%
o up 46.2%). This fact about roxithromycin explains his relatively
ow extraction efficiency (Fig. 5).

Evidently, the influence of the matrix was very variable. Namely,
or one specific combination of pharmaceuticals and matrix, the

atrix effect can vary from one set of measurements to other. This
eans that it is not possible to test matrix effect only once and
onsidered to be constant. Therefore, for an accurate quantification,
he use of matrix-matched standards is required [27]. However, the
se of matrix-matched standards compensated quite well for the
uppression effect achieving accurate quantification [1].
ee concentration levels.

3.2.3. Limits of detection and quantification, precision and
recoveries

The limits of detection (LOD) and quantification (LOQ) were
experimentally estimated for each pharmaceutical using the sig-
nal to noise ratios from the mass chromatograms obtained in
the SRM mode for the spiked sediment samples. The obtained
detection and quantification limits are stated in Table 5. The LOD
ranged from 0.000125 to 0.5 �g/g and the LOQ from 0.0005 to
5 �g/g.

To ensure correct quantification, precision of the method was
studied by analysing three replicates of standard with concen-
tration level in the middle of linearity range. Obtained results
showing very good precision; the intra-day precision were up to
10% and inter-day precision up to 15%. The recoveries data were
calculated by comparison of the extracted analyte amounts with
appropriate working standard solutions. The untreated sediment
samples were fortified at three different concentrations from the
linearity range, depending on pharmaceuticals. Standard solutions
were injected after every 10 samples to monitor changes in chro-
matographic conditions. Table 6 presents the recoveries of the 12
pharmaceuticals at three concentration levels for the sediment
tested. Each recovery analysis was  repeated 3 times and the recov-
eries of pharmaceuticals were expressed as average values of these
three determinations.

In perfect conditions, the extraction recovery should not be sam-
ple concentration dependent. In other words, a useful method must
not imply any significant difference in recovery over the expected
concentration ranges of analyzed compounds. Still, it have been
noticed that extraction efficiencies for few pharmaceuticals at the

lowest concentration range were much higher than 100% or the
RSD value was much higher than 10% (especially for sulfaguani-
dine, sulfadiazine, sulfamethazine and fluoroquinolones). These
results could be explained by the matrix effect. However, it could
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Table 7
Comparison of several methods for pharmaceuticals determination in solid environmental samples.

Compound Matrix Method LOD LOQ Recovery Detected levels Reference

CIPRO Sediments PLE–SPE–LC–ESI-MS/MS 4.0 ng/g na 55–62% 5.95 ng/g [1]
NOR  5.2 ng/g na 67–72% na
TMP 0.3  ng/g na 93–97% na
SMETOX 0.3 ng/g na 84–87% na

CIPRO Soils PLE–SPE–LC–ESI-MS/MS 4.1 ng/g na 52–63% na [1]
NOR  4.7 ng/g na 64–70% na
TMP  0.2 ng/g na 91–105% na
SMETOX 0.6 ng/g na 70–79% na

ROXY Sediments PLE–SPE–HPLC–QqLIT–MS/MS na na na 0.42 ng/g [2]
SDIAZ na na na 5.49 ng/g
SMETH na na na 1.70 ng/g
TMP  na na na 2.34 ng/g

Other pharmaceuticals Sediment MAME–SPE–LC–UV–DAD 4–167 ng/g 12–556 ng/g 6–114% 0.1–2.3 �g/g [3]
2  FQs Sevage sludge ASE–SPE–LC–FLD na 450 �g/kg 82–94% 1400–2420 �g/kg [4]
2  FQs Soil ASE–SPE–LC–FLD na 180 �g/kg 75–92% 270–400 �g/kg [4]
7  antibiotics Manure LLE–ESI-MS2 na 100 �g/kg 47–89% 100–12,400 �g/kg [4]
18  pharmaceuticals Sediment USE–APCI–MS2 USE–ESI-MS2 na 0.4–20 �g/kg 56–151% na [4]
8  antibiotics Soil PLE–SPE–ESI-MS2 na 1–11 �g/kg 31–143% 1–57 �g/kg [4]

SAs  Pig manure – na na na ≤3.5 mg/kg [5]
MAs Agricultural soils – na na na 13–67 �g/kg [5]
FQs  na na na 6–52 �g/kg

ROXY Sediment PLE–SPE–LC–QqLIT–MS/MS 0.04 ng/g 0.13 ng/g 149% <LOQ [11]
SMETH 0.32 ng/g 1.06 ng/g 45.7% 1.1 ng/g
TMP 0.25 ng/g 0.83 ng/g 97.2% 11.2 ng/g

ENRO Soil USE–HPLC–UV 0.04 �g/g 0.15 �g/g na Realistic environm. conc.
levels = low �g/g range

[34]

NOR 0.06 �g/g 0.20 �g/g na
CIPRO 0.05 �g/g 0.18 �g/g na

FQs  Soil USE–LC–UV na na na 40–80 �g/kg [35]
CIPRO, NOR Soil MAE–LC–FLD na 95–98% na 150 �g/kg [35]
MAs,  SAs Sediment USE na 20 ng/g na na [39]
MAs  Soils PLE na 1–1.4 �g/kg na na [39]
CIPRO, NOR Sludge – na na na 0.06 �g/g [39]

ENRO  Soil USE–HPLC(MIP) 0.30 �g/g na 87.9% na [40]
NOR  0.35 �g/g na 97.2% na
CIPRO  0.21 �g/g na 93.4% na

ENRO  USE–SPE(MIP)–HPLC(MIP) 0.06 �g/g na 85.3% na [40]
NOR  0.07 �g/g na 75.2% na
CIPRO  0.05 �g/g na 82.1% na

SMET  Manure USE–SPE–LLE–LC–MS/MS na 0.22 �g/kg 101% 20 mg/kg [41]
SDIAZ na  0.29 �g/kg 83% na
SMETOX na 0.35 �g/kg 95% na
TMP  na 0.11 �g/kg 77% na
ENRO  na 1.5 �g/kg na 2.8–8.3 mg/kg
CIPRO  na 1.7 �g/kg na

SMET Arable soil USE–(LLE)–SPE–LC–MS/MS na 1.0 �g/kg 69% na [41]
SDIAZ na 1.1 �g/kg 89% na
SMETOX na 1.5 �g/kg 74% na
TMP  na 0.49 �g/kg 61% 0.1 mg/kg
ENRO na 24 �g/kg na 0.37 mg/kg
CIPRO na 25 �g/kg na 0.45 mg/kg

SAs  Agricultural soils USE–SPE–HPLC–UV/FLD na na na ≤40 mg/kg [42]
ENRO  na na na 0.02–0.05 mg/kg

SMETOX Manure USE–SPE–HPLC–UV/FLD na na na 3.76 mg/kg [42]
ENRO  na na na 2.80 mg/kg

SMETOX Soil USE–SPE–LC–MS/MS 0.4 �g/kg 1.7 �g/kg na 0.03–0.9 �g/kg [43]
CIPRO 0.7 �g/kg 2.8 �g/kg na 0.8–30.1 �g/kg

SMETOX Manure MAE–SPE–LC–MS/MS 5 �g/kg 19 �g/kg na 0.23–5.7 �g/kg [43]
CIPRO 21 �g/kg 84 �g/kg na 0.1–4.3 �g/kg

SGUA  Sediment MSPD–LC–ESI-MS/MS 0.5 �g/g 5 �g/g 115.0% This work
SMET  2.5 ng/g 12.5 ng/g 93.4%
SDIAZ 5 ng/g 25 ng/g 96.8%
SMETOX 0.25 �g/g 2.5 �g/g 89.9%
TMP 1.25 ng/g 2.5 ng/g 79.8%
ROXI 0.5 �g/g 5 �g/g 42.6%
PRAZ 0.05 �g/g 0.5 �g/g 102.9%
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Table 7 (Continued)

Compound Matrix Method LOD LOQ Recovery Detected levels Reference

FEBA 0.25 ng/g 0.5 ng/g 47.0%
ENRO 0.125 ng/g 1.25 ng/g 37.1%
CIPRO 0.25 ng/g 2.5 ng/g 81.7%
NOR 0.25 ng/g 2.5 ng/g 82.4%

2.5 ng/g 78.8%
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Table 8
Application of MSPD procedure to a sediment samples containing a mixture of
investigated pharmaceuticals.

Added (�g/g) Found (�g/g)

SGUA 25 20.9 ± 7.4
SMET 12.5 10.4 ± 1.7
SDIAZ 25 22.4 ± 2.4
SMETOX 12.5 12.4 ± 10.2
TMP  12.5 12.0 ± 5.6
ROXI 25 12.3 ± 13.4
PRAZ 2.5 2.6 ± 8.4
FEBA 2.5 2.2 ± 10.5
ENRO 12.5 11.4 ± 2.6
CIPRO 25 22.0 ± 4.2
NOR 25 25.4 ± 4.1
PROC 2.5 ng/g 1

a, not available; FQs, fluoroquinolones; MAs, macrolides; SAs, sulfonamides.

e concluded that the extraction recoveries of investigated phar-
aceuticals decrease disproportionally to their concentrations.
Anyway, the extraction efficiency allows trace analysis in real

ample. As listed in Table 7, some reported methods for the pharma-
euticals determination in few environmental solid samples were
ompared.

The proposed method in this work showed high sensitivity and
ide linear range. Exception exists only in case of sulfaguanidine,

ulfamethoxazole, roxithromycin and praziquantel. In case of men-
ioned pharmaceuticals developed method could be apply at points
f pharmaceuticals entry to environment because these are the
lace which could expected their higher concentrations (low �g/g
ange).

.3. Analytical applications

The described method was applied for determination of target
harmaceuticals in several spiked natural sediment samples col-

ected throughout Croatian regions with different characteristics
Table 2). The unspiked samples (blanks) were previously ana-
ysed using the proposed method and no target compounds were
etected.

The sediment samples were spiked with a stock solution of
nvestigated pharmaceuticals and analysed by MSPD–LC–MS/MS.
ig. 8 suggests that all pharmaceuticals were determined in all
ested samples with recoveries over 60%, except in the case of rox-
thromycin, febantel and enrofloxacin. The RSDs of all the recovery
xperiments did not reach 10%.

Fig. 8 indicates that it is obvious that there are composition dif-
erences between sediment samples, which are reflected on the
xtraction efficiency of investigated pharmaceuticals. As already
entioned, the sorption of pharmaceuticals is influenced by the

oil pH, the soil organic matter and soil minerals.
The above results and sediment characteristics (Table 2) make
vident that sediment 4 was poorer with clay but richer with differ-
nt salts (concluded from the electrical conductivity) and organic
atter, which resulted in somewhat lower extraction efficien-

ies of sulfonamides than of other sediment samples and better

ig. 8. Application of the optimized MSPD–LC–MS/MS procedure to different Croa-
ia  sediment samples.
PROC 12.5 8.6 ± 12.8

extraction efficiencies of enrofloxacin. This was the reason that the
matrix effect was  greater, particularly for ciprofloxacin and nor-
floxacin. On the other hand, sediment 3 had a totally opposite
character. What has to be emphasized here is that this sediment
was the most acidic sediment sample. This is probably the reason
for the worst extraction efficiency of some pharmaceuticals (feban-
tel and fluoroquinolones) in comparison with other investigated
sediment samples.

To check application of developed MSPD–LC–ESI-MS/MS
method to a real sediment samples, spiked sediment aged for 3
months are analysed. Result of this experiments shown in Table 8.

This experiment was performed due to impossibility to supply
the sediment polluted with pharmaceuticals.

The obtained results demonstrate that the proposed method
can be applied for determination of pharmaceuticals studied in dif-
ferent kinds of sediments and can guarantee satisfactory levels of
accuracy and precision.

4. Conclusions

This work presents a new validated method for simultaneous
determination of 12 pharmaceuticals with different structures and
physico-chemical properties in sediment samples. The pharma-
ceuticals were isolated from sediment samples by using MSPD
followed by LC–MS/MS. This ensures efficient recoveries (over
80%) for most investigated compounds and effective, expeditious
removal of matrix interferents. The method is quite sensitive and
precise. The usefulness of the proposed method for routine multi-
residue analyses was  demonstrated by applying it to different
sediment samples.

This paper also proves that MSPD can be an attractive, afford-
able and effective alternative to existing extraction methods for
organic contaminants from solid matrices. The major advantages
of MSPD compared to other extraction methods such as PLE or
Soxhlet reflect in its simple usage, low cost and, in some cases,
reduced extraction time. Organic contaminants can be extracted

more selectively and more quickly and can show similar or bet-
ter recoveries with this method than with conventional extraction
process.
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