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Time-dependent integrity during storage of
natural surface water samples for the trace analysis
of pharmaceutical products, feminizing hormones

and pesticides

Khadija Aboulfadl'-2, Cyril De Potter?, Michele Prévost? and Sébastien Sauvé*!

Abstract

Monitoring and analysis of trace contaminants such as pharmaceuticals and pesticides require the preservation of the
samples before they can be quantified using the appropriate analytical methods. Our objective is to determine the
sample shelf life to insure proper quantification of ultratrace contaminants. To this end, we tested the stability of a
variety of pharmaceutical products including caffeine, natural steroids, and selected pesticides under refrigerated
storage conditions. The analysis was performed using multi-residue methods using an on-line solid-phase extraction
combined with liquid chromatography tandem mass spectrometry (SPE-LC-MS/MS) in the selected reaction
monitoring mode. After 21 days of storage, no significant difference in the recoveries was observed compared to day 0
for pharmaceutical products, while for pesticides, significant losses occurred for DIA and simazine after 10 days (14%
and 17% reduction respectively) and a statistically significant decrease in the recovery was noted for cyanazine (78%
disappearance). However, the estrogen and progestogen steroids were unstable during storage. The disappearance
rates obtained after 21 days of storage vary from 63 to 72% for the feminizing hormones. Overall, pharmaceuticals and
pesticides seem to be stable for refrigerated storage for up to about 10 days (except cyanazine) and steroidal
hormones can be quite sensitive to degradation and should not be stored for more than a few days.

Introduction

The simple way to insure the integrity of collected sam-
ples would be to keep them refrigerated and analyze them
within 24 h of collection before unwanted chemical,
physical and biological alterations of the samples are
observed. Unfortunately, those analyses are often depen-
dent on heavily solicited mass spectrometry instruments
and considering various logistical constraints, it is often
impossible to analyze such samples within a day. Then
the question arises: how long can we store those samples
before we analyze them for ultra traces of contaminants
(sometimes to concentration below the ng 11 range).

To address this, we have performed simultaneous sta-
bility studies of pharmaceuticals (naproxen, gemfibrozil,
carbamazepine, trimetroprim, caffeine), steroidal hor-
mones both estrogens (estriol, estradiol, 17a-ethy-
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nilestradiol, estrone) and progestogens (norethindrone,
medroxyprogesterone, progesterone, norgestrel) and pes-
ticides (deethylatrazine (DEA), deisopropylatrazine
(DIA), simazine, atrazine and cyanazine). The major
characteristics of the investigated products are shown in
Table 1.

The main factors affecting the stability of analytes in
water samples include hydrolysis, photolysis, physical
adsorption or release to or from suspended particulates,
chemical degradation by oxidative free-radicals such as
alkylperoxy and hydroxyl radicals present in natural
waters, or microbial degradation [1], the nature of the
sample-container, solubility, vapor pressure and the con-
ditions of storage (temperature, darkness, use of preser-
vatives, time interval between sampling and analysis [2]).
Also, the stability of the analytes can be linked to their
vapor pressure and water solubility. Indeed, in the litera-
ture, it is reported that compounds having a low vapor
pressure and medium water solubility (up to 40 mg L-1)
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Table 1: Target compounds, use, molecular weight (MW), pKa, water solubility and vapor pressure.
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Compound Therapeutic group MW (g mol-1) pKa Water solubility (mg L-1 at 25°C) Vapor pressure (mm Hg)
Pharmaceutical
products
Carbamazepine Anticonvulsant 236.27 13.902 17.70P 1.84x 107
Naproxen Analgesic 230.26 4.152 15.90b 1.89 x 10°6h
Trimethoprim Anti-infective 290.30 7.102 4,00 x 102p 9.88 x 109
Gemfibrozil Anti-cholesterol 250.33 4.42-4.709 19.00P NA
Personal care product
Caffeine Stimulant 94.19 10.402 2.16 x 104 7.33 % 10°%f
Pesticides
DIA M etabolite of atrazine 173.60 1.502 NA NA

and simazine
DEA M etabolite of atrazine 187.63 1.402 NA NA
Cyanazine Herbicide 240.69 1.102 NA NA
Simazine Herbicide 201.66 1.622 6.00d 2.25x 1078d
Atrazine Herbicide 215.68 1.702 34.70b 3.00 x 107d
Estrogens
Estriol Estrogen 272.40 NA 13.00 6.70 x 10150
Estrone Estrogen 270.40 NA 13.00 2.30 x 10-10b
17 -Estradiol Estrogen 288.40 NA 13.00 2.30 X 10-10b
17-a -Ethinylestradiol ~ Synthetic estrogen 296.40 NA 4.80 450 x 10-11p
Progestogens
Progesterone Progestogen 314.50 NA 8.81 1.30 X 106
D(-) Norgestrel Synthetic progestogen 312.40 NA 2.05 3.93x 107100
19-Norethindrone Synthetic progestogen 298.40 NA 7.04 7.31x10%
M edroxyprogesterone  Synthetic progestogen 344.50 NA 22.2¢ NA

Data from 2Ref. [12]

Data from PRef. [22,25]

<Ref. http://www.drugbank.ca/drugs/DB00603
dRef. [4]

eRef. [23]

fRef. [24]

9dRef. [26]

NA = not available

are stable while poor stability is attributed to compounds
having high water solubility (up to 700 mg L-1), or rela-
tively high vapor pressure [3].

The most extensive stability studies found in the litera-
ture have focused on pesticides. Such research has con-
firmed that many pesticides are unstable in natural
waters, depending on microbial degradation, hydrolysis
and photolysis [4-6]. To compensate this lack of stability,
various stabilizers or preservatives have been added to
aqueous samples, e.g., methanol [7], dichloromethane,
dilute acid solutions or HgCl, [5] to retard the decompo-
sition of the constituent chemicals. Studies on alternative
pesticide stabilization techniques, including the use of

freeze-drying, have been published. Again, the results
showed that the stability of the compounds depends on
their water solubility and vapor pressure.

Other papers have demonstrated that solid-phase
extraction (SPE) is a good alternative for the storage of
pesticides pre-concentrated from water samples [3,8]. For
example, de la Colina et al. [5] have indicated that storage
of different pesticide classes on the C18 silica-gel surface
of solid-phase cartridges for 30 days at 4°C or -18°C is
effective for 17 out of the 23 pesticides studied. Sabik et
al. [8] have shown that it is possible to preserve herbicides
(e.g DEA, DIA, cyanazine, simazine and atrazine) and
degradation products in large volumes of surface water,
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without physical, chemical or biological alteration of
these compounds, by using GCB cartridges (large-parti-
cle-size Carbopack B 60-80 mesh). Although no major
difference was reported between surface water conserva-
tion and cartridge storage for the selected herbicides.
Nevertheless, many methods for the ultratrace analysis of
pharmaceuticals and other emerging contaminants are
trying to move away from off line solid-phase extractions
and cartridges [9]; it is therefore even more pertinent to
determine the procedural limits of how natural samples
should be preserved when using an automated SPE sys-
tem.

Few studies consider the stability of estrogens and pro-
gestogens in surface waters. Indeed, Baronti and co-
workers [10] reported that the addition of 1% of formal-
dehyde to water samples seem to prolong the stability of
estrogens. Except for estrone, a significant loss of estro-
gens occurred after 60 days of storage. In addition, it was
demonstrated that formaldehyde added to water was able
to slow but not definitively block bacterial activity [11].
Labadie and co-workers [12] suggested that formalde-
hyde (1%, v/v) must be added to the effluents samples
immediately after collection. Furthermore, Vanderford et
al [13] tested the preservation of samples for the trace
analysis of 27 compounds including estrogens. The
results showed that 1% of formaldehyde added to water
was able to prolong estrogens stability but could affect
the stability of other compounds. Therefore, those
authors concluded that sulfuric acid is the most effective
and least destructive preservative agent for their study.

However, it is essential to know how long the content of
a sample may remain stable before analysis. In this con-
text, the objective of this study was to provide data con-
cerning the stability under normal operating conditions
and variable time of storage for a suite of pharmaceutical
and personal care products (PPCP), pesticides, estrogens
and progestogens in natural surface waters. These com-
pounds were selected based on their high consumption
and their reported occurence in wastewater and drinking
water sources [14-16]. These compounds were analyzed
by a multi-residue method using an on-line solid-phase
extraction combined with liquid chromatography tandem
mass spectrometry (SPE-LC-MS/MS), with two ioniza-
tion sources: ESI interface applied for analysis of pharma-
ceuticals and pesticides [14], while an APPI interface was
applied for the analysis of steroids (estrogens and proges-
togens) [15].

Table 2: Characteristics of the surface water sample tested.

Page3of8

Experimental

Reagents and chemicals

Analytical standards such as PPCP, pesticides and hor-
mones were purchased as powders from Sigma-Aldrich
Canada (Oakville, ON, Canada) (98-99% pure). Internal
standards included [13C;]-estradiol, [!3C,]-caffeine and
[13C,]-atrazine and were supplied by ACP Chemical Inc.
(Montréal, Qc, Canada). All solvents (trace analysis
grade), 0.1% formic acid in water and LC-grade water
were purchased from Baker (Quebec, Canada).

Standards solutions

Due to the solubility properties of these compounds in
methanol, individual stock solutions of the analytes were
initially prepared at 1000 mg 11 by dissolving 25 mg of
each compound in 25 ml of methanol and stored in the
dark at -20°C. Standard mixtures of the compounds were
prepared in methanol at different concentrations by
appropriate dilutions of the individual stock solutions.

In order to increase the accuracy of the analytical data,
stable isotopically-labeled standards were added to the
initial water samples. [13C,]-atrazine served as the inter-
nal standard for the quantification of pesticides, [13C,]-
caffeine for the quantification of pharmaceuticals and
personal care products and finally [13C;]-estradiol served
for the quantification of estrogens and progestogens.

Working solutions of the target compounds and inter-
nal standards were prepared in the matrix to build the
calibration curve. The concentrations of the analytes
ranged from O to 100 ng L1 and the internal standards
concentrations were set at 70 ng L-1.

Sampling and filtration

Homogeneous surface water samples (11) were collected
in January 2008 from one of Montreal drinking raw water
intake. The characteristics of selected surface water are
shown in Table 2.

Storage studies

The stability of selected compounds in surface water was
evaluated for storage in refrigerated amber glass bottles.
For this purpose, the matrix samples obtained were fil-
tered through a 0.45-um PTFE membrane (Millipore) to
remove particulate matter and other suspended solids,
and then acidified.

Surface water pH Conductivity (nS/cm)

Total Organic Carbon (mg/l)

Turbidity (TNU) Oxygen Consumed (mg/l)

16 Jan 08 8.33 299

26 1.2 1.1
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Apparatus

On line SPE-LC-MS/MS Analysis

Briefly, the LC system consists of a binary pump (a Sur-
veyor LC-pump) and a quaternary pump (Surveyor MS
Pump Plus - Thermo Fisher Scientific, Waltham, MA,
USA). A six-port switching valve was used for all analysis.
The sample was injected using a Surveyor autosampler
fitted with a 1-mL sample loop, through the valve into the
extraction column (Hypersil GOLDTM column, 12 pm,
20 mm x 2.1 mm i.d). The extraction column was then
loaded for 1.4 min (flow rate 1 ml min-1) with water/for-
mic acid solution (pH 2.6). The valve position was then
switched to allow the bound material to be eluted from
the extraction cartridge in back flush mode directly onto
the analytical column with 0.1% formic acid-methanol
(95:5 v/v) at a flow rate of 200 pl min-1. After 17 min, the
valve position was again switched to allow the extraction
column to be re-equilibrated at a flow rate of 1 ml min-!
with water/formic acid solution (pH 2.6). The total run
time per sample was 20 min for pharmaceuticals and pes-
ticides and 15 min for steroidal hormones. The LC was
performed using a 3-um Hypersil GOLD column, 50 mm
x 2.1 mm i.d. (Thermo Fisher Scientific, Waltham, MA,
USA) preceded by a guard column (2 x 2 mm, 5 um). The
extraction and analytical columns were kept at ambient
temperature. For estrogens and progestogens, the same
procedural steps were carried out, except the analytical
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column temperature (40°C), and variations for the elution
and separation gradients.

A TSQ Quantum Ultra AM Mass Spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) tandem
triple quadrupole mass spectrometry fitted with either an
ESI or APPI source was used for detection. The instru-
ment was operated in positive ionization mode and was
directly coupled to the HPLC system at a flow rate of 200
pl min-l. Sample analysis was performed in the selective
reaction monitoring mode (SRM). System control and
data acquisition was performed using the Analyst Xcali-
bur software (rev. 2.0 SP2, Thermo Fisher Scientific). Fur-
ther methodological details are available [14-16].

Statistical analysis

A one-way analysis of variance (ANOVA Tukey's-b post
hoc) test was used to evaluate whether the means of con-
trol and experiment groups are statistically different. All
treatments were carried out in triplicate, and data in Fig-
ure 1 are expressed as mean recoveries with relative stan-
dard deviations. Statistical analysis was performed using
SPSS 13 software (SPSS Inc., Chicago, IL), significance
was set at the P < 0.05 probability level.

Quantification and data analysis

Standard solutions used for quantification were also pre-
concentrated using the same procedure as the samples.
Before each analysis, the IS was added to correct for vari-
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(recovery for three replicates). Bars with the same letters are not statistically different p > 0.05 level using a Tukey's-b post hoc test.
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ation in sample recovery and instrumental performance.
Peak areas of analytes were normalized to those of their
IS. Five specific concentrations of native analytes ranged
from 0 to 100 ng I-! with a fixed addition at 70 ng I'! of a
stable isotopically-labeled standard injected for each
analysis to build up a calibration curve (r2 values were at
least >0.988). Areas of the analytes and IS were calculated
using the LCquanTM 2.5 software (Thermo Fisher Scien-
tific inc).

Results and discussion

Schwartz and co-workers [17] mentioned that bacteria
cannot survive in organic solvents, to improve the stabil-
ity of these target compounds in surface water samples,
we added 2.5% of methanol to fresh working solutions
previously acidified at pH 2.8 and spiked at 100 ng I
level.

Pharmaceutical and personal care products

For any pollutant, including pharmaceuticals, biotic
transformations in surface waters may occur via hydroly-
sis and photolysis. Most pharmaceuticals are usually
designed for oral intake and generally resistant to hydro-
lysis, so quite often, the primary pathway for their abiotic
transformation in surface waters is direct or indirect pho-
tolysis [18].

During the storage stability study, the ANOVA statisti-
cal analysis shows that no significant losses were
observed after 21 days of storage for all pharmaceutical
and personal care products studied including carbam-
azepine, naproxen, gemfibrozil and caffeine over the
entire period of storage in surface water at 40°C, the
recoveries obtained ranged from 85 to 129% (Figure 1).
The stability of these compounds can be probably attrib-
uted to their low vapor pressure and their medium water
solubility (up to 40 mg 1-1), both of these factors probably
also contribute to the stability of many pesticides in sur-
face waters [4].

Pesticides

The pesticides included in this study were tested at con-
centrations equal to 100 ng 11, the maximum allowed by
EU legislation [8]. It was demonstrated that the pesticides
can be degraded during storage by such processes as
hydrolysis or microbial decomposition. In order to evalu-
ate optimum conditions for storing the pesticides in
matrix water before analysis, different storage periods
were studied.

Figure 1 shows that no statistically significant losses
were observed for atrazine and its first degradation inter-
mediate DEA after 21 days of storage under our experi-
mental conditions, these results are in agreement with
Aguilar et al. [19]. While significant losses of DIA and
simazine were observed after 10 days of storage, there
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was only a 14% reduction for DIA and a 17% reduction
for simazine. These results can probably be attributed
(amongst others things), to the presence of H+ ions
which contribute to degradation of these compounds by
hydrolysis because it has been shown that at pH >4
(which we would normally expect to find in the aquatic
environment) hydrolysis of simazine is negligible [20]. In
addition, Lyytikdinen and co-workers have demonstrated
that at pH 8 after 28 days of storage, 10% loss of simazine
occurred in water [21].

In the case of cyanazine, high instability was detected
over the whole duration of storage. This is not a surprise
given the recognized sensitivity of cyanazine to hydroly-
sis in acidic medium which produces a carboxylic acid
and another product from the cleavage of the secondary
amine [22]. Cyanazine is also much less stable than atra-
zine and simazine in surface waters of the USA, and this
has been attributed to the oxidation of the cyanazine [20].
Furthermore, the poor stability of cyanazine can also be
attributed to its high water solubility, at up to 700 mg 11
[3]. The chromatograms corresponding to the precon-
centration of 1 ml of surface water sample spiked at 100
ng 11 level with the pharmaceuticals and pesticides
obtained after 21 days of storage at 40°C are given in Fig-
ure 2.

Estrogens and progestogens

In the case of feminizing steroids, serious stability prob-
lems arise during sample storage in the environmental
matrix. The ANOVA analysis shows that in surface water
samples, all the estrogens and the progestogens present
statistically significant losses varying from 63 to 72% after
10 days of storage (Figure 1).

No oxidation of estradiol (E2) to estrone (E1) was
apparent given that the elimination rates are almost iden-
tical. These losses can be linked to the physicochemical
properties of these compounds. Also, the disappearance
from solution can alternatively be attributed to the
adsorption of these compounds onto suspended particu-
late matter and this would therefore reduce their concen-
trations in the aqueous phase [23,24] and would depend
on matrix characteristics such as total organic carbon,
turbidity and oxygen consumption. Figure 3 represents
the chromatograms of these compounds detected after 3
days of storage in surface water samples.

Conclusions
In conclusion, 'immediate analysis' is the best way to
obtain the most accurate data, but in practice this is not
always possible. Therefore, it is often necessary to store
surface water samples before the quantification of phar-
maceutical products, pesticides and steroidal hormones.
For pharmaceutical compounds and for most pesticides
tested, the compounds are quite stable to degradation
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Figure 2 SPE-LC-ESI-MS/MS SRM chromatograms of pharmaceuticals and pesticides obtained after 21 days of storage at 4°C in surface wa-
ter (pH = 2.8) spiked at 100 ng I-" level and with 2.5% of MeOH added.
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(pH = 2.8) spiked at 100 ng I'' and 2.5% of MeOH was added.
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Figure 3 SPE-LC-APPI-MS/MS SRM chromatograms of estrogens and progestogens obtained after 3 days of storage at 4°Cin surface water

when quickly filtered, acidified and refrigerated. It seems
feasible to store natural samples for up to three weeks
without significant losses of analyte, except for cyanazine
(and presumably other hydrolysis-prone compounds).

In the case of the steroidal hormones, both estrogens
and progestogens, high instability and severe losses were
observed during sample storage. Therefore, the degrada-
tion of these products is linked to their physico-chemical
properties and the type of matrix. Because of this, we
would recommend to analyse for steroidal hormones ide-
ally within three days of collection and certainly within
less than a 1 week, unless stability studies specific to the
actual experimental conditions are verified.
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