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Abstract: Intoxication due to the consumption of poppy seed teas has been reported due to their
contamination with opium alkaloids (OAs). In this work, an efficient methodology based on mi-
crosolid-phase extraction (USPEed®) followed by gas chromatography-mass spectrometry (GC-MS)
has been optimized to quantify five OAs in poppy seed teas. Nine cartridges (C4, C8, C18, silica,
APS, PFAs, PS/DVB-RP, PS/DVB-SCX and PS/DVB-SAX), pH levels, cycles and elution solvents
were evaluated. The method was validated and applied to study the transfer of OAs by evaluating
water temperatures, infusion times and seed amounts. The highest transfer rates (71% for morphine,
96% for thebaine, and 100% for codeine, noscapine and papaverine) were achieved at 90°C, 5 min,
with 4 g. These conditions were used to quantify the OAs in four teas prepared from different seeds.
A high amount of morphine (1563 pg/L) was found in one tea, indicating that the seeds had a con-
centration twice the maximum limit, highlighting the need to warn the population of this dangerous
practice.

Keywords: food safety; opium alkaloids; uSPEed; GC-MS; poppy seed tea; transfer; occurrence

1. Introduction

Poppy seed teas have been used for centuries as home remedies to relieve pain, anx-
iety and stress [1-4]. Although they do not contain opium alkaloids (OAs) themselves,
they can be contaminated by the latex of the plant (Papaver somniferum L.), which is rich
in OAs (e.g., morphine, codeine, thebaine, papaverine and noscapine). This contamination
may be due to poor harvesting practices or insect damage. In recent years, numerous
studies on poppy seeds have confirmed the presence of OAs, in many cases in considera-
bly high concentrations and highly dispersed due to heterogeneous contamination and
the influence of numerous external conditions (e.g., climate, harvesting time and variety,
among others) [5-9]. For example, in previous work, widely varying amounts of each of
the analytes were determined: 1.5-249.0 mg/kg of morphine, <MQL-45.8 mg/kg of co-
deine, <MQL-136.2 mg/kg of thebaine, <MQL-27.1 mg/kg of papaverine and <MQL-108.7
mg/kg of noscapine [5]. Until now, this topic has been quite unknown to the general pop-
ulation, and, as there has been no control, constitutes an important food safety issue. The
consumption of poppy seed tea has caused false positives in drug tests because, after con-
sumption, OA concentrations have been found in biological samples, as studied in some
works, such as blood, urine and serum [10-16]. It may cause adverse health effects, such
as nausea and vomiting, drowsiness, respiratory problems, and dependence, especially
among the most vulnerable people, as well as more serious cases of intoxication [2,17-22].
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Such is the seriousness of the issue that, since 2019, in the United States poppy seeds have
been considered Schedule II controlled substances, such that their commercialization has
been made illegal [1]. However, in Europe, it was not until June 2022 that Regulation (EU)
2021/2142 was introduced, setting the maximum morphine equivalent limits (ME = mor-
phine + 0.2 x codeine) in seeds at 20 mg/kg [23]. To gain toxicologically relevant exposure
data, it is important to determine the transfer of OAs from seeds to tea, which has not yet
been studied. To this end, it is necessary to develop and validate analytical methods that
are able to quantify the OAs present in tea infusions.

For this, it is important to consider the crucial role that sample treatment plays in
methods of food analysis, from purifying a sample extract to remove possible matrix in-
terferences to preconcentrating to achieve lower detection limits. One of the most com-
monly used techniques to date is solid-phase extraction (SPE) [24]. However, miniaturized
techniques are increasingly being selected as faster, cheaper and more environmentally
friendly due to the smaller volumes of organic solvents and lower amounts of sorbents
required [25], following the principles of green analytical chemistry (GAC). Many micro-
extraction procedures with different formats and configurations have been developed.
Microextraction by packed sorbents (MEPS) is an interesting miniaturization of the SPE
technique which requires small amounts of sorbents. However, another configuration that
presents some improvements to MEPS is the microsolid-phase extraction (uSPE) tech-
nique [26]. This technique has been introduced to the market by the company EPREP, e.g.,
with pSPEed® (Victoria, Australia), and is based on the use of cartridges containing
sorbents with very small particle sizes, smaller than those used in MEPS (<3 um versus
50-60 pm), resulting in larger surface areas. In addition, it involves a pressure-operated
unidirectional valve (up to 1200 psi) to remove sample flow in one direction only, unlike
the MEPS technique, which has two-directional flow potential (up and down) [26,27]. In
addition, there are a variety of sorbents for uSPEed® cartridges, such as unmodified and
functionalized silica and polymeric materials, which allow the coverage of different reten-
tion interactions that may exist between various target analytes [27]. This technique has
been used for the extraction of different families of compounds in foods, from bioactive
compounds [27,28] to natural toxins [29,30]. However, as far as we know, this is the first
time that uSPEed® has been used for quantifying OAs in foods.

One of the most widely used analytical techniques for the analysis of opium alkaloids
is gas chromatography coupled with mass spectrometry (GC-MS) and liquid chromatog-
raphy tandem mass detection (HPLC-MS/MS) [5-31]. Much of the popularity of GC is due
to its very high selectivity and resolution, good accuracy and precision, as well as its wide
dynamic concentration range and high sensitivity [32]. GC-MS methods are very useful
for the identification of individual compounds using standards or specific libraries and
their subsequent quantification. However, an alternative approach can be used for quali-
tative and quantitative determinations, employing GC as a sensor, with the application of
a chemometric tool for data treatment [32].

Hence, the aim of this work was to select the most suitable sorbent and evaluate the
efficacy of the uSPEed® technique, following this with a GC-MS analysis for the quantifi-
cation of OA concentrations in poppy seed teas, to propose an efficient and sensitive ana-
lytical methodology to determine the transfer of these alkaloids in teas prepared from
poppy seeds under different conditions (water temperatures, infusion times and seed
amounts), and, in addition, to monitor OA occurrence in home-made teas prepared with
different commercially available poppy seeds under the most unfavorable conditions and
to evaluate the risk of consuming poppy seed teas.
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2. Materials and Methods
2.1. Reagents and Materials

Standards of morphine, codeine and thebaine were received from Alcaliber S.A.U.
(Madrid, Spain), and noscapine and papaverine were obtained from Sigma-Aldrich
(Zwijndrecht, The Netherlands). Individual stock standard solutions were prepared at
1000 pg/mL in methanol (MeOH). The intermediate mixed standard solution was pre-
pared at 100 pg/mL in MeOH. The working standard solutions were prepared by diluting
the intermediate mixed standard in MeOH. All of these were stored in darkness at —20 °C.

Methanol (MeOH), chloroform (CHCIs) and sodium hydroxide (NaOH) in HPLC
grade were purchased from Fischer Scientific (Loughborough, UK). Hydrochloric acid
(HCL, 37% v/v) was purchased from Panreac (Barcelona, Spain); trifluoroacetic anhydride
(TFA) from Sigma-Aldrich (Zwijndrecht, The Netherlands). Ultra-pure deionized water
(18.2 MQ cm quality) was obtained using a Millipore Milli-Q-System (Billerica, MA, USA)
and was used for the preparation of aqueous solutions. Nylon syringe filters (0.45 pm) for
the filtration of tea infusions were acquired from Scharlau (Barcelona, Spain). The
digiVOL® Digital Syringe and the commercial uSPEed® cartridges tested were acquired
from EPREP. Nine types of cartridges with different chemical structures —six silica-based:
Cs (tetrylsilane), 3 um/300 A; Cs (octylsilane), 3 um/120 A; Cis (octadecylsilane), 3 um/120
A; APS (WAX, weak anion exchanger), 3 pm/120 A; PFAs (50% WAX, 50% Cis), 3 pm/120
A; and silica, 3 um/120 A); and three polymeric-based: PS/DVB-RP (reversed phase), 3
um/300 A; PS/DVB-SCX (strong cation exchanger), 3 pm/non-porous; PS/DVB-SAX
(strong anion exchanger), 3 um/non-porous)—were tested.

2.2. OAs in Poppy Seeds and the Study of Their Transfer to Tea

Four samples of edible seeds (S-1, S-2, S-3 and S-4) were purchased in Spain in the
middle of 2021 from supermarkets and herbalists. The labelling for certain of them (5-2)
gave recommendations for the preparation of calming and sedating infusions. Detailed
information on each of these samples can be found in Table S1.

For the study of the transfer of OAs to tea, S-1 seeds were used that had been previ-
ously washed and dried following our previous work [5] and the Recommendation pub-
lished by the European Union in 2014 to reduce OA contents in seeds [33]. This decision
was made because the concentrations of OAs that can be found in the same batch of seeds
can be highly disparate due to the heterogeneous contamination that can occur. Once the
seeds were washed and free of OAs, they were spiked to the intermediate level of concen-
tration of validation (20 mg/kg), which is the maximum permitted limit legislated [23].

The spiked seeds were subjected to the transfer study, which consisted of studying
three factors of infusion (temperature, time and seed amount) at two levels, each with 100
mL of deionized water. The levels of each factor to be studied were selected according to
the International Standard ISO 3103 protocol [34] and the instructions of the manufactur-
ers in order to simulate the real conditions in which consumers carry out their prepara-
tions. Temperature was studied at two levels, 90 and 100 °C, since in online forums and
even on some of the seed labels, infusion at 90 °C was recommended to avoid degradation
of the OAs. The times selected were 5 and 10 min, and the amounts studied were 2 and 4
g. Therefore, a matrix of 8 studies was obtained, as shown in Table S2. For this, 2 or 4 g of
poppy seeds were weighed in an analytical balance (+ 0.1 mg) and infused with 100 mL
of deionized water at 90 or 100 °C for 5 or 10 min. Then, the infusion was strained and
cooled to room temperature. Later, the sample was filtered through a nylon syringe filter
(0.45 pm) before being purified by uSPEed® and analyzed by GC-MS. The areas obtained
for each replicate were interpolated on the matrix-matched calibration to obtain the con-
centration of OAs in the tea. In addition, transfer rates (%) were calculated by comparing
the concentration obtained in the tea and the concentration spiked in the seeds. Finally,
with the conditions that gave a higher transfer, infusions of the four poppy seeds were
made to evaluate the concentration that can be ingested through the infusion and to assess
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the risk. Three consecutive infusions were prepared with each poppy seed sample by tak-
ing three different portions from each sample to obtain the mean of the concentrations
with the + standard deviation (SD).

2.3. uSPEed® Extraction Procedure for OAs in Tea Infusions

The pSPEed® procedure was performed with a digiVOL® Digital Syringe with an au-
tomatic syringe of 250 pL at a constant flow rate of 2500 puL/min. Nine available sorbents
(Cs4, Cs, Cis, PFAs, APS, silica, PS/DVB-RP, PS/DVB-SCX and PS/DVB-SAX) were evalu-
ated and compared to select the ones most efficient with respect to OAs.

First, the uSPEed® parameters were optimized. To achieve this, it was evaluated
whether the derivatization of OAs was more appropriate before or after the uSPEed® pro-
cedure. Subsequently, the pH of the sample load (pH 3, 7 and 9) was evaluated with all
cartridges. The medium selected for loading was water, as it was for the infusions and the
sample medium. The loading onto the cartridge can occur in one of two modes: draw—
effect (the sample is discarded in the same vial after each extraction cycle, to be sucked in
again to ensure complete adsorption) or extract—discard (the sample is discarded in a
waste vial after each extraction to ensure preconcentration). First, the draw—effect mode
was tested with 3, 5 and 10 cycles to evaluate whether retention increased with increasing
cycles. Subsequently, the elution solvent was optimized (MeOH with 10% formic acid,
unmodified MeOH, MeOH with 10% NaOH, and CHCIs). Lastly, the number of cycles for
extract-discard was optimized (10, 12 and 15 cycles) to ensure the maximum possible pre-
concentration once the other parameters had been optimized.

Finally, the uSPEed® procedure was carried out using the PS/DVB-RP cartridge pre-
viously selected as the most suitable sorbent to extract OAs in the optimization step. Fig-
ure 1 shows the uSPEed® procedure under the optimized conditions.

uSPEed® steps
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Figure 1. Graphical scheme of the optimized pSPEed® procedure for opium alkaloid extraction us-
ing the digiVOL® Digital Syringe (EPREP, Mulgrave, Victoria, Australia).
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The first step was the activation of the cartridge with 250 uL of MeOH; later, it was
conditioned with 250 uL of water. Finally, the extract—discard mode was chosen and ten
different 250 puL aliquots of the filtered infusion were used (250 uL, 10 cycles in extract—
discard mode). No washing step was carried out. In the end, the analytes were eluted into
a vial with two different 50 uL aliquots of MeOH (2 x 50 uL). The extract collected in the
vial was evaporated and derivatized for subsequent GC-MS analysis. Between each ex-
traction, to ensure proper reuse of the cartridge and to avoid a memory effect (carry-over),
and as a conditioning step before the next extraction, the cartridge was washed with two
different aliquots of 250 uL of MeOH (2 x 250 uL). Each cartridge was reused more than
100 times.

2.4. Derivatization of OAs and GC-MS Analysis

After the uSPEed® procedure, the extract collected in the vial was evaporated and
reconstituted with 100 pL of CHCIs and 100 pL of TFA at 60 °C for 20 min for derivatiza-
tion [11]. Finally, the extract derivatized was evaporated and reconstituted in 20 pL of
MeOH for GC-MS analysis.

GC-MS analysis was performed using an Agilent 6890 N (Palo Alto, CA, USA) gas
chromatograph system coupled to an Agilent 5975 quadrupole Mass Selective Detector.
The injection volume was 5 pL, and the mode was splitless mode. The injector tempera-
ture was 280 °C, and helium was used as a gas carrier at 1.3 mL/min. For the chromato-
graphic separation, an HP-5 capillary column ((5%-phenyl)-methylpolysiloxane nonpolar
phase, 30 m x 320 um i.d., 0.25 um film thickness; Hewlett Packard, Palo Alto, USA) was
used and was thermostated at 220 °C for 1 min then raised up to 300 °C at 6 °C/min and
held for 1 min, resulting in a method of 15.33 min. The ionization was achieved using an
electron ionization source (EI) at 70 eV. The transfer line, ion source and quadrupole ana-
lyzer temperatures were maintained at 220, 180 and 200 °C, respectively, and a solvent
delay of 4 min was selected.

Initially, a full-scan (FS) MS acquisition mode with a mass range of fragment ions
from 50 to 500 amu was employed for qualitative detection, to select the characteristic
fragment ions for the target OAs. For this purpose, a standard solution of the analytes at
a concentration of 50 pug/mL, previously derivatized with the optimized protocol, was
used. The selected ion monitoring (5IM) mode was used as a quantitative scan, whereby
the molecular ion of the analyte was monitored in a narrow amu window. For each com-
pound the most abundant fragment ions were used (Table 1). In this MS acquisition mode,
only the selected fragment ions with m/z values of interest, rather than a wide range of
m/z values, are collected, significantly improving the selectivity and consequently the de-
tection limits of the technique.

Table 1. Retention time and m/z values of fragment ions selected for the quantification and confir-
mation of the five opium alkaloids.

Compound Name Quantification 1 (m/z) Ion 2 (m/z) Ion 3 (m/z)
Codeine 299 229 162
Morphine 285 215 162
Thebaine 311 296 242
Papaverine 338 324 154
Noscapine 220 215 205

2.5. Analytical Method Validation

There is no official regulation regarding analytical performance requirements for
quantifying OAs in food or other matrices. Therefore, the validation of the method was
performed following the criteria described in SANTE/11312/2021 for pesticides, in EC
Regulation No. 401/2006 and in the ICH Q2(R1) guidelines [35-37]. The validation method
was performed for linear dynamic range (LDR), matrix effect (ME), method detection and
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quantification limits (MDL, MQL), accuracy, precision and selectivity. The validation was
carried out with a spiked sample previously washed and dried (5-1).

Accordingly, LDR was evaluated at six concentration levels with standard solutions
prepared and analyzed using the proposed uSPEed® procedure. Concentration ranges
were selected according to the sensitivity of the GC-MS system to each target analyte, as
well as the amounts expected in the tea infusions. Matrix-match calibration lines were
prepared in the same way, but instead of using standard solutions, the tea obtained from
the poppy seeds (S-1) that had been previously washed and dried was spiked. All calibra-
tion curves were obtained with the mean peak area of each analyte versus analyte concen-
tration and fitted by least-squares linear regression. Matrix effects were determined by
comparing the slopes of the calibration equations obtained from matrix-matched and sol-
vent-based calibration curves for each analyte, calculated using the following formula:
(slope matrix-matched/slope solvent-based —1) x 100. The ME is negligible when it is lower
than +/-20% [35], representing signal enhancement when ME values are greater than 20%
and signal suppression when values are greater than —20%. The sensitivity of the method
for each sample was determined according to the MDLs and MQLs of the OAs from the
analysis of the lowest concentration analyzed (5 pg/L), which yielded signal-to-noise
(S/N) ratios of 3 and 10 (when the quantification ion was monitored), respectively.

The accuracy, expressed as recovery percentage (%), was assessed by comparing the
areas obtained for spiked samples (1 = 6) with known concentrations of analytes and by
performing the uSPEed® procedure with those areas obtained for simulated samples
(samples spiked at the same concentration but at the end of the uSPEed® procedure, prior
to the derivatization step for GC-MS analysis). The recovery assays were performed by
spiking the samples at three concentration levels: 800 ug/L (high level, HL), 400 pg/L (me-
dium level, ML) and 100 pg/L (low level, LL). In the absence of legislation setting a maxi-
mum limit for OAs in poppy seed tea infusions, the Regulation (EU) 2021/2142 maximum
limit of 20 mg/kg in seeds was followed, and the concentrations of OAs in the teas were
estimated assuming complete transfer. Thus, for the seeds with 20 mg/kg of OAs, the con-
centration in tea (2 g of seed in 100 mL of water) was 400 pg/L, this being the intermediate
level of validation. The recovery values should be between 70 and 120%. On the other
hand, method precision was evaluated in terms of repeatability (intra-day) and reproduc-
ibility (inter-day), using the same validation levels as for the accuracy assays. For repeat-
ability (expressed as a percentage of the relative standard deviation, RSD %), six replicates
(n = 6) of the whole procedure were performed on the same day. The reproducibility (also
expressed as RSD %) was calculated by analysis of three replicates of a sample, which
analyses were carried out in triplicate on three different days (n = 9). According to the
validation guidelines, the RSD values for these precision parameters should be <20%. Se-
lectivity was assessed by the absence of interfering chromatographic peaks at the retention
time for the target analytes.

2.6. Statistical Analysis

Statistical analyses were performed using the SPSS 25.0 statistical package (SPSS Inc.,
Chicago, IL, USA) by one-factor ANOVA analysis. Differences were considered signifi-
cant for p-values < 0.05. For the Pareto charts, Statgraphics Centurion software (version
19.3.03) was used to show the significant effects of each of the variables and their respec-
tive interactions.

3. Results and Discussions
3.1. OA Derivatization Step and GC-MS Analysis

First, derivatization was performed following the protocol of Hayes and Krasselt
(1987) [11], using 100 puL of CHCIs and 100 pL of TFA for 20 min at 60 °C. A quantity of 1
mL of a 50 ug/mL standard solution was injected into the GC-MS equipment, and the MS
acquisition was carried out in FS mode with a mass-to-charge ratio ranging from 50 to 500
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(m/z) to identify each OA based on its mass spectrum. Considering the low levels at which
OAs can occur, the full-scan MS detection is not the most suitable approach for this pur-
pose. The low sensitivity and selectivity of this MS acquisition mode were overcome using
the SIM mode, in which the most abundant OA fragment ions seen in the full scan were
selected for quantitative purposes (Table 1). This MS acquisition mode presents high se-
lectivity for every single OA in the sample as well as high sensitivity and allows the con-
firmation of analyte identity and accurate quantification of analytes. This allows the
achievement of lower detection and quantification limits by improving the selectivity and
sensitivity of the instrumental analysis. A chromatographic method with a starting tem-
perature of 80 °C and rising to 300 °C with a ramp of 4 °C/min, corresponding to an anal-
ysis time of 45 min, was used. Thus, it was possible to separate and identify each of the
analytes with their respective ions to create the SIM method that allows increasing speci-
ficity and the elimination of interference. °

Once the SIM method was created, the analysis time was reduced by modifying the
oven temperatures. For this, the first step was to increase the starting temperature from
80 °C to 180 °C, since the retention time of the first analyte was 24.14 min. This decreased
the retention time of the first analyte to 12.10 min and the analysis time to 31 min. Then,
to shorten it further, the starting temperature was raised to 200 °C, achieving a codeine
retention time of 7.30 min and a total time of 21 min. Finally, the starting temperature was
raised to 220 °C and the ramp was made faster —instead of 4 °C/min, it was set to 6 °C/min;
thus, the retention times for each of the analytes were: codeine, 5.06 min; morphine, 5.46
min; thebaine, 6.31 min; papaverine, 9.44 min; and noscapine, 12.77 min, with a total time
of 14.33 min, as shown in Figure 2. In addition, 1 min of hold time at the end of the method
was increased to ensure the cleanliness of the column between injections. The spectra of
each compound can be used for the rapid identification of compounds before quantifica-
tion, i.e., from the TIC (Figure 2) they can be extracted and quickly checked and identified.

6x10°

Papaverine

5x10°

.
4x10

Abundance
Noscapine

3x10°

2x10°

1x10*

—= Morphine
———— Thebaine

o =F——= Codeine

T T T T T T T
0 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00
Retention time (min)

L

Figure 2. Total ion chromatography (TIC) obtained for each opium alkaloid using the SIM mode for
a poppy seed tea extract spiked at a low level of validation (100 pg/L).

Once the chromatographic method was optimized, some tests were carried out to
optimize the derivatization step. For this, different derivatization solvents were tested
(CHCIs, MeOH, ethyl acetate and hexane) at different temperatures (40 and 60 °C) and
times (10, 20 and 40 min). Finally, the optimum conditions selected were: CHCls at 60 °C
for 20 min, thus confirming that the protocol used in the work of Hayes and Krasselt (1987)
[11] to derivatize morphine and codeine was also the most suitable for the derivatization
of all OAs.3.2. uSPEed® Procedure Optimization
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(a) Pre-nSPEed® derivatization

To optimize the uSPEed® procedure, nine cartridges were tested due to the different
chemical properties of the OAs, papaverine and noscapine having the lowest water solu-
bilities (0.013 and 0.18 g/L, respectively) and morphine having the highest (10.20 g/L) [31].

First, nine cartridges were evaluated by performing the derivatization step before
and after to see when it was more efficient to perform it. For this, the cartridge was acti-
vated and conditioned with 250 pL of MeOH and H:O, respectively, and the loading step
was performed with 250 pL of a 5 mg/L standard solution in water in a 3-fold draw—effect
cycle. The first studies were performed at a higher concentration for the target analytes to
be detected by GC-MS. Then, the analytes were eluted with 50 uL of MeOH twice (50 uL
x 2). As shown in Figure 3a, the areas obtained were generally larger when derivatization
was performed after the pSPEed® procedure. Thus, it was decided to perform derivatiza-
tion after the uSPEed® procedure.

(b) Post-uSPEed® derivatization
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Figure 3. Normalized areas (%) obtained for OAs in the optimization of the uSPEed® procedure
with nine cartridges: derivatization before (a) and after (b), acidifying to pH 3 (c) or basifying to pH
9 (d) in the loading step. All assays were performed with 5 mg/L standard solutions in triplicate;
error bars indicate the relative standard deviations (RSDs %).

Subsequently, as no cartridge was shown to be clearly better than the others for all
the analytes, due to the different chemical properties of OAs, in addition to testing all the
cartridges by performing the loading step at pH 7, they were tested by acidifying the 5
mg/L standard solution with HCI (pH 3) and basifying it with NaOH (pH 9). Comparing
the areas obtained at pH 7 (Figure 3b) and those obtained at pH 3 (Figure 3c) and 9 (Figure
3d), the structural and polarity differences between the analytes were even more evident.
Some cartridges showed larger areas with lower pHs, such as C4, and others showed
higher pHs, such as Cs or PS/DVB-SAX. However, the areas obtained with pH 3 and 9 for
morphine were very small for all cartridges. Therefore, pH 7 was selected, and, finally, it
was decided to select the silica and PS/DVB-RP cartridges, which showed the best
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responses for morphine and codeine, and for the rest of the analytes there was little dif-
ference between the cartridges with respect to the size of the areas.

Afterwards, the two selected cartridges were studied by increasing the draw—effect
cycles in the loading step to obtain the maximum possible adsorption of 5 mg/L of stand-
ard solution and to be able to select the cartridge that could adsorb the most. As shown in
Figure 4a, after comparing the areas obtained, it was seen that the PS/DVB-RP cartridge,
after 10 cycles, achieved a considerably larger area.

(a) Cycles number of loading sample (b} Flution solvent
- o - 100 |
g : - 3
g 80 I i 7+ w 80 i |
- T L
- i = I E 1

60 60
E -]
M 7 TpT™ @ I
540 | H40 - T =
8 : = B
] 20 g 20 A ik I
z > o

coD MOE THE PAP NOE COD MOR THE PAP  NOS
M 3 cycles with S1 5 cycles with PS'DVB-RP 8 Unmodified MeOH MeOH + 10% NaOH
10 cycles with Si ®3 cycles with PS/DVB-RP MeOH + 10% formic acid m Chloroform

u 5 cycles with Si 10 cvecles with PS/DVB-RP

Figure 4. Normalized areas (%) obtained with the silica and PS/DVB-RP cartridge with 3, 5 and 10
draw—effect cycles in the loading step at pH 7 (a) and with the PS/DVB-RP cartridge with a different
elution solvent with a pH of 7 in the loading step (b). All assays were performed with 5 mg/L stand-
ard solutions in triplicate; error bars indicate the relative standard deviations (RSDs %).

Later, different elution solvents (MeOH unmodified, MeOH with 10% formic acid,
MeOH with 10% NaOH, and CHCls) were evaluated with the other optimal conditions,
with 5 mg/L of standard solution in the loading step. As shown in Figure 4b, MeOH with
10% formic acid resulted in the largest area shown for all analytes.

Finally, as one of the advantages of the uSPEed® technique is the possibility of pre-
concentrating sample extracts to obtain lower instrumental limits, the studies were carried
out with the optimal conditions, but with 10, 12 and 15 extract—discard cycles in the load-
ing step. For this purpose, this study was carried out at the low validation level (100 pg/L)
to determine whether a preconcentration could be carried out with the uSPEed® to allow
the desired concentration levels to be quantified in the equipment. The recovery values
were calculated with their respective simulated values. The values obtained by perform-
ing 10 cycles were 91 + 8% for morphine and around 100% recovery for the rest of the OAs;
performing 12 cycles, codeine, thebaine and papaverine showed around 100% recovery,
but morphine showed 37 + 12% and noscapine 85 + 9%; and, performing 15 cycles, mor-
phine and noscapine showed close to 15% recovery, codeine 40 + 9%, papaverine 65 + 9%
and thebaine 82 + 9%. For this reason, the uSPEed® procedure with 10 cycles was selected,
which allowed a preconcentration factor of 10 and the obtainment of adequate recovery
values.

3.2. Validation of the Proposed Method Based on uSPEed® Followed by GC-MS

The results of the validation of the proposed method based on puSPEed® followed by
GC-MS for the quantification of OAs in poppy seed teas are shown in Table 2. The regres-
sion lines were obtained by least-squares linear regression analysis of the data and pro-
vided excellent correlation coefficient (R?) values between 0.998 and 1.000 for all analytes.
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Table 2. Validation parameters for the proposed method based on uSPEed® followed by GC-MS for
the quantification of opium alkaloids in poppy seed teas.

Analvtes Linear Range  Matrix-Matched MDL MQL ME ¢ Accuracy © Precision (%RSD) ¢
y (ug/L) 2 Calibration (R?) (ug/L)?  (ug/L)© Recovery (% = SD) Intra-Day  Inter-Day
LL 91+8 9 11
= 6y —
Codeine  5-800 7 3-17(; (1009’9‘9) R 1 8 ML 101 +4 4 7
' HL 991 1 4
LL 90+ 8 8 10
= 6 y —
Morphine 5800 7 3'302 (100 o 5 Lo o5 16 4 ML 1027 7 13
' HL 90+3 3 7
LL 91:4 5 9
= 6
Thebaine ~ 5-800 3'1602 (100 9’9‘9; 76 02 0.7 1 ML 100 + 10 10 14
' HL 101+3 3 4
LL 89+4 4 7
= 7y —
Papaverine ~ 5-800 2'1902 (110 030) 23 006 02 -6 ML 100 +7 7 10
' HL 95+6 6 10
LL 93:8 9 13
= 7y —
Noscapine ~ 5-800 7 1'1602 1(? o9 33 007 02 10 ML 1027 7 10
(0599 HL 108+7 6 11

2 The linear range is expressed in ug/L of poppy seed tea; ® MDL: method detection limit is in pg/L
of poppy seed tea;  MQL: method quantification limit is in pg/L of poppy seed tea; ¢ ME (%): matrix
effect (dividing the purified matrix slope by the solvent slope — 1) x 100; ¢ Accuracy and precision
were obtained by spiking samples at three concentration levels: low level (LL, 100 pg/L), medium
level (ML, 400 pg/L) and high level (HL, 800 ug/L).

The method showed low MDL and MQL values expressed in pg/L of poppy seed tea
(Table 2): 0.06 and 0.2 pg/L for papaverine, 0.07 and 0.2 pug/L for noscapine, 0.2 and 1 ug/L
for thebaine, 0.3 and 1 pg/L for codeine, and 0.5 and 1.6 pug/L for morphine, respectively.

The MEs were calculated by comparing the slopes of the matrix and solvent calibra-
tion curves. As shown in Table 2, the MEs of the proposed methodology were negligible,
as all values were within +/~20%. This means that the pSPEed® procedure was able to
eliminate all possible matrix effects. For this reason, solvent regression lines could be used
to quantify the samples, simplifying the analysis [35].

Accuracy and precision were evaluated at three different concentration levels: 100
ug/L (LL), 400 ug/L (ML) and 800 ug/L (HL). Accuracy was expressed as the average re-
covery obtained comparing six samples (1 = 6) spiked with the corresponding values with
their simulated samples. As shown in Table 2, recovery values were adequate according
to the guidelines [35] for all validation levels (between 89 and 108%). In addition, satisfac-
tory results were obtained for intra-day and inter-day precision at the three concentration
levels, since the RSD values were lower than 20%, according to the guidelines [35], and
the lowest value was 14% (Table 2). Furthermore, as shown in Figure 2, good selectivity
for the method was demonstrated, since no interfering peaks were found at the retention
time for the target analytes.

The most significant advantages of the proposed method over previously published
ones were that this method, in addition to extending to morphine, codeine and thebaine,
also extends to papaverine and noscapine, which can be even more toxic [17]. In addition,
by performing the uSPEed® procedure, it was possible to preconcentrate the extract 10
times more, such that the present method has 10-fold lower limits than those of the work
of Li et al. (2021), which also used GC-MS to quantify poppy seed teas, their obtained
MDL and MQL values being 2.5 and 10 pg/L, respectively, for morphine and codeine and
20 and 50 ug/L for thebaine [1]. On the other hand, the present method showed a wide
linear response range, allowing us to quantify infusions made with seeds contaminated
with amounts of OAs (40 mg/kg) twice those of the legislated maximum limit (20 mg/kg),
as quantified in numerous studies [5-7]. However, the method developed by Powers et
al. (2019), which used HPLC-MS/MS, only reached 500 pg/mL, i.e., 25 mg/kg in seeds,



Chemosensors 2023, 11, 94

11 of 16

with a 100% transfer rate [3]. So, different dilutions are needed to quantify samples when
the concentrations are outside the calibration range.

Overall, the proposed method based on uSPEed® followed by GC-MS analysis
proved to be an efficient strategy for the extraction and quantification of five OAs in
poppy seed teas, showing excellent performance in terms of linearity, sensitivity, matrix
effects, precision and accuracy.

3.3. Transfer Study of OAs from Poppy Seeds to Tea Infusions

To determine the level of transfer of OAs from poppy seeds to tea infusions, three
factors (water temperature, infusion time and seed amount) were studied at two levels
each (n = 8), each condition being studied in triplicate. For this, the seeds (5-1) were spiked
to the maximum legislated limit (20 mg/kg) [23], having previously been washed and
dried. Each of the studies was performed with 100 mL of deionized water, and, after cool-
ing to room temperature (25 + 1 °C), the preparations were filtered through a nylon syringe
filter; finally, the proposed uSPEed® procedure was applied, followed by the GC-MS anal-
ysis.

The areas obtained were interpolated on the respective matrix-matched calibrations
to calculate the concentrations of OAs in the teas. The concentrations obtained were com-
pared, as shown in Figure 5a. ANOVA tests were performed to determine the statistically
significant differences between each of the studies performed, and the transfer ratios (%)
were calculated to determine the conditions under which the highest concentrations of
OAs could be obtained in the teas. By spiking the seeds with the maximum limit estab-
lished in the legislation and using two quantities of seeds (2 and 4 g), the concentrations
that could be obtained in these teas were 0.4 and 0.8 mg/L, respectively, if 100% transfer
occurred. As can be seen in Figure 5a, with 4 g of seeds at 90 °C for 5 min, statistically
significantly higher concentrations of codeine, morphine and thebaine in teas were ob-
tained.

) 8 c c ;;i ‘C;f LS 0% @)
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Figure 5. Mean concentrations (n = 3) obtained in each transfer study with their transfer rates (%).
The same letters mean that there were no statistically significant differences; different letters mean
that there were such differences (p < 0.05) (a). Pareto Chart of the standardized effect of each of the
responses (concentration of each analyte), showing the three factors: (A) poppy seed amount (g), (B)
infusion time (min) and (C) temperature (°C) (b).
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This was because, the greater the amount of seeds, the greater the concentration of
OAs obtained, i.e., 100 mL of water was still sufficient for the extraction of all opiates from
the seeds. Therefore, transfer ratios (%) lower than 100% should not be due to a lower
transfer but rather to thermal degradation, as confirmed by some published works
[7,33,38,39]. This degradation is mainly observed in codeine and morphine, which are the
most thermally sensitive analytes [38]. Thus, between the results of the studies performed
at 90 °C and those performed at 100 °C, statistically significant differences were observed
for all analytes, although they were much lower in the cases of papaverine and noscapine,
in which thermal degradation was affected less. Regarding infusion time, higher concen-
trations could be expected with longer times, as the contact time between water and seeds
was increased. However, it was observed that increasing the time could in some cases
decrease the concentration of OAs in the tea. This may have been due to increased degra-
dation with increasing exposure time of the OAs at high temperatures. All of this is con-
firmed by the Pareto charts shown in Figure 5b, in which effect A (amount of seeds) has a
very significant positive effect on all analytes, effect B (infusion time) has a negative effect
on all analytes (the effects being much higher in the cases of codeine and morphine) and
effect C (temperature) has a negative effect on all analytes except noscapine, for which no
statistically significant difference was observed.

Therefore, the conditions selected for the highest rate of transfer or lowest rate of
degradation were 4 g at 90 °C for 5 min, obtaining 90% transfer in codeine, 75% in mor-
phine, 96% in thebaine, and 100% in papaverine and noscapine.

3.4. Occurrence of OAs in Tea Infusions from Different Poppy Seeds

To determine the occurrence of OAs in poppy seed teas prepared using different
samples of poppy seeds, the conditions with greater rates of transfer were used. For this
reason, 4 g of each of the poppy seed samples were infused with 100 mL of water at 90 °C
for 5 min. The studies were performed in triplicate, taking a fresh 4 g of each sample for
each infusion to determine the extent of the variation for each seed sample. After cooling
to room temperature, the preparations were filtered through a nylon syringe filter, and,
finally, the uSPEed® procedure was applied, followed by the proposed GC-MS analysis.
The areas obtained were interpolated on the respective matrix-matched calibrations to
calculate the concentrations of OAs obtained for each of the teas.

As shown in Table 3, all OAs were quantified for all the poppy seed teas analyzed.
Furthermore, as can be seen, the calculated standard deviations of the three replicates
were in some cases high. This may have been due to the heterogeneous contamination
that seeds suffer, external contamination depending on multiple factors, such as climate,
time of harvest, and variety, among others [5,6,8].

Table 3. Occurrence of opium alkaloids (main concentration (ug/L) of three replicates + standard
deviation) in poppy seed teas prepared with four different samples of poppy seeds (S-1, S-2, S-3 and
S-4).

Code Sample = Morphine  Codeine  Thebaine  Papaverine Noscapine = ME?

5-1 tea 25+3 4+1 <MQL 8.13 +0.02 20.6 £0.2 26
S-2 tea 43+25 1.8+0.4 <MQL 82+0.2 23+2 43
S-3 tea 227 +39 58 +42 56 + 36 11+6 29+6 239
S-4 tea 1563 + 33 254 + 35 71+13 29+2 56 +1 1614

a ME: morphine equivalents = morphine + 0.2 x codeine; <MQL: below the method quantification
limit.

Of the four poppy seed teas analyzed, S-1 and 5-2 showed the lowest OA contents,
morphine and noscapine being the analytes with the highest concentrations in both teas
(43 pg/L and 23 pg/L, respectively) and thebaine the one with the lowest (below the MQL).
These samples were labelled Papaver rhoeas L. (Table S1), which does not contain OAs in
its latex, such that its seeds cannot be contaminated. Therefore, the determinations of OAs
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in these infusions confirmed the mislabeling of the products, as observed in previous stud-
ies [5]. S-3 showed a higher content of all OAs, especially morphine 227 ug/L, and S-4 was
the sample with the highest concentration of all OAs, giving up to 1563 pug/L of morphine,
254 ug/L of codeine, 71 ug/L of thebaine, 56 pg/L of noscapine and 29 pg/L of papaverine.
This sample was diluted 1:2 to quantify it within the calibration line and then a recalcula-
tion was performed to give the final concentration. Considering the transfer rates of 75%
for morphine and 90% for codeine, the estimated quantity for S-4 poppy seeds expressed
in morphine equivalents is 54 mg/kg, which is higher than the legislated limit (20 mg/kg).
It should be noted that the seeds were purchased in 2021 and therefore could not have
been expected to comply with current legislation, according to which, if the seeds were
marketed before 1 July 2022, they can remain in trade until the best-before date is reached
[23]. In addition, the acute dose of morphine equivalents set by the EFSA in 2018 is 10 pg
per kg body weight. So, for a 20 kg child, the acute dose would be 200 pig, and for a 60 kg
adult it would be 600 pg morphine equivalents. Following the consumer recommenda-
tions of some manufacturers of 3 cups of tea per day, if the seeds used for the infusion
were 5-4, 648 ug morphine equivalents would be ingested. Therefore, the consumption of
tea made from these seeds poses a health risk for both adults and children. Furthermore,
it should be noted that the legislation only applies to morphine and codeine, and, as ob-
served for all teas, considerable amounts of thebaine, papaverine and noscapine are also
present, which can be even more toxic, as claimed by the health authorities [17]. This high-
lights the need to control these analytes and the importance of developing analytical meth-
ods to analyze them in order to develop adequate legislation accordingly.

Results from other works that quantified OAs in home-brewed poppy seed teas also
showed considerably high amounts of OAs in the infusions. For example, in the work of
Lietal. (2021), the total mean concentrations of morphine, codeine and thebaine estimated
for poppy seeds, from the analysis of three repeated infusions of 2 g of seeds with 6 mL of
water acidified with 5% lemon juice (heated at 90 °C for 10 min), ranged from 1.1 to 1926,
20.2 to 311, and 9.0 to 100 mg/kg, respectively. These authors indicated that most OAs
were extracted in the first brew (around 80% of the total opiate yield), so potential over-
dose could occur with some tea samples when large quantities of seeds are used in brew-
ing [1]. In the work of Powers et al. (2019), different teas were prepared (i.e., 85 g of seeds
in 150 mL, 6 g of seeds in 30 mL and 35 g of seed powder in 100 mL with 5% lemon juice
in water, for 10 min at 23 °C and 94 °C) and the concentrations of morphine, codeine and
thebaine estimated in the seeds from the poppy seed teas were <1-2788 mg/kg, <1-247.6
mg/kg and <1-124 mg/kg, respectively [3]. In the work of Montgomery et al. (2019), the
average concentrations of morphine (mg/kg of seed) determined from the beverage ex-
tractions were found to be between 155 and 223 mg/kg. In this work, four poppy seed tea
samples were prepared utilizing extractants commonly described in online drug forums
(i.e., lemonade, lemon-flavored iced tea, and 10% concentrated lemon juice and water)
and compared with a control solution containing acetic acid (1 g of seed in 5 mL). These
results showed that, from all the beverages, significant amounts of morphine could be
extracted from the surfaces of poppy seeds, despite the extractions being carried out at
room temperature for 2 h [4].

In short, the consumption of poppy seed tea can potentially be dangerous, especially
since consumers can prepare tea with any amount of seeds and do not know the concen-
trations of OAs they may contain. In addition, as demonstrated in the present study, de-
spite some thermal degradation, morphine and codeine have high transfer rates, as do the
rest of the OAs. Therefore, the study of these types of samples is essential in order to high-
light the danger of this consumption practice and to warn the authorities of the need to
control it, as it may pose a potential risk to the health of consumers. Even if the maximum
amount is currently set at 20 mg/kg and no new seed samples with higher levels can be
marketed from 1 July onwards, the authorities should instruct the manufacturers of these
products to establish recommendations as to the methods of preparation and the
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maximum daily amounts to be consumed and provide indications that adverse health ef-
fects may occur if these recommendations are not followed.

4. Conclusions

A simple and efficient method was developed for the quantification of morphine,
codeine, thebaine, papaverine and noscapine concentrations in poppy seed teas using
uSPEed® followed by GC-MS analysis. Of the nine uSPEed® cartridges evaluated,
PS/DVB-RP was the one most efficient for OAs and allowed, with optimized conditions,
the elimination of possible matrix effects of the extract and 10-times concentrations, thus
decreasing the MDLs and MQLs. Once the method was successfully validated, it was ap-
plied to study the rate of transfer of opiates from poppy seeds to teas. For this, the influ-
ence of three factors (temperature, time and quantity) was evaluated at two levels and it
was determined that 4 g of seeds at 90 °C for 5 min were the conditions that produced the
highest rate of transfer or less thermal degradation (75% morphine, 90% codeine, 96%
thebaine, and 100% papaverine and noscapine). With these conditions, four teas made
with different poppy seeds were quantified, and for all of them all the OAs were deter-
mined, one of which showed high morphine (1563 pg/L) and codeine (254 pg/L) contents,
indicating that the seeds used contained 53 mg/kg morphine equivalents —twice the max-
imum limit legislated by the EU (20 mg/kg). Therefore, it is necessary to warn the popu-
lation of the danger of not following the consumption recommendations, since it may be
thought that the OA contents in the seeds are not very high.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/chemosensors11020094/s1, Table S1: Registration of the dif-
ferent poppy seeds used to make the tea infusions, with descriptions, species and origins; Table S2:
Summary of the transfer studies performed with the three factors under study and the two levels
for each.
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