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Solvent Extraction (ASE) in Tandem with In-Cell Purification and GC-MS
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The aim of this research was the replacement of conventional sample extraction techniques
for polycyclic aromatic hydrocarbons (PAH) in tissue samples for a reliable, fast and eco-
friendly procedure. The method was developed using a pressurized solvent extraction method
and assessing two different standard reference materials (fish and mussel) and freeze-dried and
fortified sardine samples (Sardinella sp.). Five different extraction procedures were evaluated
and the best performance comprised 1 g of lyophilized tissue, 5 g of deactivated (5%) silica, a
dichloromethane:methanol (4:1 v/v) mixture, a temperature of 80 °C, three cycles, 10 min of static
time and 90 s of purge time. The method selected following these tests was further validated through
the analysis of nine replicates of the National Institute of Standard and Technology (NIST) reference
material No. 2976, resulting in an effective recovery of 83 + 14%. The means and uncertainties
attained for each PAH were equivalent to those of the reference material, corroborating the reliability
of the developed method. A shorter processing time, less use of solvents and reagents and lower
extract manipulation produced an effective method aligned with green-chemistry guidelines.
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Introduction

The production and final disposal of anthropogenic waste
in aquatic systems have increased in the last decades.! The
myriad of contaminants contained in these effluents are
one of the major drivers of ocean pollution, causing loss
of biodiversity and decreasing their capacity to provide
ecological services, among other effects, which ultimately
endanger human health.>* Polycyclic aromatic hydrocarbons
(PAHs), a group of more than one hundred compounds with
at least two fused and thermodynamically stable aromatic
rings, are of particular environmental concern, as they are
toxic, persistent and ubiquitous in aquatic systems.* PAHs
are derived from the incomplete combustion of organic
materials and fossil fuel or from direct petroleum inputs’ and
may bioaccumulate throughout the trophic chain, causing
adverse biological effects.*® PAHs exposure is known to
display the potential to cause tumors, fertility problems and
birth defects,”! among other outcomes.

Validated data on PAHs and other organic contaminants
in environmental matrices, such as water, sediments,
atmosphere and biota, are a requirement for fate or exposure
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assessments concerning (organic) micropollutants in
aquatic systems.!! Particularly, PAH analyses in animal
tissues (i.e., flesh, liver, blubber) is challenging due to
matrix complexity (e.g., high fat contents) and the low
limits of detection and quantification required to detect
toxic chemicals at ng g! (wet weight) levels.'? The effort,
however, is worthy, since consistent environmental
assessments may reveal chemical exposure patterns and
indicate compound biomagnification/bioaccumulation
potentials, as well as exposure and health risks to humans
through fish consumption. !>

Despite the wide range of methods available for
determining organic substances in tissues, the efficiency
of lipid removal remains the most critical step.'>!>1¢ A
sample clean-up is applied in order to remove analytical
interferences and increase method sensibility, while
also reducing instrument maintenance, enhancing
chromatographic system performance.!”!® Traditional
procedures require extract manipulation and high
amounts of solvents, making them expensive and time-
consuming. In addition to being somewhat expensive,
the various steps increase the possibility of losses and
contamination, requiring alternatives to reduce sample
manipulation.” Among applied lipid removal methods,
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such as gel permeation chromatography (GPC),?*?? solid
phase extraction (SPE)*? and alumina columns,'>?' the
accelerated solvent extraction (ASE) method emerges as
an advantageous alternative,’*? especially when coupled
to in-cell purification procedures.?-*

The drawbacks of traditional extraction and clean-up
procedures have stimulated the development of simple,
automated, faster, cost-effective and environmental-
friendly protocols in the last decades.?*33-*> Among others,
pressurized liquid extraction, or accelerated solvent
extraction (ASE), is a fast low solvent consumption method
for solid sample organic compound extraction,”” which has
become a popular green extraction technique for various
classes of organic contaminants from different kinds of
samples.” A major additional advantage of the pressurized
liquid extraction method applied to biological tissues
is the possibility to include a sorbent within the sealed
stainless-steel cell used to extract the sample, aiming at
lipid retention. This “in-cell purification” technique has
been proven efficient in minimizing post-extraction clean-
up steps, resulting in a single step pressured extraction
combined with in-cell purification for organic compound
extraction and clean-up.3*3!:%

Herein, a PAH analysis method from biological tissues
based on ASE extraction and in-cell purification and
optimized using two standard reference materials (fish and
mussel) and fortified fish muscle (Sardinella sp.) samples is
presented. In addition to complying with the basic requisites
of green chemistry, namely decreased use of chemicals
and hazardous residue production, the aim of this study
is to provide an efficient and fast method to attend the
demands for fish and shellfish PAH contamination data in
emergency situations after oil spills. These data are required
for decision-making regarding fisheries interruptions and
seafood safety implications.*”*

Experimental
Standards and chemicals

PAH extraction recoveries from marine organism
tissues were evaluated through the use of two different
standard reference materials, National Institute of
Standard and Technology (NIST) No. 2976 (trace
elements and methylmercury in mussel tissue) and the
International Atomic Energy Agency (IAEA) No. 435
(organochlorine compounds and petroleum hydrocarbons in
tuna homogenate), and fortified freeze-dried sardine muscle
(Sardinella sp.) samples. The sardine samples were dried
to comply with the reference standard material, available
as moisture-free samples.

J. Braz. Chem. Soc.

All organic solvents used herein, methanol (CAS-No 67-
56-1), dichloromethane (CAS-No 75-09-2) and n-hexane
(CAS-No 110-54-3), were gradient grade for liquid
chromatography and provided by Merck (Darmstadet,
Germany). The PAH standard, surrogate and internal
standard were obtained from Accustandard® (New
Haven, USA), as follows: PAH mix (Quebec Ministry of
Environmental) H-QME-01, Z-014] Internal Standard and
M-8270-SS surrogate. Sorbent materials used in in-cell
extraction comprised silica gel 60 (0.063-0.200 mm) for
column chromatography (CAS-No 112926-00-8; Supelco,
Saint Louis, USA) and aluminum oxide 90 active neutral
for column chromatography (CAS-No 1344-28-1; Supelco,
Saint Louis, USA), both acquired from Merck (Rio de
Janeiro, Brazil). Metallic copper (CAS-No 12069-69-1)
were acquired from Vetec (Rio de Janeiro, Brazil) and
sodium sulfate (CAS-No 7757-82-6) from Sigma-Aldrich
(Saint Louis, USA).

Tissue extraction

Different tissue aliquots (0.5, 1.0, 1.5 and 2.0 g) were
extracted by pressurized liquid extraction*® using an
ASE 300 accelerated solvent extractor system (Thermo
Scientific, Bremen, Germany) system under varying
pressure (1000 to 2000 psi) and temperature (from 80 to
150 °C) conditions. Different n-hexane, dichloromethane
and methanol solvent mixtures were also used. In addition,
the type and amount of sorbent was also tested, with
deactivated silica (5% m/m) and alumina (2% m/m) tested
alone or in combination at different ratios. All cells volume
were completed with diatomaceous earth. Blanks were
analyzed in each sample batch (six samples) to demonstrate
that no contamination that would affect the standard and
sample analyses concerning the analytes of interest was
present. A summary of the extraction procedure is presented
in Figure 1.

The number of extraction cycles is another important
parameter and several authors**® have reported that most
contaminants are extracted during the first extraction. The
yield of sequential cycles is much lower but, often, not
negligible, and may increase the final recovery of each
analyte.** In order to ensure the best recovery, two and
three cycles were tested.

The extracted hydrocarbons were eluted through
a glass column (1.3 cm inner diameter (i.d.) and
30 cm height) packed with metallic copper, anhydrous
Na,SO,, deactivated alumina (7 g, 2% m/m) and silica (10 g,
5% m/m). The aromatic fractions were eluted using 75 mL
of a dichloromethane:hexane (1:1) solution, collected after
aliphatic fraction elution (50 mL n-hexane). The aromatic
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Figure 1. Accelerated solvent extraction system (ASE 300) with in-cell
purification procedure.

extracts were then concentrated to 1 mL under a gentle
N, flow and internal standards (100 ng) were added to the
samples prior to gas chromatography-mass spectrometry
(GC-MYS) injections.

Instrumental

PAHs quantifications were performed by
gas chromatography (Thermo Trace-GC; Bremen,
Germany) coupled to mass spectrometry (Thermo ITQ
900; Bremen, Germany), based on the United States
Environmental Protection Agency (US-EPA) method.*
Briefly, 1 pL of each extract was injected in a gas
chromatography system equipped with a DB-5MS column
(30 m x 0.25 mm x 0.25 um) at a constant flow rate (He,
1.2 mL min"') submitted to the following temperature
program: 50 °C for 5 min; 50 °C min™! to 80 °C; 6 °C min"!
at 280 °C for 20 min, and 12 °C min™' at 305 °C for 10 min.
The ion trap mass spectrometer system operated in full scan
mode (50-550 m/z).

A calibration curve based on internal standard addition
(100 ng) and at ten concentration levels (1, 2, 5, 10, 20,
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50, 100, 200, 400 and 1000 ng mL™") of 16 priority PAHs
as established by the US-EPA plus dibenzothiophene,
benzo[e]pyrene and perylene, was prepared. All curves
with a Pearson’s correlation coefficient (R?) > 0.99 or
higher were accepted and the homoscedasticity of the
residuals from the method of least squares used in the
calibration linear model was confirmed by the Cochran
statistical test. Deuterated naphthalene-dy, acenaphenene-d,,
phenanthrene-d,,, chrysene-d,, and perylene-d,, were
used as internal standards. The compound p-terphenyl-d,,
was used as the surrogate standard. In addition, the limit
of detection (LOD) was calculated based on the standard
deviation of the response (Sy) of the curve and slope of
the calibration curve (S) at levels approximating the LOD
according to the formula: LOD = 3.3 (Sy/S), whereas the
limit of quantification (LOQ) was conservatively determined
based on the average mass of sample extracted and the
concentration of the lowest point in the analytical curve.

Results and Discussion

Initial tests indicated no significant differences concerning
pressure. Thus, this parameter was maintained at 1500 psi
throughout subsequent tests. This intermediate pressure was
chosen as other authors have reported that 2000 psi results in
darker extracts with broad chromatogram peaks due to co-
extraction with other matrix components.?#” High pressure
is applied to maintain the solvent in a liquid state far above
the boiling point, with temperature comprising of the most
important ASE parameters® since it increases diffusion rates
and solubilization capacity. Lastly, solvent proprieties at
extraction temperature and pressure should match those of
the target compounds in order to achieve efficiency.

After initial tests the main experiments were condensed
to five auspicious methods to adjust extracted mass, solvent
polarity, sorbent material and temperature (Table 1).
Despite high temperature being a relevant factor for
extraction efficiency,® elevated values (= 150 °C) were
inefficient in recovering low molecular weight (LMW)
PAHs (< 40%). Therefore, this parameter was further tested
at a lower range (80-125 °C).

Table 1. Adjusted method parameters for accelerated solvent extraction of marine organism tissue samples

Test Mass/ g Sorbent Solvent Temperature / °C Cycles Static time / min ~ Purge time / s Rinse volume / %
A 0.50 alumina 20 g DCM 125 3 6 300 60
B 3.00 alumina 12 g DCM 125 2 6 300 60
C 0.50 alumina 5 g DCM 125 2 5 60 60
D 1.00 silicaS g DCM:M (4:1) 80 3 10 90 75
E 0.50 silicaS g DCM:M (4:1) 80 3 10 90 75

DCM: dichloromethane; M: methanol.
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The results were evaluated based on compounds present
in all tested matrices. Temperatures over 80 °C led to
lesser recoveries of LMW compounds (Figure 2). Mean
recoveries of LMW PAHs (2-3 rings) ranged from 12 to
31% in test A, 19 to 58% in test B and 55-59% in test C.
On the other hand, LMW PAHs in tests D and E ranged
from 60 to 76% and from 57 to 77%, respectively, directly
related to extraction temperature.

Tests D and E exhibited high average recovery
performances for both low to high molecular weight
compounds. They also presented lower standard variations
among replicates, as evidenced by the calculated relative
standard deviation. The results of the preliminary tests
reported herein indicate that the fourth test (D), was the
most promising. Results for tests D and E were similar,
with high recoveries and extract purification. The choice of
test D is due to greater extracted masses and, therefore, less
analytical bias due to sample size, as well as the potential
to lower limits of quantification.

Solvent selection was the crucial first step for the
development of the ASE protocols.* Some authors®!
have been reported the use of high-polar solvents, and
that non-polar solvents can lead to lower efficiencies.
This method was developed using free water samples
to ensure repeatability, since water content in samples
varies widely and, consequently, so does the effectively
extracted tissue mass. Risks to human health due to the
ingestion of contaminated food considers many variables,
including fish consumption rates.'®** Since these rates are
calculated regarding the food item as it is consumed, moist,
wet weight should be determined before or following the
freeze-drying process or following sodium sulfate sample
treatment before extraction.
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Based on the attained results presented in Table 1, nine
NIST SRM 2976 samples were extracted through D test
parameter for method validation. Figure 3 shows a typical
GC-MS selected ion monitoring chromatogram obtained
in the NIST analysis. This standard reference material
was chosen because it has the highest lipid content, and
is the most complex matrix available. Another important
issue for choosing certified material over fortified samples
is the reproducibility of real sample extraction. In the
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Figure 3. Example of a chromatogram obtained by GC-MS selected ion monitoring analysis of the certified reference material (NIST 2976), showing the
deuterated internal standards added (see text for details).
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incremental (spike) tests, PAHs are added to the tissue
samples and extracted from the tested matrix, instead of
being incorporated into matrix, as in reference materials.

The proposed procedure accurately extracted PAHs
from a wide concentration PAH range (1.9-225 ng g') and
recoveries, applied to assess method performance when
investigating a particular material,> presented excellent
values (Figure 4). The mean recovery range of the SRM
extracted by the developed method ranged from 69 + 17%
(naphthalene) to 102 = 16% (benzo[e]pyrene), proving its
efficiency. The mean and standard deviation considering
all PAHs was of 83 + 14%. The lower recovery and high
relative deviation for naphthalene compared to the other
determined PAHs can be attributed to its vapor pressure
(8.64 Pa at 20 °C) and consequent evaporation losses.
However, despite losses through the analytical process,
naphthalene still attained good recovery, within the range
of the other PAHs ASE assessments, for example, 66-
101% reported by Brockmeyer et al.,*® and 53-93% by
Wang et al >3
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In addition to good recoveries values, mean and
uncertainty values were also compared to reference material
uncertainties. The certified NIST value is an unweighted
mean of the results from two or three analytical methods
and the listed uncertainty is an expanded uncertainty of the
mean.** Reference values listed for NIST are the means of
results applying one analytical technique, and the expanded
uncertainty (U) is calculated as U = ku,, where u, is one
standard deviation of the analyte mean, and k is a coverage
factor. The estimated standard uncertainty of the mean,
u,;, is calculated by dividing the standard deviation (s) by
the square root of the number of observations,*>>¢ herein
further expanded by the #-value at a 95% confidence level.

Mean and uncertainty evaluations were performed
through normalized errors (Table 2), where error values
lower than 1 are considered conforming or passing, and
outside of this value (> 1), nonconforming or failing. All
values for the normalize errors in this research were within
acceptable ranges. In addition, the calculated limits of
detection (LOD) and of quantification (LOQ) obtained by
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Figure 4. Individual (a) and global (b) PAHs recovery means and standard deviations from nine NIST SRM replicates extracted through the established

D method parameters (see Table 2 for compound names).

Table 2. Means (x) and uncertainties (u) for the standard reference material, developed method and normalized error

Mean/ (ng g")

Normalized error

Compound NIST SRM 2976 Developed method ‘ﬁl + iz‘ LODLOQ / (ng &)
X tu m
Naphthalene (N) 9.68 +0.61° 6.66 = 3.01 0.98 0.02/0.40
Phenanthrene (Phe) 744 +4.7° 61.3+14.3 0.87 0.04/0.40
Anthracen (A) 2.46 +0.10° 1.94 +0.59 0.87 0.02/0.40
Fluoranthene (Ft) 287 + 34° 225+ 60 0.90 0.02/0.40
Pyrene (Py) 166 = 21° 130 + 37 0.85 0.04/0.40
Benz[a]anthracene (BaA) 31.1 £3.9 258 £6.1 0.73 0.06/0.40
Chrysene (Cry) 123.6 +2.9° 106 =21 0.81 0.06/0.40
Benzo[b]fluoranthene (BbFt) 41.5+2.6° 36.5+5.24 0.85 0.04/0.40
Benzo[k]fluoranthene (BkFt) 18.95 £ 0.54° 16.8 +3.3 0.62 0.04/0.40
Benzo[e]pyrene (BePy) 289 2.9 294 +83 0.01 0.02/0.40
Benzo[a]pyrene (BaPy) 9.73 £0.43° 822+ 1.71 0.86 0.04/0.40
Perylene (Per) 6.80 + 0.34° 6.23 +1.09 0.50 0.04/0.40
Indeno[1,2,3-cd]pyrene (IPy) 149 +4.5° 13.9+3.0 0.20 0.04/0.40
Benzo[ghi]perylene (BghiPe) 23.7+22° 22.7+42 0.23 0.04/0.40

“Reference mass fraction; °certified mass fraction. LOD: limit of detection; LOQ: limit of quantification.
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the proposed method, respectively 0.02-0.04 ng g and
0.40 ng g for the PAH compounds included in Table 2,
are well below thresholds of biota contamination and thus
suitable for PAHs body burden evaluation.

Conclusions

The extraction parameters of the proposed method
ensure maximum extraction efficiency, reducing extract
manipulation and avoiding further purification procedures,
such as gel permeation chromatography (GPC). The
extraction method parameters defined throughout this
research are as follows: 1 g of freeze-dried tissue, 5 g of
deactivated silica (5%), a dichloromethane:methanol solution
(4:1 v/v), a temperature of 80 °C, three cycles, 10 min
of static time, and 90 s of purge time. Time and reagent
consumption in the developed method are about 50% less
compared to traditional methods, such as Soxhlet extraction
coupled to GPC purification,”-® emphasizing the importance
of this study from a green chemistry perspective.
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