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A B S T R A C T

Decomposition of bodies generates several types of polar volatile organic compounds (VOCs), whose types,
patterns and ratios change during the various stages of decomposition and, therefore, their determination has
huge potential to provide useful information to disclose events related to the time of death, or body surrounding
environment. As sample preparation is a mandatory key-point in a method development, this research aims to
develop a simple, accurate and rapid approach to study death-related polar VOCs based on headspace solid-
phase microextraction (HS-SPME) combined with comprehensive two-dimensional gas chromatography-time of
flight mass spectrometry (GC × GC-ToFMS) analysis. The performance of zwitterionic PIL-based fibers (con-
taining a [VIm+C9COO−] monomer and a [(VIm)2C12

2+]-2Br− crosslinker), tailored for polar compounds, was
evaluated for a set of 19 analytes associated with the unique odour created by decomposing bodies, and it was
compared to the commercially-available fibers: divinylbenzene/carboxen/poly(dimethylsiloxane) – DVB/CAR/
PDMS, poly(dimethylsiloxane)/divinylbenzene – PDMS/DVB and polyacrylate (PA). Fibers with absorptive-type
mechanism, such as PA and PIL, showed the best results in the balance of the parameters studied, being able to
detect analytes at ng level and providing a profile representative of the headspace composition, thus they may
represent a useful tool to respond to current challenges in forensic taphonomy. The reproducibility (with relative
standard deviation lower than 18%, depending on the analyte) and relative recoveries (higher than 99.1%) were
similar and acceptable for both fibers. The zwitterionic PIL, with ca. 4 times smaller film thickness than PA, still
has potential to have the best performance, supported by the efforts to obtain thicker sorbent coatings.

1. Introduction

Forensic taphonomy studies post-mortem changes of human re-
mains by extraction of information from decomposed and skeletonised
bodies. It focuses largely on environmental effects – including decom-
position (in soil and water) and interaction with organisms (plants,
insects and other animals). Events close to the time of death, events that
happened at the time of death, and events in the immediate or long-
term period after death are studied. Forensic taphonomy provides a
wide scope for forensic investigations by analysing processes that affect
the preservation, observation and recovery of dead bodies and enables
the reconstruction of their biology or ecology and the circumstances of

their death [1,2]. A very important part of the taphonomy studies is the
estimation of the post-mortem interval (PMI), since it helps determine
the time in which a specific incident happened, assessing whether the
suspects were able of committing a crime or not. There are many
methods currently used to estimate PMI, such as corpse, algor mortis –
decrease of the body temperature –, rigor mortis – body rigidity char-
acterized by stiffening of the limbs –, livor mortis – settling of blood in
the lower portion of the body –, corneal opacity and the chemical
composition of the vitreous humour [3,4]. However, most of these
methods are either empirical or very subjective and are only useful in
the early post-mortem period. For this reason, other ways of estimating
PMI have been developed, including the measurement of physical
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changes, biochemical components, DNA or RNA degradation, and for-
ensic entomology – study of the invasion of arthropods (including in-
sects, myriapods, arachnids and crustaceans) and their developmental
stages found in decomposing bodies. Nevertheless, estimation of PMI is
still a challenge in forensic science and new methods of determining it
are needed [4,5].

During the decomposition process of a body, amino acids, carbo-
hydrates and fatty acids are degraded, leading to the production and
release of various volatile organic compounds (VOCs). In early de-
composition, the metabolic changes are associated with energy meta-
bolism and DNA still being synthesized. Afterwards, decay begins by
the activity of endogenous enzymes and, finally, microorganisms in-
teract with the body to continue the decaying process [6,7]. During
decay initiated by endogenous enzymes, the families of VOCs produced
are aldehydes, acids, sulfur-containing compounds and ketones [7].
During the decay initiated by the interaction of microorganisms with
the body, acids, aldehydes, ketones, alcohols, esters, sulfur-containing
compounds and nitrogen-containing compounds may be produced [7].
Therefore, the families of VOCs produced and released, due to the de-
composition of the body, are all of the aforementioned compounds
followed at a later stage by furans [6–14]. The types, patterns and ratios
of VOCs released change during the various stages of decomposition
and, therefore, their determination has the potential of being used to
estimate PMI [15–17]. Several research studies investigated VOCs re-
leased from body decomposition using headspace extraction with Tenax
or Carbotrap®/Carbopack™ adsorbents, followed by thermal desorption
and gas chromatography-mass spectrometry (GC–MS) [14,16,18,19] or,
more recently, comprehensive two-dimensional gas chromatography
coupled to time of flight mass spectrometry (GC × GC-ToFMS)
[14,15,20]. However, the majority of these analysis only provided
qualitative information about the presence/absence of certain com-
pounds, frequency of detection and/or relative abundance in area.
Advances in PMI estimation, reconstruction of overall death-odor pro-
file, as well as their interaction with the surrounding environment re-
quires the development of an effective analytical tool capable of col-
lecting, separating, identifying, and also quantifying the analytes
released by a cadaver during decomposition.

Furthermore, an inconvenience persists when performing these
studies using headspace extraction/desorption since a desorption unit is
necessary, which is not always available in chromatographic labora-
tories and its acquisition represents an extra cost [21,22]. An alter-
native to perform the sampling and extraction/desorption of VOCs
consists in employing solid phase microextraction (SPME). SPME does
not require expensive instrumentation and, at the same time, the
technique fulfils the necessary requirements for implementation of
green chemistry principles in analytical laboratories [23,24]. This sol-
vent-free technique consolidates sampling, extraction, preconcentration
and sample introduction into one step and exhibits reliability in terms
of the enrichment capacity, as well as sensitivity and selectivity. It can
be easily automated by coupling to instrumentation such as gas and
liquid chromatographs with robotic or flow injection technologies.
Further miniaturization of SPME may be possible, and the technique
could be used as a direct sample introduction device for portable mass
spectrometers as such systems are highly desirable for in situ analysis,
which is particularly interesting in the forensic field [25].

Despite being one of the most well-established extraction techniques
for volatile and semi-volatile compounds, SPME has not been ex-
tensively utilized to study body decomposition VOCs. Few studies have
utilized in these analysis the commercially available poly(dimethylsi-
loxane)/divinylbenzene – PDMS/DVB [26–28], and divinylbenzene/
carboxen/poly(dimethylsiloxane) – DVB/CAR/PDMS [29] sorbent
coatings for SPME in combination with GC–MS. Furthermore, there are
other SPME fibers that could be useful for the determination of polar
VOCs related to body decomposition, fibers that include the commer-
cially available polyacrylate (PA), and polymeric ionic liquids (PILs)
[30]. PILs are prepared by the polymerization of ionic liquid (IL)

monomers. They possess low to negligible vapour pressure at room
temperature and are highly chemically and mechanically stable. Very
recently, PIL-based sorbent coatings comprised of zwitterionic IL (ZIL)
monomers and dicationic IL crosslinkers have been developed for de-
termining highly polar compounds such as short chain fatty acids [31].

The optimization of sample preparation parameters and the selec-
tion of the most suitable instrumental method are two fundamental
steps in the construction of an analysis workflow, in order to provide
high-quality data that may be useful to disclose events related to the
time of death, or body surrounding environment, among others. Thus,
the aim of this research was to develop a simple, accurate and rapid
approach based on headspace (HS)-SPME combined with GC × GC-
ToFMS to study polar VOCs released using headspace conditions that
mimic the odor of body decomposition. With this objective, a set of 19
polar analytes associated with the unique odor created by decomposing
bodies [15,16] were selected to implement the GC × GC-ToFMS ex-
perimental parameters. This sample mixture also served to compare the
performance of PIL-based sorbent coatings (generated by the co-poly-
merization of the 1-vinyl-3-(nonanocarboxylate)imidazolium zwitter-
ionic IL monomer – [VIm+C9COO−] – and the 1,12-di(3-vinylimida-
zolium)dodecane bromide dicationic IL crosslinker – [(VIm)2C12

2+]
2[Br−] –) and commercial sorbent coatings (PDMS/DVB, DVB/CAR/
PDMS and PA). The sorbent coating comparison was made based on
extraction efficiency, reproducibility and representativeness of head-
space composition.

2. Material and methods

2.1. Chemical standards and materials

2.1.1. Commercial standards and SPME coatings
The following nineteen chemical standards were tested: dimethyl

disulfide (≥99%), 3-methyl-1-butanol (99%), 1-hexanol (98%), 1-
pentanol (≥99%), phenylethyl alcohol (99%), 3-octanol (99%), pen-
tanoic acid (99%), 3-octanone (≥98%), N,N-dibutyl formamide (99%),
2,6-dimethyl pyrazine (98%), benzaldehyde (≥99%), hexanoic acid
(99.5%), 2-acetylfuran (99%) and 2-hexen-1-ol (96%) were purchased
from Sigma-Aldrich, Steinheim, Germany; butanoic acid, ethyl ester
(≥99.5%) and benzyl alcohol (≥99%) were purchased from Fluka,
Steinheim, Germany; N,N-dimethyl formamide (≥99.8% - Riedel-de-
Haen, Seelze, Germany); 2,3-heptanedione (≥97% - Alfa Aesar, Kandel,
Germany); and 2,4-pentanedione (99.8% - J. T. Baker, Phillipsburg, NJ,
USA). The list of analytes and their general chemical information are
shown in Table 1.

Stock solutions of each of the standards in ethanol were prepared
with concentrations of 5000 mg L−1. Working solutions containing a
mixture of the 19 analytes, with concentrations varying between 50 and
150 mg L−1, were prepared by dilution of the stock solutions in
ethanol. The standards with a concentration of 50 mg L−1 were di-
methyl disulfide, 3-octanone, 2,6-dimethyl pyrazine, benzaldehyde, 2-
acetylfuran, butanoic acid, ethyl ester, 2,3-heptanedione, and 2,4-
pentanedione; those with 100 mg L−1 were pentanoic acid and hex-
anoic acid; those with 150 mg L−1 were 3-methyl-1-butanol, 1-hexanol,
1-pentanol, phenylethyl alcohol, 3-octanol, N,N-dibutyl formamide,
N,N-dimethyl formamide, and 2-hexen-1-ol.

A SPME holder for manual sampling and the commercial sorbent
coatings were purchased from Supelco (Bellefonte, PA, USA). The SPME
coatings included PA (85 µm thickness), PDMS/DVB (65 µm), and DVB/
CAR/PDMS (50/30 µm) StableFlex™ fibers, all with 1 cm of length. The
following section describes the preparation of the zwitterionic PIL
coating.

2.1.2. Preparation of zwitterionic PIL fiber
The ZIL monomer ([VIm+C9COO−]) and an IL crosslinker

([(VIm)2C12
2+]2[Br-]) employed for the preparation of the zwitterionic

PIL sorbent coating were prepared according to previous methods
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[32–34] (details in Supplementary data, Procedure S1, and ZIL and IL
structures in Fig. 1), using 1-vinylimidazole (≥99%), 1,12-di-
bromododecane (98%), or 10-bromodecanoic acid (95%), which were
acquired from Sigma-Aldrich. For IL purification, Amberlite IRN78
hydroxide form, and the solvents acetonitrile, methanol, ethyl acetate,
diethyl ether and tetrahydrofuran (ACS reagent grade) were also ob-
tained from Sigma-Aldrich.

The zwitterionic PIL sorbent coating was prepared by on fiber UV co-

polymerization of a mixture of the ZIL and IL crosslinker using
DAROCUR 1173 as a free radical initiator. Prior to polymerization, the
nitinol (Confluent Medical Technologies, Fremont, CA, USA) wire used
as solid support was functionalized according to a previously reported
method [35]. The wires were immersed in hydrogen peroxide (30%, w/
w, Fisher Scientific) to impart hydroxyl groups on the surface. The ni-
tinol wires were then treated with vinyltrimethoxysilane (VTMS,
Sigma-Aldrich) to functionalize the surface with vinyl moieties that

Table 1
Chromatographic and molecular data of the analytes under study.

Peak Number Compound Name 1RT (s)a 2RT (s)b LRIc Chemical Structure Chemical Family Molecular Formula Log Pd VP (mm Hg)e BP (°C)f

1 Butanoic acid, ethyl ester 228 0.750 978 Ester C6H12O2 1.3 12.80 (25 °C) 120

2 Dimethyl disulfide 260 0.590 999 Sulfur-containing C2H6S2 1.8 28.73 (25 °C) 110

3 2,4-Pentanedione 400 0.540 1108 Ketone C5H8O2 0.4 2.96 (20 °C) 138

4 3-Methyl-1-butanol 418 0.490 1119 Alcohol C5H12O 1.2 2.37 (25 °C) 131

5 2,3-Heptanedione 438 0.680 1136 Ketone C7H12O2 1.0 3.98 (25 °C) 64

6 3-Octanone 468 0.950 1159 Ketone C8H16O 2.3 1.50 (25 °C) 170

7 1-Pentanol 472 0.500 1160 Alcohol C5H12O 1.6 1.67 (25 °C) 139

8 2,6-Dimethylpyrazine 562 0.620 1232 Nitrogen-containing C6H8N2 0.5 0.31 (25 °C) 154

9 N,N-Dimethylformamide 572 0.470 1236 Nitrogen-containing C3H7NO −1.0 3.87 (25 °C) 153

10 1-Hexanol 604 0.530 1263 Alcohol C6H14O 2.0 0.93 (25 °C) 158

11 3-Octanol 654 0.680 1302 Alcohol C8H18O 2.8 0.51 (25 °C) 175

12 2-Hexen-1-ol 672 0.490 1317 Alcohol C6H12O 1.4 0.87 (25 °C) 158

13 2-Acetylfuran 794 0.480 1415 Furan C6H6O2 0.5 0.77 (25 °C) 183

14 Benzaldehyde 810 0.520 1429 Aldehyde (aromatic) C7H6O 1.5 1.27 (25 °C) 179

15 Pentanoic acid 1086 0.400 1671 Carboxylic acid C5H10O2 1.4 0.45 (25 °C) 185

16 N,N-Dibutylformamide 1094 0.750 1677 Nitrogen-containing C9H19NO 2.2 < 1 (20 °C) 120

17 Hexanoic acid 1202 0.420 1777 Carboxylic acid C6H12O2 1.9 1.6 (25 °C) 205

18 Benzyl alcohol 1222 0.440 1793 Alcohol (aromatic) C7H8O 1.1 0.09 (25 °C) 205

19 Phenylethyl alcohol 1264 0.490 1831 Alcohol (aromatic) C8H10O 1.4 0.09 (25 °C) 218

a Retention time for first dimension
b Retention time for second dimension
c Linear Retention Index obtained experimentally through the modulated chromatogram
d Data obtained from PubChem Database
e Vapor pressure, data obtained from The Good Scents Company Information System
f Boiling Point, data obtained from ChemSpider Database
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facilitate anchoring the PIL to the solid support. The derivatized nitinol
wires were then glued onto a commercial black SPME assembly and
1.3 cm were exposed for its coating. The co-polymerization was ac-
complished using a mixture consisting of the ZIL monomer and IL
crosslinker (at a mass ratio of 1:1) together with DAROCUR 1173 (5%
w/w respect to the ZIL monomer). The mixture was placed on the
surface of the functionalized nitinol and the fibers were exposed to UV
irradiation using a RPR-100 reactor with a spinning carousel (Southern
New England Ultraviolet Company, Bradford, CT, USA). Co-poly-
merization was carried out at 254 nm for 2 h.

2.2. Headspace solid-phase microextraction conditions

The working solution (50 μL) was placed into a 25 mL vial (that was
heated at ca. 30 °C) in order to promote volatilization of the analytes
aiming to mimic a headspace situation. The vial was capped with a
polytetrafluoroethylene septum and a screw cap (Chromacol,
Hertfordshire, UK) and placed in a thermostated bath adjusted to
30 °C ± 0.1. The SPME fiber was inserted in the headspace for 20 min.
Three independent aliquots of each sample were analysed. In order to
avoid any cross-over contamination due to the sorbent coating, blanks,
corresponding to the analysis of the fiber not submitted to any extrac-
tion procedure, were run between sets of three analyses.

Four SPME sorbent coatings were tested: DVB/CAR/PDMS (50/
30 µm), PDMS/DVB (65 µm), PA (85 µm) and zwitterionic PIL
(18 ± 6 µm) [31], all of 1 cm of length. Prior to use, the three com-
mercial SPME fibers were conditioned at 250 °C for 30 to 60 min, ac-
cording to the manufacturer’s recommendations, and the zwitterionic
PIL was conditioned at 175 °C for 30 min, as previously established
[31]. All of the fibers were also conditioned daily for 10 min at their
recommended temperature (250 °C or 175 °C).

Based on extraction efficiency, reproducibility and representative-
ness of headspace composition, the coatings with the best performance
were selected and the analytical figures of the HS-SPME/GC × GC-
TOFMS were determined under the selected desorption conditions and
with concentrations of the analytes ranging from 50 to 3750 ng/vial.

2.3. GC × GC–ToFMS conditions for determination of polar analytes

After the extraction/preconcentration step, the SPME coating was
manually introduced into the GC × GC–ToFMS injection port of the
LECO Pegasus 4D instrument (LECO, St. Joseph, MI, USA). Different
desorption times (60 and 180 s) and temperatures (175 °C and 250 °C)
were tested to prevent the degradation of the zwitterionic PIL and to
guarantee quantitative desorption of the analytes from the fibers while
avoiding carry over. The GC × GC–ToFMS system consisted of an
Agilent GC 7890A gas chromatograph with a dual stage jet cryogenic
modulator (licensed from Zoex), a secondary oven, and mass spectro-
meter equipped with a ToF mass analyser. The injection port was lined
with a 0.75 mm I.D. splitless glass liner. Splitless injection mode was

used. A Carbowax/BTR column (30 m × 0.25 mm I.D., 0.25 µm film
thickness, J&W Scientific Inc., Folsom, CA, USA) was used as the 1D
(primary) column and an Equity 5 (0.79 m × 0.25 mm I.D., 0.25 µm
film thickness, J&W Scientific Inc., Folsom, CA, USA) was used as a 2D
(secondary) column. The carrier gas was helium at a constant flow rate
of 2.50 mL/min. The primary oven temperature program was as fol-
lows: initial temperature 40 °C (hold 1 min), raised to 150 °C
(6 °C min−1) (hold 2 min), and then to 280 °C (50 °C min−1). The
secondary oven temperature program was 5 °C offset above the primary
oven. Both the MS transfer line and MS source temperatures were
250 °C. The modulation time was 2 s (0.8 s for hot pulse time and 0.2 s
for cold pulse time); the modulator temperature was kept at 20 °C offset
(above secondary oven). The ToFMS was operated at a spectrum sto-
rage rate of 100 spectra/s. The mass spectrometer was operated in the
EI mode at 70 eV using a range of m/z 35–350 and the detector voltage
was −1561 V. Total ion chromatograms were processed using the au-
tomated data processing software ChromaTOF® (LECO) at a signal-to-
noise threshold of 100. Contour plots were used to evaluate the overall
separation quality and for manual peak identification. The mass spec-
trum and retention times (1tR and 2tR - from the first and second di-
mensions, respectively) of each analyte were collected. Linear retention
index (LRI) values were also determined (Table 1) using a C8-C20 n-
alkane series (the solvent n-hexane was used as C6 standard) and cal-
culated according to the van Den Dool and Kratz equation [36]. The
Deconvoluted Total Ion Current GC × GC area data were used as an
approach to estimate the relative content of each analyte or to calculate
its concentration.

2.4. Statistical analysis

Peak areas of polar VOCs were extracted from the chromatograms
and used to build the data matrices which consisted of 3 observations
per fiber and/or fiber/condition (time and temperature of desorption)
and 19 variables (analytes). Two heatmaps were constructed using: i)
the data from the commercial SPME fibers in two desorption conditions,
and ii) the data from the commercial SPME fibers and the zwitterionic
PIL in the optimal desorption condition. Each variable area was auto
scaled prior to the hierarchical cluster analysis (HCA) using
MetaboAnalyst 3.0 (web software, The Metabolomics Innovation Centre
(TMIC), Canada) [37]. HCA is an exploratory tool, applied to char-
acterize the data set, revealing natural groupings (or clusters) within it,
through the representation of a dendrogram (tree diagram) and a
heatmap. Squared Euclidean distances were used, and the clustering
algorithm used was Ward’s minimum variance.

One-way analysis of variance (ANOVA) followed by a multiple
comparison test (Tukey’s HSD) using the GraphPad Prism® version 6 for
Windows (30-day trial version, GraphPad Software, San Diego
California, USA), was applied to evaluate the effect of desorption con-
ditions (time and temperature). Differences corresponding to p < 0.05
were considered significant.

Fig. 1. Illustration of the chemical structures of the (A) zwitterionic ionic liquid (ZIL) monomer and the (B) ionic liquid (IL) crosslinker.
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3. Results and discussion

3.1. Implementation of chromatographic conditions

Before the implementation of the GC × GC-ToFMS instrumental
conditions, the SPME extraction parameters were established, based on
the criteria explained below. Extractions were performed at 30 °C for
20 min from the headspace containing 50 μL of the working solution
with the 19 analytes using a DVB/CAR/PDMS fiber, followed by the
thermal desorption in the GC × GC port.

Regarding the extraction conditions, the DVB/CAR/PDMS sorbent
coating was selected as a starting point as it is recommended for the
extraction of a wide range of analytes, including polar ones. The DVB/
CAR/PDMS sorbent coating is produced using three different polymers
which gives it a synergistic effect between adsorption and absorption.
This mutually synergetic effect promotes a higher retention capacity
and, consequently, a higher sensitivity [38,39]. For these reasons and to
assure all the 19 standards would be detected, the chromatographic
conditions were implemented using the DVB/CAR/PDMS coating.

In order to mimic a condition in the present study that may re-
present the capture of the analytes released from human remains (or
even from soil or other locations associated with body decomposition)
at room temperature, a volume of 50 μL of the working solution con-
taining all of the 19 analytes was introduced into a 25 mL vial and
thermostated at ca. 30 °C. This condition may promote volatilization of
the analytes and, during the extraction, enable mass transfer of analytes
from the headspace to the coating. As overall mass transfer to the fiber
is typically limited by mass transfer rates from the solid and/or liquid
sample to the headspace [40], this volatilization may simulate the real
conditions of collection of death-related VOCs stated in the literature
[9,15,18–20].

SPME, as a measure of free concentration of analytes in the sample,
is an equilibrium extraction technique. Therefore, selection of the op-
timum extraction time is one of the critical steps in SPME method de-
velopment. Extraction time selection is always a compromise between
the length, sensitivity and reproducibility of the method. Equilibrium
extraction provides the highest sensitivity and reproducibility, but in
most SPME-GC applications, pre-equilibrium conditions are used since
equilibrium extraction times tend to be longer, and thus impractical.
Both equilibrium and pre-equilibrium extractions need precise and
perfectly repeatable timing, although for the latter condition, timing is
more critical [40,41]. The chosen extraction time was 20 min, which
corresponds to a pre-equilibrium situation, since it represents a good
compromise between practicality and good analytical performance
[28].

As a preliminary study, different sets of GC columns and chroma-
tographic conditions were screened (data not shown) in order to obtain
the appropriate chromatographic resolution and sensitivity for all the
19 analytes. For instance, conventional and reversed phase column
combinations for GC × GC-ToFMS were evaluated concerning their
suitability for the analysis of the set of 19 polar analytes. From a
practical point of view, a conventional column set (nonpolar 1D × polar
2D) was tested, as it is the most common column set used in the la-
boratory for the analysis of a wide range of samples. However, an in-
appropriate separation of the analytes with large peak width was ob-
served, especially for the most polar compounds as the organic acids
(Fig. 1S). Thus, a reversed GC × GC column set Carbowax/BTR and
Equity 5 (polar 1D × nonpolar 2D), both with 0.25 mm I.D., 0.25 µm
film thickness, was examined and provided a better separation of the
analytes with smaller peak width (Fig. 2 and Fig. 1S). Previous studies
also confirmed that the use of a column set with the same diameters in
primary and secondary columns yields a near-theoretical maximum in
peak capacity gain, i.e. increases the number of components that the
system can resolve (quantifiably and identifiably separate) [42]. The
results indicated that reversed phase column set presented advantages
compared to a conventional column set regarding the analytes

separation, and also allowd to infer that higher sensitivity and accuracy
for the quantification will be improved due to smaller peak width of the
compounds [43].

After extraction by HS-SPME and analysis by GC × GC-ToFMS
under the implemented conditions (Sections 2.2 and 2.3), a peak apex
(Fig. 2) was constructed based on the retention times on the first and
the second dimensions, representing a schematic illustration of the peak
distribution map for the working solution run under stated conditions.
This figure reveals that the instrumental parameters previously defined
promoted the appropriate chromatographic resolution and that the 19
analytes tend to be organized by chemical families and are distributed
through the first dimension especially according to their volatility and
carbon number. The retention times of each analyte on the 1D and 2D
column and the linear retentions indexes are listed in Table 1.

Desorption time and temperature conditions are very important to
guarantee quantitative desorption of the analytes from the fibers and
avoid carry over. Since zwitterionic PILs possess a maximum operating
temperature of 175 °C [31], two desorption conditions were tested on
the commercial fibers to assess the impact of a lower desorption tem-
perature on the chromatographic signal. Therefore, the commercial
SPME fibers were tested under their usual operating desorption tem-
perature (250 °C) [44–46] and under the zwitterionic PILs optimal
temperature (175 °C). Due to the high volatility of the compounds
under study, the desorption times were relatively low. Compared to the
desorption at 250 °C for 60 s, the desorption conditions at 175 °C for
180 s promoted a significant increase in chromatographic areas of the
analytes from 39 to 152% for DVB/CAR/PDMS (Fig. 3 and Table 1S).
Using the PA and the PDMS/DVB fibers, increments from 3 to 83% and
from 5 to 188%, respectively, were observed only for the components
that in general exhibit the higher vapor pressure and lower boiling
point (Table 1) (compounds with peak number 1 to 7). The PDMS/DVB
fiber exhibited lower chromatographic areas at both desorption con-
ditions, while DVB/CAR/PDMS and PA showed the highest chromato-
graphic areas for the desorption conditions of 175 °C for 180 s (Fig. 3
and Fig. 2S).

The temperature and desorption time selected to compare the per-
formance of the commercial coatings with the zwitterionic PIL were
175 °C for 180 s, respectively.

3.2. Evaluation of coatings’ extraction efficiency

A hierarchical cluster analysis combined with the heatmap re-
presentation was constructed to evaluate the SPME coatingś extraction
efficiency. The heatmap (Fig. 4) shows a graphical representation of the
chromatographic data achieved for the 19 standards, allowing a rapid
visual evaluation of the fibers’ extraction efficiency. The chromatic
scale of the heatmap shows the relative amount of each standard (from
dark blue, minimum, to dark red, maximum).

It is possible to observe the formation of two main clusters (Fig. 4):
one cluster contains the fibers with the highest extraction efficiency
(DVB/CAR/PDMS followed by PA), and the other cluster contains the
fibers with the lower extraction efficiency (PIL and PDMS/DVB), with
the PDMS/DVB the fiber exhibiting the lowest efficiency. The beha-
viour of the different fibers may be explained based on their specific
characteristics, as reported in Table 2. The type of the phase determines
the polarity of the coating, which can provide selectivity by enhancing
the affinity of the coating for polar analytes compared with nonpolar
fiber coatings. Also, the mechanism of extraction is determined by
whether a coating is an absorbent type, or an adsorbent type and the
thickness of the coating determines the analyte capacity of the fiber
[39].

As the DVB/CAR/PDMS and PDMS/DVB fibers extract via an ad-
sorptive-type mechanism, the analytes interact primarily with the sur-
face of the sorbent coating instead of partitioning into the entire coating
and, therefore, the sensitivity of these fibers depend on other factors
such as the surface area and porosity of the material, among others
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[39,47]. The lower extraction efficiency of the PDMS/DVB fiber may be
due to the porosity properties of the DVB, that represent some concerns
about the analytes displacement and has difficulty to extract analytes
with low molecular weight, as the case of the 19 analytes under study
with molecular weight ranging between 73.10 for N,N-di-
methylformamide to 157.26 g mol−1 to N,N-dibutylformamide. The
DVB/CAR/PDMS fiber, which combines three materials, was developed
to overcome the limitations of the CAR/PDMS in the desorption of
higher molecular weight analytes and PDMS/DVB in difficulty of ex-
tracting analytes with low molecular weights. The DVB/CAR/PDMS
coating contains both adsorbents that are layered to extend the mole-
cular weight range of analytes extracted with one SPME fiber and the
combination with the PDMS confer the its bipolar character [39], which
explain the best performance of this fiber (Fig. 4 and Fig. 3S).

In fibers with absorptive-type mechanism such as PA [39] and the
zwitterionic PIL [31], diffusion of the analytes through the sorbent
coating is a dominant effect. Therefore, analytes can freely partition
into the sorbent, with little competition among analytes, and the con-
centration of each analyte at equilibrium is less affected by the presence
of other analytes. Thus, the polar PA fiber with an 85 µm of thickness
exhibited sensitivity for all the analytes (Fig. 4 and Fig. 3S). This may be

also attributed to the polar character of the analytes as expressed by
their Log P values that ranged from −1.0 for N,N-dimethylformamide
to 2.8 for 3-octanol. The lower extractive efficiency of PIL compared to
PA may be due to its lower film thickness (18 µm ± 6), ca. 4 times
smaller than that of PA. On-going work is devoted to improving the
coating process to obtain thicker sorbent coatings to increase the sen-
sitivity of the method.

In addition to fiber extraction efficiency, it was also investigated as
to whether the data obtained is representative of headspace composi-
tion, (i.e., the relative concentration of each analyte in the vial –
3750 ng/vial for alcohols and formamides, 2500 ng/vial for acids and
1250 ng/vial for all the other standards). When comparing the re-
presentativeness of the headspace composition of the different coatings,
it is noticeable that the DVB/CAR/PDMS fiber doesn’t achieve that goal
as well as the others (Fig. 4). The hierarchical clustered heatmap also
unveils that in a secondary dendrogram (in vertical position) the ana-
lytes are organized according to their concentration, except for the data
observed with the DVB/CAR/PDMS fiber. This fiber seems to exhibit
higher sensitivity for the analytes present at lower concentration
(1250 ng/vial), as they present higher chromatographic areas. Except
for 2-acetylfuran and benzaldehyde, the analytes captured with higher

Fig. 2. Peak apex representing 2D chromatographic space of the analytes under study. Peak assignment is shown in Table 1.

Fig. 3. Peak areas obtained from the implemented HS-SPME/GC × GC-TOFMS methodology to evaluate two desorption conditions (175 °C for 180 s and 250 °C for
60 s) for the three commercial coatings (DVB/CAR/PDMS, PDMS/DVB and PA), using a work solution with the following concentrations: 3750 ng/vial for alcohols
and formamides, 2500 ng/vial for acids and 1250 ng/vial for all the other standards. The PDMS/DVB fiber at both desorption conditions exhibited the lower
chromatographic areas, while DVB/CAR/PDMS and PA showed the highest chromatographic areas for the desorption condition at 175 °C for 180 s.

Í.R. Carriço, et al. Microchemical Journal 158 (2020) 105243

6



efficiency by the DVB/CAR/PDMS fiber are, in general, those with high
volatility, which allows to infer a competition effect. In fact, previous
studies [31,48] also reported that absorption is the primary extraction
mechanism of the zwitterionic PIL, a behaviour similar to the com-
mercially-available PA, and different than that observed for adsorbent
type fiber such as DVB/CAR/PDMS and PDMS/DVB, for which a com-
petitive extraction mechanism is typical. Thus, although the DVB/CAR/
PDMS fiber has the best extraction efficiency, it doesn’t possess all the
properties needed for this application. Both PA and the zwitterionic PIL
volatile profiles are representative of the headspace composition
(Fig. 4) with PA exhibiting better extraction efficiency than the zwit-
terionic PIL.

Since PA and zwitterionic PIL exhibited the best performance to
study these polar analytes in the headspace mode, they were selected to
evaluate the analytical performance of the HS-SPME/ GC × GC-ToFMS
methodology through the construction of calibration curves with six
concentrations and calculation of the respective analytical figures of
merit.

3.3. Analytical performance of the method

Matrix-matched calibrations in diluted ethanolic solution with 19
analytes were developed for the PA and PIL fibers. The primary working
solution possessed the following concentrations of analytes: 3750 ng/
vial for alcohols and formamides, 2500 ng/vial for acids and 1250 ng/
vial for all the other standards. This solution was then diluted 5, 10, 15,
20 and 25 times to make calibration curves. Table 3 lists analytical
figures of merit of the curves.

The calibrations presented wide linear ranges for both fibers, ran-
ging from 150 to 3750 ng for alcohols and formamides, from 100 to
2500 ng for acids and from 50 to 1250 ng for the other standards.

The sensitivity of the method was evaluated using calibration slopes

(Table 3) that ranged from 0.258 × 10−4 to 10.0 × 10−4 for PA and
from 0.215 × 10−4 to 7.26 × 10−4 for the zwitterionic PIL. The slope
with the lowest value belongs to hexanoic acid and the one with the
highest value belongs to 2,4-pentanedione for both fibers. Slightly
higher sensitivities were achieved for all analytes using PA.

The limits of detection (LOD) were estimated as the concentration
corresponding to three times the signal-to-noise ratio (Table 3). The
obtained values ranged between 2.1 ng (butanoic acid ethyl ester) and
283.8 ng (hexanoic acid) for PA and between 2.4 ng (butanoic acid
ethyl ester) and 301.9 ng (benzaldehyde) for the zwitterionic PIL. Ex-
cept benzaldehyde, in general, the LODs obtained with the zwitterionic
PIL were slightly lower than the ones obtained with PA.

The reproducibility of the method, expressed as RSD, was evaluated
at a spiked level of 3750 ng/vial for alcohols and formamides, 2500 ng/
vial for acids and 1250 ng/vial for the other standards. The RSD values
ranged from 0.50 (1-pentanol) to 18% (pentanoic acid) for PA, except
for hexanoic acid that had an RSD of 44%, and from 2.9 (phenylethyl
alcohol) to 17% (butanoic acid ethyl ester) for the zwitterionic PIL. The
relative recovery (RR) was calculated at the same spiked level as the
ratio of the predicted concentration obtained using matrix-matched
calibrations of Table 3 and the spiked concentration and its values
ranged from 99.1 to 102% for PA and from 100 to 103% for the zwit-
terionic PIL, except for benzaldehyde that had a RR of 93.7%. The RR
values were acceptable for both fibers.

4. Conclusions

A methodology based on HS-SPME/GC × GC-ToFMS was shown to
be suitable for the determination of 19 polar analytes associated with
the unique odour created by decomposing bodies, in conditions that
mimic the capture of the analytes released from human remains (or
even from soil or other locations associated with body decomposition).
Firstly, the GC × GC-ToFMS experimental parameters were im-
plemented, and the reversed phase column set (polar 1D × nonpolar
2D), with the same diameters in primary and secondary columns
(0.25 mm I.D., 0.25 µm film thickness), presented advantages compared
to the conventional column set (nonpolar 1D × polar 2D) regarding the
analytes separation. A subsequent hierarchical cluster analysis com-
bined with the heatmap representation was shown to be an appropriate
approach to evaluate similarities and differences between the four
coatings, and revealed that they were all able to capture the 19 analytes
from the headspace, however they exhibited distinct differences in

Fig. 4. Heatmap constructed using the peak areas
obtained from the implemented HS-SPME/GC × GC-
TOFMS methodology to evaluate the extraction effi-
ciency of DVB/CAR/PDMS, PDMS/DVB, PA and PIL
fibers. A work solution with the following con-
centrations was used: 3750 ng/vial for alcohols and
formamides, 2500 ng/vial for acids and 1250 ng/vial
for all the other standards. The content of each
compound was illustrated through a chromatic scale
(from dark blue, minimum, to dark red, maximum).
Dendrogram for the HCA results using Ward's cluster
algorithm to the data set was also included. Two
main clusters are observed: one clusters contains the
fibers with the highest extraction efficiency (DVB/
CAR/PDMS followed by PA), and the other cluster
contains the fibers with the lower extraction effi-
ciency (PIL and PDMS/DVB), being the PDMS/DVB
the fiber that exhibited the lowest efficiency.

Table 2
Characteristics of the four studied SPME sorbent coatings.

Type of coating Core type Extraction
mechanism

Polarity Coating
Thickness (µm)

PA Fused silica Absorption Polar 85
PDMS/DVB Stableflex Adsorption Bipolar 65
DVB/CAR/PDMS Stableflex Adsorption Bipolar 50/30
Zwitterionic PIL Nitinol Absorption Polar 18 ± 6
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performance. The sorbent coatings can be positioned in the
following ascending order of extraction efficiency: PDMS/
DVB < PIL < PA < DVB/CAR/PDMS. The lower extraction effi-
ciency of the PDMS/DVB fiber may be due to the porous properties of
the DVB and the consequent difficulty of extracting analytes with low
molecular weight, as the case of the 19 analytes under study. On the
other hand, DVB/CAR/PDMS, which combines three sorbents, ex-
hibited the highest extraction efficiency, but the volatile profile ob-
tained is not representative of the headspace composition. This beha-
vior may be attributed to higher sensitivity for the analytes with high
volatility, which infers a competition effect. PA and zwitterionic PIL
fibers, both with absorptive-type mechanism, provided a good balance
between representativeness of headspace composition and extraction
efficiency. For this reason, they were selected to evaluate the analytical
performance of the HS-SPME/ GC × GC-ToFMS methodology. The
calibrations provided wide linear ranges for both fibers, ranging from
150 to 3750 ng for alcohols and formamides, from 100 to 2500 ng for
acids and from 50 to 1250 ng for the other standards. The reproduci-
bility (with relative standard deviation lower than 18%, depending on
the analyte) and relative recoveries (higher than 99.1%, depending on
the analyte) were similar and acceptable for both fibers.

In summary, PA and PIL may represent useful tools to respond to
current challenges in forensic taphonomy, as these sorbent coatings,
combined with GC × GC-ToFMS analysis, allowed the determination of
the 19 polar analytes under study at ng level, providing a profile re-
presentative of the headspace composition. The zwitterionic PIL, with
ca. 4 times smaller film thickness than PA, still has potential to provide
the best performance and work is currently in progress to obtain thicker
sorbent coatings. This study performed using standards and conditions
that mimic the odor of body decomposition represents the first and
mandatory step in the construction of a methodology. Future work is
planned for the analysis of real samples, such as animal and human
remains and the soil in which they decompose.

Furthermore, the combination of GC × GC-ToFMS with SPME may
represent a useful tool for a streamlined evaluation of post-mortem
changes of human remains by constructing a multiple attribute meth-
odology (MAM) workflow taking advantages of their sensitivity and
high throughput attributes. The current challenge in criminal and ju-
dicial areas are based on increasing pressure from private and public
institutions and the push to increase speed on the response, improving

the accuracy and robustness on the results. This approach is also in line
with the analytical green chemistry guidelines, as solvents or toxic re-
agents are avoided, where direct extraction of analytes in a multi-
analyte methodology is performed. Furthermore, the approach has
potential to be extended to more polar analytes, such as excretion
metabolites in the context of forensic toxicology, either for drugs of
abuse or poisonings.
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