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Multiple-Cumulative Trapping: A Fascinating
Option to Enhance Headspace Profile

Steven Mascrez, Damien Eggermont, and Giorgia Purcaro

Multiple-cumulative trapping headspace extraction coupled with high concentration capacity tools, such as solid-phase
microextraction (SPME), has recently shown great potential in enhancing the overall sensitivity of the volatile profile
and the capability to provide a highly informative profile to facilitate answering complex questions. This contribution
presents the benefits of applying this technique in food analysis.

he idea of exploiting an
enrichment step through
multiple-cumulative trap-

ping (MCT) was presented for the
first time by Lipinski in 2000 (1) to
enhance the sensitivity of pesticide
analysis in water extracted by direct-
immersion (DI) solid-phase micro-
extraction (SPME). In 2012, Chin
and associates (2) used the same
idea to increase the odor detec-
tion limit in gas chromatography
(GC)-olfactometry. The headspace
(HS) of wine samples was extracted
using different SPME polymeric
coatings, and the compounds
(after desorption in the GC injector)
were cumulatively focused at the
head of the column using a cold
trap before releasing them for the
GC analysis. The focus was mainly
on the optimization of the latter
trapping step, and the potential of
the idea was not developed further.
Recently, the idea was reconsidered
and explored systematically using a
fully automated autosampler and
an enrichment platform (3,4).

The MCT technique can be eas-
ily automated and applied to per-
form multiple extractions from
single vials (SV-MCT) or multiple
vials (MV-MCT). These two modali-
ties provide diverse and equally
beneficial perspectives in terms
of sensitivity. Moreover, the MCT
extraction technique can be used
to explore fundamental theoretical

aspects of headspace quantifica-
tion applicability.

Insights into this technique are dis-
cussed here, illustrated by an appli-
cation to the analysis of olive oil.
The theory behind the possibility of
performing quantification in head-
space is briefly reviewed, and the
role that MCT extraction can play in
this regard is discussed, thus verify-
ing the common assumption that
correlates the chromatographic area
response with the sample concentra-
tion of the compounds. Furthermore,
the enhancement of the overall sen-
sitivity profile of a complex sample
will be discussed in the perspective
of targeted and untargeted analysis.

The Role of the Sample

Volume in Headspace Extraction
According to the theory, the
amount of each analyte extracted
in the headspace is proportional
to the initial concentration (Cg) in
the sample under both equilibrium
and non-equilibrium conditions.
Equation 1 pinpoints this correla-
tion for a high-concentration-capac-
ity tool, accounting for the contribu-
tion of the distribution coefficient
HS/sample and fiber/HS (K, and K,
respectively), as well as for the vol-
ume of the sample (V)), the HS (V)
and the polymeric coating (V) used:

n= Kthfh V;Vv C{) ['] ]

Kthfh V/ + Khs Vh + I/s

This proportionality can also be
expressed as:

A= =3 2]

where A is the chromatographic
area, and B is the phase ratio
(B=V,/V,), when not considering the
additional effect of the fiber selec-
tivity and the partition coefficient
between the headspace and the
fiber (Ky,) (5).

Such an equation applies when the
headspace is not saturated, meaning
that when subsequent extractions
are performed from the same vial,
an exponential decline of the area
response is recorded. However, the
non-saturation of the headspace is
fundamental when the goal is accu-
rate quantification through calibra-
tion (5). Therefore, it should not be
neglected when the area intensity
of different samples (without cali-
bration) is used as an indicator of
absolute concentration, as is done
when large studies of cross-sample
comparisons are performed (6).
In fact, the saturation of the head-
space can hinder differences among
samples, weakening the potential of
volatile fingerprinting.

As mentioned previously, head-
space linearity is achieved when
an exponential decline of the
extracted compounds is recorded
in subsequent extraction from the
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FIGURE 1: (a) Schematic of the increment observed applying multiple-cumulative trapping
(MCT) extraction when the headspace is saturated (orange line) or not saturated (blue line).
(b) Change in extraction efficiency between 1.5 g and 0.1g of virgin olive oil when extracting
for 10 min (blue dots) or 30 min (orange dots) as a function of K__. (c) Change in extraction
efficiency as a function of log K, when performing one extraction for 30 min or three
extractions of 10 min each, both using 1.5 g (orange dots) or 0.1 g (blue dots) of virgin olive oil.
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FIGURE 2: Hierarchical cluster analysis of commercial categories of olive oil, namely EVO
(green color bar), VO (gray color bar), and LO (brown color bar) obtained using different HS-SPME
conditions. (a) 1.5 g of sample extracted for 10 min at 43 °C; (b) 0.1 g of sample extracted for
10 min at43°C; (c) 0.1 g of sample extracted for 30 min at43 °C, and (d) 0.1 g of sample extracted

three times for 10 min each at 43 °C using the MCT-HS-SPME approach (modified from [4]).

same vial, called multiple head-
space extraction (MHE), according
to equation 3:

A= A,e90D (3]

where A is the chromatographic
area, i indicates the number of
extraction steps, and gis a constant.

To determine g, equation 3 is
transformed into a linear equation
by a logarithmic transformation (see
equation 4):

Ind; = -q(i-1) + [n4, [4]

As an analogy, the application of
MCT can serve to easily assess the
linearity conditions (4). It gener-
ates a cumulative curve described
by a logarithmic equation, such as
equation 5:

A=A, < InfqG-D] (5]

which is transformed into a linear
curve to determine g by an expo-
nential transformation according to
equation 6:

edi=q(i-1)+ e 6]

The headspace linearity can
easily be verified using both
approaches, namely MHE or MCT,
with the latter providing an easier
evaluation, because instead of a
decrease of the amount recorded,
an increase is observed, improving
the detectability and quantifica-
tion of the compounds of interest.
An increase of the area response
proportional to the number of MCT
extractions indicates saturation of
the headspace, while a logarithmic
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increase reflect a non-saturation
condition. Figure 1a represents
a schematic of the area response
in function of MCT extractions.
It is noteworthy that the use of too
high a sample volume, such as the
volume generally reported in the
literature for virgin olive oil volatile
profiling (~1.5 g [7-8]) largely satu-
rates the headspace, detrimentally
impairing the overall profile. It has
been recently shown that the head-
space linearity is verified when
a much lower amount of sample
(0.1 g) is used compared to the
amount generally reported in
the literature (4). Moreover, the
increase of the sample volume
slightly increases the extraction
yield of the compounds with the
lower octanol-air partition value
(K.,), whereas no significant gain of
sensitivity is recorded for the lower
K., A higher increase in the extrac-
tion yield of low K_, compounds is
observed when longer extraction
times are used (30 min vs. 10 min).
Nevertheless, in both cases, the gain
in sensitivity is not higher than 2.5-
fold against a sample mass increase
for more than 10 times (Figure 1b) (4).

Therefore, the use of a sample
volume that causes saturation of
the headspace offers no signifi-
cant benefit in sensitivity, and it
may be detrimental in analyzing
the overall profile of a food sample.
Undeniably, when complex food
samples are studied, the high com-
plexity of the aroma profile, along
with the broad dynamic concentra-
tions of the volatile components,
makes it almost impossible to meet
the requirement of no saturation for
all the compounds (4,6).

Exploit Multi-Cumulative Trapping
Extraction to Improve Sensitivity

Multi-cumulative trapping (MCT)
has been explored somewhat in the
past, as reported in the introduc-
tion. However, only recently it has
started to be investigated system-
atically. Two methods can be use.
One involves extracting multiple
times from the same vial (SV-MCT),
and the other requires extraction
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from multiple vials containing the
same sample (MV=MCT). The latter
will clearly multiply the response
of the extracted analytes for the
number of folds the extraction is
repeated, thus increasing sensitiv-
ity accordingly. Thus the MV-MCT
modality can be particularly ben-
eficial when the goal is to maximize
sensitivity for trace compounds.
On the other hand, SV-MCT may
lead to one of two different out-
comes: If the compounds are satu-
rating the headspace, the result will
be a multiplication of the response,
just like for MV=-MCT; if the head-
space is not saturated, a logarithmic
increaseofthesignalwillbe observed
with the incremental extraction.
A combined situation may occur
where the increment is linear up
to a certain number of repeated
extraction of the headspace and
then logarithmic.

The number of repetitive extrac-
tions thus becomes an important
additional parameter to be opti-
mized as a compromise between
sensitivity and throughput. In this
regard, it is interesting to “tune
the sensitivity” by using shorter
repeated extractions rather than a
single longer one. In fact, a shorter
extraction time reduces the com-
petitive processes that may occur
when porous fibers (such as
DVB/CAR/PDMS) are used (9-11),
while the MCT extractions com-
pensate for the loss of sensitivity.
Research on the targeted analysis
of virgin olive oil volatiles has shown
that shorter repeated extractions
significantly improve the extrac-
tion of compounds with a higher
K,, value compared to those with a
lower one, when compared to the
same overall extraction time (three
10-min extractions compared
to a single 30-min extraction)
(Figure 1c) (4).

Untargeted

Cross-Sample Comparison

When performing untargeted stud-
ies, the common assumption is that
the area intensity is a direct indi-
cator of the absolute concentra-

tion in the sample. Nevertheless,
as mentioned previously, to apply
this assumption, the headspace lin-
earity condition should be verified
(5,6), which is rarely done. In fact,
starting from biased data as in the
case of saturation of the HS may hin-
der the ability to detect significant
differences even when advanced
chemometric tools are used (such
as hierarchical cluster analysis or
random forest).

An example has been reported
for the capability of clustering olive
oil according to the commercial
quality: extra-virgin (EVO), virgin
(VO), or lampante oil (LO) (3,4). Satu-
rated headspace and non-saturated
headspace, using different amounts
of sample, were compared.
As shown in Figure 1b, no sig-
nificant increase of sensitivity was
shown using 1.5 g rather than
0.1 g of sample; on the contrary,
olive oil commercial quality clus-
tering improved when the smaller
sample volume was used (Figure 2a
and 2b) (modified from 4).

Contextually, the exploitation of
SV-MCT-HS-SPME has shown to
positively reflect sample classifi-
cation in a powerful cross-sample
comparison (4). A perfect discrimi-
nation among the three olive oil
categories was obtained with three
10-min runs of MCT-HS-SPME,
compared to both a single 10-min
extraction and a single 30-min
extraction (Figure 2c and 2d), sug-
gesting a less significant role of the
most volatile compounds (generally
lower K_,) and an important role of
the compounds with higher K__ in
the discrimination capability.

Conclusions

MCT extraction is a powerful tool
that opens new perspectives.
Further investigation is certainly
needed to fully reveal the many
benefits that can provide. MCT-
HS-SPME has shown capability to
better investigate the headspace
of foods and answer both tar-
geted and untargeted questions.
lts application with different
headspace extraction tools and
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polymeric coatings to different
food samples will be of high value
to fully understand the applica-
bility and potentiality of both
MV-HS-MCT and SV-HS-MCT.
Finally, of high interest is also the
investigation of the application of
MCT approach to direct immer-
sion applications, especially
linked to contaminants analysis in
food samples.
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