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Abstract
The use of proton transfer reaction mass spectrometry (PTR-MS) for freshness classification of chicken and turkey meat samples
was investigated. A number of volatile organic compounds (VOCs) were selected based on the correlation (> 95%) of their
concentration during storage at 4 °C over a period of 5 days with the results of the microbial analysis. In order to verify if the
selected compounds are not sample-specific, a number of samples sourced from various retailers were classified using the
concentration of these compounds in the samples’ volatile fraction as input variables. The classification was performed using
the support vector machines (SVM) supervised pattern recognition algorithm. It was concluded that it is possible to evaluate the
shelf life of meat samples obtained from the same source based on the results of a prior analysis. The PTR-MS fingerprint
approach might supplement the currently used methods of shelf life evaluation of poultry due to the short time and non-
destructive nature of measurement and ease of quantitative analysis.
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Introduction

The shelf life of poultry is determined by numerous factors, in
particular, the number of microorganisms which cause biode-
terioration of the product. Good hygienic conditions and re-
frigeration are necessary to delay the onset of bacterial spoil-
age. Also, the use of modified atmosphere packing (MAP)
allows prolonging the period of time in which the product’s
freshness is preserved (Jeremiah 2001). However, a large pro-
portion of fresh poultry is still distributed at low storage tem-
peratures without packaging (Cooksey 2014). Currently, the
most commonly used method for determination of meat status
with respect to spoilage is the analysis of total viable bacteria

counts (TVC) which requires an incubation period of up to
72 h for colony formation (Mayr et al. 2003a). The analysis of
the volatile fraction of a meat sample is a more rapid approach. It
can be based on the identification of volatile compounds as is the
case with gas chromatography-mass spectrometry (GC-MS)
(Wojnowski et al. 2017a). However, since the composition of
fresh poultry’s volatile fraction can be influenced by several
variables, a more holistic approach in which the flavour profile
of a sample is analysed might prove more convenient for fast
determination of the product’s freshness (Wojnowski et al.
2017b). This can be realised using proton transfer reaction mass
spectrometry (PTR-MS) which can be used to measure rapidly
mixtures of volatiles with high sensitivity and to determine their
concentration in real time without the need for extensive sample
preparation. This, combined with high time resolution and the
possibility of onlinemonitoring of the time-intensity evolution of
sample’s headspace composition, makes this technique particu-
larly useful in food analysis. Furthermore, since virtually no
sample preparation is required, the measured mass spectra close-
ly reflect genuine distributions of volatiles in the headspace
(Mayr et al. 2003b). The method itself is based on soft ionisation
of volatiles, usually volatile organic compounds (VOCs) through
reaction with hydronium ions. A majority of common VOCs
react with H3O

+ ions, while other main components of ambient
air do not (Mayr et al. 2003b). The technique was described in
detail by Jordan et al. (Jordan et al. 2009).
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When assessing meat shelf life with regard to food spoilage
the most important information is binary—the sample can be
classified as either ‘fresh’ or ‘suspect’. To this end, the mass
spectrum of the sample’s headspace obtained using PTR-MS
can be analysed using supervised pattern recognition methods
(Biasioli et al. 2011). This allows to rapidly assess the prod-
ucts’ freshness without the need for determination of particu-
lar components of the gaseous mixture. Such approach might
prove particularly useful in screening and serial analysis of
large numbers of samples. However, care should be taken
when treating the entire mass spectrum of the sample’s volatile
fraction as an input for statistical analysis. When the ratio of
the number of independent measurements to the number of
variables is low there is a chance that a coincidental correla-
tion between a random variable and, e.g. poultry shelf life
shall occur (Vul et al. 2009). The ability of PTR-TOF-MS to
measure a large number of volatile compounds increases the
likelihood of the occurrence of these so-called ‘voodoo corre-
lations’ (Amann et al. 2014). For that reason, it might prove
necessary to curtail the number of mass peaks used as inde-
pendent variables for chemometric analysis based on refer-
ence criteria.

In this paper, the validity of an approach in which VOCs
detected in the poultry sample’s headspace are selected based
on the correlation of the changes in their concentration during
cold storage with a reference measurement of TVC prior to
classification using supervised pattern recognition techniques
is verified. In order to determine whether the selected com-
pounds are not sample-specific a number of samples sourced
from various retailers were classified using these compounds
as input variables. The ‘fingerprinting’ approach coupled with
chemometrics is used to drastically shorten the time of a single
analysis which is important when considering the future im-
plementation of the technique in the industry.

Materials and Methods

Sample Preparation

Fresh poultry meat was procured in various local distribution
centres in Gdańsk, Poland. In total, five separate samples were
procured: two samples of chickenmeat from the same supplier
2 weeks apart (samples 1a and 1b), samples of chicken meat
from two additional suppliers (samples 2 and 3) and a sample
of turkey meat from a fourth supplier (sample 4). In each case,
the declared shelf life was 2 days and the animals were
slaughtered in the evening on the day preceding the first day
of the analysis. They were then transported under refrigeration
to distribution centres, where the carcasses were dismem-
bered. Breast muscles from two different birds were then
ground together in a thoroughly cleaned industrial grinder
and transported in a portable cooler to the laboratory on the

morning of the first day of the experiment. Samples weighing
4 g were placed in 20 cm3 headspace vials, covered with
polyethylene foil and refrigerated at 4 °C. The samples of
meat from each retailer were analysed over a period of 5
consecutive days, with new samples used for each analysis,
with a total of 225 samples.

Microbiological Analysis

Meat samples (4 g) were placed in 50 ml conical centrifuge
tubes which were then filled to the volume of 40 ml with a
sterile solution consisting of 2.2% peptone (Sigma-Aldrich,
Steinheim, Germany), 1.1% NaCl (POCH, Gliwice, Poland)
and 2.2% glucose (Sigma-Aldrich, Steinheim, Germany) and
centrifuged for 2 min. Decimal dilutions in peptone solution
were prepared in triplicate and 0.1 ml samples of appropriate
dilutions were poured on plate count agar (PC, BTL, pH = 7.2)
to determine total viable bacteria counts. Bacteria were enu-
merated at 30 °C for 72 h. The analysis was carried out ac-
cording to the procedure outlined in ISO 4833:2013.

PTR-MS Analysis

In order to analyse the VOCs in the meat samples’ headspace
the proton transfer reaction mass spectrometer with time-of-
flight analyser PTR-TOF 1000 Ultra (Ionicon GmbH,
Innsbruck, Austria) was used. The system allows an on-line
measurement of components with concentrations in the range
of several pptv with high sensitivity (> 500 cps/ppbv). The use
of time-of-flight analyser facilitates screening analysis without
the decrease of detection parameters. Prior to each analysis,
vials were sealed with caps lined with a silicon-PTFE mem-
brane and incubated at 30 °C for 10 min. Their headspace was
drawn at 50 cm3∙min−1 through a transfer line heated to 70 °C
into the PTR-MS system. Ambient air passed through a carbon
filter (Supelpure HC, Supelco, Sigma-Aldrich, Steinheim,
Germany) was used as carrier gas. Mass spectra were collected
over a range of masses with m/z values of 30 to 200 Da every
second for a total of 120 spectra per analysis. Background
concentrations were detected before each analysis by measur-
ing the VOCs from an empty vial incubated in parallel with the
sample and subtracted from the measured concentrations. The
E/N ratio was set to 130 Td which allowed for ionisation of a
wide range of chemical compounds. Higher E/N values might
lead to higher fragmentation while lower values could result in
increased formation of water/hydronium ion clusters which
would, in turn, hinder data interpretation (Lindinger et al.
1998). IoniTOF v. 2.4.40 software was used to record the spec-
tra and PTR-MSViewer v. 3.2.3.0 was used to process the data.
A schematic representation of the experimental setup is shown
in Fig. 1.

Compounds were tentatively identified based on the mea-
sured protonated mass, fragmentation patterns, and isotopic
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ratios. Additionally, the identified VOCs were cross-
referenced with the existing literature on spoilage compounds
in meat (Senter et al. 2000; Lovestead and Bruno 2010;
Alexandrakis et al. 2012). The limit of quantification for the
spectra was set at ten standard deviations of the background
noise registered for a blank sample (Franke and Beauchamp
2017). Proton transfer reaction rate constants used for quanti-
tative analysis were based on the literature (Guthrie 1998;
Zhao and Zhang 2004; Cappellin et al. 2012). When no data
was available a rate of 2.0 × 10−9 cm3 s−1 was used.

Statistical Analysis

Data from the PTR-MS measurements was exported and fur-
ther processed using a macro written in Visual Basic
(Microsoft). Ten ions were then selected based on Pearson

correlation coefficient (> 0.95) with results of TVB analysis
over the period of 5 days. The chemometric analysis was
performed using Orange v. 3.3.9 software (Demšar et al.
2013). In order to normalise the features, they were centred
by mean and scaled by the standard deviation. Euclidean dis-
tances between the data points in a multidimensional space
were then projected on a two-dimensional plane using multi-
dimensional scaling (MDS) initiated with principal compo-
nent analysis (PCA) and used as inputs for supervised pattern
recognition. Support vector machines (SVM) method with
RBF kernel was used to classify the data points into two
groups (‘fresh’ and ‘suspect’) with 70% of data used for train-
ing and 30% for testing and with random sampling. The SVM
technique is based on the separation of data embedded in a
multidimensional plane with a hyperplane. The generalisation
power with which the hyperplane separates the classes

Fig. 2 The juxtaposition of the
total viable bacteria counts with
acrolein concentration in a sample
of chicken breast meat over a
period of 5 days of refrigerated
storage. Error bars denote
standard deviation in the case of
TVC and MSE in the case of
acrolein

Fig. 1 Experimental setup
comprised of a PTR-TOFMS, b
thermostated incubator, c data
acquisition and processing system
and d headspace vial containing
the sample of ground poultry

Food Anal. Methods

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


depends on the distance between the hyperplane and the clos-
est data points which are called ‘support vectors’ (Cristianini
and Scholkopf 2002; El Barbri et al. 2008).

Results and Discussion

Bacterial Growth

A typical growth curve of bacteria over a period of several
days can be divided into three phases. First, there is a lag phase
in which the organisms are getting used to the environment
and their growth is limited. Afterwards, their population in-
creases exponentially and then stabilises as an equilibrium
between biomass production and cell death is reached. As
shown in Fig. 2, the TVB value started to increase exponen-
tially after the second day of cold storage which is consistent
both with the literature (Jimenez et al. 1997; Mayr et al.
2003a) and with the shelf life declared by the manufacturers.
Also shown in Fig. 2 is the corresponding concentration of
acrolein determined in the same chicken breast sample. It
should be noted that acrolein may be the product of not only
bacterial metabolism, but also of chemical spoilage and has
been shown to have a detrimental effect on the human health
(Dadáková et al. 2012).

PTR-MS Analysis

The aim of this work was to compare the results of the bacte-
riological analysis with measured VOCs concentrations and to
select compounds to be used as inputs for poultry freshness
classification. The concentrations of volatile compounds av-
eraged over the nine repetitions for a sample of chicken and
turkey breast at day 1 and 5 are shown in Fig. 3. The overall
concentrations of volatiles in the volatile fraction of the orig-
inal samples increased significantly over the period of the
experiment. This increase was, however, less noticeable in
turkey meat, as compared to samples of chicken meat. The
reason for that might be the fact that turkey meat is, in general,
leaner than chicken meat, and so over time gives rise to fewer
products of lipid oxidation (Chang and Watts 1952). Overall,
the number of detected compounds for all the samples in-
creased approximately sevenfold between day 1 and day 5
of storage.

Based on Pearson correlation test, ten different compounds
detected in the headspace of sample 1a which best correlated
with results of TBC analysis, performed on that same sample
were then tentatively identified. It should be noted that a de-
finitive identification of these compounds, listed in Table 1, in
poultry’s volatile fraction might require the use of, e.g. gas
chromatography coupled with mass spectrometry. The com-
pounds were detected at a protonated mass (m + 1) due to their
ionisation via a transfer of a proton from hydronium ions.

In order to verify whether it is possible to assess the fresh-
ness of poultry sourced from different retailers using concen-
tration values of pre-determined compounds as input variables
for statistical analysis, SVM was used for classification into
two groups, namely ‘fresh’ and ‘suspect’, that is days 1–2 and
3–5 of refrigerated storage, respectively. A preliminary unsu-
pervised analysis has shown that already at day 1 there are
clear differences not only between chicken and turkey meat
samples but also between samples of chicken meat from dif-
ferent sources. However, the differences between samples
from the same supplier procured at two different dates were
far less pronounced, as shown in Fig. 4. This suggests that the
changes in the headspace composition of these samples in
time might be determined not only by bacterial processes

Fig. 3 Mass spectra of chicken meat samples at day 1 (a) and day 5 (b) of
storage, and of turkey meat at day 1 (c) and day 5 (d) of storage
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themselves and storage conditions but also by the initial com-
position of the sample, making a classification based on any
pre-determined set of input variables more difficult. For that
reason, only the changes in concentration level of the selected
compounds in the headspace of samples 1a and 1b were listed
in Table 1.

Using a supervised classification algorithm, it was possible
to correctly classify 100% of replicates from the 1a sample
(n = 45). This is not surprising as this is the one for which the
TVC was run in parallel, and based on which the best-
correlated input variables were determined. Using the same
set of variables, it was also possible to correctly classify 100%
of samples of chicken meat from the same source as the first
one but procured 2 weeks later (sample 1b).

In chicken meat samples from different manufacturers and
retailers (samples 2 and 3), the classification accuracy for the

former was 93% with one false-positive and two false-nega-
tives, while for the latter it was 100%. It should be noted that
the occurrence of a false-positive result is a reason for more
serious concern than a false-negative one, as it means that a
sample which has exceeded its shelf life was classified as
‘fresh’ and might not be safe to consume. Finally, it was eval-
uated whether the compounds determined in a sample of
chicken meat can be used as inputs in the freshness-based
classification of meat from another species, namely turkey.
In this case, the overall classification accuracy was 91%, how-
ever with three false-positives and one false-negative. The
confusion matrices for the sample classification are depicted
in Fig. 5.

The results suggest that it is possible to evaluate the shelf
life of meat samples from the same source using a supervised
data analysis technique based on the results of a prior analysis.
With poultry from different manufacturers, the results are far
less conclusive, as the initial bacterial flora of meat is very
heterogenous in regard to number and composition.
Additional variables might be introduced with slight differ-
ences in storage conditions as well as supply chain which
makes the determination of a set of universal indicators of
poultry spoilage unlikely. In order to draw more definite con-
clusions, it would be necessary to analyse a much larger num-
ber of different samples and to investigate the impact of stor-
age conditions or even of the season on the outcome of clas-
sification. Furthermore, poultry meat is increasingly being
distributed and stored in the MAP, and in such a scenario the
proposed approach should be modified to include the use of
modified atmosphere during refrigerated storage and as a car-
rier gas. The further stages of the development of a method for
poultry shelf life assessment based on the use of PTR-TOFMS
will involve continuous, real-time monitoring of the changes
in the headspace of refrigerated poultry meat samples, and a
complementary use of GC-MS for a more reliable identifica-
tion of the volatiles. Additionally, in order to verify the robust-
ness of the proposed approach a large number of samples will
have to be analysed, including duck and goose meat stored in
aerobic conditions and the results validated with more direct
reference methods such as the determination of the biogenic
amines index (Lázaro et al. 2015).

Fig. 4 Linear projection of three principal components obtained for
samples of poultry meat at the first day of storage

Fig. 5 Confusion matrices of poultry samples classification using SVM; scores are given as a proportion of actual
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The shelf life assessment method proposed in this article
should also, in principle, be applicable to other types of aero-
bically stored meat, such as pork, beef or mutton. Moreover,
the proposed algorithm for multivariate analysis could be ap-
plied in rapid fingerprinting based on the results of analysis
using other analytical techniques. For instance, instead of the
concentration of selected ions measured using the PTR-MS,
peak areas obtained using ultra-fast gas chromatography or
response signals of chemical sensors used in electronic noses
could be used as input data (Wojnowski et al. 2017c). Both gas
chromatography and electronic olfaction are as of yet more
readily available than PTR-MS and could find application in
the evaluation of the shelf life of food products due to the
relatively low cost of commercially available instruments.

Conclusions

It might be concluded that it is possible to evaluate rapidly the
shelf life of poultry using PTR-MS based on the results of
prior bacteriological analysis even when the classified sample
was produced at a different time, provided that the meat came
from the same source. This means that this technique could
potentially be used to supplement the more traditional meat
freshness evaluation methods such as TVC in facilities where
meat is produced and distributed. The PTR-MS system has
somemajor advantages over other techniques employed in the
gas analysis. Its use allows for rapid, quantitative measure-
ment without the need for extensive sample preparation and
manipulation, at which point the bacterial flora of the sample
might get upset. This way the risk of the occurrence of arte-
facts is minimised. Furthermore, the headspace concentrations
can be determined without the use of standards, although qual-
itative analysis cannot be realised as reliably as with mass
spectrometry techniques in which hard ionisation is used.
Ideally, the rapid PTR-MS analysis could be combined with
qualitative GC-based analyses of a handful of samples in order
to identify the peaks and facilitate the interpretation of multi-
dimensional data, and also to confirm the fragmentation pat-
tern of the determined compounds.

The possibility of online monitoring of the time evolution
of a meat sample’s headspace composition was not elaborated
in this work; instead, the PTR-MS was used for fingerprinting
as the potential for rapid and non-invasive assessment makes
it a valuable tool for meat freshness evaluation. The time of a
single analysis could be reduced to several seconds through
the use of an automatic sampler. If the measurements were to
be carried out in parallel with routine bacterial count analysis
for an extended period of time the classification accuracy
would increase with the number of measured samples.
Indeed, if a large enough body of data regarding aromatic
profiles correlated with the results of TVC analysis was gath-
ered for artificial neural networks to be used it might even

prove possible not only to classify but also to reliably predict
the shelf life of poultry. Such a development would be espe-
cially advantageous as the results of the analysis would be
available in a matter of minutes, as opposed to hours or even
days with currently used methods. Due to the aforementioned
advantages, the PTR-MS system might find application in
instances where an automated, rapid method for monitoring
of bacterial contamination of meat is required, for instance in
butcheries, laboratories of institutions tasked with food safety
assurance, or even large-scale retailers. The result would ben-
efit not only the industry but also the consumer.
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