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In this paper, we report the results of treating commercial samples of pork meat with ozone in order to determine whether such
educes microbial growth and hence extends the shelf lifetime of such products. The technique of Proton-Transfer-Reaction Mass S
PTR-MS) was used to study volatile emissions with the signal detected at mass 63 (assumed to be a measure for dimethylsulphide
s a diagnostic of bacterial activity. Such a signal was found to strongly increase with time for an untreated meat sample whereas oz
eat samples showed much reduced emissions—suggesting that the microbial activity had been greatly suppressed by ozone t

ndependent analysis, however, revealed that microbial counts were very high, independent of the treatment.
2004 Elsevier B.V. All rights reserved.
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. Introduction

An estimated 30% of fresh produce is lost by micro-
ial spoilage from the time of harvest, through handling,
torage, processing, transportation, shelving and delivery to
he consumer[1]. In order to preserve food, it is neces-
ary for pathogens to be destroyed or inactivated and non-
athogenic microorganisms and enzymes responsible for

ood spoilage need to be eliminated or at least reduced[2].
everal techniques for extending food’s shelf-life have been
eveloped over the years, for example, heating, drying, ir-
adiation and treatment with ozone. All these methods have
heir advantages, drawbacks and limitations depending on
he type of food, the kind of microorganisms, national reg-
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ulations and, most important, public demands (which
quire unaltered taste, aroma, colour and vitamin content
no chemical residues after treatment). The treatment o
food using ozone gas meets all of these requirements
well.

Ozone is a strong oxidant that kills many microorgani
without leaving any toxic by-products or residues[3,4]. Fur-
thermore, O3 enhances the taste of most fresh perishable
(e.g., fruit) by oxidizing pesticides and neutralizing amm
nia and ethylene gases produced by ripening or decay
reduction of ethylene gas increases shelf life and red
shrinkage[3]. Ozone has been used for many years in
water industry as an alternative to chlorine to treat patho
such as bacteria and algae[4]—ozone should therefore be
useful agent for the destruction of pathogens which ar
tive in microbial spoilage of meat. Despite these advanta
the use of ozone in the food industry has not been expl
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as extensively as it might since ozone must be manufactured
on-site and until recently ozone generators were bulky and
expensive[5]. However, new developments in the design of
small scale in situ ozone generators (using either UV lamps or
electrical discharges) now make it practical to develop ozone
treatment for food preservation on a commercial scale, even at
the level of individual supermarkets. A significant reduction
in the aerobic plate count on beef has been reported after us-
ing ozonized water (0.5% ozone)[6] or ozone gas (2.3 ppm)
[7]. The use of ozone in ground beef production process can
be effective for reducing microbial pathogens with minimal
effects on colour or odour characteristics[8]. Ozone gas pen-
etration through packaging material and its effectiveness in
controlling sporulation has also been evaluated on oranges
finding a sporulation inhibition that was clearly related to
ozone gas exposure[9].

To date, there have been only a few studies to quan-
tify the ozone concentrations needed to ameliorate microbial
spoilage. To fill this gap in this knowledge, the aim of this
study was to investigate the influence of ozone on micro-
bial spoilage using the novel technique of PTR-MS to anal-
yse VOC emissions derived from microbial spoilage. It has
been shown recently that the emission of some specific VOCs
are characteristic of bacterial activity[10] hence, monitoring
VOC emissions from the food provides a direct methodol-
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gas could be passed over the meat sample. One sample was
treated with a high ozone dose (1000 ppm), the second-one
with a low ozone dose (100 ppm) and the third with oxygen
to see the effect of oxidation. Each treatment took 10 min,
after another 10 min, the vials were flushed with oxygen to
remove the remaining ozone and stored under identical con-
ditions in a cabinet at room temperature. The samples were
stored at room temperature to accelerate the spoilage; how-
ever, the temperature was not constant during the analysis
period.

2.1.2. Experiment 3 (second set)
Twelve pieces of about the same shape described above

were cut out of two single cutlets from the identical pack-
age. Two of them were immediately frozen at−20◦C for
microbiological analysis, see below. Each of the remaining
10 samples was put into a glass flask as described above
and covered by the metal lid. Two were then treated with
a high ozone dose (1000 ppm), two with a low ozone dose
(100 ppm), four just with oxygen and two samples remained
untreated. Two of the oxygen-treated pieces were exposed
to a high ozone dose (1000 ppm) after 42 h. Each treatment
lasted 10 min and afterwards the samples were flushed with
synthetic air. The meat samples were then covered with a
breathable transparent film and stored in an oven at 25◦C.
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gy for assessing bacterial activity. In contrast to techn
f counting bacteria (requiring the incubation period of
ays), detection of VOCs may be performed online and
apid sampling rates. Two different doses of ozone at
ifferent times were used in two sets of measurements.
as been chosen for the measurements since the dec
aviour of meat (pork, beef and poultry) has already b
tudied by PTR-MS in detail[10,11]. The microbial contam

nation was determined at the end of the experiment b
icrobiological standard technique (enumeration of bac
nd yeasts).

. Experimental

.1. Sample preparation and treatments

Two experiments were performed six months apar
ach case, retailed pork cutlets that were air packaged
xygen-permeable polyethylene film were bought in a
ermarket in Innsbruck on the day when the respective
urements were started. Their expiry date was listed a
first set of measurements) and three (second set) day
urchase.

.1.1. Experiment 1 and 2 (first set)
Three pieces of about the same shape (approxim

5 mm× 50 mm× 10 mm), weight and consistency were
ut of a single cutlet for experiments 1 and 2, respecti
ach sample was placed into a glass flask (volumeV= 300 ml)
ith a metal cover containing two gas inlets through wh
-

r

he glass flasks were covered with the metal lid to con
o the PTR-MS for measuring their emissions. After e
easurement the transparent film was renewed.

.1.3. PTR-MS measurements
Measurements of the emissions from the meat sam

ere made 30 min after first treatment, allowing the sys
o reach equilibrium after flushing and this time was set
0. The emissions from the differently treated samples

egularly measured over for 47 h in experiment 1, for
n experiment 2 and for 46 h in experiment 3. In additio
xperiment 2 after 30 h of measurement, the oxygen-tre
ork sample was exposed to a high ozone dose (1000
nd its emissions were monitored on-line untilt = 100 h. In
xperiment 3, the emissions of the oxygen plus ozone-tr
ieces were measured at timet = 44 h andt = 49 h, after thei
zone exposure to better see the ozone’s effect. Moreove
amples of experiment 3 were transferred to sterile 40
lastic bags (BagFilter© P, Interscience) and frozen at−20◦C
t the end of the measurements (46 and 49 h, respective
icrobiological analysis.

.2. Analysis of VOCs

A PTR-MS system was used for analyzing the VO
he system allows an on-line measurement of trace
onents with concentrations as low as a few parts per

ion in volume (pptv). The method is based on ionizing
ctions of H3O+ ions with the VOCs allowing the latter
e detected by non-dissociative proton transfer. Most o
ommon VOCs react with H3O+, whereas the other maj
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components present in clean air do not react. The gener-
ation of the primary H3O+ and the chemical ionization of
the VOCs are individually controlled and spatially and tem-
porally separated processes. One important consequence is
that approximate absolute headspace concentrations can be
calculated without calibration or use of standards[12]. An-
other advantage of PTR-MS is that the samples containing
the volatile compounds do not need any preparation (pre-
sampling, pre-concentration or sample dehydration) before
being admitted to the PTR-MS. Thus, some of the problems
inherent to sampling in alternative methods used so far (e.g.,
gas-chromatography) are avoided, the food itself is not dis-
turbed and the measured mass spectral profiles closely reflect
genuine headspace distributions[12]. The PTR-MS system
and measuring procedure have been described in detail in
refs.[13,14].

One of the inlets in the metal cover at the glass flask was
connected to the PTR-MS for measuring the VOCs emitted
by the pork samples. Pork’s headspace air was then drawn
at 12 ml min−1 through a heated teflon transfer line into the
PTR-MS system for on-line analysis. The mass spectrometric
data were collected over a range of masses (m) with m/z =
20–150 amu, wherez is the charge of the measured ions (in
our casez= 1). Instrument background concentrations of the
VOCs were detected directly before the meat measurements
a
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Fig. 1. Concentrations of a typical spoiling compound of meat at mass 63 as
a function of time emitted by pork samples that were treated for 10 min with
oxygen, a low ozone dose (100 ppm) and a high ozone dose (1000 ppm),
respectively prior to the first measurement at timet = 0 and then stored at
25◦C.

and streptomycin (each 60 mg/l) after 72 h of incubation
at 25◦C.

3. Results and discussion

3.1. Volatiles

The effect of ozone treatment on the pork’s decay be-
haviour was monitored through the observation of the con-
centration detected at mass 63 assumed to be dimethylsul-
phide (DMS) as this signal has been shown to have the largest
correlation (up to 99%) with the bacterial contamination of
meat[10].

3.1.1. VOC emissions in experiments 1 and 2
Fig. 1shows the results of the experiment 1. After a certain

time lag the DMS signal detected from the oxygen-treated
sample strongly increased with time whereas the low-dose
ozone-treated sample showed only a slight increase, and the
signal of the high dose-treated pork piece remained almost
constant. The same emission behaviour was found for the first
part (t = 0–30 h) of experiment 2 (seeFig. 2). However, the
oxygen-treated sample was exposed to a high dose of ozone
at t = 30 h and the DMS concentration was found to strongly
d al
c
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e ns of
t ns of
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c nts
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nd subtracted from the obtained emissions.

.3. Microbiological analysis

The meat pieces were thawed in the plastic storage
t room temperature (20◦C). After adding a sterile solutio
onsisting of 0.85% NaCl and 0.1% peptone (Oxoid), in
er to obtain a 10-fold dilution, the meat was homogenize
stomacher (BagMixer© W, Interscience) for 4 min at roo

emperature. Decimal dilutions in 0.85% NaCl/0.1% pep
ere prepared and 1 or 0.1 ml samples of appropriate

ions were poured (PC, VRBD, MRS) or spread (SB, G
AB) on the following media to determine microbial coun
otal viable aerobic counts were enumerated on Plate C
gar (PC, Merck) incubated at 30◦C for 48 h. The numbe
f Pseudomonassp. was determined onPseudomonasselec-

ive agar according to Kielwein (GSP, Merck) suppleme
ith 100,000 IU penicillin G (Calbiochem) and incuba
t 30◦C for 72 h; positive oxidase reaction was confirm
y using oxidase test strips (Bactident, Merck). Lactic
acteria were enumerated onLactobacillusagar accordin

o De Man, Rogosa and Sharpe (MRS, Merck) incubate
0◦C for 72 h under microaerophilic conditions. The nu
er of Enterobacteriaceae was determined on Violet-Red
extrose agar according to Mossel (VRBD, Merck) in
ated at 37◦C for 24 h.Enterococcusspp. counts were d

ermined on Slanetz and Bartley agar (SB, Oxoid) incub
t 37◦C for 48 h; positive latex agglutination reaction w
onfirmed by using streptococcal latex grouping reage
Oxoid). The number of yeasts was counted on Sabo
extrose Agar (SAB, Oxoid) supplemented with penic
ecrease (Fig. 2), indeed, it took about 9 h until the initi
oncentration was reached again.

ComparingFigs. 1 and 2, one can see the strong infl
nce of the additional ozone treatment on the emissio

he oxygen-treated pork samples. The DMS concentratio
he both oxygen-treated samples in experiments 1 and 2
imilar before the exposure to ozone att= 30 h. In experimen
, signals from the non-ozone-treated sample reached a
entration of 1.3× 103 ppb at the end of the measureme
t = 46 h,Fig. 1), whereas in experiment 2, the DMS co
entration of the ozone-treated sample was only 90 ppbt =
6 h. The online monitoring in experiment 2 was conclu
t t = 100 h (not shown inFig. 2). The highest DMS sign
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Fig. 2. Concentrations detected at mass 63 emitted by pork samples that
were treated for 10 min with oxygen, a low ozone dose (100 ppm) and a high
ozone dose (1000 ppm), respectively prior to the first measurement at timet
= 0 and then stored at 25◦C. After 30 h of measurement the oxygen-treated
meat sample was exposed to a high ozone dose (1000 ppm) for 10 min and
its emissions were monitored on-line.

(with a concentration of 300 ppb) of ozone-treated meat was
reached att = 68 h and stayed constant for 6 h and was much
lower than the highest measured DMS signals from the non
ozone-treated samples inFig. 1.

3.1.2. VOC emissions in experiment 3
The trends seen in the first two experiments were con-

firmed by the results of experiment 3, shown inFig. 3. The
DMS signal of the untreated and oxygen-treated samples
strongly increased with time, less strongly for the oxygen-
treated pieces. The oxygen-treated samples were exposed to
ozone after 42 h with a subsequent decrease in the detected
DMS signal and the concentrations remained low until the
end of the experiment. The highest ozone exposure resulted
in the detected DMS signal showing nearly no increase during
the whole measurement time.
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3.2. Microbiological analysis (experiment 3)

The initial numbers of bacteria and yeasts were 4×
103 cfu/g and 5× 102 cfu/g meat, respectively.Fig. 4shows
the counts of various bacterial groups and yeasts after 10 min
of treatment with oxygen, low or high ozone doses, and sub-
sequent incubation for 46–49 h at 25◦C. After this incubation
time, untreated meat was highly contaminated and contained
9 × 1010 total aerobic bacteria/g meat (pseudomonads dom-
inated) and 2× 108 yeasts/g meat. Higher fungi were not de-
tected. Oxygen treatment had generally no or only a weakly
stimulating effect on microbial counts (7× 1010 total aero-
bic bacteria and 3× 108 yeasts/g meat). A similar result was
obtained for pseudomonads, lactic acid bacteria and entero-
cocci when meat was treated with oxygen at the beginning,
and then stored for 42 h at 25◦C before a high ozone dose
was applied, while numbers of enterobacteria and yeasts were
slightly decreased. Obviously, ozone treatment did not reduce
effectively the number of microorganisms that had multiplied
over the long incubation period. Neutralization of the posi-
tive effect of oxygen and of the inhibiting effect of ozone on
microbial counts is also a possible explanation. Low-ozone-
treatment followed by 46 h of incubation at 25◦C led to a
decrease of all bacterial groups except lactic acid bacteria (3
× 1010 total aerobic bacteria and 2× 108 yeasts/g meat),
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ig. 3. Concentrations detected at mass 63 (mean values of two an
experiment 3)± standard deviation) emitted by pork samples that w
reated for 10 min with a high ozone dose (1000 ppm, labelled ‘high O3’), a
ow ozone dose (100 ppm, labelled ‘low O3’), with oxygen (labelled ‘O2’),
espectively prior to the first measurement at timet = 0. Two samples re
ained untreated (labelled ‘untreated’). Two of the oxygen-treated p
ere exposed to a high ozone dose (1000 ppm) after 42 h (labelled2 +
igh O3’). The samples were incubated at 25◦C during the experiment.
hile an increase in microbial counts (with the exceptio
easts and enterococci) was noted when high ozone
ere applied (4× 1010 total aerobic bacteria and 6× 107

easts/g meat). Generally, microbial counts were very h
ndependent of the treatment, which might be primarily
ributed to the long incubation time under favourable c
itions (25◦C, non-sterile environment) for microbial rep
uction. The standard deviation of two independent ana

s typical for the plate count technique.

.3. Comparison of the results: VOC emissions versus
icrobiological analysis

The meat’s VOC emissions were strongly influenced
he ozone exposure. The concentrations of many vola
howed a large increase in non-treated samples over the
urement time (up to 100 h), whereas the ozone-treated
les were found to emit much less. This trend is illustrate
ig. 5for the DMS signals in experiment 3, detected at m
3. In an earlier study, it has been shown that the conce

ion at mass 63 is statistically significant strongly correla
o the aerobic counts, to the counts ofPseudomonasspp.,
nterobacteriaceaeandEnterococcusspp.[10]. Therefore
imilar trends were expected to be observed in the micr
ogical analysis for these bacterial groups. The large incr
f the microbial counts during the measurement time
ontrast to these expectations and suggests that the b
ere just strongly inhibited in their physiological activit
y the ozone (and therefore, the emissions were reduce
ot totally killed. Despite their reduced activity, microorg

sms surviving the treatment might have been able to g
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Fig. 4. Bacterial and yeast counts in meat after 10 min of various treatments and subsequent incubation for 46 h (49 h for the oxygen- plus ozone-treated
samples) at 25◦C (mean values of two analyses (experiment 3)± standard deviation).

and reproduce on meat that, however, offers ideal conditions
for their growth. The incubation temperature of 25◦C was ad-
ditionally favourable for microbial meat spoilage. This could
be checked by determining the remaining microbial counts
directly after the ozone treatment. The ozone dose may have
to be increased to effectively reduce the microbial contami-
nation. Oxidants like ozone cause irreversible damage to the
fatty acids in the cell membrane and to cellular proteins of
the microorganisms[15] that seems to be in contrast to the
results obtained in this study. Another possible reason for
the high microbial counts of the ozone-treated samples is
the long incubation period after the treatment (46 and 49 h)
under non-sterile conditions. However, this should have led
to a large increase in the VOC emissions. Therefore, further
studies are needed with a larger number of samples to allow
accuracy in the microbial count rate to be obtained. It may
then be possible to monitor microbial spoilage to optimize the
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parameters for the ozone exposure of meat for the extension
of its shelf-life.

4. Conclusion

In the present work, we have shown the strong effect of
ozone exposure on pork cutlet’s emissions, which have been
found earlier to be highly correlated to the bacterial con-
tamination, suggesting its usefulness as a remedial action
for microbial spoilage to extend food shelf life. Even a later
treatment with ozone strongly delayed the bacterial activity.
The reduction of VOCs on one hand, and the high micro-
bial counts on the other hand indicate that the treatments
applied in this study were effective to inhibit and thus re-
duce physiological activities, but are not necessary effective
enough to produce a lethal effect on microorganisms present
in meat. Even treatment with high ozone doses did not result
in a sufficient reduction of microbial counts. Further studies
are needed to optimize the use of ozone in order to reduce
microbial spoilage of meat.
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