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a b s t r a c t

The increased consumption of fresh-cut celery has led to the need to explore packaging alternatives for
fresh-cut celery that can meet consumer, market, and industry needs. In this study, the effect of bio-based
packaging and non-conventional atmospheres on the quality and safety of chlorine-sanitized celery sticks
stored at 7 ◦C was investigated. Two materials differing in permeability [a bio-based polyester (polylac-
tic acid (PLA)) and a petroleum-based polyolefin (polypropylene/low density polyethylene (PP/PE)] and
four initial gas compositions [air (A-PLA or A-PP/PE), 95 kPa O2 + 5 kPa N2 (O2-PLA), 99 kPa N2 + 1 kPa O2

(N2-PLA), and 6 kPa O2 + 12 kPa CO2 + 82 kPa N2 (CO2-PLA)] were evaluated. Changes in headspace compo-
sition, weight loss, surface and cut end color, texture, ethanol content, appearance, and growth of Listeria
monocytogenes on inoculated celery sticks were assessed during 21 d of storage. Active MAP (CO2-PLA)
out-performed passive MAP (A-PLA) in maintaining celery stick quality but not safety. Conventional active
MAP (CO2-PLA) out-performed non-conventional active MAPs (O2-PLA and N2-PLA) in maintaining cel-
ery stick quality throughout storage, but O2-PLA suppressed L. monocytogenes growth while CO2-PLA

promoted growth during the first 10 d of storage. PLA and PP/PE materials affected celery stick qual-
ity but not Listeria growth. This study shows that the initial gas composition and packaging material
both impact the quality and safety of celery sticks. Overall, the combination PLA and 95 kPa O2 proved
most beneficial in maximizing both the safety and quality of celery sticks during one week of storage
at 7 ◦C.
. Introduction

Consumer demand for minimally processed fruits and vegeta-
les has increased dramatically over the last ten years, with celery
Apium graveolens L.) being among the most desired fresh-cut
roducts due to its taste, texture and low caloric content (United
resh Foundation, 2010). Celery is also a good source of vitamins A

nd C (Rizzo and Muratore, 2009) as well as potassium and dietary
ber. However, damage and stress encountered by celery during
rocessing can lead to changes in color (Viña and Chaves, 2003;

∗ Corresponding author at: 448 Wilson Road, Room 130, Packaging Building,
ichigan State University, East Lansing, MI 48824-1223, USA. Tel.: +1 517 355 3603;

ax: +1 517 353 8999.
E-mail address: ealmenar@msu.edu (E. Almenar).
Gómez and Artés, 2005; Viña et al., 2007; Rizzo and Muratore,
2009), pithiness development (Saltveit and Mangrich, 1996;
Gómez and Artés, 2005), and loss of turgor (Prakash et al., 2000;
Viña and Chaves, 2003; Viña et al., 2007).

Various strategies have been developed to better maintain
celery freshness. Low temperature storage combined with high
CO2/low O2 controlled atmospheres can extend the shelf life of
celery by several days (Saltveit, 1997; Suslow and Cantwell, 2000;
Gómez and Artés, 2004) as can passive modified atmosphere pack-
aging (MAP) (Viña and Chaves, 2003; Gómez and Artés, 2005; Viña
and Chaves, 2006; Viña et al., 2007; Rizzo and Muratore, 2009).
However, no information has been published about the benefits

from active MAP, in which the package atmosphere is established
at the time of sealing, over passive MAP on the shelf life of fresh-cut
celery. In addition, the effect of non-conventional active packag-
ing atmospheres, including noble gases, superatmospheric oxygen,

dx.doi.org/10.1016/j.postharvbio.2014.02.005
http://www.sciencedirect.com/science/journal/09255214
http://www.elsevier.com/locate/postharvbio
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nd nitrogen, on shelf life extension of fresh-cut produce has been
xplored for some products (Allende et al., 2004; Rocculi et al.,
005; Escalona et al., 2006; Artés et al., 2009), but not for celery.

Studies dealing with fresh-cut celery have commonly been
arried out at 4–5 ◦C (Gómez and Artés, 2004, 2005; Rizzo and
uratore, 2009). However, a recent study revealed serious prob-

ems in maintaining the temperature in refrigeration equipment in
ood stores (Lundén et al., 2014), and surveys in the U.S. revealed
hat 20% of domestic and commercial refrigerators operate at tem-
eratures around 10 ◦C (Jol et al., 2006). For this reason, studies on
elery under real storage conditions during distribution and retail
nstead of optimal ones are necessary.

Several studies have focused on the microbiological safety of
resh-cut celery (Prakash et al., 2000; Lu et al., 2005; Kwak et al.,
011; Vandamm et al., 2013). However, very little information has
een published on Listeria monocytogenes in celery, most likely
ecause fresh produce has not been traditionally considered a
pecial risk product (Aguado et al., 2004). Recently, L. monocyto-
enes was identified in ready-to-eat salads containing raw celery
Cordano and Jacquet, 2009) indicating that celery occasionally
oses a risk to the consumers. Furthermore, from January to
ctober 2010, ten cases of hospital-acquired listeriosis in Texas

USA), including five deaths, were traced to commercially diced
elery that was used as an ingredient in chicken salad (Gaul et al.,
013).

Fresh-cut produce is commonly marketed in packages made
rom petroleum-based materials. However, environmental con-
erns surrounding these packages have created a need for more
nvironmentally friendly materials (Tharanathan, 2003). Polylac-
ic acid (PLA), a commercially produced bio-based plastic material,
s one suitable alternative for packaging of fresh produce (Almenar
t al., 2008, 2010; Joo et al., 2011; Forney et al., 2012). PLA-based
ackages are clear and highly appealing to consumers (Koutsimanis
t al., 2012). Although this material has been previously evaluated
or some types of whole and fresh-cut produce, its suitability for
resh-cut celery packaging has not yet been assessed. Based on
he expanding market for fresh-cut celery, the objective of this
tudy was to compare the effect of packaging material and initial
as composition on the quality and safety of celery sticks stored
t 7 ◦C. One bio-based and one petroleum-based packaging film
ere compared using passive atmosphere packaging, while four
ifferent in-package gas compositions were evaluated using the
io-based material. Finally, various quality parameters were stud-

ed and safety was evaluated in terms of L. monocytogenes growth.

. Materials and methods

.1. Materials

.1.1. Celery
Celery (A. graveolens L.) was purchased from a local distributor

Stan Setas Produce, Lansing, MI, USA), transported under refrig-
ration to the MSU School of Packaging, maintained at 7 ◦C and
sed within 2 d of delivery. Celery was visually inspected, selected,
nd minimally processed with a stainless steel knife (Granton,
heffield, UK) into 10 cm long sticks (∼20 g each). After processing,
he celery sticks were rinsed with cold tap water and stored inside
temperature controlled chamber at 7 ◦C overnight. The following
ay, the celery sticks were immersed in a commercial sanitizer
ontaining 50 mg L−1 available chlorine at pH 7.5 (XY-12, Ecolab,
t. Paul, MN, USA) for 1 min at 7 ◦C, centrifuged for 1 min using a

atch spin dryer (SD50 LT, Heinzen Manufacturing Intl., CA, USA)
nd packaged. The celery sticks were not rinsed after sanitizing,
ollowing the current processing conditions of celery processors
n the United States, meaning some residual chlorine could be
gy and Technology XX (XXXX) XX-XX

present after processing. The sticks intended for L. monocytogenes
inoculation were treated as described in Section 2.2.7.

2.1.2. Packaging materials
Two packaging films were used: A 51 �m-thick film composed

of polypropylene (PP) and low density polyethylene (LDPE) (com-
monly used in fresh-cut produce packaging in the U.S.) and a 44-�m
thick film made of polylactic acid (PLA) coated with high molecular
weight PLA (EVLON EV-HS1, BI-AX International Inc., Wingham, ON,
Canada). Codes used for the petroleum-based polyolefin and for the
bio-based polyester from now on are PP/PE and PLA, respectively.

2.2. Methods

2.2.1. Packaging and storage
Both packaging films were formed into 20 cm length × 15 cm

width bags using an impulse sealer (Ceratek, Sencorp Systems
Inc., Hyannis, MA, USA). An amount of 10–12 celery sticks
were placed in each bag (≈190 g per bag). Half of the PLA and
PP/PE bags were sealed without atmosphere replacement for
passive modified atmosphere packaging (MAP) (A-PLA and A-
PP/PE). The air in the remaining PLA bags was replaced with
95 kPa O2 + 5 kPa N2 (O2-PLA), 99 kPa N2 + 1 kPa O2 (N2-PLA), or
6 kPa O2 + 12 kPa CO2 + 82 kPa N2 (CO2-PLA) using a Multivac
flusher (Model A300/16, Sepp Haggenmüller KG, Wolfertschwen-
den, Germany) for the active MAP treatments. As a control, celery
was packaged under the same conditions as in the passive MAP
treatment, but the bottom of the bags was partially cut off, creat-
ing a non-modified atmosphere package (coded as open bags). All
packages were stored at 7 ◦C until the day of testing.

2.2.2. Packaging material characterization
Oxygen, carbon dioxide, water vapor and ethanol transmission

rates were assessed for PLA and PP/PE. Oxygen transmission rate
(OTR) was determined at 23 ◦C and 0% RH according to the American
Society for Testing Materials (ASTM) method D3985 (ASTM, 2005)
using an OX-TRAN® Model 2/21 (MOCON, Minneapolis, MN, USA).
Carbon dioxide transmission rate (CO2TR) was measured using a
PERMATRAN-CTM Model 4/41 (MOCON) under the same conditions.
Water vapor transmission rate (WVTR) was determined at 23 ◦C
and 100% RH according to ASTM method F1249 (ASTM, 2006) using
a PERMATRAN-WTM Model 3/33 (MOCON). Permeation cells made
from stainless steel were used to gravimetrically determine the
ethanol transmission rate for PP/PE and PLA using a slightly modi-
fied ASTM method E96-80 (ASTM, 1980). All testing was conducted
in triplicate.

In all cases, the permeability coefficients (kg m m−2 s−1 Pa−1)
were obtained as follows:

P = TR × l

�p

where TR is the transmission rate value (kg m−2 s−1), l (m) is the
film thickness, and �p is the partial pressure differential across
the film (Pa). The permselectivity coefficient (ˇ; ratio of CO2 to O2
permeation) was also calculated.

2.2.3. Atmosphere composition
Progressive changes in CO2, O2, and N2 were monitored in

all packages using a gas chromatograph (Thermo Scientific Trace
GC Ultra, Thermo Electron S.p.A., Rodano, Italy) equipped with a
thermal conductivity detector and a Carboxen 1010 Plot capillary
column, 30 m in length with a film thickness of 30 �m, and an inter-

nal diameter of 0.53 mm (Supelco, Bellefonte, PA, USA). Helium was
used as a carrier gas (3 mL min−1). Using a syringe (SGE, Austin, TX,
USA), a 100-�L headspace sample was collected through a silicone
septum attached to each package. Initial gas compositions were
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etermined to verify correct flushing by the Multivac machine. Sub-
equently, CO2, O2, and N2 levels were monitored after 1, 3, 5, 7,
0, 14, and 21 d. New bags were used for each analysis day.

Ethanol concentration was determined after 3, 7, 14, and 21 d
y injecting 1 mL headspace samples into a gas chromatograph
quipped with a flame ionization detector (Hach Carle Series 100
GC, Loveland, CO, USA) fitted with a 2 m long, 2 mm internal diam-
ter stainless steel column packed with Chromosorb OV-103, 60/80
esh (Altech Associates Inc., Deerfield, IL, USA). Ethanol content
as expressed as microliters of ethanol per liter (�L L−1).

.2.4. Texture
A texture analyzer (TA-XT2i, Stable MicroSystem, Godalming,

K) equipped with a 50 kg-load cell was used to determine celery
tick firmness and toughness. The assays were performed using a
-point bending probe (constant span length of 4 cm acting perpen-
icularly to the celery), which was positioned horizontally with the
uter convex surface upwards, centered on the supports, and the
ressing force was applied vertically to the middle of the celery.
ach stick was flexed at a constant speed of 2 mm s−1 until fail-
re. Firmness (N) was calculated as the measured force at 5 mm
f the load-displacement curve. Toughness (J m−3) was defined as
he area below the load-time curve. For texture measurements, all
ticks (≈10 per bag, ≈ 60 sticks per treatment) were analyzed.

.2.5. Color
Celery color was determined after 0, 3, 7, 14, and 21 d of stor-

ge using a Minolta CR300 colorimeter (Osaka, Japan) calibrated
ith a standard white plate (Y = 93.84; x = 0.3132; y = 0.3191) and

et with a C illuminant, 2◦ observer. Readings taken from both the
uter convex surface and cut ends were expressed as L*, a* and
* parameters. Hue angle (h◦) was calculated using the a* and b*
arameters (h◦ = tan−1(b*/a*)). For color measurements, all sticks
≈10 per bag, ≈60 sticks per treatment) were measured at two
oints on the surface, and at the two cut ends.

.2.6. Weight loss
After 21 d of storage, weight loss was determined for all celery

tick treatments (6 bags/treatment) by subtracting the final weight
rom the initial weight with the results expressed as % weight loss.

.2.7. Preparation of inoculum, inoculation of samples, and
icrobiological analysis

Stock cultures of three avirulent strains of L. monocytogenes
J22F, M3, J29H) were maintained at −80 ◦C and subcultured
wice (24 h/37 ◦C) in 200 mL of trypticase soy broth (Difco, Becton
ickinson, Sparks, MD, USA) containing 0.6% (w/v) yeast extract

Difco, Becton Dickinson) (TSB-YE). Cultures were combined in
qual volumes and diluted 1:100 in tap water (∼15 ◦C) to con-
ain 7.19 ± 0.13 log CFU/mL. The bacterial population in the final
ocktail culture was confirmed by appropriately diluting in ster-
le 0.1% phosphate buffer solution and plating on Modified Oxford

gar (Neogen Corporation, Lansing, MI, USA) (MOX) plates. These
lates were then incubated at 37 ◦C for 48 h prior to enumeration.
he celery sticks were then inoculated by immersion for 30 min to
btain 4.35 ± 0.33 log CFU/g. After centrifugal drying and 18–22 h of

able 1
arbon dioxide, oxygen, water and ethanol permeability coefficients for PLA and PP/PE fil

Material Permeability coefficient

CO2
a O2

a

PLA 30.34 ± 9.07 5.67 ± 1.17
PP/PE 113.4 ± 13.8 28.35 ± 4.61

a ×10−18 kg m m−2 s−1 Pa−1.
b ×10−15 kg m m−2 s−1 Pa−1.
y and Technology XX (XXXX) XX–XX

storage at 4 ◦C, the celery sticks were immersed in 60 L of tap water
containing 50 mg L−1 available chlorine (XY-12, Ecolab, USA) for
1 min, centrifugally dried and then packaged in both PLA and PP/PE
bags in a glove chamber (Labconco 50004 Fiberglass Glove Box,
Kansas City, MO, USA) using the gas compositions described in Sec-
tion 2.2. The chamber was used instead of the Multivac machine due
to the special safety precautions required for handling the L. mono-
cytogenes. Additional PLA-packaged, passive modified atmosphere
samples were prepared using unsanitized inoculated fresh-cut cel-
ery (immersed in 60 L of tap water).

Following 0, 1, 3, 5, 7, 10, 14, and 21 d of storage at 7 ◦C, two
celery stick samples (∼50 g) from each package were diluted 1:4 in
Difco Neutralizing Buffer (Becton Dickinson, Sparks, MD, USA) and
homogenized in a stomacher (Stomacher 400 Circulator, Seward,
Worthington, UK) at 260 rpm for 1 min. Samples were either appro-
priately diluted in sterile 0.1% phosphate buffer solution and plated
on MOX, or filtered using 0.45 �m membrane filters (Millipore, Mil-
lipore Corporation, Billerica, MA) and placed on 60 mm diameter
petri plates containing MOX for quantification of L. monocytogenes
after 48 h of incubation at 37 ◦C.

2.2.8. Statistical analysis
All of the experiments were conducted in triplicate and data

was expressed as the means ± standard errors. Three replications
consisting of two bags each (a total of 6 bags) were analyzed per
treatment on each day of testing for quality analysis. For Listeria
analysis, one bag for each of the three replicates was used (a total
of 3 bags). Data were subjected to statistical analysis using a sta-
tistical software package IBM SPSS version 19 (IBM Corporation
Software Group, Somers, NY, USA). One-way analysis of variance
(ANOVA) and Duncan multiple range tests at a significance level
P < 0.05 were used, except for the microbiological and texture anal-
yses, where comparison of means was conducted with the least
significant difference (LSD) test (P < 0.05).

3. Results and discussion

3.1. Packaging material characterization

O2, CO2, water vapor and ethanol permeability coefficients
of PLA and PP/PE are shown in Table 1. The materials had dif-
ferent permeabilities to the gases and vapors tested. The O2
and CO2 permeabilities of PLA were 4 and 5 times lower than
those of the PP/PE, respectively. Given that a low permeability
is necessary to reduce gas exchange and maintain the flushed
gas inside package, PLA could be a viable bio-based material to
maintain desired gas compositions in active MAP. The CO2 and
O2 permeability coefficients of PLA were very similar to those
reported for oriented PLA sheets (33 ± 8 × 10−18 kg m m−2 s−1 Pa−1

and 4 ± 0 × 10−18 kg m m−2 s−1 Pa−1, respectively) by Joo et al.
(2012). The ethanol permeability of PLA was lower than that
of PP/PE. Information on the permeability of plastics to ethanol

is very limited (Robertson, 2013), and no data on the perme-
ability of PLA to ethanol has been found in the literature. The
ethanol permeability coefficient of LDPE has been reported as
3.24 × 10−17 kg m m−2 s−1 Pa−1 (Robertson, 2013). This value is

ms.

ˇ

H2Ob Ethanola (PCO2 /PO2 )

21.86 ± 3.22 20.01 ± 5.76 5.35
1.08 ± 0.24 110.11 ± 2.01 4.00
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ig. 1. Oxygen and carbon dioxide contents of celery stick packages for different
aterials and initial gas compositions stored at 7 ◦C. Error bars indicate standard

eviations of the means.

ower than our value for PP/PE, which indicates differences in prop-
rties between different PE (i.e., additives, crystallinity, etc). The
ater vapor permeability coefficient of PP/PE was 20 times lower

han that of PLA. Our PLA results are in agreement with those
eported by Almenar and Auras (2010) under the same analysis con-
itions (11.98 × 10−15 kg m m−2 s−1 Pa−1). The O2, CO2, and water
ermeability values of PP/PE were between those reported for LDPE
nd PP (Almenar and Auras, 2010).

.2. Atmosphere composition
The steady state atmospheres achieved in the A-PLA, N2-PLA,
nd CO2-PLA bags ranged between 1–2 kPa O2 and 8–10 kPa CO2
Fig. 1) with these values close to the atmospheres recommended

able 2
eight loss (%) and ethanol content (�L L−1) for fresh-cut celery in packages differing in

Packaging code Storage time (days)

3 7

Ethanol Ethanol

Open bags – –
A-PP/PE 0.00 ± 0.00a* 0.06 ± 0.11a

A-PLA 0.00 ± 0.00a 0.73 ± 0.98ab

O2-PLA 0.00 ± 0.00a 0.13 ± 0.16a

CO2-PLA 8.15 ± 9.98b 6.32 ± 5.42ab

N2-PLA 10.72 ± 6.25b 7.66 ± 4.93b

ifferent letters indicate significant differences (P < 0.05) between treatments for each tim
* Each value represents the mean of three replicates ± standard deviation.
gy and Technology XX (XXXX) XX–XX

by Gómez and Artés (2004) for shelf life extension of celery during
refrigerated storage. The steady state atmospheres reached in the
O2-PLA bags was 2 kPa O2 and 22 kPa CO2 (Fig. 1). The steady state
atmosphere was achieved faster in CO2-PLA (3 d) than A-PLA and
N2-PLA bags (7 d). Levels of CO2 and O2 in the O2-PLA bags stabi-
lized after 14 d with the A-PP/PE bags reaching steady state after
10 d of storage (2.5 kPa O2 and 4 kPa CO2). Bags made from PLA
equilibrated faster than those made from PP/PE due to the greater
permselectivity of the PLA (5.35 and 4.00 for PLA and PP/PE, respec-
tively) resulting from their different permeability to O2 and CO2
(Table 1). Therefore, PLA would be preferred over PP/PE for fresh-
cut celery. Gas evolution in the A-PP/PE bags was very close to that
obtained by Gómez and Artés (2005) but non-optimal when celery
sticks were packaged in 25 �m LDPE bags and stored at 4 ◦C. These
same authors found that the higher CO2 (7 kPa) and lower O2 (5 kPa)
levels achieved in 35 �m OPP bags worked better to maintain fresh-
cut celery quality. The relatively higher CO2 concentration reached
in the bags with high O2 can be attributed to a more stable respira-
tion rate of the celery since O2 was not a limiting factor during
the first 14 d of storage. However, an increased respiration rate
due to tissue damage (Cantwell and Suslow, 2002; Martínez et al.,
2005; Iqbal et al., 2008), microbial growth (Jacxsens et al., 2003;
Artés-Hernandez et al., 2007; Silveira et al., 2008), or headspace
volume reduction could be contributing to CO2 accumulation for
this treatment.

Throughout storage, the headspace for PP/PE bags yielded far
lower ethanol levels compared to PLA bags age which is most likely
due to the 5-fold greater ethanol permeability of the PP/PE film
which favored the escape of ethanol from the package headspace
(Table 1). Comparing the different in-package gas compositions,
faster ethanol accumulation was observed in the CO2-PLA and N2-
PLA bags due to their low level of O2 (∼1 kPa) (Table 2) which led
to earlier hypoxia. Many vegetables generate ethanol through fer-
mentative metabolism at O2 levels <2 kPa. Since ethanol was not
detected in the A-PLA and O2-PLA bags until day 14, the packages
remained sufficiently aerobic to minimize fermentation for at least
a week (P < 0.05). The ethanol content in all PLA bags increased from
week 2 to 3 with the greatest increase seen in O2-PLA bags, likely
due to the higher CO2 content. High levels of CO2 alone (>20 kPa
CO2) or in combination with low levels of O2 (>20 kPa CO2 and
<2 kPa O2) have been related to the accumulation of ethanol due to
fermentation (Jacxsens et al., 2001). A sensory evaluation is needed
to determine the impact of ethanol concentration on consumer
acceptance of packaged celery sticks.

3.3. Weight loss
The weight of celery sticks in open bags decreased more
than 30% after 21 d of storage at 7 ◦C (Table 2), showing the
need for hermetically sealed containers during the postharvest
period. Significantly greater (P < 0.05) weight loss was seen after

initial gas composition and packaging material during storage at 7 ◦C.

14 21

Ethanol Ethanol Weight loss

– – 30.99 ± 12.42
0.32 ± 0.25a 0.39 ± 0.28a 0.73 ± 0.77

12.92 ± 8.94ab 16.34 ± 17.41ab 4.50 ± 0.14
12.99 ± 6.80ab 47.88 ± 22.89c 4.67 ± 0.57
16.31 ± 11.81b 31.97 ± 29.17bc 4.53 ± 0.33
17.59 ± 13.55b 19.99 ± 22.36abc 4.87 ± 0.40

e point.
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Fig. 2. Celery stick pitting from O2-PLA bags after 21 d of storage at 7 ◦C.

1 d of storage using PLA (∼4%) compared to PP/PE bags (<1%)
Table 2). The higher weight loss of the celery sticks in the PLA
ags was due to the higher water vapor permeability coefficient
f PLA (21.86 ± 3.22 × 10−15 kg m m−2 s−1 Pa−1) compared to PP/PE
1.08 ± 0.24 × 10−15 kg m m−2 s−1 Pa−1). The initial atmosphere did
ot affect celery weight loss since similar weights were obtained

or all PLA-packaged celery at the end of the storage.
Celery packaged in PLA bags exhibited a >4% weight loss after

1 d, however, this was less than the maximum 10% water loss con-
idered as a limit of acceptance for celery (Robinson et al., 1975).
herefore, celery sticks in PLA bags would likely remain acceptable
or at least 21 d with PLA performing similarly to other plastics.
iña and Chaves (2003) reported a weight loss of 6.2% for mini-
ally processed celery packaged in polyvinylchloride film-covered

olystyrene trays after 28 d of storage at 10 ◦C. Assuming a linear
elationship between weight loss and time, our results for celery
ticks stored in PLA at 7 ◦C are very similar to those of Viña and
haves (2003) after 21 d, although their water vapor transmission
ate for polyvinyl chloride (4.63 × 10−7 kg m−2 s−1) was 2.8 times
ower than that of our PLA (13.08 ± 1.92 × 10−7 kg m−2 s−1).

.4. Color

The surface color (hue angle) of celery sticks was affected by
oth the packaging material and gas composition (Table 3). At the
nd of storage, celery packaged in A-PLA was greener (higher h◦)
han that packaged in A-PP/PE (P < 0.05) with the former maintain-
ng the green color of celery throughout storage. The difference

as likely due to the higher CO2 level in A-PLA bags (Fig. 1). In
greement, steady state CO2 and O2 concentrations of 5–7 kPa and
–6 kPa, respectively, have been shown to preserve the external
olor of celery (Gómez and Artés, 2005). Among headspace gas com-
ositions, the CO2-PLA bags maintained the green color of celery
etter than the other treatments (P < 0.05) up to d 14, after which
ll samples were visibly decayed. In contrast, celery sticks pack-
ged in O2-PLA showed a more intense yellowing compared to the
ther treatments (P < 0.05). In addition, celery sticks packaged in
he O2-PLA bags developed numerous small pits on the surface that
ecame increasingly evident over time (Fig. 2). The pitting devel-
pment could be due to the high oxygen, but CO2 accumulation
ould be also affecting, so further research needs to be carried out

o clarify the origin of this disease. Surface lightness was affected by
n-package gas composition, but not the packaging material with
elery sticks packaged in CO2-PLA bags exhibiting the lowest L*
alue during the first week of storage (P < 0.05) (Table 3). Ta
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ig. 3. Effect of initial gas composition and packaging material on the color (a*, b* an
torage time in days at 7 ◦C. Transversal dotted lines indicate different guide hue an

The color of cut celery stick ends was also affected by packag-
ng material and initial gas composition (Table 3). Comparing the
ifferent materials, the cut celery stick ends in the A-PLA bags main-
ained a higher hue value (greener color) than those in A-PP/PE bags
hroughout storage. This was probably caused by the higher CO2
ontent in the A-PLA bags. The effectiveness of low O2 and high
O2 levels in preserving the green color of the cut ends of fresh-
ut celery in OPP bags at 4 ◦C (6 kPa O2 and 7 kPa CO2 at steady
tate) was reported by Gómez and Artés (2005). However, initially
igh O2 levels caused the degradation of the green color and pro-
oted yellowing in the cut ends. In contrast, initially high O2 levels

95 kPa) reduced discoloration of chicory endive (Jacxsens et al.,
001). CO2-PLA and N2-PLA maintained a higher hue during stor-
ge, frequently associated to the maintenance of a greener color.
he L* value for the cut ends of celery rapidly increased during the
rst 7 d of storage and then stabilized thereafter (Table 3). Celery
ticks stored at 10 ◦C in passive modified atmospheres have report-
dly exhibited similar behavior (Viña and Chaves, 2003) which is
ikely related to increased hydration of the cut ends. Discoloration
aused by reversible surface dehydration is common in fresh-cut
roduce including carrots (Tatsumi et al., 1991; Cisneros-Zevallos
t al., 1995) and peaches (Gorny et al., 1998; González-Buesa et al.,
011). Although discoloration of cut ends due to lignin accumula-
ion has been reported in many fresh-cut products, this does not
eem to be the reason of the discoloration of the celery cut ends
ccording to Viña and Chaves (2003). Polymerized phenol could be
he cause of discoloration. Headspace gas composition had no effect
n the L* value for celery cut ends, but packaging film did have an
ffect (Table 3). PP/PE bags better maintained lightness of the celery
ut ends after 7 and 14 d of storage. Cut end lightness was associ-
ted with a lower level of dehydration compared to the PLA bags,
ith this higher L* due to the greater water vapor permeability of

LA (Table 1).
Fig. 3 shows the change in the a* and b* color coordinates and

f the hue angle in the cut ends of celery sticks during storage,
roviding additional information about the change in color. The

olor evolution of the cut ends of the celery sticks in the A-PP/PE
ags was close to that of the cut ends of the celery sticks in the open
ags, indicating that the CO2 accumulated inside the A-PP/PE was
ot enough to avoid color degradation. Comparing the different
) evolution of the cut surfaces of celery sticks. Numbers (0, 3, 7, 14 and 21) indicate

initial gas compositions, the ends of the celery sticks in CO2-PLA
bags showed more stable a* and b* coordinates, especially during
the first 14 d of storage, indicating a more well maintained color to
the initial one. However, O2-PLA and A-PLA showed a large change
in the a* and b* values during the first 7 d, indicating major changes
in the color of the celery cut ends. The N2-PLA bags after 3 and
7 d maintained intermediate values, indicating a less severe color
evolution.

These results show that a high initial concentration of CO2 in the
headspace can help maintain the initial green color of the surface
and cut ends of celery sticks while a high O2 concentration pro-
motes yellowing and other quality defects. While PLA can better
maintain the green color of both cut and uncut celery, dehydration
can become an issue.

3.5. Texture

Fig. 4a shows the evolution of firmness or loss of turgor of
unpackaged and packaged celery sticks during 21 d at 7 ◦C, mea-
sured as the force at a displacement of 5 mm in the 3 bending
point rig. Using open bags, celery stick firmness decreased from
56.2 ± 10.6 N to 18.4 ± 10.9 N during 21 d at 7 ◦C. This change
in texture is likely due to water loss and pectin degradation as
suggested by Viña and Chaves (2003). In contrast, both PLA and
PP/PE bags maintained celery firmness during 14 d of storage. At
day 21, PLA-packaged celery softened due to the relatively high
water vapor permeability of PLA while celery sticks packaged in
PP/PE maintained their turgor (P < 0.05) (Table 1). The different
initial gas compositions did not affect the turgor of the celery sticks
throughout the storage. This was due to the gas compositions
having no effect on the weight loss of the celery sticks. Unlike
firmness, the celery toughness was affected by the initial gas
composition, but not the packaging material (Fig. 4b). Celery sticks
maintained a slightly tougher texture in high O2 compared to other
gas mixtures during storage (P < 0.05). This was most likely due to
maintenance of the celery respiration rate at high O2 levels, which

has the potential to increase lignin production and hardening of
the celery fibers. Viña and Chaves (2003) reported lignification of
fibers and/or xylem vessels in fresh cut celery during storage in
passive modified atmospheres (>10 kPa O2 and <4 kPa CO2) with
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Fig. 5. Listeria monocytogenes populations on sanitized and unsanitized celery sticks

ig. 4. Firmness (a) and toughness (b) of celery sticks packaged in different materials
nd initial gas compositions during storage at 7 ◦C.

imilar results obtained for asparagus during exposure to 21 kPa
2 (Everson et al., 1992). Another possible explanation is damage
f tissues by the high O2 exposure during storage.

.6. L. monocytogenes

Growth of L. monocytogenes on celery during 21 d of storage at
◦C was impacted by initial headspace gas composition (Fig. 5a).
hile O2-PLA bags showed no increase in Listeria populations dur-

ng the first 10 d of storage (P < 0.05), CO2-PLA, N2-PLA, and A-PLA
upported growth. Amanatidou et al. (1999) reported only a slight
eduction in Listeria growth on agar plates that were exposed to
0 kPa O2 at 8 ◦C. In other work, L. monocytogenes growth in fresh,
rocessed, mixed salads (endive, curly endive, radicchio, lollo rosso
nd lollo bionda) was not affected by an initial oxygen level of
5 kPa during storage at 4 ◦C (Allende et al., 2002). Suppression of
isteria growth is most likely only visible above 4 ◦C. In fact, Listeria
opulations in fresh-cut celery stored at multiple temperatures in
ighly permeable bags and containers (<2 kPa CO2 and ≈ 18 kPa O2
t steady state) decreased at 4 ◦C due to the low temperature but
ot the gas composition (Vandamm et al., 2013).

After 10 and 14 d of storage at 7 ◦C, Listeria populations in the
O2-PLA bags were slightly higher than those in the N2-PLA and A-
LA bags, and significantly higher (P < 0.05) than those in the O2-PLA
ags (Fig. 5). Enhanced growth of Listeria at higher CO2 levels has
een previously reported for other types of produce including cut

hicory endive (Bennik et al., 1996), shredded cabbage (Kallander
t al., 1991), and shredded lettuce (Francis and O’Beirne, 2001). In
ontrast, an initial in-package gas composition of 5 kPa O2 + 5 kPa
O2 suppressed Listeria growth in shredded iceberg lettuce
packaged in different materials and initial gas compositions during storage at 7 ◦C
((a) compares initial headspace gas compositions and (b) compares materials as well
as sanitation).

(Carrasco et al., 2008). These observed differences in Listeria behav-
ior in packaged fresh-cut produce stored at low temperatures can
be partially explained by the type of produce, modified atmosphere,
inherent microflora and Listeria strain variations (Caleb et al.,
2013).

At day 21, no differences (P > 0.05) were found between the Lis-
teria populations on celery for the different packaging methods,
likely due to similarly low O2 levels in all packages. The O2-PLA
bags were the only packages able to maintain the initial Listeria
populations during the first 10 d of storage, but no longer, due to
the shift to anaerobic conditions. This can be attributed to the lack of
competing aerobic microflora that occurred when O2 was depleted.
According to Farber et al. (1998), decreased growth of L. monocyto-
genes on cabbage packaged using a highly permeable film could be
partially explained by the competing microflora such as lactic acid
bacteria.

No differences (P > 0.05) were found between the Listeria popu-
lations on celery sticks packaged in different materials and between
sanitized and unsanitized celery throughout storage (Fig. 5b), even
though the CO2 level was higher and the O2 level lower for the PLA
bags.

4. Conclusions
This study shows that the initial headspace gas composition
and packaging material can significantly affect the quality and
safety of celery sticks during the marketable period. Active MAP
(CO2-PLA) out-performed passive MAP (A-PLA) in maintaining
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elery stick quality but not safety. Conventional active MAP
CO2-PLA) out-performed non-conventional active MAP (O2-PLA
nd N2-PLA) in maintaining the quality of the celery sticks. Non-
onventional active MAP with 95 kPa O2 suppressed the growth
f L. monocytogenes, while a high concentration of CO2 promoted
rowth during the first 10 d of storage. When comparing PLA and
P/PE as a packaging material, both impacted the quality of celery
o varying degrees, but not Listeria growth. PLA allowed quicker
evelopment of gas compositions that better maintained the green
olor of the celery surface and cut ends, but increased cut end
ehydration and weight loss. However, this weight loss was well
ithin tolerable limits with celery turgor also unaffected during

wo weeks of storage. PLA retained ethanol that was released into
he package headspace while PP/PE favored its escape from the
ackage. A sensory evaluation would be needed to determine the

mpact of ethanol concentration on the consumer acceptance of
he packaged celery sticks. The combination PLA and an initial gas
omposition of 95 kPa O2 would be a viable packaging option when
toring celery for up to one week due to the few quality changes
nd maintained Listeria populations. However, during longer
torage, celery exposed to this initial gas composition showed
ore visual and textural defects along with high levels of ethanol.
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