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Abstract There are currently limitations to storing and feed-
ing distillers wet grains (DWG) due to their potential for spoil-
age and mycotoxin contamination in storage. In this study, in-
package treatments of DWG using high-voltage atmospheric
cold plasma (HVACP) treatment and storage in modified at-
mosphere with carbon dioxide were investigated with the pri-
mary purpose of increasing product shelf-life. The conditions
investigated were (1) HVACP treatment and modified atmo-
sphere packaging (MAP) storage, (2) carbon dioxide-
modified atmosphere storage, and (3) HVACP treatment and
carbon dioxide-modified atmosphere storage, compared with
a control sample with no treatment under MAP storage.
Treated samples and controls were stored for 0, 7, 14, 21,
and 28 days at 10 and 25 °C, after which treated samples were
evaluated for their efficacy to control mold growth indicated
by pH, microbial count (CFU/g)/log reduction, and peroxide
(H2O2) level. There was a significant difference among the
treatments indicated by CFU/g (P < 0.003) and pH
(P < 0.0001). The HVACP treatment alone and its combina-
tion with carbon dioxide-modified atmosphere storage provid-
ed a better control of microbial growth and preservation in the
wet substrate (>60% moisture), DWG for up to 28 days of
storage at 10 and 25 °C. Both HVACP and the combination
treatment showed high peroxide levels (100 mg/L) after

treatment, which degraded in storage over time. It is thought
that a better strategy for the combination treatment would be
to treat substrate using HVACP with MAP having a high O2

concentration (65%) and store samples post-treatment in-
package in a high CO2 environment.

Keywords Cold plasma . Carbon dioxide . Distillers wet
grains .Modified atmosphere packaging .Microbial
deactivation

Introduction

Direct feeding of corn distillers wet grains with solubles
(DWGS), a co-product of fuel ethanol manufacture from corn,
is common due to their rich nutrient content, which after starch
extraction is concentrated threefold (Klopfenstein et al. 2007).
In the USA, it is common for cattle feedlots within an 80-km
radius of an ethanol plant to source distillers grains in its wet
form, DWGS. Due to the high moisture (65–70%, wet basis)
of DWGS, spoilage can occur after 3–5 days in warm summer
temperatures and 5–7 days in cold winter temperatures in the
Midwest USA, and these storage periods have been set as the
shelf-life values for DWGS (Lehman and Rosentrater 2012).
This is one of the primary reasons why DWGS is preferably
utilized in its dried form, distillers dried grains with solubles
(DDGS). Spiehs et al. (2002) reported the chemical composi-
tion of DDGS from 118 samples collected from 10 ethanol
plants in 1997, 1998, and 1999: 30.2% for protein, 10.9% for
oil, 5.8% for ash, 8.8% for crude fiber, 16.2% for ADF, and
42.1% for NDF (% dry matter basis).

Over the years, there have been several modifications of the
dry-grind corn-to-ethanol process, which have changed the fi-
nal composition of the co-products, DWGS and DDGS. The
changes mainly involved removing one or more of the
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unfermentable fraction of corn (germ and fiber) at the front-end
prior to fermentation or at the back-end after fermentation.
Stripping the oil from the condensed distillers solubles (CDS)
by centrifuging is the most common industrial process used to
extract more of the oil from DDGS, which is sold for feed or
biodiesel production. In general, modified DDGS by these new
processes have higher protein levels, and lower fat and fiber
levels than the conventional DDGS (Liu andRosentrater 2012).

Shelf-life is defined as the amount of time during which a
food product will be certain to retain desired physical and micro-
biological characteristics (IFST 1993). Although shelf-life can be
preserved when DWGS is dried to DDGS, drying DWGS in-
creases feed cost because of the enormous amounts of fossil
energy, primarily natural gas that is used in drying. Also, drying
DWGS using high-temperature rotary drum dryers has been re-
ported to affect the quality of DDGS (Kingsly et al. 2010). There
are currently no standards for determining the shelf-life of DWG
or defining what it is. Lehman and Rosentrater (2012) monitored
carbon dioxide production and mold colonization to determine
the storage period for DWG. They showed that the aerobic sta-
bility of DWG decreased with an increase in temperature, from
>10 days at 12 °C to 2 days at 32 °C. Harding (2012) noted that
spoilage of grains is classified as a process that causes food to be
undesirable or unacceptable for human or animal consumption.
Factors such as visible bacteria, molds, or yeasts growing on the
food and metabolizing it for their own energy mean the shelf-life
of the product has been reached or expired.McClurkin and Ileleji
(2015) showed that colony-forming units (CFU/g) and pH can be
used as indicators of deterioration of DWG in storage.

Carbon dioxide has been used in modified atmospheric
storage to suppress the growth of aerobic microorganisms
including mold in food products (Pardo and Zufia 2012).
Carbon dioxide concentration above 14% can be detrimental
to mold growth (Christensen and Kalscheur 1974). Likewise,
ozone (O3) gas has also been shown to significantly reduce
microbial growth in corn (McClurkin 2009). Ozone along
with many other reactive gas species (RGS) such as nitrogen
oxides, singlet oxygen, and peroxides can be formed in atmo-
spheric plasma. Atmospheric cold plasma can be formed by
discharging electrical energy through a dielectric medium into
a gas causing ionization, dissociation, and energizing of the
gas molecules (Grabowski et al. 2007). Plasma consists of
ions, electrons, neutral species, and UV-visible light.
Gordillo-Vazquez (2008) used a chemical model to determine
that air plasmas can produce more than 75 ionizing species
and 500 chemical reactions. Research into inactivation of
Escherichia coli, Salmonella sp., and Listeria monocytogenes
(Ziuzina et al. 2013) has shown successful results in reducing
the loads of these pathogens. Because of environmental com-
pliance, cost, and ease of processing, the use of atmospheric
cold plasma (ACP), that is, plasma generated at room temper-
ature and pressure, is being explored in the areas of environ-
mental, biological, food processing, and clinical and health

care (Lu et al. 2013; Muller and Zahn 2007; Eto et al. 2008;
Sensenig et al. 2008; Dobrynin et al. 2011).

Unlike the previous systems of ozone application reported,
Klockow and Keener (2009) developed an atmospheric cold
plasma device, which utilized much higher voltages (>15 kV)
and could generate ozone and other reactive gas species inside
sealed packages. It was referred to as high-voltage atmospher-
ic cold plasma (HVACP). HVACP was demonstrated to re-
duce E. coli O157:H7 populations on packaged spinach.
HVACP was unique in its ability to generate ozone and other
RGS inside the container. More recent HVACP studies have
been performed with voltages greater than 100 kV. The prod-
uct is introduced to the HVACP system in a bag (in-package),
which contains air or modified gas consisting of nitrogen,
oxygen, and carbon dioxide at various ratios. HVACP treat-
ment generates a variety of RGS including but not limited to
ozone (O3), singlet oxygen (O or O−), superoxide (O2

−), per-
oxide (O2

−2 or H2O2), and hydroxyl radicals (OH) (Keener
and Klockow 2010). Of these species listed, ozone has the
longest half-life; however, as the gas composition changes
other RGS may have a long half-life. Advantages of the
HVACP system are as follows: (1) very high RGS concentra-
tions (>10,000 ppm) are achieved at the target sight without
transport to the target area and (2) the containment of the RGS
for an extended period of time inside the treatment container.
Therefore, HVACP treatment of dry and wet grains, processed
grains, and packaged foods could be a novel approach to ster-
ilizing products in order to increase shelf-life stability and
prevent storage molds and contamination from mycotoxins.
Previous research has shown HVACP to be effective in mi-
crobial inactivation (Fernandez et al. 2012; Ziuzina et al.
2013; Han et al. 2014). Currently, there are no published stud-
ies on the efficacy of using HVACP treatment for increasing
the shelf-life of distillers wet grains (DWG).

The primary objectives of this research were to investi-
gate the efficacy of (1) HVACP treatment, (2) carbon
dioxide-modified atmosphere storage, and (3) HVACP
treatment and carbon dioxide-modified atmosphere storage,
on microbial deactivation and suppression in order to ex-
tend the shelf-life of wet distillers grains (DWG). The effi-
cacy of these treatments conducted in-package was evalu-
ated based on their effect on pH changes, microbial count
(CFU/g)/log reduction, and peroxide levels on the treated
substrate, DWG. A control sample that was not treated but
had substrate stored at 10 and 25 °C under the same in-
package modified gas blend used in the HVACP treatment
was compared alongside the treatments in a post-treatment
storage evaluation for various periods up to 28 days. We
hypothesized that the shelf-life of DWG can be increased
by eradicating any microorganisms on the product using
HVACP treatment and suppressing the growth of any re-
maining aerobic microorganisms in storage with carbon
dioxide-modified atmosphere.
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Materials and Methods

Distillers wet grains were obtained from a local ethanol plant
(New Energy Corp, South Bend, IN) and stored in a freezer at
−20 °C until the time of the experiment. Three different treat-
ment conditions and a control sample (no treatment) were
applied to a 25 g sample of DWG. In order to evaluate the
effect of the treatments on shelf-life in storage, the treated
samples were stored for various periods (7, 14, 21, and
28 days) at two different storage temperatures (10 and
25 °C). These treatment combinations were implemented
using a completely randomized design. The conditions ap-
plied were: (1) HVACP treatment in a modified gas blend
(65% O2/30% CO2/5% N2) referred to as MAP, (2) carbon
dioxide-modified atmosphere storage, and (3) HVACP treat-
ment in a MAP (32.5% O2/65% CO2/2.5%N2). A sample
which was not treated but stored under the same MAP gas
environment (65% O2/30% CO2/5% N2) as the HVACP treat-
ment was used as the control to compare with the three treat-
ments. The O, CO2, and N ratios in the MAP blends were
determined based on preliminary studies, which indicted that
MAP with 65% O2/30% CO2/5% N2 produced a high level of
ozone, one of the reactive gas species (RGS) found to be
effective in deactivating fungi (not published). Thus, the 3
treatments and the control (4 treatments) yielded a total of
120 test samples for the storage tests: 4 treatments × 2 storage
temperatures × 5 storage periods = 40 experimental runs × 3
replications = 120.

In-Package Treatments of DWG

High-Voltage Atmospheric Cold Plasma

The HVACP treatments of samples were conducted as shown
in Fig. 1 (Lu et al. 2013). The system consists of a high-
voltage generator, which applies the alternating current poten-
tial to a pair of metallic plates. To conduct treatments of sam-
ples, 25 g of DWG was placed in a weigh boat and the weigh
boat was placed in a 30.5 cm× 28.0 cmCryovac® bag (Sealed
Air, Duncan, SC). The Cryovac® bag (packages) that were to
be ionized were filled with a modified gas blend (MAP) of
65%O2/30%CO2/5%N2 and purged in order to ensure purity
of the gas in the bag. The Cryovac® bag was then filled with
MAP for 90 s to obtain a gas volume of 3.89 L. Flow was
measured with a flow meter (Gilmont Instruments, Inc.,
Barrington, IL). This volume provided a gap space of
4.6 cm between the electrodes of the HVACP system, which
preliminary tests showed was capable of reducing microbial
load. Gap space is the distance from the bottom to the top of
the package when measured between the electrodes. The di-
electric barriers used in the HVACP system are described in
Fig. 1. The sealed packages were placed between the

electrodes of the HVACP system for treatment at 70 kV for
360 s. After treatment, the bags were removed and one end
was rolled up and taped to reduce gas loss during storage, after
which it was placed in a Ziploc® bag in preparation for shelf-
life test. For shelf-life studies, the bags were placed in a tem-
perature chamber and stored at either 10 or 25 °C for a set
period of time (7, 14, 21, or 28 days).

Carbon Dioxide-Modified Atmosphere Storage

Cryovac® bags of DWG used for storage under modified
atmosphere with carbon dioxide gas only were filled with
7 g of dry ice. They were then sealed and placed inside
Ziploc® bags in preparation for shelf-life test. As the dry ice
came to room temperature, the bag was filled with the carbon
dioxide gas. Bag volume reached 3.89 L. After carbon dioxide
was incorporated, one end of the Cryovac® bag was rolled up,
taped, and placed in a Ziploc® bag, in preparation for shelf-
life test. The bags were then placed in a temperature chamber
and stored at either 10 or 25 °C for a set period of time (7, 14,
21, or 28 days).

HVACP Treatment and Carbon Dioxide-Modified
Atmosphere Storage (Combination Treatment)

DWG samples in Cryovac® bags for combination treatments
were filled with 3.5 g of dry ice and sealed, then filled with
1.95 L of MAP using a syringe, so that the total volume in the
package was still ∼3.89 L, resulting in a final gas composition
concentration of 32.5% O2/65% CO2/2.5% N2. The proce-
dures used for the HVACP treatment were repeated for the
combination treatment. The bag was then placed on the
HVACP system as in Fig. 1 and treated at 70 kV for a treat-
ment time of 360 s. After treatment, the same procedure used
for preparing treated samples for the shelf-life studies was
implemented.

The Control Sample

Control samples of DWG in bags were filled with MAP (65%
O2/30%CO2/5%N2) to obtain the 3.89 L gas volume found in
all treatments and sealed. Neither dry ice or HVACP treat-
ments were applied. It should be noted that the MAP gas
was made up of the same concentration of gases as in the
HVACP treatment. One end of the Cryovac® bag was rolled
up, taped, and placed in a Ziploc® bag in preparation for
shelf-life test. The bag was then placed in a temperature cham-
ber and stored at either 10 or 25 °C for a set period of time (7,
14, 21, or 28 days).
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Storage Tests for Shelf-Life Evaluation

Three replications were performed per treatment and stor-
age condition under two temperatures (10 and 25 °C). The
two temperatures were selected from a previous research
by the authors McClurkin and Ileleji (2015) to evaluate
the shelf-life of DWGS stored in cool (10 °C) and warm
(20 and 25 °C) temperatures. Storage at 20 °C was not
conducted because the previous study indicated that dete-
rioration results of storage at 20 and 25 °C were not sig-
nificantly different. The sealed treated Cryovac® bags in-
side the Ziploc® bags were placed in a single layer, in a
Percival Scientific biological incubator (Percival
Scientific Inc., 1-36VL, Boone, IA) and stored under 10
and 25 °C for periods of 0, 7, 14, 21, and 28 days.

For each sample treatment and storage condition, three
replicate samples were used to determine moisture con-
tent, pH, and microbial load (CFU/g), which were the
parameters used to evaluate the effectiveness of microbial
control by the treatments. Initial moisture content of the
DWG samples treated was 59 to 64% (w.b.). HVACP
treatment of products with high moistures can result in
the formation of peroxides, H2O2 (Chen 2014). Because
peroxides have bactericidal effects, the level of peroxides
formed due to HVACP treatments was measured.
Therefore, during the storage tests, H2O2 levels were mea-
sured in the HVACP-treated bags only (HVACP and com-
bination treatments) using Quantofix® Peroxide test strips
(Macherey-Nagel GmbH & Co., KG). Values of H2O2

levels were averaged from two test strips, which measured
peroxide levels at 0, 1, 3, 10, 30, or 100 mg/L. To deter-
mine H2O2 levels, the H2O2 strip was swabbed on the
inside of the bag where condensation had formed. After
the storage period, the sample was removed from the in-
cubator and from the exterior Ziploc® bag. The
Cryovac® bag was then cut open, and the DWG sample
in the weigh boat was removed and set aside for
conducting tests used in the assessment of microbial con-
trol as a measure of shelf-life improvement.

Assessment of Shelf-Life for Treatments

To assess the shelf-life of DWG for the three treatments
and the control investigated, analysis for pH and microbial
load (CFU/g) before storage (day 0) and after 7, 14, 2,1 and
28 days of storage was determined. Moisture content (MC)
was determined using the NFTA 2.2.2.5 method (Shreve
et al. 2006) where 2 g of the sample was placed in an air
oven for 3 h at 105 °C. All moistures were determined on a
wet basis. Since DWG come from the processing plant
acidic and microorganisms grow best at more neutral pH
levels, pH was monitored throughout the tests. The pH was
measured with a probe pH meter (pH Electrode LE427,
Mettler Toledo, Columbus, OH) used for solids. The mi-
crobial load was attained through dilution plating followed
by counting colony-forming units per gram of DWG (CFU/
g). To measure the change in microbial populations, 5-g
samples were taken and placed in a sterile stomacher bag
filled with 45 mL of 0.1% peptone water. Samples were
stomached for 2 min, and aliquots were removed from the
bag and transferred to a sterile 2-mL tube. The wash was
then serially diluted, and 10 μL of each dilution was plated
onto plate count agar (Sigma-Aldrich, St. Louis, MO) to
obtain a count of microbial growth. After 3 days of incu-
bation at 28 °C, the total number of colonies present was
counted, giving CFU per gram values.

Statistical Analysis

Statistical analysis was conducted with two-way ANOVA
with heterogeneous variances using SAS v9.1® (SAS
Institute, Cary, NC, 2004). Analyzed classes were for
HVACP treatment, carbon dioxide-modified atmosphere stor-
age, HVACP treatment, carbon dioxide-modified atmosphere
storage, and MAP storage (control). The effects analyzed as a
measure of shelf-life improvement due to the treatments were
CFU per gram, pH, and peroxide levels.
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transformer

High voltage electrode

Ground electrode

Indirect exposure Direct exposure 

samplesample
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barrier

Fig. 1 Schematic diagram of a
high-voltage atmospheric cold
plasma system. Note that image is
not to scale (adapted from Lu
et al. 2013).
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Results and Discussion

The objectives of this study were to examine the effect of
HVACP treatment and its combination with carbon dioxide-
modified atmosphere in storage on DWG shelf-life as mea-
sured by mold growth on stored samples post-treatment from
0 to 28 days in 7-day intervals. Changes in properties of the
fungal species can be influenced by environmental factors as
well as sample conditions, similar to that noted by Beuchat
et al. (1999). Mold growth was expressed as CFU per gram,
and pH change from acidic to basic was also measured as an
indicator of mold growth on the stored samples. The log re-
duction in microbial load from day 0 to other storage periods
(7, 14, 21, and 28) was determined and used to evaluate the
treatment effectiveness. The H2O2 level, which is formed in
the package when RGS reacts with moisture, was also used to
evaluate the treatment effects of HVACP treatments. H2O2 is
known to have bactericidal effects (Linley et al. 2012).

The Effect of Treatments on pH Levels
During Storage

Within both the storage temperature and treatment and the
storage period, the mean pH (P < 0.0001) was significantly
different (Table 1). In general, the HVACP treatment had the
lowest increase in pH after 28 days for treated DWG samples
stored at both 10 and 25 °C.While pH increased up to 7.21 (by
3.46 points) for DWG stored under CO2-modified atmosphere
storage at 25 °C after 28 days, this was not the case for storage
at 10 °C, which increased to a pH of 4.73 (by 0.42 points). For
the combination treatments of HVACP and CO2-modified at-
mosphere, pH increased by about 1.56 and 1.63 for treated
DWG samples stored at 10 and 25 °C, respectively. It appears

that the HVACP contributed to the low change in pH for these
treatments.

Previous literature indicates that an increase in pH over
time correlates to microbial proliferation. As the microbial
species continue to reproduce, they continually create an en-
vironment more suitable for their growth, thereby adjusting
the pH of the substrate on which they are growing (Kung
2010). The pH of the control samples of DWG increased in
storage over time from 3.76 at the beginning of storage (0 day)
to 7.29 (up by 3.5 points) and 6.40 (up by 2.64 points) for
samples stored at 10 and 25 °C, respectively, after 28 days of
storage. This corroborates with the work by Christensen et al.
(2010) and Yelden et al. (2011) indicating that spoilage is
likely to have occurred (Rosentrater and Lehman 2010;
Kung 2010). Vylkova et al. (2011) found that pH of
Candida albicans can increase from 4 to >7 within 12 h.
Prusky and Yakoby (2003) noted that fungi could increase
or decrease its surrounding pH to create an environment more
suitable for its growth. Over time as the spoilage species pro-
liferate, they adjust the pH in the substrate creating conditions
conducive to their survival and continued growth (Jay et al.
2005).

The Effect of Treatments on CFU/g Counts
During Storage

Within both the storage temperature and treatment and the
storage period, the mean CFU per gram counts (P < 0.0003)
were significantly different (Table 2). Interpreting CFU per
gram counts on a substrate like distillers grains can be a chal-
lenge because of the potential population of residual yeast
cells from fermentation that could compete with microbial
populations in storage. Unfortunately, the microbial

Table 1 pH values (mean ± St. dev) for treated samples and control stored at 10 and 25 °C over a 28-day period

Storage days: 0 7 14 21 28

Temp (°C) Treatment

10 HVACP 3.72 ± 0.01aB 3.85 ± 0.06aB 4.13 ± 0.13bB 3.60 ± 0.01bD 3.81 ± 0.34bE

25 HVACP 3.62 ± 0.00aB 3.75 ± 0.13aB 5.05 ± 0.27bB 5.83 ± 0.19bB 5.45 ± 0.15bCD

10 CO2 4.31 ± 0.07aA 4.62 ± 0.03aAB 4.86 ± 0.02bB 5.30 ± 0.08bBC 4.73 ± 0.18bDE

25 CO2 3.75 ± 0.00bB 4.26 ± 0.13bB 4.49 ± 0.23bB 7.84 ± 0.60aA 7.21 ± 0.49aAB

10 Comb 4.32 ± 0.12aA 4.62 ± 0.16aAB 4.81 ± 0.13bB 5.49 ± 0.20bBC 5.88 ± 0.53bBCD

25 Comb 3.70 ± 0.03bB 4.38 ± 0.81bB 4.89 ± 0.00bB 5.26 ± 0.10aBC 5.33 ± 0.28aCD

10 Control 3.76 ± 0.00aA 4.56 ± 0.17bAB 5.91 ± 0.34bAB 6.31 ± 1.05bBC 7.29 ± 0.07bBC

25 Control 3.76 ± 0.00aB 4.91 ± 0.06bA 4.96 ± 0.06bA 6.04 ± 0.11cC 6.40 ± 0.14dA

Within temperature and treatment, the means for indicators (storage days) followed by different lowercase letters are significantly different (P < 0.05;
Tukey). Within the storage day, the means for indicator (treatments) followed by different uppercase letters are significantly different (P < 0.05; Tukey)

HVACP high-voltage atmospheric cold plasma, CO2 carbon dioxide, Comb combination treatment, Control control treatment
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populations on our substrate, DWG, was not identified.
Table 2 shows the changes in CFU per gram counts for the
three treatments and the control stored at 10 and 25 °C over
five storage periods from 0 to 28 days. The results should be
interpreted based on the reduction in CFU per gram at the
beginning of storage (0 days) immediately after the treatment
and the suppression of microbial growth over time. As was
expected, immediately after the treatments, the HVACP-
treated samples had the lowest microbial counts, followed
by the combination-treated samples (HVACP- and CO2-mod-
ified atmosphere), while the control samples had the highest
initial microbial counts followed by the CO2-modified atmo-
sphere storage. However, suppression of microbes by the
treatments over time cannot be clearly differentiated by ob-
serving the CFU per gram alone. In order to understand the
effects of the treatments on the CFU per gram, the log reduc-
tion was determined for the treatments.

Table 3 shows the log reduction of CFU per gram counts
for days 0, 7, 14, 21, and 28 for samples with different treat-
ment conditions. The log reduction represents the difference
between the treated sample and the control sample for each of
those days as expressed using Eq. 1.

Log reduction ¼ log10
Ac

BT

� �
ð1Þ

where Ac represents the microbial load value (CFU/g) for the
control sample and BT represents the microbial load value
(CFU/g) for the treated samples. The highest log reduction

for HVACP and the combination treatment was observed for
day 0 and 7, respectively. While the initial log reduction for
the HVACP treatment was higher than that for the combina-
tion treatment, the combination-treated samples were able to
suppress microbial growth better over time than the HVACP-
treated samples. For some reason that could not be explained,
there was a rebound in microbial growth for HVACP-treated
samples measured for CFU per gram at 14 days. CO2 alone
appeared to be effective in suppressing microbial growth over
the storage time of 28 days. Given that the combination-
treated samples gave the best efficacy with respect to

Table 2 Microbial analysis (CFU/g) for treated samples stored at 10 and 25 °C

Storage days 0 7 14 21 28

10 °C HVACP 5.25 × 101

(1.44 × 101)aC
8.63 × 101

(5.31 × 101)aB
1.89 × 106

(6.35 × 105)aB
3.80 × 104

(9.25 × 102)aA
7.60 × 105

(2.35 × 105)aB

25 °C HVACP 9.00 × 101

(2.31 × 101)bC
5.00 × 101

(2.45 × 101)bB
3.77 × 106

(1.27 × 106)aA
7.60 × 104

(1.83 × 103)bA
1.51 × 106

(4.60 × 105)abA

10 °C CO2 1.63 × 104

(1.77 × 103)bB
2.70 × 104

(2.83 × 103)bB
2.58 × 104

(2.47 × 103)abB
3.35 × 104

(0.00 × 100)abA
4.68 × 104

(7.42 × 103)aB

25 °C CO2 9.19 × 102

(9.00 × 102)aC
2.98 × 104

(4.50 × 103)aB
6.08 × 104

(8.41 × 103)aB
1.99 × 106

(1.28 × 106)aA
1.01 × 106

(5.17 × 105)aB

10 °C Comb 6.2 × 102

(4.24 × 101)dC
3.80 × 103

(4.95 × 102)cB
4.45 × 103

(4.95 × 102)bcB
6.33 × 103

(4.60 × 102)abA
7.23 × 103

(7.42 × 102)aB

25 °C Comb 2.51 × 102

(9.52 × 101)bC
1.41 × 102

(9.58 × 101)bB
6.50 × 104

(1.37 × 104)bB
2.18 × 104

(1.75 × 104)bA
3.78 × 105

(2.15 × 105)aB

10 °C Control 9.00 × 103

(0.00 × 100)aA
6.23 × 104

(2.17 × 104)aA
8.90 × 104

(6.45 × 104)aB
2.76 × 105

(2.47 × 105)aA
1.65 × 106

(1.07 × 106)aA

25 °C Control 9.00 × 103

(0.00 × 100)aC
8.45 × 104

(2.44 × 104)aAB
9.60 × 104

(1.37 × 104)aB
5.63 × 105

(1.46 × 105)aA
5.93 × 106

(8.50 × 105)aB

Within the temperature and treatment, the means for indicators (storage days) followed by different lowercase letters are significantly different (P < 0.05;
Tukey). Uppercase letters denote that, within the storage day, the means for indicator (treatments) followed by different numbers are significantly
different (P < 0.05; Tukey). The unit for the numbers in the table is CFU per gram; these are followed by the standard deviation inside of the parenthesis

HVACP high-voltage atmospheric cold plasma, CO2 carbon dioxide, Comb combination treatment, Control control treatment

Table 3 Log reduction of microbial load (CFU/g) values for days 0, 7,
14, 21, and 28

Storage days: Log reduction of microbial load (log10CFU/g)

Temp (°C) Treatment 0 7 14 21 28

10 HVACP 2.23 2.86 −1.33 0.86 0.34

25 HVACP 2.00 3.23 −1.59 0.87 0.59

10 CO2 −0.26 0.36 0.54 0.92 1.55

25 CO2 0.99 0.45 0.20 −0.55 0.77

10 Comb 1.16 1.21 1.30 1.64 2.36

25 Comb 1.55 2.78 0.17 1.41 1.20

Negative values indicate an increase, showing that CFU per gram values
were higher for the treatment than the control values. n = 3, three repli-
cates per storage period per treatment

HVACP high-voltage atmospheric cold plasma, CO2 carbon dioxide,
Comb combination treatment, Control control treatment
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suppressing microbial growth over the storage time (2.36 and
1.20 logs stored at 10 and 25 °C, respectively), this could be
explained by the synergistic effect of using HVACP to reduce
the initial microbial loads on the stored substrate (DWG) prior
to storage and suppressing growth (or rebound) on the sub-
strate by using a CO2-rich environment.

Previous research has shown HVACP to be effective in
microbial inactivation (Deng et al. 2007; Joshi et al. 2011;
Ziuzina et al. 2013; Han et al. 2014). The use of carbon
dioxide as a modified atmosphere to reduce microbiolog-
ical growth in packaged grains has great potential. Carbon
dioxide is related to the availability of oxygen within the
microenvironment where the microbiological species are
growing. An oxygen-depleted environment, with high
levels of carbon dioxide, can result in reduced growth of
these common stored grain molds. This can occur when
the product is placed in a sealed package. Carbon dioxide
concentration above 14% is detrimental to mold growth
(Nofsinger et al. 1983); however, for some mold species,
growth can occur at an oxygen concentration of about
0.2%. To date, there is no literature on the treatment of
DWG with HVACP or a combination of HVACP- and
CO2-modified atmosphere storage. Also, there are no
known studies, which have investigated the efficacy of
using HVACP or ionization for increasing the shelf-life
of grains, oilseeds, and processed grains, especially for
products highly susceptible to spoilage such as wet gran-
ular feed. The generation of plasma inside a sealed pack-
age using HVACP produces other reactive gas species
besides the singular production of ozone gas, thus provid-
ing a better microbial load reduction. The synergistic ef-
fect of using both HVACP treatment and CO2-modified
atmosphere storage has some potential, especially in fuel
ethanol plants that readily have a cheap access of CO2

produced during fermentation. The potential for utiliza-
tion of HVACP treatment and its combination with CO2-
modified atmosphere extends beyond packaged food ap-
plications to other industrial applications, medical equip-
ment, biofilms, and beyond.

The Effect of HVACP Treatments on Peroxide
(H2O2) Production

Although HVACP treatments with the MAP maximize
ozone species produced, there are many other species that
are created when HVACP is used (Keener and Klockow
2010). These species can contribute to the bactericidal
changes on the product. Other species ionized in the
MAP that could have contributed to reducing the micro-
bial loads on the DWG samples include peroxides and
nitrides that are produced with HVACP. The science is
currently not developed to identify the concentration of

many other species produced by HVACP treatments in
various gases due to its complexity (Keener and
Klockow 2010).

Due to the high initial moisture content of DWG, it
was important to monitor the peroxide (H2O2) levels,
which also have bactericidal effects (Linley et al. 2012).
Peroxides are created during the HVACP process when
there is water present in the package, which was the case
for the treated substrate, DWG, used in this study. The
moisture content of DWG used in all treatments was
above 50% (wet basis) (Fig. 2a, b). There was a minimal
change in moisture content of the substrate post-treatment
and throughout the storage period. Water produces OH
radicals, which also have strong bactericidal effects
(Tanino et al. 2007). It is therefore important to monitor
the peroxide levels in high moisture products. Table 4
gives the peroxide levels from residual water droplets in-
side the package at the time of testing from the beginning
of the storage post-treatment to 28 days of storage. Over
the course of the 28-day storage period, the peroxide
levels reduced from 100 mg/L (the maximum scale on
the test strip) to 1 mg/L (the minimum scale on the strip
is 0). Higher levels of peroxides present in the package
indicate the retaining of bactericidal effect from the
HVACP treatment. This shows that as long as there is still
moisture in the sample and RGS, some level of peroxides
will still be present in the package for up to 28 days.

The levels of peroxides retained reduced over time for
both HVACP and the combination of HVACP and CO2

treatment. HVACP treatment alone appears to retain more
peroxides over time than the combination treatment at
both storage temperatures. However, the warmer (25 °C)
storage condition retained more peroxides than the cooler
(10 °C) storage condition. Since peroxides are formed
from the reaction between OH radicals produced from
water generated in HVACP, more free water released from
the DWG under the warm storage condition created more
peroxides than was created due to low amounts of water
released under the cool storage condition. Because the
scale on the strip used for peroxide measurement was
not continuous, accurate quantification of the actual levels
of peroxides created post-treatment (0 day) and retained
over time for the 28 days of storage was not possible.

Theoretically, the levels of peroxides created in the
package would depend on the amount of available free
water in the package that the plasma converts to OH rad-
icals to produce peroxides. Also, the amount of RGS cre-
ated depends on the gas composition concentration in the
package, that is, MAP. McClurkin-Moore (2015) showed
that a MAP of 60% O2/35% CO2/5% N2 created more
RGS and was more potent at inactivating microbes as
expressed by methylene blue discoloration and CFU per
gram count compared to Bair^ used as the in-package gas.
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A higher oxygen concentration is necessary for the pro-
duction of RGS, especially ozone (O3), which is one of
the RGS produced in HVACP treatment that has been
identified in deactivating microbes and for its bactericidal
effect. The MAP (32.5% O2/65% CO2/2.5%N2) used for
the combination treatment had about half of the concen-
tration of oxygen compared to the MAP (65% O2/30%
CO2/5% N2) used for HVACP treatment alone.
Therefore, the peroxide level in the HVACP treatment
was most likely higher than the level in the combination

treatment, which is reflected by the higher residual levels
for the HVACP after 28 days. A better approach for the
combination treatment is to treat the substrate (DWG)
using the MAP with the higher oxygen concentration, that
is, 65% O2/30% CO2/5% N2, and then add CO2 in the
package (CO2-modified atmosphere) post-treatment to
suppress microbial growth in storage. This might give a
better synergistic treatment than the combination treat-
ment conducted in this study, which applied HVACP with
a CO2-enriched MAP.

a   Moisture content values for treated samples and control stored at 10°C over a 28-day period.

b   Moisture content values for treated samples and control stored at 25°C over a 28-day period.

Fig. 2 a Moisture content values
for treated samples and control
stored at 10 °C over a 28-day pe-
riod. b Moisture content values
for treated samples and control
stored at 25 °C over a 28-day
period
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Conclusions

This investigation shows that HVACP treatment alone or in
combination with carbon dioxide-modified atmosphere stor-
age could be effective in extending the storage shelf-life of
DWG or, in general, wet food and feed. The three measures
used to evaluate the efficacy of the treatments on shelf-life—
pH, mold count (CFU/g)/log reduction, and peroxide level—
showed that HVACP alone or in combination with carbon
dioxide-modified atmosphere storage controlled microbial
growth for up to 28 days of storage at both 10 and 25 °C.
Because of the complex nature of the substrate (DWG), a
co-product residue after fermentation of corn starch to ethanol
using the dry-grind process, the microbial counts (CFU/g)
showed no clear differentiation in efficacy between the three
treatments. However, in comparison to the control sample (no
treatment), HVACP alone and its combination with CO2-mod-
ified atmosphere storage provided better control of microbial
growth through the storage period. In particular, the log reduc-
tion showed that the combination treatment gave a better con-
trol of microbial growth in comparison to HVACP alone or
CO2-modified atmosphere storage. The pH, which was used
as an indicator of microbial growth, showed that a better con-
trol was achieved for both HVACP alone and its combination
with CO2-modified atmosphere storage. Using the peroxide
level created in the package from the interaction of RGS with
moisture, an initially high bactericidal environment was cre-
ated for both HVACP alone and its combination with CO2-
modified atmosphere. However, it appears that the peroxide
levels for the combination treatment degraded faster or might
have not been as high as that created in the HVACP treatment.
This can be explained by the lower concentration of O2

(32.5%) in the MAP used for the combination treatment com-
pared with 65% O2 used in the MAP for HVACP alone. A
better strategy for the combination treatment would be to treat
the substrate using aMAPwith a high O2 concentration (65%)
and store samples in-package post-treatment in a high CO2

environment. This would better reflect the strategy of the com-
bined treatment of HVACP with CO2-modified atmosphere
storage: use HVACP to reduce microbial load and carbon

dioxide-modified atmosphere in storage to suppress any re-
bound of microbial growth.
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