Plasma Medicine, 7(2):97-107 (2017)

High-Voltage Atmospheric Cold Plasma
Treatment of Yeast for Spoilage Prevention

William J. Colonna,” Zifan Wan, S.K. Pankaj, & Kevin M. Keener

Department of Food Science and Human Nutrition, Center for Crops Utilization Research, lowa
State University, Ames, 1A 50011

*Address all correspondence to: Dr. William J. Colonna, lowa State University, Center for Crops Utilization Research,
536 Farmhouse Lane, Ames, IA50011; Tel.: +1 (515) 294-0643; Fax: +1 (515) 294-6261, E-mail: wcolonna@iastate.edu

ABSTRACT: Yeast cells were killed when exposed to high-voltage atmospheric cold plasma
(HVACP) in dry air and oxygen-rich modified air (MA65). HVACP was most effective in
MAG65, resulting in > 2 log, colony forming unit (CFU)/mL reductions versus 0.5-2.0 log,,
CFU/mL reductions in air. Other variables contributing to cell death included applied voltages,
exposure times, cell densities, and suspension volumes. Viable cell reductions were observed
at all exposure levels. Yeast sensitivity to cold plasma was higher at lower cell densities and
suspension volumes. Cell death determined by plate counts was corroborated using Trypan
blue, which stains dead cells. Cell death was mediated by plasma-generated reactive gas spe-

cies (RGS), for example, O,, NO,, and H,0,, detected in treated yeast suspensions. Yeast were

less sensitive to plasma treatment in grape juice compared to water, owing to the possible
consumption of RGS by the organic matter in juice. Cold plasma reduced the pH of treated
yeast suspensions, caused the release of soluble protein from the cells, and inactivated cell-
wall-bound yeast invertase, all as a function of voltage and exposure time. These data indicate
damage to yeast at the cellular level. Results were supported by electron microscopy, which
showed that yeast exposed to plasma are misshapen, compared to untreated cells.

KEY WORDS: cold plasma, yeast viability, enzyme inactivation, nonthermal plasma, juice
spoilage

I. INTRODUCTION

High-voltage atmospheric cold plasma (HVACP) is a novel, nonthermal technology that
has potential for microbial decontamination of foods and beverages.!? The term plas-
ma refers to a quasineutral ionized gas, primarily comprised of photons, ions, and free
electrons, plus atoms in their fundamental or excited states with a net neutral charge.®*
HVACP uses high voltage to energize gas molecules and generate reactive gas species
(RGS) that can Kill food-spoilage microorganisms. Dielectric barrier discharge (DBD) is
one of the most common methods to generate cold plasma, wherein plasma is generated
between two plane-parallel metal electrodes, and at least one of which is covered by a
dielectric layer.® The advantages of HVACP over conventional decontamination meth-
ods include environmental friendliness, low-energy usage, low-temperature processing,
scale-up versatility, absence of chemical residues, and minimal effect on nutrient value
and organoleptic properties of food.

Food spoilage, which causes significant economic loss each year, is a problem in the
brewing and fruit juice industries. The spoilage occurs is caused by wild yeast such as
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Kloeckera apiculata, Candida stellata, Brettanomyces intermedius, and Saccharomyces
cerevisiae.® The latter produces phenolic off-flavors in beer and wine from decarboxyl-
ation of ferulic and coumaric acids to 4-vinylguiacol and 4-vinylphenol, respectively.’
The aim of this study was to explore the use of HVACP to eliminate costly yeast-mediat-
ed spoilage encountered during brewing and juice production. S. cerevisiae was chosen
as the target organism for this investigation.

Il. MATERIALS AND METHODS
A. Chemicals

Sucrose was obtained from Sigma-Aldrich. The bicinchoninic acid protein assay kit was
purchased from the Pierce Chemical Company. HiVeg peptone was supplied by HiMe-
dia. Sodium arsenate was obtained from Alfa Aesar. Dry air and modified air (MA65)
were purchased from Praxair. All other chemicals used in this study were obtained from
Fisher Scientific and were of reagent grade.

B. Yeast Strain

Ethanol Red yeast (Saccharomyces cerevisiae; LeSaffre Yeast Corp., Milwaukee, WI)
was used throughout this investigation. The organism was maintained at 4°C on Sab-
ouraud (SAB) dextrose agar slants. In preparation for trials with plasma, yeast were
cultivated in Bacto SAB broth with either 2% glucose or 2% sucrose, as needed. Cells
were grown overnight in a New Brunswick Scientific model G76 gyrotory water bath at
30°C and 180 rpm in 250-mL Erlenmeyer flasks containing 50 mL of broth. Cells were
aseptically transferred to sterile 50-mL centrifuge tubes and harvested by centrifugation
at 12,000g for 8 min at 4°C in a Sorvall Legend XTR refrigerated centrifuge equipped
with a FIBERL.ite® F15-8 x 50C rotor. The supernatant was discarded. The yeast cells
were washed by resuspension in sterile DI water and harvested again, as above. The
washed cell pellet was resuspended again, as above. Cell density of the suspension was
determined by counting under a microscope using a hemocytometer. The cells were then
diluted with either sterile DI water or sterile grape juice to produce starting cell densities
of ~1 x 107 cells/mL.

C. Grape Juice Preparation

Seedless, green, table grapes were obtained from a local market and homogenized in a
Hamilton Beach juice extractor. Pulp was removed from the homogenate by centrifu-
gation at 5000 rpm for 10 min, and the supernatant was filtered to remove coarse par-
ticles. The filtrate was stored at —20°C until needed. Before use, the juice was thawed
and sterilized by vacuum filtration through a Stericup with a 0.22-um polyethersulfone
membrane (EMD Millipore Corp., Billerica, MA).
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D. Plasma Treatment of Yeast

Yeast suspensions (5-20 mL, as needed) were aseptically pipetted into sterile Petri dish-
es (150 mm diameter) and inserted in 1-gal Ziploc freezer bags. The bags were purged
for 60 s at 1260 mL/min with dry air or modified air (MA65; 65% O,, 30% CO,, and 5%
N,) and heat-sealed with a FoodSaver GameSaver Deluxe Plus. Bags with yeast samples
were positioned between aluminum electrodes (6 in diameter; Fig. 1) and exposed for
0-4 min to HVACP at 18-80 kV, generated with a high-voltage step-up transformer
(Phenix Technologies, Accident, MD; model 6CP130-36-6.5X). Samples were refriger-
ated for 20-24 hr at 4°C-8°C, after which the cells were aseptically transferred to sterile
screw-cap tubes, serially diluted with sterile DI water, plated on SAB agar with 4%
glucose, and then incubated at 30°C. After 36—48 hr, yeast colonies were counted, and
the resulting CFU data were used to determine cell survival.

High Voltage Grape juice

Aluminum Electrode

Plexiglass sheet (10mm) /—
110V
60Hz

Step-up
transformer

Polypropylene sheet (2mm) Ground Aluminum
Electrode

FIG. 1: Schematic diagram of the apparatus used for HVACP treatment of yeast

E. Microscopy

1. Vital Staining

Yeast cells were pelleted by centrifugation and resuspended in aqueous 0.4% Trypan
blue, which is taken up by dead, but not live, cells, enabling visualization and distinction
between live and dead yeast. Stained cells were examined by light microscopy.

2. Scanning Electron Microscopy

Yeast cells were pelleted by centrifugation. Pellets were fixed with 2% paraformalde-
hyde and 3% glutaraldehyde in a 100 mm cacodylate buffer (pH 7.2) for at least 24 hr
at 4°C and then collected on 0.2-um filters. The filters were rinsed three times (15 min/
rinse) in 100 mm cacodylate buffer. Samples were postfixed in 1% osmium tetroxide
in 100 mm cacodylate buffer for 1 hr, washed several times with DI water, and then
dehydrated through graded ethanol solutions (25%, 50%, 70%, 85%, 95%, and 100%;
two changes at each percentage for 15 min). Samples were infiltrated with hexamethyl-
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disilazane (HMDS) and dried from pure HMDS. Dried filters were mounted on alumi-
num stubs with double-sided tape and colloidal silver paint and then sputter-coated with
gold-palladium with a Denton Desk Il Sputter Coater (Denton Vacuum, Inc., Moore-
stown, NJ). Images were captured using JEOL JSM-5800LV scanning electron micros-
copy (SEM) at 10 kV (Japan Electronic Optics Laboratory, Peabody, MA).

F. Analytical

1. Protein Determination

Plasma-treated cell suspensions were syringe-filtered through Millex-GV PVDF filters
(EMD Millipore; pore size 0.22 um). Protein amounts in the filtrates were determined
using the bicinchoninic acid method with 0.2% bovine serum albumin as a standard.®

2. Invertase Activity

Invertase was measured in intact yeast cells as described by Silveira et al.® The cells were
suspended in 50 mwm acetate buffer containing 50 mm NaF at pH 5.0 (buffer A). After ad-
dition of 200 mm sucrose to buffer A, the cells were incubated for 15 min at 30°C. Invert
released by the enzyme was measured as reducing sugar using the method of Nelson.®

I11. RESULTS AND DISCUSSION
A. Suspension Volume and Cell Densities

Yeast were directly exposed to plasma in dry air at different cell densities in suspensions
of 5 and 10 mL for 0-60 sec. At cell densities of 10%/mL, yeast survival was 0% at all
exposure times for a 5-mL suspension volume. In 10-mL suspensions, survival was ~3%
after 15 s exposure. At exposure times > 15 s, no cells survived (data not shown). At
cell densities of 107/mL, surviving cells were found at all exposure times. Survival rates
were higher in 10- compared to 5-mL suspension volumes and decreased with exposure
times (Fig. 2). The ability of plasma to kill yeast cells is influenced by initial cell den-
sity and suspension volumes. The loss of viability due to plasma as determined by plate
counts was independently confirmed by vital staining of untreated and plasma-treated
yeast with Trypan blue, which stains dead, but not live, cells. Following plasma treat-
ment, yeast cells were stained by the dye; in contrast, untreated (i.e., live) cells remained
unstained (Fig. 3).

B. Plasma Gas
Figure 4 compares the effect of plasma generated in MA65 and dry air on yeast cells.

The data show that plasma is more effective in killing yeast in MA65 than in dry air. The

RGS responsible for killing cells includes ozone (O,), nitrous oxides (NO,), H,O,, etc.,
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FIG. 2: Effect of suspension volume on viability of yeast exposed to HVACP. Plasma exposure
was direct at 18 kV, and initial cell densities were 8.8E + 06 CFU/mL.
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FIG. 3: Untreated (A) and plasma-treated (B) yeast cells stained with aqueous 0.4% Trypan
Blue. Plasma treatment was direct for 30 s at 60 kV, initial cell density was 8.50E + 06, and sur-
vival of the cells after plasma treatment was 0%.
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FIG. 4: Viability of yeast exposed to HVACP in dry air and modified air (65% O,, 30% CO,, and
5% N,). Plasma exposure was direct at 18 kV, suspension volumes were 10 mL, and initial cell
densities were 8.8E + 06 and 6.6E + 06 CFU/mL for yeast in dry air and modified air, respectively.

that can cause lipid peroxidation, enzyme inactivation, DNA cleavage, and cell leakage
by electroporation, leading to cell death.!* Because these species are more abundant in

plasma from MAG65 due to its high oxygen content (65%), the enhanced effect on yeast
is to be expected.t??

C. Suspension Media

The effect of plasma was tested on yeast suspended in both water and grape juice. The
latter contains numerous organic compounds, the most abundant being soluble sugar,
which can be as high as 20%.4 It was of interest to test the killing power of plasma in
a suspending medium with a high organic “load” and to determine how effective plasma
would be in eliminating yeast contaminants in fruit juices. These are preserved by pas-
teurization and the use of preservatives, and both can negatively impact juice color and
organoleptic properties.® Removing yeast contaminants using nonthermal or chemical

approaches such as HVACP would eliminate this problem. The use of atmospheric cold
plasma for juice preservation has been tested by others.6:”
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None of the yeast survived exposure to plasma at 80 kV, regardless of the suspend-
ing solution (Fig. 5). However, whereas all of the yeast were killed after ~1 min in water,
exposure to plasma for 3 min was required to kill all of the yeast in juice suspensions.
In both environments, killing is due to the damaging effects of RGS; however, a longer
plasma exposure time was required to Kill all of the yeast in grape juice.

Figure 5 also shows that plasma treatment decreased the pH of the yeast-water sus-
pension from 6.96 to 2.94, possibly due to formation of peroxynitrous acid.'® Acidifica-
tion was also observed in other trials (Fig. 6) and may contribute to the lethality of
plasma. In contrast, the normal pH of the juice suspension (~3.3) remained stable at all
exposure times, possibly due to the buffering capacity of organic acids in grape juice.**?°
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FIG. 5: Effect of HVACP on viability of yeast in water and white grape juice. Plasma exposure
was direct at 80 kV in dry air, and initial cell densities were 5.22E + 06 and 6.30E + 06 CFU/mL
for water and grape juice, respectively.

D. Yeast Cellular Enzymes and Cell Structure
We examined the effect of plasma on yeast invertase. This enzyme is localized in the peri-

plasmic space of the cell, that is, between the cell membrane and cell wall. Invertase is a
glycoprotein consisting of ~50% mannan with a molecular weight of ~270 kDal.?*?? Yeast
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FIG. 6: Effect of HVACP on viability of yeast and activity of cell-wall-bound yeast invertase.
Plasma exposure was direct at 60 kV in dry air, and initial cell density was 6.58E + 06 CFU/mL.

were treated with plasma for varying exposure times and voltages, after which invertase
activity in the intact cells was measured. Under the treatment conditions, essentially all
of the yeast were Killed within 30 s at 60 kV (Fig. 6). The plasma also reduced the pH of
the yeast suspension and caused the release of soluble protein from the treated cells. In
addition, cell-wall-bound invertase was also affected by plasma. After 15 s of exposure,
> 90% of the invertase was inactivated; maximum loss of activity (> 96%) occurred after
75 s of exposure. In other trials, yeast viability and survival of invertase were higher with
plasma at lower voltages (data not shown). These results show that plasma can denature
enzymes in intact yeast cells. The ability of plasma to inactivate enzymes, which has been
demonstrated by others,*?* can be attributed to the loss of protein’s secondary structure
by interaction with plasma RGS. It is a likely contributor to yeast cell death.

Figure 7 shows SEM of yeast cells. Untreated yeast cells have a characteristic
smooth, elliptical shape. However, cells exposed to plasma are misshapen and have
a slightly elongated and somewhat “wrinkled” appearance, suggestive of damage to
the cell wall. The observation that plasma causes the release of soluble protein (Fig.
6) and DNA (data not shown) from yeast suggests that damage to cell membranes also
contributes to loss of viability.
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FIG. 7: SEM of untreated (A) and plasma-treated (B) yeast. Plasma treatment was direct for 75
s at 18 kV, initial cell density was 7.13E + 06 CFU/mL in 10 mL of DI water, and survival after
plasma treatment was 19.2%.

Other investigators have demonstrated the ability of plasma to kill yeast.2%
Misra et al.® reported a greater than three-fold log,  reduction of yeast-mold counts
on plasma-treated strawberries. Plasma has been shown to Kill the yeast Candida al-
bicans, possibly by inhibiting the synthesis of ergosterol, a component of yeast cell
membranes.?”?® In the same organism, plasma was shown to damage the cell surface
and disrupt membrane integrity, resulting in the leakage of protein and nucleic acid.?
Consistent SEM data are presented in our observations of protein and DNA release
from S. cerevisiae. Ma et al.* presented evidence that plasma causes the accumulation
of reactive oxygen species and Ca** in yeast, resulting in mitochondrial dysfunction
and DNA fragmentation.

V. CONCLUSIONS

The data presented here show that yeast cells are Killed by exposure to HVACP. The ef-
fect of plasma is a function of applied voltage, treatment gas, and exposure time. Other
parameters that affect viability during plasma treatment include yeast cell density and
suspension volume. Cell-wall-bound invertase is inactivated by plasma, demonstrating
the latter’s ability to denature protein. Plasma was effective in eliminating yeast in grape
juice suspensions, demonstrating that it can be used for extending the shelf life of bever-
ages prone to spoilage by yeast.
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