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In this work we investigated the impact of food disinfection on the beneficial biothiol contents in a
suite of vegetables consumed daily, including spinach, green bean, asparagus, cucumber, and red
pepper. Four disinfection technologies commonly studied and/or used in food processing and
preservation, including hydrogen peroxide, free chlorine, and gaseous- and aqueous-phase ozone,
were examined with common dosages and contact times. Results indicate that the common disinfection
technologies may result in significant loss of beneficial biothiols in vegetables which are essentially
important to human health. For example, as much as 70% of biothiols were lost when spinach was
treated with hydrogen peroxide (5.0 wt %) for 30 min. Approximately 48—54% of biothiols were
destroyed by free chlorine and gaseous- and aqueous-phase ozone under typical contacting
conditions. In red pepper, about 60—71% of reduced glutathione was oxidized by the disinfectants.
The potential decrease in biothiols during disinfection was dependent upon the biothiol type, the
disinfectant, and the vegetable. The effectiveness of total bacterial inactivation by the four disinfection
technologies was concurrently evaluated. Results show that free chlorine is most effective, achieving
disinfection efficiencies of greater than 4 log for all study vegetables. This study may provide important
information for the food industry to design optimum contacting methods for vegetables to
simultaneously achieve sufficient bacterial disinfection while minimizing loss of beneficial biothiols.
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INTRODUCTION between microorganisms and the ozone gas stream or by action

Numerous outbreaks of food-borne diseases have beenOf dissolved ozone and its products (i.e., hydroxyl radicals

reported in recent yearsl{4), which make disinfection gﬁgﬁratriig)i/vﬂquﬁ?uhs O;?gs aat:il?tlgha%?.sTgﬁtZ?li?S;egzggfn?f
desirable in processing and preserving various foods including os't%n to nont% 'cgo P on gas myallke o an attractive for use
vegetables, fruits, meats, and poultry. Disinfection is a processp It iable disi fXIt )iy.gf gd . z o v ith u
designed for selective inactivation or destruction of pathogenic as aviable disintectan An ooh przcessn@(g;@:). zg.nt(ej, erther
organisms (i.e., viruses, bacteria, and protozoa) to protect publicIaSE0US- Or aqueous-phase, has been widely studied to inactivate
health as well as for control of fungi to extend shelf life. The Pathogenic bacteria (e.gsalmonellaspeciesEscherichia coli
disinfectants commonly studied and/or used in the food industry ©157:H7, and.isteria monocytogenes) for lettuce (9), whole
include ozone (either gaseous- or aqueous-phase), free chlorin®!ack peppercorn and ground black pepi),(apple cider and
(HOCI/OCI), and hydrogen peroxide. orange juice 1), apples, strawberries, and cantalouisg 13),

Ozone has recently been approved as an antimicrobial agenfUcumbers (14), cabbages), and beef6, 17), as well as
on food by the U.S. government (21 CFR Part 173.363) ( control fungi to extend the shelf life of various fresh fruit$)
Disinfection using ozone occurs by direct physical contact Free chlorine can be applied as a disinfectant in three forms:

as a pressurized gas, as hypochlorous acid, or as hypochlorite.

*To whom correspondence should be addressed. Phone: (573) 341-SOd,IL”n,O,r calcium hypochlorite is most.commonly.used. due
4041. Fax: (573) 341-7217. E-mail: adams@umr.edu. to simplicity and safety. Hypochlorous acid (HOCI) dissociates

T Environmental Research Center for Emerging Contaminants, University ¢q hypochlorite (OCt) with an ionization constant (pjKof 7.6

of Missouri—Rolla. . S . . .
+Department of Civil, Architectural & Environmental Engineering, at 20°C. This pH-dependent speciation is critical to disinfection

Ungveasity of Missouri—RfoIIa_. effectiveness because the relative bacterial inactivation efficiency
ngaf(r;er;g Sﬁﬁ,de?;?g,_o Sciences. of HOCI is about 46-80 times that of OCI (19). Chlorine
U Department of Chemistry, University of MissotiiRolla. disinfection has been extensively applied in the harvest and
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postharvest handling of fresh fruits and vegetables for many MATERIALS AND METHODS

dec_ades beca_use 'F IS effegtlve, Chemlqally St‘?‘b'e’ readily Reagents and Chemicals1PLC grade acetonitrile, acetic acid, and
available, rel_atlvely 'neXpenS'Ve_’ and easily apF’"_ed- F_Or ex- o-phosphoric acid and certified ACS grade boric acid, hydrochloric
ample, chlorine has been routinely used for disinfection of iy sodium hydroxide, sodium phosphate (99.9%), sodium phosphate
vegetables such as lettuce, carrots, and spind2h20, 21), monobasic (99.5%), and hydrogen peroxide (ca. 30 wt %) were
fruits such as strawberries, apples, cantaloupe, honeydewpurchased from Fisher Scientific (Fairlawn, NJ). GSH, GGC, NAC,
melons, and tomatoe2Z—26), chickenZ7), and fish 28). A CAP, CYS, HCYS, GSSG, NPM, I-serine, trizma hydrochloride,
recent progress in chlorine disinfection is the generation of diethylenetriaminepentaacetic acid (DETAPAC), potassium indigo
chlorine water through electrolysis (280). trisulfonate, potassium permanganate (99.3%), and sodium hypochlorite

; : / .
Hydrogen peroxide inactivates o inhibits bacteria directly (4 Wt %) were purchased from either Sigma (St. Louis, MO) or

indirectly th h oth toxi idizi f h Aldrich (Milwaukee, WI). Sodium oxalate was obtained from Acros
or indirectly through other cytotoxic oxidizing species such as Organics (Fairlawn, NJ) as a primary standard to titrate the concentra-

hydroxyl radicals. Hydrogen peroxide may also be generated tjon of potassium permanganate. Milli-Q (MQ) water with a resistivity
in bacteriological media by exposure to light or oxygen, thus >182 M-cm was produced by a Simplicity 185 water purification
becoming an important toxic agent for bacteria (31). The system (Millipore Co., Bedford, MA) to prepare HPLC mobile phases
sporicidal activity of hydrogen peroxide coupled with rapid and biothiol standard solutions.

breakdown to water and oxygen makes it a desirable disinfectant Vegetables.A suite of vegetables including spinaclpinacia
for use on some food contact surfac@8g); Hydrogen peroxide oleraced, green beanRhaseolusulgaris), green asparagusgparagus

has numerous applications in disinfecting vegetables and fruits officinalis), cucumber Cucumis satius), and red bell peppeCapsicum
(33—35) and poultry (36). annuum) were obtained from a local grocery store in Rolla, MO. All

H f hiori hvd ide i of the study vegetables from this supplier were simply rinsed three
Owever, as ozone, iree chiorine, or Nyarogen peroxiae 1S ;. qq yith tap water for cleaning purposes, and none were treated by

Ero'tlf? ht 'nto_goniactt with tf;e il;rf[ace_s tOf Toog’ tdhem} 'fs pgtetﬂt'al any disinfectant. In our reaction systems, these vegetables were treated
or these oxidants to react wi € Interior body o1 1004, tNUS whoele and then cut up into about 0.5 g pieces for biothiol analysis.
reducing the contents of some biologically beneficial nutrients  Reaction SystemsBatch reactions were conducted for free chlorine
(e.g., antioxidants). It was reported that the mean concentrationand hydrogen peroxide in a large glass jar reactor containing 10 L of
of reduced glutathione (GSH) significantly decreased when oxidant solution as a reaction reservoir. The oxidant concentration was
various foods including grapefruit, tomatoes, spinach, carrots, maintained approximately constant (i.e., 515—485 mg/L free chlorine,
apples, peaches, and sweet potatoes were proce83ed ( 5.10-4.90% l—tO;) throughc_:ut th(_a course of reactior_l. Vegetables were
Hydrogen peroxide could break down plant cells isolated from soaked in the _OX|dant s_ol_utlon with a porous ceramic plate (npnreactlve
tomato, cucumber, and soybean through oxidation of cell wall toward the oxidants) sitting on the top to malntaln‘submersmn of the
polysaccharides (38). When GSH in aqueous solution reacted €96tables. The working solutions of free chlorine and hydrogen

- . . . - peroxide were prepared by diluting the purchased sodium hypochlorite
with hydrogen_ perOX'de' most of th_e CyStem_e <_:onta|ned in the (>4 wt %) and hydrogen peroxide (ca. 30 wt %) solutions with distilled
GSH was oxidized to the monoxide or dioxide, and some \ater to reach concentrations of 58015 mg/L and 5.t 0.10% (by
cysteine was even dlreqtly oxidized to sulfinic 3@9)( Ozone  weight), respectively, with the pH of both solutions adjusted to 7.6.
treatment could result in a 40% reduced emission of volatile  semibatch reactions were conducted for aqueous-phase ozone, whose
esters in postharvest strawberridS) and a decrease of 46 setup is illustrated ifFigure 1A. An ozone gas stream was produced
25% of ascorbic acid content in potatoes, carrots, and cabbagerom compressed pure oxygen by a GLS-1 ozone generator (PCl-
(40). Itis reasonably suspected, therefore, that some biologically WEDECO Environmental Technologies, West Caldwell, NJ). The ozone
important antioxidants (e.g., biothiols) contained in vegetables Stream was bubbled through a stone diffuser into a glass bottle
or fruits may get decomposed upon exposure to disinfectants.containing 4 L ofbuffered MQ water (5 mM sodium phosphate,

vV tabl tai ied trati fi tant bi adjusted to pH 7.6). The dissolved ozone solution then circulated into
egetables contain varied concentrations of important blo- y,e 10 | reactor through an overflow outlet on one side of the glass

thiols that serve as strong antioxidants once consumed bypgiie A pump was utilized to continuously circulate the working
humans. Biothiols are a type of mercaptan having a sulfhydryl spjution between the 4 L bottle and the 10 L reactor. The system was
functional group and are among the most important antioxidants allowed to equilibrate and stabilize for 20 min to reach a steady-state
that protect human cells against oxidative damage which leadsconcentration of dissolved ozone before the vegetables were placed
potentially to cancers, Alzheimer’s disease, and other maladiesinto the reactor.

(41, 42). These important biothiols includey-glutamyl. - Continuous reactions were carried out for gaseous-phase ozone,
cysteinylglycine (reduced glutathione, or GSk,-glutamyl- whose setup is illustrated iﬁigyre 1B. A small ozone generator
L-cysteine (GGC), cysteine (CYS), homocysteine (HCYS), (AquaZone 50 mg/h, Red Sea Fish Pharm Ltd., Houston, TX) was used

captopril (CAP), andN-acetyli-cysteine (NAC). The chemical to generate a low-concentration ozone gas stream (i.e., 40 ppm) from
structure molécular formula, molecular weight, and CAS compressed air. The flow rate of the compressed air was maintained at

s : S 5.0 SLPM (standard liters per minute) with a mass flow controller (2900
number of these biothiols and GSSG, the primary oxidation Series, Tylan General, Inc., Austin, TX). The ozone gas stream then

product of GSH, are summarized Trable 1. Our recent work  hassed through a humidifier containing about 50 mL of MQ water to
has shown, for example, that the biothiol contents ranged from get saturated with water. A saturated humidity not only minimizes the
3 to 349 nmol/g (wet weight) in a variety of vegetabld8) gas-stripping loss of water originally contained in the vegetables, but

The purpose of this study was to examine the impact of ozone also enhances the efficiency of bacterial inactivation. It was reported
(gaseous- and aqueous-phase) and other disinfectants (includingat the inactivation rates d3acillus spores by gaseous-phase ozone
free chlorine and hydrogen peroxide) on the bulk concentrations ;:lcreased W|th||ncreasmg exloﬁsurt;:I hu:nldﬁﬂé)( The vegetablehs were |

. - ung in a 5 Lglass reactor with Teflon lines (nonreactive with ozone

\?;gGetSaI;,Iecs;Gc%ngJ\r(nSe; nge:i(li’ ?Iﬁ:,I:\?edl |c\)|]:q % SLHS é i\lljgse 2{30 to ensure sufficient contact of the vegetable surface with ozone gas.
examined prior to and after- disinfection as an indicator of Common oxidant dosages and contact times were employed in this

e . . . work. Specifically, the dosages of free chlorine, hydrogen peroxide
oxidative stress in terms of the ratio of GSH to GSSG. Spinach, 4 aqueous-phase ozone were 505 mg/L, 5.0+ 0.10% (by

green bean, asparagus, cucumber, and red pepper were selectggight), and 8.0+ 2.0 mg/L, respectively, with a contact time of 30
for this study because they have relatively high levels of min at pH 7.6 for each disinfectant. The working solution was gently
biothiols as determined in our previous wo#dQj. mixed with a magnetic stir plate to eliminate an oxidant concentration
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Table 1. Physicochemical Properties of the Study Biothiols and Oxidized Glutathione (GSSG)

Code Biothiol Structure ME/MW/CAS#
o N,
GSH L-y—glutamyl-L- E [ C10H17N30()S
cysteinly glycine, mzc/\g x szn 307.32
or reduced 5 70-18-8
glutathione B
NAC N-acetyl-L-cysteine u R “C2H CsHyNO;S
163.19
616-91-1

Me
CAP captopril . ! - CoHsNO5S
YS\/ 217.28
| 62571-86-2
( s} -~ CO2H

CYS cysteine NE2 C;H;NO,S
/k/sn 121.15
Oz R 52-90-4
HCYS homocysteine T2 C,HsNO,S
/k/\ 135.18
Hoz¢” # sH 454-29-5
NHp

GGC v-L-Glutamyl-L- 1 CsH14N> 058

H
cysteine e\ NWCO2H 250.27
| 686-58-8
COoH O
GSSG glutathione disulﬁde, HCZC C20H32N601282
or oxidized 612.63
glutathione HCzc/\ RNy 5. <28 27025-41-8
H
HN o NH2
NHy
|
S eeom

gradient toward the vegetable surface. For gaseous-phase ozone, & the gas phase by utilizing a humidifier. Specifically, 200 mL of an
concentration of 40 ppm and a contact time of 1 h were utilized. indigo solution (0.12 mM) was added to the humidifier. An ozone gas
Chemical analysis confirmed that the oxidant concentration remained stream was allowed to pass through the humidifier for 2 min, where
nearly constant throughout the course of reaction. ozone reacted rapidly with the indigo solution. The molar absorptivity
Oxidant Analysis. The total chlorine concentration was determined of indigo decreased by 20000 Mcm™* at 600 nm with respect to
using Hach DPD Method 8167 with a DR/2010 portable spectropho- each mole of ozone consumetbj. The gaseous ozone concentration
tometer (Hach Co., Loveland, CO) after appropriate dilution. The was then determined on the basis of the decrease of the indigo
hydrogen peroxide concentration was titrated with potassium perman- absorbance.
ganate, whose concentration was first standardized by a primary HPLC System.A Finnigan high-performance liquid chromatography
standard, sodium oxalate. The aqueous ozone concentration wagHPLC) system (Thermo Electron Co., San Jose, CA), which consisted
measured by an indigo colorimetric methetb) with a Cary 50 Conc of a vacuum membrane degasser, an injection valve withd 5
spectrophotometer (Varian Australia Pty Ltd., Australia). The small injection filling loop, two gradient pumps, an autosampler, and a
ozone generator was standardized by a modified indigo colorimetric fluorescence detector, was used to determine the concentrations of
method which is suitable for determination of the ozone concentration biothiols and GSSG. The fluorescence detector was operated at an
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Figure 1. Schematic diagram of ozone treatment systems: (A) aqueous-phase ozone and (B) gaseous-phase ozone.

excitation wavelength of 330 nm and an emission wavelength of 376 NPM (1 mM in acetonitrile). The resulting solution was vigorously
nm. A reversed-phase Reliasil ODS-1s@olumn (5um, 250 x 4.6 mixed and allowed to react at ambient temperature for 5 min. HCI
mm) (Column Engineering, Ontario, CA) was utilized for biothiol  solution (10uL, 2 M) was then added inside to stop the reaction. After
separation. The mobile phase consisted of 70% acetonitrile and 30%being filtered through a 0.2@m nylon filter (Advantec MFS, Inc.,
MQ water, and was adjusted to approximately pH 2.5 by addition of 1 Dublin, CA) usirg a 3 mLsyringe, the derivatized samples were injected
mL of acetic acid and 1 mL ob-phosphoric acid per liter of mobile onto the HPLC system.
phase. Prior to use, the mobile phase was vacuumed under sonication The biothiol-NPM derivatives were separately eluted from the
for 30 min to drive out dissolved gas bubbles. HPLC column with the mobile phase flowing isocratically at a rate of
Biothiol Analysis. Because our preliminary work showed that the 1 mL/min. GSH, GGC, NAC, CAP, CYS, and HCYS could be
biothiol contents for a batch of a vegetable may vary significantly from determined concurrently since all these biothiols form fluorescent
one sample to another, 15 vegetables were analyzed in replicates forderivatives with NPM. The biothietNPM peaks were quantified with
both control (untreated) and disinfectant-treated samples. Specifically, Thermo LC software (Thermo Electron Co., San Jose, CA). The
samples were prepared in five replicates, with each replicate containinglinearity of standard calibration curves was confirmed over a concentra-
a mix of three cutlets (about 0.5 g per piece) cut from individual whole- tion range of 6-10 uM for each biothiol in a mixture. A typical
treated vegetables. A cutlet represented a piece of vegetable cut fromchromatogram of the study biothiols is shown Figure 2A. The
the central part of a vegetable body. For cucumber, a cutlet was cut biothiol-NPM derivatives were eluted from the HPLC column in the
about 1 cm deep from the central skin into the flesh. For other study following sequence: NAC (3.47 min), CAP (3.99 min), GSH (8.24
vegetables, a cutlet was cut across the whole central body. As a resultmin), GGC (9.42 min), CYS (10.74 min), and HCYS (12.79 min).
the analyzed biothiol level represented the level over the whole body ~ GSSG Analysis.GSSG, the primary oxidation product of GSH, was
of spinach, green bean, asparagus, and red pepper, but only representegetermined by reacting 84L of vegetable supernatant with 14 of
the level in the outer 1 cm rim of the cucumber. Compared to other 2-vinylpyridine (6.25% in ethanol) fol h to block any preexisting
study vegetables, cucumber has a much thicker body. It was reasonablyGSH. After the reaction, 9bL of an NADPH solution (2 mg/mL) and
presumed that the oxidant penetration beyond the 1 cm cucumber flesh5 uL of a glutathione reductase solution (2 units/mL) were added
was insignificant. The three-cutlet mix was placed in a serine borate sequentially. An aliquot of 100L of the resulting solution was quickly
buffer (SBB) to prevent potential oxidation of biothiols by atmospheric  withdrawn and mixed with 150L of MQ water and 75Q:L of NPM
oxygen. The SSB buffer comprised 100 mM F+i4Cl, 10 mM borate, (2 mM in acetonitrile) for derivatization. After 5 min, the reaction was
5 mM serine, and 1 mM DETAPAC with the final pH adjusted to 7.0  stopped by adding L of HCI solution (2 M). The samples were then
by concentrated NaOH solution. The samples were homogenized infiltered through a 0.2im nylon filter and injected onto the HPLC
the SBB buffer with a Tissue-Tearor (Biospec Products, Inc., Bartles- system. A typical GSSG chromatogram is showirigure 2B, where
ville, OK) on ice for 2 min and centrifuged at 100§€r 15 min at a the GSSG-NPM derivative was eluted from the HPLC column at 8.63
controlled temperature of AC to extract biothiols out of the vegetables.  min.
Thereafter, 4Q:L of supernatant was withdrawn and derivatized with Bacteria Enumeration. To enumerate bacteria, both control (un-
N-(1-pyrenylmaleimide) (NPM), which reacts with free sulfhydryl treated) and disinfectant-treated vegetable samples were washed with
groups of the biothiols to form fluorescent derivatives. Each sample a phosphate buffer in sterilized glass beakers of suitable sizes. The
was diluted with 21Q:L of MQ water and derivatized with 750L of washing process consisted of 10 min of soaking and 5 min of gentle
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Figure 2. HPLC chromatograms: (A) NAC, CAP, GSH, GGC, CYS, and 5:
HCYS and (B) GSSG. Retention times are given in minutes in parentheses. E 100
O
shaking. Each liter of the phosphate buffer consisted of 140 mL of 0.2 a 50
M NaH,PQOy, 360 mL of NaHPQ,, and 500 mL of MQ water with a =
final pH value of 7.2+ 0.1 (46). The volumes of the phosphate buffer ;
used for vegetable washing were 200, 40, 40, 500, and 500 mL for j
spinach, green bean, asparagus, cucumber, and red pepper, respectively. 6
The standard most probable number (MPN) analysis was performed 5
with brain heart infusion medium (37 g/L, Beckton-Dickinson). The ©
medium tubes, glass beakers, buffer solutions, pipet tips, and volumetric 2 =
cylinders used for the MPN analysis were all autoclaved at 2 atm ‘Pf 3
(absolute) and 121C for 30 min prior to use. Sample serial dilution " s

was carried out aseptically in a laminar flow biological safety hood
(Plymouth, MN). The MPN analysis for each vegetable was performed
with duplicate samples, and each sample was analyzed in triplicate as |
10-fold serial dilutions down to 10° The serially diluted medium
tubes were then incubated in a GCA/Precision Sycientific Thelco oven CNT_ 2Pz e kIS 03'(_3 03_'_“ _
(model 6, Chicago, IL) at 37C for 3 days. Tubes exhibiting visual Figure 3. Impact of disinfectants on the concentrations of biothiols and
growth after this incubation period were considered as positive. Final GSSG for spinach: (A) GSH, (B) GGC, (C) CYS, (D) GSSG, and (E)
enumeration of bacteria was completed by comparing the distribution GSH/GSSG ratio. NAC, HCYS, and CAP were not detected in spinach.
pattern of the positive tubes with a standard statistical MPN tdie ( Experimental conditions: for aqueous reactions, [H,0,] = 5.0 £+ 0.10%,
[HOCI] = 500 + 15 mg/L, [O3]x = 8.0 + 2.0 mg/L, contact time 30 min,
RESULTS pH 7.6; for gaseous reactions, [Os]c = 40 ppm, contact time 60 min.

Oxidati f Biothiols. B oritv of the biothiol Error bars represent the standard deviation of five replicates, with each
xidation of Biothiols. Because a majority of the biothiols ._replicate containing a mix of three cutlets from individual vegetables.

exist in the interior body of the vegetables, a possible hypothesis

is that all of the oxidants should be consumed near the vegetablebiothiols were detected in spinach including GSH, GGC, and

surface, thereby protecting most of the biothiols against oxida- CYS with concentrations in the control samples of 372.27.7,

tion. Our results have shown, however, that under typical 12.84 1.5, and 64.6: 13.2 nmol/g (wet weight), respectively.

contacting conditions the disinfectants can significantly reduce A significant decrease in these biothiol levels was observed for

the concentrations of these nutritionally important biothiols in all disinfectants investigated (except for CYS with aqueous-

vegetables. The extent of biothiol decrease depends on the typghase ozone)Rigure 3A—C). Results indicate that the mean

of disinfectant, the vegetable, and the biothiol. decrease percentages of GSH, GGC, and CYS are 61%, 68%,
Spinach. The impact of disinfectants on the concentrations and 80% by hydrogen peroxide, 54%, 58%, and 51% by free

of biothiols and GSSG for spinach is showrFigure 3. Three chlorine, 56%, 63%, and 41% by gaseous-phase ozone, and
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59%, 51%, and 35% by aqueous-phase ozone, respectively. On 500 "
average, hydrogen peroxide decreases the mean level of all three 400
biothiols by approximately 70%, and the other disinfectants (free B
chlorine, gaseous-phase ozone, and aqueous-phase o0zone) g 300
decrease the mean level of the three biothiols by 3@&%. . _
Results also show that the mean level of GSSG may either @
increase or decrease after disinfectiéiig(re 3D). The level 100
of GSSG in the control samples was measured to be 41.8 5
21.5 nmol/g. This control value changed to 116:41.4, 59.3 25
+ 24.6, 69.0+ 43.0, and 40.8- 4.2 nmol/g after treatment
with hydrogen peroxide, free chlorine, and gaseous- and EiiNE=0
aqueous-phase ozone, respectively. A portion of GSH can be 2 15
transformed to GSSG after reacting with the oxidants. However, E
GSSG still contains reducing functional moieties such as amine o 10
and sulfur groups which may get further decomposed by the 3 .
oxidants. Indeed, it was reported that the disulfide group
(—SS—) contained in GSSG can be oxidized by hydrogen 0
peroxide to various monoxide and dioxide products (F5S- 10
(=0)— and—SS(=0})—) or directly to sulfinic acid { SO;H) &
(39). The fraction of the monoxide and dioxide products was =
found to be as high as 45% at pH 730J. This indicates that E 6
the disulfide group of GSSG can be further oxidized by £
disinfectants. Therefore, it is hypothesized that the GSSG level g 4

reflects an overall result of GSH transformation and potential 2
GSSG decomposition after disinfection. The ratio of GSH to
GSSG (reduced glutathione to oxidized glutathione) is a
parameter indicating how significant an oxidative stress is.
Results further show that the mean GSH/GSSG ratio decreases 20

significantly from 4.3+ 1.2 for the control to 1.4+ 0.5 for 2
hydrogen peroxide and less so for other oxidants (i.e.43.3 § 12
1.3 for free chlorine, 3.1 1.5 for gaseous-phase ozone, and é’ 10
3.8 + 0.6 for aqueous-phase ozon&jidure 3E). This dem- @
onstrates that oxidative stress can be developed in spinach by 5
disinfection with HO,. ol
Green BeanSimilar to spinach, three biothiols including 50
GSH, GGC, and CYS were detected in green bean with baseline i
concentrations of 309.% 10.1, 15.0+ 1.7, and 6.5+ 0.4 o
nmol/g (wet weight), respectively. The impact of disinfectants 2 30
on the biothiol concentrations appeared mininfig(re 4). e
The mean GSH concentration was decreased by 11% with % 2

hydrogen peroxide and 6% with free chlorine, while neither 10
gaseous-phase nor aqueous-phase ozone decreased GSH. The
mean GGC concentration was reduced by 20% with free

chlorine and 26% by aqueous-phase ozone, while neither - ) o
hydrogen peroxide nor gaseous-phase ozone decreased GGigure 4. Impact of disinfectants on the concentrations of biothiols and
CYS was the least removed biothiol. Less decrease in biothiol GSSG for green bean: (A) GSH, (B) GGC, (C) CYS, (D) GSSG, and (E)
levels was observed in green bean than in spinach because greefoH/GSSG ratio. NAC, HCYS, and CAP were not detected in green bean.
bean has a relatively thick pod which protects interior biothiols Experimental conditions and error bars are the same as those for Figure
against oxidative damage. 3.

The level of GSSG in the control samples was determined  agparagusFive biothiols were detected in asparagus includ-
to be 9.7+ 2.3 nmol/g, and it increased to 17462.0, 12.7+ ing GSH, CYS, HCYS, CAP, and NAC with baseline concen-
2.7, 10.2+ 1.0, and 10.2+ 0.7 nmol/g after treatment with  trations of 627.0+ 52.0, 39.9+ 12.9, 4.0+ 1.1, 68.4+ 10.1,
hydrogen peroxide, free chlorine, and gaseous- and aqueousand 106.4+ 12.9 nmol/g (wet weight), respectively. Only GGC
phase ozone, respectivelyigure 4D). The HO,-treated sample  was not found in asparagubigure 5 shows the impact of
showed a statistically significant difference in the mean GSSG (isinfectants on the concentrations of biothiols and GSSG for
level compared with the control sample. Correspondingly, the asparagus. Results indicate that disinfection exerts minimal

0

CNT Hz02 HOCI 0:-G 0s-A

mean GSH/GSSG ratio significantly decreased from 3396 effect on biothiol concentrations (Figure 5). If averaged over
for the control to 15.9t 3.8 for hydrogen peroxide and less so  four disinfection technologies, the largest decrease in mean
for other oxidants (i.e., 234 5.9 for free chlorine, 31.6- 2.4 biothiol concentration occurred for HCYS (15%), while rela-

for gaseous-phase ozone, and 3&4.9 for aqueous-phase tively small decreases occurred for GSH (10%), CYS (7%), CAP

ozone) (Figure 4E). The most notable oxidative stress was (5%), and NAC (3%). In particular, a notable decrease in mean

developed after green bean was treated with hydrogen peroxidebiothiol concentration (20%) was observed for GSH (15% with

in terms of the GSH/GSSG ratio. hydrogen peroxide and 14% with gaseous-phase ozone), CYS
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Figure 5. Impact of disinfectants on the concentrations of biothiols and GSSG for asparagus: (A) GSH, (B) CYS, (C) HCYS, (D) CAP, (E) NAC, (F)
GSSG, and (G) GSH/GSSG ratio. GGC was not detected in asparagus. Experimental conditions and error bars are the same as those for Figure 3.

(13% with gaseous-phase ozone), HCYS (21% with free and 37%, respectively, if averaged over four disinfection
chlorine, 17% with gaseous-phase ozone, and 15% with technologies (Figure 6A,B). The mean concentration of CYS
aqueous-phase ozone), and CAP (15% with free chlorine) is not changed statistically (Figure 6C).
(Figure 5A—E). NAC was the least removed biothiol. Results also indicate that the level of GSSG is minimal in
Relatively small levels of GSSG (ca. 1.0 nmol/g) were cucumber, exhibiting a baseline concentration as low as 0.30
detected in asparagus for both control and treated samplest 0.16 nmol/g. After treatment, the mean concentration of
(Figure 5F). The apparent increase in mean GSSG level was GSSG increased a little to 0.42 0.10, 0.47+ 0.17, 0.41+
only observed after hydrogen peroxide treatment, increasing0.12, and 0.39%+ 0.11 nmol/g for hydrogen peroxide, free
from 1.1+ 0.1 to 1.4+ 0.3 nmol/g. The other three disinfectants chlorine, and gaseous- and aqueous-phase ozone, respectively
had no effect on GSSG. The most significant change of the (Figure 6D). In correspondence, the GSH/GSSG ratio decreased
GSH/GSSG ratio was observed for hydrogen peroxide, decreasfrom 274.1+ 37.7 for the control to 154.6 24.3 for hydrogen
ing from 574.64 61.0 for the control to 396.9- 48.5 (Figure peroxide, 146.7+ 57.1 for free chlorine, 182.@- 48.6 for
5G). The GSH/GSSG ratios for free chlorine and gaseous- andgaseous-phase ozone, and 180 49.3 for aqueous-phase ozone
aqueous-phase ozone were determined to be 3366.4, 494.3 (Figure 6E). The apparent decrease in the GSH/GSSG ratio is
+ 36.8, and 566.8t 64.2, respectively. The decrease of the mainly caused by the increase of GSSG levels after disinfection.
GSH/GSSG ratio in asparagus is primarily caused by the Red PepperThe impact of disinfectants on the concentrations
decrease of GSH levels. of biothiols and GSSG is shown iRigure 7 for red pepper.
Cucumber. Three biothiols including GSH, NAC, and CYS Two biothiols were detected in red pepper including GSH and
were detected in cucumber with baseline concentrations of 68.8CYS with baseline concentrations of 72883.6 and 320.0Gt
+ 0.8, 8.2+ 3.3, and 11.5+ 2.2 nmol/g (wet weight), 43.6, respectively. Red pepper contains much more CYS than
respectively. Cucumber contains much lower biothiol concentra- any other vegetable investigated. Results indicate that the mean
tions per unit weight than spinach, green bean, and asparaguslevel of GSH is significantly decreased by the disinfectants (i.e.,
Figure 6 shows the impact of disinfectants on the concentrations 71% with hydrogen peroxide, 60% with free chlorine, 67% with
of biothiols and GSSG for cucumber. Results indicate that the gaseous-phase ozone, and 65% with aqueous-phase ozone), as
mean concentrations of GSH and NAC are decreased by 4%shown inFigure 7A. The decrease of the mean CYS level is
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Figure 7. Impact of disinfectants on the concentrations of biothiols and
GSSG for red pepper: (A) GSH, (B) CYS, (C) GSSG, and (D) GSH/
GSSG ratio. GGC, NAC, HCYS, and CAP were not detected in red pepper.
Experimental conditions and error bars are the same as those for Figure
3.

free chlorine, 26.2+ 4.3 for gaseous-phase ozone, and 26.6
13.2 for aqueous-phase ozone. The apparent decrease of the
GSH/GSSG ratio is primarily caused by the decrease of GSH
levels after disinfection.
: ' ' : Disinfection of Bacteria. The impact of disinfectants on
CNT HO, HOCI  0OsG  OsA bacterial inactivation was concurrently investigated, as shown
Figure 6. Impact of disinfectants on the concentrations of biothiols and in Figure 8. The number of total bacteria was counted by the
GSSG for cucumber: (A) GSH, (B) NAC, (C) CYS, (D) GSSG, and (E) MPN method to illustrate an overall effectiveness of the
GSHIGSSG ratio. GGC, HCYS, and CAP were not detected in cucumber. disinfection technologies. Results indicate that the efficiency
Experimental conditions and error bars are the same as those for Figure of bacterial inactivation largely depends on the type of
3. disinfectant applied. The disinfection efficiencies of hydrogen
peroxide and gaseous- and aqueous-phase ozone are 0.93, 0.28,

23% for aqueous-phase ozone, and ranges from 12% to 14%and 0.42 log for spinach-{gure 8A), 3.24, 0.38, and 0.81 log
for the other three disinfectants (Figure 7B). If averaged over for green bean Higure 8B), 4.22, 0.75, and 0.85 log for
four disinfection technologies, the mean GSH level is signifi- asparagus (Figure 8C), 2.28, 1.04, and 2.44 log for cucumber
cantly decreased by 66% and the mean CYS level is decreaseqFigure 8D), and 1.98, 1.00, and 1.65 log for red pepgég(re
by 15%. 8E). Free chlorine was found to be the most effective disin-

A small level of GSSG was detected in red pepper with a fectant, achieving a bacterial inactivation efficiency of greater
concentration of 1.33: 0.14 nmol/g in control samples. The than 4 log for all vegetables investigated at a concentration of
mean concentration of GSSG slightly decreased to 0122, 500 + 15 mg/L and a contact time of 30 min.
1.05 £+ 0.15, 0.91+ 0.08, and 1.10+ 0.27 nmol/g after The overall bacterial inactivation efficiencies and percentage
treatment with hydrogen peroxide, free chlorine, and gaseous-decreases in biothiol levels of the four disinfectants, averaged
and agueous-phase ozone, respectivieigure 7C). The GSH/ over the five vegetables studied, are summarizeligure 9.
GSSG ratio significantly decreased from 52:713.9 for the Results clearly show that the effectiveness of the four disin-
control to 20.6+ 8.5 for hydrogen peroxide, 26 & 4.1 for fectants on bacterial inactivation follows the order gaseous-phase
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1.E+08 - o
: Asparagus C the mean level of all detected biothiols by 24%, 23%, 21%,
and 20%, respectively.
g
i DISCUSSION
o
= The antioxidant GSH is essential for the cellular detoxification
of reactive oxygen specie#l). All five vegetables studied
o contain a significant amount of GSH. The level of GSH is
usually much higher than the levels of other biothiols detected
1.E+08 4 Cucumber D in_ the veg_et_ables_ (except CY_S in red pepper). After treatment
with four disinfection technologies, the greatest decrease in mean
5 GSH level was observed for spinach (5811%) and red pepper
g (60—71%). However, the decrease in mean GSH level was less
E prominent for green bean (0—11%), asparagus (4—15%), and
= cucumber (0—10%). This probably indicates that spinach and
red pepper are more penetrable for interior GSH oxidation by
the disinfectants than green bean, asparagus, and cucumber.

Oxidative stress plays an important role in the progression

1.E+08 Red Pepper . of neurodegenerative and age-related diseases, causing damage
to proteins, DNA, and lipids49). Changes in the intracellular

1.E+06 GSH/GSSG ratio can also affect signaling pathways that

participate in various physiological responses from cell prolif-

eration to gene expression and apoptds®.(Spinach contains

the highest level of GSSG (91.8 nmol/g), and green bean

MPN (cfulg)
T
b

LSl contains 9.7 nmol/g GSSG. The GSSG level is relatively
S insign_ificant in asparagus, cucumber, and red pepper with
: ONT  H,0, HOCI 0yG  OsA baseline concentrations in the range of-0133 nmoI/g._ '_I'he _

) - S . GSSG content may either increase or decrease after disinfection,
Figure 8. Impact of disinfectants on the inactivation of bacteria: (A) depending on the relative significances of GSH transformation
spinach, (B) green bean, (C) asparagus, (D) cucumber, and (E) red pepper. and GSSG decomposition. An oxidative stress is most possibly
Experimental conditions are the same as those for Figure 3. Error bars developed in spinach (GSH/GSS&4.3 in control samples)
represent the standard deviation of duplicate samples. and least possibly developed in cucumber (GSH/GSSI4.1

) in control samples).
ozone < aqueous-phase ozone hydrogen peroxides free Among the five vegetables, asparagus contains most of the

chlorine. On average, gaseous-phase ozone, aqueous-phas§othiols and is also very rich in GSH and NAC. The skin of
ozone, hydrogen peroxide, and free chlorine can inactivate aboutasparagus protects interior biothiols against oxidative damage
74%, 86%, 97%, and 100% of bacteria, respectively. Generally, a5 well as the pod of green bean. On the contrary, the decrease
a higher efficiency of bacterial inactivation is achieved in in piothiol levels is more significant in spinach, cucumber, and
agueous reactions than in gaseous reactions. In the aqueoufed pepper with respect to certain types of biothiols. The greatest
phase, a portion of the bacteria can be washed off the vegetableiothiol decrease was observed in spinach, which has the largest
surface into the oxidant solution, so disinfection occurs simul- surface area per unit weight exposed to the disinfectants.
taneously on the vegetable surface and in solution. In the gaseous The results show that the potential decrease in biothiols during
phase, disinfection only occurs on the vegetable surface. Resultsiisinfection is dependent upon the biothiol type, the disinfectant,
also show that there is no significant difference in biothiol loss and the vegetable (and potentially other factors, e.g., temper-
among the four disinfectants. On average, hydrogen peroxide,ature, pH, etc.). For example, free chlorine and aqueous-phase
free chlorine, and gaseous- and aqueous-phase ozone decreasedone decreased the mean level of GGC by 20% and 25% in
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