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ABSTRACT: Atmospheric cold plasma (ACP) has been widely researched to generate functionalized solutions for decontamination of liquids and wastewater treatment. The focus of this work
ZDVWRVWXG\WKHHFRWR[LFRORJLFDOH൵HFWVRISODVPDWUHDWHGZDWHU 37: XVLQJDIUHHOLYLQJEURZQ
HydraDVDQLPSRUWDQWDQGSUHYDOHQWFRPSRQHQWRIIUHVKZDWHUHFRV\VWHPV:HREWDLQHG37:
by subjecting 25 mL of sterile deionized water to high-voltage (80 kV) contained ACP treatment
IRU  37:  DQG  37:  PLQ7R[LFLW\ PHDVXUHPHQWV ZHUH EDVHG RQ WKH SURJUHVVLYH 
changes in HydraPRUSKRORJ\WKURXJKDVFRULQJSURFHGXUH7KHH൵HFWVRI37:RQPseudomonas aeruginosa, Escherichia coli, and Bacillus atrophaeus cells were determined using a broth
microdilution method that estimated minimum inhibitory concentration (MIC) and minimum bacWHULFLGDOFRQFHQWUDWLRQ 0%& 5HVXOWVGHPRQVWUDWHGWKDW37:LVSRWHQWLDOO\WR[LFWRELRORJLFDO
systems. In HydraWHVWVWR[LFH൵HFWVZHUHREVHUYHGIRU37:DQG37:DWFRQFHQWUDWLRQV
DERYHDQGUHVSHFWLYHO\6LPLODUO\37:DWDFRQFHQWUDWLRQRILVOHWKDOIRUP.
aeruginosa and E. coli, whereas an MBC of 37.5% was obtained for B. atrophaeus. The present
investigation demonstrates that Hydra can be used as an additional in vivo tool to monitor the
impact of plasma-processed solutions on the aquatic environment.
KEY WORDS: atmospheric cold plasma, plasma-treated water, toxicity, Hydra, antimicrobial
activity

I. INTRODUCTION
'LVFKDUJH RI LQGXVWULDO H൷XHQWV LQWR WKH HQYLURQPHQW LV D PDMRU FDXVH RI ZDWHU
pollution.1 A range of industries use chemicals that, due to their complex structure
and synthetic origin, are resistant to the currently available wastewater-treatment
technologies.2 Food-processing industries are often associated with discharge of
wastewaters that can hold microbiological and chemical contaminants as well as byproducts derived from various food-processing steps, such as washing, cleaning, and
sanitization.3,4 Pharmaceutical and personal care products are continuously released
into environment in large quantities.5,6 Pesticides and their transformation products
are bioaccumulative and can often exceed ecotoxic levels for nontarget organisms
in aquatic systems.77KHODFNRIH൶FLHQWZDWHUUHPHGLDWLRQWHFKQRORJLHVDQGZLGH
range of processing operations performed by industries that use potentially ecotoxic
VXEVWDQFHVFDQVLJQL¿FDQWO\LPSDFWWKHQDWXUDOHQYLURQPHQWDQGKXPDQKHDOWK$W1947-5764/18/$35.00 © 2018 by Begell House, Inc. www.begellhouse.com
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mospheric cold plasma (ACP) has been widely researched to generate functionalized
solutions for biological decontamination of liquids and as part of advanced oxidative
remediation processes to improve wastewater treatment. ACP is composed of several excited atomic, molecular, ionic, and radical species coexisting with numerous
reactive species including electrons, positive and negative ions, free radicals, gas
atoms, molecules in the ground or excited state, ultraviolet (UV) light, shockwaves,
DQGS\URO\VLV$OOFRQWULEXWHWRFKHPLFDODQGSK\VLFDOH൵HFWVWKDWFDQVXEVHTXHQWO\
attack pollutant molecules and decompose them into more environmentally friendly
products.3,8,9 ACP has been successfully applied to remove dyes,10 pesticides,11,12 aflatoxins,13 antibiotics,14,15 and pathogenic bacteria.4,16,17 To date, studies have focused
on the decontamination and degradation capacity of ACP against environmental
pollutants in aqueous phase; however, very limited studies have been performed to
HYDOXDWHWR[LFLW\RISODVPDSURFHVVHGH൷XHQWVRQWHUUHVWULDORUDTXDWLFHQYLURQPHQtal indicators. Therefore, the main focus of this work is to evaluate ecotoxicologiFDOH൵HFWVRISODVPDWUHDWHGZDWHU 37: DVDVLPSOHPRGHOXVLQJWKHIUHHOLYLQJ
brown Hydra, as an important, environmentally relevant, and prevalent component
RIIUHVKZDWHUHFRV\VWHPV7KHDVVRFLDWHGWR[LFH൵HFWVRI37:RQPLFURELDOFHOOVDUH
also evaluated.
II. METHODOLOGY
A. Generation of PTW
:HJHQHUDWHG37:XVLQJDQDWPRVSKHULFDLUKLJKYROWDJHGLHOHFWULFEDUULHUGLVFKDUJH
in-package ACP system that is described in Sarangapani et al.10 and is fully characterized in Moiseev et al.18 For each experiment, 25 mL of water was subjected to
direct ACP (i.e., samples were placed between aluminum electrodes within plasma
discharge) generated at 80 kV with a treatment duration of 15 or 25 min to produce
37:DQG37:UHVSHFWLYHO\7UHDWPHQWZDVFDUULHGRXWDWDPELHQWWHPSHUDWXUH
(~ 20ºC). Samples were stored for 24 h post-treatment at room temperature. The pH
RI HDFK 37: ZDV PRQLWRUHG XVLQJ D JODVV HOHFWURGH S+ PHWHU 2ULRQ 2SWLFV 8.
6WD൵RUGVKLUH8. EHIRUHDQGDIWHUSODVPDWUHDWPHQW1LWUDWHFRQFHQWUDWLRQVDQGK\GURJHQSHUR[LGHFRQFHQWUDWLRQLQ37:ZHUHGHWHUPLQHGDFFRUGLQJWRWKHSURFHGXUH
of Boehm et al.19 and Lu et al.20
B. Hydra Maintenance and Toxicity Assay
A free-living brown Hydra was used to study the toxicity of water treated with ACP.
Hydra was maintained in Hydra medium (HM) containing 110 mg/L ඇ-Tris (hydroxymethyl) methyl අ-2-aminoethanesulfonic acid (TES) and 147 mg/L CaCl2·2H20 (pH 7)
and was kept at room temperature (~ 20ºC) in glass beakers that were autoclaved before
XVH:HXVHGGHLRQL]HGZDWHULQWKHSUHSDUDWLRQRIDOOVROXWLRQVUHTXLUHGWKURXJKRXWWKH
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study. Hydra was fed daily with freshly hatched Artemia nauplii. After feeding, HM was
replaced with fresh medium to avoid culture contamination.21–23
HydraZDVH[SRVHGWRXQWUHDWHGGHLRQL]HGZDWHU FRQWURO 37:RU37:
&RQFHQWUDWLRQVRI37:ZHUHVHWWRDQGXVLQJ+0([SHULments were conducted using six-well plates. Each well, containing three nonbudding
1-d–starved HydraZDV¿OOHGZLWKP/RIHLWKHU37:VDPSOHVRUWKHFRQWURO6DPples were spiked with TES and CaCl2 to match HM concentrations of these compounds, and the pH was adjusted to 7.4 ± 0.2 with 1 ආ1D2+%HIRUHHDFKH[SHULPHQW
VDPSOHVZHUHSDVVHGWKURXJKȝPPHPEUDQH¿OWHUV2EVHUYDWLRQVRIHydra were
FRQGXFWHGXVLQJDQ2O\PSXV6=VWHUHRVFRSH 2O\PSXV&RUSRUDWLRQRIWKH$PHULcas; Center Valley, PA). Results were recorded at 1 and 24 h after the exposure and
daily when required. Toxicity measurements of progressive changes in Hydra morphology were taken based on a scoring procedure using a scale from 10 to 0 devised
E\:LOE\LQ24 and reproduced later by Quinn et al.22:LWKWKLVPHWKRGDVFRUHRI
0 corresponds to the highest degree of toxicity. Experiments were performed in triplicate and repeated twice (n = 6).
C. Bacterial Strains, Culture Conditions, and Antimicrobial Activity of PTW
Three single-species test microorganisms, namely, Pseudomonas aeruginosa of
American Type Culture Collection (ATCC) 27853, Escherichia coli of ATCC 25922,
and Bacillus atrophaeus var. niger of ATCC 9372, obtained from stock cultures of
the School of Food, Science, and Environmental Health of the Dublin Institute of
7HFKQRORJ\ ZHUH XVHG WR GHWHUPLQH DQWLPLFURELDO DFWLYLW\ RI 37: (DFK EDFWHrium was inoculated in tryptic soy broth (TSB; Biokar Diagnostics; Ireland) and
incubated overnight at 37°C. The density of each overnight culture was adjusted
WR0F)DUODQG7KHPLQLPXPLQKLELWRU\FRQFHQWUDWLRQ 0,& RI37:RUXQtreated water for P. aeruginosa, E. coli, and B. atrophaeus was determined using a
broth microdilution method.25%ULHÀ\37:ZDVWZRIROGGLOXWHGLQ76%FRQWDLQLQJ
EDFWHULDOFHOOV ¿QDOFHOOFRQFHQWUDWLRQORJ10 colony-forming units/mL), with reVXOWLQJFRQFHQWUDWLRQRI37:UDQJLQJIURPWR&RQWUROVLQFOXGHG37:
or untreated water and TSB without bacterial cells (blank) and TSB with bacterial
cells (positive control). Plates were incubated for 24 h at 37°C. The MIC of either
treated or untreated water for three microorganisms was determined as the lowest
concentration showing no turbidity when compared to corresponding blank controls. Plasma-treatment experiments were replicated three times, and two biological
UHSOLFDWHVZHUHLQFOXGHGLQHDFKSODWH7KHORZHVW37:FRQFHQWUDWLRQWKDWLQKLELWHG
growth of the microorganism was detected by the lack of visual turbidity (matching
the corresponding blank control) and was designated MIC.26 To determine minimum
EDFWHULFLGDOFRQFHQWUDWLRQ 0%& ȝ/DOLTXRWVRI0,&DQGDWOHDVWWZRGLOXWLRQV
of higher concentration from each well were plated on tryptic soy agar (TSA Biokar
Diagnostics; Ireland) in duplicate, and plates were incubated for 24–48 h at 37°C.
Volume 8, Issue 3, 2018
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0%&ZDVGHWHUPLQHGWREHWKHORZHVWFRQFHQWUDWLRQRI37:DWZKLFKQREDFWHULDO
growth was observed.
III. RESULTS AND DISCUSSION
&RQVLGHULQJ SRWHQWLDO LPSDFWV RI LQGXVWU\ ZDVWHZDWHU H൷XHQWV RQ WKH HQYLURQPHQW
numerous studies have focused on optimization of plasma technology to achieve ef¿FLHQWELRORJLFDODQGFKHPLFDOSROOXWDQWFRQWURO%HFDXVHRIWKHGHPRQVWUDWHGSHUIRUmance of plasma processing in pollutant removal, it becomes clear that apart from the
biological and chemical degradation capacity of ACP, other important aspects of susWDLQDELOLW\ LQFOXGLQJ HFRWR[LFRORJLFDO H൵HFWV RI SODVPDSURFHVVHG H൷XHQWV DQG WKH
by-products require holistic assessment. This work investigated ecotoxicological efIHFWVRI37:DVDVLPSOHPDWUL[XVLQJHydra as a model invertebrate that represents
an important member of the aquatic food web in many freshwater ecosystems. Hydra
species requires no license requirements or animal ethics approval, it is associated
with low costs, and it is relatively easy to culture and maintain in laboratory environments.27 Hydra has been used to monitor freshwater toxicity and wastewater quality28–30 and evaluate toxicity of pharmaceuticals31 and nanomaterials.32,33 Moreover, it
was demonstrated that sensitivity of HydraWRGL൵HUHQWZDWHUVRXUFHVDVVRFLDWHGZLWK
agricultural and mining sectors was strongly correlated to sensitivity of the Daphnia
standard assay.34
In this work, the response of HydraWR37:ZDVPHDVXUHGDWWKHSK\VLRORJLFDOOHYHO
by evaluating morphological features of the Hydra body and tentacles and scoring from
WR5HVXOWVGHPRQVWUDWHGWKDWERWK37:DQG37:DWZHUHYHU\WR[LF
to Hydra )LJ ([SRVXUHWR37:IRUKUHVXOWHGLQERG\HORQJDWLRQ )LJ>E@ 
that was accompanied by slow body reactions, whereas the Hydra body was totally
FRQWUDFWHGDIWHUH[SRVXUHWR37: )LJ>F@ UHFHLYLQJDVFRUHRIDFFRUGLQJWRWKH
FODVVL¿FDWLRQVFKHPH 7DEOH )XUWKHUUHWDLQLQJHydraLQ37:DQG37:DW
IRUKOHGWRFRPSOHWHGLVLQWHJUDWLRQRISRO\SV )LJ>H@DQG>I@UHVSHFWLYHO\ UHVXOWLQJLQDVFRUHRIIRUERWKVROXWLRQV 7DEOH 1RDOWHUDWLRQVLQHydra morphology were
REVHUYHGLQFRQWUROVDPSOHVDIWHUKDQGK )LJ>D@DQG>G@UHVSHFWLYHO\ 37:
at a concentration of 75% was still lethal to Hydra )LJ>D@ 0RUHRYHUHydra exposed
WR37:DWFRXOGQRWUHFRYHUDIWHUSURORQJHGUHWHQWLRQLQ+00RUSKRORJLFDO
features of test animals were altered to a reduced degree after exposure to lower concenWUDWLRQVRI37:DWDQG37:DWUHFHLYLQJVFRUHVRIDQGUHVSHFWLYHO\
)LJ>E@DQG>F@ 7KHVH37:FRQFHQWUDWLRQVZHUHVXEOHWKDOEHFDXVHDOOHydra attained normal morphological appearance and feeding behavior after incubation for 4–5
GLQVWDQGDUGFXOWXUHFRQGLWLRQV,QFRQWUDVWDOOFRQFHQWUDWLRQVRI37:UHVXOWHGLQD
VFRUHRI )LJ>G@±>I@ DQGHydra death occurred more frequently during subseTXHQWLQFXEDWLRQLQ+0DIWHUH[SRVXUHWR37:DW
7KH GL൵HUHQFH LQ WKH UHVSRQVH RI Hydra to test solutions could be related to the
FKHPLFDO FRPSRVLWLRQ RI 37: DQG 37: ZLWK KLJKHU FRQFHQWUDWLRQV RI K\GURgen peroxide and nitrate generated after 25 min than after 15 min of treatment (Table
Plasma Medicine
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FIG. 1: Images of HydraUHÀHFWLQJSURJUHVVLYHFKDQJHVLQERG\PRUSKRORJ\GXHWRH[SRVXUH
RI37:DQG37:DWUHFRUGHGDIWHUK D±F DQGK G±I  DG &RQWURO EH 
37: FI 37:

2). The toxicity of plasma-treated or -activated solutions on cell culture systems have
been widely reported, and hydrogen peroxide appears to have a crucial role in causing
F\WRWR[LF H൵HFWV35 Haertel et al.36 demonstrated that mainly hydrogen peroxide generated during extended plasma treatments (5 min) was implicated in mammalian cell
death. Boehm et al.19VKRZHGWKDWSODVPDWUHDWHGEX൵HUVROXWLRQLQKLELWHGFHOOJURZWK
in a treatment-time–dependent manner, producing a linear correlation to the solutions’
peroxide concentration, which correlates with current results. Furthermore, the pH of
water was reduced from ~ 5.5 to ~ 2.79 and ~ 2.63 after 15 and 25 min of treatment,
UHVSHFWLYHO\ WKHUHIRUH WR H[FOXGH WR[LF H൵HFWV RI DQ DFLGLF HQYLURQPHQW WKH S+ RI
37:ZDVDGMXVWHGWRaEHIRUHHDFKH[SHULPHQW3UHOLPLQDU\UHVHDUFKGHPRQVWUDWHG
that when HydraZDVH[SRVHGWR37:JHQHUDWHGGXULQJVKRUWHUSODVPDGXUDWLRQV ±
Volume 8, Issue 3, 2018
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TABLE 1: Changes in HydraPRUSKRORJ\GXHWRH[SRVXUHWR37:DQG37:DFFRUGLQJWR
HydraWR[LFLW\FODVVL¿FDWLRQVFKHPH
PTW Contentration (%) Characteristics
Score

PTW15

PTW25

Control

100
75
50
25
100
75
50
25
—

Disintegrated
Totally contracted; no visible tentacles
Tentacles and body shortened
Shortened tentacles; body slightly
contracted
Disintegrated
Dead but intact (ball-shaped body)
Totally contracted; tentacles visible
Extended tentacles and body; reactive

0
4
6
7
0
1
1
5
10

Score 0 corresponds to highest degree of toxicity. Results were recorded after 24 h from the beginning of
the experiment.

FIG. 2: Images of HydraUHÀHFWLQJSURJUHVVLYHFKDQJHVLQERG\PRUSKRORJ\GXHWRH[SRVXUH
RI37: D±F DQG37: G±I DWFRQFHQWUDWLRQVRI DG  EH DQG FI 
recorded after 24 h

Plasma Medicine
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TABLE 2:&RQFHQWUDWLRQRIK\GURJHQSHUR[LGHDQGQLWUDWH P0 RI37:
Method
Concentration
PTW15

Hydrogen peroxide
1LWUDWH

PTW25

Hydrogen peroxide
1LWUDWH

.,
7L2624
Merck nitrate assay
.,
7L2624
Merck nitrate assay

0.54
0.51
0.84
0.83
1.10
1.30

37:3ODVPDWUHDWHGZDWHU

PLQDQG37:±37:UHVSHFWLYHO\ ZLWKXQDGMXVWHGS+WKHFKDQJHVLQDQLPDOERG\
PRUSKRORJ\FRXOGEHREVHUYHGZLWKLQK$IWHUWKLVSHULRGLI37:DQG37:ZHUH
sublethal to HydraH[SRVXUHWR37:±37: ZLWKPRUHDFLGLFS+ UHVXOWHGLQHydra
death (data not shown). This observation could be useful in terms of selecting plasma
treatment parameters, because higher voltage levels and longer treatment durations will
likely be associated with low pH and substantial concentrations of hydrogen peroxide
DQGQLWULWHQLWUDWHLQSODVPDWUHDWHGVROXWLRQVZKLFKFDQSRWHQWLDOO\D൵HFWWKHHFRWR[LFLW\SUR¿OHIRUDTXDWLFOLIH
2QH RI WKH VWDQGDUG PHWKRGV IRU GHWHUPLQLQJ WR[LFLW\ RI OLTXLGV RU VLQJOH VXEstances is to assess growth inhibition of the bacterium Pseudomonas putida (InterQDWLRQDO 2UJDQL]DWLRQ IRU 6WDQGDUGL]DWLRQ  37 P. putida is commonly used to
research toxicity of silver nanoparticles,38,39 metals, and pesticides,40,41 although the
use of other microorganisms, such as E. coli, S. aureus, and Bacillus, has also been
reported.42,43,QWKLVZRUNWKHWR[LFH൵HFWRIZDWHUVXEMHFWHGWRSODVPDWUHDWPHQWIRU
25 min was also examined using three bacterial strains, namely, P. aeruginosa, E. coli,
and B. atrophaeus. Using a broth microdilution assay, MIC and MBC values were esWDEOLVKHG 7DEOH $VVKRZQLQ)LJ D DQG E 37:DWFRQFHQWUDWLRQVRI
were lethal to both P. aeruginosa and E. coli (MBC values for both microorganisms
FRUUHVSRQGHGWRRI37: ZKLFKFRUUHODWHGZLWKHydra response. A slightly
ORZHUVHQVLWLYLW\WR37:ZDVREVHUYHGIRUB. atrophaeus, the growth of which was
HOLPLQDWHGDWFRQFHQWUDWLRQVDERYH )LJ>F@ $QWLPLFURELDOH൶FDF\RISODVPD
DFWLYDWHGZDWHUKDVEHHQZLGHO\UHSRUWHGVKRZLQJOHWKDOH൵HFWVDJDLQVWDZLGHUDQJH
of microorganisms.44–46$OWKRXJKWKLVSURSHUW\RISODVPDWUHDWHGVROXWLRQVPD\R൵HU
DQRYHODQGH൵HFWLYHGHFRQWDPLQDWLRQDSSURDFKIRUDUDQJHRILQGXVWULDOVHFWRUVFDUH
PXVWEHWDNHQUHJDUGLQJSRWHQWLDOXQLQWHQGHGDGYHUVHH൵HFWV6WXGLHVE\3DWDQJHHW
al.4GHPRQVWUDWHGWKDWDOWKRXJK$&3WUHDWPHQWFRXOGH൵HFWLYHO\LQDFWLYDWHNH\LQGLcator microorganisms in model dairy and meat wastewater, prolonged contact with
SODVPDSURFHVVHGH൷XHQWV WKDWUHWDLQHGORQJHUOLYHGVHFRQGDU\UHDFWLYHR[\JHQRU
nitrogen species) of up to 48 h was toxic to Daphnia magna. The tests involved in the
FXUUHQWZRUNDUHQRWZLGHO\VWDQGDUGL]HGKRZHYHUWKHGHPRQVWUDWHG37:WR[LFLW\LQ
the Hydra test and antimicrobial assay indicates that ecotoxicological impact must be
Volume 8, Issue 3, 2018
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TABLE 3:0,&DQG0%&YDOXHV  RI37:
MIC
MBC
P. aeruginosa
E. coli
B. atrophaeus

25 ± 0
12.5 ± 0
18.5 ± 7.5

25 ± 0
25 ± 0
37.5 ± 14.4

MBC, minimal bactericidal concentration; MIC, minimal inhibitory
FRQFHQWUDWLRQ37:SODVPDWUHDWHGZDWHUWUHDWHGIRUPLQ

considered when plasma is used for remedial treatment or functionalization of liquids.
This research also supports the possibility of integrating Hydra as a relevant bioinGLFDWRUEHFDXVHLWVVHQVLWLYLW\WR37:ZDVFORVHO\FRUUHODWHGZLWKEDFWHULDOJURZWK
inhibition, and such an assay could therefore be used as an additional biomonitoring
tool in a test battery applied for ecotoxicity screening of plasma-processed solutions.
In addition, with the HydraDVVD\VDPSOHWR[LFH൵HFWVFDQEHPHDVXUHGDWGL൵HUHQW
levels, including acute/chronic toxicity, regeneration and reproduction ability, feedLQJ EHKDYLRU DQG DWWDFKPHQW WR D VXEVWUDWH DQG WHUDWRJHQLF DQG JHQRWR[LF H൵HFWV22
However, to ensure that the Hydra DVVD\ UHDOLVWLFDOO\ UHÀHFWV WR[LFLW\ RI 37: RU
SODVPDWUHDWHGLQGXVWULDOH൷XHQWVYDOLGDWLRQVWXGLHVLQYROYLQJRWKHUDTXDWLFLQYHUWHEUDWHPRGHOVDQGHOXFLGDWLRQRI37:HFRWR[LFSUR¿OHVDUHVWLOOUHTXLUHG7KXVIXUWKHU
studies are warranted to ascertain how to avoid negative impacts of plasma-processed
solutions on nontarget aquatic organisms, eliminate environmental pollution, sequenWLDOO\EHQH¿WKXPDQKHDOWKDQGSURJUHVVVDIHDSSOLFDWLRQVRIWKLVWHFKQRORJ\LQZDWHU
remediation processes.
,QVXPPDU\WKLVVWXG\LQYHVWLJDWHVHFRWR[LFRORJLFDOH൵HFWVRI37:XVLQJHydra as
a model organism. Based on toxicity tests, we found that water exposed to either 15 or
25 min of treatment is highly toxic to Hydra:HREVHUYHGFRPSOHWHGLVLQWHJUDWLRQRI
FXOWXUHDIWHUFRQWDFWZLWK37:RIIRUK:HDOVRIRXQGWKDWZDWHUH[SRVHGWR
DORQJHUWUHDWPHQWGXUDWLRQRIPLQH[KLELWHGKLJKHUWR[LFLW\LQFRPSDULVRQWRH൵HFWV
induced by water treated with shorter (15 min) treatment. These observations were possible when HydraZDVH[SRVHGWRORZHUFRQFHQWUDWLRQVRI37:DQG3:7 
and 50%). Sensitivity of HydraWR37:ZDVFRUUHODWHGZLWKDEDFWHULDOJURZWKLQKLELtion assay indicating potential ecotoxicological impacts of plasma-processed solutions.
This research highlights the importance of implementing ecotoxicity risk assessments in
UHOHYDQWLQYHVWLJDWLRQVRIQRYHOSODVPDWHFKQRORJLHV:HDOVRGHPRQVWUDWHWKDWHydra
could be used as an additional in vivo tool to monitor the impact of plasma-processed
solutions on the aquatic environment.
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FIG. 3: (൵HFW RI 37: DW GL൵HUHQW FRQFHQWUDWLRQV DVVHVVHG XVLQJ WKH EURWK PLFURGLOXWLRQ
method on (a) P. aeruginosa, (b) E. coli, and (c) B. atrophaeus. (Vertical bars, standard deviation.)
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