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Abstract: Peroxynitrite (ONOO") and peroxynitrous acid (ONOOH) are known as short acting re-
active species with nitrating and oxidative properties, which are associated with their antimicrobial
effect. However, to the best of our knowledge, ONOOH/ONOO- are not yet used as antimicrobial
actives in practical applications. The aim is to elucidate if ONOOH generated in situ from acidified
hydrogen peroxide (H202) and sodium nitrite (NaNOz) may serve as an antimicrobial active in dis-
infectants. Therefore, the dose-response relationship and mutagenicity are investigated. Antimicro-
bial efficacy was investigated by suspension tests and mutagenicity by the Ames test. Tests were
conducted with E. coli. For investigating the dose-response relationship, pH values and concentra-
tions of H202 and NaNO: were varied. The antimicrobial efficacy is correlated to the dose of
ONOOH, which is determined by numerical computations. The relationship can be described by
the efficacy parameter W, corresponding to the amount of educts consumed during exposure time.
Sufficient inactivation was observed whenever W =1 mM, yielding a criterion for inactivation of E.
coli by acidified H202 and NaNO:. No mutagenicity of ONOOH was noticed. While further investi-
gations are necessary, results indicate that safe and effective usage of ONOOH generated from acid-
ified H202 and NaNOz as a novel active in disinfectants is conceivable.

Keywords: peroxynitrite; peroxynitrous acid; E. coli; Ames; dose-response relationship

1. Introduction

Disinfectants play an important role in our society, especially with the accelerated
growth of the economy and increasing globalization. Most disinfectants for skin use are
based on alcohol and these are recommended by the WHO Guideline [1]. They are effec-
tive against various bacteria, fungi, and viruses, but they show a lack in sporicidal efficacy
[2,3].

A possible candidate for a surface and skin disinfectant is peroxynitrous acid
(ONOOH) synthesized in situ from acidified hydrogen peroxide (H202) and nitrite (NOx).
ONOOH is known for its strong antimicrobial properties, which appear to be associated
with membrane damage [4,5]. Cell biological analysis shows interactions of ONOO- with
DNA, lipids, and proteins. A relation to direct oxidative reactions or indirect, radical-me-
diated mechanisms can be found. These various reactions and mechanisms can further be
attributed to various pathological incidents in humans [6,7].

Under physiological conditions at pH 7.4, its conjugated base peroxynitrite (ONOO-,
PKs 6.8) is produced from NO and O:™ as part of the innate immune response [8]. In acidic
conditions, ONOOH can be synthesized via the net reaction (the reaction is likely to pro-
ceed via a two-step process involving the formation of HsOz* [9]).
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H202 + HNO2 — ONOOH + H20. (R1)

with pH-dependent reaction coefficient according to Vione [9],

179.6 x (107PH )2
" (3.4x102+ 1077) (6 x 10~* + 10-PH)
Its oxidating and nitrative properties arise from ONOOH itself or from reactions of
its decay products, the hydroxyl radical (OH*) and nitrogen dioxide (NO:*) arise accord-
ing to the reactions

le

ONOOH — NO2*+ OH"* (30%), (R2)

ONOOH — H¢ + NOs (70%). (R3)

with the indicated branching ratios [10].

While ONOO- is stable under clean conditions in alkaline solution (in practice,
ONOO--solutions are stored at =80 °C) [11], the lifetime of ONOOH (tgnoon) due to reac-
tions R2 and R3 is 0.90 s [12]. In physiological solution, e.g., at pH 7.4 [13], ONOOH is
mainly present as the conjugated base ONOO- due to its pKs value of 6.8 [14]. However,
in physiological media, its lifetime is in the order of ms due to the presence of CO: [15].

ONOO- and ONOOH have previously been investigated for disinfecting bulk liquids
and biofilms, e.g., in wastewater treatment [16], disinfecting contact lenses, and in case of
bioterrorism contamination events [17,18]. Furthermore, it is discussed to be a major anti-
microbial component of aqueous liquids treated with physical plasma, in which H202 and
HNO: (among other species) are continuously generated [19,20].

However, ONOOH-based disinfection has not become established by now. It is likely
that the short-lived nature and reactivity of ONOOH makes its use difficult.

A direct measurement of ONOOH is difficult due to its short lifetime, spontaneous
decay, and high reactivity. Measurements of ONOOH are obtainable by performing fluo-
rescent measurements with 2,7-dichlorodihydrofluorescein diacetate as fluorescence dye
[21]. Due to the experimental setup, the mentioned method is not suitable because in acid-
ified conditions only a small fluorescence signal is detectable [22].

Furthermore, generated in situ by mixing acidified H202 and NaNO, the concentra-
tion of both the educts and ONOOH itself are strongly time-dependent as illustrated in
Figure 1. The exemplary data was obtained by solving the rate equations for reactions R1,
R2, and R3 numerically.
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Figure 1. Time dependence of the concentration of the educts H2O2 and HNO:2 (a) and resulting concentration of ONOOH
at pH 2, 3, and 4 (b). The data is obtained by numerically solving the rate equations for reactions R1, R2, and R3.
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The concentration of ONOOH at pH 2 rapidly increases when the reactants are mixed
but drops by three orders within a minute. In effect, most of the educts may already be
consumed and ONOOH may have decayed when the mixture reaches its target in a prac-
tical disinfection process. Hence, it is yet unclear if ONOOH-based disinfectants can be
applied for practical disinfection procedures in which processing times in the range of
tens of seconds to several minutes are required, e.g., the distribution and the diffusion on
or into potentially uneven or porous surfaces.

Furthermore, while several in vitro investigations on the mutagenicity of ONOO-
have been conducted, to this day, little is known about the mutagenic potential of
ONOOH [23-27].

In this work, the efficacy against bacteria and the mutagenic potential of ONOOH
generated in situ from H202 and NO>~ are studied using E. coli as a model microorganism.
The data have partially been published previously as part of a patent document and shall
be presented here to the scientific community in the required level of detail [28].

The antibacterial efficacy is investigated using the quantitative suspension test con-
sidering a waiting time of 30 s after mixing the educts H202 and NaNO: (mimicking real-
world processing and diffusion times) at various pH levels ranging from 2.4 to 5.9. Be-
cause practical applications such as surface and hand disinfection require disinfectants to
be effective under high organic load conditions, CASO broth is added during the suspen-
sion tests. The hygienic hand rub tests also employ proteins as protein load [29]. The dose-
response relationship is studied in detail by comparing various pH and H202/NO:~ con-
centrations to the achieved antimicrobial efficacy.

It is shown that the antimicrobial efficacy of acidified H2O2 and NOz~ against E. coli
correlates to the proposed efficacy parameter W, which corresponds to the amount of
educts ([H202] 2 [HNO2/NOx7]) consumed during the exposure time: If W>1 mM, more
than 1 mM H20: or HNO2/NO:" are consumed during exposure time, a sufficient inacti-
vation (>99.99%) is achieved. This, for the first time, allows a layout of an ONOOH-based
disinfectant for a target application by employing a priori numeric calculations.

Relating to its possible use as a disinfectant, the mutagenicity of ONOOH is of high
interest. The Ames test is a method that gives a hint toward a mutagenic potential. Studies
were previously published on ONOO- [30]. In our studies, the Ames test was performed
at acidic pH, preventing the formation ONOO-.

2. Materials and Methods
2.1. Microorganisms and Culture Conditions

For the antimicrobial testing the microorganism E. coli DSM 11250 (DSM-German
Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) was used for
suspension tests. The microorganism was cultured on CASO-agar plates (Carl Roth
GmbH & Co. KG, Karlsruhe, Germany). After incubation for 24 h at 37 °C, plates were
stored at 8 °C. For the experiments, one colony was transferred to 25 mL CASO broth (Carl
Roth GmbH & Co. KG, Karlsruhe, Germany) and cultured as an overnight culture (20 h,
37 °C). After the incubation time, 10 mL of the culture was centrifuged for 5 min (4500
rpm, Heraeus Multifuge 1S, Thermo Fisher Scientific, Dreieich, Germany). The superna-
tant was discarded, and the cells were suspended in 10mL of saline solution (0.85% NaCl
(Carl Roth GmbH & Co. KG, Karlsruhe, Germany)). The bacteria suspension was adjusted
to a total viable count of approximately 8 logi cfu/mL (cfu: colony forming unit; 108
cfu/mL, stock suspension).

For the implementation of the Ames test, E. coli WPA2 with a mutation at the trpE
gene (DSM 9495) was chosen. This microorganism was cultured on minimal glucose agar
plates as described [31].
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2.2. Suspension Tests with Various pH and H202/NOz~ Concentrations

ONOOH was formed by mixing solutions of H202 and NaNO: at pH values ranging
from 2.4 to 5.9 and equimolar initial concentrations of H>02 and NO2 of 0.05, 0.25, 0.5, 2.5,
5, 10, 25, 20, and 30 mM, respectively.

The suspension test consisted of five steps:

1. 220 pL of CASO broth and 100 pL of E. coli stock suspension (1:100 dilution) were
transferred to 1.5 mL Eppendorf cups.

2. Ina further Eppendorf cup, 390 puL of a NaNO: solution was prepared and 390 uL of
phosphate-citrate buffer solution (see section below) containing H>0O: was added.

3. After 30 s of waiting, the mixture was added to the cup containing E. coli as prepared
in step 1.

4.  The bacteria solution was exposed to ONOOH generated from NaNO: and H20: for
an exposure time of approximately 15 to 20 s.

5. 50 pL of the solution were plated in logarithmic order on agar plates (Eddyjet 2, &L
Biosystems GmbH, Konigswinter, Germany).

The subsequent counting of the colonies was conducted with a colony counter
(Flash&Go, I1&L Biosystems, Konigswinter, Germany). The negative control experiments
were performed by employing distilled water instead of buffered H202and NaNO:z-solu-
tion in the procedure described above. The evaluation of the reduction of the microorgan-
ism E. coli was depicted by the calculation of the reduction factor according to

reduction factor = 10g10( Ncontrol) - loglO(Ntreatment)! (1)

where Neontrol and Nireament are the cfu of the control and of the treated microorganisms,
respectively.

The buffer solutions employed in the suspension tests were designed based on the
Mcllvaine buffer [32]. Buffer solutions in the range from pH 2.4 to 5.9 were prepared from
a 450 mM sodium hydrogen phosphate (NazHPOs4) solution (Na2zHPOs - 2 H20, Carl Roth
GmbH & Co. KG, Karlsruhe, Germany) and a 1000 mM solution of citric acid (citric acid,
anhydrous, Carl Roth GmbH & Co. KG, Karlsruhe, Germany). The measured pH values
along with the corresponding pH values used in the numerical calculations are shown in
Table 1. During the suspension tests, the buffer was mixed with H20: solution (H202 w =
30%, Merck KGaA, Darmstadt, Germany), NaNO2, and CASO- broth (both Carl Roth
GmbH & Co. KG, Karlsruhe, Germany) in the mixing ratios indicated above. In order to
ensure that the buffer is strong enough to maintain the desired pH within +0.1 pH units
during the experiments, the pH was measured after step 2 and after step 3 of the proce-
dure described above. The measurements after each step were mainly established to esti-
mate the impact of the addition of CASO broth on the pH value. The indicated concentra-
tions of H202 and NaNO: referred to the respective initial concentrations in the mixture
obtained in step 2. The pH values per row shown in Table 1 increase by shifting the pro-
portion of NazHPOs to citric acid for the benefit of Na2HPOs (sample 1 =lowest proportion
of Na:HPOs, sample 8 = highest proportion of NazHPOs). The adjustment process was
created manually by the usage of the pH electrode (Mettler Toledo Seven Excellence Mul-
tiparameter, Gieflen, Germany) to ensure the correctness of the pH employed in numerical
calculations.

Table 1. pH values of various phosphate-citrate buffer solutions with the peroxynitrous acid-con-
taining solutions after step 2 (Buffer + XmM H:0: and NaNO:) and after step 3 (addition of CASO
broth to solution from step 2).

pH of Buffer + pH of Buffer +

")

2 pH of Buffer + pH of Buffer + 95 mM HaOs  0.05 mM HzO» }?H Emplo.yed

& 25mMH:0: 0.05mM H:0: in Numerical

®  and NaNO ndNaNO, A NaNO:+ and NaNO:+ 1 tion
a aNO: a aNO: CASO CASO alculations

1 2.39 2.39 2.39 2.39 2.4
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2 2.75 2.85 2.84 291 2.8
3 3.23 3.25 3.26 3.27 3.2
4 3.76 3.76 3.78 3.78 3.8
5 4.18 4.23 4.26 4.30 4.2
6 4.73 4.76 4.85 4.86 4.8
7 5.46 5.50 5.51 5.54 5.5
8 5.93 571 5.95 5.73 59

2.3. Evaluation of Efficacy Parameter

It is assumed that the dose-response relationship can be described using the Haber’s
efficacy parameter H corresponding to the temporal integral over the concentration of
ONOOH during the exposure time ranging from toto t1, where to is the time point when
ONOOH is first in contact with the bacteria and t: resembles the endpoint of the disinfec-
tion process:

31
H = | [ONOOH] dt. (2)
to

However, in most practical applications, the time-dependent concentration of
ONOOH is not accessible. As recommended by Schmidt-Bleker et al. [28], it is favorable
to define the efficacy parameter W as the total concentration of ONOOH generated dur-
ing the exposure time:

W= f R dt, 3)

where R(t) is the production rate of ONOOH
R(t) = k(pH)[HNO,][H; 0], (4)

according to reaction R1 with the pH-dependent reaction coefficient k [9]. When the life-
time of ONOOH is much shorter than the exposure time t1— to,

H
W =

©)

)
ToNoOH

This is demonstrated in Figure 2 in which the computed indefinite integral over R(#)
in Equation (3) is compared to the computed efficacy parameter according to Haber
(Equation (2)). It can be observed that slight deviations between H/tonooy and W can
only be expected for extremely fast processes. The advantage of employing the parameter
W is that it equals the total amount of total nitrite (HNO:z + NO2") and H20: that have
reacted during the exposure time (as H202 and HNO:2 are consumed at equal amounts
according to reaction R1, W can be determined from the consumption of either species),

e.g.
W = [H;0,](t;) — [H;02](to) = [HNO,](t,) + [NOz](t;) — [HNO;](to) — [NOZ](to), (6)

which, in contrast to ONOOH, may often be measurable using test strips or employing
UV spectroscopy.

In the frame of this work, W was computed numerically using SciPy [33]. In order
to account for the dilution in step 3 of the suspension test described in Section 2.2. the
concentrations were computed in two steps: In the first step, the concentrations were com-
puted in the interval (0, to). Then, all concentrations were multiplied with the factor 0.71
(780 uL reaction mass of H202 and NO:~ divided by 1100 uL total volume), using the com-
puted concentrations as starting values for the computation of the concentrations during
the exposure time (to, t1).
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Figure 2. Exemplary comparison of the indefinite integrals according to Haber’s efficacy parameter
(see Equation (1)) and the efficacy parameter W (Equation (2)).

2.4. Ames Test

For the testing of a mutagenic effect of the mixture of H202 and NO:- solutions, an
Ames test was conducted. The method was adopted and performed as a plate incorpora-
tion assay [31]. As a negative control, ultrapure water (Thermo Fisher Scientific GenPure
Pro Barnstead, Dreieich, Germany) was used. The positive control was achieved by ap-
plying the chemical 4-Nitroquinoline-N-oxide (VWR International GmbH, Hannover,
Germany), which is a known mutagenic agent. The test sample was obtained by mixing
50 mM NaNO: solution with a solution containing 50 mM H20O: containing 2% citric acid.
In order to obtain diluted samples of the test sample, both solutions were diluted sepa-
rately prior to mixing. Amounts of 100 ug, 10 ug, 0.1 pug 4-Nitroquinoline-N-oxide, and
Opg as control, respectively, were added to the molten top agar and poured on the agar
plates. In total, the molten top agar was composed of 100 pL of a 9 logio cfu/mL overnight
culture of E. coli WP2, 10-200 uL of 4-Nitroquinoline-N-oxide (accordingly to concentra-
tion added with distilled water up to 200 pL), or 200 uL of the test sample (100 uL of each
solution). For pH stabilization, 500 uL sodium phosphate buffer solution was included.

3. Results and Discussion
3.1. Suspension Tests with Various pH and H202/NOz~ Concentrations

The inactivation rate of microorganisms was investigated in dependence of varying
pH values and concentrations of H202 and NO:" solutions. The experiments were per-
formed in three sets with separate negative control experiments. The untreated control
experiments yielded 8.06 + 0.04, 7.36 + 0.04, and 8.32 + 0.05 log1o cfu/mL. The results of the
means of the reduction factors, and accordingly, the computed efficacy parameter W, both
at indicated pH and initial [H202] 2 [HNO2+ NOx], are illustrated in Figure 3.



Antibiotics 2021, 10, 1003 7 of 11
= 30 Wimm = 30 Ig-reduction
E E
25 I- 2,00 325 I

o]

2 z - 4.00
+ 20 - 150 % 20
3 -
5 S 3.00
z 15 - 15
. -1.00 . -2.00
— 10 = 10
o, Q, - 1,00
I
= 5 L 5
[] _—
= 8 - 0.00
= =]
= 0 £ 0 B

2 25 3 45 5 55 6 2 25 3 35 4 45 5 55 6

(a) PH (b)

Figure 3. Measured logio reduction factors of E. coli of individual experiments (a) at indicated pH and initial [H202] 2
[HNO: + NO=] and (b) computed efficacy parameter W at indicated pH and initial [H202] 2 [HNO2 + NO27].

Figure 3a shows that the logi-reduction is maximal at concentrations of ~10 mM-30
mM within a pH of 3.25. At higher or lower pH values the logi-reduction decreases. For
concentrations less than 5 mM, little to no reduction can be achieved at any pH. The same
is true for pH values greater than 4.75. In Figure 3b, the computed efficacy parameter I/,
calculated according to equation 3 for all pH and concentration combinations of Table 2
is presented. The shape of Figure 3a is well comparable to Figure 3b. To clarify this point,
the relation between reduction factor and efficacy parameter is displayed in Figure 4.

The shape of the efficacy map in Figure 3b can easily be understood by examining
Figure 5, which shows the computed time-dependent concentrations of H2O2 and HNO:
+NO2 and ONOOH at three exemplary parameters.

At low pH of 2.4, the reaction R1 proceeds too fast, and hence too little educts are left
after the 30 s waiting period to sufficiently inactivate the bacteria during the exposure
time (f1— fo). At pH 4.2, the reaction proceeds too slow, while at pH 3.2, the highest
ONOOH concentration can be expected during the exposure time.

The antimicrobial efficacy of ONOOH generated from acidified H202 and NaNO: to-
ward E. coli correlates to the dose (concentration x exposure time) of ONOOH. The efficacy
can be described using a simplified efficacy parameter W, which corresponds to the
amount of H202 or HNO2+ NOz consumed during the exposure time. A logi reduction
of >4 is obtained whenever W =1 mM. The inactivation was achieved in a solution con-
taining CASO broth, which shows that a ONOOH-based decontamination may work un-
der conditions of high organic load. The optimum pH values of 3-4 and initial concentra-
tions of NaNO2 and H20: greater than 10 mM will depend on the employed waiting time
to, indicating the time between the mixing of educts and the time of application. Further-
more, an efficacy parameter of 1 mM may depend on the given organic load, as this may
affect the lifetime of ONOOH in the solution. It is observed that neither a low pH of 2.4
alone nor high concentrations of H202 2 HNO2+ NO2~ of 30 mM are sufficient to inactivate
E. coli during an exposure time of 30s. Previous publications that investigated the antimi-
crobial efficacy of plasma-activated water also indicate peroxynitrous acid to be the most
important reactive oxygen and nitrogen species (RONS) for elimination of bacteria [34].
Furthermore, acidified nitrates and H202 did not show any lethal effect when applied sep-
arately, whereas a synergistic lethal effect was predicted when chemical compounds were
mixed [35].
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Table 2. cfu per plate of individual measurements (M1 to M3) after treatment with 4-Nitroquinoline-

N-oxide (100% = 100 pg per plate) or ONOOH-solution (100% = the initial concentration in mixed
solution amounted to 25 mM NaNOz, 25 mM H20:, 1% citric acid).

Test Amount of
M1 M2 M3 M +
Product Test Product ean=0
Z. 100% 0 0 0 0.0+0.0
& 10.0% 35 0 21 18.7+17.6
Tg' = 5.0% 152 108 105 121.7 +26.3
% 5 2.5% 160 172 174 168.7+7.6
_g 1.0% 32 31 28 303+2.1
z 0.50% 13 12 11 12010
= 0.30% 7 5 16 93+59
100% 0 0 0 0.0+0.0
S 20.0% 0 0 0 0.0+0.0
% 10.0% 7 9 11 9.0+2.0
6 4.0% 12 9 12 11.0+1.7
,f 2.0% 12 11 6 9.7+32
0.40% 12 11 14 123+15
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Figure 5. Computed concentrations of H202 2 HNO:z + NOz™ and (a) ONOOH (b) at pH 2.4, 3.2, and 4.2 at initial concen-
tration of H202 2 HNO2+ NOz™ of 20 mM.
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3.2. AMES Test

The mutagenetic tests were conducted with a fixed concentration of 25 mM H202 and
25 mM NOx, in mixture. The concentrations used were set to a lower level than presented
in the experimental part, as the test solution shows bactericidal effects and higher concen-
trations will probably lead to no growth because of complete elimination. Furthermore,
the test requires to be conducted at the highest non-toxic concentration of the test product
[36]. Since elimination can hide possible mutagenic properties, different tests are neces-
sary to determine the mutagenicity at higher concentrations of the test product. The used
mutagenic agent as positive control was 4-Nitroquinoline-N-oxide in various concentra-
tions (0.1, 10, and 100 ug per plate). Ultrapure water was used as negative control. In Table
2 the resulting cfu per plate are listed when either treating the E. coli WP2 strain with the
test product for 30 s before plating or incubating the bacteria on plates equipped with 4-
Nitroquinoline-N-oxide as positive control. The incubation time for positive control and
test product was 17 h.

For the test product, 100% corresponds to an initial concentration of 25 mM NaNO,
25 mM H202, and 1% citric acid in the mixed solution. For the positive control, 100% cor-
responds to 100 pg 4-Nitroquinoline-N-oxide per plate. In this test, high numbers of cfu
per plate show a high mutagenic activity. The number describes the amount of occurring
revertants. These are mutants that have reverted to its origin by a further occurring mu-
tation. In this case, the revertants regain the ability to metabolize the existing tryptophan
in the agar. This process is triggered naturally or by mutagenic agents. The negative con-
trol with ultrapure water results in 7.0 + 1.2 cfu/plate, whether or not the positive control
shows a significant increase on cfu/plate up to 170 by a concentration of less than 1% per
plate of 4-Nitroquinoline-N-oxide. For the test product, no significant increase is observed
at concentrations ranging from 0.4% to 10%. The number of colonies observed for the test
products at concentrations < 10% suggest naturally occurring revertants due to the same
level of revertants in comparison to the negative control. At higher concentrations, the test
product led to a complete inactivation of the bacteria. As the complete inactivation can be
a result of either antibacterial efficacy of the test product or a mutagenic effect, no clear
result can be concluded on the mutagenic potential of the test product in this case [37].

4. Conclusions

The efficacy parameter W corresponds to the amount of educts (H202 or HNO2) con-
sumed at a given pH value during the exposure time and produces a clear criterion for
the inactivation of E. coli by ONOOH. If W >1 mM, a sufficient inactivation can be ex-
pected. This leads to a better understanding of the reaction kinetics and allows a precise
design for further experiments. In future work, the efficacy parameter should be deter-
mined for other microorganisms.

Regarding the AMES test, the findings do not hint toward a possible mutagenic po-
tential of ONOOH for concentrations of <25 mM H:0: and NaNO:.. Further testing is nec-
essary to assess the mutagenic potential of ONOOH for higher concentrations. These can
be conducted by using mammalian cells [38].

In conclusion, in situ generated ONOOH from acidified H202 and NO2™ may serve as
a disinfectant for practical purposes. The investigations on the antimicrobial efficacy in-
corporate well toward the findings of several studies, and peroxynitrous acid is to play an
important role in the elimination of bacteria [34]. However, particular attention must be
paid to the required processing and exposure times, as the rapid degradation of H20O2 and
HNO: + NOz and similarly, the short lifetime of ONOOH, rapidly loses its efficacy over
time. pH and initial concentrations may need to be adapted to function under given con-
ditions.

Author Contributions: Conceptualization, A.S.-B., J.W., and M.B.; methodology, A.S.-B., JW., and
M.B,; software, A.S.-B.; validation, A.S.-B., JW., and T.v.W.; formal analysis, A.S.-B. and M.B.; in-
vestigation, A.S.-B.,].W., and M.B. resources, ].W.; data curation, A.S.-B. and M.B.; writing—original



Antibiotics 2021, 10, 1003 10 of 11

draft preparation, A.S.-B., J.W., and M.B.; writing—review and editing, A.S.-B., JW., T.v.W., and
M.B.; visualization, A.S.-B. and M.B.; supervision, A.S.-B., J.W., and T.v.W_; project administration,
J.W. funding acquisition, J.W. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Conlflicts of Interest: The authors Jorn Winter and Ansgar Schmidt-Bleker are shareholders and
CEOs of Nebula Biocides GmbH, developing decontamination methods including peroxynitrous
acid as antimicrobial active. All other authors declare no conflict of interest.

References

1.  WHO. Guidelines on Hand Hygiene in Health Care: A Summary; World Health Care Organization: Genf, Switzerland, 2009.

2. des Robert Koch-Instituts, B. Vorwort zur Liste der vom Robert Koch-Institut gepriiften und anerkannten Desinfektionsmittel
und-verfahren. Bundesgesundheitsblatt—Gesundh. Gesundh. 2003, 46, 72-95.

3. Jabbar, U.; Leischner, J.; Kasper, D.; Gerber, R.; Sambol, S.P.; Parada, J.P.; Johnson, S.; Gerding, D.N. Effectiveness of Alcohol-
Based Hand Rubs for Removal of Clostridium difficile Spores from Hands. Infect. Control Hosp. Epidemiol. 2010, 31, 565-570,
doi:10.1086/652772.

4. Tello, A.; Austin, B.; Telfer, T. Selective Pressure of Antibiotic Pollution on Bacteria of Importance to Public Health. Environ.
Health Perspect. 2012, 120, 1100-1106, doi:10.1289/ehp.1104650.

5. Naitali, M.; Herry, J.-M.; Hnatiuc, E.; Kamgang, G.; Brisset, J.-L. Kinetics and Bacterial Inactivation Induced by Peroxynitrite in
Electric Discharges in Air. Plasma Chem. Plasma Process. 2012, 32, 675-692, doi:10.1007/s11090-012-9383-y.

6. Pacher, P.; Beckman, ].S.; Liaudet, L. Nitric Oxide and Peroxynitrite in Health and Disease. Physiol. Rev. 2007, 87, 315-424,
doi:10.1152/physrev.00029.2006.

7. Szabd, C.; Ischiropoulos, H.; Radi, R. Peroxynitrite: Biochemistry, pathophysiology and development of therapeutics. Nat. Rev.
Drug Discov. 2007, 6, 662—-680, doi:10.1038/nrd2222.

8. Alvarez, M.N.; Peluffo, G.; Piacenza, L.; Radi, R. Intraphagosomal peroxynitrite as a macrophage-derived cytotoxin against in-
ternalized Trypanosoma cruzi: Consequences for oxidative killing and role of microbial peroxiredoxins in infectivity. J. Biol.
Chem. 2011, 286, 6627-6640.

9.  Vione, D.; Maurino, V.; Minero, C.; Borghesi, D.; Lucchiari, M.; Pelizzetti, E. New Processes in the Environmental Chemistry of
Nitrite. 2. The Role of Hydrogen Peroxide. Environ. Sci. Technol. 2003, 37, 4635-4641, d0i:10.1021/es0300259.

10. Islam, B.U.; Habib, S.; Ahmad, P.; Allarakha, S.; Ali, A. Pathophysiological Role of Peroxynitrite Induced DNA Dam-age in
Human Diseases: A Special Focus on Poly(ADP-ribose) Polymerase (PARP). Indian |. Clin. Biochem. 2015, 30, 368-385.

11. Koppenol, W.H. The chemistry of peroxynitrite, a biological toxin. Quimica Nova 1998, 21, 326-331, doi:10.1590/s0100-
40421998000300014.

12.  Molina, C.; Kissner, R.; Koppenol, W.H. Decomposition kinetics of peroxynitrite: Influence of pH and buffer. Dalton Trans. 2013,
42,9898, doi:10.1039/c3dt50945a.

13. Reddi, B.A. Why Is Saline So Acidic (and Does It Really Matter?). Int. ]. Med. Sci. 2013, 10, 747-750, d0i:10.7150/ijms.5868.

14. Brissett, J.H.E. Peroxynitrite: A Re-examination of the Chemical Properties of Non-thermal Discharges Burning in Air Over
Aqueous Solutions. Plasma Chem. Plasma Process. 2012, 32, 655-674.

15. Lymar, S.V.; Hurst, ].K. Carbon Dioxide: Physiological Catalyst for Peroxynitrite-Mediated Cellular Damage or Cellular Pro-
tectant? Chem. Res. Toxicol. 1996, 9, 845-850, d0i:10.1021/tx960046z.

16. Jiang, G.; Yuan, Z. Synergistic inactivation of anaerobic wastewater biofilm by free nitrous acid and hydrogen peroxide. . Haz-
ard. Mater. 2013, 250-251, 91-98, d0i:10.1016/jjhazmat.2013.01.047.

17. Heaselgrave, W.; Andrew, P.W.; Kilvington, S. Acidified nitrite enhances hydrogen peroxide disinfection of Acanthamoeba,
bacteria and fungi. J. Antimicrob. Chemother. 2010, 65, 1207-1214, doi:10.1093/jac/dkq075.

18. Szabo, J.G.; Adcock, N.J.; Rice, E.W. Disinfection of Bacillus spores with acidified nitrite. Chemosphere 2014, 113, 171-174,
doi:10.1016/j.chemosphere.2014.05.038.

19. Lukes, P.; Dolezalova, E.; Sisrova, L.; Clupek, M. Aqueous-phase chemistry and bactericidal effects from an air discharge plasma
in contact with water: Evidence for the formation of peroxynitrite through a pseudo-second-order post-discharge reaction of
H202and HNO2. Plasma Sources Sci. Technol. 2014, 23, 015019, doi:10.1088/0963-0252/23/1/015019.

20. Oehmigen, K.; Hihnel, M.; Brandenburg, R.; Wilke, C.; Weltmann, K.D.; von Woedtke, T. The Role of Acidification for Antimi-
cro-bial Activity of Atmospheric Pressure Plasma in Liquids. Plasma Process. Polym. 2010, 7, 250-257.

21. Tarabova, B.; Lukes, P.; Hammer, M.U.; Jablonowski, H.; von Woedtke, T.; Reuter, S.; Machala, Z. Fluorescence measurements
of peroxy-nitrite/peroxynitrous acid in cold air plasma treated aqueous solutions. Phys. Chem. Chem. Phys. 2019, 21, 8883-8896.

22. Machala, Z.; Tarabova, B.; Hensel, K.; Spetlikova, E.; Sikurova, L.; Lukes, P. Formation of ROS and RNS in Water Electro-
Sprayed through Transient Spark Discharge in Air and their Bactericidal Effects. Plasma Process. Polym. 2013, 10, 649-659,
doi:10.1002/ppap.201200113.

23. Burney, S.; Caulfield, J.L.; Niles, J.C.; Wishnok, J.S.; Tannenbaum, S.R. The chemistry of DNA damage from nitric oxide and

perox-ynitrite. Mutat Res. 1999, 424, 37-49.



Antibiotics 2021, 10, 1003 11 of 11

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Ferrer-Sueta, G.; Radi, R. Chemical Biology of Peroxynitrite: Kinetics, Diffusion, and Radicals. ACS Chem. Biol. 2009, 4, 161-177,
doi:10.1021/cb800279q.

Juedes, M.].; Wogan, G.N. Peroxynitrite-induced mutation spectra of pSP189 following replication in bacteria and in human
cells. Mutat. Res. Mol. Mech. Mutagen. 1996, 349, 51-61, doi:10.1016/0027-5107(95)00152-2.

Kim, HW.; Murakami, A.; Williams, M.V.; Ohigashi, H. Mutagenicity of reactive oxygen and nitrogen species as detected by
co-culture of activated inflammatory leukocytes and AS52 cells. Carcinog. 2003, 24, 235-241, d0i:10.1093/carcin/24.2.235.

Szabd, C.; Ohshima, H. DNA Damage Induced by Peroxynitrite: Subsequent Biological Effects. Nitric Oxide 1997, 1, 373-385,
doi:10.1006/niox.1997.0143.

Schmidt-Bleker, A.; Winter, J.; Weltmann, K.-D.; Bendt, H. Disinfection Process Using an Active Disinfecting Substance Formed
In Situ by Reacting H202 and NOx. Patent Application No. O 2019/219959 A1, 17 May 2019.

DIN. Chemische Desinfektionsmittel und Antiseptika-Hygienische Hindedesinfektion-Priifverfahren und Anforderungen (Phase 2/Stufe
2); Deutsche Fassung EN 1500:2013; Deutsches Institut fiir Normung: Berlin, Germany, 2017.

Kuwahara, H.; Nonaka, K.; Yamada, S. Assessment of the Anti-Mutagenicity of Various Amino Acids, Polyphenols, and Vita-
mins against Peroxynitrite-Induced Mutation. ]. Health Sci. 2004, 1, 11-17.

Gatehouse, D. Bacterial Mutagenicity Assays: Test Methods. Methods Mol. Biol. 2011, 817, 21-34, d0i:10.1007/978-1-61779-421-
6_2.

Mcllvaine, T.C. A buffer solution for colorimetric comparison. J. Biol. Chem. 1921, 49, 183-186, doi:10.1016/s0021-9258(18)86000-
8.

Virtanen, P.; Gommers, R.; Oliphant, T.E.; Haberland, M.; Reddy, T.; Cournapeau, D.; Burovski, E.; Peterson, P.; Weckesser, W.;
Bright, J. SciPy 1.0: Fundamental algorithms for scientific computing in Python. Nat. Methods 2020, 17, 261-272.

Machala, Z.; Tarabova, B.; Sersenova, D.; Janda, M.; Hensel, K. Plasma activated water chemical and antibacterial effects: Cor-
rela-tion with gaseous and aqueous reactive oxygen and nitrogen species, plasma sources and air flow conditions. J. Phys. D
Appl. Phys. 2018, 52, 034002.

Naitali, M.; Kamgang-Youbi, G.; Herry, J.-M.; Bellon-Fontaine, M.-N.; Brisset, J.-L. Combined effects of long-living chemical
spe-cies during microbial inactivation using atmospheric plasma-treated water. Appl. Environ. Microbiol. 2010, 76, 7662-7664.
Cariello, N.F.; Piegorsch, WW. The Ames test: The two-fold rule revisited. Mutat. Res. Toxicol. 1996, 369, 23-31,
d0i:10.1016/s0165-1218(96)90044-0.

Smith, C.J.; Perfetti, T.A. Statistical treatment of cytotoxicity in Ames bacterial reverse mutation assays can provide additional
structure—activity relationship information. Toxicol. Res. Appl. 2020, 4, 2397847320911631, doi:10.1177/2397847320911631.

Klein, C.B.; Broday, L.; Costa, M. Mutagenesis Assays in Mammalian Cells. Curr. Protoc. Toxicol. 1999, 1, 3.3.1-3.3.7,
doi:10.1002/0471140856.tx0303s01.



