














Phys. Plasmas 24, 103501 (2017)

FIG. 4. Observation of DMPOX when
measuring ‘OH in the plasma treated
solution. (a) The spectrum of spin trap
adduct DMPOX obtained with 20s
plasma treatment and 10mM DMPO
added into the sample. The hyperfine
coupling constants of DMPOX are
AN=726 and A"=4.04. Differences
on the chemical structure of DMPO,
DMPO-OH, and DMPOX are shown as
well. (b) Time curves of concentrations
of DMPOX during 60s plasma treat-
ment with different DMPO concentra-
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plasma treated PBS. DMPOX has also been found to appear
in other air plasma treated samples.”’18 Therefore, the reve-
lation on the oxidation process of DMPO can offer a clearer
view on the chemistry in the high oxidative solutions treated
by air plasma.

B. Tests on sources of oxidation of DMPO

No satisfactory explanation about the original oxides that
oxidize DMPO into DMPOX has been reported yet. In differ-
ent experiments, several chemicals including HAuC14,26
102,27 ClOz,28 and 05%° have been proposed to complete this
process. Some researchers reported that DMPOX is oxidized
from DMPO-OH but not DMPO itself.>*' However, it is
unlikely the case in our plasma system. We use the scavenger
for OH radicals, D-Mannitol, to inhibit plasma-produced OH
in liquid in order to prevent the generation of DMPO-OH.
The addition of D-Mannitol has not scavenged all DMPOX
when the DMPOX concentrations become stable, as shown in
Fig. 5(a). In Fig. 5(b), the spectrum pattern of DMPOX is
also not influenced by the highest D-Mannitol concentration
of 320mM. These results show that the oxidation of DMPO
into DMPOX is related to OH in the solution, but it is not ini-
tialized by OH. There are still other plasma-produced oxides
that oxidize DMPO into DMPOX directly. This process is not
started from DMPO-OH but from DMPO.

Since 'O, has already been measured to be existed in
plasma treated liquid by using the spin trap of TEMP, 'O, as
another possible oxide to form DMPOX has also been tested.
Similar to D-Mannitol, varying concentrations of sodium
azide are added into PBS together with 10 mM DMPO. It is
found that sodium azide can much more effectively reduce
the intensities of the DMPOX spectrum than D-Mannitol, as

Time (s)

tions added into plasma treated samples.

shown in Fig. 6(a). Only 10 mM sodium azide leads to no
any spectra tested in ESR at all. This result is well agreed
with the results shown in Fig. 3(b) that 10 mM sodium azide
can also effectively inhibit the capture of 'O, by TEMP.
Additionally, we have also tested the addition of sodium
azide into samples with different concentrations of DMPO.
The addition of sodium azide can reduce DMPOX concen-
trations in all three cases directly, as shown in Fig. 6(b).
These results have proved the possibility that the oxidation
of DMPOX is a 'O, initialized process.

Chemical scavengers added into solution can remove
the corresponding aqueous RONS. As analyzed above, aque-
ous 'O, directly comes from those generated inside plasma.
Therefore, if 102 indeed acts as the direct oxide to DMPO,
the reduction in the supply of gaseous 'O, should also result
in the decrease in the DMPOX concentration. As our SMD
device generates air plasma, we use two methods to influ-
ence gaseous 'O, to diffuse into liquid. Putting the same vol-
ume of treated liquid in an open environment rather than a
closed well would lead to side loss of plasma generated 'O,
in surrounding ambient air, which reduces the amount of 102
diffusing into liquid, as shown in Fig. 7. Meanwhile, putting
the treated liquid into a ventilating system with disturbance
on discharging air can further blow away plasma generated
reactive species before they enter into the treated solution. In
Fig. 7, we have compared ESR measurements on DMPO
containing samples (10 mM) treated by air plasma in these
three cases. The results show that the reduction in supply of
gaseous 'O, can also significantly reduce concentrations of
DMPOX in downstream PBS. There are only 9.6% DMPOX
detected in the Open case compared to the Close case. In the
Open + Flow case, there is no effective spectrum observed
from the treated sample. Together with the chemical

FIG. 5. Influences on DMPOX from
the addition of D-Mannitol to scavenge
OH in the plasma treated solution. (a)
Variation on D-Mannitol concentra-
tions to reduce DMPOX concentra-
tions. (b) No influence has been
observed on the spectra patterns of
DMPOX even with the highest D-
Mannitol concentrations of 320 mM.
Hyperfine coupling constants of the
two spectra are AN=726 and
A"=404 for the upper one and
AN=17.26 and A" =4.03 for the lower
one.
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FIG. 6. Tests on the impacts on (a) spectra and (b) concentrations of
DMPOX by using different concentrations of sodium azide, 'O, scavengers.
All tests are done with 20s plasma treatment. The concentration of DMPO
in (a) is 10mM. Hyperfine coupling constants of spectra in (b) are
AN=726, A"=4.04 OmM); AN=7.25 A"=4.03 (0.67mM); and
AN=7.26, A" =4.02 2mM).

scavenger of sodium azide tests in Fig. 6, all these results
indicate the fact that 'O, is the most possible oxide of
DMPO into DMPOX.

Also from Figs. 6 and 7, it can be seen that when all
DMPOX disappears by both scavengers and gaseous 'O,
supply, the spectrum of DMPO-OH still does not appear.
This proves that there is almost no OH radicals generated in
air plasma treated PBS. Considering the 17.5mm air gap
between the plasma device and treated sample surface, this
is agreed with previous studies that OH can hardly diffuse
into the downstream solution treated by air plasma.'”°

C. Interaction between DMPO and '0, and oxidation
mechanism of DMPO

Another interesting phenomenon about DMPOX has
been observed as well. The addition of Trolox, a phenolic
compound, into DMPO containing PBS treated by air plasma
has led to the appearance of DMPO-OH but not DMPOX, as
shown in Fig. 8. In Fig. 8(a), the intensity of DMPO-OH
spectra kept increasing when more Trolox is added with the
same concentration of DMPO (100 mM). Concentrations of
DMPO-0OH do not rely on DMPOX when the concentration
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FIG. 7. Influences on DMPOX in plasma treated PBS from disturbance on
the supply of gaseous 'O, generated in plasma. Three forms of treatments
are shown as (a) samples in a closed well; (b) samples on an open plate; and
(c) samples on an open plate and be put into a ventilating system with air
flow. Spectra are shown in each sub figures with the hyperfine coupling con-
stants of (a) AN=7.26, A"=4.04, (b) AN=7.25 and A"=4.04.
Concentrations of DMPOX obtained in each case are shown in (d). DMPO
concentrations in all cases are set as 10 mM.

of 10mM of DMPO which is higher than that of DMPOX
does not lead to more generation of DMPO-OH (Fig. 8).
This situation reveals that the appearance of DMPO-OH in
this case is a process depending on the addition of Trolox
but not from plasma-produced OH in the solution.

Similar transfer of DMPOX to DMPO-OH by Trolox has
also been observed in the oxidation of DMPO by photo-
dynamics-produced 'O, experiments by Ueda er al*
According to the reaction mechanism they proposed, phenolic
compounds including Trolox act as electron donors for an
intermediate from oxidation of DMPO by 'O, to generate
DMPO-OH. This reaction interrupts the origin pathway
for this intermediate to be oxidized into DMPOX. Well
explained by this proposed mechanism, phenomena we
observed in Fig. 8 have proved that DMPOX generated in air
plasma treated PBS is mostly from oxidation of DMPO by
'0,. The reason for DMPOX has not been observed from
other plasma jet treated solutions can also be explained by
there are much less aqueous 'O, be generated in those noble
gas feeding plasma jets'®'*'* than in air plasma (Fig. 3).
Therefore, the revelation of interactions between aqueous 102
and spin trap DMPO shows that the observation of DMPOX
in the ESR measurement can be regarded as a marker of high
concentrations of 'O, in plasma treated liquid.
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Concluded from all results of tests we have done on the
appearance of DMPOX from Fig. 5 to Fig. 8, a reaction
mechanism of the generation of DMPOX and influences
from D-Mannitol, sodium azide, and Trolox is proposed in
Fig. 9. DMPO in the solution is first oxidized by 'O, to gen-
erate the intermediate of DMPO-OO with two oxygen atoms
added onto the C =N bond of DMPO. The outer oxygen in
DMPO-0O is easy to capture an H' in the solution and then
become the important intermediate DMPO®-O0H. Because
of the captured H', this intermediate DMPO®-O0H is
highly oxidative and needs a negative charge to be electri-
cally balanced. In treatment without other chemicals added
into the solution, these DMPO®-O0H can continue oxidiz-
ing, making DMPO to form DMPOX that has the seven-peak
spectra through Pathway 1. As analyzed above, excess
DMPO can react with DMPOX to generate an ESR-silent
Product I so that the concentration is higher than 10 mM of
DMPO in PBS leads to drop in the DMPOX concentration in
previous experiments.

For ‘OH radicals that do not take part in Pathway 1, the
use of OH scavenger, D-Mannitol, would not function to
remove OH in the generation process of DMPOX. Instead,
D-Mannitol added into the solution can still act as the reduc-
tant to offer electrons for DMPO®-OOH to generate another

0 1 3 4
Trolox concentration (mM)

FIG. 8. Interactions between DMPO
- and Trolox to generate DMPO-OH with
20s plasma treatment. (a) Spectra
obtained in DMPO + Trolox containing
samples treated by plasma for 20s. The
. DMPO concentration in samples is set
to be 100 mM, with variations in Trolox
concentrations from O0mM to 4.5 mM.
Hyperfine coupling constants of spectra
- are  AN=726, A"=404 (OmM
Trolox); AN = 14.86, A" = 14.61 (1 mM
Trolox); AN = 14.90, A" = 14.77 3 mM
Trolox); and AN=14.92, A"=14.68
4 (4.5mM Trolox). Different intensity
scales of DMPOX and DMPO-OH in
(a) are also marked. (b) Concentrations
of DMPOX and DMPO-OH with both
variations on DMPO and Trolox
S concentrations.

ESR-silent Product II through Pathway 2. The result from
Fig. 5 that it takes 150 mM D-Mannitol to make the DMPOX
concentration stable indicates this reaction to be a slow one.
The other part of DMPO®-O0H would still go through
Pathway 1 to generate DMPOX. Therefore, this is the reason
why the addition of D-Mannitol could not totally scavenge
the concentrations of DMPOX in Fig. 5(a).

Phenolic compound Trolox can also function as the elec-
tron donor for the intermediate DMPO®-OOH. The addition
of Trolox leads to DMPO®-OOH to turn into Pathway 3.
The difference is the reaction between DMPO®-OOH and
Trolox, which would generate DMPO-OH that shows the
four-peak spectrum [Fig. 8(a)]. Only 1 mM Trolox is enough
to inhibit the appearance of DMPOX. Compared to the high
D-Mannitol concentration, it needs to reduce the DMPOX
concentration [Fig. 5(a)], and this result reveals that reaction
between DMPO®-OOH and Trolox is much faster than reac-
tion with D-Mannitol. Also because Trolox functions as the
interrupter to Pathway 1, the concentration of generated
DMPO-OH is relied on that of Trolox as mentioned above.
The proposed mechanism diagram shown in Fig. 9 can
explain all phenomena observed from our experiments.
However, more experiments as to determine the identities of
Product I and Product II are still needed.
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IV. CONCLUSIONS

In this study, electron spin resonance spectroscopy is
used to quantitatively measure aqueous 'O, and OH pro-
duced by air SMD plasma in PBS. By using the spin trap of
TEMP, the concentration of the spin trap adduct of TEMPO
of plasma-produced 'O, is measured to be 110 uM with 60 s
plasma treatment. However, when measuring OH using
DMPO, the spectrum of DMPOX instead of typical DMPO-
OH has appeared in all treated samples with different DMPO
concentrations. A series of test experiments with several
scavengers shows that the DMPOX comes from the oxida-
tion of DMPO by 'O, and no OH is generated in PBS by air
plasma. In addition, a phenolic compound, Trolox, added
into the solution with DMPO leads to the appearance of
DMPO-OH.

Consequently, interactions between DMPO and plasma-
produced 'O, are summarized from all phenomena observed
about DMPOX. The mechanism of the oxidation process
from DMPO to DMPOX has also been proposed. Initialized
by '0,, the oxidation of DMPO would generate a series of
intermediates. Intermediate DMPO®-OOH can keep reacting
with other DMPO to form DMPOX. With the addition of
other chemicals, this intermediate can be transferred into dif-
ferent resultants as DMPO-OH or other ESR-silent products.
The proposed oxidation mechanism of DMPO by 'O, can
well explain all phenomena reported. The revelation of inter-
actions between aqueous 'O, and spin trap DMPO shows
that the observation of DMPOX in the ESR measurement
can be regarded as a marker of high concentrations of 'O, in
plasma treated liquid. This interaction proves the existence
of interference on spin traps used in ESR from other non-
targeted plasma-produced components in liquid. Also, these
results have offered a better understanding of the use of spin
traps such as DMPO in a plasma induced highly oxidative
aqueous environment.
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