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ABSTRACT: The helium (He) atmospheric-pressure plasma jet (APPJ) delivery of reactive 
oxygen and nitrogen species (RONS) and molecular oxygen (O2) in deionized (DI) water was 
monitored in real time using in situ UV absorption spectroscopy. The He APPJ was used to 
treat DI water directly and through an agarose target as a surrogate for tissue (e.g., a skin bar-
rier). For direct treatment, the RONS were generated immediately in the DI water, and the 
concentration of RONS continued to increase during the He APPJ treatment. But there was 
only a very minor increase in the total RONS concentration detected after the plasma and gas 
flow were switched off. The agarose target delayed the generation of RONS into the DI water, 
but the total RONS concentration continued to increase long after (25 min) the plasma and 
gas flow were switched off. Direct treatment deoxygenated the DI water, whereas treatment 
through agarose resulted in oxygenation of the DI water. A dynamic change in the ratio of 
H2O2, NO2

–, NO3
–, and O2 was detected in the DI water during He APPJ treatment and 25 min 

after the He and gas flow were switched off for both direct and through-agarose treatment. 
These results have implications for the plasma treatment of real tissue where the dynamic 
changes in the RONS and O2 concentrations within the tissue and tissue fluid could affect cel-
lular and physiological processes.

KEY WORDS: RONS transport, oxygenation, deoxygenation, agarose target, in situ UV absorption spec-
troscopy

I. INTRODUCTION

The potential of atmospheric-pressure plasma (APP)1,2 to aid in the treatment of prob-
lematic indications, including nonhealing chronic wounds, bacterial infections, dental 
decay, and cancer, is being explored.3,4 This potentially opens the door to a new multi-
disciplinary field of research referred to as plasma medicine.5–13
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The efficacious effects of plasma are strongly linked to the reactive oxygen species 
(ROS) and reactive nitrogen species (RNS), or collectively, RONS, that are generated by 
APP in the gas phase, in the tissue fluid, and within tissue.7 RONS are generated within 
our own cells and are known to regulate key biochemical pathways that are vital to the 
maintenance of normal physiological function and the fight against disease.14 Graves 
has summarized the biochemistry of how plasma-generated RONS might activate or 
deactivate a number of well-established biological processes.15 Because APP can be 
operated with the neutral gas temperature at or close to ambient,16–18 the RONS that are 
generated by APP can be delivered to different biomedically relevant targets, including 
living tissue, soft biofilms, and tissue fluid, without causing any thermal damage.

Arguably the most common plasma source used in plasma medicine is the APP jet 
(APPJ), where a plasma plume is launched into the air for treatment.19–26 APPJs have 
been widely investigated as a new therapeutic technology in the treatment of cancer27–33 
and wound healing.34,35 Although the diameter of the APPJ is generally less than 1 mm, 
the APPJ usually treats a much larger area, with a diameter measured in centimeters, 
because of gas turbulence at the gas-target interface.36–38 APPJs are usually operated 
with an inert argon (Ar) or helium (He) gas. The long extension of the plasma plume 
and the gas flow enables RONS to be delivered by the APPJ over a relatively long dis-
tance (several centimeters) from the target surface.23 The delivery of RONS is generally 
confined to a small area of approximately 10 mm across the target surface.11 But this 
changes according to the gas flow that influences the spread of RONS across the target 
surface because of gas turbulence as mentioned earlier.36,37

To date most of the research has focused on understanding the role of plasma-gen-
erated RONS in plasma medicine at the molecular and cellular level.39–42 Arguably, less 
attention has been paid to understanding the interactions of plasma at the tissue level. 
Although plasma-generated RONS have been shown to intervene in cellular processes, 
it is not known how the plasma-generated RONS can be delivered deep into tissue for 
disease treatment. Because many of the plasma-generated RONS have short lifetimes 
and diffusion lengths and will react quickly upon contact with the target surface, it is 
difficult to understand how, for example, an APPJ can destroy microorganisms within 
biofilms43–48 and cancerous cells within sizable tumors.13,14 Therefore, in an attempt to 
better understand the mechanisms underlying the use of plasma in medical applications 
at the tissue level, we have developed a straightforward and low cost method to analyze 
the delivery of RONS into tissue. We have employed a simple experimental setup where 
a He APPJ is used to treat an agarose target that is placed on top of a cuvette filled 
with deionized (DI) water. The transport of RONS through the agarose target into the 
DI water is measured in real time by UV absorption spectroscopy analysis of the DI 
water.3,4,51 Agarose is commonly used to mimic different tissues and tumors.52–58 For 
example, a team at Drexel University has previously used agarose targets to investigate 
plasma-tissue interactions.59,60 We have previously demonstrated that the He APPJ can 
deliver RONS to significant (>3 mm) depths within agarose. This suggests that plasma-
generated RONS may directly interact with cells embedded within tissue, rather than 
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indirectly through a cascade of biomolecular reactions and signaling events triggered by 
surface stimulation and propagated into the tissue.4

Understanding the delivery of RONS into tissue is also important from a patient’s 
perspective, where for safety reasons, defined doses of plasma or even its constituent 
species will eventually be mandated. To the best of our knowledge, dynamic changes in 
the RONS concentration and composition and O2 concentration within plasma irradiated 
tissues has not been systematically studied. Yet, these need to be understood, as they 
have the potential to significantly affect the medical outcome.

In our previous research we quantified the total RONS delivered into the DI water. 
However, the He APPJ generates a mixed population of RONS with different levels of 
reactivity. Therefore, in the treatment of living tissue, we expect that cells embedded 
within the tissue will respond to the plasma treatment, not only according to the total 
RONS concentration but also to the ratio of the different RONS generated in the tissue 
or tissue fluid. For example, Reuter has shown that HaCaT cell viability is more sensi-
tive to plasma-generated ROS than RNS.61

In this paper, we used time-resolved UV absorption spectroscopy to quantify the 
specific RONS that are generated directly in DI water or transported through an agarose 
target into DI water during the He APPJ treatment (Scheme 1). The purpose of the 
agarose target is not to mimic a specific tissue type, but to act as a barrier (similar to a 
skin barrier) between the APPJ and the DI water to inhibit the passage of the RONS into 
the DI water. The RONS investigated in this paper were H2O2, NO2

–, NO3
–, which are 

the major (longer-lived) RONS generated by APP in DI water.62–66 In addition to RONS, 
Collet et al. has shown that a He APPJ induces tissue oxygenation in live mice.67 The 
results in our previous paper, involving the He APPJ treatment of DI water through an 
agarose target, support the finding by Collet et al. that a He APPJ is effective in oxygen-
ating the tissue.3 However, the molecular oxygen (O2) concentration was not quantified 
in our previous study. Therefore, we also investigated the change in the O2 concentration 
in the DI water during direct and through-agarose He APPJ treatment of DI water. Our 
results are discussed in the context of how the plasma delivery of RONS and O2 into 
tissue and tissue fluid may influence the effects of plasma in the treatment of diseased 
tissue.

II. EXPERIMENTAL METHODS

A. He APPJ

The He APPJ consisted of a glass tube with a length of 15 cm, in which the inner diame-
ter was tapered from 4 mm to 800 μm (Scheme 1). The glass tube has a metallic external 
ring electrode with a length of 15 mm, wound onto the glass tube, 4 cm from the end of 
capillary. He gas was fed into the glass tube with a fixed flow rate of 1 SLM. A capil-
lary dielectric barrier discharge was generated using a high-voltage bipolar square wave 
pulse of 7 kV (peak-to-peak) applied to the external electrode with a fixed frequency of 
10 kHz. The driving voltage and discharge current were measured with a high-voltage 
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SCHEME 1: Experimental setup employed in the in situ UV absorption spectroscopy 
method for monitoring the transport of RONS through a 1.5 mm thick agarose target 
into DI water during He APPJ treatment. The agarose target on top of the cuvette was 
removed for the direct treatment of the DI water. 
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probe (Tektronix P6015A) and a conventional current monitor (Pearson 2877), respec-
tively. More details on the current and voltage measurements can be found in previous 
publications.18,24,25 Both positive and negative discharge currents were observed during a 
voltage cycle. For all experiments, the He APPJ treatment was 5 or 12 min, after which 
both the plasma and He gas flow were switched off. When the plasma and He gas flow 
were switched off at 5 min, all of the RONS were still contained within the agarose tar-
get; whereas at 12 min, some of the RONS were already transported through the agarose 
target into the DI water underneath it.3,4

B. Agarose Target

A 2% (w/v) agarose target was prepared by dissolving 20 mg/mL agarose powder 
(Sigma-Aldrich, catalogue number A9539) in DI water (18.2 MΩ-cm) purified through 
a Millipore Direct-Q system (model number ZRQ50PO30). The solution was heated 
(typically for 1–2 min) in a conventional microwave oven until all the powder was dis-
solved. The solution was cooled before pouring 15 mL of solution into an 85 mm diam-
eter (plastic) petri dish. The plate was gently agitated to enable the solution to evenly 
spread over the bottom of the dish, while taking precaution not to create air bubbles in 
the solution. The agarose was allowed to set at 4ºC for 12 hours before use. Square sec-
tions of approximately 3 × 3 cm2 were cut using a scalpel and removed with a polytet-
rafluoroethylene tweezer, taking care not to tear the agarose. The agarose targets were 
stored in DI water at 4°C until use. The thickness of the agarose target was 1.5 mm, as 
measured with a vernier caliper.

C. In Situ UV Absorption Spectroscopy

The quantitative measurement of RONS in the DI water was obtained by UV absorption 
spectroscopy. A conventional double-beam UV-Vis spectrometer (U-3900, Hitachi) was 
used to detect the transmittance of the DI water up to 30 min in real time. The spectral 
resolution was 0.2 nm and the scan speed was 120 nm min–1. The spectrometer can 
detect a broad wavelength range from 190–900 nm, but no significant absorption was 
detected above 300 nm. Therefore, the analysis of the DI water was performed from 
190 nm up to 400 nm. The measurements were performed in quartz cuvettes (100-QS, 
Hellma Analytics) filled with 4 mL of DI water. The lowest transmittance of the quartz 
cuvettes was 82% at the shortest wavelength of 190 nm, and transmittance for the whole 
wavelength range was 85%. Absorbance, A, was defined by A = -log(I/I0), where I is 
transmittance of the DI water exposed to the APPJ and I0 is transmittance of the DI water 
before the APPJ treatment. For through-agarose APPJ treatment, the agarose target was 
placed on the top of the quartz cuvette filled with the DI water so that the agarose target 
and DI water remained in contact during the measurements. The maximum measure-
ment period was 30 min, which included the 5 or 12 min He APPJ treatment (i.e., 5 or 
12 min He APPJ treatment + 25 or 18 min with plasma and gas flow off).
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III. RESULTS AND DISCUSSION

A. UV Absorption Profile

Figure 1(a) is a typical UV absorption spectrum from 190 to 300 nm for DI water directly 
treated with the He APPJ for 5 min with measurements taken at time points of 5 min and 
15 min (i.e., 10 min post He APPJ treatment). After 5 min of He APPJ treatment, a broad 
prominent peak was detected at 210 nm. But at the lower wavelength range of 190–195 
nm, the absorbance was negative. At 15 min, the absorbance in the range of 190–195 nm 
had increased, and the absorbance between 195 and 300 nm did not change. We will dis-
cuss the cause of the negative absorbance in sections 3.C and 3.D. Figure 1(b) shows the 
corresponding UV spectra for DI water after through-agarose He APPJ treatment. From 
this figure, we can see that at 5 min, the total absorbance was much lower than that seen 
in DI water directly treated with the He APPJ. At 15 min, there was a marked increase in 
the UV absorbance, but the profile of the UV spectrum was different to the profile of the 
DI water directly treated with the APPJ. These results indicate that the He APPJ gener-
ated RONS directly in the DI water through a relatively fast process and only during the 
plasma-on period. Whereas for through-agarose treatment, the RONS were transported 
into the DI water through a slower process and continued to be transported into the DI 
water underneath the agarose target 10 min after the plasma and gas flow were switched 
off. In addition to the difference in the RONS transport rate, the UV absorption profiles 
in Figure 1(a) and 1(b) were markedly different for direct versus through-agarose treat-
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FIG. 1: UV absorption profile of DI water treated with (a) the He APPJ directly in contact 
with the DI water (w/o agarose), and (b) in contact with the 1.5 mm thick agarose target 
(with agarose). Plasma was applied directly for 5 min in (a) and (b). Both the plasma and 
gas flow were switched off after 5 min. The increase in the absorption profile indicates 
an increase in the RONS concentration in the DI water. Measurements were taken at 5 
and 15 min (i.e., 10 min after the plasma and gas flow were switched off).



Volume 5, Issues 2–4, 2015

Slow Molecular Transport of Plasma-Generated Reactive Oxygen and Nitrogen Species and O2 131

ment. These results indicate that different RONS or the concentration of RONS, or both, 
were delivered by the He APPJ directly into the DI water, in comparison to the RONS 
delivered through the agarose target into the DI water.

B. Time-Dependent Transport of RONS

To further investigate the generation and transport of RONS into the DI water, the total 
absorbance (Tabs) of the UV spectrum from 190 to 400 nm was plotted up to 30 min (5 
min He APPJ treatment + 25 min post treatment). Figure 2 shows the time-dependent 
change of the Tabs, with and without the agarose target. For the direct He APPJ treatment 
of the DI water, the Tabs increased linearly up to 5 min, which corresponded to the plasma 
on time of 5 min. The Tabs showed very minor increase, but remained constant, after the 
plasma and He gas flow were switched off. In comparison, for through-agarose treat-
ment, there was a lag period of 12 min where the Tabs did not significantly increase. After 
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FIG. 2: Time-dependent change in the total UV absorbance between 190 and 400 nm 
during direct (without agarose) and through-agarose treatment (with agarose) of the DI 
water. The plasma and He gas flow were switched off after 5 min.
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the 12-min lag period, the Tabs increased linearly for the remainder of the measurement 
time. The time lag was induced by an accumulation of RONS within the agarose target 
before a subsequent (time-lagged) release into DI water.4 The Tabs increased at a slower 
rate for through-agarose treatment between 12 and 30 min compared to direct treatment 
of the DI water between 0 and 5 min. But the final Tabs value, measured at 30 min, was 
higher for through-agarose treatment compared to the direct treatment of the DI water. 
These results indicate that the direct He APPJ treatment generated RONS in the DI wa-
ter by a fast process that could be through fast solvation of the RONS from the gas phase 
into the DI water19 or UV photolysis, or both.20 But we suspect that fast solvation is the 
major process. In our previous work, RONS were not generated in the DI water after 
He APPJ treatment of the DI water through a quartz plate (with 90% transmittance from 
190 to 900 nm, ShinEtsu VIOSIL) that blocked the gas flow, thus preventing solvation 
of RONS that were generated in the gas phase.4

In comparison, we argue that RONS were transported through the agarose target by 
a slow molecular transport process. Since the final Tabs was higher for through-agarose 
treatment, either new RONS were generated within the agarose target that were not gen-
erated directly within the DI water or other molecular species were transported through 
the agarose that contributed to the UV absorption spectrum. This is discussed further in 
section 3.D.

C. UV Absorption Spectra of RONS and O2

Figure 3 shows the UV spectra of 1 mg/L H2O2, NaNO2, and HNO3, which are the ma-
jor longer lived RONS that are generated by APP in DI water, as well as O2.

63–67 (We 
repeated the measurement of the absorption spectra of the reference solutions multiple 
times to ensure the reliability of the absorption spectra for the curve fitting.)68 These 
measurements were used to inform the subsequent peak fitting of the H2O2, NO3

–, NO2
– 

and O2 components in the UV spectra of the DI water treated directly with the He APPJ 
or through agarose. Over the concentration range relevant to this study, there was a 
linear increase in the UV absorbance spectra as the concentrations of these RONS and 
O2 were increased in the DI water (data not shown). The optimum fit for the O2 UV 
absorption spectrum was determined with two approaches. In the first approach, 0.5 
SLM of O2 was purged into 4 mL of DI water for 30 min. The O2 treatment resulted in 
an increase in the intensity of the UV absorption spectrum between 190 and 210 nm. In 
the second approach, the DI water was treated with 1 SLM of the neutral He gas flow 
alone (i.e., with plasma off), which resulted in a decrease in the intensity of the UV ab-
sorption spectrum from 190 to 210 nm (data not shown). This result indicates the He gas 
flow deoxygenates the DI water. After 15 min, the UV absorption stopped decreasing, 
which indicates that all of the dissolved O2 (~8 mg/L at atmospheric pressure and room 
temperature) was removed from the DI water, or that it was not possible to further de-
oxygenate the water. Since direct He APPJ treatment of the DI water resulted in a similar 
negative UV absorbance between 190 and 195 nm in Figure 1(a), this result indicates 
that the He APPJ deoxygenated the DI water, and we presume this is due to the He gas 
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flow. But when the He gas flow was blocked by the agarose target, the UV absorbance 
immediately increased in the range 190–195 nm in Figure 1(b), indicating that the He 
APPJ oxygenated the DI water.

D. Concentrations of RONS and O2

Based on Figure 3, the UV absorption spectrum of DI water treated directly with the He 
APPJ or through-agarose was fitted to a curve with a program developed in-house to 
obtain the individual curves for H2O2, NO3

–, NO2
–, and O2.

22 Figure 4 shows the result 
of the curve fitting for DI water directly treated with the He APPJ. Curve fitting was 
performed at 7 min and 25 min, as shown in Figures 4(a) and (b), respectively, where 
the plasma and gas flow were switched off at 5 min. At 7 min, the order of the RONS 
concentration from highest to lowest was H2O2 (0.62 mg/L, NO2

– (0.074 mg/L), and 
NO3

– (0.029 mg/L). These concentrations did not significantly change at the 25 min time 
point. At 7 min, the O2 concentration was 4.13 mg/L, which was approximately half the 

FIG. 3: UV absorption spectra of 1 mg/L of H2O2, NO3
–, NO2

–, and O2 in DI water.
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concentration for DI water (~8 mg/L). At 25 min the O2 concentration was 5.22 mg/L, 
which was still below the original O2 concentration in the DI water.

Figure 5 shows the curve-fitting data for through-agarose treatment. At 7 min in 
Figure 5(a), the intensity of the UV absorbance spectrum was low, indicating that very 
little or no RONS were transported into the DI water at this time point. This result was 
expected from the time-resolved Tabs data in Figure 2 that showed only a very small 
quantity of RONS were transported through the agarose into the DI water within the 
first 12 min. A close inspection of Figure 5(a) revealed that the UV absorbance increased 
between 190 and 210 nm, corresponding to H2O2 and O2 concentrations of 0.16 mg/L 
and 8.01 mg/L, respectively. At 25 min, there was a significant increase in the concentra-
tion of RONS in the DI water. The RONS concentration at 25 min from highest to lowest 
was H2O2 (0.67 mg/L), NO3

– (0.016 mg / L), and NO2
– (0.005 mg/L); whereas the O2 

concentration of the DI water was 8.17 mg/L.
For both direct and through-agarose treatments, H2O2 was detected at the highest 

level, which was expected from our own studies and those by other groups.69–71 Cur-
rently, we do not know why the NO2

–:NO3
– ratio was higher for direct treatment than 

through-agarose treatment. We speculate that the RNS undergo reactions that favor the 
generation of NO3

– during their slow molecular transport through the agarose target or 
the generation of NO3

– is more favorable in an O2 rich environment; or possibly both 
processes support the differences in the ratios.

The oxygenation of the DI water below the agarose target cannot be attributed to 
neutral O2 molecules. In a control experiment, the agarose target was treated with 0.5 
SLM of O2 gas flow alone. But this did not change the UV absorbance, even after a 30-

FIG. 4: Curve fitting of the UV absorption spectra of the DI water treated directly with the 
He APPJ for 5 min. The fitted curve is shown for (a) the 7 min (5 min He APPJ + 2 min 
plasma and He gas flow off) and (b) 25 min (5 min He APPJ + 20 min plasma and He 
gas flow off) measurement time points.
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min treatment with O2 gas flow. Therefore, for through-agarose treatment, it could be 
that the positively or negatively charged oxygen species (O+, O2

+, O–, O2
–) increased the 

dissolved O2 concentration in the DI water (upon recombination).

E. Time-Dependent Generation of RONS

The curve-fitting program was used to automatically fit the UV spectra. This enabled us 
to plot the different RONS that were generated by the He APPJ over a wide time range 
of 0–30 min for both direct and through-agarose plasma treatment. The He APPJ treat-
ment was 5 min (Figure 6) or 12 min (Figure 7), after which, the plasma and He gas flow 
were switched off.

In Figure 6, it can be seen that the H2O2, NO2
– and NO3

– concentrations all increased 
linearly in the DI water during direct He APPJ treatment (without agarose). During the 
time that plasma and He gas flow were off from 5 to 30 min, the H2O2 concentration 
stopped increasing and remained stable; the NO2

– concentration continued to increase 
at the same rate for an additional 2 min before increasing at a much reduced rate; and 
the NO3

– concentration decreased at a relatively slow rate. The original O2 concentration 
continually decreased during the He APPJ treatment (first 5 min), but increased at a 
relatively slow rate after the plasma and He gas flow were switched off. Similar trends 
were observed for DI water treated directly with the He APPJ for 12 min, as shown in 
Figure 7.

For through-agarose treatment, a lag period of approximately 12 min was evident, 
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FIG. 5: Curve fitting of the UV absorption spectra of the DI water treated with the He 
APPJ through an agarose target for 5 min. The fitted curve is shown for (a) the 7 min (5 
min He APPJ + 2 min plasma and He gas flow off) and (b) 25 min (5 min He APPJ + 20 
min plasma and He gas flow off) measurement time points.
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FIG. 6: Time-dependent change in the concentration of H2O2, NO2
–, NO3

–, and O2 in DI 
water treated directly with the He APPJ (without agarose) or through an agarose target 
(with agarose). The He APPJ treatment time was 5 min as highlighted in the graphs.
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FIG. 7: Time-dependent change in the concentration of H2O2, NO2
–, NO3

–, and O2 in DI 
water treated directly with the He APPJ (without agarose) or through an agarose target 
(with agarose). The He APPJ treatment time was 12 min as highlighted in the graphs.
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as shown in Figures 6 and 7, irrespective of the He APPJ treatment time (5 or 12 min). 
For both He APPJ treatment times, after the lag period, the H2O2, NO3

– and O2 con-
centrations increased almost linearly, while the NO2

– concentration remained relatively 
constant. The He APPJ delivered relatively lower concentrations of NO2

– and NO3
– at 

0.05 mg/L or less through agarose into the DI water compared to direct treatment of 
the water. But a higher concentration of H2O2 was delivered into the DI water for the 
through-agarose treatment at the 30 min time point compared to direct treatment. The 
O2 concentration was always equal to or higher than the original O2 concentration in the 
DI water with through-agarose treatment (compared to direct treatment). For through-
agarose treatment, at the 30 min time point, the O2 concentration was 10.2 and 12.5 
mg/L for 5 and 12 min of He APPJ treatment, respectively.

RONS can enhance or impair cell activity and can induce cytotoxic and genotoxic 
effects depending on the reactivity, specificity, and dosage of the RONS. For example, 
micromolar increases in H2O2 can stimulate cell proliferation, but higher concentrations 
of H2O2 induce cell death.14 Reuter et al.61 demonstrated the differential effects between 
plasma-generated ROS and RNS on HaCaT cell viability in vitro. Dröge discussed in 
detail the roles of RONS in physiology and how the dynamic changes in RONS help the 
body fight against disease, such as during inflammation.72 Therefore, it will be essential 
to know the type, concentration, and delivery depth of RONS within tissue fluid and 
tissue in order to develop safer and more effective plasma devices and protocols, and to 
improve our understanding of the mechanisms of plasma in medicine.

IV. CONCLUSIONS

These experiments demonstrate the time-dependent change in the concentration of H2O2, 
NO2

–, NO3
– and O2 in DI water treated with a He APPJ directly, or through a 1.5 mm thick 

agarose target as a surrogate for tissue. The He APPJ generated RONS directly in the DI 
water through a much faster process compared to treatment through the agarose target. 
H2O2 is the major RONS generated for both direct and through-agarose treatments. For 
direct treatment, RONS were generated in the DI water only during the He APPJ treat-
ment, whereas for through-agarose treatment, RONS were continually transported into the 
DI water long after (25 min) the plasma and He gas flow were switched off. The He APPJ 
deoxygenated the DI water upon direct contact but oxygenated the DI water for treatment 
through the agarose target. These results have implications for plasma medicine, where 
for reasons of patient safety, defined doses of plasma will eventually be mandated. Herein, 
we show that APPJ treatment results in dynamic changes in the RONS concentration and 
composition and in O2 concentration within an agarose target. These need to be under-
stood, as they have the potential to significantly affect the medical outcome. 
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