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ABSTRACT: Plasma’s role in healthcare has been steadily gaining recognition, particularly for
its capacity to produce reactive species that foster wound healing, combat microbial infections,
and augment drug delivery. Despite its promise, implementation of plasma technologies is often
impeded by logistical constraints, accessibility issues, and challenges integrating with established
medical treatments. In this paper, we describe an innovative solution to deliver the benefits of
plasma in healthcare: plasma-activated cream (PAC). PAC offers a versatile lipid-based platform
for medical applications that transcends the traditional boundaries of plasma application by its
flexible integration into a variety of treatment forms: as a cream base for transdermal applications,
oil base for injectables, or incorporation with other biologics and lipid-soluble compounds. In this
study, we reveal the novel method of creating PAC by infusing a lipophilic base with plasma-
activated species, specifically focusing on nitric oxide (NO) and its related compounds (NOx).
By measuring NOx concentrations before and after plasma treatment, we successfully validated
the use of gliding-arc plasma to synthesize PAC. The NOx concentration rose from a baseline of
0 mg/L to an average of 2.0 mg/L post-treatment, indicative of successful infusion of plasma-
activated species into PAC. This preliminary experiment unveils a novel pathway for incorporat-
ing plasma’s beneficial effects into a lipid-based cream and shows the potential for PAC to act
as NO storage. PAC not only brings forth new possibilities in wound-healing and antimicrobial
treatments but also lays the groundwork for further exploration of plasma’s role in enhancing drug
delivery and NO storage.

KEY WORDS: nitric oxide, nitric oxide storage, enhanced drug absorption, drug delivery, drug
potentiation, wound healing

I. INTRODUCTION

Plasma, often termed the fourth state of matter, has long been acknowledged for its po-
tential in various scientific fields, including healthcare. The interest in plasma technol-
ogy in healthcare has been largely driven by its ability to generate reactive oxygen and
nitrogen species (RONS), which have been found to promote wound healing, reduce
microbial infections, selectively kill some types of cancer cells, and potentially enhance
drug delivery."?! These effects are not limited to the direct discharge of plasma at target
sites, but have been seen in the application of plasma-activated mediums to those sites:
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specifically water based solutions or simply plasma activated water.'**>>> However the
integration of plasma technology into creams and oils—common vehicles for nonpolar
drug delivery—is relatively unexplored.

Creams are routinely used for topical application of drugs, offering advantages such
as sustained release, enhanced absorption, and localized effect. Oils are also used both
topically and in injections. In terms of plasma, it is well known that small gaseous mol-
ecules are significantly more soluble in lipids than in water. Indeed, one of the most
potent RONs generated by plasma discharges using air is nitric oxide (NO). NO produc-
tion by plasma has been extensively studied,''***** and NO is known to be up to 1000
times more soluble in lipids than in water.¢?® NO is also highly reactive, and it is known
to react with lipids to form L-NO2.2628 L-NO2 readily dissociates to release NO in the
presence of water (k =9.67 x 107%s'M™!, pH 10.4);> % however, without water, this dis-
sociation is abrogated.?*?® It is hypothesized that if the NO produced by plasma can enter
a water-free lipid/cream, and if this is then stored isolated from water, the new plasma
activated cream can function as a form of NO storage, since the NO will only dissociate
in presence of water (such as when applied to the target site on the human body).

The enhanced ability of lipids to hold and potentially store NO produced from
plasma, combined with the therapeutic benefits of a cream, has led to the development
of plasma-activated cream (PAC) described in this paper. This development of PAC
aims to harness the benefits of plasma technology in lipid solutions to both provide the
medical benefits of plasma, as well as synergize with easily incorporable therapeutic
agentS.4’7’13’15’16

Il. MATERIALS AND METHODS

A. Generation of PAC

To generate PAC, we used a device (pending patent application filed by Drexel University,
Philadelphia, PA) with sample schematic seen in Fig. 1.

Briefly, a gliding arc plasmatron, which is supplied with a gas (either air or an al-
ternative gas, such as N2), through a system of electrodes emits ionized gas with a
temperature range of 20-300°C. The species produced in the gliding arc plasmatron (air
enriched with RONS active species) is passed through the liquid cream/gel/ointment in
the loading zone. For the experiments described in this paper, hemp oil and coconut oil
were used. The specific operating parameters used in the experiments were 8.0 kV, 0.39
A, with gas flow rates of 1.2 scfm air, and 1.0 scfm nitrogen.

B. Detection of Plasma Activation

To detect the presence of plasma activated species, we measured NOx concentration
before plasma treatment and then after using NOx strips (QUANTOFIX Nitrate/Nitrite
semi-quantitative test strips (Macherey-Nagel, Germany). We expected 0 mg/L NOx
concentrations in oil initially since they are not present in the oil sample. To measure
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FIG. 1: Plasma system for production of plasma activated cream enriched with reactive oxygen/
nitrogen species.

NOx in oil, a 90-mL sample of our oil was mixed with 10 mL distilled water, and then
placed in a centrifuge at 3000 RCF for 15 minutes to separate into distinct aqueous and
non-aqueous phases. Finally, the NOx concentration was measured in the aqueous phase
using NOX strips.

lll. RESULTS AND DISCUSSION

Before plasma treatment of both the hemp oil and coconut oil, we measured an average
initial NOx concentration of 0.0 mg/mL using the NOx strips, proving that pure hemp
and coconut oils do not have any measurable NOx in them. After plasma treatment, we
found an average concentration (4 replicates per sample) of 2.25 mg/L (SD = 0.1155,
95% CI [2.14, 2.36]) in the hemp oil and average of 1.8 mg/L (SD = 0.0816, 95% CI
[1.72, 1.88]) in the coconut oil. These results demonstrate the use of gliding arc plasma
to create PAC that contains NOx and the study unveils a novel method of creating PAC
by infusing two different oils with plasma-activated species. The infusion of PAC was
achieved by emitting ionized gas from a gliding arc plasmatron into the cream, as seen
in Fig. 2. The resultant PAC successfully demonstrated the presence of plasma-activated
species, specifically NOx, through the increase in NOx concentration from zero to an
average of 2.0 mg/L, indicative of successful plasma infusion.

The novelty of PAC lies in its potential to function as a form of NO storage. This
is attributed to the fact that the NOx species react with the lipids to form LNO2, which
dissociates to release NO only upon exposure to water.?* 2 As such, storing the PAC in a
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FIG. 2: Air is fed into the gliding arc plasmatron. Voltage is applied, generating free electrons,
which react with the nitrogen and oxygen molecules in air producing NO rich plasma. The reac-
tive species generated, including NO, are immediately compressed and conducted into our oil.
NO is then free to react with lipids in oil, leading to NO attack of double bonds and nitrosated
lipid generation. Excess gas is vented out, and isolated, anhydrous, nitrosated lipid is the end
product.

water-free environment may allow it to act as a reservoir of NO until it is applied to the
target site on the body, which is typically water-rich, leading to the release of NO at the
location. This potential NO storing effect demands further research, and further experi-
ments will need to characterize the presence of LNO2 in PAC.

In addition to potential storage of NO, there are multiple reasons why plasma acti-
vated cream has the potential to provide synergy. First, plasma has been shown to alter
cellular permeability leading to enhanced drug absorption.”!*!5 Also, with the nature
of creams leading to sustained slow release, PAC could potentially offer a more stable
and longer-lasting formulation relative to other plasma activated water based mediums,
prolonging plasma’s therapeutic effects. One such potential synergy could be the use
of PAC as the base for a healing, regenerative, or antibacterial cream that incorporates
other drugs since PAC would potentiate the effects of the therapeutics by improving
drug uptake, while also providing directly synergistic therapeutics. To illustrate the po-
tential synergy we will discuss some examples.
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In diabetic wounds blood flow is compromised, but plasma has been shown to both
increase drug uptake and improve angiogenesis.*’"'* Incorporating medicines into a PAC
base would have the potential to allow both better absorption of drugs, and increased
access of those drugs to tissue through the increased angiogenesis from the effect of
the plasma activated species (RONs) in the PAC. In the case of antibacterial cream, the
sterilizing potential of the RONs species produced by plasma could complement antimi-
crobial drugs and broaden the treatment spectrum of this cream.

These are just two examples, but they illustrate the unique point of PAC as more
than a direct therapeutic, but as a synergistic base that could both add to and potentiate
a variety of medical treatments. Additionally, the reactive species of plasma (RONs)
are known to dissolve better in lipids than in water. Our research on the development
of PAC, using a novel method to infuse active plasma species into a hydrophobic
base, brings us a step closer to unlocking the full potential of plasma technology in
healthcare.

At its core, PAC is a plasma-treated lipid, and it could be applied locally (topical,
injection, etc.), to any areas where it could provide therapeutic benefit, whether alone or
in combination with another drug. Our successful proof of concept experiment on the
development of PAC paves the way for our future research efforts. These will include
characterizing the specific compounds generated through the reaction of plasma with
lipids, clinical efficacy trials, and evaluation of synergistic effects of PAC with a variety
of therapeutic agents.
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