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Cold plasma treatment is safe for
diabetic foot ulcers and decreases
Staphylococcus aureus bacterial load

Aim: Cold atmospheric plasma (CAP) has antimicrobial properties.
We studied the safety of a novel CAP device (PLASOMA prototype;
Plasmacure, The Netherlands) that is simple to use and could be
applied at a patient’s home for the treatment of diabetic foot ulcers
(DFUs). Secondary objectives were to investigate the effect of CAP
on bacterial load and on ulcer size.

Method: We included subjects with non-infected, superficial DFUs
and treated them with CAP on a daily basis for 10 days. The primary

endpoint was the occurrence of serious adverse device effects (SADE).

We defined safety as: <10% of patients experiencing a SADE other
than infection (non-infectious SADE), and <60% of patients developing
infection of the foot (infectious serious adverse event (SAE)).

Results: We enrolled 20 patients. No SADE occurred, but three
infectious SAEs occurred at the site of application within one month

of treatment; three SAEs unrelated to treatment occurred, and 55%
of subjects reported transient mild adverse device effects.
Staphylococcus aureus bacterial load decreased directly after CAP
application (p=0.01). The mean decrease of ulcer surface area was
43% (95% confidence interval: 20.2%-65.9%).

Conclusion: CAP treatment in DFUs was safe and well tolerated.
Ulcer size and Staphylococcus aureus colonisation decreased
during treatment.

Declaration of interest: This study was funded by the Dutch
Diabetes Research Foundation grant number 2014.11.1708. The
study sponsor/funder was not involved in the design of the study; the
collection, analysis, and interpretation of data; writing the report; and
did not impose any restrictions regarding the publication of the
report. The authors have no conflicts of interest to declare.
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oot complications occur in approximately
20% of patients with diabetes. Lower
extremity complications account for 25% of
the money spent on patients with diabetes, of
which the most common is a diabetic foot
ulcer (DFU).12 Ulcers are caused by a combination of
polyneuropathy, peripheral artery disease and
biomechanical changes.

Treatment of DFUs focuses on: optimising arterial
vascularisation, biomechanical offloading, glucose
management, oedema reduction, treatment and
prevention of infection, and local ulcer management.
Infection complicates 50% of DFUs, which requires
medical and/or surgical treatment.? Foot infection and
its treatment are associated with amputation,
rehospitalisation, acute kidney injury and Clostridioides
difficile-associated diarrhoea.*> If side effects of
antimicrobial treatment occur, these will decrease the
quality of life. Furthermore, the use of prolonged
courses of antibiotics is associated with an increase in
antimicrobial resistance, both in individuals and in
the population. Individuals and society would benefit
if infections could be treated and prevented by
methods other than antibiotics. Plasma medicine is

matter in the universe (i.e. stars) consists of plasma.
Plasma can also be created by man and has many fields
of application, e.g., to sterilise medical equipment and
for packaging in the food industry.

Plasma medicine is the field of medicine that applies
plasma in the treatment of living tissue.®” The so-called
cold atmospheric pressure plasmas (CAPs) are used for
these applications because they operate at ambient air
pressure and at relatively low temperatures, thus
avoiding thermal damage to the body. Previous
preclinical research has shown the ability of CAPs to
inactivate a multitude of microorganisms.%?

At the same time, CAP treatment stimulates
mammalian cells to proliferate and to migrate.!0-12
These effects are caused by electric fields and by
formation of reactive oxygen and nitrogen species.
Several animal studies and clinical trials have
demonstrated the potential of CAPs to heal complex
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one such alternative.

In the physical sciences, plasma refers to the fourth
state of matter, an ionised gas that contains ions and
reactive species and produces UV light and electric
fields, the plasma ‘cocktail’. Over 99% of the visible
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wounds.!>13 CAP offers an excellent combination of
antimicrobial treatment and direct stimulation of the
healing of DFUs.

The plasma devices used in previous clinical trials are
generally large, rigid and expensive, and treatment
needs to be performed in hospital settings. The device
we studied is a small plasma device that is simple to use
and, in the future, can be used in a patient’s home. The
main difference with other similar devices is that this
device uses a flexible pad that follows the contours of
the skin and that can apply plasma directly to the ulcer.

This study aimed to assess whether CAP with this
device is a treatment modality that can safely be applied
in patients with a DFU.

Method
Participants
Participants were patients with a DFU, present for
>2 weeks, attending the outpatient diabetic foot clinic
of Amsterdam University Medical Centres, location
VUmc. Included were patients with type 1 or 2 diabetes
who had a DFU with a maximum depth of Smm, with
or without peripheral vascular disease, but without
evidence of bone or joint tissue in the ulcer base and
without clinical signs of infection (University of Texas
classification 1A/1C/3A/3C).> Patients had to be able
and willing to comply with the research protocol.
Excluded were patients with implanted electrical
medical devices (e.g., pacemakers), life-threatening
cardiac conductivity abnormality, active malignancy,
and foot infection requiring antibiotic treatment at
enrolment. Also excluded were women who were
pregnant or lactating, and women of childbearing age
not using contraceptive measures.

Objective

The primary objective was to assess the safety of CAP
treatment of DFUs. The primary endpoint of this study
was the occurrence of serious adverse device effects
(SADEs), i.e., serious adverse events (SAEs) related to
treatment by or use of the device.

Secondary objectives were to investigate the effect of
CAP treatment of DFUs on bacterial load, on ulcer
healing, on the occurrence of clinically defined
infection (according to the International Working
Group on the Diabetic Foot (IWGDF)/Infectious
Diseases Society of America (IDSA) diabetic foot
infection classification'#1%), clinical outcome (surgical
intervention, including amputation, death, ulcer
healing, treatment with antibiotics) 3 months+2 weeks
after enrolment.

Outcome measurements

Healing of an ulcer was defined as full re-epithelialisation.
Infection was defined clinically according to the IWGDF
classification.!15 SAEs were defined as events grade 3-5
according to the Common Terminology Criteria for
Adverse Events (CTCAE).1® SADEs were defined as
events grade 3-5 if the event occurred while the patient

was participating in the study or within 30 days after
the last study intervention, and if the researcher judged
the event to be related to the treatment with the
device.'® The treatment was defined as safe if <10% of
patients experienced a SADE other than a foot infection.
In persons with DFUs, infection can complicate 50% of
foot ulcers.> We chose to consider treatment safe if
<60% of patients developed an infection of their ulcer,
to avoid misinterpretation due to the relatively small
treatment group.

We used a semi-quantitative outcome for the number
of colonies on the plate after incubation. The score
ranged from O (no growth) to 4 (growth in all quadrants).
The effect of CAP treatment on bacterial load was
considered clinically significant if bacterial load was
reduced by 50% at treatment day 10 compared with
day 1 as measured by tissue swab, and by 50% directly
after cold plasma application on treatment days 1, 5
and 10, compared with immediately before application.

Sample size calculation

The primary outcome measure was the occurrence of
SADEs within 30 days after the last application. We did
not expect any in the general population and a
maximum of 10% in our study population. For the
sample size calculation, we used an incidence of 0.1%
in the general population (because the algorithm
cannot accept a value of zero), 10% incidence in the
study population, an alpha of 0.05 and a power of 80.
This resulted in a sample size of 10. For infection, we
assumed an incidence of 50% in the general population,
a 60% incidence in the study population, an alpha of
0.05 and a power of 80. This resulted in a sample size of
19. With an anticipated dropout of one patient, we
considered a sample size of 20 patients adequate.

Treatment
The medical ethical review board of the Amsterdam
University Medical Centres, location VUmc, approved
the study and all procedures were performed in
compliance with relevant laws and institutional
guidelines (approval number: 2015.169). All participants
provided written informed consent. We collected
demographical and medical data after obtaining
informed consent. These data included the prevalence
of neuropathy, vascular status, ulcer characteristics,
biomechanical plantar pressure and laboratory values.
All patients were treated with CAP at the outpatient
diabetic foot clinic of Amsterdam University Medical
Centres, location VUmc, on weekdays for 1 minute per
application for 2 weeks (a total of 10 treatments), or
until their ulcer healed. CAP was applied using the
PLASOMA prototype (Plasmacure, The Netherlands).
Weekly sharp debridement and routine wound care
protocols, biomechanical offloading of the foot,
application of bandages and dressings, and proper
metabolic glucose control (aiming at an HbAlc of
53mmol/mol (7.0%)) were conducted. Bacterial load
was measured with swab samples obtained after
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debridement with the Levine technique!”18 before and
after plasma application on treatment days 1, 5 and 10.

Samples were taken to the laboratory promptly,
where routine culture was performed on agar plates.
We streaked a plate three times on each quadrant with
a new sterilised loop for each quadrant. This classical
microbiological streaking technique creates progressive
dilutions of the original swab in each quadrant. All
plates were incubated under aerobic conditions at
37°C. After 24 hours, the plates were inspected
visually and colonies of bacteria counted in each of the
four quadrants.

Before and directly after every treatment session, we
checked the foot for side effects and signs of
inflammation, infection and ulcer healing. After
treatment, patients were asked if they experienced
any sensations or other possible adverse events,
including possible effects of earlier applications. We
obtained data on hospitalisation, amputation and
antibiotic treatment.

If participants experienced an SAE, we stopped CAP
applications until we could rule out a SADE. Patients
received necessary medical care, and routine wound
care was continued.

Data analysis

We used the statistical package SPSS (version 23; IBM
Corp, US) to analyse the data. We counted adverse
events and SAEs in absolute and relative numbers. For
bacterial load before and after treatment, we calculated
the statistical effects of treatment with a Wilcoxon
matched pairs test. Ulcer healing and occurrence
of infection were recorded as absolute and relative
numbers.

Results

Between April 2016 and March 2018, we enrolled 20
patients. Two patients did not complete the two-week
treatment period; one patient was admitted because of
an infection at the ulcer site and one ulcer healed on the
fifth day of treatment. Table 1 shows demographic data.

Device deficiencies

Technical issues with the device occurred in 31
treatment sessions (16%). In most cases, the technical
issue could be solved immediately, thereby ensuring a
successful treatment session. Furthermore, no device
deficiency led or could have led to a (S)ADE. Device
errors were generated when the safety circuit of the
device intervened and thus demonstrated the correct
functioning of the safety circuit.

Adverse events

Table 2 shows data on the occurrence of (S)AEs. Most
adverse events were mild (grade 1) and transient. No
SADEs occurred. Three patients (15%) experienced an
infectious SAE at the site of application within one
month of treatment. In those cases, the infection
occurred at the site of the plasma application, but it was

JOURNAL OF WOUND CARE VOL 32, NO 4, APRIL 2023

practice

Table 1. Demographic data

Total number of patients 20
Female/male, n 3/17

Age, mean+SD 61.2+7.3 years
Type 1/type 2 diabetes 5/15

Duration of diabetes, mean+SD (median) 20.4+12.1 years (8 years)

Duration of ulcer, mean+ SD (median) 1090+1910 days (140 days)

UT class 1A, n 19
UT class 1C, n 1
PAD, n 8

PAD—history of peripheral artery disease, defined as at least one missing pedal pulsation or if
presence of PAD was stated in the subject’s medical history; SD—standard deviation; UT
class—University of Texas diabetic foot ulcer classification.

Table 2. Adverse events

Total number of subjects 20
Subjects experiencing ADE (all grade 1), n (%) 11 (55%)
® Tingling sensation 21

® Warmth sensation 8*

® Other mild sensation 16*

® Slight pain during/after treatment 5*
SADE 0
Infectious SAE at the foot, n (%) 3 (15%)
SAE at other location, n (%) 3 (15%)

(S)ADE—(serious) adverse device effect; SAE—serious adverse event
*Out of 193 treatment sessions

Table 3. Ulcer surface reduction

Surface Size/change

Ulcer surface before plasma application, 110.8+149.8mm? (41.0mm?)

mean+SD (median)

Ulcer surface at treatment day 10, mean+SD 91.9+169.6mm? (12.5mm?)

(median)

Mean ulcer surface decrease in two weeks*,
%+SD (median)

43+49% (55%)

SD-standard deviation; Ulcer surface calculated as ellipse surface (mx 0.5 x length x 0.5 x width);
*calculated from the individual ulcer surface reductions

unlikely to have been caused directly by the device or
the study procedure. SAEs unrelated to the device
included pneumonia in one patient; another patient
underwent a toe amputation on the contralateral foot,
and one patient developed a soft tissue infection of the
ipsilateral proximal part of the lower leg.

Ulcer healing

Two ulcers (10%) healed and two ulcers increased in size
during the 2-week treatment period. Ulcer surface area
was reduced by >50% in 11 ulcers in 2 weeks. Median
ulcer size reduced significantly within the treatment
period (p=0.004). The mean decrease of ulcer surface
was 43% (95%CI: 20.2%-65.9%). Fig 1 and Table 3 show
further data on ulcer surface reduction.
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Fig 1. Ulcer surface reduction. Changes in ulcer surface per subject.
Each line represents an individual subject
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Microbiological results

The median bacterial load (measured on a semi-
quantitative scale) was 3 (representing three quadrants
with growth using the microbiological streaking
method) before the start of treatment and was 3 directly
after a single application (p=0.18, interquartile range
(IQR): 3). The mean bacterial load before the start of
treatment compared with directly after the last
treatment decreased from 2.66 to 2.59 (p=0.08). Median
Staphylococcus aureus bacterial load before application
was 3 and decreased significantly to 2 directly after a
CAP application (p=0.01).

Discussion

The aim of this study was to assess the safety of CAP
treatment with a novel device in DFUs. We did not
observe any SADEs. Occurrence of an ulcer infection
was lower than expected. Observed AEs were low-
graded and transient; CAP treatment with this novel
device was well tolerated. No patients discontinued
the study because of the burden of the intervention.
Technical problems with the device were uncommon
and never led to discontinuation of treatment. The
results of this study indicate that CAP produced by the
PLASOMA prototype is safe in the treatment of patients
with DFUs.

Although it was not a placebo-controlled study, it is
remarkable that 10% of these hard-to-heal and
persistent ulcers healed, that all but two ulcers
decreased in size, and that 55% of patients experienced
a reduction of ulcer surface area of >50% during the
2-week treatment period.

These observations are in line with other reports,
that suggest that plasma might accelerate ulcer healing
by stimulating growth of mammalian cells.'> These
changes could be directly due to cell stimulation, or
indirectly through change in number, type or diversity
of ulcer surface bacteria. These results can be used to
plan further studies into efficacy and efficiency of CAP
treatment in DFUs and other wound types.

The antimicrobial features of plasma treatment are

important. In a world of increasing prevalence of
antimicrobial resistance, CAP could offer an alternative
to other treatment options for ulcer pathogens,
including Staphylococcus aureus, such as systemic or
topical antibiotic treatment or antiseptic dressings. In
contrast to other studies with plasma, we did not
observe a significant decrease in overall bacterial
load.”1213 The load of Staphylococcus aureus, however,
did decrease after a single treatment session. That is
important, as Staphylococcus aureus and beta haemolytic
streptococci are the most important pathogens in
diabetic foot infection.*

The factors that influence the antimicrobial effect of
CAP in DFUs are unknown. Such factors could be
related to the patient, the bacteria or the device.
Patient-related factors include a high glucose
concentration in the ulcer bed and macrovascular and
microvascular induced ischaemia. Certain bacterial
species could be inherently more sensitive to plasma
application and to exposure to reactive oxygen species.
Such increased sensitivity could be due to the structure
of the peptidoglycan wall or the relative superficial
habitat of an organism in the wound, leaving it more
exposed to plasma and its byproducts.

We used standardised methods to obtain wound
samples and to perform microbiological analyses.
Measuring the bacterial load in an uninfected wound
is difficult as the quantities are usually small. The
sensitivity of culture techniques might be too low to
detect relatively small changes in bacterial load.
Furthermore, since the wounds were uninfected at the
start of the study, no large reduction in bacterial load
during the treatment period was expected. Specific
device settings (e.g., change in frequency or amplitude
of the voltage that ignites the plasma) and shorter or
longer duration of treatment could theoretically
influence the antibacterial effect on different species.
Longer duration of application is more lethal to
bacteria in general, but could lead to tissue damage.
Settings were chosen to optimise antibacterial effect
while avoiding harm to the patients’ tissue. Further
research is needed to identify the factors that influence
bactericidal activity of CAP.

Limitations
The present study has certain limitations. One of these
is that there was no placebo control group. The effect
of daily inspection at the outpatient clinic, with
weekly wound care, could increase the placebo effect.
Another limitation is that possible individual
trends towards ulcer healing before inclusion were
unknown. Although the median duration of the
ulcers at inclusion was long (140 days), it is
theoretically possible that we included ulcers that
already showed a healing trend before patients were
enrolled in the study.

We chose not to include patients with clinical signs
of inflammation, necessitating the initiation of
systemic antimicrobial treatment, or patients who
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were already being treated with systemic antimicrobials.
Such patient groups, however, could potentially
benefit from the combination of topical bactericidal
effect of CAP with systemic antibiotics. Including
patients treated with antibiotics would have made it
impossible to assess any additional effect of CAP on
the occurrence of infection or SA(D)E, or on changes
in bacterial load; these changes could in theory all be
attributable to the antimicrobial treatment, and not to
CAP application. For future studies into the efficacy
and effectiveness of CAP, we suggest to include a
placebo arm and to also include patients with infection
treated with systemic antimicrobials in both arms to
eliminate these forms of bias.

References

1 Driver VR, Fabbi M, Lavery LA, Gibbons G. The costs of diabetic foot:
the economic case for the limb salvage team. J Vasc Surg 2010;

52(3 Suppl):17S-228S. https://doi.org/10.1016/j.jvs.2010.06.003

2 Rogers LC, Lavery LA, Armstrong DG. The right to bear legs—an
amendment to healthcare: how preventing amputations can save billions
for the US health-care system. J Am Podiatr Med Assoc 2008; 98(2):166—
168. https://doi.org/10.7547/0980166

3 Prompers L, Huijberts M, Apelqvist J et al. Delivery of care to diabetic
patients with foot ulcers in daily practice: results of the Eurodiale Study, a
prospective cohort study. Diabet Med 2008; 25(6):700-707. https://doi.
org/10.1111/j.1464-5491.2008.02445.x

4 Lipsky BA, Aragén-Sanchez J, Diggle M et al.; International Working
Group on the Diabetic Foot. IWGDF guidance on the diagnosis and
management of foot infections in persons with diabetes. Diabetes Metab
Res Rev 2016; 32(Suppl 1):45-74. https://doi.org/10.1002/dmrr.2699

5 van Asten SA, Mithani M, Peters EJ et al. Complications during the
treatment of diabetic foot osteomyelitis. Diabetes Res Clin Pract 2018;
135:58-64. https://doi.org/10.1016/j.diabres.2017.06.002

6 Fridman G, Friedman G, Gutsol A et al. Applied Plasma Medicine.
Plasma Process Polym 2008; 5(6):503-533. https://doi.org/10.1002/
ppap.200700154

7 von Woedtke T, Reuter S, Masur K, Weltmann KD. Plasmas for medicine.
Phys Rep 2013; 530(4):291-320. https://doi.org/10.1016/].
physrep.2013.05.005

8 Ehlbeck J, Schnabel U, Polak M et al. Low temperature atmospheric
pressure plasma sources for microbial decontamination. J Phys D Appl
Phys 2011; 44(1):013002. https://doi.org/10.1088/0022-3727/44/1/013002
9 Mai-Prochnow A, Murphy AB, McLean KM et al. Atmospheric pressure
plasmas: Infection control and bacterial responses. Int J Antimicrob
Agents 2020; 56(1):105402. https://doi.org/10.1016/j.
ijantimicag.2014.01.025

10 Arndt S, Unger P, Wacker E et al. Cold atmospheric plasma (CAP)
changes gene expression of key molecules of the wound healing
machinery and improves wound healing in vitro and in vivo. PLoS One

practice

Reflective questions

® Explain whether cold atmospheric plasma (CAP) would be
safe for treating patients with infected ulcers?

® Explain what effect CAP might have on ulcer healing?

® Explain what effect CAP might have on bacterial load?

Conclusion

CAP produced by PLASOMA is safe in non-infected
DFUs. Its application is well tolerated and semi-
quantative culture measures reveal a possible bactericidal
effect, specifically on Staphylococcus aureus bacterial
load. Therefore, it might be a valuable addition to the
armamentarium for the treatment of DFUs. Jwe

2013; 8(11):e79325. https://doi.org/10.1371/journal.pone.0079325

11 Heinlin J, Zimmermann JL, Zeman F et al. Randomized placebo-
controlled human pilot study of cold atmospheric argon plasma on skin
graft donor sites. Wound Repair Regen 2013; 21(6):800-807. https://doi.
org/10.1111/wrr.12078

12 Bekeschus S, von Woedtke T, Emmert S, Schmidt A. Medical gas
plasma-stimulated wound healing: Evidence and mechanisms. Redox
Biology 2021; 46:102116. https://doi.org/10.1016/j.redox.2021.102116

13 Weltmann K-D, von Woedtke T. Plasma medicine—current state of
research and medical application. Plasma Phys Control Fusion 2017; 59(1)
014031. https://doi.org/10.1088/0741-3335/59/1/014031

14 Lipsky BA, Peters EJ, Senneville E et al. Expert opinion on the
management of infections in the diabetic foot. Diabetes Metab Res Rev
2012; 28(Suppl 1):163-178. https://doi.org/10.1002/dmrr.2248

15 Lipsky BA, Senneville E, Abbas ZG et al.; International Working Group
on the Diabetic Foot (IWGDF). Guidelines on the diagnosis and treatment
of foot infection in persons with diabetes (IWGDF 2019 update). Diabetes
Metab Res Rev 2020; 36(Suppl 1):€3280. https://doi.org/10.1002/
dmrr.3280

16 US Department of Health and Human Services. Common terminology
criteria for adverse events (CTCAE) version 5.0. 2017. https://tinyurl.com/
y8cemctr (accessed 2 February 2023)

17 Levine NS, Lindberg RB, Mason AD Jr et al. The quantitative swab
culture and smear: a quick, simple method for determining the number of
viable aerobic bacteria on open wounds. J Trauma Inj Infect Crit Care
1976; 16(2):89-94. https://doi.org/10.1097/00005373-197602000-00002
18 Angel DE, Lloyd P, Carville K, Santamaria N. The clinical efficacy of two
semi-quantitative wound-swabbing techniques in identifying the causative
organism(s) in infected cutaneous wounds. Int Wound J 2011; 8(2):176—
185. https://doi.org/10.1111/j.1742-481X.2010.00765.x

19 Armstrong DG, Lavery LA, Harkless LB. Validation of a diabetic wound
classification system: the contribution of depth, infection, and ischemia to
risk of amputation. Diabetes Care 1998; 21(5):855-859. https://doi.
org/10.2337/diacare.21.5.855

Find out more about the JWC at:

www.journalofwoundcare.com

JOURNAL OF WOUND CARE VOL 32, NO 4, APRIL 2023

251

Downloaded from magonlinelibrary.com by 145.121.074.198 on April 17, 2023.




