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Background: Amputation in diabetic patients is a very important risk factor in reducing quality of life
and one of the most costly complications of diabetes. Studies have shown that non-thermal plasma
effects on wound healing are very promising and have no or minimal impact on the surrounding tissues.
Therefore, in this study we investigated the efficiency of plasma jet therapy in treatment of wounds and
the mechanism of its effects on proteins.
Methods: In this study we tested plasma radiation on four patients with diabetic foot ulcers. Plasma
radiation was performed on three patients with the fourth as a negative control. Biopsy samples were
taken from the patients’ wounds before and after plasma radiation and differentially-expressed proteins
were identified using two-dimensional electrophoresis and matrix-assisted laser desorption ionization -
time of flight - time of flight (MALDI-TOF-TOF).
Results: All three patients had improved wounds after plasma radiation and the results of mass
spectrometry of differential proteins indicated up-regulation of keratinocyte growth factor (KGF),
transforming growth factor beta-1 (TGFb-1) and epidermal growth factor (EGF) in the healing ulcers.
Conclusion: Since previous studies have shown that growth factors play an important role in many
processes such as tissue repair, re-epithelialization of the skin and stimulation of cell proliferation and
migration, an increase in these proteins after plasma radiation is likely to be responsible for the
beneficial effect of plasma radiation on wound healing.
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Introduction
Diabetes mellitus is the name for a group of metabolic diseases
characterized by hyperglycaemia resulting from defects in
insulin secretion, insulin action, or both [1]. Diabetes is
becoming one of the most serious and most important health
problems in human and economic terms, and is one of the
costliest diseases worldwide [2]. Its prevalence has increased
in recent decades due to population growth, aging,
urbanization, obesity and physical inactivity [3]. International
Diabetes Federation statistics show that, in 2014, 3.8% of
adults suffered from diabetes, which represents approximately
387 million people worldwide. It is expected that by 2035 this
number will increase by 53%, to 592 million people [4]. The
chronic hyperglycaemia of diabetes is associated with long-
term damage, dysfunction, and failure of various organs,
especially the eyes, kidneys, nerves, heart, and blood vessels
[5]. In the meantime, one of the most common complications
of diabetes is diabetic foot ulcers, which occur due to
abnormalities of nerves and vessels [6]. Investigations suggest
that the prevalence of complications of diabetic foot ulcers is
between 5.3 and 10.5%, with over 25% of diabetic patients
being affected by a diabetic foot ulcer during their lifetime [7].
Studies have shown that only two-thirds of these patients

eventually recover and up to 28% of these cases lead to
amputation [8]. Although various improvements in the
treatment of diabetic foot ulcers have been achieved, they are
complementary to each other and there is a need for more
effective treatments. The disadvantages of existing treatments
include the high cost of treatment, long-term hospitalization,
damage to healthy tissue, inefficient treatment of infections
and even death [9]. On the other hand, considering the effects
and various functions of non-thermal plasma-an almost ionized
gas stream which is obtained under atmospheric pressure and a
temperature close to the environment-in various branches of
engineering as well as in medicine, and in light of the results of
non-thermal plasma effects on skin diseases [10,11] and
wounds and the healing properties of epithelial cells in the
skin, it has been suggested that plasma jets could be useful
candidates for therapy [12]. Diabetes and risk factors of
diabetic foot ulcers are multifactorial diseases. Consequently,
changes in protein profiles and identification of proteins
effective in the process of healing is certainly considered
important in increasing treatment efficiency. We carried out
this study to perform effective protein profiling and to
investigate changes in protein expression with treatment.
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Materials and Methods

Sample selection
After obtaining permission from the university ethics
committee, four patients with type 2 diabetes who had diabetic
foot ulcers were recruited. Exclusion criteria in this study
included people aged less than 18 years, pregnant women,
people with cancer or dementia. It was explained to the
patients how the results will be used and their informed
consent was obtained.

Plasma jet radiation
Plasma radiation was performed in seven sessions over 15 days
(every other day), for one minute each time. The treatment was
administered to three patients and the fourth patient was left
untreated (negative control). Biopsy samples were taken from
all the patients’ wounds before and after plasma radiation.
Figure 1 shows the plasma jet.

Figure 1. Plasma jet.

Protein extraction and two-dimensional
electrophoresis
Each sample was crushed in a mortar cooled with liquid
nitrogen. Then, 2 mL of protein extraction buffer was added;
the composition of the buffer is shown in Table 1. After being
thoroughly homogenized, the resulting solution was transferred
into 2 mL vials and centrifuged for 10 min at 8,000 RPM.
Then, the supernatant was transferred into another clean vial
and protein concentration was measured by the Bradford
method.

Table 1. Composition of protein extraction buffer.

Tris-Hcl (PH=7.4) 3.93 g 50 mM

Urea 6M 180 g 6 M

-Mercaptoetanol (2.5%) 12.5 mL 2.50%

SDS 10 g 2%

Equal amounts of protein were used for two-dimensional
electrophoresis with an Immobilize PH Gradient (IPG), using
strips with a length of 18 cm and a pH in the range of 10-3.
After electrophoresis in the first and second dimensions, the

gels were stained using Coomassie blue, and after
decolorization and appearance of protein spots, the gel was
scanned and images were stored. Protein patterns were
analyzed using Melanie software, Version 7, and proteins
(spots) were detected and categorized with regard to their
presence or absence and whether they were up-regulated or
down-regulated. The differential spots were confirmed in the
replicates and control and were selected for identification of
the proteins. For identification of spots using mass analysis by
Matrix Assisted Laser Desorption Ionization-Time of Flight-
Time of Flight (MALDI-TOF-TOF), the samples were
separated from the gel and sent to York University, UK.

Results

Results of plasma radiation
Wound healing was observed following one week of plasma
radiation to three diabetic ulcers in separate patients (Figure 2).
This finding was consistent with the results of tests on mice
with wounds treated by non-thermal plasma radiation for 10
seconds the wounds coagulated quickly and healed well [13].

Figure 2. Treatment of a diabetic foot ulcer with plasma jet: a) pre-
treatment, b) after treatment.

Results of two-dimensional electrophoresis

Figure 3. Two-dimensional electrophoresis pattern of ulcer proteins
before treatment.

We used two-dimensional electrophoresis to evaluate protein
expression in wound biopsy tissue. The gels obtained from
samples taken before and after radiation treatment is shown
(Figures 3 and 4).
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Figure 4. Two-dimensional electrophoresis pattern of ulcer proteins
after treatment.

Following two-dimensional electrophoresis the protein pattern
revealed the presence of 427 spots in the gel before treatment
and 469 in the gel after treatment (Figure 5). This pattern did
not differ from that of the negative control samples.

Figure 5. Pattern of protein spots using Melanie software, a) pre-
treatment with 427 protein spots, b) after treatment with 469 protein
spots.

For identification purposes, using mass analysis by MALDI
TOF-TOF and enzyme treatment with trypsin, three spots were
selected. These showed the greatest difference from other
spots.

Figure 6. Spots identified.

Spot 1: Transforming growth factor beta-1
This spot was not present in the gel before treatment, but was
observed after treatment (Figure 6), and on the gel it was found
in the position of MW=13 and alkaline pH and TGFb1 proteins
were identified by MALDI TOF-TOF. The results of mass
spectrometry (Figure 7) revealed this spot, with a Mascot score
of 218, exhibited 51% overlap with transforming growth factor
beta protein. The error rate (E value) calculated in identifying
this protein from the generated fragments is equal to 0.000016.

Figure 7. The results of mass spectrometry of Spot 1.

Spot 2: Epidermal growth factor
This spot was also not present in the gel before treatment, but
was observed after treatment and was identified as epidermal
growth factor (Figure 6). On the gel, it was found in the
MW=25 position and acidic pH. The results of mass
spectrometry (Figure 8) revealed that this spot, with a Mascot
score of 370 and 58% overlap with epidermal growth factor
protein, has an E value of 0.0000097.

Figure 8. The results of mass spectrometry of Spot 2.

Spot 3: Keratinocyte growth factor
Keratinocyte growth factor protein was detected with 34%
overlap, E value=0.0000012 and Mascot score=350 and its
expression was upregulated on the gel after treatment. This
spot on the gel was placed in the position of MW=22 and
alkaline pH. The results of mass spectrometry of this spot are
shown in Figure 9.

Expression of growth factors in re-epithelialization of diabetic foot ulcers after treatment with non-thermal plasma
radiation.
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Figure 9. The results of mass spectrometry of Spot 3.

Discussion and Conclusion
Wound healing is a complex physiological process and in
diabetic patients is known to be affected by many factors
[14,15]. One of these factors is a disturbance in the production
of growth factors [16]. Wound healing occurs as a cellular
response to damage and includes activation of keratinocytes,
fibroblasts, endothelial cells, macrophages and platelets [17].

Spot 1 (TGF-β1) and spot 2 (EGF) were not detected in the
electrophoresis gel before treatment, but after treatment they
were both observed while spot 3 (KGF) was upregulated on the
gel after treatment. This increase therefore appeared to be
related to the plasma treatment.

TGF-β was first identified in 1983 and is one of the cytokine
complexes with extensive effects on growth and development
which also plays a role in wound healing [18,19]. TGF-β is
produced by macrophages, fibroblasts, keratinocytes,
lymphocytes, and active platelets [20]. TGF-β1, TGF-β2 and
TGF-β3 are the main forms in mammals, but it is
predominantly TGF-β1 which is involved in wound healing
[21]. This growth factor is a versatile polypeptide that has
effects on the proliferation and differentiation of cells. It also
functions in stimulating chemotaxis and angiogenesis [22].
Another factor is EGF, which was first identified in 1962 in the
salivary glands of mice and is secreted by platelets,
macrophages, monocytes and fibroblasts that work in both an
autocrine and paracrine manner in epidermal cells, smooth
muscle cells and fibroblasts. Its primary role is to stimulate the
growth of epithelial cells around the wound [23,24].

Brown et al. reported in 1991 that EGF stimulates the division
and migration of epidermal and stromal cells and promotes
angiogenesis, and it is a powerful mitogen for keratinocytes
[25]. As Tiaka et al. said the treatment of diabetic foot ulcers is
fairly difficult work [24]. They noted that epidermal growth
factor plays an important role due to its effect on epithelial
cells and fibroblasts in repair of damaged epithelium [24]. In
addition, Hong et al. determined the efficacy of recombinant
epidermal growth factor in healing of diabetic foot ulcers and
demonstrated that local treatment with EGF may have positive
effects [26].

Keratinocyte growth factor (KGF) is a member of the FGF
family, also called FGF7; this factor is produced by fibroblastic
cells, and was discovered in 1989. It plays an important role in
many biological processes including embryonic development,
morphogenesis, cell growth and tissue repair [27,28]. Bennett
et al. reported in 2003 that during the reconstruction of healthy
skin epithelium, the expression of KGF increased and caused
cell proliferation and migration [29]. KGF probably organizes
the stimulation of dermal and epidermal signals to re-
epithelialize the wound and is important in the treatment of
diabetic foot ulcers where re-epithelialization of the wound
does not occur [29]. As Nakajima et al. described in 2014,
although the mechanism of interaction between cold plasma
and cells or living tissue is not clear, several studies have
reported beneficial effects of cold plasma on key cells
associated with wound healing, and re-integration of
epithelium and wound are affected by the presence of growth
factors such as EGF, KGF and TGF-β [30]. In addition,
Fitzmaurice et al. stated in 2011 that non-thermal plasma free
radicals can increase the phagocytosis of pathogenic bacteria,
improving the wound-healing process and causing
vasodilatation, vascular growth and secretion of cytokines
(VEGF, bFGF and TGF-β) [31]. Free radicals increase the
proliferation of fibroblasts and keratinocytes, induce collagen
synthesis, and play an important role in antibacterial activity as
well as increasing levels of growth factors and cytokines which
are involved in signaling pathways [31].

In this study, the wounds of all three patients with diabetic foot
ulcers were improved after plasma jet radiation. This result is
consistent with those of Friedman et al. [10] and Ghoranneviss
et al. in 2011 who reported that non-thermal plasma did not
damage the tissues and that its use led to skin stimulation and
reconstruction [13]. Isbary et al. [32] and Alkawareek et al.
[33] showed that non-thermal plasma improves wound healing
by reducing wounds’ bacterial load. Daeschlein et al. [34] used
cold plasma to treat bacterial infections and stated that
Staphylococcus and Lotus Micrococcus bacteria were
destroyed. In 2014, Nakajima et al. [30] reported the effect of
cold plasma in the development of fibroblasts and endothelial
cells. Weltmann et al. stated in 2010 that treatment with plasma
is promising for chronic wounds, skin diseases and tissue
engineering or tumor treatment [35].

Kolb et al. reported in 2008 that all the yeast in agar medium
was eradicated after a few seconds of plasma treatment, while
cold plasma radiation even at 10 times more than the required
amount to eliminate pathogens on the skin of laboratory
animals did not cause any tissue damage [36]. Heinlin et al.
also reported in 2010 the effectiveness of plasma in wound
healing, tissue regeneration and treatment of infected chronic
wounds and skin infections [37].

Generally, it can be concluded from this study that non-thermal
plasma has therapeutic effects on diabetic ulcers, and plasma
radiation seems to act by reducing the wound’s bacterial load,
thus reducing infection in chronic wounds, causing
proliferation of fibroblasts and endothelial cells and also
increasing levels of growth factors.
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This study is limited by the small number of patients and
control samples and the small number of identifying spots and
it is suggested that in order to verify these results and identify
other effective factors a study with a larger sample size will be
needed.
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