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Abstract

The efficacy and mechanism of a cold atmospheric-pressure air plasma
(CAAP), which carries abundant atomic oxygen (OI), on blood coagulation
are studied. The tests on sodium citrate mixed blood-droplet samples show
that 1) The heat delivered by the CAAP has no impact on the observed clot
formation, 2) Plasma effluent activates platelets to promote coagulation state
and cascade, and 3) The degree of clotting increases with the OI flux deli-
vered by the CAAP. The full clotting time is shortened from about 25 minutes
of the natural clotting time to about 16 s of the CAAP treatment time. The
tests on smeared blood samples show that the reduction of the platelet count
and the increase of RBC count are proportional to the applied OI flux. /n vivo
tests, using swine as animal model, swift hemostasis of large and deep cut
wounds on the back by the CAAP treatment was demonstrated. A cut artery
was sealed completely with 25 s treatment. The pressure applied by a finger
on the cut artery could be removed immediately after the treatment and there
was no re-bleed. Based on the in vitro test results and the animal model trials,
CAAP coagulation mechanism is presented.

Keywords

Cold Atmospheric Air Plasma, Cold Atmospheric Plasma, Reactive Species,
Reactive Oxygen Species, Atomic Oxygen, Trauma, Hemorrhage,
Hemostasis, Swine

1. Introduction

Atmospheric pressure plasmas, used in medical applications, can be generated
by various electric discharges [1] [2] [3] [4]; however, plasmas have to be gener-
ated in a non-equilibrium state, so that the electron kinetic energy, gained from
the electric source, is better used for producing reactive species, rather than for
heating the plasma effluent; keeping plasma in low temperature. The reactive

species carried by the plasma effluent can trigger biochemical reactions, which
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furnish biocidal effects for sterilization applications, speed up coagulation cas-
cade for hemostasis applications, and promote wound healing [5]-[15].

The flux of the reactive species carried by the plasma is somehow proportional
to the discharge current, the concentration of O,/N, in the working gas, and the
percentage of the energetic electrons in the electron plasma. Noble gases and
noble gas mixed with N,/O, have been used as a way to lower the plasma tem-
perature [2] [4] [5] [6], but the tradeoff lowers the intensities of generated reac-
tive species.

On the other hand, using ambient air as the working gas, chemically reactive
oxygen species (ROS) and nitrogen species (RNS), including molecular oxy-
gen/nitrogen in metastable states and atomic oxygen/nitrogen, are generated di-
rectly in the plasma. Air flow and/or magnetic field have been introduced in de-
vices to generate cold atmospheric air plasma (CAAP) spray [16], where the
discharge paths are elongated by the airflow, and rotating in the magnetic field
to keep electric discharge diffusive. In the other words, the arc column dragged
by the gas flow evolves to gliding arc mode. The non-equilibrium stage starts
when the length of the gliding arc exceeds a critical value. The magnetic field
rotates the gliding arc, making it diffusive and prolonging the non-equilibrium
state. A periodic voltage source also works to maintain the non-equilibrium
state. The advantage of running the air discharge in low voltage high current
diffusive gliding arc mode is that the power supply can be compact and addi-
tional gas tank is not necessary, which make easy to design a practical portable
CAAP device [16].

The present work explores the blood coagulation mechanism of a CAAP [16]
via in-vitro tests on blood-droplet samples and on smeared blood samples, as
well as via in-vivo trial, using swine as animal model. The efficacy of this CAAP
in rapid control of active hemorrhage is demonstrated. The test results are pre-

sented and discussed.

2. In-Vitro Tests to Explore Plasma Coagulation Mechanism

Blood is a fluid tissue that includes 60% of a liquid portion known as blood
plasma, and 40% of formed elements or blood cells [17].

Both formed elements and blood plasma contribute to blood coagulation
during hemorrhage. Blood coagulation involves platelet activation and coagula-
tion cascade. When the platelets encounter the break situation of the blood ves-
sel, molecules touching the platelets trigger platelet activation; it is followed by
the coagulation cascade stepping up blood clotting. Several proteins (fibrinogen,
tissue factor, calcium, etc.) and molecules, called coagulation factors, play im-
portant roles in the coagulation cascade.

Cold atmospheric air plasma (CAAP) carries free radicals, such as reactive
oxygen species (ROS), can quickly stop wound bleeding [12] [13]; a study of the
air plasma coagulation mechanism, based on the tests employing a CAAP [16] to

treat the blood droplet samples and on the smeared blood samples, is presented
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in the following. Each test with a specific treatment time (Z.e., from 2 to 16 s) and
at a specific exposure distance (Ze., 25 mm or 40 mm) was repeated once. The
emission spectroscopy of the plasma effluent indicates that the dominant ROS in
this CAAP is atomic oxygen (OI) [18].

Blood samples used in tests were mixed with 3.2% sodium citrate solution at
9:1 ratio (in volume). The sodium citrate solution chelates calcium ions to pro-
long the natural clotting time [19] [20] to more than 25 minutes. Because
Formed elements and blood plasma involve in different ways in contributing
blood coagulation during hemorrhage; they should be separated for the blood
droplet and smeared blood tests to single out the direct relevance of CAAP to

the coagulation cascade in the treatment.

2.1. Blood-Droplet Tests

A precipitation process is then applied to separate whole blood into blood plas-
ma and formed elements, which are used to prepare droplet samples in the tests.
Shown in row 1 of Figure 1 are the untreated droplets set on glass slides, used as
the controls of (a) whole blood, (b) whole blood, (c) blood plasma, and (d)
formed elements droplet-samples. The exposure distance and time were 40 mm
and 16 s, respectively. The first whole blood sample in (a) was treated by the hot
airflow of a hair dryer, which raised the sample temperature to about 61°C,
which is higher than that of about 47°C raised by the plasma flow. A photo of
the sample taken after this hot air treatment is presented in row 2 of Figure 1(a)
for a comparison. The airflow deformed the shape of the blood droplet, but it
didn’t instigate any blood clotting.

The other three controls in row 1 of Figures 1(b)-(d) were treated by the
CAAP. The test results are presented in row 2 of Figures 1(b)-(d) for treated (b)
whole blood, (c) blood plasma, and (d) formed elements samples. A dark brown
shell, manifesting blood clotting, can be seen in the whole blood and formed
elements samples but is not observed in the treated blood plasma sample. The
treated formed elements sample is darker, dryer, and harder than the treated

whole blood sample. The observation evidences that the clotting of the treated

(1)

(2)

(a) (b) (c) (d)

Figure 1. Untreated controls (row 1) of whole blood (1a), whole blood (1b), blood plasma
(Lc), and formed elements (1d) droplet-samples; and the corresponding hot air treated
sample (2a) and plasma treated samples (2b to 2d).
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samples in (b) and (d) is ascribed to the activation of the formed elements by the
reactive species in the plasma effluent. The results clearly demonstrate the coa-
gulation efficacy of the CAAP employed in the tests, which shortens the clotting
time from 25 minutes margin to 16 seconds margin.

Heat can induce protein coagulation; on the other hand, there is no indication
of clotting can be found in the treated blood plasma droplet sample (row 2 of
Figure 1(c)). It suggests that the heat delivered by the CAAP cannot be a cause
of blood clotting, shown in row 2 of Figure 1(b) and Figure 1(d), in the CAAP
treatment. This is further evidenced by the comparison of (a) and (b) in row 2 of
Figure 1, which rules out the function of the plasma effluent heating to the
forming of the clot appearing in (b).

CAAP treatments with different exposure distance and time on each blood
droplet sample, which was set on a glass slide, were performed to correlate the
OI flux with the degree of clotting. The total amount of OI applied to the blood
droplet sample in treatment will be proportional to the total exposure time and
inversely proportional to the exposure distance. Three samples treated at the
same exposure distance of 25 mm for 8, 12, and 16 sec, respectively, are pre-
sented in Figures 2(a)-(c) for comparison. The sample temperatures were less
than 53°C. A shell, formed on each blood sample surface, can be clearly seen.
The photos indicate that the degree of blood clotting increases with the increase
of the exposure time from 8 to 16 sec. Three samples treated at three different
exposure distances of 25, 30, and 40 mm for the same exposure time of 16 sec are
presented in Figures 2(c)-(e). Again, the sample temperatures were less than
53°C. As shown, the degree of blood clotting decreases as the exposure distance

increases from 25 to 40 mm.

2.2. Tests on Smeared Blood Sample

Untreated (control) and CAAP-treated smeared whole blood and formed ele-

ments samples were prepared for cell staining and microscopy analysis, which

(d) (e)

Figure 2. Blood samples treated by the CAAP at a fixed exposure distance of 25 mm with
three exposure times of (a) 8 sec, (b) 12 sec, and (c) 16 sec; and by the CAAP with a fixed
exposure time of 16 sec at two increased exposure distances of (d) 30 mm and (e) 40 mm.
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identified cell types and performed cell counts. Presented in Figure 3 are the re-
sults of RBC and platelet cell counts, from smeared whole blood control and
from treated samples with four different exposure times of 2, 3, 4, and 10 s at 25
mm exposure distance; and from a smeared whole blood sample treated at 40
mm exposure distance with 10s exposure time; and from smeared formed ele-
ments control and from treated sample with exposure time of 16 s and exposure
distance at 30 mm.

As shown, the smeared whole blood samples treated at a fixed exposure dis-
tance of 25 mm, the concentration of RBC/platelets increases/decreases mono-
tonically as the exposure time increases. Cell counts of RBC and platelets with 10
s exposure time at 25 mm and 40 mm exposure distances were compared. As
shown, the treatment at longer exposure distance causes less changes on the
concentrations of RBC and platelets. The concentration of RBC/platelets of the
smeared formed elements samples also increases/decreases with the CAAP
treatment. Experimental results show that CAAP activates RBC and platelets;
increase of the applied OI causes the reduction of the platelet count (Ze., increase
of activated platelet count) and the increase of RBC count in the treated sample.

The results of the tests on blood droplet samples presented in Figure 2 and
the microscopy analysis of smeared whole blood/formed elements samples pre-
sented in Figure 3 evidence that the rising of coagulation with plasma treatment
correlates with the increasing of RBC and decreasing of platelet counts. The ob-
servations are also correlated to the increase of applied OI in the treatment. It
advocates that OI carried by the plasma effluent could rapidly trigger coagula-
tion cascade.

When interacted with H,O, atomic oxygen (OI) can generate large amount of
reactive oxygen species (such as H,0, and OH), which are expected to function
similarly to those oxidants, produced or released in the vascular lumen. Several

key steps in coagulation cascade are then triggered by the oxidants. They stimulate
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Figure 3. Changes of the RBC and platelet concentrations of smeared whole blood/formed elements sam-
ples with the exposure time and with the exposure distance.
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RBC-platelets interaction, which moves the concentration of cells suspended in
blood; the observations of the microscope presented in Figure 3 show the in-
crease of RBC concentration in line with the increase of the exposure time. En-
hanced adenine nucleotides released by aggregated RBC trigger platelet adhe-
rence/agglomeration [19] [21]-[26], where fibrinogen acts as a bridge to link ac-
tivated platelets together. Subsequently, globular complexes are formed to trap
RBC and platelets; the viscosity of blood will also be affected by oxidants that
presumably contribute to the denaturation of albumin [20] as well as other pro-
teins found in the blood. Consequently, the blood fluid identity decreases and
coagulation rises. Additionally, platelets are activated by oxidants to release the
contents of stored granules into the blood plasma to induce thrombin, which
converts the soluble fibrinogen, large and complex glycoprotein, into insoluble

fibrin strands to form fibrin gel holding activated platelets to form hemostatic

plug.
2.3. A Plausible Mechanism

In the air discharge, where oxygen has lower ionization energy than that of the
nitrogen, electrons (e’) and molecular oxygen ions (O] ) are produced. As the
air plasma flows out of the discharge zone, atomic oxygen (OI) is generated in
the plasma effluent via a dissociative recombination process O; + e > O +
O as well as via other processes.

Atomic oxygen is very reactive and can oxide most elements. It is essential for
respiration of animals and can be used in medical applications. It kills disease
microorganisms and improves cellular function. The test results further reveal
its significant function of promoting hemostasis.

Cartoon plots presented in Figure 4 incorporate the correlations deduced
from the test results, which include the dependencies of the degree of clotting,
the RBC count, and the platelet count, on the amount of atomic oxygen supplied
in the CAAP treatment. The sequence of the plots illustrates a plasma clotting
mechanism described in the following.

Several key steps in the coagulation cascade are triggered by the atomic oxy-
gen, which functions similarly to the oxidants produced or released in the vas-
cular lumen. Atomic oxygen and its oxidant products in the blood plasma sti-

mulate RBC-platelets and WBC interactions (Figure 4(a)). The interactions

(c) @ RBC ¢ Platelets
®wBC Plasma proteins

Figure 4. Cartoon plots showing the clotting process in the CAAP treatment.
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influence the concentration of cells suspended in blood (Figure 4(b)). The ob-
servations of the microscope presented in Figure 3 show the increase of RBC
concentration in line with the increase of the exposure time. Enhanced adenine
nucleotides released by aggregated RBC trigger platelet adherence/agglomeration,
where fibrinogen acts as a bridge to link activated platelets together. Atomic
oxygen also directly activate and aggregate platelets by inactivating anticoagula-
tion agents, such as endothelial-derived relaxing factor (EDRF) which counte-
racts platelet aggregation to control clotting. Subsequently, globular complexes
(Figure 4(a) and Figure 4(b)) are formed to trap RBC and activated platelets,
leading to the decrease of inactivated platelet concentration; the viscosity of
blood samples will also be affected by atomic oxygen and oxidants that presum-
ably contribute to the denaturation of albumin as well as other proteins found in
the blood. Consequently, the blood fluid identity decreases and coagulation rises,
leading to the formation of platelet clot (Figure 4(c)).

The critical role of atomic oxygen/ROS in enhancing coagulation can be fur-
ther justified by comparing the coagulation time of cold atmospheric plasma
(CAP) treatment by different plasma devices employing different working gases.
The kINPen Plasma MED [6] is an atmospheric pressure plasma jet (APP]) us-
ing Argon gas as the working gas. It generates ROS only after encountering the
ambient air outside the generator. It takes 10 minutes to achieve a complete clot.
On the other hand, CAAP treatment reaches a complete clot in 16 seconds. In
addition, the air plasma of a DBD device can also initiate noticeable partial coa-
gulation in 15 seconds [7].

Because such in Vitro tests do not involve complete coagulation cascade and
processes, the test results cannot fully reveal the CAAP-efficacy on hemostasis;

in Vivo tests are necessary and are presented in the next Section.

3. In-Vivo Test to Verify CAAP Hemostasis Efficacy

In the following, test and the result are presented. An adult swine with blood
pressure compatible to that of an adult human being was used as an animal
model, and the trial was repeated once. This swine was first injected with calma-
tive-Stresnil and fastened on a table. The swine was then anesthetized with Isof-
lurance-Fluothane which kept it in a narcotized state, which was monitored
throughout the entire trial period.

Shown in Figure 5(a) is a large and deep cut wound on the back of a swine.
One artery was cut to cause main bleeding. Because tourniquet couldn’t be ap-
plied, one had to apply pressure in front of the wound to slowdown active he-
morrhage. Thus, the first step was clearing away the blood with medical cloth to
locate the cut artery, and then used a finger to press the artery above the cut lo-
cation as indicated in Figure 5(a). A hand-held CAAP was applied to first treat
this cut artery as shown in Figure 5(b). After this artery was sealed, ie., the
bleeding was stopped, CAAP was then swept back and forth to treat other cut

area, as shown in Figure 5(c). The total treatment time was about 25 s.
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Figure 5. CAAP treatment on a cut wound on the back; (a) inspecting the wound and
pressing the cut artery to slow down bleeding, (b) treating the cut artery first, (c) sweep-
ing CAAP back and forth to treat other area of the cut, and (d) assessing the wound to
confirm complete hemostasis.

Subsequently, the wound was examined if hemorrhage was controlled. As
shown in Figure 5(d), all hemorrhage was stopped. Because the cut artery has
relatively small size, it took very short time (<25 s) to seal it. At 30 minutes later,
the wound was check again; it confirmed that there was no re-bleed.

In the future plan, different kinds of wounds will be tested on swine. The re-
sults of successful tests can be applied for developing a CAAP based first aid de-
vice and its operation protocol in treatment of different wounds. If the clinic tri-

als are still necessary, these results will be useful reference.

4. CAAP Hemostasis Mechanism

The in-vivo test result presented in Sec. 3 clearly shows that this CAAP spray ra-
pidly stops hemorrhage from a large cut wound. In Sec. 2, atomic oxygen pro-
duced in the plasma effluent is identified to be the dominant factor instigating
coagulation cascade.

Hemostasis [27] comprises three major events that occur in a set order fol-
lowing the loss of vascular integrity:

1) Vascular constriction and blood viscosity elevation to slow down bleeding.

2) Platelets are activated by thrombin and change their shape. The protein fi-
brinogen aggregates platelets and stimulates platelet clumping by binding to
collagen at the site of injury, forming a temporary, loose platelet plug.

3) A fibrin mesh (also called the clot) forms and entraps the plug.

In the treatment, the atomic oxygen (OI) delivered by the CAAP interacts
with water (H,O) content in the blood, oxidants are produced. Oxidants alter
tissue factor pathway inhibitor (TFPI) structure that a pro-coagulant state in
endothelial cells is induced. They neutralize nitric oxide (NO) to reverse vasodi-

lator activity and regulate plasminogen-induced IL-15 and TNF-a production in
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microglia to degrade plasmin in anticoagulation. The viscosity of blood is af-
fected by oxidants that presumably contribute to the denaturation of albumin
and other proteins found in the blood. Consequently, the blood fluid identity
decreases to slow down bleeding. These oxidants also target platelets, in the same
way as those produced or released in the vascular lumen, to affect several key
steps of platelet function, such as platelet activation, aggregation, and adhesion.

The activated platelets release the contents of stored granules into the blood
plasma and change shape from spherical to stellate; and the fibrinogen
cross-links with platelets’ glycoprotein to aggregate adjacent platelets, which are
then bound to the collagen exposed on endothelial cell surfaces. A glycoprotein
called von Willebrand factor (vWF), which is found in blood plasma, further
strengthens this adhesion by binding collagen to the platelets; this binding acti-
vates platelet integrin, which mediate tight binding of platelets to the extracellu-
lar matrix and thus adhere this platelet plug (white clot) to the site of injury; this
“primary hemostasis” process is accelerated significantly by the OI flux delivered
by the CAAP.

H,0,, produced by OI, stimulates phospholipase A2 enzyme to amplify
platelet response to collagen and acts as second messenger by activating arachi-
donic acid metabolism and phospholipase C (PLC) pathway [28]. It rapidly ad-
vances platelet aggregation to set off an increase in the release of C.* ions,
which, together with thrombokinase/thromboplastin (factor III) released by the
damaged tissues, react with prothrombin to form thrombin. Thrombin converts
soluble fibrinogen into insoluble fibrin to deposit into the platelet plug and also
activates platelets to mediate the formation of covalent bonds, which crosslink
the fibrin polymers to form fibrin mesh (red clot) all around the platelet plug to
hold it in place. The supplied OI flux also speeds up this “secondary hemostasis”
process.

However, the blood pressure of the artery is too high to seal its cut by a blood
clot from the outside; thus, in the CAAP treatment, vascular constriction and
blood clotting right inside the cut (ie, internal clot formation) are likely the
mechanism of sealing the cut artery of a large cut wound, shown in Figure 5.

In sum, this CAAP is effectual to trigger various biochemical reactions to
promote hemostasis. It speeds up vascular constriction, activates platelets, and
instigates the crosslinks of various blood polymers to set off coagulation cascade,

which boost hemostasis as demonstrated by the test results.

5. Discussion

Some injuries can cause a trauma patient to deteriorate rapidly, the time delay
between injury and treatment has to be kept to a minimum. It is well established
that the patient’s chances of survival are the greatest if they receive definitive
care within a short period of time after a severe injury [29].

The golden hour represents the span of time in which treatment of bleeding

offers the greatest hope of survival [30]. Moreover, it is also called for a full con-
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trol of hemorrhage within as few as 10 minutes (so called platinum ten) to en-
suring the survival of wounded persons in accidents.

The first aid [31] of critical traumatic patients in the emergency situation re-
quires effective medical tool, which is capable to stop main hemorrhage of the
wound within the initial 10 minutes period and to prevent infection. It is prefe-
rence that the first aid tool is portable, in particular, in the battlefield and at ac-
cident site.

Moreover, the time that has elapsed since the wound occurred is an important
factor in determining whether the wound should be closed primarily. Fast
bleeding control together with proper disinfection in the treatment will allow
some of wounds to be closed quickly without an increased risk of infection; that
can reduce the patient’s discomfort, speed wound healing, and decrease scarring.

The effectiveness of the CAAP in rapid control of active hemorrhage has been
demonstrated (Figure 5). The biocidal effects of the CAAP [13] also provide
disinfection simultaneously in the treatment. Further tests on wounds of artery
cuts at different locations will be useful to establish the treatment procedure in
the first aid in any situation. A CAAP device, which can be made portable by
using battery as the power source [32], should meet the requirements of ad-
vanced first aid [33]. It is understandable that the required treatment time to
stop bleeding varies with the wound. Certain main hemorrhages, such as an
amputated leg, will no doubt need much longer treatment time. However, the
same CAAP device will be applicable as long as the energy capacity of the battery
is able to handle the power demand throughout the running period of the de-
vice.

Finally, CAAPs are able to kill bacteria by protein degradation in surface
structures and damaging microbial DNA without being harmful to human tis-
sues. Reactive oxygen species (ROS) and other components of plasma affect eu-
karyotic cells, especially on keratinocytes in terms of viability, proliferation,
DNA, adhesion molecules and angiogenesis. Thus, CAAPs can also support
wound healing, by its antiseptic effects, by stimulation of proliferation and mi-
gration of wound relating skin cells, by activation or inhibition of integrin re-
ceptors on the cell surface or by its pro-angiogenic effect. As reported in the ref-
erence [13], the postoperative observation of wound healing after CAAP treat-
ment to stop bleeding of a cut to an ear artery and of a cross cut wound in the
ham area of a pig model, no any side effects caused by the CAAP treatment were
observed. The observation also revealed a positive effect of CAAP treatment on
wound healing. It shortened the healing time of the cross cut wound from 14

days to 8 days.
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