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Abstract

The capacity of a cold atmospheric-pressure air plasma (CAAP) device for
advanced first aid is presented. Using swine as an animal model, two trials: 1)
a large, curved cut in hindquarters area and 2) amputation of a front leg, were
performed. Cold atmospheric-pressure air plasma effluent, which carries reac-
tive oxygen species (ROS) atomic oxygen (OI), is applied for wound treat-
ments. Swift hemostasis of the wounds by the CAAP treatment was demon-
strated. The pressure applied by a finger on the cut arteries in trial 1 and the
tourniquet applied in trial 2 could be removed immediately after the treat-
ment and there was no re-bleed in both cases. CAAP hemostasis mechanism
was explored via in-vitro tests. 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
total amount of applied OI by means of the CAAP effluent. It took only 16 s
of the CAAP treatment to reach full clotting, which was considerably short-
ened from the natural clotting time of about 25 minutes. The tests on smeared
blood samples show that the reduction of the platelet count and the increase
of RBC count are proportional to the amount of applied OL. A plausible
CAAP hemostasis mechanism is concluded from the in vitro test results and
the animal model trials.
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1. Introduction

The outcome of a hemorrhage varies, depending on its severity; it can range
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from no apparent damage to severe disability [1] [2] [3] [4]. Severe bleeding, in
critical situations, can be life threatening if not treated swiftly [1] [4] [5]; for
example, it accounts for 30% to 40% of all fatalities on battlefields [2], second
only to central nervous system injury. Ways of controlling major bleeding can
prevent hemorrhagic death and timely stopping hemorrhage can also relieve
symptoms and prevent complications [1]-[13].

Blood coagulation involves platelet activation and coagulation cascade. After
wound is bleeding, the vasoconstriction is taken place and oxidants are released
in the vascular lumen to enhance platelet agglomeration at the wound location
to act on blood clotting. Moreover, oxidants fragment platelets to form a fibrin
clot which plugs broken blood vessels for hemostasis.

Ambrosio et al. [14] suggested that reactive oxygen metabolites might affect
thrombus formation within the vasculature. In addition, hydrogen peroxide
(H,0,), a non-radical yet oxidant species, is known to play a special role in
platelet agglomeration [15] [16]. Studies have shown that platelets are a prime
target for oxidants produced or released in the vascular lumen. Oxidants can af-
fect several key steps of platelet function to indirectly enhance platelet agglome-
ration through local increases in platelet-activating factor (PAF) [17]. Further-
more, oxidants promote de novo synthesis of tissue factor pro-coagulant activity
[18].

Plasma can effectively convert electromagnetic energy into kinetic energy of
electrons, which is needed for exciting and dissociating molecular oxygen to
produce chemically reactive oxygen species (ROS), including molecular oxygen
in metastable states and atomic oxygen. Atmospheric pressure plasmas, used in
medical applications, can be generated by various electric discharges [19] [20]
[21] [22]; however, plasmas must be generated 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; keep-
ing plasma in low temperature. The reactive species carried by the plasma efflu-
ent can trigger biochemical reactions, for example, atomic oxygen interacts with
H,O, similar oxidants to those released in the vascular lumen are generated to
speed up blood clotting and clot formation, and reactive species furnish biocidal
effects for sterilization applications, and promote wound healing [23]-[33].

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 gasses mixed with N,/O, have been used to lower the plasma temperature
[20] [22] [23] [24], but the tradeoff is lowering 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 [34], where the
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discharge paths are elongated by the airflow, and rotating in the magnetic field
to keep electric discharge diffusive. In 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 additional gas
tank is not necessary, which make it easy to design a practical portable CAAP
device [34].

The present work demonstrates the capacity of a CAAP spray on bleeding
control in critical situations, via in-vivo trial, using swine as an animal model,
and explores its blood coagulation mechanism via in-vitro tests on blood-droplet
samples and on smeared blood samples. Blood cell staining, optical microscopy, and
histological examination for morphological studies of untreated and post-exposed
blood samples were performed. The electric characteristics of the discharge for
plasma generation and the spatial distribution of the 777.4 nm emissions of the
plasma spray, a signature of the generation and distribution of atomic oxygen in
the plasma effluent, are presented in Section 2. /n-vivo trials, using swine as
animal model, to demonstrate the capacity of CAAP in bleeding control are pre-
sented in Section 3. In-vitro tests and the results of analyses, as the basis of
plasma coagulation mechanism, are presented in Section 4. The correlation of
these results evidences a plausible CAAP hemostasis mechanism which is sum-

marized in Section 5. Discussions and conclusions are given in Section 6.

2. Plasma Spray Generator

A non-equilibrium air plasma, generated in open air with large spatial extent by
a plasma spray generator as shown in Figure 1(a), is applied to wounds for swift

hemostasis.
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Figure 1. (a) Cold atmospheric air plasma generated by a plasma spray generator; (b)
photon counts of the emission lines from 700 to 900 nm, the arrow is located at 777.4 nm
attributed to the 5P state of atomic oxygen; (c) 2-D spatial distribution of 777.4 nm
radiation intensity of the plasma spray.
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At atmospheric pressure, the air discharge between the circular electrodes is
an arc mode, which generally evolves into a constricted arc and develops hot
spots on the electrode surfaces. The airflow and the magnetic field (from a
ring-shaped permanent magnet) are introduced to prevent the discharge from
forming arc constriction and hot spots. The airflow pushes the arc between the
electrodes into an elongated loop (ie, a gliding arc discharge), which extends
out of the gap between electrodes more than 30 mm. Magnetic field rotates the
discharge loops to prevent the formation of hot spots on the electrodes. It stabi-
lizes the discharge, slows down the build-up of the arc temperature, and reduces
arc erosion on the electrodes.

Thus, the discharges are maintained in the elongated arc loop which rotates
into a diffused cone over time. The increase of the discharge path length and the
reduction of the transit time loss of the discharge work to significantly reduce
the arc temperature, and the sparkling and heating of the electrodes, and to in-
crease the plasma volume and the generation region of the reactive species, which

is particularly important to those with short lifetimes, such as atomic oxygen.

2.1. Emission Spectroscopy

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”- —>0+0
as well as via other processes.

The presence of atomic oxygen in the plasma spray was examined via its
emission spectroscopy [35] [36]. At atmospheric pressure, 777.4 nm and 844.5
nm lines are commonly found in non-equilibrium air discharges; 777.4 nm lines
are usually more intense than 844.5 nm lines. O’Connor et al. [37] developed a
method using the intensity ratio Ig,,/I,,, to determine the discharge gas temper-
ature. In a scan of the emission spectroscopy as shown in Figure 1(b), the 777.4
nm lines have a dominant spectral peak, and the 844.5 nm lines are missing; it
indicates that the discharge gas has low temperature. The 777.4 nm line is attri-
buted to the 5P state of the atomic oxygen (OI). Presented in Figure 1(c) is the
spatial distribution of the 777.4 nm radiation intensity ranging from <10* to >10°
(in Rayleighs). The distribution extends out axially to about 25 mm from the
nozzle of the module, where the intensity of the 777.4 nm line is about 10° R.
Thus, the apparent photon emission from a slice of the plasma plume at 25 mm
away from the cap is about 10" m™sec”', where the calculation assuming low

optical thickness represents a minimum bound on the average flux.

2.2. Surface Temperature during the Exposure to the Plasma
Effluent

This plasma spray is non-equilibrium due to the following factors associated
with the design and the operation, 1) the discharge is run in a periodic mode
with a duty cycle less than 10%, 2) the airflow pushes the discharge along an
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elongated path, 3) the elongated arc loop is rotating by the magnetic field and
vibrating by the air pressure in the nozzle, 4) the triggered discharge is main-
tained at low voltage. Because the discharge extends to 30 to 35 mm away from
the discharge gap, some of the energetic electrons and OI are generated locally in
the plasma plume, rather than being conveyed from the gap region of the elec-
trodes. Thus, the thermal temperature (<320 K) of the plasma effluent is much
lower than the excitation temperature of electrons channeled in the arc loop,
which is estimated via emission spectroscopy to be higher than 7700 K.

The temperature of an exposed surface is expected to increase with the treat-
ment time. Agar is used to simulate the skin; it is then exposed to the plasma ef-
fluent, at an exposure distance of 30 mm, continuously for up to 150 seconds.
The surface temperature of the agar sample is then measured. As shown in Fig-
ure 2, it increases nearly linearly with the treatment time in the first 45 seconds,
up from room temperature of ~ 66°F (19°C)) to about 100°F (38°C). After 45 s,
the temperature elevation rate drops quickly; the surface temperature of the agar

sample increases to about 110°F (44°C) after 150 s exposure to the plasma effluent.

3. Assay via Animal Model to Demonstrate CAAP Hemostasis
Capacity

In the following, two trials are presented. Two adult swines with blood pressure
compatible to that of an adult human being, were used as animal models [38],
and the similar trials were repeated on each swine. Each swine was first injected
with calmative-stresnil and fastened on a table. It was then anesthetized with
Isoflurance-Fluothane, which kept it in a narcotized state, and was monitored
throughout the entire trial period.

3.1. A Large, Curved Cut in Hind Quarters Area

This large opening cut, shown in Figure 3(a), caused two broken arteries. Tour-
niquet was not applicable; instead, that using thumb to press above wound to
slow down the active hemorrhage. Moreover, the cut arteries were hidden deeply
inside the cut wound, where had to be opened and clearing away the blood with
a medical cloth, to locate the arteries for treatment. In Figure 3(a), the handheld
APS was moved back and forth around two cut arteries, holding a distance from
each cut at about 30 mm.

After about one-minute treatment, the wound was examined, but hemorrhage
was not yet completely controlled. APS was then applied for another 45 s. The
second assessment of the wound, as indicated in Figure 3(b), confirmed that all
hemorrhage was stopped completely. The total treatment time for this cut
wound was about 105 s.

3.2. Amputation of a Front Leg

The wound to be treated was a complete amputation of a front leg at the middle
joint. This is a life-threatening hemorrhage situation; it involves three broken

major arteries.
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Figure 2. Dependency of the surface temperature of an agar sample on the
treatment time to the plasma effluent at an exposure distance of 30 mm.

Figure 3. APS treatment on a large, curved cut wound in the hind quarters area; (a)
treating the cut arteries back and forth continuously, holding at a distance from each cut
around 30 mm, and (b) assessing the wound to confirm no more bleeding after about 105
s total treatment time.

As shown in Figure 4(a), tourniquet was applied in advance before perform-
ing the operation to slow down spurts of blood from the cut arteries; after the
operation, APS was applied immediately to treat cut arteries as shown in Figure
4(b). In this location, the arteries are protected between bones, which makes dif-
ficult to constrict the cut arteries. Moving APS back and forth to cover three cut
arteries and keeping around 30 mm from each cut in the treatment, it took about
5 minutes of continuous treatment to stop all hemorrhage, as shown in Figure
4(c). After the treatment, the tourniquet was loosened slowly to make sure that
the wound did not re-bleed; the tourniquet was then removed, as shown in Figure
4(d). This is a demonstration of successful downgrade of a tourniquet-necessary
wound. It meets the call for “platinum ten”, ie, achieving bleeding control within
10 minutes, to ensuring the survival of wounded personnel and mitigation of
side effects. The wound can be simply wrapped with bandage for protection and
preventing infection, before having a formal treatment in the hospital, as a pro-
tocol.

The capacity of APS in swift hemostasis and in downgrading hemostatic
clamp/tourniquet necessary wounds has been demonstrated by the presented

two trials.
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(d)

Figure 4. APS treatment on an amputated leg; (a) tourniquet is applied to slowdown
hemorrhage from an amputated leg, (b) APS is applied to the cut arteries back and forth
continuously, at a holding distance from each cut around 30 mm, for more than 5
minutes treatment, (c) after all hemorrhage is controlled, tourniquet can be removed, and
(d) wound is wrapped by bandage before giving a formal treatment in the hospital.

In the deep cut case of trial 1, there was no apparent red clots were observed
after the bleeding was controlled. It suggests that the hemostasis is mainly
through vasoconstriction accelerated by the ROS. When atomic oxygen interacts
with H,O, reactive oxygen species are produced to induce a procoagulant state in
endothelial cells by altering tissue factor (TF) structure. ROS suppress NO’s va-
sodilator activity to accelerate vasoconstriction and degrades plasmin in anti-
coagulation to enhance platelet aggregation, which then contract tissue to seal
injured blood vessels.

Usually, hemostasis [39] comprises three major events that occur in a set or-
der following 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, and

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

However, the blood pressure of the artery is too high to seal its cut by a blood
clot from the outside; thus, the CAAP treatment also promotes:

4) vascular constriction and blood clotting right inside the cut (ie., internal

clot formation) to withstand the blood pressure of an artery.

4. In-Vitro Tests to Explore Plasma Coagulation Mechanism

Air plasma coagulation mechanism was explored by the tests, which were per-
formed on the blood droplet samples and on the smeared blood samples with

various CAAP treatments. Each test was repeated once. Blood samples used in
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tests were mixed with 3.2% sodium citrate solution at 9:1 ratio (in volume). The
sodium citrate solution chelates calcium ions to prolong the natural clotting
time [40] [41] to more than 25 minutes.

Blood is a fluid tissue that includes 60% of a liquid portion known as blood
plasma, and 40% of formed elements or blood cells [42]. The formed elements
and the blood plasma involve in different ways in contributing blood coagula-
tion during hemorrhage; to single out the direct relevance of CAAP in promot-
ing coagulation cascade, a precipitation process is then applied to separate whole
blood into blood plasma and formed elements, which are also used to prepare

droplet samples in the tests.

4.1. Blood-Droplet Tests

Shown in row 1 of Figure 5 are the untreated droplets set on glass slides, used as
the controls of (a) whole blood, (b) blood plasma, (c) formed elements, and (d)
whole blood, droplet-samples. The treated sampled are presented in row 2 to
row 4. The treatment time is 16 s; the exposure distance decreases from 40 mm
(row 2) to 30 mm (row 3), and then to 25 mm (row 4). The first whole blood
sample in (1a) was treated by the hot airflow of a hair dryer, which is hotter than
that of the plasma flow. Photos of the whole blood sample taken after 16 s of this
hot air treatment at three exposure distances of 40 mm, 30 mm, and 25 mm, are

presented in (2a) to (4a).

Whole blood platelet poor platelet rich Whole blood
(fan only)

16isee () (b) © )

Control|

1)

40mm

(2

30mm

3)

25mm

@

Figure 5. Untreated controls (row 1) of whole blood (1a), blood plasma (1b),
formed elements (1c), and whole blood (1d, the same as 1a), droplet-samples;
and the corresponding hot air treated samples (2a-4a) and plasma treated samples
(2b-4b, 2c-4c, and 2d-4d) with 16 s treatment time and with three exposure
distances of 40 mm, 30 mm, and 25 mm.
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The first whole blood sample in (1a) was treated by the hot airflow of a hair
dryer, which is hotter than that of the plasma flow. Photos of the whole blood
sample taken after 16 s of this hot air treatment at three exposure distances of 40
mm, 30 mm, and 25 mm, are presented in (2a) to (4a) of Figure 5. It shows that
the heat of the airflow can quickly strengthen the shell of the droplet to withhold
the blow of the airflow; it raises the internal pressure of the blood droplet, which
pushes blood to the center to be expanded upward. However, the heat of the air-
flow did not instigate any blood clotting in all cases of different exposure dis-
tance.

The other three controls in row 1 of Figures 5(b)-5(d) were treated by CAAP.
The test results are presented in rows 2 to 4 of Figures 5(b)-5(d) for treated (b)
blood plasma, (c) formed elements, and (d) whole blood, samples; sample tem-
peratures were raised by the plasma flow (see Figure 2), but much less than that
raised by the hot airflow of a hair dryer. A dark brown shell, manifesting blood
clotting, can be seen in the formed elements samples (2c)-(4c) and whole blood
samples (2d)-(4d), but it is not observed in the treated blood plasma samples
(2b)-(4b).

The treated formed elements sample (2c)-(4c) is darker, dryer, and harder
than the corresponding treated whole blood samples (2d)-(4d). The results pre-
sented in columns c and d also show that the degree of clotting of treated formed
elements samples and whole blood samples increases with the decrease of the
exposure distance.

Heat can induce protein coagulation; on the other hand, applying hotter air-
flow (than the heat flow of the plasma effluent), there is no indication of clotting
in the treated whole blood samples (2a)-(4a) as well as in the treated blood
plasma samples (2b)-(4b). It evidences that the heat delivered by the CAAP
cannot cause blood clotting in the CAAP treatment. Moreover, the blood plasma
samples, in which the form elements are removed, also cannot be clotted by the
CAAP.

Thus, the clotting of the treated samples in (2¢)-(4c) and (2d)-(4d) is ascribed
to the activation of the formed elements by the reactive species; the plasma ef-
fluent delivers more reactive species in shorter exposure distance treatment. The
results clearly demonstrate the coagulation efficacy of the CAAP applied in the
tests, which shortens the clotting time from 25 minutes extent to 16 second mar-
gin.

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 treatment time and
inversely proportional to the exposure distance. Presented in Figure 6(a) is an
untreated control. Three samples treated at the same exposure distance of 25
mm for 8, 12, and 16 sec, respectively, are presented in Figures 6(b)-6(d) for
comparison. 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
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(a) control 7

(d) 16s/25mm (€)  16s/30mm ® 16s/40mm

Figure 6. Blood samples: (a) untreated control, (b) to (d) treated by the CAAP ata
fixed exposure distance of 25 mm with increasing treatment times of (b) 8 sec, (c)
12 sec, and (d) 16 sec, and (d) to (f) treated by the CAAP with a fixed treatment
time of 16 sec at three exposure distances of (d) 25 mm, (e) 30 mm, and (f) 40 mm.

of the treatment time from 8 to 16 sec. Three samples treated at three different
exposure distances of 25, 30, and 40 mm for the same treatment time of 16 sec
are presented in Figures 6(d)-6(f). As shown, the degree of blood clotting de-
creases as the exposure distance increases from 25 to 40 mm.

The critical role of atomic oxygen/ROS in enhancing coagulation can be fur-
ther evidenced by comparing the coagulation time of cold atmospheric plasma
(CAP) treatment by different plasma devices employing different working gases.
The kINPen Plasma MED [24] 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.
The air plasma of a DBD device can only initiate noticeable partial coagulation
on normal blood droplet samples (without mixing with coagulation agents) in 15
seconds [25], down from the natural clotting time of about 30 seconds. On the
other hand, an anticoagulation blood droplet sample reaches a complete clot by
the CAAP treatment (by delivering abundance of OI) in 16 seconds.

4.2. Tests on Smeared Blood Samples

Untreated (control) and CAAP-treated smeared whole blood samples were pre-
pared for cell staining and microscopy analysis, which identified cell types and
performed cell counts.

Presented in Figure 7 are the results of RBC and platelet cell counts, from
smeared whole blood control and from treated samples with four different treat-
ment 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 10 s treatment
time.

It is shown that the smeared whole blood samples treated at a fixed exposure
distance of 25 mm, the concentration of RBC/platelets increases/decreases mo-

notonically as the treatment time increases. Cell counts of RBC and platelets
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Figure 7. Variation of the RBC and platelet concentrations of smeared whole
blood samples as the treatment time increased from 2 s to 10 s and the
exposure distance increased from 25 mm to 40 mm.

with 10 s treatment time at 25 mm and 40 mm exposure distances were com-
pared.

The results show that the treatment at longer exposure distance causes less
changes (i.e, less increase/decrease) on the concentrations of RBC and platelets.
These test results evidence that CAAP activates RBC and platelets; an increasing
of delivered OI by the CAAP effluent causes the decreasing of the platelet count
(ie, increasing of activated platelet count) and the increasing of RBC count in
the treated samples.

The results of the tests on blood droplet samples presented in Figure 6 and
the microscopy analyses of smeared whole blood samples presented in Figure 7
evidence that the rising of clotting by increasing plasma treatment correlates
with the increasing/decreasing of RBC/platelet concentration counts. These de-
pendencies are also correlated to the increasing of applied OI in the treatment
(by decreasing the exposure distance). It infers that OI carried by the plasma ef-

fluent could rapidly trigger coagulation cascade.

4.3. A Plausible Mechanism

Imitated plots presented in Figure 8 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 me-
chanism, which is described in the following.

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 improve cellular function. The test results further reveal its
significant function of promoting hemostasis. When atomic oxygen (OI) inte-
racts with H,O in the blood plasma, H,O, and OH* are produced. These reactive

oxygen species are expected to function similarly to those oxidants produced or
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Figure 8. Imitated plots illustrate the clotting process in the CAAP treatment.

released in the vascular lumen. Several key steps in coagulation cascade are then
triggered. The stimulated RBC-platelets and WBC interactions (Figure 8(a)) in-
fluence the concentration of cells suspended in blood (Figure 8(b)). The obser-
vations of the microscope presented in Figure 7 show the increase of RBC con-
centration in line with the increase of the treatment time. Enhanced adenine
nucleotides released by aggregated RBC trigger platelet adherence/agglomera-
tion [40] [43]-[48], where fibrinogen acts as a bridge to link activated platelets
together. Atomic oxygen also indirectly activates and aggregate platelets by inac-
tivating anticoagulation agents, such as endothelial-derived relaxing factor
(EDRF) which counteracts platelet aggregation to control clotting. Subsequently,
globular complexes (Figure 8(a) and Figure 8(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 oxi-
dants that presumably contribute to the denaturation of albumin [41] as well as
other proteins found in the blood. Consequently, the blood fluid identity de-
creases, and coagulation rises. Additionally, oxidant-activated platelets release
the contents of stored granules into the blood plasma to induce thrombin; it
converts the soluble fibrinogen, a large and complex glycoprotein, into insoluble
fibrin strands; fibrin gel glues activated platelets together as hemostatic plug,

which is then covered by fibrin mesh to form clot (Figure 8(c)).

5. Summary of CAAP Hemostasis Mechanism

The in-vivo trial results presented in Section 3 have demonstrated that this
CAAP spray rapidly stopped hemorrhage from life-threatening wounds. In Sec-
tion 2, the emission spectroscopy indicates that CAAP effluent carries atomic
oxygen. In Section 4, test results on blood droplet samples and on the smeared
blood samples deduce that atomic oxygen is the dominant factor instigating
coagulation cascade.

Hemostasis [39] 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 col-

lagen at the site of injury, forming a temporary, loose platelet plug.

DOI: 10.4236/0jem.2021.93009

77 Open Journal of Emergency Medicine


https://doi.org/10.4236/ojem.2021.93009

S. Kuo

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

In the treatment, the atomic oxygen (OI) delivered by the CAAP interacts
with water (H,O) content in the blood plasma, 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 va-
sodilator activity and regulate plasminogen-induced IL-15 and TNF-a produc-
tion in microglia to degrade plasmin in anticoagulation. The viscosity of blood is
affected 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 activates platelet
integrins, which mediate tight binding of platelets to the extracellular matrix and
thus adhere this platelet plug (white clot) to the site of injury; this “primary he-
mostasis” process is accelerated significantly by the OI flux delivered by the
CAAP.

H,0,, produced by O], stimulates phospholipase A2 enzyme to amplify plate-
let response to collagen and acts as second messenger by activating arachidonic
acid metabolism and phospholipase C (PLC) pathway [15]. It rapidly advances
platelet aggregation to set off an increase in the release of C>* ions, which, to-
gether 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 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 cut arteries in large cut wounds, such as those shown in
Figure 3 and Figure 4.

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 two trials presented in Section 3.

6. Discussion and Conclusion

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

Some injuries can cause a trauma patient to deteriorate rapidly, the time delay
between injury and treatment must be kept to a minimum. It is well established
that the patient’s chances of survival are greatest if they receive definitive care
within a short period of time after a severe injury [49].

The golden hour represents the span of time in which treatment of bleeding
offers the greatest hope of survival [50]. Moreover, it is also called for a full con-
trol of hemorrhage within as few as 10 minutes (so-called platinum ten) to en-
sure the survival of wounded persons in accidents, as well as to minimizing the
risk of complications in the recovery.

Thus, it is desirable that the critical traumatic patients in the emergency are
treated with effective first aid [5], which is capable to stop main hemorrhage of
the wound within the initial 10 minutes period and preventing infection. It is the
preference that the first aid tool is portable on the battlefield and at accident sites.

The effectiveness of this CAAP in rapid control of active hemorrhage has been
demonstrated (Figure 3 and Figure 4). The biocidal effects of the CAAP [19]
[31] [32] [33] 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 [51], should meet the re-
quirements of advanced first aid [52].

Finally, atomic oxygen together with generated ROS (such as *OH and H,0,),
via interacting with H,0, work for disinfection. Through oxidation-reduction
reactions, oxygen radicals kill bacteria by denaturation of proteins in cell walls
outside the cores of bacteria, to shorten the period of the inflammatory phase in
wound healing. Moreover, those radicals affect eukaryotic cells, especially on
keratinocytes in terms of viability, proliferation, adhesion molecules and angi-
ogenesis. Thus, this CAAP also accelerates wound healing, by its antiseptic ef-
fects, by stimulation of proliferation and migration of wound relating skin cells,
by activation or inhibition of integrin receptors on the cell surface or by its

pro-angiogenic effect.
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