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ABSTRACT

Hemorrhage or uncontrolled bleeding can arise either due to a medical condition or from
a traumatic injury and are typically controlled with the application of a hemostatic agent.
Hemostatic agents are currently derived from animal or human products, which carry risks of
blood borne infections and immune dysregulation. Therefore, the need exists for novel
biomedical therapies not derived from animal or human products to achieve hemostasis.
Accordingly, we created an interdigitated microelectronic bandage that applies low voltage
electrical stimulation to an injury site, resulting in faster clot formation without excessive
heating, accelerated fibrin formation, and hemostasis overall. Our interdigitated microelectronic
bandage found fibrin formed 1.5x faster in vitro. In vivo, total cessation of bleeding was 2.5x
faster, resulting in 2x less blood loss. Electricity has been used in medical applications such as
defibrillation, cauterization, and electrosurgery, but scant research has focused on hemostasis.
Here we report a novel surface treatment using interdigitated microelectronic device that creates
rapid hemostasis in both in vitro and in vivo bleeding models with low applied voltages,

representing a new and novel class of hemostatic agents that are electrically-based.
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INTRODUCTION

As hemorrhage due to trauma, surgery, and bleeding disorders remains a major cause of
mortality and morbidity, a need exists for novel therapies to achieve hemostasis. Current
hemostatic agents are blood products that increase the effective concentration of blood
coagulation proteins and are derived from animal or human products, which carry risks of blood

- - - . 1,2,3,4,5
borne infections and immune dysregulation ™~ > ™

. Topical agents, such as tissue adhesives
have gained popularity in closing small simple lacerations and surgical incisions™’. Tissue
adhesives are hemostatic and form an occlusive dressing that can create an antimicrobial barrier
and moist wound environment®. However, they are not recommended for mucosal surfaces and
lacerations that have wound tension’. Alternatively, electricity has historically been used in a
variety of medical applications such as defibrillation, cauterization, and electrosurgery to achieve
hemostasis * ' ' but result in creating unwanted damage to the surrounding tissue and require
specialized equipment '* "2

Inherent with the current hemostatic therapies listed above is the need for specialized
equipment or temperature-controlled storage, which may not be readily available and are
primarily used by trained professionals. Additionally, hemorrhage due to trauma typically occur
away from the hospital where medical resources are limited. Therefore, a need exists for a novel
biomedical solution for non-compressible hemorrhage that decreases the chance for secondary
infections and healing complications, is comprised of a simple device requiring no specialized
equipment, training or temperature-controlled storage, and is readily available in any resource
setting.

Herein, we present results of our novel interdigitated microelectronic device incorporated

into a simple surface treatment band aid. The microelectronic device uses low voltages (1-
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60Volts) to create rapid hemostasis in both in vitro and in vivo bleeding models. Our in vitro
bleeding models used human whole blood in direct contact with the stimulated electrical field,
finding faster clot formation without excessive heating of the blood and avoided thermal tissue
destruction. Further investigation towards the mechanism of blood coagulation found that the
low voltage electrical fields accelerate the direct conversion of fibrinogen into fibrin and hence
hemostasis overall. To our knowledge, this research is the first focusing on low voltage with the
intent to avoid tissue destruction. This application of low voltage-surface treatment to sites of
vascular injury represents an entirely new and novel class of hemostatic agents that are
electrically-based (wherein are free from the infectious risks and immune effects that encumber
current human or animal-derived agents) and will have significant implications for experimental

and clinical hematology.

EXPERIMENTAL

Shadow Mask and Metallized Microelectronic Device

Shadow masks were cut from stainless steel using a CO, laser in an interdigitated pattern with
0.25mm thick fingers, 0.75mm apart, spanning lcm. The shadow masks were adhered to 20 mm
x 20 mm glass coverslips and metal was evaporated onto the glass coverslip substrate using an
electron beam evaporator. 20nm of Titanium was deposited as the adhesion metal, followed by

200nm of Gold. Thicknesses were confirmed with a surface profilometer.

PDMS Devices
Two polydimethylsiloxane (PDMS) microfluidic devices were created: T-shaped device (Figure

2a) and single channel devices (Figure 3a) using a DIY-microfluidic process'* (Sylgard 184
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Silicone Elastomer Kit from Dow Corning, Midland, MI). 1.3mm square wire was adhered to the
bottom of a petri dish and 10:1 (base material: curing agent) PDMS was poured over the mold
and cured overnight in 60 °C oven. For the T-shaped microfluidic devices, separate pieces of
PDMS approximately 0.5mm thick, were cured and punched with a 4mm biopsy punch to create
the top well. PDMS was spun into thin layers and used to bond the two pieces together, and the
devices were cured overnight in a 60 °C oven before use. For the single channel devices, the
channels were cut to be the same length as the 20 mm x 20 mm glass coverslip device and
bonded to the glass coverslips by spreading a thin layer of PDMS to effectively glue the two

pieces together. The channels were cured in a 60 °C oven overnight before use.

Live Subject — Human Blood Treatment

All experiments were performed in compliance with the relevant laws and Georgia Institute of
Technology, USA guidelines. Human blood was collected according to Georgia Institute of
Technology’s IRB-approved protocols per the Declaration of Helsinki. Informed consent was
obtained from all human subjects.

0.2mL citrate was added to 2.7mL of whole blood. Before use, 990uL of blood was recalcified
using 10uL 0.1M CaCl,. 25uL human fibrinogen conjugate with fluorescent dye Alexa Fluor
488 (purchased from Life Technologies) was added to the 1000uL of recalcified blood in order

to visualize fibrin formation.

Application of Electric Field
An Agilent E3649A DC power supply was used to generate the applied electric field where

voltage was sourced. DC power was selected to emulate a battery.

Page 6 of 25
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Temperature Measurements
A thermocouple probe was placed into the microfluidic channel to measure the change in
temperature during in vitro experiments. Temperature was recorded on a Fluke 179 TRUE RMS

Multimeter.

Live Subject - Animal injury model

All experiments were performed in compliance with the relevant laws and Georgia Institute of
Technology, USA guidelines. All protocols are approved by the Georgia Institute of Technology
IACUC prior to implementation.

Adult Sprague-Dawley male rats (200-250g) are anesthetized with 5% isoflurane. Following
anesthesia, an incision is made on the right hind limb to expose the femoral vessels. A portion of
the femoral vein is isolated from the surrounding connective tissue by placing a small piece of
foil between the vessel and the underlying tissue. The cavity is then irrigated with 0.9%
irrigation fluid at 37 °C. Following a 5 minute equilibration time, injury is induced to the right
femoral vein by piercing the vein with a 22gauge needle. Our experimental microelectronic
wound dressing is then placed directly over the injury and electrical pulse is applied for 10 secs.
Control groups include wound dressings with no electrical pulse and no treatment. Six animals
were analyzed at 9V and three animals for 3V and 6V, each. A gauze is also lightly placed below
the injury site to collect blood, allowing for measurement of total blood loss without disturbing
the injury site. Gauze is changed every 10 secs for the first 30 sec following injury and then
every 30 secs until bleeding ceases. Bleeding time is defined as the time required for bleeding to

cease for a minimum of 10 secs. Following cessation of bleeding, animals are euthanized with
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carbon dioxide and organs separated, fixed with 10% formalin, paraffin embedded and Spm
sections are produced using a Microm 355H Microtome (Thermo Scientific) and MSB staining

was performed to visualize fibrin formation.

Supplementary Figure 1: PDMS chamber: A polydimethylsiloxane (PDMS) chamber with
embedded metallic wires (Platinum wire with a diameter of 0.1mm) was created to hold 150pL
of liquid. The metallic wires were connected to an Agilent E3649A variable power supply and a
constant voltage was applied to the chamber for up to 5 minutes. A Fluke 179 multimeter
monitored the temperature with a thermocouple lead inserted into the liquid in the chamber.
Experiments were conducted using whole human blood anti-coagulated with acid citrate dextrose

and with isolated platelet rich plasma (PRP), platelet poor plasma (PPP), and washed platelets.

Supplementary Figure 2: Human whole blood was treated as described previously in Blood
Treatment. To visualized the platelets, antibodies, Integrin alpha 2b/CD41 Antibody (NB100-
2614) M 148 purchased from Novus Biologicals and plasma membrane stain (CellMask Deep
Red), fluorescently-tagged secondary antibodies goat anti-mouse IgG (A-11004) purchased from

Thermo Fisher Scientific were used.

Supplementary Figure 3: T-shaped devices were used as described previously in PDMS Devices.
Experiments followed Blood Treatment and Application of Electric Field also described
previously. Standard compression was applied to the top well (the injury site) with a 200-g scale

weight.

Page 8 of 25
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RESULTS & DISCUSSION
Design, characterization, and optimization of microelectronic devices

This research investigated the application of low voltage (1-60V) to augment hemostasis
and could this concept be leveraged and incorporated into a bandage or wound dressing. Figure
la and b show our microelectronic bandage prototype with the interdigitated electrodes “fingers”
with the anode and cathode bus bars connected to a 9V battery. The 9V battery allows for
portability, simple use, and provides direct current (DC), an important feature of the system that

will be discussed throughout.

a. b. C.
Electrical bandage prototype Electrical bandage prototype schematic of Interdigitated gold
. using a 9V battery elkectrical keads on a wound.

-
- i 3 i 4
—r wz;LIlII'I.I- &2

&
~ e

d1

e. Incomplete f. Uniform
Coverage

®®

Figure 1 — a. Electrical bandage prototype with gold interdigitated electrical leads. b. Representative cartoon of the
electrical bandage prototype using a 9V battery. The 9V battery was selected for portability and the ability to
provide direct current to the bandage. c. Schematic cartoon of the electrical bandage on a wound with dimensions of
interest being dl1, the length of the device, and d2, the height of the device. COMSOL modeling was used to
determine the optimal configuration of the interdigitated fingers d. Two leads spread far apart with low electrical
field coverage. e. Two leads next to each other resulting in incomplete electrical field coverage, and f. Interdigitated
leads showing uniform coverage throughout the wound area of interest.

02 Interest

Modeled Normalized Blectric Field [V/im] o
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The use of interdigitated electrode arrays was introduced in the late 1990’s as
biochemical sensors, where the alternating positive and negative electrodes created a uniform
electric field, allowing for improved sensitivity measurements'”. Interdigitated electrodes have
continued to be popular as bioelectrical sensors'® and electrical sensors'’ because of their
uniformity and simple fabrication. Additionally, the size of the array can be expanded or
decreased while maintaining the uniform electric field, providing flexibility in our design and
incorporation into a wound dressing. Initial research focused on the size of the array, Figure 1c
shows the dimensions of interest, specifically the length (d1) and width (d2) as related to the size
of a wound. Using COMSOL Multiphysics software (Figure 1d, e and f), the normalized
electrical field [V/m] was modeled to demonstrate the electrical potential of our interdigitated
microelectronic device with various finger spacing. Equal field amplitude (uniform coverage)
over the entire wound dressing active area, was achieved in Figure 1f using multi-fingers and
small spacing as compared to large finger spacing (Figure 1d) or a single set of fingers (Figure
le). The uniform electrical field coverage correlates experimentally with uniform polymer fibrin
formation spreading throughout the device (not shown here). Simulations also show that the
geometry of the device matters: working most effectively when the interdigitated fingers were
placed on the edges of the wound and covered the entire wound, as placement is diagrammed in
Figure 1c. For this in vitro work, we created circular wounds with diameters between 0.4 — 1 cm
withdl =1cmand d2=1 cm.

Also, of interest is the spacing between fingers (w1) and diameter of the fingers (w2)
(Figure 1c), which were set as wl =0.75 mm and w2 = 0.25 mm. These values were also used
in the above COMSOL models. As stated in Gerwen ', approximately 95% of the current created

will have a penetration distance equal to the finger spacing (w1) plus the finger diameter (w2).

Page 10 of 25
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Therefore, in our design, 95% of the current created will have a penetration distance of 1 mm.
As will be discussed with our animal injury models, rat femoral arteries have a diameter of ~0.89
mm?’, therefore our devices have sufficient penetration distance for the in vivo experiments. It
should be noted that generated current will be affected by the resistance of blood and nearby by
tissue following Ohm’s law, this will be discussed in more detail.

We next focused on understanding the experimental parameter space in regards to the
blood product (washed platelets, platelet rich plasma, platelet poor plasma, or whole blood), and
the temperature and current limits when applying 1-60V. Below 15V both platelets and plasma
are needed for rapid electrical-activated clotting to occur (Supplementary Figure 1a) therefore,
we focused solely on whole blood (plasma, red blood cells, white blood cells, and platelets).
When applying an electric field, the heat generated and physiological effects generated by
current are important. Temperature (i.e. heat generated effects) will increase with increasing
voltage and thermal tissue damages caused by temperatures below 45 °C are considered
reversible'®, which correspond here to voltages less than 30V for anti-coagulated whole blood,
shown in Supplemental Figure 1b. Additionally, we measured the peak current in the devices at
various applied voltages as shown in Supplemental Figure 1c. From Ohm’s law'® (and references
therein), current is equal to voltage divided by resistance, and is the amount of electrical charges
flowing per second, measured in amperes (A). Most current-related effects result from heating of
tissues, stimulations of muscles and nerves, and approximately 0.03A of current can cause
respiratory paralysis®’. Our results found that applied voltages below 15V, resulted in currents
less than 0.03A for anti-coagulated whole blood, therefore we will further limit our parameter
space to voltages less than 15V. Lastly, because our prototype microelectronic bandages are

designed for direct contact with the wound and surface tissue, we placed the prototype

10
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microelectronic bandages on simulated tissue (pre-purchased bovine muscle) and varying
voltages were applied to the bandage for 2 minutes to visually see the impact. Voltages between
10-30V had visible black charring on the simulated tissue wound (Supplemental Figure 1d),
whereas at 9V there was no visible damage to the simulated tissue wounds (Supplemental Figure
le), therefore experiments were further limited to voltages below 9V.

To test the initial efficacy microelectronic field devices to mediate hemostasis, an easily
replicable yet physiologic bleeding model*' was needed. To that end, we developed an in vitro
bleeding model using a gravity-driven microfluidic system (Figure 2a — not to scale) to mimic an
in vivo rat femoral vessel traumatic injury model. Based on the literature, typical reported rat

22,23
“~. Blood flow was

femoral vessel blood flow rates range from 0.2ml/min to 7.1ml/min
perfused in a gravity-driven manner, as opposed to a conventional pump-driven system, into a
simulated wound and to observe whether application of electrical stimulation would augment
hemostasis and therefore decrease the overall time required for bleeding to cease. With the
gravity-driven system, the flow rate can be increased by adjusting the height of the syringe,
which will increase or decrease the flow rates. Using COMSOL modeling, we modeled the
injury site with our minimum and maximum flow rates, specifically looking at the pressure with
the injury site open (Figure 2b) and closed to mimic a clot (Figure 2¢). With the injury site open,
there are distinct regions of negative pressure, resulting in blood flow up into the injury site.

With the injury site closed (mimicking a clot), the pressure gradient remains nearly constant

indicating that the blood will flow out of the exit.

11
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= T-shaped gravity-driven microfluidic system Applied9v  Clotforms atinjury site
interdigitated gold electrical leads. £ o forcing blood cut the
Not to scale Injury site channel
b. ¢ Openinjury site C. Clot at injury site
s ' Inlet flow rate-
g |- 00825 (ml/min) 01818 [mVmin] 00625 [ml/min]  0.1818 [ml/min)
g ' .\
-
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K E
2 Negative pressure,
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Figure 2 — a. Cartoon schematic (not to scale) of a T-shaped gravity-driven microfluidic system with interdigitated
gold electrical leads where blood flowed into the microfluidic, 9V was applied to the electrical field device, time
was recorded for when a clot was formed at the injury site, forcing the remaining blood out of the channel. b.
COMSOL modeling of the pressure in the channel at the injury site for 0.0625ml/min and 0.1818ml/min with an
open injury site and c. with a closed injury site to mimic a clot. Focusing on the injury site, the results of various
flow rates with 9V applied electrical field device are presented in d. 1/clot time and e. Normalized percentage of
blood loss.

Re-calcified citrated human whole blood was perfused through the in vitro bleeding
model at various flow rates. The interdigitated microelectronic device, was placed on the
microfluidic injury site, allowing for direct contact with the whole blood with applied 9V. Time
was recorded from the point the blood entered the microfluidic until the time at which a clot
formed on the microelectronic device and the blood began to flow out of the channel. The 1/clot
time at the injury site results are presented in Figure 2d with an n=6 for all the flow rates. The

fastest time to form a clot occurred at 0.8[ 1/min] equal to 1 minute 15 seconds, whereas the

12
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slowest time recorded was 0.2[1/min] equal to 4 minutes 30 seconds. This set of experiments is
plotted again as normalized percentage of blood loss (Figure 2¢), where statistically significance
was found between all flow rates with a P-value less than 0.01 except between 0.09 1ml/min and
0.125ml/min. Additionally, we investigated the use of pressure on this device at the
0.063ml/min flow rate as shown in Supplemental Figure 3. The application of pressure was
achieved with the use of a 200 g scale weight ** with and without the application of 9V. Using
the Mann-Whitney U test, we found that application of pressure alone led to much longer
clotting times than with the application of 9V alone (p = 0.0079) or application of 9V and
pressure (p = 0.0079). No statistical difference was detected in clotting time between application
of 9V and 9V with applied pressure (p = 0.1746). As such, the application of pressure does not
decrease clotting time nor further augment clot formation associated to applied voltage.
Therefore, we have developed an in vitro bleed model that incorporates our microelectronic
device and mediates hemostasis creating a novel biomedical solution for non-compressible
hemorrhage.

Natural blood coagulation is a complicated process that has been extensively studied**.
The coagulation cascade includes various pathways and many reactions, but always concludes
with the enzyme thrombin converting fibrinogen into cross-linked fibrin fibers>, where the fibrin
fibers form long strands of tough insoluble protein that are bound to platelets, creating a mesh
plug at the wound site. As such, we focused on discerning the underlying mechanism of fibrin
formation at the microscope level in vitro. To visual the first instance of fibrin formation, the
microfluidic bleeding model was redesign to be a simple PDMS channel placed on top of the
microelectronic device (Figure 3a). Re-calcified citrated human whole blood with added

fluorescently-tagged fibrinogen was perfused at physiologic flow conditions (0.063ml/min)

13
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through the microfluidic channel. Voltage was applied for 2 minutes, followed by
epifluorescence microscopy to visualized the first instance of fibrin formation. Figure 3b shows a
comparison of fibrin formation when 3V was applied for 2 minutes as compared to a control
sample where no voltage was applied. Statistical significance was found between the control and
3V (n=32), therefore applied electric fields induce direct conversion of fibrinogen to fibrin and
rapid hemostasis. Of note, voltage less than 3V demonstrate this phenomenon albeit slower,
whereas voltages between 4-9V resulted in bubbles in the channel, therefore lysed blood cells,
and no visualization of fibrin. Figure 3¢ shows representative images of the fibrin formation at 4
minutes, where in both conditions (control and 3V) there is no presence of fibrin, at 5 minutes,
where the first instance of fibrin is found only in the 3V condition, and at 8§ minutes, where both
conditions had fully formed fibrin throughout. Temperature was measured within the
microfluidic to determine if temperature increase was associated with faster fibrin formation.
Figure 3d displays the peak temperature measured during the 2-minute duration of applied
voltage, and the shaded region represents the time window in which accelerated fibrin formation
occurs in the in vitro devices. At 3V, the temperature remains below 24°C and up to 20V the
temperature remains below 35°C. The results show that while increased voltage is associated
with an increase in temperature, the temperature change is not physiological significant in the
regime in which fibrin formation is accelerated and therefore we cannot attribute our findings to
just temperature change in our in vitro experiments. Additionally, we fluorescently labeled
platelets to investigate whether an increase in platelet aggregation or adhesion is associated with
applied voltage. We did not detect a significant change in platelet aggregation or adhesion or a
significant difference in the total number of platelets in the control versus 3V experiments

(shown in Supplementary Fig 2).

14
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Figure 3 — a. Cartoon schematic of a single channel gravity-driven microfluidic with blood flowing over the
interdigitated gold electrical leads for 2 minutes with 3V applied electrical field before imaged for first instance of
fibrin formation as visualized with fluorescently tagged fibrinogen. b. Comparison of control samples (no applied
voltage) and 3V where there is statistical significance. c. Representative images of the control and 3V experiments
showing that fibrin formed at 300secs in the applied voltage experiments, but did not appear until 480secs in the
control. d. Peak temperature measured in the single channel gravity-driven microfluidic at applied voltages of 3-
20V.

In vivo animal experiments

To test the efficacy of our device and overall premise on hemostasis in vivo, we utilized a
well-established rat femoral vessel traumatic injury model** " **2° (Figure 4a). This model
results in an easily visualized, continuous stream of blood flowing from the injury site. The

devices used were made of interdigitated 0.1mm platinum wires anchored to a bandage. The
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femoral vein was isolated in situ on the animal subjects. The vein was punctured with a 22-gauge
needle and allowed to bleed. Five different conditions (injury only, bandage, bandage+3V,
bandage+6V, and bandage+9V (applied microelectronic device)) were compared in terms of
bleeding time and the weight of blood lost. Bleeding time was recorded as the elapse time when
bleeding had ceased for a minimum of 10 seconds, an ANOVA and Tukey test were performed
and found statistical significance between injury only and bandage+9V conditions, as shown in
Figure 4b. Bandage+3V and bandage+6V did result in lower bleeding times as compared to the
injury only and bandage but were not significant. Additionally, the weight of blood lost was
measured in each subject over time, with the results shown in Figure 4c. The weight of blood lost
was collected with gauze applied under the wound and changed every 30 seconds. With applied
voltage (either 3, 6 or 9V) there was less blood loss (in terms of weight) when compared to both
injury only and bandage (gauze only). The arrows in Figure 3c indicate the point at which the
measured blood weight was constant, indicating that bleeding had stopped. In the injury only
experiments, the time at which the blood weight was constant varied between 150 and 480
seconds, which resulted in the noticeable slight increased slope (Figure 3¢) and no single point
where the blood weight is constant. Throughout the experiments, no localized burns or gross side
effects were detected in the animals. Histology analysis of tissue with MSB staining (Figure 4d)
showed electrical stimulation led to increased fibrin formation at the injury site as compared to
control conditions as highlighted with the white dotted circles. Veins were shown to have more
fibrin formation (stained red) with bandage+9V than with injury only, suggesting that the applied

electric field enhances fibrin formation.
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Figure 4 — a. The electrical bandages were tested on rat femoral veins. b. Bleeding time was measured for injury
only, bandage, bandage with 3V, bandage with 6V, and bandage with 9V where there was statistical significance
between the injury only and bandage with 9V. c. The total weight of blood loss was measured over time between the
injury only, bandage, bandage with 3V, bandage with 6V, and bandage with 9V, showing that the bandage with
voltage (3, 6, or 9V) has less total blood loss as compared to injury only and bandage. d. MSB histological staining
of injury only and bandage with 9V where fibrin is highlighted in white dotted circles and more fibrin is found in the
bandage with 9V.

Blood clots are formed from two primary components: a fibrin mesh-network and
platelets. The fibrin mesh-network is formed from the blood protein-fibrinogen and enhances the
structural integrity of the clot, while cell fragments-platelets contract the clot to bring the injured
blood vessel walls closer together in order to facilitate healing. Currently there are many

hemostatic agents on the market that facilitate clotting including biologics and topical powders.
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However, these agents all have drawbacks that prevent them from widespread use. Biologics
such as activated factor VII and fibrin glue are made from bovine and human components and
are therefore inappropriate for low-resource settings and carry risks of bloodborne infections and
immune dysregulation. Additionally, the application of pressure is a mainstay of hemostasis
treatments*’, but some injuries result in non-compressible hemorrhaging. Topical products are
ineffective for non-compressible hemorrhage, and can have local side effects such as burns,
contusions, and local over clotting. These issues highlight a need for a novel hemostatic agent
that can treat non-compressible hemorrhage in environments where traditional solutions are
impractical.

Here we have presented result showing that in vitro fibrin formation occurs within 300
seconds with 3V and in vivo hemostasis occurs under 150 seconds at 9V. There are obvious
differences and factors between the in vitro and in vivo conditions, such as the presence of tissue
factor, which will enhance the hemostatic response occurring in vivo. Therefore, our in vitro
results cannot be directly compared to in vivo results, but to our knowledge, these results are the
first presented using low voltage applied electric fields to achieve rapid hemostasis with in both
in vitro and in vivo. We investigated the addition of pressure with our in vitro microelectronic
device and found no improvement in clotting time or clot formation, as shown in Supplemental
Figure 3. Our microelectronic device did achieve rapid hemostasis independent of pressure, in
turn demonstrating the ability as a potential hemostatic agent for the treatment of non-
compressible hemorrhage.

Previously mentioned was the use of direct current (DC) in our microelectronic device.
There are two main types of electrical current: direct current (DC) and alternating current (AC).

DC refers to electrons flowing in one direction and is usually produced by a battery. AC
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continuously switches direction, on/off, within a cycle (referred to as frequency), cellular ions
are able to depolarize and then repolarize. However, at high frequencies, switching occurs too
rapidly for depolarization/repolarization, so the electrical energy is converted directly to heat -
the main mechanism used in electrosurgery and electrocautery. In living tissue, current flow
consists of the transfer of charged ions within cells and the human body acts as a conductor for
electrical current due to the electrolyte composition of its cells. When applied to living tissue,
direct current depolarizes cell membranes and leads to neuromuscular excitation. If the voltage
and current is sustained for a long period of time, cell death can occur''. Here we are using DC
provided by a power source to mimic power that would be provided by a simple 9V battery, in a
limited manner (low voltage and short period of constant time), resulting in depolarization of the
cells membranes without heat effects while achieving rapid hemostasis.

As was shown in Figure 1b, our microelectronic device design uses a 9V battery which
allows for mobile applications, simple operation, key features for injuries occurring in combat or
in medically underserved communities. Medically underserved communities are those defined
by too few or geographically distant medical clinics, within the US 20% of Americans live in
these areas®’. Combat situation are another medically limited resource setting where serious
traumatic wounds involving heavy bleeding and hemorrhage injuries experienced by military
personal are difficult to treat. Incorporating our microelectronic device into a bandage, the
device provides the ability to close and cover the wound in one simple manner and achieve
hemostasis.

Previous research by Fridman'? and Kalghati'® found that there was no significant change
in calcium ion concentration or change in pH concentration during the time of coagulation in

their e-plasma treated blood samples. Their conclusion indicated that the direct conversion of
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fibrinogen into fibrin may be one of the mechanisms by which non-thermal e-plasma initiates
coagulation. Our research found that with a 3V electric field, there is a direct conversion of
fibrinogen into fibrin, as shown in Figure 3b and c, with minimal local heating across a range of
voltages 3-20V (Figure 3d). However, a limitation of our single channel microfluidic design is
the limited volume of blood under test. Voltages between 4-9V resulted in large bubbles in the
microfluidic channel, occluding the channel (not shown here). It is thought that the bubbles are
caused by irreversible cell depolarization and not thermal effects, as stated previously. Referring
back to Ohm’s law where voltage is equal to current x resistances, where resistances is the
resistance of the blood cells and is considered a constant value. As voltage increases, current
will increase resulting in cell depolarization and channel occlusion as described above. With
larger volumes (i.e. a larger resistance values) of blood this effect should not occur and in fact
did not occur during the in vivo animal studies shown in Figure 4.

During the in vivo animal experiments 3, 6, and 9V were tested as compared to controls
with no localized burns or gross side effects detected in the animals, therefore electrial thermal
heat is not the mechanism for the triggered coagulation. Histology of femoral veins exposed to
the DC electrical field device resulted in more fibrin formation as compared to control, leading to
the conclusion that the electrical field treatment presented here does have a direct effect on
fibrinogen into fibrin and faster coagulation time. Further research is needed to understand on a
cellular level how the electrical field interacts with fibrinogen and the direct conversion into
fibrin.

Herein, we presented results showing that the application of low voltage electrical
stimulation at an injury site promotes faster clot formation without excessive heating and

accelerates fibrin formation and hence, hemostasis overall. Specifically, our application found
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fibrin formed 1.5x faster in vitro. In vivo, total cessation of bleeding was 2.5x faster, resulting in
2x less blood loss. This application of low voltage to sites of vascular injury represents an
entirely new and novel class of hemostatic agents that are electrically-based (wherein are free
from the infectious risks and immune effects that encumber current human or animal-derived

agents) and will have significant implications for experimental and clinical hematology.

CONCLUSION

We discovered that low voltage delivered by an interdigitated microelectronic device
incorporated into a simple bandage induces rapid hemostasis in vitro and in
vivo bleeding. Bleeding models demonstrate that blood in direct contact with the stimulated
electrical field induces faster clot formation without excessive heating or thermal tissue
destruction. Further investigation found low voltage, direct current electrical fields accelerate the
direct conversion of fibrinogen into fibrin and hemostasis overall. This represents a new
paradigm of hemostatic agents (free from infectious risks and immune effects of current human
or animal-derived agents) that are electrically-based but also leverage low voltage that

will have significant implications for clinical hematology, surgery, and trauma medicine.
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An interdigitated microelectronic device that applies low voltage (<9V) electrical field augments
hemostasis in vitro and in vivo.

Electrical bandage prototype Electrical bandage prototype

using a 9V battery
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