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Hemorrhage is one of the leading causes of preventable death. While minor injuries can be treated mainly
by conventional methods, deep and irregular wounds with profuse bleeding present significant chal-
lenges, some of which can be life-threatening and fatal. This underscores the need to develop easily
applicable FDA-approved hemostatic treatments that can effectively stanch blood loss at the point of care
before professional medical care. A silicone-based bandage system (SilFoam), a non-compressible, self-
expanding, antibacterial hemostatic treatment, is reported here. Its two-component system reacts in situ
upon mixing to form a stretchable sponge that acts as a ‘tamponade’ by expanding within seconds with
the evolution of oxygen gas from the interaction of the reactive components present in the formulation.
This generates autogenous pressure on the wound that can effectively arrest heavy bleeding within
minutes. Possessing optimal adhesive properties, the expanded sponge can be easily removed, rendering
it optimal for hemostatic wound dressing. With recent advances in biotechnological research, there is a
growing awareness of the potential issues associated with in vivo trials, spanning ethical, psychological,
economic, and physiological concerns like burnout and fatigue. Bearing this in mind, a unique manikin
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system simulating a deep abdominal wound has been employed to investigate SilFoam’s hemostatic
efficacy with different blood-flow rates using a non-invasive model that aims to provide an easy, fast, and
economical route to test hemostatic treatments before in vivo studies. This is the first time an Ag,O-
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1. Introduction

Hemorrhage and uncontrollable blood loss remain the
primary causes of preventable death for civilians and soldiers
on the battlefield."™ In a study on combat casualties in 2012,
it was found that noncompressible hemorrhage was respon-
sible for most of the military deaths investigated.” Further ana-
lysis of the data collected revealed that almost all fatalities
from hemorrhage occurred before arriving at a medical facility.
Another article from 2019 emphasized how traumatic injuries
and hemorrhage remain the leading causes of death, with
severe bleeding accounting for around 40% of deaths even
outside military conflict.® Most homicide deaths occur due to
nonsurvivable injuries, of which traffic accidents and violence
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based oxygen-induced foaming system has been reported as a hemostatic agent.

contribute to high rates of fatal hemorrhages.” While a patient
with blunt trauma has an hour of ‘golden time’ before adopt-
ing appropriate therapy, patients with penetrating trauma only
have a ‘platinum five minutes’ during which catastrophic
hemorrhage may still occur.®*® Controlling bleeding and
extending the prehospital interval may, therefore, literally
mean the difference between life and death, and quick action
is essential to enhancing survival prospects. This undeniable
need has spearheaded a surge in hemostatic research, which
has led to a plethora of diverse and successful hemostats —
both synthetic and natural, many of which have also been
translated to commercial technology such as Quikclot®,
CELOX®, Hemcon®, Surgicel®, etc.®'' Unfortunately, the
perfect hemostatic dressing still does not exist. Ideally, the
dressing should be lightweight, easy to store, and able to be
rapidly applied to a hemorrhaging wound without getting
washed away. It should be conformable in and around the
wound, allowing the hemostatic agent to reach areas of injury
that are difficult to access with direct pressure (i.e., deep groin
wounds). The dressing should cause minimal local tissue
destruction and not contain particles that can spread around
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the wound and body systemically.'®'! Further, such materials
and devices must be readily applicable in times of crisis. It
should be considered that in a state of shock, panic can cause
the administration of intravenous treatments or other complex
operations to be complicated. Bandages and topical treatments
are popular and easy to administer in such situations.
However, bandage systems such as gauze and tourniquets have
gained inadequate success regarding sterility, pressure, and
adhesion."""'> These issues have been challenged by novel
bandage systems and topical treatments such as foams, gels,
creams, powders, nanofibers, etc.”'*'® Many of these inven-
tions have produced excellent results in vitro and in vivo, but
their mechanical properties are seldom extensively studied.
The success of a hemostat on a calm and stationary subject
can be very different from that of an active person. It should
be mechanically sound, able to sustain friction and torsion
from moving muscles, and should not slip off the wound
easily. There is, hence, a need to evaluate the mechanical pro-
perties of hemostats and their performance in vitro and in vivo.
Currently, one of the commonly used treatments is QuikClot®.
However, it has been reported that it has limited efficacy for
high-pressure bleeding wounds since the powder granules
tend to get washed away by the bleeding before they can form
clots.™'® Further, the dressing generates heat in interaction
with blood, which is a potential cause for burns."*® Another
common combat hemostat is Celox®, a chitosan-based powder
hemostat. Although no heat is involved, it is weak against
high-pressure bleeding, and some reports mention that small
insoluble chitosan particles can enter the bloodstream and get
transported to small blood vessels, causing distant normal
blood vessel embolism."**"*> Another recent market dressing
is GelFoam®, a compressed sponge made from porcine skin
gelatin. These foams are theoretically bio-resorbable; however,
if left near tissue or bone, it has been found that they may
induce fibrosis and necrosis.>*”** Recent research on develop-
ing novel hemostatic materials has largely focused on applying
surgical sealants and adhesives, where biodegradability plays
an important role. They are often expensive, sensitive, and
require careful application, hence unsuitable for field oper-
ations and emergencies.” Hydrogels and sponges gained popu-
larity due to their excellent blood absorption qualities. In
addition, there is plenty of scope to load them with bioactive
substances such as antibiotics and painkillers.'***"*® Sponges
have suitable texture and mechanical properties for a dressing
material.>*°! There has been considerable research and
success in developing hemostatic sponges based on natural
and synthetic materials.”***?® In a previous study by
Choudhary et al., an injectable two-part foam system based on
chitosan and alginate has been developed,®” which employs
CO, as a blowing agent. The prospect of self-expanding foams
for hemostasis has also been explored with the self-expanding
polyurethane foam known as ResQFoam®. When subcu-
taneously injected into the abdominal cavity, this foam can
expand, effectively providing volume-filling to impede bleed-
ing. However, concerns regarding thermal injuries and bowel
injuries have been raised, resulting in potential risks about its

4156 | Biomater. Sci, 2024, 12, 4155-4169

View Article Online

Biomaterials Science

use.'®*® Another similar injectable expandable system, XStat®,
is available on the market and has been investigated in this
study.

In the current study, these concerns have been carefully
considered. Here, a rapid-action PDMS-Ag,0-based anti-
microbial hemostatic sponge bandage system, SilFoam,
capable of withstanding uncompromising blood loss, has been
developed. One of the primary objectives was to create an O,-
based foaming system while avoiding using naturally derived
substances due to problems associated with storage and the
possibility of unwanted interactions in the body. The two-com-
ponent mixture of this hemostatic system chemically reacts to
form a stiff, non-toxic sponge that develops an artificial block-
age, creating autogenous pressure on the wound to control
and arrest profuse bleeding. The other focus of the study was
to facilitate an animal-free testing procedure for comparing
SilFoam and other hemostatic bandage systems. In light of
this, a simplistic solution that does not involve in vivo proto-
cols has been explored: using a mechanical hemorrhage
model - a manikin- to test the hemostatic efficacy of SilFoam
noninvasively. A dual syringe system makes administration
and storage of SilFoam hassle-free, and the resultant sponge
formed upon the interaction of the two-part formulation acts
as a tamponade by expanding rapidly, conforming on and
around the site of injury to control profuse bleeding within
seconds. Based on modular studies, the sponge can be
removed without any form of tissue damage. This study has
been focused on evaluating the biocompatibility and mechani-
cal properties of the hemostatic sponge to determine if its
robustness and adhesive properties are conducive to perform-
ance in combat settings (hydrophobicity, reaction time, ease of
application, ease of storage, durability, etc.). SilFoam aims to
provide the injured party with a means to rapidly stagnate or
arrest bleeding from external and internal wounds in a
manner superior to those currently available. It presents a
simple and economical approach to a biocompatible hemo-
static bandage system with spontaneous self-expanding pro-
perties that can remain functional under inclement weather
conditions.

2. Methods

2.1. Materials

Commercial polydimethylsiloxane(PDMS) part A and part B,
platinum-divinyltetramethyldisiloxane = complex (Pt-PDMS,
Gelest Inc., Morrisville, PA, USA), silver(1) oxide powder (Ag,0),
hydrogen peroxide (30% H,0, in H,O) and Phosphate
Buffered Saline 1x (PBS, ThermoScientific Co., Waltham, MA,
USA), fumed silica (Evonik Co., Essen, Germany), polysorbate
80 (Tween80, Fisher Bioreagents Co., Hampton, NH, USA), arti-
ficial blood (same viscosity as human blood ~4.5 cP VATA Inc.,
Canby, OR, USA), Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus; ATCC, Manassas, VA, USA), Luria-Bertani
(LB) broth and Agar (Sigma Aldrich, St Louis, MO, USA);
Celox® gauze, HemCon Chitogauze®, XStat®, and Everlit®

This journal is © The Royal Society of Chemistry 2024
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Alginate Dressing were procured and investigated in this study.
Dual syringe devices were procured from Ellsworth Adhesives
(Germantown, WI, USA). Pig skin and sausage skin (collagen
casings) were procured from the local supermarket (Super
Oriental Market, Orlando, FL.).

2.2. Procedure

Precursors for SilFoam - parts A and B were prepared separ-
ately. 8.5 g of PDMS-A was added to a speed mixer cup to
prepare part A. Tween80 was added, followed by 0.176 g of Pt-
PDMS being added dropwise. 0.4 g of Ag,0 was then added to
the mixture. Before this, varying amounts of Ag,0 were
attempted to optimize the weight (ESI Fig. S11). The cup was
loaded into the FlackTek (Landrum, South Carolina, USA)
speed mixer. After mixing for 40 seconds at 2400 rpm, the cup
was removed and kept aside. Similarly, 8.5 g of PDMS B was
added to a speed mixer cup to prepare part B. Tween80 was
added, followed by fumed silica. 1.7 g of 30% H,0, was then
added dropwise to this mixture. The cup was then loaded into
the FlackTek speed mixer. After mixing for 40 seconds at 2000
rpm, the cup was removed and kept aside. The compositions
of part A and part B are shown in ESI Table 1.7 For delivery,
10 mL of part A and 10 mL of part B were loaded into separate
compartments of a dual syringe device. A polypropylene turbu-
lator was attached to the opening for mixing on delivery
(Fig. 2b). The mixture was then pumped out for expansion,
temperature, and rheology studies.

2.3. Surface morphology

The cellular structure of the SilFoam sponges was observed by
scanning electron microscopy (JEOL JSM-6480 SEM (Tokyo,
Japan)) at an acceleration voltage of 10 kV. Energy-dispersive
X-ray spectroscopy (EDS) and elemental analysis were per-
formed to quantify relative amounts of Ag, Si, and O on the
surface. The pore size distribution and average size of the
pores on the sponge surfaces were analyzed using Image]
software.

2.4. Temperature and expansion

Temperature and expansion studies were performed to study
and optimize the heat generated during the exothermic reac-
tion, along with the volume expansion of SilFoam on
mixing. An IR temperature gun (Fotric 348A (Dallas, Texas,
USA)) was used for temperature studies. 5 mL of the respect-
ive samples were delivered from the dual syringe devices
into graduated falcon tubes. The temperature gun was then
used to record the temperature with volume expansion, and
the highest temperature was noted along with the maximum
expansion height. A companion software (Analyzr) was used
to analyze the live temperature profiles during the expansion
process.

2.5. Rheology

Rheological tests were performed to assess the viscosity, flow-
ability, storage, and loss moduli of SilFoam. Rheology experi-
ments were performed with the TA Instruments HR20 rhe-
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ometer. A pea-sized sample was delivered onto a 25 mm steel
Peltier plate using a dual syringe. Viscosity measurements
were taken with a flow sweep shear test from 1 per second to
100 per second at room temperature (25 °C). For gel-to-foam
testing, a disk of pig skin was cut and attached to the Peltier
plate to simulate contact with skin. A time sweep test was per-
formed at room temperature at a constant strain of 0.2% and
frequency of 1 Hz for 15 minutes, followed by an axial test to
study the tack. The axial test was conducted at a head velocity
of 10 pm per second. The same experiment was then per-
formed with an immersion cup filled with PBS to study the
rheological behavior in an aqueous environment to simulate
blood.

2.6. Dynamic mechanical analysis (DMA)

DMA tests were carried out to quantify the storage modulus of
cured SilFoam. A DMA test in compression mode was carried
out with the TA Instruments HR20 rheometer (New Castle,
Delaware, USA). Cured SilFoam was cut into a disk with a dia-
meter of 25 mm and 5 mm thick. The test was run at room
temperature (25 °C) at a frequency of 1 Hz. A linear sweep was
carried out from an axial displacement of 1 um to 100 um at
increments of 5 pm.

2.7. Compression testing

The compressive stress-strain measurements were performed
using a tensile-compressive tester (Shimadzu Universal Testing
Machine AGS-X (Kyoto, Japan) with a 1 kN sensor). In a typical
test, cured SilFoam samples were cut in cylindrical shapes
(25 mm in diameter and 10 mm in depth), and the compres-
sive strain rate was set to 5 mm min~'. The compressive
modulus was the approximate linear fitting value of the stress-
strain curves in the 15-25% strain range.

2.8. Lap shear testing

The lap shear test was performed according to a previous
study.”® The lap shear strength of SilFoam was tested accord-
ing to the modified ASTM F2255-05 standard for the lap shear
strength property of tissue adhesives. The sausage skin mem-
brane was bonded to two glass slides with cyanoacrylate glue.
Then, 1 mL of the SilFoam mixture was injected on the mem-
brane surface of a glass slide (20 mm x 25 mm) via a dual
syringe, as shown above. Finally, another glass slide was
bonded to it (20 mm x 25 mm) with cyanoacrylate glue. The
two glass slides were placed into a Shimadzu Universal Testing
Machine AGS-X for shear testing by tensile loading with a
strain rate of 1 mm per minute (ESI Fig. S5%). The shear
strength was determined at the point of detachment.

2.9. Attenuated total reflection-Fourier transform infrared
spectroscopy (ATR-FTIR)

The PerkinElmer FT-IR Spectrometer Spectrum 3 (Waltham,
Massachusetts, USA) and the Fast Scan accessory were used to
analyze the FTIR spectra transition of reacting SilFoam in real-
time in ATR mode. An MCT (Mercury Cadmium Telluride)
detector was used with a diamond crystal for ATR. The fast
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scan was performed at 16 accumulations per minute in the
wavenumber range of 650 cm™' to 4000 cm™* for 5 minutes.
Part B was first loaded onto the detector plate, followed by
adding and mixing part A after 30 seconds. Prior to this, the
normal spectra of SilFoam part A and SilFoam part B were
taken individually for reference (ESI Fig. S61).

2.10. Inductively coupled plasma optical emission
spectroscopy (ICP-OES)

The ICP-OES investigation was conducted with a PerkinElmer
Avio 500 Max (Waltham, Massachusetts, USA). 0.1 g of cured
SilFoam was left to soak in 4 g of PBS solution for 1 hour and
24 hours, respectively. The SilFoam was removed, and ICP-OES
analysis was performed to determine the concentration of
silver ions in the solutions. Before inspection, the solutions
were diluted to a total volume of 50 mL. The solutions were
then acidified with 5 mL of HNO; to make the final acid con-
centration 10%. The prepared samples were nebulized, and
the resulting aerosol was transferred to the plasma torch,
which used radio frequency inductive coupling plasma to
generate the elements’ spectra. The spectra were dispersed
using a grating spectrometer, and the intensity of emission
lines was monitored using a photosensitive detector. The
Quantitation Limit Verification was 0.02 mg L™, and the cali-
bration range was from 0.0-0.5 mg L™".

2.11. Hydrophobicity

The Kriiss Drop Shape Analyzer DSA25 (Hamburg, Germany)
contact angle goniometer was used to study the surface
contact angle of the hemostatic sponges. Static contact angles
were measured using a 0.2 mm needle to disperse 4 pL of de-
ionized (DI) water onto the SilFoam sponge surface at a 2 pl
per second rate.

2.12. Thermogravimetric analysis

Thermogravimetric analysis of SilFoam was conducted using
PerkinElmer STA 6000 equipment (Waltham, Massachusetts,
USA). A small portion of cured SilFoam was weighed and
loaded in a ceramic pan for testing. The sample was heated at
20 °C per minute from 30 °C to 500 °C in an inert N, gas atmo-
sphere at a 20 mL per minute flow rate.

2.13. Swelling test

A swelling test was performed to test the fluid absorption
capacity of SilFoam and commercial hemostatic materials —
Celox® gauze, Hemcon Chitogauze®, XStat®, and Everlit®
Alginate Dressing. A small amount of each sample was
weighed and allowed to soak in a beaker filled with artificial
blood for 10 minutes. Afterward, the wet samples were
removed, wiped gently with absorbent wipes to clear excess
fluid on the surface, and weighed again. The absorption capa-
bility was calculated as -

Wet weight — Dry weight

- x 100
Dry weight

Absorption by weight(%) =

4158 | Biomater. Sci, 2024, 12, 4155-4169
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2.14. Mechanistic hemorrhage manikin model

A silicone manikin provided by SIMETRI, Inc. (Orlando,
Florida, USA) simulating a deep torso hemorrhage wound was
used to determine the hemostatic capability of SilFoam. The
manikin depicts a realistic annular wound roughly 2 cm wide
and 4 cm long, fed through a fluid supply (ESI Fig. S47). When
switched on, the manikin was connected to an electronic
bleeding controller, which supplies fluid to the open wound at
a flow rate of 0.5 mL per second. A tablet was used to commu-
nicate with the bleeding controller via a Bluetooth connection.
Artificial blood (the same viscosity as blood) was used to
experiment to simulate natural conditions better. Bleeding was
activated, the SilFoam mixture was injected immediately on
the wound site, and time to leakage was noted. The same pro-
cedure was repeated with commercial hemostatic agents -
Celox® gauze, Chitogauze®, XStat®, and Everlit® Alginate
dressing for a comparison study with SilFoam, both with and
without wound packing.

2.15. Minimal essential media (MEM) elution test

MEM Elution tests were conducted with 0.2 g mL™" extraction
ratios with cured SilFoam. Test articles and controls were
extracted in 1x Minimal Essential Media with 5% bovine
serum for 24 hours at 37 °C with agitation. Multiple-well cell
culture plates were seeded with a verified quantity of industry-
standard L-929 cells (ATCC CCL-1) and incubated until
approximately 80% confluent. The test extracts were held at
room temperature for less than four hours before testing. The
extract fluids were not filtered, centrifuged, or manipulated in
any way following the extraction process. The test extracts were
added to the cell monolayers in triplicate. The cells were incu-
bated at 37 °C for 48 hours. Polypropylene pellets were used as
a negative control, and latex natural rubber was used as a posi-
tive control.

2.16. MTT assays

MTT assays were performed using mouse CCL-NCTC clone 929
cells (L929) obtained from ATCC. Cell culture plates (96-well)
were seeded and incubated until approximately 50% confluent.
The amount of material extracted was based on ISO surface
area or weight recommendations. Test articles and controls
were extracted under agitation in 1x Minimal Essential Media
with 5% bovine serum (1XMEMS5) at 37 °C. The following
dilutions were tested: diluted 2-fold (50%), diluted 4-fold
(25%), and diluted 8-fold (12.5%). The test article and control
extracts were exposed to the cells by adding 100 pL to each of
the six wells in the 96-well plate. The media control was
exposed to the cells by adding 100 pL to each of the 12 wells.
The top and bottom rows were not seeded with cells and
served as the test system blank. The blank wells each received
100 pL aliquots of 1XMEMS5. The plate was then incubated at
37 °C in humidified conditions for 24 hours. The extracted
fluid was removed from the plate, and 50 pL of a 1 mg mL ™"
MTT solution was added to each well of the plate. The plate
was then incubated for 2 hours before removing the MTT solu-
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tion from the wells. 100 pL of isopropanol was added to each
well of the plate to extract the metabolized MTT from the
viable cells. The plate was covered and placed on an orbital
shaker at 120 RPM for 1 hour. The absorbance at 570 nm was
measured on a spectrophotometer with a reference wavelength
of 650 nm. Percent viability was calculated as follows, where
OD = optical density:

Mean Test Article OD

. x 100%
Mean Media Control OD 0

Percent viability =

2.17. Hemolysis

The hemolytic index of SilFoam was analyzed following ASTM
F 756. An equal amount of blood from 3 donors was drawn
into vacutainers containing 0.1 M sodium citrate at a ratio of
9:1 (3.2% anticoagulant to blood). A hemoglobin standard
was diluted with Drabkin’s reagent to give solutions at concen-
trations of 0.80, 0.60, 0.40, 0.30, 0.20, 0.10, 0.02, and 0.01 mg
mL~". The absorbance was read on a spectrophotometer at
540 nm. A standard curve was determined using linear
regression with the absorbance values and the standard con-
centrations of hemoglobin. The blood was centrifuged, and
the plasma-free hemoglobin concentration was determined.
The total amount of hemoglobin present was determined by
adding a 20 pL aliquot of the blood to 5 mL of Drabkin’s
reagent and measuring the absorbance at 540 nm. The hemo-
globin concentration was determined from the standard curve,
and dilution was accounted for. SilFoam was incubated in PBS
at 37 °C for 24 hours, using an extraction ratio of 0.2 g mL™". A
non-hemolytic negative control, a hemolytic positive control,
and a PBS blank were included and extracted at the same time
and temperature as SilFoam. Three of each control and the
PBS blank were prepared in test tubes. To each test tube, 7 mL
of each SilFoam extract, control, or PBS blank extract, and
1 mL of diluted blood was added. The tubes were then incu-
bated at 37 °C for 3 hours. The tubes were gently inverted
twice at 30 minute intervals throughout the incubation period.
After incubation, the test articles and controls were centri-
fuged, and 1 mL of the supernatant fluid was combined with
1 mL of Drabkin’s reagent. The test articles and controls were
then read at 540 nm in a spectrophotometer. The hemolytic
index was interpreted from the following equation:

Hemoglobin released(mg mL ™)

_ X 100
Hemoglobin present(mg mL™1)

Hemolytic index(%) =

The corrected hemolytic index was calculated by subtracting
the hemolytic index of the PBS blank solution from the hemo-
lytic index of SilFoam and the controls.

2.18. Antibacterial assays

The antimicrobial efficiency of SilFoam was evaluated using
the disc diffusion method against S. aureus ATCC 6538 (Gram-
positive) and E. coli ATCC 43888 (Gram-negative). All samples
were cut into 8 mm diameter disks and sterilized by UV radi-
ation for 15 minutes, exposing both sides of the sample. The
SilFoam disks were placed onto an agar plate surface contain-
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ing a nonselective medium, Laria Bertani agar (LBA). The agar
plates were inoculated separately with a suspension of
S. aureus and E. coli of ~10° CFU mL ™" in 0.7% overlay agar to
give a confluent lawn of growth. PDMS disks were used as con-
trols. Interpretative inhibition zone diameters have been estab-
lished for susceptibility test results. Interpretation of suscepti-
bility and resistance to samples was based only on the pres-
ence or absence of a zone of inhibition (mm) surrounding the
disc following 16 hours of incubation. For the growth curves,
S. aureus and E. coli (~10° CFU ml™") were co-incubated with a
dispersion of the working concentration of silver oxide (posi-
tive control), PDMS (negative control), and SilFoam (disks: dia-
meter: 8 mm, thickness: 1 mm) to evaluate their antibacterial
activity at 37 °C for 24 h at 210 rpm. At different time points
(0, 4, 8, 12, 16, 20, and 24 h), the bacterial suspension was
withdrawn and spread onto an agar plate. After 24 h incu-
bation, the colony-forming units were measured. All experi-
ments were carried out in triplicates.

2.19. Statistical analysis

Experiments were conducted with a minimum of triplicate sets
of data. Data were represented as mean + SD (standard devi-
ation of the mean value) unless indicated otherwise and com-
pared by a two-tailed Student’s T-test. Differences were con-
sidered statistically significant when the p-value was <0.05.
Statistical significance is indicated by ns p > 0.05, *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001.

3. Results and discussion

3.1. Temperature and expansion

The SilFoam foam was fabricated by silicone curing aided by a
Pt-based curing catalyst. PDMS-A in part A comprises vinyl-ter-
minated silicone oligomers, and PDMS-B in part B comprises
functional silicone crosslinkers. Rapid curing occurs when
mixed in a 1:1 ratio in the presence of a Pt-catalyst, resulting
in a crosslinked solid PDMS network. The position and con-
centration of both vinyl (-CH=CH,) and hydride (-Si-H)
groups along the siloxane backbone decide the nature of the
elastomeric network.>* An important signature during the
crosslinking is the so-called gel point. It characterizes the state
when a 3-dimensional network of crosslinked molecules is
formed.*® Therefore, it transitions from a viscoelastic liquid to
a viscoelastic solid.>*>*"** In this case, the curing process is
further accelerated by the heat of the decomposition of H,O,.
Peroxides are known to be effective oxygen generators in
materials engineering, including materials for biomedical
applications.*>** The decomposition of H,0, is an exothermic
process. Ag,0 works as a catalyst when the hydrogen peroxide-
containing part B comes into contact with part A, initiating
the reaction H,O, — H,0 + O,, which breaks down hydrogen
peroxide into oxygen and water.*>*® A simplified scheme is
shown in Fig. 1. The heat of the reaction serves two purposes -
firstly, it helps speed up the polymerization process and,
hence, the formation of the sponge; secondly, it lowers the vis-

Biomater. Sci,, 2024,12, 4155-4169 | 4159


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm00506f

Open Access Article. Published on 21 June 2024. Downloaded on 8/2/2025 4:14:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

PDMS |, Pt-
catalyst,
surfactant,
Ag.0

PDMS I,
surfactant,
dil. H;0,,
silica

(a)

View Article Online

Biomaterials Science

TR X
T

Crosslinked PDMS

(cured)

Fig. 1 Schematic illustration of SilFoam fabrication (a) methodology and application; (b) PDMS curing process.

cosity of part B, facilitating easier delivery. However, too much
heat is undesirable as it poses the risks of burns and necrosis.
It has been seen that temperatures as low as 44 °C can cause
tissue damage.®” Hence, it was important to ensure that the
system’s temperature remained below 35 °C (95°F), even at the
expense of lower expansion. Different weights of silver oxide
were tested to optimize the expansion/temperature and obtain
the formulation that shows maximum expansion within the
stipulated safe temperature maximum (ESI Table S1%). It was
concluded that 2 wt% of Ag,0 would be most suitable for sub-
sequent formulations because it showed the highest volume
expansion within safe temperatures (ESI Fig. S1}). SilFoam was
therefore prepared with 2 wt% Ag,O, as described in the
Experimental section above. A 5x volume expansion was
observed in 30 seconds when allowed to expand laterally
(Fig. 2a). The temperature continued to rise for 60 seconds
before reaching a steady value of 37 °C.

3.2. Surface morphology and mechanical properties

SilFoam sponges have a closed-cell cellular structure respon-
sible for their flexibility and high surface area. SEM images of
the sponges are shown in Fig. 2(d and e). The porosity was
analyzed using Image] software. As evident from the images,

4160 | Biomater. Sci, 2024, 12, 4155-4169

there is very high porosity, and the pore size distribution is
broad. The average porosity of the sponge cross-section is up
to 70%. The pore size area distribution was calculated by mod-
eling the pores as ellipses (Fig. 2(d and e)). The distribution
shows that most pores lie in the 0 to 10 000 pm® range. The
hydrophobicity of the sponge surface was studied by contact
angle goniometry. As expected from a PDMS substrate, the
foam surface is hydrophobic with a contact angle of 111°
(Fig. 2(f and g)).*® The contact angle does not change much
after that until the sudden apparent drop. This is due to
macropores on the surface, which can adsorb a small quantity
of water. This can also increase the surface area of contact
with SilFoam with blood, inducing clotting by the aggregation
of platelets and clotting factors at the wound.'* The hydro-
phobic surface hinders the process of local fluid exchange
between wounds and the external environment. This can help
prevent contamination of the wound when applied. A hydro-
phobic surface may also reduce the possibility of secondary
bleeding once the dressing is removed.""*°

The viscosities of part A and part B were measured to be
around 6.5 Pa s and 12.5 Pa s, respectively, low enough for con-
trolled injection through a 50 mL dual barrel syringe by hand
(Fig. 3(a)). Interestingly, part B undergoes considerable shear

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Fabrication and surface characterization of SilFoam (a) volume expansion of fully crosslinked SilFoam (t = 30 seconds); (b) delivery by a dual-
syringe and its expansion; (c) temperature profile during expansion; (d and e) SEM micrographs of porous structure and pore size distribution (inset);
(f and g) apparent static water contact angle (CA) on SilFoam surface; (h) apparent contact angle variation with time; (i) spatial heat map of SilFoam

expansion.

thinning due to the emulsification of H,0, in the mixture and
fumed silica, which was added as a rheological modifier.>
The rheological behavior of the sponges was analyzed by a
time sweep test and axial sweep test, with and without an
immersion cup. The crossover point of the storage and loss
moduli took place within 5 seconds, denoting the liquid-to-
foam point of the hemostatic sponge during application. The
storage modulus increases steadily after that before attaining a

This journal is © The Royal Society of Chemistry 2024

steady value around the 3 minute mark (Fig. 3(b)). The sponge
is almost completely crosslinked around this time. The storage
modulus reaches a steady value of around 10 kPa, indicating a
very rigid foam. The same experiment was then performed
with an immersion cup filled with PBS to simulate blood to
study the effect of an aqueous environment on the rheological
properties. A very similar trend was observed in this case. The
storage modulus values recorded with the PBS were found to
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Fig. 3 Mechanical characterization (a) viscosities of SilFoam part A and SilFoam part B; (b) oscillatory time sweep of gel-to-foam reaction; (c) tensile
axial test on SilFoam; (d) DMA of cured SilFoam; (e) images showing clean removal of SilFoam post-application on porcine skin; (f) images showing
high elasticity and robust structure of SilFoam; (g) compressive stress—strain curve; (h) lap shear tests with sausage skin modified glass slides.

be slightly lower; however, the drop was not significant. The H,O, in part B, diluting it and lowering the effective reaction
water mixes with the polymer chains, entering the free spaces rate. Nevertheless, the rigidity of the sponge is not affected sig-
within and slowing crosslinking. It can also combine with the nificantly by this, and the sponge can expand as usual
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(Fig. 3b). Further, axial tests were performed to study the
adhesion capability of the sponges. The axial test measures the
force required to pull up and detach the head of the plate from
the sample after expansion. It was found that a maximum
force of around 1.5 N was required for detachment without
PBS, which dropped to 1.2 N in the presence of PBS (Fig. 3(c)).
It can be concluded that SilFoam can retain its adhesive pro-
perties in both dry and wet conditions, making it apt for exter-
nal and internal wounds, where poor adhesion due to inter-
ference from pools of blood is an impediment. The com-
pression strength of SilFoam is high —373 kPa at 70% strain.
The compressive modulus is 60 kPa, indicative of a rigid struc-
ture (Fig. 3(g)). The DMA of the cured SilFoam sponge shows a
storage modulus of 30 kPa (Fig. 3(d)) and expresses a shore
hardness value of 6A. The ability to achieve instant adhesion
to the wet tissue surfaces is critical for any hemostatic system’s
success, making SilFoam a promising bandage system with
exceptional mechanical integrity. SilFoam was applied to an
incision made to a sheet of sausage skin and twisted to assess
its ability to stay in place in the presence of torsional forces. It
was able to resist heavy twisting but could still be removed
seamlessly (ESI Movie 17).

It is important to note the low lap shear strength (10 kPa dry,
8 kPa wet) (Fig. 3h). In designing surgical adhesives and hemo-
static materials, it is typical to emphasize a high lap shear
strength to underscore the adhesive capability of the material.
This is especially significant for hydrogels and biodegradable or
bioresorbable materials, where tissue and cellular attachment are
vital.>>*' However, with SilFoam, we emphasize a strong sealing
yet easily removable system due to its capability to expand.

3.3. ATR-FTIR

Fourier Transform Infrared Spectra (FTIR) of SilFoam was col-
lected with a Fast Scan accessory to observe real-time spectra
of the sample as part A and part B react. Part A and B FTIR
spectra were collected separately before this for reference (ESI
Fig. S6T). Part B was loaded onto the detector plate first, fol-
lowed by adding and mixing part A onto the plate after 30
seconds. The spectrum at ¢t = 10 seconds shows the FTIR spec-
trum of part B only. Distinctive peaks for PDMS are observed
(~CH; asymmetric stretching at 2900 cm™', ~CH; deformation
at 1260 cm™*, Si-O-Si stretching doublet at 1020 cm™, -CH;
rocking and Si-C stretching at 790 cm™), along with broad
peaks at around 3440 cm™" and 1650 cm ™" due to the presence
of dil. H,0,.>" After the addition of part A, significant changes
in the spectra are not visible immediately, as over 90% of the
sample is PDMS by weight—the attenuation of the peaks
corresponding to dil. H,O, with time is of interest, as it is
indicative that the H,0, in the sample will diminish as the
reaction progresses. Although H,O is generated as a reaction
product, it is not significant enough to manifest itself in the
spectrum. At ¢ = 290 seconds, the peaks corresponding to
H,0, have diminished almost entirely. There is very little
residual H,O, in the system, eliminating any major risk of
H,0, leaking into the bloodstream after application and
causing venous or intravascular embolism.’* Nominal concen-
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trations of H,0, on the wound surface may be present, which
can promote blood oxygenation and disinfection (Fig. 4).>

3.4. Mechanistic hemorrhage manikin model

As biomedical and biotechnological research is booming, so is
the demand for in vivo models worldwide. However, this
comes at a cost. Institutional Review Board (IRB) approvals in
the United States can take weeks to months, often an impracti-
cal timescale. Similar issues are faced in other parts of the
world as well. Pain is another significant issue, specifically in
trials where animals are undergoing invasive procedures. In
research that involves animal subjects, particularly in surgical
trials, the careful selection of anesthesia, analgesic agents,
and euthanasia of the subjects after the surgical procedures
are crucial. This choice is vital for effectively managing pain
related to interventions while ensuring minimal impact on the
measured outcomes.’® Generally, regulatory bodies permit the
omission of pain treatment in animal subjects, providing ade-
quate justification.”® A literature survey has revealed that
several animal studies have deliberately refrained from giving
procedural analgesia, as it could influence the measured out-
comes.’® Further, concerns are being raised regarding the
psychological consequences of performing animal trials and
euthanasia. People who work with lab animals can develop
perpetration-induced traumatic stress, compassion fatigue,
and post-traumatic stress disorder, all of which take a toll on
one’s mental health. According to a report, nine in ten people
in the profession suffer from compassion fatigue at some
point in their careers.’”*® As the design of surgical trials invol-
ving animals advances, particular attention must be given to
these critical issues, and alternative approaches should be
explored whenever feasible.**°

In light of this, SilFoam was tested on a torso hemorrhage
model human manikin equipped with an electronic bleeding
controller (Fig. 5(a and b)). It is emphasized that while a
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Fig. 4 In situ ATR-FTIR of SilFoam formation.
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Fig. 5 Mechanistic hemorrhage model testing: (a) simplified scheme of the manikin and electronic bleeding controller; (b) test set-up; (c) fluid
absorption by weight of different bandage systems: SilFoam, Celox® gauze, Chitogauze®, XStat®, Everlit® Alginate Dressing; (d) time to leakage of
bandage systems: SilFoam, Celox® gauze, Chitogauze®, XStat®, Everlit® Alginate Dressing (x denotes no leakage observed within recorded time);
(e) clean removal of SilFoam post application; (f—i) hemostasis testing without wound packing: Chitogauze®, Celox® gauze, Everlit® Alginate
Dressing, SilFoam respectively; (j) spatial heat map during SilFoam application; (k) dual-syringe pre-application; (I-o) hemostasis testing with wound
packing: Chitogauze®, Celox® gauze, Everlit® Alginate Dressing, XStat®, respectively.
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mechanical model such as this cannot replace the significance
of in vivo assays, it can be a valuable preliminary tool to test
relevant materials and provide information about their efficacy
from a purely mechanical perspective. Following this model
would also enable researchers to select their best formulations
for subsequent in vivo studies. Since SilFoam is not bioactive
but a tamponade-based system, these studies provide valuable
insight into its working principle. Popular bandages to arrest
heavy bleeding in the field - Celox® gauze, Chitogauze®,
XStat®, and Everlit® Alginate Dressing were also tested for
comparison. SilFoam effectively stanched a bleeding rate of
0.5 mL per second instantly and did not cause leakage in the
time measured (Fig. 5(i)). During application, an IR gun was
used to read the temperature of the reacting SilFoam, and a
maximum temperature of 33.6 °C was measured (Fig. 5(j)).
Without manual pressure and wound packing, all the tested
hemostatic bandages led to leakage within 30 seconds (Fig. 5
(f-h)). with packing, Chitogauze® led to leakage in 60
seconds, Everlit® Alginate Dressing led to leakage in 75
seconds, and XStat® in 35 seconds, while Celox® gauze held
out for up to 300 seconds without leakage (Fig. 5(1-0)).
However, Celox® gauze was seen to absorb up to 1530% of its
weight, Everlit® Alginate Dressing up to 1560% of its weight,
XStat® up to 1890%, and Chitogauze® up to 600% of its
weight in artificial blood (Fig. 5(c)). Hence, although they can
prevent leakage, they are ineffective at preventing blood loss
altogether. While swelling and absorption can aid clotting and
wound healing in the presence of bioactive substances by
improving blood-material interaction, in emergencies where
uncontrollable bleeding poses high fatality risks, it is impera-
tive that bleeding is controlled as soon as possible by any
means. The autogenous pressure generated by the rapidly
expanding SilFoam at the wound site aids it in forming an
effective seal that conforms to and around the wound with
minimal fluid absorption. SilFoam was found to absorb only
up to 20% of its weight in artificial blood due to its hydro-
phobic nature and closed-cell structure, preventing unnecess-
ary blood loss and enabling its effectiveness even in adverse
weather conditions such as rain. The good injectability
suggests that SilFoam could potentially be applied to narrow
and deep wounds, as the subsequent rapid volume expansion
would allow it to fill irregular wound boundaries with different
shapes perfectly. SilFoam could also withstand a higher flow
rate of 0.7 mL per second (ESI Fig. S9t) without any signs of
leakage (ESI Movie 21 shows the application of SilFoam on the
manikin). Further, it can be removed cleanly without leaving
any residue (Fig. 5(e), ESI Movie 37). It was also observed that
XStat®, a commercial hemostatic agent with a similar mechan-
ical working principle, was exceedingly cumbersome to remove
due to the presence of multiple compressed sponges injected
into the wound and is likely to inflict unwanted pain to the
patient. In comparison, SilFoam provides a more robust seal
following a tamponade principle and is easily removable in
one piece. It should be noted here that Celox®, Chitogauze®,
and Everlit® Alginate Dressing possess bioactive components
that aid blood clotting, which are not considered here. This
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experiment characterizes the sealing capacity of these gauzes
in the absence of manual compression.

3.5. Biocompatibility studies and antibacterial assays

The Minimal Essential Media (MEM) Elution test was designed
to determine the cytotoxicity of extractable substances. An
extract of cured SilFoam was added to cell monolayers and
incubated. The cell monolayers were examined and scored
based on the degree of cellular destruction. The United States
Pharmacopeia & National Formulary (USP) states that the test
article receives a passing score if the reactivity grade is not
greater than grade 2 or has a mild reactivity. The ANSI/AAMI/
ISO 10993-5 standard states that achieving a numerical grade
greater than 2 is a cytotoxic effect. The acceptance criteria were
based on the negative and media controls receiving “0” reactiv-
ity grades and positive controls receiving a 3-4 reactivity grade
(moderate to severe).

SilFoam passed the qualitative MEM Elution cytotoxicity
test (Table 1). The solution was clear with no particulates or
color changes, pre- and post-extraction. A leaching test for
silver ions was performed to quantify the release of silver ions
into the bloodstream, assessing the potential cytotoxicity
associated with their presence. The concentration of silver
ions in solution 1 hour and 24 hours post immersion was
<1 ppm from ICP-OES analyses. The quantitative cytotoxicity
test (MTT) was done to determine the biological reactivity of
SilFoam and involved exposing an extract of SilFoam to
L929 mouse fibroblast cells. The cells were allowed to grow in
the presence of the extracted fluid before adding a tetrazolium

Table 1 MEM elution cytotoxicity test

Scores
Results Extraction
Identification (pass/fail) #1 #2 #3 Average ratio
SilFoam Pass 2 2 2 2 0.2gmL™"
Polypropylene pellets Pass 0o 0 0 o0 0.2gmL™"
Latex natural rubber  Fail 4 4 4 4 0.2gmL™"

Table 2 MTT assay cytotoxicity test

SilFoam extract condition Mean percent viability

2-Fold diluted (50%) 71
4-Fold diluted (25%) 77
8-Fold diluted (12.5%) 82

Table 3 Hemolytic index

Average optical ~ Hemolytic index

Test article density (%)
SilFoam 0.005 0.82
Negative control (polypropylene  0.001 0.00
pellets)

Positive control (nitrile glove) 0.363 89.3
PBS blank 0.002 N/A
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dye (MTT), which was used to assess the metabolic activity of
cultures. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) is a yellow dye that turns purple when metab-
olized by viable cells. The number of viable cells correlates to
the degree of color change when measured on a spectrophoto-
meter at 570 nm. The results are reported as percent viability
(% living cells), where cell viability >70% indicates the sample
does not have a cytotoxic potential. SilFoam indicated no cyto-
toxic potential (Table 2). Further, SilFoam was found to
express a hemolytic index of only 0.82% after a 24 hour extrac-
tion period, suggesting it has no hemolytic potential, as shown
in Table 3 (hemolytic index 0-2: non-hemolytic; 2-5: slightly
hemolytic; >5: hemolytic).

Disc diffusion assays for testing the antibacterial effect of
SilFoam have shown that SilFoam is effective against both
Gram-positive (S. aureus) and Gram-negative (E. coli) strains of
bacteria (Fig. 6(a—c)). The growth curves of E. coli and S. aureus
further corroborate this, and it is evident that Ag,O is respon-
sible for the antibacterial activity observed (Fig. 6(d and e)).
The colonies 24 hours post-incubation can be seen in ESI
Fig. S9.1 This can be attributed to the well-established antibac-
terial effect of Ag,O present. Silver-based compounds are
known to cause bacterial death by several strategies, such as
disturbing the permeability of bacterial membranes, inactivat-

4166 | Biomater. Sci, 2024,12, 4155-4169

SilFoam

View Article Online

Biomaterials Science

16 - (c)

10 mm

Zone of Inhibition (mm)
-]

E. coli S. aureus

Strain

S. aureus growth curve

Control
Silver oxide
PDMS
SilFoam

Fhee

12 16 20 24 28
Time (h)

LI |
0 4 8

(a and b) Antibacterial activity against S. aureus and E. coli, respectively; (c) zones of inhibition; (d) E. coli growth curve; (e) S. aureus growth

ing proteins, hindering DNA replication, and interacting with
respiratory enzymes. It has been shown that silver can accumu-
late in microorganisms as Ag°, Ag,0, and Ag®, which are all
responsible for the bactericidal strategies mentioned above.®'
Further, some researchers have shown the synergistic effect of
Ag and H,0, on antimicrobial efficacy, which could also be at
play here.*®

4. Conclusion

In summary, SilFoam, a rapid-action hemostat with anti-
microbial properties, has been developed, showing immense
promise in trauma management and prehospital care. The
hassle-free delivery and rapid action make it a versatile treat-
ment to stop heavy bleeding, while its hydrophobic nature also
allows it to be used in inclement weather conditions. The
mechanical properties have been optimized for use by victims
of civilian trauma and soldiers on active duty. Its excellent
injectability suggests that SilFoam could be applied to irregu-
lar wounds, and the rapid curing and expansion allow it to
penetrate and conform around irregularly shaped wounds and
crevices. Further, SilFoam displays antibacterial capabilities
against Gram-positive and Gram-negative bacterial strains.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm00506f

Open Access Article. Published on 21 June 2024. Downloaded on 8/2/2025 4:14:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

This study was focused on evaluating the tamponade capabili-
ties of SilFoam using a mechanistic hemorrhage model, which
allows the circumvention of time-consuming and costly in vivo
models for initial screening and testing. Unlike many other
hemostatic products currently available, SilFoam is mechani-
cally durable, hydrophobic, and very easy to remove. The com-
parison studies have shown SilFoam to outperform all the
different commercial products tested, including XStat®, which
follows a similar mechanism of action but has proved very
difficult to remove from the wound site. It is anticipated that
SilFoam can be used successfully to tackle bleeding, both from
open wounds and internal bleeding, for which coagulopathy
and non-coagulopathy injury models will be employed soon.
Consequently, the optimized SilFoam will be tested on in vivo
models for a more holistic evaluation of its effectiveness.
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