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Abstract
A wound is a type of injury in which the skin can be torn, cut or punctured. It can be as
simple as a paper cut or as large as a cut to the leg that would involve stitches. Topical
application and treatment of wounds vary from the amount of damage that the wound has
caused and the location of the wound. If the damage of a wound is too extensive, surgery
could be a necessity in order to stabilize the wound and give it necessary treatments. A
general assumption can be made in that the larger the wound is, the longer it takes for it to
be healed.

In the treatment of wounds on the battlefield, multiple precautions have to be taken in order
to properly treat the wounds. Wounds on the battlefield can range from a burn to limb loss.
As in much need for a soldier to have treatment on the spot of his wound, this sometimes
does not happen. There is generally a delay in the time the soldier’s wound is treated to the
time of the wound occurring. With this time delay, many things can occur such as infection
of the wound. The extent of the damage is further increased. As a result, a prolonged
healing process will occur.

Current burn treatments include resuscitation, excision, and skin coverings and grafts.
Resuscitation is used to replace fluid loss from the burn and subsequent effects of healing.
Excision is used to remove toxic burn products from the body. Skin coverings and grafts
are used to repair the skin. Cerium nitrate has been tested to improve patient immune
systems by neutralizing toxic products from burns, trimers of a lipidprotein complex (LPC).
However, cerium nitrate is also toxic to the body so we propose a delivery system to
deliver cerium nitrate on a one to one basis with each LPC trimer.

We propose studying hydrogels degradable by LPC and embedding cerium nitrate into the
hydrogel for accurate delivery of the treatment. This delivery system will be easily
accessible, readily available for the burn victim, and application of the system will be

simple.

Specific Aims
Our research focus is in wound healing for large battlefield wounds. Specifically, large
burns and their immediate treatment. Being battlefield wounds, they have special
circumstances that normal burns do not have. That is, limited time, limited resources, ease
of application, unclean environment, and quick results and stabilization. We propose
researching a product to address these concerns.

Our specific research aims are to find a hydrogel that is both degradable by toxic LPC in a
short period of time, and embeddable with cerium nitrate. Our hydrogel must be
degradable by LPC trimers and release cerium nitrate as it degrades, but it must not be
degradable by any other proteins or enzymes in the extracellular matrix or the burn site. In
addition the hydrogel must degrade to neutralize every LPC trimer in one or two hours.
Past this time frame the LPC will be in the blood stream and treatment is too late. The
hydrogel must also degrade by surface degradation to aid in the removal of the unused
cerium nitrate. Cerium nitrate must also be able to be trapped in the hydrogel matrix and
only be released through the degradation of the hydrogel.

These aims are extensive, and finding such a hydrogel will be difficult. However, we can
isolate LPC from the rest of the burn site proteins, and we will test small samples of
hydrogels in well plates which will speed up the process of looking for a suitable material.
We will also narrow our search by first looking at hydrogels that cannot be degraded by the
extracellular matrix.

Below is an image of a hydrogel matrix currently on the market by Cica Care and Smith &
Nephew. We would like to make a similar design to deliver cerium nitrate to burns. Our

hydrogel material will be embedded with cerium nitrate and antibiotics and be degradable
by LPC trimers. Patients treated with our device will still receive standard resuscitation.

Figure 1: CicaCare and Smith & Nephew burn silicone gel burn dressing. Source: Wei
He. “Biomaterials for Soft Tissue Repair.” Powerpoint Presentation. University of
Tennessee at Knoxville. Knoxville, TN. 27 November 2012.

Background and Significance
In order to best assess the type of healing that should be done on a wound, is to first
determine the amount of damage the wound has caused. For example, a small paper cut
will not be treated with the same extent that a knife or glass cut will. Once the amount of
damage is determined, the type of wound treatment can then be conducted. There are
typically two types of methods in treating wounds. Through drugdelivery, that is providing
antibiotics and anesthetics to the wound and through wound closure. Wound closing can be
addressed in multiple ways. Two ways are natural closing and suturing. Natural closing

involves the wound to selfheal on its own. No treatment is done to the wound allowing it to
close in this fashion. Suturing requires a medical doctor or surgeon to mechanically close
the wound through “stitching” up the wound. Suture materials can be both natural and
synthetic and also be monofilament or multifilament in structure.

If a wound needs some type of special treatment, like in the case with treating burn
wounds, some form of antibiotic or anesthetic needs to but put onto the wound. With this
type of treatment, any infection that could happen to the wound will be turned away. Time of
application and treatment choice must be well known before anything is done to the wound.
Necessary precautions are to be taken when treating wounds, thus there are many factors
that go into wound healing.

Although there are many methods to treating a wound, only one type of method will work for
each type of wound. The main thing with a wound healing is that it has to promote wound
healing itself as well as promote angiogenesis. Angiogenesis is the physiological process
involving the growth of new blood vessels from preexisting vessels. It is a normal and vital
process in growth and development, as well as in wound healing and granulation tissue. It
has also been found that angiogenesis plays a fundamental step in the transition of tumors
from a dormant state to a malignant state. This transition leads into angiogenesis
inhibitors. These inhibit the growth of new blood vessels.

Once a wound is healed, wound closure can take course. The wound can close by
numerous methods. Some of them being through selfhealing. This excludes the use of
antibiotics or anesthetics. Two medically sound methods include both wound dressings
and suturing. Wound dressings are an adjunct used by a person for application to a wound
to promote healing or prevent any further harm to the wound. The dressing makes direct
contact with the wound allowing closure to the wound. Suturing involves the stitching up of a
wound and mechanically closing it. This method of healing the wound alludes to the fact that
the wound will need more time to heal. In any case, suturing of a wound takes place if a

wound a deep, say for example a deep cut. This allows the wound to be closed and
commence with the healing process. Some sutures are degradable in that they can
dissolve away. Others have to be removed upon healing of the wound. Both a wound
dressing and suturing can promote wound healing.

The materials currently used in wound healing are both natural and synthetic. Both have
their benefits and drawbacks. Natural materials include chitin, collagen, silk, and
fibrinogen. The human body already has its own system to heal wounds. When blood
vessels are cut or disrupted, collagen lining the vessel is exposed, and hemostasis begins.
Exposed collagen activates platelets in the blood to stick together and form a clot. The
blood protein fibrinogen is recruited and turned into fibrin to stabilize the clot. The purpose
of the clot is to stem the loss of blood and reseal the area so that healing can begin. After
the clot has formed, neutrophils and macrophages go to work cleaning the area.
Fibroblasts form a new extracellular matrix and epithelial cells repopulate the area.
Angiogenesis is promoted to provide a new blood supply to the wound. Once the wound is
healed the tissue is just like it was before injury. This whole process is called cutaneous
wound healing.

Current research into wound healing focus on ways to accelerate the bodies natural
response. Chitin makes a good suture because it is flexible, strong, heals wounds faster,
and it degrades when the wound heals (Gupta 2008). Though it should be advised that this
treatment could cause an immune response that has been found to be reversed with
chitinase enzymes. Chitosan, a derivative of chitin, has also been studied. It can stop
bleeding very quickly and can also be infused with drugs to improve the body’s response.

Collagen, as the first step in cutaneous wound healing, is another research approach. The
thinking goes that if blood leaving the body can be exposed to an overdose of collagen, it
will clot faster. One drawback of this method is the source of the collagen used. As a
natural compound it needs to come from another organism which invites infection and

incompatibilities.

Silk has been used in wound healing for quite some time and remains standard for
workability. While silk does not invoke a healing response, it is natural, strong, and easy to
tie, so it works well as a suture. Silk is not biodegradable in the body but does lose its
strength over time. Silk would be best for cutaneous wounds; however, as a method for
healing large wounds it is not an adequate solution.

Fibrinogen is popular as a way to accelerate the clotting procedure because it is already
part of the clotting process. At the wound site, fibrinogen, factor XIII, and CaCl are mixed
with antifibrinolytic and thrombin (He 2012). This catalyzes the reaction from fibrinogen to
fibrin which forms a stable clot. The disadvantages of this method are a weak bond and,
like the collagen, infection because fibrinogen is derived from other people’s blood.

Synthetic materials that are being researched are mainly hydrogels. Hydrogels, by their
nature, keep the healing area moist, which improves healing. Hydrogels can also be
impregnated with drugs to aid healing as the hydrogel degrades.

Preliminary Studies
The natural healing system works well for small cuts and burns. However, the natural
healing system often cannot deal with large wounds and burns. Large burns can be
caused by fires, explosions, or napalm. Napalm is another intensely flammable agent in a
liquid form, which will cling to the injured patient and cause serious and extensive burns.
Even relatively small napalm burns are deadly. “A fullthickness napalm burn of only 10% of
the body surface area may result in renal failure.” (Atiyeh 2010) Battlefield wounds are very
common and are estimated to be the cause of 1 in 4 wounds (Atiyeh 2012). About 75% of
battlefield burns are to the face and hands.

Burns are currently treated with intravenous fluid, removal of debris from the burn, possible
antibiotics, possible pain relievers, and in extreme cases, surgery. Death from burns can
result from infection, renal failure, dehydration, or toxic factors. Burns are physically
complicated, open structures that are not easily cleaned. Burns can upset the body
chemistry causing renal failure. Large burns are accompanied by lots of fluid loss. Burns
also cause toxins to be formed in the body.

Research suggests burns may create toxins from the proteins already present in the body.
Burn toxins have been sparsely researched since the 1950’s and a few compounds have
been put forth (Allgöwer 2008). The most researched one is a lipid  protein complex
(LPC) trimer. The LPC occurs naturally on the skin cell membranes, but when the tissue is
burned it forms a toxic trimer. The trimer can infiltrate the bloodstream and suppress
immune responses. This is particularly bad for large burn patients because they have
large, open wounds that are not easily cleaned. Research suggests LPC is a cause of
long term death in burn patients. That is, after the main effects of the burns have worn off,
resuscitation with fluids fails to improve survival rates. The Figure below shows the survival
rates of burn victims, half of whom received fluids, resuscitation, and half whom did not
receive such treatment. From the figure, it can be seen that resuscitation does increase
the survival rate of burn victims, but only in the beginning. Late survival rates are both
similar, indicating that resuscitation prolonged death and there are other factors contribute
to the death of burn victims.

Figure 2: Comparison of burn victims who received fluids and those who did not. Source:
Martin Allgöwer, Guido A. Schoenenberger, and Brian G. Sparkes. “
Pernicious effectors in burns.” Burns, 34S1 (2008): accessed November 17, 2012.
doi:10.1016/j.burns.2008.05.012

However, treatment for LPC improves long term survival rates if applies soon after the burn
(Allgöwer 2008). Cerium nitrate is a potent and well researched cure for burns, and has be
studied in vitro, in vivo, in mice, and in humans. Cerium nitrate denatures the trimer and
renders it nontoxic. The problem is that cerium nitrate is also toxic itself. Mice with
transplanted, burned skin had a 10% survival rate on their own (death being from LPC).
When treated with a 0.02 M cerium nitrate solution, 100% survived. When treated with a
0.04 M cerium nitrate solution they all died (indicating that too much cerium nitrate was
given). Interestingly, the 0.02 M solution is equivalent to twice the LD50 dose (Allgöwer
2008). LD50 is the dose where the dose for which 50% of subjects die. Thus, it is Lethal

Dose 50. For the mouse study, this means the cerium nitrate was actively targeting all the
LPC and neutralizing it.

LPC infiltrates the blood stream and attacks the immune system. Untreated patients are
often susceptible to infection, due to the large open wound, and their weakened immune
systems. Patients treated with cerium nitrate, which denatures LPC, can withstand small
infections in addition to their burns because of their stronger immune systems (Allgöwer
2008).

Research Design and Methods
The figure below is a patient being treated for his burns in a cerium nitrate bath. The bath
has 0.04 M solution of cerium nitrate.

Figure 3: Burn Victim Treated with Cerium Nitrate Bath. Source: Martin Allgöwer, Guido
A. Schoenenberger, and Brian G. Sparkes. “Pernicious effectors in burns.” Burns, 34S1
(2008): accessed November 17, 2012. doi:10.1016/j.burns.2008.05.012

As a part of understanding cerium nitrate and its use in treating burns, a person suffered
from burn wounds and needed to have them treated. The above image was taken from the
work of the surgeons. The patient was placed in a bath of cerium nitrate. The bath had 0.04
M solution of cerium nitrate in which the patient soaked for half an hour. After the patient
underwent treatment with the cerium nitrate bath, it was noted that some of the burns he
suffered from were beginning to heal. Cerium nitrate can be toxic to if injected or if it enters
into a wound, and this procedure is guesswork with regard to the dosage the patient is
receiving.

One thing to note about the cerium nitrate bath is that it is prone to infection. Large, warm,

open baths are prone to harboring infection. Although it can serve as a healing agent in the
treatment of burn wounds, infection is still an issue. Cerium nitrate is not effectively used in
treating infection, it only treats burn toxins. The surgeons that were operating on the patient
had not analyzed his wounds for any signs of infection. If infection occurs to the burn wound
of the patient, further complications will arise in the healing process of the burn. One issue
that could arise is that the burn could scab over. This process would further prolong healing.
If this does occur, the patient would have to undergo other treatment options to ensure that
normal recovery commences.

The main concern with using cerium nitrate is that the chemical can be toxic if not used
properly or if the dose is too high. If it is injected or enters the bloodstream of a patient or
specimen, it can prove to be fatal, as its internal LD50 is quite low. This is the case when
applying it to an fresh, open burn. When this chemical is applied topically to the skin, no
harm is done to the skin. If the chemical is mishandled or used inappropriately, severe
complications could arise that would cause unnecessary issues to the burn wound.

We propose researching hydrogels degradable by lipidprotein complex trimers found in
burn wounds and impregnating the hydrogel with cerium nitrate. The rate of
biodegradation and the rate of cerium nitrate release would then be correlated to be one to
one. This approach avoids the guesswork associated with current cerium nitrate
treatments and provides a quickly applicable product. This hydrogel could then be
sterilized and packaged into individual units for easy use and application on the battlefield.

To achieve our goals, we will isolate LPC, apply it to hydrogels connected with various
types of bonds, and impregnate the cerium nitrate, bond for bond, into the hydrogel.

To study LPC we will harvest it from burned skin. LPC has already been isolated with a
centrifuge through a sucrose gradient (Allgöwer 2008). We will buy skin samples or grow
cultured keratinocytes skin grafts for our studies. We can then burn the skin, break open

the cells and isolate the lipidprotein complex trimers with gel chromatography or affinity
chromatography. In both chromatography techniques, the LPC is separated from other
lipid and proteins in a porous gel column based on the size of the lipid or protein. In affinity
chromatography, an antigen to the LPC is crosslinked to the gel beads so the LPC, which
has the most affinity for the antigen, is the slowest through the chromatography column.
This method is best, but we have not found an antigen in the literature aside from cerium
nitrate which denatures LPC and renders LPC useless for biodegradation tests.

To test the degradation of LPC we will place hydrogels with different bond types in wells of
a well plate at body temperature, 37°C. We will use one well for a control solution, one well
for an LPC water solution, and one well for a healthy interstitial fluid solution. This setup is
needed for each hydrogel and should be run multiple times for each hydrogel to collect
statistically significant samples. The control well is to ensure the hydrogel is not degraded
by the solution. The LPC solution is the same solution with LPC added and is needed to
test if the LPC degrades the hydrogel. The interstitial fluid will be harvested from the
solution that the LPC is isolated from. The solution left over is what is present in a burn
without the LPC. The interstitial fluid solution is tested to ensure the hydrogel will not
degrade with contact to any wound. We only want the hydrogel to degrade in the presence
of LPC, not with any bodily contact. We will test hydrogels with various amide bonds and
ionic bonds. Even though polyanhydride, polyamide, polycarbonate, polyester, and
polyorthoester bonds are hydrolyzed by water we will test them anyway.

When we find a hydrogel with an appropriate biodegradable rate we will work on attaching
cerium nitrate to the hydrogel matrix. There are two main ways of drug implantation into a
hydrogel matrix: a biodegradable reservoir system and a monolithic matrix system. The
biodegradable reservoir system is a shell of hydrogel around the drugs. This method is
good for injecting the drugs because beads can flow past each other, but the release is not
as well controlled. In the monolithic matrix system, the drugs are evenly distributed
throughout the hydrogel matrix and released by diffusion or degradation (Gombotz 1995).

In our application we want degradation to ensure a one to one release of drugs to LPC.
The cerium nitrate will have to be attached to the degraded bonds. We are unsure how the
cerium nitrate will be attached to the bonds, but the process has been done before
(Gombotz 1995, Arica 2007).

Other considerations with the hydrogel are the byproducts of degradation and the removal
of undegraded sections. The biodegraded byproducts of the hydrogel must also be
biocompatible, and easily removed by the body. Thus, the hydrogel should degrade by
surface degradation. This is to facilitate the removal of unused hydrogel and thus unused
cerium nitrate. If the hydrogel degraded by bulk degradation, it would be infiltrated by
tissue, cells, and may leave bits of hydrogel and cerium nitrate behind. Cerium nitrate is
toxic to the body and should thus be removed when it is no longer needed.

The implant must also be sterilized. It is necessary to consider the type of hydrogel used,
but most likely the sterilization method will be ethylene oxide. Radiation, while cheap and
effective may cross link the hydrogel or degrade it. Autoclave will also most likely damage
the hydrogel. Ethylene oxide had good penetration but care must be taken to not leave
toxic levels of ethylene oxide in the hydrogel (Zeus 2005).

Another issue we will consider addressing is infection. Infection to a burn wound is
generally derived from number of things. The most prominent issues that cause burn wound
infections are the bacteria and fungi that enter into the wound. Within a time frame of 48 to
72 hours, bacteria and fungi create a biofilm layer onto the burn wound. The association of
fungi and bacteria create a layer over the burn wound. This film layer not only proposes
problems but it also brings about the issues of infection.

As mentioned earlier, infection slows down the healing process of the burn wound. Through
preliminary research and studies, it was found that even the host’s, the patient’s, response
to the burn wound could be potentially infectious. This particular incidence causes the

immune system of the patient to wear down and attack itself. Through reluctant trials and
experiments, there have been some progress made in treating the infection site of the burn
wound. One particular treating agent is tea tree oil. Tea tree oil is extracted from the leaves
of the Melaleuca alternifolia. Through the extraction, tea tree oil is gained and studied for its
antimicrobial properties. As of recent, the properties in tea tree oil have made a great
healing agent in fighting burn wound infections [Slonczewski 2009]. Although tea tree oil
can be used to fight off infection, its chemical makeup does not allow it to be embedded
into a hydrogel. We are proposing to find a antibiotic reagent that has similar healing
properties to tea tree oil and can be embedded to the hydrogel matrix. The antibiotic will
have to be chemically stable such that it does not react with the cerium nitrate. The
antibiotic must also diffuse out of the hydrogel. There is no need for it to only be released
by degradation of the hydrogel.

We are not attacking the problems of wound debridement, fluid loss, and healing. These
problems have been well studied and have well supported treatments. Fluid loss is treated
with resuscitation according to the Parkland formula. The formula is as follows. During the
first 24 hours the patient should receive “4 mL/ kg body weight per percentage burn TBSA
[Total Body Surface Area].” (MedScape 2012) Also, half of the fluid should be given in the
first eight hours. This formula has been tested and is widely used to treat large burns.

We envision a concerted effort to combine treatments for fluid loss, infection, blood loss,
and toxic proteins. When a soldier gets burned he or she will apply our hydrogel bandage
to remove toxins and clean the wound and then be treated with a standard resuscitation
routine and healing techniques. Our device will take care of infection and toxic proteins.
Standard resuscitation routines will solve fluid loss.

The image below is that of skin being regenerated from a temporary epidermal substitute.
The substitute comes from an Integra Dermal Regeneration template. The skin substitute is
comprised of two layers. The outer layer is made of a silicon film that mimics the skin’s

epidermis. The inner layer is a complex matrix of crosslinked collagen fibers. This
template acts as a scaffold to generate dermal skin cells and enable the growth of a
dermal layer of skin. Once the dermal layer of skin has been generated, blood vessels are
able to regrow and connect. The temporary epidermal substitute layer will be applied to the
victims burn once they have used our proposed product and gone through resuscitation.
This will aid in supplying the burn victim with new skin.

Figure 4: Temporary Epidermal Substitute Layer for skin regeneration. Source: Wei He.
“Biomaterials for Soft Tissue Repair.” Powerpoint Presentation. University of Tennessee
at Knoxville. Knoxville, TN. 27 November 2012.

Potential problems we foresee with our design include the speed of degradation and size
of the product. The speed of degradation and cerium nitrate release must outpace the
LPC to denature it before it reaches the immune system. Traditional treatments of excision
and cerium nitrate only last for half an hour and must take place within the first few hours
after a burn. This timescale will be our guide when selecting a biodegradable hydrogel.
Given that our product will be applied immediately after the burn, the cerium nitrate must be
fully delivered in about an hour.

The device, being a hydrogel, could also be relatively heavy in large quantities. To solve
this problem, the hydrogel could be packaged dehydrated, and when it needs to be used
the soldier can use their canteen to pour water on it to hydrate it. Typically it would be ill
advised to use water for anything but drinking, but in such a situation, the burned soldier
would need immediate medical attention anyway and thus most likely be going back to a
hospital to undergo resuscitation treatment. We envision our device being relatively small,
about 10 inches by 8 inches, enough to wrap smaller severe burns or for many soldiers to
give to a burned member of their group.

In conclusion, our proposed research addressed the problems of toxic LPC trimers that are
formed in burn wounds. Current treatments fall short of accurately administering cerium
nitrate, a chemical known to denature LPC. Our research focuses on finding a hydrogel
that is degradable by LPC and can thus release embedded cerium nitrate as LPC is
encountered. Once we have a suitable hydrogel we propose adding antibiotics to the
hydrogel to assist in wound cleaning. Our device is a first response device and will be
followed by traditional wound treatments. Future work includes trying to also embed blood
clotting agents, and pain relief drugs into the hydrogel matrix. Both of these would be
released by diffusion through the matrix. The blood clotting agents will be a viable asset to
the hydrogel matrix in that they will stop bleeding and the drugs would ease pain. Our
device will accurately, quickly, and effectively improve survival rates of battlefield burns.
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