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Cell salvage in acute and chronic wounds:
a potential treatment strategy.
Experimental data and early clinical results

Abstract: On 9 May 2018, the authors took part in a closed panel
discussion on the impact of cell salvage in acute and chronic
wounds. The goal was to deliberate the possible use of plurogel
micelle matrix (PMM) as a new treatment strategy for wound healing
and the authors openly shared their experiences, thoughts,
experimental data and early clinical results. The outcome of the
panel discussion has been abridged in this paper. The cell
membrane consists of a lipid bilayer, which provides a diffusion
barrier separating the inside of a cell from its environment. Cell
membrane injury can result in acute cellular necrosis when defects
are too large and cannot be resealed. There is a potential hazard to
the body when these dying cells release endogenous alarm signals
referred to as ‘damage (or danger) associated molecular patterns’
(DAMPs), which trigger the innate immune system and modulate
inflammation. Cell salvage by membrane resealing is a promising
target to ensure the survival of the individual cell and prevention of
further tissue degeneration by inflammatory processes. Non-ionic
surfactants such as poloxamers, poloxamines and PMM have the
potential to resuscitate cells by inserting themselves into damaged
membranes and stabilising the unstable portions of the lipid
bilayers. The amphiphilic properties of these molecules are

amenable to insertion into cell wall defects and so can play a
crucial, reparative role. This new approach to cell rescue or salvage
has gained increasing interest as several clinical conditions have
been linked to cell membrane injury via oxidative stress-mediated
lipid peroxidation or thermal disruption. The repair of the cell
membrane is an important step in salvaging cells from necrosis to
prevent further tissue degeneration by inflammatory processes. This
is applicable to acute burns and chronic wounds such as diabetic
foot ulcers (DFUs), chronic venous leg ulcers (VLUs), and pressure
ulcers (PUs). Experimental data shows that PMM is biocompatible
and able to insert itself into damaged membranes, salvaging their
barrier function and aiding cell survival. Moreover, the six case
studies presented in this paper reveal the potential of this
treatment strategy.
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draft for publication. All the authors were paid honoraria for their
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cell salvage e lipid bilayer e plurogel e plurogel micelle matrix e surfactants e wound healing

njury to the body might macroscopically present as

a disruption of tissues, but eventually it is the cells

in this tissue that are damaged. With the emergence

of molecular medicine, correction or reversal of

pathological states at the cellular/molecular level
now seems possible.

The concept of cell salvage has primarily been linked

to damage like myocardial infarction,!-* dystrophic

heart failure,>8 ischaemic stroke,’-1° traumatic brain
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injury,'112 damage to the nervous system!'3-15 and
renal failure,'® some of which represent ischaemia-
reperfusion-mediated injuries. Under ischaemic
conditions, cellular energy stores are rapidly depleted
and degradation products quickly amount to toxic
concentrations.'® Subsequent reperfusion, although
necessary to restore oxygen and the supply of nutrients,
has been associated with pathological inflammatory
reactions.!” For example, following reperfusion of
ischaemic myocardium, an increase in protease
activity, the release of cytokines and other
proinflammatory mediators (like IL-1f, TNF-a, and
CS5a), and excessive formation of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) have
been reported.!” The oxidative stress that results when
the production of free radicals exceeds the tissue’s
antioxidative capacity!"!®> damages major cellular
components such as DNA, proteins and lipids, causing
cell death.? There has been a steady increase in interest
in cell membrane dysfunction associated with
oxidative stress, particularly as traumatic mechanical
or electrical injuries could also be linked to cell
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membrane integrity failure and subsequent cell
death.10-15,18-20

The cell membrane consists of a lipid bilayer, which
provides a diffusion barrier that separates the inside of
a cell from its environment. Essentially, it acts as a
‘gatekeeper’, regulating the transport of ions and other
molecules into and out of the cell, whereby the
concentration gradients are established and maintained.
Under normal conditions of biophysical stress,?!?2 cells
are able to repair cell membrane damage within a
certain threshold by initiating a membrane patching
process.?32* However, large defects often cannot be
resealed and result in acute cellular necrosis. Cell
membrane injury can occur through various routes like
oxidative-stress-mediated lipid peroxidation,
permeabilisation by electric fields, disruption by
heating, or ice nucleation under freezing conditions.?’
This has, for instance, been extensively studied in
skeletal muscle injury from electric shock.'® High-
voltage electrical shocks are distinguished by
electropermeabilisation of cell membranes and Joule
heating.!8 Electroporation of cellular membranes causes
leakage of ions and other molecules into and out of the
cell, which not only results in the loss of nutrients but
also depletes the energy stores in an attempt to maintain
transmembrane ionic balance.#18-20 Moreover, the
accompanying heating effects cause macromolecules,
such as proteins, to denature, rendering them unable to
execute their biological functions. This can further
disrupt cellular metabolism and compromise structural
integrity, leading to cell death.'® These dying cells can
release endogenous alarm signals, referred to as ‘damage
(or danger) associated molecular patterns’ (DAMPs),
which trigger the innate immune system and modulate

Fig 1. Damage or stress causes cell necrosis. A necrotic cell loses
membrane integrity and releases its intracellular contents including damage
associated molecular patterns (DAMPs). These mediators may directly
activate immune cells like macrophages, neutrophils and others (intracellular
()DAMPs) or release extracellular (€)DAMPs from the surrounding
extracellular matrix. Moreover, mediators may work in a paracrine fashion on
adjacent cells, promoting tissue necrosis. Immune cells induce an
inflammatory reaction. Diagram modified according to Matzinger, and Kono

and Rock KL26:27
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inflammation.? Introduced by Matzinger in 1994, the
DAMP hypothesis states that the immune system not
only recognises microbes and infection, but can also
react to non-physiological cell death, damage, or
stress.2® Hence, when cells die in vivo, the innate
immune system initiates an inflammatory response
(Fig 1). While this is initially useful for defence and
repair, the price for such a ‘sterile inflammation’ can be
quite high.?” Leuocytes, commonly neutrophils,
migrate into the site and release proteases and other
noxious agents, which damage the surrounding viable
tissue.?’,28 Cell salvage by membrane resealing is a
promising target to ensure the survival of the individual
cell and prevent further tissue degeneration by
inflammatory processes.

Cell salvage by membrane sealing
Poloxamers

Poloxamers (or pluronics) are triblock copolymers from
polyethylene oxide (PEO) and polypropylene oxide
(PPO). The hydrophilic PEO chains flank the
hydrophobic PPO block in the middle (Fig 2a), providing
the molecule with amphiphilic properties. The best
medically exploited poloxamer is P188 (formerly called
pluronic F68). It is non-toxic and has been used in
medicine since 1957, mainly as an emulsifier and anti-
sludge agent in the blood.?® Its track record as a
membrane sealant began in 1992 when Lee et al.
demonstrated that P188 was able to prevent leakage of
carboxyfluorescein from skeletal muscle cells after
electroporation.3® They were also able to show that
P188 reduced tissue damage after electropermeabilisation
of flexor digitorum brevis cell membranes in rats after
intravenous (i.v.) administration.?® Moreover, it was
shown that such P188-sealed skeletal muscle cells are
more capable of regaining functionality than untreated
cells.’?20 P188 could further prevent acute necrosis of
muscle cells following high-dose of ionising gamma
irradiation.3132 Radiation induces oxidative stress by
generating ROS and RNS. In the absence of adequate
antioxidative measures, significant cell damage occurs
via peroxidation of the phospholipids in the cell
membrane.33 This alters the bond angles in the carbon
backbone and consequently interrupts the structural
organisation of the lipid bilayer, making it more
permeable for charged particles. These processes are
similar to those occurring in myocardial ischaemia
reperfusion injuries.!” Accordingly, positive results have
been reported for cardiac myocyte membrane stabilising
ex vivo by P188.# Encouraging results with P188 have
also been obtained in dystrophic mdx mice>©83435 and
dystrophic dogs,” animal models for Duchenne
muscular dystrophy (DMD), which is a progressive
disease leading to striated muscle deterioration due to
the loss of the protein, dystrophin. Patients with DMD
are usually diagnosed early in life, with symptoms of
delayed walking or gait disturbances progressing to
general muscle weakness. They develop impaired
respiratory functions and a clinically relevant
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cardiomyopathy in the second decade of life, with
subsequent heart failure, both major causes of death in
this population.®” P188 was able to significantly protect
limb skeletal muscle from dystrophy during exercise,3*3%
improve ventricular geometry,® maintain myocardial
membrane function,” thereby preventing acute cardiac
failure, and improve respiratory functions by exerting a
protective effect on the diaphragm muscle.°

The chondrocyte is another cell type affected by high
mechanical stress in vivo and implicated in the
development of osteoarthritis.3¢ Chondrocyte necrosis
after trauma can induce chronic degenerative changes;
therefore, timely repair of cartilage cell membrane
damage presents a possible way of preventing the
development of chronic disease. P188 significantly
increased the percentage of surviving cells in chondral
explants after compressive loading.?¢ Mechanical
trauma-induced nerve cell injuries could also be
amended by P188 in vitro3” and in vivo.'® Moreover,
P188 protected neurons from excitotoxicity and
oxidative stress-induced necrosis.383° The cell
membrane is also the target for amyloid oligomers, as
they are found in degenerative diseases such as
Alzheimer’s, Parkinson’s and Huntington'’s, causing its
permeabilisation. As P188 has been shown to restore
cell membrane integrity under various conditions,
Mina et al. applied this concept successfully to acute cell
injury by amyloid oligomers in an in vitro model using
a human neuroblastoma cell line.* Damage of cell
membranes has been further implicated in the
pathogenesis of burn injuries.*-** In accordance, P188
was able to stabilise the structural integrity of lethally
heat-shocked fibroblasts and aid their functional
recovery in vitro,*> as well as to reduce microvascular
stasis and sludging after thermal injury in vivo when
used topically.*® Moreover, P188 was able to decrease
the zone of coagulation after burning, alleviating the
ischaemic injury*’ and preventing its progression.*3

The positive effects of P188 have been well described,
but there is still much more to be revealed about its
mechanisms. Studies carried out with lipid
monolayers*4° and bilayers*® showed that P188
appends into membranes when the lipid density is
lower than that of a normal cell membrane, thereby
discriminating between damaged and healthy
conditions. It was shown that the relatively hydrophobic
PPO section inserts into the acyl chain portion of the
lipid layer, while the hydrophilic PEO interacts with the
charged phospholipids’ heads at the aqueous
interface.*8-50 By so doing, the poloxamer helps to
patch the membrane breach and increase the local
packaging density, acting as a virtual special bandage
that contains small plugs (Fig 3a). It was further
demonstrated that, after lipid density has been
recovered and integrity of the cell membrane
reestablished, P188 is easily removed from the
membrane through a ‘squeeze-out’ mechanism 251,52
In addition, P188 may function as an artificial
chaperone, recovering the denatured proteins in burn
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Fig 2. Chemical structures of poloxamers (a),
poloxamines (b) and the plurogel micelle matrix PMM (c).
The polyethylene oxide (PEO) and polypropylene oxide
(PPO) chain lengths vary among the members of the
surfactant families. Hydrophilic (water-loving)
components are presented in blue and hydrophobic
(oil-loving) components are presented in yellow
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wounds structure,*’ a process that was retraced in an in
vitro model using thermally-destroyed lysozyme.53 P188
reestablished catalytic activity of lysozyme by
interaction with exposed hydrophobic moieties through
PPO guided re-folding? and prevented aggregation in
solution by steric protection from self-association

Fig 3. Proposed interaction of P188 and damaged membranes (a). The
hydrophobic polypropylene oxide (PPO) section inserts into the acyl chain
portion of the lipid layer, while the hydrophilic polyethylene oxide (PEO)
interacts with the charged phospholipids’ heads at the aqueous interface,
patching the membrane breach like a special bandage with small plugs.
Similarly, the plurogel micelle matrix (PMM) is thought to insert itself into
damaged membranes (b), sealing them from the loss of vital intracellular

components and salvaging them
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Fig 4. Biocompatibility testing of PMM, evaluation of cell migration, and membrane resealing activity in mouse fibroblasts (L929). L929
cells exhibit normal growth in a direct contact assay with PMM (a). The cells were seeded in DMEMcomplete (Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin). After 1 day of culture, PMM was added and cells
were incubated for 1 and 7 days before images were taken. No cytotoxic effects were observed and fibroblasts demonstrated cell viability
comparable to the untreated control (b). Quantitative evaluation of cytotoxicity was carried out using the cell viability assay CyQUANT
(Thermo Fisher Scientific). All cell numbers were converted to percentage of cell number of the DMEM__ ... control at day 1, which was
100 %. L929 cells migrated quickly to fill the artificial wound in the cell monolayer (c). L929 cells were cultured until approximately 95%
confluence before the monolayer was scratched with a sterile pipette tip. Afterwards, cells were with or without PMM. Images of the
scratch were taken at 0, 8 and 24 hours using x10 magnification. Wound closure was calculated as the percentage closure. PMM was
able to confer cell membrane protection against disruption by salvaging the cells, observable in a distinctly lower number of red (dead)
L929 cells in the assay (d). L929 cells were cultivated overnight before treatment with or without PMM for one day. The L929 monolayers
were scratched with a sterile 22-gauge needle to achieve plasma membrane disruption and then rapidly fixed by glutaraldehyde/
formaldehyde and paraformaldehyde treatment. Furthermore, the cells were stained with ActinGreenReadyProbes (ThermoFisher
Scientific, UK). All samples were then analysed by a laser scanning confocal microscope. All experiments were carried out twice and
measurements were done in triplicates (a-d). Results are presented as meanz+standard error. The images shown are representative results
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through PEO segments.>* The amphiphilic properties of ~Poloxamines
P188 play a crucial role in both processes. Overall, Poloxamines (or tetronics) are another interesting class
poloxamer size, PPO and PEO block lengths, while of surfactants known to be capable of cell salvage g
PPO:PEO ratios (hydrophilic-lipophilic balance) through membrane sealing®®s° and chaperone §
determine membrane insertion and deletion properties.®*-*! The most studied poloxamine is P1107 %
behaviour4?:5955-38 and chaperone capacity.>3-5439-60  (T1107). In contrast to the linear triblock copolymer g
This indicates that poloxamers with designed properties  P188, P1107 is a four-armed PEO-PPO copolymer with 2
can be synthesised. a hydrophobic core linked by ethylene diamine (Fig 2b). &
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P1107 was successfully employed to reduce testicular
ischaemia reperfusion injury in rats by membrane
sealing and reduction of electrolyte leakage from the
cells.®? Haning et al. proved that P1107 is even more
effective in sealing of radiopermeabilised erythrocytes
in vitro compared with P188.°3 However, they were not
able to distinguish if this indicated a cell membrane
specificity or cell membrane damage specificity, as both
surfactants had demonstrated membrane sealing
efficacy previously.%3

Recent findings by Wang et al. suggest that P1107 can
suppress lipid peroxidation,® which is the key driver of
membrane damage upon irradiation.33 They found that
while the hydrophobic sections insert into the lipid
layers, the hydrophilic segments adsorb at the surface,
where they can squelch lipid peroxidation by preventing
diffusion of the free radicals into the lipid membrane.%*
P188 features two PEO segments, whereas P1107 has
four. Hence, it can be expected to more efficiently
hamper the lipid peroxidation process. The same
structural differences are likely to explain the higher
chaperone capacity of P1107 in vitro.59-61

Current research is focusing on the fine-tuning of
these properties, generating poloxamines with long
PEO arms that promote insertion into damaged cell
membranes and membrane re-sealing, and those with
short PEO blocks that incorporate into intact
membranes, destabilising them and thereby potentially
providing a new tool for cancer treatment.®

Effects of poloxamer 188 (P188) in experimental and
clinical studies
Surfactants and their cell-salvage capabilities through
membrane sealing and protein rescue make ideal
dressings for wounds such as acute burns, diabetic foot
ulcers (DFUs), venous leg ulcers (VLUs), pressure ulcers
(PUs), pyoderma gangraenosum and Martorell ulcers.
However, application of P188 has mostly been done by
i.v. injection, where it is believed to easily disperse in
the bloodstream to reach the injury site, be it the
heart*>7:%¢ or muscle.20:30

In animal studies, doses of 460 mg/kg have commonly
been used.*>730 Schaer et al., in their study on
thrombolytic therapy for acute myocardial infarction,
first used a low-dose regimen of 150 mg/kg/h for one
hour, followed by 15 mg/kg/h for 47 hours, a subsequent
high-dose regimen of 300 mg/kg/h for one hour and
then 30 mg/kg/h for the next 47 hours.%®

Experimental intraperitoneal (i.p.) injection in mice
has also been described.® However, some examples of
inefficacy of P188 in preventing dystrophic limb
skeletal muscle damage”%7.%8 raised the question of
optimal surfactant delivery, which is crucial to
conferring protective effects in vivo. Houang et al. and
Markham et al. compared i.v., ip., and s.c.
(subcutaneous) injection3* with i.v. and s.c. delivery.®
They showed that the route of administration of P188
is critical to its pharmacodynamics properties, with s.c.
markedly exceeding i.v. and i.p.®3* It is widely
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acknowledged that s.c. delivery has the slowest
absorption rate; this may install a subcutaneous drug
depot, which promotes a sustained release effect.34
Birchenough et al. applied P188 topically with great
success.*® However, Yuhua et al.#3 pointed out that our
knowledge of the topical application of P188 and its
absorption into the blood is limited, as is that of its
impact on the osmotic environment of the interstitial
tissue. More research is needed.

Plurogel micelle matrix (PMM)

PMM is an amorphous, water-soluble, concentrated
poloxamer 188-based hydrogel®® that was developed by
the plastic surgery department at the University of
Virginia (US) as a burn and wound dressing.”® This
concentrated surfactant gel (CSG) is biocompatible and
consists of a unique make-up and structure formed by
its hydrophilic and hydrophobic components, with
micelles linking to form the PMM (Fig 2¢). The CSG
micelle matrix (in this paper referred to as PMM) is a
thermogel, which means that it thickens as it warms.
When the wound temperature decreases at dressing
change, PMM becomes softer, enabling easier, less
painful and less traumatic removal.”® Tt is also water
soluble, and easily removed by cold water, particularly
as the cold temperature reduces its viscosity, enabling
easy washout from the wound. As the concentration of
P188 in PMM is high, it should exert the same
membrane-stabilising and protein-restorative functions
as the surfactant component. The P188 in PMM may be
capable of insertion into damaged cell membranes,
reducing intracellular material leakage, aiding the
body’s own cellular repair (Fig 3b) and decreasing
inflammatory reactions in the wound.” The
concentrated surfactant in PMM has the ability to
soften, loosen and trap debris and necrotic tissue as
surfactant materials preferentially eliminate loose debris
from tissue.®®”! This property of PMM is not discussed
in this paper.

In vitro experiments, using a mouse fibroblast cell line
L1929, were carried out to study the effect of PMM on
cytotoxicity, cell migration and cell membrane resealing
capacity (Fig 4). No cytotoxic effects of PMM at a
concentration of 10% (vol/vol) were observed and
fibroblasts exhibited cell viability comparable to that of
the untreated control (Fig 4a and b).

In addition, preliminary investigations on cell
migration using the scratch assay demonstrated that
PMM, at a concentration of 0.5% (vol/vol), may
enhance scratch closure after 8 hours (Fig 4¢). In a
model of cell membrane resealing, where the fibroblasts
were ruptured with a 22 G needle, PMM at a
concentration of 0.5% (vol/vol) protected against cell
membrane disruption by releasing the contained
surfactant molecule, which moved towards the ruptured
lesions and formed a sealing patch. This impeded the
further release of the cytosolic contents and salvaged
the cells, which was observable in a distinctly lower
number of red (dead) cells (Fig 4d).
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Fig 5. Treatment of two thermal cases and one chemical burn-wound case treated with PMM. Case 1 is a 76-year-old
male who presented with a four-week-old burn on his right elbow after collapsing against a radiator (a). The wound was
heavily colonised with Staphylococcus aureus and a distinct amount of slough was present. Healing progressed well after
treatment with PMM was initiated. Case 2 is a 33-year-old female who had sustained flame burns to her left leg three
days previously (b). The burn injury healed spontaneously following initiation of PMM treatment. Case 3 is a 26-year-old
male with a chemical burn on the leg sustained six weeks previously (c). The wound responded well to treatment with
PMM and started to heal. In all cases, gauze was used as a secondary dressing

Before treatment

Use of PMM in wound treatment:

case reports

PMM and burn wounds

Severe burns continue to cause significant mortality and
disability. A thermal burn occurs when tissue is heated
beyond supraphysiological temperatures. Cellular
components that are most susceptible to heat injury
include the cell membrane, cellular proteins and
enzymes, as well as microtubular proteins of the
cytoskeleton, subcellular organelles, polyribosomes and
DNA. Despa et al. found that the proportion of unfolded
protein increases distinctly with temperatures, increases
in the tissue, e.g. above 60°C most proteins are
denatured.** Yet, the lipid bilayer and membrane-
associated ATPases were the most vulnerable to
denaturation, suggesting that thermal alteration of the
cell membrane is the most significant cause of tissue
necrosis.** This corresponds well with oedema being

the first sign of a thermal injury. Upon loss of
transmembrane potential, endothelial cells swell by
taking up sodium and water, which cause pores in the
capillary walls to open. The resulting interstitial oedema
obstructs blood flow,*? eventually paving the way for
ischaemia-reperfusion injury, which exerts oxidative
stress on the cells in the affected site. This might explain
the progressive deepening that occurs in the early stages
of deep second-degree burns, and transforms a partial-
thickness burn into a full-thickness burn.*3 While most
first-degree burns cells recover and tissue damage can be
prevented, temperatures above the first-degree burn
threshold irreversibly damage the cell membrane and
other macromolecules, causing a critical injury.** Other
types of ‘burn wounds’, caused by electric shock,
microwaves, radiation, or chemicals, are also associated
with the disruption of cell membrane structure and loss
of its barrier function.*!
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Inspired by the underlying principle of cell membrane
damage in burn injuries,*'-*3> membrane sealants have
been applied to burn wound models with successful
results.4345-47 Yet, few real-life cases have been reported
so far. Here, two thermal burn-wound cases, a 76-year-
old male (case 1, Fig 5a) and a 33-year-old female (case
2, Fig 5b), and a chemical burn-wound case, a 26-year-
old male (case 3, Fig. 5c¢), are described. Case 1 was a
four-week old burn on the right elbow, which occurred
after the man collapse against a radiator (Fig Sa).
Microbiology testing showed the wound was heavily
colonised with Staphylococcus aureus. In addition, a
distinct amount of slough was present. PMM was
applied to soften the eschar and control the bacterial
growth. Healing progressed well over three weeks, with
lifting of the slough and reduction in microbial
numbers. Case 2 was a 33-year-old female with a flame
burns on her left leg of three days’ duration (Fig 5b).
The patient was admitted with pain, fever and local
signs of infection. She was treated with PMM and i.v.
antibiotics. The burn injury healed spontaneously
within two weeks. Case 3 was a 26-year-old male with a
chemical burn on the leg of six weeks’ duration (Fig 5¢).
Although not a thermal injury, the wound responded
well to treatment with PMM and started to heal within
one week. These results exceeded expectations and
support previous reports of the positive effects of P188
or P1107;434647 they might be attributed to the
membrane-sealing capacity of the PMM and its activity
as artificial chaperone, which helped recover the
denatured proteins in burn wounds.#7,5359-61 The
outcome is also promising in the light of a recent study
by Wang et al., which showed that burn-induced
myopathy was due to a serious failure in cell membrane
repair resulting from localised inflammation triggered
by the release of DAMPs and their rapid progression
through the tissue.*? Consequently, application of PMM
could salvage cells and tissue in thermal burns.

PMM and chronic wounds

Although factors such as defective arterial influx or
venous/lymphatic efflux, neuropathological aetiologies,
heavy traumatic injuries (e.g. burns), possibly in
combination with a deep tissue infection, and even
tumours—can lead to the formation of a chronic
wound, there is a common biochemical base. Chronic
wounds are stuck in the inflammatory phase and the
destructive processes dominate. In chronic-stagnating
wounds a massive and constant infiltration of
inflammatory cells has been observed.”?73 These release
pro-inflammatory cytokines’4 and numerous proteases,
which are generally assumed to be the cause of ongoing
tissue degradation.”>-77 Repeated trauma, infection,
ischaemia and hypoxia are commonly assumed to
perpetuate the continuing inflammatory reaction.”®
The accumulating knowledge of how single cell injury
on membrane levels affects tissue integrity raises the
question of whether this is the whole picture or if we
need to explore beyond the cytokine-protease-concept
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(Fig 6). Gefen and Weihs recently hypothesised that the
macroscopic progression of deformation from the
cellular level to the tissue level is the basis of pressure/
diabetic foot ulceration.”® Cells are constantly under
physiological mechanical stress, which is essential for
homeostasis and survival. Mechanosensitive ion
channels in the cell membrane react directly to any
mechanical forces, which translates the force into
intracellular signals. Yet, high compression load, such
as that associated with neuropathy or resulting from a
failure to alleviate localised mechanical strain, leads to
catastrophic structural cell failure.”® In these cases, the
dynamic cytoskeleton cannot counteract the external
stress transferred, resulting in deformation of the cell
membrane (‘buckling’) and failure of its barrier function,
with subsequent leakage of cytosolic contents. These
cells necrotise and release DAMPs, initiating an
endogenous inflammatory reaction.3

A second factor that might play a crucial role in ulcer
development and subsequent chronicity in many cases
is oxidative stress on cell membranes. Neutrophils and
macrophages are highly effective in engulfing bacteria
into endosomes (phagocytosis) and killing the
phagocytised bacteria by generating high
concentrations of ROS including superoxide radical,
hydrogen peroxide, and hypochlorous acid inside the
endosomes through the action of the NADPH oxidase
complex and myeloperoxidase enzyme. However, some
ROS molecules are inevitably released into the area

Fig 6. Hypothesis of chronic wound pathophysiology. Repeated trauma,
infection (planktonic/biofilm), ischaemia and hypoxia perpetuate the
continuing inflammatory reaction. A massive and constant infiltration of
inflammatory cells has been observed in chronic wounds, which release
proinflammatory cytokines and numerous proteases, causing ongoing
tissue degradation. It is now acknowledged that oxidative stress and cell
membrane damage may contribute to these destructive processes

Repeated trauma/ infection/ ischaemia/ hypoxia

Y
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* Neutrophils T macrophages * mast cells
Prolonged, elevated inflammation
TIL-1B, IL-6

l

Imbalanced proteases and inhibitors
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surrounding the neutrophils, which can react with
wound cells, such as fibroblasts, vascular endothelial
cells and epithelial cells. The abundant ROS production
by neutrophils and macrophages can damage the
wound cell membranes by chemically reacting with the
C-C double bonds in the lipid components of the
phospholipid bilayer of the membrane, which leads to
peroxidation of the lipid chains. The peroxide (and
deprotonated peroxide) groups are highly hydrophilic
and create regions of instability in the hydrophobic
lipid bilayer (often called ‘lipid rafts’), leading to
increased membrane permeability, especially for
potassium, sodium and calcium ions. This disrupts the
critical balance between ion concentrations inside and
outside the cells, resulting in extreme metabolic stress
and/or exhaustion of the cells, which in turn triggers
necrotic cell death. Early studies on oxidative stress
biomarkers in acute and chronic wounds could show
that all types of chronic wounds are associated with
increased levels of markers for oxidative stress, while
these were not observed in acute wounds.8%8! Hence,
an immobile patient could still develop an ulcer even

when receiving appropriate care due to ischaemia-
reperfusion injury acquired during loading and
offloading of the area, leading to cell membrane
damage via lipid peroxidation.? Low-level, long-term
ischaemia-reperfusion injury has further been suggested
as the cause of chronic leg ulceration in venous
diseases.8? Furthermore, there has been increasing
interest in the role of oxidative stress in venous ulcer
pathology. Not only is the reactive oxygen-generating
system activated in the ongoing ulceration due to a
variety of inflammatory signals such as TNF-a or
IL-1B,82 but oxidative stress might very well precede the
occurrence of the skin defect. Moreover, patients who
have diabetes are especially prone to cell injury a
oxidative stress is increased under hyperglycaemic
conditions while the amount of antioxidant defences
is low.83-85 For instance, superoxide dismutase (SOD) is
the primary intracellular (isoforms 1 and 2), and
extracellular (isoform 3) ROS scavenger plays an
important role in tissue regeneration as it protects
against acute oxidative stress. Age-associated
intracellular SOD deficiency has been shown to add to

Fig 7. Treatment of chronic wounds with PMM. Case 1 is a 60-year-old male with diabetes, featuring a large wound on
the forefoot and ankle (a). After approximately ten months’ treatment with PMM wraps, the wounds had completely
closed and amputation could be prevented. Case 2 is an 80-year-old male with a chronic venous leg ulcer showing clear
signs of local infection/inflammation and who had just received a bilayered human skin equivalent (BHSE) (b). After one
week of treatment with PMM, the wound was much improved and the BHSE could be salvaged. Case 3 is a 74-year-old
female with a long history of rheumatic diseases and polyarthritis. After six months of treatment with PMM, the wounds

on the leg had healed completely (c)

3 "
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dermal fibroblast dysfunction during wound healing.8¢
As fibroblasts synthesise ECM, aid wound contraction,
augment revascularisation and assist epithelialisation,8’
it seems appropriate, therefore, to address their salvage
in chronic wounds.

PMM presents a new approach for preventing and
correcting the damage caused by oxidative stress to cell
membranes in chronic wounds. Three cases from the
vascular surgery unit of the Cantonal Hospital Fribourg,
Switzerland, where cell salvage as a mechanism of
action might have played a central role in healing, were
selected for presentation (Fig 7). Case 1 is a 60-year old
male patient with diabetes who was treated for sepsis
in the intensive care unit. He had a large wound, of two
months’ duration, on his forefoot and ankle (Fig 7a).
The whole leg was wrapped in PMM, and dressing
changes took place every two or three days for 10
months. After approximately ten months of treatment,
the wounds had completely closed and major
amputation was prevented.

Case 2 is an 80-year-old male with a five-month-old
chronic VLU showing clear signs of local infection and
inflammation (Fig 7b). He had just received a bilayered
human skin equivalent, and normally would have been
scheduled for extensive surgical debridement and
prescribed antibiotics for the infection. Instead, the
whole lower leg and foot were treated with PMM. After
one week, the condition of the wound improved. The
treatment also had an positive effect on the periwound
skin and hydrated the previous scaly skin. In addition,
the bilayered human skin equivalent could be salvaged
and did not need to be removed.

Case 3 is a 74-year-old female with a long history of
rheumatic diseases and polyarthritis (Fig 7c). She had a
wound, of four months’ duration, on the dorsolateral
side of her lower right leg, which had not responded to
treatment with modern wound dressings. The patient
was referred to the department for surgical debridement,
immune modulation therapy (adalimumab) and local
moist wound care. The immune modulation therapy
caused acute, unbearable chest pain, as well as
progressing frailty, and had to be stopped after three
weeks. Local wound therapy with moist wound
cushions (hydrotherapy) caused significant pain at
dressing change and showed no signs of progressive
healing, and so was replaced with daily PMM dressings.
After four weeks, dressing frequency changed to three
times weekly. After 5 months, PMM was replaced with
a semiocclusive dressing, which was changed twice
weekly. Full healing occurred a month later.

Recently, Ratliff reported similar clinical results using
the PMM in a case series of 18 patients with lower
extremity wounds due to peripheral vascular disease.”!
A distinct decrease in the PUSH tool score for wound
size and tissue type were noted, indicating rapid wound
closure and qualitative changes from sloughy/necrotic
tissue to healthy granulation tissue. These effects were
attributed to the effective cleansing activity of the
PMM (removal of slough and necrotic debris from the
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Reflective questions

® How does damage- or stress-related cell necrosis induce inflammation?
® What is the underlying principle of cell membrane damage in burn injuries?
® Why does oxidative stress play a crucial role in cell membrane damage and

ulcer development?

® What is the mechanism by which non-ionic surfactants such as poloxamers,

poloxamines and PMM resuscitate cells with membrane damage?

wound).”! Besides the cleansing effect, the concentrated
P188 in the PMM is able to protect and salvage cells by
stabilising disrupted cell membranes.*8-5¢ Indeed,
successful clinical studies using PMM in combination
with silver sulfadiazine®-%° pointed to additional
effects of PMM itself, as clinical outcomes surpassed
those reported with silver.®8 Lipid peroxidation,
resulting in conformational changes of the lipid side
chains, has been suggested as one of the main causes
for cell membrane disruption as it interrupts the
structural organisation of the lipid bilayer, making it
more permeable for charged particles.??® It seems
plausible that PMM rescues cells from the detrimental
conditions in chronic wounds by inserting the P188
directly into the damaged cell membranes, resealing
them and allowing the cell to function normally and
rebuild the membrane.#8-50 It has further been
suggested that P188 can reduce lipid peroxidation from
ROS by acting as a radical scavenger.’® Wang et al.
pointed out that P188 is relatively stable under
oxidative conditions, with only the end hydroxyl
group being the likely target for oxidisation to the
carboxyl group.®* They therefore suggested an
additional mechanism: that P188 acts as a protective
shield and reduces access of free radicals to the cell
membranes.®* Even more compelling, this is a possible
explanation for the positive effects observed in the
three cases presented here.

Conclusions

PMM is a non-ionic, amphiphilic surfactant gel that
forms stable micelles. It has the capacity to insert into
damaged membranes, substituting for lipids in the
unstable portions of the bilayers and thereby stabilising
the cell membrane. In this way the cells can salvage
their barrier function and survive. PMM is pushed out
as soon as the cells synthesise new lipids and repair the
cell membrane, leaving the cells intact and healthy.
The concentrated P188 in the PMM may further act as
a shield against oxidative damage by reducing lipid
peroxidation and formation of new cell membrane
damage. PMM essentially acts as a cellular bandage
with small plugs, presenting a new class of topical
treatment for acute and chronic wounds by cell salvage.
This is in addition to its cleaning function in surfactant-
based debridement and its physical properties which
act as a wound cover and moistener. As yet, there is
limited clinical evidence of the use of PMM in burn
wounds and chronic wounds. The first experiences and
case studies reveal the potential for this
treatment strategy. JWG
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