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a b s t r a c t

Background: Burn injuries are a major cause of morbidity and mortality worldwide. Despite

advances in therapeutic strategies for the management of patients with severe burns, the

sequelae are pathophysiologically profound, up to the systemic and metabolic levels.

Management of patients with a severe burn injury is a long-term, complex process, with

treatment dependent on the degree and location of the burn and total body surface area

(TBSA) affected. In adverse conditions with limited resources, efficient triage, stabilisation,

and rapid transfer to a specialised intensive care burn centre is necessary to provide optimal

outcomes. This initial lag time and the form of primary treatment initiated, from injury to

specialist care, is crucial for the burn patient. This study aims to investigate the efficacy of a

novel visco-elastic burn dressing with a proprietary bio-stimulatory marine mineral complex

(MXC) as a primary care treatment to initiate a healthy healing process prior to specialist care.

Methods: A new versatile emergency burn dressing saturated in a >90% translucent water-

based, sterile, oil-free gel and carrying a unique bio-stimulatory marine mineral complex

(MXC) was developed. This dressing was tested using LabSkin as a burn model platform.

LabSkin a novel cellular 3D-dermal organotypic full thickness human skin equivalent,

incorporating fully-differentiated dermal and epidermal components that functionally

models skin. Cell and molecular analysis was carried out by in vitro Real-Time Cellular

Analysis (RTCA), thermal analysis, and focused transcriptomic array profiling for
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quantitative gene expression analysis, interrogating both wound healing and fibrosis/

scarring molecular pathways. In vivo analysis was also performed to assess the bio-

mechanical and physiological effects of this novel dressing on human skin.

Results: This hybrid emergency burn dressing (EBD) with MXC was hypoallergenic, and

improved the barrier function of skin resulting in increased hydration up to 24 h. It was

demonstrated to effectively initiate cooling upon application, limiting the continuous burn

effect and preventing local tissue from damage and necrosis. xCELLigence RTCA1 on primary

human dermal cells (keratinocyte, fibroblast and micro-vascular endothelial) demonstrated

improved cellular function with respect to tensegrity, migration, proliferation and cell-cell

contact (barrier formation) [1]. Quantitative gene profiling supported the physiological and

cellular function finding. A beneficial quid pro quo regulation of genes involved in wound

healing and fibrosis formation was observed at 24 and 48 h time points.

Conclusion: Utilisation of this EBD + MXC as a primary treatment is an effective and easily

applicable treatment in cases of burn injury, proving both a cooling and hydrating

environment for the wound. It regulates inflammation and promotes healing in preparation

for specialised secondary burn wound management. Moreover, it promotes a healthy

remodelling phenotype that may potentially mitigate scarring. Based on our findings, this

EBD + MXC is ideal for use in all pre-hospital, pre-surgical and resource limited settings.

© 2020 Elsevier Ltd and ISBI. All rights reserved.

1. Introduction

The American Burns Association states that nearly half a
million Americans receive medical treatment for burn-related
injuries in the United States annually, with approximately
3400 deaths being attributed to such injuries [2]. Of 40,000
hospital admissions for burns, 30,000 are to specialised burn
centres [3], as burns are one of the most complex acute wounds
to treat [4�7]. Survival rates for admitted burn patients has
consistently improved over the past decennia [8,9] and
currently stands at 97% for patients admitted to burn centres
[6]. This can be largely attributed to major advances in
therapeutic strategies for the management of patients with
severe burns, including improved resuscitation, improved and
enhanced wound coverage, infection control, fluid manage-
ment, and management of inhalation injuries [10�12]. These
clinical advancements in primary critical burn care, burn
wound care and treatment have been primarily driven forward
by active research in this field, with such studies leading to
vital improvements in many areas of specialised burn care.
Management of patients with severe burn injuries requires
long-term integrated and synergistic care, a programme that
specifically addresses the burn wound as well as the systemic,
psychologic, and social consequences of the injury [13�15].

The primary intervention and management stage of a
critical burn wound, prior to specialised burns care, is crucial to
a favourable outcome with respect to morbidity and mortality
[14]. This is emphatically true in situations where resources
are limited and/or over-stretched, as seen in mass casualties
due to natural disaster, terrorist attack, theatres of conflict,
and large accidents [16,17]. Severe burns occur in approxi-
mately 5�20% of survivors of conventional conflicts and from
civilian mass disasters or terrorist events [8,18�22]. However,
due to limited or inadequate resources to care for large
numbers of severely burned individuals, or those in isolated
remote areas, the majority of large (>20%) total burn surface
area (TBSA) burn patients die at the scene or within the first

24 h following the burn [8,23�26]. With appropriate protocols
and disaster plans in place, a state-of-the-art burn centre can
typically handle a surge capacity �50% above normal maxi-
mum capacity. Such catastrophes may also delay transporta-
tion of the burn victim to a specialised medical setting. In such
events, appropriate and comprehensive primary care is
essential while effective and rapid triage, stabilisation, and
transfer provide optimal outcomes. However outcomes for
severely burned patients, particularly children or the elderly,
who cannot be transferred for burn care, are poor [27�31].

Despite advances, concerns for the success, time and cost of
treatment, inability to restore functionality of the skin, and the
high rates of complications related to severe burn wounds
remain [32]. This has led to an increased focus on developing
‘smart’ wound dressings [33�38] and regenerative approaches
[39,40]. Deep partial- and full-thickness burns heal slowly
when standard wound care alone is performed. Development
of advanced wound dressings is crucial to improved primary
wound care, because it not only protects the wound, but also
offers the opportunity to cool and preserve damaged tissue,
initiating a healing and regenerative environment for wound
closure.

In order to meet this challenge, a new versatile visco-elastic
emergency burn dressing (EBD) saturated in a >90% translu-
cent water-based, sterile, oil free gel and carrying a unique bio-
stimulatory marine mineral complex (MXC) was developed
(EBD + MXC). Natural bio-stimulatory formulations for the
treatment of these lesions, have been increasingly studied for
applications in health care due to their biocompatibility,
biodegradability, and non-cytotoxicity [33,41�45]. As our
understanding of the cellular and molecular basis of wound
healing, and the pathophysiology of fibrosis and chronic
wounds has increased, the importance of minerals in this
process is becoming accepted and recognised globally [46�49].

The goal of this study was to validate this novel dressing
and assess its ability to provide spontaneous cooling, anti-
fibrosis, pro-healing activity and reducing the nidus for the
improved treatment of burns prior to specialised care. To this
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end we developed and employed a range of humanised in
vitro cell models to study the molecular and cellular
responses to thermal injury and to assess the efficacy of
EBD + MCX as an optimal and functional primary dressing.
These included utilising a novel cellular 3D-dermal organo-
typic burn model platform, in vitro Real-Time Cellular
Analysis (RTCA) [50�57], thermal analysis, and focused
transcriptomic array profiling for quantitative gene expres-
sion analysis. In vivo analysis was also performed to assess
the bio-mechanical and physiological effects of this novel
dressing on human skin.

2. Materials & methods

2.1. In vitro cytotoxicity testing

Testing methodology was based on principles derived from
the International Organisation for Standardisation (ISO) in
order to assess in vitro cytotoxicity of medical devices.
Multiple cultures of L-929 mammalian fibroblast cells in a
serum-supplemented minimum essential medium (MEM)
were prepared. Cultures were incubated at 37 (�1)�C in a 5
(�1)% CO2 atmosphere, with final addition of culture
medium containing a final mass concentration of agar of
0.5%�2%. This agar layer was thin enough to permit diffusion
of any leached chemicals/bio-actives. The test article (0.1 mL
on 1 cm2 sterile filter paper), negative (physiological buffered
saline, 0.1 mL on 1 cm2 filter paper) and positive (1 cm2 latex)
controls were placed in triplicate cultures such that they
were in contact with the solidified agar. The surface area of
the articles placed on the agar was 10 mm2. Three wells
received agar only as blank controls. All cultures were then
incubated for 24 h at 37 (�1)�C as before. After 24 h, wells
were examined by microscopy. Biological reactivity (cellular
degeneration and malformation) was described and rated on
a scale of 0�4.

In addition to the traditional ISO assay, cytotoxicity of the
active ingredient (MCX) was assayed over a range of concen-
trations using xCELLigence1 real-time cell analysis (RTCA),
allowing cells to be continuously monitored in the absence of
labels [57]. Cell cultures (Human Primary Dermal (i) Fibroblast
or (ii) Keratinocytes) were incubated at 37 (�1)�C in a 5 (�1)%
CO2 atmosphere. Prepared cultures were brought to quies-
cence by serum-starvation for 24 h prior to initiation of
experiments. Cells were seeded (30,000 cells/well) onto wells of
an E-Plate 161 (ACEA Biosciences Inc., USA) for adhesion
experiments. E-Plates1 are single-use, disposable devices
used for performing cell-based assays on the xCELLigence1

system. Each individual well on an E-Plate1 incorporated a
sensor electrode array, allowing cells to be monitored and
assayed in real time through the measurement of electrical
impedance. An initial sweep was used to eliminate back-
ground noise before beginning the assay. The subsequent
programme consisted of 96 sweeps at 15 min intervals. This
enabled real-time monitoring over a 24 h period.

2.2. In vivo skin irritation testing

This study met the requirements of U.S. FDA GLP: 21 CFR Part
58, 1987, compatible with OECD Principles of GLP (as revised in

1997): ENV/MC/CHEM(98)17, OECD, Paris, 1998. All animal
experiments strictly comply with the ARRIVE guidelines and
were carried out in accordance with the U.K. Animals
(Scientific Procedures) Act, 1986 and associated guidelines,
EU Directive 2010/63/EU for animal experiments, and the
National Institutes of Health guide for the care and use of
Laboratory animals (NIH Publications No. 8023, revised 1978).
In order to assess the potential of skin irritation from a single
topical exposure to EBD + MXC, a skin irritation test was carried
out through a semi-occlusive application. The test article (EBD
+ MXC) was applied on the intact skin of 3 healthy, naive
rabbits (not previously tested) without pre-existing skin
irritation, to the dorsal region both on the left and on the
right side for 4 h. Each animal had the right caudal region and
left cranial region treated with EBD + MXC and the left caudal
region and right cranial region used as control sites. 6-cm2dose
sites were evaluated for erythema and edema approximately 1
h following removal of patches and again evaluated 24, 48 and
72 h after treatment. All animals were active and healthy
during the study. No signs of gross toxicity, adverse clinical
effects, or abnormal behaviour were observed. The test article
(EBD + MXC) was administered in a single dose by topical
application (recommended in the referenced guidelines and
because human exposure would occur via this route). General
procedures associated with the balanced design and conduct
of this study were employed to control bias.

2.3. Cumulative irritation and/or allergic contact
sensitisation: in vivo human study

This trial (Study Number CIS-4085.01) was conducted in
accordance with the Declaration of Helsinki, the ICH Guideline
E6 for Good Clinical Practice, the requirements of 21 CFR Parts
50 and 56, other applicable laws and regulations, CPTC
Standard Operating Procedures, and the approved protocol.
Two hundred and twenty-seven (227) qualified subjects, male
and female, ranging in age from 18 to 70 years, were selected
for this evaluation. Two hundred and seventeen (217) subjects
completed this study. Remaining subjects discontinued their
participation for various reasons, none of which were related
to the application of the test material. Inclusion criteria were
as follows; (i) male and female subjects, age 16�79 years, (ii)
absent of any visible skin disease which could be confused
with a skin reaction from the test material, (iii) prohibition of
use of topical or systemic steroids and/or antihistamines for at
least seven days prior to study initiation, (iv) completion of a
Medical History Form and the understanding and signing of an
Informed Consent Form and (v) considered reliable and
capable of following directions. Exclusion criteria were as
follows; (i) ill health, (ii) under a doctor's care or taking
medication(s) which could influence the outcome of the study,
(iii) Females who were pregnant/nursing and (iv) a history of
adverse reactions to cosmetics or other personal care
products.

The upper back between the scapulae served as the
treatment area. Approximately 0.2 mL of test material
(EBD + MXC), or an amount sufficient to cover the contact
surface, was applied to the 1 inch � l inch absorbent pad
portion of a clear adhesive dressing. This was then applied to
the appropriate treatment site to form a semi-occlusive patch.
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Patches were applied 3 times per week for a total of
9 applications.

2.4. Application of thermal injury to in vitro 3D models

In vitro burn insults were applied to 3D LabSkin full thickness
human skin equivalent models using a modified animal model
protocol by Cai et al. [58]. LabSkin was obtained from Innovenn
Ltd. (York, England). Custom weights were milled from brass
stock. Weights were heated on a heating block (Stuart) and
temperature checked using an infrared thermometer. Models
(in well-insert baskets) were removed from 6-well plates and
quickly placed onto a plastic surface in a sterile laminar
cabinet to avoid heat dissipation as the burn was applied (15 s).
Immediately following the burn, weights were removed and
the appropriate treatment was topically applied. Each treat-
ment consisted of custom-fitted 2.5 cm gauze disks soaked in
the appropriate therapy. Models were returned to the incuba-
tor for 24 and 48 h, after which time, models were sampled for
subsequent analysis. Skin biopsies were taken from the model
using Integra1 3 mm disposable biopsy punches (Fisher
Scientific Ltd.) post-treatment. Samples were immediately
snap-frozen in liquid Nitrogen, before storage at �80 �C. For
running water comparisons, a custom-designed waterproof
heating apparatus was constructed to simulate core tempera-
ture of 37(�1)�C during the experiment. Water delivery was
controlled at flow rate of 0.2 L/min from a reservoir of tap
water, temperature range 21 (�1)�C.

2.5. Stratum corneum hydration measurements

Healthy volunteers were recruited (2 males age 22 and 26,
1 female age 27) for skin hydration measurements. Stratum
corneum (SC) hydration was measured using a GPSkin1

Barrier probe (GPOWER Inc, Seoul, South Korea) which
measures bioelectrical impedance at a frequency of 1 kHz.
Skin was characterised over a 24-h period, where measure-
ments were made 0, 1, 2, 4, 8 and 24 h after application of EBD,
MXC, EBD + MXC and control gel to the volar forearm. An
adjacent skin site was also measured as a control over the 24-h
period. Each measurement was repeated 3 times. The sensor
probe was cleaned with alcohol wipes (Cutisoft wipes, BSN
medical GmbH, Hamburg, Germany) and dried between
measurements.

2.6. Real time cellular analysis of primary human dermal
fibroblasts and primary human dermal keratinocytes using
real time cellular analysis (RTCA)

Cell cultures (Human Primary Dermal (i) Microvascular
Endothelial, (ii) Fibroblast or (iii) Keratinocytes) were incubated
at 37 (�1)�C for 24 h in a 5 (�1)% CO2 atmosphere, until a
monolayer, with a confluence of approximately 80% was
obtained. Prepared cultures were brought to quiescence by
serum-starvation for 24 h prior to initiation of experiments.
Cells were seeded (30,000 cells/well) onto E-Plate 161 (ACEA
Biosciences Inc., USA) for adhesion experiments. E-Plates1 are
single-use, disposable devices used for performing cell-based
assays on the xCELLigence1 system. Each individual well on
an E-Plate1 incorporates a sensor electrode array, allowing

cells to be monitored and assayed in real time through the
measurement of electrical impedance. An initial sweep was
used to eliminate background noise before beginning the
assay. The subsequent programme consisted of 96 sweeps at
15 min intervals. This allowed real-time monitoring of
adhesion over a 24 h period.

2.7. Wound healing cell migration assay

The in vitro wound healing assay is a simple method based
on the principle that upon creation of an artificial gap in a
confluent monolayer of cells, those cells on the edge of the
gap will migrate/proliferate toward the opening to close
the “wound” until new cell�cell contacts are established
[59]. Confluent monolayers of cells were scratched with a
sterile 200 mL pipette tip using firm, even pressure. Cells
were washed with warm PBS, removing damaged cells and
debris, before adding the treated medium. A Leica
DM500 microscope with ICC50 camera module was used
to capture 40� images at 6 h regular intervals during
wound closure, with Image J software (National Institutes
for Health, USA) and the Angiogenesis Analyzer macro
plugin subsequently used to determine the rate by
measuring the changes in the gap area. Measurements
were reported in pixels.

2.8. Angiogenic tube formation assay

The tube formation assay is a tool for angiogenesis
quantification. It is based on the principle that cells
differentiate morphologically to form capillary-like tubes
within 24 h by first adhering to a substrate and then
migrating towards each other. MaxGelTM ECM (Sigma
Aldrich) was thawed slowly on ice overnight, before pre-
coating Ibidi1 Angiogenesis m-slides and allowed to solidify
at 37 �C in a sterile incubator. This formed a basement
membrane-like surface in each 4 mm well. A 50 mL 2 � 105
cells/mL HAEC suspension was subsequently used to seed
on top of this. Cells were observed and imaged in 6-h
intervals. A Leica DM500 microscope with ICC50 camera
module was used to capture 100� images at 6 h regular
intervals during this process, with Image J (National
Institutes for Health, USA) software and the MRI Wound
Healing Tool.ijm macro plugin subsequently used to
quantify the rate by measuring tube length. Measurements
were reported in pixels.

2.9. RNA isolation

Tissue samples were homogenised in QIAzol Lysis Reagent1,
and RNA was isolated using the RNeasy Plus Universal Kit1

(QIAGEN, Cat.No. 73404). This utilised a spin column-based
protocol to facilitate separation and eliminate phenol and
other contaminants. RNA quality and concentration were
subsequently determined using a NanodropTM spectropho-
tometer to measure the concentration and OD260/280 values
of the samples, while Agilent RNA TapeScreen1 was employed
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to check RNA quality. For the integrity measurement, 1 mL of
the total RNA was analysed with a RNA ScreenTape using an
Agilent TapeStationTM.

2.10. Gene analysis methods

Quantitative real-time reverse transcription polymerise
chain reaction (qRT-PCR) was used to analyse gene expres-
sion. The Qiagen RT2 First Strand Kit (Catalog # 330401) was
used for cDNA synthesis and was designed to work in
tandem with Qiagen RT2 profiler arrays. RT2 Profiler PCR
Arrays facilitated analysis of gene panels related to wound
healing, fibrosis and associated biological pathways. Follow-
ing qRT-PCR, relative expression was determined using the
DDCt method. The PCR Array Data Analysis Web Portal was
used to interpret replicate (n = 3) qRT-PCR data. Any cyclic
threshold (Ct) value equal to 35 was considered a negative
call. RT2 Profiler arrays incorporated a number of controls,
including genomic and reverse transcription controls. The
panel of endogenous controls were used to normalise data
(Ct Gene of Interest � Ct Average of endogenous controls).
Biological replicates were performed, and the average DCt
value of each gene was calculated across those replicate
arrays for each treatment group. Calculated DDCt for each
gene across two groups or PCR Arrays. DDCt = DCt (group 2) -
DCt (group 1). In each case, Group 1 was the control and
Group 2 was the experimental. Fold-change for each gene
from Group 1 to Group 2 was calculated as 2(�DDCt). If the fold-
change was greater than 1, the result was reported as a fold
up-regulation.

3. Results

3.1. Oral and skin toxicity, dermal inflammation and
cytotolerance assessment

Prior to the commencement of the study, a comprehensive
battery of cytotoxicity and inflammation assays were performed,
results of which are outlined in Tables 1�3 (Supplementary
material). To further support this data, in vitro and ex vivo
assessments were carried out on primary human dermal cell
lines and human platelets. Results demonstrated that MXC alone
was highly biocompatible, as well as in complex (EBD + MXC). No
toxicity or inflammation was observed. MXC was demonstrated
to be well tolerated orally (unpublished data) as well as topically.
In vitro analysis using xCELLigence RTCA and primary human
dermal cells (Keratinocytes, Fibroblasts, microvascular (mv)
Endothelial Cells) treated with varying concentrations of MXC,
further demonstrated the high biocompatibility of MXC.

3.2. Skin hydration studies: in vivo and in vitro 3D-LabSkin
assessment

Tissue Dielectric Constant analysis using in vitro 3D-LabSkin
treated with EBD � MXC demonstrated the improved hydra-
tion up to 24 h with EBD + MXC as opposed to EBD-MXC
(Fig. 1A). This observation confirmed an improved skin barrier
formation with MXC treatment. In vivo analysis, while
highlighting the inter individual responses observed due to

Fig. 1 – (A) Dielectric Constant (TDC) versus Time Course Post Application of EBD � MXC on 3D LabSkin. (B) Dielectric Constant
(TDC) versus Time Course Post Application of EBD � MXC on in vivo human skin. (C) Stratum Corneum Hydration (SCH)
measurements versus Time Course Post Application of EBD � MXC on in vivo human skin. (D) Apparatus used in assessing Free
and Bound Water in Skin at 300 MHz Using Tissue Dielectric Constant Measurements.
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environmental and biological architecture (sex, age, diet,
hydration status, activity and skin friction, prior use of skin
products (e.g. soaps), supported the in vitro analysis (Fig. 1B&C).

3.3. MXC effects on primary human dermal cells using real
time cellular analysis

In order to assess the effect of both the stimulatory ingredient,
MXC, and EBD Gel + MXC on human primary dermal cells, i.e.
Keratinocytes and Fibroblasts, in vitro Real-Time Cellular
Analysis (RTCA) was undertaken using novel cell modelling
and analysis (Figs. 1�4). The xCELLigence1 system monitors
cellular events in real time without the incorporation of labels,
measuring electrical impedance across integrated micro-
electrodes on the bottom of tissue culture E-plates1. Electrode
impedance, which is displayed as arbitrary units known as cell
index (CI) values. The label free system allows for a more
physiological assay which provides an optimal environment
cell fate and function. By analysing the dynamic response of
these cells, in an in vitro cellular platform of human primary
skin cells, to varying concentrations of MXC, we were able to

assess multiple parameters in real-time. We determined- (1)
cellular tolerance, (2) cytotoxicity, and (3) cellular response
(fate and function) with respect to MXC kinetics and dynamics.
Cell models of both cell types were grown on a 2.5-Dimensional
of a complex Extra Cellular Matrix milieu, and cellular response
assessed by impedance, enabling the study of the long term
effects of MXC on both primary human dermal keratinocytes
and fibroblasts. Temporal analysis, along the time axis,
facilitated functional studies in relation to a number of cell
fate and functions- parameters important for skin health.
These included (1) cell adhesion, (2) cell activation and
spreading (tensegrity), (3) cell proliferation or cell quiescence
and (4) apoptosis/cytotoxicity.

3.4. Real-time cellular analysis of primary human dermal
keratinocyte cells (hKC) in response to varying concentrations
of MXC (0.1%�1.5%), over 48 h

Results obtained over the 48 h study highlight that the MXC is
biocompatible and well tolerated up to concentrations of 1%.
Fig. 2 highlights the pertinent data at concentrations of 0.1%

Fig. 2 – (A & B) Real-Time Cellular Analysis (RTCA) of Primary Human Adult Keratinocyte Cells (pHAKCs). Cell dynamics and
function in 2.5D cell model (diluted MaxGel, 1%), in response to varying concentrations of MXC (0.1%�0.6%). Results are
averaged from three independent experiments � SD. (C & D) Rate of cell adhesion (0�3 h) and proliferation (3�15 h) was
determined by calculating the slope of the line between determined timepoints. Results are averaged from three independent
experiments � SD; *P � 0.05 compared to media only control. (E) xCELLigence1 migration profile of pHAKCs treated with
different Mg forms (10 mM) for 24 h (0�15 h shown only). Static quiescent, Mg-starved pHAKCs were exposed to 10 mM Mg in a
variety of common forms (Mg aspartate, MgCl2) in addition to MXC using the xCELLigence1 electrical impedance system.
Results are averaged from three independent experiments (n = 3) � SD. (F) Rate of migration of HAKCs between 45 min and 4 h.
Rate was determined by calculating the slope of the line between determined timepoints. Results are averaged from three
independent experiments (n = 3 � SD). *P � 0.05 vs Mg-free control. (G) Effect of 10 mM Mg on wound healing in pHAKCs
represented as scratch repair rate in pHAKCs over 24 h (n = 3). (H) Representative images of wound healing in pHAKCs at
time = 0 h and time = 24 h.
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�0.6% up to 15 h for brevity). No apoptosis or cell death was
observed, however cellular dynamics were arrested at con-
centrations close to 1.5% (data not shown), i.e. cells adhered
and survived but did not spread, integrate into the extracellu-
lar matrix or proliferate (they were held in cell cycle arrest).
Long term exposure studies (>24 h to 4 days) highlighted one
potential beneficial effect of MXC on keratinocyte cell biology
in that it appreciably slowed the rate of keratinocyte cell

proliferation, at concentrations between 0.6% and 1%, inhibit-
ing the process. Acute analysis (0�24 h) demonstrates that
MXC promotes cell attachment/adhesion, spreading and
migration and proliferation at concentrations up to 0.5%, as
measured by the calculation the slope between two time
points of the curves, with rates levelling out at higher (>0.6%)
concentrations (Fig. 2A). Furthermore, MXC stimulates prima-
ry human dermal keratinocyte cell proliferation in a

Fig. 3 – (A) Real-Time Cellular Analysis of Primary Normal Human Dermal Fibroblasts (pNHDFCs). Cell dynamics and function in
2.5D cell model (diluted MaxGel 1%), in response to varying concentrations of MXC (0.2�0.5%). Results are averaged from three
independent experiments � SD. (B) Rate of cell spreading and proliferation were determined by calculating the slope of the line
between determined timepoints. Averaged from three independent experiments � SD; *P � 0.05 versus media only control.
(C & D) Effect of 10 mM Mg (MXC, MgCl2 on wound healing in pNHDFCs using a scratch assay. (E) xCELLigence1 cell spreading,
migration and proliferation profile of pNHDFCs treated with different Mg forms (10 mM) for 24 h (0�15 h). Static quiescent, Mg-
starved pNHDFCs were exposed to 10 mM Mg in a variety of common forms (Mg aspartate, MgCl2) in addition to MXC using the
xCELLigence1 electrical impedance system. Results are averaged from three independent experiments (n = 3) � SD. (F) Rate of
spreading and migration of NHDFCs (45 min�4 h). Rate was determined by calculating the slope of the line between determined
timepoints. Results are averaged from three independent experiments (n = 3 � SD). *P � 0.05 vs Mg-free control.
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concentration dependent manner (0�0.6%) up to 24 h- data
from 0 to 15 h presented in Fig. 2B. Rates of adhesion and
proliferation were determined by calculating the slope of the
line between timepoints. RTCA of Primary Human Dermal
Keratinocytes Adhesion to 2.5 Dimension Tissue Model, in
response to varying concentrations of Oriel Marine Mineral
Complex (0.1%�0.6%). Fig. 2A demonstrates the cellular
adhesion dynamics, mediated through KC integrin receptors,
to the extracellular matrix environment. From these cellular
kinetics and dynamics it was demonstrated that MXC
promotes cell adhesion at three concentrations � 0.1%,
0.2% and 0.4%. At these concentrations MXC increases the
rate of cell adhesion, as demonstrated by the increase in line
slope, and also the final cell spreading, as indicated by the
greater Cell Index (CI) at 3 h. The implications of these
findings is that MXC has the potential to improve skin tone/
barrier and biomechanics by increasing and improving the
biological process known as Cellular Tensegrity [1,60�62].
Concentrations of MXC at >1�1.5% greatly reduces the rate

of adhesion and cell spreading, but does not reduce cell
viability. Concentrations of MXC at both 0.6% and 0.8%,
modestly reduce cell spreading when compared to control
keratinocytes (media and cells only), but has no effect on cell
adhesion dynamics and kinetics (i.e. formation of Focal
Contacts, Focal Complexes and Focal Adhesions) when
compared to control (Fig. 2A�D).

Graphical representation of cell adhesion, spreading and
proliferation dynamics are outlined in Fig. 2, which represents
the Keratinocyte cell-ECM adhesion turnover (making and
breaking of cell interactions). It can be seen that MXC promotes
cell adhesion formation above and beyond that of Control,
between 4.5 h and 15 h- at three concentrations � 0.1%, 0.2%
and 0.4%. MXC at concentrations of 0.6% and 0.8% slightly
reduces the rate of adhesion formation, but only modestly
when compared to control cells. The response observed for
MXC at 0.1%, 0.2% and 0.4%, is indicative of increased cell
spreading (activation of the GTPase �RAC1) and this increase
in Focal Contact, Focal Complex and Focal Adhesion formation

Fig. 4 – (A & B) Effect of MXC on wound healing in pHAECs. Scratch repair rate in HAECs over 24 h (n = 3). Representative images of
wound healing in HAECs at time = 0 h and time = 24 h are shown. (C & D) Effect of MXC on pHAEC angiogenesis capacity- tube
formation/sprouting assay. Static quiescent, Mg-starved HAECs were exposed to 10 mM Mg in a variety of common forms (Mg
aspartate, MgCl2) in addition to MXC on MaxGelTM ECM. Results are averaged from three independent experiments (n = 3) � SD.
Representative images of tube formation/sprouting in HAECs at time = 0 h and time = 24 h. Coloured lines indicate sprout/tube
outline detection and signify length.
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is a highly dynamic process, highlighting the bio-stimulatory
capacity of MXC. It can be observed that control Keratinocytes
loose traction within the ECM complex between 4.5 h and
12.5 h (reduction in Cell Index), while it is maintained at 0.1%,
0.2% and 0.4% of MXC. Moreover, in a supporting experimental
approach, MXC was demonstrated to enhance the wound
healing capacity of pHAKCs in a standard in vitro wound
healing scratch assay as compared to MgCl2, used as both an
experimental and osmotic control (Fig. 2G&H). The biological
process underpinning these observations are currently being
investigated at a molecular level. However, the findings
elucidated in these current studies highlight the regenerative
and healing potential of MXC in the skin.

3.5. Real-time cellular analysis of primary human dermal
fibroblasts in response to MXC

Complimentary studies were carried out, using Primary
Human Normal Dermal Fibroblast Cells (Fig. 3). Experimen-
tal protocols were precisely the same (cell number, MXC
concentrations, ECM compositions, xCELLigence1 settings
and running protocol). Initial observations over the 48 h
were the cellular response, kinetics and dynamics of
fibroblasts differed considerably from that of the keratino-
cytes. This highlights an important biological observation
that there is a different cell specific response to MXC,
emphasising the point that it elicits a precise response
which depends on the particular cell profile (signalling
networks, proteomic and transcriptomic compliment, re-
ceptor expression levels, e.g. TRPM7, MagT1 or integrins).
Cell adhesion kinetics displayed a biphasic effect (0.1�1.5%)
with Dermal Fibroblasts (data not shown), a previously
reported cellular response [63,64], but at all concentration
(0.1%�0.8%) cell adhesion dynamics (kinetics/rate and
extent) was greater than control fibroblasts (Fig. 3). Initial
adhesion was slow (0�1.3 h), but increased exponentially
from 1.3 h to 1.6 h, with all concentrations of MXC having a
potentiating effect- indicating a potential beneficial effect of
wound healing and skin regeneration. Cell spreading
dynamics (1.6 h�3 h) again displayed a potentiating effect
of MXC on active cell spreading. Similar to the keratinocyte
studies, this has implications for cellular architecture and
rigidity (i.e. tensegrity, form and function of cytoskeletal
architecture etc.), and thus biomechanical properties of skin
(elasticity, tone, barrier) [1]. Again, in a supporting experi-
mental approach, MXC was demonstrated to enhance the
wound healing capacity of pNHDFCs in a standard in vitro
wound healing scratch assay as compared to osmotic and
experimental controls (Mg Aspartate) (Fig. 3C�E). Interest-
ingly, the highest concentration of MXC (1.5%) demonstrated
the most profound beneficial effect in this regard, followed
by concentrations 0.2% and 0.4%). 0.8% MXC displayed a
slightly reduced cell spreading. This reduction was over
come after the 3-h time point, when all concentrations (bar
the 0.6% and 0.8% - data not shown) displayed an increased
cellular integrity within the ECM, and an improved cell
proliferation profile. Overall, these experiments demon-
strate that MXC has the potential to improve fibroblast cell
health and dynamics, as well as improved wound healing
capacity, and improve the biomechanical properties of the

skin. To further elucidate these potential biological effects,
further cellular and molecular studies were undertaken.

3.6. Cellular analysis (RTCA, wound healing &
angiogenesis tube formation) of primary human aortic
endothelial cells in response to MXC

In order to facilitate regeneration of normal tissue in damaged
areas, neovascularisation and collagen synthesis followed by
re-epithelialisation are important processes of note [65,66].
Migration and proliferation are crucial steps in the highly
complex and co-ordinated series of events that lead up to
angiogenesis, where sprouts invade the newly ECM-rich
wound and organise into a microvascular network throughout
the granulation tissue. The process requires the activation of
several signalling pathways converging on cytoskeletal re-
modelling [67]. Moreover, these processes are influenced by
extra-cellular signals from the local microenvironment. Data
show that MXC treatment demonstrated significantly greater
(P � 0.05) levels of tube formation in comparison to Mg
Aspartate control in HAECs (Fig. 5C&D). This is consistent with
migration and wound healing data, (Fig. 5A&B). It was noted
that MgCl2had a slightly more potent effect on HAEC migration
in a monoculture in vitro wound healing scratch assay
(Fig. 5A&B).

3.7. Cooling efficacy of dressing with visco-elastic gel and
MXC (EBD + MXC)

In order to assess the cooling effect of EBD + MXC upon burn
injury, an in vitro 3D organotypic human skin equivalent
platform, LabSkin, was modified to facilitate thermal monitor-
ing post burn injury (Fig. 5). To our knowledge, this is the first
time a deep tissue, humanised living skin equivalent has been
pioneered and utilised for the interrogation of the (patho-)
physiology of burn injury, and the cellular and molecular
mechanisms behind repair and regeneration. This adds to our
current body of knowledge in effectively modelling human
diseases in vitro, in order to obtain more relevant clinical data in
an ethical, cost and time effective manner, thus accelerating
burn and chronic wound research for societal and patient
benefits [68]. Briefly, a custom-built 12 V thermostatically-
controlled waterproof heating apparatus was engineered to
simulate body temperature in vitro and assess the cooling
effects of running water vs EBD + MXC post thermal insult.
Injury was precisely delivered by custom-milled brass weights
(3.66 g, 10 mm diameter), which were heated to 100 �C prior to
application to the LabSkin model. Mean sub-dermal temper-
atures were monitored over time for each treatment group.
Temperature of the 3D model during and after administration
of a 15 s burn was measured every 10 s using a temperature
probe placed at 4 mm depth below the skin surface. Time
0 = start of burn application. Results are averaged from three
independent experiments � SD. The application of EBD + MXC
had a cooling effect immediately upon application and levelled
out to body temperature within 6�7 min post application. This
was opposed to running water which cooled the burn injury to
<30 �C within 120 s. However, this important difference may
affect hypothermia in patients and have profound relevance to
morbidity and mortality outcomes in an emergency setting
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post-burn. This immediate cooling effect could be witnessed in
the preservation of viable tissue, an observation assessed by
qualitative and quantitative analysis of RNA from biopsies
taken at time points post thermal injury Table 4 (Supplemen-
tary material). Treatment with EBD+MXC preserved viable
tissue post burn injury.

3.8. Effect of MXC on gene expression on an in vitro
monoculture of primary human dermal fibroblasts

In order to ascertain if MXC elicited its functional effect
observed in Figs. 2�4 via modulation of gene expression,
monocultures of primary human dermal cells were treated
with two concentrations of MXC and RNA was harvested at 24 h
post treatment along with no treatment and osmotic controls
as gene expression references. Gene profiling demonstrated a
molecular effect of MXC on primary human dermal cells, which
may explain the functional effects observed during RTCA (data
not shown). However, it must be noted that there was a high
degree of overlap with the LabSkin transcriptomic data.

3.9. Temporal molecular validation of thermal insult model

In order to validate the LabSkin organotypic human skin
equivalent model, biopsies were taken at two time points

from time of burn insult- 24 and 48 h post burn. For the
purposes of this study only time point 24 h post burn will be
presented. Current and future studies are investigating
various temporal times points (0�72 h) using an integrated
‘-omics’ approach, together with data analytics and pathway
analysis. No burn control biopsies were obtained at the
relevant time points as comparative controls. RNA was
isolated and a focused transcriptomic analysis was under-
taken to survey 84 genes involved in the wound healing
process. Fig. 6A�D illustrates that there was indeed a gene
expression regulation upon injury and various treatment
modalities at the 24-h time points, validating the burn effect
on the 3D organotypic human skin equivalent model. Table 1
highlights the statistical relevant variations in wound
healing gene expression with respect to 24-h post-burn
upon treatment with EBD-MXC.

3.10. Wound healing and fibrosis analysis of EBD � MXC
application to burn injury versus (i) no burn and (ii) burn
control employing focused pathway gene arrays (Qiagen RT2

profiler arrays) and in vitro LabSkin burn model

A comprehensive molecular profiling study was undertaken to
assess the effect of EBD � MXC on burns using the in vitro
LabSkin organotypic human skin equivalent model (Figs. 6,7 ).

Fig. 5 – Establishment of 3D LabSkinTM model for burn studies. (A) Illustration of the 3D LabSkinTM model indicating
differentiated dermal layers and culturing conditions. (B) Custom-milled brass weights were used to deliver the thermal insult.
Burn radius (red line) and 24- and 48-h biopsy sites are indicated to the right. (C) Appearance immediately following burn: Model
turned white in the centre following removal of the weight. All models were biopsied using a 3 mm biopsy punch (Miltex) in the
centre and at the burn margin 24 h after the burn was inflicted, and conditioned media was sampled. (D) Custom-built 12 V
thermostatically-controlled waterproof heating apparatus to simulate body temperature in vitro and assess effects of running
water vs EBD + MXC (E) Cooling Effect of WJ24 treatment compared to running water. Mean sub-dermal temperatures over time
for each treatment group. Temperature of the 3D model during and after administration of a 15 s burn was measured every 10 s
using a temperature probe placed at 4 mm depth below the skin surface. Time 0 = start of burn application. Results are averaged
from three independent experiments � SD.
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The cooling effect alone versus cooling and pro-healing/anti-
fibrotic (MXC) effect (Fig. 6B-D & Fig. 7B-D)) was also
investigated using focused pathway gene arrays (Qiagen RT2

profiler arrays). Experimental attention was given to the 24 h
post-burn time point (B24hr) upon treatment with EBD � MXC
versus No Burn Control (NBC24hr), as the EBD was developed
with the goal of cooling thermal injury, preserving tissue,
initiating the healing process and ameliorate scar formation

within the first 24 h of burn injury. Moreover, subsequent to
this analysis we undertook a 48 h study to assess the prolonged
and sustained effect of EBD � MXC on burned skin. Attention
was also given to the fibrosis gene expression profile at both
the 24 h and 48 h time points with applied EBD � MXC, as
chronic perturbations to the healing process can result in
pathological scar formation. The cooling effect alone
(EBD - MXC) on burn injury up-regulated 14 genes and

Fig. 6 – Molecular wound healing response to thermal insult 24 h post burn (B24hr) upon EBD treatment with and without MCX
(EBD � MXC), compared to B24hr no treatment control (NTC). Effect of EBD � MXC v burn on wound healing mRNA expression
24 h post-burn. (A) Untreated burn v unburned control. (B) EBD-MXC v untreated burn. (C) EBD + MXC v untreated burn. (D) EBD +
MXC v EBD-MXC. Scatter plot represents normalised gene expression for all genes present on the array. The central line
indicates unchanged gene expression. Dotted lines indicate selected fold regulation threshold. Data points beyond these
represent genes that meet the selected 2-fold regulation threshold. Appropriate corrections were made using proprietary
Qiagen RT2 analysis software. CT cut-off was set at 35. CT values for endogenous control genes were geometrically averaged
and used in DDCT calculations. (n = 3 for each array).
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down-regulated 9 genes involved in the wound healing
process. EBD + MXC further up-regulated 11 genes and down
regulated 10 genes involved in the wound healing process,
emphasising the initiation of the healing process in the first 24
h post burn upon application of EBD + MXC (Table 1). This
phenomenon is in addition to the cooling/tissue preservation
effect of EBD + MXC on burn injury.

The cooling effect alone (EBD - MXC) on burn injury up-
regulated 14 genes and down-regulated 9 genes involved in the
wound healing process. EBD + MXC further up-regulated 11
genes and further down regulated 10 genes involved in the
wound healing process, emphasising the initiation of the
healing process in the first 24 h post burn upon application of
EBD + MXC. This phenomenon is in addition to the cooling/
tissue preservation effect of EBD - MXC on burn injury. At the
48 h time point, the cooling effect alone (EBD - MXC) on burn
injury up-regulated 14 genes and down-regulated 27 genes
involved in the wound healing process. Further to this
molecular effect of EBD cooling capacity, an additional 12 genes
were up-regulated and 10 genes down-regulated upon
EBD + MXC treatment at the 48-h time point (data not shown).

To assess the anti-fibrotic effect of EBD + MXC, parallel
studies were undertaken employing the Qiagen RT2 Fibrosis
profiler array to interrogate 84 genes directly involved in
scarring. Similar beneficial transcriptomic changes beneficial
were observed at both time points, with cooling alone (EBD -
MXC) modulating 10 (up) and 8 (down) genes at the 24-h time
point. The additive effect of MXC was observed with the
additional modulation of 5 (up) and 9 (down) genes at the 24-h
time point (Fig. 7A�D & Table 1). The cooling effect of the EBD
elicited an up-regulation of 14 genes and down-regulation of a
further 26 at the 48 h time point (data not shown). This potential
anti-scarring effect was augmented by the addition of MXC
(EBD + MXC), with an additional 10 genes up-regulated and 12
genes down-regulated to those observed with cooling alone
(EBD - MXC).

4. Discussion

“Healing is not a science, but the intuitive art of wooing nature.”
Wystan H. Auden.

The field of wound and burn repair continues to grow at an
astonishing rate. Notwithstanding the major strides in the
advancement of therapeutic strategies for burns treatment
and care over the recent number of decades, skin burns from
multiple sources exert catastrophic influences on human
morbidity and mortality [6,24,28]. Herein, we report the
development of a novel thermal burn model, employing a
humanised in vitro living deep-skin equivalent, LabSkin1. This
facilitated the real-time measurements of temperature fluc-
tuations pre-and post-burn insult, as well as monitoring
cooling effects of standard running water versus a novel
composite visco-elastic gel (EBD + MXC). Furthermore, this in
vitro approach allowed molecular interrogation of both burn
healing and fibrosis cellular mechanisms. LabSkin is an in vitro
model and as such cannot completely recapitulate the whole
physiological response of the real human body. The current

LabSkin model lacks vasculature (currently in development)
which implies that parts of the healing response, such as
infiltration of granulocytes, macrophages and lymphocytes,
are absent. However, LabSkin healing occurs, similar to in vivo
human skin, by re-epithelialisation [69], expressing, during
this process, genes related to cell growth, cell differentiation
and tissue remodelling. In contrast, some animal models used
for the study of the healing process display a healing
mechanism driven by contraction.

Although, it is true that the LabSkin model lacks immuno-
competent and Langerhans cells, it is well known that
Keratinocytes express TLR1-6 and -9 [70] and that this is

Table 1 – The Effect of Untreated Burn Injury versus
Treated Burn Injury on both Wound Healing & Fibrosis
mRNA expression in a 3D LabSkin living human dermal
model, 24 h post-burn (n = 3). Note that data shown are a
selected representation of total differentially expressed
genes and are limited to fold changes of 2 or above. All
displayed data demonstrated a statistical significance of P
� 0.005. Duplicated genes between both focused pathway
RT2 Profiler PCR Arrays were accounted for and only one
result presented for clarity of table presentation.

24 h post burn injury

Treatment versus untreated

Wound healing Fibrosis/scarring

Gene Fold change Gene Fold change

CSF3 8.01 CXCR4 11.36
IL6 6.51 CCL3 10.50
CDH1 5.76 CCR2 6.99
ACTC1 5.13 ITGB3 4.22
COL5A3 4.12 BCL2 3.83
PTGS2 3.74 TNF 3.55
COL4A1 3.26 IL10 3.35
FGA 2.76 MMP13 3.29
IFNG 2.76 PLG 2.80
MMP1 2.73 MMP1 2.75
ITGB3 2.69 TGFB3 2.69
COL1A1 2.66 ENG 2.49
CD40LG 2.59 IFNG 2.33
COL3A1 2.54 MYC 2.31
CXCL2 2.26 COL3A1 2.21
PLAUR 2.16 TGFB3 2.20
FGF2 2.16 PDGFA 2.05
ITGA3 2.11 SMAD7 2.05
TGFB1 2.10 TGFB2 �2.01
ITGA5 2.08 EDN1 �2.03
PLG 2.05 IL1B �2.25
IL2 2.04 ITGA1 �2.26
COL5A1 2.03 IL1A �2.28
CCL2 2.00 CTGF �2.29
WISP1 �2.07 IL13RA2 �2.30
PTEN �2.07 MMP3 �2.33
CXCL5 �2.08 SERPINA1 �2.73
CTGF �2.30 MMP9 �2.85
CSF2 �3.20 VEGFA �3.06
MMP9 �3.22 GREM1 �3.11
IL1B �3.75 ITGB6 �3.40
MMP7 �3.88 IL1A �3.90
ANGPT1 �3.97 EDN1 �4.78
ITGA6 �4.64 CCL11 �5.53
F3 �7.63
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important in the response against pathogenic microorgan-
isms. For instance, activation of TLR2 by S. aureus results in
activation of NF-kb a subsequent production of chemokine
IL-8 that attract neutrophils (IL-8 is absent in mice, although
some functional homologues have been suggested).

The LabSkin model specifically respond to pathogens such
as S. aureus [71] by release of IL-23 and IL-8. Additionally, we
have unpublished data showing the response of LabSkin to
several insults such infection by bacteria (S. aureus, E. coli) and
fungi (C. albicans, Dermatophytes, Malassezia spp.): uncolonised

wounds and wounds colonised with bacteria, fungi, and inter-
kingdom polymicrobial biofilms; and chemical insults
(unpublished data). LabSkin responds by releasing several
signalling molecules: IL-1a, IL-1b, IL-6, IL-8, TNF-a, PTGS2
(indicative of prostaglandin production). Furthermore, Lab-
Skin keratinocytes produce antimicrobial peptides RNAse-7,
which does not have a clear orthologue in mice [72], LL-37,
which orthologue in murine models has different activity [73]
and several defensins such as HBD-2. Fibroblast are also
known to express TLR1-10 [74]. Data obtained from this

Fig. 7 – Molecular fibrosis/scar response to thermal insult 24 h post burn (B24hr) upon EBD treatment with and without MXC (EBD
� MXC), compared to B24hr no treatment control (NTC). Effect of EBD � MXC v burn on fibrosis mRNA expression 24 h post-burn.
(A) Untreated burn v unburned control. (B) EBD-MXC v untreated burn. (C) EBD + MXC v untreated burn. (D) EBD + MXC v EBD-MXC.
Scatter plot represents normalised gene expression for all genes present on the array. The central line indicates unchanged
gene expression. Dotted lines indicate selected fold regulation threshold. Data points beyond these represent genes that meet
the selected 2-fold regulation threshold. Appropriate corrections were made using proprietary Qiagen RT2 analysis software.
CT cut-off was set at 35. CT values for endogenous control genes were geometrically averaged and used in DDCT calculations.
(n = 3 for each array).
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dynamic human in vitro 3D-organotypic burn model, were
supported by cell fate and function assays using Real-Time
Cellular Analysis (RTCA xCELLigence). Components of the EBD
+ MXC were assessed for their efficacy in modulating cellular
tensegrity, adhesion, spreading and migration which are
biologically integral for the burn healing process. To further
support the observed healing capacity of MXC component,
angiogenesis studies were undertaken, again a crucial phase
for the reparative process of burn healing and dependent on
endothelial cell migration.

In austere or mass casualty situations, where resources and
level of care are limited, efficient and effective primary care
within the first 24 h, prior to admission to a specialist burn
centre or intensive care unit, is crucial. During this time frame,
the goal of any primary treatment is to stop the burning
process in order to preserve vital tissue viability and integrity
as well as preventing subsequent loss through necrosis,
thereby minimising the Zone of Coagulation and maximising
the Zone of Stasis. Herein, we report the ability of the EBD +
MXC to rapidly cool the thermal injury comparable to the
standard of running water. Moreover, we observed a much
greater RNA integrity levels RINe value (RINe = RNA integrity
number- data in Table 4 of Supplementary material) in biopsy
samples obtained from EBD + MXC treated burns as opposed to
untreated. This is directly indicative of viable tissue being
preserved and an inhibition of burn conversion. As the extent
of cooling does not drop below body temperature, the
possibility of post-burn hypothermia is minimised in contrast
to application of running water. Moreover, as EBD + MXC is
sterile and conforms to the injured area, introduction of
microbial infection is minimised as the wound is protected.
Microcidal assessment of EBD + MXC also demonstrated the
bactericidal properties of the dressing. Antimicrobial activity
is primarily through the action of the impregnated polymer,
polyhexamethylene biguanide (PHMB), which kills bacteria
selectively over host cells by entering bacteria and selectively
condensing bacterial chromosomes [75]. Given the grave
consequences of antibiotic resistant bacterial infection and
sepsis, especially in the burn setting, the development of novel
therapeutic approaches is a matter of urgency. It has been
demonstrated that calcium and magnesium ions (Ca2+ and
Mg2+), the principle components of MXC, both disrupt model
S. aureus membranes and kill stationary-phase S. aureus cells,
indicative of membrane-activity [76]. The properties of the
MXC copper ions are also biocidal, and the Ca2+ simulates and
supports initial front-line immune surveillance [77�79].

The beneficial biophysical properties of EBD + MXC
demonstrated, i.e. cooling, protection, and microbicidal were
further supported by both in vivo and in vitro hydration studies.
Maintaining a hydrated wound environment is pivotal in the
repair and regeneration responses to burn injury. Tissue
Dielectric Constant analysis using in vitro LabSkin treated with
EBD with or without MXC demonstrated the improved
hydration up to 24 h with EBD + MXC as opposed to EBD-
MXC, highlighting the properties of MXC and confirmed the
improvement of skin barrier formation with MXC treatment. In
vivo analysis, while highlighting the inter individual responses
observed due to environmental and biological architecture,
supported the in vitro findings. Monoculture experiments
using RTCA further consolidated these results and barrier

forming properties of MXC. Thus, in addition to halting the
burning process, while providing a cooling and hydrating
environment for the burn wound and simultaneously relieving
pain and avoiding hypothermia, EBD + MXC also met
important criteria such as a) providing an effective barrier to
infective agents such as bacteria while providing an anti-
microbial environment for the damaged area, thus preventing
a nidus, b) has optimal physical properties such as drape-
ability/landscape conforming, elasticity, non-adherent and be
semi-permeable to oxygen and water, and c) is hypoallergenic,
biocompatible, non-inflammatory, anti-inflammatory and
non-immunogenic.

To augment these crucial properties we sought to immedi-
ately provide and stimulate a healthy healing and regenerative
capacity, two distinct but non-mutually exclusive biological
processes, to the burn area before specialist care and
intervention, thus improving patient outcomes. While effi-
cient healing of skin wounds is crucial for securing the vital
barrier function of the skin, pathological wound healing,
fibrosis and scar formation are major medical problems
causing both physiological and psychological challenges for
patients. To further our knowledge and understanding, we
employed a unique, integrated, multiple technological ap-
proach to comprehensively demonstrate the beneficial prop-
erties of this novel EBD + MXC to initiate and temporospatial
support burn repair and regeneration. A number of tightly
coordinated temporospatial regenerative responses, including
haemostasis, the migration and proliferation of various cell
types into the wound, inflammation, angiogenesis, and
extracellular matrix turnover, are involved in this healing
process. These cellular events require the highly regulated and
finely orchestrated interplay among various dermal cell types,
soluble factors and the extracellular matrix.

For optimal healing and regeneration, the wound microen-
vironment must meet a set of criteria to support and be specific
to regeneration. On this basis, a proprietary Marine Mineral
Complex (MXC) was developed and tested. MXC is concentrat-
ed in magnesium, potassium, sodium and boron at the molar
ratio of 130:27:27:1 (Table 5. Certificate of Analysis in
Supplementary material), in addition to containing trace
levels of calcium, copper, silicon and zinc. Trace minerals
(TM) are known to play a role in maintaining the structural
integrity of different tissues including skin [48,80�82], and
promote a healing, regenerative environment [47,48,83]. It is
well recognised that Mg2+ and Ca2+ are conditio sine qua non for
wound healing, regulating both cell signalling and gene
expression. This in turn, regulates the production and
maintenance of ECMs e.g. collagen and proteoglycans (GAGs),
regulation of matrix metalloproteinases (MMPs) activity, cell
proliferation and migration [84,85].

In order to fully assess the effect of MXC on dermal cell
adhesion, spreading, migration and proliferation, we em-
ployed Real Time Cellular Analysis of primary human dermal
a) fibroblasts b) keratinocytes and microvascular endothelial
cells. As cellular response is measured in real time, as opposed
to end point assays, we were able to monitor cellular healing
kinetics, i.e. rate, as well as the extent of cell adhesion,
spreading, migration and proliferation. It was found that the
appropriate concentrations of MXC indeed did stimulate and
support these cellular functions intrinsic to wound healing.
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Having assessed the cellular responses to MCX, focused
gene transcriptomic studies were utilised to elucidate the
molecular basis to the observed cellular functions. To this end,
two focused arrays were employed, wound healing and
fibrosis, to ascertain the molecular effect of EBD + MXC and
EBD-MXC on burn injury both at 24 h and 48 h post thermal
insult on a LabSkin model. Burned but untreated and non-
burned were used as comparative experimental controls. As
expected the cooling effect of the EBD (without MXC) alone had
a beneficial effect on gene expression, as tissue was preserved
and protected post application of EBD. This effect was further
enhanced by cooling with MXC present, i.e. EBD + MXC. The
comparative gene expression profiles of unburned control
versus burned-untreated control demonstrated the validity of
the LabSkin platform for burn studies. When assessing the
effect of EBD + MXC treated burn versus untreated control burn
on wound healing mRNA expression at 24 h post-burn (n = 3), it
was found that in total, 17 genes were up-regulated within a
>2-fold limit in response to EBD + MXC treatment in
comparison to an untreated burn control. These included
the anti-inflammatory cytokine, IL10, and importantly a
number of ECM-producing genes (COL5A3, COL4A1, COL1A1,
COL3A1, COL5A1) in addition to inflammatory marker, IL2.
10 genes were down-regulated, consisting of integrins, MMPs
and the pro-angiogenic gene, VEGFA.

In parallel and in conjunction to the wound healing array,
we also employed and interrogated a fibrosis array. When
assessing the effect of EBD + MXC treated burn versus
untreated control burn on genes involved in fibrosis, 24 h
post-burn (n = 3), 12 genes exhibited up-regulation within the
>2-fold limit in comparison to the untreated control. These
included ITGB3, COL3A1, ENG and PDGFA. In response to the
same treatment, 10 genes demonstrated down-regulation.
These included a number of integrins, interleukins and VEGFA.
Importantly, a serendipitous discovery of a 3 fold reduction in
both colony-stimulating factor 2 and VEGFA was discovered.
CSF2 and VEGFA are both pivotally involved in heterotopic
ossification (HO), a frequent complication of modern wartime
extremity injuries [86,87].

While transcriptomic array data is insightful at a holistic
level, the three dimensional interplay between these genes
and gene products determine the wound healing capacity and
anti-fibrotic potential of EBD + MXC. These comparative gene
expression studies supported RTCA data on the effect of MXC
on dermal cellular function. Future work to include bioinfor-
matic and pathway analysis will establish the interplay
between these gene networks and signalling hubs such as
cellular pathway analysis and microRNA expression [88],
allowing us to gain further insight into ‘the gentle wooing’ of the
reparative and regenerative process for burns and chronic
wounds.

5. Conclusion

This study advances our in depth understanding of the
biomaterial/wound environment interplay. This has lead to
the development of a novel solution to overcome current
limitations in burn treatments, which still represent an
important challenge in the biomedical field. This composite

visco-elastic dressing with integrated multi-functionality,
stimulated by the proprietary MXC represents a new thera-
peutic strategy to overcome current clinical challenges in the
treatment of injuries resulting from burns. It is biocompatible
and hypoallergenic, protective, non-adherent, hydrating, and
cooling. MXC as a bio-stimulatory conditioning agent which is
readily and rapidly bio-absorbable. It combines the optimal
physiological and physical dressing properties together for use
in both adults and children, in a primary/emergency care
setting, reducing the frequency of subsequent dressing
changes allowing for use in prolonged care. Thus, we believe
that this hybrid emergency burn dressing (EBD + MXC) can be
widely applied and used in a primary care and pre-surgical
settings for the treatment of burns with optimal therapeutic
effect.
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