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The regulated series of events that occur in normal wounds
(inflammation, proliferation and remodeling) act to rapidly
restore skin integrity. However, failure to proceed normally
through these stages results in wound chronicity - thereby
remaining in a proinflammatory, proteolytic state [1]. The
prolonged duration in the inflammatory phase results in excess
inflammatory mediators, including pro-inflammatory cytokines,
proteolytic agents (e.g. matrix metalloproteinases and serine
proteinases) and reactive intermediates (e.g. reactive oxygen and
nitrogen species) which can further perpetuate damage [2,3].
Several mechanisms have been proposed to explain this absence
of complete wound healing, such as the ‘fibrin cuff’ theory, the
‘inflammatory cell “trap”’ theory and the involvement of cytokines,
growth factors, reactive oxygen species, and proteolytic enzymes
[1,4]. However, the complex biochemical processes that occur
within chronic wounds are not comprehensively understood
[4], and therefore, a better understanding of such processes may
enable the design and implementation of new strategies to treat
delayed healing more effectively [5].

Our understanding of the fundamental biochemical processes
attributed to wound chronicity are inhibited by the limitation of
suitable animal models, which cannot fully reflect the processes
that occur during pathological wounds in humans [6], and
the difficulties of modeling such events in-vitro [7]. As such,
there has been great interest in the analysis of wound fluid for
the identification and quantification of biomarkers to aid our
understanding and seek suitable biomarkers for diagnostics.
An expert consensus identified many potential biomarkers to
enhance wound care including cytokines, enzymes and their
substrates (e.g. matrix metalloproteinases), growth factors and
hormones, inflammatory mediators, nitric oxide, reactive oxygen
species, pH and nutritional factors (e.g. zinc or glutamine) [8].
However, the lack of specificity and selectivity in selecting and
exploiting such biomarkers has been noted for many published
studies [4]. Previous research has implicated shifts in pH and
Reactive Oxygen Species (ROS) in the development and cellular
disturbances that occur relating to chronicity. However, there
are difficulties in their reliable analysis using conventional
approaches and in-vitro methodologies due to the lack of suitable
pH sensing technologies, the instability and reactivity of ROS
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species, and the transient localised fluctuation that may be
anticipated for both pH and ROS. Therefore, the development
and implementation of methodologies to allow the real-time insitu analysis of biomarkers, such as pH and ROS, may offer huge
advantages in terms of our understanding of how the biomarkers
change throughout normal and pathological healing processes,
and provide a better insight to the factors initiating chronicity.

pH: A key biomarker?

The in-situ measurement of wound fluid pH is one of the most
commonly studied biomarkers, largely reliant upon commercially
available flat-bottomed pH probes which have shown that pH
remains elevated in chronic wounds. Given the importance of
pH to a range of biochemical processes, including the activity of
proteolytic enzymes, the ability to monitor pH and modulate it
(through treatments and dressings) could be advantageous. New
technologies are emerging to enable monitoring of pH in wounds,
based upon electrochemical methods using potentiometric
and voltammetric methodologies [9-11], inductance-based pH
responsive hydrogels [12], optical fiber based sensors [13], and
luminescence approaches through sensor films [14]. Investigators
have also tried to elucidate whether there is a spatial disparity to
pH. Tsukada et al. [14] measured a pH gradient from most alkaline
in the centre of chronic wounds to more acidic at the boundaries
using a novel foil-sensor which offers potential to map surface pH
within the wound. However, there are relatively few studies that
have been designed to provide the requisite information to build
a better understanding of the pH milieu in terms of longitudinal
or periodical monitoring, and spatial resolution of pH throughout
the normal and pathophysiological processes associated with
chronicity. Hence, there is scope for new technologies to provide
a better understanding of wound healing and the dynamic
changes of pH in acute and chronic wounds [15].

Reactive species and oxidative stress

The roles of Reactive Oxygen Species (ROS) within wounds
continues to diversify as more evidence is gained about the
biochemistry of normal wounds and the pathophysiology of
chronic wounds. The generation of ROS is essential for normal
wound healing processes, including antimicrobial roles, cell
signalling, wound debridement and clearance of apoptotic/
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necrotic tissue during tissue remodeling [16]. However, whilst
ROS are clearly important in normal cellular and biochemical
processes, disturbances in the oxidant-antioxidant balance and
exceeding the antioxidant capacity result in localised oxidative
stress. The prolonged or elevated production of ROS is known to
have consequences on many pathways [17] and the pathogenesis
of chronic wounds [18]. Quantification of oxidative stress
biomarkers may be useful to understand disease activity [19],
however, the measurement of ROS directly in wound fluids (e.g.
superoxide anion, hydroxyl radicals, singlet oxygen and hydrogen
peroxide) are limited by their short lifetime and high reactivity.
Therefore, the use of oxidative damage to proteins, DNA and
lipids are widely used to indirectly study oxidative stress, using
multiple indirect measures such as: total protein carbonyl content,
malondialdehyde, 8-isoprostrane and total antioxidant capacity
[20-22]. However, there is scope to explore the in-situ monitoring
of individual ROS species, but also benefit to be derived from
monitoring antioxidant species or antioxidant capacity, which
may all provide information regarding the oxidant-antioxidant
balance to aid in our understanding of the mechanisms relating
to wound chronicity, Suzuki et al. [23] identified that being able
to decipher the local and spatial coordination of ROS signals as a
key future challenge. As knowledge of wound healing processes
is elucidated further, the specific application of therapies can
be enhanced and the exploration of multi-factorial treatments
for different stages of healing can be sought to optimise wound
healing [16,24].

To enable such monitoring, the interdisciplinary reapplication of technologies from more established in-vivo
systems could be explored. A range of methodologies have been
used to quantify the rapid fluctuations in ROS in-vivo, such as
using fluorescence, chemiluminescence and electroanalytical
platforms, exemplar approaches include: superoxide anion
radical monitoring for circulatory and brain tissue investigations
[25,26], bioluminescence reporters (e.g. PCL-1) to monitor
hydrogen peroxide fluxes [27], chemiluminescence probes (e.g.
L-012) to image ROS and Reactive Nitrogen Species (RNS) [28],
or luminol for in-vivo chemiluminescence imaging of ROS [29].
The translation of such approaches into wound science could
offer huge advantages, and as such, knowledge and expertise may
be drawn from in-vivo ROS monitoring,
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Within the plethora of potential biomarkers that have been
identified as associated with wound healing problems, a focus
towards the spatial localisation, real-time monitoring, and an
ability to monitor wound biochemistry in-situ could offer huge
advantages to our understand of healing and the mechanisms
driving pathophysiological processes associated with chronicity.
The specific markers of pH and ROS offer the advantages of the
potential for re-application of emerging technologies, or through
technologies that are currently under development directly for
this purpose. Whilst the real-time in-situ monitoring of such
biomarkers is challenging, there is huge potential to advance our
understanding of the fundamental biochemistry of normal and
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pathophysiological processes, and to better our knowledge of the
mechanisms underlying treatments and dressing.

To enhance such areas of research, improved interdisciplinary
communication can help bridge between these different areas –
which is where the interdisciplinary nature of SOJ Biochemistry
can facilitate this dissemination for a breadth of research.
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