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a  b  s  t  r  a  c  t

Infection  can  lead  to severe  complications  during  wound  healing.  We  have  developed  an  electrochemical
sensor  for  fast  and  simple  detection  of  wound  infection  based  on  the  quantification  of  myeloperoxidase
activity  as a marker  for infection.

Applicability  of the  enzyme  was confirmed  with  a  correlation  study  with  silver  standard  wound  diag-
nostics.  Significant  higher  enzyme  activities  comparing  non  infected  and  infected  wound  fluids  were
determined  (P = 0.01). To eliminate  supplemental  substrate  addition,  the chlorination  activity  of  the
enzyme  – the  formation  of hypochlorous  acid (HOCl)  from  chloride  and  hydrogen  peroxide  – was  investi-
gated  in  different  wound  fluids  and  correlated  with  the peroxidation  activity  measurements.  Significant
activity  differences  were  likewise  obtained  (P = 0.01).  Based  on  this  we  constructed  an  electrochemical
hydrogen  peroxide  sensor  system  for  the  quantification  of  chlorination  activity  in wound  fluids.  Fur-
thermore,  immobilized  glucose  oxidase  was integrated  into  the  system  to  provide  hydrogen  peroxide
required  by  myeloperoxidase.

Infected  wound  fluids  were  indeed  identified  by using  the  sensor  system  quantifying  the  consumption
of  hydrogen  peroxide  consumed  by  myeloperoxidase.  Thereby,  immobilized  glucose  oxidase  was  shown
to produce  enough  hydrogen  peroxide  for  the  myeloperoxidase  reaction  from  glucose  present  in  wound
fluids. There  is  a strong  need  for a simple  but effective  sensor  system  to determine  infections  in wounds.
This  sensor  measuring  hydrogen  peroxide  consumption  could  effectively  identify  infected  wound  fluids
based  on  the  myeloperoxidase  activity.
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1. Introduction

Infection is a common problem in chronic wounds resulting in
prolonged hospital stays, non-healing wounds and increasing mor-
tality of the patients. For example about 1% to 2% of individuals are
estimated to suffer from leg ulceration during their lifetime requir-
ing a substantial portion of the health care budget and the number
is likely to increase as the population ages [1–4]. The correct iden-
tification of infection is a complex issue as not all clinical signs such
as redness (rubor), heat (calor), swelling (tumor), pain (dolor) and
impairment of function (functiolaesa) can be consistently observed.
The concept of critical colonization is also controversial and not
universally accepted [4–6]. Diverse guidelines have been devel-
oped to prevent upcoming infections [7,8]. Clinical examination by
itself is unreliable for the diagnosis of wound infection. Quantita-
tive biopsies of ulcers showed that 28% of participants had bacterial
counts greater than 105 but were lacking any clinical signs of infec-
tion [9]. Despite ongoing research with a focus on markers for
wound healing, most of the available sensors still rely on bacterial
biochemistry, odor, temperature or pH changes which are either
time-consuming or unspecific [10–14]. Wound fluid per se has an
enormous potential for fast detection of infection and for moni-
toring wound healing [15–18]. As the recruitment of neutrophil
granulocytes is one of the earliest events in wound repair, the
analysis of neutrophil-derived enzymes has a new perspective in
wound status monitoring [19,20]. We  present a new sensor sup-
ported strategy for fast diagnosis of wound infection based on the
detection of neutrophil derived myeloperoxidase (MPO). MPO  is a
heme containing protein that uses hydrogen peroxide (H2O2) to
oxidize not only chloride ions yielding antimicrobial HOCl, but also
phenolic compounds like guaiacol [21–23]. Since the recruitment
of neutrophils increases with bacterial invasion, the enzyme MPO-
activity indicates the infection status at a very early stage [24,25].
We used amperometric detection of H2O2 to determine the MPO
chlorination activity in wound fluids. MPO  requires H2O2 which
was supplied by in situ generation by immobilized glucose oxidase
to avoid instable H2O2 containing system reagents. Devices for fast
diagnosis of infections are applicable in medical centers focussed
on dermatological illnesses as well as in home care and retirement
homes. They address not only long term ulcer wounds observed fre-
quently but also wounds after amputations or decubitus wounds
as well as post operative wounds. A fast and easy applicable device
should facilitate the recognition of an infection in a wound and
therefore allow adequate wound treatment to avoid sepsis.

2. Methods

If not stated otherwise all chemicals were purchased from Sigma
Aldrich, MO,  USA.

2.1. Sample collection and preparation

Wound fluids from post-operative wounds, ulcer and decubi-
tus wounds were collected by swabbing the wound bed with a
nylon swab (Microrhelogics, Brescia, Italy) followed by dilution in
0.9% sodium chloride (NaCl) for further analysis. Uninfected wound
fluids from blisters served as negative controls. Permission to col-
lect wound fluid was obtained from the Ethics Committee of the
Medical University of Graz, Austria..

2.2. Microbiological analyses

Before sample collection, wounds were cleaned with 0.9% NaCl
(Sigma Aldrich, MO,  USA) to remove superficial bacteria. Swabs
were taken of the most contaminated and/or deep site of the wound
bed and/or wound edges. The samples were analyzed with MALDI

TOF techniques, addressing the analyses of the occurring species, as
well as gram staining dependent microscopy evaluations were per-
formed to determine the bacterial load [26]. After gram staining, the
slides were screened (magnification 1000×) and the bacterial count
was reported. The semi quantitative reporting system was subdi-
vided from +(<1) to +++(>100) counts per ocular field [27,28]. The
microbiological test results were categorized as “infected”, “crit-
ical”, or “good healing”, by looking for the presence of potential
pathogenic microorganisms (ppmos) relative to the general micro-
biological flora. The following definitions were used:

The results were evaluated by a microbiologist. Additionally an
experienced medical doctor also examined the wounds following
standard diagnostic procedures. E.g. a good healing wound was
characterized due to size reduction of the wound bed as well as
a good granulation and epithelization.

2.3. Myeloperoxidase activity

For the detection of MPO-peroxidation activity 10 �L of wound
fluid or MPO  solution was  mixed with 290 �L substrate solution
containing 99 mM guaiacol and 0.017% (w/w)  H2O2 in 50 mM potas-
sium phosphate buffer pH 7.0 [25]. Enzyme standards containing
1.0 to 5.0 U/mL MPO  (Human Myeloperoxidase, Planta, Vienna,
Austria) were used. The formation of tetra-guaiacol was measured
every 1 s for 100 s at 470 nm in 96 well plates using a Tecan infinite
M200 platereader (Tecan, Maennedorf, Switzerland).

Detection of MPO-chlorination activity was  based on trapping
of HOCl formed from chloride and H2O2 by using taurin to pro-
duce stable taurinechloramine (MPO activity assay, Northwest,
Vancouver, Canada) [29]. Taurinechloramine then reacted with 5-
thio-2-nitrobenzoic acid forming colorless end products, resulting
in a reduction of measurable absorbance with increased production
of taurinechloramine, measured at 412 nm in 96 well plates.

2.3.1. MPO activity in the presence of glucose oxidase
Glucose Oxidase (GOD, from Aspergillus niger) was used to gen-

erate H2O2 which is required by MPO  to produce HOCl. A 300 mM
�-d-glucose solution (Glucose, Roth, Karlsruhe, Germany) was pre-
pared in 100 mM potassium phosphate buffer at pH 7.0, and stirred
for at least 3 h to gain oxygen saturation. GOD was diluted in
100 mM potassium phosphate buffer to concentrations of 0 U/mL,
10 U/mL, 20 U/mL and 30 U/mL. MPO  (Sigma Aldrich, MO,  USA) was
diluted to concentrations of 2 U/mL. For the measurements, 100 �L
of the GOD containing buffers were incubated with 100 �L of MPO
buffers (2 U/mL; containing 61.5 mM guaiacol and 300 mM �-d-
glucose) and peroxidation activity was measured in triplets in 96
well plates. The reaction was monitored over 45 min  at 470 nm.

2.4. Glucose measurement

Glucose levels of 10 wound fluids, classified as infected, crit-
ical and good healing by a microbiologist and additionally by an
experienced medical doctor, were determined according to the
protocol provided by ABCAM (Cambridge, UK; Glucose detection
kit, ab102517). In this assay, glucose is specifically oxidized to a
colored product which was  quantified spectrophotometrically at
� = 450 nm.  The kit can detect glucose concentrations in the range
of 20 �M–10 mM.  The measurements were performed in 96 well
plates using a Tecan infinite M200 platereader (Tecan, Maennedorf,
Switzerland).

2.5. Sensor

A screen-printed amperometric H2O2 sensor was  used to assess
MPO  activity in wound fluid samples. The sensor was  used in a
three electrode setting comprising a silver/silver chloride (Ag/AgCl)
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