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Abstract: Infection control is a key aspect of wound management strategies. Infection
results in chemical imbalances and inflammation in the wound and may lead to prolonged
healing times and degradation of the wound surface. Frequent changing of wound
dressings may result in damage to healing tissues and an increased risk of infection. This
paper presents the first results from a monitoring system that is being developed to detect
presence and growth of bacteria in real time. It is based on impedance sensors that could be
placed at the wound-dressing interface and potentially monitor bacterial growth in real
time. As wounds can produce large volumes of exudate, the initial system reported here
was developed to test for the presence of bacteria in suspension. Impedance was measured
using disposable silver-silver chloride electrodes. The bacteria Staphylococcus aureus were
chosen for the study as a species commonly isolated from wounds. The growth of bacteria
was confirmed by plate counting methods and the impedance data were analysed for
discernible differences in the impedance profiles to distinguish the absence and/or presence
of bacteria. The main findings were that the impedance profiles obtained by silver-silver
chloride sensors in bacterial suspensions could detect the presence of high cell densities.
However, the presence of the silver-silver chloride electrodes tended to inhibit the growth
of bacteria. These results indicate that there is potential to create a real time infection
monitor for wounds based upon impedance sensing.
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1. Introduction

Wounds in the skin provide an ideal environment for bacteria to inhabit and colonise the wound [1].
This may lead to an established infection where the human immune system struggles to reduce the
numbers of bacteria. Suspected wound infections require sampling of tissue and fluid, which is
an invasive procedure in that it requires disturbing the dressing to swab the areas and exudate
suspected of harbouring infection. Infection diagnostic systems used in hospital laboratories comprise
mainly culture methods [2] and these are slow, costly and labour intensive [3]. This may delay the
selection of an appropriate wound healing regime and increase the time before focused treatment can
be started. Wound management would be greatly advanced if the presence of infection could be
monitored in real time without disturbing the dressing.

Frequency of dressing changes varies from country to country, in some community settings
dressings are changed daily but advanced wound dressings should only require changing every three to
seven days unless wound exudate is particularly heavy. Thus there is opportunity for infection
monitoring systems that do not require removal of the dressing.

The electrical impedance of tissues has been studied in a range of applications which include
excised tissues, diagnosis of cancer, nutritional assessment, and muscle and lung functionality [4,5].
During the 1970s and 1980s bacterial growth monitored by electrical impedance methods was studied
extensively due to the prospect of automation [6—11]. More recently, research has concentrated on
micro and nano devices to create possible point of care diagnostic devices [12]. However these would
still require dressing changes or sampling of wound exudate. Studies that have combined electrical
impedance and sensors, and that can be used without removing the dressing include a system to
monitor the size of chronic wounds [13], and a product to monitor wound moisture levels [14,15].

Electrical impedance can be represented in the form of its magnitude (|Z]) and phase angle (6), or in
complex notation with resistance (Z') and reactance (£"). These are related by Equations (1) and (2).

| Z | =4/ ( VARESALL ’ = magnitude of the impedance (D)

"

0 = arg tan ' (%) = impedance phase angle )

To examine the relative changes from the initial readings over time, the impedance measurements
can be normalised. The normalised impedance modulus (|Z],) at each frequency point is calculated by
dividing the hourly reading (|Z;0.,) by the reading at zero hours (|Z];im. = 0), as shown in Equation (3).

_ | Z |hour

Z| =
| |" | Z |time=0 (3)

Thus |Z], = 1 for all frequencies at time zero and deviations from this with time can be seen clearly
on a graphical plot of |Z], against frequency. Similarly the normalised phase angle (Equation (4)),
resistance and reactance can be calculated.
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The normalised impedance data are analysed by comparing the normalised impedance profile plots
(either normalised impedance modulus, or normalised phase angle, or both) against frequency in order
to look for discernible differences caused by the presence of cells that were not present on the control
plots. One feature of particular interest that emerges is the frequency band or location of any peaks in
such graphs that occurred in the normalised impedance profiles over frequency. Normalised impedance
data shows that different cell types demonstrate different characteristic responses from day to day in
the growth cycle, that were consistent from culture to culture, with different locations of peaks in Z,
with respect to frequency. Such consistent characteristic responses meant that cells could be typed in
culture according to their normalised impedance profile across the frequency spectrum and that this
might be extended to bacteria [16]. Impedance normalisation has also been used to monitor cell
mobility, adhesion and alterations [17-20].

The aim of the current study was to investigate the feasibility of creating an infection monitor for
wounds by combining the normalised impedance profile method with the moisture sensors previously
described by McColl et al. [15]. The hypothesis was that these might have the potential to provide
unique signature traces to indicate the presence of bacteria and differentiate species of bacteria.
Wounds can produce significant quantities of fluid, with a moderately exuding wound producing
0.5 mL per square centimetre in a 24 h period [21]. This provides a suitable environment for bacteria
to grow in the wound fluid and creates problems with exudate management in wound dressings.
In addition the bacteria can attach and create biofilms on tissue components within the wound [22,23].
Therefore it is important to study bacterial suspensions and formation of biofilms on the electrode
surfaces as part of the representation of possible scenarios in wounds. This paper describes the
impedance profiles of bacterial growth in suspensions using screen-printed electrodes and several
strains of Staphylococcus aureus, a species commonly isolated from wounds [3]. The results of the
biofilm study will be detailed in a future companion paper.

2. Materials and Methods

The key experiments performed were to:

e Investigate the effects on impedance profiles against frequency with the sensor system for:
Staphylococcus aureus growth in suspension, both in a standard culture broth, and when
boosted by the addition of glucose to the same broth.

e Investigate the effects of: (a) lower inoculation density on the impedance profiles and (b) the
effect of glucose concentration on the impedance profiles. These experiments were performed
to explore the detection limits and understand the differences caused by the presence of glucose
seen in the initial experiments.

e Test the changes in growth inhibition that might have been caused by the presence of the
silver-silver chloride (Ag-AgCl) sensors by prewashing of the sensors to remove early release
of silver chloride deposits
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e Investigate the effect of different cell inoculation densities on the bacterial growth of three
strains of Staphylococcus aureus in the presence of Ag-AgCl sensors.

e Investigate the effect of the application of voltage during the impedance measurements on the
bacterial growth of three strains of Staphylococcus aureus. This was to further investigate the
inhibiting effect seen in previous experiments, as previous results indicated that by performing
the impedance measurements growth inhibition was increased.

The conditions and methods for each of the experiments are given below.
2.1. Bacteria

The bacteria used in the experiments were Staphylococcus aureus: one laboratory strain RN4220,
and two clinical isolates SA081, and SA082 donated by the Robertson Trust Laboratory for Electronic
Sterilisation Technologies, University of Strathclyde. All three strains were stored in 80% (v/v)
glycerol at =80 °C. For use, the strains were streaked onto Mueller-Hinton agar (38 g/L) (Oxoid,
Cambridge, UK) and incubated for 24 h before experiments. A single colony was grown in
Mueller-Hinton broth (MHB) for 24 h and serially diluted to provide the inoculation density for each
of the suspension experiments.

2.2. Sensors

The disposable silver-silver chloride (Ag-AgCl) sensors were identical to those created for a clinical
trial monitoring moisture levels underneath wound dressings [15] and made available for the project by
Ohmedics Ltd. (www.ohmedics.com). The sensors were manufactured by screen printing a silver
chloride ink onto a flexible polyethylene substrate. Each sensor had two planar electrodes with 3 mm
diameter tips, 10 cm track lengths and connection pads (Figure 1(a)). The tracks were insulated with
an adhesive layer of the polyethylene. Before the experiments, the sensors were sterilised in 70% (v/v)
ethanol for 10 min and rinsed three times in sterile water [24,25].

2.3. Key Experiments
2.3.1. Growth of Strain RN4220

The test rig consisted of one impedance culture vial with a sensor inside and one control culture vial
with no sensor. The impedance vial consisted of a 20 mL universal vial (Greiner Bio-One, Stonehouse,
UK) and a specially designed PTFE cap which held the screen-printed Ag-AgCl sensor suspended in
the centre of the vial (Figure 1(b)). The control vial was a standard 20 mL universal vial. Both vials
were filled with 5 mL of MHB. Both vials were held with a clamp stand on an orbital shaker 240 rpm
(IKA, Staufen, Germany), inside an incubator, 37 °C (LEEC, Nottingham, UK). The sensor was
connected via crocodile clips and BNC cables to a Solartron 1260 frequency response analyser
(Solartron, Hampshire, UK). Impedance measurements involved frequency sweeps from 1 MHz to
0.1 Hz at an RMS voltage of 200 mV.
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Figure 1. (a) The basic design of the screen-printed sensors. (b) The bacterial suspension
test vial comprised a 30 mL universal vial, 5 mL of media, a specifically designed
polytetrafluoroethylene (PTFE) cap and a Ag-AgCl sensor. (C) The test rig to allow parallel
measurement of up to eight bacterial suspension test vials.

b
@ u— Connection Point ®)

Electrode Track

—— Insulation Layer

Electrode Tip

—— Substrate Layer

Two initial impedance measurements were performed on the impedance vial before bacterial
inoculation to read the background impedance, and then measurements performed once every hour
for 17 h. Both vials were inoculated with a single colony of RN4220, approximately 1 x 10° CFU-mL ™",
after the background impedance readings were taken. The final numbers of bacteria were calculated by
colony counts. For the control vial no inoculation was performed. The control vial impedance readings
were taken in order to record any conditioning effects of the MHB on the electrode impedance, and to
observe such changes when no bacteria were present. The complete protocol was repeated over five
independent experiments on this strain.

To examine whether the culture media affected the impedance measurements, the RN4220 growth
procedure described above was repeated with the MHB media but with added glucose. In this case
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each vial contained 4.9 mL of MHB and 0.1 mL of 10% glucose (w/v) to create a 0.2% (v/v) glucose
concentration. Five replicate experiments were also performed.

2.3.2. Lower Inoculation Densities, Glucose and Pre-washing

To allow hourly impedance measurements to be performed on up to eight bacterial suspensions in
parallel, a modified test rig was created (Figure 1(c)). The test vials were held in a specially designed
PTFE rack on the orbital shaker. The sensors were connected to the 1260 frequency analyser via
a Solatron 1281 multiplexor (Solartron, Hampshire, UK). Test vials were filled with 4.9 mL of media
and inoculated with 100 puL of RN4220 culture containing approximately 1 x 10° CFU-mL™", diluted
from a 24 h MHB culture. Control vials containing bacteria and no sensors were used in parallel for
each of the parameter variations.

The first parallel suspension experiment investigated: (a) the effect of lower inoculation density on
the impedance profiles; (b) the effect of glucose concentration on the impedance profiles; and
(c) whether pre-washing the sensors improved bacterial growth. The pre-washed sensors were washed
for 24 h in MHB with the media refreshed three times prior to the start of the impedance measurements.
The eight vials were: (1) MHB; (2) MHB, RN4220; (3) MHB-0.2% glucose; (4) MHB-0.1% glucose,
RN4220; (5) MHB-0.2% glucose, RN4220; (6) MHB-0.4% glucose, RN4220; (7) MHB, with pre-washed
sensor; (8) MHB, with pre-washed sensor, RN4220. Hourly impedance measurements were performed
on all eight vials for 16 hours and the complete protocol repeated three times.

2.3.3. Presence of Ag-AgCl Sensors

To investigate bacterial growth simply in the presence of silver from the Ag-AgCl sensors (without
any application of voltage for impedance measurements) the bacteria were grown from four different
starting cell densities for 24 h in systems in which the sensors were present but no impedance
measurements were made. Two 20mL universal vials were filled with 4.9 mL of (MHB) to create a test
and control vial. A sensor was placed in the test vial and both vials inoculated with 100 pL. of media
containing approximately 1 x 10° CFU-mL™", diluted from a 24 h broth culture. An additional three
pairs of test and control vials (no sensors present) were also tested with starting cell densities of
1 x10* 1 x 10* and 1 x 10> CFU-mL™". Cultures were grown at 37 °C for 24 h on an orbital shaker
(240 rpm). The final numbers of bacteria were calculated using colony counts. The complete procedure
was replicated three times for each of the strains RN4220, SA081 and SA082.

2.3.4. Presence of Impedance Measurements

The second parallel suspension experiment investigated the influence of the application of voltage
during the hourly impedance measurements on bacterial growth. Eight test vials were paired into four
sets. All had sensors placed inside. Each pair of vials was inoculated from separate 24 h cultures and
impedance measurements were only performed on one vial from each pair every hour for 24 h. This was
repeated for each strain of Staphylococcus aureus: RN4220, SA081 and SA082. In addition, hourly
impedance measurements were performed on four additional control test vials containing only MHB in
order to track any conditioning effect of the impedance measurements on electrodes in the broth.
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3. Results
3.1. RN4220 Growth

At the end of the experiments (17 h) the RN4220 vials containing sensors had reached cell densities
of approximately 1 x 10° CFU-mL™', which matched the RN4220 control vials. This indicates that,
from an inoculation density of 1 x 10° CFU-mL™", the sensors probably had no effect on bacterial
growth. The normalised magnitude, phase angle, resistance and reactance readings, as discussed in
Section 1, were examined for differences between the RN4220 cultures and the control cultures
without bacteria.

Figure 2. Examples of the normalised phase angle profiles from the single suspension
experiments: (a) Control, MHB-only; (b) RN4220 culture 1; (c) RN4220 culture 2. Dotted
line indicates the normalized phase angle peak.
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The normalised profiles showed some clear trends and differences between the control vial and the
vial with bacterial suspension. The most significant difference in the normalised magnitude was that in
the MHB-only vials the value of the reading between 0.1 and 1 Hz decreased to a value of 0.5 while
the RN4220 culture vials decreased to values of 0.4 and 0.3. However the discernible differences were
more pronounced in the normalised phase angle. In the control (MHB-only), a peak in the normalised
phase angle occurred between 50 and 100 Hz at the start and decreased over time to between 0.79 and
2.00 Hz at 17 h (Figure 2(a)). The normalised phase angle peak of the control (MHB-only) descended
below 10 Hz between 4 and 10 h across all five separate samples. In contrast, in the RN4220 cultures,
the normalised phase peak after 10 h remained between 32 and 20 Hz and hence never descended
below 10 Hz (Figure 2(b)). This was repeatable over 5 separate culture experiments. Therefore it
appears that the two cultures do have separate signature traces in the phase angle over frequency and is
the first indication that peaks in signature traces of phase angles in normalised impedance plots could
distinguish between the absence and/or growth of bacteria. In three of the five RN4220 cultures,
a secondary peak appeared at a frequency less than 10 Hz and reached a higher magnitude by 17 h than
the primary peak (Figure 2(c)). However the primary peak was still visible and allows the RN4220
cultures to be distinguished from the MHB-only samples by comparison of the normalised phase

angle plots.

Figure 3. Examples of the normalised magnitude profiles from the single suspension
experiments: (a) Control, MHB and 0.2% glucose; (b) RN4220 in MHB and 0.2% glucose.
Arrows indicate peaks of interest.
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There were similar discernible differences in the normalised phase peak between the MHB with
glucose and the RN4220 culture in MHB with glucose. The normalised phase peak at 17 h was
between 1 and 2 Hz in all five media-only cultures, and between 10 and 32 Hz for the RN4220-glucose
cultures. In addition to the differences in the normalised phase peaks the normalised magnitude peaks
showed clear differences with the added glucose. In the MHB-glucose-only vials by 17 h a first peak
had occurred between 1 and 3 Hz and a second one between 200 and 1.3 kHz (Figure 3(a)). In contrast,
in the RN4220-glucose experiments the first and second peaks were not present at the end of the
experiment, however a third peak between 2.5 k and 6.3 kHz was present, as shown in Figure 3(b). The
change in the peaks shown in the RN4220 cultures occurred between 4 and 8 h after inoculation. This
was repeatable over five separate culture experiments and is the first evidence that discernible
differences in the normalised phase angle profiles occur due to the presence of bacteria, depending on
the media contents.

3.2. Lower Inoculation Densities, Glucose and Pre-washing

The final cell densities of RN4220 after 16 h culture with Ag-AgCl sensors in MHB, MHB with
glucose and with pre-washed sensors, showed wide variation, as shown in Figure 4. The control
cultures, which contained no sensors, always reached approximately 1 x 10° CFU-mL™" within 24 h.
Only one of the three vials with sensors in MHB grew to a density in excess of 5 x 10’ CFU'mL™".
In the experiments with added glucose and sensors present, one MHB-0.1% glucose, three MHB-0.2%
glucose and one MHB-0.4% glucose vials grew to more than 5 x 10’ CFU-mL™". For the sensors
that were pre-washed before inoculation, only two of the three vials reached densities above
5 x 10" CFU-mL"". In total there were 15 RN4220 vials with sensors, and of these 15 it was observed
that 8 reached cell densities above 5 x 10’ CFU-mL™", and the remaining 7 remained below this level.
This was evidence that the presence of the Ag-AgCl sensors may have inhibited the RN4220 growth
from lower inoculation densities. The level of glucose appears to affect the amount of inhibition, with
0.2% being the optimum to overcome the reduced growth.

Figure 4. The final cell numbers of RN4220 in the parallel suspension experiment from
low starting cell densities. Bar colours indicate sample number: Red—sample one;
Blue—sample two; and Yellow—sample three.
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Figure 5. An example of the normalised profiles with Ag-AgCl sensors in parallel
suspensions: (a) MHB; (b) MHB and low density RN4220 at 16 h; (c) MHB and high
density RN4220 at 16 h. Dotted lines indicates the normalised phase angle peak at 16 h.
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The normalised phase angle profiles of the lower inoculation density experiments again showed the
clearest differences between bacterial cultures and MHB—only vials with sensors present in both to
record impedance. In all 24 vials, irrespective of the media type or preparation of the sensor, there
were three types of normalised phase angle profiles. The profile for the controls, the MHB-only,
contained a peak that increased in magnitude over time and at 16 hours was between 0.79 and 1.58 Hz
(Figure 5(a)). These peaks were caused by a reduction in the resistance and capacitance from the
background reading. There were two contrasting normalised phase angle profiles for the vials
inoculated with low density RN4220 depending on the final cell density reached. The profiles of the
low final cell density vials (<1 x 10" CFU-mL™") were very similar to the media-only profiles, with
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magnitudes of the peak above 1.26 and frequencies between 0.79 and 1.58 Hz, and the difference
between them could not be distinguished (Figure 5(b)). These profiles occurred in all of the inoculated
vials and the final cell numbers were found to be less than 5 x 10’ CFU-mL™". The second RN4220
phase profile (Figure 5(c)) occurred in vials inoculated with low starting density RN4220 but in these
the final cell densities were between 1 x 10® and 1 x 10° CFU'mL™". The magnitudes of the peak were
below 1.26 and the frequencies of the peaks between 1.58 and 2.00 Hz. This change in the peak was
caused by a larger decrease in the resistance and an increase in the capacitance, potentially indicating
the increase in metabolites and cell membranes respectively. Therefore it appears that once bacterial
cultures reach a sufficient cell density a separate signature trace in the normalised phase angle over
frequency occurs and indicates that comparing signature traces could discern between the absence and
or/growth of bacteria above certain densities.

Examination of the magnitude and frequency of the normalised phase angle peak at 16 h shows
a distinction in magnitude between the RN4220 cultures that reached above 5 x 10’ CFU'-mL™" and
those that did not. However the frequency of the peak is not completely distinct due to overlapping
frequency ranges at approximately 1.58 Hz (Figure 6). This has obvious implications for a detection
system that uses frequency bands to discern the absence or presence of bacteria.

Figure 6. The magnitude and frequency of the normalised phase angle peak from all
24 vials from the parallel suspension experiments. The majority of the vials with cell
densities that reached above 1 x 10’ CFU-mL ™" occurred in the lower right quadrant, while
the media only and lower density vials occurred in the upper left quadrant.
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3.3. Presence of Ag-AgClI Sensors

To investigate the effect of the inoculation density on the bacterial growth in the presence of
Ag-AgCl sensors, the presence of which will introduce some silver ions into the culture system, the
three strains of Staphylococcus aureus were grown from four starting cell densities between 1 x 107
and 1 x 10° CFU-mL™" without the application of voltage for impedance measurements (Figure 7).
This would also show whether the clinical strains were more robust in the presence of the AgCl than
RN4220. The final cell densities with sensors indicated that, below a critical starting cell density,
it was not guaranteed that the final cell densities would reach 1 x 10° CFU-mL ™" (expected level based
on the RN4220 controls without sensors). For RN4220, this critical starting density was approximately
1,000 CFU-mL™" while, for SA081 and SA082, the density was approximately 1 x 10° CFU-mL". This
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provides further evidence that the presence of the Ag-AgCl sensors has an influence on bacterial
growth rates and that the two clinical strains may not be as resistant to AgCl as the RN4220 strain.

Figure 7. The final numbers of RN4220, SA081 and SA082 with Ag-AgCl sensors after
24 h culturing from different starting densities. Three replicate cultures are shown for each
of the three strains of Staphylococcus aureus at each starting density. Sample 1 (m);
Sample 2 (A); Sample 3 (+); Mean control (e).
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3.4. Influence of Impedance Measurement

The final experiment investigated the influence of applying voltage to the electrodes, with impedance
measurements and Ag-AgCl sensors, on the bacterial growth of the three Staphylococcus aureus
strains. The controls of all three strains, which contained no sensors, always reached approximately
1 x 10° CFU'mL™" within 24 h. The strain RN4220 reached control levels without impedance
measurements. However the 4 separate vials with impedance measurements had final cell densities
between 2 x 10 and 6 x 10° CFU-mL™ (Figure 8(a)). In the vials without impedance measurements,
the strain SA0O81 reached 1 x 10° CFU-mL™" in three vials and only 1 x 10° CFU-mL™' in the
fourth. With impedance measurements the SA081 strain reached cell densities between 1 x 10° and
1 x 10° CFU-mL™". The strain SA082 without impedance measurements reached control densities in
two vials and only 1 x 10* CFU-mL™" in the other two. Similarly, the strain SA082 had two vials
reaching 1 x 10® CFU-mL™" and two vials reaching 3 x 10" CFU-mL™" with impedance measurements.
These results suggest that performing impedance measurements every hour may have an influence on
the bacterial growth. These final cell densities clearly show that the presence of the Ag-AgCl electrodes
inhibits normal growth rates and that the application of electrical voltage during the impedance
measurements increases this reduction.

The normalised phase angle profiles from the influence of impedance measurement experiments
were expected to be similar to those detailed in Section 3.2. The frequency of the normalised phase
angle peak occurred in all 4 control and 12 bacterial cultures between 0.8 and 2 Hz with no discernible

differences between the controls and bacterial cultures. However the differences in magnitude changes
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of the peaks as seen in the parallel suspension experiments were observed (Figure 8(b)). The
normalised phase angle peaks of the 4 media-only and 10 low density vials of RN4220, SA081 and
SA082 started at approximately 8 h and increased over time to magnitudes above a value of 1.5.
In contrast the peaks of the two high density SA082 vials increased until 13 to 14 h and then decreased
for the remaining hours. Despite the low number of samples displaying high cell densities it appears
that the examination of normalised phase profiles of multiple strains of Staphylococcus aureus shows
a difference in the signature trace when growth is in excess of 5 x 10’ CFU-mL™" compared with low
density cultures (<I x 10° CFU-mL™") or media only. This is the first evidence that the phase
signature traces over frequency can be used to discern high growth levels in multiple strains of
Staphylococcus aureus.

Figure 8. (a) The final cell numbers of RN4220, SA081 and SA082 with Ag-AgCl sensors
after 24 h with and without the application of impedance measurements. Four replicate
cultures are shown for each of the three strains of Staphylococcus aureus. (+) Start value;
(m) Final cell density without impedance measurements; (®) Control growth with no
sensors; (A) Final cell density with impedance measurements. (b) Typical magnitudes of
the normalised phase angle peak over time from the influence of impedance measurement
experiments. The peak occurs at approximately 8 h and increases over time unless the
bacteria reach cell densities in excess of 1 x 10’ CFU'mL™" where upon it starts to decrease.

@) 1.0E+10
10E+9 89— —® ° 0 g ® e 3 . ®
1.0E+8 L u —k
+  1.O0E+7
E 1.0E+6 4
2
A
G 1.0E+5 n .
1.0E+4 R Al
A
1.0E+3 2 4 "
1.0E+2
1.0E+1
1.0E+0 T
1 2 3 4 1 2 3 4 1 2 3 4
RN4220 SA081 SA082
Experiment name
(b) 2.0 -
1.8 -
16 i //_/‘_/_-/_\/—_
® 14 1 .
@ _=
© 1.2 A
£ :
s 107 ; ——MHB
< :
o 0.8 ; —— RN4220
§ 0.6 - —=—SA081
0.4 4 SA082 low growth
0.2 —— SA082 high growth
0.0 e e |
0 4 8 12 16 20 24

Time (hours)



Biosensors 2012, 2 184

4. Discussion
4.1. Detection of Bacteria

The normalised impedance profiles over frequency have shown a novel way of detecting the
presence and/or absence of bacteria in real time. The analysis of the profiles for unique signature traces
will indicate the presence of Staphylococcus aureus strains in excess of 5 x 10’ CFU-mL ™", which is in
accordance with the detection limits of earlier studies of bacteria growth with impedance [8]. These
earlier studies on bacteria in bulk fluids, Ur and Brown [11], Cady [6], Richards et al. [10], and
Firstenberg-Eden and Eden [7], for example, concentrated on specific frequencies and produced
characteristics curves over time for different species of bacteria. Firstenberg-Eden and Eden [7] also
produced a mathematical model for calculating the starting cell density. The limitations of these
systems were that they required controlled conditions to reproduce the curves and parameters known
about the bacteria to calculate the cell densities. The advantage of the normalised impedance profiles
over frequency is that once the signature traces are known the controls are not required. This may be
ideal for monitoring wounds for infection in real time when a control would not be possible.

The mechanisms that have the potential to cause differences in the normalised impedance of
biological systems within the frequency range examined are counterion diffusion effects and capacitive
charging of cell membranes. At low frequencies (between 10 Hz and a few kilohertz) the impedance is
characterised by counterion diffusion effects while the capacitive charging of cell membranes occurs in
the tens of kilohertz to tenths of a megahertz range [5]. The counterion diffusion effect is caused by the
cell membranes acting as large capacitors and the current flowing only through the extracellular media.
The impedance within the capacitive membrane charging frequency range is governed by cell membrane
reactance. As the frequency increases the membrane is not fully charged therefore decreasing the
reactance. In addition this allows more current to flow inside the cell and hence the resistance decreases.

The relative changes over time observed in the normalised phase profiles with MHB-only may be
due to oxidation of the electrode surface or absorption of molecules onto the electrode surfaces. In the
RN4220 cultures, the presence of the cells produced further changes observed in the normalised phase
profiles. One explanation for these additional changes is that they are due to the metabolism of nutrient
molecules to smaller and more conductive ones. An increase in conductivity of bacterial cultures was
previously explained by changes to smaller and more highly charged molecules in the media [7].
Another possibility is that this may be linked to the increased number of suspended cells and their
membranes. Finally, although there may be some bacterial attachment to the electrodes the major
influence on the impedance in this experimental arrangement is the growth of the organisms in the
bulk broth. Of course, as the technique is transferred to wound dressings then attachment to the
electrodes may become a much more important influence.

The contents of the media can influence the impedance profiles, as observed in the single
suspension experiments when 0.2% glucose was added to the MHB. In comparison to the experiments
without glucose, there were noticeable differences in the normalised impedance magnitude profiles
between the controls and the bacterial cultures. The profile for the RN4220 cultures with 0.2% glucose
showed an additional magnitude peak between 2.5 k and 6.3 kHz. This additional peak may have been
caused by a change in the structure of the cell walls since it has been shown that the available nutrients,
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including carbon have an influence on the structure and composition of Staphylococcus aureus cell
walls [26]. Another possibility is an additional metabolic product is produced when glucose is present,
for example, bacteria metabolise glucose to lactic acid and then to carbonic acid [7]. This would alter
the media composition and the interaction between the cells and media could have caused an additional
peak in the normalised magnitude.

There were an increased number of cell replications from the lower starting cell density in the
parallel experiments. The glucose would have been used for energy and basic cell construction rather
than modified cell structures. This may be the reason why the additional magnitude peak was not
observed in the parallel experiments with glucose. In the intended application of monitoring wounds,
the availability of nutrients may be restricted in the host [27] and therefore the signature traces as
a result of the bacteria-glucose interaction may also not occur.

Another consideration is whether in an actual wound detecting 5 x 10’ CFU'-mL™" would be
adequate or actually be a late warning system given that infections are more likely to occur at cell
densities greater than 1 x 10° CFU per gram of tissue [3]. Correlations between swab cultures and
tissue biopsies have been shown, for example, 1 x 10° CFU per gram of tissue is equivalent to
approximately 5.9 x 10° CFU per swab of a square centimetre [28]. However, it is still unclear
how bacteria levels per tissue gram or per cm” would relate to a detection system that indicates
5 x 10’ CFU mL™". The levels of bacteria in a wound must be evaluated with other important factors,
including bacterial virulence and host resistance [29]. Therefore valuable information given by an
infection monitoring system for wounds could be used to indicate, like semi-quantitative swabs, the
growth between light (1+) and profuse (4+) cultures [3]. This would provide information to the
healthcare personnel that could be used in addition to other factors to select the most appropriate
treatment options.

4.2. Bacterial Growth

The bacterial growth experiments from different densities suggest that below a critical cell density
the Ag-AgCl sensors are slowing or inhibiting growth. The probable cause is silver ions, which are
known to inhibit bacterial growth by cell membrane damage and damage to associated proteins [30,31].
Alternatively silver salts have been shown to enhance or diminish the mechanism of silver inhibition
depending on the concentration of the anions [32,33]. Therefore there may have been differences in
precipitation of AgCl between individual samples.

The range of cell densities observed in the experiments described in Section 3.2 may have been
affected by the media contents, sensor preparation and presence of impedance measurements. In all
three experimental runs the RN4220 culture with 0.2% glucose added to the MHB reached the levels
of control which could be related to a glucose concentration for an optimum growth rate. The pre-washed
sensors reached the control levels in two of the three experimental runs possibly indicating that
pre-washing of the sensors is a solution to the problem of inhibition. The one pre-washed sensor vial
that did not achieve the control levels of growth may have been poorly washed.

The possibility of the impedance measurements having a detrimental effect on the bacterial
growth was confirmed in the influence of impedance measurement experiments on all three
Staphylococcus aureus strains. This possibly indicates that the measurements were causing more silver
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to be released into the media or that the electric current was damaging the culture. This is surprising
since the total current density for the short time of measurement was in the range of 50 A-m > at
a voltage of 200 mV rms. Inhibition of bacteria by electrical stimulation generally uses constant
currents or high voltage pulsed currents for prolonged periods, hours or days, for example [34]. Also
an alternating current did not inhibit Escherichia coli compared with a direct current [35]. Therefore it
would seem unlikely that an alternating current that is applied for approximately 2 min every hour
directly causes the inhibition.

It is worth mentioning that a chronic wound in vivo is a complex environment with many additional
factors potentially effecting the normalised impedance measurements, for example the dressing
material, moisture levels, and the differences between colonisation, active infection and biofilm growth.
Dressing materials that release silver or iodine will affect the measurements in a similar manner to the
silver being released from the Ag-AgCl electrodes and therefore the bacteria are likely to still produce
a noticeable change in the normalised impedance. Moisture levels are unlikely to be an issue with an
active infection because infected wounds tend to produce more exudate than colonized wounds. The
effect of biofilms on normalised impedance profiles has been investigated in a companion study.

5. Conclusion

This paper has shown that, by using electrical impedance with screen-printed disposable Ag-AgCl
sensors in bacterial cultures and analysing the normalised impedance profiles over the frequency
spectrum, the presence and/or absence of bacteria can be monitored in real time. Clearly the results
obtained relate only to Staphylococcus aureus and work is now required to look at other types of
bacteria and multiple organism cultures to check for the relevant impedance signatures. If signatures
for other types of bacteria can be clearly identified then this novel system would be ideal to monitor
infection underneath dressings, allowing healthcare personnel to make more informed decisions about
changing dressings and administrating the best treatment. Recently, the presence of biofilms in wounds
has been highlighted as one of the causes of delayed wound healing. Therefore, examining the
impedance signature traces over frequency with biofilm growth on the disposable electrodes will also
be a part of future work. The concept described here is the subject of a patent application by the
Univerity of Strathclyde [16].

Acknowledgements
Malcolm Farrow was the recipient of a doctoral studentship funded by the EPSRC.
References

1. Kingsley, A. A proactive approach to wound infection. Nurs. Stand. 2001, 15, 50-58.

2. Costerton, J.W.; Post, J.C.; Ehrlich, G.D.; Hu, F.Z.; Kreft, R.; Nistico, L.; Kathju, S.; Stoodley, P.;
Hall-Stoodley, L.; Maale, G.; James, G.; Stoereanos, N.; DeMeo, P. New methods for the
detection of orthopedic and other biofilm infections. FEMS Immunol. Med. Microbiol. 2011, 61,
133-140.

3. Bowler, P.G.; Duerden, B.I.; Armstrong, D.G. Wound microbiology and associated approaches to
wound management. Clin. Microbiol. Rev. 2001, 14, 244-269.



Biosensors 2012, 2 187

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Rutkove, S.B. Electrical impedance myography: Background, current state, and future directions.
Muscle Nerve 2009, 40, 936-946.

Rigaud, B.; Morucci, J.P.; Chauveau, N. Bioelectrical impedance techniques in medicine. 1.
Bioimpedance measurement—Second section: Impedance spectrometry. Crit. Rev. Biomed. Eng.
1996, 24, 257-351.

Cady, P. Rapid automated bacterial identification by impedance measurement. In New Approaches
to the Identification of Microorganisms; Heden, C., Illeni, T., Eds.; Wiley: New York, NY, USA,
1975; pp. 73-99.

Firstenberg-Eden, G.; Eden, G. Impedance Microbiology; Wiley: New York, NY, USA, 1984.
Eden, G.; Eden, R. Enumeration of microorganisms by their dynamic AC conductance patterns.
IEEE Trans. Biomed. Eng. 1984, 31, 193—-198.

Kell, D.B.; Davey, C.L. Conductimetric and impedimetric devices. In Biosensors: A Practical
Approach; Cass, A.E., Ed.; Oxford University Press: Oxford, UK, 1990; pp. 125-154.

Richards, J.C.S.; Jason, A.C.; Hobbs, G.; Gibson, D.M.; Christie, R.H. Electronic measurement of
bacterial-growth. J. Phys. E 1978, 11, 560-568.

Ur, A.; Brown, D.F.J. Monitoring of bacterial activity by impedance measurements. In New
Approaches to the Identification of Microorganisms; Heden, C., Illeni, T., Eds.; Wiley: New
York, NY, USA, 1975; pp. 63-71.

Lazcka, O.; Del Campo, F.J.; Munoz, F.X. Pathogen detection: A perspective of traditional
methods and biosensors. Biosens. Bioelectron. 2007, 22, 1205-1217.

Weber, S.A.; Watermann, N.; Jossinet, J.; Byrne, J.A.; Chantrey, J.; Alam, S.; So, K.; Bush, J.O.;
Kane, S.; McAdams, E.T. Remote wound monitoring of chronic ulcers. IEEE Trans. Inf- Technol.
Biomed. 2010, 14, 371-377.

McColl, D.; Cartlidge, B.; Connolly, P. Real time monitoring of moisture levels in wound
dressings in vitro: An experimental study. Int. J. Surg. 2007, 5, 316-322.

McColl, D.; MacDougall, M.; Watret, L.; Connolly, P. Monitoring moisture without disturbing
the wound dressing. Wounds UK 2009, 5, 94-99.

Shedden, L.; Connolly, P. A System and Method for Cell Characterisation. Patent Application
WO0/2009/136157, May 2009.

Lind, R.; Connolly, P.; Wilkinson, C.D.W.; Breckenridge, L.J.; Dow, J.A.T. Single cell mobility
and adhesion monitoring using extracellular electrodes. Biosens. Bioelectron. 1991, 6, 359-367.
Giaever, I.; Keese, C.R. Micromotion of mammalian-cells measured electrically. Proc. Natl.
Acad. Sci. USA 1991, 88, 7896—7900.

Rothermel, A.; Nieber, M.; Mueller, J.; Wolf, P.; Schmidt, M.; Robitzki, A. Real time measurement
of PMA-induced cellular alterations by microelectrode array-based impedance spectroscopy.
BioTechniques 2006, 41, 445—-450.

Whulanza, Y.; Ucciferri, N.; Domenici, C.; Vozzi, G.; Ahluwalia, A. Sensing scaffolds to monitor
cellular activity using impedance measurements. Biosens. Bioelectron. 2011, 26, 3303-3308.
Thomas, S.; Fear, M.; Humphreys, J.; Disley, L.; Waring, M. The effect of dressing on the
production of exudate from venous leg ulcers. Wounds 1996, 8, 145-150.

James, G.A.; Swogger, E.; Wolcott, R.; Pulcini, E.D.; Secor, P.; Sestrich, J.; Costerton, J.W.;
Stewart, P.S. Biofilms in chronic wounds. Wound Repair Regen. 2008, 16, 37-44.



Biosensors 2012, 2 188

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Schierle, C.F.; de la Garza, M.; Mustoe, T.A.; Galiano, R.D. Staphylococcal biofilms impair
wound healing by delaying reepithelialization in a murine cutaneous wound model. Wound Repair
Regen. 2009, 17, 354-359.

Smith, K.; Hunter, I.S. Efficacy of common hospital blocides with biofilms of multi-drug resistant
clinical isolates. J. Med. Microbiol. 2008, 57, 966-973.

Sopwith, W.; Hart, T.; Garner, P. Preventing infection from useable medical equipement:
A systematic review. BMC Infect. Dis. 2002, 2, 1-10.

Dobson, C.B.; Archibald, A.R. Effect of specific growth limitations on cell wall composition of
Staphylococcus aureus H. Arch. Microbiol. 1978, 119, 295-301.

Brown, M.R.W.; Williams, P. The influence of environment on envelope properties affecting
survival of bacteria in infections. Annu. Rev. Microbiol. 1985, 39, 527-556.

Levine, N.S.; Lindberg, R.B.; Mason, A.D.; Pruitt, B.A. The quantitative swab culture and smear:
A quick, simple method for determining the number of viable aerobic bacteria on open wounds.
J. Trauma 1976, 16, 89-94.

Schultz, G.S.; Sibbald, R.G.; Falanga, V.; Ayello, E.A.; Dowsett, C.; Harding, K.; Romanelli, M.;
Stacey, M.C.; Teot, L.; Vanscheidt, W. Wound bed preparation: A systematic approach to wound
management. Wound Repair Regen. 2003, 11, 1-28.

Clement, J.L.; Jarrett, P.S. Antibacterial silver. Met. Based Drugs 1994, 1, 467—482.

Percival, S.L.; Bowler, P.G.; Russell, D. Bacterial resistance to silver in wound care. J. Hosp.
Infect. 2005, 60, 1-7.

Gupta, A.; Maynes, M.; Silver, S. Effects of halides on plasmid-mediated silver resistance in
Escherichia coli. Appl. Environ. Microbiol. 1998, 64, 5042-5045.

Silver, S. Bacterial silver resistance: Molecular biology and uses and misuses of silver compounds.
FEMS Microbiol. Rev. 2003, 27, 341-353.

Kloth, L.C. Electrical stimulation for wound healing: A review of evidence from in vitro studies,
animal experiments, and clinical trials. Int. J. Low. Extrem. Wounds 2005, 4, 23—-44.

Rowley, B.A. Electrical current effects on Escherichia-coli growth-rates. Exp. Biol. Med. 1972,
139, 929-934.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



