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31 ABSTRACT

The condition of cells in Pseudomonas aeruginosa biofilms was monitored via the
36 electrochemical detection of the electro-active virulence factor pyocyanin in a fabricated
38 microfluidic growth chamber coupled with a disposable three electrode cell. Cells were exposed
to 4, 16, and 100 mg/L colistin sulfate after overnight growth. At the end of testing, the measured
43 maximum peak current (and therefore pyocyanin concentration) was reduced by approximately
45 68% and 82% in P. aeruginosa exposed to 16 and 100 mg/L colistin sulfate, respectively.
48 Samples were removed from the microfluidic chamber, analyzed for viability using staining, and
50 streaked onto culture plates to confirm that the P. aeruginosa cells were affected by the
52 antibiotics. The correlation between electrical signal drop and the viability of P. aeruginosa cells
55 after antibiotic exposure highlights the usefulness of this approach for future low cost antibiotic

57 screening applications.
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1. INTRODUCTION

The ability to monitor the effect novel antibiotics have on bacteria is important for infection
control. The conventional approach to determining antibiotic efficacy requires the creation of
culture plates with the antibiotic cocktail of choice at a series of concentrations.! After culturing
(for 24 h or longer, depending on the strain), the plates are visually inspected for growth. At a
certain concentration, known as the minimum inhibitory concentration (MIC), no bacterial
growth is observed. This concentration is then used to design an antibiotic schedule for the
patient. This effective approach suffers from the use of large amounts of reagents required to
produce the culture plates. Furthermore, these screens only measure the effectiveness of the
antibiotic against planktonic cell growth; not removal of biofilms, which are commonly
associated with infections and significantly more difficult to treat.>*

One intriguing alternative is coupling microfluidics, to grow the bacteria, with antibiotic
screens. Kim et al. (2012) utilized a microfluidic system to simultaneously expose biofilms of
Escherichia coli to eight different concentrations of antibiotics on a single chip.* The smaller
volumes, inherent in microfluidic devices, along with the ability to produce multiple
concentration gradients provided a faster, cheaper alternative to current antibiotic susceptibility
tests. By flowing antibiotics over the grown biofilms, researchers more closely simulated in vivo
conditions. Many current microfluidic studies determine biofilm viability based on the presence
of fluorescent proteins during exposure to antibiotics.>® While these methods are certainly robust
and promising, the fluorescent signal requires expensive optical equipment and genetically
modified bacteria or selective labels.”*® A cheaper and easier method of determining the relative
amount of live cells in a biofilm under exposure to antibiotics can be achieved by monitoring the

electrochemical response of the system. Robust bacterial biofilms produce a plethora of
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molecules that promote communication, defend the colony, and cause infection.**™ Of interest
are molecules that provide information about the condition of the biofilm, which can be detected
by electrochemical methods.

Pseudomonas aeruginosa is an opportunistic pathogen that infects patients with
compromised immune systems.***® This bacterial species progresses to infection rapidly, often
establishing a biofilm within 24 h.'® P. aeruginosa produces the blue electro-active molecule
pyocyanin (PYO). PYO has been linked to several adverse human health effects including
neutrophil death and reduced lung cilia beating.?>?> The detrimental results of PYO exposure
enable P. aeruginosa to thrive in the infected host. PYO is able to undergo reversible redox
(exchange of electrons) reactions, and its presence can be measured with standard
electrochemical techniques.”?® Additionally, the prevalence of multi-drug resistant P.
aeruginosa has increased, leading to the need for new antibiotics in the doctor’s tool kit.?’
Colistin, a cyclic polypeptide mixture of colistin A and B, is a polymyxin antibiotic that
previously fell out of use due to its toxicity.?*° Recently, however, this antibiotic has begun to
see renewed use for patients suffering from multi-drug resistant P. aeruginosa infections.*

Electrochemically monitoring the viability of P. aeruginosa cells in a microfluidic system
has previously been demonstrated.* Pires et al. (2013) combined impedance and amperometric
measurements to simultaneously monitor the growth and respiration of P. aeruginosa cells.*
This approach emphasizes the potential to non-destructively observe P. aeruginosa, but it lacks
the ability to measure the produced PYO itself, a potential marker of cell viability and
virulence.*®* A simple means of measuring excreted PYO electrochemically is accomplished by
square wave voltammetry (SWV) over the range of voltages where PYO is reduced (half wave

potential is approximately -250 mV vs. Ag/AgClI reference) via the following reaction: [PY O]
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+2H" +2e” > [PYO]eq.>* The ability to measure a virulence factor as it relates to the amount of
live cells in a biofilm during exposure to antibiotics, could help in determining effective
treatment procedures. To this end, the present study looks the killing of cells inside of a P.
aeruginosa biofilm (grown in a microfluidic environment) via detected PYO, using SWV at a
disposable three electrode cell, when exposed to different concentrations of the antibiotic colistin

sulfate.

2. EXPERIMENTAL
2.1 Materials

P. aeruginosa strain PA14 and m-cherry Escherichia coli strain K12 were used for all
antibiotic tests performed. Trypticase soy broth (BD 211768) was used as the nutrient source for
all bacteria grown in these tests. Colistin sulfate (Adipogen AG-CN2-0065-G001) was dissolved
in trypticase soy broth (TSB) at 1 g/L and used as a stock solution. When not in use, the stock
solution was stored at 4 °C. Polydimethylsiloxane (Ellsworth Adhesives 184 Sil. Elast. Kit 0.5
kg) was used to prepare all microfluidic devices. Disposable three electrode cells (Zensor
TE100) were used for all measurements in this study. The electrochemical cells consist of carbon
working and counter electrodes with a Ag/AgCl paste reference electrode. Tubing and luer lock
fittings for microfluidic connections were purchased from Amazon Supply (BO0O1GMWZM) and
Value Plastic (MTLL230). To prevent bacteria from leaving the microfluidic growth chambers,
Minisart RC4 0.2 micron regenerated cellulose luer lock syringe filters (17821K) were attached
to the inlets and outlets of the devices via 19 gauge luer lock syringes (NE192PL-25). A syringe

pump (Harvard Apparatus Fusion 200 211097) was used to control the flow rate of growth media

Page 4 of 22



Page 5 of 22

©CoO~NOUTA,WNPE

Analyst

and antibiotic through the microfluidic chamber. Electrochemical measurements were made
using a multipotentiostat (CHI 1040C A2728).
2.2 Device fabrication

Polydimethylsiloxane (PDMS) wells were fabricated from 9 mm x 9 mm tape molds
made on glass slides (3M Scotch Tape, tape thickness ~50 pum) using a standard method.* The
PDMS wells had a final volume of approximately 4 uL and were designed to cover the entire
electrochemical cell (Fig. 1A). Inlets and outlets in the wells were drilled and the resulting
microfluidic devices were fabricated by irreversibly bonding PDMS to the disposable
electrochemical cells using air plasma (Anatech SP-100, 5-7 s at 100 W). The microfluidic
channels were filled with trypticase soy broth (TSB) at a flow rate of 10 uL/min. To facilitate
complete filling of the chamber (removal of air bubbles), an empty syringe was attached to the
outlet. By pulling and releasing vacuum on the outlet, TSB was pulled through the chamber

displacing any air bubbles.
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Fluid Inlet

/
Filter

Fig. 1. Experimental Apparatus. A) Finished device connected to a potentiostat. Inlets and
outlets contain filters (pore size 0.2 um) to prevent PA14 from leaving the channels. B)
Schematic of the sensor covered with a microfluidic chamber (not to scale). Bacteria are trapped
in the chamber while fluid moves in and out. C) Scanning electron micrograph (SEM) of PA14
grown on top of the carbon working electrode after overnight growth under stagnant conditions.

Reference, Working, and Counter Electrodes (RE, WE, and CE, respectively).
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2.3 Cell culture and loading

For antibiotic testing, cultures of PA14 and E. coli were grown over night in 3 mL of
TSB (Concentration approximately 10™ cells/mL). After overnight growth, samples were
centrifuged for 3 min at 10,000 rpm. The supernatant was discarded and the cultures were
reconstituted in 3 mL of fresh TSB. After removing the inlet syringe filter, approximately 24 pL
of reconstituted cell culture was loaded into the growth chamber at a flow rate of 10 uL/min. At
this flow rate the velocity in the chamber was such that PA14 could not resist flow (P.
aeruginosa speed ~30-50 pm/s), while the outlet filter prevented cells from exiting.*® After
loading cells, the filter was replaced, sealing the bacteria into the growth chamber. Biofilms were
then allowed to grow at room temperature overnight under stagnant conditions. Stagnant
conditions were chosen to ensure that the cells had ample time to adhere to the surface and form
a biofilm over the sensor. After overnight growth, flow at 0.1 pL/min was initiated with either
TSB or colistin sulfate in TSB and the electrochemical response was monitored.® Steady fluid
flow out of the chamber through the outlet filter was always observed during the experiments
once the syringe pump was actuated, indicating that the filter was not clogged. Fresh filters were
used for each experiment.
2.4 Electrochemical monitoring

Samples were scanned from -0.5 to 0.2 V versus the internal Ag/AgCl reference electrode
on the disposable electrochemical cell (Zensor). Square wave voltammetry (SWV) was used at
an amplitude voltage of 50 mV and a frequency of 15 Hz. SWV was chosen due to its increased
sensitivity and its ability to monitor the electrochemical peak of PYO compared to other
voltammetric and amperometric techniques.**®” PYO concentration was approximated a

calibration curve of PYO in TSB (Fig. S1). After loading the PDMS chambers with TSB, the
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sample was scanned 10 times and the average taken to get the mean response of the TSB. All
subsequent measurements were then compared to this response. Three measurements were taken
during the loading of the cells, with additional measurements taken every 30 min during the
remainder of the tests. For each concentration of antibiotic tested, three different microfluidic
setups were used. Electrochemical measurements were processed by subtracting the baseline
signal. One way analysis of variation (ANOVA) was used to determine the statistical
significance of resulting measurements from the control.
2.5 Scanning Electron Microscopy (SEM) Sample Preparation

Samples were prepared for SEM imaging by fixing in a 2.5% glutaraldehyde
(EMSDIASUM 16120) in a 0.1 M sodium cacodylate buffer (EMSDIASUM 11654). After
fixing, samples were washed in cacodylate buffer, and then dehydrated in increasing
concentrations of ethanol (Fisher BP2818-4 30-100%). After dehydration, ethanol was removed
via critical point drying (Samdri-PVT-3D) using liquid CO,. The final step in SEM preparation
was plasma sputtering (Cressington Sputter Coater 208HR) 5 nm of palladium metal onto the
samples making them conductive. Once prepared for imaging, samples were loaded into a Field
Emission SEM (Hitachi S-4800) and probed at an acceleration voltage and emission current of 3
kV and 10 mA, respectively.
2.6 Cell Staining

Cell viability after exposure to colistin sulfate was assessed using a LIVE/DEAD staining
kit (EMD Chemicals Millipore 50-231-0606). Stains were prepared per manufacturer’s operating
procedure. After staining, 10 pL of sample was injected into an INCYTO C-chip disposable

hemocytometer (DHC-NO1). Cells were imaged using a fluorescence microscope, and the
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number of PA14 cells that were alive after exposure was determined using IMAGE J (ImageJ, U.

S. National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/).

3. RESULTS AND DISCUSSION

3.1 Monitoring cells in the chamber

SWV were collected every 30 min from overnight cultures of PA14 in TSB, starting from

the point at which they were loaded into the PDMS chambers, to determine whether electro-

active molecules were being produced. P. aeruginosa continuously produces PYO as it grows, in

both planktonic and biofilm phenotypes, which can be monitored electrochemically during the

experiments.?* The utility of this approach is highlighted in Fig. 2 where the electrochemical

response of PA14 grown in TSB is monitored over time.
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Fig. 2. SWV scans of PA14 and E. coli (solid and dashed lines respectively) cultured in
trypticase soy broth after loading 24 pL of overnight culture after A) 0 h, B) 12 h, C) 22 h, D) 35
h, E) 40 h, and F) 45 h. Flow of fresh TSB at 100 nL/min was initiated at 22 h. SWV scans

performed from -0.5 to 0.2 V at a frequency of 15 Hz and an amplitude voltage of 50 mV.

The lack of observable peaks during loading indicated that no detectable PYO was
present initially in the fresh TSB cell suspension (Fig. 2A). As the biofilm formed under stagnant
conditions, the oxidation peak height increased over time (Fig. 2A-B). SEM images of the
PDMS growth chamber and the working electrode substrate showed bacteria carpeting both
surfaces (see Fig. 2S and 3S in supplementary) after overnight growth under stagnant conditions.
Initiating the flow of fresh TSB into the channels after overnight growth allowed the biofilm to
thrive. Indeed, the electrical signal increased after TSB flow was initiated (Fig. 2D-F), indicating
the increased production rate of PYO. The presence of a second peak at later time points was
observed. The first peak is due to PYO, while the appearance of a second peak is ascribed to the
electrochemical reaction of a second phenazine derivative that has been reported in the literature
as being 5-methylphenazine-1-carboxylic acid or one of its derivatives.**® The change in the
oxidation potential, after the initiation of flow, where the peak current was measured can be
attributed to the internal Ag/AgCl pellet used as the reference for these studies. Drift due to fluid
flow is an unavoidable consequence of having the reference in direct contact with the test
fluid.*>** The measured peak potential stabilized over time with constant fluid flow and the peak
current at this new potential was used for calculations. The movement of the peak over time can

be observed in Fig. S4-S7 in the supplementary information. Measurement of the PA14 cultures
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with a traditional Ag/AgCI reference electrode (BASi MW-2030) showed that the PYO peak
current appeared at the expected potential.

While the overall electrical signal increased over time, a decrease was observed
consistently at the initiation of fluid flow. There are two possibilities for the observed result.
First, the signal decrease can be an indicator of how firmly the biofilm has adhered to the surface
of the microfluidic channel. The role of shear stress on cell adhesion has been studied previously;
and, the results show that cells can be removed from surfaces at high shear stresses.”*** As
growth media flows through the channel it may remove bacteria if the biofilm is not firmly
attached.** The removal of bacteria in turn would lead to reduced production of PYO in the
vicinity of the sensor (lowering the electrical signal). This is unlikely as the applied flow rates in
this study are similar to those used by other groups and should be slow enough to avoid
significant removal of the bacterial biofilm.>®

Second, it is possible that the decrease in signal is due to PYO in solution being removed
during flow, and it is only when a sufficiently large concentration of PYO is produced, to
overcome convective transport, that the signal rebounds. Koley et al. (2011) demonstrated the
presence of a PYO gradient (electrocline) in biofilms of P. aeruginosa using scanning electro-
chemical microscopy.*®> The authors showed that this electrocline extended hundreds of microns
above the biofilm's surface. The change in the PYO electrocline due to fluid flow is likely
responsible for the initial drop in signal when bulk fluid flow starts. Regardless, it is clear that
even after the initiation of flow within the microfluidic chamber, the peak current remains
indicating the cells are indeed growing within the chamber (Fig. 3 and supplemental Fig. S4-S6).
E. coli in TSB was used as a control since it is not expected to produce molecules that are redox-

active in this voltage window.?**® The lack of any discernible peak confirms that there are no
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electrochemical molecules produced by E. coli and that there is no contamination of the
chambers by P. aeruginosa from the environment over the course of the experiment (see
supplemental Fig. S4-S6). The absence of oxidation peaks from E. coli cells highlights the
limitations of the proposed approach to electrochemically monitor the antibiotic susceptibility of
other bacterial species. Alternatively, the ability to electrochemically measure the viability of
PA14 by the production of PYO can be a useful selective marker of P. aeruginosa in patient
samples.*® Furthermore the transparent nature of the PDMS used to fabricate growth chambers

facilitates the use of fluorescent bacterial species and markers as reported in the literature.>®

[Live PA14]/10° Cells/mL

0 4 100
[Colistin Sulfate]/mg/L
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Fig. 3. A) Response of PA14 biofilms at selected time points during the 48 hour experiments.
(BL=Bacteria loaded into the chamber). Left axis: average peak current (blank subtracted)
measured over time in PA14 cultures exposed to colistin sulfate at O (green right slash), 4 (red
left slash, low MIC), 16 (blue crosses, High MIC), and 100 mg/L (pink no slash lines). Right
axis: Approximate pyocyanin concentration based on calibration curve. * indicates time points
where only two replicates were used. ** indicates P<0.05 from ANOVA analysis of the 16 and
100 mg/L antibiotic concentrations against the control. B) Live cell counts from PA14 after
exposure to 0, 4, 100 mg/L colistin sulfate. Error bars are one standard deviation of mean for 3

samples. ** indicates P<0.05 from ANOVA analysis between the number of cells.

3.2 Effect of colistin sulfate on PYO signal

After overnight growth of P. aeruginosa, 0.100 uL/min flow of colistin sulfate at 4, 16, and 100
mg/L in TSB was initiated. These concentrations were chosen to cover the range of colistin
sulfate MIC values that are reported in literature." SWV measurements were taken to determine
what effect the reported MIC concentrations of colistin sulfate (4 and 16 mg/L) have on PYO
production. This, in turn, can be an indicator of P. aeruginosa biofilm susceptibility to colistin
sulfate. Three devices per concentration of colistin sulfate were used and the average peak
current reported (Fig. 3A and Fig. S4). Error bars represent the standard deviation of the mean
for three separate measurements at that time point, unless otherwise indicated. As a control, E.
coli biofilms were exposed to the same concentrations of colistin sulfate. One replicate per
concentration was performed for these tests. No oxidation peaks were observed for E. coli
exposed to colistin sulfate signifying a lack of electrochemically active molecules (Fig. S5-

S7).24’47

13
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ANOVA was used to identify significant differences between the average peak currents
of the three antibiotic concentrations and the control experiment without antibiotic (Figure 3A).
The analysis showed that the average peak current was significantly lower (P<0.05) for PA14
exposed to 16 and 100 mg/L colistin sulfate concentrations when compared against the control.
The average percent decrease in the maximum peak current at the end of testing for PA14
exposed to 16 and 100 mg/L colistin sulfate was 68% and 82%, respectively, compared to the
current produced by the cells in the control experiment. The average percent decrease in the
measured current, compared to the control cells, was calculated by %Decrease=100*(l:-1c)/I.
where |; equals the average peak current at time t and I. is the average peak current of the control
P. aeruginosa cells. The decreased current response is directly related to a decrease in the
measured PYO, indicating a correlation between the colistin sulfate concentration and PYO
production. In contrast, the average response for cells treated with 4 mg/L colistin sulfate showed
no significant difference when compared to biofilms exposed to only TSB, indicating that the
lower MIC value was not significantly affecting the production of PYO. Importantly, Fig. 3
shows that continuous electrochemical monitoring allows the researcher to view the efficacy of
an anti-pseudomonas antibiotic via a reduction in PYO production. Fig. S8 supports these results
by demonstrating that PA14 exposed to ampicillin, an antibiotic that is not effective against this
species, has no effect on PYO production. By reducing the amount of PYO produced by the
bacteria, the host’s body may be able to more effectively fight off the infection.*®

The inherent resistance of PA14 to the lowest MIC value used in this study could explain
why the pyocyanin response did not significantly differ from blank measurements. Liquid
samples of PA14 cultured on 4 mg/L colistin sulfate agar plates were able to grow indicating that

this concentration had no effect on planktonic cell attachment and growth (Fig. S9). As such, it

14
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makes sense that biofilms of PA14 exposed to this concentration would not be affected and
should produce similar levels of pyocyanin.
3.3 Effect of colistin sulfate on post exposure growth

The number of living cells measured after exposure to three different concentrations of
colistin sulfate were compared (Fig. 3B). After the biofilm was exposed to antibiotic in the
device, the PDMS chambers were peeled off and 100 pL of fresh TSB was spotted on the
biofilm and pipetted vigorously to remove material from the surface of the electrode. Removed
samples were used to measure live cell counts, performed with Millipore 3P Live/Dead Stain,
using a haemocytometer. Each measurement was performed in triplicate and the error bars show
one standard deviation of the mean. A concentration of approximately 4 x 10° live cells/mL was
measured in the biofilms not exposed to colistin sulfate. Biofilms typically have lower
concentrations of live cells than agitated liquid cultures. A statistically significant reduction in
the number of live PA14 cells was measured for samples exposed to 100 mg/L colistin sulfate
compared to cells exposed to 0 and 4 mg/L colistin sulfate. The ~2X reduction in the number of
living cells supports the hypothesis that a reduction in the PYO signal is correlated with a
reduction in the number of living cells. Recently, Connell et al. (2014) supported these findings
as well by showing a correlation between the number of cells trapped in a chamber and the
concentration of PYO that is present around the cells.*

Fig. 4 shows the culture results at three different time points for cells exposed to 4 and
100 mg/L colistin sulfate in microfluidic devices. Growth was observed in samples exposed to 4
mg/L colistin sulfate after only 4.3 h of incubation implying that this concentration had little
effect on the cells’ viability (Fig. S10). No growth was observed for cells exposed to 100 mg/L

colistin sulfate after 6.5 h of incubation. Growth was observed for samples collected from
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chambers exposed to 100 mg/L colistin sulfate after 74 h, indicating that the complete
elimination of viable bacteria from inside the chamber was not achieved. The qualitative results
of the live cell stain are consistent with the culture plate experiments, The live cell concentration
in biofilms exposed to 100 mg/L colistin sulfate (Fig. 3B), however, is higher than expected
when compared to the reduced rate of colony formation on agar plates (Fig. 4). Taken together,
these results suggest that the cells exposed to this antibiotic may have reduced their metabolic

activity to make them less susceptible to the antibiotic.

100 mg/L_|_4 mg/L 100 /i P M

Fig. 4. PA14 exposed to 100 mg/L and 4 mg/L colistin sulfate for 20 hours within PDMS
chambers then spotted onto TSB plates. Photographs of a plate after incubation at 37 °C for A)
4.3 h,B) 6.5 h, and C) 74.3 h (removed from the incubator after 24 h to avoid drying and grown
at room temperature (= 23 °C)). Yellow arrows highlight the locations of the first observed PA14
colonies . Vertical yellow line divides the areas on the plate where PA14 exposed to 100 mg/L

(left) and 4 mg/L (right) colistin sulfate were spotted.

These results support the findings in the literature, drawing attention to the lower efficacy

of reported MICs against microbial biofilms.® It is clear from the results in Fig. 3 and 4 that a

reduction in PYO production, under exposure to colistin sulfate, is correlated with a reduction in

16
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the viability of PA14. This reduction in pyocyanin and inhibited growth rate may allow a

person’s immune response to successfully fight off the bacterial infection.?*?

4. CONCLUSIONS

We demonstrated, for the first time, the possibility of using electrochemical sensors to
monitor metabolites produced by a biofilm that is exposed to antibiotics. The time to detection
using this electrochemical approach (~45 h) is comparable to standard culture plate techniques.
While simple identification of bacterial species can be accomplished within 24 hours, sensitivity
tests typically require an additional 24-72 hours of incubation on several plates. Biochemical and
molecular methods are available commercially that provide sensitivity information within
minutes after the initial 24 hour colony formation period, but they require expensive
reagents/instrumentation and additional sample processing. The analysis time of the proposed
method may potentially be lowered by employing miniature microfabricated electrochemical
sensors that, in turn, allow for smaller microfluidic chambers to be employed compared to those
utilized in this current study. Smaller chambers would potentially decrease the time to detection
due to the confinement imposed on the cells.*®

In healthcare situations, such as wound infections, biofilms form rapidly and require
immediate treatment. This approach can also be utilized to study biofilms that are more mature
or exposed to any number of other experimental variables. Ultimately, an electrochemical sensor
for susceptibility determination may be valuable for low-resource settings or for monitoring the

status of infections in vivo while they are being treated with antibiotics.
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