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ABSTRACT: Pseudomonas aeruginosa is an opportunistic human pathogen capable of
causing a wide range of diseases in immunocompromised patients. In order to better
understand P. aeruginosa behavior and virulence and to advance drug therapies to combat
infection, it would be beneficial to understand how P. aeruginosa cells survive stressful
conditions, especially environmental stressors. Here, we report on a strategy that measures
potential-dependent fluorescence of individual P. aeruginosa cells, as a sentinel, for cellular
response to starvation, hunger, and oxidative stress. This is accomplished using a
micropore electrode array capable of trapping large numbers of isolated, vertically oriented
cells at well-defined spatial positions in order to study large arrays of single cells in parallel.
We find that conditions promoting either starvation or oxidative stress produce discernible
changes in the fluorescence response, demonstrated by an increase in the prevalence of
fluorescence transients, one of three canonical spectroelectrochemical behaviors exhibited
by single P. aeruginosa cells. In contrast, more modest nutrient limitations have little to no
effect on the spectroelectrochemical response when compared to healthy cells in the stationary phase. These findings demonstrate
the capabilities of micropore electrode arrays for studying the behavior of single microbial cells under conditions where the
intercellular spacing, orientation, and chemical environment of the cells are controlled. Realizing single-cell studies under such well-
defined conditions makes it possible to study fundamental stress responses with unprecedented control.
KEYWORDS: Pseudomonas aeruginosa, single cell, spectroelectrochemistry, stress, micropore array

■ INTRODUCTION
Pseudomonas aeruginosa is a rod-shaped Gram-negative
bacterium and opportunistic pathogen found in freshwater
and soils. Although healthy humans rarely develop infections,
P. aeruginosa can produce serious illnesses in patients with
weak or nonfunctioning immune systems, as commonly
encountered within hospital settings.1−6 In addition, many
pathogenic strains of P. aeruginosa present the additional
challenge of antibiotic resistance (AR)�the 2019 AR report
from the Centers for Disease Control and Prevention reported
that P. aeruginosa infections have a high rate of morbidity and
mortality with 13% of strains exhibiting some form of
multidrug resistance.7 P. aeruginosa utilizes a number of
regulatory mechanisms that ultimately affect virulence, cell
communication, and signaling. These mechanisms can up- or
down-regulate genetic factors and proteins and include efflux
pumps that can expel antibiotics of different sizes and
scavenging mechanisms that enhance acquisition of nutrients
from the host environment. Because these mechanisms are
important to virulence, they have been topics of intensive
research.8−11

The link between environmental stressors and cell response
is closely related to the connections between signaling
behaviors that are activated in times of stress, such as cell

population-dependent quorum sensing (QS) and the bacterial
stringent response (SR), a stress response triggered by
environmental conditions such as limited availability of
nutrients, heat shock, or oxidative stress.12 For example,
Nguyen and co-workers studied the effects of SR on biological
functions such as the biosynthesis of alkyl quinolones (AQ)s
necessary to create the Pseudomonas Quinolone Signal (PQS)
QS signal of P. aeruginosa,13 as well as resistance to antibiotics
and reactive oxygen species14 and starvation responses15

important in bacterial pathogenesis.16 The sensitivity of these
mechanisms to environmental perturbations was demonstrated
by Cao et al., who used confocal Raman microspectroscopy to
track the distribution of AQs secreted by P. aeruginosa,
detailing the differences in the appearance of PQSs and other
AQs under varying metabolic and competitive stress
conditions.17 A number of recent reviews describe how
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phenotypic heterogeneities and mutagenesis result from
nutritional stress, oxidative stress, and cell signaling activated
by SR.18−21

Clearly, the ability to study genetic or phenotypic
heterogeneities that arise in response to external factors, such
as stress or antibiotic treatment, is a crucial step toward
furthering our understanding of bacterial behavior. Typically,
these studies are conducted on bacterial biofilms or planktonic
cultures, in which the spatial and orientational relationships
among different bacterial cells are not controlled. In addition,
because bacterial behavior is most often studied at the level of
colonies or other large assemblies, unique cellular behaviors
can be masked by ensemble averaging over many individual
bacterial cells. To address these challenges, methods of
interrogating individual bacterial cells are being devel-
oped.22−26 For example, optical27,28 and electrochemical29,30

approaches have been combined to characterize microbial
behavior at the single-cell level through the use of electro-
chemical zero-mode waveguides, nanogap sensors, and single
nanoparticles.31−34 Furthermore, work from our laboratories
has produced a micropore electrode array (MEA) device
consisting of parallel micropores, each capable of trapping a
single P. aeruginosa cell in a vertical orientation and probing
them spectroelectrochemically. Demonstrating the utility of

this approach to studying large arrays of single cells under
rigorous spatial and orientational control, initial studies
showed the existence of three characteristic fluorescence
responses from single cells�responses that are hidden, as a
result of bulk averaging, when the entire array is interrogated at
once.35

Here, we exploit the capabilities of the MEA architecture for
studies of large parallel arrays of single cells by applying them
to characterize how the potential-dependent fluorescence of
single P. aeruginosa cells varies in the presence of environ-
mental and metabolic stressors. Three different stress
conditions are explored: (1) limitation of nutrients during
initial culture and growth to induce a carbon-limited response,
(2) restriction of nutrients after cell collection in the stationary
phase to induce starvation, and (3) the addition of exogenous
reactive oxygen species (ROS), such as H2O2, to produce an
oxidative stress response. The results reported here show that
both starvation and oxidative stress produce changes in the
fluorescence behavior in the form of an increase in the fraction
of cells exhibiting fluorescence transients, while cells exposed
to carbon-limited conditions do not display any significant
changes in fluorescence response. The work reported here�
using the MEA to regulate the environment of individual cells,
to obviate the effects of ensemble averaging, and to examine

Figure 1. Potential-step fluorescence responses from MEA-captured arrays of single PAO1c P. aeruginosa cells. Each condition shows an example
single fluorescence movie frame, corresponding intensity−time trace for one micropore, and associated intensity histograms. Images display the
fluorescence behavior of PAO1c P. aeruginosa cells grown with the specified carbon source with the applied potential stepped between Eappl = −0.4
V and Eappl = +0.6 V vs Ag/AgCl in 10 s increments. Initial potential, Eappl = −0.4 V, and the pore from which the time trace is obtained is labeled
by a red square for each condition. Black histograms represent the number of occurrences where flavin luminescence is weak, while red histograms
represent the number of occurrences where the flavin fluorescence is intense. (a) and (b) PAO1c cells grown in 7.5 and 30 mM glucose,
respectively; (c) and (d) 7.5 and 30 mM succinate; (e) and (f) 7.5 and 30 mM glutamate; (g) and (h) 7.5 and 30 mM citrate.
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large numbers of single cells in parallel�demonstrates that
external stresses experienced by a cell population can be
monitored at the single-cell level as a function of environ-
mental perturbations. These capabilities enable experiments
that promise to further our understanding of fundamental
microbial behaviors as a result of different environmental
conditions or stressors.

■ RESULTS AND DISCUSSION

Micropore Electrode Arrays
Work described here was carried out in a specially designed
device, the MEA, that enables the study of large arrays of single
bacteria�here rod-shaped P. aeruginosa cells�with well-
defined translational and orientational order. The MEA is
designed (see the Supporting Information) to be geometrically
complementary to single mature P. aeruginosa cells, so that
once captured within the micropores, single cells are trapped
by their propensity to secrete extracellular polymeric
substances, effectively fixing them to the interior of the pore.
Furthermore, each pore in the array is equipped with an
annular Au working electrode placed at the silica interface to
perturb the cell medium electrochemically, and the MEA is
constructed so that microspectroscopy can be carried out by
collecting the emitted bacterial luminescence through the epi-
illumination objective, so that the emission from a single pore
originates from a single bacterial cell.
Previously, we described the use of the MEA to characterize

arrays of single P. aeruginosa and Escherichia coli cells
spectroelectrochemically.35 By illuminating the loaded MEA
device with 458 nm incident light and applying a potential to
the bottom gold layer, optically active redox active
biomolecules, such as flavoenzymes within the bacterial cells,
can be imaged by exploiting the 2e−/2H+ reaction:

FAD 2e 2H FADH2+ + + F

where the flavin exhibits bright fluorescence in the oxidized
state and is nonfluorescent in the reduced state. Applied
potential was found to cause three characteristic bacterial
fluorescence behaviors: (a) potential-modulated fluorescence
where the fluorescence intensity modulates with the applied
electrochemical potential, (b) sporadic fluorescence transients
where the signal maximum exceeds the local average by >3σ,
and (c) potential-independent fluorescence. Examples of
behaviors (a) and (b) can be found in Figures 1c and 1e,
respectively, where the associated histogram for each single-
pore time-trace is defined by two distinct Gaussian peaks or by
a tailed histogram. Importantly, these single-cell fluorescence
behaviors are completely masked by averaging across the
subpopulations in ensemble measurements. This unique MEA
approach to characterizing arrays of single bacterial cells was
used to unearth significant differences in the potential-
dependent fluorescence behavior between metabolically active
and inactive cells and in the presence and absence of a redox
mediator.
Carbon-Limited Conditions and Starvation
Carbon-limited conditions and starvation are differentiated in
cell populations because they invoke different responses.
Foster summarized and defined the differences between
mutagenic phenomena,18 including carbon-limited conditions,
sometimes denoted hunger, and starvation, by defining carbon-
limited conditions as the state of a cell population while
growing in suboptimal nutrient availability, while starvation is

defined by the complete lack of carbon necessary for growth,
obtained, for example, by harvesting cells and resuspending
them in carbon-free media.
In order to differentiate between cells prepared under

carbon-limited and starvation growth conditions, batches of P.
aeruginosa cells were prepared separately in each set of
conditions, Figure S1, Supporting Information. To compare
carbon-limited to carbon-rich conditions, cells were grown in
defined medium supplemented with either 7.5 mM (carbon-
limited) or 30 mM (carbon-rich) of the relevant carbon
source�glucose, succinate, glutamate, or citrate. These cells
were then collected and introduced to the MEA device
following procedures described in the Supporting Informa-
tion.35 Starved cells were grown in conditions similar to those
used for carbon-limited cells, except that after collection and
washing in 1× PBS, the cells were kept at room temperature
and humidity levels absent an extraneous carbon source for 24
h, before being introduced to the MEA device for study.
Effect of Carbon Source and Amount

First, the effects of carbon source and amount during growth
on the fluorescence responses of single P. aeruginosa cells were
examined. Previously, Shrout and co-workers showed that the
source of carbon can impact specific behaviors of P. aeruginosa,
such as surface motility and biofilm development, in cellular
communities.36,37 In order to investigate the effect of carbon
source and amount at the single-cell level, P. aeruginosa
cultures were grown in a medium supplied with a single carbon
source chosen from among glucose, succinate, glutamate, and
citrate, at either 7.5 or 30 mM, i.e., carbon-limited or carbon-
rich conditions, respectively. Subsequently, step-potential-
mediated fluorescence of MEA-captured arrays of single P.
aeruginosa cells was studied, as shown in Figure 1. The left,
Figures 1a, c, e, and g, and right, Figures 1b, d, f, and h,
columns show potential-mediated fluorescence characteristics
for cells grown under carbon-limited and carbon-rich
conditions, respectively. The rows show images obtained
from cells grown on a specific carbon source, along with a
representative intensity time trace for three periods of a square
potential waveform −0.4 V ≤ Eappl ≤ + 0.6 V vs Ag/AgCl and
the intensity histogram associated with the intensity−time
trace. Several specific features are clear in the data. First, all
eight intensity−time traces exhibit potential-dependent fluo-
rescence�either potential-modulated fluorescence or fluores-
cence transients�two of the characteristic potential-depend-
ent behaviors described in the original characterization of the
single-cell MEA device.35 Second, the polarity of the potential
modulation agrees with that observed previously for single cells
of both P. aeruginosa and E. coli, i.e., fluorescence is more
intense at negative potentials, Eappl = −0.4 V, and less intense
at positive potentials, Eappl = +0.6 V vs. Ag/AgCl. Interestingly,
even though the observed luminescence largely arises from
flavin-containing species, this polarity is opposite that observed
for freely diffusing flavins, which are more highly fluorescent at
oxidizing potentials than at reducing potentials. It is important
to note that intensity−time traces shown in Figure 1 are
specific, not average, responses, i.e., different pores, corre-
sponding to different single cells, can exhibit distinct
intensity−time traces. For comparison, additional single-pore
intensity−time traces are displayed in Figure S4.
Figure 2 illustrates the frequency of the three canonical

fluorescence behaviors�potential-independent, potential-
modulated, and fluorescence transients�as a function of
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metabolic stress as represented by the source and level of
available carbon. Cells grown in carbon-rich media employing
any of the four carbon sources display more potential-
dependent fluorescence behaviors overall compared to cells
grown in carbon-limited media. In carbon-rich conditions,
potential-modulated fluorescence dominates both of the other
behaviors for all four carbon sources. In addition, cells grown
under carbon-limited conditions (7.5 mM carbon source)
exhibit potential-independent fluorescence more frequently
than cells grown in 30 mM carbon source, as much as ca. 25−
33% as often as potential-modulated fluorescence. In addition,
relatively few fluorescence transients are observed independent
of metabolic conditions. Because these trends are relatively
consistent across all four carbon sources, we conclude that the
amount of available carbon is more important than its source
in determining the propensity of cells to exhibit potential-
dependent fluorescence and the specific types of fluorescence
behaviors observed. This agrees with prior work that
acknowledges carbon to be a limiting factor in bacterial
growth and function, where sufficient carbon is necessary for
survival, and is consistent with the appearance of fluorescence
transients at higher nutrient concentrations, especially for
glucose.22−24

Carbon Restriction after Cell Collection

Previously, we reported that P. aeruginosa cells display
increased potential-dependent fluorescence intensity modu-
lation when kept in suboptimal conditions.35 These effects

Figure 2. Frequency of the three canonical potential-dependent
fluorescence behaviors of single P. aeruginosa cells as a function of
metabolic condition. Stacked bar plot comparing the number of
occurrences of the three behaviors as a function of growth conditions,
comparing nutrient-limited (7.5 mM carbon source) to nutrient-rich
conditions (30 mM) for PAO1c P. aeruginosa cells: potential-
independent fluorescence (blue), potential-modulated fluorescence
(red), and fluorescence transients (yellow). In total, 1192 cells were
probed with glucose, 681 with succinate, 912 with glutamate, and 571
with citrate.

Figure 3. Fluorescence response to starvation conditions in single PAO1c cells. Each panel contains a single frame taken from the recorded movie,
the potential−time trace for the experiment, a single-pore intensity−time trace, and the histogram associated with the time trace. Red boxes
indicate the pore from which the time trace was recorded. Black histograms represent the number of occurrences where flavin luminescence is
weak, while red histograms represent the number of occurrences where the flavin fluorescence is intense. (a) and (b) Freshly collected cells; (c)
and (d) cells starved by suspension for 24 h in nutrient-free 1× PBS buffer. Additionally, the amount of carbon source during growth was varied:
(a) and (c) cells grown in 7.5 mM glucose; (b) and (d) cells grown in 30 mM glucose.
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were especially noticeable when electron transport from the
working electrode to the cell within the pore was
supplemented with a redox mediator. The results just
presented address the effects of carbon restriction during
initial growth on potential-dependent fluorescence. Next,
carbon restriction was extended to starvation levels by storing
P. aeruginosa cells under carbon-free conditions for 24 h after
growth and prior to being added to the MEA device for
analysis.
Figures 3a and 3b show single-pore intensity−time traces for

representative movies taken of freshly collected cells grown in
7.5 and 30 mM glucose respectively, while Figures 3c and 3d
represent the corresponding single-pore intensity−time traces
for movies taken of cells grown under the same conditions but
subjected to starvation conditions after growth. Additional
single-pore intensity−time traces can be found in Figure S5.
Potential-modulated fluorescence is still the dominant behavior
for most combinations of carbon source and concentration.
However, there is a significant increase in the frequency of
potential-independent behavior in starved cells, regardless of
carbon source used during culturing. One clear contributor to
this observation is that more metabolically inactive and/or
dead cells are encountered under starvation conditions.
It is also clear from the fluorescence intensity−time data that

the depth of potential modulation is much greater for cells
grown in 30 mM glucose, but then subjected to starvation
conditions, than in any of the other three conditions. This
observation is consistent with 30 mM glucose being sufficient
to establish a fully functional metabolism, after which

starvation depletes the store of electrons. As observed in our
previous spectroelectrochemical investigation of MEA-cap-
tured P. aeruginosa, the application of negative potentials
supplies electrons to the redox chain supporting bacterial
metabolism at the most negative redox couple available, after
which they are transferred to successively more positive redox
couples and, ultimately, to molecular O2, the terminal electron
acceptor. The result of electron injection is that membrane-
proximal flavin-containing species, which are responsible for
the observed potential-dependent fluorescence, end up in the
oxidized (more highly fluorescent) state. Under starvation
conditions, normally available electron sources are depleted, so
the electrons come predominantly from the exogenous source,
i.e., the cathode, and a large depth of modulation results.
Interestingly, fluorescence transients are observed more

frequently under starvation conditions. The presence of
fluorescence transients has not previously been ascribed to a
specific mechanism, although they are generally observed more
frequently at oxidizing potentials, consistent with an
association of increased fluorescence transients with an
increase in stress at the single-cell level. Numerous bacterial
responses to stress are well documented. For example, one
general stress response in starved cells of E. coli is controlled by
the σ-factor RpoS, which increases when cells enter the
stationary phase.18 Such a general stress response could explain
the increased frequency of fluorescence transient behavior seen
in the present experiments. The increased frequency of
transients in starved cells compared to cells grown under
carbon-limited conditions suggests a mechanism in which the

Figure 4. Fluorescence response upon exposure to exogenous H2O2. Each panel contains a single frame taken from the recorded movie, a single-
pore intensity−time trace, and the associated intensity histogram. Example intensity−time traces for PAO1c P. aeruginosa cells exposed either
during (left column) or after (right column) cell loading. Black histograms represent the number of occurrences where flavin luminescence is weak,
while red histograms represent the number of occurrences where the flavin fluorescence is intense. (a) and (b) cells exposed to 0.01% H2O2; (c)
and (d) cells exposed to 0.1% H2O2; (e) and (f) cells exposed to 1.0% H2O2. In each intensity−time plot, the applied potential was stepped
between Eappl = −0.4 V and Eappl = +0.6 V vs Ag/AgCl in 10 s increments for 60 s. Initial potential, Eappl = −0.4 V.
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stress response is mediated by severe stress conditions, rather
than growth conditions that are merely suboptimal.
Oxidative Stress and Exogenous ROS

Another bacterial stressor that may be encountered in aerobic
growth conditions is oxidative stress as a result of exposure to
endogenous or exogenous reactive oxygen species.38 Endoge-
nous ROS such as superoxide (O2

−•), hydrogen peroxide
(H2O2), and hydroxyl radical (OH•) may be generated, for
example, from conditions as anodyne as aerobic respiration.
Additionally, O2 is the terminal electron acceptor in the
aerobic respiration cycle, and if it comes in contact with
reduced FAD cofactors within flavoproteins, like monoox-
ygenases or oxidases, it can undergo incomplete reduction to
form superoxide and H2O2.

39 P. aeruginosa, like many
microbes, uses catalases to detoxify endogenous ROS and
maintain a balanced redox environment within the cell.
However, if ROS species build up within the cell faster than
catalases can clear them, or if exogenous ROS generated from
the host environment as a defense mechanism overwhelm the
cell, the bacterial cell can experience oxidative stress at a level
sufficient to damage DNA, lipids, and proteins, increase rates
of mutagenesis, and ultimately lead to cell death.
In order to explore how potential-induced fluorescence

responds to nonmetabolic stress, exogenous ROS was
introduced to the MEA micropores in the form of different
concentrations of H2O2 added to the cell culture at three
different stages: (1) during initial culture in defined medium +
30 mM glucose, (2) during the process of loading the washed
and collected cells to the MEA micropores, and (3) after the
cells had been loaded into the MEA device. When H2O2 was
added during the initial culture, no cells grew after 18 h, most
likely indicating that large concentrations of H2O2 result in cell
death. Therefore, no data are shown for this condition.
Figure 4 depicts representative single-pore intensity−time

traces of MEA single-cell arrays when 0.01%, 0.1%, and 1.0%
H2O2 solutions were added either during (condition 2) or after
(condition 3) loading. The representative intensity−time
traces shown in Figure 4 display clear potential-modulated
fluorescence for cells at all three H2O2 concentrations as well
as an increase in the frequency that fluorescence transients are
observed at the highest concentration, as shown in Figure 5.
Furthermore, the data acquired upon exposure to 0.1% and
1.0% make it clear that the fluorescence transients increase in
frequency in cells exposed after loading. Similar to starved cells,
cells exposed to exogenous H2O2 display an increase in the
frequency of fluorescence transients, strengthening the
correlation between oxidative stress and fluorescence tran-
sients. Furthermore, at both 0.1% and 1.0% concentrations,
fluorescence transients increase in cells exposed to H2O2 after
loading compared to during loading.
Control experiments were performed with H2O2, but no

cells, loaded into the MEA micropores at 0.01%, 0.1%, and
1.0% concentrations (v:v), Figure S6. H2O2 is not excited by
the λ = 458 nm laser used in the fluorescence experiments, so
the observed signals arise entirely due to scattering, as shown
for the 0.01% and 0.1% (not shown) H2O2 cases. However,
1.0% H2O2 in the absence of cells produces large oscillations in
the optical signal as well as fluctuations in the electrochemical
signal, which is accentuated by adjusting the sweeping
potential window to more oxidizing potentials. This behavior
is attributed to bubble nucleation on the gold working
electrode. At high enough concentrations, the presence of

bubbles destabilizes the system to form an electrochemical
oscillator.40,41 These oscillations in signal are not observed
when cells are present in the MEA device, likely because the
presence of cells disrupts bubble formation.

■ CONCLUSIONS
The impact of carbon source, amount of carbon available, and
exogenously introduced H2O2 on the fluorescence response of
large arrays of single P. aeruginosa cells captured in MEA
devices has been investigated. These studies demonstrate that
it is possible to expose a population of cells to an external
stimulus and observe their response across large arrays of single
cells using MEA devices. Importantly, the magnitude of the
fluorescence response to a particular perturbation can be
obtained by counting the fraction of cells exhibiting each of the
three canonical potential-induced fluorescence behaviors,
rather than by an analog response. This suggests a potential
application of single-cell arrays as digital sentinels, in which the
strength of cellular response to a perturbation is obtained by
counting the relative frequency of a particular behavior, such as
fluorescence transients. Quantifying responses in this way, by
counting rather than assigning an analog intensity, is similar to
the use of single-molecule sentinels in approaches, such as
SIMOA.42

P. aeruginosa cells grown in carbon-deficient medium exhibit
an overall reduction in fluorescence activity across all three
canonical single-cell potential-dependent fluorescence behav-
iors, while starved cells, as well as cells exposed to H2O2, show
an increase in fluorescent transients. We hypothesize that the
increase in transients results, in part, from general cellular
stress responses, such as the stringent response and RpoS,
which regulate both starvation and oxidative stress responses.
In cells that have not been exposed to exogenous oxidants, like
H2O2, it is possible that a natural buildup of ROS as
byproducts of aerobic respiration can act as a source of
naturally induced oxidative stress, also resulting in an increase
in fluorescence transients. Many of these response mechanisms
have multiple overlapping functions that will require further

Figure 5. Frequency of the three canonical potential-dependent
fluorescence behaviors of single P. aeruginosa cells upon exposure to
exogenous ROS. Stacked bar histogram showing potential-independ-
ent fluorescence (blue), potential-modulated fluorescence (red), and
fluorescence transients (yellow) for each exposure condition.
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study to differentiate. A number of the pathways identified in
this study also play a role in multidrug resistance and tolerance,
biofilm formation, cell signaling, and virulence, with
implications for studies of these effects in microbes. These
conclusions are enabled by the unique characteristics of the
MEA device, which, because it can simultaneously assess the
responses of large numbers of single cells, possesses the ability
to assess the effects of treatments at the single-cell level. It may
thus enable new avenues for the study of drug therapy and
delivery mechanisms as well as research into the formation of
drug evasion mechanisms.
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