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Summary 

  Pseudomonas aeruginosa is a Gram-negative opportunistic human pathogen responsible 

for a number of healthcare-associated infection. It is currently difficult to assess single cell 

behaviors of P. aeruginosa that might contribute to acquisition of antibiotic resistance, 

intercellular communication, biofilm development, or virulence, because mechanistic behavior is 

inferred from ensemble collections of cells, thus averaging effects over a population. Here, we 

develop and characterize a device that can capture and trap arrays of single P. aeruginosa cells in 

individual micropores in order to study their behaviors using spectroelectrochemistry.  Focused 

ion beam milling is used to fabricate an array of micropores in a Au/dielectric/Au/SiO2-containing 

multilayer substrate, in which individual micropores are formed with dimensions that facilitate the 

capture of single P. aeruginosa cells in a predominantly vertical orientation. The bottom Au ring 

is then used as a working electrode to explore the spectroelectrochemical behavior of parallel 

arrays of individual P. aeruginosa cells. Application of step-potential or swept-potential 

waveforms produces changes in the fluorescence emission that can be imaged and correlated with 

applied potential. Arrays of P. aeruginosa cells typically exhibit three characteristic fluorescence 

behaviors that are sensitive to nutritional stress and applied potential. The device developed here 

enables the study of parallel collections of single bacterial cells with well-defined orientational 

order and should facilitate efforts to elucidate methods of bacterial communication and multidrug 

resistance at the single cell level. 
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Introduction 

Pseudomonas aeruginosa is a Gram-negative opportunistic human pathogen found in soil 

and freshwater that is responsible for many healthcare-associated blood, burn, gastrointestinal, and 

lung infections.1-4 Infections of this bacterium are difficult to treat, with as many as 13% being 

caused by multidrug resistant (MDR) bacteria, a situation that resulted in 32,600 cases and 2,500 

deaths in 2017 in the U.S. alone.4 Antibiotic resistance and virulence traits exhibited by P. 

aeruginosa result from multiple mechanisms, including intrinsic production of efflux pumps and 

catalytic enzymes enabling tolerance to antibiotics, cell signaling and communication through 

quorum sensing, development of surface-attached biofilms, the production of persister cells, and 

the secretion of virulence factors such as pyocyanin and other toxins.5-8 

Because P. aeruginosa infections pose a serious threat, understanding mechanistic 

behavior both at the population level and at the level of single cells, is of great interest. Recently, 

significant progress has been made toward identifying new drugs and delivery methods as well as 

pinpointing key resistance mechanisms. For example, Boedicker et al. developed a water-in-oil 

droplet method to simulate high cell density and induce quorum sensing mechanisms involving a 

single bacterial cell.9 Haisch and coworkers grew silver nanoparticles directly onto planktonic 

bacteria and used antibody capture to detect single bacteria with surface-enhanced Raman 

scattering.10 Nallathamby et al. used plasmonic silver nanoparticles to study the size-dependent 

transport kinetics of the MexAB-OprM efflux pump, the main transport pump in P. aeruginosa 

with the ability to extrude a variety of antibiotic compounds. They found that the number of 

nanoparticles taken up into the cell depends on size, over- or under-expression of the pump, and 

the addition of inhibitors that affect the proton gradient within the pump.11  
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Although significant progress has been made in understanding behavior of P. aeruginosa 

and other clinically-relevant pathogens, there is still much we do not understand. Current methods 

of characterization constitute a key bottleneck in addressing this challenge. Most methods rely on 

studying bulk cultures, which necessarily average important information over large numbers of 

individual cells. Complex environments composed of cells, secreted metabolites, and extracellular 

polymeric substances (EPS) exhibit different spatial configurations, different stages of individual 

cell cycles, and respond to external changes differently.12-14 Advances in optical and 

electrochemical detection modalities, such as scanning electrochemical microscopy, super-

resolution imaging and microscopy, and micro- and nanodevice fabrication, have made it possible 

to measure heterogeneities over collections of single-entities, i.e. molecules, particles, and cells,15-

19 as demonstrated by the work of Bard and Fan,20,21 Zhang and White,22 Pan and coworkers23, and 

El-Said et al. among others.24 Additionally, optical and electrochemical experiments can be 

combined to track single molecule, nanoparticle, or enzyme kinetics, as shown by the use of 

electrochemical zero-mode waveguides to characterize the spectroelectrochemical dynamics of 

single redox species.25  

Here we extend these efforts by developing a new device architecture, the micropore 

electrode array (MEA), that enables the simultaneous spectroelectrochemical imaging and 

interrogation of well-defined arrays of single cells. The MEA is capable of trapping a large number 

(>100) of single P. aeruginosa cells in a defined (here, vertical) orientation, and probing their 

spectroelectrochemical behavior, as shown in Figure 1. After capture, depicted schematically in 

Figure 1(a), the trapped cells are irradiated at a wavelength capable of exciting fluorescence; 

specifically in these experiments the predominant fluorescence arises from flavins within the 

bacterial membrane. We observe three fluorescence behaviors from the individual cells in these 
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arrays that are masked in bulk measurements: (1) potential-modulated fluorescence, in which the 

fluorescence responds to the applied potential, producing either strong or weak emission 

modulated by potential, (2) transient, high intensity fluorescence events, hereafter referred to as 

transient fluorescence, which are observed more often at the positive end of the applied potential 

range, and (3) potential-independent fluorescence behavior, in which the applied potential has no 

discernable effect on the emission intensity. Interestingly, these cell behaviors are strongly 

dependent on metabolic state, with cells that have exhausted their reserve of electrons exhibiting 

bright fluorescence at oxidizing potentials and much reduced intensities at reducing potentials. 

However, cells in metabolically active states, e.g., freshly collected cells with all metabolic 

pathways functioning, exhibit fluorescence in which the potential-dependence of the observed 

fluorescence is reversed, with more intense fluorescence observed at reducing potentials. These 

behaviors are not unique to P. aeruginosa, as they are also observed in E. coli.  

The development of this device has made it possible to characterize the fluorescence 

response from collections of planktonic bacterial cells - one cell at a time - thus enabling the 

observation of behaviors that were previously obscured. The device enables the study of the 

relation of spectroelectrochemical behavior to various physical and biological perturbations, such 

as mutations, environmental changes, and differences in growth conditions at a single cell level. 

This presents new opportunities for understanding the fundamental biology of microbes and, 

ultimately, shedding light on the relationship between single cell behavior, that is not 

homogeneous within a population, and the behavior apparent when the entire population is 

interrogated simultaneously. It should also illuminate the behavior of bacteria incorporated into 

other organized structures, such as biological fuel cells and biosensors. 
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Results and Discussion 

MEA device characterization  

In addition to SEM imaging, both electrochemical and spectroelectrochemical experiments 

using known concentrations of ferri/ferrocyanide and FMN and FAD were performed to 

characterize the performance of the MEA device. Electrochemical characterization of the device 

was carried out using cyclic voltammetry (CV) as shown in Figure S1, using increasing 

concentrations of either Fe(CN)63-, Figure S1(a), or Fe(CN)64-, Figure S1(b), in 2 M KNO3 

supporting electrolyte. The bottom Au ring electrode was used as the working electrode, while 

external Ag/AgCl and Pt wires served as quasi-reference and counter electrodes, respectively. The 

potential was swept between -0.4 V ≤ Eappl ≤ 0.6 V. In all four experiments, current increases with 

increasing concentration of analyte, and the voltammograms exhibit a sigmoidal shape consistent 

with the steady-state behavior expected from recessed ultramicrolectrodes, as demonstrated by 

White and coworkers.26 

 Next, the MEAs were characterized by observing the spectroelectrochemical behavior of 

100 μM flavin species, FMN and FAD, freely diffusing in 0.2 M KNO3, specifically the 

fluorescence modulation as a function of potential, as shown in Figure 2. An optical image of the 

MEA for each sample is provided, along with a typical intensity time-trace and associated 

histogram of a typical single pore. The same potential-time modulation waveform was used for all 

three samples, 0.2 V ≥ Eappl ≥ -0.8 V at a scan rate of 100 mV s-1. As expected, cyclic sweep 

fluorescence data for FAD and FMN show high fluorescence intensities at oxidizing potentials and 

much weaker fluorescence as the potential is scanned to reducing values.27 Interestingly, the 

polarity of the potential-modulated fluorescence is just the opposite for captured PAO1c P. 

aeruginosa cells; at oxidizing potentials (0.2 V vs.  Ag/AgCl), fluorescence intensity is lower 
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compared to the intensity at reducing values (-0.8 V vs.  Ag/AgCl), although the depth of 

modulation is much weaker than it is for free diffusing FMN/FAD.   

 The weaker fluorescence intensity modulation of single PAO1c P. aeruginosa cells 

compared to freely diffusing flavins can be ascribed to a combination of factors. First, the 

occupancy of flavin molecules within a single MEA micropore is ca. 〈𝑛!"#$〉 ~ 2.4 x 105, which is 

much larger than the estimated number of flavins in the bacterial membrane. In addition, diffusion 

times to reach the working electrode from within the nanopore are ≤ 1 ms, which is fast on the 

electrochemical timescale. Furthermore, it is probable that, in the absence of a redox mediator, 

only a fraction of the flavoenzymes in the bacterial membrane are sufficiently close to participate 

in electron transfer. Both of these considerations argue for stronger modulation of freely diffusing 

FMN and FAD than for bacterial membrane-bound flavins. Within the bacterial membrane, 

glucose is converted to pyruvate via the Entner-Doudoroff pathway and in subsequent steps, 

electrons from pyruvate are transferred to NADH, NADPH, and FADH2 and ultimately on to 

molecular O2 as the terminal electron acceptor. The effects of electron transfer down the redox 

gradient on fluorescence intensity of the flavoenzymes has yet to be fully characterized, but it is 

certainly reasonable to assert that it will have an effect on bacterial potential-modulated 

fluorescence that does not exist for freely diffusing FMN and FAD. Finally, we note that, in 

principle, some pores could contain >1 cell, however, the dimensions of the pore and the working 

electrode and the optical configuration dictate that the observed fluorescence arises from the single 

cell at the bottom of the pore. 

 

Potential-dependent fluorescence behaviors in P. aeruginosa 
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The optimum conditions to load bacteria were initially determined by examining 

fluorescence images of MEAs as a function of loading time. Differences in intensity levels between 

scattering from an empty (unloaded) micropore and fluorescence from bacterial-loaded micropores 

were sufficient to monitor loading. Standard hypothesis testing was used to determine if the signal 

obtained from a specific micropore varied significantly from the background. Once conditions for 

optimum bacterial capture and trapping were identified, spectroelectrochemical experiments were 

implemented. An example of a cyclic potential sweep bacterial fluorescence experiment is shown 

in Figure 3, in which the applied potential was swept in the range +0.2 V > Eappl > -0.8 V at 100 

mV s-1. This potential range was chosen because flavins undergo redox chemistry in this range, as 

shown in Figure S2. Furthermore, hydrogen bubble formation was ignored, as previous work by 

Sundaresan et al. showed that potentials Eappl < -1.5 V vs. Ag/AgCl were required to initiate 

significant bubble formation in nanopores.28 A representative frame of the recorded movie is 

shown in Figure 3(a), where each high-intensity spot arises from a pore containing a bacterium 

near the focal plane. Figure 3(b) shows the potential-time trace, while Figure 3(c) displays an 

intensity-time trace integrated over all 121 micropores of the MEA device for this particular 

applied potential program. The integrated bacterial fluorescence shows a clear potential-

dependence, but the overall response hides significant heterogeneity among individual bacteria-

containing micropores.   

Individual bacterial cells captured in the micropores exhibit one of three distinct patterns 

of fluorescence response as a function of applied potential: (1) potential-independent fluorescence, 

Figures 3(d) and 3(e); (2) potential-modulated fluorescence, Figures 3(f) and 3(g), or (3) high-

intensity fluorescence transients that deviate from a low-level baseline but only last for a few 

frames, Figures 3(h) and 3(i). Intensity histograms were used to classify cells in each of the 121 
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micropores in the array into one of three behavioral pattern groups corresponding to these 

archetypes, as described below. Potential-independent fluorescence is characterized by a single 

Gaussian distribution, Figure 3(e), potential-modulated fluorescence can be fit to two overlapping 

Gaussian distributions, Figure 3(g), and fluorescence profiles containing high-intensity transients 

are characterized by the appearance of a high-intensity tail, Figure 3(i). The same three 

fluorescence behavior patterns are observed when the polarity of the cyclic potential sweep is 

reversed, e.g., starting at E0 = -0.4 V and sweeping in the range -0.4 V < Eappl < +0.6 V. These 

results are striking, because they reveal that the distinct potential dependence of the array-

integrated fluorescence shown in Figure 3(c) results from the superposition of three distinct single 

cell behaviors. These behaviors, normally masked when experiments are performed with bulk 

planktonic cultures or biofilms, are revealed here, especially the behavior of fluorescence 

transients, which in a multicell sample might simply be interpreted as excess noise. Finally, we 

note that there can be significant differences in average fluorescence intensity levels among 

individual cells in different micropores. We attribute these differences to a combination of cell 

position - both distance from the working electrode and distance from the focal plane - biological 

cell-to-cell variation, and optical aberrations, especially spherical aberration.29,30 

 

Statistical analysis of fluorescence behavior 

Classification of fluorescence behaviors was established by applying specific statistical 

tests to the fluorescence data in the presence of applied potential steps. For potential-modulated 

fluorescence, the moving average for each time series was determined and a Student’s t-test 

applied to determine if intensity peak values at 0, 10, 20, 30, 40, 50, and 60 s, i.e., the times at 

which the potential switched, were different from each other at the 99% confidence level. If this 
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condition was met, then the behavior was characterized as potential-modulated fluorescence. For 

data exhibiting putative transient fluorescence events, each data point within a time series was 

compared to its two nearest neighbors. If a specific point in a time trace was larger than the two 

neighbors, then the point was identified as a candidate peak. Then, in order to differentiate true 

fluorescent transients from noise, the overall variance of the time series was determined, and a 3σ 

condition was applied to identify the transient peaks. Additionally, histograms of transient 

fluorescence data typically also showed a significant high-intensity tail, depending on the number 

of transients observed in a particular run. If the intensity-time trace from a single bacterial cell in 

a pore did not satisfy either the potential-dependent or fluorescence transient criteria, the cell was 

classified as having potential-independent fluorescence. Micropores exhibiting this behavior likely 

result from: (a) dead bacterial cells, (b) cells located at axial positions within the pore where either 

they could not participate in faradaic electron transfer, or (c) cells located sufficiently far from the 

focal plane that excitation and/or emission could not be detected. Furthermore, to assess the 

generality of these potential-dependent fluorescence behaviors, MEAs were used to capture and 

characterize the behavior of single E. coli cells, in addition to the P. aeruginosa cells used for the 

majority of the spectroelectrochemical experiments. The results from this analysis are shown in 

Figure 4 with specific populations tabulated in Table 1. Overall, potential-modulated fluorescence 

is the most frequently observed behavior, followed by potential-independent fluorescence and 

fluorescence transients, for both bacteria species. For P. aeruginosa species, 63.1% of cells 

demonstrated potential-modulated fluorescence, 28.8% of cells demonstrated potential-

independent fluorescence, and 8.1% of cells demonstrated fluorescence transients. For E. coli, the 

values were 43.4%, 40.7%, and 15.9%, respectively. It is important to note that while the values 

for E. coli are closer, the population size is much smaller as fewer E. coli cells were characterized.  
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Possible sources of fluorescence 

Although the classification procedure assesses patterns of potential-dependent 

fluorescence behavior of single P. aeruginosa cells, it does not address the source of the 

fluorescence. A single bacterial cell is a complex molecular assembly, so it is important to consider 

which constituents could possibly contribute to the observed signal before interpreting the optical 

data. There are two critical requirements for the observation of potential-modulated fluorescence 

from a single bacterial cell: the transfer of electrons with an extracellular medium (electrode) and 

the availability of electrofluorogenic species capable of excitation/emission at the wavelengths 

used in the experiment. In the absence of redox mediators that can shuttle electrons through the 

outer membrane, close (≤ 2 nm) contact between the electrode and the outer bacterial membrane 

is required.31 Because the outer membrane of Gram-negative bacteria is inherently insulating, a 

membrane-resident electron transporter is needed to shuttle electrons across the outer membrane.32 

In P. aeruginosa the available transporters are cytochromes, phenazines, quinones, 

dehydrogenases, and both bound, e.g., as redox cofactors in flavoenzymes, and unbound flavins.33-

35   While all of these can emit fluorescence under the right conditions, most are excited at near-

UV wavelengths and minimally at the excitation wavelength, l = 458 nm, used in these 

experiments.6,36-39 Furthermore, a detection bandpass filter blocks emission outside of the 500-575 

nm range, where emission of other potential contributors typically occurs. Thus, the species 

responsible for the observed emission must be excited at 458 nm and emit in the range 500-575 

nm.  

 As an example, the fluorescence signal from 10 μM FMN, Figures S2(a) and S2(b), or 

FAD solutions, Figures S2(c) and S2(d), loaded into MEAs elicit readily discernable fluorescence 
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when excited at 458 nm, while 10 μM pyocyanin, a canonical blue pigment of P. aeruginosa, gives 

only a background response both in the fluorescence image, Figures S2(e) and the intensity-time 

data, S2(f). In addition, a pyocyanin-deficient strain of P. aeruginosa exhibits bacterial 

fluorescence similar to the wild type, Figure S3. If pyocyanin or another phenazine were the 

dominant source of fluorescence observed, fluorescence would not be observed in the Dphz mutant. 

The flavin containing electron carriers FMN and FAD, as well as other flavin-containing 

biomolecules, such as flavoenzymes, meet all of the above criteria. In addition, there is a possibility 

that enzymes containing iron-sulfide clusters or ubiquinone might also contribute to the observed 

fluorescence, as these compounds have similar excitation and emission spectra.40 In addition, the 

emission might arise from some uncharacterized chromophore, but this is unlikely for a well-

studied species such as P. aeruginosa.  

  

Comparison of P. aeruginosa and E. coli 

In order to address whether the observed potential-dependent fluorescence is characteristic of 

pseudomonads, or occurs in other bacterial systems, E. coli was also investigated using the same 

potential programs. E. coli is also a Gram-negative, rod-shaped bacterium with similar dimensions 

to P. aeruginosa and has been extensively studied, making it an ideal species for comparison, since 

it is amenable to capture and trapping in the same MEA device architecture used for P. aeruginosa. 

The results of potential-step single bacterial cell fluorescence imaging experiments from the two 

species are compared in Figure S4. All three canonical fluorescence behaviors are observed for 

single cells of both species, though only potential-modulated fluorescence and fluorescence 

transient are shown in the figure. In addition, when the signal is integrated over the entire MEA 

area, both species exhibit potential-modulated integrated fluorescence, similar to that shown in 
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Figure 3(c). Both species also exhibit the same fluorescence-potential polarity; when the potential 

is reducing, Eappl = -0.4 V, the signal intensity is high, but then decreases once the potential is 

stepped to an oxidizing value, Eappl = +0.6 V, Figures S4(c) and S4(g). Single E. coli cells also 

exhibit the fluorescence transient behavior, Figure S4(h), seen in P. aeruginosa, Figure S4(d), 

signifying that the observed behaviors are not unique to pseudomonads. 

  

Metabolic state dependence 

Alkyl quinolones (AQs), including Pseudomonas quinolone signal (PQS), correlate with 

both population density and stress. Previously, our laboratories used hyperspectral Raman 

chemical imaging to examine the temporal and spatial profiles of AQs secreted by P. aeruginosa 

under metabolic stress, effected by carbon limitation, and found that it resulted in accelerated PQS 

production.41 This led us to ask whether metabolic stress might also be reflected in potential-

dependent bacterial fluorescence. Cells freshly collected from a phase of exponential growth in 

the presence of abundant carbon and other nutrients are metabolically-active. However, in the 

absence of an exogenous carbon source, the electron storage reserves accumulated must be 

consumed to ensure bacterial metabolism. Eventually, the reserve of reducing equivalents is nearly 

exhausted, and the cells are metabolically-inactive, as the electron transport chain is not able to 

support aerobic growth.  

To explore this question, we carried out experiments on metabolically-active and inactive 

cells in the presence of a redox mediator, 5 mM methyl viologen (MV2+) in 0.2 M KNO3, to ensure 

effective electronic communication between the electrode and the bacterial cell as well as relaxing 

the requirement for strict physical proximity. Potential step experiments, Eappl = +0.2 V to -0.8 V 
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vs. Ag/AgCl, were performed, and two significant differences were noted. While both 

metabolically-active and metabolically-inactive cells demonstrate all three fluorescence behaviors 

(although only potential-modulated fluorescence is shown in Figure 5, the change in fluorescence 

intensity between oxidizing and reducing potentials is much stronger for metabolically-inactive 

cells, cf. Figures 5(c) and 5(f), and the separation of the peaks in the histogram is much larger, cf. 

Figures 5(d) and 5(g). The same dichotomy in the behavior of metabolically-active and inactive 

cells is observed when the potential is stepped between Eappl = -0.4 V to +0.6 V (data not shown). 

In addition to the differences between metabolically-active and inactive cells, these experiments 

utilizing MV2+ redox mediator display a striking difference in the polarity of the potential 

dependence. Independent of metabolic state, emission intensities are higher in the presence of 

positive applied potentials than negative potentials, as shown in Figures 5(c) and 5(f), although 

the effect is much clearer in the metabolically-inactive cells. This behavior is in contrast to the 

potential-dependent polarity in the absence of mediator, as shown in Figures 3(f) and 3(g).  

The differences between the behavior of metabolically-active and inactive cells likely 

reflect differences in the ability of the bacteria to utilize electron transport chains based on 

metabolic condition. Furthermore, the presence of a redox mediator adds another mechanism by 

which the bacterial cells can communicate with the solid working electrode. Thus, the differences 

in the behaviors under these two sets of conditions may be determined by an interplay between 

these two sets of factors. 

We have successfully fabricated and characterized an optically-accessible micropore 

electrode array device capable capturing and trapping a parallel array of orientationally ordered 

single bacterial cells. The device is ideally suited to spectroelectrochemical characterization of 

single bacterial cells, as demonstrated here with P. aeruginosa and E. coli. The effect of potential 
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on bacterial fluorescence response is characterized by three patterns of behavior: (a) potential-

modulated fluorescence, where are the florescence intensity level follows the electrochemical 

potential, (b) sporadic fluorescence transients, in which the intensity increases transiently to a peak 

height than 3σ from the local baseline; and (c) potential-independent florescence. These single-

cell fluorescence behaviors are completely masked in ensemble measurements.  

Based on the excitation and emission conditions and the requirement for close physical 

proximity to support efficient electron transfer, much of the fluorescence signal likely arises from 

flavin-containing species, such as flavoenzymes and unbound flavins. The appearance of the same 

three behaviors in E. coli as well as P. aeruginosa is consistent with the presence of the same 

molecular constituents across bacterial species. The observation of potential-modulated 

fluorescence is consistent with flavin-based redox processes, and a putative origin of the intense 

fluorescence transients is put forward. Finally, significant differences in the potential-dependent 

fluorescence behavior of single P. aeruginosa cells are observed between metabolically-active and 

inactive cells and in the presence and absence of redox mediator. The mechanisms behind these 

behaviors are currently under investigation in our laboratory. 

The ability to trap and monitor single cells in parallel opens the door to many opportunities, 

such as studies of the effect of growth conditions and environmental stress on 

spectroelectrochemical behavior. Building on these single cell potential-dependent fluorescence 

experiments and incorporating additional imaging approaches, like confocal Raman microscopy 

and single-cell electrochemical surface-enhanced Raman spectroscopy (EC-SERS), it may be 

possible to elucidate details of cell signaling and multidrug resistance mechanisms that are of great 

interest. 
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Experimental Procedures 

Lead Contact 

 Further information and requests for resources can be provided by the lead contact, Paul 

W. Bohn (pbohn@nd.edu). 

 

Materials availability 

 All materials mentioned in this study can be made upon reasonable request to the lead 

contact. 

 

Data and code availability 

 Experimental data can be found within the article or supplementary information. Data 

processing and statistical analysis were performed using Matlab. Code is openly available at 

https://github.com/acutri5396/Micropore-electrode-array-processing, 

DOI:10.5281/zenodo.7702597.   

 

Supporting Information: 

Supporting information is available on the Publications website and contains: 

• Experimental procedures; MEA device characterization; FMN and FAD control 

experiments; comparison between FMN, FAD, and pyocyanin fluorescence; multipotential 

step experiments using metabolically-active and -inactive PAO1c cells with a positive 

mailto:pbohn@nd.edu
https://github.com/acutri5396/Micropore-electrode-array-processing
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applied potential range; comparison of fluorescence transients with negative vs. positive 

potential ranges. 
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Figure 1. Micropore electrode array (MEA). (a) Schematic cross-sectional representation of a 

single micropore designed to capture a single rod-shaped bacterial cell and monitor its 

spectroelectrochemical behavior. An electrochemical potential is applied to the bottom Au 

electrode where the bacterial cell resides, and the device is illuminated from below. Fluorescence 

is collected in an inverted epi-illumination geometry and directed to an EMCCD camera. 

External Ag/AgCl and Pt wires serve as quasi-reference and counter electrodes, respectively. (b) 

Plan view and (c) cross-sectional (52º tilt) SEM images of the fabricated array. The two Au 

layers (light) are distinguished from the SU-8 spacer (dark). (d) Single frame image from one 

experimental movie. High intensity locations represent fluorescence from single bacterial cells 

captured in single micropores. Potential dependent single cell fluorescence intensity-time traces 

are obtained for all pores simultaneously, as illustrated at right for the pore outlined in red. 



  

Figure 2. Spectroelectrochemical characterization in an MEA device. PAO1c single cell 

behavior (top row) is compared to that of freely-diffusing 100 μM FMN (middle row) and 100 

μM FAD (bottom row) in 0.2 M KNO3 supporting electrolyte. First column: fluorescence images 

of MEAs with the indicated sample. Second column: potential-time modulation waveform. Third 

column: fluorescence intensity vs. time under potential modulation. Fourth column: intensity 

histograms colored to reflect the high (red) and low (gray) fluorescence intensity states.  



 
 
 
 

 
 

Figure 3. Cyclic potential sweep single bacterial cell fluorescence. (a) Representative 100 ms 

frame taken from a 60 s movie, with a cyclic potential waveform applied to the bottom 

electrode. High intensity locations correspond to micropores containing fluorescent bacteria. 

Red, green, and blue boxes correspond to the single micropore intensity-time traces and 

histograms of the same color. (b) Applied potential as a function of time. (c) Intensity-time 

trace integrated over all micropores in the MEA. (d) Single bacterium exhibiting potential-

independent fluorescence response, and (e) corresponding histogram. (f) Single bacterial cell 

exhibiting potential-modulated fluorescence and (g) corresponding histogram. (h) Single 

bacterial cell exhibiting transient high-intensity fluorescent transients and (i) corresponding 

histogram. (Inset) Expanded view of the high intensity tail of the histogram. Solid lines in 

panels (e), (g), and (i) are fits of the observed histograms to 1 ((e) and (i)) or 2 (g) Gaussian 

distributions.  



 

 
 

Figure 4. Distribution of fluorescence behaviors for both P. aeruginosa (left) and E. coli (right). 

The P. aeruginosa histogram contains data for all strains studied (PAO1c, PA14, Δphz).  

  



 
 
 
 
 
 
 
 
 

 

Figure 5. Comparison between metabolically-active and inactive bacteria in the MEA device 

in the presence of MV2+ redox mediator. (a) Potential time-trace used in the potential step 

experiments. (b) Single frame image recorded for metabolically-active bacteria. Scale bar is 

10 μm. (c) Intensity time-trace for the single bacterium highlighted in the red square. 

White/orange regions represent times of positive/negative applied potential, respectively. (d) 

Histogram of intensities plotted to accentuate the low-intensity (gray) and high-intensity (red) 

fluorescence levels. (e) Single frame image recorded for metabolically-inactive bacteria. 

Scale bar is 10 μm. (f) Intensity time-trace for the single bacterium highlighted in the red 

square. (g) Histogram of intensities plotted to accentuate the low-intensity (gray) and high-

intensity (red) fluorescence levels. 



 
 
 
 
Table 1. Single cell potential-dependent fluorescence behavior by species. 

aP. aeruginosa data contains data for all strains studied (PAO1c, PA14, Δphz).  
 
 
  

Fluorescence Behavior P. aeruginosa a E. coli 
Potential-independent 1,048 74 
Potential-modulated 2,295 79 
Fluorescence transients  294 29 
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Supplemental Experimental Procedures 

Chemicals and materials 

Two bacterial species were used in these experiments: P. aeruginosa (PAO1c wild type, 

PA14 wild type, and PA14 Δphz) and E. coli (K12 wild type). Potassium ferricyanide (K3Fe(CN)6), 

potassium ferrocyanide (K4Fe(CN)6), potassium nitrate (KNO3), potassium chloride (KCl), methyl 

viologen (MV), riboflavin 5¢-monophosphate sodium salt hydrate (flavin mononucleotide, FMN), 

flavin adenine dinucleotide (FAD), pyocyanin (PYO), sodium phosphate dibasic heptahydrate, and 

citric acid were purchased from Sigma-Aldrich. Dulbecco’s 1x phosphate buffered saline (1x PBS) 

was obtained from Lonza. Silver conductive epoxy was purchased from Electron Microscopy 

Sciences. Devcon clear 5-minute epoxy was purchased from Fischer Scientific, and a two-part 

hydroxy-terminated polydimethylsiloxane elastomer was obtained from Polymer Sources, Inc. 

SU-8 2005 and SU-8 developer were obtained from Kayaku Advanced Materials. Armour Etch 

glass etchant was purchased from Amazon. All solutions were prepared using deionized (DI) 

water, r ~ 18.2 MΩ cm, prepared on a Millipore Milli-Q System. All reagents and solutions were 

used without further purification, with the exception of 1x PBS, which was photobleached for 24 

hours prior to use. 

 

Substrate Fabrication and Characterization 

The MEA substrate was prepared on Schott Nexterion cleanroom-cleaned glass slides 

(Glass D, 75.6 x 25.0 x 0.170 mm, Applied Microarrays) as shown schematically in Figure S5. 

Briefly, a 10 nm Ti adhesion layer and 200 nm Au electrode were deposited onto glass using 

electron-beam evaporation (Oerlikon 450B evaporator) through a shadow mask purchased from 
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FrontRange Photomask to form the bottom working electrode. Contact lithography was used to 

form an approximately 5 μm spacer layer of SU-8 2005 photoresist. This size was chosen to 

accommodate a typical mature single P. aeruginosa cell, which is ≤ 3 μm in length. The device 

was then placed on a hot plate at 180ºC to cross-link the photoresist layer. A second gold layer, 

comprised of 10 nm Ti and 100 nm Au, was then deposited using electron-beam evaporation 

through a shadow mask oriented at a 90º angle to the first layer, such that the two electrode layers 

overlap in a 200 μm x 200 μm square forming the target area for the MEA micropores. This second 

Au layer was added to serve as the conductive layer for focused ion beam (FIB)-milling, which 

cannot be conducted directly on the insulating SU-8 2005 layer. A 120 nm layer of SiO2 was then 

deposited using plasma-enhanced chemical vapor deposition (PECVD, Unaxis 790 series, 

PlasmaTherm) to serve as a protective layer and to facilitate wetting and pore filling. An array of 

micropores was then patterned in the 200 µm ´ 200 µm Au overlap area by FIB-milling (FEI, 

Helios Dual-Beam FIB). The 11´11 array of micropores was prepared with dimensions capable of 

trapping single P. aeruginosa or E. coli cells, i.e., pores with typical bottom diameter 0.6-0.7 µm 

can only admit a single cell in proximity to the bottom electrode. If a second cell becomes 

immobilized, it is constrained to reside at the mouth of the pore where it is: (a) not in 

electrochemical contact with the bottom ring working electrode, and (b) far out of the focal region 

where it might be observed spectroscopically. Pores exhibit a center-to-center pore distance of 4 

μm over a total array area of 25 μm ´ 25 μm. SEM images of the device in plan view and in cross-

section at 52º tilt are given in Figures 1(b) and 1(c), respectively, obtained at an accelerating 

voltage of 5kV and an electron beam current of either 0.2 or 0.4 nA. To complete the substrate, a 

copper wire was attached to the bottom Au layer to provide electrical contact to the working 

electrode using silver conductive epoxy, and a PDMS well to hold the analyte solution was affixed 
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to the top surface of the substrate using clear 5-minute epoxy. Electrochemical characterization of 

the device was performed using 10 µM FMN in 0.2 M KNO3 and 10 µM FAD in 0.2 M KNO3 at 

pH 4, 6, and 8, as shown in Figure S6. 

  

Bacteria Preparation and Culture 

All bacteria were prepared by initially streaking onto a Luria-Bertani (LB) agar plate after 

which they were allowed to incubate for 24 h at 37ºC. A single colony was collected and 

resuspended in 6 mL FAB medium with 30 mM glucose carbon source and allowed to grow at 

37ºC with shaking at 240 rpm for 18 h. After an appropriate growth time, 1 mL of this medium 

containing planktonic cells was collected, and optical density measurement at 600 nm, OD600 ~ 

1.0, was obtained for an approximate cell count of 109 mL-1.41 The cells were then washed three 

times in photobleached 1x PBS and centrifuged at 3000 rpm for 5 min to remove any potential 

fluorescent impurities. The cells were re-suspended, and 100 μL of the washed cell suspension 

was placed in contact with the assembled MEA device in order to load bacteria into the micropores. 

After 3 h, the solution was removed, and the MEA device was washed with fresh PBS to remove 

any adherent cells on the exterior surface. 

  

Spectroelectrochemical Measurements 

The device, thus loaded with single P. aeruginosa cells was mounted on an Olympus IX-

71 inverted epi-illumination microscope fitted with a 100x oil-immersion objective (NA = 1.45, 

Olympus). A fresh 100 μL aliquot of photobleached 1x PBS (containing no bacteria) was added 

to the PDMS well to serve as supporting electrolyte. A quasi-Ag/AgCl (q-Ag/AgCl) reference 
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electrode and Pt counter electrode were then placed into the well, and the device was connected to 

a potentiostat (CH750E, CH Instruments). The MEA device was illuminated at 458-nm, and 

fluorescence emission was collected back through the microscope objective, passed through a 

dichroic filter, and imaged onto a Peltier-cooled EMCCD (Andor iXon EMCCD) with an 

integration time of 0.1 s. A schematic diagram of the experimental apparatus is shown in Figure 

S7. 
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Supplemental Figures 

 

  

 

Figure S1. Electrochemical characterization of MEA device using 10 mM Fe(CN)63- (a) and 

Fe(CN)64- (b) at 100 mV/s using cyclic voltammetry (CV). The black, red, blue, green, and 

purple curves represent 0 mM (control), 1 mM, 10 mM, 50 mM, and 100 mM of the redox 

species, respectively. All CVs were obtained in 2 M KNO3. 
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Figure S2. Single frame images and associated single micropore (red square) intensity time-traces 

for: (a) and (b) 10 μM FMN, (c) and (d) 10 μM FAD, and (e) and (f) 10 μM pyocyanin with the 

applied potential cycled between +0.2 V > Eappl > -0.8 V at a scan rate of 100 mV/s. Fluorescence 

was excited at l = 458 nm. Scale bars are 10 μm. 
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Figure S3. Single frame image (left), potential program (center) and associated single micropore 

(red square) intensity time-trace (right) for the Δphz mutant of P. aeruginosa. The top row 

demonstrates potential-modulated fluorescence with the applied potential cycled between +0.2 V 

and -0.8 V at a scan rate of 100 mV/s, while the bottom row demonstrates fluorescence transients 

with the applied potential cycled between -0.4 V and +0.6 V at a scan rate of 100 mV/s. Scale bar 

is 10 µm. 
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Figure S4. Comparison of P. aeruginosa PAO1c (a-d) and E. coli K12 (e-h) 

spectroelectrochemical behaviors. (a) and (e) Single movie frame images. (b) and (f) Potential 

time-traces for multi-potential step experiment. (c) and (g) Intensity time-traces for single 

bacterium outlined in red exhibiting potential-modulated fluorescence behavior. The 

corresponding histogram is plotted to accentuate the low-intensity (gray) and high-intensity 

(red) fluorescence levels. (d) and (h) Intensity time-traces for single bacterium outlined in blue 

exhibiting fluorescence transient behavior. The corresponding histogram is plotted to 

accentuate the low-intensity (gray) and high-intensity (blue) fluorescence levels with a high 

intensity tail. Scale bars are 10 μm.  
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Figure S5: Schematic diagram illustrating fabrication of an MEA device. Clockwise from top left: 

(1) Start with clean glass slide; (2) deposit 10 nm Ti and 200 nm Au through a shadow mask by 

electron-beam evaporation; (3) spin-coat, develop, and cross-link a 5 μm spacer layer of SU-8 

2005 by contact lithography; (4) deposit 10 nm Ti and 100 nm Au by electron-beam evaporation; 

(5) deposit 120 nm layer of SiO2 by plasma-enhanced chemical vapor deposition; (6) direct-write 

the micropore array using focused-ion beam milling. 
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Figure S6. Potential-dependent fluorescence of freely diffusing 10 μM FMN (top row) and 10 μM 

FAD (bottom row) in 1x PBS. Applied potential was cycled between +0.2 V > Eappl > -0.8 V at a 

scan rate of 100 mV/s (top row) at three different pH values. FAD and FMN are fluorescent at 

oxidizing potentials and non-fluorescent at reducing potentials independent of pH.  
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Figure S7. Schematic diagram illustrating the wide-field spectroelectrochemical 

fluorescence apparatus. The MEA device loaded with cells is placed on an inverted 

microscope and illuminated from underneath with a 458-nm laser. The subsequent 

fluorescence is collected through the objective and imaged on an EMCCD camera. 


