
Electrochemical Sensors based on MoSx-functionalized Laser 
Induced Graphene for Real-time Monitoring of Phenazines 
produced by Pseudomonas aeruginosa

Keren Zhou1,2, Vinay Kammarchedu1,2, Derrick Butler1,2, Pouya Soltan Khamsi1,2, Aida 
Ebrahimi1,2,3,*

1.School of Electrical Engineering and Computer Science, The Pennsylvania State University, 
University Park, PA 16802, USA

2.Materials Research Institute, The Pennsylvania State University, University Park, PA 16802, 
USA

3.Department of Biomedical Engineering, The Pennsylvania State University, University Park, PA 
16802, USA

Abstract

Pseudomonas aeruginosa (P. aeruginosa) is an opportunistic pathogen causing a series of 

infections in blood and implanted devices. Traditional identification of P. aeruginosa involves 

plating and counting colonies which takes more than 24 hours to produce results. Molecular 

biology methods can expedite detection, but they require advanced skill set. To address these 

challenges, in this work, we investigate functionalization of laser-induced graphene (LIG) to 

develop flexible electrochemical sensors for detecting P. aeruginosa based on its phenazine 

metabolites as biomarkers. An electrodeposition method is used as a facile and scalable approach 

to functionalize LIG with molybdenum polysulfide (MoSx). The effect of electrodeposition time 

is studied to enhance the sensitivity. The sensor performance, including the limit of detection 

(LOD), sensitivity, dynamic concentration range, and specificity are determined in broth, agar, 

and wound simulating medium (WSM). Control experiments with Escherichia coli (E. coli which 

does not produce phenazines) demonstrate specificity of sensors to probe P. aeruginosa. The LOD 

of MoSx/LIG for detecting pyocyanin (PYO) and phenazine-1-carboxylic acid (PCA) is 0.19 μM 

and 1.2 μM in broth, respectively. Furthermore, the sensors are highly stable and enable real-time 

monitoring of P. aeruginosa biofilms over several days with minimal degradation. Comparing 

different square wave voltammetry (SWV) peak currents over time shows time-dependent 

generation of phenazines by P. aeruginosa biofilm. In particular, two configurations – “Normal” 

and “Flipped” – are studied, showing that the phenazines time dynamics vary depending on how 

cells interact with sensors. The reported results demonstrate the potential of the developed flexible 

sensor for integration with implantable devices and wound dressings for early diagnosis of P. 
aeruginosa infection at the point of care.
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Graphical Abstract

In this work, flexible electrochemical sensors based on MoSx- functionalized laser-induced 

graphene are developed for monitoring phenazines produced by the opportunistic pathogen, P. 
aeruginosa. The fabrication process is simple and scalable, and the sensors enable real-time 

monitoring of growth of P. aeruginosa colony biofilms over several days.
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1. Introduction

Pseudomonas aeruginosa (P. aeruginosa) is the pathogenic cause of a series of blood and 

lung infections (for example in ventilator associated pneumonia and cystic fibrosis).[1] As 

a common pathogen found in healthcare settings, it can also infect burns and surgical 

wounds. In addition, most of P. aeruginosa in the environment has developed antibiotic 

resistance, thus making routine antibiotic treatments ineffective and causing a high mortality 

rate in some cases.[2] To better understand its infection mechanism, monitoring growth of P. 
aeruginosa and production of specific biomarkers is necessary.[3] In particular, it has been 

shown that production of phenazine molecules – including pyocyanin (PYO), phenazine-1-

carboxylic acid (PCA), phenazine-1-carboxamide (PCN), and a less stable intermediate 5-

methylphenazine-1-carboxylic acid (5-MCA) – plays an important role during P. aeruginosa 
infections.[3] PYO, a bluish redox-active organic compound produced by P. aeruginosa, can 

induce neutrophil apoptosis (programmed cell death), cause oxidative stress to cells, and 

prevent the beating of lung cilia, all of which aid survival of the P. aeruginosa infection.
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[4,5] Moreover, PYO functions as a signaling molecule in P. aeruginosa quorum sensing 

(QS). QS is a mechanism through which bacteria can monitor their population through 

secretion and sensing certain signaling molecules, and hence is critical in communication 

and decision-making in biofilms.[6] As a result, specific genes will be expressed and 

bacterial characteristics, such as respiration, antibiotic resistance, and virulence change.[7] 

These findings suggest that identifying phenazines could help us better comprehend the P. 
aeruginosa infection mechanism.

Since their discovery, phenazines have been explored using various methods. Phenazines are 

extracted from P. aeruginosa cultures by chloroform extraction techniques from supernatants 

of the culture or clinical samples.[8] The phenazine level is then quantified using 

high-performance liquid chromatography (HPLC)[9] or spectrophotometry[10] which yield 

micromolar limit of detection (LOD). Other analytical methods, including proton nuclear 

magnetic resonance,[11] Fourier transform infrared spectroscopy,[12] and matrix-assisted-

laser-desorption-ionization time-of-flight (MALDI-TOF) mass spectrometry[13] have been 

also explored to identify phenazines. Although these methods provide good quantification, 

extensive sample preparation/treatment steps, such as separation of phenazines from other 

matrix components, are needed, leading to increase of the total analysis time and making 

real-time analysis challenging if not impossible. Furthermore, these methods often utilize 

bulky equipment, require highly skilled personal, and are not accessible to everyone, 

limiting their application for point of care needs or small laboratories. To address these 

challenges, various biosensors – including surface-enhanced Raman spectroscopy (SERS) 

and electrochemical methods – have been explored by the researchers.

Among different biosensor technologies, electrochemical devices are highly attractive for 

detecting and monitoring phenazines due to their redox active nature. Figure 1a shows 

the biosynthesis pathway of various phenazines in P. aeruginosa and their half-wave redox 

potential (E1/2 = −70 mV, −247 mV, −323 mV and −347 mV vs. Ag/AgCl for 5-MCA, PYO, 

PCA, and PCN, respectively, at pH 7)[3]. Electrochemical biosensors are easy-to use, low-

cost, rapid and sensitive, and portable.[14] In addition, they use relatively simple and low-

cost instrumentation (potentiostats that can even be developed using Arduino kits[15]) and 

are compatible with CMOS technology for integration with data processing and transmission 

nodes for ultimate compactness.[16] The first electrochemical sensor for PYO used a 

mercury drop electrode as working electrode (WE), a Pt electrode as counter electrode 

(CE), and Ag/AgCl as reference electrode (RE) in a 15-mL quartz cell. PYO was detected by 

adsorptive stripping voltammetry (AdSV) with an oxidation peak at the potential of −0.17 V. 

The LOD was 2.0 nM in diluted Mueller–Hinton broth.[17] Due to their high sensitivity 

and good specificity, other established electrochemical methods have been reported to 

measure the generation of PYO in biofilms, e.g., cyclic voltammetry (CV), square wave 

voltammetry (SWV), differential pulse voltammetry (DPV), and electrochemical impedance 

spectroscopy (EIS).[18] In addition to various electrochemical measurement methods used 

for phenazine detection, different electrode materials and modifications, and innovative 

device engineering have been developed to further enhance the detection sensitivity and 

sensor screening capabilities. For example, Bellin et al. developed an integrated circuit 

(IC)-based electrochemical sensors with array of gold working electrodes for real-time 

monitoring of phenazine derivatives across a matured P. aeruginosa biofilm on agar 
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with high spatiotemporal resolution.[3,19] Simoska et al. used low-cost transparent carbon 

ultramicroelectrode arrays fabricated using polystyrene spheres. The sensors were used 

for in vitro detection of phenazines and studying the environmental effects on phenazine 

production.[20–22] Using photolithography and wet etching, Do et al. developed metal–

insulator–metal ring electrode structures based on gold electrodes to improve LOD down 

to 10.5 nM and 20.7 nM for PYO and PCN using redox cycling amplification[23]. In another 

work, carbon nanotube-based sensors were prepared using inkjet printing to monitor PYO 

and uric acid in a wound simulating fluid.[24] And Cernat et al. prepared a Au/Ag nanoalloy 

in hydrogel and drop casted it on carbon electrode to detect PYO with a LOD of 40 nM.[25]. 

As it can be seen from this brief overview, there are various methods that have been explored 

for manufacturing electrochemical sensors for detecting phenazines, from ink-jet printing 

and drop casting to photolithography methods.[24–28] The most commonly used strategies 

for buidling electrochemical sensors include drop casting of the sensing material (e.g. gold 

nanoparticles, carbon nanotubes, nanowires) over a supporting electrode (usually carbon)
[25], inkjet printing,[24] and screen printing;[29] however, these methods can leave residues on 

the substrate after solvent evaporation[14] and surface modification may be inhomogeneous 

because of the coffee ring effect[30]. In comparison, microfabrication using lithography 

methods offer better spatial resolution and control over the electrode geometry. However, 

microfabrication requires cleanroom which is not as accessible and involve multiple steps of 

deposition, patterning, and etching to create desired devices.[20]

To achive facile fabrication for rapid sensor prototyping, while avoding the issues with 

solution-based processing, we developed three dimensional (3D) graphene electrodes by 

direct laser writing followed by selective funcionallization using electrodeposition. Creation 

of laser-induced graphene (LIG) made from commercial polyimide (PI) films was first 

reported by Tour et al. in 2014 based on a photothermal process using CO2 laser.[31] Owing 

to its unique features, including 3D microporous structure, high electrical conductivity, 

chemical-free, and direct patterning advantage, LIG has gained an exponentially growing 

interest in various fields, including biochemical sensing.[14] Furthermore, the approach 

is suitable for mass production of low-cost and portable sensors. Combination of these 

properties make LIG an ideal base material for manufacturing electrochemical biosensors.
[32]

In this study, for the first time to the best of our knowledge, we report developing a 

LIG-based sensor for detection and monitoring phenazines produced by P. aeruginosa 
(both in biofilm studies as well as in vitro analysis in a wound simulating medium, 

WSM). In particular, we have studied the effect of electrochemical functionalization of 

LIG – as working electrode – by two materials: platinum (Pt; which is commonly used 

as the tip in scanning electrochemical microscopy (SECM) mapping of phenazines)[33–35] 

and molybdenum polysulfide (MoSx). We show that the sensor LOD and sensitivity are 

improved significantly with MoSx/LIG compared to Pt/LIG. The effect of the frequency 

of the square wave voltammetry (SWV) on sensor sensitivity and LOD is investigated to 

identify an optimum working frequency of 15 Hz in this work. The sensor response is 

first evaluated with synthetic PYO and PCA in brain heart infusion (BHI), as well as with 

cetrimide agar. Then the sensor performance for monitoring P. aeruginosa colony biofilms is 

studied on agar. Excellent long term stability of the sensors enable real time monitoring of 
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biofilms to characterize the dynamic nature and interplay between different phenazines over 

time by comparing the SWV peak currents at different potentials. Finally, we also studied 

phenazines and P. aeruginosa in a wound simulating medium to demonstrate the potential of 

the developed low-cost sensor for clinical settings, for example for analysis of wounds and 

sputum samples.

2. Results and discussion:

2.1. Fabrication, functionalization, and material characterization of electrodes

Using direct laser writing, LIG electrodes are developed as the base electrode material to 

replace the traditional carbon electrodes (glassy carbon electrode or screen-printed carbon). 

During the laser writing process, the high temperature/pressure treatment produces gas and 

the release of the gas forms a 3D porous structure, which has been proven to lead to 

higher charge transfer and improved mass transport.[36] The fabrication process of LIG and 

studying the effect of various conditions (substrate, writing parametrs, environment) have 

been extensively explored by other researchers.[37] Figure 1b shows the fabrication process 

and functionalization of LIG using polyimide (Kapton®, 500 HN) as the substrate and 

utilizing a commercial laser cutting machine (Universal Laser Systems) to create the LIG 

electrodes (details in Methods Section). The laser beam is focused on the substrate and 

controlled to carbonize polyimide in the ambient air. Then the LIG pattern is created in a 

desired three-electrode design. To have a better balance between the electrical conductivity 

and mechanical strength of the sensor, we tried different combinations of the processing 

parameter. The final optimized parameters are power: 6.3%, speed: 5.5%, and PPI: 1000 

using Rastor mode. A thin Nafion film is spin-coated onto the electrode surface to protect 

the electrode from biofouling.[38] The inset shows the sensor bending, demonstrating the 

device’s potential for flexible electronics and wearable devices, for example for integration 

with strain sensors,[39] ECG patches,[40] or vital-sign monitoring sensors.[41] A picture 

of the sensor attached to a testing connector and ready for testing is shown. Two sets 

of measurements are performed: in liquid (by testing is broth culture as well as wound 

simulating medium (WSM)) and with agar slabs to study colony biofilms. Agar is a soft 

material (a gel) and can mimic the tissue structure and has been used in developing in 

vitro wound models.[42] The tests with agar slabs are prformed in a custum-made humidity/

temperature-controlled incubator (Figure S1 in Supplementray Information, SI).

Noble metals (e.g., gold, platinum)[27,43] and various two-dimensional materials (e.g., 

graphene, MXenes)[44,45] have been widely investigated to modify working electrode 

of electrochemical sensors in order to improve the sensitivity and LOD. We explore 

two routes for functionalizing LIG using the electrodeposition method which is a 

facile and scalable manufacturing process.[46] LIG is modified with Pt and MoSx and 

their response to phenazines is compared which are discussed in the next section. To 

characterize the electrode surface morphology and chemical components, the scanning 

electron microscopy (SEM), X-Ray diffraction (XRD), Raman spectroscopy, and X-ray 

photoelectron spectroscopy (XPS) are performed. The SEM image in Figure 2a confirms 

a fibrous foam structure of the LIG electrode. Compared to traditional planar carbon or 

gold electrodes, the porous morphology of LIG leads to higher density of active and edge 
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sites which are found beneficial for electrodeposition, and hence improve sensor sensitivity.
[14,32,39,43] Figure S2a summarizes the XRD results. The XRD of LIG shows the (002) 

and (100) plane of the graphite-2H (PDF 41-1487), consistant with previous reports.[31] 

Pt/LIG also shows the (111), (200), and (220) planes of Pt (PDF 04-0802) in addition to the 

graphite peaks. There’s no obvious MoSx characteristic peak found in the XRD results of 

the MoSx/LIG sample since the material is amorphous.[47] The Raman spectra of LIG and 

MoSx/LIG were also measured, however, as expected both were similar in most aspects and 

no distinct prominent peaks could be observed (Figure S2b). Due to non-planar structure 

of LIG most of the light is scattered and the signal obtained signal is low and does not 

show any detectable peaks for MoS2 at 405 cm−1 and 380 cm−1 as reported previously.[48] 

Some studies report that the peak may be very weak and broad when amorphous, however 

is enhanced when the material is transformed to a crystalline structure, e.g. using thermal 

annealing.[49,50] To further study the chemical composition of MoSx/LIG, XPS is performed 

and the results are plotted in Figure 2b. The survey spectrum suggests that carbon and 

oxygen are the main components. The high-resolution spectra of Mo 3d and S 2p orbitals 

are shown in Figure S2c–d. The results show that MoS2, MoS4, and MoO3 are present in the 

sample.[51] The peaks located at ~150 eV and 100 eV are referred to the 2s and 2p peak of 

silicon (Si) because of silicone was used to passivate the electrode area. Figure 2c–d show 

mapping of S and Mo conducted by energy dispersive X-ray spectroscopy (EDS) with SEM, 

confiming the presence of molybdenium polysulfide on LIG, which is consistent with the 

XPS results.

2.2. Electrochemical measurement with synthetic phenazines and comparison of 
different functional layers

The effect of the SWV frequency on the sensor response is investigated first with 0.1 mM 

of PYO in BHI. Multiple frequencies (5–100 Hz) are explored as shown in Figure 3a (for 

Pt/LIG sample with 15 min deposition), showing that 15 Hz is the optimum frequency for 

phenazine sensing in our system. Similar frequency values was previously reported.[4,20] 

The current/frequency relationship in SWV reflect the rate of the electrons transfers, thus the 

frequcney can be tuned to distinguish reactions with different transfer rates.[52] A distinct 

oxidation peak is found at −0.227 V with PYO, with the peak magnitude proportional to 

PYO concentration after subtracting the baseline (Figure 3b). Figure 3c shows the location 

of PCA peak to be around −0.295 V. The relative peak location difference of PYO and 

PCA is measured to be ~68 mV, which is consistent with previous reports using other 

sensors.[3,53]

To investigate the effect of functionalization of LIG for detection of phenazines, we study 

three different working electrode materials: LIG, Pt/LIG, and MoSx/LIG with PYO and 

PCA concentrations ranging from 0.1 to 100 uM in BHI using SWV. In particular, for 

each modification, we evaluate the effect of electrodeposition time in creating Pt/LIG and 

MoSx/LIG. Pt is electrodepisted for 5 min, 10 min, and 15 min on LIG (Figure S3a–b), 

showing that the deposition time does not have a significant impact on sensor LOD and 

sensitivity. LOD is calculated by the concentration current 3.3 times the standard deviation 

of the blank solution, σB. The data are then fitted with a line and the slope of he linear 

region is considered as the sensor sensitivity. Interstingly, Pt/LIG demonstrates a LOD of 
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1.2 μM and 5.2 μM for PYO and PCA, respectively, which are 5 and 20 times lower than 

convectional Pt disk electrode. Two MoSx deposition times are explored (30 min and 60 

min). Figures 4a and 4b compare the calibration curves with PYO and PCA for MoSx/LIG 

and Pt/LIG (15 min deposited samples). From these curves, LOD and sensitivity with PYO 

for MoSx/LIG:30 min vs. MoSx/LIG:60 min are respectively 0.22 μM and 0.82 μA/μM vs. 

0.19 μM and 0.97 μA/μM, demonstrating that 60 min deposition offers a slightly lower LOD 

and higher sensitivity compared to 30 min deposition. To better understand the reaction 

mechanism on the modfied LIG electrode, we used the CV method with scan rates ranging 

from 0.01 Vs−1 to 0.2 Vs−1. The linear fitting and corresponding electrochemically active 

surface area (ECSA) are obtained from the relation between the CV current peak and the 

square root of the scan rate, as shown in Figure S4. The coefficient of determination (R2) 

of the linear fitting for LIG, Pt/LIG and MoSx/LIG is 99%, 97% and 98%, respectively. The 

results suggest that PYO oxidation on all materials is a diffusion-limited process, following 

the Randles-Sevcik equation.

ipeak = 0.4463n1.5F1.5CA Dv
RT , Eq. 1

Where ipeak is the peak current (oxidation), n is the number of transferred electrons (here 

n = 2), F is the faraday’s constant, D is the diffusion coefficient of PYO (here D = 7.2 

× 10−6cm2s−1), C is the concentration of PYO (here C = 10−4 M), A is ECSA, R is the 

universal gas constant, T is the temperature, and v is the cyclic voltammetry scan rate. The 

calculated ECSA for LIG, Pt/LIG and MoSx/LIG is 2.26, 4.06 and 5.39 mm2, respectively. 

MoSx/LIG shows the largest ECSA, contributing to its improved sensitivity to phenazines.

In addition, MoSx/LIG samples (both 30 min and 60 min deposition) are more sensitive for 

detecting PYO than Pt/LIG (with LOD of 1.2 μM). The LOD of PCA with MoSx/LIG 

(1.2 μM) and Pt/LIG (5.2 μM) are also calculated from the calibration curves in 

Figure 4b, further confirming the superior response of MoSx/LIG compared to Pt/LIG. 

Additional benefits of MoSx/LIG over Pt/LIG include lower reagent cost and a gentle and 

environmental friendly deposition solution; MoSx deposition is done in KCl solution at 

neutral pH while Pt is achieved in an acidic environment. Interestingly, with deposition 

of MoSx on LIG, antibacterial effects on cell suspensions are reduced in time-dependent 

studies (Figure S5a). That said, without Nafion, cell count with MoSx/LIG sample is 70% 

lower than the control sample (Kapton film) and almost the same with LIG. The results 

we obtained with LIG are consistent with previous reports.[54,55] With increasing incubation 

time (from 2hr to 4 hr), cell viability decreases. By coating the electrodes with Nafion 

(Figure S5b), the antibacterial properties of both LIG and MoSx/LIG reduces. Specifically, 

Nafion seems to affect MoSx/LIG more prominently (viability after 4 hrs is significantly 

higher with Nafion compared to without Nafion in Figure S5a. We also observe increased 

hydrophobicity of the electrodes surface after coating the Nafion (Figure S6) which may 

explain reduced interaction with cells and hence improved viability.[56]

It should be noted that our results show that LOD of Pt/LIG is comparable with bare LIG. 

In addition, the performance of the standard Pt disk is worse than all developed sensors, 
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indicating that Pt may not be the best electrode material for sensing phenazines despite 

being extensively used for detecting phenazine, e.g. in scanning electrochemical microscopy 

(SECM) analyses.[57,58] Our results are consistent with previous studies which demonstrated 

that carbon constitutes a more suitable material for PYO detection, because of the overlap of 

the benzene ring in PYO and the carbon molecular structure.[59] The previous reports based 

on electrochemical detection of PYO are summarized in Table 1. Majority of the works used 

gold or carbon as the WE material. Compared to gold, carbon is a more affordable choice 

for constructing low cost sensors. However, the prior reported works are mostly based on 

drop-casting, screen printing, or inkjet printing of the carbon-based materials (carbon paste/

ink, carbon nanotubes/fibers). As noted before, in contrast to our work which is based on 

direct laser processing of plastic and electrodeposition (both scalable and facile processes), 

these deposition/printing methods suffer from poor adhesion between the sensing layer 

and the supporting substrate. We also study the effect of storage condition (as-prepared, 3 

days storage in ambient air, and 3 days storage in a N2 desiccator) with PYO and PCA, 

confirming excellent stability of LIG in ambient environment (Figure S3c–d). Given the 

superior performance of MoSx/LIG, this material is chosen for studies with bacteria.

2.3. In vitro colony biofilm studies: Impact of sensor-cell intercation and cell seeding 
density

In this section, we investigate two configuartions with colony biofilms on agar (as nutrition 

source and in vitro model for tissue): (1) “Normal” test (inset of Figure 5a), where agar 

separates cells from the sensor and (2) “Flipped” test (Figure 6a), where cells are overlaid by 

the agar and are in direct contact with the sensor. These studies allow us to mimic surface vs. 

deep tissue infections with agar acting as a tissue model.

In “Normal” test, agar works as a protective layer as well.[19] In this case, it takes more time 

for phenazine molecules to diffuse from the top of the agar to the electrode surface. Hence, 

before experiments with cells, we first determine the diffusion constant of PYO and PCA in 

agar. We perform SWV measurements over time after placing a thin agar slab on the sensor 

and adding a droplet of the BHI broth spiked with PYO or PCA. The raw SWV plots with 5 

μL of 1 mM PYO, 0.5 mM PYO, and 0.2 mM PYO are shown in Figure S7. We calculate the 

diffusion coefficient (D) of PYO and PCA based on fitting the data in Figure 4c using Fick’s 

second law of diffusion (∂C
∂t = D∇2C) and assuming that concentration of the molecules is 

proportional to the peak current. The calculated DPYO and DPCA are 6 × 10−10 m2/s and 2 × 

10−10 m2/s, which are close to the values reported elsewhere.[3]

After the diffusion tests, we move to experiments with cells. We inoculate cetrimide agar 

(thickness of t= 2 mm, diameter of d= 6 mm) with 5 μL suspnesions of E. coli (as negative 

control; Figure 5a) or P. aeruginosa (PA14; Figure 5b) each diluted at 1:100 from the 

overnight culture which yields 2.8×107 CFU/mL. The number of seeded cells is estimated 

to be 1.4×105 CFU with 1:100 dilution. Figure 5a and b show the SWV measurement with 

“Normal” configuration with negative control and PA14 strain collected over time. The peak 

of PYO (~ −0.25 V) is detectable starting at 12 hours after inoculation. The peak then 

grows up within 24 hours and then goes down at 48 hours. We also explore the effect 

of the inoculation/seeding density by changing the dilution factor from 1:100 to 1:10 (i.e. 
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approximately 1.4×106 CFU added on agar). Figure 5c shows the SWV results over time, 

indicating that peak of PYO can be observed at 7 hours after inoculation. To show the results 

more clearly, we plot the peak current at −0.25 V over time in Figure 5d. The increase in the 

initial cell denisty is expected to allow faster detection of phenazines than the more dilute 

solution due to larger amount of biomass.

Schemtic of the “Flipped” test is shown in Figure 6a, where P. aeruginosa culture is first 

dropped on the agar top, then the agar is flipped. Figure 6b shows the SWV results of the 

MoSx/LIG sensor with this configuration with 5 μL of 1:100 diluted PA14. By comparing 

the peak current values for “Normal” vs. “Flipped” configuration in Figure 6c, it is seen that 

the latter leads to faster detection of phenazines, which is expected since cells are closer to 

the sensor. Our results also demonstrate that there is a dynamic behavior in production of 

different phenazines by cells. For example, two largest peaks (Peak 1: PYO and PCA, Peak 

2: 5-MCA) are highlighted with arrows in Figures 5b and 6b. By plotting the time-evolution 

of the average ratio of Peak 2/Peak 1 in Figure 6d, we observe that this ratio increases over 

time, indicating that the production rate of different phenazines is dynamic and evolves with 

time, consistent with previous reports.[22] These results demonstrate the sensor’s success 

in monitoring the dynamic nature and interplay between different phenazines over time. 

Before concluding this section, it should be noted that depending on P. aeruginosa strain, 

different rates and dynamics of phenazine production can be observed, as can be seen 

from Figure S8a using PA strain ATCC 9027. This strain with defectivce mutant is unable 

to produce PYO in LB, which has been reported elsewhere.[60] In addition to strain, the 

medium can also impact phenazine production. For example, we observe different phenazine 

time profiles when cells are on LB agar (see Figure S8b) compared to cetrimide agar, which 

is consistant with previous reports.[61]

In addition to colony biofilm studies on agar, we demonstrate that MoSx/LIG sensors 

can successfully detect and monitor phenaiznes produced by P. aeruginosa in a wound 

simulating medium (WSM). Figure 7a shows the SWV curves with 0.1~100 uM PYO spiked 

in WSM. Figure 7b plots the calibration curve with PYO obtained from six independent 

sensors. Compared to tests in BHI, the LOD of the sensor gets higher, but it is still about 

1.3 μM. This LOD is sufficient for detecting and monitoring phenazines in P. aeruginosa. 

For example, in sputum sample, PYO is found to be up to 130 μM.[4] The sensor response 

is monitored over 24 hours with PA14 cultures in WSM (Figure 7c), showing that the PYO 

peak can be detected within 10 hours. The results presented in this work demonstrate the 

potential of the developed MoSx/LIG sensors as a low-cost diagnostic device which can be 

integrated with other printable sensors (also based on LIG) for monitoring of other signals 

of infection, including tempearture,[41] pH,[46] blood oxygen,[62] skin impedance,[63] among 

others, which may enable smart therapeutics by combining early diagnosis with treatments.

3. Conclusion

In this study, a LIG-based flexible electrochemical sensor is developed and used for selective 

identification of multiple phenazines in bacterial culture medium, wound simulating 

medium, and in real-time studies with P. aeruginosa colony biofilms on agar. Square 

wave voltammetry (SWV) is utilized to monitor the sensor response over time. To further 
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optimize the sensor performance, the effect of LIG functionalization and SWV frequency 

are investigated. The LOD of the MoSx/LIG with PYO and PCA in broth is 0.19 μM 

and 1.2 μM, respectively, an improvement of 6.3 and 4.3 times compared to Pt/LIG and 

LIG electrodes. We specifically investigate the sensor performance for real time monitoring 

of P. aeruginosa biofilm on agar through two complementary test confiurations mimicing 

surface vs. deep tissue infections. The production of multiple phenazines can be detected 

within 12 hours after 5,000 CFU/mm2 seeding. The detection time reduces to 7 hours with 

10 times higher cell density. By comparing the SWV peaks at different potential values 

over time, the sensor can also highlight the dynamic nature and interplay between different 

phenazines in P. aeruginosa biofilm. The sensor has the potential to be used in medical care 

settings, especially for detection of P. aeruginosa infection in wound, sputum, or on medical 

devices. The sensors are highly stable and enable monitoring biofilms over several days with 

negligible degradation.

4. Materials and Methods

4.1 Materials

Polyimide (PI) sheets are purchased from DuPont de Nemours, Inc. (Kapton® 

HN, 500 mils). Brain-Heart Infusion powder, Cetrimide agar, Lennox L agar, 

ammonium tetrathiomolybdate (CAS: 15060-55-6), pyocyanin (CAS: 85–66-5), potassium 

hexachloroplatinate (CAS: 16921-30-5), sodium bisulfite (CAS: 7631-90-5), and sodium 

thiosulfate (CAS: 7772-98-7) are purchased from Sigma Aldrich. Phenazine-1-carboxylic 

acid (CAS: 2538-68-3) is purchased from Apollo Scientific. Dragon Skin™ silicone 

rubber is purchased from SmoothOn, Inc. The platinum disk counter electrode (CE, 

Bioanalytical Systems #MW-4130), Ag/AgCl reference electrode (RE, Bioanalytical 

Systems, #MF-2052), and PalmSens4 potentiostat used in electrochemical experiments are 

purchased from BASi Inc.

4.2 LIG fabrication and electrochemical functionalization

The PI sheets are cropped and affixed to a glass side using a double-sided tape for easy 

handling during printing and functionallization. Then the LIG pattern is created using the 

Universal Laser Systems purchased from (VSL2.30 Desktop, 25 W) with an optimized 

parameter (Power 10.5%, speed 5.5%, points per inch 1,000), with the design drawn in 

AutoCAD®. After printing the base LIG electrodes (for working electrode: WE, counter 

electrode: CE, and reference electrode: RE), the sensor region are separated from the contact 

pads using Dragon Skin silicone rubber to prevent liquid diffusion towards the contact 

pads. Then the WE and RE are created using the electrodeposition method individually. 

We explored platinum (Pt) and MoSx as the WE material. Pt nanocrystals are deposited on 

WE under a constant potential of 0.05V vs. Ag/AgCl for 600 sec using a 0.5 M sulfuric 

acid solution containing 2 mM Potassium hexachloroplatinate. The MoSx nanocrystals are 

deposited on WE via the previously reported method.[64] Briefly, the solution contains 1 

mg/ml (NH4)2MoS4 and KCl and the WE is biased at – 0.8 V for 30 mins. Silver (Ag) is 

deposited on the RE with a constant current density of −150 μA/mm2 for 300 sec using a 

solution containing 250 mM silver nitrate, 750 mM sodium thiosulfate, and 500 mM sodium 

bisulfite. Afterward, the device is washed gently in Ultrapure MilliQ deionized (DI) water 

Zhou et al. Page 10

Adv Healthc Mater. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



three times and dried in the fume hood. Finally, 2% Nafion in ethanol iis spin-coated onto 

the sensor at a spin rate of 3000 rpm for 30 seconds.

4.3 Characterization of the functionalized LIG electrodes

XRD was performed using a Malvern Panalytical Empyrean diffractometer fitted with a 

copper (Kα1–2 = 1.540598/1.544426 Å) long-fine-focus X-ray tube operated at 45 kV and 

40 mA. The sample were front-loaded into a silicon zero background holder and diffraction 

data were collected from 10° to 70 °. Raman spectroscopy was carried out using a Horiba 

LabRam instrument (Kyoto, Japan) with a 100x objective and 1800 g/mm grating. A 532-nm 

wavelength laser operating at 25% of 110mW was used. Scanning electron microscopy 

(SEM) micrographs are taken using a ThermoFisher Verios instrument. The samples are 

sputter coated with ~ 5 nm of iridium prior to imaging to minimize charging. Energy 

dispersive X-ray spectroscopy (EDS) measurements are taken using a 10 kV beam to ensure 

all relevant elements are detected. X-ray photoelectron spectroscopy (XPS) measurements 

are performed using a Physical Electronics VersaProbe II instrument with an Al Kα X-ray 

source (1.49 keV). Charge calibration is done using the sp2 carbon peak at 284.4 eV. Spectra 

are processed and analyzed with the CasaXPS software, and the program’s instrumental 

relative sensitivity factors are used to calculate atomic percentages.

4.4 Electrochemical tests and sensor calibration with synthetic phenazines

For creating the calibration curves, stock solutions (2 mM PYO and 500 μM PCA) are 

first prepared for each phenazine in ethanol. The phenazine stock solutions are then serially 

diluted to 100 nM, 1 μM, 5 μM, 10 μM, 50 μM, and 100 μM in BHI and used directly for 

electrochemical measurements. Electrochemical data is measured using PalmSens4 (BASi 

Inc.) in a standard three-electrode system (Pt/LIG WE, Ag/LIG RE, and LIG CE). The 

sensor is attached to a Zero Insertion Force (ZIF) socket and connected to the PalmSens4 

with Dupont wires. The effect of SWV frequency is studied with 0.1 mM PYO at first. 

Unless otherwise indicated, for testing sensors in liquid, 100 μL sample solution is deposited 

on the sensor and characterized using SWV with the frequency of 15 Hz from −0.6 to 

0 V after 3 minutes (to reach equilibrium after depositing the solution on the sensor). 

Between different testing solutions, the samples are cleaned by pipetting a drop of deionized 

water, allowing it to sit for at least 10 seconds, then removed. Cyclic voltammetry (CV) is 

perfomed from −0.6 to 0.2 V with 5 mV step size and a series of scan rates to calculate the 

ECSA. The phenazines in BHI are also dropped on top of the agar slab (with diameter of 

d=6 mm and thickness of t= 2 mm) placed on the sensor to study the diffusion. The agar is 

first prepared in a petri dish and then cut by a sterile biopsy punch (Ted Pella ®) to obtain a 

uniform area.

4.5 P. aeruginosa cultures and monitoring biofilms on nutritious agar

Both P. aeruginosa strains are cultured from frozen stock at −80 °C with lysogeny broth 

(LB, Lennox). Then the culture are streaked on the LB agar to get the single colony. The 

overnight cultures are prepared by resuspending the single colony into LB and cultured 

overnight (37 °C, 210 RPM shaking). To monitor the growth of P. aeruginosa biofilms, cells 

(from overnight culture; OD600nm= 2, optical density unit (OD) is equal to ~1.4 × 109 CFU 

ml−1) are first inoculated on an agar slab placed on the LIG sensor. We studied two cases 
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of initial cell seeding density: 5,000 CFU/mm2 and 50,000 CFU/mm2 dropped over the agar 

slab. The cetrimide agar is used to prevent other microbes’ growth. The sensors with P. 
aeruginosa on an agar slab are then moved to a 6-well plate, and placed in the custum-made 

incubator (37 °C, 90% humidity). The electrochemical measurements are performed using a 

script to control the PalmSens4 at specific time points after starting the inoculation.

4.6 Tests with P. aeruginosa in wound simulating media (WSM)

The electrochemical tests of P. aeruginosa in wound simulating media (WSM) are performed 

using SWV measurement as discussed before. The overnight culture of P. aeruginosa is 

diluted 10 times with the WSM and then incubated for testing (37 °C, 210 RPM). The WSM 

is prepared according to a previously reported method, with 50% LB, 25% lysed human 

blood (Innovative Research), and 25% bovine plasma (Sigma-Aldrich).[65] The overnight 

culture of PA14 strain is diluted by 10 times with WSM and cultured at 37 °C with 210 RPM 

shaking, then 100 μL of the culture is dropped on the sensor for SWV tests over time.

4.7 Studying antibacterial effect of MoSx/LIG compared to LIG

The LIG samples are first prepared in a 10 × 10 mm square pattern and after depositing 

MoSx, the MoSx/LIG and LIG are coated with Nafion. Uncoated samples are also tested to 

evaluate the effect of Nafion. All samples are taped with a double-sided adhesive tape to a 

sterile glass slide and placed inside a 6-well plate. After sterilization using UV light, 25 μL 

of the 1:10 diluted overnight culture is dropped on all the samples. After 2 and 4 hours, the 

samples are moved to a vial containing 1 mL PBS and sonicated for 1 min to transfer cells 

to the solution. Then the solution is diluted and spread on LB agar plates (10 cm diameter), 

followed by overnight incubation at 37°C to quantify viable CFUs.

4.8 Statistical Analysis

All the raw data from SWV and CV methods are processed as follows: after subtracting the 

baseline, peak height is calculated using PSTrace software (Palmsens Inc.). The calibration 

curves and barplots in Figures 5–7 are plotted using the mean and standard error of the data 

from 3 individual sensors (indpendtly fabricated) and 3 scans for each sensor (n=9 in total). 

All the statistical analysis is done using the OriginPro software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Synthesis pathway of phenazine metabolites with half-wave redox potentials (E1/2) 

relative to Ag/AgCl at pH 7. (b) A schematic of the sensor fabrication and functionalization 

process: The 3-electrode pattern is created by laser engraving machine, then the working 

electrode (WE) was functionalized with Pt nanoparticles, following electrodeposition 

silver (Ag) on the reference electrode (RE). Finally, the sensor is spin-coated with 

Nafion membrane and attached to the connector for electrochemical testing. Two sets of 

electrochemical tests are performed using the sensors: in vitro analysis with broth and 

simulating medium (WSM) and long-term monitoring of colony biofilms on agar. Example 

pictures of the as-fabricated sensor and after attachment to the test connector are shown.
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Figure 2. 
(a) SEM image of the LIG and (b) XPS survey spectra of LIG and MoSx/LIG showing its 

chemical components. EDS mapping of MoSx/LIG shows the uniform presence (c) S and (d) 
Mo.
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Figure 3. 
(a) The Square wave voltammetry (SWV) curves of 1mM PYO at different frequencies. 

(b) The SWV curves of MoSx/LIG with 0.1~100 uM PYO and c) PCA in BHI. SWV is 

performed from −0.6 to 0 V at a frequency of 15 Hz and an amplitude voltage of 50 mV.
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Figure 4. 
The calibration curve for (a) MoSx/LIG (deposited at two different conditions: 30 min and 

60 min) and Pt/LIG with PYO and (b) PCA in BHI. Three sensors were tested and the 

standard deviation is plotted as error bar. (c) Diffusion test results by depositing PYO or 

PCA on agar, followed by time-resolved SWV measurement. ΔI at different time points is 

calculated by subtracting the current at 0 hr.
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Figure 5. 
SWV curves of the agar test with (a) E. coli (as negative control), (b) PA14 at seeding 

cell number of 1.4×105 CFU deposited over agar (diameter 6 mm). Arrows indicate two 

dominant peaks in time-dependent tests with biofilms, (c) Effect of seeding density was 

studied by depositing 1.4×106 CFU PA14 cells on agar (same dimensions as part b). (d) The 

current of peak 1 at about – 0.25 V (PYO and PCA peak) extracted from the data in plots 

b and c. Inset of part a shows schematic of the “normal agar test”, i.e. when cells are not in 

direct contact with sensor.
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Figure 6. 
(a) Schematic of the “Flipped agar test”, i.e. when cells are in direct contact with the sensor. 

(b) SWV of flipped agar test with PA14 (seeded at initial cell number of 1.4×105 CFU over 

agar). (c) Comparison of the two test configurations in this study (“Normal” vs “Flipped”). 

The current of peak 1 at about – 0.25 V is plotted which corresponds to PYO and PCA (they 

usually overlap in PA biofilms). (d) The ratio of SWV current at peak 1 and peak 2 (shown 

by arrow in part b) as a function of time with two testing configurations is plotted, showing 

that the phenazines synthesis/interplay varies with time. The peak ratio from each SWV 

curve is calculated individually and the average and standard error are plotted. “Normal” 

includes data from three sensors (two SWV scans from each sensor) and for “Flipped” 

configuration, data from four sensors is included (two SWV scans from each sensor).
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Figure 7. 
(a) The SWV curves of MoSx/LIG with 0.1~100 uM PYO spiked in WSM. (b) Calibration 

curves obtained from the SWV data. (c) SWV of PA14 in WSM monitored over time. SWV 

was performed using a potential step of 5 mV and an amplitude of 50 mV at 15 Hz.
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Table 1.

Comparison of this work with other electrochemical methods.

Material Fabrication Method Technique Test medium LOD of 
PYO
[μM]

Linear 
Range
[μM]

Ref

Carbon Screen printed SWV TSB 0.038 0–100 3

Carbon Screen printed SWV LB, urine, bronchial 
lavages, sputum and 
heparinized blood

0.13 in 
sputum

0.18 in LB

1–100 4

Transparent carbon 
with chitosan gold 

nanoparticles

Lithography SWV LB with sodium 
phosphate buffer

1.6 1–100 20

Transparent carbon 
ultramicroelectrode 

arrays

Lithography SWV
CV

TSB and LB 1.0 ± 0.3 1–250 22

Nanopore electrode 
arrays

Nano fabrication SWV
CV

With redox 
cycling

Fastidious Anaerobe 
Broth

0.01 1–100 23

Carbon nanotubes Ink-jet printed SWV Wound simulating 
medium

0.1 0.1–100 24

Carbon Screen printed SWV Agar-Au/Ag nanoalloy 
with human serum, 
whole blood, saliva

0.04 0.12–25 25

PANI/Au NPs Electrochemical 
deposition

CV LB 0.5 1.9–238 27

Gold coated nanograss Deep reactive ion etching 
and ebeam deposition

SWV
CV

Hypertonic saline and 
airway samples from 

cystic fibrosis patients

0.172 0.3125–25 28

Gold Screen printed CV Mixture of pyoverdine, 
NAD, NADH, NADP, 
NADPH, phenazine, 
and LB and human 

saliva

2 2–100 29

Gold coated with a 
catechol-chitosan film

Electrodeposition and 
grafting redox-active 

catechols onto a chitosan 
film

DPV LB 0.05 0.05–40 66

Carbon Pad printed SWV Britton–Robinson 
buffer, Simulated 

wound fluid, Human 
serum

0.15 0.336–10 67

Carbon Printed on glove SWV Hydrogel 3.33× 10−3 0.01–0.1 68

Carbon fiber Laminated carbon fibre 
tow

SWV Britton–Robinson buffer 
and P. aeruginosa broth

0.03 1–100 69

LIG Direct laser printing 
and electrochemical 

deposition

SWV Brain Heart Infusion
Cetrimide agar

Wound simulating 
medium

0.19 1–100 This 
work

Abbreviations: LOD—limit of detection, CV—cyclic voltammetry, SWV—square wave voltammetry, DPV—differential pulse voltammetry, LB—
Lysogeny Broth, TSB— Tryptic Soy Broth

Adv Healthc Mater. Author manuscript; available in PMC 2023 October 01.


	Abstract
	Graphical Abstract
	Introduction
	Results and discussion:
	Fabrication, functionalization, and material characterization of electrodes
	Electrochemical measurement with synthetic phenazines and comparison of different functional layers
	In vitro colony biofilm studies: Impact of sensor-cell intercation and cell seeding density

	Conclusion
	Materials and Methods
	Materials
	LIG fabrication and electrochemical functionalization
	Characterization of the functionalized LIG electrodes
	Electrochemical tests and sensor calibration with synthetic phenazines
	P. aeruginosa cultures and monitoring biofilms on nutritious agar
	Tests with P. aeruginosa in wound simulating media (WSM)
	Studying antibacterial effect of MoSx/LIG compared to LIG
	Statistical Analysis

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table 1.

