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ABSTRACT 

 

Bacterial biofilms are complex, heterogeneous communities of bacteria encased in an 

extracellular matrix of polysaccharides, DNA, protein, and other biopolymers. Biofilms are 

ubiquitous across bacterial species and are believed to be the default mode of growth for many 

species. Opportunistic pathogens such as Pseudomonas aeruginosa form biofilm infections in the 

airways of cystic fibrosis patients and in wounds. Because of reasons such as this, investigating 

the ways different metabolites are utilized is crucial to our understanding, use, and control of these 

complex microbial communities. In this work, polymeric oxygen nanosensors are presented as 

both a research tool for quantifying oxygen dynamics with enhanced resolution as well as a 

potential clinical tool for evaluating antibiotic efficacy in vitro. These nanosensors can determine 

3-dimensional oxygen variation through both space and time and monitor metabolic changes from 

administration of antibiotics. Potassium-selective nanosensors that utilize the unique 

photomechanism of triplet-triplet annihilation upconversion are also detailed as a potential solution 

to overcome issues of signal crosstalk in imaging-based monitoring. These upconversion sensors 

have a potassium-specific response with a response midpoint of 0.82 mM K+ and no measurable 

crosstalk with typical downconversion probes (demonstrated with a GFP-producing bacterial 

biofilm). The development of these nanosensors provides new tools and methods to investigate the 

biochemical dynamics within bacterial biofilms. The oxygen nanosensors let us monitor 4D 

dynamics for oxygen whereas prior approaches have been limited in spatial and temporal 

resolution, and the upconversion sensors allow for monitoring of ion dynamics without 

interference from traditional fluorescent reporters in these biological systems.  
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CHAPTER 1   

AN INTRODUCTION TO BIOANALYTICAL SENSORS 

In research and in clinical environments, important decisions and conclusions are made 

based on analytical data collected from sensors. Sensors comprise a large field of tools that produce 

a signal in response to an analyte.1 A sensor is distinct from a label or probe, both of which are 

commonly used in biomedical research and diagnostics. To be a sensor, the device must detect 

something in its environment and report it out in a quantitative manner. The focus of this work is 

bioanalytical sensors, which are chemically-based sensors that are used in a biological 

environment. In order to be a relevant and useful tool, a sensor should be reversible, sensitive, 

selective, biocompatible, and respond faster than the analyte changes.2  

All sensors consist of a recognition element and a transduction element, which can be either 

the same component in the device (coupled) or separate components (decoupled).The most 

common signal transduction methods in biological research are mechanical, electrical, and optical. 

Mechanical sensor mechanisms such as microcantilevers,3 acoustic wave sensors,4 and gravimetric 

sensors5 have all been well-reviewed elsewhere6 and are not the focus of this work. 

One common group of sensors that have been well studied are electrochemical sensors, 

which report a change in an electrical property (e.g. potential, current, resistance) in response to a 

change in analyte.2, 7-9 For in vitro purposes these often take the form of microelectrodes, whereas 

implantable devices are available for in vivo applications. One major issue with electrochemical 

sensors such as these are their invasiveness. Microelectrodes are disruptive to the in vitro 

environment they are measuring in, especially when measuring gradients.8, 10, 11 Implantable 
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devices often invoke a foreign body response that prevent the device from being able to sense 

anything.2  

The primary alternative to electrochemical reporters are optical sensors. Optical sensors 

are appealing because they are minimally invasive, easier to miniaturize, and can be read remotely, 

all of which make it easier to study systems at small scales.2, 12 Optical sensors are characterized 

by the change of an optical property (e.g. absorbance, fluorescence emission, decay time) in 

response to an analyte.12 Examples of well-known optical sensors range from traditional 

colorimetric pH indicators to ELISAs for proteins and antibodies, and more recently genetically 

encoded indicators like GCaMP.13 

There are several ways to group sensors based on their design. One such grouping is based 

on whether the measured quantity is converted directly into a reportable signal.14 The recognition 

element is, as the name suggests, the part of the device that recognizes the analyte of interest, and 

the transduction element is what turns that recognition into a quantifiable output. In a sensor with 

a coupled mechanism (also known as a direct sensor), the component that recognizes the analyte 

also produces the observed output. In the examples provided, the observed output is a change in 

an optical property such as luminescence or absorption. The majority of direct sensors detect 

physical properties such as pressure, temperature, or humidity, although there are a select few 

chemical species/properties that can be sensed directly. For example, many examples of optical 

sensors that measure pH and oxygen directly exist.12, 15 These are the two most common chemical 

species for which direct sensors exist, and much indirect sensing relies on direct mechanisms for 

them. pH sensing is discussed in more detail below as it underlies the ionophore-based method. 

There are many mechanisms by which oxygen may be sensed directly, such as 

electrochemical (the Clark electrode), pressure-based, and optical. Within optical methods are 
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absorbance or chromogenic indicators and luminescence indicators.16 Common examples of 

absorbance-based indicators are hemoglobin or methylene blue. Luminescent indicators are a 

much larger class of oxygen-sensitive probes that range from organic dyes to metal-ligand 

complexes to conjugated polymers.15 Nearly all oxygen sensors (including those detailed in Ch 3 

and Ch 4) are based on the luminescence quenching properties of oxygen. Luminescence 

quenching is caused by the physical collision between the excited state luminescent probe 

molecule and molecular oxygen, which occurs naturally in a triplet electronic state. Collisional 

quenching is reversible, nondestructive of the probe, and only change the intensity or decay time 

of the indicator. It is governed by the Stern-Volmer equation, which relates luminescent intensity 

and oxygen concentration in the following linear manner: 

!"
! = 1 + &'([*+]      (1.1) 

Where I0 and I are the intensities of the probe in either the absence or presence of oxygen, 

KSV is the Stern-Volmer constant, and [O2] is the concentration of oxygen (can be expressed in 

concentration units or as partial pressure). The Stern-Volmer constant is often found 

experimentally for a given system, as it is a function of the indicator lifetime, the diffusivity and 

permeability of the indicator’s support matrix (e.g. a polymer or solvent), and potential quenching 

by other components of the oxygen sensor (e.g. a plasticizer).  

In addition, species such as metal organic frameworks (MOFs) show ability to distinguish 

between volatile organic compounds such as ethanol and acetone.17 Materials like these have 

potential as direct sensors, but often suffer from a lack of selectivity (e.g. responding to H2O or 

CO2 when sensing O2). 

Because of issues such as limited analyte choice, most optical bioanalytical sensors contain 

a recognition element that is distinct from the signal transduction element. These sensors are said 
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to have a decoupled mechanism and are known as indirect or complex sensors. Indirect sensors 

comprise the majority of sensors designed for biological targets. These include materials such as 

metal and metal oxide nanoparticles and films that have been surface-functionalized with a 

biological recognition element such as aptamers, peptides, and enzymes.18, 19  

One subset of optical sensors that takes advantage of the selectivity and generalizability of 

decoupled mechanisms are ionophore-based optical sensors (IBOS).12 IBOS use an indirect 

sensing scheme in which the extraction of the analyte (e.g. cation) by an ion-selective ligand 

(ionophore) causes the release of an equivalent number of protons to maintain electroneutrality. 

The protons released are donated by a proton carrier (pH sensitive indicator) whose optical 

properties change with protonation degree. These components are all contained in a hydrophobic 

plasticized polymer matrix that can be cast as a film or emulsified into nanoparticle form. Figure 

1.1 is a visual schematic of this process.  

Each of the three labeled steps in Figure 1.1 corresponds to an equilibrium equation below: 

-./(12) +	56/(789) :;<=>?@AB@C⎯⎯⎯E -./(789) +	56/    (1.2) 

 

FG(789) +	56/(789) HIJAB@C⎯⎯E GK56/(789)    (1.3) 

 

-5FL./(789) :M↔ -5FLO(789) + -./(789)     (1.4) 

In all equations, z is the charge of the target cation, H+ is a proton, Iz+ is the target cation, 

L is the ionophore, n is the complexing coefficient of the ionophore, Ind is the pH indicator, (aq) 

and (org) refer to the aqueous and organic phases, and Ka, PQJ!B@, and &RSTUV@!B@ are equilibrium 
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constants (acid dissociation constant of the pH indicator, ionophore binding constant, and ion 

exchange constant, respectively). 

 
Figure 1.1 Schematic representation of the ionophore-based exchange process. Here, an ion (I+) 

is extracted by an ion-selective ionophore (L). In order to maintain electroneutrality, protons are 

extracted from the sensor phase. This causes the visible change in the pH-sensitive indicator 

(Ind). R- is the charge-balancing additive. 

 

From these equilibrium equations, others12, 20 have shown that the target cation activity (aI) 

can be related to the degree of protonation of the pH indicator and the degree of protonation can 

then be related to the fluorescence of the sensor by Equations 1.5 and 1.6: 

1! = (W?)B
6:XY;ZM[[ \ ]^_(`_a)!Kb^

cQ^_JB[]^_(`_a)!Kb^]d
Je f a

`_ag
6
     (1.5) 

h = 	 (1 − j)khlmno − hbRlmnop + hbRlmno     (1.6) 
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In these equations, aI is the target cation activity, aH is the activity of the proton in the 

aqueous phase, z is the charge of the target cation, Koverall is the overall exchange constant, RT is 

the total additive concentration, IndT is the total amount of pH indicator in the organic phase, LT is 

the total amount of ionophore in the organic phase, n is the complexing coefficient of the 

ionophore, and (1-a) is the protonation degree of the indicator. F, Fprot, and Fdeprot are the 

fluorescence intensity of the sensor, the fluorescence intensity of the protonated state of the pH 

indicator, and the fluorescence intensity of its deprotonated state, respectively. 

These IBOS nanosensors have been applied to both in vitro
31,32 

and in vivo
22,23 

applications. 

These fluorescence signals can be plotted against the log of the analyte concentration (Figure 1.2) 

to produce a sigmoidal response curve that can be fit to the 4-parameter equation:  

5 = qnoonr/(snl_qnoonr)
f`/`Ok[Xtuvw"x[Xtyz@{p∗?}[[~[X�;g     (1.7) 

 
Figure 1.2 An example dose-response curve where the fluorescence of the nanosensor is 

recorded over a range of analyte concentrations on a log scale. 
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Here, the four parameters used to fit the curve are the bottom (minimum fluorescence 

intensity), top (maximum fluorescence intensity), Hill Slope (slope of linear range), and logEC50 

(the log value of the concentration at which the sensor has gone through 50% of its response). 

In this work, the optical sensor mechanisms discussed in this introduction are used to study 

biochemical gradients within biofilms of Pseudomonas aeruginosa, an opportunistic human 

pathogen known to cause chronic and recalcitrant biofilm infections.  This expands and improves 

upon work that has been done previously on using bioanalytical sensors to image and quantify 

dynamics within bacterial biofilms, which are reviewed in Chapter 2. These methods are crucial 

to both expanding our understanding of microbial communities as well as providing avenues for 

the development of new clinical tools to aid in better control of the serious issues that can arise 

from human-biofilm interaction. 
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CHAPTER 2  

A REVIEW OF CHEMOSENSORS AND BIOSENSORS FOR MONITORING 

BIOFILM DYNAMICS 

This chapter is modified from a paper currently pending submission1 

2.1 Introduction 

Biofilms are aggregates of bacteria that exist within a self-created matrix of various 

extracellular polymeric substances.21 These aggregates exist in nearly all ecosystems, from the 

human gut and mouth to salt marshes to water pipes. In all of these systems, biofilms play a key 

role in the physical and chemical functions of the system. For example, in the oral microbiome 

biofilms called plaques can cause cavities and gum disease.  

There have been many literature reviews that collect information related to this review. 

Much work has been done on the detection of and imaging of biofilms. These have been reviewed 

by Fischer et al.22 and Neu and Lawrence,23 respectively. The use of biofilms as sensors themselves 

has also been extensively discussed elsewhere.24, 25  

Bacteria that exist within biofilms exhibit properties that differ in many critical ways from 

their planktonic counterparts. Microbes that are situated closely to one another are capable of 

behaviors that a single cell or even free-floating cells of multiple species are not capable of, such 

as resistance to antibiotics, survival in an aerobic or anaerobic environment, or evasion of host 

immune response. One difference that is incredibly important to the global healthcare community 

is the enhanced antimicrobial resistance of biofilms. Many of the World Health Organization’s 

(WHO) high priority multidrug-resistant pathogens are known to be biofilm-forming human 

 
1 Pending submission 
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colonizers. This, along with environmental biofilm ubiquity, places an urgency and importance on 

the understanding of biofilm mechanisms and behaviors. 

There are many challenges for accurate and dynamic sensing in biofilms. A major issue is 

the spatial and sample-to-sample heterogeneity of biofilms. Because biofilm growth and structure 

are affected by considerations such as environmental nutrient availability, inoculum age, and 

presence of multiple species, the phenotypes and behavior exhibited by individual biofilms of 

nominally identical strains can be widely varied.26, 27 

In addition, biofilms contain phenotypically distinct subpopulations28 that are often 

physically segregated along with various channels for the movement of nutrients, oxygen, and 

other important molecules.29 Thus, sensors that can only capture limited spatial information are 

unable to fully capture the internal environment of the biofilm and risk missing crucial dynamics. 

Invasiveness of sensors is another issue related to spatial considerations. Many sensors require 

insertion into the established biofilm to make measurements or consume the target analyte as part 

of the sensing mechanism. This can be disruptive of the process being monitored, especially in 

cases such as monitoring signaling molecules, which are often short range and diffusion limited. 
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Figure 2.1 A recurrent theme in the study of microbial biofilms is their inherent microscale 

heterogeneity. The physical, chemical and biological heterogeneity that can develop even in a 

single-species biofilm is shown. All of these patterns were imaged using the same reactor system 

— glass capillary flow cells containing Staphylococcus epidermidis biofilms. In each panel, the 

colour or greyscale variation reflects the heterogeneity for a different property. a) Transmission-

mode confocal scanning laser microscopy shows an isolated cell cluster (dark grey) surrounded 

by fluid (light grey). b) The same cell cluster as in a) imaged using fluorescence-mode confocal 

scanning laser microscopy (biomass, red; fluid, green) shows a hollow centre. c) Magnetic 

resonance microscopy image that shows measurements of water velocities and reveals complex 

flows; red and blue indicate velocities that are in opposite directions. d) Confocal scanning laser 

microscopy image showing chemical gradients that developed during a transient diffusion study 

which imaged the progressive inward diffusion of the red fluorescent dye rhodamine B (a video 

of the entire sequence can be viewed on Montana State University’s Center for Biofilm 

Engineering website); e) An immunofluorescence image of cells that were pulse labelled with 

bromodeoxyuridine. DNA synthetic activity (green) was shown to be localized at the periphery 

of cell clusters (red). f) Confocal scanning laser microscope image taken during treatment with 

chlorine. This disinfectant permeabilizes cells at the periphery of cell clusters (dark grey), but 

leaves more deeply embedded cells (green) intact. The scale bars represent 100 microns. Figure 

and caption adapted from Stewart et al.26 
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2.2 Oxygen Sensing 

Molecular oxygen is perhaps the most commonly sensed analyte in biofilms. This is 

because of its common use by organisms in their metabolism, especially among some of the most 

heavily utilized microbial model organisms such as E. coli, B. subtilis, and P. aeruginosa. Even in 

studies involving anaerobes, being able to identify regions of hypoxia and anoxia has importance.30 

2.2.1 Microelectrodes 

The Clark electrode (a membrane-covered platinum electrode)31 remains the exemplar for 

electrode detection of oxygen.32 It has been in use for many decades, sometimes predating the use 

of the word biofilm, such as in work by Whalen and Bungay.33 Many groups still use the oxygen 

microelectrode to monitor oxygen in biofilms as it is a well-established, well understood, and 

commercially available technology. Beyenal et al. have used oxygen microelectrodes to monitor 

the effects of hyperosmotic agents on S. aureus biofilms.34 Additionally, the group has used 

oxygen microelectrodes to monitor photosynthetic activity in Chlorella vulgaris algal biofilms.35 

Other groups have attempted to improve upon the oxygen microelectrode. Moya et al.36 

produced a microfabricated sensor array for profiling oxygen in biofilms. This array of MEMS-

produced microelectrodes was able to provide spatial information as well as real-time 

measurement of dissolved oxygen profiles in a heterotrophic aerobic biofilm.  

2.2.2 Planar optodes 

Planar optodes are an increasingly popular method of monitoring oxygen, especially in 

imaging applications. These are polymeric films impregnated with oxygen-sensitive luminescent 

probes that can be applied to surfaces to provide 2-dimensional spatial information at the external 

side of the investigation volume as well as continuous temporal information. Commercially 
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available oxygen-sensitive films along with bench-scale designs have been extensively reviewed 

elsewhere.16 

Mobhammer et al. developed a system for simultaneous ratiometric imaging of pH and 

oxygen in a photosynthetic microbial mat.37An optode-based method was used by Staal and 

coworkers to image 2-dimensional O2 dynamics in a membrane-fouling simulator.38 This approach 

was able to be used ratiometrically without the need for an additional reference dye. The same 

group also produced a thin film optode of iridium (III) coumarin complexes suspended in 

polystyrene that measures oxygen dynamics using lifetime-based microscopic imaging.39 Thar et 

al. have used ruthenium-based and metalloporphyrin-based planar optodes to simultaneously 

image oxygen and GFP-producing kanamycin resistant P. putida biofilms. Sasaki et al. produced 

an oxygen-sensitive thin film for monitoring a P. aeruginosa biofilm that also used bacteria 

(specifically Photobacterium kishitanii suspended in sodium alginate) as the dissolved oxygen 

probe.40 A major limitation presented by planar optodes is that they are limited to external 2-

dimensional spatial information. As most biofilms are on the order of 10-100 µm thick and exhibit 

depth-related oxygen gradients, this method can only provide partial information of oxygen 

dynamics, although it is a relatively fast and simple-to-use method in comparison to methods that 

can provide more detailed information. 

2.2.3 Nano/micro-particles 

In an attempt to overcome many of the problems associated with microelectrodes and 

planar optodes, much attention has been paid to micro- and nano-sized oxygen sensitive particles. 

Most of the work has been focused on engineered tissue scaffolds,41, 42 but several groups have 

leveraged these technologies in bacterial biofilms as well. Acosta et al. immobilized an oxygen-

sensitive ruthenium complex and a reference probe to the surface of silica microparticles. These 
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silica microparticles were then infused into a live S. aureus biofilm and used to image oxygen 

within the biofilm.43 Jewell and coworkers have also implemented nanoparticle oxygen sensors to 

measure oxygen within biofilms of P. aeruginosa.44 These polymeric nanoparticles are smaller 

than the bacteria and easily incorporated into the biofilm matrix, providing a detailed method of 

examining oxygen gradients and dynamics. 

2.3 pH sensing 

Another important and commonly measured analyte is pH. Most biological processes are 

sensitive to pH, and in bacterial biofilms pH is dynamically altered by these processes. pH is of 

particular interest to those studying oral biofilms, which reduce the pH near the tooth surface and 

cause dental caries.  

2.3.1 Microelectrodes 

Much like with oxygen, pH microelectrodes are a well-established technology with many 

of the same advantages and limitations. Joshi et al. use pH changes as an analogue of metabolic 

interactions between S. mutans and S. gordonii in an artificial hydrogel biofilm.45 The biofilms are 

monitored with a 25 µm microprobe and using this data the authors were able to generate a 2D 

spatial map of pH microenvironment. Bause et al. developed an iridium-based pH sensor for 

monitoring biofilms and liquid cultures.46 They cite iridium oxide’s faster response, wide pH 

range, and biocompatibility as improvements over other pH electrodes. 

2.3.2 Nanoparticles and probes 

In order to probe pH changes at the biofilm-tooth interface, Parvinzadeh Gashti and 

coworkers demonstrated a microfluidic platform with pH imaging.47 Silver core-silica shell 

nanoparticles decorated with FITC were immobilized on the surface of the PDMS microfluidic 

device and tested under a variety of conditions before being used to monitor Streptococcus 
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salivarius biofilms. Schlafer et al. improve upon the use of fluorescent dye C-SNARF-4 to 

ratiometrically map pH by demonstrating its use for 3-dimensional mapping as opposed to just 2-

dimensional mapping.48 The methods for using this dye to map extracellular pH in biofilms is 

provided in a JoVE article by the same authors.49 Dige and coworkers use this method to monitor 

pH in dental biofilms collected from patients as they are provided sucrose or starved of it.50 Guo 

et al. utilize a relatively new technology, pH-sensitive green fluorescent proteins (pHluorins) to 

investigate acid production by oral biofilm species Streptococcus mutans.51  

2.4 Temperature and heat 

Production of heat and the subsequent change in temperature are often used as an analogue 

for metabolic changes in bacterial biofilms. There have been several instances of dynamic thermal 

monitoring in bacterial biofilms. 

In order to simultaneously monitor biohydrogen production and the resulting temperature 

change caused by this production, Chen et al. designed fiber Bragg grating sensors.52 These sensors 

recorded a change of approximately 1.1°C in a biofilm of 165 µm thickness. By monitoring the 

phase and amplitude shifts in a thermistor-monitored heater, Reyes-Romero et al. were able to 

monitor the evolution of Enterococcus faecalis biofilms over the course of several hours.53 

Instead of monitoring temperature changes, the Maskow group uses chip-calorimetry to 

monitor the eradication of biofilms with bacteriophages54 and antibiotics.55 This method can 

provide information such as cell-specific heat production during infection and enduring persister 

cell activity. 

2.5 Ions 

Cations and anions play many different roles within biological systems, from electron 

acceptors to signaling. De Beer and coworkers improved on nitrite microelectrodes in order to 
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monitor biofilms in complex environmental samples and in situ in operating bioreactors such as 

those found in wastewater plants.56 Biofilms of species such as Rhodobacter ferrooxidans are 

capable of oxidizing various heavy metals such as iron and copper. Hao et al. utilize fluorescent 

probes for Fe3+, Cu2+, Zn2+, and Hg2+ to monitor heavy metal ion sorption into the extracellular 

polymeric substance of R. ferrooxidans biofilms.57 Iron acquisition and storage plays an important 

role in biofilm survival. Shumi and coworkers using a ferric chemosensor in a microfluidic device 

to spatially map the distribution of ferric ions in S. mutans biofilms.58 There is also emerging 

interest in the use of cations such as potassium by biofilms as electrochemical signaling elements. 

With this increased interest have come the use of both potassium-sensitive dyes59 and genetically 

encoded fluorescent ion biosensors.60  

2.6 Other analytes 

There have been chemosensors and biosensors used in biofilms to sense a wide variety of 

molecules other than those listed above. These other analytes include signaling molecules such as 

homoserine lactone, cyclic di-GMP, electron acceptors like fumarate and acetate, H2O2, and even 

more generic targets such as redox potential and metabolic activity. 

N-acyl homoserine lactone (HSL) is an important quorum sensing molecule in bacterial 

biofilms. Das et al. use a rhodamine derivative-Cu2+ complex to spatially resolve HSL production 

in P. aeruginosa and S. aureus biofilms.61 Struss and coworkers demonstrate a colorimetric 

bacterial cell-based sensor for detecting HSL that are dried onto filter paper for ease of use.62 

Another important signaling molecule is cyclic di-GMP. There have been several examples 

of  RNA-based biosensors for c-di-GMP, both fluorescent63 and electrochemical.64 Dippel et al. 

have also demonstrated a c-di-GMP biosensor based on a bioluminescence resonance energy 

transfer mechanism.65 
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Both fumarate and acetate function as terminal electron acceptors in biofilms. 

Microelectrode sensors for both have been demonstrated for measuring depth profiles of 

fumarate66 and acetate67 depth profiles in Geobacter sulfurreducens biofilms. 

Scanning electrochemical microscopy, in addition to its use in pH detection, has also been 

used to map hydrogen peroxide concentration68 and redox-active pyocyanin69 across a biofilm in 

3-dimensional space. Redox potential in biofilms has also been investigated using on-line Raman 

spectroscopy70 and a fluorescent redox dye.71 

Beyond these analytes, there has been some work in monitoring the dynamics of general 

metabolic activity (usually associated with growth) in biofilms. Ibarlucea et al. use nanowire 

sensors to monitor both growth and antibiotic response.72 Ishiguro and coworkers use the dye 

resazurin, which is converted into the fluorescent molecule resorufin in the presence of bacterial 

metabolites, to monitor the metabolic activity of various periodontopathic bacteria.73 Fiber optic 

sensors were used by Zhong et al. to monitor both microalgal biofilm growth and phenol 

degradation in a Chlorella vulgaris biofilm.74 Paredes and coworkers integrate label-free 

microelectrode biosensors into 96-well plates as a method for monitoring the growth of biofilms 

of S. aureus and S. epidermidis.75 

Because of the ubiquity of bacterial biofilms in the natural environment and infectious 

disease, there is much interest in studying the dynamic behaviors within these microbial 

communities. Sensors for analytes within biofilms must be able to contend with large variations in 

spatial structure and phenotype while still being able to capture crucial dynamics with limited 

disruption of the biofilm. Much work has been done in the field of sensing in 3-dimensional 

biological constructs, but this chapter has been a review of selected works that attempt to meet or 

improve upon this criteria for sensing specifically in bacterial biofilms.
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CHAPTER 3  

LUMINESCENT NANOSENSORS FOR RATIOMETRIC MONITORING OF THREE-

DIMENSIONAL OXYGEN GRADIENTS IN LABORATORY AND CLINICAL 

PSEUDOMONAS AERUGINOSA BIOFILMS 

This chapter is modified from a paper published in Applied and Environmental Microbiology1 

Megan P. Jewell,2 Anne A. Galyean,3 J. Kirk Harris,4 Edith T. Zemanick,4 and Kevin J. Cash5 

3.1 Abstract 

Bacterial biofilms can form persistent infections on wounds and implanted medical devices 

and are associated with many chronic diseases, such as cystic fibrosis. These infections are 

medically difficult to treat, as biofilms are more resistant to antibiotic attack than their planktonic 

counterparts. An understanding of the spatial and temporal variation in the metabolism of biofilms 

is a critical component toward improved biofilm treatments. To this end, we developed oxygen-

sensitive luminescent nanosensors to measure three-dimensional (3D) oxygen gradients, an 

application of which is demonstrated here with Pseudomonas aeruginosa biofilms. The method 

was applied here and improves on traditional one-dimensional (1D) methods of measuring oxygen 

profiles by investigating the spatial and temporal variation of oxygen concentration when biofilms 

are challenged with antibiotic attack. We observed an increased oxygenation of biofilms that was 

consistent with cell death from comparisons with antibiotic kill curves for PAO1. Due to the spatial 

and temporal nature of our approach, we also identified spatial and temporal inhomogeneities in 

 
1 Reprinted with permission. © American Society for Microbiology, Appl. Environ. Microbiol. 85, 2019, e01116-19. 
2 Primary author and Ph.D. Candidate 
3 Co-author, postdoctoral researcher. Obtained initial results. 
4 Co-author, collaborating researcher. 
5 Corresponding author and Ph.D. advisor 
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the biofilm metabolism that are consistent with previous observations. Clinical strains of P. 

aeruginosa subjected to similar interrogation showed variations in resistance to colistin and 

tobramycin, which are two antibiotics commonly used to treat P. aeruginosa infections in cystic 

fibrosis patients. 

Biofilm infections are more difficult to treat than planktonic infections for a variety of 

reasons, such as decreased antibiotic penetration. Their complex structure makes biofilms 

challenging to study without disruption. To address this limitation, we developed and 

demonstrated oxygen-sensitive luminescent nanosensors that can be incorporated into biofilms for 

studying oxygen penetration, distribution, and antibiotic efficacy—demonstrated here with our 

sensors monitoring antibiotic impacts on metabolism in biofilms formed from clinical isolates. The 

significance of our research is in demonstrating not only a nondisruptive method for imaging and 

measuring oxygen in biofilms but also that this nanoparticle-based sensing platform can be 

modified to measure many different ions and small molecule analytes. 

3.2 Introduction 

While the bulk of bacterial understanding has come from planktonic bacteria, where 

bacteria grow independently in solution, natural biofilm growth is “a major mode of microbial 

life”.76 The biofilm microenvironment contains three-dimensional (3D) chemical gradients, and 

this chemical heterogeneity is associated with complex physiological heterogeneity with the 

potential to influence various pathogenic and antimicrobial-resistant behaviors.21, 26 Pseudomonas 

aeruginosa is the most common infectious pathogen in the lungs of patients with cystic fibrosis.77 

Chronic infection typically results in biofilm formation, which advances lung damage and often 

leads to respiratory failure.78 Unfortunately, treatment of P. aeruginosa infections can be difficult 

due to natural antibiotic resistance.79 There is frequently a lack of correlation between planktonic 
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antibiotic susceptibility tests and biofilm-based infections.80 Thus, the ability to observe the 

internal biochemical microenvironment as antibiotics alter the biofilms would provide useful 

information for researchers. Spatial heterogeneity exists in other biological systems as well. Other 

biofilms, such as those found in pipes81 and the natural environment,82 all exhibit spatial 

heterogeneity where the ability to measure metabolites, such as oxygen, would be beneficial. 

Sulfate-reducing bioreactors, a passive wastewater treatment approach, show spatial heterogeneity 

in metabolites and community distribution.83 Models of the human trabecular meshwork84 and 

intestinal crypts85 display similar levels of heterogeneity that would also benefit from a way to 

investigate and understand complex 3D environments. While chemical sensors are an 

advancement in the investigation of biofilms, they have been limited to measuring pH gradients,45, 

86 oxygen,33, 38, 86, 87 or specific metal ions.57, 88 Microelectrodes have also been used to measure 

spatial distributions of gradients and concentrations in biofilms for a wide range of analytes.10, 26, 

33, 56, 89-91 However, the spatial resolution is limited by the physical tip size, and the insertion of the 

microelectrode directly into the biofilm intrinsically disturbs the biofilm physical structure.92 

Furthermore, this approach becomes difficult for frequent sampling and prohibitive for 

measurements spanning a heterogeneous sample. The majority of microelectrodes are only capable 

of producing one-dimensional (1D) measurements in the z-dimension. Kenney et al.,93 Acosta et 

al.,42 and others94-96 have detected and mapped gradients of oxygen and pH in two-dimensional 

(2D) and 3D cell culture scaffolds. In order to capture temporal dynamics in addition to 2D spatial 

information, planar oxygen optodes are also used, but the information they provide is limited to 

the optode-biofilm interface.39, 97, 98 However, 2D approaches cannot capture depthwise changes 

in samples, and other 3D options require particles that are large and potentially invasive. Oxygen 

is an important analyte of interest because it can be used as a measure of metabolic activity.34 
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Acosta et al. demonstrated the use of silica microparticles for measuring oxygen in bacterial 

biofilms.43 Many attempts to image or measure other analytes in biofilms have resulted in two-

dimensional maps, limiting spatial understanding.37-39, 97 Nanosensors are a technology which can 

overcome the limitations of current measuring methods by enabling continuous spatiotemporal 

monitoring of analyte concentrations in growing biofilms. These nanosensors are a tunable family 

of sensors that are designed for uninterrupted monitoring of in vitro or in vivo physiological 

parameters. The nanosensors are highly plasticized hydrophobic polymer nanoparticles which 

respond to changes in analyte concentration by altering their optical properties.99 These 

nanosensors (~200nm diameter) are useful in locations like biofilms where other techniques, like 

microelectrodes, fail due to size. Like microelectrodes, nanosensors have been developed for a 

variety of analytes, including pH, ions like K+ and Li+, and small molecules and metabolites, like 

oxygen and histamine. These polymer nanosensors can be fabricated with a variety of fluorescent 

emitters, such as quantum dots,100 carbon dots,101 or organic dyes.102 In addition, sensor response 

properties, including dynamic range and response midpoint, can be controlled through sensor 

formulation.103 In this study, we report the development of our oxygen-sensitive luminescent 

nanosensor (O2NS) technology for monitoring oxygen spatiotemporal gradients and demonstrate 

its utility by monitoring the metabolism of both laboratory and clinically derived P. aeruginosa 

biofilms and the biofilm response to antibiotic attack. 

3.3 Materials and Methods 

3.3.1 Materials 

High-molecular-weight poly(vinyl chloride) (PVC), bis(2-ethylhexyl) sebacate (BEHS), 

tetrahydrofuran (THF), dichloromethane (DCM), and phosphate-buffered saline (PBS) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Platinum (II) meso-
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tetra(pentafluorophenyl)porphine (PtTFPP) was purchased from Frontier Scientific (Logan, UT, 

USA). 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-

750] ammonium salt in chloroform (PEG-lipid) was purchased from Avanti Polar Lipids 

(Alabaster, AL, USA). 4-Di-16-ASP (4-[4-(dihexadecylamino)styryl]-N-methylpyridinium 

iodide) (DiA) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). 

3.3.2 Nanosensor fabrication 

A total of 30 mg of polyvinyl chloride (PVC) was weighed into a 2-ml vial and combined 

with 66µl of BEHS. In a separate vial, 5 mg of Pt(II) meso-tetra(pentafluorophenyl)porphine 

(PtTFPP) and 0.2 mg 4-Di-16-ASP (4-[4-(dihexadecylamino)styryl]-N-methylpyridinium iodide) 

(DiA) were dissolved in 500µl of tetrahydrofuran (THF). The THF and dissolved dyes were then 

added to the PVC/BEHS mixture and vortexed for 1 min until all solids were dissolved. A total of 

750µl of dichloromethane (DCM) was then added to the vial, and the mixture was vortexed 

thoroughly. The optode cocktail was then stored at 4°C until use. To fabricate nanosensors from 

the optode cocktail, 2 mg PEG-lipid (80µl of a 25-mg/ml solution in chloroform) was dried in a 4-

dram scintillation vial and then resuspended in 5 ml of PBS (pH 7.4) with a probe tip sonicator 

(Branson Digital Sonifier 450; Branson Ultrasonics Corporation, Danbury, CT) for 30 s at 20% 

intensity. A total of 125µl of the optode cocktail mixture was injected into the PBS/PEG-lipid 

solution under probe tip sonication (3 min, 20% intensity). Following sonication, excess polymer 

was removed by filtration via a 0.22-µm syringe filter (Pall Corporation, Port Washington, NY). 

3.3.3 Nanosensor characterization 

Oxygen-sensitive nanosensors were calibrated on an Avantes AvaSpec-ULS2048L 

StarLine versatile fiber-optic spectrometer (Apeldoorn, the Netherlands) with a 100-µm slit width. 

O2NSs were sealed in an airtight screw top quartz cuvette (Starna Cells, Atascadero, CA), and the 
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oxygen content of the sample was altered by bubbling a compressed air/N2 mixture through the 

cuvette for 30 min. The O2NS sample was then excited with a 450-nm laser diode, and spectra 

were collected at various concentrations of oxygen. A linear regression of ratiometric signals was 

performed in GraphPad Prism 7 software (La Jolla, CA). Values were fit to the Stern-Volmer 

relationship describing collisional quenching of an excited species where the quencher Q is 

molecular oxygen. In the equation below, If
0 is the ratiometric fluorescence intensity in the absence 

of oxygen, If is the ratiometric fluorescence intensity at the given concentration of oxygen [Q], and 

KSV is the Stern-Volmer constant.  

!Ä"
!Ä = 1 + &'([*+]    (3.1) 

The ratiometric mode is a method of internal self-calibration that is made possible by the 

comparison of emission at two different wavelengths.104 In this case, If refers to the ratio of the 

oxygen-sensitive fluorescence intensity of PtTFPP at 650 nm and the insensitive fluorescence 

intensity of DiA at 585 nm (I650/I585). This allows the sensors to overcome limitations, such as 

concentration variation or heterogeneity of the local microenvironment, which will impact both 

fluorescent peaks similarly, while oxygen will only impact one of the peaks.105, 106 O2NSs were 

calibrated in alginate hydrogels on a Zeiss LSM780 confocal microscope. Hydrogels with 

embedded O2NS were fabricated according to Fletcher et al.107 Briefly, 0.5 ml of 3 wt% alginate 

was mixed with 200µl of O2NS and 40µl of 0.1 M CaSO4. The mixture was cast between two glass 

plates to produce hydrogels of 380µm thickness, which was measured with a micrometer. The 

resulting hydrogels were placed into chamber slide wells and covered with 500µl of PBS. Images 

were taken under ambient conditions (21% O2 or 6.65 mg/liter dissolved O2 at the lab elevation of 

5,750 ft above sea level) and under oxygen deficiency (0% O2 or 0 mg/liter dissolved O2). Chamber 
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slide wells were deoxygenated with 10 mM glucose and 2 IU/ml glucose oxidase, as described by 

Baumann et al.108 The average intensities of the biofilms in the images at 0% O2 and 21% O2 were 

then used in a linear regression to determine the Stern-Volmer constant KSV. In both calibration 

scenarios, the intensities of the PtTFPP signal at 650 nm and the intensities of the reference dye 

(DiA) signal at 585 nm were divided to form a ratiometric signal. The ratiometric signal at 0 

mg/liter dissolved oxygen (DO) was then divided by the ratiometric signal at each concentration 

to create a linear calibration curve. The linear Stern-Volmer relationship between If
0/If and oxygen 

concentration was used to fit the calibration data.109 Image analysis was performed in Matlab using 

the Batch Image Processor. The image stack was transformed into a 3D array in Matlab with 

dimensions of 1,024 by 1,024 by the number of slices in the image stack containing 8-bit brightness 

values (intensity values, 0 to 255). These slices were converted via the Stern-Volmer calibration 

curve function into DO values in milligrams per liter, which could be extricated and graphed. 

Dynamic light scattering (DLS), zeta potential via phase analysis light scattering (PALS), and 

mobility measurements were performed on a Brookhaven zetaPALS instrument with Particle 

Solutions software v2.2 (Brookhaven Instruments Corporation, Holtsville, NY). 

3.3.4 Biofilm construction and growth 

3.3.4.1 P. aeruginosa PAO1 (ATCC 15692) 

 Biofilm construction and growth procedures were adapted from methods by Kirchner et 

al.110 Briefly, P.aeruginosa strains were plated onto Luria Bertani (LB) agar (Sigma-Aldrich, St. 

Louis, MO, USA) from frozen stocks and incubated at 37°C for 24 h. One colony was pulled and 

dispersed in 1 ml of LB broth and incubated for 24 h at 37°C. Liquid culture was diluted to an 

optical density at wavelength of 600 nm (OD600) of 0.05. Biofilms of PAO1were grown statically 

in a 16.7% vol/vol solution of oxygen nanosensors in PBS mixed with LB broth (Sigma-Aldrich). 
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A total of 600µl of O2NS + LB was added to each well of a 4-well LabTek chamber slide and then 

inoculated with 5µl of liquid P. aeruginosa culture at an OD600 of 0.05. Chamber slides were 

placed in a humidity chamber and incubated for 72 h at 37°C. 

3.3.4.2 P. aeruginosa clinical strains 

Respiratory samples collected for clinical care were processed by the clinical microbiology 

laboratory at Children’s Hospital Colorado using standard CF Foundation guidelines for culture. 

P. aeruginosa isolates were frozen and shipped to study investigators at the Colorado School of 

Mines. All three clinical strains are deidentified and in the manuscript are labeled as clinical strain 

1 (CS1), CS2, and CS3. With all three of the provided isolates, we expanded and grew the biofilms 

as detailed above with the PAO1 samples. 

3.3.4.3 Biofilm characterization 

Three biofilms of PAO1 were grown as described above, namely, one containing no 

polymer nanoparticles, one containing polymer nanoparticles with no fluorescent components, and 

one containing O2NS. The FilmTracer LIVE/DEAD biofilm viability kit (Thermo Fisher 

Scientific) was used for biofilm viability. A total of 12µl of SYTO9 green fluorescent nucleic acid 

stain (3.34 mM in dimethyl sulfoxide [DMSO]) and 12µl of propidium iodide (20 mM in DMSO) 

were added to 4 ml of PBS, and 400µl of the resulting solution was added to each well of the 

chamber slide and incubated at room temperature for 15 min in the dark. The solution was then 

aspirated, and each well was washed 2 times with sterile PBS. A total of 400µl of 10% formalin 

was added to each well and incubated for 30 min in the dark. Formalin was then aspirated, and 

each well was washed 2 times with PBS. A final volume of 200µl PBS was added to each well 

before imaging. Three regions of interest containing the entirety of the biofilm were chosen for 
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each sample containing no nanoparticles (n=4 images) or containing blank polymer nanoparticles 

(n=3) or O2NS (n=3). 

3.3.4.4 Antibiotic testing 

All antibiotic testing was performed on live biofilm samples that had not been stained or 

fixed prior to imaging. A total of 10µl of 10 mg/ml tobramycin in PBS was added to the 490µl of 

PBS already present in the chamber slide well, for a final tobramycin concentration of 4 mg/ml 

(62). This was administered to each biofilm sample, and images were taken every 5 min for 2 h. 

For comparison, a final colistin concentration of 512µg/ml was administered to each 

biofilm sample in a similar manner, and images were taken every 5 min for 2 h. Here, colistin was 

administered as colistin sulfate as opposed to the prodrug colistimethate sodium. 

3.4 Results 

3.4.1 Method development: sensor design and characterization 

Figure 3.1a illustrates the sensor mechanism, where at low O2 concentrations, both the 

platinum porphyrin [platinum (II) meso-tetra(pentafluorophenyl)porphine (PtTFPP)] and the 

reference dye (4-[4-(dihexadecylamino)styryl]-N-methylpyridinium iodide) (DiA) luminesce. At 

higher O2 concentrations, oxygen collides with the PtTFPP molecule and quenches the 

luminescence via nonradiative decay. The fluorescence intensity of the platinum porphyrin 

PtTFPP (650 nm) decreases as the sample is exposed to increasing oxygen up to 21% in a linear 

manner (Fig. 3.1b). The peak of the DiA reference dye (585nm) remains constant with respect to 

oxygen concentrations. Physical properties of these nanosensors, as determined by dynamic light 

scattering (DLS) and phase analysis light scattering (PALS), were an effective diameter of 163.4 

± 1.5 nm, a polydispersity of 0.15 ± 0.02, a zeta potential of -11.5 ± 1.34 mV, and a mobility of -

0.90 ± 0.10 µm-s-1/V-cm-1. Values are listed as the arithmetic means and standard deviations. A 
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Stern-Volmer constant, KSV, that allows for back calculation of oxygen concentration was 

determined. KSV for the O2NS was found to be instrument-specific, and thus, the O2NS was 

calibrated for each instrument used. The intensities of the PtTFPP signal at 650 nm and the 

intensities of the reference dye (DiA) signal at 585 nm were divided to form a ratiometric signal. 

The ratiometric signal at 0 mg/liter dissolved oxygen (DO) was then divided by the ratiometric 

signal at each concentration to create a linear calibration curve. The linear Stern-Volmer 

relationship between If
0/If and oxygen concentration was used to fit the calibration data (Fig. 3.1c), 

where If
0 is the ratiometric fluorescence intensity in the absence of oxygen and If is the ratiometric 

fluorescence intensity at the given concentration of oxygen. Calibration was also performed on the 

confocal scanning laser microscope used to obtain results from all microscopy experiments. 

Measurements were taken under ambient conditions (21% O2 conditions/6.65 mg/liter DO) and 0 

mg/liter DO to form a two-point calibration curve (Fig. 3.1d).  

As an initial test to determine if sensors function in the biofilm matrix, dead biofilms were 

imaged before and after deoxygenation with glucose and glucose oxidase. As can be seen in Fig. 

3.2, the ratiometric signal increases as the oxygen in the biofilm decreases. These results indicate 

that the sensors function similarly in the complex matrix of the biofilm in comparison with how 

they function in solution and in simpler matrices, such as alginate (see Fig. A.1 in the supplemental 

material). 
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Figure 3.1 (a) Schematic of nanosensor components coloaded into the nanoparticle matrix and luminescence quenching mechanism in 

response to increasing oxygen concentrations. (b) Fluorescence spectra for ratiometric oxygen nanosensors. Excitation occurs at 

450 nm and produces the spectra shown under different oxygen concentrations. As oxygen concentrations increase, the platinum 

porphyrin peak at 650 nm decreases and the reference peak at 585 nm is insensitive to changes. This ratiometric sensor response 

allows us to calculate oxygen concentrations without complications resulting from variable nanosensor concentration. Normalized 

ratiometric calibration curves for oxygen nanosensors demonstrate effective sensing of oxygen concentration changes using both a 

spectrometer (c) and a confocal microscope (d) (used in remaining figures). 
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Figure 3.2 Biofilms killed with colistin before (panels a and c) and after (panels b and d) the 

addition of glucose and glucose oxidase. (a and b) Average ratiometric intensity z-projections of 

data used to calibrate O2NS in the confocal microscope. (c and d) The 3D images show that 

oxygen concentration is uniform through the biofilm. This finding demonstrates that the 

nanosensors respond to oxygen concentrations as expected even in the complex biofilm 

environment. 

 

3.4.2 Example application: measuring antibiotic-induced metabolic changes 

Ratiometric signal data can be used to render 3D images of biofilms so that their structure 

can be visualized along with information about oxygen concentration within the biofilm (Fig. 3.3).  
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Figure 3.3 The 2D orthogonal (a) and 3D (b) views of a live P. aeruginosa PAO1 biofilm created 

using ratiometric intensity data. Raw confocal images of the PtTFPP (O2 sensitive) and DiA 

(reference) signals were processed and divided in ImageJ to produce a stack of images of the 

ratiometric intensity that recapitulates oxygen concentration throughout the biofilm. 

 

The 2D projections of the raw 3D images (before ratiometric division) can be seen in Fig. 

A.2 in the supplemental material. In addition, quantitative information on the oxygen concentration 

at an arbitrary location within the biofilm can also be determined via Matlab processing and 

graphed in a manner similar to data obtained from oxygen microelectrodes. This can be seen in 

Fig. 3.4. At four locations within the biofilm, oxygen concentration values were extricated from 

the Matlab array and graphed versus depth. There is large variation in oxygen concentration 

between locations, such as location 3 (a large central area with high DO concentrations) and 

location 4 (low DO concentrations throughout). 
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Figure 3.4 Location versus oxygen concentration plot (right) of PAO1 image (left). Four 

locations across the biofilm were chosen for graphing, and error bars represent standard error of 

n = 9 pixels surrounding the chosen location. The four locations were chosen arbitrarily and 

show large spatial variation. Location 3, whose representative orthogonal views are shown, has a 

large gap in the center that has DO concentrations close to those in the surrounding medium. 

This finding highlights the massive spatial differences in biofilm oxygen concentrations. 

 

The location in the biofilm we chose for temporal analysis (location 4 in Fig. 3.4) has an 

oxygen concentration of 1 mg/liter before the addition of colistin, with concentrations at or 

approaching 6 mg/liter at the edges of the biofilm, which can be seen in Fig. 3.5. This finding is 

consistent with a diffusion limitation of oxygen into the center of the biofilm as the bacteria 

consume it. As colistin penetrates the biofilm, oxygen concentration also increases, indicating cell 

death. The center of the biofilm takes the longest amount of time to approach the surrounding 

oxygen concentration, which can be seen in Movie A.1 in the supplemental material.  
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Figure 3.5 Time lapse of oxygen concentration within PAO1 biofilm after the addition of 

512 μg/ml colistin. Oxygen concentration within the biofilm reaches ambient values by 60 

minutes. Error bars represent a standard error of n = 9 pixels surrounding the chosen location. 

 

In clinical strain 1 (CS1), there is an overall higher concentration of oxygen than in PAO1, 

indicating lower metabolic activity or improved oxygen transport (Fig. 3.6). After the addition of 

colistin sulfate, the majority of the biofilm reaches an internal oxygen concentration approaching 

ambient conditions (indicating no metabolic activity) after 30 min.  
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Figure 3.6 Local oxygen concentrations over time within biofilms of P. aeruginosa strain PAO1 

and three clinical strains after the addition of 512 μg/ml colistin. Error bars represent a standard 

error of n = 9 pixels surrounding the chosen location. 

 

However, there is a small region that maintains an oxygen concentration below 1 mg/liter 

(see Fig. A.3 and A.4 in the supplemental material), indicating that there is continued aerobic 

respiration in this region. This is potentially a spatially inhomogeneous area occupied by cells with 

resistance to colistin. CS2 shows similar oxygen concentrations near the beginning of the 

experiment but maintains concentrations of ~5 mg/liter for the majority of the observations. The 

oxygen concentration does not appear to increase until the 90-min mark, which could indicate a 

delayed reaction to or resistance to colistin. CS3 shows large differences in structure compared 

with that of PAO1 (Movie A.2 in the supplemental material) and the other two clinical strains 

(Movies A.3 and A.4 in the supplemental material) tested. In addition, there is a large increase in 

metabolic activity (indicated by a decrease in oxygen concentration) a few minutes after the 
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addition of the colistin sulfate. After this initial change, oxygen concentration is variable over 90 

min but is never above 4 mg/liter DO, indicating sustained metabolic activity within the biofilm. 

For PAO1 and CS1 samples, plating after experiments showed minimal or no growth (see Fig. A.5 

in the supplemental material), which supports the assumption of cell death when observing 

increased oxygen concentration within the biofilms. In the case of CS2 and CS3, both of which 

demonstrate sustained oxygen consumption after antibiotic addition, plating after experiments 

shows growth similar to plating before experiments. This supports the hypothesis that low oxygen 

concentration (high oxygen consumption) is indicative of active cell metabolism. In addition to 

the ability to observe differences in clinical samples, our approach also enables the measurement 

and observation of biofilm responses to different antibiotics. The effect of two different antibiotics 

(colistin and tobramycin) on oxygen concentration in PAO1 biofilms can be seen in Fig. 3.7. 

 
Figure 3.7 Comparison of the effects of different antibiotics (4 mg/ml tobramycin and 512 μg/ml 

colistin) on oxygen concentration within PAO1 biofilms. Error bars represent a standard error of 

n = 9 pixels surrounding the chosen location. 
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3.5 Discussion 

3.5.1 Method development: sensor design and characterization 

Our nanosensor-based approach is a method to spatiotemporally monitor analyte 

heterogeneity and gradients in 3D systems, such as biofilms. Our approach utilizes nanosensors 

which are significantly smaller than the bacteria rather than larger, potentially minimizing impacts 

on biofilm growth while still maintaining the ability to monitor extracellular analyte 

concentrations. This is possible as the size of the nanosensors is small enough to not measurably 

impact growth, but the approximately 160nm diameter of the nanosensors ensures that the particles 

are entrapped in the extracellular polysaccharides (EPS) of the biofilm and do not leak into the 

surrounding medium substantially. Along with the comparison of LIVE/DEAD viability staining 

of biofilms with and without oxygen nanosensors (see Fig. A.6 in the supplemental material), this 

suggests that the addition of nanosensors to growth medium does not significantly impact biofilm 

structure or bacterial activity. Fabrication is straightforward, which enables quick application for 

monitoring analytes in a variety of settings. Because these sensors can be calibrated in a variety of 

matrices and equipment, they are adaptable to many different applications, including biofilms of 

other species, cell culture scaffolds, hydrogels, and other systems where 3D monitoring is valuable. 

In addition, the polymeric nanoparticle platform described here is adaptable to a wide variety of 

analytes that might be of interest in biological systems, including oxygen, glucose, ions, and small 

molecules. The O2NS we developed responds linearly to oxygen concentration, which is consistent 

with previously reported observations.111 Lee and Okura note that the oxygen-sensitive 

metalloporphyrin used here (PtTFPP) demonstrates excellent linearity in the range of interest, but 

the response does become nonlinear at oxygen concentrations greater than 21 mol% in the gas 

phase.111 The DiA exhibits minimal change at different oxygen concentrations, although 
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photobleaching begins to occur near the end of the 90-min observation periods used in the above-

described experiments (Fig. A.2). 

In our current implementation, the biofilm is grown with nanosensors in the medium. This 

makes the technique directly applicable to in vitro interrogation of bacterial isolates as we showed 

here, which were grown in such a manner as to mimic the microaggregate structure112, 113 of biofilm 

infections found in the lungs of cystic fibrosis (CF) patients. However, due to the negligible 

diffusion of the nanosensors into the biofilm, this approach is not currently suitable for ex vivo or 

in situ biofilm samples. In addition, imaging was performed with confocal microscopy. These 

points limit nanosensors as a tool for scientific research rather than a rapid-use clinical tool. 

However, with a consideration to such research applications, the fabrication and use of these 

nanosensors build upon equipment already present in many laboratories and core facilities. This 

technique is not necessarily faster than culture-based techniques for antibiotic screening 

applications since biofilm growth (up to 72 h for mature biofilms) is required. However, the use 

of nanosensors is well suited for research applications (i.e. measuring metabolism of 

subpopulations and biofilm homogeneity) that cannot be addressed with current tools.  

3.5.2 Example application: measuring antibiotic-induced metabolic changes 

The ability to differentiate between the three clinical strains demonstrates the value of this 

approach. Using these oxygen nanosensors, it is possible to obtain information about the entire 

biofilm and not just a single point or a few points within it. Biofilms formed by PAO1 have a 

microaggregate structure (biofilms <100µm in size) similar to what is seen in the lungs of cystic 

fibrosis patients.29, 112, 113 In these biofilms, we see spatial variations (Fig. 3.4) in dissolved oxygen 

concentration and secondary structures that are reminiscent of liquid and nutrient transport 

channels like those observed by Wilking et al.29 and others.114, 115 It is also possible to see parts of 
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the biofilm that are either not surface attached or loosely attached to the surface, which would be 

lost with the physical disruption of monitoring with the standard microelectrode-based 

measurements. In the case of the first clinical strain, we show that this technique can elucidate 

areas of different metabolism (Fig. A.4). If one were to interrogate this biofilm with a 

microelectrode, only measuring a small area (approximately 50µm by 50µm) would obscure the 

heterogeneity of the biofilm as a whole. This localization of persistent oxygen consumption could 

indicate the presence of antibiotic-resistant cells or persister cells within the biofilms. In the cases 

of clinical strains 2 and 3, this approach is able to distinguish responses to antibiotic attack as 

opposed to only demonstrating resistance. We note different rates of DO concentration variation 

between the two, with these variations occurring on measurable time scales (around 15 minutes 

for CS3 and 40 minutes for CS2). CS3 also had remarkably different architecture, producing a 

larger structure than those seen in PAO1 and the other clinical strains tested. This highlights our 

ability to individually profile these strains with improved measurements over traditional 

approaches. The ability to obtain information on spatial homogeneity of biofilm metabolism could 

be elevated with the addition of sensors for other analytes. Two-dimensional maps can provide x-

y spatial information on biofilms but are unable to provide z axis information. Because biofilms 

have a complex, three-dimensional structure with channels for the movement of nutrients, water, 

and oxygen, the complete understanding of dynamics within the system requires three-dimensional 

information. Our approach allows us to rapidly gather all spatial information, and we are able to 

do so without disturbing the structure. Temporal information is limited only by the imaging 

equipment’s ability to capture data. Similar to any confocal microscopy experiment, we can 

increase time resolution at the expense of spatial resolution or with more advanced imaging 

hardware. 
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Both antibiotics used in this study were chosen for their relevance to clinical therapy for 

CF patients. Tobramycin belongs to the aminoglycoside class of antibiotics and shows the greatest 

antipseudomonal activity of the aminoglycosides.116 Because of this, it is a common choice for 

combination therapy in CF patients.117 Colistin is a polymyxin antibiotic that is often used to treat 

P. aeruginosa airway infections in CF patients. Polymyxins are popular, as they usually retain 

activity against multidrug-resistant strains of P. aeruginosa.118 Kill curves in P. aeruginosa PAO1 

biofilms as well as clinical strains have been demonstrated by Hengzhuang et al. using the Calgary 

biofilm device method,119 and our sensors were able to recapitulate these data with a finer time 

resolution. The results obtained from O2NS measurements in Fig. 3.7 are consistent with the kill 

curves obtained by Hengzhuang et al.119 using the modified Calgary biofilm device method, 

although our results also provide information on the structure of the biofilms and spatial 

distribution of high- and low-oxygen concentration regions within the biofilm. Calculations120 and 

experimental data30 from micro-electrodes show that oxygen should penetrate P. aeruginosa 

biofilms attached to surfaces to a depth of 60 to 70µm, but this assumes diffusion into a uniform 

biofilm. We note in Fig. 3.4 that there is considerable spatial variation within the biofilm. 

Therefore, we chose a point near the center of the larger aggregate for temporal analysis, which 

presumably has the largest diffusion barrier. 

3.6 Conclusions 

Here, we used polymeric oxygen-sensitive nanosensors to monitor the response of lab and 

clinical Pseudomonas aeruginosa biofilms to antibiotic attack with three-dimensional spatial data 

collection and 5-min temporal resolution. The nanosensors’ small size, rapid response, and 

ratiometric signal allow for detailed interrogation of clinical samples to obtain antibiotic 

susceptibility information as well as data from which pharmacodynamic parameters can be 
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determined. Additionally, these oxygen nanosensors enable the elucidation of biofilm 

heterogeneities that microelectrodes and other techniques cannot capture, such as microaggregate 

size and shape, localization of oxygen consumption, and even biofilm features which are not 

surface attached. We are able to measure differences in the response of three clinical samples to 

antimicrobial attack and overall metabolism via changes in oxygen concentration. This approach 

for biofilm monitoring is straightforward to implement for in vitro spatial and temporal monitoring 

of biofilm metabolism, and future work will focus on the addition of the nanosensors to preexisting 

biofilms. The sensor platform’s adaptability and ease of manufacture enable the monitoring of 

multiple or different analytes within the biofilm structure in future work as well. 
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CHAPTER 4  

ANTIBIOTIC SUSCEPTIBILITY TESTING IN BIOFILMS USING OXYGEN 

NANOSENSORS 

This chapter is modified from a paper currently pending submission1 

Megan P. Jewell,2 Alexa David,3 and Kevin J. Cash4 

4.1 Abstract 

In clinical environments, many serious antibiotic-resistant infections are caused by 

biofilm-forming species. This presents issues when attempting to determine antimicrobial dosing 

as traditional antibiotic susceptibility tests (ASTs) are designed around planktonic bacteria and 

thus offer information that is not relevant to the biofilm phenotype present in the patient. Even the 

popular Calgary biofilm device may provide inaccurate minimum biofilm inhibitory 

concentrations (MBICs) and can be time- and material-intensive. In this work, we present a method 

utilizing oxygen-sensitive nanosensor technology to monitor the oxygen consumption dynamics 

of living biofilms as they are exposed to antibiotics. This method provides information on the 

MBIC as well as the minimum biofilm eradication concentration (MBEC) in a manner that requires 

fewer materials and is more reflective of biofilm behavior than a traditional AST.  

4.2 Introduction 

In the past two decades, multi-drug resistant infections have arisen as a serious concern for 

worldwide health.121 Of the species considered by the World Health Organization as critical and 

high priority pathogens,122 many are also known to form biofilms that contribute to chronic 

 
1 Pending submission 
2 Primary author and Ph.D. Candidate 
3 Co-author and undergraduate researcher 
4 Corresponding author and Ph.D. Advisor 
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infectious disease states.28 Among these are Pseudomonas aeruginosa, Staphylococcus aureus, 

Acinetobacter baumanii, and enterococcal species.122 Biofilms have many unique mechanisms 

which contribute to their recalcitrance and resistance to antimicrobials. These mechanisms and 

phenotypic variations can arise without exposure to antimicrobial agents and have been 

extensively reviewed elsewhere.123, 124 Inherent resistance can then be exacerbated by current 

issues such as antibiotic use without a prescription/self-medication and sub-inhibitory 

concentrations in food, water, and the environment from agricultural use.125  

Pseudomonas aeruginosa is the most common reported bacterial infection in the lungs of 

patients with cystic fibrosis.77 Chronic infection results in biofilm formation, which advances lung 

damage and often leads to respiratory failure.126 Despite recent advances in biofilm research and 

improved antibiotic treatment regimens, no cure has been identified for these chronic biofilm 

infections127 which are the primary cause of mortality in cystic fibrosis patients.128 Considering 

the severity of P. aeruginosa infections in cystic fibrosis patients, knowledge of important 

structural analytes and finding alternative treatment regimens are urgent research priorities in the 

biomedical field.129 Unfortunately, treatment of P. aeruginosa infections can be difficult due to 

natural antibiotic resistance.79  

Traditional antibiotic susceptibility tests (ASTs) such as liquid culture tests or the disk 

diffusion method often take 1-2 days after initial growth for accurate results,130, 131 and there is 

often a lack of correlation between planktonic ASTs and biofilm-based infections.80 The minimum 

inhibitory concentration (MIC) for the growth of bacteria is typically defined with respect to agar 

or broth dilution methods as the concentration of antimicrobial at which no visible growth is 

observed. Growth is usually quantified as a change in turbidity or optical density at l = 600nm.  
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Several biofilm models have been developed and offer different information about biofilm 

susceptibility. The MBEC assay system (formerly known as the Calgary biofilm device)123 is often 

used to define important antimicrobial parameters such as the minimal biofilm inhibitory 

concentration (MBIC),132, 133 but can predict therapeutic success at concentrations that do not work 

or can amplify selection of resistant mutants.80 Pharmacokinetic/pharmacodynamic flow cell 

models can provide information on the spatial and temporal dependence of various antibiotics. 

Unfortunately, even these biofilm susceptibility assays performed are limited as they often require 

staining or fixing, which can kill the biofilm or destroy structure.80 

As oxygen is fundamental to metabolism in nearly all organisms, the detection and 

monitoring of oxygen is the focus of a large subset of the bioanalytical sciences. Of the many 

options available (reviewed extensively by Wang and Wolfbeis),16 the most attractive options for 

monitoring microbes are optical methods. Unlike electrochemical and pressure-based methods, 

optical oxygen sensors offer advantages such as no consumption of the oxygen, reversibility, ease 

of miniaturization, and the potential for non-invasive measurements. In this work, we use an 

established platinum-centered porphyrin as the luminescent oxygen-sensitive probe along with an 

oxygen-insensitive reporter to control for variation in sensor concentration within the 

heterogeneous structure of the biofilm. These dyes are suspended in a heavily plasticized polymer 

matrix which is miniaturized into nanoparticles via nanoemulsion. The mechanisms of oxygen 

sensing for both the porphyrin dye and the polymeric nanosensors have been described elsewhere 

by Lee and Okura111 and Jewell et al.44 These oxygen-sensitive nanosensors (O2NS) are small 

(approx. 150nm) and easily incorporated into the extracellular space of a growing biofilm by the 

bacteria. Through monitoring oxygen consumption, a proxy for metabolism, we can ascertain the 
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impact of antibiotics on the bacteria in the biofilm and determine the sensitivity of the specific 

strain to the antibiotic used. 

4.3 Materials and Methods 

4.3.1 Materials 

High-molecular-weight poly(vinyl chloride) (PVC), bis(2-ethylhexyl) sebacate (BEHS), 

tetrahydrofuran (THF), dichloromethane (DCM), and phosphate-buffered saline (PBS) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Platinum (II) meso-

tetra(pentafluorophenyl)porphine (PtTFPP) was purchased from Frontier Scientific (Logan, UT, 

USA). 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-

750] ammonium salt in chloroform (PEG-lipid) was purchased from Avanti Polar Lipids 

(Alabaster, AL, USA). 4-Di-16-ASP (4-[4-(dihexadecylamino)styryl]-N-methylpyridinium 

iodide) (DiA) was purchased from Thermo Fisher Scientific (Waltham, MA, USA).  

4.3.2 Oxygen sensor fabrication 

A total of 30 mg of polyvinyl chloride (PVC) was weighed into a 2-ml vial and combined 

with 66 µl of BEHS. In a separate vial, 5 mg of Pt(II) meso-tetra(pentafluorophenyl)porphine 

(PtTFPP) and 0.2 mg 4-Di-16-ASP (4-[4-(dihexadecylamino)styryl]-N-methylpyridinium iodide) 

(DiA) were dissolved in 500µl of tetrahydrofuran (THF). The THF and dissolved dyes were then 

added to the PVC/BEHS mixture and vortexed for 1 min until all solids were dissolved. A total of 

750µl of dichloromethane (DCM) was then added to the vial, and the mixture was vortexed 

thoroughly. The optode cocktail was then stored at 4°C until use. To fabricate nanosensors from 

the optode cocktail, 2 mg PEG-lipid (80µl of a 25-mg/ml solution in chloroform) was dried in a 4-

dram scintillation vial and then resuspended in 5 ml of PBS (pH 7.4) with a probe tip sonicator 

(Branson Digital Sonifier 450; Branson Ultrasonics Corporation, Danbury, CT) for 30 s at 20% 
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intensity. A total of 125 µl of the optode cocktail mixture was injected into the PBS/PEG-lipid 

solution under probe tip sonication (3 min, 20% intensity). Following sonication, excess polymer 

was removed by filtration via a 0.8-µm syringe filter (Pall Corporation, Port Washington, NY). 

Sensors were then concentrated ~10x via ultrafiltration (Amicon Ultracel) and sterilized via 

filtration with a 0.22-µm syringe filter. 

4.3.3 Biofilm growth 

Pseudomonas aeruginosa strains PAO1 (ATCC 15692), PGO2330 (ATCC BAA-2108), 

PGO2396 (ATCC BAA-2113), and PGO2401 (ATCC BAA-2114) were purchased from the 

American Type Culture Collection and used without further alteration. Growth of biofilms was 

adapted from Harrison et al.134 Initially, a first subculture of the strain of interest of P. aeruginosa 

was plated on lysogeny broth (LB)  agar from frozen stocks. A 2nd subculture was plated from the 

initial plate in order to ensure a monoculture.  

From this 2nd subculture, a standardized inoculum for the entire 96-well plate was created. 

1.5 ml of sterile PBS was transferred to a culture tube, and several colonies of P. aeruginosa were 

dispersed in the PBS. The OD600 of this solution was adjusted to 0.05 by either addition of more 

colonies or addition of more sterile PBS. 1 ml of the bacterial suspension was then transferred to 

a 50-ml conical vial and mixed with 29 ml of sterile LB broth. 180 µl of the inoculum was added 

to each well of a 96-well plate. 20 µl of concentrated oxygen nanosensors (O2NS) were also added 

to each well except for Column 12, for a final volume of 200 µl per well. Column 12 had 20 µl of 

PBS added instead and served as a control. A 96-well qPCR plate (Roche) was placed in the 

inoculated 96-well plate and wrapped with parafilm to prevent moisture loss. The plate was then 

incubated in an orbital shaker-incubator for 10h at 37°C and 125 RPM. 80 µl of the remaining 

inoculum was then serially diluted 6 times (DF = 10 for each step), and 10 µl of each dilution was 
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spotted onto a gridded LB agar plate and incubated at 37°C for 24h. These plates were used to 

determine the mean viable cell count (MVCC) for the starting inoculum.  

4.3.4 Antibiotic plates & data analysis 

Antibiotic challenge plates were created by serially diluting antibiotic stock solutions over 

10 columns (DF = 2 for each step) in a 96-well plate. These stock solutions were made by 

dissolving the antibiotic (colistin, tobramycin, imipenem, or ampicillin) in sterile PBS at a 

concentration of 1 mg/ml. Each well had a final volume of 200 µl to ensure full submersion of the 

plate lid biofilms. The two end columns (Columns 1 and 12) of the 96-well plate contained 200 µl 

of sterile PBS and served as controls. A 96-well rinse plate was also prepared where each well 

contained 200 µl of sterile PBS – this served as the initial reading for later data analysis. After the 

initial reading, biofilm lids were exposed to the antibiotic challenge plate and read every 3 minutes 

for 24h to capture the dynamics of the oxygen nanosensors. The static peak of the DiA reference 

dye was read at 585nm along with the dynamic peak of the oxygen-sensitive platinum porphyrin 

dye at 650nm. Both dyes were excited at 485nm and plates were read in a Synergy H1 microplate 

reader (BioTek, Winooski, VT, USA). 

Raw kinetic data was normalized to a rinse reading – in initial reading of the ratiometric 

intensity in PBS to control for the basal oxygen consumption of the biofilm’s logarithmic phase 

growth. Then, the slope of the initial 5h (the antibiotic response phase) is found via linear 

regression. This slope is then plotted vs. concentration to produce the dose-response curves 

presented in the Results & Discussion section. In order to determine the MIC, the deviation 

between the upper plateau (the ‘top’ value) and the sigmoidal curve fit was calculated in Microsoft 

Excel, and Solver was used to find the antibiotic concentration where the dose-response equation 

deviated from the upper plateau by 1 standard deviation. 
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4.3.5 MIC test strips 

MIC test strips (MTS) for colistin (0.016 µg/ml – 256 µg/ml) and tobramycin (0.016 µg/ml 

– 256 µg/ml) were purchased from Liofilchem, Inc. (Waltham, MA, USA). MTS were used 

according to directions from the manufacturer. Briefly, well-isolated colonies from an overnight 

agar plate of the P. aeruginosa strain of interest were suspended in sterile PBS to a McFarland 

standard of 0.5 (OD600 = 0.08-1). This inoculum was streaked over the entire agar surface with a 

sterile swab three times to ensure complete coverage. The MTS was applied to the agar surface 

with sterile forceps and the plate was then incubated at 37°C for 24h. Results were read manually 

using the scale on the test strip to determine the minimum inhibitory concentration (MIC) to within 

a 2-fold dilution.  

4.4 Results and Discussion 

Using our oxygen nanosensors, we are able to monitor oxygen concentration and 

consumption within bacterial biofilms. Figure 4.1 shows the change in ratiometric intensity of the 

O2NS in the biofilms over 24h. For a biofilm that has not been challenged with an antimicrobial 

(labeled ‘PBS w/ O2NS’), the increase in O2NS intensity (and by extension, the change in oxygen 

consumption by the biofilm) is indicative of growth. Biofilm growth plateaus by hour 10 as the 

bacteria reach a nutrient limitation within the microtiter wells. Variation in O2NS signal can be 

seen after this as some of the biofilm detaches and attempts to disperse. In a biofilm that has been 

challenged with an antimicrobial, the increase in oxygen consumption along with the rate of 

increase are a combination of growth and metabolic response to the antimicrobial agent.  
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Figure 4.1 Kinetic ratiometric intensity data for P. aeruginosa PAO1 that has been challenged 

with serial 2-fold dilutions of colistin sulfate in phosphate buffered saline (pH = 7.4). 

 

 
Figure 4.2 Normalized kinetic ratiometric intensity data for P. aeruginosa PAO1 that has been 

challenged with serial 2-fold dilutions of colistin sulfate in phosphate buffered saline (pH = 7.4). 

Data was normalized to an initial reading of each biofilm well submerged in PBS containing no 

antibiotic. 

 

0:00:00 10:00:00 20:00:00

0.0

0.2

0.4

0.6

0.8

1.0

Time (h)

I f

PBS w/ O2NS

1 mg/ml colistin

500 ug/ml

250 ug/ml

125 ug/ml

62.5 ug/ml

31.25 ug/ml

15.6 ug/ml

7.8 ug/ml

3.9 ug/ml

1.95 ug/ml

PBS only

0:00:00 10:00:00 20:00:00

0

1

2

3

Time (h)

I f0
/I

f

PBS w/ O2NS

1 mg/ml colistin

500 ug/ml

250 ug/ml

125 ug/ml

62.5 ug/ml

31.25 ug/ml

15.6 ug/ml

7.8 ug/ml

3.9 ug/ml

1.95 ug/ml

PBS only



 47 

This kinetic data (equivalent to a kill curve from an MBEC microtiter assay) can then be 

normalized to the ratiometric intensity of the initial biofilm as a way to account for this post-

incubation growth. This normalized data can be seen in Figure 4.2, where it can be seen that 

changes in oxygen consumption are nearly complete by hour 5.  

Figure 4.3 is the dose-response curve of P. aeruginosa PAO1 created using this normalized 

kinetic data. For each tested concentration of colistin, the initial slope of the antibiotic response 

was determined via a linear regression of the data for 0 h to 5 h. The slopes were plotted against 

antibiotic concentration on a log 2 scale to achieve the sigmoidal dose-response relationship.  

 
Figure 4.3 Dose-response relationship for colistin sulfate and P. aeruginosa PAO1 biofilms as 

determined by the rate of change of oxygen consumption of the biofilms after exposure to 

antibiotic. Here, error bars represent standard deviation and n = 4 biological replicates. 

 

In this method, an equivalent minimum inhibitory concentration definition would be the 

upper end of the dynamic range as this is the concentration where a measurable change in the 

output is seen. Mechanistically, this would correspond to the concentration that causes a 

measurable decrease in the oxygen consumption rate of the biofilms. Here, a ‘measurable decrease’ 

was taken to mean a deviation from the upper plateau (‘Top’) value by 1 standard deviation. This 

value and other important parameters are graphed in Figure 4.4. 
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Figure 4.4 Dose-response curve for colistin sulfate and P. aeruginosa PAO1 biofilms. Also 

plotted are the upper and lower plateaus for the sigmoidal curve fit, along with the minimum 

biofilm inhibitory concentration (MBIC) of 10 µg/ml. 

 

Thus, the minimum biofilm inhibitory concentration (MBIC) of the tested antimicrobial 

agent can be determined from the dose-response relationship found using this method. The MIC 

values as determined by a commercially available epsilometer test (also known as a MIC test strip 

or MTS) produced by Liofilchem can be found Table 4.1 along with MBIC values determined 

using the O2NS method detailed in this work. In nearly all cases, the MBIC was determined to be 

significantly higher than the value reported by the MTS, which are accurate to within one 2-fold 

dilution.  

We applied our new method for MBIC determination on other clinically relevant strains of 

Pseudomonas aeruginosa with varying sensitivity to colistin and tobramycin. The BAA-2108 

strain is listed by ATCC as being of intermediate susceptibility, and the MTS value of 4 µg/ml is 

within one 2-fold dilution of the Clinical and Laboratory Standards Institute (CLSI) breakpoint of 

8 µg/ml and matches the European Committee on Antimicrobial Susceptibility Testing (EUCAST) 

value of 4 µg/ml. However, the MBIC was determined to be >256 µg/ml as the biofilms grown 
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using BAA-2108 exhibited only minimal response even at high concentrations of tobramycin, 

which lead to an ambiguous dose-response curve fit.  

MTS are used on lawns of bacteria grown on agar plates, and although agar colonies are 

sometimes referred to as “colony biofilms,” the difference in exposure to nutrients and other 

environmental factors (especially submersion) leads to different phenotypic behavior between agar 

plate colonies and the microaggregates and submerged biofilms more likely to be found in the 

human body. In contrast, the O2NS-embedded biofilms are grown submerged in inoculated media, 

and the biofilm-covered surface is then removed and tested to ensure that only the response of 

bacteria within the biofilm is observed. These increased MBIC values are consistent with other 

work that has shown up to 1000-fold increased resistance to antimicrobials when biofilms were 

compared to their planktonic counterparts. 

Table 4.1 MIC and MBIC values for wild-type PAO1 and antibiotic-resistant strains BAA-2108, 

BAA-2113, and BAA-2114 as calculated using commercially available MIC agar test strips and 

O2NS. All values are reported in µg/ml. 

MIC/MBIC values (µg/ml) PAO1 BAA-2108 BAA-2113 BAA-2114 

Colistin (MTS) 4 2 2 3 

Colistin (O2NS) 10 4 23 13 

Tobramycin (MTS) 2 4 1.5 2 

Tobramycin (O2NS) 6 > 256 21 24 

 

In addition to MTS, MIC values are also able to be determined via broth dilution methods 

and disk diffusion methods. While cost effective, these methods are time and labor intensive, and 

only provide information on planktonic cells. MBIC values can also be determined via MBEC 

microtiter assay, which can be material-intensive in addition to time and labor requirements, as 

each time point on the kinetic kill curve requires a new set of incubated biofilms and a new 
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microtiter plate of antibiotic dilutions. The O2NS method requires only a rinse plate and one 

microtiter plate of antibiotic dilutions. 

Figure 4.5 shows the collected dose-response curves for each strain tested against colistin 

sulfate and tobramycin. All strains showed a response to both antibiotics within the range of 

dilutions tested, with the exception of BAA-2108, which showed only minimal response at very 

high concentrations of tobramycin. This is consistent with ATCC’s determination that this strain 

is of intermediate resistance to tobramycin. ATCC did not provide any information on the 

susceptibility of any of the strains to colistin, but all exhibited a response to colistin in the O2NS 

method and the MTS values were within one 2-fold dilution of the CLSI and EUCAST values for 

susceptibility of 2 µg/ml.  

This method and analysis are most robust for antimicrobials which exhibit primarily 

concentration dependence. That is, the time which the biofilm is exposed to the MIC is a secondary 

factor to the MIC itself. This includes drug classes such as the aminoglycosides and polymyxins, 

which include tobramycin and colistin, respectively. Antibiotics such as the carbapenems and 

penicillins are instead dependent on exposure time to a concentration above the MIC as well as the 

MIC. This presents issues in a limited volume like a microtiter plate as the antimicrobial is 

depleted, which can confound the dose-response curve and produce the bell shape seen in Figure 

4.6. For this figure, strain BAA-2114 biofilms were exposed to serial 2-fold dilutions of imipenem 

(a carbapenem) and ampicillin (a penicillin) in the same manner as tobramycin and colistin.  
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Figure 4.5 Dose-response curves for P. aeruginosa strains exposed to colistin sulfate (CS) and 

tobramycin (TOB). Strains tested and analyzed were: a) PAO1, b) BAA-2108, c) BAA-2113, 

and d) BAA-2114. 

 

 
Figure 4.6 Data and attempted dose-response curve fits of P. aeruginosa BAA-2114 response to 

imipenem (IPM) and ampicillin (AMP). 
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Strain BAA-2114 is reported by ATCC to be resistant to ampicillin and susceptible to 

imipenem. However, the unexpected response, especially at lower microtiter concentrations of the 

antibiotic makes fitting any sort of known dose-response equation difficult and unreliable. The 

major difference here is, again, that imipenem and ampicillin are dependent on both the 

concentration they are exposed to and the length of time they are exposed to that concentration. 

The latter criterion is difficult to control for in a small fixed volume such as the microtiter well. 

Attempts to account for this are the subject of future work. 

4.5 Conclusions 

Here, we have demonstrated a method of antibiotic susceptibility testing utilizing oxygen-

sensitive polymeric nanosensors that is less material-intensive and more reflective of biofilm 

dynamics than traditional antibiotic susceptibility tests. Both the kill curve time-based dynamics 

and the static MBIC parameter can be found using this method, although further refining and 

automation of the statistical analysis involved in these calculations should be considered before 

any attempts at clinical translation. This method is currently only able to test antibiotics that are 

primarily concentration dependent, such as the polymyxins, aminoglycosides, and 

fluoroquinolones. Future work to account for exposure time dependence would expand the 

usefulness of the method to other major classes of antimicrobials, such as penicillins, 

cephalosporins, and carbapenems. Tests with clinical samples (which are often not monocultures) 

would also improve the usefulness of this method as an in vitro reflection of in vivo behavior.  
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CHAPTER 5  

TRIPLET-TRIPLET ANNIHILATION UPCONVERSION-BASED NANOSENSORS 

FOR FLUORESCENT DETECTION OF POTASSIUM 

This chapter is modified from a paper accepted for publication1 

Megan P. Jewell,2 Meredith D. Greer,3 Alexandra L. Dailey,3 and Kevin J. Cash4 

5.1 Abstract 

Typical ionophore-based nanosensors use nile blue-derived indicators called 

chromoionophores which must contend with strong background absorption, autofluorescence, and 

scattering in biological samples that limit their usefulness. Here, we demonstrate potassium-

selective nanosensors that utilize triplet-triplet annihilation upconversion to minimize potential 

optical interference in biological media and a pH-sensitive quencher molecule to modulate 

upconversion intensity in response to changes in analyte concentration. A triplet-triplet 

annihilation dye pair (platinum (II) octaethylporphyrin and 9,10-diphenylanthracene) was 

integrated into nanosensors containing an analyte binding ligand (ionophore), charge-balancing 

additive, and a pH indicator quencher. Nanosensor response to potassium was shown to be 

reversible and stable for three days. In addition, the nanosensors are selective against sodium, 

calcium, and magnesium (selectivity coefficient in log10 units of -2.2 for calcium, -2.0 for sodium, 

and -2.4 for magnesium), three interfering ions found in biological samples. The lack of signal 

overlap between the upconversion nanosensors and GFP, a common biological fluorescent 

 
1 In press. Reprinted with permission from ACS Sens. 2020, 10.1021/acssensors.9b02252 © 2020 American Chemical 

Society. 
2 Primary author and Ph.D. Candidate 
3 Co-author and undergraduate researcher 
4 Corresponding author and Ph.D. Advisor 
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indicator, is demonstrated in confocal microscope images of sensors embedded in a bacterial 

biofilm. 

5.2 Introduction 

Selective and tunable ion detection and imaging in biological and environmental samples 

is essential in a range of investigations. Sensors that are capable of continuous and long-term 

monitoring of biological processes, both in vitro and in vivo, allow for interrogation to answer 

basic research questions and monitor health in a clinical setting. The many potential analytes of 

interest and the development of sensors for them have been extensively reviewed and summarized 

elsewhere.1, 2, 15, 135-137 In particular, Ruckh and Clark discuss the importance of continuous 

physiological monitoring of analytes such as sodium, potassium, and glucose for conditions such 

as renal failure  and diabetes.2 Sensors for detection of other electrolytes like calcium and lithium 

are discussed in reviews by Søndergaard et al.135 and Rong et al.1   

Ionophore-based optical sensors (IBOS) are a class of indirect ion-selective optical sensors 

that have been used to measure a wide range of analytes in vitro,138, 139 in situ,140 and in vivo.141, 142 

These sensors utilize a mechanism similar to ion-selective electrodes (ISEs), and are well 

described elsewhere.7, 12 Typically, IBOS are composed of a pH indicator, an analyte-binding 

ligand (ionophore), and a charge-balancing additive suspended in a highly plasticized hydrophobic 

polymer matrix which is surrounded by a lipid layer. As the target ion binds to the ionophore, the 

pH indicator is deprotonated in order to maintain electroneutrality within the polymer matrix. 

Based on well-established ion exchange theory,12 this change in protonation can be monitored via 

absorbance or fluorescence measurements. Because the recognition element (ionophore) is 

decoupled from the signaling element (pH indicator), nanosensors for different ions are easily 

created without the need to design new recognition mechanisms.8 Thus, the potassium-selective 
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nanosensors described here can easily be made selective for another ion by exchanging the 

ionophore and other components are also able to be substituted.143  

The signaling elements utilized by most IBOS are nile-blue derivative pH indicators 

(chromoionophores).8 Some methods that avoid pH cross-reactivity are also utilized.144, 145 Recent 

work in ionophore-based nanosensors has included the use of silicon-based particles146 as well as 

carbon dots (aka graphene quantum dots)147-149 as signaling elements as well. However, these dyes, 

and indeed most fluorescent dyes, must contend with strong background absorption, 

autofluorescence, and scattering in biological samples which can significantly limit their 

application.150 Our solution to some of these issues are materials with the unique property of 

upconversion. These materials exhibit an anti-Stokes shift under excitation that allows their signal 

to be easily distinguished from the autofluorescence and background interference of biological 

tissues and samples.136 Lanthanide-based upconversion, which has been used extensively as a 

biological imaging component,151-153 and is well described,154, 155 utilizes lanthanide ions doped 

into a crystalline lattice as emissive centers. There are several reports of lanthanide-based bulk 

optodes capable of sensing pH, Pb2+, K+, Na+, Ca2+, and Cu2+.156, 157 However, there are several 

drawbacks to lanthanide-based upconversion materials. The primary drawback is the relatively 

low upconversion efficiency, which then requires relatively high power density excitation for any 

substantive imaging.154 Another drawback for use on the nanoscale is the size of lanthanide-based 

materials. Because these materials are sensitive to surface deactivations, the high surface-to-

volume ratio of nanoparticles can decrease upconversion efficiency.158 Although core/shell 

structures can mitigate this problem, many lanthanide particles used in sensing are on the order of 

hundreds of nanometers in size,156, 157, 159, 160 which precludes their use in polymeric nanoparticle 

systems like our IBOS, which are only 100nm in diameter.101, 103 
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An alternate upconversion mechanism, which we utilize in this work, is triplet-triplet 

annihilation upconversion (TTA-UC). As opposed to the inorganic lanthanide-based system, TTA-

UC utilizes organic molecules known as sensitizers and emitters to produce upconversion 

luminescence. In this process, the sensitizer absorbs excitation light and populates its first singlet 

excited state. After intersystem crossing to the triplet state, there is triplet-triplet energy transfer 

between the sensitizer and emitter.161 Triplet-triplet annihilation occurs between two excited 

emitter molecules, and this energy populates the first singlet excited state of one of the emitter 

molecules, which then produces delayed fluorescence.161 Common examples of sensitizer dyes are 

metal-centered porphyrins, and commonly used emitters are high luminescence quantum yield 

dyes such as 9,10-diphenylanthracene or BODIPY.154 In comparison to lanthanide systems, TTA-

UC requires relatively low power excitation154 and can be wavelength tuned by choice of sensitizer 

and annihilator. The sensitizer-annihilator dye pairs are organic dyes that are often commercially 

available, soluble in the organic phase, and able to be implemented into IBOS. TTA-UC has been 

utilized in several forms as a biological imaging agent.154 There are in vivo162-167 and in vitro153, 

168-170 examples that have overcome the problem of oxygen quenching of TTA-UC. However, 

TTA-UC has found limited application in sensing platforms. Thus far, it has been limited to 

Borisov et al.171 creating a polymer optode film to directly sense oxygen. However, there are 

already numerous optical oxygen sensing platforms available.15, 137 To our knowledge, there have 

been no reports of TTA-UC used in a more general sensing platform such as those based on 

ionophores. TTA-UC is not inherently sensitive to ion concentration, so in this work it is coupled 

with a pH-sensitive quencher dye that modulates the signal that has been utilized previously to 

gate other optically static systems.101, 172, 173 
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5.3 Materials and Methods 

5.3.1 Materials 

Poly(vinyl chloride), high molecular weight (PVC), tetrahydrofuran (THF), 

dichloromethane (DCM), Sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaBARF; 

Selectophore™), 2-dodecyl-2-methyl-1,3-propanediyl bis[N-[5′-nitro(benzo-15-crown-5)-4′-

yl]carbamate] (Potassium ionophore III, Selectophoreä), and platinum (II) octaethylporphyrin 

(PtOEP), bis(2-ethylhexyl) sebacate (DOS/BEHS, Selectophoreä), and soybean oil were 

purchased from Sigma Aldrich (St. Louis, MO, USA). 9,10-diphenylanthracene (DPA) was 

purchased from Acros Organics. 1,2-dipalmitoyll-sn-glycero-3-phosphoethanolamine-N- 

[methoxy(polyethylene glycol)-750] ammonium salt in chloroform (PEG-lipid) was purchased 

from Avanti Polar Lipids (Alabaster, AL). 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic 

acid (HEPES; Molecular Biology grade), 2-amino-2-hydroxymethylpropane-1,3-diol (TRIS; 2M), 

potassium chloride (KCl), hydrochloric acid concentrate (HCl; 10N, ACS certified), and sodium 

hydroxide concentrate (NaOH; 10N, ACS certified) were purchased from Fisher Scientific 

(Waltham, MA, USA). Blueberry-C6-ester-652 was purchased from Berry & Associates, Inc. 

(Dexter, MI, USA). 

5.3.2 Nanosensor fabrication 

57.4 mg of polyvinyl chloride (PVC) was weighed into a 2 ml vial and 38.4 μl of soybean 

oil was added. This vial was then vortexed for 1 minute. In a separate vial, 2.9 mg of 9,10- 

diphenylanthracene (DPA), 0.185 mg platinum octaethylporphyrin (PtOEP), 1 mg potassium 

ionophore III (KI3), 1 mg Blueberry-C6-ester-652 (Blueberry), and 1 mg NaBARF were dissolved 

in 585 μl of tetrahydrofuran (THF). The THF and dissolved dyes are then added to the 

PVC/soybean oil mixture and vortexed thoroughly for 1 minute. This mixture of components 
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(PVC, soybean oil, and dyes suspended in solvent) - called the optode cocktail (a precursor for 

optode formation) - was then stored at 4°C. 

Nanosensors were prepared in a manner similar to that described in Billingsley et al.174 The 

optode cocktail was spread on a glass surface and allowed to dry for at least 30 minutes. The dried 

optode film was then transferred to a 4 dram scintillation vial that was charged with 3 ml 

HEPES/Tris solution (10 mM HEPES/ 6mM TRIS buffered at pH = 7.4) along with 5 mg (25 

mg/mL in 200 μl chloroform) of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N- 

[methoxy(polyethylene glycol)-750] ammonium salt in chloroform (PEG-lipid). The vial was 

agitated by hand to ensure the optode was suspended in the PEG-lipid/chloroform phase. The 

solution was then emulsified with a probe-tip sonicator (Branson) at 40% amplitude for 3 min. The 

emulsification was then filtered with a 0.8 μm Supor Membrane filter (Pall Corporation) to 

remove excess components.  

5.3.3 Nanosensor characterization 

The nanosensors’ fluorescent response was calibrated in KCl test solutions prepared at 

double the desired final concentration in HEPES/Tris buffer solution (pH = 7.4). 300 μl of 

nanosensor solution and 300 μl of KCl test solution were mixed in screw-top quartz cuvettes 

(Starna Cells, Atascadero, CA) to achieve the desired final analyte concentration. Response curves 

were generated by collecting fluorescence intensity with an excitation of 532 nm and an emission 

of 435 nm. Values were normalized between the endpoint responses. A four-parameter logistic 

response curve was applied with GraphPad Prism 7 software (GraphPad, La Jolla, CA, USA) to 

determine response characteristics. 

Fluorescence measurements were performed on an Avantes StarLine spectrometer 

(Avantes, Louisville, CO) and absorbance measurements were performed on a Synergy H1 
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microplate reader using Nunc™ MicroWell™ 96-Well Optical-Bottom Plates with Polymer Base 

(Nalgene Nunc International, Roskilde, Denmark). All fluorescence measurements were 

performed with 532 nm laser excitation from a 5mW laser (Z-Bolt, Clackamas, OR) through a 600 

μm fiber (Avantes) unless otherwise stated. Dynamic light scattering, zeta potential, and mobility 

measurements were performed on a Brookhaven zetaPALS with Particle Solutions software V 2.2 

(Brookhaven Instruments Corporation, Holtsville, NY). For reversibility measurements, 

nanosensors were concentrated ~10x via ultrafiltration (Amicon Ultracel) and immobilized in 

microdialysis tubing (MWCO 13kDa, Spectrum Laboratories) on the bottom of a 4-well LabTek 

Chamber Slide using underwater epoxy.102 The chamber slide was placed on the microscope stage 

and solutions of either 10-8 M or 2 M KCl in HEPES/Tris (pH = 7.4) were exchanged 3 times each, 

with washes of HEPES/Tris between each exchange. Nanosensors were excited at 514 nm and 

emission from 400-450 nm was recorded as single images using a Zeiss LSM780 confocal 

microscope (Zeiss, Switzerland). Images were analyzed using ImageJ. 

Upconversion nanosensor (UCNS) shelf stability was monitored over 4 days. 24 batches 

of UCNS were synthesized as described above and homogenized to obtain the necessary volume. 

The nanosensors were stored in the dark at room temperature. On days 1, 2, 3, and 4 triplicate 300 

μl aliquots were combined with 300 μl KCl in HEPES/Tris (pH = 7.4) solution to produce a 

response curve. Nanosensor photostability was performed using the Avantes StarLine 

spectrometer and Starna screw top cuvettes. Fresh UCNS were prepared as described and 600 μl 

was injected into the cuvettes. Emission at 435 nm with continuous excitation at 532 nm was 

monitored every 20 s for 60 min. To test temperature and oxygen sensitivity of UCNS, 300 μl 

nanosensors were mixed with 300 μl KCl test solutions in screw-top quartz cuvettes. 

Measurements were made at room temperature and ambient oxygen concentration. Then, the 
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mixtures were either incubated at 37°C for 20 min or deoxygenated with N2 for 20 min and 

measurements were made again. 

5.3.4 Embedded nanosensor imaging 

UCNS were prepared as described above and concentrated ~10x via ultrafiltration (Amicon 

Ultracel). Traditional downconversion nanosensors (KNS) were prepared as described in Dubach 

et al.,175 swapping out potassium ionophore III for sodium ionophore X. The nanosensors were 

then concentrated ~10x via ultrafiltration. Biofilms growth procedures were adapted from methods 

by Kirchner et al. 110 and Jewell et al.44 Briefly, P. aeruginosa strain PAO1 were plated onto Luria 

Bertani (LB) agar (Sigma-Aldrich, St. Louis, MO, USA) from frozen stocks and incubated at 37°C 

for 24 h. One colony was dispersed in 1 ml of LB broth and incubated for 24 h at 37°C. Liquid 

culture was diluted to an optical density (OD600) of 0.05. Biofilms were grown statically in a 16.7% 

vol/vol solution of either UCNS or KNS in 10 mM HEPES/6mM Tris buffer mixed with LB broth 

(Sigma-Aldrich). A total of 600 µl of nanosensors + LB was added to each well of a 4-well LabTek 

chamber slide and then inoculated with an inoculation loopful of liquid P. aeruginosa culture at 

an OD600 of 0.05. Chamber slides were placed in a humidity chamber and incubated for 24 h at 

37°C. 

5.4 Results and Discussion 

We chose the TTA-UC pair of PtOEP and DPA based on previous work by Islangulov et 

al.176 and others177-179 on embedding TTA-UC sensitizers and emitters in polymer films, polymer 

nanoparticles, and microemulsions. Our first step was optimizing the formulation of the TTA-UC 

system in our sensor matrix materials. Figure B.1 shows that using a platinum centered porphyrin 

(PtOEP) combined with DPA produced stronger upconversion luminescence than the similar 

palladium-based system (PdOEP/DPA) in the chosen PVC/soybean oil matrix when added at the 
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same concentrations. The soybean oil acted as both the plasticizer (replacing the more traditional 

DOS) and a protectant against oxygen quenching (Figure B.2).162 However, the soybean oil’s 

ability to scavenge oxygen radicals was not indefinite, which was seen in a loss of response by 

Day 3 after synthesis (Figure B.3).  

Both PtOEP and DPA were incorporated into the ionophore-based nanosensor platform. 

Figure 5.1 illustrates the overlap of the TTA-UC emission spectrum and the absorbance spectra of 

the protonated and non-protonated states of the Blueberry dye. 

 
Figure 5.1 Blueberry dye absorbance spectra (black) in either protonated (black, dash-dot) or 

deprotonated (black, solid) state. TTA-UC spectra of PtOEP/DPA (blue) at 532 nm excitation 

shows excellent overlap between Blueberry dye absorbance peaks at 690 nm and 480 nm. 

 

The mechanism of ion exchange for a system that contains Blueberry as the pH indicator 

are described in detail elsewhere.180 The sensor mechanism is shown in Figure 5.2, where at low 

K+ concentrations, the Blueberry dye is protonated (low absorbance) and the upconversion signal 

is not quenched. At higher K+ concentrations, K+ ions bind to the ionophore and protons from the 
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Blueberry dye are displaced to maintain electroneutrality. The deprotonated Blueberry has an 

absorbance peak at 480nm that overlaps with the PtOEP emission at 435 nm, gating the 

upconversion fluorescence. Previous work by Sahari et al.172 determined that the apparent pKa of 

Blueberry is 7.85, which is within the relevant range for biological applications. 

 
Figure 5.2 Schematic of nanosensor components co-loaded into the nanosensor matrix and 

fluorescence gating mechanism in response to decreasing potassium (K+) concentrations. 

 

Emission spectra of TTA-UC nanosensors fluorescence response to K+ concentration in 

oxygenated conditions at 532 nm excitation (Figure 5.3) was calibrated from 10-8 M to 1 M K+. 

The sensors have a response midpoint of 60 μM K+ and a linear range of 8 μM to 260 μM. When 

deoxygenated, the UCNS have a response midpoint of 0.82 mM K+. In deoxygenated conditions, 

the sensors have a linear range of 0.09 mM to 3.8 mM. The normalized response can be seen in 

Figure B.4. This difference in response may be because of differences in overall brightness or 

batch-to-batch variability. 

Solutions of sodium, calcium, and magnesium chloride salts (0 M – 0.1 M) in HEPES/Tris 

were also tested (Figure 5.4) to evaluate UCNS selectivity and resulted in a response midpoint of 

9.3mM CaCl2 and 7mM for NaCl. Comparison of Ca2+ with the response midpoint for K+ resulted 

in a selectivity coefficient (in log10 units) of -2.2. When comparing with the response midpoint for 

Na+, the selectivity coefficient is -2.0.   
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Figure 5.3 Normalized fluorescence intensity of UCNS response to KCl solution buffered in 

HEPES/Tris (pH = 7.4). 

 

This is slightly larger than was found in optodes synthesized using potassium ionophore 

III by Shortreed et al.181 Sahari et al.172 noted increased selectivity for K+ over Na+ in K+-selective 

nanosensors containing Blueberry dye that utilized traditional downconversion fluorescence. This 

indicates that there may be an interaction between K+ ions and Blueberry. Compared with prior 

work,146 the selectivity against calcium and magnesium for these sensors is slightly diminished, 

potentially as a results of the upconversion signaling groups. These sensors are thus selective 

against potentially interfering ions most commonly found in biological systems. This does not 

include potential interference from H+ ions as the mechanism demonstrated here is inherently pH-

dependent. However, as demonstrated in Figures 5.3 and 5.4, in a well-buffered in vitro 

environment these sensors respond primarily to K+. These sensors could be made pH insensitive 

through the use of solvatochromic dyes as others have shown.148, 149, 182, 183 

Figure B.11 shows a small temperature sensitivity at lower concentrations (increased 

intensities) that can be accounted for as long as calibration is performed under similar, controlled 

conditions. Similarly, there is some oxygen sensitivity that remains (Figure B.12) even with the 
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use of soybean oil as an oxygen scavenger. This prevents use in systems with a dynamic oxygen 

concentration, e.g. organoids, where oxygen is significantly diffusion limited. Potential 

improvements might include addition of another oxygen scavenger, such as BSA-dextran162 or 

hyperbranched polyphosphates.184 

 
Figure 5.4  Normalized fluorescence intensity of UCNS response to NaCl, KCl, MgCl2 and 

CaCl2 solution buffered in HEPES/Tris (pH = 7.4). 

 

As expected, the UCNS are reversible: demonstrated under controlled conditions using 

UCNS in 13 kD MWCO microdialysis fibers via confocal microscopy. Solutions of 10-8 M or 1 

M KCl in HEPES/Tris (pH = 7.4) were added to the chamber slide wells containing fibers filled 

with UCNS. The fluorescence intensity at 400-450 nm (514 nm excitation) was measured to 

produce Figure 5.5. The 10-8 M to 1 M KCl cycles were repeated 3 times, with washes of 

HEPES/Tris buffer (pH = 7.4) in between each solution change. The signal intensity returns when 

the sensors are exposed to 10-8 M KCl after 1 M KCl exposure, so the UCNS are reversible, as 

expected based on the equilibrium-based sensing mechanism.185 There is some loss of signal over 

the three cycles measured, which may be due to photobleaching (see Figure B.5). 
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Figure 5.5 UCNS reversibility in dialysis tubes. Figure shows mean intensities of 3 trials of tubes 

for 3 washes of 0 M KCl and 3 washes of 1 M KCl demonstrating reversibility of the sensor 

mechanism. Error bars represent standard deviation. 

 

We also determined the batch-to-batch variability between 4 sensor batches whose 

response curves are shown in Figure B.7. One-way ANOVA reveals no significant difference 

between the log of the response midpoint of each batch or the sensitivity (slope) of the response 

curve. This indicates that batches can be fabricated reproducibly as long as they are produced from 

the same initial optode. One point to note is that Galyean et al.101 found that there was variance in 

Blueberry response between lots, which may account for variance between optodes that were 

synthesized with the Blueberry dye. 

The shelf stability of the UCNS was determined based on both the potassium response 

curve as well as the nanosensor hydrodynamic diameter and zeta potential. All of these were 

monitored over 4 days and are shown in Figure B.3 and Table 5.1. The change in response midpoint 

observed coincides with a decrease in overall fluorescence intensity. By Day 4, there is only a 
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slight response to solutions of 0.1 M and 1 M KCl. It is believed that this is due to oxidative 

destruction of sensor components as the soybean oil loses its oxygen scavenging ability, or additive 

leakage, as the decrease in fluorescence intensity stabilizes by Day 3 but the change in response 

does not.  

The only notable change in physical properties beyond the sensor response is an increase 

in hydrodynamic diameter by Day 4. The increase from approximately 105 nm to 124 nm is small 

but is statistically significant (p < 0.05). This may indicate that the nanoparticles are beginning to 

aggregate. 

Table 5.1 Characterization of nanosensors on day 1, day 2, and day 4 with dynamic light 

scattering (DLS) and phase analysis light scattering (PALS). 

 Eff. Diameter (nm) Polydispersity z Potential (mV) Mobility 

(µm-s-1/ 

V-cm-1) 

Log(EC50) (M) 

Day 1 105.6 ± 2.4 0.34 ± 0.01 -40.9 ± 1.8 -3.2 ± 0.1 -3.08 ± 0.15 

Day 2 104.0 ± 5.9 0.33 ± 0.004 -46.2 ± 2.7 -3.6 ± 0.2 -3.01 ± 0.29 

Day 4 123.8 ± 5.3 0.34 ± 0.004 -42.9 ± 3.4 -3.4 ± 0.3 -0.987 ± 0.15 

 

The UCNS were compared with traditional downconversion nanosensors (KNS) in an in 

vitro biological system. Biofilms of P. aeruginosa strain PAO1 that express GFP were grown and 

incorporated either UCNS or KNS into their extracellular polymeric substance. The biofilms were 

imaged with confocal microscopy, and these images can be seen Figure 6. The emission spectra 

of the KNS, which overlaps with the GFP emission spectra, produces a significant amount of signal 

overlap that makes quantification of the KNS signal difficult. When the KNS are replaced with 

UCNS, the GFP and nanosensor signals can be imaged with minimal overlap. 
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Figure 5.6 Top panel: Traditional downconversion nanosensors utilizing rhodamine B as one of 

the elements, embedded in a P. aeruginosa biofilm. a) Signal from the rhodamine B reporter, 

excited at 514nm and emission recorded over 535nm-632nm. b) Signal from GFP-expressing P. 

aeruginosa PAO1, excited at 488nm and emission recorded over 500-560nm. c) Signal overlap 

between GFP and rhodamine B, excited at 488nm and emission recorded over 540nm-590nm. 

Bottom panel: Upconversion nanosensors described in this manuscript embedded in a P. 

aeruginosa biofilm. d) Signal from PtOEP/DPA dye pair, excited at 514nm and emission 

recorded over 400nm-500nm. e) Signal from GFP-expressing P. aeruginosa PAO1 excited at 

488nm and emission recorded over 500-600nm. f) Signal overlap between GFP and PtOEP/DPA 

dye pair, excited at 514nm and emission recorded over 490-515nm. This demonstrates that the 

upconversion signal successfully reduces the optical overlap. 

 

5.5 Conclusions 

Here, we have demonstrated a nanosensor platform to quantify potassium concentrations 

that incorporates triplet-triplet annihilation upconversion and a pH-sensitive quencher dye. These 

TTA-UC nanosensors are capable of sensing physiologically relevant K+ concentrations, selective 
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against Na+ and Ca2+, reversible, and demonstrate a stable response for 3 days. Further work is 

needed to identify a reference dye that does not interact with the Blueberry dye or the TTA-UC 

process to allow for a ratiometric response. Because of the Blueberry dye’s wide absorbance 

spectrum, an NIR or IR dye might make ratiometric measurements possible with low tissue 

interference. Alternatively, the pH dependent Blueberry dye might be replaced with a 

solvatochromic dye.183 This would also eliminate any interference from pH changes within the 

system. This type of future work would allow for correction for environmental and nanosensor 

concentration changes and future in vitro and in vivo studies. 
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CHAPTER 6  

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

This thesis has described several advancements in monitoring bacterial biofilm dynamics. 

Investigating the movement and utilization of different metabolites within these complex microbial 

communities is crucial to expanding current understanding. In addition, these methods open up 

new avenues for development of clinical tools that can aid in improving outcomes related to 

biofilm infections. The oxygen nanosensors are not only a research tool that can elucidate 4D 

dynamics within live biofilms, but are also a promising clinical tool for testing the antibiotic 

susceptibility of biofilm-forming infections. The ability to use upconversion in a well-established 

system like ionophore-based optical sensors means that ion dynamics can now be monitored within 

biofilms without interference from common biological fluorescent reporters like GFP. 

The scope of the work included here has been limited to the opportunistic pathogen 

Pseudomonas aeruginosa, but the technologies and methods developed here can be generalized to 

other species capable of forming a biofilm. In all cases, the engineering principles used in the 

rational design, analysis, and interpretation of these bioanalytical sensors remains the same. 

6.2 Future Work 

The works presented here are still the beginning of many other works in their respective 

fields.  The following experiments are suggested as possible future work: 

§ Bacterial response to nanoparticle size – This work would aim to examine and control the 

interaction – specifically, uptake and sequestration - between bacteria in a biofilm and 

nanoparticles of varying sizes present in the growth media. Nanoparticles (and by 

extension, nanosensors) synthesized via nanoemulsion are produced as a wide distribution 
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of sizes, and there is some evidence that biofilm uptake of nanoparticles is primarily size-

dependent.186 This may affect the ensemble sensor response that is monitored and analyzed, 

and thus exploration of this would provide valuable insight. To achieve this, experiments 

to test viability and distribution of nanosensors with varying sizes would be performed in 

addition to experiments on how fractionation affects nanosensor response. 

§ Oxygen consumption and antibiotic mechanism – This work would aim to understand how 

the mechanism of action of different antibiotics affects oxygen dynamics within a biofilm. 

Different classes of antibiotics (e.g. cephalosporins, carbapenems, penicillins) produce 

either bactericidal or bacteriostatic activity using many different mechanisms, and bacterial 

response exhibits dependence on both concentration and exposure time. These can produce 

varying oxygen profiles that do not necessarily correspond to a traditional dose-response 

curve, especially during initial interrogation. Evaluation and analysis of these effects is 

necessary in order to use oxygen nanosensors as a general tool for evaluating antibiotic 

efficacy. Experiments would include time courses of serially-diluted antibiotics to 

understand kinetic activity of representative drugs from each class of antibiotics. In 

addition, extensive work would be done on a general method of automated data processing 

that yields consistent, reliable results. 

§ Potassium transients in biofilms – Another interesting avenue of investigation is the 

relationship of transient potassium gradients around biofilms and cellular motility. It has 

been established that Bacillus subtilis biofilms produce membrane potential oscillations by 

altering local K+ concentrations. This attracts nearby planktonic bacteria to the biofilm in 

a way that appears to be species-independent. The suggested mechanism is that this signal 

affects the cell’s motility and it responds by moving towards the signal source. In order to 
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validate this mechanism, it is necessary to establish a link between cell motility and speed 

and extracellular potassium concentration. Experiments would include time lapse imaging 

of planktonic bacteria and potassium nanosensors exposed to both solutions with static K+ 

concentrations as well as artificially created K+ concentration gradients. Comparison of 

motility between bacteria of different species as well as knockdowns of those species with 

reduced K+ ion channel activity would be beneficial. 
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APPENDIX A 

SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

 

 
Figure A.1 O2NS in an alginate hydrogel a) before and b) after deoxygenation with glucose and 

glucose oxidase. The ratiometric intensity increases as the oxygen concentration decreases. 

Image is of the edge of a circular hydrogel in PBS containing a) 10mM glucose and b) 10mM 

glucose + 2 IU/mL glucose oxidase. 
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Figure A.2 Raw microscopy images of representative PAO1 biofilm analyzed in Figures 4, 5, 

and 6. These images are Z-projections of the 3-dimensional stack containing 2 channels. The 

pink channel is the O2-sensitive PtTFPP channel and the cyan channel is the ratiometric DiA 

channel. Note that after addition of colistin, the PtTFPP channel decreases and is undetectable by 

eye by 60 min, while the DiA channel does not noticeably decrease until 90 min (presumably 

due to photobleaching after 90 min of continuous laser excitation). 

 

 
Figure A.3 Z-projections of average ratiometric intensity of O2NS in CS1 over 90min after 

addition of colistin sulfate. Z-projections of average oxygen concentration for the same images. 
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Figure A.4 Local oxygen concentration of two locations within the biofilm shown in Figure A.3 

highlighting spatial variations in response to colistin. 

 

 
Figure A.5 PAO1 biofilm samples were plated before and after exposure to colistin sulfate. Lack 

of growth and color change in agar (due to pyocyanin presence) indicate antibiotic effectiveness. 

Clinical samples were also plated before and after exposure to colistin sulfate. Growth and color 

change in CS2 and CS3 are similar before and after exposure. 
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Figure A.6 Live/Dead Viability Staining of biofilms containing a) no nanosensors, b) polymeric 

nanoparticles without dye components, and c) oxygen nanosensors. 

 

 
Figure A.7 Both the oxygen-sensitive PtTFPP (left) and reference DiA (right) signals exhibit 

concentration-dependent fluorescence intensity in LB media. 
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Figure A.8 Unlike the raw fluorescence signals, the ratio of the PtTFPP signal and the DiA signal 

(PtTFPP/DiA) is stable and not dependent on concentration of sensors in the media. 

 

 
Figure A.9 Spectra of O2NS in phosphate buffered solutions of varying pH at minimum and 

maximum oxygen concentrations. pH appears to have a minimal effect on the sensors brightness 

and response. 
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Figure A.10 Biological replicates of time-lapse data for a) PAO1 (n = 3), b) clinical strain 1 (n = 

2), c) clinical strain 2 (n = 2), and d) clinical strain 3 (n = 2) presented in Figure 7. Error bars 

represent standard error of n = 9 pixels surrounding chosen location. 
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APPENDIX B 

SUPPLEMENTARY INFORMATION FOR CHAPTER 5 

 

 
Figure B.1 Upconversion luminescence in PVC/plasticizer films containing either PtOEP and 

DPA or PdOEP and DPA. Both were excited at 532nm (dashed green line). PtOEP/DPA 

produced much more intense fluorescence in comparison to PdOEP/DPA. 

 

 
Figure B.2 Emission spectra for nanoparticles that utilize either soybean oil or BEHS as the 

plasticizer. Excitation at 532nm produces upconversion luminescence in nanoparticles 

plasticized with soybean oil, an oxygen scavenger, without purging the solution using N2. 
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Figure B.3 Nanosensor response to K+ over 4 days. 

 

 
Figure B.4 Normalized fluorescence intensity of UCNS response to KCl solution buffered in 

HEPES/Tris (pH = 7.4). UCNS solutions were deoxygenated with N2 for 20 minutes prior to 

measurement. 
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Figure B.5 Fluorescence intensity of UCNS over 60 minutes of continuous 532nm laser 

excitation (n=3). Image is presented here without error bars for clarity, but error bars 

representing SD are included in Figure B.6. Photostability of the UCNS was determined based 

on raw fluorescence intensity over 60 minutes when exposed to a 5mW cw 532nm laser. 

Measurements were taken every 20 seconds. The upconversion signal stabilizes after ~10 

minutes demonstrating suitable photostability. 

 

 
Figure B.6 Photostability of UCNS over 60 minutes of continuous laser excitation, error bars 

included (n = 3). Error bars represent standard deviation. 
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Figure B.7 Batch-to-batch variability of UCNS. Each batch was produced from the same initial 

optode mixture. 

 

 
Figure B.8 Confocal microscopy images of UCNS in a microdialysis tube under repeated cycles 

of high and low potassium solutions. 
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Figure B.9 Raw intensity lifetime data. 

 

 
Figure B.10 Raw selectivity data. 
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Figure B.11 Temperature sensitivity data. Increased temperatures appear to decrease the TTA-

UC fluorescence at low concentrations of K+. However, there is no significant difference 

between the fluorescent intensity at high concentrations of K+ as the signal is already fully gated 

by the Blueberry dye. 

 

 
Figure B.12 Oxygen sensitivity data. 
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