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Abstract

Chemical gradients and the emergence of distinct microenvironments in biofilms are vital to the stratification, maturation and
overall function of microbial communities. These gradients have been well characterized throughout the biofilm mass, but the
microenvironment of recently discovered nutrient transporting channels in Escherichia coli biofilms remains unexplored. This
study employs three different oxygen sensing approaches to provide a robust quantitative overview of the oxygen gradients
and microenvironments throughout the biofilm transport channel networks formed by E. coli macrocolony biofilms. Oxygen
nanosensing combined with confocal laser scanning microscopy established that the oxygen concentration changes along
the length of biofilm transport channels. Electrochemical sensing provided precise quantification of the oxygen profile in the
transport channels, showing similar anoxic profiles compared with the adjacent cells. Anoxic biosensing corroborated these
approaches, providing an overview of the oxygen utilization throughout the biomass. The discovery that transport channels
maintain oxygen gradients contradicts the previous literature that channels are completely open to the environment along
the apical surface of the biofilm. We provide a potential mechanism for the sustenance of channel microenvironments via
orthogonal visualizations of biofilm thin sections showing thin layers of actively growing cells. This complete overview of the
oxygen environment in biofilm transport channels primes future studies aiming to exploit these emergent structures for new
bioremediation approaches.

INTRODUCTION

The spatial and structural heterogeneity of biofilms leads to the formation of complex emergent architectural features that maintain
their durability and ability to distribute key resources. Recently discovered Escherichia coli biofilm transport channels present an
example of such structures [1]. These nutrient transport channels were discovered using novel mesoscopic imaging methods [2].
They were found to form according to their local environmental conditions [3] as an emergent property governed by cell shape
and driven by cell-to-cell and cell-surface interactions [4]. The proven ability of these channels to translocate nutrients and small
particles within mature macrocolony biofilms presents a timely opportunity to develop exploitative channel-mediated bioremedia-
tion strategies to lower the impact of biofilms on public health and industry. However, the chemical microenvironment of biofilm
transport channels must be elucidated prior to the development of new chemical treatments, to inform their design and delivery.

Chemical gradients in biofilms are well characterized and play a key role in nutrient cycling, waste product management, secre-
tion of secondary metabolites and signalling compounds and oxygen, redox and pH homeostasis [5-9]. The oxygen profile of
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mature biofilms is perhaps the most important of these when designing new combative biofilm treatments. There are three key
reasons for this: the potential for free and reactive oxygen species (ROS) to degrade the molecular structure of antimicrobial
agents [10, 11], the synergistic role that free oxygen and ROS may play in potentiating biofilm destruction when combined with
antimicrobial treatments [12, 13] and the emergence of antimicrobial tolerance fuelled by oxygen depletion in mature biofilms
[14-17]. Therefore, an understanding of the oxygen gradients and microenvironment of biofilm transport channels is important
as it will inform the development of future mitigation strategies that may seek to exploit such channels as drug delivery pipelines.

This study aims to elucidate the oxygen gradients and microenvironment of E. coli biofilm transport channels using a multimodal
approach to oxygen sensing (Fig. 1). We present three complementary sensing approaches to probe the oxygen profile of these
structures, and we conclude with a potential structural mechanism for maintaining the homeostasis of oxygen gradients within
the channel networks. Based on our previous work, we initially hypothesized that the channel structures formed akin to chasms,
open to the air, permitting free diffusion of atmospheric oxygen into the biofilm channels. However, this study determined that
the microenvironment of biofilm transport channels was depleted of oxygen, with a similar oxygen profile to the biofilm cell mass
and maintained by a thin apical layer of cells at the crest of each channel structure. Bioremediation strategies can now be developed
that capitalize on these observations and our robust overview of the oxygen gradients throughout these channel networks.

METHODS
Strains and growth conditions

All experiments were performed using the E. coli strains outlined in Table S1 (available in the online Supplementary Material);
fluorescent reporters were used during imaging as a proxy for live cells and to generate sufficient contrast to resolve biofilm
structures. Macrocolony biofilms were grown by spreading 100 ul of a 1x10*c.f.u.ml™! inoculum on solid lysogeny broth (LB)
(Miller) medium (10g 1™ tryptone, 5g 1™ yeast extract, 10g 1! sodium chloride and 20 g 1! agar supplemented for solid media),
supplemented where appropriate with the required selective antibiotic. Biofilms were grown at 37°C in darkened conditions
for 18-24h before imaging. Planktonic cultures were maintained using LB (Miller) broth and incubated at 37 °C while shaking
continuously at 225r.p.m.

Specimen preparation for imaging

Macrocolony biofilms were prepared for imaging by inoculating lawns of dilute liquid culture, as above, onto moulds filled with
solid growth media. 3D-printed chamber moulds were used for imaging applications, as described elsewhere [1, 3]. To ensure
exposure to atmospheric conditions, biofilms were imaged under air immersion throughout this study; imaging of oxygen
nanosensor-supplemented biofilms was performed in air immersion using an inverted confocal laser scanning microscope, as
described later, and oxygen biosensor imaging was performed using the biofilm specimen preparation methods described by
Baxter et al. [18]. All experiments were conducted in triplicate.

Oxygen nanosensing in biofilms

Oxygen nanosensing was conducted using proprietary oxygen-sensing nanoparticles, OXNANO (PyroScience GmbH, Germany).
Biofilms were prepared for nanoparticle uptake as previously described [1]. Briefly, a suspension of mid-log phase E. coli JM105
miniTn7::HcRed 1 at a density of 1x10*c.f.u. ml™ was prepared and supplemented with a final concentration of 10 ug ml™* OXNANO
particles. A 100 pl aliquot of the nanoparticle culture suspension was inoculated to form discrete microcolony biofilms as described
above.

Following growth, specimens were imaged using a Leica SP5 confocal laser scanning microscope (Leica, Germany). Fluorescence
excitation for HcRed1 and OXNANO particles was provided via the 543 nm and 633 nm lines of a helium-neon laser, respectively.
Fluorescence emission was detected simultaneously using two photomultiplier tubes (PMT) with spectral detection set from 650
to 690 nm for HcRed1 and 740-780 nm for OXNANO particles. Images were acquired using a 10 x/0.4NA objective lens (Leica,
Germany).

Nanoparticle calibration datasets were acquired using OXNANO bead preparations on LB agar pads imaged under atmospheric
exposure or sealed in an anoxic ascorbic acid buffer. OXNANO bead preparations were created by supplementing a 10 pgml™
suspension of beads over a thin LB pad constructed using a 10x10 mm Gene Frame (Thermo Fisher Scientific, USA), as described
elsewhere [19]. The beads were left to dry onto the pads and imaged as described above while exposed to the air (i.e. without
a coverglass) or mounted in an anoxic ascorbic acid buffer solution (10mM ascorbic acid, 90 mM NaOH) and sealed with a
coverglass (Fig. S1).

Oxygen profiling in biofilms

A 10 pm-tip oxygen microsensor (OX-10; Unisense, Denmark) was used to measure the oxygen concentration throughout the
depth of biofilm transport channels and the adjacent interstitial cell population. The microsensor electrode was calibrated using
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Fig. 1. A combinatorial approach to oxygen sensing in established biofilms. (a) Oxygen nanosensing uses fluorescent nanospheres which increase
in fluorescence intensity proportionally to the local oxygen concentration, providing a ratiometric intensity-based readout of oxygen concentration in
complex samples. (b) Oxygen sensing via partial pressure measurements achieved using fine-tipped electrochemical probes permits targeted and
absolute measurements of the oxygen concentration in different sub-populations of the biofilm by guiding the sensor tip to different regions, with
the option of measuring through biofilm depth using a micromanipulator. (c) Oxygen biosensing provides insight into the local oxygen environment at

the cellular level by directly sensing the cellular response to environmental oxygen via a transcriptional fusion of gfp to the promoter of the terminal
cytochrome c oxidase, cco2.




Bottura et al., Microbiology 2025;171:001543

a two-point calibration method. Atmospheric calibrations were conducted using a calibration chamber (CAL300; Unisense,
Denmark) containing water bubbled continuously with air for at least 30 min before reading. Anoxic calibrations were conducted
by submersion of the microsensor tip into an anoxic ascorbic acid buffer solution (10 mM ascorbic acid, 90 mM NaOH) and
incubated at room temperature for 30 min to acclimatize before registering the ‘zero’ value. The electrode was then cleaned with
and stored in distilled water until required.

Macrocolony biofilms grown for 20 h on LB agar plates were placed on top of an aluminium foil surface so that ambient light was
reflected through the base of the biofilm channels and rendered them visible using a VHX-1000 digital microscope (Keyence,
Japan) set on a rotational mount to 45°. The microsensor electrode was mounted on a micromanipulator (MM33; Unisense,
Denmark) to facilitate automated stepped movement of the electrode through the depth of the biofilm. Profiles were recorded
using a multimeter and the SensorTrace Profiling software (Unisense, Denmark), as described by Jo et al. [20]. This setup
provided means to measure the oxygen concentration through the depth of a given transport channel by incrementally stepping
the electrode from the apical to the basolateral surface of the biofilm. Readings were acquired with a measurement time of 3s
and a dwell time between measurements of 5s. A step size of 5 um was used to measure the entire depth of the biofilm (typically
ranging from 100 to 150 pm). Both the channel and interstitial regions were measured in triplicate for each strain, using three
replicate biofilms with a single channel and interstitial measurement point each.

Oxygen biosensing in biofilms

The oxygen reporter plasmid, pAW?9 (Table S1) [21, 22], was transformed into JM105 via electroporation and maintained during
all subsequent experiments using 100 pg ml™" ampicillin. Macrocolony biofilms were grown as described for imaging above and
imaged using the Mesolens in widefield epifluorescence mode, as described previously [1, 3]. Briefly, a 490 nm LED (pE-4000;
CoolLED, UK) provided an excitation source for GFP expressed under anoxic conditions. Fluorescence emission was captured
using the Mesolens coupled to a VNP-29MC CCD camera with a chip-shifting modality (Vieworks, South Korea) with a triple-
bandpass filter (540 + 10 nm) placed in the detection pathway. Mesoscopic imaging was conducted using water immersion (n=1.33)
with the correction collars set accordingly to minimize spherical aberration via refractive index mismatch.

Paraffin-embedding and biofilm thin sectioning

Thin sections of macrocolony were generated and imaged by widefield epifluorescence microscopy to provide a sagittal view of
biofilm transport channels (Fig. S2). Biofilms were prepared according to the methods described by Cornell e al. [23] and Smiley et
al. [24]. Briefly, JM105 miniTn7::gfp biofilms were grown as described above and prepared for processing by embedding in cooled
molten 1% (w/v) agarose. Fifteen millilitres of 1% agarose were delicately poured over the surface of the Petri dish containing
macrocolony biofilms. After setting, each was excised with a clear margin surrounding the biofilm as a cube of solid agar base
and agarose top. Specimens were placed into histocassettes and fixed overnight in 4% (w/v) paraformaldehyde in PBS (pH 7.2)
before washing in increasing ethanol concentrations (25%, 50%, 70% and 95% in PBS and three times in 100% ethanol). The
biofilms were then cleared with three washes of Histo-Clear II (National Diagnostics, USA), infiltrated with molten paraffin wax
(Leica Biosystems, Germany), and left to solidify for 3 h. Biofilms were then mounted and sectioned into 10 um slices using an
automatic microtome (905200ER; Thermo Fisher Scientific, USA). Specimens were mounted on clean glass slides and air dried
overnight before heat fixing at 45°C for 30 min. The slides were rehydrated in PBS by decreasing through the ethanol gradient
above and mounted in ProLong™ Diamond Antifade Mountant (Invitrogen, USA) before being sealed with type 1.5 coverglasses.
Specimens were imaged using an inverted IX81 microscope coupled to a FluoView FV1000 confocal laser scanning microscope
(Olympus, Japan). Fluorescence excitation for GFP was provided by a 488-nm argon laser (GLG3135; Showa Optronics, Japan).
Fluorescence emission was detected using a PMT with spectral detection set from 510 to 550 nm. Images were acquired using a
10x/0.4NA objective lens (Olympus, Japan).

Image analysis

All image processing and analyses were conducted using FIJI v1.54f [25]. Images were false-coloured and linearly contrast-adjusted
post-analysis for display purposes where appropriate.

For oxygen nanosensing, images were pre-processed by performing a polar transform function [26] to transform from polar to
Cartesian coordinates and simplify the analysis of radially projecting channel structures. The coordinates of the centre of the
biofilm were calculated using the Measure function in FIJI, and the number of pixels per angular coordinates was set to 4096 pixels
(11 pixels per degree). Converting to a Cartesian projection of the image facilitated the selective measurement of exterior and
internalized nanosensor populations. A region of interest was cropped from the exterior of the biofilm and the internal region,
and a median filter (0=5 pixels) was used to reduce noise contributions from the analysis with minimal impact on the signal
intensity. The nanosensing beads were thresholded using automatic yen parameters, and the fluorescence emission intensity of
the OXNANO sensors was measured using the Analyse Particles function to generate the mean fluorescence intensity of each
nanosensor particle.
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Statistical analysis

Statistical analyses were conducted using Prism v8.0.2 (GraphPad, USA). Following a normality test, the intensity of
OXNANO particles between the internal and exterior populations was compared using a two-tailed Mann-Whitney test. The

emission intensity data were normalized ranging between the maximum and minimum intensity of the thresholded beads
X— Xmin,
Xmax. —Xmin.

were fitted with an exponential one-phase decay function and prediction intervals were plotted using Prism.

(x = ). The OXNANO calibration data were also compared using a two-tailed Mann-Whitney test. Profilometry data

RESULTS
Oxygen nanosensing reveals the oxygen gradients along biofilm transport channels

Biofilm transport channels were observed to transport oxygen-sensing nanoparticles, thereby providing a means to quantify the
oxygen microenvironment within channels in comparison to the external surroundings. Fig. 2 shows the uptake and modulation
of the fluorescence emission intensity of OXNANO sensors throughout a HcRed1-expressing JM105 biofilm. Biofilms exhibited
the classical microsphere uptake behaviour previously reported [1], with OXNANO sensors transported towards the core of the
biofilm via the channel structures. A polar transform facilitated the projection of radially propagating channels as linear structures
with a clear boundary at the periphery of the biofilm (Fig. 2a). Internalized nanosensors exhibited an 86% decrease in the median
relative fluorescence intensity compared to the external population exposed to atmospheric oxygen concentrations, indicating
that the oxygen concentration was being attenuated along the length of the transport channels. While these data confirmed the
change in the oxygen microenvironment, they do not provide absolute quantification of the oxygen concentrations within these
emergent structures.

Calibration of the OXNANO beads was attempted by imaging under the same acquisition parameters as biofilm specimens
but using lawns of beads either exposed to the atmosphere or mounted and sealed in an anoxic ascorbic acid bufter (Fig. S1).
However, the calibration data did not provide a sufficient difference in the emission intensity between the two calibration points
and, therefore, positioned OXNANO data as purely ratiometric when the fluorescence emission signal is captured using a confocal
microscope, as opposed to the usual detection method which routinely detects phosphorescence emission using proprietary
metres.

Quantitative electrochemical oxygen sensing provides a direct readout of the oxygen gradients throughout
biofilm transport channels

Electrochemical oxygen profiling was used to provide a high-resolution readout of the oxygen levels over the depth of biofilm
transport channels and compared to the adjacent interstitial cell population. Fig. 3a illustrates the precise guidance of a 10
pm-tip oxygen sensing electrode directly into the apical surface of a transport channel and the adjacent cell population. The
atmospheric oxygen concentration was measured as 266.3 umol 1! at a temperature of 23.3°C during calibration. Fig. 3b shows
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Fig. 2. Oxygen nanosensing reveals the oxygen gradients along biofilm transport channels. (a) A maximum intensity projection of an E. coli biofilm
(green), showing dark transport channel networks, merged with fluorescent oxygen-sensing nanoparticles (cyan). Comparative intensity analysis
between the exterior and interior nanosensors was conducted by performing a polar transform operation and segmenting nanoparticles from each
region for analysis. Grey arrows indicate the relative position of channel structures filled with nanosensors between the input image and the polar
transform output. (b) Nanosensors in biofilm channels exhibited an 86% reduction in median fluorescence intensity compared to exterior nanosensors,
indicating a decrease in oxygen concentration along the channel network towards the core of the biofilm (****P<0.0001) (NExternal=270, Ninternal=786;
acquired over three biological replicates).
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Fig. 3.0xygen concentrations decrease through biofilm depth and differ at the biofilm base. (a) Images showing the insertion of an oxygen microelectrode
probe into a biofilm transport channel (left) and biofilm cell population (right). Measurement traces of the oxygen profile through the depth of the
biofilm in channel and cell populations are presented for the (b) non-fluorescent WT, (c) GFP and (d) HcRed1-expressing strains used in this study.
Each plot shows the oxygen concentration for three replicate biofilms at each measurement position in both the channel and the adjacent biomass.
The data are fitted with a one-phase decay and plotted with prediction intervals. Both channel and cell populations in all three strains exhibited a
decrease in oxygen concentration from atmospheric oxygen (266 umol ') to 0.3 ymol I-" within 20 um from the biofilm surface. Transport channels
exhibited higher oxygen concentrations at depth compared to the adjacent cell populations. A cropped inset is presented showing oxygen recovery at
the basal portion of each population. Measurements were obtained from three replicate biofilms for each condition, with a single channel and biofilm
cell population sampled in each.

the oxygen concentration through the depth of the biofilm transport channels for WT, gfp and HcRedI-expressing biofilms. The
oxygen concentration decreased immediately under the surface of all biofilms, reaching 0.3 pmol 1! within 20 pm of the apical
surface. The anoxic region persisted until the basal layers of the biofilm, where partial recovery in the oxygen concentration
was observed in all strains. However, the channels consistently exhibited a higher recovery in the oxygen concentration in these
regions compared to the interstitial cell populations. The WT strain exhibited routinely lower oxygen recovery levels compared
to the fluorescent strains.

Oxygen biosensing concurs with nanosensing and electrochemical sensing to provide a robust overview of
biofilm transport channel oxygen microenvironments

Fig. 4 shows a maximum-intensity projection of a biofilm expressing a fluorescent P_ ::¢fp oxygen reporter that conditionally

cco2"

expresses gfp under anoxic conditions with high fidelity. These data show an anoxic core accompanied by diffuse fluorescence
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emission along the transport channel networks with the highest intensity at the centre of the biofilm and a gradual decrease
towards the leading edge, interspersed with anoxic subpopulations matching the spatial pattern of canonical biofilm transport
channels reported elsewhere [1, 3, 4, 9]. The spatial overview of oxygen gradients from these data concurs with the nanosensing
and electrochemical profiling data, which show a change in oxygen gradients along the channel structures and similarities between
the microenvironments of the channels and interstitial cell populations, respectively.

Thin sectioning suggests a mechanism for maintaining oxygen and nutrient gradients in biofilm transport
channels

Our data show that the overall oxygen concentration does not significantly differ between the lumen of the transport channels
and the biofilm cell population. This result confounded the originally proposed structure of biofilm transport channels, which
assumed that they were open to the environment, thereby permitting free diffusion of atmospheric oxygen into the lumen of the
channels. However, by imaging thin sections of macrocolony biofilms, we have determined that the apical surface of the biofilm
remains sealed by a thin layer of capping cells at all points (Fig. 5a). Even at positions where transport channels are observed,
they are not open to the atmosphere as first presumed from lateral viewpoints. We propose that this layer of actively respiring
cells and matrix components is sufficient to maintain the oxygen gradients we observe via nanosensing, electrochemical sensing
and biosensing methods. Moreover, we observed that the inferior portions of biofilm transport channels are often open to the
underlying substrate. This observation supports the nutrient transport findings documented in other studies [1, 3] and explains
the increase in oxygen recovery in biofilm channels revealed from our electrochemical sensing data. Fig. 5b provides a diagram-
matic representation summarizing a working model of how biofilm transport channels maintain a marked oxygen gradient,
partial recovery from the diffusion of free oxygen and acquisition of nutrients from their underlying grown medium substrate.

Fig. 4. Oxygen biosensing confirms the oxygen profile of biofilm transport channels. A maximum intensity projection of a mature E. coli biofilm
expressing a cco2 promoter-gfp fusion (P__-gfp). The emission intensity of GFP indicates levels of anoxia throughout the biofilm, commensurate with
a dense hypoxic core. The diffuse signal from interstitial cell populations surrounding the channel structures can be observed permeating radially
from the centre. A schematic x, z cross-section illustrates the anoxic gradients shown by the oxygen sensing, which concur with nanosensing and
electrochemical sensing methods.
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DISCUSSION

The oxygen profile and chemical microenvironment of biofilm transport channels have remained unexplored since their discovery.
This study provides three complementary approaches to quantify the oxygen microenvironment of biofilm channels to provide
insight for follow-on studies that might exploit these structures for bioremediation purposes. We used a combination of oxygen
nanosensing, electrochemical sensing and biosensing to provide a robust measurement of oxygen gradients throughout biofilm
channel networks. These data show that, while oxygen gradients change along the length of biofilm transport channels, there is a
sharp oxygen gradient along their depth. Images of biofilm thin sections confirm that biofilm transport channels are capped by a
thin layer of cells covering the apical surface of the channel structures, while they remain open to the underlying growth substrate.
This observation provides a potential mechanism for maintaining such chemical gradients within biofilm transport channels.

Key resource trafficking by biofilm transport channels has been well documented in recent literature [1, 3, 4, 18], but it remained
unclear if these seemingly devoid structures were either hypaethral or enclosed; thereby, the chemical microenvironment was
unknown. The channel structures we discuss here were originally hypothesized to be open chasms spreading along the radii of
macrocolony biofilms due to their appearance as dark voids during optical imaging experiments. However, this study concluded
that thin layers of surface cells seal and maintain the chemical gradients within the biofilm channels, unlike other larger scale
water channels reported in mushroom-shaped Pseudomonas aeruginosa [27, 28], Klebsiella [29] and Bacillus spp. [30, 31] biofilms.

Previous studies have used nanosensors [32], electrochemical profiling [20, 24, 33] and P__-mediated biosensing [20, 21] to
study the oxygen gradients and redox profile of P. aeruginosa biofilms. While these studies have provided robust insights into
the chemical microenvironment within the bulk mass of pseudomonad biofilms, the void structures of E. coli transport channels
presented a priority for this study, which would inform if the local conditions might impact future channel-exploiting treatments.

Previous optical oxygen nanosensing techniques have been achieved in planktonic cultures [34], small Pseudomonas spp.
aggregates [35, 36] and antimicrobial susceptibility screens [37]. Flamholz et al. recently documented the common pitfalls
in oxygen nanosensing applications in biofilms, where the constituent cells can produce quenching molecules that may
impact the reliability of optical oxygen quantifications [32]. Moreover, we present a new detection method for OXNANO
sensors, using a confocal laser scanning microscope to detect the fluorescence emission of the nanoparticles, rather than
the phosphorescence emission that other studies detect either using proprietary phosphorescence metres or measuring the
extremely long phosphorescence lifetimes. Our calibration data (Fig. S1) show the opposite trend of intensity versus oxygen
concentration owing to the measurement of fluorescence emission rather than phosphorescence emission. This observation

(b) [0,]
Biofilm
depth
A
Substrate [Oxygen]
medium

Fig. 5. Orthogonal visualization presents an explanation for chemical gradients in biofilm transport channels. (a) A thin section of a fixed gfp-expressing
E. coli JM105 biofilm is presented with arrows at the apical surface indicating regions where transport channels can be viewed sagittally. Thin layers of
cells cap the apical surface of the biofilm and enclose the top of transport channels. The inferior portion of the channels remains open to the underlying
substrate. A representative view of the section position through the centre of the colony is presented (top left). (b) A schematic proposing nutrient and
oxygen gradients through the depth of biofilm transport channels. A thin layer of apical cells seals the top of channels and maintains a strict oxygen
gradient, while nutrients and free oxygen can diffuse from the basolateral surface through open channel conduits into the biomass.
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is explained through competition in the electronic pathway, where a decrease in phosphorescence increases fluorescence
owing to more excited-state electrons returning to the ground state via the singlet pathway as opposed to undergoing
intersystem crossing and returning from the triplet state. The platinum-based chemistry of the OXNANO probes promotes
intersystem crossing and triplet decay pathway, hence why most users measure phosphorescence quenching as a function
of oxygen concentration. However, the routinely used phosphorescence metres are best suited to studying specimens in
solution and are incapable of sub-sampling different regions of complex specimens, such as biofilms. Our study shows that
the fluorescence emission can be imaged to provide a spatial overview and proportional intensity readout to measure oxygen
gradients in complex specimens. Moreover, our calibration data and the decrease in oxygen concentration we observe by
measuring fluorescence emission are corroborated by the electrochemical measurements also performed in this study. We
provided a spatial overview of the relative change in nanosensor intensity as a function of oxygen depletion along biofilm
transport channels and supplemented this ratiometric data with high-resolution electrochemical sensing experiments.
Other studies have also used optical means to study the chemical microenvironments of microbial communities, such as
by transient state monitoring coupled with single plane illumination microscopy [38], ratiometric oxygen-responsive dye
measurements [39] or planar optodes or in situ imaging probes [40]. Each of these techniques is limited either by their
spatial resolution, attainable field of view and low throughput or by inhomogeneous illumination, leading to spurious
quantification [41]. Oxygen nanosensing coupled with conventional low-power confocal microscopy provides some means
of circumventing these challenges, although the fluorescent nanosensor approach requires calibration and supplemen-
tary methods to provide reliable quantitative measurements [32]. Overall, this approach requires complementation with
secondary methods to verify the nanosensing outputs.

Electrochemical sensing of oxygen gradients using Clark-type sensors has been well documented in microbial communities with
many examples [42] spanning environmental microbiology [43, 44], model systems [45], pathogen biology [15, 46] and wastewater
management [47]. The accuracy of this sensing method, both in terms of precision targeting of biofilm sub-populations using
the micron-scale sensor tip and the sensitivity and dynamic range, provides a robust quantitative method for complex microbial
communities [48]. The complete oxygen profiles of E. coli biofilm transport channels we generated concluded that, although the
oxygen environment does change through the depth of the transport channels, it does not differ greatly from the profile of the
surrounding biofilm mass. This is important to understand due to the leading role that free molecular oxygen and ROS can play
in the destruction of antimicrobial agents [10, 11], in turn, leading to diminished treatment efficacy. Moreover, understanding
the chemical microenvironment is important for developing ROS-mediated antimicrobial combination therapies [12, 49, 50]
and understanding the impact of anoxia-induced antimicrobial tolerance [51-53]. It is unclear why the concentration of oxygen
recovers to a greater extent in photoprotein-expressing biofilms compared to the WT, but this may be linked to the requirement
for free oxygen during chromophore maturation for both GFP [54, 55] and HcRed [56], or due to the increased thickness observed
in WT biofilms compared to their fluorescent counterparts.

Biosensing using the P_ , reporter system facilitated a direct readout of the oxygen environment in different sub-populations of
the biofilm. In this system, the cco2 promoter drives the expression of gfp in response to anoxic conditions at the cellular level,
providing higher spatial sensitivity than electrochemical sensing can afford and a simultaneous overview of the entire biofilm using
the Mesolens. Previous studies have shown the high fidelity of this biosensor in P. aeruginosa biofilms [20, 21] and demonstrated
that homologous transcription factors drive the anoxic response in P. aeruginosa and E. coli [22] priming the translation of the
biosensor for visualizing oxygen gradients in E. coli biofilms. Our data revealed the canonical anoxic core of the macrocolony
biofilms that other studies have reported [5, 7, 8, 57-60] but also show diffuse signal emitted from channel-lining cells throughout
the biofilm, thereby complementing our nanosensing and electrochemical sensing experiments.

Finally, the orthogonal visualization of transport channels using thinly sectioned biofilm specimens revealed a thin crowning
layer of cells, where previously the channels were hypothesized to be open to the atmosphere. Previous studies have determined
that the generation of biofilm oxygen gradients is not caused by physical barriers (i.e., cells, matrix, etc.), but instead penetration
is limited by the active respiration of apical cell layers [60-62]. We therefore propose that the thin layer of cells that we observe is
actively contributing to the underlying chemical microenvironment of the channel structures, maintaining the anoxic environment
that adjacent fermentative cell populations [6, 63-65] are also exposed to.

The combined outcome from the multimodal oxygen sensing presented in this study provides a robust overview of the
oxygen gradients and microenvironments of E. coli biofilm transport channels. We conclude that the combinatorial approach
taken to quantify biofilm chemical gradients is essential to build a full picture of microenvironments in complex living
systems. While the Clark-type electrochemical sensors offer the highest accuracy, their expense and requirements for
specialist equipment may limit accessibility to these methods. In turn, combining high-resolution oxygen profilometry
with biosensing and fluorescence nanosensing not only provides a global overview of oxygen dynamics but also provides
more accessible research tools to study these conditions in biofilms. This work primes future studies exploring the basic
physiology and translational potential of biofilm transport channels for new mitigation strategies. Our findings will provide
a priori knowledge for future studies seeking to develop channel-targeting therapeutics and exploitative drug delivery
strategies. Armed with quantitative evidence of the oxygen microenvironment, researchers could next determine, for
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example, the encapsulation or chemical modifications required to successfully deliver antimicrobials into dense biofilms
via biofilm transport channels.
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