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1. Introduction

Bacterial biofilms, aggregates of bacteria encased in a self-
secreted matrix of polysaccharides, proteins, nucleic acids and 
other metabolic products, are ubiquitous in environmental, clini-
cal, and industrial settings. In natural environments, biofilms can 
be found in habitats as diverse as hot springs [1] to glaciers [2]. 
In medical contexts, biofilms such as those formed by opportunis-
tic pathogens like Staphylococcus aureus commonly colonize 
chronic wounds and medical devices. Once established, biofilm 
infections are often all but untreatable and represent a major 
burden to healthcare and patient quality of life [3]. In industry, bio-
films can be a hindrance, for instance in the biofouling of filtration 
membranes [4], ship hulls [5], and petroleum pipelines [6], but 
may be useful in other contexts, such as in bioremediation [7] or 
microbially-aided wastewater treatment [8]. In all of these cases,
oxygen availability is one of the most critical parameters governing
biofilm presentation [9].

Current methods for oxygen quantification within a biofilm,
even in a laboratory context, are limited. The current standard
for oxygen measurement in biofilm systems is the microelectrode
[10,11], which enjoys the advantage of high sensitivity. However,
the microelectrode has three limitations. First, measurement is
restricted to a single spatial point at a time [12], making it time
consuming and unfeasible for dynamic tracking of oxygenation in
non-steady state systems. Second, microelectrodes are invasive;
the biofilm must be physically penetrated to obtain a reading,
potentially causing influx of oxygen during electrode insertion
[13]. Finally, microelectrodes are ill-suited to contained systems
such as packed bed columns, where introduction of the oxygen
sensor becomes cumbersome.

19F nuclear magnetic resonance (NMR) and imaging (MRI)
oximetry has the potential to overcome the characteristic setbacks
of the electrode in biofilm oxygenation measurement. The tech-
nique, which has been successfully used in the medical literature
to quantify oxygenation in blood [14], tumors [15], and tissues
[16–18], exploits the linear relationship between 19F spin–lattice



relaxation rate R1 and local oxygen concentration in perfluorocar-
bon (PFC) phases. While the presence of molecular oxygen hastens
the relaxation rate of all nuclei due to its unpaired electrons, the
high solubility of oxygen in PFC phases encourages the close prox-
imity of oxygen atoms to the fluorine atoms of PFCs which facili-
tates strong hyperfine coupling [19]. This provides excellent
sensitivity to oxygen changes as compared to 1H NMR [20]. Using
this approach, NMR can non-invasively resolve spatial oxygen gra-
dients and, coupled with the fact that NMR is one of the most use-
ful techniques for investigating fluid flow and molecular transport
in porous media [21–29], can provide comprehensive analysis of
the transport phenomena. To better understand the role of oxygen
transport in biofilm-impacted systems, it is critical to elucidate the
interactions between fluid flow dynamics, oxygen transport, and
biofilm behavior in porous media, as the presented method does.

The present work develops a methodology to investigate the
spatiotemporal evolution of oxygen distribution in a packed bed
column porous medium contaminated by either non-biofilm form-
ing Escherichia coli [30] or biofilm-forming Staphylococcus epider-
midis [31]. To facilitate these measurements, time-stable and
inert PFC-containing particles are designed that report local oxy-
gen concentration. This was accomplished by entrapping an aque-
ous emulsion of the PFC perfluorooctylbromide (PFOB) in alginate,
resulting in oxygen-reporting alginate beads that can be incorpo-
rated as the solid matrix into the packed bed, thus allowing for
oxygen to be monitored without impacting its transport or influ-
encing fluid flow. PFC-loaded alginate beads have previously been
used to evaluate oxygen delivery to encapsulated foreign cells
implanted into rat tissues [32,33]. As validation that the technique
can provide accurate and precise measurements in a packed bed
column with a heterogeneous oxygen sink, it is demonstrated that
19F NMR oximetry accurately tracks oxygen distribution in a con-
trolled system experiencing rapid evolution in oxygen profile over
time and space. Despite applications to imaging oxygen in tumors
and animal models [14–18], to our knowledge there exist no
experiments confirming that the presence of the high oxygen-
soluble PFC does not significantly enhance, hinder, or otherwise
alter oxygen transport. In order to quantitatively determine the
impact of PFC on oxygen transport, time dependent oxygen diffu-
sion into two samples, a neat liquid sample of the PFC hexafluo-
robenzene (HFB) and an agarose gel containing dispersed HFB,
was stimulated by pressurizing the samples. The pO2 is monitored
over time and the data compared to the analytical equation gov-
erning the conditions of the experiment. Concordance of the exper-
imental results and theory demonstrate the quantitative nature of
the measurement and verify the addition of PFC does not alter oxy-
gen diffusion in the gel phase of the beads. This validation coupled
with the MRI measurements of bacterially-induced oxygen gradi-
ents provide a new NMR based technique for studying microbial
and biofilm systems. This research examines the evolution of oxy-
gen gradients on the mesoscale of porous media, i.e. length scales
on the order of hundreds of microns. Investigation of microscale
variability in oxygen concentration as within individual biofilm
colonies is an extension of this method which will require further
refinement of the fluorinated hydrocarbon dispersion properties.
2. Methods

2.1. pO2 vs R1 calibration curve for HFB and PFOB

All experiments were performed on a 7 T vertical-bore magnet
with an actively shielded micro2.5 gradient probe providing 1.5 T/m
at 60 A, under the control of a Bruker Avance III MRI spectrometer.
To construct a calibration curve for the R1 of HFB as a response
to pO2 in the range of 18 to 180 kPa (85 kPa atmospheric pressure
in Bozeman, MT, USA to 850 kPa pressure with 21% oxygen), a neat
liquid-phase aliquot of HFB was loaded into a 3 mm ID/5 mm OD
polyether ether ketone (PEEK) pressure cell designed to safely
maintain the sample under high pressure. The sample was inserted
into a 5 mm 1H/19F dual tuning coil and connected to a Teledyne
Isco Model 500D syringe pump filled with laboratory air at atmo-
spheric pressure. A bulk spin–lattice relaxation rate R1 (=1/T1)
was collected and the overall pressure was adjusted to 2.5, 5, 7.5,
and 10 times atmospheric pressure. After reaching equilibrium
(�8 h), an R1 was collected for each pressure point. This process
was repeated for three HFB samples to yield triplicate values for
each measurement. R1 was measured using an Inversion Recovery
(IR) sequence with the time domain sampled logarithmically at six
points (TI = 25, 100, 300, 600, 1000, 3000, 5000 ms). Time-domain
data was fit using Levenberg-Marquardt least-squares regression
to a three-parameter mono-exponential formula governing the IR
pulse sequence, yielding values for both signal intensity and R1.

To construct a calibration curve for the R1 of PFOB as a function
of pO2 in the anoxic to atmospheric range, 0–18 kPa, relevant to
bacterial growth conditions, we followed the procedure outlined
by Mason et al. [15]. Alginate beads containing 90% w/v dispersed
PFOB were prepared as described in Section 2.4. The beads were
placed into a 25 mL sample bottle immersed in DI water, and gases
of variable oxygen content (100% air, 75% air/25% N2, 50% air/50%
N2, 25% air/75% N2, 100% N2) were bubbled through the solution
vigorously for 30 min. The area immediately above the liquid line
was flooded with the appropriate gas, and the bottle was immedi-
ately sealed. The bottle was then loaded into a 25 mm dual tuning
1H/19F rf coil and R1 for the CF3 group was monitored over time. R1
at t = 1 h was recorded, as R1 was found to be equilibrated by this
point. Three replicates were acquired for each point using different
aliquots. Selective excitation of the CF3 peak was accomplished
using a 2 ms rf excitation pulse.

2.2. Agarose gel containing dispersed HFB

To verify dispersed PFCs can be used to quantitatively measure
the temporal evolution of pO2 gradients and evaluate the impact of
the presence of high oxygen soluble PFC on transport, O2 diffusion
was stimulated into a neat aliquot of HFB and a gel containing dis-
persed HFB droplets. A 0.5 g low-gelling agarose powder (Sigma;
A0701) was mixed in 25 mL DI water to form a 2% agarose gel solu-
tion, autoclaved for 20 min, and maintained at 40 �C on a hot plate
with stirring. 2 mL HFB was added to make a 13% w/v solution and
the mixture was mixed for 30 min at 15,000 rpm using a Heidolph
SilentCrusher M shear mixer to form a liquid dispersion. It was
then immediately quenched in an ice bath, locking in HFB droplet
structure. Once cooled, a plug of gel was extracted and loaded into
the PEEK cell constructed for high pressure gas studies. The sample
was then connected to an Isco pump filled with laboratory air at
atmospheric pressure and a 19F one-dimensional sagittal R1 profile
was recorded (FOV: 15mm, resolution: 234 mm, TE: 10 ms, TR: 10 s,
14 averages, AQ time: 14 min). To stimulate oxygen diffusion into
the sample, the system was then pressurized from ambient
pressure (85 kPa in Bozeman, MT, USA) to 850 kPa and continuous
1D spatial 19F R1 profiles were recorded to observe the evolution in
spatiotemporal oxygen distribution. This experiment was also
conducted on a sample of neat HFB.

2.3. Bacterial cultivation

Two bacterial species were used in these experiments. The first
was an Escherichia coli HB101 strain containing plasmid pMF440
(provided by Dr. Michael Franklin; Addgene plasmid #62550).
The plasmid confers strong constitutive expression of red fluores-
cent protein (RFP) recombinant mCherry, allowing for ease of



strain identification, along with co-expressed ampicillin resistance
gene. Inocula were grown overnight at 37 �C with shaking in full-
strength tryptic soy broth (TSB) and 100 lg/mL ampicillin to
promote retention of the plasmid. This E. coli strain does not form
biofilms [30]. The second bacterium was S. epidermidis strain
RP62A, a model biofilm-former [31]. S. epidermidis was cultured
in the same manner as E. coli, but in the absence of ampicillin.

2.4. Oxygen-sensing alginate beads

To make the 19F oxygen-sensing particles, 0.4 g
a-phosphatidylcholine surfactant (Sigma; P3556) and 0.2 g low-
viscosity sodium alginate (Sigma; A1112) was dissolved in 10 mL
DI water. Then 9 g PFOB (Aurum Pharmatech; K-8801) was added
and the solution was emulsified at 15,000 rpm for 30 min using a
shear mixer to form a stable, 90% w/v emulsion of PFOB in a 2%
w/v sodium alginate solution. The emulsion was divided into two
aliquots, and the first aliquot was dripped into a 50 mM solution
of calcium chloride (Sigma; C1016), generating spherical alginate
beads approximately 3 mm in diameter containing dispersed PFC
(Fig. 1). The second aliquot was inoculated with either E. coli or
S. epidermidis and the solution was prepared into alginate beads
as described above. Alginate gel immobilization of biological cells
is a widely used technique [34–39], and as the alginate structure
is chemically and biologically inert, we do not anticipate any neg-
ative effects of entrapment on the growth of E. coli or S. epidermidis.
A 1 mL aliquot of overnight culture was centrifuged at 6000 rpm
for 4 min, the supernatant was removed, and cells were resus-
pended in phosphate buffered saline and diluted 1:200. 100 lL of
this inoculant was then added to 5 mL of the second emulsion ali-
quot for a total dilution of 1:10,000. Both sterile beads and inocu-
lated beads were incubated overnight in 1/10 strength TSB nutrient
solution containing 50 mM calcium chloride. All glassware and the
shear mixer downshaft were autoclaved prior to bead production,
and all operations were carried out in a biological cabinet with air-
flow to minimize contamination by environmental microbes.

2.5. Alginate beads stacked in tube

Sterile incubated beads were removed from the incubating flask
and placed on a paper towel to remove excess nutrient broth. A 5
mm NMR tube was filled with 200 mL DI water and 3 sterile beads
were placed into the tube. A single inoculated bead, identified by
its pink color, was wet loaded above the sterile beads, and three
more sterile beads were placed above it. The tube was capped
and loaded into the 5 mm coil and 1D 19F sagittal R1 profile (param-
eters In Section 2.2) was recorded continuously to track oxygen
profile development. Once conditions were uniformly anoxic due
Fig. 1. Light microscope and fluorescent microscope images of 3 mm diameter oxygen-s
matrix of each bead, permitting for oxygen measurement via the R1 of the PFOB CF3 grou
allowing for visualization of microbe growth on the bead surface. Scale bar indicates 1 m
to bacterial oxygen consumption, a 19F sagittal image (FOV:
15 � 5 mm2, resolution: 117 � 156 mm2, TE: 8 ms, 8 echoes,
TR: 1 s, 1 mm slice, 32 averages, AQ time: 17 min) and 1H sagittal
image (FOV: 15 � 5 mm2, resolution: 117 � 78 mm2, TE: 8 ms, 16
echoes, TR: 1 s, 1 mm slice, 8 averages, AQ time: 8.5 min) were
recorded. R1 wasmeasured using inversion recovery with six inver-
sion times as described in Section 2.1, and the CF3 peak was imaged
selectively by using a chemically-selective excitation pulse and a
slice-selective refocusing pulse.

2.6. Packed bed column containing alginate beads

Sterile incubated beads were removed from the incubating flask
and placed on a paper towel to remove excess nutrient broth. A
freshly autoclaved, 10 mm ID liquid chromatography column
(Omnifit Labware) with 30 mm filters at both ends was filled with
DI water and the beads were wet loaded into the column. A single
inoculated bead was loaded and its position manipulated using a
spatula to the region of the column corresponding to the isocenter
once inserted into the coil. The column was then filled to the top
with sterile beads and connected to a high performance liquid
chromatography Pharmacia P-500 pump with 1.9 mm ID Teflon
tubing, inserted into the coil, loaded into the magnet, and main-
tained at 22.8 �C.

The feed stream for the packed bed column consisted of 2 L of
1/100 strength TSB with 50 mM calcium chloride, with the inclu-
sion of calcium chloride in the feed preventing dissolution of the
alginate structure over long periods due to calcium ion diffusion
out of the alginate gel matrix. The solution was prepared by auto-
clave, allowed several hours to cool, and laboratory air was bub-
bled through the carboy for one hour to replenish the dissolved
oxygen lost in the autoclave process. Bacterial air filters were
incorporated into the feed bottle inlet and offgas tubing to prevent
introduction of bacteria during bubbling.

The feed reservoir was connected to the pump and the outlet of
the packed bed column was connected to a waste collection bottle,
forming an open flowthrough loop (Fig. 2). The dilute nutrient feed
was pumped through the bed at 25 mL/hr with a superficial veloc-
ity of 0.08 mm/s. Oxygen was monitored over the course of bacte-
rial growth by rotating through 1D sagittal profile, 2D axial, and 2D
sagittal 19F R1 maps. 1D profile parameters are given in Section 2.2,
while the 2D R1 maps (both sagittal and axial) sampled only 3
points along the IR curve (TI = 25, 1000, 3000 ms) to reduce acqui-
sition time (FOV: 15 � 12 mm2, resolution: 469 � 375 mm2, TE:
8 ms, 1 echo, TR: 15 s, 3 mm slice, 8 averages, AQ time: 192 min).
Pixels were only assigned an R1 value if they met a threshold signal
value (105) and the associated standard error for the R1 parameter
fit was below 20%.
ensing alginate beads. A 90% w/v emulsion of PFOB is contained within the alginate
p. The bead on the right has been inoculated with an RFP-expressing E. coli mutant,
m.



Fig. 2. Schematic for flowthrough loop setup (left) and image of 10 mm ID
chromatography column filled with oxygen-sensing alginate beads as the solid
matrix. The single inoculated bead, placed at the location corresponding to the
isocenter of the coil, is located within the black circle.

Fig. 3. Calibration curves relating the response of spin–lattice relaxation R1 to pO2

for (top) pure HFB and (bottom) PFOB encapsulated in alginate beads at 7 T and
22.8 �C. All points were measured in triplicate, and error bars denote standard
deviation. Where error bars are not apparent, standard deviation is smaller than the
marker size. The selected peak for PFOB (CF3 group) is highlighted in green. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
Fluid flow velocity distribution was measured with two 1H
sagittal velocity maps, one with velocity sensitivity in the slice
direction and one in the read direction, both with no-flow correc-
tion (FOV: 15 � 12 mm2, resolution: 117 � 187.5 mm2, TE: 13.8 ms,
TR: 1 s, 1 mm slice, 8 averages, d: 1 ms, D: 8.5 ms, Gflow encode: 0.51
T/m, AQ time: 17 min) and 3 axial velocity maps centered around
the location of the inoculated bead with velocity encoded in the
axial slice direction (FOV: 12 � 12 mm2, resolution: 93 � 187.5
mm2, TE: 13.8 ms, TR: 1 s, 1 mm slice, 8 averages, d: 1 ms, D: 8.5
ms, Gflow encode: 0.51 T/m, AQ time: 17 min).

To demonstrate that the source of oxygen consumption was in
fact bacterial activity, following the complete evacuation of oxygen
from the column the feed reservoir was replaced with a 50 mM
calcium chloride solution with no nutrient present. Oxygen profiles
were then acquired to observe the return of oxygen to the sample
in the absence of an energy source to sustain bacterial respiration.
3. Results & discussion

3.1. pO2 vs R1 calibration curves

HFB and PFOB exhibit strong sensitivity to changes in oxygen
concentration (Fig. 3) and relatively low sensitivity to temperature
[15]. All experiments were conducted at 22.8 �C with fluctuations
on the order of ±0.5C, such that accuracy and precision of pO2 mea-
surements are not impacted by variation in temperature. The cali-
bration data are shown in Fig. 3. The ability to detect small changes
in pO2 is a function of both sensitivity of R1 to pO2 and inherent PFC
signal to noise ratio. The relative precisions of different PFCs in
oxygen measurement and how to compare them has been dis-
cussed at length by Thomas et al. [40]. They showed that to mini-
mize fractional uncertainty in pO2, the fractional sensitivity g
(defined as slope/intercept), should be as large as possible. With
an g of 25.2, HFB exhibited higher sensitivity to pO2 than PFOB
with an g of 4.7, consistent with the literature [15], and with the-
oretical considerations [19]. HFB also provides a single resonance
with high spin density, yielding much greater signal to noise ratios.
It should be noted that, due to the higher overall T1 range of HFB
(>9 s to �1.9 s in the 0 to 18 kPa pO2 range), some of the benefits
of this signal increase are lost due to longer acquisition time as lar-
ger TR values must be used relative to PFOB (<3 s to < 1.5 s T1
range).

Due to HFB’s stronger single resonance signal, fractional sensi-
tivity, and high oxygen solubility, it was selected to verify the
ability to quantify the transient diffusion of oxygen. By running
this study in the range of 85 kPa to 850 kPa (18 to 180 kPa pO2),
where T1 values are shorter for HFB (�1.9 s to 0.2 s), prohibitively
long TR times were avoided and high temporal resolution of O2 dif-
fusion into the samples was achieved. In addition, HFB is volatile,
so conducting the experiment at elevated pressure prevented
evaporation. HFB was determined to be unsuitable for use in the
packed bed column due to the inability to form stable HFB-in-
water emulsions [41]. Therefore PFOB, which readily forms stable
high-concentration emulsions in water, was used for this
application.
3.2. Transient diffusion of oxygen

Pressurizing a sample of neat liquid HFB to 10 times atmo-
spheric pressure resulted in forced diffusion into the sample.
Fig. 4A shows an example 1D 19F R1 depth profile taken soon after
sample pressurization to 850 kPa (t = 70 min). Near the gas inter-
face, R1 has already achieved its steady state value corresponding
to a pO2 of 180 kPa. However, at greater depths, i.e. further from
the gel-air interface, R1 values are still lower, as oxygen has not
yet had enough time to diffuse down. Transforming R1 values for
all time and spatial coordinates according to the calibration curve
(Fig. 3), we observe that for each depth coordinate, oxygen concen-
tration exponentially increases from its initial condition (pO2 = 18
kPa) to its steady state value (pO2 = 850 kPa), but the timescale of
transience increases with increasing depth in the gel (Fig. 4B).
Results for the agarose gel containing dispersed HFB (Fig. 4C) are
similar; however, in this sample, it takes longer for oxygen to fully



Fig. 4. Calculated oxygen depth profiles over time for (A) pure HFB and (B) a 2% w/v
agarose gel containing 12% w/v HFB after stimulating oxygen diffusion into the
sample by pressurizing from 85 to 850 kPa. An example profile R1 for pure HFB, this
one collected at t = 78 min after sample pressurization, is shown in (C). The
resolution is 234 mm/pixel. These R1 profiles were transformed according to the HFB
R1 vs pO2 calibration curve to yield oxygen concentration values as a function of
time and depth coordinate. Oxygen values over time for several example depth
coordinates are plotted. Note that the time axis is different for the two samples due
to reduced rate of diffusion in the gel sample relative to the pure HFB sample.
permeate the sample. This is due to the slower rate of diffusion in
the aqueous phase relative to the pure HFB phase.

The transport phenomenon being observed in the experiment
described above is the transient diffusion of a dilute species in a
finite medium of known length [42]. Assuming constant diffusivity,
the governing mass conservation equation is

@CA

@t
¼ DABr2CA ð1Þ

where CA is the concentration of species A and DAB is the diffusivity
of species A in medium B. Taking species A to be molecular oxygen
and averaging signal contribution over the XY plane (i.e. taking a 1D
profile), the governing equation reduces to its one dimensional form

@CO2

@t
¼ DO2;B

@2CO2

@z2
ð2Þ

subject to an initial condition of 18 kPa throughout the medium, a
no flux boundary condition at the bottom of the sample tube, and
a fixed concentration boundary condition at the gas interface:

CO2ðt ¼ 0Þ ¼ 18 kPa for all 0 6 z < a

@CO2

@z
ðz ¼ 0Þ ¼ 0
CO2ðz ¼ aÞ ¼ 180 kPa

The analytical solution is

Csurf � CO2

Csurf � Co
¼ 4
p
X1
n¼0

ð�1Þn
ð2nþ 1Þ e

�DO2;B ð2nþ1Þ2p2 t
4a2

h i
cos

ð2nþ 1Þpz
2a

ð3Þ

where Csurf is the concentration at the surface, Co is the initial con-
centration in the medium (18 kPa in this case), and a is the height of
the sample. Thus, the technique’s ability to accurately measure oxy-
gen distribution in complex and rapidly evolving systems can be
evaluated by comparing the empirically calculated oxygen profiles
with the above theoretical solution, with the only experimental
unknown being the diffusion coefficient.

Agreement between the two datasets is found for both pure HFB
and the two-phase agarose gel system, with an observed R2 of 0.99
for pure HFB and 0.97 for the gel (Fig. 5). The fit value for the dif-
fusion coefficient of oxygen into neat HFB was 5.5 � 10�9 m2/s. To
our knowledge, the direct measurement of the mutual diffusion
DO2-HFB of oxygen into HFB has not been previously reported in
the literature. The fit value for the diffusion coefficient of oxygen
into the gel is 2.1 � 10�9 m2/s. Han and Bartels provide a practical
formula to estimate oxygen diffusivity in pure water that suggests
a diffusivity of around 1.9 � 10�9 m2/sec at our operating temper-
ature of 22.8 �C [43]. The observed diffusion coefficient represents
about an 11% increase over that expected for water, indicating
modest transport enhancement. Treating the sample as a two-
phase system of spheres of HFB in a continuous water phase, we
can formulate an estimate for the expected effective diffusion coef-
ficient using Maxwell’s approach, summarized in Stewart 1998
[44,45]. This yields an estimated effective diffusivity of 2.07 �
10�9 m2/sec, very close to our experimental value of 2.1 � 10�9

m2/sec for the gel. This further validates the quantitative accuracy
of the measurement in rapidly evolving systems, and demonstrates
that the presence of HFB has small impact on the transport proper-
ties of the system being probed.
3.3. Bacterial O2 consumption in stacked alginate beads without flow

Oxygenation measurements in bacterial growth experiments
were conducted using PFOB which readily forms stable emulsions.
This allows the oxygen sensor to remain fixed in flowing systems
via encapsulation into alginate beads. The oxygen-sensing alginate
beads are stable for at least two weeks (bead behavior over longer
periods of incubation has not been investigated), and PFOB R1

remains constant over this period provided the beads are refriger-
ated and immersed in a 50 mM solution of calcium chloride to pre-
vent leaching of calcium ions from the alginate matrix. These beads
were made to be 3 mm in diameter using a burette of 1 mm aper-
ture to allow for ease of identifying the oxygen sink (a single bead)
both visually and via 19F signal. However, the size of the beads can
be modified by adjusting the inner diameter of the aperture from
which the emulsion is dripped into the calcium chloride solution,
for instance by using a needle tip and coaxial air flow [46]. In addi-
tion to PFC encapsulation, alginate beads are also a model system
for bacterial culturing due to their simplicity, reproducibility, and
ability to replicate characteristics commonly encountered in real-
world biofilms such as diffusion limitation, heterogeneous gene
expression, antibiotic resistance, and the establishment of steep
oxygen gradients [39,47]

To demonstrate spatial distribution capability, oxygen was
monitored in a system consisting of several beads immersed in
water and stacked vertically in a 5 mm NMR tube, with the center
bead hosting E. coli colonies (Fig. 6). There was no flow in this
experiment. No nutrient needed to be added, as there was suffi-
cient TSB remaining within the beads after incubation to stimulate



Fig. 5. (Top experimental data and (bottom) curve fit solutions to the transient diffusion of oxygen through a finite medium of (left) pure HFB and (right) agarose gel
containing dispersed HFB. The equation of fit is shown at the bottom, with the experimental unknown (diffusion coefficient) circled in blue. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Oxygen profile over time in a system of five alginate beads stacked vertically
in a 5 mm NMR tube (image and chart have been rotated 90� for ease of viewing).
The reduced signal amplitude of the center bead in the T1-weighted 19F sagittal
image (top) identify it as the one containing bacteria.

Fig. 7. (A) 1H sagittal image (117 mm � 187 mm/pixel) of a packed bed column with
a single inoculated bead near the isocenter experiencing low Reynolds number flow
(vsuperficial = 0.08 mm/s) of dilute aerated TSB media (1/100�). (B) Calculated 1D
sagittal O2 profile over time. The strength of the O2 sink grows over time, and
eventually the entire column becomes oxygen depleted.
enough growth to fully deplete oxygen within the tube. The inoc-
ulated bead was identified both visually by its pink color, and by
its reduced signal in the 19F T1-weighted sagittal image shown at
the top of Fig. 6. Sagittal 1D calculated oxygen profiles indicate that
the biofilm acts as a strong oxygen sink even immediately after
loading. This is because the 37 �C overnight incubation period
allowed for substantial colonization of the bead before the experi-
ment. The curvature of the oxygen sink also indicates that the bio-
film is not able to use all of the available oxygen initially present in
the system, i.e. there is a finite, nonzero flux into the bead. Over



time, oxygen in the inoculated bead is depleted entirely and later,
throughout the entire sample.
3.4. Bacterial O2 consumption in packed bed columns with flow

In the packed bed system, the single inoculated bead could be
easily identified by the location of the oxygen sink in the 1D sagit-
tal profile (Fig. 7) or 2D sagittal oxygen map (Fig. 8). Reynolds
Fig. 8. Sagittal map of calculated pO2 values over time w

Fig. 9. Axial map of calculated pO2 values over time within a packed bed column inocula
bead.
number for each pack was calculated using bead diameter as the
characteristic length, and taking the mean vz obtained from all
axial 1H velocity images as the fluid velocity. All packed beds were

studied with a Reynold’s number on the order of Re ¼ qvzDp

l � 3,

indicating laminar flow [48]. Fig. 7 shows that for a packed bed
inoculated with E. coli, the oxygen sink is initially weak, with
oxygen depletion proceeding slowly. However, the depth of the
oxygen sink accelerates over time, as seen by the stark difference
ithin a packed bed column inoculated with E. coli.

ted with E. coli. The slice was taken right at the height coordinate of the inoculated



between the oxygen profiles at 912 and 1356 min, relative to the
24 and 468 min data. In effect, the exponential growth of the bac-
teria leads to a tipping point at which bacterial respiration sud-
denly overwhelms the rate of oxygen replenishment, after which
oxygen concentration crashes within the bead. Over the course of
30–35 h, oxygen levels throughout the field of view drop and result
in fully anoxic conditions throughout the column.

The 2D sagittal oxygenation maps of the E. coli packed bed
clearly show the discrete location of the oxygen sink (Fig. 8). At
264 min, oxygen levels within the inoculated bead are between 5
and 10 kPa, indicating incomplete respiration by the bacteria. The
oxygen levels drop to zero over time as the bacteria proliferate. A
Fig. 10. Recovery of oxygenation in E coli packed bed column after switching feed
from a 1/100 strength TSB solution to a 50 mM calcium chloride solution containing
no carbon source to sustain respiration. Each data point represents the mean
calculated oxygen level. Red dots were acquired from 1D profile O2 maps and green
dots were acquired from 2D sagittal O2 maps. Axial maps were not included as they
acquired signal from only the region near the inoculated bead. Curve fitting reveals
an exponential recovery with time constant 0.0014 ± 0.0002)/min. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 11. Axial map of calculated pO2 values over time within a packed bed column inoc
inoculated bead.
striking feature is the emergence of an oxygen shadow in the
region immediately downstream of the inoculated bead, where
incoming fluid pathlines have been stripped of oxygen by the bac-
teria. The 2D axial oxygenation maps, centered on the z coordinate
of the oxygenated bead, further support these observations (Fig. 9).
The inoculated bead goes anoxic first, and the depletion spreads
out in the radial dimension according to the developing concentra-
tion gradient. To demonstrate the sensitivity of the measurement
to bacterial metabolism, the feed is then changed from TSB nutri-
ent to a calcium chloride solution. This results in the oxygen slowly
returning to the sample, as no respiration can occur in the absence
of an electron donor (Fig. 10). The oxygen recovery data of Fig. 10
also demonstrate that the quantitation of oxygen concentration is
insensitive to the spatial resolution applied, and that the 19F R1

measurement is insensitive to the presence of the bacterial cells
themselves A consistent characteristic of E. coli packed beds is that
the oxygen sink, while growing in strength, remains spatially sta-
tic. Oxygen depletion radiates outward slowly in the radial dimen-
sion, while very little upstream translation is observed, as shown in
the sagittal O2 maps of Fig. 8.

The behavior of E. coli contrasts with the behavior of S. epider-
midis, a strong biofilm former [31]. Packed beds inoculated with
S. epidermidis exhibit an increased rate of oxygen consumption
shown in the axial O2 profile at 1018 min (Fig. 11), by which point
the image plane is almost completely oxygen deprived. More strik-
ingly, the S. epidermidis biofilm is not static, and quickly colonizes
the column. The sagittal O2 profile at 778 min (Fig. 12) shows a
new O2 sink developing upstream from the original inoculated
bead, indicating the dispersal of bacterial cells from the source.
This dispersal and colonization is further demonstrated by axial
1H velocity maps taken at the beginning of the experiment and
44 h later (Fig. 13). After 44 h of bacterial growth, the porosity of
the pack and distribution of z-component velocities in the plane
of the inoculated bead remains essentially unchanged when E coli
is grown. In contrast, over the course of 44 h of S. epidermidis
growth, the porosity of the pack decreases by 20%, and average
fluid velocity within the remaining pore space spikes by 30%, as
ulated with S. epidermidis. The slice was taken right at the height coordinate of the



Fig. 12. Sagittal map of calculated pO2 values over time within a packed bed column inoculated with S. epidermidis.

Fig. 13. Axial 1H vz velocity maps taken at beginning of growth immediately after loading (top row) and 44 h later, after establishment of uniform anoxic conditions (bottom
row), for two bacterial species, E. coli (left column) and S. epidermidis (right column). All units are in mm/s.
a result of biofilm layer formation on the inoculated bead surface.
The development of a gel-like biofilm layer is further evidenced by
the observation that the pressure drop increased dramatically after
around two days of S. epidermidis growth, but not E. coli growth.
This pressure drop spike exhibited a rapid onset and continued
until tubing failure at 4 MPa (or until flow was discontinued),
occurring on average within 6 h of complete oxygen depletion in
the column. The PFOB alginate beads thus allow us to quantify
and observe fundamental differences in how different bacterial
species establish oxygen gradients and modify flow.
A useful attribute of this technique is that it imparts an
unprecedented ability to correlate fluid flow dynamics measured
with 1H velocity maps, with scalar oxygen transport, measured
with 19F R1 maps. For instance, Fig. 14 shows a skew in the axial
oxygenation profile around the E. coli inoculated bead at 1399
min, with the bottom-left side of the column experiencing faster
oxygen depletion. The hydrogen velocity maps identify a large fluid
flow path at this location. This is by far the largest fluid flow path in
direct contact with the inoculated bead, as the small Dcolumn/Dbead

ratio encourages flow along the column edges. This region of the



Fig. 14. (Top) Axial distribution of oxygen at inoculated bead location, indicating accelerated depletion on left side of column. (Bottom) Axial velocity maps showing fluid
streamline on left side of column in direct contact with inoculated bead. (Top right) Sagittal oxygen map showing the location of each of the three axial velocity maps.

Fig. 15. (Left) oxygen concentration over time for an arbitrary pixel in the E. coli inoculated bead region. (Right) spatial map of oxygen consumption rate obtained by fitting
each pixel’s oxygen decay data to a first order reaction rate equation. Pixels in the inoculated bead region exhibited high fidelity, with R2 typically above 0.95 and never below
0.9, the threshold for calculation.
bead notably exhibits significantly increased oxygen consumption,
indicating enhanced growth in the proximity of flow. These data
are therefore able to discern local variations in both fluid flow
and time-dependent oxygen utilization, and to correlate the two
measurements.

Another application of the oxygen maps is the ability to fit oxy-
gen decay data to models to determine the spatial distribution of
reaction kinetics for bacterial growth, and to extract associated
rate constants. Tracking oxygen concentration over time for each
pixel reveals an apparent first-order reaction rate, and fitting the
data to the corresponding equation extracted a rate constant for
each pixel, generating a spatial map detailing bacterial metabolic
activity (Fig. 15). Substantial heterogeneity in oxygen consumption
within the bead is observed, an unsurprising result given the vari-
ability in access to fluid pathlines and the stochastic clustering of
bacterial colonies in the bead. Bacterial oxygen consumption rates
outside of the inoculated bead were found to be negligible.
4. Conclusion

Oxygen availability is one of the most critical parameters gov-
erning microbial and biofilm growth behavior but is difficult or
in some cases intractable to measure. In this work, the effective-
ness of fluorine magnetic resonance oximetry to measure oxygen
distribution in microbial and biofilm systems without impacting
oxygen transport is demonstrated. The technique spatiotemporally
tracks oxygen concentration in dynamic, complex systems and is
able to extract important parameters such as diffusion coefficient.
Alginate beads are designed which entrap the oxygen-sensing flu-
orocarbon, and are incorporated as the solid matrix of a packed bed
column, allowing spatially-resolved noninvasive mesoscale oxime-
try in these porous media systems. This method has been applied
to packed bed columns inoculated with E. coli and S. epidermidis,
and fundamental differences in establishment of oxygen gradients
and alteration of flow distribution based on microbial physiology



are observed. Combining fluid flow and oxygen transport informa-
tion allows for generation of a spatial map of bacterial growth rate.
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