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Abstract

Purpose: Oxygen availability is a critical determinant of microbial biofilm activity and antibiotic
susceptibility. However, measuring oxygen gradients in these systems remains difficult, with the
standard microelectrode approach being both invasive and limited to single-point measurement.
The goal of the study was to develop a 1%F Magnetic Resonance Imaging approach for two-
dimensional oxygen mapping in biofilm systems and to visualize oxygen consumption behavior in
real time during antibiotic therapy.

Methods: Oxygen-sensing beads were created by encapsulating an emulsion of oxygen-sensing
fluorocarbon into alginate gel. Escherichia colibiofilms were grown in and on the alginate matrix
which was contained inside a packed bed column subjected to nutrient flow, mimicking the
complex porous structure of human wound tissue, and subjected to antibiotic challenge.

Results: The linear relationship between 19F spin-lattice relaxation rate /27 and local oxygen
concentration permitted noninvasive spatial mapping of oxygen distribution in real-time over the
course of biofilm growth and subsequent antibiotic challenge. This technique was used to visualize
persistence of microbial oxygen respiration during continuous gentamicin administration,
providing a time series of complete spatial maps detailing the continued bacterial utilization of
oxygen during prolonged chemotherapy in an /n vitro biofilm model with complex spatial
structure.

Conclusions: Antibiotic exposure temporarily causes oxygen consumption to enter a pseudo-
steady state wherein oxygen distribution becomes fixed; oxygen sink expansion resumes quickly
after antibiotic clearance. This technique may provide valuable information for future
investigations of biofilms by permitting the study of complex geometries (typical of /n vivo
biofilms) and facilitating noninvasive oxygen measurement.

"Corresponding author: Joseph D. Seymour, jseymour@montana.edu, 1-406-994-6853, 306 Cobleigh Hall, Chemical and Biological
Engineering, Montana State University, Bozeman MT 59715-3920.
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1. INTRODUCTION

Molecular oxygen plays a profound role in biofilm presentation (1), shaping microbial
diversity (2), gene expression and metabolism (3), and in the case of medical biofilms,
infection persistence (4). Gradients in oxygen concentration arise in biofilm systems through
the simultaneous reaction and diffusion of this electron acceptor (5). Oxygen utilization by
active bacterial and host cells generates anoxic zones (6-8), inducing bacteria contained
therein to transition to a state of dormancy which imparts tolerance to antimicrobials (9; 10)
and host immune defenses (11). As a consequence, oxygen penetration into infected tissue is
a strong predictor of clinical outcome (12), and therapies stimulating oxygen delivery into
colonized wounds have proven effective (13). However, despite the importance of oxygen in
medical biofilms, mapping oxygen concentration in these systems remains a cumbersome
endeavor, with the traditional microelectrode approach being both invasive and limited to
single-point measurement (14).

The spin-lattice relaxation rate Ry of 19F nuclei in perfluorocarbons (PFCs) is linearly
proportional to local oxygen concentration (15). This relationship has been exploited in the
biomedical literature to measure pO, in blood (16), tissues (17), and tumors (18). To
facilitate oxygen mapping in a biofilm system, we encapsulated an emulsion containing an
oxygen-sensing PFC, perfluorooctylbromide (PFOB), into alginate gel beads such that PFC
is both fixed and evenly distributed throughout the experiment. Encapsulation of PFC in
alginate beads to facilitate long-term immobilization in tissues has been previously
described by Noth et al. (19), and PFOB in particular has proved to be an attractive oximetry
option due to its stability in aqueous emulsions, and has been used to measure oxygen in a
variety of biological tissues (20-23). Bacterial growth is initiated in the PFC-laden alginate
beads by inoculating the emulsion before gel solidification (24). As bacterial growth inside
an alginate gel matrix is frequently used as an /n vitro biofilm model, this approach allows
for the noninvasive mapping of oxygen inside a conventional and well-studied biofilm
system with /7 vivo relevance (25-29). Gel beads, one inoculated and the others sterile, are
packed into a chromatography column and nutrient media is fed into the column at a
volumetric flowrate of 25 mL/h, yielding a complex porous medium containing liquid flow
amidst tissue-like occlusions, which better approximates the growth conditions of real /in
vivo biofilms than planar biofilm models and may thus better capture their behavior.

The objective of the present study was to utilize these novel oxygen-sensing alginate beads
to facilitate noninvasive, two-dimensional spatial mapping of oxygen profile in a clinically-
relevant biofilm system undergoing chemical challenge by a broad-spectrum antibiotic.
Successful application of this technique would exhibit distinct advantages over conventional
approaches, namely the ability to visualize oxygen distribution in multiple dimensions, the
ability to quantify oxygenation in biofilm systems characterized by complex geometry
(similar to real biofilms encountered in medicine), and the ability to measure transient
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responses to changes in chemical environment due to the lack of invasiveness and
simultaneous sample-wide signal acquisition.

2. METHODS

2.1 Bacterial cultivation

The bacterium used in these experiments was an Escherichia coli (E. coli) HB101 strain
containing plasmid pMF440 (provided by Dr. Michael Franklin; Addgene plasmid #62550),
conferring constitutive expression of red fluorescent protein (RFP) recombinant mCherry, in
addition to an ampicillin resistance gene. Inocula were cultured overnight at 37 °C in a
shaking incubator with full-strength tryptic soy broth (TSB) and 100 pg/mL ampicillin to
promote retention of the plasmid. To demonstrate the efficacy of gentamicin against
planktonic cells, a subset overnight cultures were grown in the presence of 50 pg/mL GEN.
No growth was observed (data not shown).

2.2 Oxygen-sensing alginate beads

2.3 pOyvs

All glassware and the shear mixer downshaft were autoclaved prior to alginate bead creation,
and all steps in the protocol were conducted in a sterile biological safety cabinet under
laminar airflow to prevent contamination by ambient microbes. Perfluorooctylbromide
(PFOB) was selected as the oxygen-sensing PFC as it readily forms stable emulsions in
water. 19F oxygen-sensing alginate gel beads were created by dissolving 0.4 g a.-
phosphatidylcholine surfactant (Sigma; P3556) and 0.2 g low-viscosity sodium alginate
(Sigma; A1112) in 10 mL of deionized water. 9g PFOB (Aurum Pharmatech; K-8801) was
introduced into the beaker and the solution was homogenized at 15,000 rpm for 30 minutes
with a shear mixer to generate a 90% wi/v emulsion of a PFOB in an aqueous solution
containing 2% wi/v sodium alginate. The emulsion was divided into two aliquots, with the
first aliquot then dripped into a 50 mM solution of calcium chloride (Sigma; C1016) with a
burette. The dripping process generated spherical alginate beads with an average diameter of
3.42 = 0.23 mm containing dispersed PFC. A 1 mL aliquot of the overnight culture was
centrifuged at 6,000 rpm for 4 minutes, resuspended in sterile phosphate-buffered saline, and
used to inoculate the second emulsion aliquot at a final dilution of 1:10,000. The inoculated
emulsion aliquot was then dripped into the calcium chloride bath to generate beads
containing the oxygen-sensing PFC as well as gel-entrapped bacterial colonies, a common in
vitro biofilm model (25-27).

R4 calibration curve for PFOB

Nuclear Magnetic Resonance (NMR) calibration experiments were conducted as described
previously (24). 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 Il MRI spectrometer. To construct a calibration curve for the R; of PFOB as
a function of pO,in the anoxic to atmospheric range (0 to 18 kPa; 85 kPa atmospheric
pressure in Bozeman, MT, USA with 21% oxygen) relevant to bacterial growth conditions,
we followed the procedure outlined by Mason et a/ (18). Alginate beads containing 90% w/v
dispersed PFOB were prepared as described in section 2.2. The beads were placed into a 25
mL sample bottle immersed in DI water, and gases of variable oxygen content (100% air,
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75% air/25% Ny, 50% air/50% N, 25% air/75% N,, 100% N,) 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 immediately sealed. The bottle was then loaded into a
25 mm dual tuning *H/9F rf coil and bulk spin-lattice relaxation rate R; (=1/7;) for the CF
peak was collected every 30 minutes. /R; was measured spectroscopically using the Inversion
Recovery (IR) method 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 /;. Equilibrium was achieved
within 1 hour, and therefore R; value at t = 1 hour was recorded. Three replicates were
acquired for each point using different aliquots. Selective excitation of the CF3 peak was
accomplished using a 2 ms rf pulse. Oxygen concentration was reported in units of partial
pressure in keeping with the convention of biomedical literature. Strictly speaking, the
measurement denotes the gas-phase oxygen partial pressure that would be in equilibrium
with the observed liquid-phase concentration. For example a pO, of 18 kPa indicates that the
dissolved oxygen concentration in the sample corresponds to a gas-phase oxygen partial
pressure of 18 kPa.

2.4 Packed bed column containing alginate beads

Immediately following alginate bead creation, excess calcium chloride solution was poured
into a freshly autoclaved, 10 mm ID liquid chromatography column (Omnifit Labware) with
50 um filters at both ends. Sterile beads were then wet-loaded into the column using a
spatula. A single inoculated bead was loaded and moved into the center of the column at a
height corresponding to the isocenter of the NMR coil. The column was filled with
additional sterile beads and connected to a High Performance Liquid Chromatography
Column (GE Healthcare; High Precision Pump P-500) with freshly autoclaved 1.9 mm ID
Teflon tubing. The column outlet was connected to a waste collection bottle, forming an
open flowthrough loop. The sample was then inserted into the coil and loaded into the
magnet. Gradient cooling water was fixed at 22.8 °C to ensure constant temperature in the
magnet bore. A sterile solution containing full-strength TSB and 50 mM calcium chloride
(to maintain alginate crosslinking) was flowed through the bed at a constant volumetric
flowrate of 25 mL/hr (superficial velocity = 0.08 mm/s). The feed solution reservoir was
maintained at ambient temperature (21 °C), and due to the extremely low flowrate, the
solution was equilibrated with the 22.8 °C column by the time it entered the field of view.
Immediately prior to this, laboratory air was bubbled through the feed solution to restore the
dissolved oxygen lost during autoclaving. Bacterial air filters were attached to the feed bottle
inlet and outlet tubing to maintain sterile conditions during bubbling. Oxygen distribution
was tracked over the course of biofilm growth by continuous acquisition of 2D longitudinal
R; maps which sampled three points along the inversion recovery curve ( 7/= 25, 1000,
3000 ms). A standard spin warp imaging sequence with IR preparation was used with
acquisition parameters consisted of a 15 x 12 mm? field-of-view, 469 x 375 pm? spatial
resolution, 8 ms echo time, 15 s repetition time to prevent 7; weighting, slice thickness of 3
mm, 8 averages, and a total acquisition time of 192 min. Pixels were only assigned an Ry if
they achieved a threshold signal value of 10°, corresponding to a signal-to-noise ratio of
about 6, and the associated standard error of the measurement for the /; parameter fit was
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below 15%. The 77 error corresponds to a pO,error of +3.2/-2.3 kPa for the anoxic
intercept and +6.4/-4.6 kPa for atmospheric conditions.

To investigate the well-documented phenomenon of infection persistence under antibiotic
treatment, a subset of columns were subjected to a feed containing 50 pg/mL gentamicin
(GEN), a broad-spectrum antibiotic that we found to completely inhibit planktonic £. coli
growth when amended to the standard nutrient regimen (data not shown). Three
experimental conditions were studied: a negative control with the entire protocol conducted
in the absence of GEN treatment, a positive control with GEN administered throughout the
experiment, and an experimental regimen wherein GEN administration began after about 20
hours of growth (at which point a substantial oxygen sink had developed), was continued for
approximately 24 hours, and then was removed from the feed. Oxygen monitoring continued
after removal of GEN from the feed reservoir.

2.5 Cell count experiments

Viable cell counts were measured at three different points in the packed bed experiment:
immediately after bead creation (initial cell count), immediately before GEN exposure, and
after 24 hours of GEN treatment. The initial cell count was carried out immediately after
bead creation; ten sterile beads and ten inoculated beads were each dissolved in 10 mL of a
50 mM sodium citrate solution. Each was serially diluted to 1:10° and 5 drops of 10 uL from
each dilution were plated on tryptic soy agar. This was performed in triplicate for each
dilution. Plates were incubated at 37 °C for 6 to 8 hours until colonies were easily visible but
well separated and counted.

It was discovered that over the course of the packed bed experiment, most colonies (or at
least the fastest growing colonies) shed their RPF plasmid, making it impossible to identify
the inoculated bead for cell counting. Thus for the later time points, an additional fluorescent
tagging step was incorporated into the emulsion creation protocol to allow the inoculated
beads to be distinguished. This was accomplished using the fluorescent tag PKH-26, which
in addition to its uses for tagging cell membranes, is also known to tag the
phosphatidylcholine surfactant used in the PFC emulsion (30). A PKH-26 Fluorescent Cell
Linker kit was obtained from Sigma (MINI26). For these beads, PFOB and the surfactant
were dissolved in water and emulsified in the absence of sodium alginate. The emulsion was
separated into 2 aliquots (a 10mL and a 1 mL), and centrifuged at 4700 rpm for 4 minutes.
The 10 mL emulsion was resuspended in DI water while the 1 mL aliquot was resuspended
in the diluent C provided with the linker kit which optimizes PKH-26 binding. 10 pL of the
ethanolic dye was dissolved in 0.25 mL of diluent, and this solution was mixed with the
emulsion and mixed with gentle pipetting and shaking. The emulsion was incubated for 15
minutes to allow for binding, and then both emulsion aliquots were again centrifuged at
4700 rpm for 4 minutes and resuspended in DI water. 2% wi/v sodium alginate were added to
both and allowed to dissolve fully, and the 1 mL aliquot was inoculated as described above.
Beads were then created from each as normal. The PKH-26 tagging step resulted in brightly
fluorescent inoculated beads that were easily distinguishable with the naked eye, but
otherwise identical to non-tagged beads.
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The packed bed columns containing beads tagged with PKH-26 were used only for cell
counting and were therefore operated outside the magnet but otherwise followed the same
procedure. At the appropriate time point, the column was disconnected from the tubing and
emptied out in a biological safety cabinet. The inoculated bead and 10 beads adjacent to the
inoculated bead were dissolved in 1 mL and 10 mL of 50 mM sodium citrate, respectively.
Plate counts for each were conducted as described above, with the PKH-26 tag allowing for
identification of the inoculated bead. As excess PKH-26 was removed from the emulsion
prior to bacterial inoculation by centrifugation and disposal of supernatant, we do not expect
any unintended binding to cell membranes which could have influenced growth rate.
Additionally, even if trace amounts of PKH-26 evaded removal during the centrifugation
step, incorporation of PKH-26 into the cell membrane does not affect cell viability or
behavior (31). Finally, because PKH-26 tagged beads were used only for cell counting and
not for oxygen measurements, any potential influence of PKH-26 labeling on the oxygen
sensitivity of emulsified PFOB did not affect results.

3. RESULTS

The emulsion of PFOB in water exhibited a strong sensitivity to changes in oxygen partial
pressure (Figure 1) and due to the tight temperature tolerances provided by the NMR
gradient cooling water (7= 22.8 £ 0.5 °C), the accuracy and precision of pO, measurements
are not impacted by temperature uncertainty. This is reflected in the high fidelity of the pO,
vs R; curve fit. The dependence of the CF3 19F resonance on oxygen was found to be ;=
0.3517 (£0.0145) + 0.0194 (£0.0145)*pOAkPa), with error for slope and intercept
representing 95% confidence. Converting pO, into gas-phase mass fraction to facilitate
comparison with published data, we obtain /;=0.3517 + 0.016543* pOA%). Mason et al.
have investigated the relationship between oxygen concentration and R; for the same
resonance peak at the same operating field strength (7 T) in a PFOB emulsion of slightly
different makeup called Oxygent™ (32). Oxygent™, first developed by Alliance
Pharmaceutical Corp, contains 3.6% wi/v egg lecithin surfactant and 60% w/v PFOB (33). In
contrast, the emulsion used in the current work contained a higher PFOB fraction (90% w/v)
and used only a specific chemical component of egg lecithin (a-phosphatidylcholine) as the
stabilizing surfactant rather than unprocessed lecithin itself. Nonetheless, Mason et al.
reported a similar pO, sensitivity for the CF3 peak of the Oxygent™ emulsion, with a
general dependence of R;=0.553 — 0.0059* 7(°C) +0.023* pOA%) — 0.00019* 7*pO_.
Evaluated at our operating temperature of 22.8 °C, the relationship becomes R; = 0.418

+ 0.0187*p0,(%), similar both in intercept and slope to the dependence reported here. It is
unknown what accounts for the modest discrepancy between the two calibration curves but it
may be related to the distinct chemical compositions of the two emulsions, due to
differences in production (the manufacturing process of Oxygent™ remains proprietary), or
due to the nonlinear response of R;to temperature (34).

In the absence of GEN (negative control), the column was characterized by an extended
period of time (~8 hours) in which oxygen levels remained at saturation levels (Figure 2). In
this phase, bacterial counts were low and the total oxygen consumption rate was small
enough to be overwhelmed by the rate of oxygen replenishment due to flow. Around the
750-850 min mark, a modest oxygen sink developed and, due to the exponential growth of

Magn Reson Med. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Simkins et al.

Page 7

the immobilized bacteria, rapidly grew in strength, with oxygen levels within the inoculated
bead dropping to zero shortly after. The oxygen sink then spread through the rest of the
column as E. coli colonies relocated to adjacent beads where oxygen was still available
through bead contact points, rendering the entire column anoxic. Figure 3 presents the
corresponding data for a representative column exposed to GEN. Following establishment of
the biofilm (when a strong oxygen sink was evident), the standard TSB feed was replaced
with an equivalent feed with the addition of 50 ug/mL GEN. This caused the oxygen sink to
immediately become static; during the ~24 hours of administration, the oxygen sink neither
expanded nor diminished. Following removal of GEN, the oxygen sink rapidly resumed its
expansion. The behavior of the negative control column and two GEN columns are also
evident in Figure 4, which presents the average oxygen value of the inoculated bead for the
various experimental conditions over time.

In the positive control, GEN administration began at the start of the experiment and
continued uninterrupted throughout (Figure 4). This condition resulted in no bacterial
growth and the absence of an oxygen sink. In the experimental condition, the bacteria were
allowed 20 hours of growth to establish a biofilm before GEN administration. Plate counts
revealed that over this time period bacterial counts in the inoculated bead rose from the
initial inoculum concentration of ~logyg 5.4 Colony Forming Units (CFU)/mL to about logqg
9.2 CFU/mL (Figure 5), while beads adjacent to the inoculated bead experienced a growth
from 0 to logyg 4.4 CFU/mL (p < 0.001 and p = 0.015, respectively). After this point, in
contrast to the rapid depletion of oxygen in the absence of antibiotic, the onset of GEN
exposure coincided with a “freezing” of the oxygen sink, characterized by ongoing oxygen
usage but a complete lack of sink spatial expansion. This forced steady state persisted
throughout the 24 hour exposure period. Cell counts conducted after the GEN treatment
regimen indicated that cell viability was unaffected, with an average log reduction of 0.23
for the inoculated bead and 0.09 for the adjacent beads, both statistically insignificant (p =
0.13 and p = 0.32, respectively), over the exposure window. Following GEN removal, the
oxygen sink resumed its spread throughout the column, albeit at a slower rate than that
which was observed for biofilms never exposed to the antibiotic, underscoring the difficulty
that a well-established infectious biofilm presents for effective treatment.

4. DISCUSSION & CONCLUSIONS

As with other aminoglycosides, GEN targets the bacterial ribosome, interfering with protein
synthesis, and exhibits dose-dependent bacteriostatic or bactericidal activity (35). Literature
reports of £. coli susceptibility to GEN range significantly depending on strain, with a
minimum inhibitory concentration ranging from 4 to 256 pug/mL (36). Minimum biofilm
eradication concentration is typically (but not always) higher, ranging from 4 to >1024
ug/mL. The concentration used in the present study of 50 ug/mL, in the middle of this range,
was found to completely inhibit planktonic growth (data not shown) but was insufficient to
generate even a single log reduction in viable cell counts. These results are consistent with
and enrich the long-standing observations /n vitro and in vivo that aggressive antibiotic
treatment of mature biofilms is often insufficient to eradicate bacterial respiration (37-39),
even in cases where viable cell counts are affected, and that following cessation of
antimicrobial therapy biofilms often regrow (40-42).
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Traditional investigations of biofilm oxygen usage are typically conducted on steady state
biofilms wherein oxygen penetration no longer changes with time, and studies examining
the effect of antibiotic administration often infer continued oxygen utilization by identifying
anoxic conditions at the biofilm base or by probing the one-dimensional oxygen profile, with
the exact response of the oxygen sink to antibiotic challenge unknown. Here we have
demonstrated the temporary bacteriostatic effect of a high dose of broad-spectrum antibiotic
on a developing biofilm exhibiting a dynamic oxygen sink using a novel, MRI-based
technique in real time. The method exploits the linear dependence of 1°F R; in PFCs on pO»,
permitting direct quantification of oxygen (43). We show that gentamicin administration to a
model infection results in establishment of a pseudo-steady state wherein oxygen
consumption continues but oxygen sink development is halted for an extended period of
time (at least 21 hours for one experiment and at least 25 hours for the other). Further, we
have demonstrated the advantages and unique benefits afforded by this approach by
achieving oxygen concentration mapping entirely noninvasively for a model clinical biofilm
in two spatial dimensions, providing comprehensive snapshots of transient oxygen profile
that would be intractable with traditional oximetry methods. This method thus serves as a
novel means to visualize the proliferation and dispersion of actively growing cells and to
probe the interactions between oxygen gradients and chemical environment. The thorough
oxygen distribution measurements provided by this technique may prove invaluable for
further study of antibiotic efficacy and bacterial metabolism in biofilm systems that are more
representative of real clinically-relevant biofilms, which are often characterized by non-
planar geometry (44-46), porous structure (47), and the presence of flow (48; 49), and
which may be inaccessible to conventional microelectrode approaches.

The technique for biofilm oximetry used in this work has several distinct advantages and
disadvantages when compared to the traditional microelectrode approach. Fundamentally,
the NMR phenomenon exhibits low signal-to-noise, with u—MRI functionally constrained to
a maximum resolution of about 10 x 10 pm3/voxel due to diffusion and 75 limitations and
realistic resolution for 1°F NMR oximetry will be lower due to reduced 19F signal density
when the PFC is dispersed throughout the sample of interest. For applications that require
resolution of an oxygen profile at the lengthscale of individual cell clusters (tens to hundreds
of microns), 19F NMR oximetry is impractical and traditional methods have the advantage.
The same signal-to-noise limitation introduces modest variability into the R; fitting process,
resulting in lower precision than the microelectrode. Finally, the technique requires access to
a high-field NMR spectrometer, an expensive piece of equipment, and hardware access is a
significant barrier to accessibility. The microelectrode, in contrast, is inexpensive, portable,
and accurate, and is the superior option for data collection in the field. However, the
noninvasive nature of NMR oximetry makes it an appealing option for systems where
physical introduction of a needle is problematic. In /in vitro applications, microelectrode
insertion may alter intrinsic system behavior due to unintentional introduction of oxygen
along the insertion path or alteration of local flow patterns (14; 50). In potential clinical
applications, the microelectrode approach involves patient discomfort, particularly when
0xygen mapping requires many separate measurements and therefore repeated, potentially
painful insertion of the sensor. For such applications, NMR oximetry offers a painless
alternative for evaluation of oxygen delivery in the clinic.
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While the current study pioneers the use of 1°F NMR oximetry for oxygen mapping in an /in
vitrobiofilm, there is potential for the technique to be translated into clinical measurement.
Agueous emulsions of PFOB exhibit both low toxicity and high stability in aqueous phases,
and it thus may be possible to introduce the oxygen sensor into infected human tissue in a
hospital setting via topical application. If the emulsion is able to permeate human tissue
effectively, 19F NMR could then be used to evaluate oxygen penetration into surface
wounds. Due to the strong prognostic significance of oxygen delivery into infected tissue
(12), this measurement could aid in determining treatment strategy. NMR analysis could be
accomplished using a surface NMR tool such as the NMR-MOUSE (51). The NMR-
MOUSE is a permanent electromagnet that generates a B, magnetic field in the sample it is
placed against. It is also portable and relatively inexpensive, making it a feasible option for
healthcare providers.
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Figure 1.

Calibration curve relating the response of spin-lattice relaxation ”;to pO,for 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 resonance peak chosen to measure /; for
PFOB (CF3 group) is highlighted in green.
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Figure2.
Longitudinal map of calculated pO»values over time within a packed bed column containing

a single alginate bead inoculated with £. coli.
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Figure 3.
Longitudinal map of calculated pO, values for a packed bed column exposed to a 24 hour

treatment of 50 ug/mL gentamicin, a broad-spectrum antibiotic, following development of
the oxygen sink due to £. coli growth.
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Figure 4.

Average calculated pO,in inoculated bead for negative control (no GEN treatment; green
triangles), positive control (GEN treated throughout experiment; pink circles), and
experimental regimen (GEN treated from t = 20 hours to t = 44 hours; red squares and blue
diamonds).
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Figureb.

Viable cell counts for inoculated bead (blue) and adjacent beads (red) at beginning of
experiment, immediately prior to GEN treatment, and after 24 hours of GEN treatment.
Error bars represent standard deviation and asterisks denote significant differences.
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