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ABSTRACT: Bacterial bioﬁlms are a metabolically heterogeneous community of bacteria distributed in an extracellular
matrix comprised primarily of hydrated polysaccharides. Eﬀective
inhibitory concentrations measured under planktonic conditions
are not applicable to bioﬁlms, and inhibition concentrations
measured for bioﬁlms vary widely. Here, we introduce a novel
microﬂuidic approach for screening respiration inhibition of
bacteria in a bioﬁlm array morphology. The device geometry and
operating conditions allow antimicrobial concentration and ﬂux
to vary systematically and predictably with space and time. One
experiment can screen bioﬁlm respiratory responses to many
diﬀerent antimicrobial concentrations and dosing rates in parallel. To validate the assay, onset of respiration inhibition following
NaN3 exposure is determined optically using an O2-sensing thin ﬁlm. Onset of respiration inhibition obeys a clear and
reproducible pattern based on time for diﬀusive transport of the respiration inhibitor to each bioﬁlm in the array. This approach
can be used for high-throughput screening of antimicrobial eﬀectiveness as a function of microbial characteristics, antimicrobial
properties, or antimicrobial dosing rates. The approach may also be useful in better understanding acquired antimicrobial
resistance or for screening antimicrobial combinations.

B

antimicrobial exposures that reduced the number of live
planktonic cells by 4 orders of magnitude caused virtually no
change in the bioﬁlm-associated cultures.10
Further complicating matters, antimicrobial susceptibility of
bioﬁlms varies widely,11,12 due to diﬀerences between parent and
mutant strains13 or among phenotypes14 or due to adaptation to
experimental conditions.15 For example, Nelson et al. reported
that minimum bioﬁlm eradication concentrations (MBEC99.9)
for Pseudomonas aeruginosa PA14 bioﬁlms diﬀer by a factor of
24.14
The methods used to study bioﬁlm inhibition by antimicrobials include ﬂow cells, diﬀusion cells, multiwell plates,
chemostats, and microﬂuidic devices. These techniques can
usually be classiﬁed as high-throughput or high-content. Highthroughput screening of bioﬁlm antimicrobial susceptibility is

acterial bioﬁlms are comprised of pure or mixed cultures
distributed in a self-secreted hydrogel matrix. Respiration of
living cells within the bioﬁlm and the absence of bulk mixing
cause microscale gradients to persist in bioﬁlms, as typiﬁed by
decreasing O2 concentrations with depth for aerobic bioﬁlms.1
Persistent gradients promote phenotypic diﬀerentiation, while
proximity of cells facilitates lateral transfer of antimicrobial
resistance genes.2 In addition to their importance in clinical
settings, bioﬁlms in industry reduce the eﬃciency of water
desalination3 and heat exchangers.4 In environmental systems,
bioﬁlms can protect bacteria from predation,5 they protect plant
roots from pathogens,6 and they help retain moisture in soils.7
Bioﬁlm-associated bacteria exist in a distinct physiological state
from planktonic cells, so inhibitory concentrations measured for
planktonic cultures do not apply to bioﬁlms. Generally speaking,
bioﬁlm-associated bacteria can tolerate much higher antimicrobial concentrations than can planktonic cultures.8,9 For example,
Anderl et al. show that bacteria growing as a “bioﬁlm” on an agar
plate exhibit a markedly diﬀerent antimicrobial susceptibility
than bacteria grown in liquid suspension. In their work,
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most often done using well plates16−18 or their variations where
bioﬁlms are cultured on coupons,19 on lid pegs,20 or in
microﬂuidic channels between wells.21 Well-plate methods are
widely used to measure the minimum inhibitory concentration
(MIC) and other aspects of antimicrobial environments.17
However, the inferior optical properties of many highthroughput platforms lead to a reliance on disruptive staining
assays and measurement of aggregate responses at a single time
point.
In contrast to one-time observations in most high-throughput
assays, high-content techniques frequently feature real-time
observation of cellular responses by tracking a ﬂuorescent tag22
or variation in optical density.23 Some bioﬁlm studies are carried
out in ﬂow cells that allow visualization of attachment and bioﬁlm
development as a function of shear stress24−26 or changing
chemical conditions.27 Other ﬂow cell studies have monitored
bioﬁlm growth dynamics28 or quantiﬁed diﬀusion limitations
through the bioﬁlm.29 In a typical ﬂow cell study, a conﬂuent
bacteria lawn is grown in a transparent chamber. These systems
tend to be relatively large, with the surface area of bioﬁlm in a
typical ﬂow cell extending over several square millimeters (e.g.,
ranging from 2.4 mm2 30 to 960 mm2).31 Bioﬁlm in the chamber
is typically exposed to a constant antimicrobial concentration at
the bioﬁlm−antimicrobial solution interface,32 and the response
of the bioﬁlm is observed at steady state using an inverted
microscope.33 This technique has also been used to measure
diﬀusion of ﬂuorescent tracers,34 to quantify antimicrobial
penetration velocity,22 and to characterize the microstructure
of bioﬁlms.10,35−37
Microﬂuidic approaches are used increasingly in microbiology;
for example, to study cellular responses to chemical signals38 and
O2 availability.39 Microﬂuidic approaches have employed a
variety of cell culture geometries, including coculture40 and
individual cell trap41 designs. Microﬂuidic devices oﬀer the
advantages of controlled geometry and operating conditions with
direct optical analysis at micrometer-scale resolution.42 Physical
features and chemical gradients in microﬂuidic devices can match
the spatial and temporal scale of real microbial habitats.43
Recently, investigators have also employed microﬂuidics to study
bioﬁlms, including measuring the eﬀects of shear stress,26 or of
divalent metal ion,27 or of O2 concentrations on the attachment
of bacteria to substrates.44 Benoit et al. used a pneumatic
multiwell microﬂuidic design to measure single-end point
responses of 24 bioﬁlms grown in microscale ﬂow cells.21 Kim
et al. used a microﬂuidic device to study susceptibility of a
continuous bioﬁlm to a steady-state antibiotic gradient.30 They
grew a single conﬂuent 300 μm (width) × 50 μm (height) × 8
mm (length) P. aeruginosa PAO1 bioﬁlm in a microﬂuidic ﬂow
cell and then challenged diﬀerent positions across the bioﬁlm
with diﬀerent steady-state antimicrobial concentrations. The
authors conclude that this device can be useful for screening
minimal bioﬁlm eradication concentration (MBEC) by associating responses at various positions in the bioﬁlm with the
corresponding overlying antimicrobial concentrations. A more
intricate design by Kim et al. challenged eight bioﬁlms in separate
ﬂow cells with the graduated eﬄuent of a microﬂuidic mixer.45
However, there is no existing assay to study bioﬁlm responses to
diﬀerent antimicrobial dosing rates.
Dose and dosing rate information is essential in the safe and
eﬀective administration of any pharmaceutical agent. However,
in the case of antibiotics, where bacterial pathogens may acquire,
inherit, and spread resistance traits, optimal dosage is especially

important for maximal reduction in bacterial load and for
minimizing the emergence of resistant strains.46
In this study, a novel dynamic dosing assay is described to
relate real-time respiration responses of Staphylococcus aureus
bioﬁlms to changing microchemical conditions. In a schematic,
we illustrate how our system diﬀers from existing techniques in
terms of the time course of antimicrobial exposure. In the
predominant high-throughput assay (Figure 1a), suspended

Figure 1. Typical experimental approaches used for studying
antimicrobial inhibition of bacteria, and the resulting time course of
antimicrobial concentration experienced by bacteria. (a) Planktonic
bacteria suspended in liquid culture experience a single constant
antimicrobial concentration. (b) In a typical bioﬁlm ﬂow cell system, a
single concentration ﬂows across a bioﬁlm, and the response of the
bioﬁlm is monitored from below. (c) In our dynamic dosing assay,
bioﬁlms at diﬀerent positions experience diﬀerent and dynamically
changing antimicrobial concentrations. Here, the antimicrobial is loaded
on the left in the side view, and nearest the red bioﬁlm in the 7 × 7 array
inset. In the side view, ﬂuorescence intensity under bioﬁlms is quenched
with NaN3-induced changes in bioﬁlm respiration. Colored lines in the
graph reﬂect simulated concentration proﬁles at the corresponding
positions in the array. The lower-left square indicates the time domain of
the dynamic experiments described here.

bacteria are exposed to constant antimicrobial concentrations. In
bioﬁlm ﬂow cell studies (Figure 1b), the antimicrobial diﬀuses
into the ﬁlm until the antimicrobial concentration approaches a
steady-state value. In our dynamic dosing assay (Figure 1c),
antimicrobial concentration varies continuously with both
position and time throughout the bioﬁlm array. The precisely
controlled geometry of the microﬂuidic diﬀusion chamber causes
antimicrobial concentration and ﬂux to vary in a predictable
fashion across the array. Meanwhile, respiration responses of
individual bioﬁlms are determined optically by measuring relative
ﬂuorescence of an O2-quenched ﬂuorophore dispersed in a thin
polystyrene ﬁlm.47,48
5412
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lithography and soft lithography. Brieﬂy, 210 ± 20 μm (Dektak
model 150, Veeco Instruments, Plainview, NY) SU-8 2100
(Microchem, Newton, MA) was spin-coated onto a 3 in.
diameter Si wafer (Nova Electronic Materials, test grade, Flower
Mound, TX) and patterned using UV light (45 mW/cm2, 11 s,
Suss Microtec, model MA6/BA6, Germany) with a chrome-onglass photolithography mask (Advanced Reproductions, North
Andover, MA).
Microﬂuidic devices were cast in polydimethylsiloxane
(PDMS, Sylgard 184, Dow Corning, Midland, MI) mixed in a
10:1 ratio with curing agent and degassed in a vacuum desiccator
at −75 kPa gage for 15 min. Degassed PDMS poured over the
master was cured at 60 °C for 2 h. In all experiments, the height of
the PDMS was 8 ± 0.5 mm. Wells were punched with a 3 mm
diameter biopsy punch (Miltex, Inc., York, PA).
We also used epoxy masters cast from PDMS devices in some
experiments. Epoxy and epoxy curing agent (Environmental
Technology, Inc., Fields Landing, CA) were mixed in a 1:1 ratio
and then degassed for 20 min. A PDMS device was then placed
feature-side-down into the epoxy, taking care to allow trapped air
to escape, and cured in a level chamber for 2 days at room
temperature.
O2-Sensing Film Fabrication. The available O2 concentration under individual bioﬁlms was determined from the
relative ﬂuorescence intensity of Pt (II) meso tetra-(pentaﬂuorophenyl) porphyrin (Frontier Scientiﬁc Inc., Logan, UT)
with O2 quenching. Pt porphyrin has been used in previous
studies for imaging O2 gradient51 and bacteria respiration.52,53
Fluorescence quenching of Pt (II) meso tetra-(pentaﬂuorophenyl) porphyrin with O2 is reversible and fast,47 making it an
eﬀective real-time indicator of local O2 concentration.
Here, polystyrene ﬁlms of dispersed Pt porphyrin were cast on
glass microscope slides (70 mm × 127 mm, 1 mm thick, Ted
Pella, Inc., Redding, CA) precleaned with ethanol. Three
solutions were spin-coated on each glass slide consecutively.
For the ﬁrst solution, 1 g of polyvinyl alcohol (Sigma-Aldrich, St.
Louis, MO) was dissolved in 100 mL of DI water and 11.5 mL of
this solution was spread on the glass slides by spinning at 4000
rpm for 40 s. For the second solution, 10 g of polystyrene beads
(Sigma-Aldrich) was dissolved in 150 mL of toluene
(Mallinckrodt Baker, Inc., Phillipsburg, NJ; ACS reagent
grade), and then 0.1 g of Pt (II) meso tetra-(pentaﬂuorophenyl)
porphyrin (Frontier Scientiﬁc, Inc., Logan, UT) was added, and
11.5 mL of this solution was spin-coated on the polyvinyl-alcohol
layer at 4000 rpm for 40 s. Finally, PDMS premixed in 10:1 ratio
with a curing agent was thinned with hexane (Certiﬁed ACS,
Fisher Scientiﬁc, Fair Lawn, NJ) at proportions of 2 g PDMS to 1
mL hexane. The mixture was degassed for 5 min, and 16 mL were
coated on the slide as follows: ramp to 500 rpm in 5 s, hold 13 s,
then accelerate to 2700 rpm in 7 s and hold 1 min. Coated slides
were cured at 60 °C for 2 h and then stored in the dark at room
temperature. The thickness of the PDMS layer was 12.1 μm ± 0.6
μm.
Patterning Bioﬁlm Array. Next, we used contact printing to
produce a bioﬁlm array of S. aureus. S. aureus is commonly used as
a model for bioﬁlm-associated opportunistic human pathogens.
Contact printing methods have been evaluated in previous
studies.54−56 Speciﬁcally, Xu et al. have shown that this method
does not change the physiological state of the transferred cells.54
Here, S. aureus (ATCC 25904) was incubated overnight in
Tryptic Soy Broth (TSB) at 37 °C. Stationary cultures were
adjusted to OD600 1.1 with fresh TSB media, and then 400 μL
was transferred to a Tryptic Soy Agar (TSA) plate and spread

To validate the dynamic dosing assay, we show sequential
respiration inhibition of S. aureus bioﬁlms exposed to NaN3. This
small molecule respiration inhibitor impairs S. aureus catalase
activity and leads to accumulation of toxic H2O2.49,50 Local O2
depletion under bioﬁlms is measured in real time by measuring
relative ﬂuorescence quenching in the ﬁlm. Finally, microbial
responses are related to the local concentration and dosing rate
of the antimicrobial.

■

EXPERIMENTAL SECTION
Device Concept. The dynamic dosing assay is comprised of
four perimeter source wells and one central sink well. The
geometry of the assay and the concentration and diﬀusivity of the
antimicrobial determine the time-dependent diﬀusive ﬂux
throughout a gel-ﬁlled diﬀusion ﬁeld containing a 7 × 7 bioﬁlm
array (Figure 2). A key feature of the dynamic dosing assay design

Figure 2. Schematic of the dynamic dosing assay. (a) The dynamic
dosing assay consists of an O2-sensing ﬁlm on a glass slide, a PDMS layer
with a bioﬁlm array patterned on top, all overlain by a PDMS
microﬂuidic diﬀusion chamber. (b) Photograph of a bioﬁlm array
enclosed in a dynamic dosing assay, with red dye loaded in the lower-left
perimeter source well.

is that the antimicrobial can be delivered to diﬀerent positions at
diﬀerent dosing rates. Also, up to four diﬀerent solutes can be
loaded into the corner wells, leading to a dynamically changing
antimicrobial mixture across the diﬀusion ﬁeld. Here, we
introduce an antimicrobial in only one well, so due to symmetry,
we achieve 21 duplicated conditions plus the diagonal elements,
for a total of 27 distinct and dynamic microchemical environments.
Device Fabrication. The microﬂuidic diﬀusion chamber of
the dynamic dosing assay and the stamp for bacteria contact
printing were fabricated using standard techniques of photo5413
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with a sterilized loop. The plate was incubated at 37 °C for 9 h in
humid air. This procedure results in a continuous homogeneous
bacteria lawn that was used as the “ink pad” in the subsequent
stamping step.
Next, our custom PDMS stamp was pressed gently into the
bacteria lawn, and then immediately placed on the prepared
substrate (Figure S-1 of the Supporting Information). Our
prepared substrate was an O2-sensing ﬁlm (coated slide) that had
been previously plasma-treated for 45 s in an evacuated air
atmosphere (Harrick PDC-32G, Harrick Plasma, Ithaca, NY).
Bioﬁlm heights of six bioﬁlms from six separate stampings of two
bacterial lawns were measured using confocal microscopy and
averaged 51 ± 23 μm (mean ± std deviation).
We note that the term “bioﬁlm” has been used to describe
bacterial colonies grown on an agar plate.10 Although their
structure may diﬀer from other bioﬁlm forms, such as ﬂow cell
bioﬁlms grown under shear stress, the high cell density, active
respiration, and lack of bulk mixing in our array results in O2 and
other gradients and imparts phenotypic diﬀerentiation with
depth.
After stamping, the featured side of the PDMS diﬀusion
chamber was plasma-treated for 45 s and bonded to the substrate
with the bioﬁlm dots aligned in the observation ﬁeld. The
chamber was ﬁlled with 37 °C 8% gelatin type B (ACROS,
Morris Plains, NJ) dissolved in TSB solution delivered near
simultaneously to all four perimeter source wells. Gelatin
solution in the reservoirs was removed before gelation, while
the observation ﬁeld remained full due to the high surface tension
of water and the small dimensions of the connecting channels.
Filling the microﬂuidic diﬀusion chamber with hydrogel
eliminates pressure-driven ﬂow which, if present, would
dominate diﬀusion. In our experiments, four such microﬂuidic
diﬀusion chambers were bonded to a single O2-sensing substrate
each time experiments were performed. Three were used for
replicate antimicrobial treatments or control experiments and
contained bacterial bioﬁlm arrays. The fourth chamber contained
no bacteria and served as a background control for relative
ﬂuorescence of the O2-sensing ﬁlm. All four dynamic dosing
assays were surrounded by a water reservoir to prevent drying.
Dynamic Respiration Inhibition Experiments. After
gelation in the diﬀusion ﬁeld, liquid aqueous NaN3 (Laboratory
grade, Fisher Scientiﬁc, Fair Lawn, NJ) was added to one source
well of each microﬂuidic diﬀusion chamber while sterilized DI
water was loaded in the center sink well. The other three source
wells contained only air. Finally, a layer of clear tape was placed
across the top of each microﬂuidic diﬀusion chamber to prevent
evaporation and to prevent debris from falling into source or sink
wells. The concentration gradient between the NaN3-ﬁlled
perimeter source well and the central sink well provided the
driving force for diﬀusion. In replicate experiments, we added
3100 mM or 6100 mM NaN3 to the source well. The steep
gradient between the source well concentration and the changing
diﬀusion ﬁeld concentration ensured that a high antimicrobial
ﬂux was sustained. This high ﬂux eﬀectively shortens the time
required to reach inhibitory concentrations throughout the
bioﬁlm array. These gradients are reproducible, as indicated by
images of dye diﬀusion with time in replicated devices (Figure S2 of the Supporting Information).
Constant-Concentration Respiration Inhibition Experiments. As an aid to interpreting the dynamic respiration
inhibition experiments, constant-concentration respiration inhibition experiments were also performed. Here, bioﬁlm arrays
identical to those used in the dynamic experiments were

embedded in gelatin hydrogels initially containing 0 mM, 0.03
mM, 0.1 mM, and 1 mM NaN3. Trends among speciﬁc
ﬂuorescence (area-averaged net ﬂuorescence intensity/areaaveraged net opacity) were determined to identify the steadystate concentration of NaN3 that inhibits respiration of bioﬁlms.
Bioﬁlm Imaging and Analysis. Real-time ﬂuorescence
images of the O2-sensing ﬁlm under each bioﬁlm in the array
were recorded and analyzed to determine local O2 availability as
the respiration inhibitor diﬀused through the assay.
Fluorescence images were captured using a Carl Zeiss AXIOobserver Z1 automated inverted microscope equipped with an
AxioCam MRmRev.3 camera (Carl Zeiss Inc., Germany) using a
5× objective (Zeiss ECPlan-NEOFLUAR; 5 × /0,16 ∞/0,17,
Carl Zeiss Inc.). A custom-designed dichroic ﬁlter set was used to
excite the ﬁlm at 380 nm and measure emission at 647 nm. The
set contains an excitation ﬁlter (380/14 BrightLine Bandpass
Filter, FF01-380/14-25, Carl Zeiss Inc.), a Dichroic Beamsplitter
(520 nm BrightLine Dichroic Beamsplitter, FF520-Di02-25 ×
36, Carl Zeiss Inc., Germany) and an emission ﬁlter (647/57
BrightLine Bandpass Filter, FF01-647/57-25, Carl Zeiss Inc.,
Germany). Fluorescence images of all 49 bioﬁlms in the array and
at least four positions in a gel-ﬁlled control chamber without
bacteria were collected every 10 min for 1.5 h to establish
baseline ﬂuorescence intensity of each bioﬁlm prior to
antimicrobial exposure. Then, after the antimicrobial at the
desired concentration was loaded into the source well,
ﬂuorescence images of each bioﬁlm in the array and all control
positions were collected every 10 min for 45 h. Computercontrolled shutters exposed each position for only 800 ms, as
each image was collected. Use of a narrow-band LED light source
(Carl Zeiss Inc., Germany) further limited photobleaching.
Bright ﬁeld images of each bioﬁlm in the array and background
control positions were also collected just prior to and 45 h after
adding the antimicrobial agent. Real-time area-averaged net
ﬂuorescence intensity, Ii, of each bioﬁlm at each time point was
determined using open-source Fiji (based on ImageJ) and is
deﬁned by area-averaged intensity with mean intensity of
background control positions subtracted, as indicated by
Ii =

∫Area I(x , y)i dA
A

− Ibackground, i

(1)

where I(x,y)i is the intensity matrix measured for each bioﬁlm at
time i, A is the bioﬁlm area, and Ib̅ ackground,i is the mean areaaveraged intensity of similarly sized background control
positions at time i. The spatial extent of bioﬁlms was deﬁned
manually for each bioﬁlm from the corresponding initial bright
ﬁeld image (Figure S-3 of the Supporting Information).
In this study, all statistical analyses were performed using Stata,
version 11.2.
Mass Transport Simulations. Antimicrobial concentrations and dosing rates with position and time were simulated
using COMSOL Multiphysics 4.1a. The two-dimensional plan
geometry of the dynamic dosing assay was deﬁned in AutoCAD
and imported into COMSOL. Microﬂuidic features were
extruded to 210 μm, and the source and sink wells were
extruded to 8 mm. Wells were modeled using standard water
properties and microﬂuidic regions were modeled using hydrogel
properties. The three empty source wells that contained only air
were modeled as no-ﬂux boundaries. The assumptions of the
model are mass transport by Fickian diﬀusion, no convection,
with constant isotropic NaN3 diﬀusivity; initial concentration C0
= 3100 (0.2 g/mL) or 6100 mM (0.4 g/mL) homogeneously in
5414
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Figure 3. Simulation of NaN3 diﬀusion in the dynamic dosing assay using COMSOL Multiphysics 4.1a. (a) Computer model of the microﬂuidic
diﬀusion layer geometry showing 49 bioﬁlms in the diﬀusion ﬁeld. The tall cylinder at the lower left corner is the perimeter source that contains the
antimicrobial. The center sink is the tall cylinder in the center. Simulated color-coded concentration maps are provided showing lines of constant
concentration at (b) t = 8.3 and (c) t = 27.7 h.

Figure 4. Real-time respiratory responses of individual bioﬁlms with exposure of NaN3. (a) A representative time series of ﬂuorescence images showing a
decrease in ﬂuorescence intensity with NaN3 exposure. Images correspond to the blue curve in (b). (b and c) Colored markers: relative ﬂuorescence
intensities for six bioﬁlms along a transect. Normalized intensity is area-averaged ﬂuorescence intensity (see eq 1) normalized to maximum intensity
observed for that bioﬁlm. The source well loaded with (b) 3100 mM and (c) 6100 mM NaN3 at t = 0. Data show average and range of replicate
measurements in separate dynamic dosing assay devices. Open black marks: (control data) average of seven replicate bioﬁlms exposed to 0 mM NaN3.
The error bars show the range of replicate measurements. (See Figure S-5 of the Supporting Information for data and position of control data). (d)
Schematic of bioﬁlm array showing color coding of positions along the transect; the source well is closest to the red dot in the lower left corner.

the source well at t = 0, and C0 = 0 elsewhere in the assay at t = 0;
all water or gel interfaces with PDMS or air were modeled as noﬂux boundaries. An array of 7 × 7 bioﬁlms was deﬁned as
hydrogel cylinders with a 1 mm diameter and 50 μm height and a
spatial distribution equal to the stamp and centered in the
diﬀusion ﬁeld. We assume NaN3 solubility in water equals
solubility in hydrogel, and there is no NaN3 reaction,
consumption, or volatilization.
The diﬀusive permeability of NaN3 in water at 25 °C has been
approximated as 8.17 × 10−10 m2/s, as described.57 The eﬀective
diﬀusive permeability of small ions through bioﬁlm is reported to
be 58% of the diﬀusivity in the aqueous solution58 or 4.74 × 10−10
m2/s. On the basis of a previous study of diﬀusion in the gelatin
hydrogel,59 we deﬁned the diﬀusivity of NaN3 through 8% gelatin
as 6.5 × 10−10 m2/s. With known initial concentrations and the
deﬁned geometry, NaN3 concentrations and ﬂuxes at each

bioﬁlm position at each onset of respiration inhibition time were
computed (Figure 3).

■

RESULTS AND DISCUSSION

Constant-Concentration Respiration Inhibition. As an
independent check of the dynamic inhibition results, areaaveraged net ﬂuorescence and bright ﬁeld intensities of individual
bioﬁlms and control positions were measured after exposure to
ﬁxed NaN3 concentrations. The area-averaged bright ﬁeld
intensity of bioﬁlm i is subtracted from averaged bright ﬁeld
intensity of the background control positions. The magnitude of
the diﬀerence was deﬁned as the area-averaged opacity of each
bioﬁlm, as indicated by
Opacityi = |Ibf, i − Ibf,background|
5415
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Figure 5. Ordering of the observed onset of respiration times for individual bioﬁlms versus the predicted ranking based on the diﬀusion simulation. (a)
Schematic of bioﬁlm array showing predicted ranking from 1 to 27 based on diﬀusion simulation for positions in the array. Inhibitor is placed in the
source well nearest position 1. Bioﬁlms are organized into ﬁve groups based on proximity to the source well: Red group (positions 1−4), Orange group
(positions 5−9); Green group (positions 10−18), Blue group (positions 19−23), and Purple group (positions 24−27) are shown. Contours represent
constant ﬂux at t = 27.7 h. (b) Schematic showing diagonal symmetry of 27 elements, for a total of 48 positions. The bioﬁlm beneath the sink well was
excluded. (c) Replicates with 3100 mM in the source well. (d) Replicates with 6100 mM in the source well. Data are plotted using diﬀerent markers for
the left half of the array (□), the right half of the array (■), and for diagonal elements (×). Color coding of the data symbols shows the locations of each
bioﬁlm in the array.

Opacities of bioﬁlms are assumed to be proportional to bioﬁlm
biomass, which varied in these experiments. Area-averaged net
ﬂuorescence intensities of individual bioﬁlms following NaN3
exposure were plotted against the corresponding opacities of the
bioﬁlms as a measure of biomass-normalized O2 depletion as a
function of NaN3-induced respiration inhibition (Figure S-4 of
the Supporting Information). For each antimicrobial concentration, bioﬁlms with more biomass had greater opacity and also
greater area-averaged net ﬂuorescence intensity. Controlling for
biomass, we found no statistically signiﬁcant diﬀerence in speciﬁc
ﬂuorescence intensity for bioﬁlms exposed to 0 versus 0.03 mM
NaN3. However, speciﬁc ﬂuorescence is signiﬁcantly quenched
by higher NaN3 concentrations of 0.1 mM (p = 0.011) and 1 mM
(p < 0.001). We conclude that NaN3 starts to aﬀect bioﬁlm
respiration at concentrations between 0.03 and 0.1 mM.
Dynamic Respiration Inhibition. In duplicated diﬀusion
experiments, either 6100 or 3100 mM NaN3 solution was loaded
in one source well of one of four diﬀerent microﬂuidic diﬀusion
chambers. We directly observed changing ﬂuorescence intensities at the base of each bioﬁlm in each array (Figure 4a) and
quantiﬁed this intensity change as an area-averaged net
ﬂuorescence intensity, as described above. A plot of normalized
area-averaged net ﬂuorescence intensity versus time (Figure 4,
panels b and c) shows the respiratory responses for bioﬁlms
located along a diagonal transect. Bioﬁlms located closest to the
NaN3-ﬁlled source well exhibit respiration inhibition ﬁrst and
bioﬁlms located further away exhibit sequentially later respiration
inhibition. Experiments were performed with two diﬀerent NaN3

concentrations loaded into the source wells. As expected, when a
higher concentration is loaded into the source well, the driving
force for diﬀusion is greater, and the elapsed time before
respiration inhibition is observed is correspondingly shorter.
Onset of Respiration Inhibition Time. Changes in
ﬂuorescence intensity at the base of each bioﬁlm reﬂect the
change in available O2, due to changes in bioﬁlm respiration.
Healthy and actively respiring bioﬁlms consume O2 faster than it
can be replenished by diﬀusion from the surroundings.
Conversely, locations where bioﬁlm respiration is inhibited by
NaN3 can experience a local increase in O2 concentration (and
therefore a quenching of ﬂuorescence in the ﬁlm). The
normalized time course of ﬂuorescence intensity at the base of
the bioﬁlm provides a measure of the changing respiration status
of individual bioﬁlms.
Although many applications will be interested in the complete
time course of radial O2 proﬁles, for simplicity and proof of
principle, we focus on area-averaged net ﬂuorescence intensity at
one point in time for each bioﬁlm. We deﬁne the onset of
respiration inhibition (O.R.I.) time as the ﬁrst of eight
consecutive area-averaged net ﬂuorescence intensity observations lower than the moving average of the four prior
observations. O.R.I. time is a key moment because prior to the
O.R.I. time, antimicrobial exposure is suﬃciently low, such that
O2 is consumed faster than it can be replenished by diﬀusion. In
other words, respiration is limited by the bioﬁlm’s own utilization
of O2. After the O.R.I. time, O2 concentration at the bioﬁlm base
begins to increase, indicating O2 is being replenished faster than
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The inner 90% of O.R.I. values ranged from 0.012 mM to 0.12
mM, with a standard deviation of 0.033.
We determined the inﬂuence of experimental treatment (3100
or 6100 mM), bioﬁlm area, and antimicrobial dosing rate on the
O.R.I. concentrations. Experiments with 3100 mM in the source
well (average O.R.I. concentration 0.073 ± 0.035, mean ± std
deviation) were not statistically diﬀerent from experiments with
6100 mM in the source well (average O.R.I. concentration 0.068
± 0.031, p = 0.358, t test, 2-tailed). This is an important result
because the user of the assay will generally not know the eﬀective
inhibitory concentration, and our assay allows for consistent
respiration inhibition concentration results, even when diﬀerent
source concentrations are used in the assay.
Bioﬁlm surface area was measured by manually marking the
outer perimeter of each bioﬁlm bright ﬁeld image as described
above. The average area of our 192 test bioﬁlms was 1.5 ± 0.26
mm2 and ranged from 0.80 to 2.1 mm2. (This area is slightly
larger than the dimensions of the stamp because of spreading.)
O.R.I. concentration was not signiﬁcantly correlated with bioﬁlm
area (ρ = 0.013, p = 0.862). This result may seem counterintuitive
since the volume for O2 consumption increases faster than the
surface area for mass transport in larger bioﬁlms. However, our
bioﬁlms have a very small aspect ratio of depth compared with
length or width, and a pseudo-one-dimensional geometry is
suitable for all.
Finally, we evaluated the correlation between O.R.I.
concentration and position in the array. Here, position is also
linked to the antimicrobial dosing rate. Bioﬁlms were grouped
into ﬁve zones based on proximity to the source well (Figure 5).
Zone 1 (red), where the highest antimicrobial dosing rates were
observed, includes elements 1−4; zone 2 (orange) includes
elements 5−9; zone 3 (green) contains elements 10−18; zone 4
(blue) contains elements 19−23; and zone 5 (purple) contains
elements 24−27. O.R.I. concentration increased with increasing
distance from the source well (ANOVA, p < 0.001); however, the
variation in O.R.I. concentration with position was slight.
Average O.R.I. concentration (± std deviation) by zone was
0.039 ± 0.036 for zone 1, 0.057 ± 0.030 for zone 2, 0.073 ± 0.024
for zone 3, 0.088 ± 0.027 for zone 4, and 0.088 ± 0.036 for zone
5. These results could be evidence of a slight dosing ratedependence on S. aureus susceptibility to NaN3. However, no
mechanism is known for dosing rate-dependent susceptibility of
S. aureus to NaN3. The results could also be due to an artifact of
the modeling assumptions, such as actual depletion of NaN3 that
is not captured by the model or slight ﬂaws in the geometry of the
microﬂuidic diﬀusion chamber.

it is consumed, and O2 is no longer limiting. We determined
O.R.I. times throughout replicate arrays loaded with diﬀerent
initial antimicrobial concentrations and related O.R.I. time to the
corresponding local NaN3 concentration determined from the
three-dimensional diﬀusion simulation.
Intrinsic Respiration Inhibition. Eventually, bioﬁlms not
exposed to NaN3 exhibit an intrinsic decrease in ﬂuorescence
intensity, presumably due to nutrient depletion. On Figure 4b
and c, open markers show area-averaged net ﬂuorescence
intensity for 7 bioﬁlms in a control experiment not exposed to
the respiration inhibitor (Figure S-5 of the Supporting
Information). In our experiments, the intrinsic O.R.I. time
averaged 14 h. Mathematical modeling determined that all
positions in the array reach a NaN3 concentration greater than
0.1 mM within 9.1 h (with the lower concentration, 3100 mM,
loaded in the source well). Therefore, we interpret respiration
inhibition observed in our experiments as resulting from NaN3
exposure, not from intrinsic respiration inhibition. The time
before intrinsic respiration inhibition occurs is the available
diagnostic time domain. For slowly diﬀusing substances, the
available diagnostic time domain can be extended by using
smaller bioﬁlm dots and richer media in the gelatin (data not
shown). For sparingly soluble compounds, a modiﬁed version of
the microﬂuidic device geometry with shorter, wider inlet
dimensions should be considered.
Diﬀusion-Based Respiration Inhibition Observed
Across the Array. There are 21 bioﬁlms in each array with a
duplicate located across the diagonal axis of symmetry (Figure
5a). In addition, there are 6 diagonal elements with no replicate
(the seventh position, located immediately under the sink well is
excluded). Each replicated group (“left” or “right”), plus the
diagonal elements, can be ordered from 1 to 27 based on the
predicted time to reach a threshold antimicrobial concentration
(predicted rank from simulation, Figure 5b). On the basis of
diﬀusion modeling, the ﬁrst position to reach the threshold
antimicrobial concentration is deﬁned as position 1, and it is
located nearest the source well. The last position to reach the
threshold concentration is deﬁned as position 27, and it is located
farthest from the source well. Generally, ordering in the array
proceeds according to a straight-line distance between the source
well and the bioﬁlm, but there are exceptions. Positions 10, 16,
and 20 are in close proximity to the central sink well, which
depresses local concentrations.
For each bioﬁlm position in each group, the time when O.R.I.
was observed was ranked from 1 to 27 and deﬁned as the
observed rank. Then, this “observed rank” was plotted against the
corresponding “predicted rank from simulation.” The data show
that the observed order in which bioﬁlms exhibited respiration
inhibition closely tracked the predicted ordering based on the
diﬀusion simulation for both low (Figure 5c) and high (Figure
5d) NaN3 concentrations. Note that the predicted rank is not a
function of test concentration. While antimicrobial concentration in the source well changes absolute O.R.I. time, it does
not change the relative time among positions.
Onset of Respiration Inhibition Concentration. O.R.I.
concentrations corresponding with measured O.R.I. times were
determined for each position in each replicate dynamic
respiration inhibition experiment (n = 192), using the diﬀusion
simulation. The mean O.R.I. concentration for all dynamic
experiments was 0.070 mM (see Figure S-6 of the Supporting
Information for all data), midway through the 0.03 to 0.1 mM
range determined for the constant-concentration experiments.

■

CONCLUSION
Respiratory responses of an array of bioﬁlms to diﬀerent
antimicrobial concentrations and dosing rates can be determined
using the dynamic dosing assay described here. Incorporation of
an optical O2 sensor allows local changes in respiration to be
observed in real time as a function of a changing microchemical
environment. Here, we validated the assay by measuring
respiration inhibition of S. aureus bioﬁlms exposed to constant
or dynamically changing NaN3 concentrations. The results
showed that respiration inhibition was observed for NaN3
exposures above approximately 0.07 mM, regardless of the
mode of exposure or size of the bioﬁlms. A slight position
dependence on the inhibitory concentration was observed.
Measurement of actual NaN3 concentrations throughout the
array in situ would be needed to independently conﬁrm dosing
rate-related diﬀerences in bioﬁlm susceptibility.
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Unlike most commonly used methods to study bioﬁlm
susceptibility, our assay allows bioﬁlm respiration inhibition to
be observed in situ and permits many diﬀerent antimicrobial
concentrations and dosing rates to be studied in parallel. Dosing
rate is known to inﬂuence bacterial susceptibility to antibiotics
through variable expression of antibiotic cleavage enzymes60 or
eﬄux pumps61 (short-term eﬀect) or lateral gene transfer
(longer-term eﬀect). The assay described and validated here
could be used to understand the eﬀects of quickly versus
gradually increasing or oscillating antimicrobial concentrations
on the evolution of tolerance and resistance in bioﬁlm-associated
bacterial populations.
Application of this assay for bioﬁlm inhibition screening, using
conventional antimicrobials and antimicrobial combinations, is
the subject of ongoing work. Other extensions of this work
include incorporation of additional spatially resolved sensors of
microbial activity, such as optical tracking of short-lifetime
ﬂuorescent proteins expressed by the bacteria. The method
described here may accelerate the study of bioﬁlm susceptibility
to individual or combinatorial therapies and may contribute
mechanistic understanding of emerging bioﬁlm resistance.
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