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’ INTRODUCTION

Microbiology is historically colored by the mindset of bacteria
as individual organisms. However, bacteria adhere and grow on
nearly all surfaces and materials and form communities that are
characterized by populations of cells encased in an extracellular
polymeric substance.1�4 It is widely believed that these commu-
nities—referred to as biofilms—are the dominant lifestyle of
bacteria in the biosphere.5 Biofilms provide cells with benefits
that are not available to individual bacteria, including: (1)
increased resistance to antibiotics;6 (2) protection against pre-
dation by protozoa;7,8 and (3) protection against host immune
defenses.9 The adherence of bacteria and their growth into
biofilms on a wide-range of surfaces impacts ecology,10

medicine,11,12 and industry.13,14 The significant financial and
human health incentives associated with the eradication of
biofilms has stimulated studies investigating their mechanisms
of formation and development, and techniques for their preven-
tion and removal.15

The Gram-negative bacterium Pseudomonas aeruginosa is a
model organism for studying biofilm formation.16 Interest in P.
aeruginosa biofilms has emerged in response to the prevalence of

this organism and its status as a clinically important, opportu-
nistic pathogen that infects hosts with compromised immune
systems. The formation of P. aeruginosa biofilms, and the
accompanying increase in resistance of the cells to antimicrobial
therapy, causes acute and chronic infections in individuals with
cystic fibrosis.17�19 P. aeruginosa biofilms form via a series of
stages that include: (1) reversible attachment to a surface; (2)
irreversible attachment; (3) microcolony formation; (4) biofilm
maturation; and (5) dispersal.20,21 The differentiation of plank-
tonic P. aeruginosa cells into biofilms is cued by the production,
secretion, diffusion, and sensing of chemical signals in a process
referred to as quorum sensing (QS).22�26 QS is a mechanism of
regulated gene expression in bacterial communities in response
to other cells and the physical constraints imposed by their
environment.27�30 The production of secondary metabolites
activates transcription factors, which modulate the expression
of QS target genes and coordinate gene expression across
communities of cells. Some bacteria possess several interactive
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ABSTRACT: This manuscript describes the fabrication of
arrays of spatially confined chambers embossed in a layer of
poly(ethylene glycol) diacrylate (PEGDA) and their applica-
tion to studying quorum sensing between communities of
Pseudomonas aeruginosa. We hypothesized that biofilms may
produce stable chemical signaling gradients in close proximity
to surfaces, which influence the growth and development of
nearby microcolonies into biofilms. To test this hypothesis, we
embossed a layer of PEGDA with 1.5-mm wide chambers in
which P. aeruginosa biofilms grew, secreted homoserine lactones
(HSLs, small molecule regulators of quorum sensing), and
formed spatial and temporal gradients of these compounds. In
static growth conditions (i.e., no flow), nascent biofilms
secreted N-(3-oxododecanoyl) HSL that formed a gradient in
the hydrogel and was detected by P. aeruginosa cells that were e8 mm away. Diffusing HSLs increased the growth rate of cells in
communities that were <3 mm away from the biofilm, where the concentration of HSL was >1 μM, and had little effect on
communities farther away. The HSL gradient had no observable influence on biofilm structure. Surprisingly, 0.1�10 μM of N-(3-
oxododecanoyl) HSL had no effect on cell growth in liquid culture. The results suggest that the secretion of HSLs from a biofilm
enhances the growth of neighboring cells in contact with surfaces into communities and may influence their composition,
organization, and diversity.
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QS circuits, often under positive feedback control or autoinduc-
tion.31,32 This process enhances the coordinated expression of
QS target genes and results in population-wide phenotypes. QS is
a mechanism that is involved in a variety of multicellular behav-
iors including biofilm formation,33�36 virulence and pathogenicity,12

motility, and swarming.37

The secretion and diffusion of secondary metabolites from
bacterial communities has been qualitatively observed to influ-
ence the growth of adjacent communities.38�41 QS signals

appear to have a context-dependent influence on the develop-
ment and structure of P. aeruginosa biofilms.33,42�44 The extent
to which gradients of QS signals secreted by communities
regulate the formation and development of adjacent biofilms,
and the length scale over which diffusing signals may influence
other communities, is not understood quantitatively. This phe-
nomenon is particularly relevant to the developmental fate of
microcolonies transforming into biofilms, which are in fluidic
contact with adjacent communities and biofilms.We hypothesize
that signaling molecules secreted from cells in microcolonies and
biofilms may form gradients that persist for longer time scales in
close proximity to surfaces compared to gradients in three-
dimensional liquid. Gradients may influence the growth and
development of nearby communities into biofilms. In this manu-
script, we query this hypothesis using a polymer-based approach
for controlling the length scale of chemical signaling between
bacterial communities and determined its effect on cell growth
and biofilm development. Using the QS circuit in P. aeruginosa as
a model system, we demonstrate that nascent biofilms growing
on surfaces produce a gradient of diffusing N-acyl homoserine
lactones (HSLs) that enhances the growth of adjacent commu-
nities that are in close physical proximity.

’EXPERIMENTAL SECTION

Fabrication of Elastomeric Stamps. We used a 1536-well
microtiter plate with square wells as a master for creating poly-
(dimethylsiloxane) (PDMS) stamps (Figure 1F, inset); the dimensions
of the chambers were 1.5 mm (wide), 5 mm (deep), with a pitch of 1.9
mm and a chamber wall thickness of 0.6 mm. A PDMS jig was placed in
conformal contact with the surface of the plate. Wells inside the jig were
filled with PDMS prepolymer (10:1, base/curing agent) degassed under
vacuum. PDMS was polymerized at 65 �C overnight and cured PDMS
stamps were peeled away from the master. PDMS stamps were also
prepared by replica molding techniques using a pattern of SU-8 2050
photoresist in bas-relief on a silicon wafer master.45 The resulting stamps
had cylindrical posts that were 500-μm tall and 500-μm in diameter.
Fabrication of Poly(ethylene glycol) Diacrylate (PEGDA)

Hydrogel Substrates.We used amethod for fabricating PEGDA gels
that is similar to the approach described by Tsutsui et al.46 Briefly, we
oxidized a PDMS stamp for 2�4 min in a plasma cleaner and
immediately brought it into conformal contact with a silanized coverslip
presenting acrylate groups (described in Supporting Information). A
solution of PEGDA prepolymer solution (15% v/v) admixed with 2,2-
dimethoxy-2-phenyl-acetophenone (5.8 mM) was introduced around
the stamp and polymerized using a Dymax PC-3 UV light welder
(λ 320�395 nm, 4000 mW/cm2, 150 s). We removed the PDMS stamp
and soaked the hydrogel in sterile ddH2O overnight to extract unpoly-
merized monomers and unbound oligomers. Prior to inoculation with
bacteria, hydrogels were sterilized in a laminar flowhood by exposure to
UV light for 2�3 h.
Construction of P. aeruginosa Strains and Growth Condi-

tions. We used several strains of P. aeruginosa in this study (Table 1).
Details of the construction of PAO1-derived strains and the growth
conditions for all P. aeruginosa strains are presented in Supporting
Information. To grow biofilms in mesostructured gels, we inoculated
individual chambers in a layer of PEGDA with a suspension of bacteria;
the inoculate volume was smaller than the chamber volume. We found it
difficult to inoculate individual PEGDA chambers with microscale
dimensions. Therefore, we grew biofilms in microstructured chambers
by submerging the embossed PEGDA in a suspension of bacteria.
Microscopy. A description of the protocols and materials for

epifluorescence, environmental scanning electron (ESEM), and

Figure 1. Fabrication of structured PEGDAhydrogels. (A) A cartoon of
a PDMS stamp with square posts in bas-relief, and a glass coverslip
derivatized with a silane presenting a terminal acrylate functional group.
(B) The PDMS stamp is pressed into conformal contact with the glass
coverslip. (C) A 15% PEGDA prepolymer solution is added to the mold,
filling the void spaces between the posts of the PDMS stamp. (D)
Exposure to UV light polymerizes the PEGDA. (E) Peeling away the
PDMS stamp reveals chambers embossed in a layer of hydrogel where
the floor of the chamber is formed by the surface of the glass coverslip.
Note that cartoons are not drawn to scale (see critical dimensions on the
cartoon). (F) An image of an array of 36 chambers (1.5-mmwide, 5-mm
deep) embossed in a layer of 15% PEGDA hydrogel on a glass coverslip.
The gel was stained with a red dye to enhance the details of the chambers
for the image. Inset: An image of the PDMS stamp used to create the
hydrogel.
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confocal laser scanning microscopy (CLSM) are found in the Support-
ing Information.
Diffusion of HSLs Produced by P. aeruginosa through

PEGDA Hydrogels. We placed a PDMS jig around a 15% PEGDA
hydrogel embossed with a square array consisting of 36 chambers and
removed the liquid culture media from the chambers. Ten microliters of
M8 media was added to the four center chambers in the array; the
composition of M8 media is described in detail in the Supporting
Information. We inoculated the remaining 32 chambers with a 10-μL
aliquot of a dilute culture of P. aeruginosa PAO1 in M8 media (absor-
bance 0.2 at λ = 600 nm). A small volume of M8 media filled the space
inside the jig to keep the gel hydrated. The gel was placed in a Petri dish
and incubated at 37 �C for 24 h. The M8 media was removed from the
four center chambers and replaced with 10 μL of a PAO-MW1 pUM15
subculture (absorbance 0.5 at λ = 600 nm) in Luria�Bertani (LB) broth.
The gel was incubated an additional 10 h at 37 �C and YFP fluorescence
was imaged in the chambers. As a positive control, we inoculated
subcultures of PAO-MW1 pUM15 in LB (absorbance 0.5 at λ =
600 nm) admixed with 10 μM N-(3-oxododecanoyl) homoserine
lactone (3O-C12-HSL)—to activate YFP expression—in all 36 cham-
bers of the array. We repeated the experiment without adding exogenous
3O-C12-HSL as a negative control. We incubated the gels at 37 �C for 10
h and imaged YFP fluorescence in each chamber.
Determining the Influence of the Position within the

Array on P. aeruginosa Growth Rates. We fabricated 15%
PEGDA hydrogels embossed with a square array consisting of 81
chambers. After removing liquid from the chambers, an 8-μL aliquot
of a diluted PAO-MW1 overnight culture in 1:1 LB/M8 (absorbance 0.2
at λ = 600 nm) was added to select chambers of the array (yellow
squares, Figure S4A); 8 μL of M8 media was added to the remaining
chambers. Gels were stored in a Petri dish placed inside a sealable Ziploc
bag lined with wet paper towels and incubated for 6, 12, 24, and 48 h at
37 �C. After incubation, we used a micropipet to mix the contents of
each chamber containing PAO-MW1 by pipetting up and down. We
removed a 7-μL aliquot from each chamber and added it to 93 μL of 1�
PBS in a 96-well microtiter plate. We measured the absorbance (λ,
595 nm) in each well using a Tecan Infinite F200 plate reader (Figure
S4B). The experiment was performed in duplicate with four technical
replicates per hydrogel.

To measure the influence of the position of the chambers in the array
on cell growth using epifluorescence microscopy, we set up another
series of hydrogels using the method described above. In this experi-
ment, we inoculated select chambers with PAO-MW1 p67T1, which
constitutively expresses the red fluorescent protein, d-Tomato. We
incubated the chambers and measured the fluorescence in each
chamber at 0, 3, 6, 12, 24, and 48 h using epifluorescence microscopy
(Figure S4C).
Determining the Influence of HSL Diffusion from a

P. aeruginosa Community on the Growth Rate of Adjacent
Communities. We fabricated hydrogels containing a square array
consisting of 81 chambers to determine whether communities located in
the center of the array affected cell growth in adjacent chambers into
communities via secretion and diffusion of HSLs. In these experiments,
we inoculated the center chamber with strain PAO1 at two different
times relative to the inoculation of the remaining chambers: (1) PAO1
was inoculated simultaneously with the inoculation of the remaining
chambers with PAO-MW1 p67T1; or (2) we inoculated PAO1 into the
center chamber, incubated for 12 h to form a nascent biofilm, and
subsequently inoculated the remaining chambers with PAO-MW1
p67T1 cells. We measured and quantified cell growth by imaging
d-Tomato fluorescence at 0, 3, 6, 12, and 24 h using epifluorescence
microscopy.

We also measured the effect of HSLs on PAO1 cell growth in liquid
broth culture. Cell cultures of PAO1 were grown overnight to saturationT
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and then diluted 1:100 inM8media in wells of a 96-well microtiter plate.
We added 3O-C12-HSL to microtiter plate wells at concentrations of 0,
0.1, 1, and 10 μm andmeasured the absorbance (λ, 595 nm) of each well
every 30 min for 18�20 h using a Tecan Infinite F200 plate reader. The
plates were shaken using an orbital amplitude of 1 mm during incuba-
tion.
Determining the Spatial and Temporal Influence of Dif-

fusing HSLs on P. aeruginosa Quorum Sensing. We fabricated
15% PEDGA hydrogels embossed with a square array consisting of 81
chambers and removed residual liquid from the chambers. PAO1 cells
were inoculated in hydrogel chambers using two different approaches,
described below.
(1). Inoculation after Growth of a Nascent PAO1 Biofilm. We

introduced an 8-μL aliquot of a diluted PAO1 overnight culture in
M8 media (absorbance 0.2 at λ = 600 nm) to the center chamber of the
array; 4 μL of M8 media was added to chambers in the cardinal and
diagonal directions, and 8 μL of M8 media was added to the remaining
chambers. The gel was stored in a Petri dish placed inside a sealable
Ziploc bag lined with wet paper towels and incubated for 12 h at 37 �C.
An overnight culture of PAO-MW1 pUM15 was centrifuged (3000 rpm,
10 min) and the liquid was removed. The pellet of bacteria was
suspended in LB media containing 300 μg/mL carbenicillin (the
absorbance of the suspension was adjusted to 0.4 at λ, 600 nm). We
introduced a 4-μL aliquot of the diluted suspension of PAO-MW1
pUM15 cells into the chambers in the cardinal and diagonal directions in
the PEDGA gel. The hydrogel was placed in the Ziploc bag, incubated at
37 �C, and YFP expression was quantified by epifluorescence micro-
scopy at 3, 6, 12, 24, and 48 h.
(2). Simultaneous Inoculation. This method was similar except that

PAO1 and PAO-MW1 pUM15 were inoculated in hydrogel chambers
simultaneously.
Spatial and Temporal Influence of Diffusible Metabolites

and Its Effect on Cell Growth and Biofilm Structure. We
performed experiments using a protocol that was similar to the first
technique described in the previous section, except the chambers were
inoculated with PAO-MW1 p67T1 instead of PAO-MW1 pUM15. We
measured the fluorescence of d-Tomato to quantify biofilm structural
parameters on a Nikon C1 confocal microscope after 12, 24, and 48 h.
Image analysis was performed with COMSTAT47 and structural param-
eters were determined for communities located different distances from
the center chamber containing the nascent PAO1 biofilm.

’RESULTS AND DISCUSSION

We used a materials-based approach to study the role of
chemical signaling between adjacent microcolonies and its effect
on biofilm growth and development. The technique is related to
amethod we reported recently for fabricating biofilm arrays using
PDMS stencils. The PDMS stencil defines regions of bacterial
adhesion on surfaces on which cells grow and develop into
biofilms.48 Biofilms grown in these devices are in indirect fluidic
contact with adjacent communities during their growth; how-
ever, chemical communication between biofilms is disrupted for
two reasons: (1) the PDMS walls are relatively impermeable to
hydrophilic small molecules secreted by cells in biofilms; and (2)
chemical signals secreted by cells diffuse into the large volume
of liquid culture media where they are diluted, and are subse-
quently removed under fluid flow. The study of chemical com-
munication and its effect on biofilm development is not possible
using this platform. Furthermore, cells adsorb nonspecifically on
PDMS and may disperse into the bulk media and contaminate
adjacent communities, thus, complicating the analysis of experi-
ments involving the parallel study of biofilms of different strains
of bacteria.

We replaced the PDMS stencil with a layer of PEGDA. The
PEGDA was embossed with chambers that defined regions
where bacteria adhered to the surface of a glass coverslip where
cells grew into biofilms. The resulting hydrogel layer provided
compartments with a user-defined volume, shape, and chamber
wall thickness for the growth of bacterial communities and
biofilms that were in fluidic contact, but were physically isolated
from each other by the polymer walls.40,49 The embossed
chambers provided a controlled and uniform growth environ-
ment for biofilms in a parallel, reproducible format; there was
very little nonspecific adsorption of cells to PEGDA surfaces.
Small molecules diffused through the PEGDA walls, which made
it possible to study the effects of secondary metabolites produced
and secreted by a community on the growth and development of
adjacent communities under uniform environmental conditions.
This system ensured cell�cell communication between commu-
nities occurs via diffusion of signaling molecules and secondary
metabolites and not from physical contact between cells or
biofilms.
Choice of PEGDA as a Biomaterial. Poly(ethylene glycol)

and its derivatives are widely used as biocompatible materials for
a variety of biological applications including drug encapsulation
and antifouling surfaces.50,51 We fabricated microchambers in
hydrogels consisting of cross-linked PEGDA (∼575 number-
average molecular weight of polymer) for two reasons. (1) PEG
can be incorporated into biocompatible gels that resist the
adsorption of proteins and mammalian cells and reduce the
adhesion of bacteria.46,52�54 This characteristic restricted biofilm
development in embossed gels from the bottom of the chambers
upward, as the polymer prevented attachment of cells on the
walls and top surface of the hydrogel. Biofilms grown in these
structures were therefore excellent mimics of freestanding bio-
films grown on two-dimensional surfaces. (2) It is possible to
control the physical properties of PEGDA gels using different
ratios of PEG-acrylate and PEGDA monomers. The PEGDA
monomer can be cross-linked to surfaces modified with an
organosilane containing a terminal acrylate moiety, which cova-
lently bonds the layer, prevents cells from migrating under the
gel, and resists delamination of the polymer.
Fabrication of PEGDA Hydrogels. We fabricated gels by

polymerizing PEGDA prepolymer in contact with an acrylate-
modified surface55 using the soft lithographic technique of
micromolding in capillaries to define the dimensions of chambers
for biofilm growth;45,56 Tsutsui et al. has described an identical
approach to pattern mammalian cells.46 In this paper, we use
hydrogel structures with two different sets of dimensions: (1)
microstructured gels (e.g., chambers ∼500 μm in diameter and
in height); and (2) mesostructured gels made by molding the
square wells of a 1536-well microtiter plate into PDMS to create
stamps with square posts which yielded chambers in the hydrogel
that were 1.5-mm wide and 5-mm high with a chamber wall
thickness of 0.6 mm (Figure 1). The ease of hydrogel preparation
made it possible to create any desired configuration of gel height
and size, in addition to size, shape, and spacing of the chambers.
P. aeruginosa Forms Biofilms in Chambers Embossed in

PEGDA. We tested whether micro- or mesoscopic chambers
embossed in PEGDA hydrogels were suitable environments for
microbial growth and biofilm formation using static conditions
(i.e., no flow). We inoculated chambers embossed in 15%
PEGDA with cultures of P. aeruginosa PAO1 and incubated
them at 37 �C. We imaged biofilms by CLSM using P. aeruginosa
PAO1 cells that constitutively expressedGFP (PAO1pTDK-GFP)57
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or with wild-type cells stained with FM 4-64 styryl membrane
dye (Figure 2). CLSM images revealed that cells grew into
biofilms that had a shape and dimensions imposed by the
chamber walls.
Diffusion of Small Molecules in PEGDA Hydrogels. To

study chemical communication between biofilms, the time scale
for small molecules diffusing across the length of the hydrogel
must be comparable to biofilm formation. To characterize the
diffusion of small organic molecules through a PEGDA hydrogel,
we used fluorescein as amodel solute. A 10mM aqueous solution
of fluorescein was added to a reservoir at one end of a layer of
15% PEGDA. Using epifluorescence microscopy to image the
diffusion of fluorescein and fitting the data to Fick’s Law (eq 1 in
Supporting Information), we estimated the diffusion coefficient
through PEGDA, DPEGDA to be∼0.08�0.13 mm2 min�1. Since
the hydrogels are embossed with chambers filled with liquid, and
therefore not a homogeneous layer of gel, we used an adjusted
value of D that accounts for the entire volume of PEGDA
hydrogel that a solute can diffuse through,

D ¼ DPEGDA=fPEGDA ð1Þ

where fPEGDA is the fraction of the hydrogel area consisting of
PEGDA. As the volume of a chamber wall (e.g., ∼4.5 mm3) is
significantly larger than the volume of a biofilm growing in a
chamber (e.g.,∼0.2 mm3, assuming an average biofilm thickness
of∼0.1 mm), we took the entire PEGDA volume into account in
deriving eq 1.
The center-to-center distance of chambers in a row or column

was 1.9 mm and the distance along a diagonal axis was 2.7 mm.
Using these distances andD, we calculated the approximate time
for a small molecule to diffuse from the center chamber to
another chamber in the gel using the equation:

t ¼ x2=4D ðEq. 2Þ

The doubling time of P. aeruginosa PAO1 inM8 liquid media was
60 min (Figure S3). Small molecules secreted by cells in biofilms
diffused through the PEGDA and reached cells in an adjacent
chamber within one doubling time. For the largest array of
chambers we used in our experiments (a square array consisting
of 81 chambers) the distance from the center chamber, contain-
ing a nascent biofilm secreting HSLs, to the farthest chamber was
10.8 mm. Diffusing HSL reached the farthest chambers in
117�168 min, which was equivalent to ∼2�3 doubling times.
Thus, these substrates are suitable for studying the effects of HSL
diffusion on cell growth and biofilm formation in adjacent
chambers.
The PAO-MW1 pUM15 QS Circuit Is Activated by the

Diffusion of HSLs Produced by Wild-Type PAO1 Biofilms
Growing in Adjacent Chambers. We used P. aeruginosa to
study the diffusion of native QS signaling molecules between
biofilms. P. aeruginosa has two well characterized QS circuits
centered upon the lasRI and rhlRI genes.31,32 The proteins LasR
and RhlR are members of the LuxR family of transcriptional
regulators and bind 3O-C12-HSL and N-butanoyl homoserine
lactone (C4-HSL), respectively (Figure 3). LasI and RhlI synthe-
size HSLs. These two QS circuits are organized as a hierarchy
with the lasRI system at the top, providing positive feedback to
itself and to rhlRI.
As a pilot experiment, we used two strains of P. aeruginosa:

wild-type strain PAO1, and a ΔlasI/ΔrhlI mutant, PAO-MW1
pUM15.58 Strain PAO-MW1 pUM15 contains a plasmid with
the gene encoding yellow fluorescent protein (YFP) fused
downstream of the promoter region of rsaL, which is expressed
upon transcriptional regulation by HSL-bound LasR. PAO-
MW1 pUM15 does not synthesize 3O-C12-HSL; however, it
does have a functional LasR receptor. Thus, YFP is only
expressed in the presence of exogenous 3O-C12-HSL. We
determined whether the QS circuit in PAO-MW1 pUM15 cells
incubated in chambers could be activated by the diffusion of 3O-
C12-HSL synthesized by PAO1 biofilms in adjacent chambers.
The readout for activation in our assay was the fluorescence of
expressed YFP.
The experimental system consisted of a square array consisting

of 36 chambers embossed in PEGDA (Figure 4A). The four
center chambers were filled with M8 media; the remaining 32
chambers were inoculated with PAO1 in M8 (Figure 4B). We
incubated gels for 24 h at 37 �C, removed M8 media from the
four center chambers, and inoculated them with PAO-MW1
pUM15 in LB. After incubating the gels for 10 h at 37 �C, we
quantified YFP expression using epifluorescence microscopy and
image analysis (Figure 4C). We found that only the four center
chambers inoculated with PAO-MW1 pUM15 expressed YFP
(Figure 4D). The average fluorescence intensity of the four center
chambers containing PAO-MW1 pUM15 was 407.3 ( 43.0,

Figure 2. CLSM image of a P. aeruginosa PAO1 biofilm after 72 h
growing in a microchamber embossed in a layer of 15% PEGDA
hydrogel. The biofilm was stained with FM 4-64 membrane dye. White
dashed lines indicate the relative x or y coordinates of the orthogonal
views, and the yellow line shows the coordinate along the z-axis.

Figure 3. Structures of N-acyl homoserine lactones that regulate
quorum sensing in P. aeruginosa.
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compared to 0.0 ( 0.2 for the outer wells (Figure 4E). As PAO-
MW1 pUM15 does not produce 3O-C12-HSL and is physically
isolated from PAO1 by the PEGDA chamber walls, it only produces
YFP if 3O-C12-HSL is synthesized by PAO1 in adjacent chambers
and diffuses through the hydrogel. The expression of YFP provides
evidence that bacterial communities can communicate chemically
through PEGDA gels. As a positive control, we inoculated all of the
chambers with PAO-MW1 pUM15 in culture media containing
exogenous 3O-C12-HSL (10μM).Themeanfluorescent intensity of
the chambers was 2856( 410 fluorescence units (Figure S9). As the
YFP fluorescence intensity of the positive control was significantly
higher than the data in our pilot experiments, we created a dose�
response curve to correlate YFP fluorescence intensity with HSL
concentration (Figure S10). The dose�response curve suggests that
the concentration of 3O-C12-HSL in the four center chambers after
10 h was e10 μM.
Determining the Influence of HSLs on P. aeruginosa

Growth Rates. Before investigating the spatial influence of
diffusible 3O-C12-HSL produced by biofilms grown in the
hydrogel chambers, we determined whether the position of a
chamber in the array had any effect on the growth rate of the cells
within. Hypothetically, all chambers should provide equivalent
environments; however, chambers at the edge of the array have
fewer neighbors than chambers in the center, which may
influence the growth rate due to the local concentration of
nutrients and metabolic waste. We fabricated a square array
consisting of 81 chambers in PEGDA, inoculated the chambers
with PAO-MW1 or PAO-MW1 p67T1, and determined cell
growth by measuring absorbance (Figure S4B) or d-Tomato
fluorescence (Figure S4C). We found that the rate of cell growth
was identical at all positions in the hydrogel array.
To test whether 3O-C12-HSL affects the growth rate of P.

aeruginosa, we measured the growth curve of PAO1 in the
presence of 0, 0.1, 1, and 10 μM 3O-C12-HSL in a 96-well
microtiter plate (Figure S3). 3O-C12-HSL had no effect on
growth rate; it did, however, influence the density of cells at
stationary phase. We investigated the effects of HSLs on P.
aeruginosa cell growth rate in hydrogel chambers by constructing
an 81-chamber hydrogel array and employing two different
methods which varied the time at which wild-type PAO1 cells
—producing HSLs—were introduced in the center chamber
(Figure S5A). PAO1 was either inoculated simultaneously with
PAO-MW1 p67T1, such that there was no HSL gradient that
PAO-MW1 p67T1 could detect, or a nascent PAO1 biofilm was
formed in a chamber for 12 h before PAO-MW1 p67T1 cells
were inoculated in adjacent chambers. We measured cell growth
by d-Tomato fluorescence at 0, 3, 6, 12, and 24 h using fluore-
scence microscopy.
When PAO1 and PAO-MW1 p67T1 were inoculated simul-

taneously, cell growth in all chambers proceeded normally: the
distance from the center chamber (containing PAO1) had no
effect on cell growth of PAO-MW1 p67T1 (Figure S5B). When
PAO-MW1 p67T1 cells were inoculated in the chambers of a
hydrogel array containing a nascent PAO1 biofilm, we observed
that the growth rate of cells decreased as their distance from the
biofilm increased (Figure S5C and Figure 5E). This result
contrasts with our observation that the concentration of 3O-
C12-HSL does not influence the growth rate of PAO1 in liquid
suspension, and suggests that the effect of this class of com-
pounds is context dependent. The influence of 3O-C12-HSL on
cell growth rate in hydrogel chambers decreased linearly to ∼8
mm from the center chamber after which cell growth rates

Figure 4. The PAO-MW1 QS circuit is activated by the diffusion of
HSLs produced by wild-type PAO1 biofilms growing in adjacent
chambers. (A) The experimental system consisted of a 6 � 6 array of
mesoscale chambers embossed in a 15% PEGDA hydrogel. (B) The four
center chambers were filled with M8 media and did not contain cells
(white squares); the remaining 32 chambers were inoculated with PAO1
from a diluted overnight culture in M8 minimal media (blue squares).
(C) The gel was incubated for 24 h at 37 �C. The media in the four
center chambers was removed and replaced with inoculates of PAO-
MW1pUM15 subcultured in LB growth media (yellow squares). The
hydrogel was incubated for 10 h at 37 �C and imaged to quantify YFP
expression. (D) A 3D-plot of YFP fluorescence in the 36-chamber array.
Only the four center chambers containing PAO-MW1pUM15 expressed
YFP activity relative to the outer wells inoculated with PAO1. Inset:
Fluorescence image of one of the four center chambers containing PAO-
MW1 pUM15. Scale bar = 1 mm. (E) A plot of the average fluorescent
intensity for chambers inoculated with PAO1 or PAO-MW1pUM15.
The average fluorescence intensity for the four center chambers contain-
ing PAO-MW1 pUM15 was 407.3 ( 43.0; the intensity of the outer
wells was 0 ( 0.2.
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between chambers were similar (Figure S5C). To ensure that the
increase in d-Tomato fluorescence was due to the influence of
HSLs on growth and not an effect on the constitutive expression
of d-Tomato, we measured the production of this fluorescent
protein in the presence or absence of HSLs. 3O-C12-HSL had no
effect on d-Tomato expression (Figure S6). The increase in the
growth rate of P. aeruginosa in chambers proximal to the nascent
biofilm is therefore due to sensing a gradient of HSLs produced
by the biofilm growing in contact with the surface.
Determining the Spatial and Temporal Influence of HSL

Diffusion from a Nascent P. aeruginosa PAO1 Biofilm on
Adjacent Communities. Biofilms may influence the growth and
organization of neighboring bacterial communities.39�41 In-
spired by these observations, we used PEGDA chambers to
study the spatial and temporal influence of a nascent biofilm
(12 h growth) on bacterial communities that are growing in close
proximity (e.g., within a 10-mm radius). We introduced PAO1
into the center chamber of a square array consisting of 81
chambers embossed in PEGDA (Figure 5A). After incubating
for 12 h at 37 �C, we inoculated select chambers with PAO-MW1
pUM15 (Figure 5B). We incubated the gel and quantified YFP
expression using epifluorescence microscopy (Figure 5C). We
found that YFP expressed by the communities increased to a
maximum value of 500 fluorescence units between 24 and 48 h at
a distance of 2.5�3 mm from the nascent PAO1 biofilm. YFP
expression decreased linearly when the communities were∼3�8
mm in distance from the nascent PAO1 biofilm. Using a
dose�response curve (Figure S10) relating the concentration
of 3O-C12-HSL to the fluorescence intensity of expressed YFP at
different times, we estimate that the concentration of 3O-C12-
HSL at communities positioned at a distance of 2.5�3 mm from
the center chamber is∼1 μM (Figure 5D). The concentration of
3O-C12-HSL decreased linearly by 0.13 μMmm�1 to a distance
of ∼8 mm from the center chamber containing the PAO1
biofilm. In contrast, when we repeated the experiment by simul-
taneously inoculating chambers with PAO1 (center chamber)
and PAO-MW1 pUM15 (remaining chambers), we only de-
tected YFP expression in chambers closest to the center cham-
ber; the fluorescence in the remaining chambers was below the
sensitivity of our EMCCD camera (Figure S7).
These results suggest a relationship between the radius of

the HSL gradient produced by a nascent biofilm and the growth
rate of adjacent cells. Figure 5E demonstrates the relationship
between the position of microchambers and cell growth rates at
24 h, as measured by d-Tomato fluorescence (also plotted in
Figure S5C). The d-Tomato fluorescence data displays a trend
similar to the YFP fluorescence. That is, the distance over which
changes in growth occur (d-Tomato fluorescence) corresponds
to the distance over which the response to HSLs occurs (YFP
fluorescence). At 24 h, we observed that the maximal fluores-
cence response for cells was located 2.7-mm away from the
PAO1 biofilm; beyond this distance, HSL sensing and cell
growth decreased. The loss of a threshold level of HSL signal
corresponds to the location in the PEGDA (∼7.6-mm from the
center) where we no longer observe an enhancement of cell
growth. We confirmed the statistical significance of the d-To-
mato data (in log base 10 form) by analyzing it using an ANOVA
test and applying a Tukey’s multiple comparison test of means. P-
values for the comparison of d-tomato fluorescence in chambers
at different pairs of distances are as follows: distances 1.9 and
7.6 mm, p = 0.0002; distances 1.9 and 8.1 mm, p = 0.009;
distances 1.9 and 10.8 mm, p = 0.0003; distances 2.7 and 7.6 mm,

Figure 5. Determining the spatial and temporal influence of diffusible
metabolites produced by P. aeruginosa biofilms in proximity to devel-
oping P. aeruginosa communities. (A) A cartoon of an array of 81
chambers embossed in PEGDA. (B) The center chamber was inoculated
with PAO1 from a diluted overnight culture in M8 (blue square); the
remaining chambers were filled with M8 (white squares). (C) The gel
was incubated for 12 h at 37 �C and chambers in the cardinal and
diagonal directions were inoculated with PAO-MW1 pUM15 (yellow
squares) from a diluted overnight culture in LB. The gel was incubated at
37 �C and YFP expression was quantified by imaging after 3, 6, 12, 24,
and 48 h. (D) A plot of YFP fluorescent intensity in chambers containing
PAO-MW1 pUM15 versus their distance (center-to-center) from the
center chamber containing PAO1 at different time intervals. (E) A plot
of d-Tomato fluorescence at 24 h (demonstrating cell density; bar
graph) overlaid with YFP fluorescence at 24 h (demonstrating response
to the HSL gradient; open circles) versus chamber distance. Both sets of
fluorescence data were normalized. The double asterisks indicates data
points that had a p-value <0.01; p-values are indicated in the text.
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p = 0.0001; distances 2.7 and 8.1mm, p = 0.005; and distances 2.7
and 10.8 mm, p = 0.0002.
Spatial and Temporal Influence of 3O-C12-HSL on Biofilm

Structure. To investigate the spatial effect of an HSL gradient
produced by a nascent biofilm on the formation and structure of
adjacent biofilms, we used an array of 81 chambers embossed in
PEGDA. We grew a nascent biofilm of PAO1 in the center
chamber for 12 h at 37 �C, inoculated select chambers with PAO-
MW1 p67T1, and incubated the gel at 37 �C. As differences
between fluorescence in adjacent chambers were small, and given
the shape of the HSL gradient measured in our system, we found
that the most meaningful comparisons were between measure-
ments in the chambers that were closest (‘inside’, 2.7-mm from
the center chamber) and farthest away (‘outside’, 10.7-mm from
the center chamber) from the biofilm; we therefore adopted this
convention for experiments in Figure 6. Using CLSM, we
observed the formation of P. aeruginosa microcolonies on the
floor of chambers at 12 h, nascent biofilms at 24 h, and the
maturation of biofilms at 48 h (Figure 6). We observed that a
nascent biofilm increases the growth rate of adjacent biofilms
responding to the gradient of 3O-C12-HSL (Figure 5). Encour-
aged by this finding, we analyzed CLSM images of biofilms
growing in the PEGDA chambers to determine whether there
were quantitative structural differences in biofilms growing in
different regions of the 3O-C12-HSL gradient. We found no
statistically significant difference in biofilm roughness or thickness
by COMSTAT47 analysis after growth for 12 or 24 h (Figure 6C).

’CONCLUSIONS

Thismanuscript describes the study of the influence of diffusing
secondary metabolites on P. aeruginosa cell growth and biofilm
development. The PEGDA chambers provide a means of physi-
cally separating multiple bacterial strains or mutants of the same
strainwhilemaintaining fluidic/chemical contact.We demonstrate
that nascent P. aeruginosa biofilms secrete HSLs, which form a
concentration gradient and enhance the growth rate of biofilms in
close proximity. We found a statistically significant difference in
the growth rates of communities in close proximity to a nascent
biofilm in contrast to those growing further away; these data were
similar to the radius of the HSL gradient.

Interestingly, liquid cultures of P. aeruginosa growing in the
presence of fluid shear were unaffected by a range of concentra-
tions of HSL admixed in the culture media. In these conditions,
biofilm formation proceeds very slowly, if at all, presumably
because cells and communities are not attached to the surface.
Thus, the influence of HSLs on biofilm growth suggests that the
effect of these compounds on cells is context dependent. This
observation supports the notion that QS may be the response of
cells to a range of environmental factors including cell density,
mass-transfer, molecular contact, and the spatial distribution of
cells.59 This response has been referred to as ‘efficiency sensing’.
In theory, the presence of the HSL gradient negates the usual
requirement for a ‘quorum’ and makes it possible for fewer
planktonic cells to transition to life on a surface.

The spatial effect of the HSL gradient is surprisingly long-
range and depends on the size of the nascent biofilm and the
volume into which HSLs are secreted and diffuse. As all of these
parameters are user-defined in this system, it should be possible
to test how these variables affect cell growth and biofilm
structure. The results of these experiments may lay the founda-
tion for developing a theoretical framework describing the effect
of the diffusion gradient on biofilm formation.

Figure 6. Determining the influence of HSLs produced by wild-type P.
aeruginosa biofilms on the structure of developing P. aeruginosa biofilms.
(A) The cartoon depicts an array of 81 microchambers in PEGDA. The
center chamber contains wild-type PAO1 (blue square), and chambers
along the cardinal and diagonal directions contain PAO-MW1 p67T1
(yellow squares). Remaining chambers contained M8 media (light blue
squares). (B) Three-dimensional reconstructions of biofilms from
CLSM images and corresponding orthogonal views of a biofilm in an
inside chamber (blue boxes in A) and an outside chamber (red boxes in
A). White dashed lines indicate the relative x or y coordinates of the
orthogonal views in the 3D reconstructions. Cells were fluorescent and
appear white; regions of the structure that are devoid of cells appear dark
(e.g., at 12 h). The topography of the biofilm becomes visible at 48 h. (C)
A plot depicting COMSTAT analysis of biofilm thickness (white bars)
and the coefficient of roughness (dark bars) at 12 and 24 h.
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The limiting step in the diffusion of 3O-C12-HSL in our
experiments was the transport of molecules through the PEGDA
hydrogel. Experiments using a different geometry (i.e., fnew 6¼
fPEGDA) and/or material (i.e.,Dnew 6¼DPEGDA) will exhibit different
rates of diffusion. Provided a change in the decay-rate of 3O-C12-
HSL does not compensate for a new geometry or material, the
effective QS “calling distance” will also be altered. In a natural
setting (e.g., open water), cell�cell interactions may change QS
dynamics and diffusion will no longer be rate limiting for HSL
transport, as the advection of molecules through water is faster than
through the hydrogel. However, we do not expect the essentially
“local” affect of 3O-C12-HSL to change; cells that are close to an
established community will be more strongly affected than cells
further away. The experimental setup described in this manuscript
should prove to be a useful tool for probing the dynamics of this
relationship. AlthoughPEGDAhas not been described previously as
a bacterial habitat, our measurement of the diffusion coefficient in a
PEGDA hydrogel may still be relevant for the strains used in this
study. For example, chronic P. aeruginosa infections of the lungs
extend into themucosal lining of the lung epithelium, which consists
of a high viscosity polysaccharide gel through which HSLs may
diffuse at rates that approach those we measured in PEGDA gels.

Recent observations suggest that the influence of HSLs on
P. aeruginosa biofilm structure and development is context depe-
ndent.33,42�44 It is therefore plausible that we would not observe
differences in the structure of biofilms growing in different
positions in the HSL gradient. We observed no difference in
the structure of nascent biofilms growing at different locations in
the HSL gradient. Our observation is that the HSL gradient
influences cell growth rates (Figure 5) and not structure
(Figure 6). It is possible that differences in community structure
and organization become more pronounced at later stages in
biofilm formation. Additional experiments will make it possible
to test this biofilm phenotype, and others, arising from growth in
a gradient of HSLs. Gradients of secondary metabolites may both
inhibit and promote the growth and development of nearby
communities into biofilms and contribute to the genetic and
phenotypic diversity of cells in these structures.

We envision that the technique described in this manuscript
may be useful for studying a range of other biofilm phenomena,
including: (1) mechanisms of chemical communication in bac-
terial communities, including inter- and intraspecies chemical
signaling pathways; (2) the stages of biofilm formation; (3)
inhibition of QS; (4) cross talk among different species of
bacteria and host�pathogen interactions; (5) the niche of each
member of a ‘native’ multispecies biofilm; and (6) the develop-
ment of strategies for biofilm control or therapeutic treatments.
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