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tools for screening interactions within small groups of isolated
bacteria (32–40). However, these confinement strategies typically offer little control over the spatial arrangement of aggregates, and diffusion of extracellular signals between the confinement volume and the surrounding environment is limited.
We recently developed a system to control aggregate size and
spatial organization using protein-based micro-3D printing (28).
Micro-3D printing is a flexible technology capable of creating
arbitrary, complex spatial configurations of bacteria in three
dimensions with submicrometer resolution. In this approach,
bacteria are confined within micrometer-sized houses (referred
to here as microtraps) constructed using a biocompatible multiphoton lithography technique (41–44). The protein-based walls
and roof of the microtrap define aggregate size and shape in
three dimensions and are permeable to many small molecules.
Cells confined within microtraps divide at normal rates and reach
maximum cell density (1012 cells mL−1) while maintaining cell
numbers typical of natural aggregates (14, 28, 42).
Using microtraps, our group showed that as few as 2,600
P. aeruginosa cells engage in QS-mediated behaviors when
present at maximum density (42). This work used a cell-based
biosensor, in which production of GFP served as a proxy for
QS-mediated communication (14, 42). Although this biosensorbased approach provided exciting insights into QS in P. aeruginosa
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acterial populations are often found in nature as small,
densely packed aggregates containing ∼101–105 cells (1–5).
These aggregates serve as building blocks for larger biofilm
communities as well as a primary mode of transmission for
pathogenic microbes (5–8). Similar to biofilm communities,
aggregates develop microscale physical and chemical heterogeneity and display clinically relevant phenotypes, including enhanced antibiotic resistance (2, 8–16). Moreover, aggregate sizes
containing as few as 103 bacteria have been shown to engage in
quorum sensing (QS)-mediated behaviors (17–21). In its simplest
form, QS is a communication strategy that allows bacteria to
effectively monitor their population density through the secretion and sensing of extracellular signals (7, 22–24). When the
population reaches a specific density, activation of the QS regulatory cascade results in enhanced transcription of a defined set
of genes. These genes control distinct behaviors, including virulence, in the opportunistic pathogen Pseudomonas aeruginosa
(25). In addition to displaying QS-mediated behaviors, bacterial
aggregates have been shown to interact with neighboring
aggregates both in vitro and in vivo (9, 26–28). Indeed, these
interactions have a profound impact on virulence and are often
mediated by small diffusible molecules (8–10, 22, 29–31).
Despite the prevalence of aggregates in nature, understanding
the mechanisms controlling their behavior and interaction has
been difficult because of the inability to create spatially organized aggregate communities in vitro. Droplet-based, emulsion,
and microfluidic approaches have evolved as high-throughput
www.pnas.org/cgi/doi/10.1073/pnas.1421211111

Significance

Bacteria commonly reside in vivo as communities comprised of
small, densely packed aggregates. Aggregates display important phenotypes, including enhanced antibiotic resistance, and
recent evidence suggests that chemical interactions between
aggregates are critical in human-associated microbial communities. However, studying aggregates is challenging because of
the inability to confine and spatially organize small microbial
populations. Here, we interface two analytical technologies,
micro-3D printing and scanning electrochemical microscopy, to
develop an in vitro platform with the capacity to manipulate
the size and spatial arrangement of bacterial aggregates and
quantify chemical interactions between aggregates in real
time. We show that a quorum-sensing metabolite is produced
by Pseudomonas aeruginosa aggregates containing as few as
500 cells and determine how spatial structure impacts communication between neighboring aggregates.
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Microbes frequently live in nature as small, densely packed
aggregates containing ∼101–105 cells. These aggregates not only
display distinct phenotypes, including resistance to antibiotics, but
also, serve as building blocks for larger biofilm communities.
Aggregates within these larger communities display nonrandom
spatial organization, and recent evidence indicates that this spatial
organization is critical for fitness. Studying single aggregates as
well as spatially organized aggregates remains challenging because of the technical difficulties associated with manipulating
small populations. Micro-3D printing is a lithographic technique
capable of creating aggregates in situ by printing protein-based
walls around individual cells or small populations. This 3D-printing
strategy can organize bacteria in complex arrangements to investigate how spatial and environmental parameters influence social
behaviors. Here, we combined micro-3D printing and scanning
electrochemical microscopy (SECM) to probe quorum sensing
(QS)-mediated communication in the bacterium Pseudomonas aeruginosa. Our results reveal that QS-dependent behaviors are observed
within aggregates as small as 500 cells; however, aggregates larger
than 2,000 bacteria are required to stimulate QS in neighboring
aggregates positioned 8 μm away. These studies provide a powerful
system to analyze the impact of spatial organization and aggregate
size on microbial behaviors.

CELL BIOLOGY

Contributed by Allen J. Bard, November 6, 2014 (sent for review October 1, 2014)

aggregates, this system suffers from several limitations, including a delay in synthesis of detectable GFP on QS activation because of the need to transcribe, translate, and fold the
protein; heterogeneity in GFP expression between individual
cells within the community; and the need for high levels of
GFP production because of the intrinsic autofluorescence of
P. aeruginosa.
Because of the limitations of GFP, it would be valuable to
develop a system that allows quantitative, real-time monitoring
of bacterial behaviors in aggregate populations. Our groups recently used scanning electrochemical microscopy (SECM) as
a sensitive, quantitative technique for studying small-molecule
production by bacterial biofilms (45, 46). SECM has the ability to
measure the local concentration of redox-active small molecules
with resolution on the micrometer scale using an ultramicroelectrode sensing tip (47). In addition, SECM can set the
exact distance between the ultramicroelectrode tip and a biological substrate through a feedback approach curve and subsequently, scan over the substrate in the x–y direction (47). Here,
we coupled micro-3D printing and SECM to provide quantitative, real-time monitoring of bacterial behaviors in aggregate
populations. By measuring the P. aeruginosa QS-controlled secondary metabolite pyocyanin (48), we provide evidence that
QS occurs in aggregates as small as 500 P. aeruginosa cells. By
spatially localizing QS signal-producing and QS-responsive
cells at defined distances using micro-3D printing, we also define the number of cells required for P. aeruginosa aggregates
to communicate.
Results
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Fig. 1. (A) Bright-field image of an empty 3D-printed microtrap. The trap
has an 8-pL inner chamber (20 × 20 × 20 μm; length × width × height) that is
surrounded by four 8-μm-thick walls and a 3-μm-thick roof. (Scale bar: 10 μm.)
(B) A video microscope image of the 5-μm-diameter SECM probe positioned
adjacent to a 3D-printed microtrap. (Scale bar: 100 μm.) (C) SECM feedback
approach curve (solid line) collected over a microtrap using FcMeOH as a redox mediator, where L is the normalized distance between the tip and the
microtrap roof. The experimental curve (gray line) was fit to a simulated
negative feedback approach curve (black circles). Schematics with the tip
positioned at (Orange Inset) L = 0 and (Purple Inset) L = 3 (∼7.5 μm above the
trap) illustrate how the current response from FcMeOH changes as a function
of L within close proximity (∼3 μm) to the trap (green region).

Embargoed
until 3PM ET Monday
of publication week

Electrochemical Characterization of 3D-Printed Bacterial Microtraps.

One of the primary challenges of coupling 3D-printed microtraps
with SECM is positioning the ultramicroelectrode at a defined
height above the roof of the microtrap (49). SECM has the
ability to establish a fixed distance from a surface by plotting
the change in ultramicroelectrode tip current as a function of the
distance from the surface (referred to as an approach curve)
(47). However, the current measurements used to generate the
feedback approach curve are dependent on not only the distance
between the tip and the surface but also, the permeability of the
surface. Because of the high permeability of 3D-printed surfaces,
it was first necessary to develop conditions that would allow
precise identification and surface mapping of microtraps (49).
For these experiments, 8-pL microtraps (20 × 20 × 20-μm inner
chamber) consisting of 8-μm-thick walls and a 3-μm-thick roof
(Fig. 1A) were constructed on a glass coverslip and immersed in
growth media. Initially, the photo-cross–linked protein matrix was
too porous to differentiate the microtrap from the bulk solution
or the glass surface using SECM. To overcome this challenge, we
took advantage of the flexibility that this 3D printing method
offers to design customized materials and tuned the fabrication
parameters to increase the cross-link density within the protein
matrix and decrease the permeability, which has been described
in detail elsewhere (49).
A feedback approach curve was first generated using ferrocenemethanol (FcMeOH) as a redox mediator to identify the
glass surface adjacent to the microtrap. The tip was then withdrawn to a known distance to recover the original steady-state
current response and moved laterally to position the tip over the
microtrap using light microscopy (Fig. 1B) (49). A steady-state
current response was recorded in the bulk solution (Fig. 1C,
Purple Inset) [normalized to the tip radius (L = d/r) of L = 3] as
the tip approached the roof until the amperometric current response at the tip decreased significantly at a distance (d) of
∼3 μm (L = 1.2) (Fig. 1C) and continued to decrease as a function of L as the tip approached the microtrap (Fig. 1C, region of
the curve outlined in green). The contact between the roof surface and the glass sheath surrounding the tip is seen as the
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1421211111

inflection point of the approach curve (Fig. 1C, Orange Inset)
(L = 0). After contacting the roof, the tip was withdrawn again to
recover the original current response, and the difference between
the original tip position over the roof and the displacement until
the inflection point at the contact moment corresponds to the
microtrap height (49). The measured height of the microtrap
(22.0–25.0 μm) shows the reproducibility of the micro-3D
printing process.
We have previously shown that the walls and roof of 3D-printed
microtraps are porous (28, 42); however, the transport of small
molecules diffusing through these fully enclosed structures has not
been quantified. Because the physically robust and smooth surface
of the roof allows for the formation of a stable, nanometer-wide
gap under the ultramicroelectrode tip, the remarkably high permeability of the microtrap could be measured reliably using
SECM (49). The permeability of the microtrap to FcMeOH [k =
1.2 (± 0.1) × 10−1 cm/s] was determined by fitting an experimental
approach curve obtained from a finite element simulation of a
two-phase SECM diffusion problem as described in detail elsewhere (49). FcMeOH was used in lieu of pyocyanin for determining
trap porosity (49) for two reasons. (i) FcMeOH and pyocyanin have
similar molecular weights (FcMeOH = 216.06; pyocyanin =
210.23), the same calculated Stokes radius of 0.33 nm (50, 51), and
diffusion coefficients of ∼7.5 × 106 cm/s (which were confirmed by
the limiting current in the cyclic voltammograms collected in known
concentrations of each molecule). (ii) A deposit formed on the
surface of the ultramicroelectrode tip during the electrochemical
reduction of oxidized pyocyanin (52, 53), and this polymer formed
a film that both created a larger capacitance and blocked the
electrochemical reaction on the platinum surface, thus decreasing
Connell et al.

secondary metabolite (Fig. 2A) important for P. aeruginosa virulence. Because it is under strict QS control (48) and can be
detected electrochemically (45, 52, 54, 55), pyocyanin can be
used as a proxy for QS-mediated communication. To determine
the number of bacteria required for P. aeruginosa to initiate
QS, 8-pL microtraps were printed directly around one to five
P. aeruginosa cells in situ (28), and the pyocyanin concentration
was monitored by SECM imaging as the population grew over
time. For these experiments, a 5-μm-diameter platinum ultramicroelectrode tip was positioned 2 μm above the roof of the
microtrap and scanned to enable sensitive, real-time detection of
pyocyanin (Fig. 2B). Here, the platinum tip was biased at 0 V vs.
Ag/AgCl to instantaneously oxidize the reduced form of pyocyanin produced by P. aeruginosa cells. Because the amperometric current response over the microtrap is a function of the
tip–substrate distance and permeability (Fig. 2C) as well as
the concentration of pyocyanin (49), the current response above
the microtrap was converted to the pyocyanin concentration
using the measured permeability as described above and in more
detail elsewhere (49), a calibration curve (Fig. S1), and theoretical simulations (Figs. S2 and S3).
No pyocyanin was detected above the microtraps containing
fewer than 10 cells. After 6–10 h of growth at room temperature,
SECM imaging (Fig. S4 and Fig. 2D) revealed that the local
pyocyanin concentration above microtraps containing 500–3,200

Impact of Community Spatial Structure on QS. In addition to understanding how P. aeruginosa communicates in bacterial
aggregates, a critical question in QS is understanding how
spatial structure impacts communication between neighboring
aggregates. Here, we used the unique advantages offered by
micro-3D printing and SECM to investigate how QS communication
proceeds between physically separated P. aeruginosa aggregates.
Two mutant strains of P. aeruginosa, a QS signal-producing strain
(Δphz) (Fig. 3, red) (22) and a QS-responsive strain (ΔrhlI) (Fig.
3, blue) (56), were placed in side-by-side 8-pL microtraps
with a shared 8-μm-thick wall. P. aeruginosa Δphz produces the
P. aeruginosa QS signal N-butanoyl-L-homoserine lactone (C4HSL) but lacks ability to produce all phenazines, including pyocyanin. P. aeruginosa ΔrhlI is unable to produce C4-HSL but
responds to this signal by producing pyocyanin. As expected, no
pyocyanin production was observed by SECM imaging above
microtraps containing each mutant individually (Fig. 3 B and C);
however, exogenous addition of 25 μM C4-HSL induced pyocyanin production by ΔrhlI aggregates to WT levels (Fig. 3D).
To determine the number of Δphz cells required to stimulate
pyocyanin production in the neighboring ΔrhlI aggregates, pyocyanin production by ΔrhlI was monitored when growing adjacent to variable numbers of Δphz cells. The current level
measured above the microtrap was uniform over both chambers
when 200–2,000 Δphz cells were present, indicating that the Δphz
population did not induce pyocyanin production in the neighboring ΔrhlI aggregates when present at these numbers (Fig. 3E).
However, when the Δphz population size increased to over 5,000
cells, the current above the ΔrhlI population increased steadily in
the SECM image for all of the responder aggregate sizes examined (1,300–9,000 ΔrhlI cells) (Fig. 3F). Quantification of
pyocyanin revealed a concentration of ∼1.6 μM, indicating that
QS was initiated in the responder community (1,300–9,000 ΔrhlI
cells) by the neighboring Δphz aggregate. This result shows that,
at a defined distance of 8 μm, aggregates larger than 2,000 cells
are required to stimulate QS in a neighboring aggregate.
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Fig. 2. (A) Pyocyanin (PYO) redox reaction. (B) Schematic of the microtrapSECM system for measuring PYO in real time. (C) Simulated approach curve
(points) based on the oxidation of PYO over a microtrap roof. The solid line
represents the theoretical diffusion-limited response. (D) A SECM reactive
image for PYO collected above a microtrap containing WT P. aeruginosa.
The SECM tip was biased at 0 V vs. Ag/AgCl to oxidize PYO, and a 2D scan
was acquired by moving the tip in the x–y direction over the microtrap
containing P. aeruginosa at a fixed height of 2 μm above the roof. The
change in the current response is highest (dark yellow) directly over the
bacteria producing PYO (∼2.7 μM) in the chamber. The microtrap walls and
roof are outlined in dark and light blue, respectively. (E) A 3D confocal reconstruction was used to count the number of cells (∼700) in the microtrap.
The walls appear green, and the bacteria appear red. (Scale bars: 10 μm.)
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Discussion
In vivo microbial populations often exist as dense, spatially organized aggregates containing 101–105 cells, and recent evidence
suggests that the spatial structure of these aggregates has a profound impact on infection (9). However, little is known regarding
how cells residing within a single aggregate communicate or how
neighboring aggregates interact. Characterizing these interactions remains difficult primarily because of the technical
challenges associated with both manipulating the spatial arrangement of bacteria at the microscale level and detecting
communication between aggregates with high sensitivity. Here,
we pioneered a system that uses SECM metabolite quantification
PNAS Early Edition | 3 of 6
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Coupling Micro-3D Printing and SECM to Investigate Pyocyanin
Production by Bacterial Aggregates. Pyocyanin is a redox-active

WT P. aeruginosa reached ∼2.7 μM on average (Fig. 3A), which
is the maximum pyocyanin concentration measured from the
oxidative current above the center of the microtrap roof in the
SECM image, where we can obtain the highest collection efficiency of pyocyanin at the platinum tip. Cell number was determined immediately after SECM imaging by fixing the
microtraps in 2.5% glutaraldehyde, staining with propidium iodide, and imaging by confocal microscopy (cells appear red in
Fig. 2E). Despite the fact that the microtraps had sufficient capacity for 12,000 bacteria, those containing as few as 500 cells
were shown to produce pyocyanin. These data show that as few
as 500 bacteria growing at high density (1012 cells/mL) initiate
QS, a number significantly lower than previously shown (2,600
cells) using our biosensor-based approach (42). As a control,
a P. aeruginosa strain (Δphz) lacking the genes necessary for
pyocyanin production because of a clean deletion of both
phenazine (phz) biosynthetic operons was shown not to produce
detectable pyocyanin when confined in microtraps (Fig. 3B).

CHEMISTRY

the current response. This polymerization did not affect our previous work (45), because a large ultramicroelectrode tip was used.
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Fig. 3. Pyocyanin (PYO) was used as a proxy for P. aeruginosa QS-controlled communication during growth in 8-pL microtraps. The average PYO concentration
detected above the microtrap roof and a representative SECM image based on PYO oxidation for each condition tested are shown in Right. (A) PYO (2.7 ± 0.3 μM) is
observed over microtraps containing WT P. aeruginosa (green), establishing that as few as 500 cells are needed to initiate QS in an individual aggregate. No PYO is
detected above either (B) a QS signal-producing strain unable to produce PYO (Δphz; red) or (C) a QS-responder strain that cannot produce a signal (C4-HSL) required
for PYO production (ΔrhlI; blue). (D) Addition of 25 μM C4-HSL (red triangles) induces PYO production (2.5 ± 0.1 μM PYO) in ΔrhlI populations containing 8,000–
10,000 cells. (E and F) Communication between physically separated populations was investigated by arranging the two mutant strains in neighboring chambers
with a shared wall. (E) No response is detected over the ΔrhlI population by SECM when ≤2,000 Δphz cells are present in the adjacent microtrap, whereas (F)
aggregates of ≥5,000 Δphz cells are capable of inducing PYO production in the neighboring ΔrhlI community. The error represents 1 SD; n ≥ 4 for all conditions.

in concert with micro-3D printing to address this challenge.
Partnering these two analytical technologies allowed us to control
the size and spatial orientation of dense aggregates to follow
communication within and between aggregates in real time. One
of the key requirements for interfacing these two technologies was
positioning the ultramicroelectrode tip accurately over the roof of
the microtrap. Despite the fact that the microtrap roof was highly
porous, we were able to accurately sense the roof and map the
transport of small molecules through it using SECM (49). This
ability to set the SECM tip very close to the microtrap roof and
scan the tip over the roof surface was essential for establishing
a powerful system for monitoring bacterial aggregate behaviors in
real time with high spatial resolution.
Using this system, we first asked a question: how many cells
are needed to initiate QS-mediated communication in a
P. aeruginosa aggregate? Although this question has been the
subject of significant attention in recent years, many of the
strategies used to isolate and study small groups of cells have
used closed systems that have minimal chemical exchange with
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1421211111

the outside environment or conditions that support little or no
bacterial growth (32–39). We recently used microtraps to address
this question using a P. aeruginosa biosensor strain that produces
high levels of GFP on QS activation. This earlier study revealed
that as few as 2,600 cells could initiate QS when confined at high
densities under very low flow (42). Here, we show that as few as
500 cells produce detectable levels of the QS-controlled metabolite pyocyanin, indicating that aggregates as small as a few
hundred cells can produce biologically relevant levels of this
potent toxin. Interestingly, the level of pyocyanin produced by
aggregates (∼2.7 μM) is similar to levels measured above
∼5-mm-diameter biofilms (45, 54), suggesting that this concentration may be the maximum amount produced by P. aeruginosa during aggregate/biofilm growth.
After establishing that pyocyanin production by P. aeruginosa
aggregates could be detected using SECM imaging, we next
asked a question: how does spatial structure impact QS communication between neighboring P. aeruginosa aggregates? To
address this question, we took advantage of the fact that our
Connell et al.
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Materials and Methods

Materials. Details are provided in SI Text.

Bacterial Strains and Cell Culture. WT P. aeruginosa strain PA14, P. aeruginosa PA14 Δphz1/2 (22), and P. aeruginosa PA14 ΔrhlI (56) were used in
these studies. The growth medium for all experiments was a 1:15 (vol/vol)
mixture of LB broth (5 g/L yeast extract, 10 g/L tryptone, 10 g/L NaCl) (57)
and morpholinepropanesulfonic acid (Mops) minimal medium (50 mM
Mops, 43 mM NaCl, 93 mM NH4Cl, 2 mM KH2PO4, 3.5 mM FeSO4, 1 mM
MgSO4) buffered to pH 7.2 (58) with 20 mM sodium succinate as the carbon source. Planktonic cultures were grown aerobically overnight at 37 °C.
Cells were diluted from overnight cultures, grown at 37 °C to midlogarithmic phase, and then diluted into a fabrication precursor solution
for printing as described below.

Optical Imaging and Data Analysis. Details of bright-field, phase contrast, and
confocal fluorescence imaging are provided in SI Text.
Electrochemical Characterization of Microtraps. Details describing the microtrap
height and permeability measurements by SECM are provided elsewhere (49).

Quantitative SECM Measurements. All electrochemical measurements were
performed using a CHI model 920C potentiostat (CH Instruments) with the twoelectrode cell placed in the grounded stage. Ag/AgCl in a saturated KCl solution
was used as a reference and counterelectrode. A 5-μm-diameter platinum
electrode was used as the SECM tip, and all electrochemical data were collected at room temperature in the LB/Mops growth medium with 0.1 mM
FcMeOH added as a redox mediator for accurate tip positioning. Details about
the SECM tip fabrication can be found in SI Text and elsewhere (47, 49, 50).
The tip was biased at 0.4 V vs. Ag/AgCl to oxidize FcMeOH or 0 V vs. Ag/AgCl to
oxidize pyocyanin. The tip approach rate was 100 nm/s for all approach curves.
All SECM images were obtained by scanning the tip in the x and y axes at
a rate of 10 μm/s at a fixed height of 2 μm above the microtrap roof. Details
about generating the pyocyanin calibration curve are provided in SI Text.

Micro-3D Printing. Photo-cross–linked gelatin microtraps were printed on the
untreated surface within a 0.8-mL well of a Lab-Tek chambered #1 coverglass
using a dynamic mask-directed multiphoton lithography process described
in detail elsewhere (28, 41, 43). In brief, a galvanometer-driven scanner
(GVS002; Thor Labs) raster-scanned the output from a mode-locked titanium:
sapphire laser (Tsunami; Spectra Physics) operating at 740 nm across the face of
a digital micromirror device (800 × 600 SVGA; Texas Instruments) displaying
binary mask sequences created using Adobe Photoshop. The reflected light was
aligned to the back aperture of an Olympus PlanApo 60×, 1.40 N.A. oilimmersion objective positioned on an inverted microscope (Zeiss; Axiovert). All
3D microtraps in this work were printed at 2.5 s per plane in a layer-by-layer
process by coordinating the mask presentation on the digital micromirror device with 0.25-μm steps on the optical (z) axis using a motorized focus driver
(H122; Prior Scientific). All fabrication parameters were optimized to achieve
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Simulations. Details about simulation models are in SI Text and elsewhere (49).
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a sufficient cross-linking density to produce a current response large enough to
position the platinum ultramicroelectrode accurately above the microtraps using a feedback approach curve generated with 0.1 mM FcMeOH as described in
Fig. 1 and more detail elsewhere (49).
Midlogarithmic phase P. aeruginosa cells were diluted to an OD at 600 nm
of 0.01 in a warmed (37 °C) fabrication precursor solution containing 200
mg/mL gelatin (Type A; porcine), 75 mg/mL bovine serum albumin (BSA), and
9 mM Rose Bengal prepared in Hepes buffer (20 mM Hepes, 0.1 M NaCl, pH
7.4). After cooling to room temperature, the 8-pL microtraps were printed
directly around one to five P. aeruginosa cells embedded in the thermally set
gel using an average laser power of ∼40 mW measured at the back aperture
of the objective. The 3D-printed microtraps were stored overnight in the
fabrication gel at 4 °C to arrest cell growth. The next morning, the uncrosslinked gelatin/BSA was washed out of the sample well using multiple volumes (0.5 mL per wash) of the Hepes buffer used to prepare the fabrication
precursor at 37 °C. After the precursor had been removed completely, the
sample was washed in the LB/Mops growth medium with 0.1 mM FcMeOH
added as a redox mediator for positioning the ultramicroelectrode tip.
Samples were placed inside a microscope incubator maintained at 37 °C for
2–5 h before SECM imaging to monitor cell growth directly using phase
contrast microscopy as described previously (14, 42).
A multistep printing process using the same fabrication conditions as
described above was used to arrange P. aeruginosa Δphz and ΔrhlI cells in
side-by-side microtraps (Fig. 3 E and F). In the first stage, a trap was printed
around one to five QS responder strain (ΔrhlI) cells embedded in a thermally
set gel at room temperature. After printing was complete, the excess precursor material and any remaining untrapped cells were washed out using
37 °C media. Then, a new gel containing the QS signal-producing strain
(Δphz) was cast in the same sample well, and a second microtrap was printed
around Δphz cells directly next to each ΔrhlI trap, creating a two-chambered
microtrap with one shared wall separating the populations (Fig. 3 E and F).
After the second printing step, the 3D-printed microtraps were stored in the
precursor gel overnight at 4 °C, and the samples were treated in the same
manner as described above.

CHEMISTRY

micro-3D printing technology can be performed in stages, thus
allowing us to construct two microtraps containing different
bacterial strains separated by a defined distance (8 μm). A finite
element analysis (Fig. S5) revealed that the flux of the signal
molecule through the shared microtrap wall is ∼50% higher than
through the roof, indicating that, as expected, the 8-μm-thick
wall offers the most direct and efficient signal transfer pathway
between the neighboring aggregates. One trap contained a QS
signal-producing P. aeruginosa strain (Δphz), and the other
contained a QS signal-responsive strain (ΔrhlI) that produced
pyocyanin on QS stimulation. Our finding that greater than 2,000
signal-producing cells are required to stimulate the neighboring
QS-responsive population (1,300–9,000 ΔrhlI cells) when separated by 8 μm provides quantitative insight into how cell number
impacts aggregate interactions. It is not surprising that more cells
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