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ABSTRACT: Bioprinting of engineered bacteria is of great interest for applications of synthetic
biology in the context of living biomaterials, but so far, only a few viable approaches are available
for the printing of gels hosting live Escherichia coli bacteria. Here, we develop a gentle extrusion-
based bioprinting method based on an inexpensive alginate/agarose ink mixture that enables
printing of E. coli into three-dimensional hydrogel structures up to 10 mm in height. We first
characterize the rheological properties of the gel ink and then study the growth of the bacteria
inside printed structures. We show that the maturation of fluorescent proteins deep within the
printed structures can be facilitated by the addition of a calcium peroxide-based oxygen generation
system. We then utilize the bioprinter to control different types of interactions between bacteria
that depend on their spatial position. We next show quorum-sensing-based chemical
communication between the engineered sender and receiver bacteria placed at different positions
inside the bioprinted structure and finally demonstrate the fabrication of barrier structures defined
by nonmotile bacteria that can guide the movement of chemotactic bacteria inside a gel. We
anticipate that a combination of 3D bioprinting and synthetic biological approaches will lead to the development of living
biomaterials containing engineered bacteria as dynamic functional units.
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1. INTRODUCTION

Additive manufacturing of biocompatible scaffold structures
and 3D printing of gel-encapsulated mammalian cells have
become popular approaches for the generation of spatially
differentiated cell cultures and models of living tissues, which
promise to have a wide range of biomedical applications.1−4 In
the present work, we focus on bioprinting of bacterial systems,
which is comparatively less developed but is expected to be of
similar importance for the engineering of spatially organized
bacterial communities and could ultimately lead to the
realization of living, bacteria-based biomaterials.5−8 Spatial
arrangement and confinement of bacterial communities also
allows the study and control of their interactions with their
environment, their surrounding scaffold matrix,9 or other
communities under well-defined experimental conditions. This
is of particular interest for applications in synthetic biology,
which involve spatially distributed synthetic cell−cell commu-
nication and division of labor between different types of
genetically engineered bacteria.
The ability to arrange engineered bacteria in general 3D

geometries allows us to precisely set the initial and boundary
conditions that dictate the evolution of genetically pro-
grammed dynamical systems in a spatial context. In particular,
printing in 3D enables topologies that are impossible to
achieve in 2De.g., core−shell geometries or 3D networks
that avoid crossing of lines. While structured bacteria-laden

thin 2D hydrogels are homogeneously influenced by environ-
mental parameters such as gas supply, nutrients, or stress
factors, structures extended in 3D can be designed (and can
develop into) systems with richer internal structure and
heterogeneity. As in naturally occurring systems, environ-
mental parameters exhibit noticeable gradients over thicker
biofilm structures, which can also provide positional
information10 and therefore facilitate autonomous differ-
entiation within the printed structures.
Functional biomaterials with biosensing11,12 or biocatalytic

capabilities13 have been previously realized by immobilizing
bacteria within various hydrogel-based support matrices, which
in some cases also allowed a rough positioning of the bacteria
in 3D. At a more macroscopic scale, hydrogel matrices were
loaded with bacterial cultures to enable printing of biofilms for
the degradation of pollutants,14 the realization of self-healing
structures,6 and even bacterial electrodes.15

More recently, 3D bioprinting techniques were utilized to
achieve better spatial control over bacteria-laden structures. A

Received: October 28, 2021
Accepted: March 14, 2022
Published: March 29, 2022

Research Articlewww.acsami.org

© 2022 The Authors. Published by
American Chemical Society

15871
https://doi.org/10.1021/acsami.1c20836

ACS Appl. Mater. Interfaces 2022, 14, 15871−15880

D
ow

nl
oa

de
d 

vi
a 

12
9.

18
7.

21
1.

58
 o

n 
M

ay
 8

, 2
02

4 
at

 0
9:

18
:2

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julia+Mu%CC%88ller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+C.+Ja%CC%88kel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+Richter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Markus+Eder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisabeth+Falgenhauer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Friedrich+C.+Simmel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Friedrich+C.+Simmel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.1c20836&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c20836?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c20836?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c20836?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c20836?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c20836?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/14/14?ref=pdf
https://pubs.acs.org/toc/aamick/14/14?ref=pdf
https://pubs.acs.org/toc/aamick/14/14?ref=pdf
https://pubs.acs.org/toc/aamick/14/14?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.1c20836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


chaotic advection technique was developed that allowed
continuous printing of multilayered filaments with a very
precise definition of the interface between different live
bacterial communities.16 A stereolithographic approach was
used to structure biofilms into precisely defined, regular 3D-
grid patterns17 with a potential application in environmental
sensing. Laser-based lithography was utilized to contain
bacterial cells within picoliter-sized gel compartments, which
enabled the observation of cell−cell interactions and bacterial
signaling between small populations.18 Bacteria were also
encapsulated in a Pluronic F127 diacrylate-containing ink
followed by UV cross-linking, which was used for the
realization of printable bacteria-based biosensors.19 In a
different approach,5 printed Bacillus subtilis spores were
mixed with liquid agarose that started new bacterial colonies
upon solidification of the gel and incubation after printing. The
use of bacterial spores allowed printing at temperatures as high
as 70 °C, which would not have been possible with living
bacteria. An alternative approach20,21 comprises extrusion of
homogeneous Escherichia coli biofilms using a custom-built 3D
printer that is loaded with an alginate ink, which solidifies upon
contact with a calcium-containing substrate. While this
approach does not require high temperatures, only a few
layers can be printed as diffusion of calcium ions is required for
the solidification of the alginate gel. The majority of these
examples resulted in homogeneous bacterial structures
containing only a single bacterial clone.
Printing of living cells generally requires a compromise

between printability and biocompatibility of the materials used
for printing. Most approaches employed to print functional
bacterial gels involve a curing step after printing, either using a
chemical crosslinker,6,15,20,21 photo-cross-linking,18,19 or sub-
mersion in a CaCl2

16,22 or BaCl2 bath.
23 The hydrogels used to

encapsulate and print the bacteria had to be chosen
specifically14 to facilitate printing at sufficiently low temper-
atures, which ensures cell viability and prevents sporulation of
spore-forming bacteria.

Importantly, previous approaches discussed above were not
used to execute engineered genetic functions within the
bacteria and did not utilize their spatial organization within
arbitrary voxel-defined 3D hydrogel structures. Such a
capability is of major interest, however, as E. coli is the most
developed genetic “workhorse” with a broad range of tools
available for engineering biology.
To address this need, in the present work, we developed a

gentle approach to print living E. coli bacteria embedded in a
nontoxic hydrogel environment composed of an inexpensive
mixture of alginate and agarose, which allowed extrusion-based
printing at moderate temperatures and without the need for
chemical cross-linking. The addition of calcium peroxide and
the enzyme catalase24−26 to the gel ink ensured a continuous
supply of the bacteria with oxygen within the printed gel over a
time course of at least 24 h.
Using this method, we were able to sequentially print three

different bacterial clones in a single layer and express
fluorescent proteins at the respective locations. Dual extrusion
of bacteria-free and bacteria-laden hydrogels enabled printing
of bacteria at programmed positions within 3D structures of
heights of up to 10 mm.
Bacterial bioprinting opens up the possibility to precisely

define the boundary and initial conditions of dynamical
systems composed of bacteria with genetically programmed
interactions,27−31 which potentially allows combining the
advantages of top-down patterning with self-organized
spatiotemporal differentiation for the realization of living
biomaterials.
To demonstrate this capability, we applied our bioprinting

approach to control quorum-sensing-based bacterial commu-
nication between engineered sender and receiver bacteria
placed at precisely defined locations. We further demonstrate
that a bacteria-ink containing nonmotile bacteria can be used
to create living boundaries that cannot be crossed by
chemotactic bacteria and thus can be used to guide chemotaxis
within a hydrogel.

Figure 1. (A) Schematic image of a custom-built dual extrusion gel printer32 used for bacteria printing. Two syringe pumps were hydraulically
connected to a printhead holding two syringes, which were filled with bacteria-ink. The printhead was heated to 42 °C, and the gel quickly
solidified upon cooling on the base plate. (B) Bacteria (E. coli DH5α) expressing either mRFP, mVenus, or mTurquoise were printed sequentially
into hydrogel layers and incubated overnight to represent the painting “Blue Fox” by the Munich expressionist Franz Marc. The image
demonstrates the resolution of ink deposition and the reproducibility of printing at specific locations. (C) Using dual extrusion with blank and
bacteria-ink, three-dimensional gel objects were printed that contained single layers of bacteria. Images of the 3D structures (top and side view)
were taken using a Canon 80D camera; fluorescence images were obtained with a Nikon Ti2-E microscope from the bottom and from slices of the
structures.
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2. RESULTS AND DISCUSSION

2.1. Encapsulation of Living E. coli Bacteria in
Printable Hydrogel Matrices. To establish a reliable
biofabrication procedure that enables reproducible printing
of living bacteria into any desired target structure, several
challenges have to be addressed: first, the printing process is
required to induce only minimal stress on the bacteria, which
favors printing procedures that work at low temperatures, low
pressure, and do not involve radical crosslinkers. Second, a
nontoxic hydrogel composition has to be found that has good
printability with fast solidification and high structural fidelity.
Lastly, after extrusion, the printed bacterial gels have to be
incubated for recovery and growth of the bacteria. To this end,
the printed structures need to be embedded in a supportive
environment that prevents shrinking, drying, or depletion of
nutrients.
We first sought to find a printable hydrogel composition

compatible with a moderate-temperature printing process
using a custom-built gel extrusion printer (Figure 1A and
Experimental Section),32 in which the highest continuously
applied temperature does not exceed ≈42 °C, and which
allows for fast postprint solidification by cooling to room
temperature (i.e., not requiring a cross-linking step). E. coli
bacteria are known to display strongly reduced cell growth
after exposure to elevated temperatures during growth,33,34

with only some strains sustaining temperatures of up to 48.5
°C.35 Higher temperature generally results in bacterial cell
death orin the case of spore-forming bacteria such as B.
subtilis5sporulation, which precludes a direct extrusion of
living cells at elevated temperatures.
We found a mixture of 2% agarose and 2% alginate to meet

our requirements for a bacteria-ink, which are both hydrogels
proven to be compatible with cell culture conditions.36 While
alginate works as a viscosity enhancer, agarose provides fast

solidification after extrusion and a good spatial resolution. To
reduce osmotic stress, the bacteria-ink was prepared with 0.3 ×
LB medium, which was found to be an LB concentration
compatible with printing at 42 °C.
Viscosity measurements indicate that the LB content has an

appreciable influence on the temperature-dependent viscosity
of the bacteria-ink mixture, which shows a steep decline in the
temperature range from 20 to 35 °C (Figures S1 and S2). The
bacteria themselves were found to have only a minor influence
on the viscosity and printability of the gel ink (Figure S3).
During printing, the bulk of the gel is enclosed in the

printhead, which works as a heat block at 42 °C and fixes the
temperature of the bacteria-ink to 42 ± 1.5 °C within the
sample syringe. By contrast, the tip of the nozzle is
continuously exposed to room temperature, cooling the gel
in this area to 36 ± 1.5 °C during the printing procedure. The
temperature of the extruded gel droplets thus exactly matches
the gelation temperature, while the main E. coli gel at 42 °C
provides tolerable conditions as well as a comparatively low
viscosity, which improves printability and reduces the strain on
the cells. At higher LB concentrations, alginate cross-linking by
the residual calcium in the medium results in gels with a larger
variability in viscosity at the printing temperature and lower
viscosities at room temperature (Figures S1 and S2). With
bacteria-ink containing 0.3 × LB medium, however, we were
able to print structures up to 30 mm in size in x-y and 10 mm
in the z dimension. The final storage modulus of the solid gel
was found to be on the order of 40 kPa after cooling to 20 °C.
The printed gels showed moderate swelling (on the order of
10% in volume after 1 day, reduced to only 5% after 1 week)
when submerged in media (Figure S4).
Printing of larger structures was only limited by longer

printing times, which resulted in the drying of parts of the
hydrogel during the printing process. As explained in more

Figure 2. (A) Bacterial growth observed by bright-field and confocal fluorescence microscopy. Top row: Brightfield images of a microcolony at t =
6, 9, 12 h. The size of the colonies appeared roughly ellipsoidal in shape, which was confirmed by confocal fluorescence microscopy (bottom row,
left). Cell numbers were determined for each time point by studying colony sizes in printed hydrogels for different time points (cf. Supporting
Information 3.3). These numbers were used to determine in situ growth rates of the bacteria by fitting an exponential to the data (bottom row,
right: data from confocal microscopy; cf. Figure S6 for data from bright-field microscopy). The bacteria displayed exponential growth over at least 8
h with a doubling time t1/2 around 50 min (experiments were performed in the presence of CPO/catalase). (B) For a good fluorescence readout, a
continuous oxygen supply in the gel is necessary as the maturation of the majority of fluorescent proteins depends on oxygen.15,37,38 We casted two
cuboid structures and sealed both in LB-ink to mimic the procedure applied for printed structures. With the addition of 0.1% calcium peroxide and
20 μg/mL of the enzyme catalase (final values), the fluorescence signal strongly increased during 20 h of growth at 37 °C, while in the absence of
any oxygen generator, no fluorescence could be detected. Experimental triplicates are indicated by different shadings of the same color (red: with
CPO + catalase, blue: without CPO and catalase). The graphs on the bottom show fluorescence intensity measured along a cross section of the
printed gel cubes. The broadening of the profile of the cross section is caused by gel swelling.
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detail below, the expression and maturation of fluorescent
proteins inside the printed gel were supported by an oxygen-
generating system composed of calcium peroxide and catalase.
2.2. Bioprinting of Living Bacteria in 2D and 3D. We

assessed the printing performance of the bacteria-ink using
various test structures. We first investigated the spatial position
of the bacteria over time by imaging a printed triangular
structure (Figure S5) with 4x, 10x, and 60x magnification at a
single position directly after printing and after 24 h of
incubation. The total fluorescence signal increased consid-
erably due to the growth of the mRFP-expressing bacteria.
Printed bacteria appeared to remain at or close to their initial
positions over time (Figure S5).
To demonstrate the spatial resolution and reproducibility of

the printing procedure in 2D, bacteria that constitutively
expressed mRFP, mVenus, and mTurquoise, respectively, were
printed sequentially in the same plane (Figure 1B). After
incubation at 37 °C for 24 h, the gel image is clearly visible in
the three fluorescent channels.
Single voxels have a diameter of 770 ± 5 μm (corresponding

to 120% of the outer nozzle diameter) and thus show a good
print resolution for the type of nozzles employed. For the art
print individual, sequentially printed color channels showed
overlapping signals from two fluorescence channels only in the
border regions between subsequent print layers. The overlaps
were at widths of 50−500 μm, indicating the precision of the
alignment of repeated printing steps with respect to each other
(for comparison, the x-y precision of the custom print body is
12.5 μm for a one-step print job).
We further used the dual extrusion capability of our printer

to generate a pyramid with one and a cuboid with two distinct
bacterial bands within a single print job (Figure 1C). Ink
containing mRFP producing bacteria and ink without bacteria
were prepared and loaded into two separate glass syringes. The

gels were printed alternatingly from the two separate syringes
to form the 3D shapes with a base area of 6 mm × 6 mm each
and a height of 5 mm (pyramid) and 10 mm (cuboid),
respectively. Each bacterial band consisted of two layers
printed with bacteria-containing gel. After 24 h of incubation at
37 °C in LB medium in a 10% Pluronic F127 sealed chamber,
the printed structures were released from the Pluronic by
dissolving the gel after 15 min storage at 4 °C. The bacterial
bands show high RFP production and are clearly colored red.
Photography and microscopy images from the bottom and side
of the prints demonstrate the precise deposition of the
bacterial layers within the complete gel structure. Sealing with
Pluronic was used to prevent swelling of the gel prints (Figure
S4), which was found to lead to a loss of bacteria at the
boundaries of the printed structures.

2.3. Growth Conditions in the Hydrogel Matrix. To
gain a better understanding of the bacterial growth conditions
inside the printed gels, we studied size and shape of the printed
colonies for the first 8−15 h after extrusion using bright-field
and confocal fluorescence microscopy (Figure 2). The colonies
typically exhibited ellipsoidal, in some cases spherical shapes,
whose volume grew roughly exponentially over time (Figure
2A). This finding is consistent with previous studies on the
growth of bacteria gels, which found the formation of lenticular
colonies in dense gel matrices such as 1% agar. The formation
of such colonies is attributed to the splitting of the gel due to
the pressure exerted by the growing bacteria along a fault line
and a compression of the agar perpendicular to it.39 In the case
of our gel mixture, a pore size of several 100 nm is expected,40

i.e., on the order of or slightly below the diameter of an E. coli
bacterium.
We converted the volume of the colonies into a cell count

assuming a single cell volume of 1.5 μm3, which we also
experimentally confirmed directly after the printing process.

Figure 3. (A) Diffusion of the genetic inducer aTc from the center of a printed gel and subsequent expression of mRFP by bacteria contained in the
gel (scale bar 1 mm). (B) mRFP was expressed under the control of a pTet promoter and thus responds to aTc diffusion. The graph on the left
shows the fluorescence intensity measured along the diameter of the bioprint for different time points. The observed dips in the graph are stitching
artifacts. Simulations (right) that model aTc diffusion, bacterial growth, and gene expression are in good agreement with the experimental
observations. (C) Fluorescence channel of 4× microscopy images of a sender−receiver system at 4, 8, and 16 h after the start of the experiment.
The increase in fluorescence intensity is synchronous (time intervals of 10 min showed no differences) upon induction of the sender bacteria with
IPTG and consequently with high AHL production. The corresponding gene circuit is shown below the micrographs. (D) Fluorescence time traces
(right) corresponding to the locations indicated on the left for an experiment, in which the sender bacteria were not induced, and thus only a small
amount of AHL is produced by leaky expression of LuxI from the Lac promoter.
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Exponential fits to the cell number as a function of time
resulted in doubling times around 50 min (cf. Figure S6 for
experimental replicates).
In previous work on bacterial bioprinting,5 expression of

fluorescent proteins was only observed at gel−air interfaces,
which is explained by the lack of oxygenrequired for FP
maturationinside the gel. As our studies required fluo-
rescence monitoring also of bacteria deeply embedded in the
gel, we utilized a calcium peroxide-based oxygen generation
system, which is known as an additive from conventional cell
culture.24−26 Within the gel, CPO degrades to hydrogen
peroxide, whose conversion to oxygen and water is then
catalyzed by the enzyme catalase. As shown in Figure 2B, we
casted (6 mm)3-sized hydrogel cubes with bacteria containing
the plasmid pTet-mRFP and induced the expression of mRFP
via the addition of anhydrotetracycline (aTc) directly before
mixing with bacteria-ink either with or without the addition of
CPO and catalase. While after 20 h of incubation, the sample
without CPO did not provide an appreciable fluorescence
signal, the gels containing the oxygen-generating system
showed a clear fluorescence signal in all triplicates. As a
tradeoff, we found that the CPO/catalase mixture negatively
affects bacterial cell growth, resulting in an increase of the
doubling time of the bacteria by a factor of ≈2 compared to
media without CPO/catalase (Figure S7), which most likely is
caused by the oxidative stress imposed by the mixture. If
fluorescence observation of the bacteria is not required, the
addition of CPO/catalase can be omitted, leading to better
growth conditions in the gel matrix.
2.4. Diffusion of Genetic Inducers. We next studied the

diffusion of inducer molecules and the resulting spatiotemporal
gene expression response of bacteria embedded in the
bioprinted gel, for which we conducted experiments with
aTc-inducible DH5αZ1 cells carrying a plasmid that encodes
mRFP under the control of a pTet promoter (Figure 3A,B).
The cells were printed into a circular shape with a diameter of
12 mm. Directly after the printing process, a 2 μL voxel
containing aTc (a 1:1 mixture of 0.2 mg/mL aTc and gel ink,
resulting in a final concentration of ≈0.2 μg/mL (or 0.43 μM)
in the ≈ 1 mL reaction chamber) was pipetted into the center
of the structure using a positive displacement pipette. The
printed structure was then sealed and imaged continuously for
12 h at 37 °C. After incubation for 3−4 h, the fluorescence
signal started to rise in the center while small colonies became
visible in the bright-field images. After incubation for 10 h,
large bacterial colonies were visible in the bright-field channel
and the fluorescent protein was highly expressed by the
bacteria.
The observed spatiotemporal dynamics of the fluorescence

signal in the gel result from a combination of the diffusion of
the inducer from the center into the gel print, bacterial cell
growth throughout the print, and inducer concentration-
dependent gene expression in the bacteria. As shown in Figure
3B, the rise of the fluorescence signal can be well recapitulated
in a numerical simulation of these processes using
experimentally realistic parameters for bacterial growth rate
and expression dynamics (cf. Figures S6, S8, S9, and
Supporting Information Section 4.1 on the numerical
model). Screening of the value of the diffusion coefficient for
aTc in simulations suggests a diffusivity on the order of 200
μm2/s within the gel (Figure S14).
2.5. Bacterial Communication in a Bioprinted

Environment. Bioprinting with bacterial inks opens up the

possibility to arrange different types of communicating or
otherwise interacting bacteria into well-defined spatial
relations. This is of particular interest for applications in
synthetic biology, which require the precise control of the
boundary conditions affecting the execution of spatiotemporal
gene circuits27−30 by engineered bacteria. As an example for
this type of application, we studied the dynamics of a synthetic
bacterial sender−receiver system embedded in a bioprinted gel
structure. The sender cells are DH5α cells hosting a plasmid
coding for the 3OC6-HSL (AHL) synthase LuxI under the
control of a Lac promoter (cf. materials and methods). Upon
induction with IPTG, the cells express LuxI that consecutively
produces the quorum-sensing signal AHL that can freely
diffuse out of the bacteria and through the gel. The
corresponding receiver cells contain a plasmid for the
constitutive production of the AHL-dependent transcriptional
activator LuxR, which controls the expression of GFP via the
pLux promoter. The basic function of the sender−receiver
system was first checked in bulk experiments using a plate
reader (Figure S10).
To illustrate the spatial organization of the sender−receiver

system, we then printed the receiver cells in the form of an
Archimedean spiral (defined by r(ϕ)= aϕ, where r and ϕ are
polar coordinates and a is a constant) and positioned the
sender cells at its center (r = 0).
As expected, AHL produced by the senders activates the

production of GFP by the receivers along the spiral (Figure
3C, Supporting Information Video 1). The signal typically
increased over 10−16 h until nutrient depletion set in,
followed by a decay in GFP fluorescence.
The behavior of the sender−receiver system differs from that

of the aTc-inducer system due to the much higher sensitivity of
LuxR activation to AHL (with a Kd on the order of only 10
nM). We therefore performed experiments both with fully
induced senders and with uninduced senders that generated
AHL via leaky expression of LuxI (and thus had a
correspondingly lower “sender strength”41).
We found considerable variability among the sender−

receiver experiments (Figure S11), which is likely related to
the sensitivity of the dynamics with respect to variations in
bacterial growth and the very low AHL concentration required
for induction (cf. discussion in Section 4.2 of the Supporting
Information). At low sender strength, in some cases, there was
a clear differentiation in spatial response of the bacteria, with
the closer receiver bacteria responding faster than the more
remote ones (Figure 3D). In other cases, there was no clear
spatial order or the complete receiver spiral started to produce
GFP synchronously (Figure S11). Simulations indicate that in
this case the AHL concentration throughout the gel had
already reached nanomolar concentrations before the receivers
started to grow appreciably (Figures S15 and S16).

2.6. Guiding Chemotaxis with Printed Boundaries. As
a second example for spatial control over bacterial dynamics
provided by the bacterial bioprinter, we investigated the
motion of chemotactic bacteria42 in engineered environments.
Chemotactic bacteria can move on top of (and to a certain
extent also underneath) the surface of soft agar gels,43

propelling themselves toward areas of more favorable environ-
mental conditions. When motile bacteria are inoculated in a
spot in the middle of a soft agar plate, they concentrically
migrate over the plate.39,42−44 The patterns are the result of an
interplay of mass transport, chemotaxis, and metabolism44
the bacteria metabolize chemicals in the gel, creating a gradient
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of these chemicals, and chemotactically move in response to
the gradient.
For our experiments, we prepared soft agar plates at agar

concentrations between 0.22 and 0.24% (w/v) denser gels
such as those used for 3D printing do not result in sufficient
chemotactic movement of the bacteria. We then printed
artificial boundaries in the shape of our university logo formed
by RFP-producing nonmotile E. coli cells mixed with 1%
alginate as printable ink into the soft agar (Figure 4A). The
plates were inoculated with 2 μL aliquots of a suspension of a
chemotactic E. coli strain (MG1655) placed at approximately
equal distances from the outline of the logo. Within 20 h, the
chemotactic cells grew into a thick biofilm over the agar
surface, avoiding only the area enclosed by and between the
printed borders. Apparently, the presence of the printed
bacterial border region prevented the chemotactic bacteria
from propagating into the interior of the logo, which was found
to be only scarcely populated (Figures 4B and S12).
As for conventional chemotaxis experiments on soft agar

plates,42,44 we assume that the chemotactic bacteria do not
enter the border region due to the unfavorable nutrient
conditions generated by the border bacteria, potentially
combined with the physical obstruction caused by the
nonmotile bacteria themselves, which cannot migrate into
the agar deeply. Motile bacteria approaching the border either
have to enter into the gel, below the nonmotile colony, or
move sideways (in parallel to the printed border) on top of the
agar. As the latter movement occurs with higher mobility, the
bacteria preferentially spread in this direction. Our printed
barrier structures thus guide the movement of the motile
bacteria by shaping the concentration gradient to which they
respond.
We found that the effectiveness of chemotactic guiding

depends on the distance and topology of inoculated and
printed colonies. For instance, when chemotactic bacteria are
inoculated too close to a barrier structure, they reach the
printed border before the nonmotile bacteria could grow
sufficiently and deplete the agar around them, leading to
penetration of the barrier. We also observe that chemotactic
bacteria can move through a printed border when they are
printed inside of a barrier structure (Figure S13). In this case,
the motile bacteria must cross the barrier by moving into the

soft agar below the barrier, as there is no alternative way to
choose. In control experiments, in which a bacteria-free
alginate boundary was printed, the chemotactic bacteria were
able to completely fill the whole agar plate (Figures 4C and
S12).

2.7. Discussion and Outlook. We anticipate that the
spatial organization of live bacteria by 3D bioprinting will
enable the generation of soft living biomaterials that are
capable of simple forms of differentiation and other types of
information processing.27,28 In such materials, bacteria can
sense their mutual presence as well as gradients of environ-
mental inputs and produce molecules in response to the
information conveyed by these inputs in a spatially differ-
entiated manner.
Communication between bacteria further supports spatial

organization and division of labor between the bacteria.
Systems of communicating bacteria with distributed functions
benefit from our dual extrusion bioprinting approach, which
enables the spatial positioning of bacteria of the same species
containing different types of genetic circuits or also the
realization of spatially organized consortia of different species.
Apart from applications in spatially distributed biocomput-

ing,28,45 artificial pattern formation and the development of
self-differentiating bacteria-based materials,27,29,30,46 bioprinted
bacterial structures are expected to be of interest in a variety of
other contexts such as environmental sensing and bioreme-
diation.14,17 Printed structures may be used to model naturally
occurring bacterial niches and study ecological interactions
under controlled conditions.16 Similar systems might be useful
to investigate the efficacy of antimicrobial agents under realistic
conditions. To this end, the used biomaterials can be easily
modified and the influence of 3D structure and geometry can
be addressed by custom hydrogel patterning during the
printing process.
Extrusion of different types of bacteria could even be used

for the spatial organization of cocultures that cooperatively
perform more complex biosynthetic tasks. This would allow
coculturing of bacterial species with conflicting growth
requirementse.g., E. coli and cyanobacteriaand to optimize
sizes and distances between the cooperators to optimize
metabolic flux through such systems. It is also conceivable to
develop bioprinting approaches that enable the simultaneous

Figure 4. (A) Artificial boundaries in the form of a TUM logo were printed into soft agar using nonmotile bacterial cells constitutively expressing
RFP for better visualization. Directly after printing, chemotactic cells were inoculated at four locations (indicated with blue dots) and grown at 37
°C. (B) After 20 h of incubation, the printed boundaries showed a high intensity of RFP fluorescence. The chemotactic cells successfully spread
over the whole surface outside of the boundariesvisible through the milky appearance of the gelbut do not enter the interior of the logo.
Bottom left: The small image shows a view of the whole plate; the four bright inoculation points are indicated with arrows. Bottom right: High-
contrast representation of the apparent bacterial density in the image above in heatmap coloring. Blue corresponds to low bacterial density, red to
high density. (C) For comparison, the TUM logo was printed with gel ink not containing any bacteria. In this case, the bacteria spread over the
whole plate without hindrance. Bottom left: View of the whole plate as in (B). Bottom right: High-contrast representation in heatmap coloring as in
(B).
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printing of mammalian and microbial cells, which is of interest
for the study of host−pathogen interactions and screening for
adequate cures.
One of the major challenges for the realization of “living”

biomaterials will be to supply the printed bacteria with
nutrients and remove waste products efficiently. Submersion
into liquid media can provide nutrients by diffusion into the
gels, at least for small structures, but will result in swelling and
a potential loss of bacteria from the gel to the surroundings.
Using an encapsulation strategy to contain and stabilize the
printed gels as in the present work will inevitably limit the
lifetime of the system. To generate much larger, spatially
organized structures, dedicated supply lines embedded into the
3D-printed gels might be required that ensure cell viability for
extended periods of time.

3. CONCLUSIONS

In conclusion, we have demonstrated a simple approach
toward extrusion-based 3D printing of living hydrogel materials
using a bacteria-laden ink based on a mixture of agarose and
alginate. This inexpensive gel mixture has several advantages
for applications in synthetic biologyalginate and agarose are
nontoxic compounds commonly available in molecular biology
labs. Gel formation does not require chemical or photo-cross-
linking, and the gel mix is compatible with mild low-
temperature extrusion conditions that ensure the survival of
the bacteria throughout the whole printing process and
thereafter. Specifically, E. coli cells were shown to grow into
extended microcolonies within the gel for at least 10−15 h.
Importantly, the addition of an oxygen-generating system
based on calcium peroxide and catalase enabled the expression
of fluorescent proteins deep within the gel, an advantage that
has to be weighed against an observed reduction in cell growth
caused by these compounds.
We showed the possibility of dual extrusion of hydrogels

into arbitrary, voxel-defined 3D shapes and sequential
extrusion of hydrogels containing different types of bacteria,
both with a voxel size of 770 μm at 50−500 μm spatial
resolution. Notably, the ability to print living E. coli bacteria
opens up the possibility to spatially organize genetically
engineered, communicating, and interacting bacteria in a
programmable and reproducible manner, which is of great
interest for applications in synthetic biology. We demonstrated
this capability by controlling spatiotemporal gene expression
dynamics using diffusing inducer molecules and in the context
of a bacterial sender−receiver system. We also showed that
bacteria-ink loaded with nonmotile bacteria can be used to
define and grow living boundaries, which influence the
chemotactic movement of motile bacteria coembedded in the
hydrogel. We anticipate that similar systems that combine 3D
bioprinting approaches with synthetic biology could be
developed into living biomaterials that contain engineered
bacteria as functional units for sensing, actuation, and
bioproduction.

4. EXPERIMENTAL SECTION
4.1. Bioprinter. Bioprinting of bacteria-containing hydrogels was

performed using a custom 3D printer setup based on a commercially
available Ultimaker Original+ modified with custom-built compo-
nents.32 Hydrogel is extruded from heated printheads via hydraulically
coupled syringe pumps. To increase the variety of structures that can
be manufactured, the printer was equipped with two extruders. The
extruders can be loaded with any pair of hydrogels that can be printed

at the same temperature. Both extruders are directly controlled by the
Ultimaker board. Executable GCODEs for all structures were
generated by our Python-based software (available on https://
github.com/julia-mueller/bioprinter/).

4.2. Bacterial Strains and Culture Conditions. For all
experiments, E. coli strains (DH5α, DH5αZ1, BL21, MG1655) with
different plasmids were cultured from glycerol stocks and grown
overnight in LB medium containing selective antibiotic (carbenicillin,
Carb) in an incubator shaker (Innova44, New Brunswick) at 37 °C
and 250 rpm. On the following day, cells were diluted 1:100 in LB
medium containing carbenicillin and cultivated to an OD of 0.6. Prior
to printing, the cells were centrifuged at 2000 rcf at 4 °C for 2 min,
and the pellet was resuspended in fresh LB medium containing
carbenicillin. The chemotactic bacteria used in Figure 4 were
MG1655, while the nonmotile bacteria were DH5α.

4.3. Plasmids Coding for Fluorescent Proteins. High copy
number plasmids (iGEM part pSB1A3) containing a constitutive
promoter (iGEM part J23106) and the coding sequence for mVenus
(YFP), or mTurquoise-2 (CFP), were transformed to DH5α cells for
constitutive protein expression. The coding sequence for mRFP under
a pTet promoter (iGEM part I13521) on a high copy number plasmid
(iGEM part pSB1A3) was transformed to DH5alpha, which does not
express a TetR, for “constitutive” and to DH5αZ1 cells for aTc-
inducible protein expression.

4.4. Sender−Receiver Plasmids. The sender plasmid (iGEM
part K116638) is a high copy number plasmid (iGEM part pSB1A2)
and contains a pLac promoter (iGEM part R0010) controlling the
AHL synthase LuxI (iGEM part C0061) and was transformed into
DH5α cells for IPTG-inducible AHL expression. Leaky expression of
LuxI and thus the production of AHL can occur as there are small
amounts of Lactose present in LB medium. The receiver plasmid is a
high copy number plasmid (iGEM part pSB1A3) that contains an
expression cassette coding for the transcription factor LuxR (C0062)
regulated by a Tet promoter (iGEM part R0040), and a second
cassette coding for GFP (iGEM part E0040) regulated by a AHL
inducible Lux promoter (pLux). We transformed this plasmid to
BL21(DE3)pLysS.

4.5. Bacteria-Ink. For our bacteria-ink, we used final concen-
trations of 2% agarose and 2% alginate in 0.3 × LB medium
containing (final) concentrations of 0.1% calcium peroxide (CPO)
and 20 μg/mL catalase. The gels formed without the addition of
calcium (in addition to the CPO).

4.6. Bioprinting of Bacteria. Mixed bacteria-ink was prepared in
a microwave oven and kept at 70 °C for 15 min in an oven prior to
mixing with bacteria culture. One milliliter of a liquid bacterial culture
at OD 0.6 was mixed with 2 mL of bacteria-ink that was enriched with
60 μL of catalase (end concentration 20 μg/mL) and 200 μL of CPO
(end concentration 0.1% w/v). The mixed bacteria-ink was loaded
into the printhead that was preheated to the printing temperature.
Extrusion on glass slides (microscopy slides 76 mm × 26 mm × 1.5
mm, VWR, Germany, and Menzel slides 76 mm x 26 mm, #1.5,
Thermo Scientific, Germany) was performed with nozzle No. G23
(ID 330 μm, OD 640 μm) (Vieweg, Germany). For dual extrusion, a
second gel was prepared and loaded into a second glass syringe in the
printhead. Prints on agar plates were performed with a mixture of 500
μL of liquid bacterial culture at OD 0.6 and 500 μL 2% (w/v) alginate
loaded to the printhead and extruded at 37 °C with nozzle No. G25
(ID 250 μm, OD 510 μm) (Vieweg, Germany).

After printing, the extruded structures were sealed with a custom
3D-printed plastic frame, LB-bacteria-ink, and closed with a glass lid.
Directly after sealing, imaging with an epifluorescence microscope
(Nikon Ti2-E) was started. For different magnifications, a 4×, 10×,
and 60× objectives were employed. For larger structures (>1 mm),
multipoint imaging with 4× magnification and consecutive stitching
with 0% overlap of single images was performed.

4.7. Sample Sealing. All samples contain between 0.1 and 0.3 mL
of bacteria-ink extruded in thin lines and are thus extremely prone to
drying and shrinking during incubation at 37 °C. As drying of the
hydrogel leads to cell death, drying and consecutive shrinking (cf.
Figure S4B) was prevented using custom 3D-printed plastic chambers
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(polylactic acid, BASF, Germany) and glass cover slides (round 18
mm diameter and square 15 mm, #1.5, Carl Roth, Germany) that are
attached to the cover slides with instant glue.
4.8. Large-Sample Stabilization. For stabilization during

incubation of larger structures (pyramid and cuboid with bacterial
layers), the chambers were filled up with 10% Pluronic F127 (Sigma-
Aldrich, Germany) in LB medium. This inverse thermostable polymer
stabilizes higher structures as its viscosity enhances extremely while
incubating at 37 °C and can be removed as it liquefies after 15 min at
4 °C. As shown in early work on bacteria cultures on Pluronic F127 as
agar substitute, bacteria are able to grow on this polymer.47,48

However, higher concentrations of Pluronic lead to cell death if the
cells are exposed to Pluronic for several days (this polymer is also
used as an antifouling agent used for long-term antibiofilm surface
treatment49). With a maximum of 24 h incubation of bacteria-ink
structures using low concentrations of this stabilizing agent, we
ensured cell growth on the printed hydrogel structure without
contamination of the surrounding auxiliary structure by washed-out
cells.50

4.9. Nutrient and Oxygen Supply. To prevent drying and to
ensure a continuous supply with nutrients, we embedded all printed
structures in bacteria-ink in 1 × LB medium, which provides enough
nutrients to feed the enclosed bacteria for at least 24 h. Sealing of the
structures reduces the supply of the samples with oxygen, which is
required, however, for the maturation of the fluorescent proteins used
for optical readout,38,51 in particular for red fluorescent proteins.37 We
therefore augmented our bacteria-containing ink with 0.1% (w/v)
calcium peroxide (CPO) and 20 μg/mL catalase, which has been
found sufficient to supply cell cultures with oxygen for over a
week.26,52 CPO slowly decays into hydrogen peroxide at room
temperature, while catalase promotes the conversion of H2O2 to
oxygen and water.
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