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Abstract

Biofilms can grow on virtually any surface available, with impacts ranging from endangering the lives
of patients to degrading unwanted water contaminants. Biofilm research is challenging due to the
high degree of biofilm heterogeneity. A method for the production of standardized, reproducible,
and patterned biofilm-inspired materials could be a boon for biofilm research and allow for
completely new engineering applications. Here, we present such a method, combining 3D printing
with genetic engineering. We prototyped a low-cost 3D printer that prints bioink, a suspension of
bacteria in a solution of alginate that solidifies on a calcium-containing substrate. We 3D-printed
Escherichia coli in different shapes and in discrete layers, after which the cells survived in the printing
matrix for at least one week. When printed bacteria were induced to form curli fibers, the major
proteinaceous extracellular component of E. coli biofilms, they remained adherent to the printing
substrate and stably spatially patterned even after treatment with a matrix-dissolving agent,
indicating that a biofilm-mimicking structure had formed. This work is the first demonstration of
patterned, biofilm-inspired living materials that are produced by genetic control over curli formation
in combination with spatial control by 3D printing. These materials could be used as living, functional
materials in applications such as water filtration, metal ion sequestration, or civil engineering, and
potentially as standardizable models for certain curli-containing biofilms.
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Biofilms are aggregates of microbial cells surrounded by a self-produced matrix!. The formation of a
biofilm allows pathogenic bacteria to resist medical treatment? or to colonize surfaces such as

catheters or implants 3=, posing a serious risk to patients. Biofilm research thus frequently focuses

on combatting nefarious biofilms®’, control of biofilm formation®, patterning of model biofilms>2°,

and biofilm-induced corrosion?!. Conversely, biofilms are used for beneficial applications such as

wastewater treatment*? 13,14

, bioleaching*>*%, or as living materials for potential applications like
bioremediation®. Biofilms are highly heterogeneous, leading to uneven distributions of e. g. biomass,

nutrients, or metabolic products??, which in turn leads to physiological heterogeneity of the



constituent cells. Genetically variant sub-populations and persister cells have been identified that
allow biofilms to re-grow after treatments that largely destroy the biofilm, for example by the
immune system or disinfectants®®. Even genes closely involved in biofilm formation are not

necessarily expressed in all cells of the biofilm. DePas et al.'’

observed two populations of cells in
rugose (wrinkled) biofilms of uropathogenic E. coli UTI89: one population expressing an extracellular
matrix of amyloid fibers and cellulose at the biofilm surface, while the second population in the inner
regions of the biofilm did not express extracellular matrix components. In order for biofilm-inspired
living materials to be useful tools for engineering and research, a tight control over the spatial
arrangement of the cells, as well as formation of extracellular matrix components, will be required. In
this paper, we demonstrate a method that combines 3D printing with genetic control over biofilm

formation as a first step in this direction.

While 3D printers are widely used in tissue engineering to arrange eukaryotic cells in arbitrary
shapes'®!°, the first bacterial 3D printers for macroscale structures have only recently been
developed. Lehner et al.?° suspended bacteria in a solution of alginate, a polymer that forms a gel
upon complexation of calcium ions. When this solution was printed onto calcium-containing agar
plates with a 3D printer adapted for bacterial cells, multilayered bacteria gels in various shapes could
be produced with sub-millimeter precision. Diffusion of nutrients from the substrate allowed the
cells to survive for at least two days, and controllable expression of a gene was achieved with a
chemical inducer. Thereafter, Schaffner et al.'® created 3D-printed gels containing Pseudomonas
putida to generate a living material for the degradation of phenol. Acetobacter xylinum was also
printed to produce bacterial cellulose on a three-dimensional surface, demonstrating a new strategy
of materials production with the potential to be used in personalized medicine. However, while these
methods excel at arranging cells in a 3D polymeric matrix, the development of a biofilm by the
bacteria is uncontrolled, and the stability of the printed bacteria is limited by the chemistry of the
matrix polymers?Z,

Here, we solve these problems by printing engineered E. coli cells that form biofilms in the presence
of an inducer. In nature, the switch from planktonic to biofilm growth occurs when E. coli faces stress
conditions, such as nutrient or salt limitation, or low temperatures??. Amyloid fibers called curli®
form the major proteinaceous component of the extracellular matrix, which can also include
cellulose and other polysaccharides, depending on strain and growth conditions?2. Curli fibers consist
of the secreted protein CsgA, which self-assembles?** on the membrane nucleator protein CsgB? to
form fibers that interconnect biofilm cells and adhere to surfaces. Curli gene expression is complex,
involving proteins encoded in two operons: csgBAC and csgDEFG?®. CsgD acts as a positive regulator
of curli formation and other biofilm components, while CsgE, F, and G are involved in the export and
folding of CsgA and CsgB?’.

In this paper, we demonstrate a novel method for 3D printing patterned biofilm-inspired materials of
engineered E. coli cells. When engineered cells were induced to express the CsgA protein after
printing, they formed artificial biofilms that protected the cells from being washed away with a gel-
dissolving agent. Furthermore, we prototyped a cost-effective 3D printer for bacteria made from
K’NEX parts that is capable of printing our engineered bacteria in stable, layered 3D structures. The
combination of biofilm-forming bacteria with 3D printing could lead to the development of
reproducible, standardized biofilms for research and testing to complement existing in vitro
methods?®. 3D printing could also allow for the precise patterning of mixed cultures in a hydrogel



environment, for example, to study interactions between pathogens and eukaryotic cells.
Furthermore, when combined with genetic or protein engineering, this technique could be used to
print completely new, living materials for bio-engineering applications in biotechnology, medicine, or
civil engineering.

Results and discussion

The Biolinker, a cost-effective 3D printer for bacteria

In order for engineered biofilms to serve as living materials for engineering applications, precise
control over biofilm spatial patterning is needed, which can be achieved by 3D printing. 3D printers
built or refitted for high-resolution cell printing have previously been developed successfully&20:2930,
Here, we aimed at building a 3D printer (“The Biolinker”) that could serve both as a scientific
instrument and as an educational tool, while being cost-effective and consisting of easily obtainable
parts. Modular toy construction systems such as Lego or K'NEX are inexpensive and known to many
students from their own childhood, and their component pieces are frequently already available to
educators, potentially further lowering the price. We developed the Biolinker using K’NEX parts, since
K’NEX offers many combinable pieces for building structures with moving parts, such as beams,

connectors, gears, chains, and DC motors.

We assembled K’NEX parts to build a frame containing a printhead located overtop of a 2D-stage,
which can hold printing substrates. The K’'NEX structure was combined with standard electronic
components allowing for the controllable motion of the printing stage (Figure 1a). While commercial
3D printers typically use stepper motors to actuate the stage, we employed K'NEX DC motors for the
ease of interfacing the motors with the K’'NEX frame. The chains connecting the stage to the motors
must be installed under sub-maximal tension to prevent breaking the connections between the
K’NEX parts of the stage frame, which leads to a delay of about 1 s between switching on the motor
and the start of the stage movement (Supporting Figure 1). This delay can be compensated for by
delaying the start of the pump that extrudes the bacteria. The speed and direction of rotation of the
stage motors and the pump are controlled in an automated, coordinated manner by two Arduino
boards, and commands are sent by an external computer running our self-written control software.
For improved spatial precision of bacterial deposition, ultrasound sensors report to the control
software on the stage position in both the x- and y-directions.

In order to 3D print with bacteria, we need an extrusion mechanism that is non-lethal to cells. In
accordance with our aim of affordability, we constructed a DIY peristaltic pump by using publicly
available design specifications. This peristaltic pump moves liquids through the printhead (Figure 1b)
with precise control over the extrusion flow rate (Supporting Figure 2). However, without a shape-
preserving agent that transforms the extruded liquid into a gel, the printed shapes would quickly lose
resolution upon spreading of the liquid on the substrate surface. The Biolinker pump thus extrudes
“bioink,” which is a mixture of bacteria, liquid growth medium, and alginate. Agar plates serve as
printing substrates. Prior to printing, a calcium chloride solution is spread onto the plates. Upon
printing of the bioink onto the calcium-impregnated printing surface, the alginate molecules of the
bioink complex with the calcium ions, polymerizing the bioink into a solid hydrogel that holds the
bacteria in place®.



The Biolinker allows for the printing of simple bioink shapes in 2D (outlines or filled), e. g. rectangles,
triangles, or even letters such as “T” or “U” (Figure 1c). Printed 2D shapes can be extended into
layered 3D shapes after manually raising the syringe tip of the printhead. Different line widths can be
produced by changing the pumping speed, allowing a minimum line width of approximately 2 mm
(Figure 1d). While the pump can run arbitrarily slowly, a minimum flow rate of approximately

0.33 mL/min was required to produce continuous printing. The width of a multilayered line increased
fractionally with each layer added, by an average of approximately 14% (Figure 1d). This increase in
width is likely caused by a decrease in calcium ion concentration with higher distance from the
printing substrate, allowing the printed bioink to spread out for a longer period of time before
gelation occurs. Along the length of printed lines, the width can vary due to different distances
between the syringe tip and the agar surface since it is difficult to produce agar plates with
completely level surfaces (see thinner sections in Figure 1c).

The Biolinker combines classical engineering, electronics, and biology in a cost-effective DIY manner,
making it an interdisciplinary educational tool. Toy kits such as K’'NEX or Lego have already been used
successfully at the school- and university-level to enable the hands-on teaching of natural science
subjects or architecture3¥32, Excluding the external computer, the components of the Biolinker cost
about €350 (of which €220 for non-K’NEX parts), making it, to our knowledge, the cheapest 3D
printer for cells to date. All printer experiments in this work were performed with the Biolinker, but
for applications requiring higher precision, the K'NEX components could easily be replaced with a
commercial, albeit more expensive, DIY 3D printing kit%.

Bacteria can survive for extended periods of time in alginate gels

In order to produce printed biofilms, the deposited bacteria have to survive in the alginate gels for
extended periods of time to allow for biofilm formation. Furthermore, depending on the application,
the generation of bacterial products should be sustainable over a longer duration and controllable
with chemical inducers added to the printing substrate. When printing multiple stacked layers of
bioink on a calcium-containing substrate, we saw gelation of the ink within seconds for the first layer
and up to 5 minutes for the fifth layer, showing that calcium ions can diffuse freely from the
substrate to the upper layers. To investigate whether printed bacteria can also be furnished
effectively with nutrients and inducers diffusing from the printing substrate, we printed bacteria
expressing an inducible blue fluorescent protein onto LB-agar plates. The agar contained the
appropriate inducer for production of the fluorescent protein, while the bioink contained none. We
monitored the fluorescence of the bacteria-containing gel over a timespan of two weeks using
confocal microscopy, revealing robust fluorescence during the first week after the printing
(Supporting Figure 3). This result demonstrates that gene expression in printed bacteria can be
controlled by inducers present in the substrate.

To gauge the effect of gel encapsulation on bacterial survival, we determined the number of colony
forming units (CFU) in printed bioink over a time span of 12 days by dissolving samples with citrate
solution and incubating on LB-agar plates (Figure 2). In order to compare the viability in gel cultures
to liquid cultures, we also printed bioink onto LB-agar plates that did not contain calcium, so that
gelation was not triggered. Prior to CFU determination, these liquid cultures were treated with either
citrate or PBS, allowing for observation of the influence of the citrate treatment on viability. The
number of colony forming units in gels remained stable within approximately one order of
magnitude for 7-8 days after printing before declining sharply. Liquid cultures showed the highest



number of colony forming units one day after the print, after which the number of CFUs declined to
approximately the level of the gel samples. The viability of these liquid cultures remained stable at a
level comparable to the gel cultures for the following 6 days before dying off. Citrate-treated cultures
consistently showed fewer CFUs than non-treated ones, suggesting a mildly toxic effect from the 10-
minute citrate treatment.

From the fluorescence and viability experiments, we conclude that, in this setup, printed bacteria are
useful for experimentation and applications for roughly one week after printing. The main limiting
factors of bacterial survival are likely nutrient depletion, accumulation of waste products, and drying
of the gels and plates. Drying can be delayed by sealing the plates with plastic wrap and
supplementation of water. If bacteria would have to be kept alive in bioink gels for a longer time,
fresh nutrients could be supplied and waste products could be removed by submerging the printed
gels in growth medium, supplied with calcium chloride to avoid gel dissolution?!.

Bacteria can be 3D printed in discrete layers
Depending on the application, printed 3D structures should retain their layering, and only minimal
mixing of bacteria should occur between the layers. In order to observe the mixing behavior of
structures printed with the Biolinker, we printed a layer of bioink containing yellow fluorescing
bacteria on top of a layer of bioink containing blue fluorescing bacteria. To facilitate imaging, a glass
coverslip served as the printing substrate instead of an agar plate. After each printing cycle, we
added calcium chloride solution to solidify the alginate in the bioink. Thirty minutes after
solidification of the second layer, we imaged the printed material along the z-axis using fluorescent
confocal microscopy (Figure 3a-c). Quantification of the distributions of the different colors of
bacterial fluorescence revealed that the bacteria mixed on a stretch of approximately 16 pum along
the z-axis (maximum to maximum, Figure 3d). When the bioink layers were not solidified with
calcium ions, the two types of bacteria were thoroughly intermixed, and a 3D structure failed to form
(Figure 3e). The alginate bioink chemistry is thus an essential prerequisite to produce layered 3D
structures. Therefore-thecalcium-alginate bioink-chemistry allows the Biolinkerto-printpatte

CsgA expression is rate-limiting for curli formation
In order to 3D-print biofilms using the Biolinker, we wished to engineer our printed cells to inducibly

overexpress curli fiber proteins. Curli fibers are constructed outside the cell from CsgA monomers?*,
Each fiber is attached to a CsgB outer membrane protein®. We applied a mathematical modeling
approach to determine whether both CsgA and CsgB would need to be overexpressed in order to
promote robust, inducible curli fiber growth. We used a simple kinetic model to estimate the growth
rate of the fibers, from which we could estimate the extracellular CsgA production rate r. We have:
am P M M
—=n —_— j— ,
dt Ym u
ac _ k:M Cc C—k.C
dt — it )/C H e“-
r=k,.C

where M and C are the number of csgA mRNA and CsgA protein molecules per cell, n the copy
number of the (plasmid containing the) csgA gene, P the promoter activity, ym and yc the degradation



rate of csgA mRNA and CsgA protein, u the growth rate of the cells, k; the translation rate, and k. the
CsgA export rate constant, which we assumed to be constant since the CsgA transporter CsgG is ATP-
independent3. Under steady-state conditions, the time derivatives and the growth rate are equal to
zero. We then solved for the extracellular CsgA production rate as a function of the promoter activity
and the various constants:

k., nk; nk;
r = P =
ke +ve vu Ym

where we made the approximation that the export rate constant is significantly larger than the
degradation rate of CsgA protein. We estimated the CsgA production rate by adding a GFP reporter
to a rhamnose-inducible CsgA construct and measuring the steady-state bacterial fluorescence upon
rhamnose induction (see Supporting Information). For a rhamnose concentration of 0.2%, we
determined an extracellular CsgA production rate of 2 molecules per second for a cell, with n = 200
copies of the csgA plasmid. When we raised the rhamnose concentration to 0.5%, the production
rate increased to 3 molecules per second. Since the number of CsgB anchors on the outer membrane
is in the range of 102 — 103 3* we concluded that the CsgA production is the rate-limiting step for the
curli formation and that placing the csgA gene behind an inducible promoter will allow us to control
the curli growth rate.

Biofilm formation can be controlled by exogenous expression of CsgA

Our modeling results suggested that control over biofilm formation can be achieved by genetic
control of the csgA gene alone, while all other proteins involved in biofilm formation can be left
untouched. To validate this result experimentally, we transformed a csgA knockout strain (E. coli
AcsgA) with either a plasmid for inducible expression of CsgA or a control plasmid without the csgA
gene. Due to the lack of genomically-encoded CsgA, these strains are not able to form biofilms
naturally®®. We tested these strains for biofilm formation in a microtiter plate assay®. Overnight
bacteria cultures were diluted 1:100 with LB medium and grown in 96-well microtiter plates for five
days at room temperature in the presence of the inducer rhamnose or the non-inducing sugar
glucose. Planktonic cells were washed away, and remaining biofilm was stained with Crystal Violet.
The Crystal Violet dye was then dissolved in ethanol and detected via optical density at 595 nm. For
both strains, we measured a significantly higher amount of biofilm when the bacteria were grown in
the presence of the inducer (Mann-Whitney U-test, p < 0.0005). Bacteria not expressing CsgA
showed a 20% increase in biofilm formation in the presence of the inducer, while bacteria containing
the plasmid for CsgA production showed a robust 131% increase in biofilm formation upon induction
(Figure 4). These results confirm that our plasmid encoding for inducible control of CsgA expression
alone was indeed sufficient to induce the formation of engineered E. coli biofilms in solution.

CsgA-expressing bacteria allow the production of patterned biofilms

In order to create useful model biofilms, printed bacteria should form a biofilm-like structure in the
alginate matrix that stably links the printed bacteria cells together, even when the alginate is
dissolved. The gelation process of alginate is reversible; calcium can be washed out or removed by
strong calcium-complexing agents such as citrate, dissolving the gels®’. To test the efficiency of
dissolution of 3D printed alginate gels, we printed samples with different numbers of layers onto
agar plates and compared their weight before and after dissolution with sodium citrate (Figure 5).
We observed dissolution of 82.1% + 7.9% (SD) of one-layered gels, 96.5% + 1.1 % of three-layered



gels, and 96.8% * 2.1% of five-layered gels, indicating that printed alginate gel can be dissolved
nearly completely.

If our printed E. coli cells were able to efficiently form curli fibers in an alginate matrix, we would
expect that the fibers would stabilize the matrix and take over the role of the alginate, keeping the
cells in place upon dissolution of the alginate gel. To test the effect of CsgA expression, E. coli AcsgA
containing either a plasmid for constitutive GFP expression, or a plasmid for constitutive GFP as well
as inducible CsgA expression, was added to bioink and printed onto LB-agar plates containing the
inducer rhamnose. The bioink was incubated for three days to allow for curli production, and then
the total fluorescence of the plates was measured. Subsequently, the alginate gels were treated with
sodium citrate solution for an extended period (2 hours) to thoroughly dissolve the alginate matrix,
and the total fluorescence of the plates was measured again (Figure 6). Before citrate treatment,
both printed gels showed strong fluorescence of similar intensity. After citrate treatment, the total
fluorescence of the plate containing printed bacteria lacking CsgA had decreased significantly (paired
t-test, t(9) =-13.2, p < 0.0005), indicating that the bacteria had been largely washed away. In
contrast, the fluorescence intensity of plates containing printed CsgA-expressing bacteria was not
significantly affected by the citrate treatment (¢(9) = -1.75, p = 0.114). Although this harsh, extended
citrate treatment resulted in a significant decrease in bacterial viability (Supporting Figure 6,
independent samples t-test, t(10) = 6.44, p = 0.01), removal of printed alginate gel for engineering
applications could be achieved through milder and less cytotoxic strategies such as the use of lower
citrate concentrations, alternative chemicals such as EDTA, or submersion of the gel in low-calcium
solutions.

To measure the physical stability of printed E. coli in a fluorescence-independent manner, we
measured the optical density of citrate solutions used for bioink dissolution in order to detect the
release of bacteria from printed bioink gels. Following citrate treatment of bioink gels containing
CsgA-deficient bacteria, we found that the citrate solution had a mean optical density of 9.2 + 1.0
(S. D.), which was approximately 50 times higher compared to citrate solutions used to treat bioink
gels containing CsgA-expressing cells (Supporting Figure 7, Mann-Whitney U-test, p = 0.004). These
data indicate that CsgA-deficient cells were released into suspension in large numbers due to the
citrate treatment, while CsgA-expressing cells were stably and homogeneously anchored within the
bioink gel. These results show that curli fibers can take over the function of alginate as fixation
agents for printed bacteria, while at the same time mimicking the extracellular matrix of certain
natural E. coli biofilms.

We next tested whether CsgA expression would allow our printed bacteria to retain a specific
spatially patterned shape. We printed parallel stripes of bioink containing E. coli expressing CsgA, as
well as stripes of bioink containing E. coli not expressing CsgA. After incubation for three days to
allow the production of curli fibers, we attempted to dissolve the stripes with a sodium citrate
solution. Stripes of bioink containing CsgA-producing E. coli maintained their striped pattern (Figure
7a, b, upper panels; Supporting Figure 8), while stripes of CsgA-deficient cells dissolved gradually
from the bioink gel surface towards the printing surface until they were largely obliterated (Figure 7c,
d, upper panels; Supporting Figure 8). When imaging printed bioink gels using confocal microscopy,
we found the bacteria of both genotypes arranged in clusters of varying sizes, ranging from
approximately 5-35 um in length along the longest axis (Figure 73, c, lower panels). Following citrate
treatment, bioink containing CsgA-expressing bacteria appeared more homogeneous than before



treatment, with fewer apparent bacteria clusters (Figure 7b, lower panel). Citrate-treated bioink
containing CsgA-deficient cells had retained only a small number of cells directly in contact with the
agar surface (Figure 7d, lower panel). The formation of bacteria clusters seen in untreated bioink
might have been caused by microcolony growth under spatial constriction by the alginate gel or the
developing curli network, with larger clusters potentially arising from the merging of smaller,
neighboring clusters. The more homogeneous distribution of cells in citrate-treated bioink containing
CsgA-expressing cells may have been due to a loss of integrity of the printed gel following alginate
removal, so that the pressure of a microscope cover slip might have introduced imaging artifacts by
disturbing the microstructure of the film. In conclusion, these results show that printed engineered
biofilms of E. coli can remain stably spatially patterned on a macroscopic level even when treated
with a strong gel-dissolving agent.

Conclusion

We have developed a new method for 3D printing of stable, patterned bacterial biofilm-inspired
materials. While our engineered biofilms do not reproduce every feature of natural biofilms, our
method allows for precise control over certain biofilm characteristics, such as spatial arrangement,
species composition, and bacterial density. 3D printing could be used to produce standardized,
reproducible biofilms for the evaluation of protective anti-biofilm coatings on medical devices, or for
the testing of treatments against curli-forming pathogens. Further research is required to establish
which features of biofilms of curli-forming bacteria are reproduced by our artificial biofilms, and how
printed biofilms compare to other biofilm model systems such as the Calgary biofilm device and
others?®3, Schaffner et al. have demonstrated that oxygen limitation impacts the metabolic activity
of bacteria in 3D-printed gels®®. To deal with limitations in nutrient and oxygen supply, 3D printing
could be used to arrange bacteria in combination with water channels, such as those found in natural
biofilms3°. We would like to note that while we did not observe the emergence of bacteria sub-
populations in printed bioink, our results do not necessarily preclude physiological heterogeneity of
the cells.

An important feature of 3D printing not available in other biofilm fabrication methods is the
possibility to print and arrange different types of bacteria in a controlled fashion in 3D space.
Synthetic microbial consortia are increasingly used to investigate bacterial interactions or to create
complex synthesis pathways spanning several distinct types of bacteria*®*2. The controlled spatial
arrangement of these interacting bacteria groups could lead to further optimization in interaction-
dependent processes®®, for which 3D printing has already been shown to be a promising tool*. In
foundational research, biofilms can be modeled as layered structures to account for biofilm
heterogeneity®. 3D printing of biofilms in layers according to model parameters could be a way to
validate these models. Finally, curli fibers functionalized with peptide tags®>*® have recently emerged
as new tools for the production of new nanomaterials®’, with diverse potential applications such as

3548 or bioremediation®. 3D printing could make a valuable contribution to these

electronics
approaches by providing a means of patterning and scale-up of materials production to the micro-

and macroscale.

Methods

Chemicals were purchased from VWR Netherlands or Sigma Netherlands unless otherwise indicated.



Bacterial strains, plasmids, and culture
Escherichia coli MG1655 PRO AcsgA ompR2343>°°, henceforth called E. coli AcsgA, served as the
experimental strain for experiments with inducible CsgA expression.

Liquid cultures of E. coli Top 10 and E. coli AcsgA cells were grown at 37 °C under continuous shaking
in LB medium unless otherwise indicated. When carrying plasmids, appropriate antibiotics were
added to the growth medium (25 pg/mL ampicillin, 25 pg/mL kanamycin, 34 pug/mL
chloramphenicol). For chemical induction of genes, inducer concentrations were 1 mM IPTG,

50 ng/mL anhydrotetracycline, and 0.2% (w/v) or 0.5% (w/v) rhamnose or 0.5% (w/v) glucose (for
non-inducing conditions).

Plasmid AM420 is a p15A-derived plasmid carrying an ampicillin resistance gene, a constitutively
expressed lacl gene, and the gene for the blue fluorescent protein Cerulean (gene sequence
originally from pzS2-123°!, Addgene plasmid # 26598) behind an IPTG-inducible lac UV5 promoter>2.

Plasmid AM421 is a pSC101-derived plasmid carrying a kanamycin resistance gene, a constitutively
expressed tetR gene, and the gene for the yellow fluorescent protein mVenus (gene sequence
originally from mVenus N1°3, Addgene plasmid # 27793) behind an anhydrotetracycline-inducible
promoter,

Plasmid pSB1C3 is the standard iGEM shipping backbone, which contains a ColE1 origin and a
chloramphenicol resistance gene. The copy number per cell is between 100 and 300 copies
(http://parts.igem.org/Part:pSB1C3).

Plasmid BBa_K1583112 was assembled from pSB1C3 and a rhamnose-inducible promoter from
BBa_K914003 which controls the csgA gene from BBa_K1583000 and the GFPmut3b°> gene from
BBa_E0040.

Plasmid AM401 was constructed by inserting the biobrick BBa_120270 (encoding for GFP behind a
constitutive promoter) into plasmid pSB1C3.

Plasmid AM404 was assembled by inserting the BBa_120270-part of AM401 into BBa_K1583100
(plasmid pSB1C3 containing a rhamnose-inducible promoter followed by the csgA gene).

Sequences of plasmids constructed in this work are accessible online (Supporting Table 1). iGEM
plasmid sequences (plasmids pSB1C3 and BBa_ plasmids) can be found in the iGEM Registry of
Standard Biological Parts (http://parts.igem.org).

The Biolinker

The frame and stage of the Biolinker were built from various K’NEX and electronic parts (Supporting
Tables 2, 3), including two 5 V DC K'NEX motors to move the stage along the x- and y-axes
(Supporting Table 4, Supporting Figure 1). These K'NEX motors must run at full speed in order to
produce enough torque to prevent unexpected stalling of the stage. The motors are controlled by an
Arduino Mega 2560 equipped with an Adafruit Motor Shield (V1). The Biolinker is controlled by
sending commands in the form of G-codes (Supporting Table 5) via a USB serial interface from a
computer. A graphical user interface (GUI) was programmed in Processing. Source codes for the
Arduino drivers and the GUI have been deposited on Github
(https://github.com/dominikschmieden/biolinker).



The senders and receivers of ultrasound sensors (HC SR-04) were detached, connected to their
original circuit boards by cables, and attached facing each other to the stage and the frame. This
modification allows direct transmission of the ultrasound signal from sender to receiver without
reflection on a surface. This setup was used to determine the position of the stage in x- and y-
direction.

The printhead consists of a syringe tip (Sterican, 19G x 1.5") glued to a K’NEX holder in a central
position above the stage’s area of movement. The tip was blunted by shortening with pliers and filing
down to the un-deformed region of the tube. Bioink is pumped through silicon tubing (VWR DENE
3100103/25, 1 mm inner diameter) by an open-source peristaltic pump
(http://www.thingiverse.com/thing:529863). The pump rotor and stator were 3D-printed with a
Form 1+ 3D printer (Formlabs). The pump stepper motor is controlled by a separate Arduino Uno
board and a DRV8824 motor control chip. Commands from the Arduino Mega board to the pump
board are sent via the SCA/SCL ports.

Bioink preparation

Bioink was prepared by growing bacteria overnight in 50 mL LB medium with appropriate antibiotics
and inducers, then centrifugation for 5 min at 3600 x g. The cell pellet was re-suspended in 10 mL LB
medium and 10 mL sodium alginate (3% w/v). Sodium alginate solutions were heated to their boiling
point three times after production and stored at 4 °C to prevent the growth of contaminants. For
experiments without bacteria, alginate solutions were dyed with 5 mg/mL of Methylene Blue prior to
printing to allow imaging and measurements.

Printing substrates

The printing of bacteria was performed on LB-agar plates (1% w/v), supplemented with appropriate
antibiotics and inducers. Liquid agar was poured into plates standing on level surfaces to promote a
level agar surface after cooling. Plates were dried overnight at room temperature with the lid half-
open. To allow alginate gel solidification, a solution of 0.1 M CaCl, was spread on the plates prior to
printing (1 mL for diameter=135 mm plates, 444 uL for diameter=90 mm plates). CaCl, was added to
solid rather than to liquid agar since addition immediately before printing resulted both in better
alginate gelation during the printing process, as well as better dissolution of the alginate gel in
calcium removal experiments. For experiments without bacteria, printing substrates were prepared
by dissolving 1% agar in water. After pouring, solidification, and drying, the CaCl, solution was spread
on the plates as described above.

Characterization of line widths

The width of alginate gel lines printed with the Biolinker was determined by printing dyed alginate
onto agar plates (1% in H,0) along the printer’s y-axis at different speed settings. Between prints of
different layers, the plates were incubated at 4 °C for 10 min to allow for gel solidification while
limiting dye diffusion into the agar. After printing, the plates were imaged, and the layer width was
measured at fixed-distance intervals along the lines.

Confocal microscopy

Bioink gels were imaged with a Nikon A1* fluorescence confocal microscope (For analyzing spatial
separation in the z-direction: magnification 200x, 1.95 um Z direction step size, excitation
wavelengths 457/514 nm, detected wavelengths 482/540 nm for Cerulean and mVenus, respectively.



For imaging of bacteria spatial distribution within printed bioink stripes: magnification 1000x, oil
immersion, excitation wavelength 488 nm, detected wavelength 540 nm for GFP). Quantification of
fluorescence along the Z-axis was performed image by image with the software ImageJ®®.

Print and microscopy of layered bioink structures

Bioink was prepared containing Top10 strains carrying plasmids AM420 (inducible Cerulean) or
AMA421 (inducible mVenus, 5 mL overnight culture with inducers, 500 uL LB medium, 2 mL 2% (w/v)
alginate). Bioink containing AM420 was printed with the Biolinker (extrusion speed 1.6 mL/min) onto
an oxygen plasma-treated glass coverslip (30% power for 25 s, Plasma Preen 1) and solidified by
application of 5 M CaCl, solution with a pipette on the edges of the alginate gel, allowing for slow
diffusion into the gel from the sides without disturbing the gel structure. Before deposition of the
second layer of bioink, unbound CaCl, was removed by flushing the slide with at least 100 mL of tap
water. A second layer of bioink containing AM421 was then generated on top of the first layer, using
the same technique. The coverslip carrying the gel was placed on a microscope slide, and the gel was
sealed with nail polish. Solidification steps with CaCl, were omitted in the non-gel control. Imaging by
confocal microscopy was performed 30 min after solidification of the second layer.

Biofilm formation upon expression of CsgA in microtiter plates

Biofilm formation was measured with a microtiter plate assay®®. E. coli AcsgA carrying plasmids
AMA401 (constitutive GFP) or AM404 (constitutive GFP and rhamnose-inducible CsgA) were grown
overnight at 37 °C with shaking at 250 rpm in LB medium supplemented with 34 pg/mL
chloramphenicol. Cultures were then diluted 1:100 into 200 pL LB low salt medium (10 g/L tryptone,
5 g/L yeast extract, supplemented with 0.5% (w/v) rhamnose or glucose and 34 pg/mL
chloramphenicol) per well of 96-well transparent, flat bottom microtiter plates (Greiner Bio-One
655185). Plates were incubated at 30 °C for five days in a sealed container (with a layer of water
below the plates to prevent drying out) to allow biofilm formation. Planktonic cells were removed by
washing the plates three times via submerging in tap water and shaking off of the water. Biofilms
were stained with 210 pL/well Crystal Violet solution (0.1% w/v in water) for 15 min at room
temperature. The dye was removed and the wells washed another three times with water. Residual
water was removed by tapping the inverted plate vigorously onto paper towels and air drying. The
wells were then filled with 200 uL/well 99% ethanol, covered, and incubated at room temperature
for 15 min with shaking at 30 rpm. 100 uL of the ethanol solution was transferred from each well to a
new microtiter plate, and O. D.sso was measured with a Tecan Infinite M200 Pro plate reader. The
data were analyzed with Mann-Whitney U tests (see Supporting Information).

Alginate gel dissolution

Calcium ion-permissible dialysis membranes (Spectra/Por 2 Dialysis Tubing, 12-14 kD MWCO,
Spectrum Europe B.V., The Netherlands) were placed onto agar plates (1% in H,0), and the Biolinker
was used to print a layer of 2% alginate onto the membrane. After solidification of the alginate,
additional layers of alginate were printed on top. For 5-layer samples, 1 mL of CaCl; solution was
layered onto the gels after 3 layers.

To determine gel mass before and after dissolution, the membrane with the alginate gel was lifted
off the agar plate, dried briefly with paper tissues, weighed, and replaced onto the dish. The gels
were then submerged in 30 mL 0.1 M sodium citrate (adjusted to pH = 7 with NaOH) and incubated



at room temperature on a rotary shaker at 30 rpm for 30 min. After incubation with sodium citrate,
the membrane was lifted off again, dried, and weighed as before.

Bacterial survival in printed bioink

Bioink was prepared containing E. coli AcsgA transformed with plasmid AM401 (constitutive GFP).

2 mL of this bioink was printed onto LB-agar plates (30 mL LB agar per plate, supplemented with
chloramphenicol and CaCl,). The plates were sealed with plastic wrap to reduce evaporation and
incubated for twelve days at 37 °C. 1 mL of deionized water was added daily to all samples and
spread evenly over both the agar and the bioink gel to compensate for the evaporative loss of liquid.
No change of water level over the duration of the experiment was observed, so no dilution was
assumed. Samples of the gel were taken with a scalpel at different time points. Due to the greater
stability of the agar substrate compared to the bioink gel, the bioink could be removed without agar
contamination. The extracted gels were weighed, and gel mass was correlated with pumped volume
via a pre-determined calibration curve. The gel samples were transferred into 0.5 M sodium citrate
solution (pH 7 with NaOH) and adjusted to a concentration of 50 pL pumped bioink per 1 mL gel-
citrate mixture. The gels were dissolved by incubation for 10 min at room temperature with
occasional vortexing and serially diluted with phosphate-buffered saline (PBS) in 1:10 increments.
Samples from these dilutions were plated onto LB plates and incubated overnight at 37 °C. Colonies
were counted to determine colony forming units per microliter of pumped bioink.

To investigate the influence of gelation and 10-minute citrate treatment on bacterial survival, 2 mL of
bioink was printed as described above, but onto substrate plates containing no CaCl,, leading to a
liquid culture on top of the agar surface. These plates were incubated and supplied with water in the
same way as the gel samples. Samples were removed by shaking the plates for 1 h at 100 romon a
rotatory shaker following water addition to re-suspend any sedimented bacteria, and 50 pL of the
solution was transferred into 950 plL PBS or into 950 uL 0.5 M sodium citrate solution. After
incubation for 10 min, serial dilutions of the samples were prepared and plated as described for the
gel samples.

To determine the effect of a two-hour citrate treatment on bacterial survival, 2 mL of bioink
containing E. coli AM401 (constitutive GFP) was printed onto LB-agar plates containing CaCl,
(resulting in a bioink gel) or not (resulting in a liquid culture on the agar surface). After 3 days of
incubation at 37 °C, 20 mL of 0.5 M sodium citrate solution (pH 7 with NaOH) was added to the
bioink gel, and 20 mL of PBS was added to the liquid culture. The plates were incubated for 2 hours
on a rotatory shaker at 60 rpm to dissolve the bioink gel. 50 uL of the solution was transferred into
950 uL PBS. After incubation for 10 min, serial dilutions of the samples were prepared and plated as
described above.

Biofilm formation in alginate gels

Bioink was prepared containing E. coli AcsgA transformed with AM404 (constitutive GFP, rhamnose-
inducible CsgA) or E. coli AcsgA with plasmid AM401 (constitutive GFP). For the bacteria-free control,
only LB medium, alginate, and rhamnose were mixed.

This bioink was printed in a filled, single-layer polygon shape (extrusion speed 2.3 mL/min) onto LB-
agar plates (supplemented with CaCl,, 0.5% rhamnose, and chloramphenicol). The plates were
incubated for three days at room temperature in darkness. Plate fluorescence was measured with a



GE Typhoon Trio fluorescence scanner (excitation wavelength 488 nm, PMT 450 V, emission filter 520
BP 40, high sensitivity) and averaged over the printed area. The alginate gel was dissolved by the
addition of 20 mL 0.5 M sodium citrate (adjusted to pH = 7 with NaOH) for 2 hours with 30 rpm
shaking at room temperature in darkness. The liquid was discarded, and plate fluorescence was
measured again as before. The significance of differences was analyzed with paired t-tests (see
Supporting Information).

Release of bacteria into citrate solution

Bioink was prepared containing E. coli AcsgA transformed with AM404 (constitutive GFP, rhamnose-
inducible CsgA) or E. coli AcsgA with plasmid AM401 (constitutive GFP). For a bacteria-free control,
only LB medium, alginate, and rhamnose were mixed.

Identical parallel lines of these bioinks were printed onto LB-agar plates (supplemented with CaCl,,
0.5% rhamnose, and chloramphenicol). The plates were incubated for 8 days at room temperature,
after which the gels were submerged in 10 mL 0.5 M sodium citrate solution (adjusted to pH = 7 with
NaOH) for 2 hours with 30 rpm shaking at room temperature. Samples of the liquid were taken, and
the optical density at 600 nm determined with an Ultrospec 10 Cell Density Meter (Biochrom, US).
20x dilutions of CsgA(-) samples were measured to reach measurements of O. D.go < 0.5. The mean
0. D.go0 Of cell-free bioink (0.02) was subtracted from the O. D.¢qo values of the other bioinks.

Supporting Information

The Supporting Information contains a list of g-codes, printer components, printer building
instructions, electrical schematics, measured stage characteristics, further modeling explanations,
statistical tests, and plasmid information.
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Figure 1. The Biolinker: a 3D printer for bacteria built with K’'NEX and electronic parts. (a) Printing
stage with frame seen from above, Mx: motor x-axis, My: motor y-axis, Ch: chain, Ps: printing
substrate, Ph: printhead, St: printing stage, Fr: frame, Rx: receiver of x-axis ultrasound sensor.
Double-headed arrows indicate axis orientation. (b) Printer pump and print head, Pp: peristaltic
pump, Ph: printhead (detached), Pc: pump controller, Ar: Arduino board. Arrows indicate flow
direction. (c) Bioink containing green-fluorescing bacteria printed with the Biolinker onto an LB-agar
plate. (d) Lines containing up to five layers of alginate gel were printed onto agar plates with three
different extrusion speeds. Error bars represent the standard deviation.
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Figure 2. Bacteria in bioink gels remain viable for 7-9 days. Bioink containing E. coli AM401
(constitutive GFP) was printed onto LB-agar plates either supplemented with CaCl,, to create
solidified bioink gel (blue line), or without CaCls, to keep the bioink in liquid form on the agar surface
(red and green lines). Bioink samples were incubated at 37 °C for 12 days, during which samples were
taken and colony forming units determined. Prior to CFU determination, gel samples were dissolved
by treatment with sodium citrate solution, and liquid samples were either treated with citrate (green
line) or PBS (red line). Shaded areas represent the standard deviations, shown with a lower boundary
ofl.n=3.
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Figure 3. The Biolinker can print bacterial layers with spatial separation in the z-direction. A layer of
bioink containing blue fluorescing bacteria was printed on a glass coverslip, followed by a layer of
bioink containing yellow fluorescing bacteria. The interface between the layers was examined by
confocal microscopy. (a-d) The bioink was solidified with Ca?* after each printed layer. (a) Composite
image of blue and yellow detection channels. (b) Blue channel only. (c) Yellow channel only. (d)
Fluorescence per area of (a) measured along the z-axis for each channel separately. (e) Bioink layers
were printed and imaged as in (a) but without the addition of Ca?* ions (composite image). Scale bars
are 100 pm.
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Figure 4. E. coli AcsgA forms biofilms in solution when induced to express CsgA. E. coli AcsgA
expressing GFP (red) or GFP and rhamnose-inducible CsgA (blue) was grown for five days in the
presence or absence of the inducer rhamnose and stained with Crystal Violet. Crystal Violet staining
was detected by measuring absorption at O. D.sgs with a spectrophotometer. *** = significant
difference (p < 0.0005), error bars represent the standard deviation, n = 64.
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Figure 5. Sodium citrate can dissolve multi-layer printed alginate gels. Alginate (2% w/v) solutions
were printed in varying numbers of layers with the Biolinker onto agar plates and allowed to form
gels. The alginate was then submerged in 0.5 M sodium citrate. Dissolution efficiency was
determined by weighing. Error bars represent the standard deviation, n = 3.
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Figure 6. Printed bacteria that express CsgA are protected from alginate gel dissolution. Bioink was
printed onto LB-agar plates and allowed to solidify. We printed bioink containing no bacteria (red
bars), E. coli expressing only GFP (blue bars), or E. coli expressing both GFP and CsgA (green bars).
The bioink gels were dissolved, and the average plate fluorescence both before and after dissolution
was measured with a fluorescence scanner. * = significant difference (p = 0.014), *** = significant
difference (p < 0.0005), n. s. = non-significant difference, error bars represent the standard deviation,
n=10.
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Figure 7. 3D-printed E. coli that express CsgA form patterned biofilms that are resistant to the gel-
dissolving agent citrate. Bioink containing E. coli AcsgA either expressing GFP and CsgA (a, b) or only
GFP (c, d) was printed in parallel lines by the Biolinker onto LB-agar plates and allowed to solidify.
After incubation for three days at room temperature, the plates were treated with 0.5 M citrate for
2 h to dissolve the alginate gel. (upper row) Macroscopic images depicting the entire petri dish.
(lower row) Representative confocal images, scale bars are 50 um.
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