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Abstract
Biofilm-associated infections are causing over half a million deaths each year, raising the
requirement for innovative therapeutic approaches. For developing novel therapeutics against
bacterial biofilm infections, complex in vitromodels that allow to study drug effects on both
pathogens and host cells as well as their interaction under controlled, physiologically relevant
conditions appear as highly desirable. Nonetheless, building such models is quite challenging
because (1) rapid bacterial growth and release of virulence factors may lead to premature host cell
death and (2) maintaining the biofilm status under suitable co-culture requires a highly controlled
environment. To approach that problem, we chose 3D bioprinting. However, printing living
bacterial biofilms in defined shapes on human cell models, requires bioinks with very specific
properties. Hence, this work aims to develop a 3D bioprinting biofilm method to build robust
in vitro infection models. Based on rheology, printability and bacterial growth, a bioink containing
3% gelatin and 1% alginate in Luria-Bertani-medium was found optimal for Escherichia coli
MG1655 biofilms. Biofilm properties were maintained after printing, as shown visually via
microscopy techniques as well as in antibiotic susceptibility assays. Metabolic profile analysis of
bioprinted biofilms showed high similarity to native biofilms. After printing on human bronchial
epithelial cells (Calu-3), the shape of printed biofilms was maintained even after dissolution of
non-crosslinked bioink, while no cytotoxicity was observed over 24 h. Therefore, the approach
presented here may provide a platform for building complex in vitro infection models comprising
bacterial biofilms and human host cells.

1. Introduction

It is estimated that biofilm associated infections are
causing half a million deaths each year in the US
alone, with an economic burden of annually $94 bil-
lion [1, 2]. This raises the requirement for novel
therapeutic approaches against biofilm infections.
Bacterial biofilms are populations of bacteria that
live in self-produced protective extracellular matrices
(ECMs) composed of proteins, polysaccharides and

nucleic acids [3]. The ability of many bacteria to
produce biofilms is associated with chronic infec-
tions and antibiotic resistance, thus causing a serious
health burden via a variety of mechanisms [4–6]. Key
aspects include the creation of a penetration barrier
against many antibiotic molecules, an altered chem-
ical microenvironment or subpopulation of micro-
organisms, leading to therapy failures [4, 7]. Biofilms
can form on many different surfaces and tissues [8].
For example, biofilm related lung infection, mediated
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by Pseudomonas aeruginosa (P. aeruginosa) in patients
suffering from cystic fibrosis, is one of the most com-
mon associated diseases [9, 10]. There, the pathogen
forms biofilms on lung epithelium due to impaired
mucociliary clearance [10].

The discovery of novel anti-infective compounds
as well as their subsequent preclinical development
requires robust biofilm models for fast testing pur-
poses. The gold-standard approach is still animal
models, including rats, mice, cats and many more,
which are infected intratracheally or intranasally with
bacteria loaded agar-beads [11]. However, interspe-
cies differences in anatomy, genetics and immuno-
logy show suboptimal properties of animal models
with human pathogenic bacteria in representation of
comparable pathology. In vitro alternatives, ideally
with co-cultures of human epithelial cells and bac-
terial biofilms, exist but are still limited in flexibility
and cultivability.

Anderson et al attempted to cultivate P. aeru-
ginosa biofilms on epithelial lung cells. However,
the cells died rapidly during the biofilm formation
process after 4–6 h [12]. Similar observations were
made by Woodworth et al, who associated acceler-
ated cell death with biofilm production [13]. Another
study indicated that human in vitro cell systems were
more prone to rapid cell death in the presence of
planktonic bacteria due to massive overgrowth, than
in the presence of a pre-established biofilm with
reduced metabolism [14]. Montefusco-Pereira et al
established a model with planktonic bacteria for anti-
infective testing, which was treated 1 h after cell
infection to prevent prompt cell death [15]. More
recent approaches, such as those by Horstmann et al
and Juntke et al involved transferring separately pre-
grown biofilms onto human cell monolayers [16, 17].
By administering antibiotics repeatedly, such mixed
cultures of bacteria and human cells could remain
viable for 72 h under air–liquid conditions.

However, a major drawback of the aforemen-
tioned approaches is the poor control of the trans-
ferred biofilms.

Amethod to shape and transfer biofilms in a con-
trollable manner could be the emerging technology
of 3D bioprinting, a technique to fabricate and shape
living materials like cells inside of hydrogels. This led
to innovations in tissue engineering and regenerat-
ive medicine. Bone tissue [18], cardiac tissue [19, 20],
liver tissue [21], skin tissue [22] and many other
tissues [23] were already bioprinted successfully.
Recently, the approach was applied to bioprint also
living bacteria for different biotechnological and bio-
medical purposes [24, 25], including fabrication of
bacterial biofilms. Spiesz et al and Balasubramanian
et al bioprinted planktonic Escherichia coli MG1655
(E. coli MG1655) in an alginate solution on CaCl2-
Luria-Bertani (LB)-agar plates, which were incubated
for 3–6 d to form a biofilm within the shape [26, 27].

Similarly, Ning et al bioprinted E. coli, Staphylococcus
aureus (S. aureus) and P. aeruginosa biofilms for
antimicrobial testing. Theymixed the planktonic bac-
teria with partially crosslinked alginate and printed
themonplastic surfaces. The biofilmwas then formed
within the printed construct after 5–14 d, depicted via
fluorescence imaging [28]. However, their approach
would not be suitable to print bacterial biofilms on
human epithelial cells, e.g. to mimic a biofilm related
infection model, because if printed on cells directly,
the biofilms are not formed yet and the transfer of the
5–14 d old crosslinked constructs are not optimal for
any fine shapes.

In this work, we demonstrate a novel method to
print biofilms, using E. coli as amodel strain. For that,
we tested and characterized gelatin-alginate hydro-
gels with different polymer concentrations to find the
optimal bioink base for printing bacteria on epithelial
cells. For this purpose, biofilms were firstly grown
in the selected hydrogels and subsequently printed
in different shapes. To assure that biofilm properties
are maintained after bioprinting antibiotic suscept-
ibility assays, metabolic profile analysis and micro-
scopy techniques were performed and compared to
native biofilms and planktonic bacteria. To check cell
biocompatibility and whether biofilms can be shaped
on human in vitro systems, biofilms were printed on
top of confluent human bronchial epithelial (Calu-3)
cell monolayers.

2. Material andmethods

2.1. Bacterial and human cell culture
E. coli MG1655 was selected as a model strain, due
to its ability to form biofilms and its ease of cultur-
ing as a S1 strain. E. coli MG1655 was cultured on
LB-agar plates, streaked from frozen glycerol stocks.
An overnight (O/N) culture was initiated by inocu-
lating a single colony into an Erlenmeyer flask con-
taining 25ml LB-medium (Sigma-Aldrich, Germany)
and incubating it shaking (180 rpm) at 37 ◦C.

Calu-3 cells (HTB-55, ATCC, LGC Germany)
were chosen as an epithelium lung cell model.
They were cultured in minimum essesntial medium
(Gibco, UK) in cell culture flasks (Greiner, Germany),
supplemented with 10% fetal bovine serum (Gibco,
UK), 1% sodium pyruvate (Gibco, USA) and 1%
Non-Essential Amino Acids (NEAA, Gibco, UK).
Cells were kept at 37 ◦C at 5% CO2 and medium was
exchanged every 2–3 d. Passagingwas performedonce
per week.

2.2. Bioink preparation
Gelatin (Bloom 300, Type A, Sigma-Aldrich,
Germany) and sodium alginate (W202503, Sigma-
Aldrich, Germany) were weighed at different concen-
trations in 12 ml of LB medium and stirred at 60 ◦C–
70 ◦C for solvation. Immediately, the solutions were
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Figure 1. Schematic workflow of bioink preparation and bioprinting process of E. coliMG1655 biofilms. An inoculated
gelatin-alginate based hydrogel was pulled into a syringe. Biofilm was grown on piston while being incubated upside down. Three
syringes were pooled and transferred into a cartridge for bioprinting. If required, prints can be crosslinked post-printing with
CaCl2.

sterile filtered (0.45 µm pore size) in 50 ml falcons
and stored at 4 ◦C. For inoculation, the hydrogel was
liquefied at 37 ◦C and 10 ml was transferred to two
sterile vials. The following steps are generalized in
figure 1. An aliquot of E. coli MG1655 O/N culture
was measured for the OD600 and diluted to contain
106 CFU ml−1. A 100 µl of the aliquot was added to
each 10 ml bioink sample. The suspension was briefly
stirred and then 5 ml plus ∼1 ml air were pulled
up into three syringes. Syringes were covered with
sterile parafilm and then incubated upside down
in Erlenmeyer flasks at 37 ◦C for 3 d. During this
incubation period, the biofilm primarily forms on
the surface of the syringe plunger. Then, 4 ml of all
three suspensions above the grown biofilms were dis-
carded carefully by a second empty syringe, pushing
the supernatant up via a female luer lock adapter.
The remaining 1 ml of those three suspensions were
pooled carefully from syringe to syringe, with the
biofilm detaching from the plungers when pushed
out. Then, the bioink was transferred gently to a
sterile cartridge. Subsequently, the bioink was slowly
rotated (3 rpm, Multi-Rotator PTR-35, Grant, UK)
for 3–4 h to prevent sedimentation until the hydrogel
solidifies at exactly 21 ◦C.

As controls, native biofilms and the bioink with
dispersed planktonic bacteria were used. Native
biofilms were prepared by growing 105 CFU ml−1

bacteria in 5 ml LB medium in polystyrene 6-well
plates for 3 d at 37 ◦C, covered with parafilm. In
the case of bioink with planktonic bacteria, the cell
amount was maintained equal by determining the
CFU of the biofilm bioink before. For that, 85 mg
of the bioink was solved in 1 ml PBS, vortexed for

10 min (to detach clumps) and plated on LB-agar
plates via serial dilution in PBS. A CFU ml−1 of
1010 was then calculated by the bioinks density
(957.3 ± 0.9 mg ml−1 via weighing). Then, an E. coli
MG1655 O/N culture (O/N stirred→ avoids biofilm
aggregations) was concentrated twice by centrifuga-
tion at 5000 rpm and the pellet was resuspended first
in 2 ml and then in 200 µl (1012 CFU ml−1). Then
100µl was added into two vials filled with 10ml of the
hydrogel at a final concentration of 1010 CFU ml−1.
Thereafter, 5 ml of the bioink was pulled up into a
syringe and transferred to a cartridge via a female luer
lock adapter. The cartridge was then rotated.

Native planktonic bacteria were also dispersed in
LB medium as stated in methods section 2.7.

2.3. Rheological analysis
For rheological characterization ∼100 µl of either
bioink dispersions was transferred from the cartridge
to a syringe via a Luer lock adapter and extruded
on a 20 mm parallel Peltier steel plate of a rheo-
meter (Discovery Hybrid, Waters/TA Instruments,
Germany). All measurements were conducted at
21 ◦C. Oscillation amplitude analysis was performed
at 1 Hz with a range of 0.01%–1000% strain.
Oscillation frequency was performed with 1% strain
from 0.1 to 10 Hz. Flow Sweep was performed with
shear rate ranging from 1 1 s−1 to 100 1 s−1.

2.4. Printability
Printability of bioinks was characterized via a 3D
bioprinter (3D Discovery, RegenHu, Villaz ST-Pierre,
Switzerland). A 25 G needle was mounted to the
cartridges, which were then connected to an air
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pressure source for filament extrusion. To evaluate
printability, a solid construct with five layers was
printed andweighed. For each bioink, the air pressure
was adjusted to achieve a construct weight of 85 mg.
This procedure was repeated for all experiments
to ensure consistent bioink volume extrusion. All
pressure measurements were performed in biolo-
gical triplicates. Additionally, different shapes and
dimensions of prints were fabricated with the selec-
ted bioink, designed via the bioprinter’s specific soft-
ware (BIOCADTM), to show bioprinting versatility.
To obtain a rapid assessment of viability, we printed
bioinks onto LB-agar plates and incubated themO/N
at 37 ◦C.

2.5. Fluorescent microscopy of bacteria
Constructs (two layers to avoid signal reduction in
higher depths) were printed in a 12 well plate and
crosslinked with 2 ml 100 mM CaCl2 for 15 min.
Crosslinking was necessary to prevent shape dis-
ruption during the staining protocol. Afterwards,
the solutions were discarded, and 1 ml of PBS was
added. Then, 3 µl BacLightTM staining solution,
consisting of a 1:1 mixture of SYTO 9 (488 nm
excitation, green emission) and propidium iodide
(490 nmexcitation, red emission)was added. Bacteria
were stained for 15–20 min in the dark. As con-
trols, native biofilms were prepared as described
and stained accordingly with 15 µl BacLightTM

staining solution in the medium to avoid biofilm
disruption. Native planktonic bacteria were pre-
pared as previously described, with 90 µl of the
1010 CFU ml−1 suspension added to 1 ml of PBS
in a 12 well plate. Next, bacteria were stained with
3 µl BacLightTM. Bacteria were then imaged at a
fluorescence microscope (confocal laser scanning
microscope (CLSM), Leica DMi8, Germany), using
a 10× objective (HC PL Fluotar 10×/0.3 Dry, Leica,
Germany) and the LAS X software. Triplicates of
all samples were imaged, each at 2–3 different and
random xyz positions, providing a strong fluores-
cent signal. All images were collected, using equal
parameters, including gain and laser intensity to
ensure comparability.

2.6. Scanning electronmicroscope (SEM) analysis
of printed bacteria
Three percent glutaraldehyde were added to cover
printed and crosslinked (as stated in section 2.5)
biofilms and planktonic bacteria for 90 min. Then,
an ethanol dilution series ranging from 30% to 100%
(10 min incubation time for each concentration)
was added to the prints. Finally, hexamethyldisilazane
was added to the prints for another 10 min. The
solution was removed, and constructs were kept at
room temperature (RT) O/N. Prints were attached to
SEM sample holder via adhesive carbon tabs (Plano,
Germany) and then gold sputtered for 100 s and ana-
lyzed at a SEM (EVO HD15, Zeiss, Germany). Native

counterparts were not included, due to transferability
issues to the SEM samples holders.

2.7. Antibiotic susceptibility
Five layers of non-porous 8 × 8 mm squares
of biofilm and planktonic bioink were printed in
triplicates into 12 well plates. As control samples
native biofilms and native planktonic bacteria were
prepared as described previously. Bioprinted bioinks
were crosslinked for 15 min at RT with 100 mM
CaCl2 solution. Crosslinking agents were removed
and 2 ml LB-medium (untreated control) or anti-
biotic solution in LB medium was added. The anti-
biotics used were ampicillin (128 µg ml−1; Roth,
Germany), tetracycline hydrochloride (4 µg ml−1;
Chemodex, Switzerland), colistin sulfate (16µgml−1;
Adipogen, Switzerland) and ciprofloxacin hydro-
chloride (0.5 µg ml−1; Sigma-Aldrich, Germany).
Same antibiotic treatments were applied for native
biofilms and printed planktonic bacteria. For nat-
ive planktonic bacteria, an O/N culture was set to
1010 CFU ml−1 and 90 µl (equaled weight of printed
constructs) was added to 2 ml of antibiotic solution.
After an O/N incubation, printed constructs were
washed twice with PBS and then solved in 1 ml ethyl-
enediaminetetraacetic acid (EDTA, 110 mM, Roth,
Germany). For CFU determination, serial dilution
was prepared in PBS and then plated on LB-agar
plates (3 × 20 µl drops per dilution). Log CFU ml−1

was set to 1 when no colonies were grown.
Native biofilms were quickly vortexed in fal-

cons and then 90 µl were diluted in 1 ml of PBS.
After serial dilution in PBS, suspensions were plated
accordingly.

For native planktonic bacteria, suspensions were
vortexed quickly and diluted 1:10 in 1ml PBS accord-
ingly. After serial dilution in PBS, suspensions were
plated.

2.8. Metabolic profile comparison
Bioink with planktonic and biofilm bacteria, respect-
ively, were printed and dissolved in 1 ml LB medium
at 37 ◦C. Accordingly, native biofilm bacteria and
planktonic bacteria were prepared and collected
into 15 ml falcons. Then, 90 µl was transferred
into 1 ml of LB medium. All bacterial suspen-
sions were transferred into Eppendorf tubes and
centrifuged at 5000 rpm. Supernatants were dis-
carded. For medium control subtraction, 1 ml of
LB medium and plain hydrogel (for native samples
and for printed samples respectively) were centri-
fuged accordingly, and supernatants were discarded.
Since these samples yielded no pellet, the tiny remain-
ing liquids after supernatants’ discarding were used.
Afterwards, sample preparation and LC-TOF meas-
urements were performed following the protocol
of Montefusco-Pereira et al [15]. Briefly, 1 ml of
methanol was added plus 25 ng sulfadimidine as
an internal standard, which was then vortexed for
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10min. The 100µl methanol was added to the pellets.
LC-TOF measurements were then conducted on a
Thermo Dionex Ultimate 3000 RSLC system coupled
to a Bruker maXis 4G UHR-Q-TOF-MS. The sep-
aration process was performed via an 18 min linear
5%–95% gradient of acetonitrile with 0.1% formic
acid (B) in ddH2O with 0.1% formic acid (A) on a
Waters Acquity BEH C18 column (100 × 2.1 mm,
1.7 µm dp) at a flow rate of 0.6 ml min−1 and 45 ◦C.
The LC flow was split to 75 µl min−1 before entering
the mass spectrometer. Mass spectra were acquired in
centroidmode ranging from150 to 2500m/z at a 2Hz
scan rate. Statistical non-targeted metabolomics ana-
lysis was performed with MetaboScape 9.0.1 (Bruker
Daltonics). The minimal intensity threshold for peak
detection was set to 2.5 × 103 with a maximum
charge state of 3. Retention time alignment to match
features between different samples was automatic-
ally performed by the feature extraction algorithm.
For every condition, 9 replicates were generated and
measured twice, resulting in a total number of 18 rep-
licates. Featureswere only reported if they appeared in
at least 18 samples in total and at least 1 replicate of
the same condition. After generating a feature table in
MetaboScape, all blank features were subtracted from
the analysis resulting in a data reduction of 87%. The
final data are depicted in feature tables representing
the metabolites. Samples can then be compared via
their own measured profile.

2.9. Cytotoxicity (LDH-assay)
Calu-3 cells were seeded on transwell inserts (3460
Corning Costar, USA) with a cell count of 105 per
well. Cells were cultured with 500 µl medium apic-
ally and 1500 µl basolaterally for 3 d. Then, cells
were set up to air–liquid conditions with 500 µl
medium basolateral only for one week. Cell medium
was exchanged every second day and quality con-
trol and confluence was monitored using bright field
microscopy. LDH assay was performed after one week
of culture under air–liquid conditions. Prior to the
experiment, medium was exchanged. Biofilm bioinks
prepared as described were used to directly print two
layers of a 6 × 6 mm non-porous structure on cells.
Half of the samples were crosslinked for 15 min with
300 µl 100 mM CaCl2 and then washed twice with
PBS. The plain hydrogel without bacteria was printed
equally on cells as control. TritonX treated cells served
as a dead control and untreated cells as live con-
trol. After 6 and 24 h, 200 µl of basolateral medium
was transferred to an Eppendorf tube. LDH solution
(Roche, Germany) was prepared according to manu-
facturer’s protocol and 100µl of the collectedmedium
were added quickly to 100 µl of the solution in a 96-
well plate. Absorbance wasmeasured at 492 nm, from
which toxicity was calculated.

To complement the LDH assay we also performed
a Casy® cell counter (OMNI LIFE Science, Germany)

analysis to evaluate the viability accordingly, as fur-
ther described in supporting information 3.5.

2.10. Fluorescent staining of printed biofilms and
Calu-3 cells
To visualize that biofilms could be formed and con-
trolled on human in vitro systems, they were printed
thinly (<300 µm) in different shapes on Calu-3 cells.
Calu-3 cells were grown to confluent monolayers on
transwell inserts for one week under air–liquid condi-
tions and stained just before the biofilm printing pro-
cedure. This was necessary, because the staining dyes
are non-specific and could also stain the biofilms after
printing, making it difficult to differentiate mam-
malian and bacterial cell structures. Therefore, cells
were fixed with 300 µl paraformaldehyde apically and
basolaterally with 600 µl for 1 h. Then, 300 µl block-
ing buffer was added apically for 20min. Fluorescence
stains were added apically and incubation was per-
formed at RT in the dark. The 300 µl of 66 µM
rhodamine-phalloidin (540 nm excitation, red emis-
sion; InvitrogenTM, USA), diluted 1:200 in blocking
buffer (1%bovine serum albumin heat shock fraction
and 0.05% Saponin (both Sigma Aldrich, Germany),
in PBS) was added apically. Cells were stained for 1 h
at RT in the dark. Cells were then washed twice with
300 µl PBS. Next, 200 µl of 5 µg ml−1 DAPI (364 nm
excitation, blue emission; Sigma-Aldrich, Germany)
was added apically for 1 h in the dark. Dye solution
was removed and 500 µl PBS was added basolaterally
to avoid cell drying.

In parallel, biofilms were stained. For that, 1.5 µl
of SYTO-9 dye from BacLightTM was added into each
of the 3 syringes after upper 4 ml were removed.
Syringes were kept at 37 ◦C in the dark for 1 h. Then,
the syringes were accordingly pooled and prepared
for printing as described previously. Biofilms were
then printed (1 layer) on top of stained cells in dif-
ferent shapes and immediately analyzed at the CLSM,
using a 10× objective (HC PL Fluotar 10×/0.3 Dry,
Leica, Germany) and the LAS X software. Z-stacks
were collected of entire thickness from the cell layer
and biofilms.

To assess shape retention, stained biofilms were
also printed on unstained Calu-3 cell layers. Biofilms
were then either crosslinked with 300 µl CaCl2 for
10 min with two PBS washing steps or not. Cells with
biofilmswere then culturedO/N in cell culture incub-
ator and subsequently analyzed at the CLSM, using
a 10× objective (HC PL Fluotar 10×/0.3 Dry, Leica,
Germany) and the LAS X software.

For all images, triplicates were collected, each at
2–3 different and random xyz positions, providing a
strong fluorescent signal.

2.11. Statistics
All experiments were performed in independent
biological triplicates, each with technical triplicates
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(N = 3; n = 9), unless otherwise stated. Significance
was checked for antibiotic susceptibility assays via
one-way ANOVA with Tukey’s multiple comparison
tests. Statistical significance was defined as ∗p< 0.05,
∗∗p< 0.01, ∗∗∗p< 0.001. Error bars indicate standard
deviation.

3. Results

3.1. Optimization of bioink
Firstly, we have developed a method for print-
ing a pre-grown E. coli MG1655 biofilms, using a
gelatin-alginate based bioink (figure 1). To determine
the optimal gelatin-alginate (Gel;Alg) concentrations
for the bioink, six different formulations (gelatin[%
(w/v)];alginate[% (w/v)]: 2;1–4;2 as final concentra-
tion for bioink) were prepared equally. After test-
ing bacterial growth in each candidate bioink, we
observed comparable growth rates across all formu-
lations (see supplement figure 1).

3.1.1. Rheological properties and printability
All bioink candidates were analyzed rheologically and
for their printing suitability. The results are summar-
ized in figure 2 (gelatin[% (w/v)];alginate[% (w/v)]:
2;1, 3;1, 4;1) and supplement figure 2 (further tested
gelatin-alginate concentrations showing same beha-
vior provided in supplement). All samples showed
viscoelastic solid behavior with G′ > G′′ during fre-
quency oscillation (figure 2(A), supplement figure
2(A)). Increasing polymer concentration showed
higherG′, suggesting more mechanical strength/stiff-
ness. Flow analysis showed shear-thinning behavior
for all samples, demonstrated by decreasing viscos-
ity with increasing shear rate (figure 2(B), supple-
ment figure 2(B)). Higher polymer concentrations
resulted in higher viscosity, suggesting again higher
stiffness. Rheological properties were then comple-
mented with printability properties. Filaments of all
bioink candidates were extruded via air pressure.
Visual observation of the droplet or filament extru-
sion process showed higher stiffness and gelation
behavior for samples with higher polymer concen-
tration. While 2;1 samples showed still droplet form-
ation, the sample with 3;1 or higher polymer con-
centration former proper filaments (figure 2(C)).
Accordingly, higher concentrations required more
pressure to print the same constructs (figure 2(D),
supplement table 1). To keep the air pressure as low
as possible while still achieving proper filament extru-
sion, the 3;1 bioink was chosen for all further exper-
iments. In addition, we also investigated the rheolo-
gical properties and required extrusion pressure of the
plain hydrogel (no bacteria) and with planktonic bac-
teria, which we used as controls. Rheological com-
parison showed higher mechanical stiffness of the
plain hydrogel compared to both bioinks. Planktonic
and biofilm bioink revealed also some differences,
with planktonic bacteria showing higher mechanical

stiffness during frequency oscillation as well as higher
required extrusion pressure (figures 2(E) and (F)).

3.1.2. Printing variability: size and shape
To exemplify design possibilities of bioprinting dif-
ferent constructs with varying shapes and dimen-
sions were printed. Figure 3(A) shows printed biofilm
samples of different thickness obtained by increas-
ing the number of layers. Shape design for printing
seems unlimited. We have chosen a grid and a star
(figure 3(B)). As simplest proof of bacterial viability
after printing, their growth was observed. We printed
our institutes abbreviation HIPS with biofilm bioink
on an agar plate. After incubating at 37 ◦C for one
day, bacterial growth in the printed letters was visible,
observed by appeared turbidity (figure 3(C)).

3.2. CLSM and SEM analysis of printed biofilm
To visualize bacteria and biofilm structures in the
printed constructs, samples printed with planktonic
bacteria and biofilm bacteria were subjected to CLSM
and SEM. Two layered grids were printed and stained
with the live/dead kit BacLightTM (SYTO9/propidium
iodide) for CLSM analysis or dried for SEM ana-
lysis. The low propidium iodide staining in the
printed planktonic construct confirms the macro-
scopic observation of high bacterial survival after
printing (figure 4(A), left). Bioprinted planktonic
bacteria showed homogeneously distributed single
bacterial cells throughout the construct. The bioprin-
ted biofilms showed as expected a morphology with
different sizes of bacterial aggregations (figure 4(A),
right). Clearly, the red signal from nucleic acid stain
increased when comparing planktonic and biofilm
bacteria. Similar observations were made when nat-
ive biofilms were compared to native planktonic bac-
teria (supplement figure 3). The propidium iod-
ide stains the nucleic acid inside of dead bacteria
or dormant biofilms leaky membranes as well as
extracellular DNA, which is a typical component of
biofilm matrix. The three days growth in the bioink
before printing allow biofilm production and nat-
ural cell death. Therefore, the higher red signal in
the printed biofilm sample (figure 4(A)) might be
rather attributed to the biofilm formation than the
higher sensitivity to the printing process. SEM images
confirmed the difference in bacterial cell distribu-
tion within the construct containing planktonic bac-
teria and biofilm. While planktonic bacteria were
mostly single cells, the biofilm sample showed bac-
terial aggregates (figure 4(B)).

3.3. Antibiotic susceptibility of printed biofilms
A key feature for biofilm models in drug testing is
their susceptibility against antibiotics. Therefore, we
selected this property as readout to confirmmainten-
ance of biofilm features after printing. Printed plank-
tonic bacteria as well as native biofilms and native
planktonic bacteria served as control. Comparability
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Figure 2. Bioink candidates’ characterization and selection based on their rheology and filament extrusion with moderate air
pressure. Rheological characterization by (A) frequency oscillation. Higher polymer concentrations [%;%] increase G′ (storage
moduli). All samples show elastic-dominant behavior (G′ > G′′). (B) Flow sweep for determination of shear thinning. All
formulations show decreasing viscosity with increasing shear rate. Higher polymer concentrations [%;%] increase viscosity.
(C) Observation of filament extrusion. (D) Experimentally determined required extrusion pressure for printing. Bioinks with
higher polymer concentrations require higher extrusion pressure. (E) Rheological comparison of 3;1 bioink with biofilm vs
planktonic bacteria and plain hydrogel with no bacteria inside. Bioink with planktonic bacteria show higher G′ than bioink with
biofilm. (F) Printability. The plain hydrogel and the bioink with planktonic bacteria require slightly higher air pressure for
printing than the biofilm bioinks. All error bars indicate standard deviation. Single factor ANOVA with Tukey’s multiple
comparisons was performed; ∗∗p< 0.01, ∗∗∗p< 0.001. Error bars indicate standard deviation.

of the models concerning their bacterial count
was shown for untreated samples in each growth
condition (supplement figure 3). Susceptibility
against the four selected antibiotics is depicted as
∆Log10CFU ml−1, calculated from the respective
untreated controls (figure 5). Overall, susceptibility
towards antibiotic treatment was more influenced by
the planktonic or biofilm growth, than by the print-
ing procedure. However, bioprinting requires the use
of a bioink, which for some antibiotics seem to have
an effect as well. For ampicillin, bioprinted biofilms
and native biofilms showed no difference and were
significantly more resistant than printed and nat-
ive planktonics, which were completely eradicated.
The selected tetracycline concentrations had rather
moderate effects under all conditions. Both plank-
tonic conditions as well as native biofilms showed
no significant differences. Bioprinted biofilms were

significantly more resistant than the other condi-
tions. Against colistin, bioprinted and native biofilms
showed similar resistance and were significantly less
sensitive than native planktonic bacteria. Although,
no significant difference was seen towards biofilms,
printed planktonic bacteria showed a more sens-
itive trend. The sample size n was increased from
9 to 15 for printed planktonic bacteria, but stand-
ard deviation was still quite high. A further increase
of colistin concentration would have eradicated the
biofilms (supplement figure 4). Finally, ciprofloxacin
showed similar trends. However, biofilm conditions
as well as printed planktonic bacteria were signific-
antly more resistant than native planktonic bacteria.
Printed and native biofilms showed again no signific-
ant difference. A trend to be more sensitive towards
biofilms was shown again by printed planktonic bac-
teria, which was not significant.

7
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Figure 3. Printability options. (A) Solid, square shaped construct with increasing layers resulting in thicker prints. (B) Examples
for various printable shapes. (C) Bacterial growth test. Printed biofilms show bacterial growth in shape after one day, observed by
appeared turbidity.

Figure 4.Microscopic observation of printed grid constructs. (A) Fluorescence microscopy image ten-fold magnification; Zoom
0.75×, 2× and 4×. Comparison of bacterial distribution and matrix morphology between constructs printed with biofilm vs
planktonic bioink. Planktonic bacteria show uniform distribution of mostly single cells. Printed biofilms show bacterial
aggregations/clusters distributed within the construct (arrows). The red PI signal is much stronger, indicating more extracellular
nucleic acid and dead bacteria. The yellow signal indicates areas of overlap from live and death/nucleic acid stain. (B) SEM images
of printed planktonic bacteria and biofilms show distributed single cells or bacterial aggregations, respectively.

8
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Figure 5. Antibiotic susceptibility. Conventional grown planktonic and biofilm cultures were compared to printed planktonic and
biofilm constructs in their sensitivity towards ampicillin (128 µg ml−1); tetracycline (4 µg ml−1); colistin (16 µg ml−1);
ciprofloxacin (0.5 µg ml−1) by CFU determination and plotting the difference in logarithmic CFU ml−1. Printed biofilms show
similar susceptibility to native biofilms for all antibiotics except for tetracycline. Planktonic bacteria tend to be more sensitive
towards the antibiotics. With N = 3 and n= 9, except for Colistin-planktonic bioprinted n= 15. Single factor ANOVA with
Tukey’s multiple comparisons was performed; ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001. Error bars indicate standard deviation.

Table 1.Metabolic profile comparison of printed and native conditions.

Comparison
Specific

features printed
Specific

features native Common features Total feature Similarity (%)

Planktonic
printed—planktonic
native

392 160 2104 2656 79.2± 3.6

Biofilm
printed—biofilm
native

629 289 2113 3031 69.7± 4.4

3.4. Metabolic profile analysis
A broader indicator for biofilm behavior of bac-
teria is their metabolism, which we analyzed by LC-
TOF measurements for the same four conditions,
as described in the previous antibiotic susceptibility
testing. To investigate the effect of printed bioinks
to native conditions, we compared the entirety of
all metabolic features from printed bacteria to their
native counterpart (table 1). Specific features are
metabolites present only in one condition, whereas
common features show metabolites present in both
compared conditions. Printed planktonic bacteria
and planktonic native bacteria showed similarity of
79.2%, determined by the common and specific fea-
ture counts. A high similarity of 69.7% was found for
printed andnative biofilms too, indicating low impact
on native metabolic state by bioprinting.

3.5. Bioprinting biofilms on Calu-3 cells
Calu-3 cells were selected as model human epithelial
cell line to show that biofilms can be shaped by
bioprinting directly on cell layers. Cells were grown
at air–liquid conditions, which is quite common
in such systems to mimic fundamental respiratory

epithelium aspects, but enables us also to deposit our
bioinks on a substrate via bioprinting. Cytotoxicity
analysis indicated that cells survive the printing pro-
cess (figure 6(A)). The plain hydrogel without bac-
teria had no cytotoxic effects. Increased LDH release
wasmeasured for bioprinted biofilms crosslinked and
non-crosslinked after 6 and 24 h (mean cytotox-
icity carrying from 0% to 13%). However, there were
no significant differences between the tested groups,
indicating that the printing process has no relevant
effect on cell integrity. To complement the LDH assay,
a viability evaluation was performed with a Casy®

cell counter, observing the same trend (supplement
table 2). However, a slightly lower viability was shown
for samples with printed bacteria on top.

Fluorescence microscopy images showed that
biofilms could be printed in various shapes on cells
(figure 6(B), supplement figure 5). The 3D image
view and orthogonal slices showed direct contact
of biofilm with the epithelial surface (figure 6(C)).
Shape retention could be maintained when the
bioink was crosslinked, whereas non-crosslinked
bioink melted at 37 ◦C during the 1 day incubation
(figure 6(D)). However, no n-crosslinked biofilms
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Figure 6. Printed E. coli MG1655 biofilms on Calu-3 cells. (A) Scheme of co-culture and LDH assay measured cell membrane
damage 6 h and 24 h after printing. No significant differences between the samples and no severe cytotoxic effects were detected.
(B) Fluorescence microscopic image of biofilms grid structure printed directly on Calu-3 cells. Blue: DAPI stained nuclei of
Calu-3 cells; red: F-Actin stain of Calu-3 cells; green: nucleotide-stain of bacteria. (C) 3D and orthogonal slice views show biofilm
on top of cells with cell biofilm interface. (D) Shape retention of printed biofilms. Microscopy image with biofilm stained in green
and Calu-3 cells visualized by bright field. Crosslinked bioinks keep their shape after incubation at 37 ◦C for one day, whereas
non-crosslinked bioink melts. However, bacteria/biofilm matrix stay at printed position, even when bioink melts.

showed bacterial shape retention, which means that
the bacterial biofilm matrix stayed at the printed
position even when the bioink hydrogel melted. The
letters of the crosslinked construct showed incom-
plete fluorescence signal, although visible in bright-
field. This might be a result of different Z-planes
of the letters due to the crosslinking procedure with
inhomogeneous swelling and shrinking effects.

4. Discussion

Here we report a novel approach for 3D printing of
bacterial biofilms on human epithelial cell monolay-
ers which is necessary for modeling biofilm related

infectious diseases under controlled conditions
in vitro. Previous approaches for bioprinting biofilms
relied on bioprinting of planktonic bacteria, con-
verting slowly into biofilms after printing [15, 22].
However, this process could lead to premature
death of the intended mammalian cell substrate.
Therefore, we chose to print E. coli MG1655 that
had already converted from the planktonic to the
biofilm state after dispersion in a suitable gelatin-
alginate bioink. The selected polymer concentrations
of the bioink showed different rheology when prin-
ted with biofilms or planktonic bacteria, respect-
ively. Upon conversion into biofilms, the bioinks
showed less mechanical stiffness and required less
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Figure 6. (Continued.)

printing pressure, which can be explained either by
commencing polymer digestion after 3 d or by a
release of rheodestructive components during biofilm
formation [12]. Similarly, compared to the plain
hydrogel, the planktonic bacteria also showed mech-
anical strength reduction, indicating an early induc-
tion of these processes. While no longer in plank-
tonic, but already in biofilm state, the bacteria could
now be printed in a wide range of dimensions and
shapes. Flexibility of this approach is highly required
for a variety of applications. Varying biofilm thick-
ness could be applied to systematically study biofilm
related infections. For example thicker biofilms up to
1000µmandbeyond are found on implants, catheters
or shunts. For skin wounds, lung infections or other
tissues the upper size limit is around 200 µm [29].
These ranges can be achieved by our approach, which
might also be a suitable method to test anti-infectives
on biofilms with different thicknesses. Shape flexibil-
ity might be of great interest tomimic specific biofilm
forms, because in vitro native biofilms form mush-
room shaped-structures, which are not common in
in vivo biofilm infections [11, 30].

Biofilm morphology could be differentiated from
printed planktonic bacteria as biofilms exhibited typ-
ical bacterial aggregations, spread in the prints [24].
The increased red signal due to increased presence
of nucleic acid was expected, because the longer

incubation time can result in more dead bacteria.
Another aspect is the option of dormant biofilmswith
leaky membranes potentially leading to double stain-
ing without cells actually being dead [31, 32]. But
also, the release of nucleic acid during biofilm form-
ation could enhance the stain. Extracellular DNA is
a typical component of biofilm matrix. A differenti-
ation of dead bacteria or nucleic acid release in ECM
was not possible with our method. The merge image
of the printed biofilm sample, however, shows co-
localization of the green signal from the live-stain
with red nucleic acid stain resulting in yellow dense
clusters as they are anticipated for living bacteria
shielding in biofilm matrix. SEM analyzed prints had
to be gold-sputtered, which compromises the visib-
ility of the hydrogel structures of the bioink, or bac-
teria produced ECM. Nevertheless, bacterial aggreg-
ates are still observed and are typical for the presence
of a biofilm matrix [16, 33].

Antibiotic susceptibility assays indicated that
printed biofilms behave similar as native biofilms.
The four antibiotics operated differently. Ampicillin
had the strongest effect under planktonic condi-
tions, whereas printed and native biofilms showed
higher resistance, which was expected, based on pre-
vious studies by Ito et al [34]. Tetracycline, known
to be a bacteriostatic anti-infective, had a compar-
ably lowoverall effect, but showed significantly higher
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effects against printed planktonic and native plank-
tonic bacteria as well as native biofilms than on prin-
ted biofilms. This difference of native and printed
biofilms was rather unexpected, since it has been
reported that tetracycline act more effectively on nat-
ive biofilms than on planktonic bacteria [35, 36].
Colistin showed no significant difference between
printed and native biofilms, but also did no exhibit
significant difference towards printed planktonic bac-
teria. As a molecule with higher molecular weight,
colistin may encounter difficulties in penetrating
crosslinked hydrogels. Colistin had a stronger effect
on native planktonic bacteria, which supports that
hypothesis. Ciprofloxacin had a strong effect on all
conditions. Again, no significant differencewas found
between printed and native biofilms. However, higher
resistance of printed planktonic bacteria towards nat-
ive planktonic bacteria was unexpected and could be
attributed to the presence of calcium ions in the cross-
linked prints. Ciprofloxacin is known to form che-
late complexes with calcium and other metal ions
[37], leading perhaps to lower effectivity in the prin-
ted planktonic bacteria. Overall, the printed biofilms
showed high similarity of antibiotic resistance com-
pared to native biofilms, indicatingminimal influence
on the ECM by printing.

Metabolic profile analysis showed close similar-
ity of printed planktonic and biofilms towards their
native counterpart. This suggests that the bioprint-
ing process has only a minor impact on the meta-
bolic state of bacteria. Although, the nutrition base
was equal in all conditions, the polymer presence in
the bioink could also influence the metabolism and
should be considered. Since a metabolic reprogram-
ming does occur in biofilms [38], a closer look into
specific metabolic markers with suitable standards
could be the subject of metabolomics-based follow-
up studies, to compare the planktonic conditions to
the biofilms. Genomic and proteomic technologies
could give additional insight in this regard.

As a proof of concept, we printed bacterial
biofilms on transwell-grown monolayers of human
bronchial epithelial cells (Calu-3). We demonstrated
cell compatibility of the bioink. Although, crosslink-
ing of bioinks had no direct cytotoxic effects, the
addition of CaCl2 could activate undesired signal cas-
cades of cells, which needs to be considered. The slight
increase of LDH from 6 h to 24 h indicates that the
cause is more likely bacterial rather than the print-
ing procedure.Moreover, other strains and pathogens
might harm the cells in a much greater magnitude. As
shape retention is also an important aspect for this
approach, we demonstrated, that crosslinking prin-
ted biofilms on cells can keep their shape at least for
one day at 37 ◦C. Ning et al showed that stability
of crosslinked prints could be controlled via cross-
linking time, CaCl2 concentration or via BaCl2 [28].
Nevertheless, the ECM as produced by the bacteria
seems to keep the shape at air–liquid condition also

when not crosslinked, even when the bioink melts.
This indicates that crosslinking is maybe not neces-
sary to maintain biofilm shape, which could be bene-
ficial when shaping the pure biofilm is required.
Furthermore, the direct contact of biofilms with epi-
thelial cells showed more similarities to what actually
occurs in vivo compared to animal models, using bac-
teria loaded agar beads [22].

As mentioned previously, current approaches of
biofilm infected human in vitro model still lack in
controllability and reproducibility of biofilm trans-
fer. We showed that 3D bioprinting of biofilms on
epithelial cell layer can overcome these limitations.
Taking the benefits of our method into account, the
approach may be further adapted to other clinically
relevant strains like P. aeruginosa or S. aureus, which
might however need a tailored approach for bioinks
to satisfy nutritional demands and withstand cata-
lytic bacterial enzymes. However, such strains could
potentially be more harmful to the host cells when
leaving the printed biofilm matrix, which needs to
be considered. Finally, the goal is to develop human-
relevant in vitro infectionmodels comprising biofilms
of defined shape and metabolic status, which can be
reproducibly produced and controlled over a longer
period of time. This implies that the model should
enable repeated drug administration and have the
potential to sustain these ‘co-cultures’ not just for a
few days, but for over a week. Complex models like
these would allow to generate readouts for both the
pathogens and the host cells to better predict the effic-
acy as well as the safety of tested drugs against biofilm
infections.

5. Conclusion

We have successfully developed an innovative
approach to bioprint biofilms on human epithelial
cell layers. A gelatin-alginate based bioink was optim-
ized to print E. coliMG1655 biofilm in various shapes
and sizes, while retaining biofilm properties. Our
method can be applied for multiple analytic options
to characterize and evaluate biofilm status, includ-
ing morphology, antibiotic susceptibility or meta-
bolism. We showed a novel application of directly
shaped biofilms on top of Calu-3 cell layer to demon-
strate the control potential of in vitro biofilm infec-
tions. This method could pave the way to establish
more robust human based in vitro models to test
and optimize anti-infective strategies against biofilm
related diseases.
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