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ARTICLE INFO ABSTRACT

Keywords: Living Therapeutic Materials (LTMs) are a promising alternative to polymeric drug carriers for long term release
Living thera‘pe‘u‘tic materials of biotherapeutics. LTMs contain living drug biofactories that produce the drug using energy sources from the
Cyto}:gmpa“blhty body fluids. To clarify their application potential, it is fundamental to adapt biocompatibility and cytotoxicity
Worl ow assays applied from non-living biomaterials and therapeutics to evaluate how LTMs interact with host cells. Here,
Bacterial hydrogels . . . .. . . . L. .

Pluronic we have established a first step in this direction, by developing a practical workflow to parallelize in vitro

assessment of minimal safety and cytocompatibility properties of bacterial LTMs. It allows systematic monitoring
and quantification of the dynamic evolution of the bacterial population (growth, metabolic activity) in parallel to
quantify the response of different mammalian cells to LTM supernatants with regards to cytotoxicity and release
of pro-inflammatory cytokines over a period of 7 days using a maximum of 10 samples. The protocol was tested
with a Pluronic-based thin film containing ClearColi. The results show no cytotoxic effects of ClearColi containing
hydrogels in three mammalian cell lines, and no induction of pro-inflammatory cytokines under the tested
conditions. This workflow represents a first step in establishing a roadmap for the safety assessment of LTMs, and
investigation of biocompatibility potential of future living therapeutic devices.

1. Introduction

Engineered living materials (ELMs) integrate engineered living cells
(typically bacteria, yeast or viruses) [1-8] into inert materials to fulfill
specific functions. In the medical field, ELMs have been explored for
biosensing [9,10] and drug delivery [11,12] (so-called Living Thera-
peutic Materials, LTMs) due to their capability to produce reporter
molecules, enzymes or other therapeutic molecules in contact with the
body in response to specific stimuli [13]. For example, living wearable
devices have been reported to detect molecules like N-acyl homoserine
lactone, isopropyl p-d-1-thiogalactopyranoside, rhamnose and anhy-
drotetracycline in a multiplexed way by engineering E. coli and encap-
sulating them in Pluronic-F127 diacrylate-based hydrogels [14]. Living
ingestible devices capable of sensing gastrointestinal bleeding with high
specificity and sensitivity in vivo have also been reported [15]. Agarose-
based ELMs embedding optogenetically engineered E. coli produced and
secreted proteins [16] or antimicrobial drugs in response to blue light
irradiation [3].

The application of LTMs requires previous quantification of the
biocompatibility of the living devices with the host [17] and presents
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specific challenges associated with their living character. The microor-
ganisms in the LTM consume nutrients from their environment and grow
over time. Their behavior changes with oxygen and nutrient concen-
tration in their environment, and so does their secretome. Therefore,
biocompatibility assessment of LTMs needs to consider the dynamic
properties of the LTM itself over time in response to changing environ-
mental conditions, and across a representative time scale for an intended
application scenario. The long-term stability of the hydrogel system is
also an important parameter, as it is necessary not only to prevent the
microorganisms from escaping into the surrounding medium, but also to
maintain them functional. To address all these aspects, biocompatibility
assays need to be extended to evaluate the dynamic responses of the host
cells and the LTM itself.

A frequent LTM design in reported works from our group [18,19] and
others [14,20,21] relies on Pluronic based hydrogels as encapsulating
material. Typically, mixtures of Pluronic-F127 (Plu) and Pluronic-F127
diacrylate (PluDA) at 14-30 wt% concentrations are used. These
hydrogels allow the diffusion of nutrients and gases necessary for bac-
teria growth. With increasing fraction of PluDA, bacteria growth and
escape can be hindered [18,22]. Controlled and confined organism
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growth in the LTM during weeks has been achieved using Pluronic
hydrogels in a bilayer or a core-shell format. These hydrogels have
storage Modulus between 18 and 43 kPa as the PluDA fraction in the
mixture increases from 0 and 100 % [22]. These hydrogels allow the
diffusion of nutrients and gases necessary for bacteria growth. With
increasing fraction of PluDA, bacteria growth and escape can be hin-
dered [18,22]. Microorganisms like E. coli [18-20,23], Bacillus subtilis
[21], and yeast [23] have been encapsulated in these hydrogels.
Secretion of a collagen-binding protein and sensing of L-Lactate have
been demonstrated.

There are only a few reports where LTMs are assessed in terms of host
reactions. The immune response to Plu/PluDA bacterial hydrogels
containing ClearColi was evaluated on day 3 by exposing them to pe-
ripheral blood mononuclear cells (PBMCs) from different donors. Re-
sults showed that the shielded bacteria in the bilayer reduced cell
activation and lowered the percentage of apoptotic cells. Immune
response varied among donors, highlighting the need for comprehensive
characterization of the effects of these devices [19]. In a different
example, Lactococcus lactis engineered to produce an angiogenic factor
and entrapped in a heparin-Pluronic hydrogel [24] was tested. The
viability, proliferation and mobilization of human umbilical vein
endothelial cells (HUVECs) were strongly enhanced, whereas the
expression of CD86 in lipopolysaccharide (LPS) and interferon-y (IFNy)-
stimulated macrophages was downregulated in contact with the
vascular LTM supernatant. Pluronic hydrogels containing encapsulated
Bacillus subtilis were tested to treat skin fungal infections in vivo [25].
Treatment of mice with the bacterial hydrogel after intradermal injec-
tion of C. albicans pseudohyphae resulted in minimal subacute inflam-
mation after 4 days and no inflammation after 10 days. Lactobacillus
reuteri within gelatin-hyaluronic acid hydrogels were investigated to
treat bacterial-infected wounds, showing the antibacterial activity of L.
reuteri in vitro and in vivo [26]. The bacterial hydrogels were not
cytotoxic to mouse fibroblast L929 cells in vitro. Less inflammation, as
well as faster healing were observed at the wound site in Staphylococcus
aureus-infected mice and treated with the hydrogel. These examples
show good biocompatibility, and low inflammatory response in mice.
However, they are performed at individual time scales and number of
organisms, and do not consider the dynamic character of the LTMs.

In this work, we present a practical workflow and corresponding
detailed assay protocols for in vitro cytocompatibility testing of living
materials and we apply it to assess cytocompatibility of a bacterial Plu/
PluDA hydrogel containing ClearColi on a 7 day timescale. Our workflow
is designed to minimize the time and resources investment in a paral-
lelized characterization of the LTM evolution and the response (cyto-
toxicity, pyrogenicity and pro-inflammatory effects) of three
mammalian cell lines to LTMs at 5 different time points using a
maximum of 10 samples for a particular LTM design. The simplicity of
the workflow facilitates application at early stages of LTM development
and early detection of potential risks and stoppers for the later appli-
cation of the LTM.

2. Materials and methods

All reagents were acquired from Sigma unless stated otherwise.
Dulbecco’s Phosphate Buffer Saline (DPBS, Gibco), Dulbecco’s Modified
Eagle Medium (DMEM, Gibco), RPMI 1640 medium (Gibco), fetal
bovine serum (FBS, PAN biotech), MEM Non-Essential Amino Acids
Solution (NEAAs, Gibco), GlutaMAX supplement (Gibco), Penicillin/
Streptomycin (P/S, Gibco), AlamarBlue Cell Viability Reagent (Invi-
trogen), CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega),
Human IL-6 DuoSet ELISA Kit (R & D Systems), Mouse IL-6 DuoSet
ELISA Kit (R & D Systems), 13 mm glass coverslips (VWR), 96-well
angiogenesis plate (Ibidi) were purchased from the above mentioned
companies.
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2.1. Bacteria culture

The endotoxin free ClearColi(R) BL21(DE3) strain (BioCat) was used.
Electroporation with the plasmid pUC19 resulted in Ampicillin
resistance.

ClearColi was cultured in LB medium supplemented with 2 % NaCl
and 50 pg/mL Ampicillin for 18 h at 37 °C and 250 rpm in a shaker. An
optical density at 600 nm (OD) between 1 and 1.5 was obtained and used
for the preparation of the bacterial constructs.

2.2. Preparation of bilayer thin films

Pluronic diacrylate (PluDA) was synthesized according to a reported
protocol [27]. 23 % w/w stock solutions of Plu and PluDA, each con-
taining 0.2 % Irgacure in MilliQ water, were prepared and used to
prepare 23 % w/w stock solutions with 1:1 mixture of Plu/PluDA. Glass
coverslips were immersed in a solution of 0.5 % 3 (Trimethoxysilyl)
propyl acrylate in 95 % ethanol for 4 h, washed in 95 % V/V ethanol and
air dried. Bacteria suspensions in Plu, PluDA or Plu/PluDA at different
ODs (0, 0.05, 0.5, 0.8) were prepared by diluting the bacteria suspension
with the stock polymer solutions to the corresponding OD. All solutions
were prepared at 4 °C: at this temperature Plu and PluDA solutions are
fluids.

Hydrogel bilayers were prepared on top of a glass substrate. The
bilayers were composed of an inner layer of 23 % w/w Plu/PluDA
hydrogel containing the bacteria and an outer layer of 23 % w/w PluDA
hydrogel. Ten samples for each OD (0, 0.05, 0.5, 0.8) were prepared in
parallel, giving a total of 40 samples and 4 conditions tested within a full
experiment. The bilayer thin film with an initial OD of 0 was used as a
control. A drop of 2 pL of the Plu/PluDA mixture at the desired OD was
pipetted on top of glass coverslips placed on ice. Parallelly, a 30 pL
droplet of the PluDA solution was pipetted on a 10 x 10 cm? piece of
parafilm placed on a flat surface in the sterile hood and left to rest for 15
min. The glass coverslip was inverted and pressed gently with ethanol
sterilised tweezers against the 30 pL PluDA drop. The piece of parafilm,
on which the glass coverslips were inverted, was exposed to UV light
(365 nm, 6 mWem 2) for 1 min. The glass coverslips were transferred to
a 24-well plate and the wells were filled with medium and immediately
used for the experiment.

Two different incubation conditions were used in order to determine
the differences in bacteria growth over time depending on the incuba-
tion medium. In method 1, the samples were incubated in 500 pL RPMI
1640 medium supplemented with 10 % FBS. Supernatants were dis-
carded and refreshed with 500 pL medium after 24 h. After 24 h of in-
cubation, supernatants were collected, frozen, and 500 pL medium was
refreshed. The samples were incubated for 4 days and supernatants were
collected. These supernatants were used for cytotoxicity testing and for
the investigation of inflammatory response. In method 2, the samples
were incubated in 500 pL DPBS for 24 h. Afterwards, the supernatant
was discarded and replaced with 500 pL RPMI 1460 supplemented with
10 % FBS for the six following days. These samples were used for
brightfield imaging and quantification of bacteria growth. Method 1 was
chosen for the final workflow.

2.3. Sample preparation for the workflow

Forty samples in total were used to perform the experiments listed in
the workflow. For each of the four initial ODs (0, 0.05, 0.5, 0.8), 10
samples were prepared. 40 pL stock solutions of Plu and PluDA were
prepared as described in Section 2.2 for each initial OD. All steps prior to
the UV-crosslinking were performed as described in Section 2.2. After
UV-crosslinking, the samples were transferred to 24-well plates and
incubated in 500 pL RPMI 1640 medium supplemented with 10 % FBS.
After 24 h of incubation, the medium was discarded and replaced with
fresh medium. Supernatants were collected and frozen after 24 h of in-
cubation and medium was refreshed. After 4 d of incubation,
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supernatants were collected and frozen. These supernatants were used
for cytotoxicity testing, investigating the release of pro-inflammatory
cytokines and quantification of glucose. Brightfield images of the sam-
ples were taken, and bacteria growth was quantified at 5 different time
points (0 h, 24 h, 48 h, 72 h, and 7 d). Live/dead imaging was done after
3 d of incubation.

2.4. Diffusion properties of the bilayer thin films

Cytochrome C (MW ~ 12.3 kDa, 20 mg/mL), chymotrypsinogen A
(MW =~ 25 kDa, 20 mg/mL), albumin (MW ~ 67 kDa, 20 mg/mL),
phosphorylase b (MW ~ 97.2 kDa, 20 mg/mL) and lactate dehydroge-
nase (MW =~ 140 kDa, 20 mg/mL) were encapsulated in the bilayer thin
films. To achieve this, 5 pL of Plu (23 % w/w) were mixed with 5 pL
PluDA (23 % w/w) and 10 pL of protein. Then, 2 pL from this mixture
were pipetted on top of a glass coverslip placed on ice. The next steps
were performed according to the protocol described previously (Section
2.2). For each protein, 3 samples were prepared, plus control hydrogels
without bacteria or protein (3 samples, OD = 0). After transferring the
constructs to a 24-well plate, two incubation conditions were investi-
gated. First, 900 pL DPBS were added to each well. After 6 h, 24 h, 48 h
and 5 d of incubation, 150 pL supernatant were transferred to a
microcentrifuge tube. As for the second alternative, 500 pL. DPBS were
added to each well and supernatant collection was performed only after
5 d of incubation. The supernatants were then used to conduct the
Bicinchoninic Acid Assay (BCA) assay (Micro BCA Protein Assay Kit,
Thermo Scientific) following manufacturer’s instructions.

Briefly, standard curves for the BCA assay were prepared with known
concentrations of all proteins ranging from 0.5 pg/mL to 200 pg/mL.
The Micro BCA working reagent was prepared by combining 4 mL of
Reagent MA and 3.84 mL Reagent MB with 0.16 mL of Reagent MC.
Then, 150 pL of each standard or unknown sample replicate were
pipetted into a microplate well. 150 pL of the WR were equally pipetted
to each well and the plate was thoroughly shaken for 30 s. Afterwards,
the plate was covered using a sealing tape and incubated at 37 °C for 2 h.
The plate was then cooled to room temperature and absorbance was
measured at 562 nm with a Tecan Spark® plate reader.

The Plasmid PSIP mCherry (6448 bp, 4000 kDa, 297 ng/uL) was
encapsulated in the bilayer thin films. The plasmid map is shown in
Fig. S1. For this purpose, 6.5 pL of Plu (23 % w/w) were mixed with 6.5
pL PluDA (23 % w/w) and 7 pL of plasmid. Then, 2 pL from this mixture
were pipetted on top of a glass coverslip placed on ice. The next steps
were performed according to the protocol described previously (Section
2.2). Three samples containing the plasmid were prepared, plus control
hydrogels without bacteria or plasmid (3 samples, OD = 0). After
transferring the constructs to a 24-well plate, 500 pL. RPMI 1640 sup-
plemented with 10 % FBS were added to each well and the samples were
incubated at 37 °C. After 24 h, 48 h, 72 h and 7 d of incubation, 50 pL
supernatant were collected and frozen. The supernatants were then used
to conduct DNA quantification (Invitrogen™ Quant-iT™ PicoGreen™
dsDNA Assay-Kit) following manufacturer’s instructions. 2 pg/mL stock
solution of dsDNA were prepared by mixing 3 pL of the DNA standard
with 147 pL of TE. A low-range standard curve from 250 pg/mL to 25
ng/mL was prepared starting from a 50 ng/mL DNA stock solution. 100
pL of the aqueous working solution of the Quant-iT™ PicoGreen™
dsDNA Reagent were added to each well. After mixing properly and
incubating for 5 min at room temperature and protected from light,
fluorescence was measured at 480/520 nm with a Tecan Spark® plate
reader. 50 pL supernatants were mixed with 50 uL TE and added to a 96-
well plate. 100 pL of the aqueous working solution of the Quant-iT™
PicoGreen™ dsDNA Reagent were added to each sample. Fluorescence
was measured using the same instrument parameters as previously
described. The fluorescence value of the reagent blank was subtracted
from that of each of the samples and DNA concentration was determined
using the generated standard curve.
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2.5. Brightfield imaging of the bilayer thin films

Brightfield images of the samples containing ClearColi and incubated
in RPMI 1640 supplemented with 10 % FBS were taken every 24 h
throughout the duration of the experiments (7 days) using the Nikon
Eclipse TI-E microscope equipped with an Andor Clara 16-bit CCD
camera (1392 x 1040 pixels) at a 4x magnification. This experiment
was conducted with samples prepared with both methods 1 and 2
(Section 2.2).

2.6. Live/dead staining of thin films and imaging

For the live/dead staining of samples prepared using method 1
(Section 2.2) after 3 d of incubation, first the RPMI medium was dis-
carded, and the samples were washed with 1 mL DPBS to remove traces
of the medium. Equal volumes of SYTO 9 dye (3.34 mM) and Propidium
iodide (20 mM) were mixed. 3 pL from this dye mixture were added to 1
mL DPBS. Then, 100 pL of the staining solution were pipetted on top of
the bacterial hydrogels and incubated for 30 min protected from light.
The samples were washed with 1 mL DPBS once and fluorescence im-
aging was performed using the Leica DMI6000 B microscope at a 10x
magnification.

2.7. Glucose quantification in bacterial supernatants

Glucose was quantified in the supernatants derived from the incu-
bation of bilayer thin films in RPMI 1640 medium. These supernatants
were collected from samples prepared with method 1 (Section 2.3) after
24 h and 5 d of incubation. The bilayer thin films without bacteria (OD
= 0) were used as controls. The quantification of glucose from bacterial
supernatants was performed with the glucose colorimetric detection kit
(Invitrogen) following leaflet instructions. Briefly, a Glucose standard
was prepared by serial dilution (32 mg/dL to 0 mg/dL). The superna-
tants were diluted 1:5 or 1:10 with Assay Buffer given the high con-
centration of glucose in RPMI medium (2000 mg/L). 30 pL Horseradish
Peroxidase Concentrate (HRP, 100x) were mixed with 2.97 mL Assay
Buffer to obtain 3 mL 1x HRP solution. 275 pL Glucose Oxidase
Concentrate (10x) were mixed with 2.475 mL Assay Buffer to obtain
2.75 mL 1x Glucose Oxidase.

20 pL of glucose standards or of supernatants diluted 1:5 or 1:10 with
assay buffer, followed by 25 pL 1x HRP solution were added to the
wells. 25 pL Substrate and 25 pL 1x Glucose Oxidase were added to the
wells. After incubating for 30 min at room temperature, absorbance was
read at 560 nm with a Tecan Spark® plate reader.

2.8. Mammalian cell culture

Murine fibroblasts (NIH-3 T3 cells, ATCC, passages 5-23) were
cultured in DMEM supplemented with 1 % P/S and 10 % FBS. Cell
culture medium was exchanged every other day. Cells were split when
70 % confluency was reached (trypsin-EDTA, 3 min at 37 °C, 5%C02).

Human monocytes (MONO-MAC 6 cells, ATCC, passages 2-9) were
cultured in RPMI 1640 medium supplemented with 1 % P/S, 1 %
Oxaloacetate, Pyruvate, and Insulin (OPI), 1 % Glutamax, 1 % NEAAs
and 10 % heat inactivated FBS. Cell culture medium was exchanged
every other day and cells were diluted to 300,000 cells/mL every 3-4
days (counted as passage).

Murine macrophages (J774A.1 cells, ATCC, passages 2-9) were
cultured in DMEM supplemented with 1 % P/S, 1 % Glutamax and 10 %
FBS. Cell culture medium was exchanged every other day. When
approximately 75 % confluence was reached, cells were passaged by
dislodging them from the surface of the culture flask using a cell scraper.

2.9. Cytotoxicity testing of bacterial supernatants

Cells (J774A.1, NIH-3 T3 and MONO-MAC 6) were used for
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cytotoxicity testing. 1250 cells per well were seeded in an ibidi p-Plate
96-well and cultured for 3 d. Afterwards, they were treated with 50 pL of
bacterial supernatant from the bilayer films for 24 h. Conditions were
analyzed in triplicates.

Lactate dehydrogenase assay (LDH) was used as per manufacturer’s
instructions to determine the percentage of cell death. First, positive
controls were obtained by lysing the cells with Triton-X100 (5 pL of 37.5
% Triton-X 100) and mixing thoroughly. After 2 h, cells were considered
completely lysed. Simultaneously, 5 uL. DPBS were pipetted into the
other wells to equilibrate the volumes. Afterwards, 30 pL of the culture
supernatants were transferred to transparent bottom 96-well plates and
30 pL of LDH reagent were added on top and incubated for 30 min
protected from light on an orbital shaker. After this incubation period,
30 pL stop solution were added to the wells to stop the reaction. Then,
absorbance was measured at 490 nm (A4g¢) using a Tecan Spark® plate
reader. Cells treated with culture medium were used as negative control.

To calculate the percentage of cell death for each time point, the
following equation was used:

Asq treated cells
Percentage of cell death = m x 100 (€D)

AlamarBlue assay was performed to determine the number of cells
metabolically active. After transferring the supernatants for the LDH
assay to another well plate, 70 pL of 10 % AlamarBlue reagent in RPMI
1640 medium supplemented with 10 % FBS was used as per manufac-
turer’s instructions. Then, the cells were incubated for 2 h, after which
60 pL supernatant were transferred to a dark bottom 96-well plate and
fluorescence was measured at Ex/Em 570/600 nm with a Tecan Spark®
plate reader.

Supernatants obtained from the samples prepared using method 1
(Section 2.3) were used to perform cytotoxicity testing. These super-
natants were collected and frozen after 24 h and 5 d of incubation in
RPMI 1640 medium supplemented with 10 % FBS. The positive control
here were cells treated with culture medium.

2.10. AlamarBlue assay for quantification of bacteria proliferation in
bilayer thin films

The AlamarBlue assay was also conducted to quantify bacteria in the
bilayer thin films. Thin films were prepared with different initial bac-
teria ODs (0, 0.05, 0.5 and 0.8) and incubated in 500 pL RPMI 1640
medium supplemented with 10 % FBS. Every 24 h of incubation for 7 d,
the medium was discarded and replaced with 500 pL 10 % AlamarBlue
medium. The constructs were then incubated for 4 h, after which 100 pL
supernatant were transferred to a dark bottom plate and fluorescence
was measured as previously described. The AlamarBlue medium was
then replaced with 500 pL RPMI 1640 medium and the constructs were
incubated overnight. The samples with an initial OD of 0 were used as
control.

2.11. Monocyte activation test to assess pyrogenicity of bacterial
supernatants

10,000 MONO-MAC 6 cells in 10 pL growth medium were seeded per
well in an ibidi p-Plate 96-well. The cells were treated with 60 pL su-
pernatant, growth medium (negative control) or LPS (positive control,
15 ng/mL). Cells were incubated for 24 h (37 °C, 5 % CO2) and then
supernatants were collected and stored at —20 °C for the quantification
of IL-6 secreted via ELISA.

2.12. Inflammation test with macrophages

The release of IL-6 from J774A.1 cells after treatment with super-
natants was investigated. 10,000 J774A.1 cells in 50 pL growth medium
were seeded per well in an ibidi p-Plate 96-well and incubated for 24 h at
37 °C. After discarding medium from the wells, the cells were treated
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with 70 pL supernatant, growth medium (negative control) or LPS
(positive control, 15 and 3.75 ng/mL). Cells were incubated for 24 h
(37 °C, 5 % CO2) and then supernatants were collected and stored at
—20 °C for the quantification of IL-6 secreted via ELISA.

2.13. Engyme-linked immunosorbent assay (ELISA) for the quantification
of IL-6

The protocols used to conduct these experiments were derived from
the product datasheets of the Mouse (J774A.1 cells) and Human
(MONO-MAC-6) IL-6 DuoSet ELISA Kits from R&D SYSTEMS. The re-
agents, standard dilutions, and samples were prepared as directed in the
product. A 96-well microplate (Nunc MaxiSorp™) was coated with 100
uL of Capture Antibody per well. The plate was sealed and incubated
overnight at room temperature. The following day, the plate was washed
thrice by filling each well with Wash Buffer. The next step was blocking
with 300 pL of Reagent Diluent per well. The plate was incubated for 1 h
at room temperature and washed with wash buffer three times. Then,
100 pL of sample or standards in Reagent Diluent were added to each
well (dilution 1:2.5) and incubated for 2 h at room temperature. The
wash step was repeated. Then, 100 pL of the Detection Antibody were
added to each well (2 h, room temperature). After incubation, samples
were washed three times with wash buffer and 100 pL of Streptavidin-
HRP were added to each well for 20 min (room temperature). The
plate was washed again and 100 pL of Substrate Solution were added to
each well (20 min, protected from light, room temperature). Lastly, 50
uL of Stop Solution were added to each well. The absorbance of each
well was determined using a microplate reader set to 450 nm with a
wavelength correction of 540 nm.

2.14. Statistical analysis

All experiments were performed with 6 replicates unless otherwise
noticed. Statistical analysis was carried out using GraphPad Prism v9
software. All graphs represent the mean + standard deviation (SD) un-
less otherwise noted. The goodness of fit of the data sets was assessed by
Normality Shapiro-Wilk test. For comparisons of three groups, normal
distributed populations were analyzed via analysis of variance (ANOVA)
test followed by a Tukey’s post hoc test to correct for multiple com-
parisons. For comparisons of two groups at different timepoints, pop-
ulations were analyzed via analysis of variance (two-way ANOVA). Two-
way ANOVA was performed by matching timepoint as a factor. A full
model was fitted (time (row) effect, condition (column) effect and time/
condition (row/column) effect). An equal variability of differences was
not assumed and therefore the Geisser-Greenhouse correction was used.
Multiple comparisons were performed two ways, first within each con-
dition through time and then comparing conditions per timepoint (col-
umn (condition) and row (time) effects). Differences among groups are
indicated as follows: p-values <0.05 (*), p-values <0.01 (**), p-values
<0.005 (***), p-values <0.001 (****), and differences among groups not
statistically significant (ns).

3. Results

As model LTM, bilayer Plu/PluDA hydrogel thin films containing
ClearColi in the inner layer were prepared on glass substrates (Fig. 1)
[18]. This format is appropriate for parallel preparation of different
samples and culture in different external conditions. We used 23 % w/w
PluDA hydrogel, which does not allow proliferation of bacteria, for the
outer layer of the hydrogel, and a 1:1 Plu/PluDA mixture for the inner
layer with the bacteria, which supports bacteria growth [18] (Fig. 1a).
The bilayer hydrogels were prepared manually starting from stock so-
lutions of the polymer at 4 °C. The hydrogels were further stabilized in
the bilayer form by photocrosslinking. The bilayer hydrogels were
transparent and allowed imaging of the growing colonies. The inner
layer had a diameter of 2-3 mm, whereas the outer layer had a diameter
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a) Bacterial hydrogel
(PIu/PIuDA 50:50)
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Fig. 1. Fabrication of the bilayer thin films.
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2uL Plu/PluDA 50:50
with ClearColi

13 mm @ glass

30 pL PluDA

(a) Fabrication steps to obtain the bilayer thin films. A droplet of Plu/PluDA bacterial solution is added to an APTS-coated glass coverslip. The coverslip is flipped and
pressed on a larger droplet of PluDA on parafilm. Then, hydrogels are UV-crosslinked. (b) Macroscopic image of a bilayer thin film containing ClearColi (OD 0.5) on
day 7 (scale bar: 2 mm). (c) Live/dead (green/red) image of a bilayer thin film containing ClearColi (OD 0.8) on day 1(scale bar: 500 pm). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

of 10-11 mm. The thickness of the outer layer after swelling was about
100-150 pm (Fig. 1b). Bacteria were viable in the bilayer thin film after
24 h of incubation in RPMI 160 medium supplemented with 10 % FBS
(Fig. 1c).

The diffusion properties of the encapsulating hydrogel determine
how fast, and to what extent the host cells are exposed to the secretome
of the LTM. This information is relevant for the selection of the timescale
at which biocompatibility should be measured. We characterized the
diffusion of large molecules through the bilayer thin films by adding
proteins with molecular weight between 12.3 and 140 kDa to the inner
layer solution before film formation. The release of the proteins to the
supernatant was analyzed by the BCA assay of supernatants collected
after 6 h, 24 h, 48 h and 5 d of incubation in DPBS (Fig. 2a). The smallest
protein (cytochrome C) was released to the supernatant largely after 1
d and in full within 5 d. Larger proteins were released only partially
within 5 days. We also studied diffusion for 5 d without exchanging
medium (Fig. S2). Results show a similar trend, where the diffusion is
dependent on molecular weight. We studied the diffusion of plasmids
with a molecular weight of 4000 kDa (6448 bp) in a similar manner. A
burst release of about 6 % of the initial amount encapsulated was
observed during the first 24 h, and no further release at longer times
(Fig. 2b). These results suggest that the Plu/PluDA bilayers allow slow
release of large molecules, and studies at long time scales are necessary
to detect larger molecules of the secretome in the supernatant.

LTMs are designed to contain the living organisms long term and
prevent direct contact between organisms and host cells. Hence, host
response is expected to be different than when the living therapeutic is
directly applied to the body, without the shielding material. Therefore,
biocompatibility testing of LTMs requires assuring that there is no
leakage of organisms from the LTM during the tests. We investigated the
leakage of bacteria from the bilayer films by determining the number of

intact and contaminated samples after 1 d and 7 d of incubation
(Fig. 2c¢). 85-90 % of the samples were not contaminated after 7 d.
Contaminated samples leaked bacteria already after 24 h of incubation
and this typically occurred at the interface between the bilayer and the
glass substrate. Samples that contained higher initial OD (0.8) leaked
more often and earlier (Fig. 2c). Samples that leaked during the study
were discharged and not considered for further analysis.

Preliminary experiments were performed to investigate bacteria
growth in the bilayer hydrogel at different conditions: i) variable initial
bacteria density in the inner layer (OD = 0, 0.05, 0.5 and 0.8, which
correspond to approximately 0, 10°, 10° and 1.6-10° bacteria per sam-
ple), ii) growth time between O h and 7 d, iii) the growth medium with
(RPMI 1640) and without nutrients (DPBS). ClearColi grew inside the
inner layer in the form of discrete, rounded colonies, as observed in the
brightfield microscopy images (Fig. 3). A faster colony growth was
observed in the first 24 h of incubation, followed by a slower growth
until 48 h and no further growth in the following 5 days of incubation.
These morphological results are in agreement with previously reported
works with bacterial Plu/PluDA hydrogels [18,19]. A higher number of
colonies and a lower colony size was observed in the samples with
higher initial OD, indicating that the growing neighbouring colonies
consume the nutrients locally and restrict colony growth rate. Bacteria
remained viable in the bilayer thin films for up to 7 days (Fig. S3).

We then quantified the growth in the bilayer thin films as function of
nutrient availability. Different incubation conditions were tested: (i)
direct incubation in RPMI 1640 medium and (ii) incubation in DPBS
buffer solution for 24 h and medium exchange with RPMI 1640. Samples
incubated in RPMI 1640 medium without medium exchange showed
bacteria growth up to day 2 and no appreciable growth for longer cul-
ture times (Fig. 4a). Samples incubated in DPBS showed no growth
within the first 24 h. Once DPBS was exchanged to RPMI 1640 medium,
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Fig. 2. Diffusion properties of the bilayer films.

(a) Release of cytochrome C (12.3 kDa), chymotrypsinogen A (25 kDa), albumin (67 kDa) and phosphorylase B (97.2 kDa) encapsulated in the bilayer thin films to
the supernatant at times between 0 h and 5 d of incubation. Empty hydrogels without protein (OD 0) were used as controls. The concentration is represented in
cumulative form (pg/mL, mean + SD, n = 3). (b) Plasmid diffusion from bilayer thin films (plasmid PSIP mCherry, 6448 bp, 4000 kDa) between 0 h and 7 d (ng,
mean + SD, n = 3). Maximum release (marked in red) expected: 208 ng. (c) Percentage of intact constructs after 7 d of continuous incubation in RPMI 1640 medium
supplemented with 10 % FBS. n > 5 constructs from four independent experiments. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

bacterial growth was observed similarly as in the other conditions. In
view of these results, we decided to incubate the bilayer thin films in
RPMI 1640 medium immediately after fabrication to keep a constant
nutrient supply.

The quantification of bacterial growth was performed by AlamarBlue
assay. This assay quantifies proliferation as function of the metabolic
activity of the cells. When grown in medium with nutrients, an increase
in metabolic activity was observed during the first 48 h was seen, fol-
lowed by a slower increase until 72 h. These results are in agreement
with the microscopy observations. A decrease in the metabolic activity

was observed at 7 d, probably due to the consumption of nutrients
(Fig. 4b). The absence of nutrients during the first 24 h (experiment in
DPBS) delayed the growth of bacteria and reduced the final at all in-
cubation times (Fig. 4c).

Since we established that nutrient availability was necessary for the
proliferation of bacteria during the first days of incubation, the direct
incubation in RPMI 1640 medium was chosen for further experiments.
This condition is also favourable to mammalian cells, which are fed with
supernatants from these samples as they equally require nutrients for
proliferation.
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Fig. 3. Bacterial colonies inside bilayer thin films tracked by microscopy.
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72h 7d

The images show the whole mount of the bilayer thin films at days 0, 1, 2, 3 and 7. Medium change was performed on days 1, 2, and 3. The images were taken at 4x
magnification and stitched together. Samples were incubated in RPMI 1640 supplemented with 10 % FBS (scale bar: 500 pm). Highlighted in red are images at the
interface between the inner and the outer layer (scale bar: 200 pm). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 4. Bacterial growth in different incubation media within the bilayer thin films.

(a) Whole mount images of thin films (OD 0.05) incubated in two different conditions (RPMI) 1640 medium supplemented with 10 % FBS continuously for 7 d (top
row), and DPBS for the first 24 h, then medium change to RPMI 1640 supplemented with 10 % FBS for the following 6 d (bottom row). (b) Fluorescence intensity
(arbitrary units) measured from AlamarBlue assay in the bilayer thin films incubated in RPMI 1640 + 10 % FBS during 7 d. (c) Fluorescence intensities measured
from AlamarBlue assay in the bilayer thin films incubated in DPBS for the first 24 h and then medium exchange to RPMI 1640 + 10 % FBS for 6 d (mean + SD, n = 3).

Empty hydrogels (OD 0) were used as controls.

Once the conditions for bacteria growth had been investigated, we
proceeded with the design of the workflow to assess the cytocompati-
bility of our model living material with different cell types. The work-
flow should maximize the output in terms of in vitro cytocompatibility
data of an LTM with the minimum number of samples needed for sta-
tistical significance and minimize invested time. It minimizes the num-
ber of assays that require sample destruction and relies on

complementary assays performed with the supernatant of a single
sample.

Fig. 5 represents the resulting practical workflow. It assesses bacte-
rial proliferation, viability and leakage of the bilayer and the cytotox-
icity, pyrogenicity and pro-inflammatory effects of the supernatant over
the span of 7 d starting from a set of 10 samples including 3 technical
repetitions. It includes the following assays: (i) brightfield imaging and
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Fig. 5. Workflow for in vitro cytocompatibility assessment of LTMs.

The workflow starts with 10 samples and studies LTMs over 7 days. On day 0, brightfield imaging is conducted on all constructs and AlamarBlue assay is carried out
on 3 constructs. On day 1, all constructs are imaged, 7 constructs have their medium exchanged and the remaining 3 constructs are used for AlamarBlue assay. On
day 2, all constructs are imaged, 3 constructs are used for AlamarBlue assay, and 6 constructs are used to collect bacterial supernatants. The remaining construct is
incubated further to be used for Live/Dead assay on day 3, after which it is discarded. On this day also, all constructs are imaged and AlamarBlue assay is conducted
with 3 constructs. On day 6, brightfield imaging is conducted on all constructs and bacterial supernatants are collected from 6 constructs. On day 7, brightfield
imaging is conducted on all constructs and 3 constructs are used for AlamarBlue assay. Afterwards, all constructs are discarded.

AlamarBlue assay to quantify bacteria growth, (ii) live/dead assay to
quantify bacteria fitness, (ii) glucose detection assay to quantify glucose
concentration in supernatants, (iii) cytotoxicity assays to assess the
cytotoxicity of the supernatants on mammalian cells, and (iv) monocyte
activation test to quantify the release of the pro-inflammatory cytokine
IL-6. The workflow can be applied to four different conditions run by a
single operator on a timescale of 7 d with a 4 h daily dedication.

In this work, the workflow was repeated three times (named I, II, III,
where applicable) for samples with four different initial ODs (0, 0.05,
0.5 and 0.8). The results of these experiments are presented in the
following paragraphs.

Fig. S4 compares selected microscopy images of samples with initial
OD 0.5 at different days corresponding to the 3 repetitions of the
workflow. Similar growth status of the colonies was observed, indicating
good reproducibility of the sample preparation method.

Fig. 6a shows the quantification of the proliferation of bacteria inside
the bilayers by the AlamarBlue assay at days O to 7 for samples with
different initial ODs. A continuous increase in fluorescence intensity was
observed during the first 48 h of incubation. Between days 2 and 7, the

fluorescence intensity remained stable for the samples with initial ODs
of 0.05 and 0.5 while samples with initial OD 0.8 showed a further in-
crease in fluorescence. The fluorescence values at the different days did
not show a dependence on the initial OD. Considering that the colonies
are discrete and start from a single bacterium dispersed in the hydrogel,
this would mean that colonies in samples with lower OD are larger than
in samples with higher initial cell density. This is also observed in the
brightfield image: colonies in samples with OD 0.05 are the largest in
size and the smallest in number.

Fig. S5 shows the quantification of the proliferation of bacteria inside
the bilayers for each of the three runs, with similar results for all OD
cases, confirming the robustness of the assay.

We expected the growth rate of the bacteria in the hydrogel to
correlate with the consumption of nutrients in the supernatant. We
therefore quantified the glucose concentration in the supernatants on
days 1 and 5. Glucose is the preferred carbon source for ClearColi in
aerobic conditions. On day 1, no significant differences in glucose con-
centration were observed among the samples with or without cells. After
5 days, samples loaded with bacteria showed lower glucose
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Fig. 6. Quantification of bacterial growth and glucose consumption over time.

(a) Fluorescence intensity (arbitrary units) measured from samples after AlamarBlue assay was carried out with different initial bacteria ODs and incubation in RPMI
1640 supplemented with 10 % FBS for 7 d following the workflow (Fig. 4). (b) Concentration of glucose in the supernatants derived from the bilayer thin films with
different initial bacteria ODs between 24 h and 5 d of incubation in RPMI 1640 supplemented with 10 % FBS. Empty hydrogels were used as controls. The results
represent the mean + SD of 3 biological replicates.

concentration than controls without bacteria (Fig. 6b), indicating that hydrogel. However, nutrient concentration alone does not seem to be
the living organisms consumed their energy source (Fig. 6b) and in the only factor controlling colony size, since the samples with initial OD
agreement with the slowed down growth of the organisms inside the 0.8 continued growing from day 5 to day 7.
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Fig. 7. Quantification of cytotoxicity and inflammatory potential of the bilayer thin films.

(a) J774A.1, (b) MONO-MAC-6 and (c) NIH-3 T3 cells with 1- and 5-days supernatants from the bilayer thin films. The controls represent cells treated with the
respective cell culture media and the lysis cells treated with Triton-X100. (d-f) AlamarBlue-based number of metabolically active cells after treatment of (d) J774A.1,
(e) MONO-MAC-6 and (f) NIH-3 T3 cells with 1- and 5-days supernatants from the bilayer thin films. The controls are representative of cells treated with the
respective cell culture media. The cytotoxicity results represent the mean + SD of 6 biological replicates. (g) Concentration of IL-6 determined after treatment of
J774A.1 cells with 1- and 5-days supernatants from bilayer thin films, 15 ng/mL LPS (control +) and cell culture medium (control -). (h) Concentration of IL-6
determined after treatment of MONO-MAC-6 cells with 1- and 5-days supernatants from the bilayer thin films, 15 ng/mL LPS (control +) and cell culture me-
dium (control -) for 24 h. The two latter results represent the mean + SD of 3 biological replicates.



J.A. Mekontso et al.

After investigating the behavior of the bacteria inside the bilayer thin
films, we moved to study host response to the LTM secretome by treating
three cell lines with the supernatants of the bilayer thin films collected at
different timepoints. We selected 24 h supernatant as early time point,
when the bacteria are still in the exponential, proliferative phase. As late
timepoint, we selected the 120 h supernatant, when proliferation of
bacteria has stopped or drastically slowed down (Fig. 7b-h). The
selected cell lines were fibroblasts, monocytes and macrophages. Fi-
broblasts are present in every tissue, being critical players in the foreign
body response. Cytotoxicity assays following international standards
also suggest the use of fibroblasts for quantification [28]. Monocytes
were selected as early players in the foreign body reaction and the main
cell type indicative of pyrogenicity potential, i.e., the probability that a
compound will provoke fever to the host [29]. Pyrogenicity is an
important signal of infection in the body, which is a safety concern for
LTMs. Finally, macrophages were also selected as they typically reside in
many tissues and are also involved in the late response to foreign body
reactions [29].

The cytotoxicity of the supernatants from 1 and 5 days was tested on
fibroblasts, monocytes and macrophages (Fig. 7a—f). The integrity of the
cell membrane or cell death 24 h after addition of the supernatants was
quantified via the lactate dehydrogenase (LDH) assay (Fig. 7a, b, ¢) The
number of metabolically active cells after incubation with the super-
natant for 24 h was obtained by AlamarBlue assay (Fig. 7d, e, f). When
macrophages were supplied with either 1- or 5-days supernatants, a
percentage of cell death around 25-40 % was measured by the LDH
assay. This number was similar to the values for the sample with initial
OD 0, indicating that the bacteria secretome did not affect the integrity
of the cell membrane (Fig. 7a). However, the number of metabolically
active macrophages quantified by the AlamarBlue assay was lower than
the controls (Fig. 7d). In monocytes treated with the same supernatants,
the LDH assay did not reflect cell death after incubation with the su-
pernatant (Fig. 7b), but the AlamarBlue assay reflected a 50 % drop in
the number of viable cells (Fig. 7e). Similar results were observed with
fibroblasts (Fig. 7c, f).

The inflammatory potential of the supernatants was also character-
ized. Pyrogenicity was assessed via the monocyte activation test with
supernatants from 1 and 5 d (Fig. 7h), and IL-6 secretion was measured
with supernatant from 1 d on macrophages (Fig. 7g). No secretion of IL-6
was observed in monocytes after incubation with the supernatants from
days 1 and 5 for 24 h, indicating that they were not activated by the
secretome of the bacterial hydrogels. Slight amounts of IL-6 were
detected in macrophages treated with the supernatant of samples with
OD 0.8.

4. Discussion

We used Plu/PluDA bilayer thin films as a model LTM to develop a
generic workflow for studying the cytocompatibility of LTMs. Before
setting the workflow, we characterized key parameters of the bilayer
thin films.

As drug delivery systems, LTMs need to allow diffusion of nutrients,
metabolites and oxygen to retain the function of the entrapped bacteria
and maintain their therapeutic function long term [3]. The burst release
of proteins <25 kDa within the first hours correlates with the swelling
kinetics of monolayer Pluronic thin films, which reach swelling equi-
librium at 6 h [18]. The complete release of proteins with molecular
weight < 25 kDa indicates the potential interest of Plu/PluDA hydrogels
for the release of biopharmaceuticals from LTMs [30]. Proteins with
higher molecular weight diffused up 5-10 % over 4 d, meaning that
possible molecules coming from the bacteria (like endotoxin, lipopro-
teins, flagellins, DNA or RNA) that can be detected as harmful by the
host would diffuse at a slower pace, and biocompatibility tests need to
consider this long term effects in their design as they would delay im-
mune reaction by the host.

An important molecule regarding the safety of LTMs is DNA, as the
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possibility of plasmids getting released and being transferred to
commensal bacteria might occur. We observed that 6 % of the 6448 bp
plasmid entrapped in the hydrogel was released from the bilayer
hydrogel in the first 24 h, and afterwards release was very slow and
hardly detectable. This result indicates that the hydrogel is permeable to
DNA and, therefore, the risk for horizontal gene transfer out of Plu/
PluDA hydrogels cannot be excluded. It is noted that DNA can diffuse
differently depending on the conformation it adopts and that differences
might arise comparing circular DNA diffusion versus linear DNA diffu-
sion in the gels. The probability of occurrence of horizontal gene transfer
in this case not only relies on the diffusion of a plasmid but on the
acceptance of that plasmid by competent bacteria. Other approaches to
reduce the probability of horizontal gene transfer can be adopted, such
as the genetic modification of the bacterial genome instead of incorpo-
rating the gene cassette of interest via plasmid [31].

Bacterial growth in suspension is mainly governed by nutrient
availability and presents 4 phases (lag, exponential, stationery and
death) [32]. The lag phase is an adaptation period without growth [33].
The exponential phase is characterized by bacterial proliferation at a
constant rate [34]. Once the bacteria run out of nutrients or waste ac-
cumulates, bacteria enter the stationary phase. Lastly, the number of
viable cells decreases in the death phase [32]. In confinement (e.g.
bacteria trapped in a hydrogel matrix), bacteria present different growth
kinetics compared to suspension, and it depends on the bacterial strain,
culture conditions and the mechanical properties of the matrix confining
the bacteria. In previous studies, we observed that the growth kinetics
and growth extent of E. coli and Clearcoli in Plu/PluDA hydrogels
[18,20] and C. glutamicum in PVA/PVA-VS [35] depend on the shear
modulus of the hydrogel, controlled by the degree of covalent cross-
linking through the fraction of PluDA or PVA-VS in the hydrogel. In our
case, Clearcoli within Pluronic-based hydrogels, a growth phase was
observed during the first 3 d of culture, which resembled the exponential
growth phase of bacteria in suspension, and a slow growth phase was
observed from 3 d up to 7 d, which resembled the stationary phase of
bacterial growth in suspension (Figs. 3, 4, 6).

Bacteria were alive after encapsulation via photocrosslinking
(Fig. S3). We did not expect high photodamage to the bacteria as the
irradiation protocol is 1 min at 365 nm and 6 mW/cm? In a previous
study we had irradiated bacteria in suspension for 3 min (365 nm, 6
mW/cm?) and there was no difference in viability and growth compared
to the non-irradiated culture [36]. Bacteria also remained alive in the
stationary phase up to at least 7 d as confirmed by live/dead staining up
to 7 d (Fig. S3). This corroborates that bacteria growth rate in confine-
ment responds to more factors than nutrient availability. Our experi-
ments showed that the samples with initial OD 0.8 continued growing
from day 5 to day 7 (Fig. 6a). We explain this effect by the fact that that
the maximum colony size in growing bacteria inside a hydrogel with no
nutrient restriction is regulated by the mechanical properties of the
hydrogel, since the growing colony needs to deform the hydrogel to
accommodate the new daughter cells [22]. While colonies in samples
with OD < 0.5 reached their maximum size within 5 days, the smaller
colonies in hydrogels with initial OD 0.8 were still able to deform the
hydrogel and continued growing until day 7.

The cytotoxicity, pyrogenicity and pro-inflammatory assays with fi-
broblasts, monocytes and macrophages showed a low percentage of cell
death, measured as the number of cells with compromised cell mem-
brane, when the cells were treated with LTM supernatants from days 0 to
7. However, quantification of the number of viable cells by AlamarBlue
assay showed a decrease in the number of cells after treatment, which
was significantly pronounced in samples treated with the 120 h super-
natant. This indicates that cells are slowing their metabolic activity.
Several reasons could explain this effect. (i) The reduced amount of
glucose available in the supernatants at longer time points, as bacteria
have consumed around 80 % of the available glucose (Fig. 6b). Mono-
cytes for instance have been shown to express an inflammatory pheno-
type in both Type 2 Diabetic patients and healthy subjects under low
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glucose conditions in vitro [37]. (ii) A higher toxicity of the media by the
possible accumulation of metabolites and waste products by bacteria.
(iii) The release of PAMPs from the LTMs which, as high molecular
weight molecules, is slow (Figs. 2, S2) and would only be noticeable in
the supernatant after several days. We would expect PAMP release to
activate monocytes and macrophages.

In the monocyte activation test, which measures the pyrogenicity
potential by the release of IL-6 after treatment, no IL-6 was detected in
culture after treatment with the supernatants at any conditions (Fig. 7).
This indicates that the bilayer thin films did not release pyrogens, i.e.,
any molecule capable of triggering a fever response in the host, PAMP
being one example. It is important to note that the presence of endo-
toxins in our model LTMs is restricted by using the strain ClearColi which
does not produce LPS. This might be different with other strains. In
addition, other molecules could also act as non-endotoxin pyrogens
[38]. The fact that monocytes were not activated in this case indicates
that there was not presence of non-endotoxin pyrogens either, at least at
the timepoints investigated.

Like monocytes, macrophages can become pro-inflammatory when
triggered by PAMPs and respond by secreting cytokines such as tumor
necrosis factor-a (TNF-a), interleukin-1p (IL-1f) and interleukin 6 (IL-6)
[39]. Our results showed no IL-6 secretion by macrophages after treat-
ment with the LTM supernatants from different time points, indicating
that the inflammatory phenotype was not triggered at this time scales.
These results are in accordance with those from Yamanandra et al.,
which showed that the encapsulation of ClearColi in Pluronic-F127
based hydrogels reduces their immunogenic and cytotoxic potentials on
human peripheral blood mononuclear cells (PBMCs) [19]. They also co-
cultured ClearColi in suspension in direct contact with PBMCs via
transwell and observed low cytotoxicity and low secretion of inflam-
matory cytokines such as IL-6.

5. Conclusions

We developed a workflow to investigate several parameters related
to the quality and cytocompatibility of LTMs in vitro in parallel and over
7 days. The workflow contains two parts, one devoted to the investi-
gation of bacterial growth, viability and leakage within the bilayer thin
films and a second part focused on the study of cytotoxicity and pro-
inflammatory reactions of the bilayer thin film supernatants with
three different cell lines. This workflow provides a method to quantify
the viability and potential safety of LTMs in vitro in a sequential way. Up
to 4 different conditions with 10 samples each could be analyzed in
parallel over a period of 7 days with a daily dedication of 4 h, thereby
saving time and resources such as kits for the various assays. To
demonstrate the applicability of the workflow, we investigated Clear-
Coli-laden Pluronic bilayer thin films with four different initial amounts
of bacteria. We corroborated that the bilayer thin films were not cyto-
toxic to mammalian cells and did not induce the release of the pro-
inflammatory cytokine IL-6.
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