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Phenomena occurring at the biological/non-biological interface are of fundamental importance in biotechnological and
biomedical strategies to direct cell behavior on biomaterials,
including cell adhesion, proliferation and differentiation.[1–2]
The interaction of cells with synthetic materials takes place via
a layer of proteins, such as fibronectin (FN), either adsorbed or
grafted on the material surface.[1–3] Synthetic biomaterials have
been functionalized with a broad range of proteins and growth
factors seeking to provide (static) cues to direct cell behavior.
However, the interactions of cells with their surroundings are
exquisitely dynamic processes which comprise different spatiotemporal stimuli at different stages. Therefore the simple functionalization of material surfaces can by no means provide the
required dynamic environment for these processes to occur
in a biomimetic way. Here we show that genetically modified,
non-pathogenic bacteria can be engineered to play the role
of functional living biointerphases between synthetic materials and living cells. As a proof of concept, we have modified
Lactococcus lactis to express a fibronectin fragment that incorporates both the PHSRN synergy sequence and the RGD binding
motifs (FNIII7-10) and display this ligand as a membrane
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protein. We found that Lactococcus lactis expressing FNIII7-10
is able to enhance cell adhesion and signaling, leading to the
development of focal adhesion plaques and phosphorylation
of focal adhesion kinase (FAK). Our results demonstrate that
modified bacteria can colonize the surface of an implant and
provide the adequate stimuli to direct the behavior of mammalian cells. This functional interphase between synthetic biomaterials and cells consist of living organisms could be further
modified to express any desired protein upon external request,
which constitutes a new paradigm to direct cell behavior in
regenerative medicine and several biotechnological and biomedical problems.
The cell-material interaction is a complex bi-directional and
dynamic process that mimics to a certain extent the natural
interactions of cells with the extracellular matrix (ECM). The
interaction of cells with synthetic materials is not a direct one
but occurs via a layer of proteins such as fibronectin (FN), vitronectin, and fibrinogen, which are immobilized on the material surface.[3] Cells primarily interact with these proteins via
integrins, a family of transmembrane cell adhesion receptors.[4]
Integrin-mediated adhesion is a complex process that involves
integrin association with the actin cytoskeleton and clustering
into focal adhesions: supramolecular complexes that contain
structural proteins (vinculin, talin, tensin, etc.) and signaling
molecules (focal adhesion kinase–FAK, etc.).[5] FAK is a nonreceptor tyrosine kinase that becomes activated in response to
cell-matrix adhesion and is a key signaling protein involved in
regulating cell motility, invasion, survival, and proliferation.[6]
Significant efforts have focused on engineering materials
that recapitulate characteristics of ECM, such as the presentation of cell adhesive motifs or protease degradable cross-links,
in order to direct cellular responses.[7,8] Similarly, various
approaches have been made in order to provide cells with
dynamic-like environments able to provide proteins and factors
using controlled delivery strategies. Direct loading, electrostatic
interaction, covalent binding, and the use of carriers are the
main strategies used, including the incorporation of proteasedegradable sites, adhesive ligands to direct protein and growth
factors release.[9–15] However, the development of a cell-material
interphase able to provide biological stimuli upon demand, a
functional dynamic interphase between living cells and synthetic materials, has not been established yet. We hypothesized
that non-pathogenic bacteria can provide such a role, since they
can colonize the surface of a broad range of synthetic materials
and be genetically modified to express or secrete the desired
adhesive proteins and factors to a living cell population.
Among the broad range of non-pathogenic bacteria, we have
selected food-grade Lactococcus lactis, a gram-positive bacterium
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with very low production of lipopolysaccharides (LPS), a mandatory condition to preserve the accessibility of cells to the
expressed proteins in the bacteria membrane. Moreover,
Lactococcus lactis has been widely used for recombinant therapeutic proteins production, therapeutic drug delivery and vaccine production.[16–20]
L. lactis was grown overnight at 30 ºC in M17 medium
supplemented with 0.5% glucose in static conditions. After
adding the grown culture over the material surface at 30 °C,
we observed that L. lactis adhered, colonized and formed a cocontinuous, stable bacteria multilayer on different material surfaces (polymers, glass, etc.) after 3 h. To assess the interaction
of seeded cells with the layer of bacteria in direct contact with
the synthetic biomaterial, the material surface was coated with
gelatin (0.1%) and the excess of bacteria was washed with PBS
(phosphate buffered saline) before cell seeding.
Figure 1 shows a diagram of the living interphase developed
in this work as a functional linker between synthetic materials
and cells. We genetically modified L. lactis (MG1363) to express
FNIII7-10 in their membrane. After cloning FNIII7-10 fused to
GFP in pGFP-C2, then GFP-FNIII7-10 fragment was subcloned
(NgomIV/Klenow BamHI) in pT1NX vector[21] which contains P1 lactococcal promoter,[22] usp45 lactococcal secretion
signal sequence, and spax Staphylococcus aureus anchor signal
(Figure 2a). GFP-FNIII7-10 was cloned in frame with both signals and the resultant construct was electroporated in L. lactis
MG1363. The secretion and anchor signals efficiently promoted
the localization of GFP-FNIII7-10 on bacteria wall. Figure 2b
shows bacteria aggregates displaying green fluorescence rings,
which show cell-surface display of the fibronectin fragment.

Further, to provide more evidence for the membrane expression
of FNIII7-10, fractionation and western blot analysis for bacterial
membrane proteins were performed (Figure 2c). FNIII7-10 was
detected only on the part of the bacteria lysate ascribed to membrane proteins (Figure 2c, lane 1) but without any trace of the
fragment in the intracellular fraction (Figure 2c, lane 2).
L. lactis expressing FNIII7-10 in their membrane colonize the
surface of the synthetic material forming a homogeneous and
viable layer of bacteria (Figure 2d, left). Afterwards, fibroblasts
were seeded on this layer of bacteria in serum free medium.
In order to avoid adhesion mediated by proteins secreted by
the mammalian cells, we used FN-null fibroblasts (FN -/-) to
rule out the presence of any external FN on the material surface other than the FN fragment anchored in the bacteria
membrane. FN -/- fibroblasts were seeded over a layer of GFPFNIII7-10 bacteria and control bacteria (empty pT1NX vector)
as an interphase between the material surface and fibroblasts.
Cells were allowed to attach and spread for 4 hours, and remain
viable during the experiment without significant differences
between L. lactis expressing FNIII7-10 and surfaces covered with
plasma FN (Figure 3). Subsequently, cells werefixed and stained
for the focal adhesion protein vinculin (Figure 3a).
Strikingly, cells seeded on bacteria expressing FNIII7-10 displayed well-developed focal adhesions plaques, showing accumulation of vinculin at focal adhesion sites (Figure 3a, image
1). This result indicates that FNIII7-10 anchored in the membrane of L. lactis is able to provide the adequate functionalities
to direct cell adhesion and spreading. This behavior is similar
to that found when fibroblasts are seeded on a layer of adsorbed
FN on the same material surface, as it is shown in Figure 3a,

Figure 1. Functional living biointerphases. Non-pathogenic bacteria have been modified to express a fibronectin fragment FNIII7-10 in their membrane
(including GFP for identification), and grown to colonize the material surface. Mammalian cells are then cultured on this living biointerphase which
triggers cell adhesion and signaling.
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L. lactis whereas fibroblasts cultured on control bacteria exhibited minimal FAK phosphorylation (Figure 4). This result demonstrates that the FNIII7-10 displayed on the
bacterial membrane can trigger adhesion signalling pathway in contiguous cells. Importantly, FAK phosphorylation levels were
equivalent between FNIII7-10-expressing bacteria and synthetic surfaces coated with FN,
indicating that the protein displayed on the
bacterial surface retains high bioactivity.
In conclusion, we have developed a functional interphase between synthetic materials
and cells based on modified bacteria that
express a fibronectin fragment (FNIII7-10)
and display it as a membrane protein. This
living interphase supports cell adhesion
(focal adhesion formation) and cell signalling (FAK phosphorylation). Moreover, as
this interphase is based on a living system, it
can be further designed and exploited to provide the spatio-temporal requested proteins
and factors to direct cell proliferation and differentiation at the material interface. Taken
together, this approach establishes a new
paradigm in biomaterial surface functionalization for biomedical applications.

Experimental Section
Plasmids, primers and cell line: pGFP-C2
plasmid (Clontech) was used to construct a vector
containing FNIII7-10 downstream to GFP. FNIII7-10
was amplified the plasmid pET15b-FNIII7-10.[29]
Figure 2. FNIII7-10 expression in L. lactis. a) Plasmid map for L. lactis expression of GFPThe forward and reverse primers used for FNIII7-10
FNIII7-10. b) Fluorescence microscopy image of GFP-FNIII7-10 expression in L. lactis. A characteramplification were: F1 (with HindIII restriction
istic ring is observed which supports the membrane anchorage of the FN fragment. c) Western
site). aagcttaCCATTGTCTCCACCAACAAAC and
blot analysis of membrane and intracellular fractions of L. lactis. FNIII7-10 is only found in the
R1 (with SalI restriction site and stop codon)
membrane fraction, with no detectable levels in the intracellular pool. d) bacterial viability assay.
gtcgacttaTTCTGTTCGGTAATTAATGGAAA. pT1NX
After 3 hours of culture (1- L. lactis FNIII 7-10 and 2-L. lactis) samples were stained with the Life
vector was used to clone GFP-FNIII7-10 using the
Technologies LIVE/DEAD kit for bacteria (SYTO9 permeant green stain and propidium iodide
following primers F2; (with NgomIV restriction
non-permeant red stain). e) Quantification by image analysis: both strains showed viability
site): GCCGGCATGGGTAAAGGAGAAGAACTTT R2;
higher than 97%.
TTCTGTTCGGTAATTAATGGAAA. Fibronectin-null
FN-/- mouse fibroblasts were kindly provided by
[
23
]
image 3. In contrast, when fibroblasts are seeded on a layer
Prof. Mercedes Costell (University of Valencia, Spain).
of the control bacteria (empty pT1NX vector) only rounded cells
Bacterial strains and plasmid extraction: Lactococcus lactis subsp.
are found, without any spreading or focal adhesion plaques.
cremoris MG1363[30] and pT1NX containing MG1363 were grown
as standing cultures at 30 °C in M17 medium (Oxoid, Basingstoke,
This result was expected since there is no adhesion protein at
UK) supplemented with glucose (0.5% v/v) and when necessary,
the cell-material interface to trigger cell behavior (Figure 3a,
erythromycin (10 μg mL−1). For plasmid extraction from MG1363, a
image 2). That is to say, cells behave on the control bacteria
combination of manual protocol[22] and Five Minute Miniprep Kit (Sigma)
as if they were seeded directly on the bare material surface
was applied. After adding ice-cold sodium acetate (3 M, pH 4.8) and
(Figure 3a, image 4).
15 min centrifugation at maximum speed, the lysate was transferred to
Focal adhesion kinase (FAK) localizes to focal adhesions to
miniprep column and extracted following the manufacturer’s protocol.
Preparation of competent cells and electroporation: Competent cells
activate multiple signaling pathways that regulate cell migraof strain MG1363 was prepared by growing the cells in rich medium
tion, survival, proliferation, and differentiation.[24–26] We examcontaining glycine (1% v/v).[31] Cells were harvested at an OD600 of
ined the phosphorylation of tyrosine-397, the autophosphoryla0.6-0.8, resuspended in sucrose (0.5 M) and glycerol (10% v/v) and then
tion site in FAK and a binding site for src and PI-3 kinase[27,28]
frozen at −80 ºC. Electroporation was performed at 2.5 kV using BTX
by Western blot (Figure 4). Although the band for FAK remains
(Harvard Apparatus). In these conditions with desalted DNA, the typical
approximately constant, the level of phosphorylation (pFAK) is
time constant was 4.5. Electroporated cells were transferred directly to
significantly higher for cells cultured on FNIII7-10-expressing
5 mL medium (M17, 0.5 M sucrose, 20 mM MgCl2, 2 mM CaCl2) and
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Figure 3. a) FNIII7-10-expressing bacteria support cell viability, cell adhesion and focal adhesion assembly. FN -/- fibroblasts were seeded on different
interphases and stained for vinculin after 4h. a1) Cells on modified L. lactis to express FNIII7-10 in the membrane. a2) Cells on control L. lactis (empty
vector). a3) Cells on a material surface coated with fibronectin. a4) Cells on the bare material surface (without any adhesion protein). b) Fibroblast
viability assay. Cells were seeded on different surfaces: b1) L. lactis FNIII7-10 monolayer; b2) L. lactis monolayer; b3) FN coated glass and b4) bare material surface. c) After 4 hours cells were stained with calcein AM (green cells, viable) and ethidium homodimer (red cells, non-viable). The viability was
higher than 93% for every surface, and higher than 99.5 ± 0.7% on L. lactis FNIII7-10.
incubated (2 h at 30 °C). Subsequently the culture was centrifuged,
resuspended in 0.5 mL of the later medium and extended on M17-agar
plates supplemented with erythromycin (10 μg mL−1).
Western blots: Cells corresponding to 109 cfu were washed and
resuspended in 50 μl of washing buffer (Tris/HCl (50 mM pH 7.5)
containing sucrose (0.5 M) and lysozyme (50 mg mL−1)). The suspension
was incubated (2 h at 37 °C) then centrifuged at maximum speed.
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Supernatant and pellet were separated and resuspended in Laemmli
loading buffer (50 μL) and boiled for 5 min and separated by 10%
SDS-PAGE gels. FNIII7-10 was detected by mouse anti-human fibronectin
cell binding domain antibody (MAB1937-Millipore).
Immunofluorescence: Bacteria were seeded (109 cfu/mL) over glass
coverslip coated with gelatin 0.1%. After 3 hours, the coverslip was
washed with PBS several times to obtain a monolayer. FN-/- fibroblasts
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Figure 4. FAK phosphorylation for cells adhering to functional biointerphase. FN -/- fibroblasts were seeded on: modified L. lactis to express FNIII7-10
in the membrane; control L. lactis (empty vector); a material surface coated with fibronectin; bare material surface (without any adhesion protein).
a) Representative Western blot for phosphorylated and total tyrosine-397 residue on FAK (pFAK and FAK, respectively). b) Quantification of the fraction
of phosphorylated FAK by image analysis of the Western blot bands. Error bars represent the standard deviation of three independent experiments.
∗ stands for p < 0.05

were seeded on the bacteria in DMEM (Dulbecco’s modified eagle
medium) without FBS (fetal bovine serum) for 4 hours (1.5 · 104 cells/
well). Cells were fixed and stained with mouse anti-vinculin antibody. A
confocal microscopy (Leica TCS SP2 AOBS) was used.
FAK phosphorylation: After 3 hours of culture, cells were lysed with
RIPA buffer (Tris-HCl 50 mM, 1% Nonidet P-40, 0.25% Na deoxycholate,
NaCl 150 mM, EDTA 1mM) supplemented with protease inhibitor
cocktail tablets (Complete, Roche). Proteins were concentrated using
Microcon YM-30 Centrifugal Filter devices (Millipore) as manufacturer
described. To determine FAK protein expression and its phosphorylated
form (pFAK), concentrated samples were subjected to 7% SDS-PAGE gel
electrophoresis. Proteins were transferred to a positively charged PVDF
membrane (GE Healthcare) using a semidry transfer cell system
(BioRad) and blocked by immersion in skimmed milk (5% w/v) in PBS
for 30 min at room temperature. The blot was incubated with anti-FAK
antibody (Upstate) and anti-pFAK antibody (Millipore) diluted 1:2500 in
PBS containing Tween 20 (0.1%) and skimmed milk (2%). After several
washes with PBS with Tween 20 (0.1% v/v), the blot was incubated in
horseradish peroxidase-conjugated antibody (GE Healthcare) diluted
1:50000 in PBS containing Tween 20 (0.1% v/v) and milk (2% w/v) for
1 hour at room temperature. After several washes with PBS containing
Tween (0.1% v/v) and milk (2% w/v), immunoreactive bands were
visualized using Supersignal West-femto Maximum Sensitivity Substrate
(Thermo Scientific).
Cell viability: After 4 hours of culture, medium was removed and the
coverslip were washed three times with PBS, then incubated 45 minutes at
room temperature with the LIVE/DEAD mammalian cell viability kit (Life
Technologies), using calcein AM (2 µm) and ethidium homodimer (2 µm)
in PBS. This kit stains live cells in green and dead cells in red. Cells were
observed in epifluorescence microscope and manually counted using at
least seven microscope fields at 20x magnification for every surface.
Bacterial viability: Bacteria were seeded (109 cfu/mL) over glass
coverslip coated with gelatin 0.1%. Coverslips were washed twice with
NaCl 0.85% w/v. Then, the bacterial monolayer was incubated for
30 min using a SYTO9 (5 µm) and propidium iodide (30 µm) in NaCl
0.85% w/v solution. Afterwards, coverslips were washed once and
mounted. Bacteria were counted using ImageJ software, using at least
four microscope fields at 40x magnification for every strain.
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