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Living Biointerfaces for the Maintenance of Mesenchymal 
Stem Cell Phenotypes

Michaela Petaroudi, Aleixandre Rodrigo-Navarro, Oana Dobre, Matthew J. Dalby, 
and Manuel Salmeron-Sanchez*

Living interfaces are established as a novel class of active materials that 
aim to provide an alternative to traditional static cell culture methods by 
enabling users to accurately control cell behaviour in a precise, dynamic, 
and reliable system-internal manner. To this day, the only reported 
biointerface has been a coculture between a biofilm of nonpathogenic 
genetically engineered bacteria and mammalian cells, where the 
recombinant proteins produced by the bacteria directly influence cell 
behaviour. In this work, a biointerface is presented between Lactococcus 
lactis (L. lactis) and human mesenchymal stem cells (hMSCs). L. lactis 
have been engineered to produce human C-X-C motif chemokine ligand 12, 
thrombopoietin, vascular cell adhesion protein 1, and the 7th–10th type III 
domains of human fibronectin, with the aim of recreating the native bone 
marrow conditions ex vivo. This active microenvironment has been shown 
to maintain key hMSC stemness markers, preventing their osteogenic and 
adipogenic differentiation, and maintaining high stem cell viability and 
physiological cell-to-substrate adhesion dynamics. This work presents proof 
of concept data that hMSC stemness can be regulated by living materials, 
using a system based on the symbiotic interaction between different 
engineered bacteria and mammalian cells.
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of exploiting the material properties of 
biocompatible polymers and scaffolds 
to create and mimic a microenviron-
ment for natural tissue growth could be 
used in a variety of clinical settings such 
as transplant development or organ 
regeneration.[3–5]

Human mesenchymal stem cells 
(hMSCs),[6,7] also known as multipotent 
mesenchymal stromal cells[6] are a key 
player in tissue engineering because of 
their remarkable potential to differentiate 
into a variety of cell types when stimu-
lated with the appropriate biochemical, 
physical and mechanical cues. This has 
placed MSCs in the spotlight of regen-
erative medicine research and has cre-
ated the need to develop strategies in 
order to control the cells’ fate in a precise 
and reproducible manner.[8] Despite the 
wide variety of literature reporting hMSC 
differentiation studies, efforts to precisely 
control the differentiation of these cells 
have been impaired due to the complexity 
of the proposed systems.[9]

Aside from the importance of the control of hMSC differ-
entiation, recent research has started to shift toward exploring 
ways of maintaining the naïve, stem-like phenotype of the cells. 
The rapid loss of the innate self-renewal and multilineage dif-
ferentiation potential of hMSCs with every cell division has 
highlighted the need for the establishment of new methods 
of preserving hMSC multipotency after lengthy cell cultures 
and expansions. Different approaches aiming to maintain the 
stemness of hMSCs have focused on a variety of intrinsic and 
extrinsic parameters that could be manipulated to regulate 
the cells’ fate.[10] The regulation of nuclear receptors,[11] micro-
RNAs,[12] as well as signaling pathways has been extensively 
studied for the maintenance of stemness in hMSCs. Further-
more, culture conditions, such as spatial confinement,[13] sub-
strate stiffness[14] elasticity[15] and nanotopography,[16,17] as well 
as hypoxia[18] have been examined as a potential mechanism to 
direct hMSC fate.

Recently, living materials have been reported as a novel, 
simple and tuneable way of controlling stem cell fate and have 
been recently explored due to their promising potential for ther-
apeutic applications.[19–22] The active nature of this new class of 
biomaterials has the potential to provide a closer representation 
of natural systems and cell niches, as it can be used to provide 
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1. Introduction

The growing demand for novel and efficient therapeutic 
methods to treat complex clinical conditions has created the 
need for new approaches in regenerative medicine.[1] Tissue 
engineering is a field of growing scientific interest due to its 
interdisciplinary approach of combining the physical and 
biological characteristics of human tissues with the princi-
ples of engineering and materials science.[2] The possibility 
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cultured cells with signals of interest in a regulated, more phys-
iologically relevant way. The ability of bacteria to be used as a 
biologically active substrate for cell culture and engineering 
and the variety of tools available for recombinant protein 
engineering and expression by such a biointerface, open a 
wide range of possibilities for the simulation of natural cellular 
microenvironments, without the use of artificial, inert mate-
rials, or traditional static culture conditions. Light-controlled 
living materials,[19,20] bacterial ligand display and secretory pro-
tein expression,[21,22] as well as light-controlled mammalian cell 
response on the light-regulated biointerface[23] have been pre-
viously reported in the literature. However, these efforts have 
been focusing on the active material side of the interface and 
even though they successfully report innovative approaches in 
active materials systems, they rarely report the effect of their 
system on human stem cells.

Genetically engineered biofilms of the nonpathogenic bac-
teria L. lactis, have been reported to induce the differentiation 
of murine C2C12 myoblasts into myotubes, upon extracellular 
presentation of the recombinant fibronectin fragment FN III7–10 
(hereinafter FN).[24] Bacteria-based materials have also been 
shown to successfully drive osteogenic differentiation of human 
MSCs by recombinantly produced and secreted bone morpho-
genetic protein-2 (BMP-2) and have been established as a sym-
biotic interface between eukaryotic and prokaryotic cells.[10,25] 
Here, we develop a new range of bacteria-based materials to 

tackle another aspect of stem cell fate control, the maintenance 
of a naïve, stem-like phenotype in human bone marrow (BM) 
MSCs. To achieve this, we have genetically engineered the L. 
lactis NZ9020 strain to produce CXCL12, TPO, VCAM1, and 
FN. The selected cytokines are widely recognized as important 
regulators of the bone marrow niche, where MSCs are main-
tained in a naïve, highly proliferative state, and have been asso-
ciated with MSC survival and proliferation in vitro. Hence, the 
mentioned signaling molecules have been selected to maintain 
the MSCs in an undifferentiated way, similar to their BM phe-
notype, and encourage their proliferation in vitro, and have 
been used in combinations with the view to create a cell culture 
system resembling the bone marrow, where the cytokines are 
constantly and jointly expressed. We have assessed the impact 
of biofilms made up of the above cytokine-expressing bacterial 
populations on the viability, adhesion and spreading, migration, 
as well as phenotype maintenance of hMSCs seeded directly on 
the biofilms and cultured for up to 14 d.

2. Results

2.1. Recombinant Protein Expression in L. lactis

Figure 1A represents a schematic overview of the system. An 
L. lactis biofilm was allowed to develop as a monolayer on 

Figure 1. A) Schematic overview of the system. A glass substrate was treated with (3-aminopropyl) triethoxysilane (APTES) or Sigmacote to increase 
surface hydrophobicity and allow the development of more stable and denser biofilms. Then, an L. lactis biofilm was developed on the silanized surface. 
Human bone marrow-derived mesenchymal stem cells were cocultured with the L. lactis biofilm for variable amounts of time. B) L. lactis NZ9020 were 
electrotransformed with plasmids carrying ORFs for human CXCL12, TPO, VCAM1, and FN III7–10. Each bacterial population was engineered to pro-
duce a single recombinant protein. TPO and CXCL12 were secreted extracellularly using the lactococcal usp45 secretion peptide. VCAM1 and FN III7–10 
were cloned upstream the S. aureus protein A domain that contains the LPETG motif, that allows for a covalent linking to the peptidoglycan cell wall 
of the bacteria, effectively displaying the proteins in the bacterial cell wall. C) Schematic of the plasmid constructs. All proteins were placed under the 
control of the strong constitutive lactococcal P1 promoter followed by the phage T7 gene 10 5’-UTR and RBS. Usp45sp was used as a secretion signal, 
followed by the gene of interest and the C-terminal end (residues 268–457) of S. aureus protein A for cell wall binding. D) Protein expression levels 
were measured using a competitive ELISA against the 6xHis tag present in the CXCL12, TPO, and VCAM1 plasmids. M17, the L. lactis culture medium, 
supplemented with 0.5% glucose, was used as a negative control. FN was not included in this graph because its expression level was determined in a 
previous work—fully developed biofilms expressed FN at a concentration of 6.32 ng cm–2.[10]
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sterile silanized borosilicate glass coverslips and hMSCs were 
cultured on top of the bacterial monolayer. Previous work 
has shown that the hMSCs interact and adhere to the biofilm 
through focal adhesions to the FN fragment expressed in the 
bacterial cell wall.[10,25] Here, L. lactis NZ9020 has been geneti-
cally engineered to produce secreted recombinant CXCL12 and 
TPO, as well as the extracellular domain of the VCAM1 and 
FN adhesion peptides. All proteins have been placed under the 
control of the strong P1 lactococcal promoter[26] and fused to 
the signal peptide of the usp45 lactococcal protein.[27] For the 
extracellular presentation of the VCAM1 and FN fragments, the 
S. aureus protein A (SpA), that contains the LPETG motif, was 
fused to the C-terminus of the proteins, allowing for covalent 
crosslinking of the protein fragment to the outer peptidoglycan 
layer of L. lactis.[28] Only the extracellular domain of VCAM1 was 
chosen for expression in L. lactis since it contains the protein’s 
active site, including the integrin α4β1 binding site.[29] Similarly, 
the FN fragment has been shown to be biologically active in 
a variety of studies.[30] For easier protein characterization and 
quantification, a hexahistidine (6xHis) tag was added to either 
the N or C-terminus of the proteins.

Protein expression was quantified from either the super-
natant of 10  ml bacterial cultures grown for 16 h for secreted 
proteins, or after pelleting and lysis of the bacterial cells fol-
lowed by a competitive ELISA against the 6xHis tag (Figure 1B). 
Despite the use of the same promoter and RBS, all four recom-
binant proteins were expressed at different rates. To explain 
and evaluate the effect of protein production on the growth 
rate of each bacterial population, we monitored the growth 
of the bacterial populations over the course of 1000 min. All 
strains showed different doubling time and growth constant 
(k) (Figure S1, Supporting Information), suggesting that the 
size of the expressed protein imposes some metabolic burden 
in the bacteria, has some impact on its doubling time and 
concomitantly may affect the amount of expressed protein. 
The strains expressing CXCL12, TPO and the control showed 
similar growth kinetics, while expression of FN and VCAM1 
seemed to impose an additional metabolic burden on L. lactis 
cells. However, the differences were small enough to allow for 
the coculture of different strains in the same biofilm. Since the 
different populations follow similar growth trends for the first 
12–16 h of culture, which is the normal overnight biofilm for-
mation time, we can suggest that a biofilm formed by different 
populations would feature all populations, with neither of them 
being overrun by the faster growing strains. When established 
into the biofilm, the bacterial growth would slow down sig-
nificantly and therefore, the bacteria that initially populate the 
biofilm would remain in it. With no intra-population competi-
tion in the same biofilm bacteria, we suggest that the bacterial 
populations can be used in combinations without one outcom-
peting the others.

The bioactivity of recombinant FN expressed in L. lactis has 
been previously assessed.[22] In this work, we evaluated the 
biological activity of the CXCL12 and TPO expressed by the 
biofilms by conducting motility studies on hMSC and viability/
proliferation studies on human erythroleukemic TF-1 cells 
(Figure S6, Supporting Information). In particular, the ability of 
CXCL12 to induce increased hMSC motility has been supported 
and reviewed in detail,[34,35] and identified as a requirement for 

hMSC mobilization and migration in vitro.[36,37] Our results 
suggest a significantly increased motility speed in the hMSCs 
stimulated by both the commercial and L. lactis-expressed 
CXCL12, compared to both the media conditioned by the 
EMPTY (control, no secreted recombinant proteins) bacteria 
and to the control media (Figure S6A,B, Supporting Informa-
tion). At the same time, no statistically significant differences 
were recorded in the hMSCs cell speed displayed in response 
to commercial and L. lactis-expressed CXCL12. Additionally, the 
biological activity of the TPO expressed by L. lactis was assessed 
by its effect on TF-1, a cell line that has been identified to show 
a proliferative response to TPO.[38] The data shows that no 
statistically significant differences were observed between the 
proliferative behavior of TF-1 cells cultured in media supple-
mented with commercially sourced and L. lactis-expressed TPO 
(Figure S6C, Supporting Information). Given the TF1 cell line 
dependence on TPO, the cells cultured in the control media, 
without TPO supplementation, showed lowered proliferation 
rates during the first 3 d of culture, and the viability dropped 
after that time point.

2.2. Characterization of Living Biointerfaces

In previous work, biofilms were developed on hydrophilic boro-
silicate glass coverslips, and even though the bacteria remained 
viable,[24] the weak adhesion of the biofilm to the surface 
proved insufficient to support longer term cultures. To provide 
a stronger attachment than the weak van der Waals and Lewis 
acid-base forces that govern the interaction between a biofilm 
and its substrate, we tested different coatings. In this work, 
we used the L. lactis strain NZ9020, which bears a knockout of 
the lactate dehydrogenase lhdA and lhdB genes,[36] and is more 
suited to biomedical applications due to the subsequent reduc-
tion in lactic acid production and the subsequent acidification 
of the cell culture media. Similarly to NZ9000, NZ9020 shows a 
strong negative net surface charge in physiological conditions.[37] 
Since hydrophobicity has been shown to play a role in bacterial 
attachment to surfaces,[38] we tested different silanes as coat-
ings for long term biofilm culture on glass coverslips to reduce 
the surface zeta potential and increase the interaction strength 
with the bacterial surfaces. We selected (3-aminopropyl) trieth-
oxysilane (APTES) and Sigmacote, two silanes extensively used 
as a surface coating to support stem cell cultures[39,40] in order 
to achieve stronger, long term adhesion due to the electrostatic 
interaction between the bacteria and the treated glass surface.

Tetracycline (TC) is a bacteriostatic antibiotic that when 
used at 10 µg mL–1 inhibits bacterial protein synthesis through 
blocking the attachment of the charged aminoacyl tRNA to the 
A-site of the bacterial ribosome,[41] allowing to keep the bacteria 
in a reduced metabolic state and slowing down its proliferative 
potential and preventing the accumulation of lactic acid in the 
culture medium. Sulfamethoxazole (10  µg mL–1) and eryth-
romycin (5  µg mL–1) were also used to further control the 
proliferative rate of L. lactis in the cocultures and in the case 
of erythromycin, to exert a selective pressure on the ldha and 
ldhb phenotype of L. lactis NZ9020. L. lactis biofilms were pro-
duced in M17 medium supplemented with 0.5% glucose and 
10 µg mL–1 chloramphenicol (GM17C) and after the biofilm was 
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developed, the growth medium was changed to DMEM plus 
tetracycline, sulfamethoxazole and erythromycin at the same 
concentrations to prevent bacterial proliferation and its associ-
ated medium acidification.

L. lactis has been shown to form stable biofilms that can 
remain viable up to 10 d (Figure 2A,B). Data suggest no 

significant reduction in biofilm viability measured after 5 and  
10 d in culture, while also showing that the high viability 
observed is maintained both in GM17 and DMEM. This evi-
dence supports our claim that the biofilms can be cultured in 
a variety of different media, supporting different cocultures 
with human stem cells. Furthermore, in efforts to increase 

Figure 2. Biofilm characterization. A,B) Viability of the biofilms used in the coculture experiments, produced by combining CXCL12 (C), TPO (T), and 
VCAM1 (V) at different ratios and the control strain, were determined after 5 or 10 d using the FilmTracer viability kit. Viability values don not show a 
statistically significant difference (p ≥ 0.05) between the different strains and time points. Panel (A) shows representative images showing biofilms’ 
viability on the different tested surfaces and culture media. In this case, the C/T biofilm is depicted and GM17 and DMEM were used to compare the 
different culture conditions and their effect on the bacterial biofilm. No statistically significant differences were found (p ≥ 0.05) between the different 
time points or conditions. C) Biofilm area density, here shown L. lactis-CXCL12, as in percentage of area covered by the bacterial biofilm, was determined 
for the same conditions used in panels (B) and (C) at the same time points. Surfaces treated with Sigmacote kept a higher biofilm density compared 
to APTES, and DMEM showed the higher values. Panel (D) shows biofilms’ viability on the different tested surfaces and culture media. In this case, 
GM17 and DMEM were used to compare the different culture conditions and their effect on the bacterial biofilm. No statistically significant differences 
were found (p ≥ 0.05) between the different time points or conditions. We acknowledge a reduced viability value on days 5 and 9 for GM17 in Sigma-
cote but no statistically significant difference was found with the available data and this trend could be attributed to leaving the L. lactis cells in GM17, 
which reaches a pH around ≈5 and has a detrimental effect on cell viability. Longer term cultures have been done in DMEM at a physiological pH of 
7.4, which has a less detrimental effect as seen in the graph. A representative phase contrast image of a biofilm cultured in Sigmacote-DMEM for 9 d 
is shown in the image on the right. Results were obtained by counting the number of live bacteria per field of view, in three biological replicates, and 
three individual experiments. The displayed data represent mean ± S.E.M. and was analyzed with a Student’s t-test.
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biofilm stability and ensure a strong adhesion to the cover-
slip, we measured bacterial viability cultured in the presence 
of this antibiotic mix in both Sigmacote and APTES-treated 
glass surfaces. The viability of the biofilm did not display any 
statistical differences between APTES and Sigmacote after  
9 d of culture (Figure 2C), and despite the slight reduction in 
the number of viable cells between the 5th and 9th day, the 
biofilm retained high viability values (above 75%) after 9 d of 
culture in DMEM. However, the biofilms cultured on Sigma-
cote-treated coverslips showed increased coverage compared 
to the ones cultured on APTES-treated surfaces (Figure  2D), 
suggesting that Sigmacote is a more suitable coating for use 
in further experiments. Biofilm surface coverage was meas-
ured after 5 and 9 d in glass coverslips treated with APTES 
and Sigmacote, that has been shown to induce a higher sur-
face coverage compared to APTES (Figure 2C) and was there-
fore selected as a coverslip coating for further long-term  
cultures. Despite the low surface coverage, we suggest that 
the constitutive nature of the production of the recombinant  
proteins could be used to replace the traditional method of 
adding high levels of cytokines to the cell culture media and 
would provide a closer representation of natural stem cell 
niches, where the cells are constantly receiving a variety of 
chemical and adhesion stimuli from other components of 
their niche. A lower level of surface coverage would also be 
preferable for our system, as a larger number of bacteria could 
overflow the media with recombinant proteins and a higher 
level of metabolic end products, which could have negative 
effects to both stem cell viability and induce the development 
of undesirable cell phenotypes.

2.3. hMSC Adhesion and Viability on the Biofilms

Human mesenchymal stem cells (hMSCs) adhesion and mor-
phology on the L. lactis-based biointerfaces was assessed by 
actin staining. The cells were cultured for 3 h in DMEM sup-
plemented with tetracycline, sulfamethoxazole, erythromycin 
and without FBS to prevent deposition of other serum proteins 
that might hide the effect of bacteria. Cell area was deter-
mined using image analysis of the actin staining. The hMSCs 
showed adhesion and spreading, with focal adhesion develop-
ment (Figure S2, Supporting Information). Interestingly, no 
statistically significant differences were observed between the 
frequency or area of focal adhesions developed by the hMSCs 
on the different biofilms (Figure S2A,B, Supporting Informa-
tion), suggesting that the stem cells interact in a similar way 
with the biofilms, regardless of the recombinant protein pro-
duced by the bacteria. In contrast, actin staining shows that 
the cells displayed different morphologies depending on the 
type of biofilm they were cultured on (Figure 3A,B). hMSCs 
cultured on CXCL12, TPO, VCAM1, and EMPTY biofilms dis-
played a significantly smaller area compared to the cells grown 
on the FN-expressing biofilm as well as the two glass coverslip 
controls. The area of the cells cultured on the FN-expressing 
biofilm appeared statistically comparable to the area of hMSCs 
cultured on the FN-coated glass coverslip, while in both cases, 
the cells acquired a more spread phenotype compared to the 
glass coverslip (Figure 3A).

Image analysis of the actin staining has shown that hMSC 
area appears statistically comparable between the bacterial 
populations expressing CXCL12, TPO and VCAM1, as well as 
the EMPTY biofilm, where they appear to adhere to the bacteria 
but retain a small, round-like morphology. In contrast, hMSCs 
cultured on the FN-expressing biofilms display a much more 
spread phenotype, featuring larger, more elongated cells, sim-
ilar to the one observed in the fibronectin-coated substrate and 
glass coverslip (Figure 3B).

Finally, we show that the viability of the human cells remains 
unaffected by the biofilm after 3 and 5 d in culture. We failed 
to detect any dead cells in any of the tested time points or 
conditions (Figure 4C), proving that mammalian cells can be 
safely cocultured with L. lactis NZ9020. This observation fur-
ther underlines the ability of L. lactis to be cocultured with 
hMSCs and agrees with the existing literature on its potential 
to be used in a variety of biotechnological and biomedical appli-
cations.[42,43] In total, we noted that since it is known that the 
hMSCs cultured on the biofilms start secreting their own extra-
cellular matrix (ECM) after a day, the presence of ECM proteins 
such as fibronectin results in a more spread phenotype as it is 
evident from the live/dead assay, compared to the actin staining 
after 3 h of culture.

2.4. hMSC Motility on Biofilms

Inspired by the constant state of flux and remodeling that char-
acterizes native stem cell niches,[44,45] we aimed to evaluate 
the way hMSCs move and explore their surroundings in our 
system. To study cell movement in physiologically relevant 
conditions, we tailored our experimental setup to resemble the 
architecture of the BM. To mimic the 3D structure of the niche, 
we tracked hMSC trajectories on different L. lactis biofilms, 
with and without the presence of a hydrogel, bearing stiffness 
and porosity within the range found in human BM.[46–48] In par-
ticular, we engineered our hydrogels with a Young’s modulus of 
3 kPa, that falls in the range of natural bone marrow, ranging 
from 0.5–5  kPa in the perivascular and up to 40  kPa in the 
endosteal niche. Initially, we examined whether there is a dif-
ference between HMSC movement in 2D and 2.5D, by tracking 
cells seeded directly on the biofilms (2D) and comparing them 
to cells seeded in a monolayer between the biofilms and a 
hydrogel (2.5D). Figure S4 (Supporting Information) depicts 
the trajectories followed by the cells at different time points 
and in different culture conditions. Some differences are found 
in the speed of MSCs at day 1 on the different biofilms in the 
absence of hydrogels, which disappear after 3 d of culture. How-
ever, already at 24 h of tracking the cells displayed a significant 
difference between the range and speed of motion exhibited 
by the hMSCs in the presence of a hydrogel compared to its 
absence (Figure  4A). Cells seeded in 2D were highly motile 
and appeared to actively explore their surroundings, following 
large trajectories. In contrast, the presence of the hydrogel 
appeared to significantly restrict cell movement, resulting in 
less active motile cells that largely remained attached to their 
starting point. The same trend was observed after analysis of 
cell speed, with much higher average cell speeds measured in 
2D compared to 2.5D.
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Following this observation, we aimed to examine the effect 
of hydrogel degradability on cell movement. In a similar 
experiment, we seeded hMSCs on the L. lactis biofilms and 
tracked cell movement in the presence of a nondegradable and 
a degradable polyethylene glycol (PEG) hydrogel. To provide  
a close BM analogue, we fabricated protease-degradable 
hydrogels, using the crosslinking peptide GCRDVPMSMRG-
GDRCG (VPM),[49] which is rapidly cleaved by matrix metal-
loproteinases 1 and 2 (MMP-1 and MMP-2).[53] The degradable 
hydrogels were synthesized with a 1:1 PEG:VPM ratio, while 
the nondegradable hydrogels consisted of 100% PEG. To allow 
enough time for the cells to degrade and remodel their 3D 
environment, we tracked cell movements at days 3, 5, and 7, 

after seeding. Analysis of the cell trajectories and average cell 
speed suggested a significant difference between the cells cul-
tured in contact with the degradable and nondegradable hydro-
gels (Figure 4 B–D). The difference was more pronounced on 
days 3 and 7, with the hMSCs cultured in the presence of the 
PEG-VPM hydrogel moving at an observably higher speed 
compared to the nondegradable condition. While most differ-
ences in cell movement appear to have settled by day 5, we 
again observed a significant change at day 7, with similar cell 
movement trends as observed in day 3. The collective observa-
tion that hMSCs cultured in the presence of degradable hydro-
gels are more active in exploring their surroundings and move 
at a higher speed compared to cells cultured in nondegradable 

Figure 3. A) Cell area of hMSCs cultured on biofilms expressing CXCL12, TPO, VCAM1, and FN (note this is FN IIII7–10) was measured by image anal-
ysis and was compared to an EMPTY biofilm as well as hMSCs grown on FN-coated and bare glass coverslips. Cells grown on CXCL12, TPO, VCAM1, 
and EMPTY biofilms were significantly smaller in size compared to cells grown on the FN-expressing biofilm and the two glass coverslip conditions 
(A minimum of 15 cells per biological replicate and per condition were analyzed) after a one-way nonparametric ANOVA with Kruskal-Wallis post hoc 
test (α = 0.05, **** p < 0.001). Data presented as mean ± SD. B) Actin-stained hMSCs cultured on the different biofilms. C) hMSC viability on L. lactis 
biofilms. Representative images of the live/dead assay are shown for each condition. Viable hMSCs are displayed in green, while no nonviable hMSCs 
were recorded (red channel). This might be due to dead cells being washed away to prepare the staining, a known limitation of this technique. hMSC 
viability of cells cultured on CXCL12, TPO, FN, VCAM1 for 3 and 5 d was determined with a mammalian viability kit (Thermofisher). No nonviable 
(red-stained) cells were found. Thus, we infer that there were only a limited number of nonviable cells across the different tested conditions. ANOVA; 
analysis of variance, SD; standard deviation.
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2.5D conditions is further supported by mean displacement 
analysis data, which suggests a larger area explored by hMSCs 
cultured in the degradable hydrogel conditions. Notably, the 
higher cell speeds recorded on day 5 compared to day 3, espe-
cially in the degradable hydrogels shows the ability of MSCs 
to actively interact with their microenvironment, and initiate 

the degradation of the hydrogels, resulting in their ability to 
more freely migrate and explore their surroundings by day 5. 
The subsequent drop in migration speed on day 7 could be 
attributed to changes in cell proliferation, which could perhaps 
result in a decrease of cell movement in order to prioritize cell 
division.

Figure 4. Motility experiments and cell speed and trajectories. Human MSCs were seeded on L. lactis biofilms in either 2D or 2.5D conditions and 
were tracked at different time points. A) The cells were initially tracked for 24 h, with 5 min intervals after an initial overnight incubation to allow cells 
to adhere to the substrate. The average speed by cell was recorded and comparisons were drawn between the cells incubated with and without the 
presence of a hydrogel and between the different biofilm conditions. B–D) Cells were incubated on top of L. lactis biofilms in the presence of either a 
nondegradable (PEG) or a degradable (VPM) hydrogel. Cell speed was measured after tracking for 1 h with 2 min intervals on days 3, 5, and 7 of the 
cocultures. Data presented as mean ± SD and analyzed with ANOVA with a Tukey post hoc test. A minimum of 15 cells were measured per condition, 
in three independent experiments. Significance levels are ∗p < 0.05, ** p< 0.01, *** p < 0.001, **** p < 0.0001; ANOVA, analysis of variance; SD, 
standard deviation.
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2.5. HMSC Phenotyping

To evaluate the effect of the different bacteria-based interfaces, 
expressing different recombinant proteins on hMSC fate, we 
performed 14 d coculture experiments and followed by in-cell 
Western (ICW) analysis of phenotype. The MSCs were cultured 
on L. lactis populations expressing either single recombinant 
proteins or combinations of different cytokines. This experi-
mental setup aims to both assess the effect of each cytokine on 
the maintenance of the stem cell phenotype, and to investigate 
our hypothesis that combinations of expressed cytokines by the 
biofilms may provide a closer representation of the native BM 
stimuli that the MSCs experience in their niche, which may 
in turn induce MSC maintenance. We selected the osteogenic 
markers osteopontin (OPN)[51,52] and osterix (OSX)[52] and the 
stemness markers nestin,[53] Stro1,[54,55] and Activated Leuko-
cyte Cell Adhesion Molecule (ALCAM)[56] that have been widely 
used in the literature to assess hMSC phenotype. The results 
were normalized against the housekeeping protein β-actin, 
commonly used to obtain reliable and reproducible quantitative 
results in real-time quantitative PCR, Western blot and ICW 
analysis.[57]

Figure 5 represents the ICW results for the hMSC pheno-
type assessment after 14 d of culture on different biofilms. 
To assess the maintenance of a naïve hMSC phenotype, we 
selected Stro1, nestin and ALCAM. All three markers have 
been extensively used in the literature to select for hMSCs 
with an immature phenotype.[58,59] All stemness markers 
(ALCAM, nestin and Stro1) were expressed after 14 d in all 
conditions (Figure  5A–C). Despite the obvious overexpres-
sion of ALCAM and Stro1 of the hMSCs cultured on biofilms 
consisting of mixed L. lactis populations expressing TPO/FN/
VCAM1 (Figure S5A,C, Supporting Information), the differ-
ence is not significant compared to the hMSC control. Further-
more, nestin expression was comparable between the hMSCs 
cultured on all biofilms and the control (Figure 5B). Together, 
these results suggest that hMSCs cultured on recombinant  
L. lactis biofilms has the potential to maintain a stem-like 
phenotype on the cells in a similar way to naïve hMSCs cul-
tured for one day (hMSC control).

Staining for osteogenic markers (Figure  5D,E), also sug-
gested that all biofilms can maintain an undifferentiated state 
of hMSCs compared to our osteogenic control. We selected 
osteopontin (OPN), a highly abundant noncollagenous pro-
tein found in bone tissue, that has been extensively used as a 
marker for the early osteogenic differentiation of hMSCs[60,61] 
and osterix, a commonly used marker that may indicate the 
onset of the osteogenic differentiation of hMSCs.[62] Our data 
suggests an observable difference between cells cultured on all 
biofilms and the osteogenic control (Figure 5D), and a compa-
rable production of OPN between the biofilm conditions and 
the undifferentiated hMSC control. hMSCs cultured on all bio-
film conditions, except for CXCL12, showed significantly lower 
osterix expression than the osteogenic control (Figure 5E).

To further solidify our claim that the MSC phenotype is main-
tained in long term cocultures with the biofilms, we repeated 
the 14 d cultures and stained for the early adipogenic differenti-
ation marker Pref-1. Consistent with our hypothesis, the expres-
sion of Pref-1 by the hMSCs was significantly downregulated 

compared to the adipogenic control (Figure 5F). This trend was 
consistent among all biofilm conditions, with the exemption 
of CXCL12, where Pref-1 was expressed at statistically similar 
levels to the differentiated cells. The same trend was observed 
in cocultures of the hMSCs with combinations of the bacteria 
populations, in a system producing more than one recombi-
nant protein at the same time (Figure S5A–E, Supporting Infor-
mation). Having determined cell migration in a BM-resembling 
3D system, we aimed to examine the effects of the same micro-
environment on MSC phenotype. Therefore, we performed the 
same 14 d stem cell and bacteria coculture and ICW analysis 
in the presence of a nondegradable PEG hydrogel. Similar to 
the results in 2D, no loss of the naïve hMSC phenotype was 
observed after 14 d cultures on the biofilms, the presence of the 
hydrogel (Figure S5F–H, Supporting Information). Addition-
ally, the cultured hMSCs did not show significant expression 
of the osteogenic markers OPN and OSX, suggesting that the 
addition of the 3D component in our system does not induce 
hMSC differentiation toward the osteogenic lineage (Figure 
S5I,J, Supporting Information).

Combined, our results suggest that the tested recombinant 
L. lactis biofilms can induce the maintenance of a stem-like 
hMSC phenotype for up to 14 d in culture, while also reducing 
their potential for commitment toward the osteogenic and adi-
pogenic lineages.

2.6. Maintenance of the Differentiation Capacity of Human 
hMSCs

Having confirmed the maintenance of a naïve hMSC pheno-
type retained by the hMSCs after a 14 d coculture with the bio-
films, we aimed to assess whether the stem cells maintain their 
differentiation capacity. As previously, BM human hMSCs were 
initially cultured on top of L. lactis biofilms for 14 d in hMSC 
maintenance media. On day 14, the maintenance medium was 
changed to osteogenic media, and the cells were cultured for 
another 14 d on the biofilms to allow differentiation. Phenotypic 
(ICW) analysis of the hMSCs after the 28 d showed upregulated 
expression of the osteogenic markers OPN and OSX, at similar 
levels compared to differentiated hMSCs without the presence 
of the biofilms (Figure 5G,H). This observation was consistent 
among all conditions and all bacterial populations, suggesting 
that the biofilms used in this work can both maintain a naïve 
hMSC phenotype and retain the differentiation potential of the 
stem cells in long term cultures.

3. Discussion

In the present scenario of an aging population with increased 
demands for injury repair and disease treatment, stem cells 
have been identified as a frontline regenerative medicine 
source. Given their therapeutic potential, recent research has 
focused on recreating the stem cell natural microenvironments 
in vitro, to drive stem cell differentiation into tissues for med-
ical applications.

hMSCs have been the major stem cell type involved in 
biomedical applications due to their capacity to differentiate in 
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Figure 5. hMSC were phenotyped using in-cell Western to analyze relative expression of ALCAM, nestin, Stro1, osteopontin, and osterix. Analysis 
was performed after a 14 d coculture with the biofilms depicted in the graphs, namely CXCL12, TPO, VCAM1, FN, osteogenic medium (OSTEO), and 
glass-only control (hMSCs). The results were normalized against beta actin and are displayed as the relative expression of each marker against the 
housekeeping gene. A–C) No statistical difference was observed between the stemness markers expressed by the control hMSCs and the stem cells 
cultured on L. lactis. D–E) Interestingly, increased expression of osteogenic differentiation markers osteopontin and osterix was not observed in any of 
the conditions except for the osteogenic medium, (*** p < 0.001) compared to the rest of the conditions (two-way ANOVA with Tukey post hoc test) 
and in the OSX graph (* p < 0.05, ** p< 0.01, *** p < 0.001 compared to the reference condition, osteo, labeled as #). F) Assessment of the hMSC 
expression of Pref-1 after 14 d of culture also suggests that the stem cells cultured on the biofilms expressing TPO, VCAM1, and FN do not display a 
trend toward adipogenic differentiation. G,H) The maintenance of the differentiation potential of hMSCs cocultured with L. lactis was evaluated after 
14 d. No statistical difference was observed between the hMSCs and osteogenic control, suggesting the maintenance of the capacity of the stem cells 
to differentiate after long term cultures on the biofilms. A minimum of 15 cells were measured per condition, in three independent experiments. Data 
presented as mean ± SD and analyzed with ANOVA with a Tukey post hoc test. These data suggest a possible influence of the L. lactis biofilms in 
keeping an hMSC-like phenotype for up to 14 d in coculture without committing to the osteogenic lineage. SD; standard deviation.
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tissues of mesodermal origin, such as chondrocytes, adipocytes, 
osteogenic cells[63] and neurons.[64] hMSCs reside in a variety 
of tissues throughout the body, and present a variety of advan-
tageous properties for uses in regenerative medicine, such as 
their differentiation potential, wide availability and lack of sig-
nificant histocompatibility complex expression.[65,66]

In this work we propose a system based on a bacteria-based 
biointerface that provides cultured hMSCs with biochemical 
cues present in the BM microenvironment. Our culture system 
is based on nonpathogenic, genetically engineered L. lactis 
NZ9020 biofilms that express human CXCL12 and TPO, as 
well as the signaling extracellular domain of VCAM1 and the 
III7–10 fragment of human fibronectin. Our aim is to create a 
simplified in vitro BM analog that has the potential to main-
tain a stem-like hMSC phenotype, comparable to the naïve BM 
hMSCs. Our system is based on the dynamic interface between 
nonpathogenic L. lactis NZ9020 and human hMSCs, a novel cul-
ture system where the stem cells are constitutively stimulated 
by a variety of recombinant proteins. Our system is inspired by 
natural niches, where the cells are constantly receiving a variety 
of maintenance, expansion or differentiation signals, in com-
parison to most traditional cell culture methods that feature the 
external addition of high doses of soluble cytokines to the cul-
ture media. L. lactis has received the generally regarded as safe 
(GRAS) status by the Food and Drug Administration (FDA)[67] 
and has been used in a variety of clinical applications from pro-
biotics[68] to drug delivery systems[69] and vaccination agents.[70] 
NZ9020 is a lactate dehydrogenase-deficient strain of L. lactis[71] 
and it is well suited for cocultures with mammalian cells, as 
excessive lactate production drastically reduces the pH of the 
culture media, making the coculture difficult. The lack of lac-
tate dehydrogenase, plus the use of bacteriostatic antibiotics 
and hemin to force L. lactis to an aerobic metabolism gives as 
a result a very reduced production of lactate, keeping the pH of 
the culture medium close to standard cell culture values, pH 7.4.

We have selected to stimulate the cultured hMSCs with the 
collection of cytokines as they have been widely reported to be 
present in the BM and have been shown to play key roles in BM 
physiology and homeostasis maintenance. However, despite the 
wide availability of studies on the roles of soluble BM signals 
on other BM residing cell types, most notably hematopoietic 
stem cells (HSCs), not much research has been focused on the 
effects of these signals on hMSC fate. CXCL12 and TPO are 
two relevant soluble cytokines present in the BM, secreted by 
a variety of cells and with important roles in HSC regulation in 
healthy and diseased states.[72–74] VCAM1 and FN are expressed 
by a variety of cells in the BM and have been shown to maintain 
BM homeostasis and mediate hMSC and HSC function.[75–77]

Our system was optimized for long term L. lactis and hMSC 
cocultures. The use of Sigmacote as a hydrophobic coating has 
increased the adhesion and stability of the biofilm on the glass 
coverslips and has provided better surface coverage compared 
to other commercial silanes such as APTES. We have achieved 
high levels of recombinant protein production by the bacteria 
and have shown that the biofilm remains viable and metaboli-
cally active in our culture system.

In our coculture experiments, we have shown that the 
hMSCs interact with the biofilms, form focal adhesions and 
show an adherent, spindle-shaped appearance. In the presence 

of fibronectin, both as a coating and when expressed by the 
biofilms, the cells obtain an elongated, spread morphotype and 
a significantly larger cell area compared to the rest of the cul-
ture conditions. This is a clear demonstration of the cell fate-
influencing effect of the recombinant proteins on the cultured 
hMSCs, with a promising future potential of the system being 
used to further shape, direct and study hMSC fate. Further-
more, the biofilms do not show a negative impact on hMSC 
viability, evidence that has been consistent with previous work 
on L. lactis and mammalian cell cocultures conducted in our 
group.[24,25]

Furthermore, we show that hMSCs remain motile and 
actively explore their surrounding environment in our cocul-
tures, with their speed and migration trajectories varying 
depending on the presence or absence of a 3D component 
(hydrogel). This 3D aspect of our system provides a higher 
degree of resemblance of our cultures to the BM, which is cur-
rently understood to bear mechanical and architectural proper-
ties similar to our engineered hydrogels. The higher average 
speeds and longer trajectories of the hMSCs cultured in the 
conditions featuring the degradable hydrogels further suggests 
that our system resembles physiological conditions, where the 
hMSCs would actively degrade, remodel and explore their sur-
rounding environment.

hMSC phenotype analysis after 2 weeks of culture on dif-
ferent biofilms has shown that the cells maintain a naïve, 
stem-like phenotype, while displaying no signs of osteogenic 
commitment. These results were consistent in 2D cultures and 
in the presence of a 3D component, in the form of a hydrogel, 
to the system. To this date, the only studies reporting stem cell 
regulation by living materials have studied the potential of the 
biofilms to induce hMSC osteogenic differentiation. Similar to 
our observations, these studies have provided strong evidence 
that living biointerfaces can be used to direct stem cell fate. In 
particular, recombinant BMP-2 produced by the biofilms has 
been shown to induce osteogenic differentiation of hMSCs,[25] 
while at the same time hMSCs cultured on FN-expressing bio-
films have been shown to maintain an undifferentiated pheno-
type and only commit to the osteogenic lineage after the addi-
tion of soluble BMP-2.[10]

In this work, we aimed to better characterize the phenotype 
of hMSCs cultured on the biofilms in a wider range of condi-
tions, where the stem cells are stimulated by a range of dif-
ferent BM cytokines and adhesion factors. More precisely, Stro1, 
a marker widely used in the literature to select for hMSCs and 
their precursors[54,55] has been expressed in the hMSCs cultured 
on all biofilm conditions. Stro1 expressing cells have also been 
associated with migration and engraftment in a variety of tis-
sues, as well as providing support hematopoiesis and angio-
genesis.[78,79] Furthermore, high expression of Stro1 has been 
linked to an immature hMSC phenotype with an increased 
potential to proliferate and differentiate into other tissues.[58] 
Similarly, our biointerface has been shown to maintain nestin 
expression in cultured hMSCs. Nestin expression has been 
associated with a subset of bone marrow perivascular hMSCs 
which contributed to bone development, angiogenesis and are 
in close contact with hematopoietic stem cells (HSCs).[53] In 
previous research, nestin+ cells have been identified as quies-
cent but metabolically active and are suggested to be important 
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in regulating the fate of HSCs in the bone marrow.[59] Nestin-
expressing hMSCs have been associated with the production of 
chemokine ligand 12 (CXCL12), stem cell factor (SCF), and Kit 
ligand (Kitl) and have been reported to be a key element of the 
BM niche.[53] ALCAM has also been reported in the literature 
as a gene expression marker for undifferentiated mesenchymal 
cell progenitors.[80,81] Like Stro1 and nestin, alcam has also been 
found expressed by the hMSCs in our cocultures, in a way sta-
tistically similar to our hMSC control.

Interestingly, all Stro1, nestin and ALCAM appear to also be 
preserved in the osteogenic condition. This observation is con-
sistent with previous research, suggesting that Stro1 and alcam 
in particular are expressed by the fraction of the adult bone 
marrow hMSCs that contains the osteogenic progenitors.[82,83] 
Other studies have also suggested that the two markers may 
also be associated with the display of an osteogenic potential of 
hMSCs in specific cell niches.[84,85] Finally, our observation that 
nestin expression remains unaffected by the osteogenic con-
ditions reported in this work is consistent with recent studies 
suggesting that the marker can be maintained by hMSCs in 
osteogenic environments.[86]

We further tested our system for expression of osteogenic 
markers on the cultured hMSCs. We chose OPN and OSX, two 
extensively used markers for the early osteogenic differentia-
tion of hMSCs. While OPN has been identified as an early oste-
ogenic marker,[60,61] OSX has been described as a factor widely 
expressed in the BM,[87] a driving force toward the osteogenic 
differentiation of hMSCs,[88] and an important regulator of 
HSC maintenance in the BM.[89] Our findings suggest that nei-
ther of the osteogenic markers described above are expressed 
by the hMSCs cultured on our biofilms compared to the 
osteogenic control. In lack of similar studies, we are the first 
to report that our system of hMSC-L. lactis cocultures has the 
potential to maintain the stem cells in a naïve, stem-like pheno-
type, while also not promoting their osteogenic differentiation 
Notably, the reported maintenance of stemness was observed in 
hMSCs cultured on top of biofilms made up of L. lactis popu-
lation producing a single protein and on biofilms featuring a 
combination of different bacterial populations (Figure S4, Sup-
porting Information). This observation is consistent with our 
hypothesis that the active presentation of key BM cytokines and 
adhesion molecules provides a close resemblance to the sig-
nals hMSCs experience in their natural niche, contributing to 
the maintenance of the stem cells in a naïve, quiescent state. 
Therefore, we propose that our system provides a tuneable, 
novel representation of the hMSC niche in the BM.

Compared to previous research, these observations 
strengthen our hypothesis that the biointerface described here 
can be used as an active biomaterial for stem cell manipula-
tion. Instead of maintaining the hMSCs in a stem-like state, 
the system has been previously designed to induce the osteo-
genic differentiation of the stem cells, after cultures on BMP-2 
expressing L. lactis biofilms.[25] Our results and especially the 
stemness maintaining effect of the FN-expressing biofilms on 
hMSCs is also in line with previous research demonstrating 
that FN nanonetworks assembled on PEA are associated with 
enhanced, prolonged maintenance of self-renewal and reten-
tion of functional multipotency of cultured hMSCs.[90] Further-
more, in accordance with the data reported in our work, it has 

been shown that the culture of hMSCs on FN-producing L. 
lactis alone is not sufficient to induce their osteogenic differen-
tiation, which can nevertheless be achieved with external addi-
tion of soluble BMP-2.[10] This tuneable platform can therefore 
be easily and reproducibly tailored to each application and can 
shape cell fate accordingly.

4. Conclusion

Here, we demonstrate the potential of genetically engineered 
living biointerfaces to actively control stem cell behavior. 
Despite the number of living materials already developed, our 
work is based on a radical, multifaceted approach in combining 
the active, self-regulatory element of the biointerface, a variety 
of recombinant cytokines and adhesion factors produced by 
the bacteria and 2D and 3D culture conditions to produce 
novel living materials. Our approach benefits from the non-
pathogenic nature of L. lactis, providing our system with a sig-
nificant advantage over current approaches on living materials 
based in E. coli, and providing a promising potential for this 
work to be expanded and used in future clinical applications. 
We have demonstrated hMSCs can be successfully cultured on  
L. lactis biofilms, retaining high viability and displaying adhe-
sion dynamics and cell movement comparable to traditional 
culture methods. Our work also provides proof that L. lactis 
can be used as a substrate to actively control hMSC behavior, 
retaining the cells in a naïve state in long term cultures, without 
affecting their differentiation potential. This new living mate-
rial can be easily tuned and adjusted to a variety of applications, 
by instructing different recombinant protein expression or 
cocultures with different cell types. Our vision is that our plat-
form will be used in further studying different aspects of stem 
cell fate decisions for medical applications and even in adapted 
versions as a clinical tool for tissue engineering applications.

5. Experimental Section
Cloning: mRNA sequences for CXCL12, TPO, and VCAM1 were retrieved 

from Uniprot (further details in Table S1, Supporting Information) and 
synthesized as dsDNA gBlocks by Integrated DNA Technologies (IDT). 
The synthetic sequences were subcloned in the pT2NX plasmid under 
the control of the strong constitutive lactococcal promoter P1,[91] flanked 
by the usp45 secretion peptide to ensure extracellular secretion and, in 
the case of VCAM1, with the Staphylococcus aureus protein A fused to the 
C-terminus, to allow its covalent crosslinking to the peptidoglycan cell 
wall of L. lactis. A hexahistidine tag was added to each construct to allow 
its quantification using a competitive His-tag ELISA assay (GenScript).

Subcloning was performed using NEBuilder HiFi assembly 
master mix (New England Biolabs). Plasmids were transformed in 
electrocompetent L. lactis, strain NZ9020, as previously described[92] and 
plated in M17 agar plates supplemented with 0.5% v/v glucose and 10 µg 
mL–1 chloramphenicol. Candidate clones were grown and sequenced to 
confirm the correct sequence of the inserts.

Protein Expression Analysis: For easier and efficient recombinant protein 
quantification, a 6xHis-tag had been fused to the engineered proteins 
expressed in L. lactis. For CXCL12 and TPO, bacterial supernatants 
were analyzed, while for VCAM1 and FN, cells were lysed using the 
protocol described by Cole et al..[93] Finally, the GM17C medium, used for  
L. lactis cultures, was used as a negative control. Protein expression was 
quantified using a competitive His-tag ELISA Detection Kit (GenScript). The 
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protocol includes the addition of His-tagged protein standards (11.3 kDa) 
ranging from 1 to 729 ng mL–1 and samples to a 96-well plate precoated 
with a His-tagged protein, followed by the addition of an anti-His tag 
monoclonal antibody. The plate is then washed, and an HRP-conjugated 
secondary antibody is added to each well to react with anti-His tag primary 
antibody. Finally, 3,3′,5,5′-tetramethylbenzidine (TMB) is added and after 
a 30 min incubation period the reaction is stopped. Sample absorbance 
was measured at 450 nm using a Tecan Infinite 200 microplate reader and 
the expression level of the His-tagged protein of interest is calculated by 
interpolating their OD values from the standards of the standard curve.

Assessment of Recombinant Protein Bioactivity: The evaluation of 
CXCL12 bioactivity was conducted by studying the motility dynamics 
of human MSCs. The stem cells were cultured overnight in sterile 
24-well tissue culture plates. The following day, a 4 h culture of CXCL12-
expressing L. lactis was conducted in DMEM, to pre-condition the 
media for the motility study. Following the culture, the hMSCs were 
incubated in DMEM conditioned with L. lactis-secreted or commercial 
CXCL12 (PeproTech), both at a concentration of 200  ng mL−1, while 
DMEM without any cytokine was used as a control. Stem cell mobility 
was assessed by live phase holographic imaging, using a HoloMonitor 
M4 microscope (PHI). The cells were monitored for 24 h using label-
free imaging and their motility was quantified by measuring the 
nondirectional movement and speed of the cells in our different 
samples. The average cell speed was automatically determined by 
applying the HoloMonitor Cell Motility Assay on the recorded time-lapse 
sequence.

To assess the biological activity of the TPO produced by L. lactis, 
the TPO-responsive human erythroleukemia TF-1 cell line (Sigma) was 
used.[94] Briefly, an overnight culture of TF-1 cells was incubated in RPMI 
media supplemented with 2 ng mL−1 recombinant human granulocyte-
macrophage colony-stimulating factor (GM-CSF, PeproTech) and 10% 
fetal bovine serum. Each sample was supplemented with 100  ng mL−1 
of either commercial (PeproTech) or L. lactis- secreted TPO using the 
already mentioned media conditioning protocol, and the results were 
compared to cells cultured in base RPMI medium without any extra 
GM-CSF or TPO. The cells were cultured for a total of 7 d and cell 
viability and number was measured on days 1, 3, 5, and 7 by pipetting 
a 20  µL aliquot of cells and counting the cell density with a Countess 
3 Automated Cell Counter (ThermoFisher). The TF-1 cells were seeded 
at an initial concentration of 2 × 105 cells mL−1, and maintained in a 
humidified atmosphere incubator with 5% CO2 at 37 °C.

Glass silanization (APTES, Sigmacote): Prior to surface preparation, 
12  mm glass coverslips were sterilized by sonication in ethanol for  
20 min and dried at 80 °C, followed by UV irradiation for 15 min to 
sterilize the surface. Then, the coverslips were dried under a dry nitrogen 
stream. Sterile, dried coverslips were submerged in (3-aminopropyl) 
triethoxysilane (APTES) or Sigmacote (Sigma) for 30 s. The silanized 
surfaces were then washed in ultrapure water to remove excess solution 
and air-dried in a laminar flow hood cabinet.

Bacterial Culture: L. lactis strain NZ9020[36] was cultured in M17 
medium supplemented with 0.5% v/v sterile glucose and 5  µg mL–1 
chloramphenicol. M17 is composed by tryptone (5 g L–1), soya-peptone 
(5  g L–1), “Lab-lemco” (5  g L–1), yeast extract (2.5  g L–1), ascorbic 
acid (0.5  g L–1), magnesium sulfate (250  mg L–1), and di-sodium 
glycerophosphate (19 g L–1) (referred as GM17C in the rest of the paper). 
The bacteria were grown at 30 °C in anaerobic conditions.

Biofilm Formation and Viability: For biofilm formation, bacterial 
cultures were grown overnight anaerobically as standing cultures at 
30 °C in M17 medium (Formedium) supplemented with 0.5% v/v 
glucose and 10 µg mL–1 chloramphenicol (GM17C).

The following day, clean, sterile glass coverslips with the mentioned 
surface treatments (Sigmacote and APTES) and untreated glass as 
a control were incubated with 1  mL of fresh GM17C inoculated with 
40 µL of stationary overnight bacterial cultures. Biofilms were produced 
over the course of 24 h. Surfaces were washed three times with sterile 
ultrapure water until the planktonic bacterial phase had been removed. 
This resulted in a bacterial monolayer that was used for the following 
experiments.

Biofilm viability was assessed using the Film Tracer LIVE/DEAD 
Biofilm Viability Kit (ThermoFisher) after 5 and 10 d. The assay involved 
washing the biofilms with 0.9% NaCl solution and then incubating 
the biofilms in a 1:1 solution of SYTO 9:propidium iodide according 
to manufacturer’s instructions. After a 15 min incubation, samples 
were imaged using a Zeiss Axio Observer epifluorescence inverted 
microscope. Bacterial viability was assessed by image analysis, 
calculating the ratio between the viable (green) and total number of 
bacteria (green plus red). Images were analyzed with Fiji—ImageJ 
software.

Human hMSC Culture and Cell Viability: Primary human bone-marrow 
derived mesenchymal stem cells (Promo cell) were maintained in 
DMEM supplemented with 4.5 g L–1 glucose, 100 µM sodium pyruvate, 
1 × 10−3 m l-glutamine, 10% fetal bovine serum (FBS) and 10  µg mL–1 
chloramphenicol (Cm).

To assess the viability of hMSCs cultured on the L. lactis biofilms, 
the LIVE/DEAD viability/cytotoxicity Kit (ThermoFisher) was used. Cells 
were washed once with PBS at 37 °C and incubated with 2  × 10−6 m 
calcein AM and 4  × 10−3 m ethidium homodimer in PBS. hMSCs were 
incubated for 30 min at room temperature protected from light and 
imaged with a Zeiss Axio Observer epifluorescence microscope. Viability 
was determined by image analysis, calculating the ratio between green 
(viable) and total number of cells (green plus red, nonviable cells) using 
Fiji-ImageJ.

Immunostaining: After the selected culture time, samples were fixed 
using 4% formaldehyde in phosphate-buffered saline (PBS) at 37 °C for 
15 min. Fixative was removed and the cells were washed three times 
with PBS. The samples were then incubated in permeabilizing buffer 
(0.1% Triton X-100 in ultrapure water) for 5 min at room temperature. 
After a washing step, the samples were blocked with 1% BSA (bovine 
serum albumin) in PBS for 1 h at room temperature. A primary mouse 
antivinculin monoclonal antibody, hVIN1 clone (Sigma) was diluted 
1:400 in 1% BSA in PBS and incubated with the samples at room 
temperature for 1 h. The primary antibody staining solution was 
removed and the samples were washed three times with PBS/Tween 
20 (0.5% v/v). A Cy3-conjugated rabbit antimouse secondary antibody 
(Jackson Immunoresearch) diluted 1:200 in PBS/BSA 1% was added for 
1 h at room temperature in the absence of light. Samples were imaged in 
a fluorescence microscope (Zeiss AxioObserver Z1).

hMSC Tracking: Bone marrow derived hMSCs were cultured overnight 
on prepared L. lactis biofilms. Depending on the needs of each 
experimental setup, the hMSCs were tracked continuously for 1 or 24 h 
using time-lapse microscopy. During the measurements, the cells were 
maintained in hMSC maintenance media, at a humidified incubator at 
37 °C, 5% CO2. Cell migration and average speed of displacement were 
measured using an EVOS FL Auto 2 microscope. Cell trajectories as 
position coordinates with corresponding frame numbers were saved as 
a Microsoft Excel file and the tracking results were analyzed using the 
program source codes provided by Gorelik and Gautreau.[96]

In-Cell Western: hMSCs were cultured on L. lactis biofilms for 14 d. 
Cells were maintained in DMEM medium supplemented with 10% 
FBS and an antibiotic mix consisting of 10  µg mL–1 chloramphenicol, 
sulfamethoxazole and tetracycline and 5  µg mL–1 hemin and 
erythromycin, to inhibit bacterial metabolism. For the osteogenic 
control, 1  × 10−6 m dexamethasone (D4902, Sigma), 25  µg mL–1 
L-ascorbic acid (A4403, Sigma), and 3  × 10−6 m monobasic sodium 
phosphate (NaH2PO4) (S0751, Sigma) were added to hMSC base 
media. The adipogenic controls were cultured in base hMSC media 
with the addition of 1 × 10−6 m dexamethasone, 500 × 10−6 m 3-isobutyl-
1-methylxanthine (IBMX) (I5879, Sigma), 1.72  × 10−6 m human insulin 
(I-034, Sigma), and 100 × 10−6 m indomethacin (I7378, Sigma). For the 
hMSC control, BM-derived hMSCs were used after one day of culture to 
ensure a naive phenotype.

The cocultures were incubated at 37 °C, 5% CO2 in a humidified 
incubator with media changes every 3 d. After 14 d cells were fixed using 
a 4% paraformaldehyde w/v solution in phosphate-buffered saline 
(PBS) at 37 °C for 15 min and permeabilized using 0.1% Triton X-100 in 
PBS. The samples were then stained for osteopontin (OPN) (sc-21742, 
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Santa Cruz Biotechnology), Stro1 (sc-47733, Santa Cruz Biotechnology), 
nestin (sc-23927, Santa Cruz Biotechnology), osterix (OSX) (sc-393325, 
Santa Cruz Biotechnology) and ALCAM (CD166) (ab233750, Abcam) 
as well as b-actin (ab16039, Abcam) as the housekeeping protein. For 
detection, the IRDye 680 RD and IRDye 800 CW secondary antibodies 
were used for b-actin and for the rest of the aforementioned cell markers 
respectively (925-68071 and 926–32210, LI-COR). After the staining, 
the plate was dried at room temperature and read in an Odyssey Sa 
Infrared Imaging System (LI-COR Biosciences). Data was analyzed in 
ImageStudio 5.2.

Hydrogel Formulation: PEG hydrogels were formed using Michael-type 
addition reaction under physiological pH and temperature according 
to the protocol described by Phelps et  al. (2010)30. In this work,  
5% w/v polyethylene glycol-maleimide (PEGMAL) hydrogels were used, 
crosslinked with a 1:1 maleimide:thiol crosslinker. The crosslinkers used in 
this work were either PEG-dithiol (PEGSH, 2 kDa, Creative PEGWorks), or 
a 1:1 mixture of PEGSH and the protease-degradable peptide VPM, that is 
flanked by two cysteine residues (VPM peptide, GCRDVPMSMRGGDRCG, 
purity 96.9%, Mw 1696.96 Da, GenScript). The former composition was 
used for the formulation of the nondegradable hydrogels, and the latter 
for the degradable hydrogels. Hydrogel gelation was performed in a 
humidified incubator at 37 °C for 30 min. After gelation, the hydrogels 
were transferred on top of the hMSC-L. lactis cocultures.
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