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In this work, Engineered Living Materials (ELMs), based on the combination of genetically-modified bacteria and
mineral-reinforced organic matrices, and endowed with self-healing or regenerative properties and adaptation to
specific biological environments were developed. Concretely, we produced ELMs combining human mesen-
chymal stem cells (hMSCs) and Lactococcus lactis (L. lactis), which was specifically programmed to deliver bone
morphogenetic protein (BMP-2) upon external stimulation using nisin, into mineralized alginate matrices. The
hybrid organic/inorganic matrix was built through a protocol, inspired by bone mineralization, in which alginate
(Alg) assembly and apatite (HA) mineralization occurred simultaneously driven by calcium ions. Chemical
composition, structure and reologhical properties of the hybrid 3D matrices were dedicately optimized prior the
incorportation of the living entities. Then, the same protocol was reproduced in the presence of hMSC and
engineered L. lactis that secrete BMP-2 resulting in 3D hybrid living hydrogels. hMSC viability and osteogenic
differentiation in the absence and presence of the bacteria were evaluated by live/dead and quantitative real-
time polymerase chain reaction (QPCR) and immunofluorescence assays, respectively. Results demonstrate
that these 3D engineered living material support osteogenic differentiation of hMSCs due to the synergistic effect
between HA and the growth factors BMP-2 delivered by L. lactis.

1. Introduction

Large bone defects due to traumatic injury, degenerative diseases,
surgical removal of tumours or congenital diseases are still a major
challenge in common clinical practice, being bone the second most
transplanted tissue after blood [1,2]. The great demand for bone im-
plants, exacerbated by an ageing population, has prompted the devel-
opment of innovative materials able to foster the regeneration of
damaged tissues [1,2]. The growing field of Engineered Living Materials
(ELMs), which contain programmed living cells with responsive func-
tions embedded in inert polymeric matrices, aims at recreating the
ability of natural living materials (e.g., bone, wood or bacterial biofilms)
to adapt their composition, structure and performance in response to
environmental cues [3]. To achieve this goal, living cells form or
assemble the material itself through a bottom-up approach, or modulate
the functionality of the material in some manner (top-down approach)
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[4]. Among the living entities, engineered bacteria, the most genetically
tractable organisms, are of special interest to design programmable
ELMs [4]. In fact, a breakthrough study in bone tissue engineering
involved the control of human mesenchymal stem cell (hMSC) fate
through engineered Lactococcus lactis (L. lactis), a Generally Recognized
as Safe (GRAS) species of bacteria [5]. L. lactis was genetically modified
to express a fragment encompassing the 7th-10th type III domains
(IlI7_10) of the human fibronectin (FNIII 7-10) providing a platform to
support hMSCs adhesion, as well as expressing bone morphogenetic
protein 2 (BMP-2) that induces osteogenic differentiation of hMSCs [5].
The growth factor-eluting engineered biofilm can continuously produce
the desired dose of a therapeutic agent at the regeneration site to
stimulate stem cell differentiation and bone tissue regeneration [5].
Despite these interesting features associated to programmable bac-
teria, most of them are vulnerable to harsh external environments, and
can only survive or maintain their metabolic activity in relatively mild
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conditions [6]. Thereby, the incorporation of engineered bacteria into
hydrogels (living hydrogels) is a robust strategy to protect the living
entity and enhance their biological activity [7]. In addition, the resulting
living hydrogels provide spatiotemporal control of the concentration of
the chemicals released by the bacteria and reduce toxicity to normal
tissues [7]. Biocompatible hydrogels, provide sufficient space to
accommodate the genetically engineered bacteria and protect them
against environmental damage, including antibiotics and acidic pH,
increasing their lifespan and facilitating their retrieval [7]. Besides,
hydrogels present tuneable physicochemical properties that allow the
controlled release of therapeutic agents, increasing the efficacy of the
bacteria-based therapy [7]. In fact, ELMs based on the encapsulation of
engineered microorganisms in hydrogels have been developed for
digestive health treatment, skin fungal infections, wound healing, living
bacterial vaccines, and cancer bacteriotherapy [7-10].

Alginate is one of the most used polymers for cell encapsulation and
alginate hydrogels are among the most employed materials for bone
tissue engineering (BTE), bioprinting, drug delivery and antimicrobial
and wound dressing applications [11,12]. This is due to their composi-
tional and structural similarities to natural ECM and properties such as
gelling capacity, high biocompatibility, low immunogenicity, and low
cost [7,11,12]. In addition, alginate has been declared safe by the Food
and Drug Administration (FDA) for several biomedical applications and
in pharmaceutical industries [11,13]. Regarding BTE, the in situ gelation
of alginate hydrogels by ionic crosslinking with divalent cations has
been explored to encapsulate cells and growth factors in order to
enhance bone healing process through the controlled delivery of cells
and bioactive molecules [12,14]. Owing to the shear thinning character,
rapid cross-linking ability and feasibility of printing viable cells,
injectable alginate bioinks are also one of the most used biomaterials for
bioprinting towards the development of scaffolds with a complex, pa-
tient specific external geometry in combination with a precise control
over the internal architecture [12,14]. A recent study developed a pro-
totype of a low-cost 3D bioprinting platform able to simultaneously
encapsulate stem cells and genetically modified non-pathogenic bacteria
(Lactococcus lactis) to induce osteogenic differentiation of human bone
marrow—derived mesenchymal stem cells [15].

Despite the recent advances in ELMs, living hydrogels face still
important challenges in bone regeneration to develop systems that
recapitulate the properties of the natural bone ECM [16]. Bone is a
complex hierarchical tissue mainly composed of a mineral phase, hy-
droxyapatite nanoparticles (HA, Cajo(PO4)¢(OH)y), that grow prefer-
entially aligned with the c-axis parallel to the longitudinal axis of the
collagen fibres resulting in a hybrid biomaterial with unique biome-
chanical performance [17-19]. Bone mineralization has inspired the
design of sophisticated materials with highly controllable and special-
ized properties for bone tissue engineering [20,21]. The gradual mixing
of solutions containing an organic polymer and phosphate ions with
solutions containing calcium ions enables the assembly of the polymer
into 3D matrices (driven by either the pH increase or Ca-mediated
polymer crosslinking) and simultaneously, the precipitation of apatite
nanocrystals, governed by the organic matrix and ionic concentration of
the precursors [20,22-24]. These bioinspired routes provide hybrid
biomaterials, with composition and structure at the nanoscale similar to
bone, and thus with enhanced bioactivity, osteoconductivity and
osteoinductive, of special interest for bone tissue regeneration
[12,25,26]. The integration of biomimetic HA nanoparticles into poly-
meric hydrogels results in hybrid materials, which rebuild the osteo-
genic micro-environment, capable to promote bone mineralization,
construction of immune micro-environment, and favour angiogenesis
both in vitro and in vivo [27]. 3D printing combined with in situ apatite
mineralization has been also proposed as a potential strategy for bone
tissue engineering [25]. However, this technology still needs improve-
ment to produce biomaterials recapitulating osteogenic microenviron-
ments. Other interesting strategy is combining bioceramic materials (HA
and calcium sulphate) and BMP-2 into 3D scaffolds [28]. These
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composite materials (gelatin/bioceramic) allowed the sustained release
of BMP-2, favouring the osteogenic differentiation of human bone-
marrow derived mesenchymal stem cells (hBM-MSCs) and promoting
bone regeneration in an osteoporotic defect model [28]. Despite the
advances in the synergistic integration of therapeutically active growth
factors and bioinspired HA mineral for bone regeneration therapy,
avoiding supraphysiological BMP-2 doses and reducing consequently
the possible adverse effects is still a challenge.

In this work, ELMs were synthesized by a bottom-up approach
inspired in bone mineralization. We designed a method to produce the
simultaneous alginate gelification and apatite mineralization in the
presence of hMSC and engineered L. lactis bacteria resulting in 3D hybrid
living hydrogels. Since alginate rapidly forms physically crosslinked gels
when interacting with calcium ions, both processes (gelification and
mineralization) are interconnected, enhancing the interactions and
interplay between the organic/inorganic phases and favouring the for-
mation of homogeneous hybrid hydrogels, in which the mineral is in-
tegrated in the organic matrix. The chemical composition, structure and
mechanical properties of mineralized hydrogels were investigated. We
show hMSC osteogenic differentiation only in the presence of the engi-
neered bacteria demonstrating the synergistic potential of L. lactis bac-
teria expressing BMP-2 and biomimetic apatite mineral phase to direct
stem cell fate.

2. Materials and methods
2.1. Synthesis of hybrid hydrogels

Alginate (Alg) hydrogels have been mineralized through a protocol
emulating bone biomineralization in which Alg gelation and apatite
(HA) mineralization occurred simultaneously producing 3D mineralized
gels (Alg/HA, Fig. 1) [24,29]. A solution containing 1.5 mL of NagHPO4
(0.12 M), 1.5 mL of NazCgHsO5 (0.1 M), and 1.5 mL of NayCO3 (0.1 M),
was adjusted to pH 7.4 with HCI (5 M) in a 10 mL vial. After that, 101 mg
of sodium alginate was added and mixed vigorously with vortex to
obtain as-called alginate solution (Fig. 1). Finally, the addition of 2.25
mL of a calcium chloride solution (0.06-0.27 M) triggered the rapid
formation of an Alg hydrogel due to ionic crosslinking with Ca?* ions
and the simultaneous mineralization of the polymer (Fig. 1). Several
Ca?" ion concentrations and thus, Ca/P molar ratio (above and below
the stoichiometric value of hydroxyapatite, Ca/P = 1.67) were evalu-
ated to optimize the mineralization of Alg hydrogels (Table 1). Control
Alg hydrogels were synthesized through the same approach but using
1.5 mL of water instead of 1.5 mL of NasHPO,4 (0.12 M) to avoid HA
mineralization. The hydrogels were incubated at 37 °C for 24 h and then,
the consistency of the hydrogels was assessed by using the visual
inverted vial method. Then, the hydrogels were repeatedly washed with
ultrapure water by centrifugation (8000 rpm, 10 min, 18 °C) and freeze-
dried (Telstar Cryodos freeze-drier) for further characterization. All re-
agents were purchased from Sigma Aldrich UK.

2.2. Physicochemical characterization

2.2.1. X-ray powder diffraction (XRPD)

XRPD data were collected on a Bruker D8 Discover diffractometer
(from the Centre for Scientific Instrumentation of the University of
Granada, CIC-UGR) using Cu Ka radiation (A = 1.5406 A) from 5° to 55°
(260) with a scan rate of 40 s per step and a step size of 0.02° with a HV
generator set at 50 kV and 1 mA.

2.2.2. Fourier transform infrared (FTIR)

FTIR spectra of freeze-dried hydrogels were recorded on a Tensor 27
(Bruker, Karlsruhe, Germany) spectrometer. 2 mg of the powder samples
was mixed with 200 mg of anhydrous potassium bromide (KBr) and
pressed at 5 tons into a 12 mm diameter disc using a hydraulic press
(Specac). Samples were produced by triplicates and a pure KBr disk was
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Table 1
Final concentrations of alginate and ionic precursors for each mineralization
experiment.

Alginate (%wt) Na3zCeHs0;, Na,CO3 Na,HPO, CaCl, Ca/P ratio
(mM) (mM) (mM) (mM)
1.5 22 22 27 13 0.5
1.5 22 22 27 29 1.08
1.5 22 22 27 36 1.33
1.5 22 22 27 40 1.67
1.5 22 22 27 60 2.23

used as a blank. The infrared spectra were recorded by accumulating 40

scans covering from 400 cm ™! to 4000 cm ™ at a resolution of 4 cm ™.

2.2.3. Transmission electron microscopy (TEM)

TEM, Selected Area Electron diffraction (SAED) and High-Angle
Annular Dark Field-scanning transmission electron microscopy
(HAADF-STEM) images and Energy-Dispersive X-ray Spectroscopy
(EDS) elemental maps were acquired with STEM FEI TALOS F200X
microscope equipped with a 4 Super-X SDDs (Thermo Fisher Scientific
Waltham, MA, USA) from CIC-UGR. For TEM analysis, hydrogels were
washed vigorously with Milli-Q water and then, a 200-mesh copper grid
covered with thin amorphous carbon films was immersed into the
hydrogel. After 1 min incubation, the grids were washed carefully with
ultrapure water five times (drops of 20 pL) and left to air-dry in ambient
conditions.

2.2.4. Rheological characterization of the hydrogels

Mechanical characterization was performed using a torsional
rheometer (MCR 302, Anton Paar, Austria) at a constant temperature of
25 + 0.1 °C. Frequency sweep was first performed to evaluate the
regime where the storage modulus (G’) was independent of frequency
(w). Then, shear-strain sweep tests were set at 0.1 N, as normal force,
using a plate-plate geometry of 8 mm diameter. Values of storage moduli
(G*) and loss moduli (G") at constant angular frequency (10 rad s’l)
were obtained within the linear viscoelastic regime (LVE) as a function
of increasing strain sweep (y) from 0.1 % to 1 %. In this regime, G’ was
independent of frequency and strain so that the shear modulus (G) of the
hydrogels could be determined attending to G:Lgiz})G’(a)) [33]. Results

were reported as stiffness (Young’s modulus, E) calculated via the Eq.
(1), where G is the shear modulus and v is referred to Poisson’s ratio
(assumed to be 0.5 for incompressible material) [34]:

E (kPa) = 2G(1 +v) (€)]

The mechanical properties of mineralized (Alg/HA) and non-
mineralized (Alg, control) hydrogels at different Ca*? concentrations
([Ca®"] = 40 mM and [Ca®"] = 60 mM), incubated at 37 °C for 24 h
were evaluated. Experiments were performed for each condition at least

Mineralized alginate gels (Alg/HA)

Biomaterials Advances 154 (2023) 213587

Fig. 1. Scheme of the preparation of
mineralized alginate (Alg/HA) hydro-
gels. Firstly, a phosphate solution con-

_ P3N = :
sUs 2 taining citrate and carbonate, two

(L_( ") P -~ relevant components of bone apatite

W [30-32], is prepared. The pH of this

solution is adjusted to 7.4 with concen-
trated hydrochloric acid solution before
adding the sodium alginate solution.
Then, the calcium solution is added and
homogenized by vigorous vortexing to
trigger alginate hydrogel formation and
polymer mineralization at the same
time. After 24 h at 37 °C, inverted vials
reveal the consistence of the mineralized
alginate hydrogels in each condition
mentioned in Table 1.

Bone-like apatite
nanoparticle (HA)

with 5 different samples. The samples were kept immersed in 1-phos-
phate-buffered saline (PBS) before testing to avoid water loss.

2.3. Cell and bacteria encapsulation

2.3.1. hMSC culture

Human bone marrow-derived mesenchymal stem cells (hMSCs)
(PromoCell GmbH, Germany) were expanded and maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10 %
fetal bovine serum (FBS), 1 % non-essential amino acids (NEAA), 1 %
sodium pyruvate and 2 % antibiotics (6.74 U mL™! penicillin-
streptomycin, 0.2 pg mL™! fungizone) and 2 mM Lr-glutamine, at
37 °C, in a humidified atmosphere with 5 % CO,. Culture medium was
replaced every 3 days. When 90 % confluency was reached, cells were
washed with PBS and detached from the culture flask by using tryp-
sin-EDTA. The cells were centrifuged at 1400 rpm for 5 min and then,
resuspended in DMEM before proceeding with the cell culture.
Expanded hMSCs were used at passages 2-3.

2.3.2. Bacterium culture

Engineered L. lactis NZ9020 [35] expressing the mature form of
human BMP-2 secreted in the medium, under a nisin-inducible pro-
moter, were grown in M17 medium supplemented with 0.5 % glucose
and 10 pg mL™! chloramphenicol. The M17 medium is composed of
soya-peptone (5 g L’l), “Lab-lemco” (5 g L’l), tryptone (5 g L’l),
ascorbic acid (0.5 g L’l), yeast extract (2.5 g L’l), MgSO4 (250 mg L’l),
and di-sodium glycerophosphate (19 g L™!). The engineered bacteria
were grown at 30 °C in static anaerobic conditions [5,36].

2.3.3. Fabrication of polydimethysiloxane moulds

Polydimethylsiloxane (PDMS) moulds were fabricated by mixing
prepolymer silicone elastomer base solution and curing agent (Sylgard
184; Dow Corning Corporation) in a 10:1 ratio [37]. The mixture was
homogenized, poured on a 140 mm Petri dish and degassed for 10 min in
a vacuum chamber to remove bubbles. After that, the mixture was
placed in an oven at 70 °C for 2 h. After crosslinking and cooling down,
the polymer was cut to make moulds large enough to fit into a well from
a 6-well plate and to include three holes with 6 mm diameter and 2 mm
wide (200 pL capacity) where the hydrogels can be cast.

2.3.4. Cell encapsulation within mineralized alginate hydrogels

L. lactis and hMSCs were encapsulated in mineralized Alg hydrogels
by adapting the protocol previously described in Section 2.1 for a Ca/P
molar ratio of 1.67 (Table 1). hMSCs were suspended in 300 pL of the Alg
solution containing Alg, phosphate, citrate, and carbonate, to a final
concentration of 4.2 x 10° cells mL 1. Then, 60 pL from a suspension of
bacteria (1.15 x 107 CFU mL~! in PBS) were added and homogenized.
After that, 100 pL of this Alg solution was added to each hole in the
PDMS moulds placed in a 6-well plate. To carry out the simultaneous Alg



B. Parra-Torrejon et al.

hydrogel formation and mineralization in the presence of hMSCs and
L. lactis, 50 pL of a calcium chloride 0.2 M solution was added to each
hole to ensure the in situ entrapment of hMSCs and L. lactis within the 3D
mineralized hydrogels (Alg/HA -+ bacteria). After 15-min incubation at
37 °C and 5 % CO,, the moulds were removed obtaining hydrogel disks
with 6 mm diameter and 2 mm thickness. Then, 4 mL of DMEM medium
supplemented with 10 % FBS, 10 pg mL™! tetracycline, 10 pg mL™!
chloramphenicol, 0.5 % NEAA and 2 mM t-glutamine was added to the
wells containing the hydrogels. This media was referred to as DMEM-B
and it was formulated in order to inhibit bacterial metabolism and
control media acidification, since tetracycline is a bacterial RNA poly-
merase inhibitor that reduces the proliferation ratio of L. lactis, while
chloramphenicol is used to maintain the plasmid that contains the BMP-
2 gene in the bacteria [15]. The same protocol was followed to encap-
sulate hMSCs and L. lactis in non-mineralized Alg hydrogels (Alg +
bacteria) by eliminating phosphate ions from the Alg solution.

Mineralized (Alg/HA) and non-mineralized (Alg) hydrogels encap-
sulating only hMSCs were synthesized as control living hydrogels by
mixing in each hole 100 pL of Alg solution (with and without phosphate,
respectively) containing 5 x 10° cells mL™! with 50 pL of calcium
chloride solution (0.2 M). After 15 min incubation at 37 °C and 5 % CO»,
the moulds were removed and 4 mL of the DMEM medium supple-
mented with 10 % FBS, 1 % NEAA, 1 % sodium pyruvate and 2 % an-
tibiotics (6.74 U mL ™! penicillin-streptomycin, 0.2 pg mL~! fungizone)
and 2 mM t-glutamine was added. This media was referred to as DMEM-
A. Three replicates of each living hydrogel (Alg, Alg/HA, Alg + bacteria,
Alg/HA + bacteria) were used for each time point. Culture media was
changed every 2-3 days.

After the cell culture, calcium could be chelated from the hydrogel
and alginate chains recovered in solution. This should also allow the
recovery of the HA nanocrystals and, ideally, the possibility of produc-
ing and re-use the hydrogels. However, this recycling process has not
been evaluated in this work.

2.3.5. hMSC viability in the 3D hydrogels

To assess the viability of hMSCs cultured in living hydrogels for 1, 3
and 8 days the LIVE/DEAD® viability/cytotoxity kit (Molecular Probes,
UK) was used. Briefly, the hydrogels were washed once with PBS at
37 °C and incubated for 30 min at 37 °C with 150 pL of a mixture
containing 4 pM ethidium homodimer-1 and 2 pM calcein AM in PBS.
Then, the staining solution was removed and the living hydrogels were
washed with PBS. The distribution of live cells (green) and dead cells
(red) in each hydrogel was visualized using an Axio Observer Z1 epi-
fluorescence inverted microscope (Zeiss, GmbH, Germany). Cell
viability was calculated by determining the ratio between live (green)
and total number of cells (green plus red, live and dead cells) using
ImageJ software (National Institutes of Health (NIH), USA).

2.4. Osteogenic differentiation of hMSCs

The potential of hybrid living hydrogels to induce osteogenic dif-
ferentiation of hMSC was studied after 15 days. As described in the
Section 2.3.4, hMSC embedded in Alg/HA and Alg/HA + Bacteria
hydrogels were cultured in DMEM-A and DMEM-B media, respectively.
For the positive control, hMSCs were encapsulated in mineralized
hydrogel without bacteria and cultured in the DMEM-A media supple-
mented with 5 pg mL~! BMP-2 (Alg/HA + BMP-2). hMSCs embedded in
bacteria-containing hydrogels were cultured in DMEM-B media sup-
plemented with 10 ng mL ™! of nisin to induce the expression of BMP-2
(Alg + Bacteria+Nisin and Alg/HA + Bacteria+Nisin) [5,15].

2.4.1. Gene expression of osteogenic markers

The osteogenic differentiation of hMSCs was evaluated by quanti-
tative real-time polymerase chain reaction with reverse transcription
(qQRT-PCR).

After 15 days of cell culture, the living hydrogels were degraded in a
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solution containing 400 pL of 0.1 M sodium citrate and 10 pL of
2,2,2" 2"-(ethane-1,2 diyldinitrilo) tetraacetic acid (EDTA) mixing up
and down with a pipette for 1 min. The supernatant was collected by
centrifugation and total RNA from hMSCs was extracted and purified
using a Rneasy Micro kit (Qiagen) following the manufacturer’s in-
structions. The RNA concentration of each sample was measured using a
spectrophotometer (Nanodrop 2000c, Thermo-Fisher Scientific, UK).
The reverse transcription (cDNA) was performed using the QuantiTect
Reverse Transcription Kit (Qiagen, Netherland). Forward and reverse
primer sequences for qRT-PCR are listed in Table 2. Osteopontin (OPN)
and osteocalcin (OCN) genes were selected due to their role in late
osteogenic differentiation. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as house-keeping gene to standardize gene expres-
sion levels. SYBR Green dye was used to target synthesized cDNA
(Qiagen, Netherland). Then, qRT-PCR was carried out in a 7500 Fast
Real Time PCR system (Applied Bio-system, USA) and the 274A%
method was performed for data analysis.

2.4.2. Osteogenic differentiation quantification by immunofluorescence

After 15 days of cell culture, hydrogels were washed with PBS twice
and then fixed with a 4 % paraformaldehyde (PFA) solution in PBS at
room temperature for 15 min. Fixative solution was removed and the
samples were washed three times with PBS. Hereafter, cells were per-
meabilized with a solution of 0.1 % Triton X-100 in PBS for 5 min. To
avoid non-specific binding, the samples were blocked by incubating in 2
% bovine serum albumin (BSA) in PBS for 30 min at 37 °C. After that,
hydrogels were placed in a 96-well plate and incubated with anti-
osteopontin rabbit primary polyclonal antibody (315,165,003, Jackson
ImmunoResearch Laboratories Inc., USA) (1:150 in 2 % BSA in PBS) for
1 h at 37 °C. The samples were consequently washed to remove unbound
primary antibody with 1 % Tween 20 in PBS three times for 5 min.
Samples were then incubated with goat anti-rabbit secondary antibody
(111165003, Jackson ImmunoResearch Laboratories Inc., USA) and
phalloidin Alexa Fluor 488 (Thermofisher Scientific, U.K.) (1:200 and
1:100 in 2 % BSA in PBS, respectively) for 1 h at room temperature in the
absence of light. Then, the samples were washed three times with 1 %
Tween 20 in PBS for 5 min. hMSCs and L. lactis nuclei were stained with
Vectashield-DAPI mounting medium (Vector Laboratories, USA). Sam-
ples were imaged in a LSM980 confocal microscope (Zeiss, GmbH,
Germany).

2.5. Statistical analysis

Statistical comparisons were analysed with GraphPad Prism software
(version 6.0) by using one-way ANOVA and Bonferroni’s post hoc test.
When p-values were lower than the standard significance value of 0.05,
differences in the numerical results were considered statistically
significant.
3. Results and discussion

3.1. Scaffolding: mineralized 3D alginate hydrogels

First, a mineralization protocol was designed to produce hybrid
organic/inorganic 3D Alg hydrogels (Fig. 1). Sodium Alg was mixed

Table 2
Primer sequences used for qRT-PCR.
Gene Primer Primer sequence (3"-5') Tm % GC
direction ()
GAPDH  Forward TCAAGGCTGAGAACGGGAA 51.1 52.63
Reverse TGGGTGGCAGTGATGGCA 52.6 61.11
OCN Forward CAGCGAGGTAGTGAAGAGACC 56.3 57.14
Reverse TCTGGAGTTTATTTGGGAGCAG 53.0 45.45
OPN Forward AGCTGGATGACCAGAGTGCT 53.8 55.00
Reverse TGAAATTCATGGCTGTGGAA 47.7 40.00
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with a solution containing phosphate, carbonate and citrate, ions found
in bone mineral [30,32,38,39]. The addition of Ca®>" ions caused the
simultaneous Alg cross-linking and calcium phosphate mineralization.
First, the experimental conditions to produce consistent 3D hydrogels
that encapsulate cells (both MSC and bacteria) were determined
(Table 1). Weak translucent hydrogels that were not able to self-support
after vial inversion were obtained at Ca®" concentrations below 40 mM
(Fig. SI1). For this reason, these conditions were excluded. Consistent
hydrogels were instead obtained at 40 mM Ca2* (Fig. SI and inset of
Fig. 2a). FTIR spectra of these hydrogels showed the characteristic
phosphate vibrational bands of apatite (Fig. SI2), thereby confirming the
successful mineralization of the hydrogels. A further inspection by TEM
imaging confirmed that the inorganic phase was closely associated with
the inorganic matrix, recapitulating bone (Fig. 2a) [30-32]. It is worth
mentioning that we did not observe apatite nanocrystals precipitating
out of the organic matrix. Apatite nanocrystals were indeed found to
specifically interact with the Alg matrix, as observed in the corre-
sponding chemical maps (Ca: magenta; P: green) obtained by EDS
(Fig. 2b). SAED pattern displayed the hydroxyapatite reflections (002,
112 and 004), with no preferential orientation, in contrast to mineral-
ized collagen fibrils of bone, in which apatite nanocrystals are

21
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specifically oriented with the c-axis parallel to the collagen fibber
[20,40]. The effective mineralization was further confirmed macro-
scopically by XRPD (Fig. 2c). The pattern of the organic/inorganic
hybrid showed broad bands of diffuse scattering associated to the
organic matrix and broad peaks characteristic of poorly crystalline
apatite (i.e., 002 and 211 reflections, JCPDS 9-432) with similar struc-
tural features to those observed in bone apatite [30]. A further analysis
of this mineralized hydrogel by SEM revealed rough surface with poorly
defined porosity (Fig. SI3).

Bulk mechanical features of the organic/inorganic hydrogels were
also studied by shear rheology. Viscoelastic properties of the hydrogels,
dominated by the combination of the degree of crosslinking of the
polymer, the inorganic nanocrystals and the high quantity of water in-
side the hydrogel, were analysed in the Linear Viscoelastic Region
(LVE). The resulting storage (G’) and loss (G") moduli for mineralized
and non-mineralized hydrogels are shown in Fig. SI3. G’ was higher than
G" in this LVE region, thereby confirming the elastic gel-like behaviour
of the samples [33].

The Young’s modulus (E) was calculated from the shear modulus (i.
e., G at the LVE region where it is frequency independent) using Eq. (1)
(Section 2.2.4.). E values of mineralized and non-mineralized hydrogels

B [Ca*]=40 mM
[] [Ca?*]=60 mM

HH

o
T

)
T

Alginate (Alg) Mineralized Alg (Alg/HA)

Fig. 2. Characterization of hybrid organic/inorganic hydrogels: a) TEM micrograph of mineralized alginate (Alg/HA) prepared at [Ca®*] = 40 mM. Scale bar: 500
nm. Inset: inverted vial showing the consistency of the gel. b) SAED (up left), HAADF micrograph and corresponding EDS maps with P (green) and Ca (magenta)
distributions demonstrating that calcium phosphate nanoparticles are formed in the Alg network. Scale bar: 500 nm. ¢) XRPD patterns of mineralized alginate (Alg/
HA) and non-mineralized alginate as control (Alg). Main reflections of HA has been highlighted (according to JCPDS number 9-432). d) Young Moduli (E) repre-
sented as stiffness for mineralized (Alg/HA) and non-mineralized alginates (Alg) at two different Ca®" concentrations after incubation at 37 °C for 24 h. Data show

Means + SD (n = 5).
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are depicted in Fig. 2d. As described by the rubber elasticity theory,
larger E values are achieved with higher number of crosslinks in the
network [33,34], as a result of increasing Ca concentration. As miner-
alization is also calcium-consuming process, it did not lead to the ex-
pected proportional stiffening of the organic matrix (E = 11.1 + 0.2
kPa). This could be explained by the competition for calcium ions be-
tween Alg gelation and apatite nucleation, which would limit the
crosslinking of Alg [29]. In fact, increasing the concentration of calcium
ions from 40 mM to 60 mM resulted in much stiffer non-mineralized and
mineralized hydrogels (E = 74.2 + 1.4 kPa). However, these latter
hydrogels were opaque, hardly to be visualized through by confocal
microscopy. Since alginate-based synthetic matrices with intermediate
Young’s moduli (between 11 and 30 kPa) are known to support the
osteogenic differentiation of MSCs [41,42], we selected the transparent
and soft hydrogels mineralized at 40 mM to support bacteria and hMSCs
within living hydrogels.

3.2. Engineering living materials: introducing engineered bacteria and
hMSCs in the mineralizing hydrogels

Engineered living materials were produced by integrating engi-
neered L. lactis into the mineralized 3D matrix. The bottom-up synthetic
approach used was the same shown in Fig. 1 but dispersing hMSCs and
the engineered L. lactis in alginate solution prior to the addition of Ca®*
ions. Again, the addition of calcium ions ([Ca2+] = 40 mM) prompted to

a 3D Engineered b 1d
Living Material

Alg/HA

Engineered
. Lactococcus lactis

(Bacteria)

< .. Human Mesenchymal
. < Stem Cell
(hMSC)

Mineralized
alginate gel
(Alg/HA)

c I Alg/HA Alg
Il Alg/HA+bacteria Alg+bacteria
100+

|\III

——

Viable cells (%)
3 3
] 1

N
=]
[l

8d

Alg+bacteria

Fig. 3. Viability of hMSCs-laden living hydrogels a) Scheme of the proposed 3D engineered living material consisting of Alg/HA hydrogels, where the engineered
Lactococcus lactis and hMSCs are encapsulated during the hydrogel formation and mineralization. b) Representative CLSM images showing the viability of hMSCs
cultivated in Alg/HA, Alg/HA + Bacteria, Alg and Alg + bacteria hydrogels for 1, 3 and 8 days using a LIVE/DEAD® Viability/Cytotoxicity Kit. Live cells in green and
dead cells in red. Scale bar: 200 pm. c) Cell viability in each hydrogel after 1, 3 and 8 days. The displayed data represent the mean + SD (n = 6). * p < 0.05 and ** p
< 0.01.
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the formation of a 3D matrix in which the living entities were entrapped
(Fig. 3a). Both hMSCs viability and osteogenic differentiation resulting
from the interaction with apatite nanoparticles and bacteria-released
BMP-2 were evaluated.

hMSC viability in the presence and absence of HA and engineered
L. lactis was assessed. Confocal laser scanning microscopy (CLSM) im-
ages of cells entrapped in Alg/HA, Alg/HA + bacteria, Alg and Alg +
bacteria living hydrogels show a homogeneous distribution of live
hMSCs in all the conditions (Fig. 3b) [39]. Cell viability in the different
hydrogels did not display any statistical differences after 1 and 3 days,
whereas after 8 days the Alg + bacteria hydrogel showed slightly higher
viability compared to Alg/HA or Alg/HA + bacteria (Fig. 3c). None-
theless, all the living hydrogels provided high cell viability values (>80
%) and are then well suited to be laden with mammalian cells.

3.3. hMSC osteogenic differentiation

The osteogenic differentiation of hMSCs laden in the living hydrogels
was evaluated through the expression of osteocalcin (OCN) and osteo-
pontin (OPN) at the gene and protein level. First, the gene expression of
OCN and OPN was evaluated by qPCR after 15 days of culture
(Fig. 4a-b). The important effect of BMP-2 in osteogenic differentiation
of hMSCs has been widely described in the literature [43]. For this
reason, this condition was used as positive control. Indeed, cells
encapsulated within the positive control (Alg/HA gels treated with BMP-

3d 8d

Alg/HA+bacteria



B. Parra-Torrejon et al.

a § 1o- OPN
[72]
2 8
1™
o
> 6-
z
o a -
[}
'E 2- ——
% c "‘ﬂ— o %‘
[v4 T T T
SV & &
Q\Qv. @Q \s\ﬁ} é\e\
& L& &
\'g RN 0\
S & F
73 x@'b x@‘b
&
v}‘b
C  DAPI Phalloidin

Alg/HA
Alg/HA+BMP2

Alg/HA+bacteria+Nisin

Alg+bacteria+Nisin

Biomaterials Advances 154 (2023) 213587

c
S 2.5-
s OCN
9 2.0
o
S 1.5-
=
8109 ¢
[}]
2 0.5 L
% 4 [C—
0.0 T T T T
v & &
Q\Qy. &Q é\‘)\ é{o\
LR A e
g & &
&
v 2 2
Q\ A\
o T
OPN Merge

Fig. 4. hMSC were phenotyped using qRT-PCR to analyze gene expression of a) osteocalcin (OCN) and b) osteopontin (OPN). Cells were cultured for 15 days within
the hydrogels and expression was normalized against GAPDH. c¢) Representative immunofluorescence images of hMSCs cultured for 15 days under different con-
ditions. Images show nuclei (blue), actin cytoskeleton (green) and OPN (orange). Scale bar: 20 pm.

2) showed the highest mRNA expression of OPN (5-fold increase). The
negative control consisted of encapsulated hMSCs within Alg/HA gels
(without bacteria). Cells were still viable in the negative control
(Fig. 3b—c), and as expected hMSCs did not undergo differentiation as
demonstrated by the lack of OPN expression. Encapsulation of both
engineered bacteria (inducible expression of BMP2 using 10 ng mL ! of
nisin [5]) and hMSCs within the Alg/HA gels resulted in a 2-fold increase
in OPN but no enhanced expression of OCN which remains similar for all
conditions including the positive control.

OPN expression was determined by immunostaining (Fig. 4c), with

N

results aligned to the gene expression data previously discussed. OPN
was visible in hMSCs encapsulated together with bacteria within Alg/
HA gels and the positive control (Alg/HA gels +BMP2). It is interesting
to note that HA is required to mediate the expression of OPN in the living
hydrogels: engineered bacteria (induced with nisin) encapsulated with
MSCs in Alg hydrogels did not lead to OPN expressions.

4. Conclusions

In this work, hybrid Alginate/HA hydrogels were synthesized, in-
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depth characterized and then used to encapsulate hMSC and genetically
engineered L. lactis (that express BMP2 upon nisin induction) to develop
living hydrogels to induce osteogenic differentiation of hMSCs. Alginate
gelation and mineralization occurred simultaneous resulting in stable
and consistent hybrid hydrogels. The experimental conditions (i.e.,
temperature, mineralization time and calcium concentration) were
finely tuned to obtain hydrogels with stiffnesses that underping osteo-
genic differentiation of MSCs (E = 11.1 + 0.2 kPa). We demonstrated
osteogenic differentiation of hMSC in the presence of the engineered
bacteria and apatite after 15 days of culture, by both gene and protein
expression. Mineralized Alg containing engineered bacteria produced an
enhancement of OPN expression, relative to controls, demonstrating the
synergistic effect between the engineered L. lactis and apatite to induce
MSC differentiation.
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