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ARTICLE INFO ABSTRACT

Keywords: Derivatives [i.e. proteins and exopolysaccharides (EPS)] from Lactobacillus delbrueckii subsp. bulgaricus (LB) were
3D printing self-crosslinking bioinks extracted, characterized, and for the first time used in the production of novel self-crosslinking 3D printed
L. bulgaricus

alginate/hyaluronic acid (ALG/HA) hydrogels, as high-value functional biomaterials with therapeutic potentials
in regenerative medicine applications. Derivatives coming from two different LB strains, LB1865 and LB1932,
were tested in-vitro and compared for their cytotoxicity and effect on proliferation and migration on human
fibroblast. EPS received particular attention as showing relevant dose-dependent cytocompatibility against the
human fibroblast. The derivatives showed an ability to increase cell proliferation and migration, quantifiable
between 10 and 20 % if compared to controls, with higher values for the derivatives obtained from the LB1932
strain. These were explained by liquid chromatography-mass spectrometry targeted protein biomarker analysis
as a decrease in matrix-degrading and proapoptotic proteins, associated with an increase in collagen and anti-
apoptotic proteins production. LB1932 enriched hydrogel was found to be of benefit compared to control

Wound healing

dressings, giving the more promising results as potential for in vivo skin wound healing tests.

1. Introduction

Tissue engineering is an interdisciplinary field of study, which aims
to develop active materials capable of recreating, repairing, or engineer
tissues and organs [1]. In this context, the development and application
of innovative biomaterials as advanced therapeutic solutions are
constantly evolving [2]. One of the application fields of tissue engi-
neering deals with wound healing, a complex biological process
including inflammation, proliferation, and tissue remodeling. The
wound healing process consists in the activation of numerous and still
poorly understood intracellular and intercellular pathways able to
restore the complex physiological integrity and functionality of these
multilayer tissues [3]. Wound healing is a global and serious medical
issue requiring for more effective and cost-effective dressings [4].
Among the most promising strategies, the use of bacteria, both through
oral and topical administration, has been recently considered, with good
results achieved in cutaneous wounds healing [5-11]. Selected bacteria
demonstrated stimulatory effects on wound repair activating
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lymphocytes and macrophages, favoring immune system activities,
inhibiting inflammation and promoting cell proliferation. Species of
lactic acid bacteria (LAB) have been identified as promoters of the
wound healing process. LAB have a long history of safe exploitation by
humans, being used for centuries in food production and preservation
and as probiotic agents to promote human health [12,13]. LAB have
been classified as food grade microorganisms [generally recognized as
safe (GRAS) organisms by the US Food and Drug Administration (FDA)]
and fulfill criteria of the qualified presumption of safety (QPS) according
to the European Food Safety Authority [14]. Due to their metabolisms
and their health improving effects, LAB plays important roles in food,
dairy, agricultural, pharmaceutical, and medical applications [15].
Their potential benefit in tissue regeneration processes has been
demonstrated using both whole living bacteria and/or some of their
derivatives. For example, Lactobacillus delbrueckii bulgaricus (LB) and
Lactiplantibacillus plantarum whole cells improved diabetic wound
healing via regulation of inflammatory factors [8]; soluble fraction from
lysates of Streptococcus thermophilus, L. plantarum, and Lactobacillus
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acidophilus promoted the in vitro re-epithelialization of HaCaT scratched
monolayer through a mechanism involving nitric oxide synthase 2 [16].
Furthermore, exopolysaccharides (EPS) produced by some lactobacilli
could favor fibroblast regenerative processes [17], by inducing fibro-
blasts migration and exhibiting an anti-elastase and anti-collagenase
potential on human fibroblast. EPS could also contain residues of D-
glucuronic acid, a fundamental component of the hyaluronic acid nor-
mally presents in the extracellular matrix (ECM), involved in the
mechanoperception of cells [17].

In the last few years, advanced therapies able to mimic the ECM and
thus cell adhesion, migration, and proliferation were developed. Three-
dimensional (3D) scaffolds have been successfully involved in wound
healing as supports for cell growth, maintenance and differentiation
thanks to their suitable structural, physical and biochemical character-
istics [1,2]. Nowadays 3D printing can be considered the main tech-
nology utilized in scaffold production for tissue engineering purposes
[18]. Numerous advantages over traditional manufacturing methods,
such as the possibility to design complex 3D multi-layered structures
with tunable features and most importantly, device personalization have
been well demonstrated [19-22]. These are key points in the develop-
ment of advanced release systems with ad hoc features such as person-
alized locally controlled drug release [23]. Among the materials used as
inks for 3D printing, natural polymers are certainly some of the most
studied, as they can promote adhesion and provide support for cell
growth. In particular, natural-based 3D printed hydrogels presents
favorable biomimetic environments for living cells, such as high-water
content, tunable mechanical properties and degradation rates, porous
structure and the possibility to incorporate bioactive molecules or living
cells [24-27]. Moreover, they are also biodegradable and therefore can
be progressively degraded and replaced by a new extracellular matrix in
tissue regeneration processes [28,29].

One of the most used biopolymers to prepare hydrogels for
biomedical applications is alginate (ALG), due to its characteristics of
biodegradability, non-toxicity and non-immunogenicity [30]. ALG is a
natural polysaccharide used for the production of hydrogels by the
addition of divalent soluble cations (such as Ca*, Ba2+, Zn%* or Sr*h)
[31]. The internal gelation of the ALG through calcium carbonate and
8-glucono-lactone (CaCO3 — GDL) system can be a useful crosslinking
technique to obtain homogeneous hydrogels thanks to a slow and
controlled release of calcium ions. The homogeneous hydrogels thus
obtained, usually present a well-defined porosity, uniform mechanical
properties and the possibility of including water-soluble active in-
gredients in the formulation [31,32]. To date, the use of self-crosslinking
alginate-based inks for 3D printing is still in its infancy [33], but the
ability of the internal gelation to prepare 3D homogeneous hydrogels
open many possibilities [34]. The combination of ALG with other bio-
polymers such as hyaluronic acid (HA) is of particular interest. HA is a
natural nonsulfated linear glycosaminoglycan, biodegradable and non-
immunogenic [35]; it is successfully used for hydrogels or nano-
particles production in regenerative medicine or drug delivery purposes
[36,37] High molecular weight HA (>100 kDa) is a polymer widely
represented in a large variety of tissues, constituting one of the main
components of the extracellular matrix. It contributes to the hydrody-
namic regulation of tissues, cell compression and processes such as
inflammation and tissue regeneration. In the early stages of wound
healing, HA provides temporary support for the transport of nutrients
and waste products, while promoting the migration and proliferation of
keratinocytes. Moreover, evidence of HA mediated modulation of
fibroblast gene expression involved in repair and remodeling of extra-
cellular matrix have been reported [38,39].

In this whole frame, since the wound healing process involves many
variables and collective biological mechanisms, a reliable understanding
of the therapeutic efficacy of natural derivatives is still a big challenge.

This work aims to add insights into this field, through different steps:
1) to extract and characterize derivatives from two different L. bulgaricus
(LB) strains; 2) to develop innovative self-crosslinking inks for 3D
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printing extrusion technology based on ALG, ALG/HA and ALG/HA/LB
derivatives mixtures; 3) to manufacture novel 3D printed active ALG/
HA hydrogels containing the characterized LB hydrophilic derivatives to
be applied in regenerative medicine applications; 4) to perform a series
of in-vitro tests on human fibroblasts to investigate the potential capa-
bility of the manufactured hydrogels in wound healing.

2. Materials and methods
2.1. Materials

2.1.1. Reagents

Sodium alginate (Ph. Eur. grade; molecular weight by gel filtration
chromatography (GFC) 180-300 kDa; slowly soluble in water), urea,
and calcium carbonate (CaCO3) were purchased from Carlo Erba (Carlo
Erba Spa, Milan, Italy). Hyaluronic acid [Halien, High MW 100-1000
kDa (GFC)], was from ACME (ACME S.r.1., Cavriago, Italy). Trypsin from
bovine pancreas, bovine serum albumin (BSA), glucono-5-lactone
(GDL), DL-dithiothreitol (DTT), iodoacetamide (IAA), ammonium bi-
carbonate (ABC), formic acid (FA), and acetonitrile (ACN) were pur-
chased from Merck (Merck KGaA, Darmstadt, Germany). Dulbecco's
modified eagle's medium (DMEM), r-glutamine, streptomycin, peni-
cillin, Na-pyruvate, and the non-essential amino acids (NEAA) were
obtained from Gibco (Thermo Fisher Scientific, Waltham, MA, USA).
Fetal serum bovine (FBS) and Dulbecco's phosphate buffered saline
(DPBS) were from Euroclone (Milan, Italy). Protein assay dye reagent
concentrate was from Bio-Rad. Resazurin sodium salt was from Alfa
Aesar (Ward Hill, MA, USA). All solvents were of reagent grade with the
highest purity available. Deionized ultra-filtered water was used
throughout this study.

2.1.2. Bacterial lysates preparation and quantification

Two L. bulgaricus (LB) strains, 1865 and 1932, belonging to the mi-
crobial culture collection of the University of Parma (UPCC), were
maintained as stock cultures at —80 °C in MRS broth (Oxoid, Basing-
stoke, UK) supplemented with 20 % (v/v) glycerol until use. LB 1932
was chosen as a well-known EPS producer. Bacteria were recovered in
MRS broth by two sub-culturing steps (2 % v/v) at 42 °C under
anaerobiosis obtained with AnaeroGen gas packs (ThermoFisher Scien-
tific Italia, Rodano, MI, Italy). Before use, the cultures were harvested by
centrifugation (10,000 g, 10 min at 4 °C), saving supernatants for further
analysis. The collected bacteria were washed twice in sterilized water to
remove any media residues and resuspended to the original density. The
bacterial lysates were obtained using a sonicator (Sonoplus HD3100,
Bandelin, Berlin, Germany) by performing 5 cycles of treatment con-
sisting of 1 min of sonication at the power of 53 W then 1 min of pause.
While treated, bacteria suspensions were kept in an ice bath to avoid any
overheating. The obtained bacterial lysates were named respectively
L18 and L19. From each lysate, LB derivatives, i.e., soluble fractions,
cell-bound EPS, released EPS and proteins, were collected (Table 1).

2.1.3. Preparation and quantification of lysates soluble fraction

Raw lysates L18 and L19 were used to prepare the corresponding
soluble fraction (SF). Samples were centrifugated at 6000 g for 20 min
and the supernatants were filtered using a 0.22 pm pore filter (Sartorius,
Germany) to remove any whole bacteria remaining. SF18 and SF19 were

Table 1

L. bulgaricus derivatives used in this study and their abbreviations.
L. bulgaricus LB1865 LB1932
Raw lysate L18 L19
Soluble Fraction SF18 SF19
Cell-bound EPS c-EPS18 c-EPS19
Released-EPS r-EPS18 r-EPS19
Proteins extracted from Soluble Fraction's Pellet P18 P19
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thus obtained and the remained pellets, after being solubilized, were
assayed for protein content using the procedure described below.

2.2. LB proteins

2.2.1. Protein extraction, quantification, and preparation for LC-MS/MS
analysis

Total proteins were extracted from 1 mL of each raw lysate (L18 and
L19), the soluble fraction (SF18 and SF19) and the pellet (P18 and P19)
by adding 8 M urea. Samples were vortexed and put on a stirring plate at
500 g for 15 min, then sonicated for 30 min at 4 °C. Extracts were
centrifuged at 4 °C for 10 min at 10000 g and the supernatants were
concentrated with a buffer exchange procedure using 50 mM ammo-
nium bicarbonate (Amicon® Ultra 0.5 mL centrifugal filters; 3-kDa MW
cut-off). Protein extracts were assayed for total protein content ac-
cording to the Bradford procedure.

Proteins were reduced and alkylated with DTT (100 mM for 30 min
at 37 °C), followed by IAA (200 mM for 30 min in the dark), and the
addition of DTT (100 mM for 15 min at room temperature). Finally,
samples were digested by incubation with trypsin (1:50 enzyme/sub-
strate ratio) at 37 °C overnight, then stopping the digestion with 1 pL of
FA. All samples were dried under nitrogen flow and reconstituted with
50 pL of a water/acetonitrile/formic acid aqueous solution (49.95/
49.95/0.1, v/v) for qualitative mass spectrometry analysis. Each sample
was extracted in duplicate (n = 2 biological replicates).

2.2.2. LC-LTQ-Orbitrap XL analysis

Peptide separation of the tryptic digests was carried out by using an
Xbridge Peptide BEH C18 (250 x 2.1 mm, 5 pm) column (Waters, Mil-
ford, MA, USA) equipped with a pre-filtering column. Eluting mixtures
included solvent A (0.1 % aqueous formic acid, v/v) and B (0.05 %
formic acid in acetonitrile, v/v) delivered under gradient elution at the
flow rate of 200 pL/min. The gradient was set as follows: 0 min 2 %
solvent B, 4 min 2 % solvent B, 150 min 90 % solvent B, 155 min 90 %
solvent B, 170 min 2 % solvent B. The mobile phase was delivered by a
Dionex Ultimate 3000 liquid chromatographic (LC) system (Dionex
Corporation, San José, CA, USA) equipped with a 100-vial capacity
sample tray. The volume of the injected samples was 5 pL. Qualitative
protein analysis was obtained by mass spectrometry using an LTQ linear
ion trap-Orbitrap XL instrument (ThermoScientific Corporation, San
José, CA, USA), equipped with an electrospray source (ESI) interface and
controlled by Xcalibur software. Optimized conditions of the interface
were: capillary voltage 3 kV, capillary voltage 13 V, capillary temper-
ature 275 °C, tube lens 100 V, sheath gas flow, auxiliary gas flow, and
sweep gas flow delivered at 40, 10, and 5 arbitrary units, respectively. In
the first scan event (full scan), the m/z window was 250-2000 with a
resolution of 3000. The four highest m/z ratios over the threshold of
1000 counts were selected for collision-induced dissociation (CID) in the
ion trap, with a normalized collision energy of 35 % in the collision cell.
Each sample was analyzed twice (n = 2 instrumental replicates).

2.3. LB lipids

2.3.1. Extraction and preparation for mass spectrometry analysis

Total lipids were extracted from 1 mL of each raw lysate (L18 and
L19) re-adapting the procedure proposed by Bligh & Dyer [40]. A
mixture of chloroform: methanol (2:1 v/v) was added to each lysate in a
1: 1 ratio (v/v), the mix was vortexed, centrifuged at 5000 g for 5 min
and the organic phase was collected; the procedure was repeated twice.
The organic phases were combined, dried under a nitrogen flow, and
reconstituted with 200 pL of hexane for target mass spectrometry
analysis. Each lysate was extracted in duplicate (n = 2 biological
replicates).

2.3.2. LC-MS/MS SRM analysis
Lipid target analysis was carried out by liquid chromatography with
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tandem mass spectrometry in selective reaction monitoring mode (LC-
MS/MS SRM). Each solution was eluted by using an Atlantis dC18 col-
umn (150 x 2.1 mm, 5 pm; Waters, Milford, MA, USA) equipped with a
C18 pre-filtering column. An elution system based on a solvent gradient
(solution A: acetonitrile; solution B: methanol) was delivered at 0.2 mL/
min. The gradient was set as follows: 0 min 50 % solvent B, 5 min 80 %
solvent B, 8 min 95 % solvent B, 17 min 50 % solvent B until 25 min. The
mobile phase was delivered by the Agilent HP 1200 chromatographic
system (Agilent Technologies, CA, USA) equipped with a 100-vial ca-
pacity sample tray (injection volume: 10 pL; n = 2). A QTRAP 4000
triple quadrupole mass spectrometer (ABSCIEX, Foster City, USA),
equipped with a pneumatically assisted ESI interface was used. The
sheath gas (nitrogen, 99.999 % purity) and the auxiliary gas (nitrogen,
99.998 % purity) were delivered at flow rates of 45 and 5 arbitrary units,
respectively. Source parameters were as follows: ESI voltage 5.5 kV,
capillary voltage 50 V, capillary temperature 350 °C. Experiments were
performed under positive and negative ion-SRM conditions using ni-
trogen as collision gas (pressure of 2.1 x 10~° mbar) and a 50 ms-dual
time for each transition monitored. The SRM transitions monitored were
reported in Table S1 and S2 (Supplementary Materials). Each sample
was analyzed twice (n = 2 instrumental replicates). The analytes were
relatively quantified among samples by normalization with total protein
content.

2.4. LB exopolysaccharides

2.4.1. Extraction

EPS were extracted from both L. bulgaricus strains and the relative
culture medium re-adapting the procedure proposed by Kun Wang et al.
[41]. Cell-bound EPS (c-ESP) were extracted from the raw lysates (c-
EPS18 and c-EPS19), while the released EPS (r-EPS) were extracted from
the supernatants (r-EPS18 and rEPS19). EPS were precipitated in
ethanol (1:3 v/v ratio) overnight at 4 °C after gently mixing. The solu-
tion was centrifugated at 5000 g for 45 min, the supernatant was
eliminated and the pellet was dispersed again in a volume of ultrapure
water equal to the initial volume of the sample. This procedure was
repeated twice. To remove proteins, acetone precipitation was carried
out by incubating the samples overnight at 4 °C and then centrifuging at
9000 g for 2 min. The supernatant, containing EPS, was collected and
dried under nitrogen flow.

2.4.2. ATR FT-IR spectroscopy

FTIR spectra were performed in the attenuated total reflection mode
(ATR), using a Perkin-Elmer spectrometer (Norwalk, CT, USA). The
apparatus works with a single reflection at an incident angle of 45°. The
analysis was carried out on r-EPS and c-EPS from both L. bulgaricus
strains at room temperature and ambient humidity. For each spectrum,
32 scans were acquired between 4000 and 400 em ™! with a spectral

resolution of 2 cm ™.

2.5. ALG/HA self-crosslinking inks for 3D printing

2.5.1. Ink preparation for 3D printing

Sodium alginate (6 % w/v), hyaluronic acid (10-20-30-40 % of ALG
weight) and calcium carbonate (160 mM) powders were dispersed in
ultrapure water in a beaker and magnetically stirred for 48 h until a
homogeneous dispersion was achieved. 1 mL of the ALG/HA/CaCOs3
dispersion was first sonicated in an ultrasonic bath (Branson 2510;
OPTO-LAB, Modena, Italy) for 30 min at room temperature and then
carefully and quickly mixed with 1 mL of a freshly prepared GDL water
solution as previously reported [33]. Different GDL concentrations (80,
100, 120 and 140 mM; pH = 4.5 £ 1) were tested. For hydrogels con-
taining L. bulgaricus derivatives, the final inks were prepared by using
GDL solubilized in the LB derivative solutions.
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2.5.2. 3D printing and hydrogel production

A custom-built low-temperature manufacturing system was designed
and developed by combining a Peltier cell with a homemade Fuse
Deposition Manufacturing (FDM) 3D printer, as previously described
[33,42]. The ink formulation based on ALG, HA, CaCO3 and GDL was
loaded into a 5 mL syringe and extruded through a 26 G needle (inner
diameter 0.260 mm) by application of controlled pressure to the syringe
through a mechanically assisted piston (see Table S3 and Table S4 for
ink composition). The deposition took place through a robotic arm that
moves along three axes (x, y, z) following the directives imposed by the
g.code file on a stainless-steel cold Peltier cell (—14 °C). For each ink
formulation, a square hydrogel (grid 1.6 cm x 1.6 cm in size of parallel
overlapped filaments with a distance of 200 pm) was printed similarly as
previously reported [33]. Once terminated the deposition, the hydrogel
was post-printing processed at —2 °C to complete the self-gelation pro-
cess (from 4 up to 7 days, as a function of the number of layers and
composition). After the gelation time, the hydrogels were brought to RT
to allow the detachment from the steel plate and stored at 4 °C until use.

2.5.3. Scanning electron microscopy (SEM) analysis

SEM morphological characterization was conducted on the 3D
printed alginate-based hydrogels. The hydrogels were dehydrated by
immersion twice for 10 min in increasing grades of ethanol from 50° to
absolute. Anhydrous hydrogels were obtained by the critical point
drying technique (Balserz Union, Lake Butler, FL, USA) to avoid struc-
ture deformations. The anhydrous hydrogels were then fixed on support
using double-sided carbon tape, sputter coated with gold (thickness 60
nm) (E5100, Polaron, Quorum Technologies Ltd., Leves, UK) and
observed by SEM (Philips 501, Philips, Eindhoven, The Netherlands).

2.6. In vitro-fibroblast cell culture studies

Primary human skin fibroblasts, coded as C86, were derived from a
forearm biopsy of a healthy donor after the signature of an informed
consent. Cells were maintained in a standard culture medium: formed by
DMEM supplemented with 1 % (v/v) of 1-Glutamine, 1 % of Strepto-
mycin and penicillin, 1 % of Na-pyruvate, 1 % NEAA and 10 % FBS. All
the LB derivatives were dried under nitrogen flow, sterilized under a UV
lamp for 2 h and reconstituted in the assay medium. Table 2 summarized
the in vitro experiments performed on fibroblast cells.

2.6.1. Cytotoxicity test of L. bulgaricus derivatives

The cytotoxicity of LB derivatives was tested on C86 fibroblast cells
seeded in a 96-well plate at 4000 cells/well (150 pL standard medium).
After 24 h of incubation at 37 °C and 5 % CO», the standard medium was
removed and replaced with a medium enriched with LB derivatives.
Their cytotoxicity was assessed after 24 h and 72 h using the resazurin
assay. The treatment concentrations evaluated in the various tests are
summarized in Table 2. Six replicates were performed for each of the six
conditions and the control (Ctrl). At each time point, the cell media
enriched with LB derivatives were aspirated, the cells were gently
washed in PBS to remove eventual debris and 110 pL resazurin solution
(10 pg/mL) was added to each well. Plates were incubated for 2 h at dark
at 37 °C in a wet atmosphere with 5 % CO5 and 95 % humidity. Fluo-
rescence was recorded at 540 nm excitation and 590 nm emission by a
Spark® 10 M microplate reader (Tecan, Switzerland). The fluorescence
values of the control wells were considered as 100 % of viability.

2.6.2. In vitro wound healing model

A scratch test was performed to evaluate the migration of fibroblast
cells treated with LB derivatives, as an in vitro wound healing model.
Fibroblast cells were cultured in a 48 well-plate (20,000 cells/well, 400
pL standard medium) for 48 h in standard conditions to reach ~90 %
confluence. After this time, the standard medium was removed, and the
cell monolayers were scratched using a 200 pL sterile pipet tip to create a
uniform cell-free gap area with reproducible width of wounding. Debris
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Table 2
Scheme of the in vitro tests, time points, LB derivatives and concentrations
evaluated on fibroblast cells.

Test Time SF* r-EPS® P
(h) (ng/ (ng/ (ng/
mL) mL) mL)

Cytotoxicity test 1 24/72 50 2000 50

(LB derivatives dissolved in medium;
resazurin assay)
Cytotoxicity test 2 24/72 25 20 25
(LB derivatives dissolved in medium;
resazurin assay)

Scratch test 1 0/8/ 25 20 25
(In vitro wound healing model) 24/48

Scratch test 2 0/8/ 50 40 50
(In vitro wound healing model) 24/48

Proliferation test on hydrogel-loaded 24/72 3.4 3 g/ d
treatments (resazurin assay) ng/ well

well

Proliferation test for protein biomarkers 48 25 20 25
evaluation by target mass spectrometry
analysis

Viability test in parallel to mass 48 25 20 25

spectrometry analysis.
(Treatments dissolved in medium;
resazurin assay)

# Soluble Fraction of raw lysates of LB1865 and LB1932 strains.

" 1-EPS from LB1865 and LB1932 strains.

¢ Protein extracted from the pellet of raw lysates of LB1865 and LB1932
strains.

4 Not tested.

was removed from the culture by gently washing each well with sterile
PBS. The cells were then incubated with the medium enriched with the
LB derivatives (SF18 and 19; r-EPS 18 and 19; P18 and 19, according to
the scheme reported in Table 2), at 37 °C in a 5 % COs, 95 % humidity
atmosphere. Four replicates were made for each treatment condition,
the positive control (standard medium with 10 % FBS; Ctrl™) and the
negative control (standard medium with 2 % FBS; Ctrl™) (n = 4). Two
independent scratch tests were performed. Cell migration was moni-
tored by microscopy using an inverted light microscope (Leica DMil,
Leica Microsystems, Milan, Italy) and images were captured (45x
magnification) at different time points (0, 8, 24, 48 h) after the injury.

At each time point, the gap was photographed at two different points
for each well. To calculate the % wound closure, the images collected
were analyzed quantitatively using the public domain ImageJ software
v. 1.53e (NIH, Bethesda, MD, USA). The quantification of relative wound
closure was evaluated according to the following equation:

Ay — A

0

Wound clousure (%) = x 100

where A; is the wound area at time t and Ay is its initial area.

2.6.3. Cell proliferation test on 3D hydrogels functionalized with L.
bulgaricus derivatives

The resazurin assay was performed to estimate cell proliferation on
3D-printed hydrogels containing SF19 and r-EPS19. After the first 24 h
of cell culture in a standard medium supplemented with 10 % FBS, the
latter was replaced by a standard medium with 2 % FBS, in which the
functionalized hydrogels were inserted to the bottom of the wall. Before
use, the 3D hydrogels were brought to dryness, punched (6 mm diam-
eter) and sterilized under a UV lamp for 2 h. LB derivative quantities
present in each hydrogel piece are indicated in Table 2. Each treatment
was tested in quadruplicate (n = 4).

2.6.4. Study of cell mechanisms through protein biomarkers

Fibroblast cells were seeded in 6-well plates (170,000 cells/well, 2
mL standard medium) for proteomic analysis and in 96-well plates
(5000 cells/well, 150 pL standard medium) to assess cell viability
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(incubation time 24 h, 37 °C, 5 % CO», 95 % humidity). Then, the me-
dium was replaced by a serum-free one, enriched with LB derivatives
(SF18 and 19; r-EPS 18 and 19; P18 and 19, Table 2, n = 6) for 48 h.

For proteomic analysis, adherent cells were washed with PBS, de-
tached using trypsin solution (250 pL/well) and collected in a small tube
after centrifugation. Cell pellets were further washed with fresh PBS 3
times and stored at —20 °C until protein extraction. Total proteins were
extracted and quantified, and samples were prepared for LC-MS/MS
analysis following the protocol described in paragraph 2.2.1.

The tryptic peptides were reconstituted in 100 pL of 0.1 % (v/v)
formic acid aqueous solution and 50 % (v/v) acetonitrile before LC-MS/
MS to identify and monitor the distribution of protein regeneration
biomarkers using the SRM approach. Samples were analyzed as bio-
logical (n = 2) and technical replicates (n = 2) using the same LC sep-
aration reported in the previous section (paragraph 2.3.2). As for
semiquantitative analysis, experiments were performed under positive
ion-SRM conditions using nitrogen as collision gas (pressure of 2.1 x
1072 mbar in the collision cell; declustering potential 80 V, collision
energy 40 V) and a 20 ms-dual time for each transition monitored. The
SRM transitions monitored were reported in Table S5.

2.7. Data evaluation

2.7.1. Bioinformatic analysis and mass spectrometry data processing

LC-LTQ-Orbitrap XL raw data were processed using the Proteome
Discoverer software (v. 1.6, Thermo Fisher Scientific) with SEQUEST as
the search algorithm. Raw files were processed using precursor ion
tolerance at 0.1 amu and fragment tolerance at 0.5 amu. Processed files
were then searched against the L. bulgaricus database to obtain the total
number of proteins identified in samples. LC-LTQ-Orbitrap XL raw data
were processed also using MaxQuant software (v. 1.6.2.10) in label-free
mode using FASTA sequences of L. bulgaricus ATCC 11842 (taxid:
390333) proteome downloaded from Uniprot. The software was set up
to recognize the specific digestion of trypsin, allowing for a maximum of
2 missing cuts, setting N-terminal acetylation and methionine oxidation
as variable modifications and the carbamylation of cysteines as a fixed
modification. Then, data were reprocessed by Perseus software
(v.1.6.15.0) to qualitatively compare the proteins extracted from the
two different strains. Only identified by site, reverse and potential
contaminants filters were applied, to exclude proteins not correctly
identified and potential contaminants.

A panel of 14 proteins involved in tissue regeneration were consid-
ered for the target mass spectrometry assay. FASTA protein sequences
were obtained from Uniprot Human proteome database and SRM tran-
sitions for each protein were simulated by Skyline (v. 20.0, SCIEX,
Redwood City, CA, USA), setting trypsin as digestion mode with no
missed cleavage and carbamidomethylation of cysteines as structural
modification (Table S5). The uniqueness of candidate peptide sequences
was assessed by BLASTp tool (basic local alignment search tool; www.
ncbi.nml.nih.gov link NCBI BLAST) search (algorithm: blastp; ATRIX
PA 30; GAP COASTS: existence 10, extension 1; DATABASE: non-
redundant protein sequences) from NCBI (National Center for Biotech-
nology Information) (Bethesda, MA, USA). All LC-MS/MS SRM data
(target proteins and lipids analysis) were analyzed using the Analyst v
1.4 software, and integrations of the peaks' areas were obtained by the
MultiQuant program (version 2.1, ABSCIEX). For the protein biomarkers
study, Perseus software was used to cluster the samples: for all data
relating to the abundance of each protein considered in each sample, the
Z-score was calculated. For each measure group relating to a single
protein abundance in the various samples, the mean and the standard
deviation were calculated, then the mean was subtracted from each
value of the group, and the result was divided by the standard deviation.
Data thus transformed were used for the construction of a heatmap
through clustering based on the calculation of Euclidean distances.
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2.7.2. Statistical analysis

Statistical analyses were performed applying the t-Student test at the
95 % significant level using the Microsoft Excel software. All experi-
ments were performed at least in triplicate and the results were
expressed as the mean + standard deviation (SD).

3. Results and discussion
3.1. Characterization of L. bulgaricus derivatives

To increase the understanding of the potential therapeutic efficacy of
some LB derivatives in wound healing, the first part of the study was
focused on the isolation of the main classes of chemical compounds (i.e.,
proteins, lipids, and EPS) expressed by both LB stains (LB1865 and
LB1932) and the qualitative/quantitative characterization of these ex-
tracts. The knowledge of the exact composition of bioactive components
in these extracts is pivotally related to their applications in regenerative
medicine, as the activity of such complex extracts on cell behavior is
strictly connected to their chemical composition and can be related to a
predominant defined class of compounds or be synergistic. It is also
essential for further development steps, such as standardization and
certification of quality processes.

3.1.1. Quali- and quantitative analysis of LB proteins

Proteins in the raw lysate L18 and L19 were considered at first. The
percentage of the total protein content, quantified both in the soluble
fraction and in the pellet of the raw lysate, exhibited highly significant
quantitative differences between the two strains. SF18 contained 50 %
w/v of proteins and its corresponding pellet (P18) the 30 % w/w. Only 5
% w/v of proteins was present in SF19 while most of the proteins
precipitated in the pellet (P19: 88 % w/w). This difference could be
largely explained by considering that compared to LB1865, LB1932 is a
well-known producer of cell-bound EPS that could link proteins and/or
lipids (as biofilm) to lysate fragments and increase their precipitation
during the centrifugation step. Furthermore, these differences could also
be related to a different structure of the EPS (linear or branched) or
composition, which could lead to different functions and binding abili-
ties [43].

Proteins extracted from both lysates were thus characterized by
liquid chromatography-high resolution mass spectrometry. Among the
almost 4000 identified proteins, only 22 % of them were common to the
two strains (Fig. S1 A-B). Mainly, these common proteins were identified
as those involved in basic metabolic and energy processes, or ribosomal
and chaperonin proteins (Fig. S1 C).

3.1.2. Lipid characterization by LC-MS/MS SRM analysis

Lipids extracted from raw lysates were characterized by LC-MS/MS
SRM analysis, grouped into lipid classes and their relative abundances
measured and compared between strains (Table S6). Among the free
fatty acids, palmitic acid (C16:0) and oleic acid (C18: 1), were the most
abundant ones. For both strains, it was possible to identify, in low
amount and without differences in relative abundance, the C19:0 cyc
fatty acid, a characteristic compound of the lactobacilli membrane with
a saturated hydrocarbon chain with 19 carbon atoms bringing a cyclo-
propane ring. This molecule has an important role in maintaining
membrane fluidity, and its production increases under stress conditions
such as variations in osmolarity, the presence of ethanol and acidity
[44]. Triacylglycerols (TAG) data were comparable between the two
strains.  Similar = results were obtained for the lysyl-
phosphatidylglycerides (LPG) data, considered characteristic of the
membranes of Gram-positive bacteria [45], with the exception of LPG
17:1, LPG 16: 1 and LPG 20: 4 which were detected only in LB1865.
Finally, as for the phosphatidylglycerides (PG) class, the PGs 14: 0-18: 2,
16: 0-18: 0 and 16: 0-18: 1 had been identified exclusively in LB1865,
while the PGs 14: 0-18: 1 and 16: 0-18: 2 were detected in higher
amounts in LB1932.
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3.1.3. EPS characterization by ATR FT-IR spectroscopy

The last characterization step involved the extraction and charac-
terization of the extracellular microbial exopolysaccharides. Cell bound
and released EPS (c-EPS and r-EPS) were examined. Generally, LB1932
strain was able to express r-EPS up to 90 % more than the LB1865 strain.

The ATR FT-IR spectrum of r-EPS from LB18 or LB19 were then ac-
quired and compared (Fig. S2). Spectra did not show significant differ-
ences between r-EPS18 and r-EPS19. In both spectra there is the
stretching of the O—H bond (r-EPS18: 3284 cm™!; r-EPS19: 3271 cm™1),
that of the C—H bond (r-EPS18: 2929 cm™'; r-EPS19: 290026 cm™);
peak at 1637 cm™! is indicative of protein presence and is associated
with the NH bond bending, the peaks at 1453 em™! (r-EPS18) 1457
cm ™! (r-EPS19) indicate the symmetrical stretching of the COO- group,
while the peaks at 1242 cm ™! and at 1216 cm ™! for r-EPS18 and for 1-
EPS19 respectively, suggest the possible presence of sulfated groups
[46]. Finally, some peaks related to glycosidic bonds (r-EPS18: 1043
em™Y; r-EPS19: 1019 cm™Y), confirm the presence of carbohydrates
[17]. The same profile was obtained for c-EPS18 and c-EPS19 (spectra
not shown).

3.2. Optimization of the self-crosslinking formulation for 3D printing

The second part of this work was focused on the development of ALG
and ALG/HA-based self-crosslinking bioinks to support the 3D printing
manufacturing of hydrogels incorporated with hydrophilic bioactive
substances. These bioinks should allow the 3D printing process via
room-temperature extrusion from a mechanically driven syringe and be
able to retain the hydrogel 3D structure when extruded on a —10 °C
stainless steel plate. The cross-linking mechanism should then occur
after printing to prepare hydrogel with a well-defined 3D structure and
mechanical properties suitable for use as wound dressing [33].

A formulation previously developed by our research group (3 % ALG
(w/v), 80 mM CaCO3 and 140 mM GDL) [33], was used as a starting
point and optimized as a function of different combinations of ALG/
CaCO3/GDL and content of LB derivatives (raw lysate or soluble frac-
tion). Parameters, such as the pH of the bioinks, the number of printable
layers, the maximum ink extrusion time, the curing time at 2 °C
necessary to complete the hydrogel self-crosslinking, and the capacity of
the 3D printed hydrogel to retain its structure in water were evaluated
(Table S3). The monitoring of these parameters was crucial to print
structured hydrogels with proper mechanical characteristics. The in-
ternal gelation process is pH dependent, as the acidification of the
alginate-based suspension containing calcium carbonate, due to the GDL
hydrolysis, drives the release of Ca?" which become available for the
formation of the “egg-box™ structure [47]. An increase in the concen-
tration of GDL in solution leads to a faster cross-linking reaction,
reducing both the ink homogeneity and maximum extrusion time, due to
the increased viscosity. A summary of the different combinations tested
to prepare 3D-printed functionalized hydrogels containing LB de-
rivatives is reported in Table S3. In general, the addition of raw lysates
or their soluble fractions to ALG-based formulations seemed to have an
accelerating effect on the ink cross-linking kinetics, reducing the print-
ability of the solution which can be attenuated by reducing the con-
centrations of GDL.

Several combinations can allow 3D manufacturing of functionalized
hydrogels, but the best results in terms of number of printable layers and
stability were obtained with the following combination: 3 % ALG (w/v),
80 mM CaCOg, 80 mM GDL aqueous solution (final volume 0.5 mL) and
0.5 mL of LB sample extract (final volume of the ink: 1 mL). To confirm
the quality of the 3D constructs, ALG hydrogels were characterized
morphologically by SEM (Fig. S2) to evaluate the 3D macrostructure.
The ALG hydrogel presented a well-defined 3D macrostructure with
homogeneous surface and filament inner pore distribution (pore size
distribution between 3 and 52 pm) (Fig. S3 A-C).

Here HA, extensively used in wound healing and regenerative
medicine [48-50] was added to the optimized ALG ink formulation, to
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further improve the properties of the 3D printed hydrogel. One of the
main characteristics of HA is the capacity to attract water molecules,
therefore, in combination with ALG, it increases the hydrophilic char-
acter of the resulting hydrogels, promoting cell adhesion [48]. ALG/HA
ink formulations were prepared by keeping constant the final concen-
trations of ALG (3 % w/v) and CaCO3 (80 mM) but testing different
concentrations of HA and GDL as summarized in Table S4. During the
preparation of ALG/CaCO3/HA suspensions, an increase in the viscosity
of the formulation proportional to the increase in the quantity of HA was
observed. An increase in viscosity was already reported to hinder the
molecular movement of ALG chains increasing the time required for gel
formation [31]. In our case, this resulted into an increase in the
extrudability time of the solution and in a rise of the curing times of the
ink. The preliminary tests reported in Table S4 allowed us to select the
ink formulation based on ALG (3 % w/v), HA (40 % w/w), GDL (80 mM)
for further test with the LB derivatives. 80 mM GDL was the best
compromise for inks containing raw lysates, whereas 140 mM GDL
allowed for the use of the LB soluble fractions (SF). The use of EPS was
carefully tested and excellent printability was obtained under the same
conditions used for the soluble fraction. The SEM analysis of ALG/HA
hydrogels allowed to evidence that HA did not interfere with the quality
of the final morphological structure, both in terms of macrostructure and
homogeneous surface and filament inner pore distribution (pore size
distribution between 5 and 48 pm) (data not shown).

All these data showed that the production of a variety of self cross-
linking ink formulations possibly used for manufacturing hydrogels
with the minimum requirements described above is allowed, supporting
the new critical need to develop advanced inks. Finally HA has been
studied for its antimicrobial properties for the progress of the next
generation antimicrobial therapeutic strategies for the control of in-
fections associated with health care [51], for example HA films were
effective as antimicrobial towards a common pathogen Staphylococcus
aureus at the same time allowing a good proliferation of human fibro-
blasts [50]. These insights suggest hints for a possible antimicrobial
activity of the 3D printed hydrogels here developed; which could be
promising to investigate against Gram + and Gram - pathogens (e.g.
Pseudomonas aeruginosa and Staphylococcus aureus) to support future
applications in the biomedical field.

3.3. Effect of lysates' derivatives on in vitro-fibroblast cell cultures

3.3.1. Cytotoxicity test of L. bulgaricus derivatives

The biocompatibility of LB derivatives was evaluated over fibroblast
cells and the results were summarized respectively in Fig. 1. In this first
test, a dramatic cytotoxic effect was recorded for r-EPS within 24 h for
both LB strains at the concentration tested (2000 pg/mL).

The properties of EPS strictly depend on several factors (i.e. struc-
ture, size, branching, composition, positive and negative charges, vis-
cosity, purity, etc.) [52,53]. In our studies, ATR-FT-IR experiments
suggested the presence, in the EPS extracts, of sulfate groups and pro-
teins. The EPS-fibroblast physico-chemical interaction behavior is
difficult to elucidate, but this partially purified extract strongly affected
different cell communication mechanisms including apoptosis. A dose-
dependent activity was demonstrated as no signs of toxicity were
observed by lowering r-EPS concentration at 20 pg/mL. The soluble
fraction of the two LB strains tested at the same protein concentration
level (50 pg/mL) showed a different opposite behavior. In particular,
SF18 improved (p > 0.05) cell proliferation, whereas the SF19 decreased
cell activity up to 60 % in 72 h. Finally, at 72 h, treatments with the
protein extracted from the pellets (P18 and P19), after an initial
reduction in cell proliferation, allowed for significant cell growth. In a
second test, with lower concentrations of the same treatments [SF (25
pg/mL); P (5 pg/mL)], no significant cytotoxic effects were shown.
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Fig. 1. Effect of L. bulgaricus derivatives on fibroblast cells viability at 24 h and 72 h. Cytotoxicity Test 1 treatments: SF (50 pg/mL), r-EPS (2000 pg/mL), P (50 pg/
mL). Cytotoxicity Test 2 treatments: SF (25 pg/mL), r-EPS (20 pg/mL), P (25 pg/mL). Results are reported as mean + standard deviation of six independent
measurements. The results are expressed as a percentage of viability compared with the negative control (Ctrl-) for samples treated with various L. bulgaricus de-
rivatives; statistically significant differences (p < 0.05, T-student test) between the samples and the relative control are indicated with asterisk (*).

3.3.2. Evaluation of fibroblast migration treated with L. bulgaricus showing thus a regenerative potential, was evaluated by scratch test. To
derivatives this aim an artificial discontinuity was created on the cell monolayer at
The ability of LB derivatives to stimulate the migration of fibroblasts, confluence, a fundamental condition to avoid confounding overlap
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SF 18
140
g 2 * * * I = *
; P | I :
r-EPS18 | 2 i
e %= 1 I I ! TEST1
£ WTEST2
& 60
P18 g
fa
0
Ctrl+ SF18 SF19 r-EPS18 r-EPS19 P18 P19
SF19
r-EPS19
P18
Ctrl*

Fig. 2. Effect of L. bulgaricus derivatives on fibroblast cells migration from 0 to 48 h. (A) Images from the first scratch test for the various treatments, and the positive
control, over time (from O to 48 h). The photographs, taken under a microscope, were used to calculate the scratch area (highlighted in black) using the ImageJ
software. (B) Comparison between scratch test 1 and scratch test 2 at 48 h. Results are reported as mean =+ standard deviation of four independent measurements. The
results are reported as the mean percentage of normalized re-epithelialization on the respective negative control; statistically significant differences (p < 0.05, T-
student test) between tests 1 and 2 are indicated with asterisk (*).
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between the effects of cell proliferation and migration [54,55]. As pre-
viously reported in Table 2, two scratch tests were performed. The first
test (Test 1) highlighted that the scratch area decreases over time (from
0 to 48 h) until they become almost non-detectable at 48 h, with
improved migration effects for the derivatives of the LB1932 strain
(Fig. 2A). A further scratch test (Test 2) was performed by doubling LB
derivative concentrations, and the results were compared by normal-
izing the re-epithelialization data obtained for the two tests on the
respective negative control (Ctrl-). Fig. 2B shows the comparison at 48 h,
the last and significant time point. Scratch test 1 gave the best re-
epithelialization rates in all samples (p < 0.05, T-student test) allow-
ing us to conclude that the best effects, for stimulating cell migration,
were those obtained under the conditions of Test 1.

3.3.3. Cell proliferation test on 3D hydrogels functionalized with
L. bulgaricus derivatives

Based on the collected results, cell proliferation tests on functional-
ized hydrogels were carried out by selecting the soluble fraction and the
1r-EPS derivatives deriving from the LB1932 strain, as they provided the
best performance. The use of proteins extracted from the pellet was
excluded because the related cultures showed the presence of aggregates
in the medium upon microscopic observation (data not shown).

Treatments selected above were used to produce self-crosslinking 3D
hydrogels as described in paragraph 2.6.3. To evaluate cell proliferation,
viability measurements were performed, using resazurin assay, at 24
and 72 h on fibroblast cells grown in the presence of hydrogels.

In a first step, cell viability data obtained for the samples grown on
nude wells (Ctrl) were compared with those grown in the presence of the
unloaded hydrogel (Ctrl Hydrogels); a statistically significant reduction
of cell viability for Ctrl Hydrogels, at 24 and 72 h (p < 0.05, t-student
test), was detected compared to those grown on the nude wells. How-
ever, Ctrl Hydrogels allow cell viability of 84-86 % at 24 h and 72 h
respectively if compared to the Ctrl samples. According to guidelines for
the evaluation of in vitro cytotoxicity for medical devices and delivery
systems (ISO 10993-5: 2009), these data confirmed the biocompatibility
of Ctrl Hydrogels that showed vitality values above the 70 % threshold
[56].

In a second step, functionalized hydrogels were considered (Fig. 3).
Fibroblasts incubated in the presence of functionalized hydrogels
showed an increase in cell viability compared to the Ctrl Hydrogels
indicating an increase in their proliferation. This increase was higher at
24 h and comparable at 72 h for both treatments. In detail, it is more
pronounced in the SF19 hydrogels samples, where it settled around 20
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%, compared to the r-EPS19 hydrogels samples, where it settled around
10 %.

In conclusion, in these experimental conditions, the hydrogels
functionalized with the soluble fraction or with r-EPS of LB1932 strain
have a positive effect on fibroblasts growth.

3.3.4. Regeneration protein biomarkers study

In an endeavor to further investigate the effect of L. bulgaricus de-
rivatives on fibroblast cells, a set of protein biomarkers involved in
extracellular matrix modelling, proliferation, wound healing, and
apoptosis processes were analyzed by LC-MS/MS SRM target analysis.
Initially, in parallel to the cell cultures intended for proteomic analysis, a
viability test with resazurin assay was performed as a control on the
culture conditions used, confirming, as expected, the non-cytotoxicity of
the treatments, at the concentrations used (Table 2), also in combination
with serum-free medium.

Thus, the proteomic analysis was carried out and after data trans-
formation, as described in paragraph 2.7.1, clusters were constructed
and the resulting heatmap is shown in Fig. 4.

Samples SF18 and r-EPS 18 cluster with the controls (C) in the Ctrl
cluster, indicating that these two treatments do not show relevant ef-
fects. Together with the control, they outline the basic cellular situation
in the absence of treatments.

Another cluster (cluster 2) is formed by samples r-EPS 19 and PP19
with sample PP18, while sample SF19 stands alone (cluster 1). This
suggests that the treatment with the soluble fraction of LB1932 strain
has unique effects compared to the others. Biomarkers analyzed tend to
organize in two large clusters (clusters A and B), showing an opposite
behavior in samples clustered with or without controls. Within these two
macro groups, some subgroups showed some differences between clus-
ter 1 and cluster 2, as reported in Table S7.

Taking the Ctrl cluster as a reference, we observed that for both
cluster 1 and cluster 2, proteins in cluster A are generally under-
expressed (green), while those belonging to cluster B, are over-
expressed (red). Considering the biomarkers involved in the prolifera-
tion process, we noted that in cluster A there is TNF-alpha, a mitogenic
factor stimulating the proliferation of fibroblasts and the production of
proteases [57], while in cluster B, the IL-1R-1 interleukins receptor [58]
and PDGF subunit A, a powerful mitogen that favors fibroblasts prolif-
eration by autocrine stimulation mechanism [57], are present. As for
biomarkers involved in the extracellular matrix, cluster A contained the
ECM degradation protein MMP3 [59,60] and the factor IGF1, which
promotes cell growth and collagenase synthesis [58]; cluster B, on the

Fig. 3. Cell proliferation test with hydrogels. Cell
viability for incubated samples with SF19 and r-
EPS19 functionalized hydrogels is expressed as a
percentage with respect to the mean of the control
samples (Ctrl hydrogels, untreated); the results are
reported as mean =+ standard deviation of four inde-
pendent measurements; results obtained for cells
grown on nude plate (Ctrl) are also reported. Statis-
tically significant differences (p < 0.05, T-student
test) between Ctrl scaffolds are outlined in black,
while asterisk (*) denotes the statistically significant
difference (p < 0.05, T-student test) between func-
m72h tionalized hydrogels at 72 h.

24h
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Fig. 4. Heatmap derived from data clustering on protein abundance derived from LC-MS / MS SRM analysis. Sample clusters: Cluster 1 (19A), Cluster 2 (19C, 19B,
18Q), Cluster Ctrl (18A, 18B, C). Protein biomarkers clusters: Cluster A (Vimentin, TNF-alpha, HFF, Engrailed-1, MMP3, IGF1, CASP-3), Cluster B (IL-1R-1, Thy-1,
Collagen I, FADK, PDGF subunit-I, TGF-beta-1, AKT). Downregulated proteins are represented in green, upregulated ones in red.

other hand, included collagen I, ECM components produced by fibro-
blasts [61], and the TGF-beta-1 factor, which stimulates chemotaxis and
proliferation of fibroblasts as well as the deposition of collagen [58]. All
the factors involved in the healing process such as HGF that accelerates
re-epithelialization once secreted by fibroblasts [60], vimentin that is
involved in feral healing [62] and Engrailed-1 which is associated with
scars formation [63], are present in the cluster A. As regards apoptotic
process biomarkers, cluster A contained only the proapoptotic factor
CASP-3, while cluster B included the proapoptotic factor Thy-1 and the
antiapoptotic factors AKT and FAK [64,65]. Therefore, treatment clus-
ters (clusters 1 and 2) compared to the control cluster (cluster Ctrl)
showed a reduction expression of proteins associated with ECM degra-
dation (MMP3 and IGF1), proapoptotic factors (CASP-3) and biomarkers
associated with the healing process (HGF, vimentin and Engrailed-1),
and an increase in expression of proteins involved in ECM deposition
(collagen I and TGF-beta-1) and in apoptosis process (Thy-1, AKT and
FAK), of which the majority (AKT and FAK) have anti-apoptotic signif-
icance. Treatment clusters also appear to be characterized by an increase
in two proliferative factors (IL-1R-1 and PDGF subunit A) compared to a
decrease in the third factor considered for this category (TNF-alpha).
These differences largely coincide with the divergence in behavior be-
tween samples LB18 and LB19. The only exception is constituted by
sample 18C, which was included in cluster 2. Focusing on the differences
between cluster 1 and cluster 2, FADK subgroup was weakly under
expressed in cluster 2 and strongly over expressed in cluster 1, while
CASP-3 subgroup was strongly over expressed in cluster 1 but weakly
under expressed in cluster 2. Cluster 1 was further characterized by a

weak under-expression of Thy-1 and Collagen I and a weak over-
expression of vimentin and AKT. This suggests an accentuation of the
trend just described for the treatments (cluster 1 and 2) compared to
cluster Ctrl, with intensified anti-apoptotic effect. In cluster 1 a decrease
in collagen deposition could be probably associated with the increased
IGF1 and MMP3 expression. A slight increase in vimentin expression,
compared to cluster 2, together with the slight increase in TGF-beta-1
expression and the strong FAK increase, could suggest an augmented
tendency to cell migration, with a possible regenerative significance.
Therefore, overall, these findings confirmed the difference in
behavior between treatments derived from LB1865 and LB1932 strains.
The derivatives of LB18, in fact, (except 18C) clustered with controls,
and showed, compared to LB19 derivatives, an upregulation of factors
involved in the degradation of the ECM, the proapoptotic factor CASP-3
and of factors associated with healing and scar formation, included in
cluster A. Moreover, the downregulation of factors involved in the
deposition of the ECM, antiapoptotic factors and factors associated with
cell adhesion and migration processes, included in cluster B were
observed for LB18 derivatives. The distribution of biomarkers associated
with the proliferation process between clusters A and B, the first being
upregulated and the second downregulated in the Ctrl cluster, suggests
an overall balance of their effects and can explain the absence of sub-
stantial differences in viability detected by resazurin assay at 24 and 72
h. The derivatives of strain LB1932, on the other hand, outline an
opposite situation compared to that described for those of LB1865,
suggesting a generally favored antiapoptotic molecular structure, pre-
disposed to ECM deposition and cell migration. These results confirmed
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the choice of samples FS19 and r-EPS 19 as the most suitable for stim-
ulating the regenerative effects observed in the scratch test.

4. Conclusions

The potential use of L. bulgaricus derivatives, characterized in terms
of proteins, lipids, and EPS composition, in wound healing applications
has been successfully investigated. LB derivatives extracted from two
strains, LB1865 and LB1932, and suitably dosed after cytotoxicity
studies, were used to formulate and manufacture, ALG and ALG/HA acid
self-cross-linking 3D printed hydrogels as novel active dressing able to
promote in-vitro fibroblast proliferation and migration. Our tests high-
lighted differences between the two strains' derivatives. In particular,
the proteins of the soluble fraction and the r-EPS derived from LB1932
strain were able to stimulate cell migration with an increase of regen-
erative potential ranging from 10 to 20 %. This evidence was explained
at the molecular level by a decrease in matrix-degrading and proapo-
ptotic proteins, associated with an increase in collagen and anti-
apoptotic proteins production. In the specific case of SF19 treatments,
these effects seemed to be accentuated, associated with a decrease in
collagen deposition and an increase in factors involved in cell migration.
All these findings suggest a potential use of LB derivatives, such as
proteins and EPS, embedded in 3D-printed hydrogels as advanced
therapeutic solutions for successful applications in regenerative medi-
cine, laying the basis for future investigations on this topic. In the view
for future applications, this study could be implemented by deeply un-
derstanding the role of EPS and protein interactions in solution and on
cell behavior; the setting of the LB derivatives concentrations tested in
vitro on fibroblasts cells could also be implemented with studies in 3D
in-vitro systems or in vivo. The optimization of the 3D printing pa-
rameters, which are set on the basis of the in house-build printer used,
together with the exploration of other biomaterials to obtained hydro-
gels or even formulated as nanoparticles or films could be even explored.
It is opinion of the Authors that a deeper investigation especially focused
on the characterization of EPS produced by these different LB strains
could allow to add significative insights into their biological properties
and potential use, including antimicrobial, anti-inflammatory, antioxi-
dant activities and personalized dosages.
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