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The use of extracellular vesicles (EVs) has garnered significant attention as an alternative to cell-based therapies
due to their stability and biocompatibility. In this study, we stimulated mesenchymal stem cells (MSCs) with
therapeutic agents affecting the bone regenerative cascade, including bone morphogenetic protein 2 (BMP-2),
stromal-derived factor (SDF-1), interleukin 4 (IL-4), alendronate (ALD) and osteogenic differentiation media to
obtain osteogenic EVs. The tuned EVs were tested on MSCs and fibroblasts, selecting EVs-BMP-2 as suitable
systems. Chitosan-aloe vera (AV) scaffolds were designed to allow for the loading and release of these EVs while
leveraging the antibacterial and anti-inflammatory properties of AV. To enhance the dual effect on regeneration
and antibacterial activity, poly(lactic-co-glycolic acid) (PLGA) microspheres encapsulating Histatin 5 (Hist-5)
were incorporated to the scaffolds. Hist-5 encapsulation was successful, and effectively prevented Staphylococcus
aureus biofilm formation on the scaffolds surface. The optimized chitosan-AV scaffolds loaded with EVs-BMP-2
promoted MSCs adhesion and proliferation and exhibited a 2-fold increase in osteogenic differentiation
compared to chitosan scaffolds. This study demonstrates the successful combination of bioengineered EVs and
Hist-5-loaded microspheres within a chitosan-AV scaffold, providing a promising dual approach for enhancing
bone regeneration while reducing the risk of infection. These systems show potential as effective implants for
bone fractures, offering both antibacterial and regenerative capabilities.

1. Introduction Extracellular vesicles (EVs) are nanometric lipid bilayer structures

secreted by various cell types such as mesenchymal stem cells, osteo-

Bone tissue undergoes constant remodeling throughout life. This
complex physiological process involves cells, soluble factors and extra-
cellular matrix (ECM) changes. Bone injuries can be self-repaired
without external intervention. Nevertheless, when high mass loss
takes place, this capacity is overwhelmed requiring surgical intervention
and the use of natural or artificial grafts as biomaterials (Pape et al.,
2010). Moreover, aging and the occurrence of pathologies such as dia-
betes and osteoporosis can lead to bone regeneration impairment. In
these situations, implants or fillers are necessary to provide structural
support and guidance to induce new bone formation (Zhang et al.,
2024).

blasts and osteoclasts among others. EVs present low immunogenicity
and are mediators of various tissue homeostasis processes thank to their
high cell and tissue penetration capacity (Koritzinsky et al., 2017). EVs
secreted by osteoclasts, main actors in bone resorption, have been re-
ported to decrease osteoblast activity while inducing osteoclastogenesis.
On the other hand, osteoblast, drivers of bone formation, secrete EVs
with proven osteogenic capacity. Finally, mesenchymal stem cells
(MSCs)-derived EVs have shown pro-osteoblastic and angiogenic fea-
tures together with a decreased ECM remodeling response. Overall,
these structures play a crucial role in controlling bone homeostasis and
could induce regeneration by modulating the differentiation and
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function of the cells implicated in the process (Gao et al., 2018; Man
et al., 2023; Mehrvar et al., 2024; Ren et al., 2022; Tang et al., 2024).

Although EVs are released spontaneously by cells, the modulation of
their cargo by either stimulating the parental cells or artificially
inserting molecules before or after EVs synthesis, has been proposed to
enhance their therapeutic potential (Lu et al., 2023). The first approach
is based on the capacity of the stimulating factor to induce changes in
the cell’s phenotype leading to concomitant variations in the EVs cargo.
In this regard, the stimulation of MSCs with different cytokines and
chemical moieties as metformin or kartogenin have been proven to
modify the chondrogenic and immunomodulatory capacity of the
derived EVs (Chen et al., 2022).

Despite the huge therapeutic potential of EVs their systemic
administration leads to limited accumulation at the target site. There-
fore, the development of systems able to release the therapeutic vesicles
at the desired place represents an alternative approach to better take
advantage of their therapeutic ability. In this regard, biomaterials
encompassing MSCs-EVs have been already described in the literature to
depict improved osteogenic and angiogenic responses in preclinical ro-
dent models when compared to non-loaded scaffolds. Different types of
biomaterials have been screened for these purposes as scaffolds based on
metals (titanium alloys), ceramics (tricalcium phosphate, mesoporous
bioactive glass) and polymers (PLGA, PLGA-PEG-PLGA) or injectable
hydrogels of hyaluronic acid/alginate/hydroxyapatite, gelatin methac-
rylate and hydroxyapatite/silk fibroin/glycol chitosan/difunctionalized
polyethylene glycol (He et al., 2024; Lu et al., 2023; Ren et al., 2022;
Yang et al., 2020; Youseflee et al., 2023). However, mainly non-
bioengineered MSC-EVs have been screened for this purpose.

Chitosan is a natural polymer with antibacterial, antioxidant and
anti-inflammatory properties (Aranaz et al., 2021; Garcia-Garcia et al.,
2021). It is a polycation polysaccharide due to the presence of amine
groups that confer positive charges at acidic pHs. This property could
induce the immobilization of EVs by electrostatic interactions based on
their negative surface charge allowing for EVs sustained release (Man
et al., 2022; Zhang et al., 2018). As already reported by our research
group, chitosan scaffolds can be obtained by a molding-freeze drying
method that leads to the fabrication of highly porous structures, suitable
for cell adhesion and proliferation (Garcia-Garcia et al., 2021; Reyes
et al., 2012). This feature would also facilitate EVs adsorption into the
scaffold surface.

The surgical interventions required for bone fracture management
entail the risk of osteomyelitis. These procedures involve open surgery
and usually drilling and cleaning steps leading to the surrounding tissue
necrosis. Under this stressed environment, osteocytes lose their inhibi-
tory activity on osteoclast, increasing osteoclast activity and compro-
mising immunity generating a susceptible infection site (Jensen et al.,
2017; Shiels et al., 2015). Bone infections are a major burden for health
care systems, with an annual prevalence of approximately 21.8 cases per
100,000 people. Furthermore, they are complex to eradicate due to the
low bone antibiotic accumulation (De Oliveira et al., 2020; Kremers
et al., 2015). Staphylococcus aureus (S. aureus), included in the ESKAPE
group, is one of the main pathogens causing bone infections. This group
of multiple-drug resistant pathogens can attach to bone implants and
fillers forming biofilms. These structures comprised of a self-produced
extracellular matrix, hinder even more the penetration of antibiotics
to the infection site (Moormeier and Bayles, 2017).

The fight against antimicrobial resistance (AMR) is one of the most
pressing needs of the twenty-first century. Currently, resistant bacteria
kill 700,000 people in the world every year, and this number is expected
to increase to 1 million by 2050 (Tarin-Pello et al., 2022; Wang et al.,
2023). The misuse of antibiotics together with the lack of new antibi-
otics in the last 50 years has led to an enhancement of resistant bacteria.
Therefore, alternatives to antibiotics are required to avoid the growth of
AMR. Moreover, an adequate release profile is required to ensure the
long-term activity of these alternatives. This issue can be addressed by
their incorporation in drug delivery systems like microspheres or
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hydrogels. Antimicrobial peptides are small molecules naturally pro-
duced by organisms representing their first line of defense against bac-
teria, viruses and fungi (Boparai and Sharma, 2020). Among them,
histatin 5, a histidine-rich cationic peptide identified in the saliva of
humans and higher primates, stands out by its high antifungal and
bactericidal activity against ESKAPE pathogens. At 30 uM histatin 5 kills
70 % of S. aureus after 5 h of contact (Du et al., 2017). Another family of
well-known antimicrobial biomolecules are phytochemicals. Aloe bar-
barensis Miller, commonly named aloe vera, is a plant member of the
Liliaceae family. Its phytochemicals have been associated with
numerous properties, such as anti-inflammatory, antimicrobial, osteo-
genic, anti-arthritic and pro-healing (Hashemi et al., 2015; Radha and
Laxmipriya, 2015). The extracts obtained from aloe vera contains
approximately 75 active compounds, of which anthraquinones and
polysaccharides show antimicrobial properties against Gram-positive
and Gram-negative bacteria, including S. aureus (Gomez Chabala
et al., 2017; Habeeb et al., 2007; Hamman, 2008).

The present study aims at developing chitosan-based advanced
scaffolds comprising biodegradable microspheres able to induce bone
formation while avoiding osteomyelitis. To this end, pro-osteogenic
MSC-EVs and an aloe vera extract will be incorporated to the chitosan
network whereas histatin-5 will be incorporated within the micro-
spheres to allow for a controlled release. Pro-osteogenic EVs will be
obtained by stimulating MSCs with molecules known to control bone
homeostasis (Interleukin-4 (IL-4); Bone Morphogenetic Protein-2 (BMP-
2); Alendronate (ALD) osteogenic media and stromal cell derived factor
1 (SDF-1)). To the best of our knowledge, this work combines, for the
first time, tuned MSCs-EVs with alternatives to antimicrobials with dual
release profiles for bone regeneration.

2. Materials and methods
2.1. Materials

Poly (lactic-co-glycolic acid) (PLGA) 50:50 (Resomer® RG504) and
PLGA 85:15 (Resomer® RG858-S) were supplied by Evonik Industries
(Germany). Chitosan hydrochloride (Protasan® UP-CL-213) was pur-
chased from NovaMatrix (Norway). Cell proliferation kit II (XTT) was
purchased from Roche Diagnostics (Germany). Dulbecco’s modified
Eagle’s medium (DMEM) and Dulbecco’s phosphate buffered saline
(DPBS) were obtained from Gibco. Fetal bovine serum (FBS) was pur-
chased from Lonza (Spain). Poly (vinyl alcohol) (PVA, MW
33,000-70,000 Da; 87 — 90 % hydrolyzation), sodium triphosphate
pentabasic (TPP, MW: 367.86 g/mol), penicillin/streptomycin, L-
glutamine, dexamethasone (MW: 392.46), sodium lauryl sulfate (SDS,
MW: 288.38 g/mol) and f-glycerol 2-phosphate disodium salt hydrate
(MW:216.04 g/mol) were supplied by Sigma-Aldrich, USA. L-Ascorbic
acid (MW: 176.13) was purchased from Acofarma, Spain. Nitroblue
Tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP)
were purchase from Roche Diagnostics, Germany. Calcium chloride
(CaCly) and monobasic sodium phosphate dihydrate was provided by
Merck, Germany. Mueller-Hinton Agar was purchased from Applichem
Panreac, Germany. Histatin 5 (Hist-5; H-DSHAKRHH-
GYKRKFHHSHRGY-OH) was provided by Eurogentec, USA. Recombi-
nant mouse SDF-1 alpha protein was purchased from Abcam (ab51939),
USA. Human bone morphogenetic protein-2 (BMP-2) was obtained from
GenScript, USA and recombinant Human Interleukin 4 (IL-4) was pur-
chased from Gibco, Thermo Fisher Scientific, USA. Aloe vera extract
(AV) was supplied by Agora Valencia, Spain.

2.2. Mscs stimulation, EVs isolation and characterization

Extracellular vesicles (EVs) were isolated from murine mesenchymal
stem cells (MSCs, C3H10T1/2; ATCC CCL-226). To obtain tuned EVs,
MSCs were stimulated with several inductors before isolation. Cells were
cultured with DMEM supplemented with 10 % FBS, 1 % penicillin/
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streptomycin and 1 % L-glutamine (complete DMEM) at 37 °C and 5 %
CO, until 80 % confluence was obtained. Then, cell monolayers were
treated with the selected molecules for the required time as described in
Table 1. After stimulation, cell monolayers were washed with DPBS and
EVs isolation medium was added. This medium was composed by
DMEM + 1 % penicillin/streptomycin + 1 % L-glutamine + 5 % EVs-free
FBS (obtained by ultrafiltration as previously reported) (Briffault et al.,
2024). Cells were then maintained for 48 h in culture and EVs were
isolated by ultracentrifugation as previously described (Briffault et al.,
2024). Briefly, cell supernatants were centrifuged consecutively at 2,000
g and 4 °C for 30 min to remove dead cells, afterwards at 10,000 g and
4 °C for 30 min to discard cell debris and, finally, at 100,000 g and 4 °C
for 2 h to precipitate EVs. The obtained pellet was resuspended in 1 mL
DPBS per flask (75 cm?) and filtered through 0.22 ym (PES membranes
Millex®, Millipore, UK).

Cell stimulation was performed using different molecules with
already known activities in the bone remodeling process: sodium
alendronate (ALD, 10 pg/mL), interleukin 4 (IL-4, 20 ng/mL), stromal
cell-derived factor 1 (SDF-1, 500 ng/mL), bone morphogenetic protein 2
(BMP-2, 200 ng/mL) and osteogenic differentiation medium (DF).
Osteogenic medium (DF) was composed by complete media supple-
mented with 10 mM p-glycerol phosphate, 107 M dexamethasone and
50 pM ascorbic acid (Jaiswal et al., 1997). The stimulation with osteo-
genic media was performed for 72 h instead of 24 h. Furthermore, an
additional BMP-2 stimulation condition was included incorporating the
protein at 200 ng/mL to the EVs isolation media. All the conditions used
are summarized in Table 1.

After isolation EVs were characterized in terms of particle size,
polydispersity index (PdI), and zeta-potential ({-potential) using a
Zetasizer Nano-ZS (Malvern Instruments, UK). To this end, samples were
1:10 diluted with DPBS and measurements were performed in triplicate.

Additionally, the EVs-associated protein was measured using a Micro
BCA Protein Assay Kit (Thermo Fisher Scientific, USA). For this purpose,
vesicles were lysed by appropriate dilution with 0.2 % SDS in DPBS
(Vergauwen et al., 2017) and subsequently subjected to 6 cycles of
sonication for 30 s at 30 s intervals.

2.3. Effect of tuned EVs on cell viability and proliferation

The effect of the different chemically conditioned EVs on cell pro-
liferation was studied in MSCs and murine fibroblasts (BALB 3 T3,
ATCCQ). Cells were seeded in 96-well plates at 10,000 cells/well for MSCs
or 15,000 cells/well for fibroblasts and allowed to attach for 24 h. Cell
monolayers were then washed with 200 pL of DPBS and, afterwards,
200 pL of isolation medium supplemented with 10 % of EVs suspension
was added. Cells were kept in culture for 96 h. After this time, cell
monolayers were washed twice with 200 pL. DPBS and a XTT assay was
performed following the manufacturer’s instructions to quantify cell
proliferation. Then, absorbance was measured in a plate reader (synergy
HT, BioTek, USA) at 450 nm. Isolation media with 10 % DPBS was used
as control.

Table 1
Conditions used for the isolation of bioengineered EVs.

Chemical Dose Stimulation time

stimulus

BMP-2 200 ng/mL 24 h before EVs isolation

SDF-1 500 ng/mL 24 h before EVs isolation

IL-4 20 ng/mL 24 h before EVs isolation

ALD 10 ug/mL 24 h before EVs isolation

DF - 72 h before EVs isolation

DF + ALD 10 ug/mL 72 h in presence of DF + 24 h in contact with ALD

ALD before EVs isolation

BMP-2 after 200 ng/mL 48 h, during EVs isolation
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2.4. Microspheres preparation and characterization

Histatin 5 (Hist-5) microspheres were prepared by a double emulsion
(w/0/w) solvent evaporation method as previously described (Garcia-
Garcia et al., 2019). Briefly, 200 uL of a 0.2 % PVA aqueous solution
containing 2 mg of Hist-5 was emulsified with 1 mL of methylene
chloride (DCM) containing 150 mg/mL PLGA (PLGA 504: PLGA 858-S
(80:20)), using a vortex for 1 min (position 10, Genie® Industries 2,
Sciences Industries Inc. USA). Then, 5 mL of 0.2 % PVA were added to
the emulsion and vortexed for 15 s. Immediately, the emulsion was
poured into 100 mL of 0.1 % PVA under magnetic stirring for 1 h to
evaporate the DCM. After this time, the microspheres were isolated
through filtration (PES membrane, Pall Corporation, pore size 45 um,
Sigma-Aldrich, USA), freeze dried and stored at 4 °C until use.

To determine the microspheres encapsulation efficiency, Hist-5 was
labeled with 2°INa (Perkin-Elmer) following the previously described
iodogen method (Del Rosario et al., 2015). Briefly, 50 uL of a phosphate
buffer (PB, 0.5 M, pH = 7), 50 L of Hist-5 (5 pg/ uL) and 1 pL of 1%°INa
(0.1 mCi) were added to a precoated Iodination Tube (Thermo Scienti-
fic, USA). This mixture was subjected to orbital agitation at 125 rpm for
10 min at room temperature. 2°I-Hist-5 radiolabeling efficiency was
determined by thin layer chromatography (iTLC) using 11.5x0.8 cm
silica-gel coated strips (Varian Iberica SL). 12°I-Hist-5 was diluted (1:500
in MilliQ water) and 5 L of the dilution (approximately 30.000-40.000
cpm) was loaded onto the chromatography strip, chromatography was
performed using MeOH:H»0 (85:15) as mobile phase. The free 1251 mi-
grates to the front (Rf = 1) while the labeled product remains on the base
(Rf = 0). When the mobile phase reached the top, the chromatography
paper was removed, cut by half and radioactivity measured on a gamma
counter (Cobra II, Packard). The radiolabeling efficiency was calculated
from the ratio between the radioactivity at the base (Rf = 0) and the total
radioactivity (Rf = 0 + Rf = 1). On the other hand, the microspheres
1257 Hist-5 encapsulation efficiency was determined by measuring the
radioactivity of known weights of microspheres (approximately 5 mg)
using a gamma counter. The encapsulation efficiency was calculated
from the ratio of the measured radioactivity to the total radioactivity
used in the batch preparation, both normalized by product weight.

Microspheres morphology was analyzed by scanning electron mi-
croscopy (SEM, ZEISS EVO 15, Tokio, Japan). For this purpose, samples
were coated with gold before observation. Microspheres size distribu-
tion was determined by laser diffractometry using a Mastersizer 2000
(Malvern Instruments, Malvern, UK). Samples were resuspended in
water under continuous flow to perform the measurements.

2.5. Invitro antibacterial activity of Hist-5

The antibacterial activity was determined against Staphylococcus
aureus (ATCC 25293; gently donated by Department of Biochemistry,
Microbiology, Cellular Biology and Genetics of the University of La
Laguna). Staphylococcus aureus was routinely cultured in Mueller-Hinton
Agar at 37 °C. After 24 h, one colony forming unit (CFU) was seeded in
25 mL of nutrient broth and incubated for 18 h at 37 °C under orbital
shaking (150 rpm). Then, the bacterial suspension was centrifuged at
2,000 g for 12 min, the nutrient broth was removed, and the bacterial
pellet was washed three times with a mixture of nutrient broth and
Phosphate Buffer10 mM, pH 7.4 (PB) (1:10) (bacterial working medium)
using the same centrifugal conditions. Bacteria pellet was resuspended
in bacterial working medium to obtain a suspension with a 0.5 McFar-
land turbidity (1.5 x 10® CFU/mL). Subsequently, the bacterial suspen-
sion was added to 24-well plates (500 uL per well). Then, 100 pL of Hist-
5 solutions at different concentrations (1.62—0.06 pg/pL) were added to
each well and incubated at 37 °C under orbital shaking for 6 h. After this
time, each bacterial suspension was diluted with MilliQ water and 20 pL
were pipetted in Muller Hinton agar plates by triplicate. The agar plates
were incubated at 37 °C for 24 h and the total number of CFU was af-
terwards counted for each plate.
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2.6. Scaffold preparation and characterization

2.6.1. Scaffold preparation

To prepare four-millimeter diameter chitosan scaffolds (CHT), 12 mg
microspheres (2 mg of blank microspheres and 10 mg of Hist-5 micro-
spheres) were dispersed in 40 uL of a chitosan dispersion at 2 % (w/v)
and freeze dried. The scaffolds were then cross-linked with 40 pL of 5 %
(w/v) sodium tripolyphosphate (TPP) for 3 min, washed twice with 80
uL of MilliQ water and freeze dried again. For CHT scaffolds containing
aloe vera extract (AV), two additional steps were performed. After the
second freeze drying, 13.5 uL of an aqueous suspension of the extract
containing 2, 4 or 8 mg the solid extract (CHT-AV2, CHT-AV4 and CHT-
AV8) were added to each scaffold and freeze dried. Then, 20 pL of 70 %
ethanol was added to each scaffold and kept in an extraction hood for 1 h
to facilitate solvent evaporation, the obtained systems were then
immediately freeze dried. Scaffolds were characterized in terms of
porosity, water uptake, and mass loss. The morphology of either fresh
scaffolds or systems subjected to 7 days soaking in water at 37 °C were
observed by SEM (ZEISS EVO 15, Tokio, Japan) after gold coating.

2.6.2. Water uptake and mass loss

Scaffolds’ porosity was calculated using the Eq. (1), where pap, and
Preal are the apparent and real density, respectively. The apparent den-
sity was calculated by dividing the mass by the geometric volume of the
system (height x width x thickness). On the other hand, the real density
was measured using a helium pycnometer (AccuPyc 1330, Micro-
meritics, USA).

Preal — papp

)xloo &)
Preal

Porosity(%) = <

Scaffolds” water uptake and mass loss studies were carried out by
incubating them in water at 37 °C. At different timepoints, three samples
were taken, excess water was removed using filter paper, scaffolds were
weighed and freeze dried to obtain the final dry weight. Water uptake
and mass loss were calculated using Egs. (2) and (3), respectively. Where
W, is the initial weight of each system, Wy, is the wet weight, and Wy is
the final weight after freeze drying.

Wo — Wy

Wateruptake(%) = <
0

)xlOO @

W, — Wy

Massloss(%) = <
fi

)xloo ©)

The release of AV from the scaffolds was evaluated by spectrophotom-
etry. An AV calibration curve between 2——0.25 mg/mL was prepared
and the absorbance was measured at 254 nm (Ultrospect 3300 pro,
Biochrom, UK). Scaffolds were placed in 2 mL of MilliQ water at 37 °C
and, at different timepoints (0,25, 1, 2, 5 and 7 days), three scaffolds
were removed, and the absorbance of the supernatants were measured.

2.6.3. Extracellular vesicles loading and release assay

Scaffolds were loaded with the EVs taking advantage of the in-
teractions between the cationic chitosan and the negatively charged EVs
surface caused by the presence of sialic acid residues. This was achieved
by pipetting 40 uL of EVs suspension onto the chitosan scaffolds fol-
lowed by a 30 min incubation. The release of EVs from the CHT scaffolds
was studied using a Micro BCA Protein Assay Kit (Thermo Fisher Sci-
entific, USA). DPBS (360 uL) was added as release medium to the loaded
scaffolds and incubated at 37 °C. Release media samples were collected
at different timepoints and the EVs content was determined using the
MicroBCA kit following the manufacturer’s instructions. The amount of
EVs released immediately after DPBS addition was considered as free-
EVs and used to determine the loading efficiency.
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2.6.4. Scaffolds antimicrobial activity

The antimicrobial activity of the scaffolds containing blank micro-
spheres and either chitosan alone (CHT) or chitosan and aloe vera
extract at different amounts (CHT-AV2, CHT-AV4 and CHT-AVS8) was
studied using an agar diffusion test. Bacterial suspensions, prepared as
described in section 2.5, were diluted to an optical density of 0.5
McFarland and seeded using cotton swabs on Mueller Hinton agar
plates. Then, scaffolds were placed on top of the seeded plates and 40 uL
of PB were dropped on the scaffolds’ surface, plates were then incubated
at 37 °C. After 24 h of incubation, pictures of the culture plates were
taken and the normalized inhibition width (nw) was determined
following Eq. (4) (Marti et al., 2018):

di—d

2
nw = d 4)
Where d is the diameter of the scaffolds and di is the diameter of inhi-
bition zone.

2.6.5. Antibiofilm activity of the developed scaffolds

The antibiofilm activity of CHT and CHT-AV2 scaffolds with and
without Hist-5 microspheres against S. aureus was assessed using the
Amsterdam Active Attachment (AAA) biofilm model as previously
described with slight modifications (Vivero-Lopez et al., 2021). The
designed model was based on a surgical grade stainless steel sheet
containing needles working as a lid for a 24-well plate (Fig. 1). Bacterial
suspensions at 8 + 2.5 CFUx10%/mL in the bacterial working medium
were placed on the 24-well plate (600 pL per well). Afterwards, the
scaffolds were punched in the needles and held in place with silicone
pieces. The lid was then placed closing the well plate and leading to the
immersion of the scaffolds in the bacterial suspension. Scaffolds were
incubated for 24 h at 37 °C, removed from the bacterial suspension and
washed with 600 pL of 10 mM PB to remove bacteria not incorporated
within the biofilm. Afterwards, the biofilm formed was disrupted by
adding 400 pL of bacterial working medium and shaken vigorously for
15 min. Additionally, the growth capacity of biofilm-entrapped bacteria
was assessed by keeping the scaffolds on the AAA support and trans-
ferring them, after PB washing, to complete culture broth for another 24
h. In both cases the bacterial viability was assessed by XTT mixing 150
uL of the bacterial supernatant with 50 pL of the XTT reagent mixture
and allowing for a 2-hour incubation. To quantify the bacterial con-
centration a calibration curve using an XTT was prepared between 2
CFUx10%/mL and 16 CFUx10%/mL. Round glass coverslips were used as
positive control (Thermo Scientific, USA). To avoid contact with the
bottom of the plate, coverslips were placed between two pieces of 1x2
mm silicone.

2.7. Invitro biological performance of chitosan scaffolds

2.7.1. Cell viability, adhesion and proliferation

Chitosan scaffolds prepared with blank microspheres with or without
AV (CHT, CHT-AV2, CHT-AV4 and CHT-AVS8) and with or without EVs-
BMP-2, were used to evaluate MSCs adhesion and proliferation. EVs-
BMP-2 (2.34x10% particles/mL) were loaded as previously described
(section 2.6.3). Scaffolds were placed on non-adherent plates, seeded
with 40 uL of a cell suspension at 1.25 10° cells/mL and incubated for
1.5hat 37 °Cand 5 % CO; to allow cell adhesion. After this time, 360 uL
of isolation medium was added. After 12 and 48 h of seeding, cell
adhesion and proliferation was assessed by a XTT test following the
manufacturer’s instructions. To do so, each scaffold was washed twice
with 200 pL of DPBS, and then 200 uL of complete DMEM and XTT
working reagent (10:1) was added to each well and incubated for 2 h at
37 °C and 5 % CO». After this time, absorbance was measured at 445 nm
using a plate reader (Biotek, Winooski, USA).
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Fig. 1. Amsterdam Active Attachment (AAA) biofilm model setup.

2.7.2. Osteogenic differentiation evaluation

Alkaline phosphatase (ALP) activity was measured to assess the
osteogenic induction capacity of the developed scaffolds in MSCs. This
assay was performed in CHT and CHT-AV with and without EVs-BMP-2.
Cells were seeded on the scaffolds and cultured as previously described
(section 2.7.1). After 48 h, media was replaced by complete media for
the rest of the assay changing media every other day. At 7, 14, 21 and 28
days, samples were removed, washed twice with DPBS at 4 °C and fixed
with buffered 4 % paraformaldehyde (PFA, Panreac, Barcelona) for 30
min. Then scaffolds were washed twice with DPBS again and 400 uL of
0.5 mg/mL nitro-blue tetrazolium chloride (NBT) and 0.18 mg/mL 5-
bromo-4-chloro-3-indole phosphate (BCIP) prepared in 0.1 M Tris-HCl,
0.1 M NaCl and 0.05 M MgCl,-6H20 (pH = 9.2-9.5) were added to
the scaffolds. Samples were incubated at 37 °C and 5 % CO5 for 2 h.
Afterwards, scaffolds were washed twice with DPBS and included in
OCT (Fisher Scientific, USA) at 4 °C for 24 h. After this time, OCT was
replaced with fresh OCT and samples were frozen at —20 °C for 24 h. The
mounted samples were cut into 50 um sections with a cryostat (Epredia,
USA). Six sections of each scaffold were observed by light microscopy
(LEICA DM4000B, Spain) and 30 photographs were taken with a Leica
camera (LEICA DFC300FX, Spain) to quantify the number of ALP + cells.

2.8. Statistical analysis

All experiments were performed at least in triplicate and results
expressed as mean + SD. Statistical analysis was performed using the
SPSS.27 software. A one-way analysis of variance (ANOVA) with a post-
hoc Dunnet test was carried out. Significance was set at p < 0.05.

3. Results and discussion
3.1. Extracellular vesicles, isolation and characterization

The EVs cargo and production yield can be modified by stimulating
the parent cells with physical and chemical triggers. The production of
modified EVs by the chemical stimulation of the cells is simple and does
not require specific equipment (Hahm et al., 2021). In the present work,
we tuned EVs to obtain pro-osteogenic vesicles by priming MSCs with
different modulators already reported to control bone homeostasis and
MSC differentiation; BMP-2, SDF-1, IL-4, ALD and the standard osteo-
genic differentiation media. The bisphosphonate ALD is an inhibitor of
bone resorption and a suppressor of osteoclast activity (Fu et al., 2008).
On the other hand, IL-4 is a cytokine with already known anti-
inflammatory  effect and inhibitor of osteoclastogenesis
(Bouchareychas et al., 2020; Zheng et al., 2017) while SDF-1 and BMP-2

are growth factors with osteogenic effect (Ji et al., 2004; Liu et al., 2014;
Shea et al., 2003). The EVs isolated after the different treatments showed
an homogenous distribution similar sizes and PdI not observing any
statistical differences between them (Fig. 2). The obtained vesicles
depicted a mean diameter within the 206.5 + 64.3 —332.14 4+ 132.9 nm
range except for EVs-IL-4 which showed a superior size of 427.67 +
59.2 nm (Fig. 2A). Regarding PdI, all the suspensions showed values
below 0.38 excluding EVs-IL-4 that showed a mean value of 0.55. As
expected, EVs depicted a negative {-potential between —8 and —16 mV
not observing statistically significant differences between treatments
(Fig. 2B). Moreover, tuned EVs also did not show statistically significant
differences with the control group in the amount of EVs-associated
protein. The mean concentration of protein obtained for the EVs sus-
pension was 480.6 £+ 103.8 pug/mL.

Extracellular vesicles are a heterogeneous group of particles at the
nanosize range secreted by cells (Gul et al., 2022). Several methodolo-
gies have been screened for EVs characterization presenting all of them
advantages and disadvantages. The analysis selected for this work is
based on light scattering, an already widely-used technique for EVs
analysis. The properties shown by the suspensions fit within the EVs
characteristics with a main population at 100 nm (Fig. 2C) (Palmieri
et al., 2014). Moreover, no differences in the properties of the EVs were
observed between the treatments, similar to already reported for other
authors. As an example, EVs isolated for atorvastatin treated bone
marrow MSCs showed the same features as those obtained from un-
treated cells and the same happened for infrapatellar Fat Pad MSCs-
derived EVs pretreated with kartogenin (Shao et al., 2021; Yu et al.,
2020). Interestingly, in a recent study the pretreatment of rat bone
marrow MSCs with BMP-2 did not lead to an enhancement in the EVs-
associated protein neither a change in their physicochemical proper-
ties compared to control (non-treated MSCs)-EVs in agreement with our
findings (He et al., 2024).

The effect of the different EVs on cell proliferation was evaluated on
MSCs and fibroblast (Fig. 3). The fibroblasts’ proliferative activity was
decreased in the presence of EVs-BMP-2 and significantly increased in
the presence of EVs-ALD when compared to control (DPBS treated cells).
In contrast, MSC proliferative activity decreased in the presence of EVs-
ALD and increased in the presence of EVs-IL-4 and EVs-control (Fig. 3).
Fibroblasts play a fundamental role in the early formation of the callus
after fracture thanks to the production of collagen and growth factors
with angiogenic activity (Radomsky et al., 1998). However, an exacer-
bation of their proliferation can produce a fibrotic matrix that interferes
with proper fracture healing (Pakshir and Hinz, 2018). Interestingly, the
treatments with EVs-DF, EVs-SDF-1 and EVs-BMP-2 were able to
decrease the proliferation of fibroblasts while inducing the proliferation
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Fig. 2. EVs characterization by DLS to obtain A) Mean hydrodynamic diameter (bars) and PdI (diamonds); B) {-potential (bars) and C) size distribution in number. n
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Fig. 3. Relative proliferation, normalized to DPBS treated cells, of fibroblasts
and MSCs after 96-hours stimulation with EVs isolated from MSCs pretreated
with different conditions. (*) denotes statistical differences to control fibro-
blasts and (#) denotes statistical differences to control MSCs. p < 0.05n = 4.

of MSCs. However, fibroblasts treated with EVs-BMP-2 showed the
highest decrease in growth. Based on this, EVs-BMP-2 were selected for
further experiments. Remarkably, EVs control, obtained from non-
stimulated cells, shows a MSCs proliferation induction. The beneficial
effects of MSC-EVs on stem cells proliferation has been previously re-
ported and used as a strategy to promote healing and immune regulation

for different applications as osteoarthritis, spinal cord and skin injury,
liver, kidney and lung fibrosis (Kou et al., 2022). The osteogenic effect of
BMP-2 has been extensively studied in bone fracture regeneration.
However, its clinical use has been hampered by limitations such as short
half-life, rapid clearance and side effects (Bhakta et al., 2012). The use of
EVs obtained from cells previously treated with BMP-2 could allow us to
take advantage of the obtained pro-osteogenic environment while
avoiding the risk of these undesired side effects.

3.2. Scaffold development and characterization

The mean diameter of blank and Hist-5 loaded microspheres was
90.82 um (10 % < 52.32 um; 90 % > 151.70 pm) and 127.68 um (10 %<
74.26 pm; 90 %> 220.34 um), respectively. This increase in size could be
attributed to the incorporation of the peptide within the polymeric
matrix. The incorporation of peptides or therapeutic molecules into
PLGA microspheres can influence their size, primarily due to changes in
emulsion stability during the fabrication process. These molecules can
alter the viscosity and interfacial tension of the emulsion, potentially
leading to variations in microsphere size (Martinez-Borrajo et al., 2023;
O’Donnell and McGinity, 1997). Microspheres show a monodisperse
distribution as shown in Fig. 4A. The encapsulation efficiency of the
peptide was 61.62 + 6.83 % leading to a subsequent loading of 10.6 ug
Hist-5/mg. The Hist-5 loaded microspheres were also characterized by
Scanning Electron Microscopy images (SEM) showing a smooth round
morphology with homogeneous size distribution matching the above-
described data and the size distribution (Fig. 4B).

Regarding the physicochemical properties of the scaffolds incorpo-
rating the microspheres, systems prepared only with chitosan, CHT,
presented a porosity of 86.58 + 1.27 %. The progressive addition of the
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Fig. 4. A) Particle size distribution and B) Scanning Electron Microscopy images of Hist-5 loaded microspheres. Scale bar: 100 um.

aloe vera extract (AV) to the scaffolds led to a decrease in the porosity
from 82.54 + 0.15 % when 2 mg of aloe vera is added (CHT-AV2) to
78.49 + 0.87 % when 4 mg of aloe vera are incorporated (CHT-AV4) and
69.75 £ 1.55 % for scaffolds including 8 mg of aloe vera (CHT-AVS).
The decrease in porosity could be attributed to both, the incorporation
of AV together with the addition of ethanol that could collapse the
smaller pores of the scaffold. This phenomenon was previously
described for polylactide/chitosan scaffolds (Wan et al., 2007).

The behavior of the scaffolds when immersed in aqueous solution
was characterized in terms of water uptake and swelling. The water
uptake of CHT scaffolds was higher than that for systems including AV.
After 7 days of swelling, the water uptake for CHT was 177.36 £ 7.19 %
while CHT-AV2 only showed a water uptake of 101.26 + 6.8 %
(Fig. 5A). The addition of higher amounts of AV to the scaffold did not
change the water uptake capacity. That is, scaffolds containing AV do
not swell as chitosan scaffolds alone. This lack of water uptake capacity
is associated with the porous structure and stability of both types of
scaffolds after aqueous immersion. As shown in Fig. 5B, scaffolds
comprising AV suffer a higher mass loss at all the studied timepoints.
Remarkably, CHT-AV8 systems after just 6 h of soaking in water lost
almost half of the weight with an average value of 35.28 + 4.75 %. This
mass loss was stable after this initial timepoint, not observing
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differences between 6 h and 7 days of soaking. To elucidate whether this
weight loss was associated with just the release of AV from the scaffolds,
an AV release study was performed. Afterwards, the mass loss associated
to AV release was calculated. As shown in Fig. 5B, the loss of mass
suffered by the scaffolds was only partially associated with the AV
release. Moreover, the release of the AV extract showed a marked burst
effect followed by a more sustained release until the end of the study.
Aloe vera extract is very water soluble and is released quickly, with a
small portion retained within the scaffolds. On the other hand, CHT
scaffolds only showed a 10 % mass loss at all the evaluated timepoints
indicating a good scaffold integrity after swelling. This is not the case for
the scaffolds with AV that not only lose AV mass but also other scaffold
components. These results could be related to both, the protocol used for
AV incorporation that implies an initial wetting in EtOH, together with a
disruption of the scaffold structure. The incorporation of additional
components to the chitosan network that do not cross-link within the
polymer network can significantly influence the structural and func-
tional properties of the scaffolds. It has been previously reported that the
addition of calcium phosphates like hydroxyapatite (HAp) and p-trical-
cium phosphate (B-TCP) to chitosan/alginate scaffolds obtained by
molding-freeze drying has modified total porosity of the systems (Lopes
et al., 2024). A similar behavior was observed for chitosan scaffolds
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Fig. 5. Water uptake A) and mass loss B) of CHT and CHT-AV scaffold at 6 h, 1 and 7 days of incubation at 37 °C under orbital shaking (25 rpm). Mass loss includes
total scaffold mass loss (light green) and AV-associated mass loss (dark green). n = 3.
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incorporating amine functional nano-hydroxyapatite where the incor-
poration of this additional ingredient leads to a decrease in porosity
together with a decrease in water uptake and swelling (Atak et al.,
2017). Despite the higher initial mass loss of the scaffolds containing AV,
no further changes could be observed in the integrity of the scaffolds at
longer time points. A similar behavior was observed in our previous
work for similar chitosan scaffolds showing a constant mass loss after the
initial swelling for up to one month (Garcia-Garcia et al., 2021). This
behavior would ensure the long-term stability of the systems, a critical
point for their clinical application.

The scaffold morphology and the associated changes with AV
incorporation was also evaluated using scanning electron microscopy as
shown in Fig. 6. Scaffolds depicted a homogeneous microspheres
dispersion within the chitosan and chitosan-AV structures (Fig. 6A-D).
Moreover, after 7 days of swelling in water, the structure of the con-
structs was maintained (Fig. 6C-D). Scaffold porosity is a critical
parameter that influences cell infiltration, nutrient diffusion, and tissue
growth. High porosity values (80 %) are adequate to ensure suitable
tissue integration and cell growth (Abbasi et al., 2020).

3.3. Evs loading and release profile

The EVs incorporation yield was 81.32 + 5.31 %. Moreover, the EVs
release from the scaffold occurred during the first 48 h showing a burst
release of 42.22 4 1.2 % within the first 2 h. After 12 h, 88.02 4 3.27 %
of the extracellular vesicles were released, and the release reached 94.87
+ 5.42 % at 24 h. This profile would be desirable to modulate the
response of cells that migrate to the defect site after the scaffold im-
plantation. Typically, EVs are incorporated within hydrogels. However,
these systems require the use of cross-linkers that are usually added after
the inclusion of EVs for hydrogel synthesis implying the risk of EVs
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integrity impairment (Hashemi et al., 2024). The elaborated systems
overcome these disadvantages, since the cross-linker has already been
removed from the system.

The bone regeneration process after hemostasis implies the recruit-
ment and differentiation of stem cells that form skeletal and vascular
tissues (Einhorn and Gerstenfeld, 2015).The initial interaction between
the implanted biomaterials and the migrated cells will modulate the
consequent healing cascade. In this sense, the initial cell microenvi-
ronment and adhesion is known to critically modulate cell differentia-
tion and long-term biomaterial stability (Gao et al., 2017). Therefore,
the developed EVs-loaded scaffolds could provide an adequate envi-
ronment to the migrated stem cells inducing their proliferation and
differentiation. The fast release observed for the EVs could be attributed
to a neutralization of the chitosan charge associated to a basification of
the media with the addition of PBS (pH 7.4) (Chang et al., 2020).

3.4. In vitro antibacterial activity

Histatin 5 is a cationic antimicrobial peptide naturally produced in
saliva (Khan et al., 2013). Despite the proven antifungal and antibac-
terial activity, it has never been loaded in scaffolds for drug delivery.
The antimicrobial activity of Hist-5 on S. aureus at concentrations
ranging between 1.62 and 0.06 png/uL was studied. The minimal inhib-
itory concentration (MIC) was established at 0.205 pg/uL. This con-
centration showed no bacterial growth after 24 h of treatment.

On the other hand, the antibacterial properties of aloe vera have
been extensively exploited to develop systems for skin and bone
regeneration (Alven et al., 2021; Shukla, 2022). The antibacterial
properties of the developed CHT-AV scaffolds were studied using an agar
diffusion assay (Fig. 7). CHT-AV2 and CHT-AV4 scaffolds showed
significantly higher inhibitory halos than CHT scaffolds, only including

Fig. 6. Scanning electron microscopy images of A) freshly prepared chitosan scaffold; B) freshly prepared chitosan-aloe vera (CHT-AV2); C) chitosan scaffold after a
7 days incubation in water at 37 °C; D) CHT-AV2 scaffold after a 7 days incubation in water at 37 °C. (A-D): 160 X magnification.
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Fig. 7. In vitro antimicrobial assay against S. aureus of the obtained scaffolds. Images of A) CHT B) CHT- AV2 C) CHT-AV4 D) CHT-AV8 and E) Inhibition zone
normalized width (nw) for the different scaffolds. (*) Denotes statistical differences to the CHT group. n = 3, scale bar = 20 mm.

chitosan. Contrary to expected, the scaffolds comprising the highest AV
amount, CHT-AVS, produced lower inhibition for Staphylococcus aureus
than CHT-AV2 and CHT-AV4. This effect could be related to the varia-
tion in the morphological and porous features of the scaffolds compared
to systems containing less AV. These changes could hamper the AV
diffusion from the scaffolds. Based on the results obtained, CHT-AV2

scaffolds were selected for the Amsterdam Active Attachment (AAA)
biofilm assay model.

Staphylococcus aureus is present in 90 % of chronic osteomyelitis and
can lead to tissue necrosis and the need for surgical intervention (Olson
and Horswill, 2013). In addition, S. aureus can form biofilms in osteocyte
lacunae hindering infection eradication (de Mesy Bentley et al., 2017).
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The capacity of the scaffolds to avoid the formation of the biofilm was
evaluated using the AAA model. A piece of glass was used as positive
control for the biofilm formation. Both the bacteria growing in the
media as suspension and that incorporated within the biofilm network
were quantified and shown in Fig. 8. In the glass control group, the
bacteria present in the suspension was significantly higher compared to
the initial concentration used for the experiment (8 + 2.5 CFUX]OG/mL),
with a value of 23.45 £ 0.12 CFU x10%/mL. However, this behavior was
different for the wells containing the scaffolds where the concentration
of viable bacteria was lower than the initial one indicating a potent
antibacterial activity of the scaffolds largely due to the antibacterial
properties of CHT.

Despite the high concentration of the bacteria suspension for the
glass control, the biofilm formed was limited, especially after 24 h of
culture. However, the number of biofilm-forming bacteria increased
significantly after 48 h (Fig. 8). The relatively low biofilm formation
could be related to the composition of the media used for the experiment
with low nutrient concentration as previous studies have reported that
low glucose concentration conditions S. aureus biofilm formation (Silva
et al., 2022).

Regarding the antibiofilm activity, scaffolds incorporating Hist-5
were able to significantly inhibit the formation of the biofilm after 24
h compared to control scaffolds (CHT). Moreover, no differences were
observed between the systems prepared only with chitosan, CHT (Hist-
5), or also including 2 mg of AV (CHT-AV2(Hist-5)). On the other hand,
after 48 h, all the scaffolds showed significantly lower biofilm formation
compared to the glass control.

The designed scaffolds were, therefore, suitable to avoid biofilm
formation and designed to ensure a long-term antibacterial activity
comprising the initial burst release of AV, afterwards the release of
chitosan by degradation and, during the whole time the release of Hist-5
from the microspheres. Therefore, the CHT-AV scaffolds loaded with
Hist-5 microspheres are a promising candidate for bone regeneration
avoiding the risk of osteomyelitis.

3.5. Biological performance of the scaffolds

Fig. 9 shows the cell adhesion and proliferation of MSCs on the
developed scaffolds. The incorporation of 2 mg of AV to chitosan scaf-
folds significantly improved cell adhesion and proliferation in the case
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observed for scaffolds with higher AV (4 and 8), probably due to the
decreased scaffold porosity. This finding aligns with already published
works that state a similar effect for chitosan membranes mixed with an
aloe vera gel, showing an increased cell adhesion only at certain aloe
vera gel concentrations (Silva et al., 2013).

Moreover, scaffolds incorporating 2 mg AV together with EV-BMP-2
showed the highest cell proliferation being 1.6-fold higher than that for
the CHT control scaffolds. This effect could have been caused by the
combination of EVs and AV. The beneficial effect on adhesion and
proliferation of the incorporated MSCs-EVs in different scaffolds has
been previously reported. As an example, Xing and coworkers developed
electrospun silk fibroin/poly (e-caprolactone) scaffold loaded with MSC-
EVs that showed significantly enhanced cell migration and proliferation
compared to the blank scaffolds (Xing et al., 2021). Another example is a
B-tricalcium phosphate scaffolds loaded with human-induced pluripo-
tent stem cell-derived mesenchymal stem cells EVs that showed
enhanced proliferation, migration and osteogenic differentiation of
MSCs, by activation of the PI3K/Akt pathway (Zhang et al., 2016).

The capacity of the scaffolds to finally induce the osteogenic differ-
entiation of MSCs was evaluated at different timepoints by quantifying
the number of alkaline phosphatase positive cells. This marker is a well-
established method to identify early osteoblastic differentiation (Trivedi
et al., 2020). The obtained results and representative images are shown
in Fig. 10. For scaffolds not containing EVs, at the initial timepoint, in
line with the adhesion and proliferation data, only scaffolds containing
2 mg of AV were able to significantly increase the number of ALP + cells
compared to CHT. However, these differences were not observed after
21 days of culture.

Contrary, scaffolds incorporating EVs-BMP-2 showed an enhance-
ment in ALP positive cells after 7 days in culture when AV was added at
any of the concentrations used in the study. However, after 21 days of
culture only CHT-AV2 and CHT-AV4 showed an enhanced osteogenic
differentiation compared to CHT. This effect may be related to an
enhancement in the basal number of ALP + cells in the control group
(CHT) used for normalization. Interestingly, in these treatments the
number of positive cells was 2-fold higher than the control. The bene-
ficial effect of AV incorporation on ostogenesis and osteoinduction has
been previously reported but limited to the toxicity of the obtained
systems (Teymori et al., 2023). Moreover, it has been shown that EVs
isolated from MSCs have the capacity to modify the bone regenerative

of both unloaded and EVs-BMP-2-loaded systems. This effect was not response affecting osteogenesis and osteoclastogenesis. This
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Fig. 9. MSCs adhesion (12 h) and proliferation (48 h) on CHT scaffolds with different aloe vera extract (AV) amounts without and with EVs (EVs-BMP2). (*) denotes
statistically significant adhesion differences compared with CHT and (#) denotes statistical proliferation differences compared with CHT. p < 0.05n = 3.
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modification is highly correlated with the EVs cargo (Liu et al., 2023). In
this work, MSCs were stimulated with several molecules and selected
BMP-2 (200 ng/mL) as an adequate stimulus to produce EVs with a
proliferative effect on MSCs while controlling fibroblasts proliferation.
Huang and coworkers studied the osteogenic regenerative potential of
EVs isolated from MSCs modified to constitutively express BMP-2 by
lentiviral transfection. EVs isolated from these cells, despite not
including BMP-2, enhanced the osteogenic capacity of MSCs and
improved the regenerative response in a rat calvaria defect model
(Huang et al., 2020). The osteogenic improvements were associated to
an alteration in the miRNAs present in the vesicles that could potentially
enhance the BMP-2 signaling cascade. Our results show a similar
behavior for the isolated EVs-BMP-2 being able to induce the differen-
tiation of MSCs towards osteoblasts.

The combination of EVs-BMP-2 with AV2 and Hist-5 in a CHT scaf-
fold has been the most promising scaffold in terms of antibacterial
properties, cell adhesion, proliferation and osteogenesis. This approach
would avoid the biofilm formation on the implanted system without
requiring the use of antibiotics while inducing the colonization of the
biomaterials and the differentiation of cells.

These scaffolds would represent a breakthrough approach for
enhancing bone regeneration and infection control for non-wear bearing
applications in craniofacial reconstruction, dental bone grafting,
segmental defect repair, and bone cyst treatment. These systems depict
an acceptable scalability where the main limitation would be the
isolation of EVs-BMP-2. The scaffolds containing Hist-5 could be ob-
tained in a batch-based strategy by molding and, afterwards, the EVs can
be added just before implantation. The large-scale production and
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isolation of EVs could be performed using bioreactor systems and size
exclusion chromatography with automated sample collection. As a next
step for the clinical translation, the bone regeneration capacity of CHT-
AV2 scaffolds obtaining EVs-BMP-2 and Hist-5 are being evaluated in a
mice model of bone defect.

Regarding the main limitations of the present study only a single
dose of EVs has been used not allowing to optimize the dosing. More-
over, other EVs loading strategies could be developed to ensure a fast
release profile is the adequate to obtain the desired osteogenic
responses.

4. Conclusions

Tuned EVs were isolated by stimulating MSCs with different stimuli
leading to the selection of EVs able to show different behavior on fi-
broblasts and MSCs. To the best of our knowledge, for the first time the
antimicrobial peptide histatin-5 has been successfully encapsulated in
microspheres. The obtained microspheres have been integrated within a
chitosan and aloe vera matrix with physicochemical properties depen-
dent on the amount of AV used. The use of 2 mg of AV has shown to be
the best system with suitable antibacterial properties against S. aureus.
Moreover, the additional incorporation of Hist-5 has led to scaffolds
with both antibacterial and antibiofilm properties. Moreover, the addi-
tion of the selected EVs, EVs-BMP-2, together with the presence of AV
improved the adhesion, proliferation and osteogenic differentiation of
MSCs seeded on scaffolds. The combination of these therapeutic mole-
cules allows in a single system to ensure infection inhibition and
osteogenesis induction. However, further preclinical evaluation of the
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scaffolds is required to assess the clinical translation of the developed
scaffolds.
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