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A B S T R A C T

Background/Objective: Platelet derived extracellular vesicles (pEV) are promising therapeutical tools for bone
healing applications. In fact, several in vitro studies have already demonstrated the efficacy of Extracellular
Vesicles (EV) in promoting bone regeneration and repair in various orthopedic models. Therefore, to evaluate the
translational potential in this field, an in vivo study was performed.
Methods: Here, we used hyaluronic acid (HA) gels formulated with pEVs, as a way to directly apply pEVs and
retain them at the bone defect. In this study, pEVs were isolated from Platelet Lysate (PL) through size exclusion
chromatography and used to formulate 2% HA gels. Then, the gels were locally applied on the tibia cortical bone
defect of New Zeland White rabbits before the surgical implantation of coin-shaped titanium implants. After eight
weeks, the bone healing process was analyzed through biomechanical, micro-CT, histological and biochemical
analysis.
Results: Although no biomechanical differences were observed between pEV formulated gels and non-formulated
gels, biochemical markers of the wound fluid at the interface presented a decrease in Lactate dehydrogenase
(LDH) activity and alkaline phosphatase (ALP) activity for pEV HA treated implants. Moreover, histological an-
alyses showed that none of the treatments induced an irritative effect and, a decrease in the fibrotic response
surrounding the implant for pEV HA treated implants was described.
Conclusion: In conclusion, pEVs improve titanium implants biocompatibility at the bone–implant interface,
decreasing the necrotic effects of the surgery and diminishing the fibrotic layer associated to the implant
encapsulation that can lead to implant failure.
The translational potential of this article

Human pEVs are good candidates for orthopedic application and
could improve the biocompatibility of current treatments. Overall, pEVs
could be available in many blood biobanks and they could be used for
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regenerative medicine purposes.

1. Introduction
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Fig. 1. Animal model set-up. (a) Schematic representation of Ti implants on tibial cortical bone with HA-EV treatment. (b) Image of the extracted bone with the two
implants attached. (c) Schematic representation of the implant extraction and the analyses performed to the extracted implant and to the wound fluid. (d) Histological
and micro-CT analyses of the samples with non-extracted implants.

M. Antich-Rossell�o et al. Journal of Orthopaedic Translation 40 (2023) 72–79
extensively reported [1], being most of the studies mainly focused on
stem cell or immune cells derived EVs [2,3]. Nonetheless, platelet con-
centrates are another regenerative source that bring high expectations
[4–6], having platelet derived extracellular vesicles (pEVs) also emerged
as great candidates in the regenerative medicine field [7].

More concretely, the use of pEVs is especially interesting for bone
healing, since several in vitro studies have reported osteogenic effects [8,
9]. Moreover, pEVs are known to prevent apoptosis and to induce pro-
liferation in osteonecrosis induced osteoblasts [10]. These effects have
been associated to their miRNA and protein content, including growth
factors [8,11]. In addition, pEVs are immunomodulators [12] and they
can also induce angiogenic responses [13], which are both necessary for
tissue repair.

Furthermore, pEVs can also be combined with biomaterials to achieve
more applicable medical devices for bone tissue engineering. Among the
different biomaterials available, titanium (Ti) is widely used in clinics
because of its mechanical properties and biocompatibility [14]. There-
fore, some studies have already used cell-derived EVs to coat titanium
surfaces [15–19]. However, direct functionalization of titanium with EVs
can modulate their initial functional effects [20]. These changes are
related to the heterogeneity of the EV samples, since there are different
EV subpopulations depending on their size, morphology, composition
and cellular origin, having each specific functional effects [21].

Therefore, we propose hydrogels as a good alternative for EV
formulation and clinical application to overcome direct titanium func-
tionalization and achieve a smother translation to the orthopedical field.
HA is an extracellular component that modulates tissue regeneration
[22]. Moreover, HA gels have been previously used for cell-derived EV
encapsulation in bone healing applications [23]. In previous studies, we
have combined HA gels with pEVs showing improvements in vitro for
gingival regeneration [24]. Even more, gels without EVs have already
been applied on titanium implants in order to improve the osteointe-
gration and biocompatibility of the bone grafts [25]. Thus, EV formulated
HA gels could benefit any implantable material given its ease of appli-
cability to different implants.

To sum up, despite the evidences that support the clinical use of pEVs
in the orthopaedical or periodontal field, only few studies have evaluated
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their effect in vivo [10,26]. Hence, in this study, we aim to further study
the local effects of pEVs in a rabbit model by applying pEV functionalized
HA gels at the bone defect before implantation in order to achieve their
effective translation to the clinics. Overall, understanding the role of
pEVs in vivo could ease their future use in bone healing therapies in the
clinical field.

2. Materials and methods

2.1. PL preparation and EV isolation

The current project was approved by the IdISBa Biobank Ethics
Committee (IB 1995/12 BIO). Platelet Lysate (PL) was obtained as pre-
viously described [9]. Briefly, fresh buffy coats were obtained from the
IdISBa Biobank and pulled. After 10 min of centrifugation at 650�g and
leucocyte filtration, platelet concentrates were obtained. Then, at least
three freeze/thaw cycles at �80 �C and 37 �C were performed, large cell
debris were discarded by centrifugation at 5050�g for 20 min and
filtration through 40.0 μm pore size membrane (Sartorius, Goettingen,
Germany). PL was stored at �20 �C until use.

For EV isolation, PL was centrifuged for 15 min at 1500�g. The su-
pernatant was filtered, first through 0.8 μm and then 0.2 μm porous
membranes (Sartorius). PL was centrifuged at 10,000�g for 30 min and 5
ml were loaded on a Sepharose CL-2B precast column (GE Healthcare,
Pittsburg, PA, USA). AKTA purifier system coupled with a collector Frac
950 (GE Healthcare) was set at 0.5 ml/min flow rate. EVs were eluted
with PBS (Capricorn, Ebsdorfergrund, Germany) in 5 ml fractions. Then,
pEVs were concentrated using spin filters with a pore size of 100 kDa
(Pall Corporation, Port Washington, NY, USA). Centrifugation steps at
5000�gwere repeated until the volume of EVs did not decrease anymore.
EVs were stored at – 80 �C until use.

EVs isolated using identical protocols and the same settings have been
repeatedly characterised for morphology, total protein amounts and CD9
and CD63 presence in our previous publications [9,20,24]. In those
studies, the vesicular nature of the EVs and the EV specific markers were
confirmed following the criteria of the MISEV 2018 guidelines [21].



Table 1
Genes and sense (S) and antisense (A) primers used in gene expression analysis.

Gene Primer sequence (5’→30) Amplicon
size (bp)

Function

Osteocalcin (Oc) S:
CTTCGTGTCCAAGAGGGAGG
A: CTCCAGGGGATCCGGGTAA

100 Target
gene: bone
formation

Runt-related
transcription
factor 2 (Runx2)

S: GCCTTCAAGGTGGTAGCCC
A:
CGTTACCCGCCATGACAGTA

67 Target
gene: bone
formation

Collagen type I
(Coll-I)

S: AGAGCATGACCGATGGAT
TC
A: CCTTCTTGAGGTTGCCAG
TC

177 Target
gene: bone
formation

Bone
morphogenetic
protein 2 (Bmp-
2)

S:
ATGGGTTTGTGGTGGAAGTG
A: GCTGTTTGTGTTTCGCTTGA

195 Target
gene: bone
formation

Tartrate-resistant
acid phosphatase
(Trap)

S: CCTGGGCGACAACTTTTACT
A:
TTGGAGACCTTGGAATAGGC

180 Target
gene: bone
resorption

Calcitonin receptor
(Calcr)

S:
CAAATGACACCCATCCAACA
A:
ACATCCATCCATCCCAGGTC

162 Target
gene: bone
resorption

Proton ATPase (H
þ ATPasa)

S:
CCGAAACCTCCTGAAGAAAA
A:
ATAGCCGTGGTGCTGAAGTC

165 Target
gene: bone
resorption

Receptor activator
of nuclear factor-
kappaB ligand
(Rankl)

S:
CAGAGCGCAGATGGATCCTAA
A:
TCCTTTTGCACAGCTCCTTGA

180 Target
gene: bone
resorption

18s ribosomal RNA S: GTAACCCGTTGAACCCCATT
A:
CCATCCAATCGGTAGTAGCG

151 Reference
gene

Glyceraldehyde-3-
phosphate
dehydrogenase

S: TGCACCACCAACTGCTTAGC
A:
GGCATGGACTGTGGTCATGAG

87 Reference
gene

Beta-actin S: GCGACCTCACCGACTACC T
A:
GCCATCTCGTTCTCGAAGTC

136 Reference
gene
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2.2. Hydrogel preparations

Hyaluronic acid (HA; Bioib�erica, F002103, Mw 800–1200 kDa,
Spain) gels were prepared at 2% concentration. HA was resuspended
with the EV sample, achieving the highest concentration possible (6⋅1011

part/ml), or in PBS as a control group (C), by overnight incubation at
room temperature.

2.3. Implants and animal surgery

Coin-shaped grade 2 titanium implants were used. Implants presented
a diameter of 6.25 mm and a height of 1.95 mm. The test surfaces were
blasted with titanium dioxide (TiO2) particles to surface roughness of Sa
¼ 1.5 μm [27]. All implants were washed [28] and sterilized by
UV-irradiation.

Eight healthy 20 weeks old male adult New Zealand White rabbits,
that weighted around 4.8–5.2 kg, were used in this in vivo study. The
experiments had been approved and registered by Universidad de San-
tiago de Compostela Ethics Committee (06/18/LU-002) and were con-
ducted following the Spanish and European Union regulations about care
and use of research animals. Detailed information regarding the surgery
and anaesthetic protocol has already been published previously [29].
Briefly, an incision was made on the proximal-anterior part of each tibia
that allowed the exposure of the underlying periosteum and its removal.
Then, two holes in each leg were made with a twist drill (Medicons,
Germany) with copious physiological saline solution irrigation to avoid
overheating. The implants were retained in the cortical bone with a ti-
tanium band and two titanium screws (Medicons CMS, Germany). This
ensured a stable initial fixation of the implants during the healing period.
Polytetrafluoroethylene (PTFE) caps were placed on the opposite side of
the implants to inhibit bone growth towards the vertical parts and on the
backside of the implants to allow biomechanical testing.

For each animal, one leg was treated with HA and was used as the
Control group, while the other leg was treated with HA-EVs and set as the
treatment group. Left and right leg were alternatively assigned to control
or treatment. The animals were kept in individual cages for eight weeks
in a controlled environment, with food and water ad libitum and envi-
ronmental enrichment. Health status of the animals was daily monitored
by accredited veterinarians trained in laboratory animal science. Half of
the rabbits were destined to histological and micro-computed tomogra-
phy (micro-CT) analyses (n ¼ 8), while the other four rabbits were used
for the biomechanical test and molecular biology analyses (n ¼ 8). Fig. 1
details the animal model set-up. The experiments and data analyses were
conducted in a blinded fashion.

2.4. Tensile test

Eight weeks after the surgery, the bone-to-implant attachment
strength was evaluated using the pull-out removal tensile test. For some
samples, implants were lost during manipulation for the removal of the
teflon caps, and biomechanical test could not be performed on them. A
material testing machine (MicroTest, Madrid, Spain) fitted with a cali-
brated load-cell of 1 kN was used. Cross-head speed range was set to 1.0
mm/min. The maximum applied load before the implant detached from
the bone was recorded. Detailed information regarding the pull-out test
has already been published previously [29].

After extracting the coins, the implants were placed in a Tripure so-
lution and stored until RNA extraction. The remaining wound fluid was
collected by applying a filter paper in the bone defect for 1 min. Then, the
impregnated paper was transferred into 200 μl PBS solution and placed
on ice, until the biochemical analyses were performed.

2.5. Wound fluid analyses: Total protein determination, LDH activity and
ALP activity

Wound fluid total protein was analysed spectrophotometrically using
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Nanodrop 2000 (Thermo Fisher) at λ ¼ 280 nm. Lactate dehydrogenase
(LDH) activity was measured with Cytotoxicity Detection kit (Roche
Diagnostics, Manheim, Germany). Samples were incubated for 30 min at
room temperature, and they were read at λ ¼ 490 nm, by measuring
NADH oxidation in pyruvate presence.

For alkaline phosphatase (ALP) activity, samples were incubated with
100 μl of p-Nitrophenyl Phosphate (Sigma–Aldrich) for 2 h at 37 �C. In
parallel, a standard curve was prepared using calf intestinal ALP
(Promega, Madison, WI, USA). The p-Nitrophenyl Phosphate end product
induced by the ALP activity absorbs at λ ¼ 405 nm and was used to
quantify ALP activity.
2.6. RNA isolation and real-time RT-PCR

RNA was isolated from the peri-implant bone tissue attached to the
extracted implants using Tripure Isolation Reagent (Roche Diagnostics),
according to the manufacturer's protocol. RNA concentration was
determined by the NanoDrop spectrophotometer at 260 nm. RNA
amount was normalized for reverse transcription to cDNA using High
Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA, USA).

Real-time PCR was performed for reference genes and target genes
(Table 1) using the Lightcycler 480 thermocycler (Roche Diagnostics).
Each reaction well contained Lightcycler 480 SYBR Green I Master
(Roche Diagnostics), the cDNA sample and 0.5 μM of each primer, the
sense and the antisense, in a final volume of 10 μl. The amplification
program started with 5 min denaturation step for cDNA at 95 �C, fol-
lowed by 45 cycles consisting of denaturation at 95 �C, annealing at 60 �C
and an extension at 72 �C. Fluorescence was measured at 72 �C after each



Fig. 2. Cytotoxicity and osteointegration in the wound fluid. (a) Pull-out force required for implants extraction (n ¼ 6, since 2 samples were lost during the
extraction process). (b) Protein concentration in the wound fluid after implant extraction (n ¼ 8). (c) LDH activity in the wound fluid. LDH activity was normalized
respect to the HA group that was set to 1 (n ¼ 8). (d) ALP activity in the wound fluid (n ¼ 8). Data represents the mean value � SEM. In addition, paired data points are
connected by a straight line between HA and HA-EV groups. For statistical analysis, paired t-test were performed and p < 0.05 were considered statistically significant
and represented with *.
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cycle. Standard curves were constructed for relative quantification. The
Second Derivative Maximum Method provided by the LightCycler480®
analysis software version 1.5 (Roche Diagnostics) was used to calculate
the amount of each gene from the crossing point data. Reference genes
were used to normalize the target genes expressions levels and changes
were compared to Control group, which was set to 100%.

2.7. Micro-CT analysis

Samples for analysis were fixated in 4% formaldehyde and then kept
in 70% ethanol. A high-resolution micro-CT (Skyscan 1172, Bruker
microCT NV, Kontig, Belgium) was used to scan the samples. The X-ray
source was set at 100 kV and 100 μA with a pixel size of 8 μm (camera
binning 2 � 2) and the use of an Aluminium 0.5 mm filter. The sample
scan was performedwith a 360� rotation and images were acquired every
0.4�. Then, images were reconstructed using NRecon software (Bruker
microCT NV) and evaluated with the DataViewer software (Bruker
microCT NV) to place the implant completely parallel to the y axis. Later,
the transaxial images were loaded in CTAn software (Bruker microCT
NV) and a VOI up to 50 μm from the bottom of the metallic implant was
recorded. The volume defined from the bottom to the 50 μm layer was
defined as the total tissue volume. The threshold level was set in 35–255.
The analysis was performed, and different parameters were evaluated,
including the bone-to-implant contact (BIC), the bone volume over the
tissue volume (BV/TV) and the bone surface over the bone volume (BS/
BS).

2.8. Histological analysis

Samples were dehydrated in ascending ethanol concentrations and
embedded in a photopolymerizable glycol metacrylate resin (Technovit
7200 VLC, Heraeus-Kulzer, Wehrheim, Germany). Then, the polymerized
tissue blocks were cut and polished with the Exakt equipment (Exakt
Apparatebau GMBH, Norderstedt, Germany). Central sections with 40
μm of thickness were stained by Levai-Laczk�o’s protocol and imaged with
an Olympus BX51 microscope (Olympus Corporation, Tokyo, Japan).
Whole section images were taken at 4� augments, while close-up images
near the implant region were captured at 10 � augments.

Images were analyzed to determine the BIC using the Olympus Cell-
sens 1.5 (Olympus Corporation). Moreover, the stained images were
colored with Adobe Photoshop CS6 (Adobe Systems Incorporated, San
Jose, USA), distinguishing new bone tissue (pink) from pristine bone
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(non-colored) and soft tissue (white). The studied areas were defined up
to 100 μm from the implant and measured with Olympus Cell-sens 1.5 to
determine the percentage area of new bone and the number of blood
vessels in the peri-implant region. The implants were evaluated accord-
ing to UNE-EN ISO 10993–6 as previously described [30].

2.9. Statistical analysis

For statistical analysis, SPSS program version 27.0 (SPSS Inc., Chi-
cago, IL, USA) was used. Paired t-test comparison was performed to
evaluate statistical differences. For qualitative data, chi-square test was
performed. Results were considered significant at p < 0.05. Graphs show
mean values and the standard error of the mean.

2.10. Approval of ethics committee

The project use of human PL was approved by the IdISBa Biobank
Ethics Committee (IB 1995/12 BIO). All persons involved had provided
their informed consent prior to inclusion in the study and the European
Medicines Agency Guidelines for Good Clinical Practice was applied.
Moreover, the animal experiments had been approved and registered by
Universidad de Santiago de Compostela Ethics Committee (06/18/LU-
002) and were conducted following the Spanish and European Union
regulations about care and use of research animals.

3. Results

3.1. Biomechanical test and biochemical analyses of the wound fluid

First, functional effects of pEV treatments at the Ti implant interface
were evaluated through the biomechanical test and the biochemical
analysis of the wound fluid after the implant removal (Fig. 2). On the one
hand, no significant difference was observed in terms of the pull-out
force. On the other hand, there was a decreasing tendency in the pro-
tein amount in the wound fluid of HA-EV treated group, despite not
reaching statistical significance, while LDH and ALP activity were
significantly decreased in the HA-EV treated group compared to the
control group.

3.2. Gene expression of bone markers at the bone-implant interface

Then, mRNA expression of bone marker genes by the tissue attached



Table 2
Gene expression effects on the peri-implant region. Gene expression for HA
group was normalized and set to 100%. Data represents de mean value � SEM (n
¼ 8). Data was compared with paired-t-test analysis.

gene mRNA expression levels (%) p-value

HA HA-EVs

Bone formation Bmp-2 100 � 4.0 91.2 � 5.4 0.276
Coll-1 100 � 3.5 98.0 � 7.8 0.697
Oc 100 � 3.1 103.2 � 4.4 0.521
Runx2 100 � 9.2 152.0 � 39.5 0.254

Bone resorption Calcr 100 � 4.2 104.5 � 10.1 0.758
H þ ATPase 100 � 2.6 93.4 � 4.6 0.190
Rankl 100 � 2.9 103.0 � 3.9 0.424
Trap 100 � 2.5 104.3 � 3.0 0.264

M. Antich-Rossell�o et al. Journal of Orthopaedic Translation 40 (2023) 72–79
on the implants was evaluated (Table 2). Osteogenic genes such as Bmp-
2, Coll-I, Oc and Runx2 showed no significant difference, although Runx2
presented a 1.7-fold higher mean value for the treated group compared to
the control, despite not reaching statistical significance. Bone resorption
related genes such as Trap, Calcr, Rankl and H þ ATPase did not present
any statistical difference either.

3.3. Micro-CT and histological analyses

After that, micro-CT analysis were performed to determine bone-to-
implant contact and other bone morphometric parameters in the vol-
ume of interest (Fig. 3). Representative images for both groups (HA and
HA-EVs) show the location of the implant area in the tibia. 3D recon-
structed images can be visualized in the following database link:
Fig. 3. Representative images and analysis of micro-CT implant to a depth of 50
group. (b) Representative images of the micro-CT bone-implant for the HA-EVs treat
implant contact (BIC), (d) bone volume over tissue volume (BV/TV) and (e) bone su
and it was statistically compared by paired t-test.
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10.6084/m9. figshare.22,734,581. However, no differences were found
on the micro-CT analysis of the bone at the implant interface. Never-
theless, a tendency to higher values of BV/TV and lower values of BS/BV
for the HA-EV group than the control HA group were observed, despite
not reaching statistical significance.

Finally, histological analyses were performed to evaluate bone his-
tomorphometry and local effects after implantation following UNE-EN
ISO 10993–6:2017 (Fig. 4). Representative images for both groups
show representative cross-sections in which calcified regions are pinkish,
while nucleus and cytoplasm are visualized in blue. Furthermore both,
treatments present absent or slight irritative affects according to the
UNE-EN ISO 10993–6:2017 evaluation and only the fibrosis levels were
significantly lower for HA-EV treated group, compared to the HA control.
Nonetheless, the global score was not significantly different, despite the
lower value of HA-EV treated group. In addition, the histological analysis
confirmed that no differences were appreciable in terms of BIC values.
However, HA-EV treated samples showed an increased number of blood
vessels count and presented a higher percentage of new bone area,
despite not reaching statistically significant p values.

4. Discussion

In this study, HA gels formulated with pEVs showed an improvement
in terms of biocompatibility and tissue response that could allow their
future translation to clinics. Biochemical analyses of the wound fluid and
tissue analyses show a decrease in tissue necrosis and fibrosis in the peri-
implant region. Moreover, bone healing indicators, such as ALP activity,
bone volume over tissue volume and the percentage of new bone suggest
a further advanced stage of regeneration. Therefore, pEV HA gels seem to
μm. (a) Representative images of the micro-CT bone-implant for the HA treated
ed group. (c) Main values obtained from the images analysis including bone-to-
rface over bone volume (BS/BV). Data represents de mean value � SEM (n ¼ 8)



Fig. 4. Histological evaluation of HA-EV and HA treated implant sections. (a) Representative histological sections at 4 � augments near the central region of the
implant. (b) Close-up representative histological sections at 10 � augments at the bone-implant area. (c) UNE-EN ISO 10993–6:2017 evaluation of the different
parameters and their respective scores, being 0 equal to absent, 1 slight, 2 moderate, 3 marked and 4 severe. Data represents de mean value � SEM (n ¼ 8) and it was
compared throw chi-squared test. P < 0.05 were considered statistically significant and represented with *. (d) Total UNE-EN ISO 10993–6:2017 evaluation score. (e)
Main values obtained from the images analysis including bone-to-implant contact (BIC), (f) new bone formation and (g) blood vessel number. Data represents de mean
value � SEM (n ¼ 8) and it was statistically compared by paired t-test.
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be good candidates for improving bone healing and being used in the
orthopaedical field.

First, the obtained results indicate that pEV-HA treated implants
present an improved biocompatibility compared to HA group.
Biochemical determination of LDH activity and protein concentration
was decreased in pEV treated groups. LDH is a cytoplasmic enzyme that is
released to the extracellular space due to cell lysis. Therefore, its presence
in the wound fluid can be related to the necrotic processes induced by the
surgery and implantation [31]. The decrease of LDH activity in pEV
treated implants agrees with a previous study which demonstrated that
pEVs prevented apoptosis in a rat osteonecrotic model [10]. Moreover,
protein concentration was slightly lower in pEV treated implants, indi-
cating that the blood clotting process had also diminished, and that the
inflammation stage of bone healing was leading to new bone tissue for-
mation [32].

In addition, histological samples were evaluated according to ISO
10993–6:2017 for implantable materials and none of the treatments, HA
gels nor pEV formulated HA gels, supposed an irritative effect. Therefore,
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both treatments are highly safe, even that pEV formulated gels show
slightly better biocompatibility. In fact, among the different parameters
evaluated, fibrosis was significantly lower in pEV formulated gels
compared to HA gels, although in both cases only narrow or no band of
fibrosis were observed since they both had low scores for fibrosis
parameter. These findings are not surprising, since HA is already known
to be an excellent candidate for bone healing, promoting osteoblasts
recruiting and scarless wound regeneration when used to functionalize
titanium implants [33]. The fact that HA already presents these regen-
erative characteristics may have hide some of the positive effects of pEVs,
since HA for itself is already promoting bone healing [33]. Thus, the
evaluation of non-formulated pEVs remains as a limitation of our study.
Nonetheless, according to our results, pEVs are able to even improve
these regenerative properties, which are especially important to avoid
the foreign body reaction and the encapsulation of the implants through a
fibrotic tissue [34]. Therefore, by diminishing the fibrosis effect, pEVs are
also avoiding implant failure and enhancing bone regeneration through
direct interaction of the implants with the bone tissue.
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In terms of bone regeneration, pEVs also present improvements in the
regenerative stage in which the tissue is found. Although there were no
differences for mRNA expression, Runx2 levels were slightly higher for
pEV treated groups. RUNX2 is a transcription factor that up-regulates
different genes, including bone sialoprotein, Oc and Col1a1, which lead
to osteoblast differentiation [35]. In previous in vitro studies, performed
on mesenchymal stem cells, Runx2 mRNA levels were significantly
higher when treated with pEVs [9]. However, here, statistical signifi-
cance was not reached, probably due to the higher complexity of the
animal model compared to cell culture. Despite the lack of evidence in
gene expression of the bone attached to the implant after the pull out test,
ALP activity in pEV treated implants was significantly lower. ALP has a
bone mineralization role during the first stages of calcification, thus, it
can be used as an early marker of osteoblast differentiation [36].
Therefore, lower levels of ALP activity after the eight weeks of the sur-
gical intervention indicate that pEV treated implants have already sur-
passed these early stages of bone healing and they are in a more mature
mineralization phase. In fact, previous studies demonstrated that there is
a negative correlation between the pull-out force and ALP activity,
therefore ALP lower levels can be associated to a further implant healing
which have already overcome the primary mineralization stage [32]. In
addition, the low levels of protein concentration in the wound fluid of the
pEV treated group is also related to bone mineralization, since low levels
of protein are associated to more mature bone tissue healing stages [37].
After the blood clot around the implant is organized, it is replaced by new
tissue, therefore, the wound fluid total protein is negatively correlated to
the binding between the implant and the bone [32].

Furthermore, these biochemical changes are also related to micro-CT
and histological results. The increase in BV/TV, despite not being sta-
tistically significant, indicates a higher bone formation at the volume of
interest, surrounding the implant interface. In fact, BV/TV ratio is known
to be negatively correlated to BS/BV ratio [38], in agreement with the
lower BS/BV, along with higher BV/TV shown for the EV-HA group. The
regenerative process is also reflected in the histology values of number of
blood vessels and new bone formation. In fact, some studies had already
suggested that pEVs induce neovascularization in the peri-implant region
[26]. Although statistical differences were not reached for the number of
blood vessels, increased values were determined for pEV treated im-
plants. Nonetheless, probably higher pEV treatment doses might be
needed to reach more robust in vivo results.

Overall, here we show that pEVs are able to induce biocompatibility
improvements of Ti implants and to stimulate tissue remodelling. How-
ever, these changes are not translated into improved bone-to-implant
contact nor biomechanical properties. In addition, in spite of the ten-
dencies observed, differences in the mineralization and biochemical
parameters are not always statistically significant. It is important to
acknowledge that small sample size can limit the statistical power of the
study and affect the extrapolation of the findings. Nonetheless, the results
suggest that pEVs contribute to the bone healing effects, not only by
diminishing the necrotic process, but also by improving the angiogenesis,
the bone remodelling and also preventing fibrous tissue formation
around the implant. In future studies, crosslinked gels or higher molec-
ular weight HA molecules could be evaluated in order to improve the
sustained release, and thus, the positive effects of pEVs on bone regen-
eration [39].

Finally, it is worth mentioning that there is still little bibliography
around pEV effects in vivo. In fact, most EV research is still focused on
mesenchymal stem cells [40]. Stem cells are widely diverse, and the cell
culture growth and expansion hinder their use in clinics [41]. On the
contrary, we and others have shown regenerative properties of platelet
derived EVs, and, what is more, their translation to the clinics presents
some advantages, since clinical-grade allogenic platelets are already
obtained from whole-blood donations, and pEVs are isolated without
further cell expansion, altogether allowing a faster translation for their
use [41]. Therefore, here we propose pEVs as an alternative treatment for
bone regeneration.
78
5. Conclusions

In conclusion, pEVs formulated with HA have shown to improve
biocompatibility at the bone implant interface, since they diminish the
fibrosis and necrosis in the peri-implant region. Further studies should be
performed to assess the robustness of our findings, and to reach statistical
significances in terms of osteogenesis and angiogenesis after 8 weeks of
healing in this in vivo model. However, our results indicate that the
orthopaedical field could benefit from the use of pEVs.
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