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Abstract

Periodontal disease begins as an inflammatory response to a bacterial biofilm deposited around
the teeth, which over time leads to the destruction of tooth-supporting structures and consequently
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tooth loss. Conventional treatment strategies show limited efficacy in promoting regeneration

of damaged periodontal tissues. Here, we developed a delivery platform for small extracellular
vesicles (SEVs) derived from gingival mesenchymal stem cells (GMSCs) to treat periodontitis.
EVs can achieve comparable therapeutic effects to their cells of origin. However, the short half-life
of EVs after their administration along with their rapid diffusion away from the delivery site
necessitate frequent administration to achieve therapeutic benefits. To address these issues, we
engineered ‘dual delivery’ microparticles enabling microenvironment-sensitive release of EVs by
metalloproteinases at the affected site along with antibiotics to suppress bacterial biofilm growth.
GMSC sEVs were chosen for microparticle decoration as they show superior immunomodulatory
properties to SEVs derived from other types of mesenchymal stem cells. GMSC sEVs were

able to decrease the secretion of pro-inflammatory cytokines by monocytes/macrophages and T
cells, suppress T cell activation and induce the formation of Tregs /n vitroand in a rat model

of periodontal disease. One-time administration of immunomodulatory GMSC sEV-decorated
microparticles led to a significant improvement in regeneration of the damaged periodontal tissue.
This approach will have potential clinical applications in the regeneration of a variety of tissues.
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Here we developed multifunctional delivery system to locally present extracellular vesicles derived
from dental stem cells to treat periodontal diseases. This immunoengineeering platform could
reduce production of inflammatory cytokines and promote regeneration of lost tissue in animal
model of periodontitis.

Keywords

Periodontitis; Periodontal tissue healing; Immunoengineering; Local drug delivery; Extracellular
vesicles

Introduction.

Periodontal disease is one of the most common chronic inflammatory diseases, affecting
almost half of the adult population to various extents [1 2], It originates from an
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inflammatory response to a bacterial biofilm deposited around teeth, which in susceptible
individuals fails to resolve and over time leads to the destruction of tooth-supporting
structures and eventually to tooth loss. Immune cells including monocytes/macrophages

and T cells play a central role in the evolution of the disease [3]. Bacterial byproducts

such as lipopolysaccharide (LPS) stimulate immune cell activation and differentiation into
pro-inflammatory phenotypes. These cells secrete pro-inflammatory cytokines like tumor
necrosis factor-a (TNF-a.), interleukins IL-1f and IL-6, and interferon gamma (INF-v),
which stimulate the production of metalloproteinases (MMPs) [3] that contribute to the tissue
degradation. Several studies have documented an increase in MMP expression that correlates
with the disease progression [4].

Moreover, the activated immune cells secrete receptor activator of nuclear factor-xp ligand
(RANKL), which orchestrates osteoclast formation and alveolar bone resorption [®1. In
contrast, numbers of T regulatory cells (Tregs), which normally control excessive immune
responses and ensure tissue homeostasis, are significantly reduced in periodontitis 61 [7],

Over the past two decades, periodontal repair strategies have been mainly based on the
physical removal of the bacterial plaque and administration of antibiotics to stop disease
progression [81 [°]. Achieving complete periodontal regeneration is, however, challenging
mainly because it is not only necessary to suppress the inflammatory immune responses that
mediate tissue damage, but also to induce regeneration of a complex set of tissues including
bone, cementum, and periodontal ligament.

Mesenchymal stem cells (MSCs) are well known for their immunomodulatory and
regenerative potential [101 [111. For dental applications, gingival mesenchymal stem cells
(GMSCs) are particularly interesting. In comparison to bone marrow mesenchymal stem
cells (BMSCs), GMSCs can be easily extracted through a minimally invasive process with
little patient discomfort [121. Compared to BMSCs, which exhibit signs of cellular aging

at higher passages, GMSCs can withstand twice as many passages while maintaining their
characteristics and normal karyotype [13]. Several studies have shown that GMSC delivery
alone [24] or through a biomaterial scaffold [5] significantly improved regeneration of
diseased tissues. However, therapeutic cell delivery is expensive and can have variable
outcomes due to difficulties in maintaining cell viability and achieving differentiation that
may be caused by specific factors of the microenvironment. Recently, it has been recognized
that the cell therapeutic effect can be, to a great extent, replicated by administration of
conditioned media (CM) or extracellular vesicles (EVs) secreted by cells [16]. Most studies
on bone and periodontal regeneration have focused on the therapeutic effects of secretome
of BMSCs [171[18] nevertheless, the properties of CM or EVs from other MSC sources such
as adipose (191 or dental tissue [201 [21] are also being explored. BMSC secretome contains
variety of components including growth factors such as VEGF and TGF- and was shown
to support angiogenesis [22], stem cell mobilization, and also osteoblast proliferation and
differentiation [23]. Moreover, BMSC CM or EVs have also powerful immunomodulatory
properties, which can ameliorate a variety disease conditions [24]. Studies focusing on
regenerative properties of dental stem cell secretome are suggesting that dental stem cell
EVs might have similar immunomodulatory function [21] as the most used BMSC EVs,
however, direct comparison is missing. We, therefore, tried to compare the properties of
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BMSC and GMSC EVs to determine the best candidate for the immunomodulatory cell-free
therapeutic for periodontal regeneration.

So far, EVs have mainly been administered in a solution, after which they quickly diffuse all
over the body and disappear within minutes to hours [2°]. We hypothesized that localization,
controlled release, and prolonged retention of EVs at the site of tissue damage should have a
positive impact on periodontal regeneration.

Here, we developed a dual delivery platform based on polymeric microparticles releasing
antibiotics to suppress bacterial biofilm growth. Further, GMSC EVs were immobilized

on the surface of the microparticles via an MMP-sensitive linker, enabling the targeted
release of the EVs at the site of inflammation for localized immunomodulation. The
immunomodulatory properties of GMSC EVs and the whole platform were tested /n vitroon
macrophages and T cells as well as i vivo in a rat model of periodontitis.

Results and Discussion

EV isolation and characterization.

GMSCs isolated from human gingiva were previously confirmed to be positive for MSC
markers such as CD73, CD146, CD166, and Sca-1, and negative for hematopoietic cell
markers (CD31, CD34,and CD45) [261[27] The growth of GMSCs in a medium containing
EV-depleted FBS was significantly greater than that of BMSCs cultured under the same
conditions (Fig. 1A), which is in accordance with our previously published results showing
that GMSCs have superior growth properties to BMSCs [27]. EV/s secreted by cells into

the medium were isolated by differential ultracentrifugation and visualized by transmission
electron microscopy (Fig. 1B). Here, we decided to focus on small EVs with a diameter
less than 220 nm. Unlike larger EVs, small EVs (SEVS) can be easily sterilized by filtration
through a 0.22 um filter, which is more practical for their further clinical translation. The
average size of sEVs did not differ between the two cell types and was around 100 nm in
both cases. However, GMSCs secreted on average twice as many SEVs per million cells

in one day than BMSCs (Fig. 1C), which also corelated with protein concentrations of EV
isolations. One million of MSCs produced around 50 ug of SEVs in 24h while one million
of GMSCs secreted approximately 100 ug of sEV proteins as determined by Micro BCA
protein assay. The specificity of our EV isolation procedure was confirmed by Western blot
showing that calnexin, a marker of endoplasmic reticulum, was present only in cell lysates
but not in the isolated sEVs (Fig. 1D). Both BMSC and GMSC sEVs were positive for

EV markers such as CD63, flotillin 1, CD81, and CD9. However, differences in the levels
of expression of CD81 and CD9 were observed, with BMSC sEVs containing lower levels
of these two markers. These two tetraspanins were previously shown to localize more to
the plasma membrane, whereas CD63 is sorted more into endosomal-derived exosomes [28].
This potentially suggests that GMSCs produce more sEVs by plasma membrane budding
than do BMSCs.

Adv Healthc Mater. Author manuscript; available in PMC 2023 June 01.
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Comparison of the effects of BMSC and GMSC EVs on immune cells in vitro.

Immune cells including monocytes/macrophages and T cells play an important role in the
evolution of periodontitis [291[30]. Macrophages are also generally reported to be among
the first cells to internalize EV's upon administration [311 321, Accumulating evidence
indicates that MSC EVs have anti-inflammatory and immunosuppressive functions, which
can replicate the beneficial effects of MSCs in regenerative therapies [33]. However, direct
comparison of immunomodulatory effects of BMSC EVs and GMSC EVs had yet to be
performed. To determine the best candidate for EV-based therapeutics to treat periodontal
disease, we set out to compare the effect of BMSC and GMSC sEVs on the cytokine
secretion and polarization of immune cells. Monocytes were stimulated with LPS in the
absence or presence of sEVs. Addition of BMSC or GMSC sEVs to the monocyte culture
stimulated with LPS significantly decreased the production of inflammatory cytokine TNF-
a (Fig. 2A). In contrast, both EV types increased the secretion of anti-inflammatory IL-10,
even in the presence of LPS (Fig. 2B). GMSC sEVs showed a stronger anti-inflammatory
effect on monocytes in comparison to BMSC sEVs. MO macrophages co-incubated with
SEVs for 24 h increased expression of markers characteristic of the anti-inflammatory
phenotype, namely arginase and CD206, which are expressed at very low levels in pro-
inflammatory M1 macrophages (Fig. 2C).

When added to the T cell culture, SEVs were able to suppress the activation of CD4+

T cells, which was determined by evaluating the expression of T cell activation markers
CD25 and CD44 by flow cytometry (Fig. 3A). GMSC sEVs showed in this regard superior
immunosuppressive properties to those of BMSC sEVs. A slight increase was observed in
the numbers of induced Tregs, mainly in the samples where no TGF-p was added (Fig.

3B), which might suggest that GMSC sEVs contain more TGF-p and/or similar regulatory
proteins than BMSC sEVs. The reported transcriptomic analysis of GMSC EVs confirms the
presence of TGF-p together with other growth factors such as fibroblast growth factor (FGF)
and vascular endothelial growth factor (VEGF) in these EVs [34]. However, transcripts
encoding IL-10 were not found in GMSC EVs. Our result demonstrates, GMSC sEVs were
still able to affect the expression profile of T cells. In contrast to BMSC sEVs, GMSC sEVs
significantly decreased the production of pro-inflammatory IFN-y by T cells, while they
only slightly increased the production of anti-inflammatory IL-10 (Fig. 3C).

To take advantage of the immunomodulatory properties of GMSC sEVs, we designed
microparticles for the treatment of periodontitis that would enable improved localization
and prolonged presentation of EVs at the site of inflammation as well as release triggered
by microenvironmental cues. For this purpose, we immobilized sEVs on the surface of
poly(lactic-co-glycolic acid) (PLGA) microparticles with a metalloproteinase-2 (MMP-2)-
sensitive linker, which can be cleaved by the metalloproteinases present in the affected
tissue at significantly higher concentration than in the normal tissue 351 (Fig. 4A). This
bioconjugation increased the size of PLGA microparticles from 4.3+/-1.2 um to 4.5+/- 1.4
um, and also changed the surface charge from -=5+/-0.4 mV to —14+/-0.6 mV.

This system was tested /n vitro in the presence and absence of soluble MMP-2. We found
that in the presence of 10 nM soluble MMP-2, 80% of sEVs bound to the microparticles
were released within 24 h, whereas in the samples without MMP-2 or with inhibited

Adv Healthc Mater. Author manuscript; available in PMC 2023 June 01.
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MMP-2, only 30% of sEVs were released from the microparticles. When sEVs were
conjugated viaa non-MMP-2-sensitive linker even less than 30% was released within 24 h
(Fig. 4B). These results demonstrate that SEV release rate from microparticles is dependent
on the concentration of MMP-2 and the SEV release rate will be therefore regulated by the
inflammation stage of the microenvironment and the concentration of MMP-2 in the affected
tissue.

The effect of GMSC sEVs released from the microparticles was tested in a co-culture
system with microparticles with bound sEVs in the upper chamber separated from T
cells by a 1 um pore membrane. In accordance with the previous results, we sought to
see how MMP-responsive release of SEVs from our particles can affect cell fate. SEVs
released from the microparticles by the action of MMP-2 were able to suppress CD4+ T
cell activation to the same extent as free SEVs, while sEVs bound to the microparticles
did not show such powerful T cell suppression (Fig. 4C). Similarly, a slight increase in
Treg induction was observed together with enhanced secretion of anti-inflammatory IL-10
after MMP-2-mediated SEV release from microparticles. Moreover, a decrease in IFN-y
production comparable to the effect of free SEVs was seen after MMP-2-mediated SEV
release.

In order to suppress the bacterial infection in periodontitis, the microparticles were designed
to provide sustained release of antibiotics in addition to sEVs. We found that the prepared
PLGA microparticles can encapsulate around 45 + 6.2 pg of minocycline/mg PLGA. The
degradation rate and release profile of the antibiotics, minocycline, were tested for two
different microparticle compositions. After 20 days, approximately 20% of the original mass
remained from PLGA particles composed of 50% lactide and 50% glycolide, while 40% of
the original mass remained from 75:25 (lactide:glycolide) particles (Fig. 5A). Eighty percent
of the loaded minocycline was released after two weeks from 50:50 PLGA particles, which
was about 15% more than from 75:25 PLGA particles (Fig. 5B).

There are reports showing that salivary pH slightly decreases in patients with gingivitis

and periodontitis in comparison to healthy individuals [36]. However, other studies reported
that pH of gingival crevices and periodontal pockets in people with periodontitis does

not differ from healthy individuals [37]. It has also been reported that optimal pH

for growth of periodontal disease associated microorganisms like 2. gingivalis and A.
actinomycetemcomitans is 5.0—7.0 [381 [39], To study the behavior of designed microparticle
formulations at disease-relevant pH values, minocycline release experiments were performed
at acidic pH 5 and neutral pH 7.4 and release rate was calculated as shown in Fig. 5B.
Although, the PLGA particles with a 50:50 lactide:glycolide are showing faster antibiotic
release rate at neutral pH (p<0.05), the release rates at acidic pH are quite similar (p>0.05).

For further studies, we decided to use the PLGA particles with a 50:50 lactide:glycolide
ratio due to their possible faster degradation rate and release kinetics. The biocompatibility
of the loaded microparticles was tested by evaluating the viability of GMSCs co-cultured
with the particles, which was above 85% in all the samples (Fig. 5C). The efficiency of the
microparticles loaded with minocycline in suppressing bacterial growth was evaluated by a
zone of inhibition test with gram-negative Aggregatibacter actinomycetemcomitans (Aa), the

Adv Healthc Mater. Author manuscript; available in PMC 2023 June 01.
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bacterium most commonly known to cause periodontitis [40]. Particles alone or particles with
SEVs were not able to stop the bacterial proliferation, while particles loaded with antibiotics
with or without bound sEVs were able to maintain the inhibition zone for ten days (Fig. 5D).

The functionality of the sSEV-modified microparticles was also evaluated /in vivo using a

rat model of periodontitis. Particles were injected into the created periodontal defect and
the effect of the treatment was analyzed after 8 weeks (Fig. 6A). Consequently, buccal and
palatal tissues of maxillary molars were isolated and dissociated. The bacterial level at the
site of the defect was measured as Aa DNA content. PLGA microparticles alone (blank)
did not show any effect on the reduction of bacterial biofilm. Bacterial contamination was
significantly reduced in tissue treated with the microparticles loaded with minocycline, and
also those that were further modified with GMSC sEVs, here labeled as “Full”. Soluble
minocycline and GMSC sEVs were not able to reduce the bacterial contamination so
efficiently as the antibiotic-loaded microparticles (Fig. 6B).

The expression of several genes related to immune response was evaluated. In the untreated
group or in the group treated just with PLGA microparticles, the pro-inflammatory
cytokines such as IL-1B, IFN-y and TNF-a were significantly upregulated. Application

of minocycline-loaded microparticles led only to a slight decrease in expression of these
cytokines. Treatment with soluble minocycline and GMSC sEVs further decreased the
mMRNA expression of the pro-inflammatory cytokines in the periodontal tissue, but the

best results were obtained when full particles containing both the antibiotics and GMSC
SsEVs were used (Fig. 6C). Full particles were also able to upregulate the expression of
anti-inflammatory IL-10 and FOXP3 more significantly than the other treatment groups.
The elevated FOXP3 expression indicates increased induction of Tregs at the site of the
defect by full particles compared to soluble GMSC sEVs and antibiotics. These results were
also confirmed by ELISA, which showed a decrease in the inflammatory cytokine TNF-a
in the group treated with full microparticles as compared to the untreated group and the
groups treated with blank microparticles and microparticles loaded with minocycline (Fig.
6D). We also confirmed an increased concentration of IL-10 and TGF-, which is necessary
for Treg induction, in the periodontal tissue of animals treated with full particles. The
concentration per mg of tissue was higher than in a group treated with a soluble minocycline
and GMSC sEVs and other treatment groups. The regeneration process was also monitored
by measuring TNF-a and 1L-10 levels in rat saliva over the course of 8 weeks (Fig.

6E). The level of TNF-a peaked around week 4 after the GMSC sEV-microparticles
administration and then gradually decreased while in the untreated group the concentration
of this inflammatory cytokine kept on increasing. On the contrary, the level of IL-10 in

rat saliva increased significantly more in the group treated with full particles then in the
untreated group.

Microcomputed tomography (UCT) was performed to assess the effect of treatment on the
amount of regenerated bone at the defect site. Fig. 7A shows pCT images after 8 weeks

of treatment. The alveolar bone gain at each defect site was determined from the uCT
scans as bone area relative to the healthy control. The alveolar bone area was significantly
increased in the group treated with full microparticles containing GMSC sEVs, which
didn’t differ from the healthy control. On the contrary, the other treatment groups including

Adv Healthc Mater. Author manuscript; available in PMC 2023 June 01.
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blank group treated with only PLGA microparticles, group treated with minocycline-
loaded microparticles, or soluble minocycline and GMSC sEVs did not show significant
improvement (Fig. 7B). Moreover, the group treated with full microparticles containing
antibiotics and GMSC sEVs also showed significant reduction in the distance between

the alveolar bone crest and cementoenamel junction (CEJ), which was not significantly
different from the healthy control (Fig. 7C). The other treatment groups did not show such
a significant improvement. Furthermore, increased expression of osteogenic markers BMP2
and RUNX2 together with elevated levels of late osteogenic marker osteocalcin (OCN) in
the group with full microparticles containing GMSC sEVs indicates increased osteoblast
differentiation and bone formation (Fig. 7D). This also correlated with elevated type 1
collagen expression, suggesting deposition of new extracellular matrix mainly in the group
treated with full microparticles followed by the group treated with soluble minocycline and
GMSC sEVs. No significant increase in COL1 expression was observed in tissues treated
with blank microparticles or microparticles loaded with minocycline compared to untreated

group.

The short-term half-life of therapeutic EVs in the body is recognized as one of major

hurdles impeding their clinical translation. EVs delivered in a solution by injection disappear
quickly from the circulation [251 411, Higher dosage and frequent administration are
generally necessary to compensate for the rapid clearance of EVs from the body [42] [43],
Biomaterial-assisted delivery of EVs can help to solve this problem and to achieve enhanced
therapeutic outcomes. Biomaterials can localize EVs to the affected area and enable their
prolonged presentation and controlled release, which should allow a reduction in the amount
of EVs necessary to produce the intended therapeutic effect while preventing off-target side
effects. So far, mainly simple delivery methods such as EV encapsulation in different types
of hydrogels [21] [24] have been used to address this issue. However, in the hydrogel-delivery
systems, EVs need to be premixed with a hydrogel immediately before use otherwise they
might be released from the hydrogel already during the storage. Moreover, the hydrogel
might mask the surface of EVs and affect their bioactivity. We tried to address these

issues by covalently conjugating EVs to microparticles using an enzyme-sensitive linker.
Unless the enzyme is present in the solution, EVs are bound to the microparticles. EVs
conjugated to the particle surface are also better accessible to cells. The biological activity of
GMSC sEVs after their release from the microparticle delivery platform was confirmed by
functional tests with T cells that showed that their immunomodulatory properties were not
affected by the conjugation via MMP-2-sensitive linker.

So far it is not clear what is the optimal period during which the therapeutic EVs should be
released to induce tissue regeneration. In this study, we engineered microparticles enabling
microenvironment-sensitive release of GMSC sEVs and controlled immunomodulation
based on the concentration of MMP-2 in the damaged tissue. With this approach, the
kinetics of EV release is adjusted to the inflammatory state of the affected tissue that might
differ from patient to patient. \We were able to achieve enhanced regeneration of periodontal
tissue after a single administration of EV-decorated microparticles.

In vivo data on the use of EV-based therapeutics in the field of periodontal and dental
diseases are scarce. Conditioned media (CM) from GMSCs and periodontal ligament-
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derived mesenchymal stem cells (PDLSCs) were shown to support periodontal regeneration
by decreasing the levels of proinflammatory cytokines (TNF-a and IL-1B) in the tissue

and increasing the expression of anti-inflammatory IL-10, which was significantly elevated
mainly in the GMSC CM:-treated group [44]. However, concentrated medium conditioned by
cells is even more complex mixture of bioactive factors than purified EVs. CM might also
contain many other components such as free growth factors or ECM proteins and therefore
it might be harder to determine the key bioactive components that should be measured
during the quality testing of the cell-free therapeutics. We demonstrated that purified GMSC
SEVs can alleviate inflammation and promote anti-inflammatory and immunosuppressive
macrophages and T cells, thus helping to re-establish the tissue homeostasis. In combination
with antibiotic delivery, this immunomodulatory dual delivery platform showed promising
capabilities to facilitate regeneration of tissue affected by periodontitis.

Conclusion

EV-based therapeutics offer the complexity of bioactive factors contained in cell secretome
while being easier to handle and control than viable cells. Here, we showed that GMSC
SEVs can be obtained in larger quantities than BMSC sEVs and that they have powerful
immunomodulatory properties. GMSC sEVs can polarize both innate and adaptive immune
cells into anti-inflammatory phenotypes. To harness the immunomodulatory power of
GMSC sEVs to treat periodontal disease, we engineered PLGA microparticles for dual
delivery of GMSC sEVs and antibiotics. The immobilization of SEVS to the microparticles
via MMP2-sensitive linker enabled localization and prolonged presentation of SEVs at the
site of tissue damage, which led to the enhanced periodontal tissue regeneration.
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Fig. 1. Comparison and characterization of BMSC and GMSC sEVs.

A. Growth of BMSCs and GMSCs in medium containing EV-depleted FBS. B. TEM images
of BMSC and GMSC sEVs. C. Comparison of size and concentration of BMSC and GMSC
SEVs. D. Western blotting analysis of sEVs. All data are presented as mean + SD (n = 5).
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Fig. 2. Effect of sEVson monocytes and macrophages.
A. Change in secretion of inflammatory cytokine TNF-a after addition of EVs to the

monocyte culture. B. Increase in production of anti-inflammatory IL-10 by monocytes
treated with sEVs and particularly with GMSC sEVSs, even in the presence of LPS. C.
BMSC and GMSC sEVs stimulate macrophages to upregulate markers like arginase and
CD206, which are characteristic of anti-inflammatory macrophage phenotype. All data are
presented as mean £ SD (h = 3).
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Fig. 3. Effect of sEVson T cell activation and cytokine production.
A. Inhibition of T cell activation in the presence of SEVs and particularly GMSC sEVs.

B. Effect of BMSC and GMSC sEVs on Treg formation. C. Decrease in production of
inflammatory cytokine IFN-y by CD4+ T cells in the presence of GMSC sEVs and effect of
SEVs on the T cell production of anti-inflammatory cytokine IL-10. All data are presented as
mean £ SD (n = 3).
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Fig. 4. Design and testing of microenvironment-sensitive microparticlesfor GM SC sEV delivery.
A. Schematics illustrating design of the EV delivery platform. PLGA microparticles

release antibiotics to suppress bacterial growth and sEVs are conjugated to the surface of
microparticles via an MMP-2-sensitive linker. After their release from the microparticles,
SEVs can modulate the behavior of macrophages and T cells present at the site of
inflammation. B. Cumulative sEV release from the microparticles in the presence or absence
of MMP-2, when MMP-2 is inhibited or when sEVs are conjugated to the particles via a
non-MMP-2-sensitive linker. C. Confirmation of GMSC sEV activity on T cells after their
release from microparticles by the action of MMP-2 showing a decrease in T cell activation,
effect on Treg induction and production of IL-10 by T cells and decrease in the production
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of pro-inflammatory cytokine IFN-y by T cells. Ctrl - control medium without addition of
microparticles; E — free GMSC sEVs added to the T cell culture; P-E — PLGA microparticles
with GMSC sEVs conjugated via MMP-2 sensitive linker without added MMP-2 separated
from T cell by 1 um pore membrane; P-E+MMP2 - PLGA microparticles with GMSC sEVs
with MMP-2 added to the culture. All data are presented as mean + SD (n = 5).
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Fig. 5. Evaluation of microparticle anti-microbial properties.
A. Comparison of degradation rate of microparticles with two different ratios of

lactide:glycolide. B. Cumulative release of minocycline from microparticles prepared from
PLGA with ratios of 50:50 and 75:25 at pH 5 and 7.4. C. Evaluation of microparticle
cytotoxicity in the co-culture with GMSCs. D. Comparison of antibacterial properties

of PLGA-based microparticles with and without GMSC sEVs against Aggregatibacter
actinomycetemcomitans (Aa), Ctrl — control (medium); E — free GMSC sEVs; P-E — PLGA
microparticles with GMSC sEVs; M — free minocycline; P — PLGA particles; P-M — PLGA
microparticles loaded with minocycline; P-M-E — PLGA microparticles with GMSC sEVs
and loaded with minocycline. All data are presented as mean = SD (n = 5).
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Fig. 6. In vivo evaluation of theimmunomodulatory platform in arat model of periodontitis.
A. Schematics of administration of microparticles loaded with antibiotics and GMSC sEVs

connected to the particles via an MMP-2-sensitive linker. B. Comparison of the effect

of sEV-microparticles on the suppression of bacterial growth evaluated 8 weeks after
microparticle administration. C. Relative mRNA expression levels of pro-inflammatory
(IL-1B, IFN-y, TNF-a) and anti-inflammatory (IL-10) cytokines in the periodontal tissue.
FOXP3 mRNA level increased the most significantly in the group treated with the

full microparticles containing both GMSC sEVs and minocycline. D. Evaluation of
cytokine concentration in the periodontal tissue. Healthy — healthy rats; Untreated —
untreated periodontitis; Blank — PLGA microparticles; Minocycline-MP — minocycline-
loaded microparticles; Soluble —minocycline and GMSC sEVs administered in solution;
Full - PLGA microparticles with GMSC sEVs and loaded with minocycline. All data are
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presented as mean + SD (n = 5). E. Concentration of TNF-a and IL-10 in the saliva during 8
weeks after the GMSC sEV-microparticle administration.
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Fig. 7. Evaluation of the effect of GM SC sEV microparticles on the regeneration of periodontal

tissue.

A. uCT images after 8 weeks of treatment. B. Evaluation of relative alveolar bone area

in different treatment groups. C. Comparison of the distance between the alveolar bone
crest and cementoenamel junction (CEJ) D. Relative mRNA expression levels of BMP2,
RUNX2, OCN and COL1A1 in the periodontal tissue. Healthy — healthy rats; Untreated
— untreated periodontitis; Blank — PLGA microparticles; Minocycline-MP — minocycline-
loaded microparticles; Soluble —minocycline and GMSC sEVs administered in solution; Full
— PLGA microparticles with GMSC sEVs and minocycline. All data are presented as mean

+SD (n=5).
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