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Hybrid lipid nanoparticles derived from human
mesenchymal stem cell extracellular vesicles by
microfluidic sonication for collagen | mRNA
delivery to human tendon progenitor stem cells¥
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Tendon degeneration remains an intricate pathological process characterized by the coexistence of mul-
tiple dysregulated homeostasis processes, including the increase in collagen Il production in comparison
with collagen I. Mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) remain a promising
therapeutic tool thanks to their pro-regenerative properties and applicability as drug delivery systems,
despite their drug loading limitations. Herein, we developed MSC-EV-derived hybrid lipid nanoparticles
(MSC-Hyb NPs) using a microfluidic-sonication technique as an alternative platform for the delivery of
collagen type | (COL 1A1) mRNA into pathological TSPCs. The MSC-Hyb NPs produced had LNP-like
physicochemical characteristics and were 178.6 nm in size with a PDI value of 0.245. Moreover, MSC-Hyb
NPs encapsulated mRNA and included EV-derived surface proteins such as CD63, CD81 and CD144.
MSC-Hyb NPs remained highly biocompatible with TSPCs and proved to be functional mRNA delivery
agents with certain limitations in comparison with lipid nanoparticles (LNPs). In vitro efficacy studies on
TSPCs showed a 2-fold increase in procollagen type | carboxy-terminal peptide production comparable
with the effect caused by LNPs. Therefore, our work provides an alternative production method for
MSC-EV-derived hybrid NPs and supports their potential use as drug delivery systems for tendon

rsc.li/biomaterials-science regeneration.
Introduction
Tendinopathies cover a wide and multi-faceted range of dis-
orders that prevent the ability of the tendon to heal due to
“Drug Research Program, Division of Pharmaceutical Chemistry and Technology, chronic deregulation of tissue homeostasis.” Current definitions
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maintain that tendinopathies include different stages, starting
with a preliminary susceptible phase caused by a wide range of
factors, including repetitive loading forces and high levels of oxi-
dative and proinflammatory mediators, among others.”> This
initial phase is followed by the activation of multiple dysregu-
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ation and extracellular matrix (ECM) alterations.*™
Tendon stem/progenitor cells (TSPCs) refer to a highly
heterogeneous cell population isolated from tendon tissue
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self-renewal potential,® as well as a highly remarkable role in
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expression studies have shown that TSPCs can express adipo-
genic, chondrogenic or osteogenic differentiation profiles.® It

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/ has been reported that TSPCs from pathological tendons have
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different morphological properties due to a higher prevalence

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/biomaterials-science
http://orcid.org/0000-0002-2195-2583
http://orcid.org/0000-0002-1426-0159
http://orcid.org/0000-0001-7850-6309
https://doi.org/10.1039/d4bm01405g
https://doi.org/10.1039/d4bm01405g
https://doi.org/10.1039/d4bm01405g
http://crossmark.crossref.org/dialog/?doi=10.1039/d4bm01405g&domain=pdf&date_stamp=2025-04-03
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm01405g
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM013008

Open Access Article. Published on 14 febbraio 2025. Downloaded on 04/04/2026 01:28:14.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

of disorganized collagen type III fibres and less collagen type I
in comparison with TSPCs isolated from healthy tendons.’
Differences between type I collagen and type III collagen net-
works are fundamental for the maintenance of the tissue’s
mechanical properties, since collagen type III fibrils remain
thinner and more extensive than type I collagen fibrils.'?
Therefore, recently developed therapeutic strategies focus on
enhancing the presence of aligned collagen I fibres and remo-
delling the tendon ECM.""

Extracellular vesicles (EVs) are lipidic bilayer-based vesicles
derived from multivesicular bodies’® that can be classified
according to their diameter and their different mechanisms of
formation."® EVs have been described to have intrinsic func-
tions as endocytosis mediators and trafficking agents, deliver-
ing different cargos including proteins, lipids and coding and
non-coding nucleic acids, such as miRNAs and even DNA.'*"
Among the different EVs that have been studied as potential
therapeutical agents for the treatment of tendinopathies,
mesenchymal stem cell-derived EVs (MSC-EVs) have attracted
the most attention. Firstly, MSCs can be isolated from
different source tissues, including adipose tissue or bone
marrow, which reduces the numerous ethical concerns associ-
ated with other types of cells."® MSC-EVs have been described
as essential paracrine mediators and several studies have
proved that they possess immunomodulatory and pro-regen-
erative properties.'” > The observed properties do not exclu-
sively require cell-to-cell contact between MSCs and other cells,
but rather depend on the secretion of MSC EVs, cytokines and
microRNAs, which exert the described effects.>' Therefore,
MSC-EVs remain promising therapeutical tools for the treat-
ment of tendinopathies.

Nanoparticle (NP)-based cell systems have high biocompat-
ibility properties,”” aiming to improve biological barrier-cross-
ing capabilities, easing the path to target specific tissues of
interest or reducing immunogenicity in comparison with other
synthetic nanosystems.”® Therefore, MSC-EVs have several
benefits and constitute highly promising cell-based delivery
systems capable of being loaded with additional external
molecules,”*° including proteins, mRNA and siRNA, which
can be loaded endogenously>’>° or exogenously after MSC-EV
formation.*'*® However, EVs’ high potential as delivery agents
remains highly limited by the low entrapment efficiency (EE)
of external molecules in comparison with several other syn-
thetic systems, as well as the limited reproducibility and
robustness correlated with their production.’” Consequently,
the search for different methods to optimize the loading of
additional cargos in EVs remains necessary to enhance and
improve the potential of EVs as nanocarriers.

A recently described approach is based on the production
of hybrid NPs derived from MSC-EVs and synthetic lipid NPs
with the aim of integrating the advantageous properties of
both types of systems within a single nanocarrier.*® Hybrid
NPs have been described to be produced by the fusion of both
MSC-EVs and lipid NP precursors by different bulk method-
ologies, such as extrusion or freeze-thawing.’® However, most
of these methods are correlated with substantial disadvan-
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tages, such as significant alterations of the membrane integ-
rity and even damage to the loaded cargo by either repeated
freeze-thaw cycles or the high pressure applied during
extrusion.

Herein, we aim to produce MSC-derived hybrid (MSC-Hyb)
NPs from adipose tissue-derived MSC-EVs using the microflui-
dic-sonication technology as an alternative platform for the
delivery of mRNA. Microfluidics remains a highly reproducible
technique commonly used to produce lipidic NPs (LNPs) and
the encapsulation of different types of payloads, such as siRNA
and mRNA, with high EE."**® The preparation of MSC-Hyb
NPs requires the lipidic structure of the original EVs to be dis-
rupted and their subsequent reassembly in the presence of
additional synthetic lipids to form a hybrid structure combin-
ing materials from both origins.** Previous studies suggest
that the combination of sonication with microfluidics enables
the required forces to be exerted to rupture cellular lipidic
membranes within the microfluidic channels, as only hydro-
dynamic forces are not enough to allow this process.*’

In this work, we focused on the development of MSC-Hyb
NPs for the delivery of functional collagen type I (COL 1A1)
mRNA into pathological TSPCs. MSC-Hyb NPs were produced
and optimized by microfluidic sonication using a staggered
herringbone micromixer structure. The size and morphology
of the produced NPs were characterized by dynamic light scat-
tering (DLS), NP tracking analysis (NTA) and cryogenic trans-
mission electron microscopy. Moreover, the encapsulation of
the mRNA payload was assessed by the Ribogreen assay and
the hybrid nature of the obtained MSC-Hyb NPs was studied
by fluorescence resonance energy transfer (FRET) and surface
antigen analysis. Biological in vitro studies were conducted on
TSPCs and a common mammalian immortalized cell model,
Chinese hamster ovary (CHO) cells, using enhanced green
fluorescence protein (eGFP) mRNA as a cargo model.
Cytocompatibility, cell-NP interactions and mRNA transfection
efficacy of the system were also studied. Subsequently, NPs
were loaded with COL1A1 mRNA and in vitro studies were con-
ducted in human pathological primary TSPCs to assess the
production of collagen I after the treatment.

Experimental section

Materials for MSC-Hyb and LNP preparation

6-((2-Hexyldecanoyl )oxy)-N-(6-((2-hexyldecanoyl)oxy)hexyl)-N-(4-
hydroxybutyl Jhexane-1-aminium (ALC-0315), 18:0 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC), cholesterol, methoxypoly-
ethyleneglycoloxy(2000)-N,N-ditetradecylacetamide ~ (ALC-0159),
18:1 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) ammonium salt (rhodamine-PE), and
18:1  1,2-dioleoyl-sn-glycero-3-phospho-L-serine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) ammonium salt (NBD-PS) were purchased
from Avanti Polar Lipids (Alabama, USA). Lyophilized and puri-
fied extracellular vesicles from human mesenchymal stem cells
(hMSC) obtained from adipose tissue were purchased from
Hansabiomed (Tallinn, Estonia). eGFP mRNA and COL
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1A1 mRNA were purchased from Ribopro (Oss, Netherlands).
Slide-A-Lyzer™ dialysis cassettes (10 kDa) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). The Quant-it™
RiboGreen RNA assay kit was purchased from Thermo Fisher
Scientific (Waltham, MA, USA).

Materials for cell culture

Human primary TSPCs from the pathological Achilles tendon
were isolated as reported elsewhere.’ The isolation protocol is
described in the ESI.T TSPCs were used at passages #2-5 in the
conducted in vitro studies.

a-MEM (Corning, Manassas, VA, USA) supplemented with
1% Glutagro™ (Corning, Manassas, VA, USA), 10% fetal
bovine serum (FBS) (Gibco™, Walthan, MA, USA), 1% penicil-
lin/streptomycin (Corning, Manassas, VA, USA) and 1%
amphotericin B (Corning, Manassas, VA, USA) was used as the
cell culture medium for TSPCs, which were incubated at 37 °C
under 5% CO, and 95% relative humidity. The cell medium
was changed every 2-3 days. HAM’S F-12 (Corning, Manassas,
VA, USA) supplemented with 10% FBS and 1% penicillin/strep-
tomycin was used as the cell culture medium for CHO cells,
which were incubated at 37 °C under 5% CO, and 95% relative
humidity. The cell medium was changed every 2-3 days. Sterile
phosphate buffered saline (PBS) 1x (Corning, Manassas, VA,
USA) and trypsin-ethylenediamine tetraacetic acid (EDTA,
Corning, Manassas, VA, USA) were used for cell subculturing.

Development and purification of MSC-Hyb and LNPs

Empty and mRNA-loaded LNPs were prepared by
NanoGenerator Flex (Precigenome LLC San Jose, CA, USA)
using a staggered herringbone micromixer chip (Precigenome
LLC San Jose, CA, USA). The organic phase contained a lipid
mixture of ALC-0315:DSPC: cholesterol : ALC-0159 dissolved
in ethanol at a 0.5:0.1:0.385:0.015 molar ratio. To load
mRNA, the aqueous phase included either eGFP mRNA or COL
1A1 mRNA immersed in 0.1 M citrate buffer (pH 5), in an N: P
ratio of 15:1. Empty and mRNA-loaded MSC-Hyb were pre-
pared by following a similar protocol with some additional
steps. In this case, EVs from hMSC were resuspended and
additionally added to the aqueous phase with weight ratios of
EVs to the total lipid weight of 1:100.

For the preparation of both types of formulation, both types
of solution were injected into the chip at a 4 mL min™" total
flow rate maintaining a 3:1 ratio between the aqueous and
organic phases. The chip was immersed in a sonication bath
(Fisherbrand™ P-series, 340 x 390 x 321 mm, Elma
Schmidbauer GmbH, Germany) at a frequency of 30 kHz and
50 W intensity for 1 min, which was the time required to
prepare the formulation. Moreover, the sonication bath was
maintained at a temperature of 4 °C to avoid any overheating
phenomena.?® The obtained LNPs and MSC-Hyb were purified
by dialysis overnight at 4 °C using Slide-A-Lyzer dialysis cas-
settes with a membrane cutoff of 10 kDa immersed in PBS 1x
to change the pH to 7.4 and separate the non-capsulated
mRNA.
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Characterization of MSC-Hyb and LNPs

Size, polydispersity index (PDI), and zeta (¢)-potential ana-
lysis. LNPs and MSC-Hyb were characterized by DLS and elec-
trophoretic light scattering (ELS) in terms of average size
(z-average), PDI, and {-potential using a Zetasizer Nano ZS
instrument 1000HSa (Malvern Panalytical, Malvern, UK)
equipped with a He-Ne laser of 633 nm and a detector angle
of 173°. Samples were diluted 1:50 (v/v) with filtered
(0.22 pm) Milli-Q water in disposable polystyrene cuvettes
(SARSTEDT AG & Co, Germany) in triplicate to determine the
size and PDI. Samples were equally diluted in disposable
folded capillary cells (DTS1070, Malvern, UK) to determine the
{-potential.

NTA analysis. Particle size and concentration of LNPs and
MSC-Hyb were measured using NP tracking analysis (NTA) on
a NanoSight NS500 instrument (Malvern Panalytical, Malvern,
UK) equipped with a sCMOS camera. Samples were diluted
1:1000 (v/v) with filtered (0.22 um) Milli-Q water to obtain an
ideal particle per frame value (20-200 particles per frame). The
following settings were set according to the manufacturer:
camera level was increased until particles could be clearly visu-
alized without exceeding 20% signal saturation, which corre-
sponded to a camera level of 12. Five measurements of 1 min
were performed at a cell temperature of 25 °C and pump rate
of 30 pL min~'. The detection threshold was set for a
maximum of 10% non-distinct particles and blue cross count
was limited to a maximum of 5 per frame. Moreover, autofocus
was adjusted to avoid unclear particles. The recorded videos
were analysed using NanoSight NTA 3.1 Build 3.1.46 software
with a sensitivity level of 5.

mRNA quantification and entrapment efficiency (EE)
determination

The EE of the loaded LNPs and MSC-Hyb was determined by
quantifying loaded mRNA using Quant-iT RiboGreen RNA
reagent. NPs were dissolved in Triton X-100 (2%, v/v) and incu-
bated for 10 min at 37 °C to quantify the complexed RNA.
Samples were subsequently diluted in TE buffer (1x) to obtain
a final Triton X-100 concentration of 0.5%, according to the
maximum concentration recommended by the manufacturer.
The NPs were simultaneously dissolved in TE buffer (1x) to
quantify non-complexed RNA. The -calibration curves for
mRNA were prepared in Triton X-100 (0.5%, v/v) and in TE
buffer (1x) over the range from 5 to 1000 ng mL™'. The
RiboGreen assay was performed by following the manufac-
turer’s protocol. The standards corresponding to the cali-
bration curve were resuspended and subsequently 20 pL of
each standard were loaded into the wells of the 96-well plate
provided. Then, 180 pL of either Triton X-100 (0.5% v/v in TE
buffer 1x) or TE buffer (1x) were added. Moreover, volumes of
200 pL from the diluted samples were loaded into the wells of
the 96-well plate provided, where the RiboGreen reagent was
resuspended by pipetting. The plate was incubated for 10 min
in the dark and the concentration of RNA was determined in
Nunclon Delta Surface black 96-well plates (ThermoFisher

This journal is © The Royal Society of Chemistry 2025
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Scientific, Waltham, MA, USA) by fluorescence measurement
using a Tecan Infinite® 200 Pro microplate reader (Tecan
Trading AG, Switzerland), specifically, with an excitation wave-
length of 458 nm and an emission wavelength of 520 nm. The
EE was calculated according to eqn (1):

Cmrnaquantified (ng mL™1) x V (mL)
initial amount of mRNA added (ng)

EE (%) = x 100 (1)
where Cprna corresponds to the concentration of mRNA quan-
tified and V corresponds to the volume of sample.

Cryogenic transmission electron microscopy

MSC-Hyb and LPS suspended in RNase free water were vitrified
on glow-discharged electron microscopy grids, Quantifoil
holey carbon R 1.2/1.3 Cu 300 mesh, using a Leica EM GP
plunger at 80% humidity and 1.5 s blotting time using front
blotting. Cryo-EM grid screening and data collection were per-
formed at the cryo-EM facility at the University of Helsinki
using a ThermoFisher Scientific Talos Arctica instrument oper-
ating at 200 kv and equipped with a Falcon 3 direct electron
detector operating in linear mode. Images were collected at
magnifications of 57kx and 120kx.

MSC-hybridization studies: FRET analysis and EV surface
marker analysis

The fusion process between the added synthetic lipids and
EVs was monitored using a previously described FRET-based
lipid mixing assay.’®*” Briefly, LNPs and MSC-Hyb were pre-
pared in the same way containing a 1.5 molar ratio of two
types of lipid conjugated with both donor fluorescent mole-
cules, NBD-PS and rhodamine-PE. After excitation of NBD at
460 nm, energy is transferred to rhodamine in a FRET process
that mainly depends on the distance between the two fluoro-
phores. Lipid mixing was monitored by following the NBD
fluorescence intensity, with excitation at 460 nm and emission
at 535 nm. The addition of external agents causes the dilution
of both fluorophores and an increase in the distance between
them within the lipid membrane, causing an increase of NBD
fluorescence. Maximum NBD fluorescence intensity was
measured after dissolving the obtained LNPs and MSC-Hyb in
Triton X-100 1% (w/v) for 10 min at 37 °C.

To obtain a calibration curve between the percentage of
maximal NBD fluorescence and the percentage of addition of
external material in the lipid structure, a series of formulations
with different amounts of both conjugated lipids were pre-
pared, mimicking an increase in the distance between both
fluorochromes. Formulations were prepared with fluorescent
lipids ratios of 1.5, 1.3125, 1.125 and 0.75 of donor and accep-
tor lipids. NBD fluorescence was measured in the same way
using the same total amount of fluorescent lipids in each for-
mulation, ie., 1.5 ratio (10 pL), 1.3125 ratio (11.43 uL),
1.125 ratio (13.33 pL), and 0.75 ratio (20 pL). The value of
the non-dissolved standard formulation with a 1.5 molar
ratio of both conjugated lipids, considered to be the
minimum fluorescence intensity (FI), was subtracted from
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all other values, and the change in NBD fluorescence was
calculated according to eqn (2):

[NBD FI — Min (NBD FI)]
[Max (NBD FI) — Min (NBD FI)]

ANBD (%) = x 100  (2)
where NBD FI was the fluorescence measured for a sample, Max
(NBD FI) was the maximum NBD fluorescence measured after
dissolving the sample in Triton X-100 1% (w/v) for 10 min at
37 °C, and Min (NBD FI) was the minimum fluorescence inten-
sity of the standard LNP formulation with the lowest NBD signal.
Analysis of EV surface markers was performed using the
human MACSPlex exosome kit (Miltenyi Biotec, Bergisch-
Gladbach, Germany), following the standard short protocol for
tubes provided by the manufacturer. Briefly, EVs and MSC-Hyb
(10 pg of protein quantified by MicroBCA), as well as LNPs or PBS
as the blank control, were diluted in 120 pL of MACSPlex bulffer.
Samples were incubated with 15 pL capture beads (including all
the antibody-coated beads) and 15 pL of detection antibody cock-
tail (15 pL of each antibody type including CD9, CD63 and CD81,
all conjugated to APC). Samples were mixed and incubated while
being protected from light under agitation for 1 h at room temp-
erature. Subsequently, samples were washed twice for 15 min
using 0.5 mL MACSPlex buffer and centrifuged at 3000g for 5 min
at room temperature. Finally, samples were measured by flow
cytometry using a BD LSRFortessa™ cell analyzer (BD Bioscience,
USA). The results were analysed with FlowJo™ software v.10 (Tree
Star, Inc., USA). APC mean fluorescence intensity (MFI) back-
ground values corresponding to the PBS blank control were sub-
tracted from each APC MFI value obtained for all the samples.

Cell viability

LNPs and MSC-Hyb were studied in terms of their cytocompat-
ibility in human primary TSPCs and immortalized Chinese
hamster ovary cells (CHO). Human TSPCs and CHO cells were
seeded in a 96-well plate (Corning, USA) at a density of 5 x 10’
cells per cm” and 1 x 10* cells per cm?, respectively, and left to
attach overnight. LNPs and MSC-Hyb suspensions at final NP
concentrations of 10, 25, 50, 100, 250 and 500 pg mL " were pre-
pared with cell medium and added to cells, meanwhile cells with
Triton X-100 (Merck Millipore, Darmstadt, Germany) were used
as the positive control and cells with only cell medium were used
as the negative control. Cells were incubated under pre-
determined conditions, 37 °C, 5% CO, and 5% relative humidity,
for two different timepoints of 24 and 48 h. Subsequently, cells
were washed twice with Hank’s balanced salt solution—(N-[2-
hydroxyethyl |piperazine-N'-[2-ethanesulfonic acid]) (HBSS-HEPES,
pH 7.4) and immersed in 100 pL CellTiter-Glo®/HBSS-HEPES
(1:1). Luminescence was read with a Varioskan™ LUX multi-
mode microplate reader (Thermo Scientific, USA).

Quantitative cellular take up of rhodamine-labelled MSC-Hyb
and LNPs

TSPCs and CHO cells were seeded in 24-well plates at a density
of 5 x 10% cells per cm” and 1 x 10* cells per cm?, respectively,
and left to attach overnight. Subsequently, rhodamine-labelled
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MSC-Hyb and LNPs were suspended at the following concen-
trations: 100 and 200 pg mL™" and added to the seeded cells
for 24 and 48 h. Afterwards, cells were washed with PBS,
detached with trypsin-EDTA, washed twice with PBS and resus-
pended in 300 pL of PBS. Take up was analysed by using a
FACSVerse flow cytometer (BD FACSVerse, BD Biosciences, IT).

Quantitative transfection efficiency of eGFP mRNA-loaded
MSC-Hyb and LNPs

TSPCs and CHO cells were seeded in 24-well plates at a density
of 5 x 103 cells per cm? and 1 x 104 cells per cm?, respectively,
and left to attach overnight. eGFP mRNA-loaded MSC-Hyb and
LNPs were suspended in cell media at the following concen-
trations: 100 and 200 pg mL~"' and added to the seeded cells.
Cells with only medium were used as the negative control and
cells with Lipofectamine RNAIMAX at the concentration
suggested by the provider were used as the positive control.
Cells were incubated for 48 h and, afterwards, washed with
PBS, detached with trypsin-EDTA, washed twice with PBS and
resuspended in 300 pL of PBS. The percentage of eGFP-positive
cells was measured by using a FACSVerse flow cytometer (BD
FACSVerse, BD Biosciences, IT).

Qualitative transfection efficiency and cellular take up of
rhodamine-labelled eGFP mRNA-loaded MSC-Hyb and LNPs

Transfection efficiency and labelled NP take up were studied
by confocal imaging of CHO cells. Cells were seeded on
13 mm? coverslips at a density of 1 x 10* cells per cm? per well
and left to attach overnight. eGFP mRNA-loaded rhodamine-
labelled MSC-Hyb and LNPs were suspended in cell media at
200 pg mL™" and added to the seeded cells. Cells with only
medium were used as the negative control and cells with
Lipofectamine RNAIMAX at the concentration suggested by the
provider were used as the positive control. Cells were incu-
bated for 24 and 48 h and, afterwards, washed with 1x PBS
and fixed with 4% (v/v) paraformaldehyde (PFA) for 30 min at
37 °C. Samples were washed with 1x PBS and stained with 4',6-
diamidino-2-phenylindole (DAPI) at 1 pg mL™" for 10 min, fol-
lowed by three washes with 1x PBS. Finally, image acquisition
was at 63x magnification using an inverted Leica laser-scan-
ning confocal microscope (TCS SP5; Leica Microsystems,
Wetzlar, Germany) equipped with a plan Apo 63x/1.4 NA oil
immersion objective.

Efficacy of COL1A1 mRNA-loaded MSC-Hyb NPs and LNPs in
TSPCs

Protein sample preparation. TSPCs were seeded in 6-well
plates at a density of 5 x 10° cells per cm® and left to attach
overnight. Empty MSC-Hyb NPs, empty LNPs, COL1A1 mRNA-
loaded MSC-Hyb NPs and COL1AI mRNA-loaded LNPs were
added at a concentration of 200 ug mL™" for 48 h. Non-treated
TSPCs in cell media were used as a negative control.
Subsequently, cells were washed with 1x PBS, detached with
trypsin-EDTA and washed twice with 1x PBS. Protein extrac-
tion from the obtained cell pellet was conducted with RIPA
lysis and extraction buffer 1x (Thermo Fisher, USA) in combi-
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nation with 1x protease and peptidase inhibitor cocktail
(Thermo Fisher, USA). Samples were incubated on ice for
45 min and centrifuged at 13 000g for 20 min at 4 °C. Protein
lysate supernatants were collected and quantified using a
micro-BCA assay (Thermo Fisher, USA), following the prepa-
ration of a standard curve with different concentrations of BSA
within a range between 0 and 200 pug mL™". Finally, protein
samples were prepared by mixing 25 pg of protein with 1x
Laemmli buffer and 5% 2-mercaptoethanol to obtain a final
volume of 25 puL. Samples were boiled at 95 °C for 5 min.

Gel electrophoresis and western blotting

Gel electrophoresis (Bio-Rad, USA) with 8% nitrocellulose gels
(Bio-Rad, USA) was performed by loading 25 pg of each sample
and running the gel for 2 h at 80 V. Proteins were transferred
to a nitrocellulose membrane (Bio-Rad, USA) using a Turbo
Transfer system (Bio-Rad, USA). The membrane was blocked
with 10% non-fat dry milk for 1 h at room temperature and
incubated overnight at 4 °C under mild shaking with rabbit
anti-human type I collagen antibody (Abcam, ab264074, USA)
at 1:1000 in 1x PBS 5% non-fat dry milk and 0.1% Tween-20.
A mouse anti-human beta tubulin (Santa Cruz, sc166729, USA)
was used as a loading control at 1:1000. Subsequently, goat
anti-rabbit IgG-HRP secondary antibody and goat anti-mouse
IgG-HRP (Abcam, USA) were added as secondary antibodies
and incubated for 1 h at room temperature under mild
shaking. Enhanced chemiluminescence assay (ECL) (Thermo
Fisher, USA) was used to develop the membranes using a lumi-
nescent image analyser equipped with a CCD camera (Bio Rad,
USA). Quantification of the mean densitometry of the obtained
protein bands was performed using Image]. Results were nor-
malized to the loading control and expressed as fold change
relative to the untreated samples.

Qualitative study of COL1A1 mRNA-loaded MSC-Hyb NPs and
LNPs in TSPCs by immunostaining

TSPCs were seeded on 13 mm? coverslips at a density of 5 x
10° cells per cm? and left to attach overnight. Empty MSC-Hyb
NPs, empty LNPs, COL1A1 mRNA-loaded MSC-Hyb NPs and
COL1AI mRNA-loaded LNPs were added at a concentration of
200 pg mL™" for 48 h. Non-treated TSPCs in cell media were
used as the negative control. Subsequently, cells were washed
with 1x PBS, fixed with 3.7% PFA for 30 min at room tempera-
ture, permeabilized with 0.1% Triton X-100 for 5 min and
blocked with 1% BSA for 1 h. Incubation with mouse mono-
clonal anti COL1A1 primary antibody (1:100, Sigma-Aldrich,
Milan, Italy) was performed overnight at 4 °C. Afterwards,
samples were incubated with DyLight 488 horse anti-mouse
IgG (1:500, BioLegend, CA, USA) antibody for 1 h at room
temperature. Cell nuclei were stained with DAPI (1:1000) for
5 min. Samples were visualized and image acquisition was per-
formed with an inverted Leica laser-scanning confocal micro-
scope (TCS SP5; Leica Microsystems, Wetzlar, Germany) at 63x
magnification and equipped with an Apo 63x/1.4 NA oil
immersion objective.
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Statistical analysis

Statistical analysis was performed with GraphPad Prism 10
(GraphPad software, Inc., La Jolla, CA, USA). Each figure
includes a complete description of the statistical method used
for the analysis of the presented data. The obtained data were
predominantly analyzed by either ordinary one-way ANOVA or
ordinary two-way ANOVA followed by a Tukey post hoc test.

Ethical permission

Patients involved in the study agreed to their recruitment and
sample collection in accordance with the Declaration of
Helsinki guidelines by signing an informed consent form,
approved by the Institutional Review Board of San Giovanni di
Dio e Ruggi D’Aragona Hospital (Salerno, Italy) (Review Board
prot./SCCE no. 151 achieved on 29 October 2020).

Results and discussion

LNP and MSC-Hyb production and physicochemical
characterization

The production of EV-derived hybrid NPs has generally been
hypothesized as a highly promising alternative to other drug
delivery nanosystems thanks to the combination of intrinsic
biological properties and specific targeting capabilities,
derived from EVs, with the production reproducibility and
high entrapment efficiency of cargos, such as RNA, derived
from LNPs.*8>°

Empty LNPs and MSC-Hyb, as well as loaded LNPs and
MSC-Hyb encapsulating COL1A1 mRNA, were prepared via
microfluidic sonication with a staggered herringbone micro-
mixer chip.>’*? The use of ultrasound energy remains a highly
common methodology to produce MSC-Hyb NPs, usually in
combination with other techniques, such as extrusion.?*%3*
The combined use of microfluidics and sonication has already
been previously described as a suitable method to produce
MSC-Hyb NPs derived from the combination of polymeric NPs
and exosomes.*>>® Zhang et al. and Liu et al. described the
production of poly(lactic-co-glycolic acid) (PLGA) NPs coated
with exosome-derived membranes in a unique step. The micro-
fluidic setup was immersed in an ultrasonic bath while the
sonication procedure was performed. The application of an
external high-frequency sound pressure field allows the lipid
membrane critical compressive stress>®*° to be surpassed and
the exosome membranes ruptured, causing the reassembly of
the lipid structures in combination with externally added
material.

LNPs and MSC-Hyb were comprised of
ALC-0315 : DSPC : cholesterol : ALC-0159 dissolved in ethanol
in a molar ratio of 0.5:0.1:0.385: 0.015, which constituted the
organic phase. Separately, 0.1 M citric buffer (pH 5) was pre-
pared with RNase-free Milli-Q water as the aqueous phase. For
the preparation of MSC-Hyb, freeze-dried MSC-EVs were added
to the aqueous phase by considering a crucial parameter,
namely, the relationship between the amount of EVs used and
the amount of synthetic lipid. Following reports from the

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

literature,®®®" different ratios between the amount of protein
from EVs and lipid can be found, however, no major indi-
cations are reported regarding the number of particles corres-
ponding to the amount of protein used. To assess this, we
focused on the use of freeze-dried MSC-derived EVs, which
were resuspended in RNase-free Milli-Q water. Subsequently,
for the preparation of MSC-Hyb, reconstituted freeze-dried
MSC-EVs were added to the aqueous phase in a protein to
lipid ratio of 1:100 (w/w). NTA analysis was conducted on the
different aqueous phases to study the number of EV particles
that were used, and similar values of particle concentration
were determined, with an average particle concentration of
2.00 x 10'° particles per mL (Fig. S17).

Additionally, both types of NPs were loaded with either
eGFP mRNA or COL 1A1 mRNA by addition to the aqueous
phase at pH 5 of the corresponding amount of mRNA follow-
ing an N:P ratio of 15:1. The total flow rate and the ratio
between the aqueous and organic phases were 4 mL min™*
and 3:1, respectively, following previously optimized pro-
cedures to produce LNPs.%* Both types of sample were purified
by dialysis against an excess of 1x PBS overnight to change the
pH to 7.4 and, subsequently, their physicochemical properties
were studied. Following DLS analysis, Fig. 1A shows the
average size of LNPs and MSC-Hyb, which corresponds to
168.7 nm and 178.6 nm, respectively. Moreover, LNPs and
MSC-Hyb measurements indicated PDI values (Fig. 1B) of
0.135 and 0.245, respectively, indicating that MSC-Hyb had a
larger average size and higher PDI value. ELS analysis revealed
that the ¢-potential (Fig. 1C) of LNPs and MSC-Hyb was —2.15
and —19.5 mV, respectively, revealing a considerable difference
in surface charge between both types of sample. The change in
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Fig. 1 Physicochemical characterization of MSC-Hyb and LNPs. (A)
Average diameter of MSC-Hyb and LNPs as measured by dynamic light
scattering. (B) PDI of MSC-Hyb and LNPs as measured by DLS. (C)
Surface charge (z-potential) of MSC-Hyb and LNPs as measured by
dynamic light scattering. (D) mRNA encapsulation efficiency of
MSC-Hyb and LNPs. (E) Size and particle concentration of LNPs deter-
mined by NTA. (F) Size and particle concentration of MSC-Hyb deter-
mined by NTA. Results are presented as mean + SD (n > 3) and samples
were analysed with a paired student's t-test.
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{-potential might be attributed to the addition of EV mem-
brane to MSC-Hyb, considering EVs prevalently have a negative
surface charge.

Regarding the mRNA EE (Fig. 1D) of both LNPs and
MSC-Hyb, Ribogreen assay-mediated quantification of encap-
sulated mRNA revealed EE values of 71.46% and 51.45% for
LNPs and MSC-Hyb, respectively. A decrease in the amount of
encapsulated mRNA was observed in MSC-Hyb, which was pre-
viously correlated with the presence of several negatively
charged components like RNA, proteins or lipids derived from
EVs, which competed with the added mRNA and interacted
with the ionizable lipid used during the described 1-step pro-
duction method.>* With the aim of improving the mRNA EE of
MSC-Hyb NPs, further studies could focus on the possibility of
producing MSC-Hyb based on a 2-step approach, following the
initial production of LNPs and, subsequently, the formation of
MSC-Hyb NPs after being immersed with EVs under the
described sonication parameters, instead of the simultaneous
use of microfluidics and sonication. Nevertheless, the
obtained EE suggests the capability of the method used to
encapsulate mRNA inside MSC-Hyb NPs, indicating that
MSC-Hyb NPs are potential mRNA delivery systems. Additional
NTA analysis (Fig. 1E and F) revealed an average size of
106 nm in the case of LNPs and 126.6 nm in the case of
MSC-Hyb; these values remain slightly lower than those
obtained by DLS. The slightly different values obtained can be
explained by the differences between both techniques.
Moreover, considering that both samples were equally diluted
at 1:1000, the measured sample concentrations were 6.80 x
10" particles per mL for LNPs and 3.70 x 10" particles per
mL for MSC-Hyb. This confirms that the microfluidic-soni-
cation technique used allows us to obtain a significant particle
concentration despite the limited initial total lipid and EV con-
centrations. Interestingly, LNPs were correlated with a higher
particle concentration, meanwhile MSC-Hyb showed a lower
particle concentration similar to the initial particle concen-
tration of EVs.

Cryo-electron microscopy (Cryo-EM) studies (Fig. 2A and B)
were also conducted on LNPs and MSC-Hyb to confirm the
size and size polydispersity data obtained by DLS and NTA.
Cryo-EM images revealed that both types of particle had a
spherical shape and unilamellar structure, as reported for
LNPs and EVs elsewhere.®*®* Moreover, the obtained images
confirmed the size and PDI obtained by DLS, including
slightly smaller and more homogenous LNPs in comparison
with MSC-Hyb. MSC-Hyb showed slightly larger size and
higher polydispersity properties, which might be explained by
the non-regular incorporation of membrane segments derived
from EVs.

To study the MSC-Hyb nature of the produced NPs, a FRET-
based lipid mixing assay was performed. As previously
reported,*”® fluorescent label-conjugated lipids, NBD-PS and
rhodamine-PE, can be used to study any changes in the lipid
membrane thanks to the interaction between NBD, with an
excitation wavelength of 460 nm, and rhodamine, which
receives fluorescence resonance energy from NBD, depending
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Fig. 2 Cryo-EM images reveal the morphological characteristics of (A)
LNPs and (B) MSC-Hyb. The highlighted scale bar in both images corres-
ponds to 200 nm. (C) FRET studies. NBD fluorescence increases in
MSC-Hyb. (D) Analysis of EV surface markers by using a MACSPlex
Exosome kit for EVs, MSC-Hyb and LNPs targeting CD105, CD63, CD81
and CD44. APC MFI background values from PBS blank control were
subtracted from each APC MFI value obtained for all the samples and
results are represented as fold change relative to LNPs. Results are pre-
sented as mean + SD (n > 3), and the samples were analysed with ordin-
ary one-way ANOVA, followed by Tukey post-hoc test, setting the prob-
abilities as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, comparing
each EV and MSC-Hyb sample with the corresponding LNP sample.

on the distance between both fluorochromes. The assay allows
us to detect changes in the distance between both lipids
within the lipid membrane after the addition of external com-
ponents, since the emission of NBD at 535 nm increases sub-
stantially due to the dilution of both fluorophores and, there-
fore, the lack of interaction with nearby rhodamine molecules.
As shown in Fig. 2C, after producing the MSC-Hyb formulation
with a 1.5 molar ratio for both labelled lipids, the detected
NBD fluorescence increase for the developed formulation was
62.34%. Following the conversion between the increased NBD
fluorescence and the hypothetical rounds of fusion (Fig. S27),
MSC-Hyb were correlated with a percentage of external
material corresponding to 28.99%.

Moreover, we also assessed the presence of EV surface
markers on the surface of MSC-Hyb NPs using a bead-based
flow cytometry analysis tool, MACSPlex exosome kit, capable of
detecting several antigens. Several studies have reported the
presence of specific antigen proteins on the surfaces of MSC-
derived EVs, including CD81 and CD69, which are highly
common protein markers detected in EVs,°*®” and CD105 and
CD44, which are highly expressed by MSC.'®°® Bead-based
analysis revealed that MSC-Hyb showed significant levels of
these four proteins in comparison with LNPs (Fig. 2D), con-
firming the presence of EV-derived membrane fragments in
the structure of MSC-Hyb NPs. Moreover, MSC-Hyb NPs
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showed significantly lower levels of these four antigens in com-
parison with the original EVs, confirming a limited presence
of EV-derived material in MSC-Hyb NPs. Overall, the obtained
results prove that the obtained MSC-Hyb NPs were detected by
antibody-coated beads against specific EV antigens, confirm-
ing that MSC-Hyb NPs contain EV-derived fragments, which
retain a limited degree of the original surface topology.

Cell viability studies

The cell viability of LNPs and MSC-Hyb was studied in human
primary tendon progenitor stem cells (TSPCs) and in a
common epithelial-like mammalian immortalized in vitro cell
line model, Chinese hamster ovary (CHO) cells. Cell viability
was assessed using an adenosine triphosphate (ATP)-luciferase
based method, CellTiter-Glo luminescence assay.®>”® Cells
were exposed to different concentrations of both types of for-
mulation, namely, 10, 25, 50, 100, 250 and 500 pg mL™?, for
incubation times of 24 and 48 h. Moreover, both types of cells
in their respective cell media were used as negative controls to
determine a reference value of 100% cell viability. The
obtained results (Fig. 3A-D) indicated that both formulations
had high biocompatibility with both cell types, since no stat-
istically significant differences were observed between the
negative control and the different concentrations after 24 and
48 h, including the highest concentration of 500 pg mL™".
Moreover, no major statistically significant differences at each
specific concentration were observed between LNPs and
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Fig. 3 (A and B) Cell viability of TSPCs incubated with MSC-Hyb and

LNPs determined by CellTiter assay. Cells were incubated with MSC-Hyb
and LNPs at different concentrations from 10 to 500 ug mL™ and cell
viability was studied after 24 and 48 h. (C and D) Cell viability of CHO
cells incubated with MSC-Hyb and LNPs determined by CellTiter assay.
Cells were incubated with MSC-Hyb and LNPs at different concen-
trations from 10 to 500 pg mL™* and cell viability was studied after 24
and 48 h. Results are presented as mean + SD (n > 3), and the samples
were analysed with ordinary two-way ANOVA, followed by Tukey post-
hoc test, setting the probabilities at *p < 0.05, **p < 0.01, comparing
each MSC-Hyb and LNP sample with the untreated cells as well as each
MSC-Hyb sample with the equivalent concentration LNP sample.
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MSC-Hyb, except for the two highest concentrations, 250 and
500 pg mL ™, after 24 h (Fig. 3A) of exposure to TSPCs. Under
these specific conditions, MSC-Hyb NPs showed higher cell
viability values in comparison with LNPs, despite no statisti-
cally significant differences being observed after 48 h of
exposure. This can be explained by the fact that LNPs can
slightly compromise the cell viability of TSPCs after shorter
exposure times in comparison with MSC-Hyb, but sub-
sequently, after more prolonged exposure times, the effect of
LNPs on cell viability is no longer noticeable due to high cell
proliferation after extended timepoints.

Quantitative cellular take up studies

Following the study of the cellular biocompatibility of
MSC-Hyb and LNPs, we assessed the interaction between both
types of NPs and both cell types, CHO and TSPCs, by quantitat-
ively studying the cellular internalization efficiency of both for-
mulations, considering cellular internalization remains a criti-
cal step for the cytoplasmatic delivery of mRNA. Both types of
NPs, LNPs and MSC-Hyb, were produced using rhodamine-PE,
which could be excited by a 546 nm laser and emit fluo-
rescence at 567 nm. Based on the obtained cell viability study
results, we studied exposure to different concentrations of par-
ticles that were correlated with high cellular viability values,
namely, 100 and 200 pg mL~". LNPs and MSC-Hyb were incu-
bated with both types of cell for 48 h and, therefore, samples
were analyzed by flow cytometry. Fig. 4A and B shows that the
cellular take up of MSC-Hyb NPs has a statistically significant
decrease in comparison with LNPs in both cell types, CHO and
TSPCs, after 48 h of incubation. Both MSC-Hyb NPs and LNPs
showed dose-dependent take up behaviour in CHO cells,
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Fig. 4 Quantitative cellular take up studies on CHO cells and TSPCs
using flow cytometry. (A) CHO cells were incubated for 48 h at 37 °C
with 100 and 200 pg mL™* of rhodamine-PE labelled MSC-Hyb NPs and
LNPs. (B) TSPCs were incubated for 48 h at 37 °C with 100 and 200 pg
mL™! of rhodamine-PE labelled MSC-Hyb NPs and LNPs. Results are
represented as mean + SD (n > 3), and the data were analyzed with
ordinary one-way ANOVA, followed by a Tukey post-hoc test, setting the
probability at *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, com-
paring each condition with the negative control.
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which showed a significant internalization degree, 31.53 and
48.85 mean fluorescence intensity (MFI) fold change, after
incubation with 100 ug mL ™" of either MSC-Hyb NPs or LNPs,
respectively. The increase in dose to 200 ug mL™" of both types
of NPs showed a slightly increased internalization degree up to
35.9 and 46.03 MFI fold change, respectively, for MSC-Hyb NPs
and LNPs. Moreover, TSPCs similarly showed dose-dependent
take up behaviour with lower internalization degrees, with MFI
fold change values of 31.61 and 53.96 after incubation with
100 pg mL ™" of MSC-Hyb NPs and LNPs, as well as 60.53 and
89.12 MFI fold change values after incubation with 200 pg
mL ™" of both types of NPs for 48 h. It is important to notice
that TSPCs showed a statistically significant fold change
increase for both types of NPs in comparison with CHO cells,
implicating that cellular internalization of both types of NPs
differs for different cell types.

It has been widely described that NP cellular internalization
can be mediated by different endocytosis processes, which can
be easily conditioned by the physicochemical properties of
each NP formulation, including size and {-potential. Moreover,
cellular take up can also be influenced by the presence of
specific biological moieties on the surface of a specific NP
system. The lower internalization rates of MSC-Hyb NPs in
comparison with LNPs may be explained by the different
physicochemical properties of both types of NPs, especially
regarding the size and surface charge of both NPs, considering
MSC-Hyb NPs have a more negative surface charge, similar to
many other EV-based NP systems. It was previously described
that EVs could show different take up ratios in comparison
with other lipid-based systems. In this case, despite the pres-
ence of specific antigens on the surface, the predominant
negative charge of MSC-Hyb NPs reduced, to a certain extent,
the number of electrostatic interactions with the negatively
charged membrane of both types of cell. Nonetheless,
MSC-Hyb NPs still showed high cellular take up rates and
proved to be promising NP-based systems for intracellular
delivery.

Quantitative transfection efficiency studies

Subsequently, we evaluated the use of MSC-Hyb NPs and LNPs
for the functional delivery of mRNA following the previously
described cellular take up studies. To do so, we assessed the
efficiency of both MSC-Hyb and LNPs in terms of the cytoplas-
matic delivery of mRNA, which previously required endosomal
escape of the mRNA cargo after NP take up. eGFP mRNA was
used as a model mRNA cargo for studying the transfection
efficiency of both MSC-Hyb NPs and LNPs in CHO, since it was
a common in vitro model used to determine the transfection
efficiency of LNPs during the initial formulation development
phase, as well as in TSPCs. Fig. 5A and B reveals that CHO
incubation with 100 and 200 pg mL™" MSC-Hyb NPs shows
eGFP MFI fold change values of 5.57 and 9.18 (Fig. 5A), signifi-
cantly lower than the eGFP MFI fold change values obtained
after incubation with 100 and 200 ug mL™" of LNPs, which are
found to be 76.21 and 77.10, respectively. Furthermore, TSPC
incubation with 100 and 200 pg mL™" of eGFP mRNA-loaded
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Fig. 5 Transfection efficiency of eGFP mRNA-loaded MSC-Hyb and
LNPs in (A and C) CHO cells and (B) TSPCs after 48 h. Both CHO cells
and TSPCs were incubated for 48 h at 37 °C with 100 and 200 uyg mL™*
of MSC-Hyb and LNPs and, subsequently, transfection efficiency was
assessed by flow cytometry analysis. (A) eGFP mean fluorescence inten-
sity in CHO cells represented as fold change relative to the negative
control. (B) Percentages of eGFP-positive TSPCs. Results are represented
as mean + SD (n > 3), and the data were analyzed with ordinary one-way
ANOVA, followed by a Tukey post-hoc test, setting the probability at *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, comparing each condition
with the negative control. (C) Confocal imaging of cellular take up and
eGFP expression of rhodamine-PE labelled eGFP mRNA-loaded
MSC-Hyb and LNPs in CHO cells. Cells were incubated for 48 h at 37 °C
with 200 pg mL™ of MSC-Hyb and LNPs and imaged using confocal
microscopy. MSC-Hyb and LNPs were stained with rhodamine-PE (red
channel), while cells were stained with DAPI (nuclei, blue channel) and
the expression of eGFP mRNA was observed using the eGFP channel
(green channel).

MSC-Hyb NPs induced an increase in the percentage of eGFP-
positive cells of approximately 17.72% and 21.49%, statistically
significantly lower than the values of 85.49% and 78.47%
(Fig. 5B) observed after incubation with 100 and 200 pg mL™"
of LNPs.

Overall, MSC-Hyb NPs showed a reduced efficacy for the
delivery of mRNA in comparison with LNPs for both cell types.
The decrease in the percentage of eGFP-positive cells and the
degree of eGFP expression can either be explained by the lower
degree of take up of MSC-Hyb in comparison with LNPs, or by
the statistically significant mRNA encapsulation
efficiency of MSC-Hyb. Therefore, the obtained results indicate
that MSC-Hyb NPs are suitable for the delivery of functional
mRNA in the CHO model cell line and TSPC primary cells with
decreased transfection efficiency in comparison with synthetic
LNPs. Considering the previously shown data, including cell
viability, quantitative cellular take up and transfection
efficiency studies, a concentration of 200 pg mL™" for both

lower
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MSC-Hyb NPs and LNPs was chosen as the appropriate con-
centration for subsequent in vitro efficacy studies based on the
observed safety profile and its transfection efficiency.

Qualitative cellular take up and transfection efficiency
studies were performed on CHO cells by incubating the cells
with rhodamine-PE labelled and eGFP mRNA-loaded MSC-Hyb
NPs and LNPs. After incubation with each type of formulation,
samples were imaged by confocal microscopy. Fig. 5C corres-
ponds to single CHO cells and larger cell population images
after incubation with MSC-Hyb NPs and LNPs. The images
confirm the internalization of MSC-Hyb NPs and LNPs and the
expression of eGFP, proving that both types of NPs are suitable
for the delivery of mRNA. These results support the obtained
data regarding quantitative take up studies and transfection
efficacy studies.

Efficacy studies of COL1A1 mRNA-loaded MSC-Hyb NPs and
LNPs

TSPCs extracted from pathological tendons have been
described to increase the production of collagen type III fibres,
which are deposited in a disorganized manner during the
initial stages of tendon healing. However, the production of
collagen I remains low in comparison with non-pathological
tendons.”"”?> The production of collagen type I is commonly
considered a crucial process since the deposition of organized
collagen 1 fibers within tendon bundles enables improved
tissue mechanical properties and reduced tissue adhesion.”
However, studies suggest that enhancement of collagen I pro-
duction alone does not correlate with higher ECM regener-
ation, since it needs to be combined with specific mechanical
stimuli.”*”> Traditionally, numerous studies have focused on
the effect on collagen I production caused by the adminis-
tration of growth factors and stem cell-derived culture
media,”®”” as well as by stimulation under mechanical stress
conditions in combination with bioengineered materials and
different in vitro culture models.”® However, an alternative
approach based on the enhancement of collagen I production
via COL1A1 mRNA administration to the affected TSPCs was
previously considered.”%°

Therefore, after studying the capability of MSC-Hyb NPs to
deliver functional mRNA, we assessed the in vitro potential of
MSC-Hyb NPs as COL1A1 mRNA delivery agents for pathologi-
cal TSPCs. TSPCs were treated with COL 1A1 mRNA-loaded
MSC-Hyb NPs and LNPs, as well as with empty MSC-Hyb NPs
and LNPs, maintaining a NP concentration of 200 pg mL™" for
48 h. Moreover, non-treated TSPCs immersed in cell culture
medium were used as the negative control. Subsequently, col-
lagen I production was assessed by quantitative western blot
analysis, as well as qualitative immunofluorescence studies.
Fig. 6A-C shows protein expression of alpha-1 collagen I from
TSPCs from three different donors after incubation with the
different treatment groups and analyzed by western blotting.
Two predominant and distinctive bands were observed around
180 kDa and 35 kDa, respectively, corresponding to the procol-
lagen alpha-1 chain and procollagen type I carboxy-terminal
peptide (PICP).®" Analysis of the procollagen alpha-1 chain
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Fig. 6 (A) Protein expression analysis by western blotting of collagen
type | in TSPCs to assess the effect of COL1A1 mRNA-loaded MSC-Hyb
and LNPs. TSPCs were incubated for 48 h with empty LNPs, empty
MSC-Hyb, Col 1A1 mRNA-loaded LNPs and Col | mRNA-loaded
MSC-Hyb before proceeding with cell lysis and protein extraction.
Western blot bands are shown for procollagen al and PCIP, as well as
B-tubulin, which was used as a housekeeping protein. (B) Densitometric
analysis of procollagen ol expression normalized to f-tubulin and rep-
resented as fold change values relative to the negative control. (C)
Densitometric analysis of PCIP expression normalized to p-tubulin and
represented as fold change relative to the negative control. Results are
represented as mean + SD (n > 3), and the data were analysed with

ordinary one-way ANOVA, followed by a Tukey post-hoc test, setting the
probability at *p < 0.05, comparing each condition with the negative
control.

band did not reveal significant differences between the
different groups treated with either mRNA-loaded or empty
MSC-Hyb and LNPs, possibly due to the already considerable
basal expression of procollagen collagen alpha-1 chain in non-
treated TSPCs. Nevertheless, analysis of the PICP band
revealed a statistically significant increase in TSPCs treated
with mRNA-loaded LNPs and MSC-Hyb NPs, with 1.96 and
1.92 relative fold change values, respectively.

Collagen type I has a triple-helical structure with terminal
globular propeptide domains, including both amino and
carboxy-ended domains. Specifically, procollagen type I has a
heterodimeric structure based on two al chains and one a2
chain assembled as a trimeric structure shortly after their
secretion.®” Assembly of this trimeric structure requires endo-
peptidase-mediated cleavage of each chain at specific amino
and carboxy terminal sites. Therefore, three different frag-
ments are generated: collagen type I, which forms collagen
fibrils that form the ECM, and releases two procollagen type I
terminal peptides, one with an amino terminus (PINP) and
one with a carboxy terminus (PICP).®* Different studies report
that the detection of PICP production remains a suitable
marker to study the production of collagen type I in different
tissues with a high expression of collagen type I, including
bone and skin.**** For example, the detection of PICP in fibro-
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Fig. 7 Immunofluorescence staining confocal fluorescence microscopy
images of collagen type | in 2D cultured TSPCs treated with
COL1A1 mRNA-loaded LNPs for 48 h. TSPCs were treated with 200 and
500 pug mL™* of COL1A1 mRNA-loaded LNPs and MSC-Hyb for 48 h.
Collagen type | was stained using an anti-collagen type | antibody and
an Alexa 488-conjugated secondary antibody (green). DAPI was used to
stain the nuclei (blue).

blasts, in either cell extracts or culture supernatants, has com-
monly been considered an efficient method to study the pro-
duction of collagen type L%®%" Therefore, the significant
increase in the production of PICP in TSPCs treated with
mRNA-loaded MSC-Hyb and LNPs seems to indicate that
MSC-Hyb NPs are as capable of delivering functional mRNA as
LNPs. Additionally, the increase of PICP expression is also stat-
istically significant in comparison with empty LNPs, which
decreased the levels of PICP. Interestingly, empty MSC-Hyb
NPs slightly increased PCIP production in comparison with
empty LNPs. Despite the increase being non-significant, this
may be explained by the partial EV content of MSC-Hyb NPs,
since studies performed with MSC-EVs in tenocytes show a sig-
nificant increase in collagen type I production.®®%°

Qualitative analysis of collagen type I production in TSPCs
was also performed by collagen I immunostaining in confocal
microscopy imaging. Fig. 7 shows representative images of col-
lagen I immunostaining in TSPCs after incubating the cells
with MSC-Hyb and LNPs at a concentration of 200 pg mL ™" for
48 h. Images suggest that TSPCs treated with MSC-Hyb and
LNPs experience a certain increase in collagen type I in com-
parison with non-treated TSPCs.

Therefore, the obtained data regarding protein production
suggest that MSC-Hyb can act as functional platform equally
as well as LNPs for the delivery of mRNA in TSPCs, confirming
the in vitro potential of MSC-Hyb NPs as COL1A1 mRNA deliv-
ery agents for pathological TSPCs.

Conclusions

Here we combined microfluidics and sonication as an alterna-
tive method to produce MSC-EV-derived hybrid NPs encapsu-
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lating mRNA. The developed MSC-Hyb NPs had a moderately
larger size and higher PDI value, 178.6 nm and 0.245 respect-
ively, more negative {-potential, —19.5 mV, and reduced mRNA
EE in comparison with standard LNPs. The physicochemical
and EV-derived surface antigen analyses conducted confirmed
the hybrid nature of the NPs produced, which showed the pres-
ence of EV-derived surface proteins, including CD63, CD81
and CD105. Furthermore, MSC-Hyb NPs were found to be
highly biocompatible and did not significantly reduce human
TSPC viability, even after incubation at the highest concen-
tration of 500 pg mL™'. Despite reduced internalization rates
and mRNA transfection efficacy in comparison with LNPs,
MSC-Hyb NPs remained feasible agents for the internalization
and cytoplasmatic delivery of functional mRNA. Moreover,
MSC-Hyb NPs were functional for the delivery of
COL1A1 mRNA to TSPCs, since their exposure to TSPCs caused
a 2-fold increase in procollagen type I carboxy-terminal
peptide production, similarly to LNPs. However, despite these
efforts, the production of EV-derived hybrid NPs remains a
challenging task, mainly due to limited available knowledge
regarding EV compositions and their impact on the develop-
ment of hybrid NPs, as well as the limited tools available to
fully characterize the conformation and structure of hybrid
NPs. More in-depth studies will help us to gain a better under-
standing of the observed limitations regarding the loading of
mRNA-based cargos or reduced cell internalization, as well as
improve the drug delivery capabilities of the nanosystems
described.
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