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ARTICLE INFO ABSTRACT

Keywords: Phosphatidylcholine (PC) vesicles loaded with Triiodothyronine (T3) were fabricated using different
N.ano"’eSideS manufacturing methods: thin layer hydration plus sonication (TF-UF), supercritical liposome formation (SC), and
Liposomes microfluidic technology (MF). Vesicles obtained by MF had the lowest mean diameter (88.61 + 44.48 nm) with a
?;ufo(rizg:ery Zeta Potential of —20.1 £+ 5.90 mV and loading of 10 mg/g (encapsulation efficiency: 57%). In contrast, SC

vesicles showed extremely low encapsulation efficiency (<10%) probably due to T3 solubility in ethanol/carbon
dioxide mixture; despite TF-UF vesicles exhibiting good size (167.7 & 90 nm; Zp —8.50 + 0.60 mV) and loading
(10 mg/g), poor mass recovery was obtained (50% loss). MF vesicles had low cytotoxicity, and they were well
enough internalized by both HeLa and human tendon stem/progenitor cells (hTSPCs). Their biological activity
was also monitored in both 2D and 3D cultures of hTSPCs supplemented with therapeutical concentrations of PC/
T3 nano-liposomes. 2D culture showed almost similar constitutive gene expression compared to control culture
supplemented with free-T3. On the contrary, when hTPSCs 3D culture was assembled, it showed a more evident
homogeneous distribution of FITC labeled vesicles within the high-density structure and a significant upregu-
lation of cell constitutive genes, such as type I Collagen (4.8-fold; p < 0.0001) at day 7, compared to the control,
suggesting that T3/PC formulation has increased T3 cytosolic concentration, thus improving cells metabolic
activity. The study supported MF technology for nano-carriers fabrication and opens perspectives on the activity
of PC/T3 nano-vesicles as innovative formulations for TPSCs stimulation in ECM secretion.

Tendon progenitor stem cells

1. Introduction drugs can be captured from the aqueous core, while hydrophobic ones

by the lipid bilayer; this last one can also contain other constituents for

Liposomes are vesicular carriers, consisting of an aqueous core
entrapped by one or more lipid bilayers, which form spontaneously
starting from contact between an organic phase and water one (Chacko
et al., 2020). Specifically, when certain phospholipids are hydrated in
aqueous media generate closed structures, very stable in thermody-
namic terms, which can be functionalized both with hydrophilic and
hydrophobic drugs (Siontorou et al., 2017). These carriers are extremely
biocompatible, being constituted by lipids mimicking the natural
composition of biological membranes (Li et al., 2015). Hydrophilic

improving pharmacokinetic properties, making liposomes extremely
versatile tools (Kashapov et al., 2021); (Arshinova et al., 2012; Samuni
et al., 2000).

Liposomes, according to the number of bilayers, can be classified into
two categories: unilamellar (ULV) and multilamellar vesicles (MLV).
Unilamellar vesicles have a single phospholipid bilayer and can be
classified, depending on size, into large (LUV) and small unilamellar
vesicles (SUV) (Kim and Jeong, 2021). Conversely, multilamellar ones
have two or more concentric bilayers and present larger sizes (Bozzuto
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Fig. 1. Schematic description of different technologies tested.

and Molinari, 2015). Several post-production manipulations are often
required to decrease vesicle sizes, such as extrusion or sonication
because dimension and charge density are the most critical parameters
for cellular uptake (Danaei et al., 2018)(Kohli et al., 2014). Further-
more, vesicle physical stability in suspension is also important to avoid
aggregation processes that would change their particle size distribution
(PSD) (Heurtault, 2003). Neutral liposomes do not interact significantly
with cells owing to negative cellular membrane potential; therefore, the
presence of a suitable electrostatic charge on the surface of vesicles is
important to promote liposome-cell interaction (Liu et al., 2021). For
this reason, cationic Liposomes (CL) seem to be very promising in gene
therapy (Balazs and Godbey, 2011); indeed, they exhibit a high affinity
to cell membranes and can deliver exogenous material intracellularly via

N

fusion with them. The Positive surface charge may not only enhance the
uptake by target cells but also accelerate their plasma clearance after
systemic administration (Immordino et al., 2006) (Gabizon and Papa-
hadjopoulos, 1988).

Drug delivery from liposomes can be due to temperature and/or pH
variation (Zhao et al., 2020). Traditional thermosensitive liposomes are
composed of lipids that underwent a gel-to-liquid phase transition at
several degrees above physiological temperature. More recently,
temperature-sensitization of liposomes has been demonstrated with the
use of phospholipids and synthetic temperature-sensitive polymers.
Polymer-modified liposomes, that achieve temperature response via
temperature-dependent interactions between polymers and the lipid
membrane, have been extensively studied (Ta and Porter, 2013);
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whereas, pH-responsive liposomes can be employed to effect site-
specific drug release. Since some pathological sites have different pH
profiles from that of normal tissues, these pH changes can trigger
changes in the permeability of the liposomal membrane by protonation/
deprotonation of functional groups that induce morphological changes
in the lipid bilayers (Lee and Thompson, 2017).

On the other hand, literature largely describes cellular internaliza-
tion of these vesicles (Andar et al., 2014), showing that liposomes are
predominantly endocytosed through either the clathrin- or caveolin-
mediated endocytosis (Hong et al., 1985; Scherphof and Kamps, 1998;
Straubinger et al., 1983). Therefore, in the case of liposome, it would be
more adequate to indicate the specific drug targeting or delivery and not
a proper drug release, as can be obtained in the case of different nano-
carriers, such as biopolymers ones (Palazzo et al., 2021). Indeed, the
principal use of liposomal carriers is more properly adopted when a
biomolecule should be delivered into a specific cellular structure or
tissue/organ.

Several technologies can be used to fabricate these vesicles from
Thin-Film hydration procedure (Shah et al., 2020) to the recently
described processes based on supercritical fluids (Campardelli et al.,
2016; Espirito Santo et al., 2014, 2015) or microfluidic approaches (Yu
et al., 2009). Furthermore, a huge amount of molecules and drugs with
varying lipophilicity can be encapsulated in the phospholipid bilayer or
the aqueous core as well as at the interface, like antineoplastic (Cosco
et al., 2012; Fresta and Puglisi, 1996), antimicrobial drugs (Siler-mar-
inkovic et al., 1997), steroids (Vermorken et al., 2011), anesthetic
(Cipollaro et al., 2020), vaccines (such as the one largely discussed
against SARS-CoV-2), and other genetic material (Miller, 2003; Simoes
et al., 2005). Drugs entrapped within liposomes are not immediately
bioavailable, and are released by pH or thermal variations as well as
directly delivered following the cellular uptake. In such case, they can be
used to increase the cytosolic concentration of certain drugs, which are
normally poorly taken up into cells.

It is well-known that thyroid hormones (THs), i.e. T3 (triiodothyro-
nine) and T4 (thyroxine), play a key role in the development and
metabolism of many tissues and organs. In particular, the effect of these
hormones is mediated mainly through cytosolic activity of T3, which
regulates gene expression by binding to the TH receptors (TRs)-a and -b.
However, in contrast to progesterone (PR) and glucocorticoid receptors
(GR), unliganded TR localizes primarily to the nucleus and interacts
with nucleosome-embedded DNA. Unliganded, chromatin-bound TR
represses transcription through direct interaction with transcriptional
co-repressors such as SMRT and NCoR. The binding of hormone is
thought to induce a conformational change of TR, causing displacement
of co-repressors and recruitment of co-activators. This relatively simple
bimodal switch results in a transition from gene repression to gene
activation (Grgntved et al., 2015).

Recent studies have highlighted the presence of TRs in tendon tissue,
assuming an involvement of THs in the proliferation and apoptosis of
mature tenocytes. Further studies provided evidence of a significant
association between thyroid hormones and tenocyte ECM proteins
secretion, especially type I collagen (Berardi et al., 2014; Ciardulli et al.,
2022; di Giacomo et al., 2017; Oliva et al., 2013).

Several authors described a successful encapsulation of T3 hormone
within different vesicles to improve its cellular uptake; for instance,
Fountain et al. (1982) reported its entrapment within MLV, composed of
a mixture of Dimyristoylphosphatidylcholine (DMPC): Cholesterol
(Chol): Dicetylphosphate (DCP) in a molar ratio of 7:2:1 and with a
loading around 60% (Fountain et al., 1982). Whereas, Pireddu et al.
(2018) have proposed three different T3 vesicle systems, such as con-
ventional, stealth (PEGylated), and Lactoferrin (Lf)-modified-Stealth li-
posomes, obtained by film hydration method with a loading around
90%. In this sense, the use of liposomal formulation should improve the
T3 delivery and its accumulation within the cells to reach the cellular
nucleus (Pireddu et al., 2018).

Following these indications, PhosphatidylCholine (PC) nano-vesicles
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loaded with Triiodothyronine (T3) were fabricated using three different
technologies, and their size distributions, surface charge, morphology,
and drug loading were compared. Vesicles cytotoxicity and related
cellular uptake were also investigated by MTT assay and confocal mi-
croscopy, respectively, using both HeLa cell line and primary Tendon
Stem/Progenitor Cells (TSPCs). In this last case, tendon surgery explants
were firstly harvested from patients undergoing reconstruction of
anterior cruciate ligaments to achieve in vitro primary cells culture (Bi
et al., 2007; Huang et al., 2021). Uptake and biological activity of PC/
T3-loaded were explored in TPSCs both 2D and 3D culture, by moni-
toring cell constitutive gene expressions such as type I and III Collagen,
Scleraxis-A, Decorin, and Tenascin-C by Real Time-PCR after 7 and 14
days of treatment, respectively.

2. Materials & methods
2.1. PC vesicles preparation

Vesicles were prepared according to the Thin-Film hydration pro-
cedure followed by multiple Ultrasound and Filtration (TF-UF) steps
(Bangham et al., 1965) using phosphatidylcholine and 3,3’,5-Triiodo-L-
thyronine sodium salt (T3) (PC, Cat. No BCBS7601, Sigma Aldrich). A
solution of 10 mg/mL of PC was first dissolved in chloroform to obtain a
thin film, then, hydrated with 10 mL of phosphate-buffered saline (PBS);
at this point, ultrasound cycles (n. 5) by a digital probe (Elmasonic P,
Elma Schmidbauer GmbH, DE) operating at 30% of its amplitude for 30
sec were performed and the suspension was filtered with a 0.22 pm
membrane (see Fig. 1).

Supercritical Assisted Liposome Formation (SC) protocol ensures the
ethanol and water solutions mix by means of supercritical carbon di-
oxide (Ciaglia et al., 2019) (Trucillo et al., 2020). At first, PC (10 mg/
mL) was dissolved into ethanol/carbon dioxide solution at pressure and
temperature conditions of 10 MPa and 38 °C; then, this high-pressure
mixture was added to a reactor where the water phase (ratio 1:3) was
sprayed through a nozzle of 80 ym to continuously improve the two
phases mixing. Ethanol was continuously extracted from water suspen-
sion and recovered in a separator by a depressurization step from 100
bar to 10 bar; whereas water plus vesicles suspension was continuously
collected from the bottom of the high-pressure chamber, at PC concen-
tration of 2 mg/mL (see Fig. 1).

Microfluidic technique (MF) was performed adopting the Nano-
Generator Flex (Precigenome LLC San Jose, CA- USA) by injecting the
lipid mixture (consisting of ethanol and PC at 5 mg/mL) and water
within a Y-shaped microfluidic chip at constant Flow Rate Ratios (FRR)
1:3 (ethanol/water) and adapting the Total Flow Rate (TFR) to obtain a
final PC concentration of 1 mg/mL.

2.2. Vesicle morphology, mean size, and surface charge

Vesicle morphology was observed by field emission-scanning elec-
tron microscopy (FE-SEM, mod. LEO 1525, Carl Zeiss SMT AG, Ober-
kochen, Germany). Several droplets were placed on a double-sided
adhesive carbon tape previously stuck to an aluminum stub and dried by
a critical point drier (mod. K850, Quorum Technologies Ltd, East Sussex,
United Kingdom); then, coated with a thin gold film (layer thickness 250
A) using a sputter coater (mod.108 A, Agar Scientific, Stansted, United
Kingdom).

10 pl of each liposome suspension was applied onto the formvar/
carbon 200 mesh copper grid (Ted Pella, USA Cat. No. 01800-F) and
dried for several hours before imaging. Transmission electron micro-
scope (TEM) micrographs in bright-field modes were taken by FEI
TECNAI G2 200 kV S-TWIN microscope equipped with a 4 K camera
(electron source with LaBg emitter; FEI Company, Dawson Creek Drive,
Hillsboro, OR, USA). Bright-field (BF) TEM images were acquired at 120
kV using a spot size equal to 3, integration time 1 s.

Vesicle sizes, distributions, and Zeta potential were measured by the
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dynamic light scattering (DLS) technique, using Nano ZS Malvern Zeta
Sizer (model 1000HSa, UK) at 25 °C, equipped with a He-Ne laser of 633
nm and a detector angle of 173C. Three independent measurements
were performed for each sample just after preparation.

2.3. Loading and analytical methods for T3

3,3',5-Triiodo-L-thyronine sodium salt (T3) (Cat. No BCBS7601,
Sigma Aldrich) was analyzed with a Waters 1525 Model Binary HPLC
chromatographic system equipped with a multiple wavelength fluores-
cence detector (Model 2475) and a refrigerated autosampler (Model
2707). Mobile phases, composed of 0.1 % trifluoroacetic acid (A) and
80% acetonitrile (B), were used for chromatographic separation; both
solvents were HPLC grade, and the mobile phases were degassed in an
ultrasonic bath sonicator (Elma, CT, USA) for 20 min prior to use. Total
flow rate was set at 1.0 mL/min and a gradient elution was used as
follows: 25% of solvent B for 1 min, followed by a linear gradient from
25 % to 85 % of solvent B over 3 min, a 1-minute step at 85% of solvent B
and a final equilibration step at 25% B hold for 1.5 min. An XBridge
column (XBridge C;g. 4.6 x 50 mm, 3.5 pm, Waters) was used for
resolving analytical peaks. The autosampler temperature was main-
tained at 4 °C during analysis. The injection volume was 20 pl. Samples
were detected at a wavelength of 225 nm. To build a calibration curve,
pure T3 was dissolved in 1 M Ethanol/HCI at a 4:1 ratio, and added to a
blank phospholipid matrix, previously dissolved in chloroform. Six
concentration points (0, 0.5, 2.5, 5, 10, 20 ug/ml) were used, and a
linear regression with a R? of 0.997 was obtained. Chromatographic
data were analyzed with Breeze 2 software® (Waters).

Loading was calculated by analyzing the T3 content in the dried
pellet previously weighted. Dried pellet was obtained by ultracentrifu-
gation at 30,000 rpm for 4 h, followed by a speed vacuum drying. The
drug loading was calculated following the Eq. (1):

AmountofT3detected(ug)

1
Weightofsample(g) M

Loading =

Encapsulation efficiency (EE, %) was calculated using the Eq. (2):

AmountofT3detected

EE (%) =
(%) AmountofT3loaded

x 100 2

2.4. Dilution integrity test

T3 stock solution was added to the extracted matrix to obtain a
concentration equal to three times the highest point of the calibration
curve and then diluted with other blank matrices at concentrations of 1/
3, 1/5 and1/10 of the initial sample. Samples obtained with this pro-
cedure were extracted and analyzed according to the methodology
described above. Precision and accuracy integrity of the QC dilution
resulted within the limit of + 15% of the nominal concentration for all
analyzed points.

2.5. Analysis of solvents residual using GC/FID with headspace

Ethanol residue in the vesicles suspensions was analyzed to monitor
the efficiency in ethanol removal, following the dialysis process (in the
case of MF technology) or by dense gases (in the case of SC one). In more
detail, the solvent residue was measured using a headspace sampler
(mod. 7694E; Agilent Technologies Inc, Wilmington, Delaware) coupled
to a Gas Chromatograph interfaced with a Flame Ionization Detector
(GC-FID; mod. 6890 Agilent Series; Agilent Technologies Inc., Wil-
mington, Delaware). Ethanol was separated using a fused-silica Rtx®-
Volatiles (proprietary Crossbond® diphenyl/dimethyl polysiloxane
phase) capillary column of 30 m length, 0.53 mm internal diameter, 2
um film thickness (mod. 10,902 Restek Corp., Bellefonte, PA). GC oven
was programmed with an initial temperature of 40 °C for 5 min and then
ramped at a temperature gradient of 7 °C/min to 150 °C. The helium was
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used as the carrier gas and its flow rate was set to 1 mL/min and each
sample was injected into the column using the split mode (ratio 4:1)
with the injection port temperature set at 200 °C. Specific headspace
conditions were: equilibration time 25 min at 100 °C, pressurization
time 2 min, and loop fill time 1 min. Headspace samples were prepared
in 22 mL vials filled with 4 mL of suspension. Analyses were performed
on each sample in three replicates.

2.6. Human Tendon Stem/Progenitor cells extraction and harvesting

The primary cell population included in the study was extracted from
surgical samples obtained from patients recruited for the reconstruction
of anterior cruciate ligaments. Samples were collected according to the
guidelines of the Declaration of Helsinki approved by the Institutional
Review of San Giovanni di Dio e Ruggi D’Aragona Hospital (Salerno,
Italy). Review Board (prot./SCCE n. 151 achieved on 29 October 2020).

Tendon samples were washed with sterile PBS supplemented with
1% Penicillin/Streptomycin (Corning, Manassas, VA, United States) and
1% Amphotericin B (Corning, Manassas, VA, United States) and cut into
small pieces to be digested with Trypsin-EDTA solution (Corning,
Manassas, VA, United States) for 30 min at 37 °C. Further details are
reported elsewhere (Ciardulli et al., 2022). Culture medium consisted of
Dulbecco’s modified Eagle’s medium (D-MEM, Sigma-Aldrich, St. Louis,
MO, USA) containing 10% fetal bovine serum and 1% penicillin/strep-
tomycin solution. Two different explants were cultured and three sub-
cultures for each explant were used for the experiments at passage 3.

2.7. Cytotoxicity studies

HeLa cell line was seeded in 96-well plates at a density of 60,000
cells/em? and cultured in DMEM (Gibco™, Walthan, Massachusetts,
USA), supplemented with 10% FBS (Corning Cellgro, Manassas, VA,
USA), 1% GlutagroTM (Corning Cellgro, Manassas, VA, USA) and 1%
Penicillin/Streptomycin solution (Corning Cellgro, Manassas, VA, USA).
Primary TSPCs were seeded in 96-well plates at a density of 3,000 cells/
cm? and cultured in o-MEM (Corning, NY, USA) supplemented with 10%
FBS (Corning Cellgro, Manassas, VA, USA), 1% Glutagro™ (Corning
Cellgro, Manassas, VA, USA) and 1% Penicillin/Streptomycin solution
(Corning Cellgro, Manassas, VA, USA). Cells were left to adhere for 24 h
in an incubator with a humidified atmosphere, containing 5% CO2 and
95% air, and then treated with decreasing concentrations (0.1 mg/mL,
0.05 mg/mL and 0.001 mg/mL) of PC empty nano-vesicles obtained
with both TF-UF and MF. After 24 h and 72 h, cells metabolic activity
was analyzed using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay. MTT was added (0.5 mg/mL) to each
well and incubated at 37 °C for additional 4 h. Supernatants were
completely removed, and formazan products were dissolved in 100 pl of
dimethyl sulfoxide (DMSO). Absorbance was determined at 570 nm
using a microplate reader (Infinite F200 PRO, Tecan Group Ltd., SW). All
assays were performed in triplicate, each one on a single subject (N = 3).
Cells metabolic activity was calculated as a percentage with respect to
the control group (considered as 100%), according to Eq. (3):

Abs of sample — Abs of blank

Cells metabolic activity (%) = Abs of control — Abs of blank x 100 3

2.8. Cellular uptake by immunofluorescence assay in 2D and 3D culture

PC/FITC loaded vesicles were prepared and used to monitor carriers’
cellular uptake (both HeLa and TSPCs) using immunofluorescence (IF)
imaging in 2D and 3D culture.

Regarding 2D culture, HeLa cell line and primary hTSPCs were
seeded in 12-well plates at a density of 4,000 cells/cm? and cultured,
respectively, in DMEM (Gibco™, Walthan, Massachusetts, USA) and
a-MEM (Corning, NY, USA), both supplemented with 10% FBS (Corning
Cellgro, Manassas, VA, USA), 1% GlutagroTM (Corning Cellgro,
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Table 1
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Mean Sizes, standard deviation, Zeta potential, and drug loading (T3 or FITC) of PC nano-vesicles obtained by Microfluidic (MF), Thin Film Hydration plus ultra-
sonication/filtration (TF-UF) and Supercritical Liposome Formation Technique (SC). Values are reported as means + standard deviation (SD) (n = 3).

Supercritical Liposome Formation Technique (SC)

Composition O/W ratio P/T Mean Diameter Zeta potential (mV) Loading (mg/gp) EE% Ethanol Residue
MPa/°C (nm) (%%) (ppm)

PC 1:3 150/38 °C 179.9 + 95 —4.18 - 580

PC/T3 1:3 150/38 °C 234 + 143 — 6.50 1 10 890

PC/FITC 1:3 150/38 °C 285 + 111 - 7.22 8 90 800

Thin Film Hydration plus ultrasonication/filtration (TF-UF)

Composition Sonication Filter mesh Mean Diameter Zeta potential (mV) Loading (mg/g) EE% Ethanol Residue

sec pm (nm) (%%) (ppm)

PC 120s 0.22 179.9 + 95 —4.18 +£1.23 - -

PC/T3 120's 0.22 167.7 + 90 — 8.50 +£ 0.60 10 58 -

PC/FITC 120s 0.22 183.7 + 96 — 8.42 + 0.88 5 80 -

Microfluidic (MF)

Composition m)O/W ratio TFR Mean Diameter (nm) ZetaP (mV) Loading (mg/g) EE% Ethanol Residue
mL/min (%%) (ppm)

PC 1:3 6 55.35 + 31 —21.5+5.91 - 1400

PC/T3 1:3 6 102.9 + 48 —21.0 + 6.69 11 58 1510

PC/FITC 1:3 6 50.02 £ 25 —21.6 £7.32 5 70 1390

PC 1:3 8 44.64 + 23 —14.0 + 5.88 - 1490

PC/T3 1:3 8 88.61 + 44 —20.1 +5.90 10 57 1600

PC/FITC 1:3 8 41.03 + 24 -23.8 +£7.04 5 65 1389

Manassas, VA, USA) and 1% Penicillin/Streptomycin solution (Corning
Cellgro, Manassas, VA, USA). Cells were left to adhere for 24 h in an
incubator with a humidified atmosphere, containing 5% CO, and 95%
air, and then treated with MF vesicles at 0.1 mg/mL (HeLa) and 0.001
mg/mL (hTSPCs). After the incubation time (24 h for HeLa and 72 h for
hTSPCs), cells were fixed with 3.7% formaldehyde for 30 min at room
temperature (RT) followed by permeabilization with 0.1% Triton X-100
for 5 min and blocking with 1% BSA for 1 h. For p-actin staining, cells
were incubated for 1 h at RT with a mouse monoclonal anti-p actin
antibody (1:100, Cell Signaling Technology, Danvers, Massachusetts,
USA). Following incubation with the primary antibody, cells were
incubated for 1 h at RT with the Alexa Fluor™ plus 594 goat anti-mouse
IgG (1:500; Thermo Fisher Scientific, Waltham, MA, USA) antibody. Cell
nuclei were stained with DAPI solution (1:1000) for 5 min. All images
were acquired at 20x magnification with identical settings of light,
exposure time, and gain using a fluorescence microscope (Eclipse Ti
Nikon Corporation, Tokyo, Japan) (Pireddu et al., 2018).

Concerning 3D culture, high-density cultures were obtained using 96
wells ultra-low attachment microplates (Corning, Manassas, VA, United
States). Briefly, hTSPCs were resuspended at a density of 500.000 cells/
ml. 100 pl of cell suspension were dispensed in each well and, after 5
days, the resulting cellular aggregates were treated with MF vesicles at
0.001 mg/mL for 7 days. After the incubation time, cells were fixed with
3.7% formaldehyde overnight at 4 °C using a tubes rotator (LLG-Lab-
ware, Meckenheim, Germany) followed by permeabilization with 0.5%
Triton X-100 (30 min at RT on rotator) and blocking with 2% BSA plus
0.1% Triton X-100 (1 h at RT on rotator). For type I Collagen staining,
cells were incubated with a mouse monoclonal anti-type I Collagen
antibody (1:100; Sigma Aldrich, St. Louis, MO, USA) overnight at 4 °C
on rotator. Following incubation with the primary antibody, cells were
incubated for 3 h at RT on rotator with the Alexa Fluor™ plus 594 goat
anti-mouse IgG (1:500; Thermo Fisher Scientific, Waltham, MA, USA)
antibody. Cell nuclei were stained with DAPI solution (1:1000) for 20
min on rotator. All images were acquired at 20x magnification with
identical settings of light, exposure time, and gain using Leica laser-
scanning confocal microscope (mod. TCS SP5; Leica Microsystems,
Wetzlar DE).

3D systems morphology was monitored on brightfield images with

the ImageJ software (rel.1.52p National Institutes of Health, USA). The
diameter, area (A) and perimeter (p) were measured, and circularity was
calculated using the equation (4):
47A
F circularity = Lz (€))
14
For the evaluation of Feret’s diameter and circularity, the average

value of three 3D-systems (n = 3), were considered (De Moor et al.,
2020).

2.9. Brightfield images

Brightfield images were captured at different time points at 5x
magnification using a Leica DMIL LED microscope and acquired by Leica
DFC425 C Camera.

2.10. Biological activity by gene expression in 2D and 3D culture

RNA was extracted from both 2D and 3D culture of h'TPSCs using the
RNeasy Mini Kit (Qiagen, DE). 1 pg of total RNA for each sample was
retro-transcripted with the iScriptTM cDNA synthesis kit (Bio-Rad, Milan,
IT). Relative gene expression analysis was performed in a LightCycler®
480 Instrument (Roche, IT), using the SsoAdvanced™ Universal SYBR®
Green Supermix (Bio-Rad) and the validated primers for SCX-A,
COL1A1, COL3A1, DCN and TNC (Bio-Rad), according to MIQE guide-
lines (Bustin et al., 2009). Triplicate experiments were performed for
each condition studied and data normalized to GAPDH expression. The
geNorm method (Hellemans et al., 2007) was applied to calculate
reference gene stability between the different conditions (calculated
with CFX Manager software; M < 0.5). Fold changes were determined
using the 2"22Ct method and presented as relative levels over TO (2D or
3D culture) = 1.

2.11. Statistical analysis
Statistical analysis was performed using GraphPad Prism software

(v6.0 for Windows, LLC, San Diego, California, United States). Data
obtained from multiple experiments (n = 3) were calculated as mean+/-
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Fig. 2. Field-Emission Scanning Electron Microscopy micrographs of PC vesicles obtained by different technologies. SC fabricated vesicles showed the largest
size with a well-shaped structure, even if aggregates were observed due to the preparation methods. Well-shaped spherical vesicles were obtained by TF-UF method.
The smallest vesicles appeared to be the ones prepared using MF technology even if they partially collapsed during the freeze-drying preparative protocol and huge

aggregated were observed.

SD and analyzed for statistical significance using a nonparametric one-
way ANOVA test, for independent groups. Differences were considered
statistically significant when p < 0.05.

3. Results and discussion
3.1. Nano-vesicle fabrication and characterization

In order to explore different technologies for nano-vesicle fabrica-
tion, a relatively simple composition of the lipid phase was adopted
selecting only one phospholipid, i.e., phosphatidylcholine (PC), that was
also previously investigated for the fabrication of nano-vesicles used for
cellular uptake (Ciaglia et al 2019). Furthermore, because the T3 hor-
mone has a well-known activity after its internalization, it seemed also a

good drug candidate to encapsulate within vesicles for exploring their
biological activity. T3 has a key role in the metabolism of several organs
and tissues, regulating cell morphology, differentiation, and prolifera-
tion. Moreover, its specific effects on tendon proteins ECM synthesis and
organization have been already described (Berardi et al., 2014; Oliva
et al., 2019).

So, PC, PC/T3, and PC/FITC loaded vesicles were prepared adopting
three different manufacturing methods and the resulting carriers were
compared for size, Zeta potential (Zp), ethanol residue (if applicable),
and loading, as summarized in Table 1.

TF-UF was preliminary explored because is the most widely
described in the literature (see Fig. 1). Resulting vesicles showed a well-
defined spherical shape with mean sizes ranging between 167 + 90 nm
(empty) and 183 + 96 nm (T3 loaded) and Zp values between —4 and



E.P. Lamparelli et al.

International Journal of Pharmaceutics 624 (2022) 122007

Supercritical Technology

=
= e
2 *
-
= [ PO
) & - a
Y
¥
° b
i g
S| e » ¢ -
> &
em -
g
= ® -,
o
'E _‘=_ .. —is0m |
: 50 nm
=
L ] £ 3
AL T
=
) L ]
é o s . .
S o 4
= S ; .
02 “".’ £l
.= -
: .
s . 4
S < »
= ® :
> L s ©
T S T

Fig. 3. TEM bright-field micrographs of PC vesicles obtained by different technologies. The magnification scale is shown at the bottom of each micrograph.

—8 mV. T3 loading was 10 mg/g due to an encapsulation efficiency of
about 60%. Despite the good vesicle sizes and loading, this protocol had
several drawbacks such as the film hydration and the ultra-sonication
step, which can cause both drug degradation and low overall yield
(Meure et al., 2008). Indeed, in our case, a mean value of 50% w/w of
mass loss was observed.

SC technology or dense gas-based processes were largely described to
fabricate lipid nanoparticles (Campardelli et al., 2013, 2016; Espirito

Santo et al., 2014, 2015); these processes were also reported to assure an
extremely narrow particle size distribution coupled with a low solvent
residue (Campardelli et al., 2012; Della Porta et al., 2013) and a
continuous workflow processing (Della Porta et al., 2011). Pressure and
temperature operative condition were already optimized (Ciaglia et al
2019) and largely documented in the literature. In such case, PC/T3 and
PC-empty vesicles with a mean size of 285 + 111 and 179 + 90 nm,
were obtained, respectively; Zp values ranged between —4 and —7 mV.
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Fig. 4. Size distributions and zeta potential of PC vesicles obtained by different technologies. Comparison between empty PC vesicles (a), T3-loaded PC
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The smallest mean size with the narrowest distribution was obtained using MF technology at the conditions explored. SC fabricated vesicles were not further
considered because of the extremely poor loading of T3, probably due to a drug extraction by the ethanol/supercritical carbon dioxide mixture.
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Fig. 5. Cytotoxicity study. Cells metabolic activity was measured by MTT assay on HeLa (a) and TSPCs (b) treated with decreasing concentration of PC empty nano-
vesicles obtained with both Thin Film Hydration coupled to ultrasonication/filtration (TF-UF) and Microfluidic (MF) (N = 3).

Despite the good vesicle shape and distribution, in the case of T3
encapsulation, the efficiency was extremely poor (<10%). This low
performance can sometimes occur and it was also already described
when the biomolecule, which has to be loaded into a specific nanocarrier
(in our case T3), is particularly soluble in dense carbon dioxide or in the
dense mixture of solvent/ carbon dioxide that is formed along the pro-
cess evolution. In these unlucky conditions the encapsulation efficiency
is often poor or extremely low due to a huge drug loss in the downstream
current continuously flowing out of the reactor (see Fig. 1). This draw-
back, in our case, can be probably due because T3 is slightly hydro-
phobic molecules that was added to a mixture of ethanol and carbon
dioxide obtaining a complex vapor-liquid mixture behavior, that may
promote the drug extraction from the overall mixtures such as water/
ethanol/CO2 rather than its precipitation/collection in the polymer or

vesicles within the water phase (Falco et al., 2013; Gimenez-Rota et al.,
2019). In these adverse cases, the vapor-liquid equilibrium (VLE) of the
complex mixture (formed by the organic solvent, water, dense carbon
dioxide, and solutes) at given pressure and temperature conditions are
often unknown, and, therefore, the system is quite difficult to be
managed. It is also possible to find out a specific pressure/temperature
condition in which the solutes are not extracted, however, due to the
thermal potential degradation of the drug, not all the temperatures can
be explored and used. Often, an empirical approach is adopted and it can
include the performing of several runs at different solute compositions
and pressure/temperature conditions but in our particular case, the
temperature values that can be explored must be lower than 38 °C to
avoid nano-vesicles aggregations. Taking into account these particularly
adverse conditions the SC technology was not further explored.
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Fig. 6. Vesicles internalization in HeLa cell line. Confocal microscope images of HeLa cell line incubated with a media having MF vesicles at concentration of 0.1
mg/mlL, that was measured to be the highest vesicles concentration that not properly affected cells viability. HeLa cytoplasm was highlighted monitoring the p-actin
(red) and the vesicles internalization events (green) were observed just after 24 h. DAPI was used to counterstain cells nuclei (blue). Scale bar = 50 pm.

MF protocol requires ethanol and water solutions mixed by means of
the microfluidic circuit. T3 and PC were dissolved into ethanol and then
mixed into the water phase (ratio 1:3); a total flow rate of 6 or 8 mL/min
was explored. The Y-shaped microcircuit selected had a length of 20 mm
and an internal diameter of 0.6 mm (see Fig. 1). Dialysis step for ethanol
and not-encapsulated T3 elimination was adopted, without further post-
processing steps (Dikpati et al., 2020). Vesicles with a mean size ranging
from 55.35 + 31 (empty) and 102.9 + 48 nm (T3 loaded) and Zp values
between —20 and —21 mV were obtained. A T3 loading of 10 mg/g was
obtained with a good encapsulation efficiency of almost 60%.

FE-SEM images of all nano-vesicles obtained are also reported in
Fig. 2. Well-shaped spherical systems were observed for all the tech-
nologies explored, even if a smooth surface was observed for the ones
obtained by TF-UF, whereas, irregular surfaces were identified for SC-
vesicles. This is probably due to a pressure gap they had during the re-
covery step from the high-pressure reactor to the separator, working at
atmospheric pressure (Espirito Santo et al., 2014, 2015). MF fabricated
nano-vesicles were the smallest and, therefore, large aggregates were
observed, probably formed during the drying step on the microscope
stub. To better characterize the size and morphology of different
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liposomes, TEM analysis was also performed as it can directly display
single liposomes of the suspension and even their architecture, without
promoting aggregation processes during samples preparation. Findings
are shown in Fig. 3 and are congruent to DLS data, confirming that after
the microfluidic process the smallest and most homogeneous liposomes
were obtained, with a SUV structure.

Ethanol residue was also monitored when present (see Table 1); the
higher solvent retention was observed in the vesicles suspension fabri-
cated by MF technology and the maximum value measured was 1500
ppm, after the dialysis step; SC technology is well-known to provide
extremely low solvent residue (Espirito Santo et al., 2014, 2015) and
also in this case values between 800 and 600 ppm were measured.
Despite this nice outcome, due to extremely poor drug loading, this
technology was not further considered in the present work.

Vesicle size distributions and zeta potential obtained by TF-UF and
MF were compared in Fig. 4. Images show that MF technology allowed
the fabrication of the narrowest distribution, the smallest vesicles. When
T3 was successfully loaded in vesicles fabricated (with both technolo-
gies), the vesicles mean size increased, probably due to the physical
volume required for T3 hosting within the structure.
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Fig. 7. Vesicles internalization in 2D TSPCs culture and gene expression profile. Brightfield (a) and immunofluorescence (b) microscope images of TPSCs
primary cell line incubated with MF vesicles at concentration of 0.001 mg/mL. The cytoplasm was highlighted monitoring the p-actin (red) and internalization
events (green) were observed again after 72 h. Gene expression profiles (¢) for tenogenic markers (Scleraxis, SCX-A; type III Collagen, COL3A1; Decorin, DCN;
Tenascin, TNC) of Tendon Stem/Progenitor cells (TSPCs) cultured up to 14 days in a medium supplemented with vesicles fabricated by Microfluidic (MF) is also
reported. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 (N = 3). Scale bar: 20 pm for brightfield and 200 pm for immunofluorescence images.
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Fig. 8. TSPCs culture, gene expression profile, and PC/FITC vesicles internalization. Brightfield images of 2D and 3D TPSCs culture, just after high-density
culture formation (a). Gene expression profiles for tenogenic markers (Scleraxis, SCX-A; type I and type III Collagen, COL1A1 and COL3A1; Decorin, DCN; Tenas-
cin, TNC) of Tendon Stem/Progenitor cells (TSPCs) cultured in 3D (b). Immunofluorescence images of 3D TPSCs culture after incubation for 7 days with PC/FITC
vesicles at concentration of 0.001 mg/mL; soluble and free FITC was used as control. The cytoplasm was highlighted monitoring type I Collagen (red) and inter-
nalization events (green) were observed after 7 days (c). * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 (n = 3). Scale bar: 20 pm for brightfield and 100

pm for immunofluorescence images.

Despite similar loading and good sizes in both technologies explored,
the microfluidic one seemed to provide a faster and easier fabrication
protocol coupled with better control of vesicles size distribution and
excellent batch-to-batch reproducibility. Furthermore, for the specific
application studied, smaller vesicles with narrower size distribution
seemed to be more suitable because those parameters strongly affect the
cellular uptake mechanism (Andar et al., 2014; Sercombe et al., 2015).
Z-potential analysis showed that MF vesicles had also the greatest pos-
itive surface charge (Zp of —20.1 + 5.90), suggesting that these vesicles
had an excellent repulsion force that will prevent their aggregation
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process and improve their shelf-life. Additionally, this Zp value was
indicated as the best for the mechanism of cellular internalization
(Honary and Zahir, 2013). Finally, the ethanol residue was successfully
reduced by dialysis step to about 1300-1400 ppm; these values seemed
suitable for further investigations reported below.

3.2. Cytotoxicity studies

In vitro toxicity of TF-UF and MF vesicles formulations was per-
formed to identify eventual harmful concentrations before the
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internalization study. Two different cell types, the HeLa cell line and
human primary Tendon Progenitor Stem Cells (hTPSCs), isolated by
human explants, were used and underwent the MTT assay. Taking into
account that cytotoxicity effects strongly depend on different parame-
ters, such as phospholipids and their concentration as well as
manufacturing process (Kirchner et al., 2005), a decreasing concentra-
tion of PC (0.1 mg/mL, 0.05 mg/mL, 0.001 mg/mL) of both TF-UF and
MF nano-vesicles was used, and cells metabolic activity was monitored
after 24 h and 72 h (see Fig. 5a-b). Supplementing vesicle concentrations
equal to or lower than 0.1 mg/mlL, both cell types maintained their
metabolic activity, reaching 80-100% after 24 h and 72 hr in the case of
TPSCs treated with both TF-UF and MF vesicles. Data indicated that at
these concentrations cell viability was excellent. However, it was even
better in hTPSCs when both TF-UF and MF vesicles were supplemented
at a concentration of 0.01 mg/mL (Fig. 5b).

This information is particularly important because we have to
consider that the therapeutic concentration of supplemented vesicles,
able to ensure the biological effect of T3 on the cells, could be near the
lowest one tested, as previously optimized (Berardi et al., 2014).

Following all these data, and despite liposome formulations may be
prepared by adopting other technologies, the MF method was particu-
larly suitable in our specific case because it seemed faster and more
reproducible than the TF-UF, which instead required several post-
processing steps. Consequently, MF fabricated vesicles were selected
for cellular uptake studies.

3.3. Cellular uptake observations and biological activity

Cellular internalization studies were performed using PC/FITC ves-
icles fabricated by MF technology and adopting different concentra-
tions. Preliminary data using PC/FITC vesicles were acquired on a HeLa
cell line incubated with a media having a vesicle concentration of 0.1
mg/mL. Internalization events after 24 h were observed by confocal
microscope as reported in Fig. 6. Vesicles were grouped within the
cytoplasm and in the surrounding cell nuclei; furthermore, cells always
appeared healthy, maintaining their typical morphology.

In the case of TPSCs primary cells, that showed a fibroblast-like
elongated shape (Fig. 7a), 0.001 mg/mL of PC/FITC vesicles was
adopted to monitor the internalization, referring to this concentration as
the one expected for the T3 loaded in vesicles able to show a biological
effect, as previously described and optimized by Berardi and co-workers
(Berardi et al., 2014). In this last case, even if extremely diluted, the
vesicles were again successfully observed in cell cytoplasm after 24 h of
supplementation. However, their fluorescent signal was less evident
because of the lower concentration used, as indicated in Fig. 7b (see
arrowheads).

Finally, TSPCs cultures were supplemented with PC/T3 nano-
vesicles; free T3 hormone was used for control purposes at a concen-
tration of 10°® M, described as the best to promote tenogenic genes
overexpression, such as type III Collagen, Decorin, and Tenascin-C
(Berardi et al., 2014; Ciardulli et al., 2022). The transcription factor
Scleraxis-A was also assayed. The overall gene expression was monitored
by q-RT-PCR and reported in Fig. 7c, in the case of 2D culture. In such a
case, better overexpression was observed in the control group treated
with free soluble T3, for almost all the genes monitored, except in the
case of DCN (0.6-fold; p < 0.05) at day 3. Upregulation of the tran-
scription factor SCX-A (1.5-fold; p < 0.0001) after 24 h was also evident
and statistically significant, even if lower than hTSPCs treated with free
T3. The statistically significant downregulation of type III Collagen
appeared as a good result because this type of collagen is often over-
expressed by impaired metabolism in pathological cells (Ciardulli et al.,
2022). 3D culture was assembled (Fig. 8a) and used to to better check
T3/PC vesicle biological behavior; indeed, in such type of 3D cells or-
ganization, hTSPCs overexpressed better their constitutive genes (see
Fig. 8b); therefore, it seemed a more proper in vitro model for PC/T3
vesicles activity investigation. Furthermore, when FITC-loaded PC
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Fig. 9. Characterization of 3D TPSCs culture treated with MF vesicles and
gene expression profile. Brightfield images of 3D TPSCs culture treated with
free-T3 and MF vesicles at concentration of 0.001 mg/mL for 7 days; relative
Feret’s diameter and circularity are reported in the Table (a). Gene expression
profiles for tenogenic markers (Scleraxis, SCX-A; type III Collagen, COL3A1;
Decorin, DCN; Tenascin, TNC) of Tendon Stem/Progenitor cells (TSPCs)
cultured in 3D (b). * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001
(n = 3). Scale bar: 200 pm.

nanosomes were supplemented to the 3D culture at the same concen-
tration of 0.001 mg/mL, the vesicles retained by the 3D system seemed
more abundant, as can be observed in Fig. 8c, where large green areas
are evident into the 3D system, compared to control system supple-
mented with free soluble FITC fluorochrome. When 3D TPSCs culture
was supplemented with PC/T3 vesicles, a better spheroids circularity
and larger diameter were observed (see Fig. 9a and associated Table),
coupled to a significant gene over-expression, especially for COLIAI
(4.8-fold; p < 0.0001) at day 7 (Fig. 9b), suggesting a healthier cell
culture. The data suggested that T3 maintained its biological activity
when entrapped into liposomal formulation; furthermore, PC/T3
formulation increased T3 cytosolic concentration and improved hTPSCs
metabolic activity.

4. Conclusions

The manuscript reports the fabrication of phosphatidylcholine
nanovesicles successfully loaded with T3 hormone using different
technologies, such as thin-layer hydration coupled to sonication (TF-
UF), supercritical assisted liposome formation (SC), and microfluidic
technology (MF). Among them, the microfluidic technology seemed
faster, more reproducible, and easier than the conventional thin layer
hydration. Vesicles obtained with microfluidic technology were the best
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taking into account their small size and narrow distribution, optimal Zp,
and drug loading, with also good ethanol residue. SC technology did not
provide successful drug loading under explored conditions. Vesicle
cytotoxicity and cellular uptake studies suggested an extremely good
carrier behavior that also maintained the T3 biological activity on
Tendon Stem Progenitor Cells (TPSCs) extracted from human surgery
explants. TPSCs 3D culture overexpressed almost all constituent tendon
genes also with loaded vesicles supplementation. The study opens
perspective for the use of these nano-carriers on in vivo models to further
explore their versatility in preserving and/or carrying a drug into spe-
cific cells or tissues.
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