\E,F“" European Journal of Histochemistry 2023; volume 67:3596

An ex vivo experimental system to track fluorescent nanoparticles inside skeletal
muscle
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The development of novel nanoconstructs for biomedical applications requires the assessment of their biodis-
tribution, metabolism and clearance in single cells, organs and entire organisms in a living environment. To
reduce the number of in vivo experiments performed and to refine the methods used, in accordance with the
3Rs principle, this work proposes an ex vivo experimental system to monitor, using fluorescence microscopy,
the distribution of nanoparticles in explanted murine skeletal muscle maintained in a bioreactor that can pre-
serve the structural and functional features of the organ for long periods of time. Fluorescently-labelled lipo-
somes and poly(lactide-co-glycolide) (PLGA)-based nanoparticles were injected into the intact soleus muscle
(in the distal region close to the tendon) immediately after explants, and their distribution was analysed at
increasing incubation times in cross cryosections from the proximal region of the belly. Both nanocarriers were
clearly recognized in the muscle and were found to enter and migrate inside the myofibres, whereas their migra-
tion in the connective tissue seemed to be limited. In addition, some fluorescence signals were observed inside
the macrophages, demonstrating the physiological clearance of the nanocarriers that did not enter the myofi-
bres. Our ex vivo system therefore provides more information than previous in vitro experiments on cultured
muscle cells, highlighting the need for the appropriate functionalization of nanocarriers if myofibre targeting is
to be improved.
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Introduction

The development of novel nanoconstructs that are intended for
biomedical applications requires initial physico-chemical and
pharmacological characterization. In order to assess their biodistri-
bution, clearance and relationships with cell and tissue con-
stituents, the nanoconstructs must then be administered in a living
environment to single cells, organs or entire organisms. While no
ethical issue exists in the use of cultured cells, especially when
established cell lines are used, tests on organs and organisms imply
the use of laboratory animals, which entails significant ethical con-
cerns. In accordance with the principles of the 3Rs (Replacement,
Reduction and Refinement),' the nanomedicine field has invested
a great deal of effort in replacing in vivo experiments with in vitro
systems where possible (recent review in?), thus reducing the num-
ber of animals needed to obtain the relevant information. However,
while currently available in vitro systems, including microfluidic
technology,** have proven to be reliable for basic and early-phase
applied research, they are still unable to reproduce the structural
and functional complexity of the living milieu.

A relatively easy compromise between in vivo and in vitro sys-
tems can be found in ex vivo models; surgical and bioptic explants
from humans and animals, as well as from biological material that
is discarded from control animals in any experimental protocol,
may be used for scientific aims, drastically reducing the need for
specific in vivo tests. Although the structural and functional preser-
vation of explanted organs and tissues in culture is obviously lim-
ited, bioreactors can provide fluid dynamics that mimic physiolog-
ical conditions, leading to significant advancements in the reliabil-
ity of ex vivo models, even for long-term studies.>”

Our research group has long studied the suitability of different
types of nanovectors for the delivery of therapeutic agents to mus-
cle cells with the aim of treating still incurable muscular disorders
(e.g., myotonic dystrophy, age-related atrophy), and cultured mus-
cle cells have always been used to assess the uptake, biocompati-
bility and efficacy of the nanoparticles (NPs) used.!*!> However,
skeletal muscle is a composite organ made up of muscle cells, but
also of connective tissue, blood vessels and nerves, meaning that
the NPs intended for intramuscular delivery are required to move
though this complex environment before finally entering the
myofibres. We have therefore set up an ex vivo experimental sys-
tem to monitor the biodistribution of fluorescently-labelled lipid
and polymeric NPs injected into explanted murine skeletal muscle
that was maintained in a bioreactor under dynamic conditions.

Materials and Methods

NP preparation and characterisation

Fluorescently labelled liposomes were prepared by the thin
lipid film hydration and extrusion method, as previously
described.!® Briefly, a lipid film composed of 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine, cholesterol and L-o phosphatidyl-DL-
glycerol sodium salt (Merck, Darmstadt, Germany), in a 70:30:3
molar ratio, was hydrated with a 10 mM solution of fluorescein-5-
(and-6)-sulfonic acid trisodium salt (Invitrogen, Life
Technologies, Carlsbad, CA, USA) in HEPES (4-[2-hydroxyethyl]
piperazine-1-ethanesulforic acid) buffer (pH 7.4), and the suspen-
sion was extruded (Extruder, Lipex, Northern Lipids Inc.,
Vancouver, Canada) at 60°C, by passing the suspension ten times
through 400 and 200 nm polycarbonate membranes (Costar,
Corning Inc., Corning, NY, USA) under nitrogen. Liposomes were
purified through chromatography on Sepharose CL-4B columns,
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eluting with HEPES buffer. Fluorescently labelled poly(lactide-co-
glycolide) (PLGA) NPs were prepared using the nanoprecipitation
technique.'® Briefly, 6 mg of PLGA 75:25 (Resomer® RG 752H,
Merck) and 8.4 ug of Nile red (9-diethylamino-5H-benzo[a]phe-
noxazine-5-one, Merck) were co-dissolved in 1 mL of acetone.
This organic solution was then poured into 2 mL of MilliQ® water
under magnetic stirring. Particle precipitation occurred sponta-
neously. Acetone was then evaporated under reduced pressure to
provide an aqueous suspension of fluorescent NPs that were puri-
fied from the non-incorporated dye via gel filtration on a
Sepharose CL-4B column, eluting with MilliQ® water.

The mean particle size and polydispersity index (PDI) of the
liposomes and PLGA NPs were determined at 25°C by quasi-clas-
tic light scattering (QELS) using a nanosizer (Nanosizer Nano Z,
Malvern Inst., Malvern, PA, USA). The selected angle was 173°
and the measurements were made after the 1/10 dilution of the NP
suspensions in MilliQ® water.

The particle surface charge of the NPs was investigated via
zeta potential measurements at 25°C using the Nanosizer Nano Z
and the Smoluchowski equation after the suspensions were diluted
in MilliQ® water.

Size, PDI and zeta potential measurements were performed in
triplicate.

Muscle isolation

Soleus muscles were explanted from control (untreated) 3-
month-old male Balb/c mice that were sacrificed as part of a
research project approved by the Italian Ministry of Health (proto-
col code: 56DC9.N.703). The mice were sacrificed via carbon
oxide overdose in a pre-anaesthesia chamber and then, after ensur-
ing the absence of respiration and pain reaction from hind-paw
stimulation, we proceeded with cervical dislocation. The soleus
muscle was isolated and carefully excised from each paw, paying
attention to preserve both tendons and not to damage the integrity
of muscle belly. Two soleus muscles per experimental condition
were used. As previously reported,® the freshly excised muscles
were rapidly washed in warm culture medium composed of medi-
um 199 (Gibco, Waltham, MA, USA) supplemented with 5.5 mM
glucose, 2.54 mM CacCl, (Merk), 25 mM NaHCO;, 0.6 nM insulin
(Sigma-Aldrich, St. Louis, MO, USA), 0.1% bovine serum albu-
min (Gibco), 200 pU/mL penicillin-streptomycin (Gibco) and
0.5% amphotericin B (Gibco).

NP injection and muscle incubation in the bioreactor

Immediately after excision, after the wash in pre-warmed
medium, the muscles were placed on a horizontal plane and 5 pL
of nanocarrier suspension were injected via the horizontal inser-
tion, parallel to the longitudinal axis and the surface of the muscle
belly, of a 10 pL/Microliter™ Syringe 23S/1717/2 (Hamilton
Central Europe srl, Giarmata, Romania) into the distal end (Figure
1). Fluorescent liposomes were administered at the concentration
of 5 mg/mL in HEPES buffer, while PLGA NPs were administered
at the concentration of 3 mg PLGA/mL of MilliQ® water.

After injection, the muscles were placed into a bioreactor (IV-
Tech). Specifically, each muscle was placed into a culture chamber
(LiveBox1) containing 1.5 mL of medium. Four chambers were
joined in parallel in a fluidic circuit connected to four 15 mL mix-
ing chambers and a peristaltic pump LiveFlow (IV-Tech). A flow
rate of 300 uL/min was applied. The bioreactor was maintained in
an incubator at 37°C in a 5% CO, humidified atmosphere, and the
muscles were incubated for 1 h, 3 h, 6 h and 24 h under fluid
dynamic conditions.
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Muscle processing for fluorescence microscopy analysis

The samples were processed for fluorescence microscopy to
evaluate the distribution of the injected NPs within the muscles at
each incubation time.

The muscles were cut crosswise into two halves (proximal and
distal), which were immersed in isopentane that had been pre-
cooled in liquid nitrogen for 30 s to allow for complete freezing,
and were then kept at -80°C. For sectioning, the samples were
embedded in optimal cutting temperature (OCT) compound
(Sigma-Aldrich), and 10 pm-thick cross sections were cut in a
cryostat and collected on glass slides. For the fluorescence
microscopy observations, cryosections were hydrated for 5 min in
PBS, weakly stained with either trypan blue (Sigma-Aldrich),
diluted 1:10 in PBS for 30 s (if treated with liposomes), or with flu-
orescein-S-isothiocyanate (FITC, Sigma-Aldrich) (0.2 mg/mL
PBS) for 1 min (if treated with PLGA NPs), counterstained with
Hoechst 33342 (0.5 pg/mL PBS) for 5 min and finally mounted in
a mixture of PBS/glycerol (1:1). The sections were observed on an
Olympus BX51 microscope equipped with a 100W mercury lamp
under the following conditions: 450-480 nm excitation filter
(excf), 500 nm dichroic mirror (dm) and 515 nm barrier filter (bf),
for FITC; 540 nm excf, 580 nm dm, and 620 nm bf, for Nile red
and trypan blue; 330-385 nm excf, 400 nm dm, and 420 nm bf, for
Hoechst 33342. Images were recorded using an QICAM Fast 1394
digital camera (QImaging) and processed using Image-Pro Plus 7.0
software (Media Cybernetics Inc., Bethesda, MD, USA).

Results and Discussion

In this study, soleus muscles explanted from mice and main-
tained in culture under fluid dynamic conditions were used as an
ex vivo model to investigate the biodistribution of lipid and poly-
mer NPs administered by intramuscular injection. The soleus mus-
cle was chosen because its isolation and excision are relatively
simple thanks to the proximal slender tendon at the head of the
fibula and the distal Achilles tendon (shared with the gastrocne-
mius muscle) at the tuber calcanei. Moreover, it had already been
found that the structural features of the soleus muscle are excel-
lently preserved for up to 48 h in the bioreactor used in this study.®

The injection was performed using a Hamilton microsyringe to
minimize tissue damage and precisely modulate the dosage. In
addition, to distinguish NP diffusion due to the forced, massive
injection from their distribution in the muscle parenchyma far from
the inoculation site, NPs were injected into the distal end of the
muscle belly and their distribution within the muscle was moni-
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tored in the cross cryosections obtained from the proximal half of
the belly.

Liposomes and PLGA NPs were used for intramuscular admin-
istration as they have been proven to be biocompatible and capable
of entering muscle cells — both cycling myoblasts and terminally
differentiated myotubes — in vitro."%!" In particular, the mean sizes
of liposomes and PLGA NPs in this study were around 180 nm and
120 nm, respectively, with a PDI of below 0.085. The zeta poten-
tial value was around -16 mV for liposomes and -48 mV for PLGA
NPs (Table 1).

Both types of nanocarrier efficiently incorporated the fluores-
cent dyes. Specifically, the encapsulation efficiency of the
hydrophilic fluorescein-based dye into liposomes was 90%, while
the association rate for the highly lipophilic dye Nile Red was 95%
for PLGA NPs. As demonstrated in previous studies,!®!»1617 the
fluorescent dyes were stably associated to the nanocarriers.

Fluorescence microscopy observations showed that liposomes
and PLGA NPs underwent similar intramuscular distribution. In
fact, 1 h after administration, very large amounts of both nanocar-
riers were found in the distal muscle region, close to the site of
injection (Figures 2a and 3a), whereas they were not found in the
proximal region (not shown). After 3 h of incubation, both lipo-
somes and PLGA NPs were observed in the proximal region in low
numbers. The liposomes were detected almost exclusively inside
the myofibres (Figure 2b), whereas PLGA NPs were confined to
the connective tissue (Figure 3b). After 6 h and 24 h of incubation,
the amount of liposomes inside myofibres remained very low
(Figure 2 c,d). In the connective tissue, some macrophages showed
a green fluorescent signal in their cytoplasm, while the liposomes
were barely present in the extracellular matrix (Figure 2c).
Conversely, PLGA NPs became progressively more numerous
inside the myofibres from 6 to 24 h of incubation (Figure 3 c,d);
they were also internalised by macrophages (Figure 3d), although
they rarely occurred in the extracellular matrix of the connective
tissue.

These observations appear to demonstrate that migration to the
connective tissue is limited for both nanocarriers. The presence of

Table 1. Physico-chemical characteristics (mean diameter, PDI
and zeta potential) of liposomes and PLGA NPs (n=3).

Liposomes 180+1 0.084 -16.5+1.1
PLGA NPs 117+2 0.076 -485+1.8
soleus muscle
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Figure 1. Schematic illustration of the ex vivo injection of nanocarriers into the explanted soleus muscle.
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Figure 2. Soleus muscle, intramuscular injection of FITC-labelled liposomes: trypan blue staining, nuclei counterstaining with Hoechst
33342. a) Distal region 1 h after injection: a huge number of liposomes are present in the connective tissue among the myofibres.
Proximal region 3 h (b), 6 h (c) and 24 h (d) after injection: only a small number of liposomes (arrows) are present inside the myofibres.
Note the fluorescent signal inside the macrophages (arrowheads in c). Scale bars: 25 pm.

Figure 3. Soleus muscle, intramuscular injection of Nile red-labelled PLGA NPs: FITC staining, nuclei counterstaining with Hoechst
33342. a) Distal region 1 h after injection: a huge number of NPs are present in the connective tissue among the myofibres. b) Proximal
region 3 h after injection: the NPs (arrows) are confined to the connective tissue surrounding the myofibres. c) Proximal region 6 h
after injection: a few NPs (arrows) are present inside the myofibres. d) Proximal region 24 h after injection: NPs (arrows) are present
inside the myofibres and macrophages (arrowhead, high magnification in the inset). Scale bars: 25 pm; inset bar: 10 pm.
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