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Aims Ongoing inflammation and endothelial dysfunction occurs within the local microenvironment of heart failure, creating
an appropriate scenario for successful use and delivery of nanovectors. This study sought to investigate whether
cardiovascular cells associate, internalize, and traffic a nanoplatform called mesoporous silicon vector (MSV), and
determine its intravenous accumulation in cardiac tissue in a murine model of heart failure.
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Methods
and results

In vitro cellular uptake and intracellular trafficking of MSVs was examined by scanning electron microscopy, confocal
microscopy, time-lapse microscopy, and flow cytometry in cardiac myocytes, fibroblasts, smooth muscle cells, and
endothelial cells. The MSVs were internalized within the first hours, and trafficked to perinuclear regions in all the cell
lines. Cytotoxicity was investigated by annexin V and cell cycle assays. No significant evidence of toxicity was found. In
vivo intravenous cardiac accumulation of MSVs was examined by high content fluorescence and confocal microscopy,
with results showing increased accumulation of particles in failing hearts compared with normal hearts. Similar to
observations in vitro, MSVs were able to associate, internalize, and traffic to the perinuclear region of cardiomyocytes
in vivo.
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Conclusions Results show that MSVs associate, internalize, and traffic in cardiovascular cells without any significant toxicity.
Furthermore, MSVs accumulate in failing myocardium after intravenous administration, reaching intracellular regions
of the cardiomyocytes. These findings represent a novel avenue to develop nanotechnology-based therapeutics and
diagnostics in heart failure.
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Introduction
Despite the fact that conventional therapeutics such as angiotensin-
converting enzyme (ACE) inhibitors, angiotensin receptor antago-
nists (ARBs), and diuretics are able to reach the site of action and
expand the lifespan of a patient with chronic heart failure, treat-
ment with other kinds of small molecules and/or genetic material
remains a challenge. Clinical use of the latter agents remains lim-
ited, hindered by the inability to achieve high drug concentrations
within the myocardium because of systemic side-effects or by the
lack of efficient non-invasive methods for gene delivery.1,2 Novel
delivery strategies into failing myocardium may improve current
diagnostic and therapeutic potential.

The rise of nanotechnology has led to the creation of platforms
that are capable of passively and actively increasing local drug con-
centration and has even made possible the delivery of genetic mate-
rial (siRNA, pDNA, mRNA, etc.) as therapeutic agents. Although
these discoveries have been mostly applied in the cancer therapy,
research suggests that the same conditions that are present in
the tumour microenvironment, such as disrupted endothelium and
hyperpermeability, may also be present in other pathologies, one
of them being chronic heart failure. Following intravenous admin-
istration of nanoparticles in tumour-bearing animals, there is an
increase in accumulation of those particles within the tumour com-
pared to healthy and non-fenestrated tissues. This phenomenon
occurs as a direct result of an increase in tumour vascular perme-
ability not seen in other tissues, for example the normal heart.3 In
cardiovascular applications, a published report in an experimental
model of myocardial infarction demonstrates increase in nanopar-
ticle accumulation in the peri-infarct zone, as a result of changes in
vascular permeability.4,5

The heart failure milieu is characterized by local inflamma-
tion, hypoxia, oxidative stress, impaired lymphatic drainage, and
impaired recovery of cardiac contractibility—conditions similar
to those observed in the tumour micro-environment and in the
peri-infarct zone of myocardial infarction.3,6–9 If indeed those con-
ditions result in changes in vascular permeability, it is likely that
following intravenous administration of nanoparticles in heart fail-
ure, they may extravasate from blood vessels and reach the fail-
ing myocardium. Accordingly, we aimed to determine whether a
nanoconstruct administered intravenously would accumulate and
be retained in failing myocardium.

To test this hypothesis a nanostructured discoidal mesoporous
silicon vector (MSV) with dimensions of 1000× 400 nm loaded
with ∼10 nm polymeric nanoparticles was used to first determine
the kinetics of MSV association and attachment to the cellular
membrane, internalization to the cytoplasm, and intracellular
trafficking in primary cardiovascular cell lines, and second to
determine whether MSVs accumulated in failing myocardium
following in vivo intravenous administration.

Methods
Mesoporous silicon vector fabrication
and assembly of fluorescent nanoparticles
The MSVs were fabricated using photolithography and electrochemical
etching.10 Slightly negatively charged ∼10 nm polymeric nanoparticles

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. loaded with a fluorescent dye (excitation 630 nm, emission 650 nm)
were fabricated as described previously.11 The fluorescent nanoparti-
cles were then loaded into positively charged pores of MSVs by mixing
followed by sonication. Details provided in the Supplementary material
online, Methods S1.

Cardiovascular cell lines
Human primary cell lines, cardiomyocytes (HCM), cardiac fibroblasts
(HCF), coronary artery smooth muscle cells (HCASMC), and cardiac
microvascular endothelial cells (HCMEC) were purchased from PRO-
MOCELL (Manassas, VA, USA). Primary rat cardiomyocytes (RCM)
were isolated and maintained according to a previously established
protocol.12 Media was purchased from PROMOCEL. All human cell
lines were used within the first 10 passages of culture and maintained
at 37∘C in a humidified atmosphere containing 5% CO2.

Scanning electron microscopy
examination of mesoporous silicon
vector–cell membrane interaction
Extracellular interaction between cells and MSVs, such as particle–
membrane association, actin filament rearrangement, and membrane
engulfment of particles, was examined by a Nova NanoSEM 230
system (FEI, Hillsboro, OR, USA). After the cell incubation period,
MSVs were administered in a ratio of 25 particles per cell (3.8 μg/mL).
Details are provided in the Supplementary material online, Methods S1.

Examination of cellular uptake and
subcellular localization of mesoporous
silicon vectors by confocal microscopy
To determine cellular uptake and subcellular localization of MSVs,
cardiovascular cell lines were seeded into eight-well chamber culture
slides (BD Biosciences, Franklin Lakes, NJ, USA) and incubated with
a ratio of 25 MSVs per cell (3.8 μg/mL). Cells were collected at
predetermined time-points, fixed, and stained. Images were obtained
using a Nikon A1 confocal microscopy system (Nikon Instruments,
Melville, NY, USA). Details provided in the Supplementary material
online, Methods S1.

Flow cytometry analysis of cellular
uptake kinetics of mesoporous silicon
vectors
To determine MSV uptake kinetics, HCM, HCF, HCASMC, HCMEC,
and RCM were seeded in six-well plates (BD Biosciences, San Jose,
California, USA) and incubated with the fluorescently loaded MSVs.
At predetermined time-points, 1.0×107 cells were collected, and
evaluated by flow cytometry, acquiring 10 000 events per time-point.
Side scatter measurements were performed using a LSRFortessa Flow
Cytometer (BD Biosciences, San Jose, California, USA), equipped with
a 630 nm laser. Details are provided in the Supplementary material
online, Methods S1.

In vitro toxicity of mesoporous silicon
vectors
Apoptosis and necrosis caused by MSVs were evaluated in human
cell lines. Cells were seeded in six-well plates and incubated for 24 h
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with the following MSV concentrations (cell to particle ratio): 1:1
(0.2 μg/mL), 1:25 (5 μg/mL), 1:150 (30 μg/mL), and 1:250 (50 μg/mL).
Cells were labelled using the Annexin V Apoptosis Detection kit
FITC (eBioscience, San Diego, CA, USA), and flow cytometry was
performed. Details provided in the Supplementary material online,
Methods S1.

Determination of cell cycle progression
after administration of mesoporous
silicon vectors
To determine if MSVs caused cell cycle alterations, cell lines were plated
into six-well plates at 70% density and incubated for 24 h with the
same dose ranges as the cytotoxicity assay. Cells were collected and
stained with a solution of propidium iodide (5 μg/mL), further analysis
using flow cytometry was performed as described previously, acquiring
20 000 events per well. Details provided in the Supplementary material
online, Methods S1.

In vivo study design
All animal experiments were reviewed and approved by the Institu-
tional Animal Care and Use Committee of the Houston Methodist
Research Institute. All experiments were performed in male C57BL/6
purchased from Harlan Laboratories (Indianapolis, IN, USA). To
examine the in vivo accumulation dynamics of MSVs, a murine model of
heart failure was used, the animal model consisted of 1 week ad libitum
administration of water containing 1% NaCl and 0.01% of N-nitro
L-arginine methyl ester (l-NAME), then a micro-osmotic pump was
surgically implanted in the subdermal dorsal area, diffusing angiotensin
II at a rate of 0.7 mg/kg.day over a course of 14 days.13 At the fifth week
heart failure was induced and all in vivo experiments were performed.
This model demonstrates parameters of cardiac dysfunction, such as
the increase of hormones associated with heart failure (elevation of
BNP), changes in inflammatory markers, adverse remodelling, depres-
sion in ejection fraction and cardiomyopathy, characteristic of heart
failure.14 For the purpose of this study two sets of animals were used:
(i) mice with normal hearts (n=15); and (ii) mice with induced heart
failure (n=15). Each set was divided into two experimental groups:
non-treated mice (n= 5) and MSV-treated mice (n= 10). Treated
groups received 1×109 MSVs (0.2 mg) administered intravenously.
Non-treated groups received phosphate-buffered saline (PBS). After
24 h, mice were sacrificed and heart tissues extracted, frozen, and
sectioned into 7 μm sagittal and transversal slices using a HM550
Cryostat system (Thermo Fischer Scientific, Waltham, MA, USA).

Wide-field imaging of heart tissues
To determine accumulation and homogeneity of MSVs in different
cardiac regions, complete sagittal and transverse frozen sections of
normal and failing hearts were captured using an ImageXpress Micro
XLS wide-field high-content fluorescence imaging system (Molecular
Devices, Sunnyvale, CA, USA). Details are provided in the Supplemen-
tary material online, Methods S1.

Confocal examination and quantification
of mesoporous silicon vectors in heart
tissues
To determine cellular and subcellular localization of MSVs, staining of
endothelial cells and cardiomyocytes present in transverse and sagittal
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.. heart tissue sections was performed. Images from 10 normal and

10 failing hearts were captured, in which four regions of each heart
were imaged and analysed using z-stacking and tridimensional rendering
through NIS Elements v4.1 software (Nikon Instruments, Melville,
NY, USA). Area fraction was determined by the fluorescence emitted
on the 403, 488, and 561 nm channels. The MSVs (630 nm), were
individually quantified by using the automatic counting tool from the
NIS-Elements software. To calculate the amount of particles present
per square inch, the quantified number of MSVs was normalized by
surface area of the tissue in each image. Details are provided in the
Supplementary material online, Methods S1.

Organ biodistribution
To determine accumulation in organs, three animals undergoing heart
failure were injected with 1× 109 MSVs loaded with fluorescent
polymeric nanoparticles (Bodipy: excitation 630 nm, emission 650 nm).
The animals were then sacrificed at the 24 h time-point and organs
harvested to be analysed by measuring epifluorescence using an in vivo
imaging system IVIS Caliper-200 (PerkinElmer, Akron, OH, USA).

In vivo cardiotoxicity of mesoporous
silicon vectors
To assess in vivo cardiotoxicity of MSVs, animals with induced heart
failure were administered 1×109 MSVs and echocardiograms were
performed 24 h after injections using a Vevo 770 High-Resolution In
Vivo Micro-Imaging System (Toronto, ON, Canada).

Statistical analysis
Results are expressed as mean± SE. Differences between two groups
were analysed using an unpaired t-test, assuming unequal variants. A
value of P< 0.001 was considered significant. Statistics were calculated
using GraphPad Prism software (La Jolla, CA, USA).

Results
Cellular association and internalization
of mesoporous silicon vectors
by cardiovascular cells
Figure 1 shows association and internalization of MSVs over time
in HCM, HCF, CASMC, HCMEC, and RCM. Cell membrane
association of MSVs was observed after 15 min of administration
in all cell types (Figure 1A). After the second hour of incubation,
pseudopodia and membrane extroflessions formed, resulting in
MSV engulfment (Figure 1B). Internalization of the MSVs by all
cardiovascular cell lines was further supported by confocal z-stack
acquisition at 24 h, confirming the presence of particles beneath
the cellular membrane (Figure 1C). The Supplementary material
online, Figure S1, contains tridimensional reconstructions of human
cell types.

Figure 2 shows particle uptake kinetics in HCM, HCF, CASMC,
HCMEC, and RCM. Figure 2A,B shows confocal micrographs cap-
tured at 1 h and 120 h, respectively. A progressive accumulation of
MSVs within the cardiovascular cells was observed. Figure 2C shows
cellular uptake dynamics of MSVs by flow cytometry in each cell line

© 2016 The Authors
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Figure 1 Cellular association and internalization of MSVs. (A)
Scanning electron micrographs of cardiovascular cells incubated
with mesoporous silicon vectors (MSVs) (1:25, Cell:MSV ratio)
demonstrating particle adhesion to the cellular membrane after
15 min of administration; bars, 1 μm. (B) Extensive cellular mem-
brane rearrangement and engulfment of MSVs following 2 h of
incubation; bars, 1 μm. (C) Z-stack analysis at 24 h via confocal
microscopy demonstrating internalization and co-localization of
MSVs beneath the cellular membrane. Actin cytoskeleton was
labelled red, nuclear structures blue, and particles are visualized
in green; bars, 10 μm.

over time. After 1 h, median fluorescence intensity demonstrated
that most MSVs were still outside cells. An increase in median flu-
orescence intensity was observed during the first 48 h in HCM
before reaching a plateau. Cardiac fibroblasts presented a less grad-
ual increase of fluorescence, before reaching a saturation point at
72 h. Saturation of uptake occurred earlier in HCASMC, reaching
a plateau after 6 h. A similar saturation phenomenon was observed
in HCMEC after 12 h of incubation with MSVs. Rat cardiomyocytes
showed a plateau in uptake dynamics after 12 h.

Intracellular trafficking and localization
of mesoporous silicon vectors
High-magnification confocal micrographs show intracellular
trafficking of MSVs in each cell type (Figure 3). Within the first ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..

Figure 2 Mesoporous silicon vector (MSV) uptake dynamics.
(A) Confocal micrographs showing scarce association of MSVs
after 1 h of incubation; bars, 100 μm. (B) After 120 h in human
cardiovascular cell lines and 24 h in rat cardiomyocytes, a grad-
ual increase of nanoconstructs accumulation was observed; bars,
100 μm. Actin cytoskeleton was labelled red, nuclear structures
blue, and particles are visualized in green. (C) MSV uptake dynam-
ics of cardiovascular cells were measured by flow cytometry at
predetermined time-points for human cell types (1, 3, 6, 12, 24,
48, 72, and 120 h) and rat adult cardiomyocytes (1, 12, and 24 h).
Results shown are the mean of three independent experiments.

hour, MSVs associated with the cellular membrane and underwent
internalization in all cardiovascular cells (Figure 3A). Figure 3B
shows that MSVs trafficked to the perinuclear region of the five
cell lines. During the first 24 h, HCASMC and HCF accumulated
and retained MSVs within the perinuclear region. Perinuclear accu-
mulation was accompanied with a more homogeneous distribution
of MSVs in HCM and HCMEC. In RCM after 2 h, MSVs internalized
and trafficked to the perinuclear region, as observed in the human
cells. In order to confirm this phenomenon, time-lapse microscopy
was performed in the four human cardiac cell lines. Images were
taken every 20 min for 12 h and videos were compiled. Results
confirmed intracellular transport to the perinuclear region of the
cells, as well as transport of MSVs between adjacent cells in some
cell types (see the Supplementary material online, Videos S1–S4).

© 2016 The Authors
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Figure 3 Mesoporous silicon vector (MSV) intracellular traf-
ficking. High-magnification confocal micrographs of cardiovascu-
lar cells were obtained and (A) at the first hour MSVs were ran-
domly distributed through the cellular membrane and underwent
phagocytosis; bars, 40 μm. (B) Over time, MSVs trafficked to the
perinuclear region of the cells through the microtubules; bars,
40 μm. Actin cytoskeleton was labelled red, nuclear structures
blue, and particles are visualized in green.

In summary, HCM showed MSV cellular trafficking to adjacent
cells and particle sequestration within perinuclear regions. Human
cardiac fibroblasts showed the highest retention and sequestration ..
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.. of MSVs in perinuclear regions compared with other cells. No
cellular trafficking of MSVs to adjacent cells was detected in HCF.
The HCASMC showed limited MSV trafficking between adjacent
cells, with further sequestration of MSVs in its perinuclear region.
The HCMEC uptake kinetics were accompanied by MSV trafficking
between adjacent cells and limited perinuclear sequestration. The
RCM showed MSV internalization and sequestration within its
perinuclear region.

In vitro and in vivo toxicity of mesoporous
silicon vectors
The Supplementary material online, Figures S2, S3 and S4 show
the cytotoxic response of human cardiovascular cells exposed
for 24 h to increasing MSV concentrations (cell:MSV: 1:1–1:250).
Figure S4 shows that percentage of necrotic and apoptotic cells
was maintained below 2.5% at all doses after 24 h of incubation,
as determined by Annexin V assay. To detect alterations in cell
cycle progression of cardiac cells, we administered the same MSV
dose ranges as the cytotoxicity assay and compared these with
untreated control cell populations. The cell cycle progression
of MSV-treated cells was not disrupted at different doses (see
the Supplementary material online, Figure S4). Echocardiograms
performed on mice 24 h after administration of 1× 109 MSVs did
not show any effects on myocardial function compared with failing
hearts, with the ejection fraction remaining unaffected; this proved
that these nanoconstructs do not elicit effects on contractility (data
not shown).

Accumulation of mesoporous silicon
vectors in the failing heart and other
organs
A murine model of heart failure (see the Supplementary material
online, Figure S5) was used to examine accumulation dynamics of
MSVs after intravenous administration. Figure 4 shows accumula-
tion of MSVs in control normal hearts and failing hearts 24 h after
administration. As shown in Figure 4A, control hearts showed slight
green fluorescence associated with the MSVs, whereas failing heart
sections were highly enriched with fluorescence within different
regions (Figure 4B), indicating increased accumulation of MSVs. The
accumulation detected within failing hearts was homogeneously
distributed, indicating similar accumulation dynamics within
the walls.

The bottom left insets shown in Figure 4A,B show micro-
scopic magnifications of the same sections; the increased flu-
orescence in the failing heart as a result of heightened MSV
accumulation is clear. Figure 4C shows quantitative analysis of
MSVs in normal and failing hearts, showing an average of 172.78
and 2474.79 MSVs/mm2, respectively. The Supplementary mate-
rial online, Figure S6, shows the in vivo organ biodistribution of
the MSVs after 24 h of administration (heart, lungs, liver, kidneys
and spleen). Findings demonstrate high accumulation of MSVs in
organs that comprise the reticuloendothelial system (RES), results
that are in agreement with previously published reports from our
laboratory.15–17

© 2016 The Authors
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Figure 4 Accumulation of mesoporous silicon vectors (MSVs)
in control normal and failing hearts. Twenty-four hours after
administration, normal and failing hearts were sectioned in trans-
verse and sagittal planes, and imaged using high-content fluores-
cent microscopy. (A) Control normal cardiac tissue shows slight
amount of fluorescence emitted from the MSVs (green). (B) In
contrast, a significant increase of homogeneously distributed fluo-
rescence associated with the nanoconstructs was detected in the
failing heart. Insets show microscopic magnifications of myocar-
dial tissue (nanoconstructs are visualized in green). (C) MSVs were
quantified by measuring area fraction, surface area in millimetres
and automatic particle counting by the microscopy software. A
14-fold increase of MSVs uptake was detected in the failing heart.

Association of mesoporous silicon
vectors with cardiomyocytes in failing
myocardium
Figure 5 shows cellular localization of MSVs in the failing heart
after intravenous administration. As shown in Figure 5A, MSVs were
able to extravasate through endothelial barriers and reach the
failing myocardium with adequate homogenous diffusion. Figure 5B
shows high magnification fluorescence micrographs demonstrating
heightened levels of MSV accumulation in cardiomyocytes. Figure 5C ..
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.. shows z-stacking and tridimensional rendering, confirming cellular
uptake of MSVs by cardiomyocytes. Figure 5D shows that MSVs
reached the perinuclear region inside the cardiomyocytes.

Discussion
These findings demonstrate for the first time that nanoconstructs
can be taken up by primary cardiac cell lines without toxicity
and, furthermore, that they accumulate in higher amounts in the
failing myocardium compared to normal heart when intravenously
injected. These data provide the necessary first steps to utilizing
nanoconstructs for diagnostic or therapeutic purposes in heart
failure (Figure 6).

Mesoporous silicon vectors were chosen for these studies as
they are designed to successfully circumnavigate several biological
barriers, enhancing vascular wall margination and cellular uptake.18

This platform has previously shown enhanced delivery with respect
to free nanoparticles because of its protection and controllable
sustained release of nanotherapeutics-containing drugs and genetic
material within tumours.11,19

Mesoporous silicon vectors associate
and are internalized by cardiovascular
cells
The MSVs associated with, and were internalized in cultured human
cell lines, as well as in non-dividing rat cardiomyocytes. Membrane
reorganization and formation of pseudopodia with extension of
the cellular membrane toward the particles was present in all cell
types. Our laboratory has previously examined and thoroughly
characterized the internalization mechanism of MSVs in a vari-
ety of cell lines (e.g. human umbilical vein endothelial cells), with
findings demonstrating that cellular uptake of MSVs occurred via
an actin-dependent mechanism involving both phagocytosis and
micropinocytosis, which are characterized by reorganization of
the actin cytoskeleton, leading to structural changes in the cellu-
lar membrane and engulfment of extracellular materials.20–24 Our
observations are consistent with previous studies that documented
phagocytosis of other types of material by cardiomyocytes, fibrob-
lasts, smooth muscle cells, and endothelial cells.25–28

To further understand uptake kinetics, confocal microscopy and
flow cytometry analysis of cardiac cell lines incubated with MSVs,
was performed. Confocal micrographs of HCF and HCASMC
showed heightened accumulation of MSVs, when compared with
HCM and HCMEC. The uptake dynamics of MSVs observed by con-
focal imaging and flow cytometry demonstrated a time-dependent
pattern. Internalization of MSVs increased gradually at early
time-points and, as time progressed, a decrease was observed in all
cell lines until a plateau was reached. The saturation kinetics resem-
ble adaptive responses of macrophages to their microenvironment
wherein an initial response stimulates very efficient phagocytosis
and then the initial capacity subsequently diminishes.29,30

Subcellular accumulation of MSVs resemble the perinuclear
deposition of phagocytic material in cells, a microtubule-mediated
system that depends of various motor proteins of the endocytic

© 2016 The Authors
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Figure 5 In vivo cellular and subcellular localization of mesoporous silicon vectors (MSVs). To evaluate the extravasation of MSVs (green)
in the failing heart, sarcomeric actinin of myocardial cells was labelled in red, CD-31-positive vasculature in yellow, and nuclear structures in
blue. (A) MSVs extravasation across the endothelial barrier was observed and endothelial cells showed minimal accumulation. In contrast, high
levels of nanoconstructs were homogeneously co-localized within the cardiomyocytes. Particle fluorescence (green) was extracted from the
micrograph and can be observed next to the image; bars, 100 μm. (B) High magnification confocal micrograph demonstrating MSV localization
within the cardiomyocytes, particle fluorescence (green) was extracted from the micrograph and can be observed next to the image; bars,
40 μm. (C) Z-stack and tridimensional rendering analysis was performed to demonstrate the internalization and high density of MSV distribution
within the tissue; bar, 40 μm. (D) High magnification z-stack micrographs of cardiomyocytes presenting MSVs internalization beneath the cellular
membrane and intracellular microtubule trafficking to the perinuclear region of the cell; bars, 10 μm.

Figure 6 Schematic presentation of the mechanism of accumu-
lation and intravascular transport dynamics of mesoporous silicon
vector (MSV) to the failing heart. After intravenous injection,
the rationally designed MSVs transport through the circulatory
system and, as a result of their size, shape, and chemical mod-
ifications, avoid reticuloendothelial system uptake and undergo
vascular margination and extravasation from dysfunctional fenes-
trated capillaries present in the failing heart, where they reach the
cardiomyocytes.
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. pathway that couple to a phagosome and prompt its maturation

and centripetal movement toward perinuclear regions.31

Another phenomenon observed in HCM, in HCMEC, and
in lower rates in HCASMC, was the particle trafficking within
adjacent cells. This phenomenon has been described as a mech-
anism of membrane extension between cells, in which different
materials and signals are shared through channels known as tun-
nelling nanotubes.32 Previous findings have described MSV internal-
ization, perinuclear migration, and intercellular trafficking in human
umbilical vein endothelial cells.32,33 Nevertheless, observations of
MSV accumulation in perinuclear regions of HCM, HCF, HCASMC,
and RCM, have not been described before. In this study we also
documented for the first time MSV trafficking to adjacent cells in
HCM and HCASMC. The MSV uptake patterns are cell-type depen-
dent; the unique features that determine dynamics are not known
but likely result from the unique physical and biological features
corresponding to each cell type.

Mesoporous silicon vectors are non-toxic
for cardiac cells
To determine the safety of MSVs, the cytotoxicity of MSV in
cultured human cell lines was examined. Flow cytometry anal-
ysis showed negligible increases in early apoptotic and necrotic
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populations at dose increments, amounting less than 2.5% of cells
undergoing apoptosis or necrosis.

Cytotoxic potential was examined by determining the impact of
MSVs on progression of the cell cycle. At the highest dose of MSVs,
no cell cycle arrest at G2-M was found. Defects at G2-M are a
prerequisite step for apoptosis, allowing a damaged cell to enter
mitosis and undergo apoptosis.34 Studies previously published by
our group have demonstrated the absence of toxicity and organelle
ultrastructural damage in different cell types following internaliza-
tion of MSVs, similarly, in vivo studies wherein repeated intravenous
administration of MSVs over a 6-month period showed no evidence
of organ or tissue injury.35–37 Furthermore, echocardiograms did
not reveal any alterations in ejection fraction after administration
of MSVs, demonstrating the innocuousness of the nanoconstruct
on cardiac contractility. As a result of its biodegradability into
harmless silicic acid byproducts, MSV proves safe for cardiovascular
applications.35–37

Heightened accumulation of mesoporous
silicon vector in failing rather than
normal myocardium
Similar to what is observed in the cancer vascular microenviron-
ment, during the pathophysiological processes present in heart
failure, vascular injury and endothelial dysfunction are produced.38

Therefore, it was reasonable to assume that nanoconstructs
would accumulate in failing myocardium. Compared with control
hearts, accumulation of MSVs was significantly increased in failing
myocardium (14-fold increase). The mechanism of accumulation
in heart failure is not known, but it is consistent with disruption
of the endothelial barrier, causing a cardiac enhanced permeability
and retention (CEPR) effect associated with the pathological state.
After extravasation, cardiomyocytes interact with nanoconstructs
in the same manner as that observed in vitro, presenting intracel-
lular uptake and resembling microtubule-based transport to the
perinuclear region of cardiomyocytes.

Current experimental approaches for the treatment of heart
failure involve supplying of proteins, growth factors, and drugs
in an unstable and rapidly degradable plain form, decreasing the
therapeutic effect and accumulation in the desired tissue.2,39,40

It has been proven in previous studies that the encapsulation
of therapeutic agents within nanoparticles may help overcome
these limitations, modifying its pharmacokinetic properties, which
in turn enable the reduction of clearance, prolonged circulation
half-life and controlled sustained release compared with con-
ventional formulations.40 Genetic approaches such as the deliv-
ery of SERCA2a encased in an adenoviral vector, have failed to
show improved patient outcomes in clinical trials, and have been
associated with immunogenicity and low concentration of the gene
product in the myocardium.2 Nanotechnology platforms provide an
alternative for stable and protected intracellular delivery of genetic
material without degradation and immunogenicity, which in com-
bination with specific genetic sequences and promoters has the
potential to enable a site-specific effect in failing myocardium.

Future studies are currently focused on developing a variety of
nanoparticles and characterizing accumulation and biodistribution. ..
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.. It is likely that specific nanoconstructs could be created to target
myocytes, fibroblasts, or endothelial cells in a more specific fashion
in addition to creating particles that are specifically designed for
protein or gene delivery. In the present study, we used a model
of non-ischaemic cardiomyopathy that is traditionally used to
induce hypertension and cardiac fibrotic response secondary to the
increase of angiotensin II, which in turn is known to cause cardiac
hypertrophy and dysfunction during essential hypertension.14,41

Nanoparticle accumulation dynamics may be the result of this
specific model. Different heart failure states exist and future
applications of nanotechnology-based delivery systems will have to
be explored in other cardiomyopathy models, as the accumulation
dynamics of nanoconstructs in non-ischaemic and ischaemic states
may differ owing to important pathophysiological differences.

In summary, cardiac cells are able to internalize and traffic MSVs
to the perinuclear cellular regions, and this process was found
to be non-toxic. Furthermore, MSVs successfully accumulated in
increased amounts in failing hearts compared with normal hearts.
These findings have several implications in heart failure. First, accu-
mulation of nanoconstructs in damaged heart will allow the use
of insoluble hydrophobic drugs. Second, these findings open the
possibility of intracellular delivery of proteins or genetic material
into failing myocardium to create new therapies. Third, imaging and
diagnostic systems, such as contrast agents and nanosensors, could
allow for the examination of disease at the cellular level. Finally,
the use of novel nanoconstructs such as MSVs, offer the poten-
tial of engineering combinatorial theranostic approaches, wherein
co-encapsulation of drugs, proteins, genetic material, and imag-
ing moieties result in novel preventive, therapeutic, and diagnostic
strategies. Together, these observations form the basis for future
nanotherapeutic or diagnostic approaches in heart failure.
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