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1. Introduction

Heart failure develops when the amount of blood pumped from the heart is
inadequate to meet the metabolic demands of the body [1]. Heart failure is a
syndrome with many different well-described causes, including myocardial
infarction, pressure overload, volume overload, viral myocarditis, toxic
cardiomyopathy and mutations in genes encoding for sarcomeric or cytoskeletal
proteins [1]. At least half of the causes lead to relatively slow deterioration in heart
functioning, during which some cells are more damaged then others. The creation
of nanocarriers to deliver specific markers, drugs and therapeutic genes should
make it possible to recognize sick cardiac cells and cure them individually. In
other words, targeted delivery of analytic probes and therapeutic agents to cardiac
myocytes and cellular compartments could significantly increase the efficiency of
both diagnostic and treatment protocols for heart failure and have a significant
impact on heart failure research.

On the way to their cardiac targets, nano-objects must penetrate multiple
barriers including capillary walls, the sarcolemma, and intracellular barriers, which
are unique to the structure of cardiac myocytes [2]. The size and coating of the
carriers must allow them to reach the target and go through intracellular barriers.
The particles have to be coated with a shell that includes compounds preventing
aggregation and non specific binding of nano-objects, and specific molecules that
(1) improve recognition of the target cell, (2) promote the binding to the cell
membrane, (3) facilitate transportation through the cellular membrane, (4) defend

the cargo compound from low lysosomal pH, and (5) have a “key” for entering the



intracellular structure.
For nanotechnology involved in the therapy of vascular problems resulting
in heart failure please see the reviews by Kong & Goldschmidt-Clermont [3] and

Brewster et al. [4].

2. Structure of ventricular cell

Cardiac myocytes are rod-shaped cells ~100 um in length and 20-30 um
thick (Figure 1). The characteristic cardiac stripes seen with light microscopy are a
combination of extracellular Z-grooves and cytoskeletal Z-lines (Figure 1A). The
sarcolemma of ventricular cells (biggest cardiac myocytes) has multiple
invaginations, called T-tubules, longitudinally connected to the transverse-axial
tubular system (TATS) [5, 6]. Figure 1B shows a complicated network of the TATS
tubules penetrating the entire thickness of the ventricular myocyte. Z-lines
separate the myocytes into structurally similar sarcomeres. A longitudinal section
presented in Figure 1C shows the main structures of the sarcomere:
myofilaments, the myofibrillar and intermyofibrillar mitochondria, network and
junctional SR, and transverse tubules (T-tubules) of the TATS.

Thus, the diffusion pathways for nano-objects inside a ventricular myocyte
can be divided into two groups: (1) the tubules of the TATS, and (2) sarcoplasmic
aqueous diffusion pathways [7]. The former is not a true intracellular system
because of its multiple contacts with the extracellular space through T-tubules.
The diameters of the TATS tubules usually fall within the range of 200 - 400 nm

[6]. However, they are filled with the glycocalyx [6], so the real clearance of the



TATS pathway for nano-objects is ~10 nm [7]. Therefore, under normal conditions
about 50% of the sarcolemma in cardiac ventricular myocytes is not available for
transport of nano-objects >10 nm.

The ultrastructure of cardiac myocytes suggests the existence of
intracellular barriers significantly restricting the diffusion of nano-objects towards
functionally important cellular compartments and structures such as the nucleus,
mitochondria, and the space between the junctional sarcoplasmic reticulum (jSR)
and the T-tubules (so-called junctional cleft) (Figure 1C).

Figure 2A shows the primary targets and possible barriers and pathways
for nano-objects within a cardiac myocyte. Targeting the nucleus and
mitochondria is important because of their role in protein expression and cell
energetics. The TATS sarcolemma contains numerous transporting structures and
receptors crucial for cardiac function. The structural organization of the space
around the jSR is a matter of special interest because of its direct involvement in
excitation-contraction coupling [8]. Electron micrographs show how tightly the
intracellular microstructures are packed in this peri-T-tubule region (Figure 1C) [7,
8]. Under pathological conditions cardiac cells undergo so-called ultrastructural
remodeling which increases the distance between the structures and makes them

available for nano-objects.

3. Nano-objects and their analytical applications
All nanostructures with important analytical applications could be divided

into two groups: (1) nano-objects (nanotubes, spherical nanoparticles,



macromolecules, etc.) and (2) nanodevices (nanocapacitors, nanopores,
nanocantilevers, etc.) [2]. Nano-objects can be used in a variety of bioanalytical
formats [2]: (1) as quantitative tags, such as the optical detection of quantum dots
and the electrochemical detection of metallic nanoparticles; (2) as substrates for
multiplexed bioassays (encoded nanoparticles such as striped metallic
nanoparticles); (3) as controllers of signal transduction (for example in colloidal
gold-based aggregation assays); or (4) as catalyzers or inducers of biological
processes (i.e. nonviral vectors). Chemotherapeutic and imaging nano-objects are
usually conjugated to a chemotherapeutic drug (i.e. folic acid, paclitaxel,
doxorubicin, etc.) and/or imaging agent (FITC, GFP, etc.).

Nano-objects that have been suggested for biomedical research have
diameters from 0.8 to 400 nm [2, 9]. Note that the two most popular groups of viral
vectors for gene transfer are 20 nm (adeno-associated virus), and 60-90 nm
(adenovirus) in diameter [10]. Although all nano-objects within the 2-100 nm size
range were found to alter signaling processes essential for basic cell functions,
40- and 50-nm nanoparticles demonstrated the greatest effect [11]. Nano-objects
could be injected directly into the tissue, but a pumping heart is not a convenient
target for an injection. Therefore, intravenous injection is the most appropriate
way for delivery of nano-objects to the myocardium. Note that only nano-objects <
100 nm were shown to be optimal for intravenous injection [12, 13]. The pathway
for nano-objects from the blood stream to the target intracellular sub-domain in
vivo has three barriers: (1) vascular wall, (2) cell membrane (sarcolemma), and

(3) intracellular barriers. Experiments with gold nanoparticles showed that they



have about 1 hour to pass the capillary endothelial barrier before being ingested

by macrophages [14].

4. Cardiac vascular permeability

One of the most critical issues for successful nano-object delivery is the
ability of the nano-objects to penetrate the vascular wall. The most vulnerable
place for the penetration of the nano-objects from the blood into myocardium is a
thin blood capillary wall. Penetration of nanoparticles also occurs in arterioles and
venules, however in this case they are rapidly ingested by phagocytic elements
located along the vessels [14].

The penetration of unsolved particles through the capillary wall depends on
transcapillary filtration pressure (Starling forces) and permeability pathways [15,
16]. The capillary wall (Figure 2B) has three layers: internal tunic (endothelial
cells), middle tunic (basement membrane), and adventitial tunic (cells and fibers).
However, structural details of the capillaries are different for different tissues and
could lack the internal tunic and/or adventitial tunics [14]. In the myocardium the
blood capillaries are characterized by an extremely flat internal tunic (100-200 nm)
and an irregular adventitial tunic. The middle tunic (20-50 nm) of the cardiac
capillary wall consists mainly of collagenous and noncollagenous glycoproteins
[14, 17]. Blood capillaries do not have a fenestrated endothelium encountered in
many viscera, where the middle tunic is a major barrier between the vascular
lumen and the interstitium [14]. In the cardiac capillary under normal conditions

the primary barrier for nano-objects is the internal tunic, while the basement



membrane is not a barrier at least for particles that can penetrate the internal tunic
[14, 18].

There are three pathways for nano-objects through the capillary endothelial
barrier: passage between endothelial cells, transporting vesicles (caveolae), and
transendothelial channels [14, 19]. The endothelial cells are tightly connected by
tight, gap and adherens junctions [18, 20, 21]. The density of the junctions varies
between organs, and they are maximally enriched in the brain (blood-brain
barrier) where strict control of endothelial permeability is exerted between the
blood and the central nervous system. In the heart the distance between
endothelial cells is ~10 nm, and the gap is occupied by material of moderate
density [14], which is probably junction structures and an overlay of two
glycocalyxes (200-500 nm each [16, 18]). It was shown that the passage between
endothelial cells is available only for objects <2 nm [19].

Nano-objects up to 50-70 nm in size could pass the endothelial barrier in
the heart through membrane transporting vesicles, caveolae (the average
diameter is ~ 70 nm), and transendothelial channels formed by the fused vesicles
[14, 19, 20]. Itis important to note for drug delivery purposes that caveolae
vesicles do not contain any enzymatic cocktail and the cargo to be delivered by
nano-objects would not be degradated by lysosomal enzymes [23].

Taking into account that the thickness of endothelial cells in a heart
capillary could be only 100 nm [19], the transendothelial channel could be a
primary pathway for 2-50-nm particles. In other words, theoretically under normal

conditions the capillary barrier should be "transparent” for particles <50 nm.



However, practically, even 15-30-nm particles were not found in the heart after
intravenous injections [24, 25]. So far, only the delivery of cerium oxide
nanoparticles (average particle diameter 7 nm) to cardiac myocytes was
confirmed after intravenous injection [26].

Transportation of 30-50-nm particles by the transporting vesicles could be
significantly improved with coating by albumin and/or opening of additional
pathways with specific agents [15, 19, 27, 28]. The passage between endothelial
cells could be “unlocked” and also used for delivery of nano-objects. For instance,
the opening of interendothelial junctions (up to 2 um) in capillary and venular
endothelium could be induced with nitric oxide synthase inhibitor L-NAME [28].

Under some pathological conditions the cardiac capillary barrier for nano-
objects practically vanishes. For instance, hyperpermeability in the heart was
shown to be triggered by inflammation or ischemia [20]. Also, during tissue
inflammation the endothelial junctions were shown to widen (to 0.1-3 um) in
localized areas [18]. Acute inflammatory mediators, such as histamine and
serotonin, significantly increase transportation of nano-objects by the vesicles and
formation of transendothelial channels in cardiac endothelial cells [14]. Baldwin
and Thurston (2001) showed that histamine destroyed the endothelial barrier
within 10 minutes [18]. Thus, the inflammatory mediators could be used to
improve the transcapillary transport of nano-objects.

The consequences of vascular permeability in vivo vary by location and
depend on the situation. In the heart under normal physiological conditions the

permeability response is tightly regulated and reversible. However, if platelets and



leukocytes are recruited to the site of the leak, the tissue damage could be

irreversible [20].

5. Transmembrane pathways for internalization of nano-objects

Translocation of nano-objects across cell membranes depends on particle
size, surface chemistry (coating), surface charge, and shape [2, 23]. There are
four mechanisms for delivery of nano-objects through the cell membrane [2, 23,
29]: (1) clathrin-mediated endocytosis, (2) caveolae-mediated endocytosis, (3)
macropinocytosis, and (4) nonspecific transport.

Clathrin-mediated endocytosis is a primary mechanism of internalization of

nano-objects <200 nm [30]. It occurs in @ membrane region enriched in clathrin.
Formation of an endocytotic vacuole is driven by polymerization of clathrin units
[23, 29]. Note that this transporting mechanism leads nano-objects to degradative
lysosomes. Therefore clathrin-mediated endocytosis should be avoided for drug
and gene delivery unless the cargo is protected or this is necessary (for instance,
for target delivery of lipophilic agents, or disruption of endosomes through pH-
sensitive mechanisms) [2, 23, 31, 32]. This transportation could be facilitated by
the inclusion into the nano-object coating of virus coat proteins (i.e. TAT from HIV-
1) or their analogs, or cell adhesion molecules (CAMs): integrins, cadherins,
selectins, and immunoglobulins [31, 33, 34].

Caveolae-mediated endocytosis is predominant for nano-objects >200 nm

[30]. Caveolae are membrane invaginations lined by caveolin [29]. They are

abundant in cardiac myocytes [35]. Unlike clathrin-mediated endocytosis,



caveolae-mediated endocytosis is a highly regulated process, involving complex
signaling [23]. Caveolae do not contain any enzymatic cocktail and could be
employed as a primary transporting mechanism for drug and gene delivery with
nano-objects. It was suggested that the switch between caveolae- and clathrin-
mediated endocytosis could be made by pluronic P85 in a certain aggregation
state: P85 unimers were shown to internalize through caveolae-mediated
endocytosis, while P85 micelles internalize through clathrin-mediated endocytosis
[36].

Macropinocytosis occurs via the formation of actin-driven membrane

protrusions generating endocytic vesicles >1 um in diameter [23, 29].
Macropinosomes do not have a specific coating. They can fuse with lysosomes
and acidify. Macropinocytosis occurs in cardiac myocytes [37] and theoretically
could be used for delivery of nano-objects up to 1000 nm in size.

Nonspecific transport of nano-objects includes (1) clathrin- and caveolae-

independent endocytosis and (2) translocation that does not involve total
enveloping of the nanoparticles by the membrane. The former involves
cholesterol-rich microdomains, ‘rafts’, which are ~50 nm in diameter and diffuse
freely on the cell surface [29]. The latter depends on their electrostatic interactions
with charged membrane domains governing the adsorption of the nanoparticles
onto the cell membrane [23, 38]. This mechanism of uptake was shown for nano-
objects of 20-60 nm in size [39, 40]. However, the use of cationic coating for
nano-objects is problematic in the case of intravenous injection due to interaction

with negatively-charged serum proteins and red blood cells.
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Thus, theoretically, for ventricular myocytes, there are four possible
mechanisms for transport of nano-objects through the cell membrane. Although
the mechanisms of nano-object transport through the sarcolemma of cardiac
myocytes remain to be clarified, some morphological data suggest that it is similar
to that described above. Two types of vesicles, coated and uncoated (~100 and
~50 nm correspondingly), that could be involved in transporting particles into cells
have been demonstrated in cardiac myocytes [5, 41].

Due to the specific organization of ventricular myocytes, more than 50% of
their sarcolemma belongs to T-tubules (Figure 1B). The tubules are filled with
glycocalics and under normal conditions are available only for particles < 10 nm
[7]. However, under some pathological conditions T-tubule dilation makes this
sarcolemma opened for transportation of nano-objects.

Independently of the mechanism of internalization, disruption of the
endosomal membrane must occur to release the nano-objects. In the case of
clathrin-mediated endocytosis such disruption could be induced by pH-sensitive
mechanisms (such as hydrazone linkers or DOPE [23]). Also, mechanisms of
osmotic swelling to disrupt lysosomes, or pH buffering to protect the cargo could
be employed [23, 38].

In the case of targeted gene delivery, it was found that, without the
disruption of endosomes, at most only one plasmid out of 100 was effective [38].
However, even after a nano-object escapes the lysosome, its future could be
questionable due to mechanical restrictions for diffusion. For example, it was

shown that plasmid DNA (>20 nm in diameter) injected into the cytoplasm of rat
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myotubes mostly remained at its site of the injection, probably being constrained

by the actin cytoskeleton [38].

6. Intracellular barriers for nano-objects

Nano-objects can reach an intracellular target by passive diffusion or
actively by utilizing the microtubule network (retrograde transport to the nucleus),
as it has been shown for DNA [38]. Such an active microtubule-mediated cytosolic
transport could probably also be employed for the delivery to the nuclear pore
complex (NPC) of similarly sized nano-objects [23]. The incorporation of Fab
fragments of antibodies against the molecular motor protein dynein into the nano-
object coating should significantly facilitate this transportation [38]. Recently, the
retrograde transport to the nucleus was shown to be enhanced with pluronics [42].

Free diffusion of nano-objects within cardiac myocytes has some
restrictions [2, 7]. Moreover, some cellular subdomains such as mitochondrial
intermembrane space, intermitochondrial contacts, mitochondria-junctional SR
contacts, and junctional clefts are practically unavailable even to particles as small
as 3 nm [2, 7, 43]. The 3-nm nano-objects diffuse freely to the nucleus and under
some conditions can enter the mitochondrial intermembrane space (Figure 2C).

Nanoparticles >6 nm in size cannot diffuse into the nucleus or
mitochondrial intermembrane space (Figure 2D,E) due to the clearance within the
NPC (~5.5 nm) and porin (or VDAC; ~3 nm) [2]. Certain parts of “free” intracellular
space within cardiac myocytes are relatively unavailable for nano-objects >3 nm

[7]. For instance, Figure 2E shows that after silver enhancement 6-nm particles
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can be found with much higher probability along Z-lines than along myofibrils.

The 3-nm clearance excludes passive diffusion of nanoparticles into
mitochondrial intermembrane space. Moreover, the 3-nm objects probably cannot
enter the mitochondrial matrix, the zone of highest interest for nanomedicine [43,
44]. Therefore, the use of the phenomenon of mitochondrial fusion was suggested
for nanoparticle delivery [2, 23].

The most important target for contemporary bioresearch and therapy is the
delivery of nano-objects to the nucleus. Cardiomyocytes do not undergo mitotic
reorganization of the nuclear envelope, and for nano-objects the NPC is the only
gate to the nucleus. There are two mechanisms of translocation across the NPC:
passive diffusion and active transport. Although the NPC central channel has a
limiting diameter of ~25-30 nm [38], it is known that molecules <60 kDa (<3.5 nm
[45]) and nano-objects smaller than 5.5 nm can freely diffuse through the NPC
due to a polymeric mesh in the pore [46-48].

Contemporary polymeric gene delivery systems are between 40 and 400
nm in size [9]. This mainly keeps them out of nucleus. So far only nano-objects
<40 nm were shown to enter the nucleus [33]. Such transportation required the
presence of a translocation signal (also known as a protein transduction domain
or nuclear localization) in the coating of the nano-object to be recognized by the
NPC transport receptors called karyopherins (importins o and ) and to form a
nuclear pore targeting complex [38, 48]. There are many classes of signal
localization sequences. Some of the signals (such as the peptide nuclear

localization signal derived from the large T antigen of the SV40 virus, a peptide
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derived from the HIV Tat protein, adenovirus fiber protein, and modified integrin
binding domain peptide) were already shown to be helpful in the delivery of nano-
objects to the nucleus [33, 49-52]. Active nuclear transport is regulated by many
mechanisms (such as phosphorylation/dephosphorylation and protein cofactors
[38, 48]) that have to be employed to facilitate the delivery of nano-objects to

nucleus.

7. Changes in ventricular cell ultrastructure associated with heart failure

The symptoms of heart failure include hypertrophy [53], defined as an
enlarged heart size and muscle mass during dilated (congestive) cardiomyopathy.
On the ultrastructural level, heart hypertrophy is characterized by lobulated nuclei,
multiple intercalated discs, dilated T-tubules, abnormal | bands, myofibrillar lysis,
abnormally small mitochondria, and increased numbers of ribosomes [54-57].
Electron microscopy shows a significant reduction in the density of
intermyofibrillar mitochondria and a reduction of mitochondrial number and size
[2]. Dilated T-tubules should make available for anchoring of nano-objects some
proteins that are preferentially located within the TATS (such as L-type calcium
and brain-type Na* channels [58; 59]).

These heart failure-related changes have to result in significant changes in
the pathways for targeted nano-objects delivery [2]: (1) dilated T-tubules
approximately double the surface of the sarcolemma available for transport of
nanoparticles and, consequently, the probability of delivery to failed cells, (2)

diffusion pathways empty of glycogen and small mitochondria give more freedom
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for nano-objects to diffuse within failing cells, (3) transformed mitochondria
become much more available for nanoparticles. On the whole, even taking into
account the slowing of physiological processes, the probability to deliver nano-
object to a certain subdomain of a failing cell could be significantly higher than for

a healthy myocyte.

8. Methods for studying the delivery of nano-objects to intracellular sub-
domains of cardiac myocytes

Delivery of genes and drugs requires the creation of reliable delivery
systems. The methods available for monitoring the delivery of nano-objects to
intracellular sub-domains could be divided into visualization of nano-objects and
retrieval of the products of the nano-object delivery. The latter is especially
important in the case of gene delivery when the synthesis of certain proteins (or
its inhibition) clearly confirms the delivery. This method, however, has some
restrictions. Overexpression of any protein in cardiac myocytes can result in heart
failure, probably due to obstruction of diffusion pathways [60]. Therefore, protein
synthesis must be inhibited with doxycycline [61, 62]. This, however, reduces the
synthesis of other cell proteins as well.

The former, visualization, clearly shows the location of nano-objects.
Unfortunately, the popular method for intracellular and intraorganellar localization
of nano-objects with confocal microscopy is significantly complicated in cardiac
myocytes due to multiple membrane invaginations, low resolution of confocal

systems, and out-of-focus light [63]. To avoid these problems we improved the
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electron microscopy method developed by Feldherr [2, 7, 64]. The method
employs electron microscopy, water-soluble resin for cell polymerization, and
silver enhancement within ultrathin sections. This approach allows precise

localization of 2-nm gold particles that could be tagged to any nano-object.

9. Confirmed deliveries of nano-object to cardiomyocytes in vivo

Dr. Torchilin's laboratory reported the successful delivery of DNA- or ATP-
loaded immunoliposomes specific for cardiac myosin to cardiomyocytes of
ischemic myocardium after intravenous injection [65, 66]. This significantly
improved heart contractility after global ischemia. Dr. Kolattukudy's laboratory
demonstrated cardioprotective effects of cerium oxide (CeO,) nanoparticles in
cardiomyopathy [26]. The nanoparticle treatment attenuated progressive cardiac
dysfunction and remodeling in a murine model of ischemic cardiomyopathy.
Authors attributed this beneficial effect of CeO, nanoparticles to their
autoregenerative antioxidant properties inhibiting myocardial oxidative stress, ER
stress and inflammatory processes.

Two groups reported successful cardiac transgene expression in vivo using
an adeno-associated virus and cardio-selective promoters for intravenous
injection. Although under these conditions all organs were shown to be infected,
the promoters allow activation of delivered genes only in cardiomyocytes [67]. Dr.
Koch’s group targeted myocardial beta-adrenergic receptor signaling and calcium
cycling with an adeno-associated virus [68]. They showed a stable myocardial-

specific expression of a therapeutic transgene, the calcium Ca?*-sensing S100A1,
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which resulted in functional heart failure rescue in a rat model of heart failure [69].
Recently, Dr. Joseph Metzger's laboratory performed in vivo transgene
expression of a cytosolic Ca®* buffer parvalbumin and adult cardiac Troponin |
isoform cTnl A164H [50, 70]. The former significantly accelerated relaxation of the
heart without affecting cardiac morphology or systolic function [70]. The latter
significantly improved systolic and diastolic cardiac function and mitigated

reperfusion-associated ventricular arrhythmias [10, 50, 70].

10. Conclusion

To exert their therapeutic action, many pharmacological agents and large
regulatory molecules (i.e. anti-apoptotic drugs, enzymes, siRNA, shRNA, etc.;
Figure 2A) have to be delivered intracellularly. Precise delivery of different
biologically active molecules to cellular sub-domains of failing cardiac myocytes
can benefit the entire heart function. Although the delivery of nano-objects to sub-
domains of a cardiac cell is complicated and many aspects of the delivery remain

to be clarified, the contemporary state of the field is very promising.
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Legends

Figure 1. Cardiac myocyte. (Reproduced from Nanomedicine (2007) 2(6), 831-
846 [2] with permission of Future Medicine Ltd). (A) Image of a ventricular cell in
transmitted light. (B) 3-D confocal imaging of transverse-axial tubular system

(TATS). Optical cut through the center of the cell. The TATS tubules are marked
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with di-8-ANEPPS. (C) Electron micrograph; longitudinal ultrathin section. © 2006
Biophysical Journal [7]. Oblique section shows the localization of junctional SR
(JSR) in relation to T-tubules and mitochondria (M). MF: myofilaments; T: T-tubule

of TATS, Z: Z line.

Figure 2. Nano-objects and barriers for their delivery to subdomains of
cardiac myocytes. (A) Nano-objects and their cardiac intracellular targets.
Simplified schematic representation of intracellular targets for nano-objects in
ventricular cell. (Reproduced from Nanomedicine (2007) 2(6), 831-846 [2] with
permission of Future Medicine Ltd).JC: JUNCTIONAL CLEFT; mDNA:
mitochondrial DNA; siRNA: synthetic small interfering RNA. (B) The capillary wall
in the heart. © 2006 Biophysical Journal [7]. Diagram schematically represents
three mechanisms of cardiac vascular permeability: (1) transport by
plasmalemmal vesicles, (2) transendothelial channel made by the fused vesicles,
and (3) intercellular space. (C--E) Distribution of gold nanoparticles in
permeabilized ventricular myocytes. Representative electron micrographs show
the distribution of 3- (C) and 6-nm (D,E) particles within ventricular cells. M:
mitochondrion; N: nucleus; Z: Z line; TT: T-tubule. Ovals mark particles located

deeper in the section and found with digitally enhanced contrast.
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