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Abstract: Tunneling nanotubes (TNTs), discovered in 2004, are thin, long protrusions between cells
utilized for intercellular transfer and communication. These newly discovered structures have
been demonstrated to play a crucial role in homeostasis, but also in the spreading of diseases,
infections, and metastases. Gaining much interest in the medical research field, TNTs have been
shown to transport nanomedicines (NMeds) between cells. NMeds have been studied thanks to their
advantageous features in terms of reduced toxicity of drugs, enhanced solubility, protection of the
payload, prolonged release, and more interestingly, cell-targeted delivery. Nevertheless, their transfer
between cells via TNTs makes their true fate unknown. If better understood, TNTs could help control
NMed delivery. In fact, TNTs can represent the possibility both to improve the biodistribution of
NMeds throughout a diseased tissue by increasing their formation, or to minimize their formation
to block the transfer of dangerous material. To date, few studies have investigated the interaction
between NMeds and TNTs. In this work, we will explain what TNTs are and how they form and then
review what has been published regarding their potential use in nanomedicine research. We will
highlight possible future approaches to better exploit TNT intercellular communication in the field
of nanomedicine.

Keywords: nanomedicine; tunneling nanotubes; nanoparticles; drug exchange; therapeutic efficiency;
targeted therapy

1. Tunneling Nanotubes
1.1. What Are Tunneling Nanotubes?

Tunneling nanotubes (TNTs), first described in the literature in 2004 by Rustom et al. [1],
have gained growing interest from the scientific community. They are described as long and
thin protrusions of the cytoskeleton and plasma membrane which connect two different
cells, extending distances even up to several um [2,3]. The composition of these bridges is
simple, as they are normally composed of actin and tubulin filaments surrounded by plasma
membrane; however, the presence of tubulin has also been reported as variable, leading to
the classification of two different types of TNTs: (1) “thin” TNTs, composed of only actin,
which are usually more delicate and transient, and (2) “thick” TNTs, with both actin and
tubulin, which are often associated with a more stable structure [4]. TNTs have peculiar
features which distinguish them from other cell protrusions. TNTs differ from filopodia,
cilia, or cytonemes, both in their structure and function: TNTs are very thin filaments which
do not adhere to the substratum, but more importantly, they present open endings in the
plasma membrane of the two cells they are connecting. Moreover, these open endings
allow for the direct exchange of virtually any kind of cargo from one cytoplasm to another:
they allow for the transport of not only of ions and neurotransmitters, but also whole
organelles, proteins, and genetic material [2,5]. A more detailed explanation is included
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in a review by Pinto et al., with a comprehensive table explaining the differences and
relevant citations [5]. In physiological conditions, these bridges have been demonstrated
to be essential not only for the embryonic development [6-9] of vertebrates, but also in
their adult form to maintain a healthy status of their tissues. For example, TNTs have
been demonstrated to be critical not only for preserving the differentiation potential of
mesenchymal cells [10], but also for repairing damages in other neighboring cells by
exchanging intact organelles [11-13]. Moreover, TNTs are involved in the exchange of
electrical and chemical signaling in different tissues, such as in the eye [14,15]. It was
reported that an insufficient communication via TNTs in the trabecular meshwork is linked
to an increase in intraocular pressure, and consequently, an increased risk of glaucoma [16];
at the same time, TNTs are involved in the transmission of calcium ions in the retina, in
determining good health, and in correctly firing retinal photoreceptors [17,18].

Notwithstanding their essential role in physiological conditions, TNTs are better
known for to their involvement in pathological processes. As reported in several recent
review works, TNTs play a key role in the spreading of several disease states, such as
neurodegeneration, infections, and cancer. In the case of neurodegenerative diseases, the
literature shows that cells can use TNTs to transport prions, misfolded huntingtin, Tau
protein, a-synuclein, and 3-amyloid, promoting protein misfolding in other cells [19]. This
additive effect increases the risk of developing Huntington’s [20,21], Parkinson’s [22,23],
and Alzheimer’s diseases [24-26]. Another field in which TNTs play a pivotal role is
cancer. The exchange of misfolded proteins and damaged genetic material through TNTs
in cancers is considered one of the major phenomena that contribute to the transformation
of healthy cells into tumoral cells and increases in metastasis formation [5,27]. While TNTs
have been linked to communication and spreading in several types of cancer [28], such as
prostate [29], bladder [30-32], pancreatic [33], and breast cancer [34], as well as different
types of leukemia [35-37]. Glioblastoma multiforme (GBM) is by far the most studied
for the consequences of TNT activity [4,38]. GBM is one of the most aggressive, invasive,
and fatal brain cancers [39], with a survival of less than 15 months after diagnosis [40,41].
In fact, the fast growth and invasiveness of GBM have been linked to TNT-mediated
communication between GBM cells towards and surrounding healthy astrocytes [42,43].
This could be linked to the reason for why the vast majority of studies about TNTs are
performed using GBM cells. The high rates of TNT formation in these cells makes them an
optimal in vitro model to study their mechanics and dynamics [44].

The natural exchange of different materials from one cell to another is an evolutionary
defensive strategy to reduce the risk of cell death: on one hand, a healthy cell could share its
organelles with a diseased one to promote damage repair [45,46] or improve cell respiration
by the transfer of mitochondria in case of hypoxia [47]; on the other hand, this can also
be used by cells in an attempt to dilute stressful inputs, leading to an increased number
of stressed cells but lower stress levels. However, these mechanisms are also exploited
and enhanced by numerous viruses, such as HIV [48], herpesviruses [49,50], influenza
viruses [51,52], and more recently, SARS-CoV-2 [51,53,54]. After viral replication, the in-
fected cell will be in an inflammatory state that causes the formation of a larger number of
TNTs, in order to reduce the stress on the primary cell. With these mechanisms, viruses
exploit this highway to increase the number of infected cells while also reducing the risk of
recognition by the immune system outside the plasma membrane [55]. The same pattern
was observed in vitro after the administration of cytotoxic drugs, where the cells were
demonstrated to promote the efflux of toxic compounds and share it with neighboring
cells [56], often with a linear correlation between the amount of cytotoxic drug administered
and the number of TNTs formed by cells [33]. While this is a protective reaction of the
cell to dilute the toxin, it could also be a pitfall leading to lethal levels of the drugs in all
surrounding cells. Another consequence of this is that TNTs are considered one of the
major mechanisms involved in the onset of chemoresistance [57], as the simultaneous trans-
port via the TNTs of drugs, P-glycoproteins, and microRNAs all contribute to multidrug
resistance [58-60].
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1.2. Exogenous Modulation of Tunneling Nanotubes

It is clear that in order to take advantage of this intercellular cross-talk, a deeper
study of the physiological and pathological role of TNTs in different tissues is needed. As
previously described, while the inhibition of TNTs could help reduce the spreading of
tumors and diseases, in other cases, promoting their formation might improve the localized
cellular distribution of therapeutic molecules. To date, inhibitors of the formation of TNTs
mostly block the mobility of the whole cytoskeleton [61,62]. For example, latrunculin B, the
most-used compound to affect TNT5, is an inhibitor of actin polymerization that affects the
whole cell. Similarly, other small molecules such as metformin and everolimus are able to
reduce the number of TNTs formed by cells due to their role as inhibitors on the mTOR
pathway [63,64]. Nevertheless, most of these compounds are considered toxic for cells
because their effect is not limited to reducing the formation of TNTs, but they affect the
mobility of the whole cytoskeleton. This non-specific inhibition of physiological processes
such as cell migration and mobility disrupts normal cell function and growth, leading
to devastating effects. Interestingly, tolytoxin was reported to have a selective effect of
inhibiting the formation of TNTs without any general effects on the cytoskeleton, thus
representing a valuable tool for limiting the intercellular transport via TNTs [65].

On the contrary, the induction of TNTs seems to be easier to achieve. It has been
abundantly demonstrated in the literature that the formation rate of TNTs in vitro can be
increased by several inputs linked to the culture protocol. This includes variables such as
low levels of oxygen or a high presence of CO;, acidic pH, serum starvation, or low glucose
concentrations [5,29,42,45]. All these conditions represent situations of cellular stress in
which cells tend to connect in order to improve their survival, as previously described.
Another widely used technique to induce the formation of TNTs in vitro is also to transfect
cells with proteins involved in cytoskeletal mobility and cell adhesion. The administration
of mSEC [66,67], which triggers the formation of TNTs due to the higher dynamicity of
the cytoskeleton, is a primary example. Most drugs used and tested in cell cultures have
been also linked to an increase in the connections between cells due to their stressful effect,
especially considering anticancer drugs and antibiotics [68-70].

This has raised the question of whether the same effect is seen by the administration
of nanomedicines (NMeds). NMeds, as drug delivery systems, have been studied for more
than 30 years, but when administered to cells, they represent a source of stress and could
increase the number of TNTs, facilitating the spreading of the loaded drug in the tissue.
When designing a NMed-based therapeutic approach, it is crucial to take into account this
piece of information: whether it is necessary to reduce or trigger TNT formation. Research
in this direction has the potential to change the way we design therapeutic approaches but
could represent a great step forward in improving the efficacy and specificity of NMed
treatments.

2. Nanomedicine

NMeds are one of the most investigated tools in drug delivery due to their numerous
advantages over traditional pharmaceuticals [71-77]. NMeds are defined as nanometric-
sized delivery systems with a vast range of types that, depending on their specific character-
istics, can be optimized to encapsulate, protect, and specifically deliver virtually any kind
of therapeutic agent. In particular, the literature results of the last 20 years demonstrate
NMeds intelligently designed to (1) improve the solubility of poorly soluble drugs [78,79],
(2) stabilize and protect sensitive molecules such as proteins [80-83], peptides [84-86], and
genetic material [87,88] from degradation, (3) promote their accumulation into target cells
or tissues [89,90], and thereby (4) reduce drug toxicity outside the targeted tissue [91,92],
and (5) prolong and/or control the release of the drug over time (Figure 1) [93-96]. All
these properties together make NMeds perfect candidates for the treatment of a plethora
of pathologies, especially those considered difficult to treat or that affect difficult-to-reach
organs, including neurodegenerative disorders, such as Alzheimer’s [97], Parkinson’s [98],
or Huntington’s [99], different types of cancer [100], e.g., breast cancer [101], leukemia [102],
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or GBM, and numerous other diseases that require penetration of the blood-brain barrier
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Figure 1. Graphical representation of NMeds’ customization options and advantages. Reproduced
with permission from Salvioni et al. [71] (Cancers; published by MDPI; 2019).

The main feature that allows these NMeds to be so widely applied to these pathologies
is the possibility of engineering their surface with ligands, such as small molecules [104,105],
peptides [77,106-108], antibodies [109-111], aptamers [112,113], etc., which specifically re-
act with the cell surface to improve localized accumulation at the target site. Targeted
delivery can also be achieved by modifying the surface with coating layers [114-118], or
environmentally sensitive moieties that react to differences such as pH, ROS, temperature,
light, enzymes, etc., in order to promote controlled release only in the relevant microenvi-
ronment, often created by a pathological change [119-127]. These different ligands have
been developed and improved in the last decade to increase their specificity and thereby
enhance the ability of NMeds to cross barriers (i.e., BBB or blood-retinal barrier) and/or
the accumulation of NMeds only in the target cells [128,129]. Notwithstanding the great
advancement in targeting specificity, TNTs are currently under investigation for their po-
tential role in diminishing this targeting effect due to intercellular transport by exchanging
NMeds from a correctly targeted cell towards a neighboring off-target one. Remarkably,
despite the impact it could have, the topic has been poorly addressed. Here, we review the
work that has been completed to demonstrate the interaction between TNTs and NMeds.

3. Nanomedicine and TNTs
3.1. Inorganic NMeds

The first evidence in 2010 that NMeds travel along TNTs was reported by He et al.,
and involved the transfer of inorganic nanoparticles [130]. Here, they visualized quan-
tum dots (QD) of CdSe/ZnS being transported along “newly discovered nanotubular
structures” formed between rat cardiac myoblast cells. In fact, this study pioneered the
idea that NMeds could be transported via TNTs inside membrane vesicles, and that the
exchange could be bidirectional, which would afterwards be confirmed by successive
publications [131,132]. Similarly, in the following year, Mi et al., reported the intercellular
transfer of CdTe QD along TNTs in human hepatocellular carcinoma cells [133]. Here,
the authors further distinguished that the transfer of these QD could be unidirectional
or bidirectional, depending on the composition of the TNT. It is important to clarify that
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this bidirectionality was possible only in the presence of tubulin, meaning, thus, in the
more stable “thick” TNTs [25]. A more in-depth analysis of the mechanism underlying the
transport of these QD showed that they were not transported as single particles, but instead
traveled inside lysosomes as aggregates. Although this was not specifically investigated
in the study by He et al,, it is safe to hypothesize that the QD were transported within
lysosomes also in those cultures. Another interesting work was published by Domhan
et al. regarding the trafficking of QD, in which the authors demonstrated the transport of
two different QD-based fluorophores via TNTs among primary cultures of human tubular
epithelial cells [134]. Remarkably, the TNTs were demonstrated to play a key role in the
exchange of QD, as modulating their number with exogenous factors such as stress, and
the administration of latrunculin B or zeocin, resulted in different rates of NMeds exchange.
In fact, these data were the first evidence of the possibility to directly impact the transport
of NMeds through TNTs by influencing their formation with external stimuli, even if the
precise mechanism has not been characterized. Another important aspect that can be
highlighted by these reported examples is that the trafficking of QDs, and of NMeds in
general, is not limited to immortalized cells but is also present in primary cultures. This
can also be extended further to 3D in vitro models such as organoids and tissues, which
will be discussed in later sections. Further confirmation of this effect was reported by
Rehberg et al., who detected and tracked the transportation of QD along TNTs in vivo in
the cremaster muscle of mice, especially between tissue macrophages [135]. This represents
one of the few reports of TNTs in vivo to date.

All the previously cited articles demonstrated the ability of TNTs to transfer NMeds
between cells in a monoculture. Nevertheless, an important factor that was ignored in
the previously reported works is that TNTs can create connections not only between
cells of the same type (homotypical transfer), but also between cells of different types
(heterotypical). Interestingly, NMeds can be shared with other cells by both types of
transport. This effect was specifically noted in a study by Epperla et al. [136]. In this study,
the authors used fluorescent nanodiamonds (FNDs) in both human embryonic kidney
cells and neuroblastoma cells. First, it was evidenced that both these cell types were able
to form homotypical TNTs when separately cultured. The only difference arose from
the thickness and composition of the TNTs naturally formed by each specific cell type.
In particular, neuroblastoma cells mainly formed “thin” actin-based TNTs, while HEK
cells predominantly formed “thick” TNTs containing both actin and tubulin. In both cell
types, the FNDs were exchanged in single cultures, but more remarkably, the authors also
documented heterotypical exchange of FNDs between the cells in co-cultures. The authors
reported that FNDs spread from predosed HEK cells to neuroblastoma cells when added
in the culture. Quantification reported that approximately 10% of the neuroblastoma cells
tested positive for FNDs due to the transposition between cells by TNTs.

To further investigate heterotypical exchange of NMeds, an interesting TNT study by
Franco et al. takes precedence [137]. The authors dosed mesoporous silica nanoparticles
into mice macrophages. Results suggested that the presence of these fluorescent NMeds
along TNTs were localized in the so-called “gondola” structures, indicating the node where
NMeds accumulated during transportation (Figure 2). This study led to a number of
reported peculiarities regarding the formation of TNTs and their ability to transport NMeds.
First, researchers demonstrated the formation of TNTs between murine macrophages and
HelLa cells, indicating that these structures can be formed even between murine and human
cells. More importantly, the transfer of NMeds via TNTs was successfully modulated by
exogenous factors. In particular, by adding cell stress by serum starvation, the trafficking
of NMeds between the two cell lines increased significantly. On the contrary, hyperthermia
reduced TNT formation and, consequently, NMed transfer. These results lead to two
important points. On one hand, the possible transfer of NMeds to very different cell types
calls for a deeper investigation on the dynamics and occurrence: it is crucial to determine
the incidence, extent, and direction of the transportation of drug-loaded NMeds. On the
other hand, these data were a first step towards controlling TNT formation to modulate
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NMed delivery. This response to hyperthermia could be critical to the formation of TNTs
in other cell types. The idea of controlling TNTs in this simple way could help control
NMed delivery to improve therapeutic efficacy and reduce toxicity of the loaded drug
in a plethora of diseases, for which optimized NMeds are already produced [83,86,99].
The control over the fate of NMeds is necessary to increase pharmaceutical effects over
off-target toxicity. This duality is an important part of TNT research that, until this point,
has been poorly addressed and calls for more in-depth studies.

Figure 2. SEM images showing TNTs between macrophages emphasizing disparate sites of connec-
tivity (circled) and the presence of a gondola (white arrow). NMeds are pseudo-colored red in the
lower central image. Reproduced with permission from Franco et al. [137] (Cancers; published by
MDPT; 2020).

3.2. Organic NMeds

While inorganic NMeds are generally easier to produce and characterize, they are less
frequently used in therapeutic approaches due to their low biodegradability and the fact
that they accumulate unfavorably in the liver and kidney, leading to off-target toxicity [138].
Organic NMeds, on the other hand, are generally more biocompatible, highly versatile, and
easy to functionalize on the surface to obtain targeted delivery. For these reasons, polymeric
and lipidic NMeds are generally preferred as promising tools for specific targeted delivery.
Nevertheless, they also have been demonstrated to undergo intercellular trafficking via
TNTs, thus representing a huge limitation to their efficacy. Here, we gathered the works
that have analyzed the interaction between polymeric or lipidic NMeds and the formation
rate of TNTs.

3.2.1. Polymeric NMeds

Polymeric NMeds have been leading the research field in recent years for their ability
to encapsulate both hydrophilic and hydrophobic compounds, their stability, and their
high potential in terms of scalability, ease of production, targeting ability, and low material
cost. Notwithstanding their advantages, polymeric NMeds are transported along TNTs,
thus implying the possibility of uncontrolled biodistribution. Ingle et al., recently reported
the trafficking of polyplexes along TNTs in cultured HeLa cells [139]. In particular, they
followed the transposition of fluorescently labelled Glycofect/DNA polyplexes in mem-
branous bridges in vitro, showing the transport of these NMeds in vesicles along TNTs.
Evidence of this kind of transport leads to the hypothesis of exploiting TNTs in diseased
tissues, such as tumors, as highways to increase the biodistribution of therapeutics such as
RNAs, enhancing currently used approaches to improve treatments against diseases such
as cancer. Unfortunately, this study reported only preliminary results, and in-depth studies
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on, for example, whether the administration of polyplexes has an impact on the number of
TNTs that cells form, as well as studies to compare their formation in tumoral and healthy
cells, are still lacking.

Interesting results were also reported by Sdenz-de-Santa-Maria and coworkers [140].
In this study, the authors mainly focused on the biological mechanisms underlying the
formation of TNTs in cultured squamous cells carcinoma cells. To this end, they monitored
the transport of inert methacrylate NMeds along TNTs in cultured cells. They were able
to inhibit the formation of TNTs using two different agents, namely, the FAK inhibitors
FRNK and PF-562271, the latter being currently investigated for its anticancer activity [141].
Unfortunately, no comparison of the exchange rate of NMeds after modulation of TNTs was
performed, which would be pivotal information. Nevertheless, the authors demonstrated
the formation of TNTs in tumor spheroid models, making a first pass towards a model that
more closely represents the physiological conditions of in vivo experiments. In fact, these
results represent a steppingstone to a novel therapeutic approach against cancer, but the
correlation between TNTs and NMeds should be further investigated in particular, since
it is possible to observe them in a complex 3D model such as a spheroid. This additional
information represents the next critical step to assess the possibility for researchers to
exploit TNT for the improved transfer and therapeutic effect of NMeds.

Another crucial parameter that is rarely taken into account when performing this type
of study is the surface modifications of the NMeds. TNTs represent a major issue in the
field of targeted delivery, and therefore, it is crucial to understand how targeted NMeds
interact with these structures and how they change the targeting capacity to influence
the final localization of the NMed. In 2014, Tosi et al., demonstrated the transfer of BBB-
targeted NMeds along TNTs [142]. The NMeds used were composed of the FDA-approved
biocompatible and biodegradable polymer poly(L-lactic-co-glycolide) (PLGA), which was
surface decorated with the g7 peptide [143,144], known to promote BBB crossing and CNS
accumulation. These NMeds were administered to cultures of glial cells or to co-cultures
of neuronal and glial cells. Remarkably, the authors were able to demonstrate both the
homotypical transport of targeted NMeds between glial cells and also the heterotypical
exchange from glial cells to neuronal cells. This piece of information holds great importance
for therapies: often, for neurodegenerative pathologies, researchers aim to have selective
targeting to neurons, which is difficult to achieve. Promoting the formation of TNTs could,
therefore, represent a possibility to enhance the transport of NMeds from glial cells to
neurons. To pursue this hypothesis, the authors also demonstrated a 2-fold increase in
the number of TNTs formed by glial and neuronal cells after transfection with the protein
mSEC, known to enhance the formation of TNTs. Interestingly, the transport of NMeds
among cells increased by almost 25%, along with the increased number of TNTs. This study
highlights how crucial it is to investigate how NMeds impact TNT formation in order to
design ways to modulate their formation with transfection, other molecules that can be
more easily administered with the NMeds, or even that could be co-encapsulated with the
therapeutic pharmaco in the NMed formulation.

3.2.2. Lipidic NMeds

Lipid-based NMeds are now on the cutting edge of nanomedicine development. This
has been largely due to the recent global pandemic caused by SARS-CoV-2, for which the
primary vaccine is a lipidic NMed [145]. With the increase in NMed use on the global level,
it is important to carefully study how TNTs will come into play for the biodistribution and
biological response of these treatments. The first study to analyze lipidic NMeds interacting
with TNTs was by Kristl et al. [146]. In this interesting study, the authors administered solid
lipid nanoparticles (SLNs) composed of compritol to cultured keratinocytes, revealing that
the SLNs were actively transported along thick TNTs between cells. Notably, a comparison
in the number of TNTs formed by SLN-treated and untreated keratinocytes was also
performed. Experiments where the cells were treated with the SLNs showed an increased
TNT formation rate compared to the controls. This highlights the stressful effect of the
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NMeds on cell cultures, but also the importance of studying how they interact with TNTs
to decide their final fate and the significance of their biological effect. In fact, these data
show that the presence of NMeds could directly affect the exchange of materials between
cells even without any specific molecular trigger.

Astanina et al. also investigated the impact of TNT modulation by fatty acids on the
exchange of lipid droplets [147]. In this study, they tested the effect of arachidonic and
stearic acid on the formation rate of TNTs in a primary culture of endothelial cells dosed
with NMeds. The authors reported that no difference was observed after the administration
of stearic acid, while arachidonic acid led to a 4-fold increase in the number of TNTs.
This difference might lay in the role of arachidonic acid, which promotes migration and
metabolic activity in the cells [148]. Remarkably, this increase in TNT formation led to a
3-fold increase in the exchange of NMeds compared to the control. These data highlight
that the formation rate of TNTs is not linearly correlated with the transport of NMeds,
although they are influenced by each other.

A study by Formicola et al. recently highlighted that the type of TNTs formed by cells
is also an important parameter to analyze [149]. In fact, “thick” TNTs are more efficient in
the transport of material compared to “thin” ones. The authors here showed a difference in
the composition of TNTs between two cell types: while GBM cells tended to form more
stable “thick” TNTs, healthy astrocytes more frequently formed “thin” TNTs. Interestingly,
the administration of free doxorubicin [150-153] induced a shift in this ratio between “thick”
and “thin” TNTs for GBM cells, while astrocytes were unaffected. In particular, the majority
of TNTs formed by GBM cells after the administration of the drug was of the “thin” type,
similar to healthy astrocytes. Notably, the administration of doxorubicin-loaded liposomes
produced the same effect on the composition of TNTs in both cell types (Figure 3A,B).
This aspect needs to be properly investigated to assess the implications of this shift and to
understand how to possibly control this phenomenon accordingly. Moreover, groundbreak-
ing results presented in this study further underlined the importance of investigating the
impact of targeting ligands. In this study, the authors decorated liposomes with ApoE and
chlorotoxin, two moieties used for GBM targeting, and studied their trafficking via TNTs. In
particular, they administered these NMeds to co-cultures of U87GM and human astrocytes
cells (Figure 3C). Notably, the authors reported that targeted liposomes were actively trans-
ported via TNTs in co-cultures; however, a significant difference was seen in the direction
of movement. In fact, homotypical transfer GBM—GBM and astrocyte—astrocytes was
significantly more frequent compared to heterotypical transfer GBM—+astrocyte (Figure 3D).
These data demonstrate a pivotal point in the future design of NMeds for GBM treatment.
This could be a good indication that the efficacy of targeted NMeds could be enhanced by
the homotypic transfer of drugs between GBM cells while preserving the health of nearby
healthy astrocytes. These various studies show the complexity of TNT research and their
potential role in NMed therapeutics. On one side, this could be helpful to improve the
spread of NMeds between localized cells, but on the other, it could be detrimental if the
targeted cells spread the formulation to cells that were not the intended target.
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Figure 3. Type of TNTs in GBM and healthy astrocytes, and exchange of liposomes via TNTs.
(A) Type of TNTs formed by GBM cells before and after administration of doxorubicin. (B) Type of
TNTs formed by healthy astrocytes before and after administration of doxorubicin. Data are expressed
as mean £ SE from three independent experiments. Data were analyzed by two-way ANOVA
followed by Sidak’s multiple comparisons test; n.s., not significant; ** p < 0.01 (C) Experimental
protocol to study TNT formation in co-cultures using different fluorophores to distinguish cell
types. (D) Homotypical vs. heterotypical transfer via TNTs of doxorubicin-loaded liposomes in
co-cultures of GBM and healthy astrocytes. U87-MG: GBM cells; NHA: normal human astrocytes;
DOX: doxorubicin. N = 3 independent experiments. * p < 0.05; ** p < 0.01; ** p < 0.001 by Student
t-test Reproduced with permission from Formicola et al. [149] (Frontiers in Bioengineering and
Biotechnology; published by Frontiers; 2019).

4. Limitations in Tunneling Nanotubes Detection

As described in the previous chapters, TNTs have been detected in a plethora of
models and have been shown to have a notable effect in NMed delivery. They have been
found in immortalized or primary cell cultures [154], but also in spheroids [38,140] and
organoids [155], as well as in vivo [33,156]; however, evidence of TNTs in tissues in vivo
is less prominent when compared to the abundance of studies about TNTs in vitro. It is
crucial, though, to highlight that the true number or rate of TNT formation in vivo is still
probably underestimated. In fact, this possible misinterpretation of results could arise from
the difficulty of detecting TNTs in samples, which is hampered by several problems in the
imaging techniques available. These difficulties are predominantly linked to the fragile and
transient structure of TNTs. These membranous tubules are often difficult to image, even in
cultured cells in vitro, due to the numerous and arduous treatments necessary to prepare
samples for imaging via electron, atomic force, or confocal microscopy, which can damage
or destroy the projections. These problems linked to sample processing are exacerbated
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when animal tissue samples are involved, due to the fixation and preparation methods
required. For these reasons, confocal microscopy is the preferred technique for visualizing
TNTs due to the less arduous sample preparation while maintaining high resolution at
the nanoscale via STED (Stimulated Emission Depletion) and spinning disk imaging [157].
While confocal microscopy offers many advantages and is the preferred method for imaging
TNTs, another difficulty arises in the fact that there are few viable methods to specifically
image TNTs. To clarify, TNTs are composed of cytoskeletal components and cell membranes.
This means that any staining with antibodies for actin, tubulin, or plasma membranes will
most likely result in high background fluorescence throughout the whole sample, with
no distinction between different types of cell protrusions. Thus, one of the most used
techniques to visualize TNTs both in vitro and in vivo is to combine a highly specific
fluorescent staining for the object of interest combined with a transmitted light imaging.
With this approach, it is possible to visualize the structure of the TNTs and the cargo
transported along the tubules simultaneously (Figure 4). It is important to note that this
method is mainly applicable to cell cultures where ultra-thin tissue sections of only a few
um are necessary to exploit the combination of fluorescence and light transmission images.
This highlights the importance of investigating new techniques and protocols for TNT
imaging, along with researching methods to tune their formation. In particular, a new
antibody, specific for TNTs, would represent a huge improvement in TNT studies, with
positive implications also for more complex samples from tissues. With all of the processing
required, true in vivo experiments would ideally be able to track TNTs in real time, but
up until now, this has not been achieved and is a critical next step to understand their
biological relevance.

Figure 4. Representative imaging of TNTs using a combination of transmitted light and fluores-
cently labelled NMeds by confocal microscope. Reproduced with permission from Saenz-de-Santa-
Maria et al. [140] (Oncotarget; 2017).

5. Conclusions and Future Prospects

Cells have been biologically programmed to share material, both to benefit from
shared material such as proteins and organelles, and to dilute toxins. For this reason,
cells naturally create connections such as TNTs to fulfill this need. While this can be a
positive trait that allows for cell survival, they can represent a highway for the spreading
of dangerous materials and even pathogens (viruses and bacteria), which take advantage
of these connections to avoid the immune system. This opens up a Pandora’s box for
researchers to use these pathways to deliver NMeds in a more controlled way, blocking
or exploiting these connections. In fact, starting from the knowledge that NMeds can
be transferred to other cells after uptake, it is of crucial significance to understand the
dynamics that trigger TNT trafficking in order to take advantage of it. Hampering the
formation of TNTs can help increase drug accumulation in the target cell while avoiding



Int. ]. Mol. Sci. 2022, 23, 2237

110f18

off-target toxicity; however, increasing these connections could multiply the therapeutic
effect of delivered pharmaceutics throughout a tissue. Either way, TNTs need to be deeply
investigated in their interaction with targeted NMeds: if the NMeds arrive at the targeted
cells but are then transferred to other cells, the targeting effect is minimized. On the other
hand, these connections could be used to enhance delivery between cells and promote drug
delivery to difficult-to-reach cell populations.

In this work, we reviewed the work that has been completed in this direction, focusing
on the core material of the NMeds. Overall, we found that both inorganic and organic
NMeds are trafficked along TNTs, although differences in the rate of exchange were
evidenced. Unfortunately, it is still unclear whether these differences are to be attributed
to the NMeds or to the cell types, as it was demonstrated that different cells use TNTs
with different rates. It would be, therefore, necessary to perform a more comprehensive
investigation on the impact that different NMeds have on the same cell type, in terms of the
number of TNTs formed, the extent of NMed exchange, and the type of TNTs (“thick” or
“thin”). At the same time, literature that characterizes the effect of a single type of NMed
on TNT formation in different cell types is lacking. Information about this will be crucial
for researchers to better understand how NMeds, both targeted and untargeted, can be
exchanged between cells, and to predict whether TNTs are promoting or reducing the
therapeutic efficacy of NMeds.

In addjition to the core material, there are several other parameters of NMeds that are
to be considered when investigating their transport via TNTs, such as: size, hydrophilicity,
surface engineering, stiffness, shape, surface charge, and the amount and type of drug
loaded into the NMeds. Surface charge, for example, is one of the most important features
for NMeds, as it can affect biodistribution, toxicity, and immunogenicity. It could be
hypothesized that a positively charged NMed would trigger the formation of TNTs due
to a higher toxicity compared to those that are negatively charged. This could potentially
promote the spread of NMeds in the whole targeted tissue. Following the same rationale,
the drug loaded into NMeds could also have a direct effect on the TNT formation rate.
A higher amount of drug, both from higher loading content or faster release, could in
fact increase the stress level of the targeted cell, thus promoting the formation of a higher
number of TNTs and the spreading of the drug to other cells. At the same time, co-
encapsulation of an inhibitor of TNT formation such as metformin could determine an
accumulation of drug in the target cell and/or a reduction in the spreading of diseases.

The study of TNTs is still in its infancy, but results are already demonstrating the
theoretical importance that they offer in NMed treatments. New methodology and further
in-depth studies will be crucial to better understand and potentially control this currently
un-utilized process of cell-to-cell transfer. Altogether, these data will be pivotal for giving
researchers a clearer picture of how our technological tools, i.e., NMeds, can be optimized
and specialized using TNTs.

Author Contributions: Each author contributed significantly to the following roles. Conceptual-
ization, 1.O., M.A.V,, G.T,, and J.T.D.; Investigation, 1.O., R.C., and B.R.; Writing—original draft
preparation 1.O. and R.C.; Writing—review and editing, 1.O., ].T.D., and R.C.; Supervision, G.T.,
B.R., and ].T.D.; Project administration, B.R.,, M.A.V,, G.T., and ].T.D.; Funding acquisition, G.T., B.R.,
M.A.V,, and ].T.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially funded by an IMI EU Grant “Investigating Mechanisms and
Models predictive of accessibility of therapeutics (IM2PACT) Into the Brain” IMI2—Call 12, GA
n.807015 (im2pact.org); a Ministero degli Esteri e della Cooperazione Internazionale MAECI grant,
Progetti di ricerca scientifica e tecnologica di grande rilevanza by Ministero degli Esteri, Progetti
Italy-USA, “Nanomedicine for Blood Brain Barrier (BBB)-crossing in CNS oncologic pathologies”,
Prot. nr. MAE00691612020-06-26; FAR Unimore Fondazione di Modena “Nano-immuno targeting
per il trattamento del glioblastoma multiforme” NIT Project; GLIOSILK Project (Reference Number:
EURONANOMED2019-075); the Creutzfeldt-Jakob disease Foundation (CJDF); Telethon GGP19113
project: “Pigment Epithelium-derived Factor (PEDF) peptide as therapeutic agents for inherited
retinal degeneration”.


im2pact.org

Int. ]. Mol. Sci. 2022, 23, 2237 12 0f 18

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rustom, A.; Saffrich, R.; Markovic, I.; Walther, P.; Gerdes, H.-H. Nanotubular Highways for Intercellular Organelle Transport.
Science 2004, 303, 1007-1010. [CrossRef] [PubMed]

2. Korenkova, O.; Pepe, A.; Zurzolo, C. Fine Intercellular Connections in Development: TNTs, Cytonemes, or Intercellular Bridges?
Cell Stress 2020, 4, 30-43. [CrossRef] [PubMed]

3. Dubois, E; Bénard, M.; Jean-Jacques, B.; Schapman, D.; Roberge, H.; Lebon, A.; Goux, D.; Monterroso, B.; Elie, N;
Komuro, H.; et al. Investigating Tunneling Nanotubes in Cancer Cells: Guidelines for Structural and Functional Studies through
Cell Imaging. BioMed Res. Int. 2020, 2020, 1-16. [CrossRef] [PubMed]

4. Taiarol, L.; Formicola, B.; Fagioli, S.; Sierri, G.; D’Aloia, A.; Kravicz, M.; Renda, A.; Viale, E; Dal Magro, R.; Ceriani, M.; et al. The 3.0
Cell Communication: New Insights in the Usefulness of Tunneling Nanotubes for Glioblastoma Treatment. Cancers 2021, 13, 4001.
[CrossRef]

5. Pinto, G; Brou, C.; Zurzolo, C. Tunneling Nanotubes: The Fuel of Tumor Progression? Trends Cancer 2020, 6, 874-888. [CrossRef]

6.  Pyrgaki, C; Trainor, P.; Hadjantonakis, A.-K.; Niswander, L. Dynamic Imaging of Mammalian Neural Tube Closure. Dev. Biol.
2010, 344, 941-947. [CrossRef]

7.  Caneparo, L.; Pantazis, P.; Dempsey, W.; Fraser, S.E. Intercellular Bridges in Vertebrate Gastrulation. PLoS ONE 2011, 6, e20230.
[CrossRef]

8.  McKinney, M.C,; Stark, D.A.; Teddy, J.; Kulesa, PM. Neural Crest Cell Communication Involves an Exchange of Cytoplasmic
Material through Cellular Bridges Revealed by Photoconversion of KikGR. Dev. Dyn. 2011, 240, 1391-1401. [CrossRef]

9.  Gerdes, H-H.; Rustom, A.; Wang, X. Tunneling Nanotubes, an Emerging Intercellular Communication Route in Development.
Mech. Dev. 2013, 130, 381-387. [CrossRef]

10. Jhala, D.; Rather, H.A.; Vasita, R. Extracellular Matrix Mimicking Polycaprolactone-Chitosan Nanofibers Promote Stemness
Maintenance of Mesenchymal Stem Cells via Spheroid Formation. Biomed. Mater. 2020, 15, 035011. [CrossRef]

11. Liu, K, Ji, K;; Guo, L.; Wu, W,; Lu, H,; Shan, P,; Yan, C. Mesenchymal Stem Cells Rescue Injured Endothelial Cells in an in Vitro
Ischemia—Reperfusion Model via Tunneling Nanotube like Structure-Mediated Mitochondrial Transfer. Microvasc. Res. 2014, 92, 10-18.
[CrossRef] [PubMed]

12.  Hsu, M.-J,; Karkossa, I; Schifer, I.; Christ, M.; Kiithne, H.; Schubert, K.; Rolle-Kampczyk, U.E.; Kalkhof, S.; Nickel, S,;
Seibel, P; et al. Mitochondrial Transfer by Human Mesenchymal Stromal Cells Ameliorates Hepatocyte Lipid Load in a Mouse
Model of NASH. Biomedicines 2020, 8, 350. [CrossRef] [PubMed]

13.  Boukelmoune, N.; Chiu, G.S.; Kavelaars, A.; Heijnen, C.J. Mitochondrial Transfer from Mesenchymal Stem Cells to Neural Stem
Cells Protects against the Neurotoxic Effects of Cisplatin. Acta Neuropathol. Commun. 2018, 6, 139. [CrossRef] [PubMed]

14. Li, X. Gap Junction Protein Connexin43 and Tunneling Nanotubes in Human Trabecular Meshwork Cells. Int. ]. Physiol.
Pathophysiol. Pharmacol. 2019, 11, 212-219. [PubMed]

15.  Chinnery, H.R,; Keller, K.E. Tunneling Nanotubes and the Eye: Intercellular Communication and Implications for Ocular Health
and Disease. BioMed Res. Int. 2020, 2020, 1-15. [CrossRef]

16. Keller, K. Tunneling Nanotubes and Actin Cytoskeleton Dynamics in Glaucoma. Neural Regen. Res. 2020, 15, 2031. [CrossRef]

17.  Wittig, D.; Wang, X.; Walter, C.; Gerdes, H.-H.; Funk, R.H.W.; Roehlecke, C. Multi-Level Communication of Human Retinal
Pigment Epithelial Cells via Tunneling Nanotubes. PLoS ONE 2012, 7, e33195. [CrossRef]

18.  Alarcon-Martinez, L.; Villafranca-Baughman, D.; Quintero, H.; Kacerovsky, ].B.; Dotigny, F.; Murai, K.K.; Prat, A.; Drapeau, P.; Di
Polo, A. Interpericyte Tunnelling Nanotubes Regulate Neurovascular Coupling. Nature 2020, 585, 91-95. [CrossRef]

19. Victoria, G.S.; Zurzolo, C. The Spread of Prion-like Proteins by Lysosomes and Tunneling Nanotubes: Implications for Neurode-
generative Diseases. J. Cell Biol. 2017, 216, 2633-2644. [CrossRef]

20. Costanzo, M.; Abounit, S.; Marzo, L.; Danckaert, A.; Chamoun, Z.; Roux, P.; Zurzolo, C. Transfer of Polyglutamine Aggregates in
Neuronal Cells Occurs in Tunneling Nanotubes. J. Cell Sci. 2013, 126, 3678-3685. [CrossRef]

21. Sharma, M.; Subramaniam, S. Rhes Travels from Cell to Cell and Transports Huntington Disease Protein via TNT-like Protrusion.
J. Cell Biol. 2019, 218, 1972-1993. [CrossRef] [PubMed]

22. Dieriks, B.V,; Park, T.I.-H.; Fourie, C.; Faull, R.L.M.; Dragunow, M.; Curtis, M.A. «-Synuclein Transfer through Tunneling
Nanotubes Occurs in SH-SY5Y Cells and Primary Brain Pericytes from Parkinson’s Disease Patients. Sci. Rep. 2017, 7, 42984.
[CrossRef] [PubMed]

23. Rajasekaran, S.; Witt, S.N. Trojan Horses and Tunneling Nanotubes Enable x-Synuclein Pathology to Spread in Parkinson Disease.
PLoS Biol. 2021, 19, e3001331. [CrossRef] [PubMed]

24. Zhang, K; Sun, Z; Chen, X.; Zhang, Y.; Guo, A.; Zhang, Y. Intercellular Transport of Tau Protein and 3-Amyloid Mediated by
Tunneling Nanotubes. Am. |. Transl. Res. 2021, 13, 12509-12522.

25. Sisakhtnezhad, S.; Khosravi, L. Emerging Physiological and Pathological Implications of Tunneling Nanotubes Formation

between Cells. Eur. J. Cell Biol. 2015, 94, 429-443. [CrossRef]


http://doi.org/10.1126/science.1093133
http://www.ncbi.nlm.nih.gov/pubmed/14963329
http://doi.org/10.15698/cst2020.02.212
http://www.ncbi.nlm.nih.gov/pubmed/32043076
http://doi.org/10.1155/2020/2701345
http://www.ncbi.nlm.nih.gov/pubmed/32351987
http://doi.org/10.3390/cancers13164001
http://doi.org/10.1016/j.trecan.2020.04.012
http://doi.org/10.1016/j.ydbio.2010.06.010
http://doi.org/10.1371/journal.pone.0020230
http://doi.org/10.1002/dvdy.22612
http://doi.org/10.1016/j.mod.2012.11.006
http://doi.org/10.1088/1748-605X/ab772e
http://doi.org/10.1016/j.mvr.2014.01.008
http://www.ncbi.nlm.nih.gov/pubmed/24486322
http://doi.org/10.3390/biomedicines8090350
http://www.ncbi.nlm.nih.gov/pubmed/32937969
http://doi.org/10.1186/s40478-018-0644-8
http://www.ncbi.nlm.nih.gov/pubmed/30541620
http://www.ncbi.nlm.nih.gov/pubmed/31777645
http://doi.org/10.1155/2020/7246785
http://doi.org/10.4103/1673-5374.282254
http://doi.org/10.1371/journal.pone.0033195
http://doi.org/10.1038/s41586-020-2589-x
http://doi.org/10.1083/jcb.201701047
http://doi.org/10.1242/jcs.126086
http://doi.org/10.1083/jcb.201807068
http://www.ncbi.nlm.nih.gov/pubmed/31076452
http://doi.org/10.1038/srep42984
http://www.ncbi.nlm.nih.gov/pubmed/28230073
http://doi.org/10.1371/journal.pbio.3001331
http://www.ncbi.nlm.nih.gov/pubmed/34284485
http://doi.org/10.1016/j.ejcb.2015.06.010

Int. ]. Mol. Sci. 2022, 23, 2237 13 0f 18

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Wang, X.-T.; Sun, H.; Chen, N.-H.; Yuan, Y.-H. Tunneling Nanotubes: A Novel Pharmacological Target for Neurodegenerative
Diseases? Pharmacol. Res. 2021, 170, 105541. [CrossRef]

Hanna, S.J.; McCoy-Simandle, K.; Leung, E.; Genna, A.; Condeelis, ].; Cox, D. Tunneling Nanotubes, a Novel Mode of Tumor
Cell-Macrophage Communication in Tumor Cell Invasion. J. Cell Sci. 2019, 132, jcs223321. [CrossRef]

Matejka, N.; Reindl, J. Perspectives of Cellular Communication through Tunneling Nanotubes in Cancer Cells and the Connection
to Radiation Effects. Radiat. Oncol. 2019, 14, 218. [CrossRef]

Kretschmer, A.; Zhang, F.; Somasekharan, S.P,; Tse, C.; Leachman, L.; Gleave, A ; Li, B.; Asmaro, I.; Huang, T.; Kotula, L.; et al.
Stress-Induced Tunneling Nanotubes Support Treatment Adaptation in Prostate Cancer. Sci. Rep. 2019, 9, 7826. [CrossRef]

Lu, ].J.; Yang, WM.; Li, E; Zhu, W.; Chen, Z. Tunneling Nanotubes Mediated MicroRNA-155 Intercellular Transportation Promotes
Bladder Cancer Cells’ Invasive and Proliferative Capacity. Int. ]. Nanomed. 2019, 14, 9731-9743. [CrossRef]

Lu, J; Zheng, X; Li, F; Yu, Y.;; Chen, Z; Liu, Z.; Wang, Z.; Xu, H.; Yang, W. Tunneling Nanotubes Promote Intercellular
Mitochondria Transfer Followed by Increased Invasiveness in Bladder Cancer Cells. Oncotarget 2017, 8, 15539-15552. [CrossRef]
[PubMed]

D’Aloia, A.; Arrigoni, E.; Costa, B.; Berruti, G.; Martegani, E.; Sacco, E.; Ceriani, M. RalGPS2 Interacts with Akt and PDK1
Promoting Tunneling Nanotubes Formation in Bladder Cancer and Kidney Cells Microenvironment. Cancers 2021, 13, 6330.
[CrossRef] [PubMed]

Desir, S.; O'Hare, P.; Vogel, R.I; Sperduto, W.; Sarkari, A.; Dickson, E.L.; Wong, P.; Nelson, A.C.; Fong, Y.; Steer, C.J.; et al.
Chemotherapy-Induced Tunneling Nanotubes Mediate Intercellular Drug Efflux in Pancreatic Cancer. Sci. Rep. 2018, 8, 9484.
[CrossRef]

Franchi, M,; Piperigkou, Z.; Riti, E.; Masola, V.; Onisto, M.; Karamanos, N.K. Long Filopodia and Tunneling Nanotubes Define
New Phenotypes of Breast Cancer Cells in 3D Cultures. Matrix Biol. Plus 2020, 6—7, 100026. [CrossRef] [PubMed]

Polak, R.; de Rooij, B.; Pieters, R.; den Boer, M.L. B-Cell Precursor Acute Lymphoblastic Leukemia Cells Use Tunneling Nanotubes
to Orchestrate Their Microenvironment. Blood 2015, 126, 2404-2414. [CrossRef] [PubMed]

Omsland, M.; Andresen, V.; Gullaksen, S.; Ayuda-Duran, P.; Popa, M.; Hovland, R.; Brendehaug, A.; Enserink, J.; McCormack, E.;
Gjertsen, B.T. Tyrosine Kinase Inhibitors and Interferon-o Increase Tunneling Nanotube (TNT) Formation and Cell Adhesion in
Chronic Myeloid Leukemia (CML) Cell Lines. FASEB J. 2020, 34, 3773-3791. [CrossRef]

De Rooij, B.; Polak, R.; Stalpers, F.; Pieters, R.; den Boer, M.L. Tunneling Nanotubes Facilitate Autophagosome Transfer in the
Leukemic Niche. Leukemia 2017, 31, 1651-1654. [CrossRef]

Civita, P; M Leite, D.; Pilkington, G.]J. Pre-Clinical Drug Testing in 2D and 3D Human In Vitro Models of Glioblastoma
Incorporating Non-Neoplastic Astrocytes: Tunneling Nano Tubules and Mitochondrial Transfer Modulates Cell Behavior and
Therapeutic Respons. Int. J. Mol. Sci. 2019, 20, 6017. [CrossRef]

Wu, W.; Klockow, J.L.; Zhang, M.; Lafortune, F.; Chang, E.; Jin, L.; Wu, Y.; Daldrup-Link, H.E. Glioblastoma Multiforme (GBM):
An Overview of Current Therapies and Mechanisms of Resistance. Pharmacol. Res. 2021, 171, 105780. [CrossRef]

Grech, N,; Dalli, T.; Mizzi, S.; Meilak, L.; Calleja, N.; Zrinzo, A. Rising Incidence of Glioblastoma Multiforme in a Well-Defined
Population. Cureus 2020, 12, e8195. [CrossRef]

Hanif, F; Muzaffar, K.; Perveen, K.; Malhi, S.M.; Simjee, S.U. Glioblastoma Multiforme: A Review of Its Epidemiology and
Pathogenesis through Clinical Presentation and Treatment. Asian Pac. ]. Cancer Prev. 2017, 18, 3-9. [CrossRef] [PubMed]
Valdebenito, S.; Malik, S.; Luu, R.; Loudig, O.; Mitchell, M.; Okafo, G.; Bhat, K.; Prideaux, B.; Eugenin, E.A. Tunneling Nanotubes,
TNT, Communicate Glioblastoma with Surrounding Non-Tumor Astrocytes to Adapt Them to Hypoxic and Metabolic Tumor
Conditions. Sci. Rep. 2021, 11, 14556. [CrossRef] [PubMed]

Venkatesh, V.S.; Lou, E. Tunneling Nanotubes: A Bridge for Heterogeneity in Glioblastoma and a New Therapeutic Target? Cancer
Rep. 2019, 2, 1185. [CrossRef] [PubMed]

Zurzolo, C. Tunneling Nanotubes: Reshaping Connectivity. Curr. Opin. Cell Biol. 2021, 71, 139-147. [CrossRef] [PubMed]
Nasoni, M.G.; Carloni, S.; Canonico, B.; Burattini, S.; Cesarini, E.; Papa, S.; Pagliarini, M.; Ambrogini, P.; Balduini, W.; Luchetti, F.
Melatonin Reshapes the Mitochondrial Network and Promotes Intercellular Mitochondrial Transfer via Tunneling Nanotubes
after Ischemic-like Injury in Hippocampal HT22 Cells. . Pineal Res. 2021, 71, €12747. [CrossRef]

Damodaran, N.; Dilna, A.; Kielkopf, C.S.; Kagedal, K.; Ollinger, K.; Nath, S. Amyloid- Induced Membrane Damage Instigates
Tunneling Nanotubes by Exploiting PAK1 Dependent Actin Remodulation. bioRxiv 2020, 655340. [CrossRef]

Zou, X.; Hou, Y.; Xu, J.; Zhong, L.; Zhou, ].; Zhang, G.; Sun, J. Mitochondria Transfer via Tunneling Nanotubes Is an Important
Mechanism by Which CD133+ Scattered Tubular Cells Eliminate Hypoxic Tubular Cell Injury. Biochem. Biophys. Res. Commun.
2020, 522, 205-212. [CrossRef]

Dupont, M.; Souriant, S.; Balboa, L.; Vu Manh, T.-P,; Pingris, K.; Rousset, S.; Cougoule, C.; Rombouts, Y.; Poincloux, R,;
Ben Neji, M; et al. Tuberculosis-Associated IFN-I Induces Siglec-1 on Tunneling Nanotubes and Favors HIV-1 Spread in
Macrophages. eLife 2020, 9, €52535. [CrossRef]

Okura, T.; Taneno, A.; Oishi, E. Cell-to-Cell Transmission of Turkey Herpesvirus in Chicken Embryo Cells via Tunneling
Nanotubes. Avian Dis. 2021, 65, 335-339. [CrossRef]

Panasiuk, M.; Rychtowski, M.; Derewonko, N.; Bierikowska-Szewczyk, K. Tunneling Nanotubes as a Novel Route of Cell-to-Cell
Spread of Herpesviruses. J. Virol. 2018, 92, e00090-18. [CrossRef]


http://doi.org/10.1016/j.phrs.2021.105541
http://doi.org/10.1242/jcs.223321
http://doi.org/10.1186/s13014-019-1416-8
http://doi.org/10.1038/s41598-019-44346-5
http://doi.org/10.2147/IJN.S217277
http://doi.org/10.18632/oncotarget.14695
http://www.ncbi.nlm.nih.gov/pubmed/28107184
http://doi.org/10.3390/cancers13246330
http://www.ncbi.nlm.nih.gov/pubmed/34944949
http://doi.org/10.1038/s41598-018-27649-x
http://doi.org/10.1016/j.mbplus.2020.100026
http://www.ncbi.nlm.nih.gov/pubmed/33543024
http://doi.org/10.1182/blood-2015-03-634238
http://www.ncbi.nlm.nih.gov/pubmed/26297738
http://doi.org/10.1096/fj.201802061RR
http://doi.org/10.1038/leu.2017.117
http://doi.org/10.3390/ijms20236017
http://doi.org/10.1016/j.phrs.2021.105780
http://doi.org/10.7759/cureus.8195
http://doi.org/10.22034/APJCP.2017.18.1.3
http://www.ncbi.nlm.nih.gov/pubmed/28239999
http://doi.org/10.1038/s41598-021-93775-8
http://www.ncbi.nlm.nih.gov/pubmed/34267246
http://doi.org/10.1002/cnr2.1185
http://www.ncbi.nlm.nih.gov/pubmed/32729189
http://doi.org/10.1016/j.ceb.2021.03.003
http://www.ncbi.nlm.nih.gov/pubmed/33866130
http://doi.org/10.1111/jpi.12747
http://doi.org/10.1101/655340
http://doi.org/10.1016/j.bbrc.2019.11.006
http://doi.org/10.7554/eLife.52535
http://doi.org/10.1637/aviandiseases-D-21-00022
http://doi.org/10.1128/JVI.00090-18

Int. ]. Mol. Sci. 2022, 23, 2237 14 0f 18

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Tiwari, V,; Koganti, R.; Russell, G.; Sharma, A.; Shukla, D. Role of Tunneling Nanotubes in Viral Infection, Neurodegenerative
Disease, and Cancer. Front. Immunol. 2021, 12, 2256. [CrossRef] [PubMed]

Kumar, A.; Kim, J.H.; Ranjan, P; Metcalfe, M.G.; Cao, W.; Mishina, M.; Gangappa, S.; Guo, Z.; Boyden, E.S.; Zaki, S.; et al.
Influenza Virus Exploits Tunneling Nanotubes for Cell-to-Cell Spread. Sci. Rep. 2017, 7, 40360. [CrossRef] [PubMed]

Zhang, C.; Yan, L.; Wang, X; Zhu, S.; Chen, C.; Gu, Z.; Zhao, Y. Progress, Challenges, and Future of Nanomedicine. Nano Today
2020, 35, 101008. [CrossRef]

Pepe, A,; Pietropaoli, S.; Vos, M.; Barba-Spaeth, G.; Zurzolo, C. Tunneling Nanotubes Provide a Novel Route for SARS-CoV-2
Spreading between Permissive Cells and to Non-Permissive Neuronal Cells. bioRxiv 2021. [CrossRef]

Jansens, R.J.J.; Tishchenko, A.; Favoreel, H.W. Bridging the Gap: Virus Long-Distance Spread via Tunneling Nanotubes. J. Virol.
2020, 94, €02120-19. [CrossRef]

Guo, L.; Zhang, Y.; Yang, Z.; Peng, H.; Wei, R.; Wang, C.; Feng, M. Tunneling Nanotubular Expressways for Ultrafast and Accurate
M1 Macrophage Delivery of Anticancer Drugs to Metastatic Ovarian Carcinoma. ACS Nano 2019, 13, 1078-1096. [CrossRef]
Pasquier, J.; Guerrouahen, B.S.; Al Thawadi, H.; Ghiabi, P.; Maleki, M.; Abu-Kaoud, N.; Jacob, A.; Mirshahi, M.; Galas, L.;
Rafii, S.; et al. Preferential Transfer of Mitochondria from Endothelial to Cancer Cells through Tunneling Nanotubes Modulates
Chemoresistance. J. Transl. Med. 2013, 11, 94. [CrossRef]

Pasquier, J.; Galas, L.; Boulangé-Lecomte, C.; Rioult, D.; Bultelle, F; Magal, P.; Webb, G.; Le Foll, F. Different Modalities of
Intercellular Membrane Exchanges Mediate Cell-to-Cell P-Glycoprotein Transfers in MCF-7 Breast Cancer Cells. J. Biol. Chem.
2012, 287,7374-7387. [CrossRef]

Bao, L.; Hazari, S.; Mehra, S.; Kaushal, D.; Moroz, K.; Dash, S. Increased Expression of P-Glycoprotein and Doxorubicin
Chemoresistance of Metastatic Breast Cancer is Regulated by MiR-298. Am. ]. Pathol. 2012, 180, 2490-2503. [CrossRef]

Abad, E.; Lyakhovich, A. Movement of Mitochondria with Mutant DNA through Extracellular Vesicles Helps Cancer Cells
Acquire Chemoresistance. ChemMedChem 2021, 16, 642. [CrossRef]

Dash, C.; Saha, T.; Sengupta, S.; Jang, H.L. Inhibition of Tunneling Nanotubes between Cancer Cell and the Endothelium Alters
the Metastatic Phenotype. Int. . Mol. Sci. 2021, 22, 6161. [CrossRef] [PubMed]

Sun, Y.Y;; Yang, Y.-F,; Keller, K.E. Myosin-X Silencing in the Trabecular Meshwork Suggests a Role for Tunneling Nanotubes in
Outflow Regulation. Investig. Ophthalmol. Vis. Sci. 2019, 60, 843-851. [CrossRef] [PubMed]

Lou, E.; Fujisawa, S.; Morozov, A.; Barlas, A.; Romin, Y.; Dogan, Y.; Gholami, S.; Moreira, A.L.; Manova-Todorova, K.; Moore,
M.A.S. Tunneling Nanotubes Provide a Unique Conduit for Intercellular Transfer of Cellular Contents in Human Malignant
Pleural Mesothelioma. PLoS ONE 2012, 7, €33093. [CrossRef] [PubMed]

Sahu, P; Jena, S.R.; Samanta, L. Tunneling Nanotubes: A Versatile Target for Cancer Therapy. Curr. Cancer Drug Targets 2018, 18,
514-521. [CrossRef]

Dilsizoglu Senol, A.; Pepe, A.; Grudina, C.; Sassoon, N.; Reiko, U.; Bousset, L.; Melki, R.; Piel, ].; Gugger, M.; Zurzolo, C. Effect of
Tolytoxin on Tunneling Nanotube Formation and Function. Sci. Rep. 2019, 9, 5741. [CrossRef]

Pergu, R.; Dagar, S.; Kumar, H.; Kumar, R.; Bhattacharya, J.; Mylavarapu, S.V.S. The Chaperone ERp29 Is Required for Tunneling
Nanotube Formation by Stabilizing MSec. J. Biol. Chem. 2019, 294, 7177-7193. [CrossRef]

Barutta, F; Kimura, S.; Hase, K.; Bellini, S.; Corbetta, B.; Corbelli, A.; Fiordaliso, F.; Barreca, A.; Papotti, M.G.; Ghiggeri, G.M.; et al.
Protective Role of the M-Sec-Tunneling Nanotube System in Podocytes. . Am. Soc. Nephrol. 2021, 32, 1114-1130. [CrossRef]
Yasuda, K.; Park, H.-C.; Ratliff, B.; Addabbo, F.; Hatzopoulos, A K.; Chander, P.; Goligorsky, M.S. Adriamycin Nephropathy: A
Failure of Endothelial Progenitor Cell-Induced Repair. Am. J. Pathol. 2010, 176, 1685-1695. [CrossRef]

Kato, K.; Nguyen, K.T.; Decker, C.W.; Silkwood, K.H.; Eck, S.M.; Hernandez, J.B.; Garcia, J.; Han, D. Tunneling Nanotube
Formation Promotes Survival against 5-Fluorouracil in MCF-7 Breast Cancer Cells. FEBS Open Bio 2022, 12, 203-210. [CrossRef]
Hekmatshoar, Y.; Nakhle, J.; Galloni, M.; Vignais, M.-L. The Role of Metabolism and Tunneling Nanotube-Mediated Intercellular
Mitochondria Exchange in Cancer Drug Resistance. Biochem. J. 2018, 475, 2305-2328. [CrossRef]

Salvioni, L.; Rizzuto, M.A.; Bertolini, J.A.; Pandolfi, L.; Colombo, M.; Prosperi, D. Thirty Years of Cancer Nanomedicine: Success,
Frustration, and Hope. Cancers 2019, 11, 1855. [CrossRef] [PubMed]

Ghitman, J.; Biru, E.I; Stan, R.; Iovu, H. Review of Hybrid PLGA Nanoparticles: Future of Smart Drug Delivery and Theranostics
Medicine. Mater. Des. 2020, 193, 108805. [CrossRef]

Shi, Z.; Zhou, Y.; Fan, T.; Lin, Y.; Zhang, H.; Mei, L. Inorganic Nano-Carriers Based Smart Drug Delivery Systems for Tumor
Therapy. Smart Mater. Med. 2020, 1, 32-47. [CrossRef]

Mitchell, M.].; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering Precision Nanoparticles for
Drug Delivery. Nat. Rev. Drug Discov. 2021, 20, 101-124. [CrossRef] [PubMed]

Sur, S.; Rathore, A.; Dave, V.; Reddy, K.R.; Chouhan, R.S.; Sadhu, V. Recent Developments in Functionalized Polymer Nanoparticles
for Efficient Drug Delivery System. Nano-Struct. Nano-Objects 2019, 20, 100397. [CrossRef]

Mulvihill, ].J.; Cunnane, E.M.; Ross, A.M.; Duskey, ].T.; Tosi, G.; Grabrucker, A.M. Drug Delivery across the Blood-Brain Barrier:
Recent Advances in the Use of Nanocarriers. Nanomedicine 2020, 15, 205-214. [CrossRef]

Tosi, G.; Duskey, ].T.; Kreuter, ]. Nanoparticles as Carriers for Drug Delivery of Macromolecules across the Blood-Brain Barrier.
Expert Opin. Drug Deliv. 2020, 17, 23-32. [CrossRef]


http://doi.org/10.3389/fimmu.2021.680891
http://www.ncbi.nlm.nih.gov/pubmed/34194434
http://doi.org/10.1038/srep40360
http://www.ncbi.nlm.nih.gov/pubmed/28059146
http://doi.org/10.1016/j.nantod.2020.101008
http://doi.org/10.1101/2021.11.15.468633
http://doi.org/10.1128/JVI.02120-19
http://doi.org/10.1021/acsnano.8b08872
http://doi.org/10.1186/1479-5876-11-94
http://doi.org/10.1074/jbc.M111.312157
http://doi.org/10.1016/j.ajpath.2012.02.024
http://doi.org/10.1002/cmdc.202100642
http://doi.org/10.3390/ijms22116161
http://www.ncbi.nlm.nih.gov/pubmed/34200503
http://doi.org/10.1167/iovs.18-26055
http://www.ncbi.nlm.nih.gov/pubmed/30807639
http://doi.org/10.1371/journal.pone.0033093
http://www.ncbi.nlm.nih.gov/pubmed/22427958
http://doi.org/10.2174/1568009618666171129222637
http://doi.org/10.1038/s41598-019-42161-6
http://doi.org/10.1074/jbc.RA118.005659
http://doi.org/10.1681/ASN.2020071076
http://doi.org/10.2353/ajpath.2010.091071
http://doi.org/10.1002/2211-5463.13324
http://doi.org/10.1042/BCJ20170712
http://doi.org/10.3390/cancers11121855
http://www.ncbi.nlm.nih.gov/pubmed/31769416
http://doi.org/10.1016/j.matdes.2020.108805
http://doi.org/10.1016/j.smaim.2020.05.002
http://doi.org/10.1038/s41573-020-0090-8
http://www.ncbi.nlm.nih.gov/pubmed/33277608
http://doi.org/10.1016/j.nanoso.2019.100397
http://doi.org/10.2217/nnm-2019-0367
http://doi.org/10.1080/17425247.2020.1698544

Int. ]. Mol. Sci. 2022, 23, 2237 150f18

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Righeschi, C.; Coronnello, M.; Mastrantoni, A.; Isacchi, B.; Bergonzi, M.C.; Mini, E.; Bilia, A.R. Strategy to Provide a Useful Solution
to Effective Delivery of Dihydroartemisinin: Development, Characterization and in Vitro Studies of Liposomal Formulations.
Colloids Surf. B Biointerfaces 2014, 116, 121-127. [CrossRef]

He, Y,; Liang, S.; Long, M.; Xu, H. Mesoporous Silica Nanoparticles as Potential Carriers for Enhanced Drug Solubility of
Paclitaxel. Mater. Sci. Eng. C 2017, 78, 12-17. [CrossRef]

Volpatti, L.R.; Matranga, M.A.; Cortinas, A.B.; Delcassian, D.; Daniel, K.B.; Langer, R.; Anderson, D.G. Glucose-Responsive
Nanoparticles for Rapid and Extended Self-Regulated Insulin Delivery. ACS Nano 2020, 14, 488-497. [CrossRef]

Duskey, ].T.; Ottonelli, I.; Rinaldi, A.; Parmeggiani, I.; Zambelli, B.; Wang, L.Z.; Prud’homme, R.K.; Vandelli, M.A; Tosi, G.;
Ruozi, B. Tween®Preserves Enzyme Activity and Stability in PLGA Nanoparticles. Nanomaterials 2021, 11, 2946. [CrossRef]
[PubMed]

Duskey, ].T.; da Ros, E; Ottonelli, I.; Zambelli, B.; Vandelli, M.A.; Tosi, G.; Ruozi, B. Enzyme Stability in Nanoparticle Preparations
Part 1: Bovine Serum Albumin Improves Enzyme Function. Molecules 2020, 25, 4593. [CrossRef]

Rigon, L.; Salvalaio, M.; Pederzoli, F; Legnini, E.; Duskey, ].T.; D’Avanzo, F.; De Filippis, C.; Ruozi, B.; Marin, O,
Vandelli, M.A; et al. Targeting Brain Disease in MPSII: Preclinical Evaluation of IDS-Loaded PLGA Nanoparticles. Int. ]. Mol. Sci.
2019, 20, 2014. [CrossRef] [PubMed]

Cao, S.; Xu, S.; Wang, H.; Ling, Y.; Dong, J.; Xia, R.; Sun, X. Nanoparticles: Oral Delivery for Protein and Peptide Drugs. AAPS
PharmSciTech 2019, 20, 190. [CrossRef] [PubMed]

Huang, D.; Chen, Y.-S.; Green, C.R.; Rupenthal, I.D. Hyaluronic Acid Coated Albumin Nanoparticles for Targeted Peptide
Delivery in the Treatment of Retinal Ischaemia. Biomaterials 2018, 168, 10-23. [CrossRef] [PubMed]

Pederzoli, F; Ruozi, B.; Duskey, J.; Hagmeyer, S.; Sauer, A.K.; Grabrucker, S.; Coelho, R.; Oddone, N.; Ottonelli, I.; Daini, E.; et al.
Nanomedicine Against A Aggregation by 3-Sheet Breaker Peptide Delivery: In Vitro Evidence. Pharmaceutics 2019, 11, E572.
[CrossRef] [PubMed]

Dowaidar, M.; Nasser Abdelhamid, H.; Hallbrink, M.; Langel, U.; Zou, X. Chitosan Enhances Gene Delivery of Oligonucleotide
Complexes with Magnetic Nanoparticles—Cell-Penetrating Peptide. J. Biomater. Appl. 2018, 33, 392—401. [CrossRef]

Zhou, Y.; Quan, G.; Wu, Q.; Zhang, X.; Niu, B.; Wu, B.; Huang, Y.; Pan, X.; Wu, C. Mesoporous Silica Nanoparticles for Drug and
Gene Delivery. Acta Pharm. Sin. B 2018, 8, 165-177. [CrossRef]

Lu, J.; Wang, ].; Ling, D. Surface Engineering of Nanoparticles for Targeted Delivery to Hepatocellular Carcinoma. Small 2018, 14,
1702037. [CrossRef]

Xiao, Y,; Shi, K.; Qu, Y,; Chu, B,; Qian, Z. Engineering Nanoparticles for Targeted Delivery of Nucleic Acid Therapeutics in Tumor.
Mol. Ther.-Methods Clin. Dev. 2019, 12, 1-18. [CrossRef]

Hussain, S.; Joo, ].; Kang, J.; Kim, B.; Braun, G.B.; She, Z.-G.; Kim, D.; Mann, A.P.; Molder, T.; Teesalu, T.; et al. Antibiotic-Loaded
Nanoparticles Targeted to the Site of Infection Enhance Antibacterial Efficacy. Nat. Biomed. Eng. 2018, 2, 95-103. [CrossRef]
[PubMed]

Han, X; Su, R.; Huang, X.; Wang, Y.; Kuang, X.; Zhou, S.; Liu, H. Triphenylphosphonium-Modified Mitochondria-Targeted
Paclitaxel Nanocrystals for Overcoming Multidrug Resistance. Asian J. Pharm. Sci. 2019, 14, 569-580. [CrossRef] [PubMed]
Fam, S.Y.; Chee, C.E; Yong, C.Y.; Ho, K.L.; Mariatulgabtiah, A.R.; Tan, W.S. Stealth Coating of Nanoparticles in Drug-Delivery
Systems. Nanomaterials 2020, 10, 787. [CrossRef] [PubMed]

Kundu, M.; Chatterjee, S.; Ghosh, N.; Manna, P,; Das, J.; Sil, PC. Tumor Targeted Delivery of Umbelliferone via a Smart
Mesoporous Silica Nanoparticles Controlled-Release Drug Delivery System for Increased Anticancer Efficiency. Mater. Sci. Eng. C
2020, 116, 111239. [CrossRef]

Salehiabar, M.; Nosrati, H.; Javani, E.; Aliakbarzadeh, F.; Kheiri Manjili, H.; Davaran, S.; Danafar, H. Production of Biological
Nanoparticles from Bovine Serum Albumin as Controlled Release Carrier for Curcumin Delivery. Int. ]. Biol. Macromol. 2018, 115,
83-89. [CrossRef]

Jiang, P.; Choi, A.; Swindle-Reilly, K.E. Controlled Release of Anti-VEGF by Redox-Responsive Polydopamine Nanoparticles.
Nanoscale 2020, 12, 17298-17311. [CrossRef]

Cano, A.; Turowski, P; Ettcheto, M.; Duskey, ].T.; Tosi, G.; Sanchez-Lépez, E.; Garcia, M.L.; Camins, A.; Souto, E.B.; Ruiz, A.; et al.
Nanomedicine-Based Technologies and Novel Biomarkers for the Diagnosis and Treatment of Alzheimer’s Disease: From Current
to Future Challenges. ]. Nanobiotechnol. 2021, 19, 122. [CrossRef]

Baskin, J.; Jeon, J.E.; Lewis, S.J.G. Nanoparticles for Drug Delivery in Parkinson’s Disease. ]. Neurol. 2021, 268, 1981-1994.
[CrossRef]

Birolini, G.; Valenza, M.; Ottonelli, I.; Passoni, A.; Favagrossa, M.; Duskey, ]J.T.; Bombaci, M.; Vandelli, M.A.; Colombo, L.;
Bagnati, R; et al. Insights into Kinetics, Release, and Behavioral Effects of Brain-Targeted Hybrid Nanoparticles for Cholesterol
Delivery in Huntington’s Disease. ]. Control. Release 2021, 330, 587-598. [CrossRef]

Shi, J.; Kantoff, PW.; Wooster, R.; Farokhzad, O.C. Cancer Nanomedicine: Progress, Challenges and Opportunities. Nat. Rev.
Cancer 2017, 17, 20-37. [CrossRef]

Wu, D.; S5i, M.; Xue, H.-Y.; Wong, H.-L. Nanomedicine Applications in the Treatment of Breast Cancer: Current State of the Art.
Int. J. Nanomed. 2017, 12, 5879-5892. [CrossRef] [PubMed]

Tatar, A.-S.; Nagy-Simon, T.; Tomuleasa, C.; Boca, S.; Astilean, S. Nanomedicine Approaches in Acute Lymphoblastic Leukemia.
J. Control. Release 2016, 238, 123-138. [CrossRef] [PubMed]


http://doi.org/10.1016/j.colsurfb.2013.12.019
http://doi.org/10.1016/j.msec.2017.04.049
http://doi.org/10.1021/acsnano.9b06395
http://doi.org/10.3390/nano11112946
http://www.ncbi.nlm.nih.gov/pubmed/34835710
http://doi.org/10.3390/molecules25204593
http://doi.org/10.3390/ijms20082014
http://www.ncbi.nlm.nih.gov/pubmed/31022913
http://doi.org/10.1208/s12249-019-1325-z
http://www.ncbi.nlm.nih.gov/pubmed/31111296
http://doi.org/10.1016/j.biomaterials.2018.03.034
http://www.ncbi.nlm.nih.gov/pubmed/29597134
http://doi.org/10.3390/pharmaceutics11110572
http://www.ncbi.nlm.nih.gov/pubmed/31683907
http://doi.org/10.1177/0885328218796623
http://doi.org/10.1016/j.apsb.2018.01.007
http://doi.org/10.1002/smll.201702037
http://doi.org/10.1016/j.omtm.2018.09.002
http://doi.org/10.1038/s41551-017-0187-5
http://www.ncbi.nlm.nih.gov/pubmed/29955439
http://doi.org/10.1016/j.ajps.2018.06.006
http://www.ncbi.nlm.nih.gov/pubmed/32104484
http://doi.org/10.3390/nano10040787
http://www.ncbi.nlm.nih.gov/pubmed/32325941
http://doi.org/10.1016/j.msec.2020.111239
http://doi.org/10.1016/j.ijbiomac.2018.04.043
http://doi.org/10.1039/D0NR03710A
http://doi.org/10.1186/s12951-021-00864-x
http://doi.org/10.1007/s00415-020-10291-x
http://doi.org/10.1016/j.jconrel.2020.12.051
http://doi.org/10.1038/nrc.2016.108
http://doi.org/10.2147/IJN.S123437
http://www.ncbi.nlm.nih.gov/pubmed/28860754
http://doi.org/10.1016/j.jconrel.2016.07.035
http://www.ncbi.nlm.nih.gov/pubmed/27460684

Int. ]. Mol. Sci. 2022, 23, 2237 16 of 18

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Duskey, ].T.; Belletti, D.; Pederzoli, F.; Vandelli, M.A.; Forni, F.; Ruozi, B.; Tosi, G. Current Strategies for the Delivery of Therapeutic
Proteins and Enzymes to Treat Brain Disorders. Int. Rev. Neurobiol. 2017, 137, 1-28. [CrossRef] [PubMed]

Naserifar, M.; Hosseinzadeh, H.; Abnous, K.; Mohammadi, M.; Taghdisi, S.M.; Ramezani, M.; Alibolandi, M. Oral Delivery of
Folate-Targeted Resveratrol-Loaded Nanoparticles for Inflammatory Bowel Disease Therapy in Rats. Life Sci. 2020, 262, 118555.
[CrossRef] [PubMed]

Yan, E; Zhong, Z.; Wang, Y.; Feng, Y.; Mei, Z.; Li, H.; Chen, X,; Cai, L.; Li, C. Exosome-Based Biomimetic Nanoparticles Targeted
to Inflamed Joints for Enhanced Treatment of Rheumatoid Arthritis. J. Nanobiotechnol. 2020, 18, 115. [CrossRef] [PubMed]

Kim, B.; Sun, S.; Varner, J.A.; Howell, S.B.; Ruoslahti, E.; Sailor, M.]. Securing the Payload, Finding the Cell, and Avoiding the
Endosome: Peptide-Targeted, Fusogenic Porous Silicon Nanoparticles for Delivery of SiRNA. Adv. Mater. 2019, 31, 1902952.
[CrossRef] [PubMed]

Hoyos-Ceballos, G.P.; Ruozi, B.; Ottonelli, I.; Da Ros, F.; Vandelli, M.A; Forni, F; Daini, E.; Vilella, A.; Zoli, M.; Tosi, G.; et al. PLGA-
PEG-ANG-2 Nanoparticles for Blood-Brain Barrier Crossing: Proof-of-Concept Study. Pharmaceutics 2020, 12, 72. [CrossRef]
Duskey, J.T.; Ottonelli, I.; Da Ros, F.; Vilella, A.; Zoli, M.; Kovachka, S.; Spyrakis, F.; Vandelli, M.A.; Tosi, G.; Ruozi, B. Novel
Peptide-Conjugated Nanomedicines for Brain Targeting: In Vivo Evidence. Nanomed. Nanotechnol. Biol. Med. 2020, 28, 102226.
[CrossRef]

Bu, J.; Nair, A,; lida, M.; Jeong, W.; Poellmann, M.].; Mudd, K.; Kubiatowicz, L.J.; Liu, EW.; Wheeler, D.L.; Hong, S. An
Avidity-Based PD-L1 Antagonist Using Nanoparticle-Antibody Conjugates for Enhanced Immunotherapy. Nano Lett. 2020, 20,
4901-4909. [CrossRef] [PubMed]

Marques, A.C.; Costa, PJ.; Velho, S.; Amaral, M.H. Functionalizing Nanoparticles with Cancer-Targeting Antibodies: A Compari-
son of Strategies. J. Control. Release 2020, 320, 180-200. [CrossRef]

Johnston, M.C.; Scott, C.J. Antibody Conjugated Nanoparticles as a Novel Form of Antibody Drug Conjugate Chemotherapy.
Drug Discov. Today Technol. 2018, 30, 63-69. [CrossRef] [PubMed]

Ucak, S.; Sudagidan, M.; Borsa, B.A.; Mansuroglu, B.; Ozalp, V.C. Inhibitory Effects of Aptamer Targeted Teicoplanin Encapsulated
PLGA Nanoparticles for Staphylococcus Aureus Strains. World |. Microbiol. Biotechnol. 2020, 36, 69. [CrossRef] [PubMed]
Zununi Vahed, S.; Fathi, N.; Samiei, M.; Maleki Dizaj, S.; Sharifi, S. Targeted Cancer Drug Delivery with Aptamer-Functionalized
Polymeric Nanoparticles. J. Drug Target. 2019, 27, 292-299. [CrossRef] [PubMed]

Cai, J.; Fu, J; Li, R,; Zhang, F; Ling, G.; Zhang, P. A Potential Carrier for Anti-Tumor Targeted Delivery-Hyaluronic Acid
Nanoparticles. Carbohydr. Polym. 2019, 208, 356-364. [CrossRef] [PubMed]

Huang, D.; Chen, Y.-S.; Rupenthal, I.D. Hyaluronic Acid Coated Albumin Nanoparticles for Targeted Peptide Delivery to the
Retina. Mol. Pharm. 2017, 14, 533-545. [CrossRef]

Liu, L.; Cao, E; Liu, X.; Wang, H.; Zhang, C.; Sun, H.; Wang, C.; Leng, X.; Song, C.; Kong, D.; et al. Hyaluronic Acid-Modified
Cationic Lipid-PLGA Hybrid Nanoparticles as a Nanovaccine Induce Robust Humoral and Cellular Immune Responses. ACS
Appl. Mater. Interfaces 2016, 8, 11969-11979. [CrossRef]

Sabri, T.; Pawelek, P.D.; Capobianco, J.A. Dual Activity of Rose Bengal Functionalized to Albumin-Coated Lanthanide-Doped
Upconverting Nanoparticles: Targeting and Photodynamic Therapy. ACS Appl. Mater. Interfaces 2018, 10, 26947-26953. [CrossRef]
Rao, L.; Yu, G.-T.; Meng, Q.-F,; Bu, L.-L.; Tian, R,; Lin, L.-S.; Deng, H.; Yang, W.; Zan, M.; Ding, J.; et al. Cancer Cell Membrane-
Coated Nanoparticles for Personalized Therapy in Patient-Derived Xenograft Models. Adv. Funct. Mater. 2019, 29, 1905671.
[CrossRef]

Jiang, H.; Shi, X,; Yu, X,; He, X.; An, Y,; Lu, H. Hyaluronidase Enzyme-Responsive Targeted Nanoparticles for Effective Delivery
of 5-Fluorouracil in Colon Cancer. Pharm. Res. 2018, 35, 73. [CrossRef]

Zhang, C.Y,; Gao, J.; Wang, Z. Bioresponsive Nanoparticles Targeted to Infectious Microenvironments for Sepsis Management.
Adv. Mater. 2018, 30, 1803618. [CrossRef]

Gao, Y;; Wang, J.; Chai, M.; Li, X.; Deng, Y.; Jin, Q.; Ji, J. Size and Charge Adaptive Clustered Nanoparticles Targeting the Biofilm
Microenvironment for Chronic Lung Infection Management. ACS Nano 2020, 14, 5686-5699. [CrossRef] [PubMed]

Yang, M,; Li, J.; Gu, P; Fan, X. The Application of Nanoparticles in Cancer Immunotherapy: Targeting Tumor Microenvironment.
Bioact. Mater. 2021, 6, 1973-1987. [CrossRef] [PubMed]

Oddone, N.; Boury, F.; Garcion, E.; Grabrucker, A.M.; Martinez, M.C.; Da Ros, E; Janaszewska, A.; Forni, E; Vandelli, M.A;
Tosi, G.; et al. Synthesis, Characterization, and In Vitro Studies of an Reactive Oxygen Species (ROS)-Responsive Methoxy
Polyethylene Glycol-Thioketal-Melphalan Prodrug for Glioblastoma Treatment. Front. Pharmacol. 2020, 11, 574. [CrossRef]
[PubMed]

Liu, C.-M,; Chen, G.-B.; Chen, H.-H.; Zhang, ].-B.; Li, H.-Z; Sheng, M.-X.; Weng, W.-B.; Guo, S.-M. Cancer Cell Membrane-Cloaked
Mesoporous Silica Nanoparticles with a PH-Sensitive Gatekeeper for Cancer Treatment. Colloids Surf. B Biointerfaces 2019, 175,
477-486. [CrossRef] [PubMed]

Fathi, M.; Sahandi Zangabad, P,; Barar, ].; Aghanejad, A.; Erfan-Niya, H.; Omidi, Y. Thermo-Sensitive Chitosan Copolymer-Gold
Hybrid Nanoparticles as a Nanocarrier for Delivery of Erlotinib. Int. J. Biol. Macromol. 2018, 106, 266-276. [CrossRef]

Dariva, C.G.; Coelho, ].E].; Serra, A.C. Near Infrared Light-Triggered Nanoparticles Using Singlet Oxygen Photocleavage for
Drug Delivery Systems. J. Control. Release 2019, 294, 337-354. [CrossRef]


http://doi.org/10.1016/bs.irn.2017.08.006
http://www.ncbi.nlm.nih.gov/pubmed/29132540
http://doi.org/10.1016/j.lfs.2020.118555
http://www.ncbi.nlm.nih.gov/pubmed/33035579
http://doi.org/10.1186/s12951-020-00675-6
http://www.ncbi.nlm.nih.gov/pubmed/32819405
http://doi.org/10.1002/adma.201902952
http://www.ncbi.nlm.nih.gov/pubmed/31267590
http://doi.org/10.3390/pharmaceutics12010072
http://doi.org/10.1016/j.nano.2020.102226
http://doi.org/10.1021/acs.nanolett.0c00953
http://www.ncbi.nlm.nih.gov/pubmed/32510959
http://doi.org/10.1016/j.jconrel.2020.01.035
http://doi.org/10.1016/j.ddtec.2018.10.003
http://www.ncbi.nlm.nih.gov/pubmed/30553522
http://doi.org/10.1007/s11274-020-02845-y
http://www.ncbi.nlm.nih.gov/pubmed/32333113
http://doi.org/10.1080/1061186X.2018.1491978
http://www.ncbi.nlm.nih.gov/pubmed/29929413
http://doi.org/10.1016/j.carbpol.2018.12.074
http://www.ncbi.nlm.nih.gov/pubmed/30658811
http://doi.org/10.1021/acs.molpharmaceut.6b01029
http://doi.org/10.1021/acsami.6b01135
http://doi.org/10.1021/acsami.8b08919
http://doi.org/10.1002/adfm.201905671
http://doi.org/10.1007/s11095-017-2302-4
http://doi.org/10.1002/adma.201803618
http://doi.org/10.1021/acsnano.0c00269
http://www.ncbi.nlm.nih.gov/pubmed/32320228
http://doi.org/10.1016/j.bioactmat.2020.12.010
http://www.ncbi.nlm.nih.gov/pubmed/33426371
http://doi.org/10.3389/fphar.2020.00574
http://www.ncbi.nlm.nih.gov/pubmed/32425795
http://doi.org/10.1016/j.colsurfb.2018.12.038
http://www.ncbi.nlm.nih.gov/pubmed/30572156
http://doi.org/10.1016/j.ijbiomac.2017.08.020
http://doi.org/10.1016/j.jconrel.2018.12.042

Int. ]. Mol. Sci. 2022, 23, 2237 17 of 18

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Oddone, N.; Pederzoli, E; Duskey, J.T.; De Benedictis, C.A.; Grabrucker, A.M.; Forni, E.; Angela Vandelli, M.; Ruozi, B.; Tosi, G.
ROS-Responsive “Smart” Polymeric Conjugate: Synthesis, Characterization and Proof-of-Concept Study. Int. J. Pharm. 2019, 570,
118655. [CrossRef]

Cefia, V,; Jativa, P. Nanoparticle Crossing of Blood—Brain Barrier: A Road to New Therapeutic Approaches to Central Nervous
System Diseases. Nanomedicine 2018, 13, 1513-1516. [CrossRef]

Ranganath, S.H.; Thanuja, M.Y.; Anupama, C.; Manjunatha, T.D. Systemic drug delivery to the posterior segment of the eye:
Overcoming blood-retinal barrier through smart drug design and nanotechnology. In Immobilization Strategies: Biomedical, Bioengi-
neering and Environmental Applications; Immobilization Strategies: Biomedical, Bioengineering and Environmental Applications;
Tripathi, A., Melo, ].S., Eds.; Springer: Singapore, 2021; pp. 219-269. ISBN 9789811579981.

He, K.; Luo, W,; Zhang, Y.; Liu, F; Liu, D.; Xu, L.; Qin, L.; Xiong, C.; Lu, Z.; Fang, X,; et al. Intercellular Transportation of Quantum
Dots Mediated by Membrane Nanotubes. ACS Nano 2010, 4, 3015-3022. [CrossRef]

Mittal, R.; Karhu, E.; Wang, ].-S.; Delgado, S.; Zukerman, R.; Mittal, J.; Jhaveri, V.M. Cell Communication by Tunneling Nanotubes:
Implications in Disease and Therapeutic Applications. ]. Cell. Physiol. 2019, 234, 1130-1146. [CrossRef]

Dagar, S.; Pathak, D.; Oza, H.V.; Mylavarapu, S.V.S. Tunneling Nanotubes and Related Structures: Molecular Mechanisms of
Formation and Function. Biochem. J. 2021, 478, 3977-3998. [CrossRef]

Mi, L.; Xiong, R.; Zhang, Y.; Yang, W.; Chen, ].-Y.; Wang, P.-N. Microscopic Observation of the Intercellular Transport of CdTe
Quantum Dot Aggregates through Tunneling-Nanotubes. J. Biomater. Nanobiotechnol. 2011, 2, 172. [CrossRef]

Dombhan, S.; Ma, L.; Tai, A.; Anaya, Z.; Beheshti, A.; Zeier, M.; Hlatky, L.; Abdollahi, A. Intercellular Communication by Exchange of
Cytoplasmic Material via Tunneling Nano-Tube Like Structures in Primary Human Renal Epithelial Cells. PLoS ONE 2011, 6, €21283.
[CrossRef] [PubMed]

Rehberg, M.; Nekolla, K.; Sellner, S.; Praetner, M.; Mildner, K.; Zeuschner, D.; Krombach, F. Intercellular Transport of Nanomateri-
als Is Mediated by Membrane Nanotubes In Vivo. Small 2016, 12, 1882-1890. [CrossRef] [PubMed]

Epperla, C.P; Mohan, N.; Chang, C.-W.; Chen, C.-C.; Chang, H.-C. Nanodiamond-Mediated Intercellular Transport of Proteins
through Membrane Tunneling Nanotubes. Small 2015, 11, 6097-6105. [CrossRef] [PubMed]

Franco, S.; Noureddine, A.; Guo, J.; Keth, J.; Paffett, M.L.; Brinker, C.J.; Serda, R.E. Direct Transfer of Mesoporous Silica
Nanoparticles between Macrophages and Cancer Cells. Cancers 2020, 12, 2892. [CrossRef] [PubMed]

Lamberti, M.; Zappavigna, S.; Sannolo, N.; Caraglia, M. Advantages and Risks of Nanotechnologies in Cancer Patients and
Occupationally Exposed Workers. Expert Opin. Drug Deliv. 2014, 11, 1087-1101. [CrossRef]

Ingle, N.P; Hexum, J.K.; Reineke, T.M. Polyplexes Are Endocytosed by and Trafficked within Filopodia. Biomacromolecules 2020,
21, 1379-1392. [CrossRef]

Saenz-de-Santa-Maria, 1.; Bernardo-Castifieira, C.; Enciso, E.; Garcia-Moreno, 1.; Chiara, J.L.; Suarez, C.; Chiara, M.-D. Control of
Long-Distance Cell-to-Cell Communication and Autophagosome Transfer in Squamous Cell Carcinoma via Tunneling Nanotubes.
Oncotarget 2017, 8, 20939-20960. [CrossRef]

Lee, B.Y.; Timpson, P; Horvath, L.G.; Daly, R.J. FAK Signaling in Human Cancer as a Target for Therapeutics. Pharmacol. Ther.
2015, 146, 132-149. [CrossRef]

Tosi, G.; Vilella, A.; Chhabra, R.; Schmeisser, M.].; Boeckers, T.M.; Ruozi, B.; Vandelli, M.A.; Forni, F.; Zoli, M.; Grabrucker, A.M.
Insight on the Fate of CNS-Targeted Nanoparticles. Part II: Intercellular Neuronal Cell-to-Cell Transport. J. Control. Release 2014,
177,96-107. [CrossRef] [PubMed]

Tosi, G.; Costantino, L.; Rivasi, F.; Ruozi, B.; Leo, E.; Vergoni, A.V.; Tacchi, R.; Bertolini, A.; Vandelli, M.A.; Forni, F. Targeting
the Central Nervous System: In Vivo Experiments with Peptide-Derivatized Nanoparticles Loaded with Loperamide and
Rhodamine-123. . Control. Release 2007, 122, 1-9. [CrossRef] [PubMed]

Salvalaio, M.; Rigon, L.; Belletti, D.; D’Avanzo, F,; Pederzoli, F.; Ruozi, B.; Marin, O.; Vandelli, M.A.; Forni, E; Scarpa, M.; et al.
Targeted Polymeric Nanoparticles for Brain Delivery of High Molecular Weight Molecules in Lysosomal Storage Disorders. PLoS
ONE 2016, 11, e0156452. [CrossRef] [PubMed]

Schoenmaker, L.; Witzigmann, D.; Kulkarni, J.A.; Verbeke, R.; Kersten, G.; Jiskoot, W.; Crommelin, D.J.A. MRNA-Lipid
Nanoparticle COVID-19 Vaccines: Structure and Stability. Int. ]. Pharm. 2021, 601, 120586. [CrossRef] [PubMed]

Kristl, J.; Plajnsek, K.T.; Kreft, M.E.; Jankovi¢, B.; Kocbek, P. Intracellular Trafficking of Solid Lipid Nanoparticles and Their
Distribution between Cells through Tunneling Nanotubes. Eur. |. Pharm. Sci. 2013, 50, 139-148. [CrossRef] [PubMed]

Astanina, K.; Koch, M; Jiingst, C.; Zumbusch, A.; Kiemer, A K. Lipid Droplets as a Novel Cargo of Tunnelling Nanotubes in
Endothelial Cells. Sci. Rep. 2015, 5, 11453. [CrossRef]

Rossen, N.S.; Hansen, A.].; Selhuber-Unkel, C.; Oddershede, L.B. Arachidonic Acid Randomizes Endothelial Cell Motion and
Regulates Adhesion and Migration. PLoS ONE 2011, 6, €25196. [CrossRef]

Formicola, B.; D’Aloia, A.; Dal Magro, R.; Stucchi, S.; Rigolio, R.; Ceriani, M.; Re, F. Differential Exchange of Multifunctional
Liposomes Between Glioblastoma Cells and Healthy Astrocytes via Tunneling Nanotubes. Front. Bioeng. Biotechnol. 2019, 7, 403.
[CrossRef]

Qin, H; Jiang, Y,; Zhang, J.; Deng, C.; Zhong, Z. Oncoprotein Inhibitor Rigosertib Loaded in ApoE-Targeted Smart Polymersomes
Reveals High Safety and Potency against Human Glioblastoma in Mice. Mol. Pharm. 2019, 16, 3711-3719. [CrossRef]

Ouyang, J.; Jiang, Y.; Deng, C.; Zhong, Z.; Lan, Q. Doxorubicin Delivered via ApoE-Directed Reduction-Sensitive Polymersomes
Potently Inhibit Orthotopic Human Glioblastoma Xenografts in Nude Mice. Int. J. Nanomed. 2021, 16, 4105-4115. [CrossRef]


http://doi.org/10.1016/j.ijpharm.2019.118655
http://doi.org/10.2217/nnm-2018-0139
http://doi.org/10.1021/nn1002198
http://doi.org/10.1002/jcp.27072
http://doi.org/10.1042/BCJ20210077
http://doi.org/10.4236/jbnb.2011.22022
http://doi.org/10.1371/journal.pone.0021283
http://www.ncbi.nlm.nih.gov/pubmed/21738629
http://doi.org/10.1002/smll.201503606
http://www.ncbi.nlm.nih.gov/pubmed/26854197
http://doi.org/10.1002/smll.201502089
http://www.ncbi.nlm.nih.gov/pubmed/26479149
http://doi.org/10.3390/cancers12102892
http://www.ncbi.nlm.nih.gov/pubmed/33050177
http://doi.org/10.1517/17425247.2014.913568
http://doi.org/10.1021/acs.biomac.9b01610
http://doi.org/10.18632/oncotarget.15467
http://doi.org/10.1016/j.pharmthera.2014.10.001
http://doi.org/10.1016/j.jconrel.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24417968
http://doi.org/10.1016/j.jconrel.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/17651855
http://doi.org/10.1371/journal.pone.0156452
http://www.ncbi.nlm.nih.gov/pubmed/27228099
http://doi.org/10.1016/j.ijpharm.2021.120586
http://www.ncbi.nlm.nih.gov/pubmed/33839230
http://doi.org/10.1016/j.ejps.2013.04.013
http://www.ncbi.nlm.nih.gov/pubmed/23628779
http://doi.org/10.1038/srep11453
http://doi.org/10.1371/journal.pone.0025196
http://doi.org/10.3389/fbioe.2019.00403
http://doi.org/10.1021/acs.molpharmaceut.9b00691
http://doi.org/10.2147/IJN.S314895

Int. ]. Mol. Sci. 2022, 23, 2237 18 of 18

152.

153.

154.

155.

156.

157.

Costa, PM.; Cardoso, A.L.; Mendonga, L.S.; Serani, A.; Custddia, C.; Conceigao, M.; Simdes, S.; Moreira, ].N.; Pereira de Almeida, L.;
Pedroso de Lima, M.C. Tumor-Targeted Chlorotoxin-Coupled Nanoparticles for Nucleic Acid Delivery to Glioblastoma Cells: A
Promising System for Glioblastoma Treatment. Mol. Ther.-Nucleic Acids 2013, 2, €100. [CrossRef] [PubMed]

Cohen-Inbar, O.; Zaaroor, M. Glioblastoma Multiforme Targeted Therapy: The Chlorotoxin Story. J. Clin. Neurosci. 2016, 33, 52-58.
[CrossRef] [PubMed]

Austefjord, M.W.; Gerdes, H.-H.; Wang, X. Tunneling Nanotubes. Commun. Integr. Biol. 2014, 7, €27934. [CrossRef] [PubMed]
Pinto, G.; Saenz-de-Santa-Maria, I.; Chastagner, P.; Perthame, E.; Delmas, C.; Toulas, C.; Moyal-Jonathan-Cohen, E.; Brou, C,;
Zurzolo, C. Patient-Derived Glioblastoma Stem Cells Transfer Mitochondria through Tunneling Nanotubes in Tumor Organoids.
Biochem. ]. 2021, 478, 21-39. [CrossRef] [PubMed]

Chinnery, H.R.; Pearlman, E.; McMenamin, P.G. Cutting Edge: Membrane Nanotubes In Vivo: A Feature of MHC Class II + Cells
in the Mouse Cornea. J. Immunol. 2008, 180, 5779-5783. [CrossRef]

Li, H; Ye, S.; Guo, ].; Wang, H.; Yan, W.; Song, ].; Qu, J. Biocompatible Carbon Dots with Low-Saturation-Intensity and High-
Photobleaching-Resistance for STED Nanoscopy Imaging of the Nucleolus and Tunneling Nanotubes in Living Cells. Narno Res.
2019, 12, 3075-3084. [CrossRef]


http://doi.org/10.1038/mtna.2013.30
http://www.ncbi.nlm.nih.gov/pubmed/23778499
http://doi.org/10.1016/j.jocn.2016.04.012
http://www.ncbi.nlm.nih.gov/pubmed/27452128
http://doi.org/10.4161/cib.27934
http://www.ncbi.nlm.nih.gov/pubmed/24778759
http://doi.org/10.1042/BCJ20200710
http://www.ncbi.nlm.nih.gov/pubmed/33245115
http://doi.org/10.4049/jimmunol.180.9.5779
http://doi.org/10.1007/s12274-019-2554-x

	Tunneling Nanotubes 
	What Are Tunneling Nanotubes? 
	Exogenous Modulation of Tunneling Nanotubes 

	Nanomedicine 
	Nanomedicine and TNTs 
	Inorganic NMeds 
	Organic NMeds 
	Polymeric NMeds 
	Lipidic NMeds 


	Limitations in Tunneling Nanotubes Detection 
	Conclusions and Future Prospects 
	References

