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Abstract
The use of nanoparticles as drug carriers has provided a powerful weapon in the fight against cancer. These nanocarriers are able to

transport drugs that exhibit very different nature such as lipophilic or hydrophilic drugs and big macromolecules as proteins or

RNA. Moreover, the external surface of these carriers can be decorated with different moieties with high affinity for specific mem-

brane receptors of the tumoral cells to direct their action specifically to the malignant cells. The selectivity improvement yielded by

these nanocarriers provided a significative enhancement in the efficacy of the transported drug, while the apparition of side effects

in the host was reduced. Additionally, it is possible to incorporate targeting moieties selective for organelles of the cell, which im-

proves even more the effect of the transported agents. In the last years, more sophisticated strategies such as the use of switchable,

hierarchical or double targeting strategies have been proposed for overcoming some of the limitations of conventional targeting

strategies. In this review, recent advances in the development of targeted nanoparticles will be described with the aim to present the

current state of the art of this technology and its huge potential in the oncological field.
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Introduction
Nanotechnology has become a powerful weapon in the search

of novel strategies for addressing unmet clinical challenges,

from the treatment of complex diseases as cancer or neurolog-

ical disorders, to the early diagnosis of these pathologies that

could allow for eliminating them before the appearance of any

symptoms. Nanoparticles can interact with cells, bacteria and

viruses in a very intimate and efficient way because they

present a similar size than these biological entities [1]. This

close interaction has been exploited for achieving important

abilities such as the selective transport of drugs directly to
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diseased cells and tissues [2], the precise recognition of

extremely low concentrations of important biomarkers indica-

tive of pathological processes that are present in complex envi-

ronments (e.g., urine, blood, saliva) [3] or the creation of smart

nanorobots able to perform precision surgery inside the body

[4]. One of the applications in which the nanoparticles have

found an interesting niche is oncology. The conventional treat-

ment of cancer is based on three strategies: surgery, radio-

therapy and chemotherapy. These approaches exhibit a lack of

selectivity affecting also the surrounding healthy tissues, in the

case of surgery and radiotherapy, and/or to the whole organism,

in the case of chemotherapy. This last strategy could be visual-

ized as carpet bombing with the aim of destroying an enemy

army that is hidden in a populated city. In many cases, the effect

on the malignant “soldiers” is scarce but the number of “civilian

casualties” is unbearable. Nanomedicine has provided a promis-

ing alternative to these strategies through the development of

engineered nanocarriers capable to deliver therapeutic agents

specifically to tumoral cells without affecting healthy tissue.

These nanoparticles are able to load great amounts of drugs, to

transport them in the blood stream and finally, to recognize the

tumoral tissue and release their cargo inside the tumoral cells.

The idea to use nanoparticles as drug carriers in oncology arose

in 1986, when two Japanese researchers reported that nanoparti-

cles present a passive tendency to be accumulated into tumoral

tissues [5]. This passive accumulation, also known as passive or

primary targeting, is called “enhanced permeation and retention

(EPR)” effect and is one of the keystones of tumour treatment

with the help of nanocarriers [6]. Moreover, the external sur-

face of these nanocarriers can be decorated with different bio-

organic moieties (targeting groups) that bind specifically to re-

ceptors located on the membrane of tumoral cells in order to en-

hance the particle uptake in the malignant cells. This strategy is

the so-called “cellular or secondary targeting”, because it is

generally based on a ligand–receptor-mediated endocytosis,

triggered by the strong interaction of the targeting group with

the membrane receptor of the tumoral cell. It improves the

selectivity of the treatment achieving a drastic reduction of the

side effects caused by the transported drugs and also reduces the

drug resistance developed through the high doses in conven-

tional treatments [7]. Finally, it is also possible to place addi-

tional targeting moieties on the particle surface that do not bind

to receptors located on the external membrane of the cells but

recognize internal organelles. This approach is known as

tertiary targeting and it has been widely exploited for the trans-

portation of potent cytotoxic compounds or genetic materials

(i.e., silencing RNA) that present an improved effect when they

are released close to specific organelles such as mitochondria or

the nucleus. In this review, some of the recent advances of the

different targeting approaches investigated in the last years will

be presented. Additionally, the development of sophisticated

strategies that allow for the sequential targeting of cells and

organelles, or tissues and cells, as well as the employ of hierar-

chical targeting will also be described to provide an insight

about the great potency of targeted nanomedicines in antitu-

moral therapy.

Review
Passive targeting based on the EPR effect
As mentioned above, the use of nanoparticles in oncology was

proposed for the first time by Maeda and Matsumura, who re-

ported the selective accumulation of nanometric entities in

tumoral tissue [5]. The reason of this passive accumulation lies

in the unique architecture of the blood vessels that irrigate the

solid tumour. The accelerated growth of a solid tumour must be

sustained by the continuous construction of blood vessels in

order to transport nutrients and oxygen to the malignant cells

spreading through the tissue. The creation of completely func-

tional blood vessels requires a fine balance between pro- and

anti-angiogenic factors. These factors are unbalanced in the

tumoral tissue with the amount of pro-angiogenic factors being

higher [8]. As a consequence of this, the newly formed blood

vessels have an aberrant and tortuous structure with pores and

fenestrations of a few hundreds of nanometres. Therefore, when

the nanoparticles reach the tumoral blood vessels, they can leak

from the vessels through these pores into the malignant tissue.

Moreover, the accelerated growth of the tumoral mass usually

compresses the lymphatic vessels that are on charge of the elim-

ination of wastes products and liquids from the tissue and thus,

the extravasated nanoparticles cannot leave the tissue resulting

in accumulation over long periods of time. These two character-

istics, the high permeability of tumoral blood vessels and the

lack of an efficient drainage system are responsible for the

accumulation of the nanoparticles into neoplastic tissues. Unfor-

tunately, the EPR effect is not as universal as originally thought.

It highly depends of the type of tumour and even of the state of

disease progression [9]. Despite the fact that the EPR effect is

really pronounced in mice models, this effect is not general in

humans. There are tumours with a very pronounced EPR effect,

such as Kaposi sarcoma and multiple myeloma, while other

tumours barely exhibit this effect, as pancreatic cancer. There-

fore, it is required to design strategies able to increase the nano-

particle accumulation in tumoral tissues where the EPR effect is

weak [10]. Additionally, even in the case where the EPR effect

is present, there are other barriers that compromise the efficacy

of nanoparticle-based therapies. One of these barriers is the

elevated interstitial fluid pressure (IFP) present in the intersti-

tial space of solid tumours, which approaches or even sur-

mounts the intravascular pressure [11]. This effect strongly

compromises the diffusion of the nanoparticles into the tumour

tissues. Some authors have proposed the previous normaliza-

tion of the tumoral vasculature by the administration of anti-
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Figure 1: Highly penetrating nanosystems based on the incorporation of pH-responsive collagenase nanocapsules. This image has been adapted
from [15], copyright 2015 American Chemical Society.

angiogenic factors in order to reduce the IFP and therefore, to

enhance the nanoparticle diffusion into the tumour [12].

Another strong barrier that hampers the efficacy of nanomedi-

cines is the dense extracellular matrix (ECM), which is usually

present in many solid tumours. ECM is commonly denser in

solid tumours than in healthy tissues due to a higher content in

collagen and other structural proteins. This fact hinders the

penetration of the nanoparticles into tumoral tissues restraining

their effect to the periphery of the neoplasia. In order to over-

come this limitation, diverse alternatives have been proposed,

from the application of ultrasounds for propelling the nanoparti-

cles inside the tissue [13] to the previous administration of

proteolytic enzymes that digest the ECM [14]. As an example,

Villegas et al. have reported the use of pH-sensitive polymeric

nanocapsules that are able to release collagenase once they

arrive at the tumoral tissue due to the mild acidic conditions

present there [15]. These nanocapsules were anchored on the

surface of mesoporous silica nanoparticles (MSN) coated with a

lipid bilayer (protocells) enhancing their penetration into 3D

tumoral tissue models, which yielded a significant enhance-

ment of the therapeutic efficacy of these nanodevices (Figure 1)

[16].

Active targeting: from cellular to organelle
vectorization
Once the nanoparticle reaches the tumoral area, it faces a com-

plex scenario. Tumoral masses are not composed by an homo-

geneous tumoral cell distribution but they are formed by a

myriad of different cell populations, from tumoral cells to

immune, supportive and healthy cells of the original tissue [17].

Therefore, nanoparticles should possess the capacity to recog-

nize the malignant cells and focus the effect onto them in order

to achieve an efficient therapeutic effect. This ability can be in-

corporated in the nanodevice by anchoring targeting moieties on

the particle surface [1,18]. These targeting moieties are mole-

cules or macromolecules that bind to specific receptors located

on the surface of the tumoral cells. In many cases, these cellu-

lar receptors are also present in healthy cells, e.g., for the

widely employed targeting moieties folic acid [19], transferrin

[20] or sugars [21]. But their number is significantly higher in

tumoral than in healthy cells due to their stronger nutrient

demand. Thus, this receptor overexpression can be exploited for

the selective delivery of therapeutic drugs to tumoral cells.

Another possibility consists in the development of synthetic

targeting moieties that bind to certain receptors in a more selec-

tive and efficient manner [22]. Villaverde et al. have reported

the synthesis of meta-aminobenzylguanidine (MABG) and its

anchorage to the surface of MSN in order to guide these parti-

cles specifically to neuroblastoma cells [23]. About 90% of

neuroblastoma cells overexpress the norepinephrine receptor

(NET) on their surface. Meta-iodobenzylguanidine is a synthe-

tic analogue of norepinephrine that, with a radioactive iodine

substituent (131I), has been widely employed for the diagnosis

of neuroblastoma due to its strong affinity for NET. The

replacement of the iodine by an amino group in MABG did not

reduce the ability to bind to NET while it provided a reactive

group that allowed for grafting this molecule to the surface of

MSN employing a bifunctionalized polyethylene glycol (PEG)

molecule as spacer between the MSN surface and MABG. MSN

decorated with these moieties were engulfed by neuroblastoma
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Figure 2: Left: tumoral zone monitored by bioluminescence and nanoparticle accumulation detected by IVIS® Spectrum in vivo imaging system.
Group IV exhibited strong particle accumulation in the tumour, whereas group III only showed slight accumulation in the liver. Right: images of each
group of particles that were injected in mice. This image has been adapted from [23], copyright 2015 Royal Society of Chemistry.

cells up to four times more than non-targeted MSN. The in vivo

evaluation in neuroblastoma xenograft model showed strong

accumulation of the targeted system and high retention in the

tumoral zone over a period of more than 72 h. Non-targeted

nanoparticles were rapidly cleared. Interestingly, MSN deco-

rated with the same type of PEG but without MABG at the end

failed to be accumulated in the tumoral area, but they showed

slight accumulation in the liver of the animal, probably due to

the increase in the circulation time of the particles caused by the

presence of the PEG chains (Figure 2) [23].

The small size of these synthetic molecules allows for the

grafting of multiple copies of them, or even combinations of

two different molecules on the surface of the nanoparticles [24].

This fact can induce a significant enhancement of the particle

uptake due to multiple binding processes with tumoral recep-

tors through a multivalence effect [25]. Nature usually employs

antibodies for the recognition of cells and pathogenic bodies.

Antibodies are large proteins that present a characteristic

Y-shaped structure in which the recognition event takes place in

a very specific manner through the interaction between the

antigen located on the diseased cell and the two ends of the

Y-shaped protein. Thus, many different antibodies have been at-

tached on the surface of multiple types of nanoparticles to in-

duce selectivity against specific cell populations. As example,

Herceptin is an antibody that recognizes the human epidermal

growth factor receptor 2 (HER2) overexpressed in breast cancer

cells (HER2+). This antibody has been attached on the surface

of poly(D,L-lactic-co-glycolic acid) (PLGA) nanoparticles

loaded with the potent estrogen receptor modulator tamoxifen

[26]. These nanoparticles were capable to induce a significant in

vivo tumour growth inhibition due to the enhanced nanoparti-

cle uptake within the tumoral cells owing to the strong interac-

tion between the antibody and HER2. Another interesting possi-

bility is to employ antibodies for the recognition of the tumoral

blood vessels instead of the tumoral cells. Endoglin, or CD105,

is a glycoprotein usually overexpressed on the surface of the en-

dothelial cells which compose the tumoral vessels. TRC105 is a

human/murine chimeric antibody which recognizes CD105 with

high specificity and due to this property it has been incorporat-

ed on the surface of MSN labelled with 64Cu in order to

perform imaging by positron emission tomography (PET) [27].

The injection of these particles into the blood stream of mice

bearing breast tumour allowed for the visualization of the

tumoral mass thanks to the enhanced accumulation of the parti-

cles. One of the problems associated with the use of antibodies

for targeting is the partial loss of the binding capacity of the at-

tached antibody during the anchoring process, which is usually

carried out by non-specific chemical techniques as carbo-

diimide coupling chemistry [28]. An alternative is the introduc-

tion of certain functional groups on specific positions of the

antibody, which allows the utilization of bio-orthogonal chemi-

cal strategies, such as azide-strained alkyne or thiol–maleimide

reaction, for carrying out the antibody attachment with a high

precision level [29]. Another interesting strategy is the attach-

ment of protein A on the nanoparticle surface prior to the incor-

poration of the antibody [30]. Protein A is a membrane protein

produced by Staphylococcus aureus in order to complex the

immunoglobulins by the complement region (Fc) deactivating

the immune attack of the host. Thus, antibodies can be anchored

to the surface of a nanoparticle decorated with protein A thanks

to the strong affinity between the protein and the Fc region,

which is not involved in the recognition process and therefore,

this process occurs without any loss of the antibody binding

capacity. Unfortunately, the use of antibodies as targeting

moieties has an important drawback, which is the possibility to

trigger immune responses due to the uncontrolled exposition of

immunogenic regions (as Fc) on the particle surface. Peptides
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are versatile alternatives to antibodies for targeting purposes.

The use of relatively short peptide chains provides some impor-

tant advantages, such as i) only little alteration of the hydrody-

namic diameter of the nanoparticles, ii) multigram production

with high purity, iii) possibility to attach multiple copies of

them on the nanoparticle surface which enhances the uptake,

iv) possibility to use non-natural aminoacids improving the

versatility and v) low immunogenicity [31]. The tripeptide

Arg–Gly–Asp (RGD) is probably one of the most employed

peptide in the targeting design of nanoparticles. RGD binds

specifically to αβ-integrin, which is usually upregulated in

many different tumoral cell lines such as breast, lung or fibro-

blast cancer cells, and also by the epithelial cells of the tumoral

blood vessels [32,33]. Ruoshlati et al. have reported that the

cyclic version of RGD, CRGDKGPDC (called iRGD), which is

cyclized by the disulfide bridge between both terminal

cysteines, exhibits significantly a higher tumour specificity than

linear RGD [34]. iRGD works in a sequential manner, first it

binds to αβ-integrin by the RGD sequence encrypted within the

cyclic structure and then, the peptide is broken by the action of

a cell surface-associated protease exposing the RGD, which

then binds to neuropilin-1 triggering the particle endocytosis.

Another cell-penetrating peptide (or CPP, which is the usual

name of the peptides used for targeting purposes in nanomedi-

cine) closely related to RGD is the tripeptide Asn–Gly–Arg

(NGR). The asparagine present in this peptide sequence experi-

ences spontaneous deamidation producing a mimetic of the

RGD peptide (iso-DGR), which presents similar targeting

capacities. Additionally, this sequence also binds to tumoral

blood vessels [35]. Thus, this peptide has been anchored to dif-

ferent nanoparticles for enhancing their uptake into tumoral

cells or for binding to tumour vessels. As an example, cyclic

NGR, which binds to the aminopeptidase receptor (CD13), was

grafted on the surface of temperature-sensitive liposomes

loaded with doxorubicin (Dox) for the selective destruction of

CD13+ cancer cells as human fibrosarcoma cells (HT-1080)

[36]. These liposomes released more than 75% of their payload

when the temperature reached 41.3 °C whereas they maintained

the Dox within their hydrophilic core at physiological tempera-

ture. Other systems widely employed for targeting purposes are

aptamers. Aptamers are oligonucleotide chains that exhibit a

characteristic three-dimensional structure capable to bind to

specific membrane cell receptors overproduced by the tumoral

cells. The aptamer that specifically binds to a certain protein is

usually selected by the technique named systematic evolution of

ligands by exponential enrichment (SELEX) [37]. Through this

technique it is possible to obtain oligonucleotide sequences

selective for many different membrane proteins. These macro-

molecules have been widely employed both alone and conju-

gated with drugs or nanoparticles [38]. Aptamers specifically

designed for binding to the epidermal growth factor receptors

(EGFR) have been anchored on the surface of hollow gold

nanospheres [39]. The thiolated version of these aptamers was

anchored on the gold surface through the thiol groups produc-

ing an average anchorage yield of 250 aptamers per particle.

The biodistribution of these particles was evaluated in vivo by

micro-single-photon emission computed tomography/computed

tomography (micro-SPECT/CT) employing particles labelled

with 111In, showing an excellent tumour-homing capacity of

these particles. AS1411 aptamers have been widely employed

for cell targeting in tumoral cell lines that overexpress nucleo-

lin [40].

The use of targeting moieties provides not only the capacity to

the nanoparticles to be selectively engulfed by tumoral cells. It

also allows for the localization of the nanocarriers in specific

intracellular localizations or organelles, such as nucleus or

mitochondria [41,42]. This enables the precise delivery of thera-

peutics to key organelles of the cells, which could significantly

increase their cytotoxic effect. Mitochondria are the energetic

plants of the cells. In addition, they carry out other important

functions such as the control of the intracellular calcium con-

centration or the removing of the oxidative species, which could

damage the cell. Therefore, the specific delivery of toxic species

to these key organelles compromises the function of the entire

cell causing its destruction. Yoong et al. have decorated the

external surface of multiwalled carbon nanotubes (MWCNTs)

with rhodamine-110 to localize them close to the mitochondria

membrane [43]. The positive charge provided by rhodamine-

110 provokes the electrostatic binding with the highly negative

mitochondria membrane (−180 mV to −160 mV). These

MWCNTs were loaded with a platinum(IV) pro-drug that re-

leased active cisplatin(II) in the reductive environment of the

intracellular space. Another targeting moiety that has been em-

ployed for delivering therapeutics to mitochondria is triphenyl-

phosphine [44]. This positively charged group also binds to the

mitochondria membrane by electrostatic interactions. The

nucleus contains practically all the genetic information (except

for the mitochondrial DNA) and is of paramount importance for

the correct function of the entire cell. Targeting nuclei has

received huge attention regarding the delivery of cytotoxic

species that act on DNA or the direct delivery of genes to their

place of action. Viruses are one of the inspiration sources for

strategies to reach the inner nuclear space. They contain on

their membrane small peptide sequences with nuclear transloca-

tion capacity such as the KKKRKV peptide in simian

vacuolating virus 40 (SV40), GRKKRRQRRRPQ in the TAT

peptide present in human immunodeficiency virus (HIV), or

KRPAATKKAGQAKKKKL in the case of nucleoplasmin [45].

These peptides have been anchored on the surface of different

nanocarriers providing excellent results [46]. The aptamer

AS1411 selective for nucleolin, a protein present on the nuclear
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membrane, has also been widely employed for the selective

release of therapeutic compounds to the nucleus [47,48]. Shiga

and cholera toxins exhibit the ability to target Golgi and endo-

plasmic compartments and they have been conjugated with

drugs for their selective delivery to these organelles [49]. The

peptide Lys–Asp–Glu–Leu (KDEL) has been anchored on gold

nanoparticles loaded with siRNA for the selective delivery of

the genetic material into the endoplasmic reticulum [50].

The main mechanism for the internalization of nanoparticles

within mammalian cells is endocytosis [51]. Usually, the

nanocarriers enter into the cells into endosomes, which evolve

into lysosomes, which can lead to the degradation of the trans-

ported cargo, especially in the case of sensitive agents such as

genes or siRNA. Therefore, it is necessary to design mecha-

nisms to induce the endosomal escape to reach the cytosol.

Multiple strategies for overcoming the endosomal entrapment

have been designed [52]. One of the most widely employed is

the incorporation of polycationic groups on the particle surface

such as poly(ethyleneimine), cationic dendrimers or poly(histi-

dine) chains [53]. Tertiary amino groups in these polymers

bring protons into the endosomes producing osmotic alterations

that provoke endosomal rupture (proton sponge effect) [54].

The incorporation of peptides such as the GALA peptide

(WEAALAEALAEALAEHLAEALAEALEALAA) capable to

fuse with the endosomal/liposomal membrane is another mech-

anism for inducing endosomal escape of nanomedicines [55].

Finally, the incorporation of photosensitizers able to produce

radical oxidative species (ROS) upon exposure to certain wave-

lengths of light induces the controlled endosomal disruption

under light exposure [56].

Double targeting solutions, a real alternative?
Active targeting is already one of the most used strategies for

bringing nanoformulations into tumoral cells. Although usually

great results were achieved in vitro, the in vivo assays have

shown smaller effects regarding cell internalization. There has

been no real enhancement in the treatment efficacy compared to

the passive vectorization effect provided by EPR [57]. Physical

and also biological barriers disrupt, to a high extent, the desired

selective interactions between the targeting ligands and their re-

ceptors. Effects such as off-targeting towards common cell re-

ceptors expressed in tumoral but also in healthy cells, and the

rapid uptake by the reticuloendothelial system, macrophages

and supportive cells such as fibroblasts the decrease the

nanocarrier concentration in the blood stream. Also, the poor

penetration capacity into the tumoral mass due to strong interac-

tions between cell receptors and targeting agent in the first

layers of cells of the tumoral tissues, to so-called binding-site

barrier effect, reduces the efficacy of the nanomedicine to an

outside stratum of the tumoral zone. In contrast, good results for

imaging have been achieved to improve diagnosis in early

stages of the disease. Thus, active targeting is still widely

studied not only for nanomedicine but also for conjugate drugs

[58,59].

As was mentioned above, there are three levels of active

targeting: tissular targeting, cellular targeting and intracellular

or organelle targeting. A combination of them in single system

providing new functionalities and capacities may allow the

system to overcome the natural barriers of the nanomedicine ap-

proaches. The improvement of the EPR effect in order to

increase the nanomedicine accumulation, retention and even

penetration into the diseased tissue is one of the main goals

[10]. Usually, fast growing tumours such as carcinoma exhibit a

highly vascularized tumour mass, while slow growing tumours

as sarcoma are poorly irrigated [60]. There are three main

strategies for improving the accumulation and retention in

tumour tissue: i) the modification of physical conditions of the

tumor mass; ii) the selectively targeting of the payload towards

tumoral stroma or vasculature tissue and iii) to kill the cancer

cells that belong to the external shell of the tumour primary

layers [61]. All of them and their combinations need active

tissular or cellular targeting systems for a better performance.

The strategies for providing multiple targeting abilities within

one single nanocarrier will be discussed in the following

section.

Simultaneous targeting of tissue and cells
Double vectorization has been proposed in the last years as an

approach to overcome some of the physical barriers in nano-

medicine. The combination of tissular and cellular targeting

agents in a unique nanocarrier may improve accumulation and/

or the uptake in cancer cells without affecting healthy cells.

Firstly, the simplest approach is to randomly attach both tissular

and cellular targeting moieties on the nanocarrier surface.

Through tissular targeting the nanocarrier would be directed to

the diseased cells improving its accumulation. Once there, the

presence of the cellular targeting moieties would enhance the

cellular uptake into the tumoral cells. In several types of cancers

and depending on the location of the malignant tissue, the EPR

is not effective at all. Combining tissular and celluar agents is a

powerful tool in such cases making that active tissular targeting

ligands even more important. In 2014, Yang et al. [62] de-

scribed a peptide dual targeting system with drug-loaded lipo-

somes for glioblastoma treatment. Glioblastoma, localized in

the brain, represents one of the major challenges in drug

delivery due to the necessity to pass the blood brain barrier

(BBB). BBB inhibits the passage of 98% of the medicines

administered through the systemic route and constitutes a formi-

dable barrier for tissue targeting not only in nanomedicine but
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Figure 3: EPR and active targeting working together for glioma tissue accumulation and preferential glioma cells internalization.

also in common drug delivery [63]. In this case, liposomes were

modified with Angiopep-2 and tLyP-1 homing and penetrating

peptides for the simultaneous delivery of siRNA and

(docetaxel) DTX. Angiopep-2 showed affinity to the lipopro-

tein receptor (LPR) typically overexpressed in glioma and in

BBB cells [62] and therefore, it shows excellent capabilities for

the penetration into the brain through the transcytosis pathway.

The peptide tLyP-1 also exhibits both tissue penetration ability

through the neurophilin-1-dependent C-end rule and affinity to

glioma cells for LPR interaction. The exposed dual peptide

cation enables the possible accumulation into gliomas via the

combination of EPR effect and active targeting for an antiangio-

genic and apoptotic treatment. In vitro assays showed improved

internalization only when the liposomes have both targeting

systems exposed, demonstrating the synergy of the two peptides

in the assisted internalization (Figure 3). In vivo experiments

showed an amazing reduction in subcutaneous induced glioma

tumours in mice by intratumoral but also by systemic adminis-

tration. This example represents the collaboration of two

targeting agents to improve the vectorization of the system on

tissular and cellular levels.

Another representative example of cooperation of multiple

tissular and cellular targeting systems is the use of albumin-

based systems [64]. Their accumulation properties in tissue are

based on two effects: the EPR due to their size and active

targeting provided by the glycoprotein gp60 interaction. The

protein gp60 is overexpressed in the endothelial cell surface and

allows the albumin-based systems to extravasate to the tumour

mass through caveola formation and transcytosis. After this,

albumin may also bind to the “secreted protein, acidic and rich

in cysteine” (SPARC) present in the extracellular matrix, facili-

tating the approximation to tumoral cells. This is the postulated

mechanism of action of Abraxane®, one of the most commonly

administered nanomedicines based on albumin today (Figure 4).

Another commonly employed strategy to improve the trans-

portation efficiency of nanosystems is the combination of an

unspecific cell penetrating peptide (CPP) with a selective

targeting ligand. With this strategy, the nanocarrier combines

the selectivity of the receptor–ligand interaction with the power

of the CPP for an effective internalization and an endosomal

escape to the cytosol (Figure 5). This methodology has been

applied by using a combination of RGD-type or NGR-type

peptide specific for neovascular tissues with R8 (eight units of

arginine) or R4 (four units of arginine) CPP peptides [65,66].

Hierarchical and encrypted sequential
targeting – novel strategies for dual targeting
All targeting methodologies described above are obviously of

limited clinical use. The coexistence of two active vectorization

ligands at the same time and close to each other may lead to

unwanted interactions not only between them, but also with the

physiological environment during circulation. Furthermore, the

existence of positively or negatively charged moieties or active

targeting groups on the nanocarrier surface could reduce the

circulation time of the systems by off-target accumulation or

accelerated clearance by the reticuloendothelial system (RES).

This leads to a reduced accumulation of the nanocarriers in the

diseased tissue. The concept of spatiotemporally modulated
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Figure 4: Mechanism of retention and accumulation of Abraxane in tumoral tissue. The authors’ own generalized depiction of the scheme proposed
previously in [64].

Figure 5: Combination of unspecific CPP and endothelial specific ligands for tissue recognition and efficient internalization on cells.

dual-targeting systems has been introduced lately as a response

to these undesired interactions between two targeting motives

[67]. With the aim to control and tune the targeting properties

depending on time and the localization of the nanocarrier, hier-

archical targeting has been recently proposed as a novel strategy

[68]. This strategy is based on hiding the targeting moieties and

only activating them in the appropriate scenario. Hierarchical

targeting systems incorporate stimuli-responsive strategies in

such a way that the targeting groups are hidden during the

circulation of the carrier through the body and, therefore, the

tissular accumulation occurs mainly through the EPR effect.

Once the carrier reaches the tumoral tissue, the specific condi-
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Figure 6: Different strategies for the construction of hierarchical targeting ligands.

tions there (e.g., low pH values or the presence of certain en-

zymes) or the application of an external stimuli (e.g., light,

magnetic fields or ultrasound) triggers the targeting inducing

the particle uptake into the diseased cells [69-71]. Thus, the

targeting is only activated in the malignant tissue, which would

significantly reduce the off-target accumulation and the RES

clearance. The hierarchical systems can be classified according

to the targeting activation mechanism and include changeable

particle sizes, switchable surface charges and activatable sur-

face ligands (Figure 6).

There are numerous active vectorization motifs that are capable

of being tagged for their deactivation, from small molecules

such as folic acid to penetrating (CPP) or homing peptides

(RGD-type). The tagged agents may be activated once the

system is accumulated in the tumoral tissue by EPR through

both internal or external stimuli [72-74]. The tagging motive

should be designed specifically for each type of active targeting.

To solve this limiting problem of scope, one of the main strate-

gies followed lately is the use of shielding molecules with high

molecular weight such as PEG for simply sterically hindering

the active vectorization agents. Usually, PEG chains are func-

tionalized through a responsive group over the nanocarrier sur-

face. Thus, PEG plays a dual role. It acts as shield that keeps the

targeting agent hidden and it prevents the opsonisation of the

nanocarrier, which would be the first step required for a capture

by macrophages. When the system reaches the tumoral tissue,

the PEG chain is cleaved leaving exposed the targeting ligand

for tumoral cell recognition and internalization. In the recent

years, several works reported that the use of PEG could induce

immunogenic reactions in the host due to the production of anti-

PEG antibodies. More research is required to clarify this ques-

tion [75,76].

The use of shielded targeting agents renders the EPR effect

[77,78] the sole reason for nanocarrier accumulation in tumoral

tissues [79]. Sometimes this is not effective at all. Double

sequential targeting strategies have been proposed as important

alternatives. In these systems, there are two targeting agents: a

primary moiety selective to the tumour tissue and a secondary

moiety selective to tumoral cells but only active when the

system reaches the tumoral mass. In 2017, Villaverde et al. [80]

described a double sequential encrypted targeting system

focused on bone tumour. Bone is usually poorly irrigated and

nanoparticles have serious difficulties to reach this tissue. The

system is based on a hybrid peptide/polymeric chain that

contains a bisphosphonate (BP) group at the end. BP acts as

tissular targeting motif, due to its high affinity for the exposed

mineral part of bones (hydroxyapatite). An RGD sequence

conjugated with a peptide sequence cleavable by the action of

cathepsin-K (CK) was incorporated within the hybrid chain. CK

is a proteolytic enzyme, which is usually typically overpro-

duced in osteosarcoma tumours. Thus, the complete targeting

moiety, which can be conjugated with drugs or nanoparticles,

induced the accumulation in diseased bone tissue in which the

mineral part is more exposed than in healthy bones due to the

disruption of the bone architecture caused by the tumour. When

the bone tissue presents a malignancy, the local overexpression
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Figure 7: Double cell–organelle targeting strategies.

of cathepsin-K leads to the detachment of the cargo with a si-

multaneous exposition of the RGD pattern inducing the inter-

nalization of the transported drugs into the tumoral cells.

Double targeting cellular–intracellular
trafficking
Besides tissue accumulation, the preferential internalization in

tumoral cells is the main goal to improve the efficacy of a drug.

Endosomal scape and nanocarrier vectorization to one specific

organelle may be essential for improving the therapeutic effect

at low concentrations, as has been described above. The combi-

nation of subcellular targeting agents that allow for endosomal

scape and regulate the intracellular trafficking and a targeting

agent directed to cell membrane receptors is a promising

strategy for increasing the efficacy of treatments. The presence

of both an intracellular and extracellular targeting agent would

drive the drug nanotransporter directly to the desired organelle.

Many systems use the combination of two different targeting

agents to carry out the multi-vectorization process. In other

cases, the intracellular and extracellular targeting effects come

from the structural properties of the nanocarriers [81]. Usually,

the aim of the intracellular vectorization is oriented to nucleus

or mitochondria to improve the efficacy of the transported

drug for cancer treatments. Fortunately, there are intracellular

vectorization motives for almost all subcellular localizations

[42,82].

There are many cytotoxic drugs, such as doxorubicin, that in-

duce cell apoptosis through intercalation with nuclear DNA.

Further, gene silencing therapies based on an effective delivery

of short hairpin RNA (shRNA) bearing genes for small inter-

fering RNA (siRNA) need nuclear vectorization for enhancing

the cell growth inhibition. In these cases, the goal is to drive the

payload to the nucleus after selective internalization in the cyto-

plasm. Nuclear delivery with the HIV trans-activator of tran-

scription (TAT) peptoid in combination with the vasculature

and tumor cell membrane targeting RGD tripeptide is a novel

strategy recently described. Both vectorization agents were

grafted on mesoporous silicananoparticles in a random manner

[72]. RGD act as tissular and cellular targeting ligand, while

TAT act as CPP mediating the endosomal escape and driving

the payload to the nucleus. This example reflects how the com-

bination of two targeting agents works on three levels of vector-

ization, namely tissular, cellular and subcellular targeting.

As mentioned above, there are unwanted interaction effects be-

tween two agents, especially in the case of random decoration.

Janus systems have become a great alternative for including

double functional targeting agents to a nanocarrier. Villegas et

al. [83] recently described mesoporous Janus nanoparticles for

dual targeting of tumour cells and mitochondria (Figure 7).

There are multiple “mitochondriotoxic” drugs that act on mito-

chondria inducing cell apoptosis, such as gamitrinibs and



Beilstein J. Nanotechnol. 2019, 10, 168–181.

178

Figure 8: Multivalence effect in multiple targeting systems.

cisplatin [84]. One of the best ways to bring molecules or

nanocarriers to mitochondria is by using positively charged

groups. These motives are able to escape from the early endo-

some and reach to the mitochondria [85,86]. One of the most

commonly used cationic groups as mitochondrial targeting

agent is the triphenylphosphonium cation (TTP) [87]. The

vectorization agents are anchored separately on each of the

hemispheres of the nanocarrier through an asymmetrisation

process. One hemisphere is functionalized with folic acid as cell

membrane targeting ligand and the other hemisphere is functio-

nalized with a TPP analogue, which allows for endosomal

escape and drives the nanocarrier to the mitochondria surround-

ings. This strategy turned out to be successful for the transporta-

tion of topotecan to the mitochondrial environment resulting in

a highly efficient in vitro treatment of human prostate cancer

cells. The excellent performance could be explained by the

multivalence effect. The fact of having the same ligand inter-

acting with the same receptor simultaneously without any other

non-specific interaction from the other ligand maximized the

interactions enhancing the particle uptake.

Double targeting with the same motive:
multivalence effect
The design of double targeting agents with the same motive in a

single system is nowadays an alternative to inefficient vector-

ization in the cases in which the single ligand–receptor recogni-

tion is not strong enough to induce an enhancement of the cell

internalization. Jin et al. [88] developed a double linear RGD-

type ligand that was evaluated in comparison to the single coun-

terpart with regard to binding affinity and specificity to inte-

grins in vitro and in vivo. Further, Rosca et al. [89] described

effective single, double and triple systems decorated with dode-

capeptide with affinity to integrins overexpressed in glioma

cells. The effect of multiplying the motives in the structure

sharpens the contrast of binding between cancer and healthy

cells. The work demonstrated an improvement in terms of selec-

tivity and retention in tumoral tissues overexpressing integrins.

Nature uses these types of double interaction moieties as secure

systems, the double interaction between ligand and receptor is

present in recognition processes of, e.g., DNA and antibodies

[90]. The structural flexibility and the distance between the

motives yield the desired interaction with the receptor and allow

for strongest interactions compared to nonspecific interactions

(Figure 8).

Conclusion
The last few decades have witnessed the emergence of nano-

medicine in the oncological field. The use of nanoparticles as

drug delivery systems provided unique advantages such as the

possibility to transport highly lipophilic drugs and to improve

the pharmacokinetic profile of these drugs, enhancing their

accumulation both in the tumoral tissue and within the malig-

nant cells. Moreover, it is even possible to control the drug

release process through the incorporation of stimuli-responsive

mechanisms that regulate the drug release from the nanocarrier.

The incorporation of targeting moieties on the carrier surface

produces a significative increase in the particle accumulation

inside tumoral cells, which could improve the efficacy of the

therapy due to the high amount of drug that is possible to

deliver into the diseased cells, and by the reduction of side

effects. Despite the encouraging results there is much work left

to be done until these targeted nanocarriers fulfill the high

expectations. Many of these systems have been tested employ-

ing in vitro assays, or xenograft in vivo models in the best

cases. The fact that excellent results are observed with these

assays does not guarantee the same behaviour in clinical trials

due to the huge complexity of real tumours. It is compulsory to

evaluate the real efficacy of the targeted nanodevices in more
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realistic scenarios such as the utilization of orthotopic animal

models in which the tumour growths in its natural environment.

Additionally, the efficacy of these systems should be studied

employing immunocompetent animal models to study how a

fully operative immune system reacts to the administered

nanocarriers. In any case, we are at the beginning of nanomedi-

cine. The excellent results obtained until now paved the way for

the development of novel and more functional targeted nanocar-

riers that would eradicate devastating diseases in the coming

future.

Acknowledgements
The authors would like to acknowledge the financial support

that the Spanish Government have provided during the last

decade which allow us to carry out our research in form of

scholarships: F.P.U (AB) and F.P.I (GV) grant from Ministerio

de Educación y Ciencia and research projects in different calls.

We hope that the commitment of Spanish government with the

formation of new scientists and the development of cutting-edge

research will be increased even more in the coming years.

ORCID® iDs
Alejandro Baeza - https://orcid.org/0000-0002-9042-8865

References
1. Tong, R.; Langer, R. Cancer J. 2015, 21, 314–321.

doi:10.1097/ppo.0000000000000123
2. Tibbitt, M. W.; Dahlman, J. E.; Langer, R. J. Am. Chem. Soc. 2016,

138, 704–717. doi:10.1021/jacs.5b09974
3. Howes, P. D.; Chandrawati, R.; Stevens, M. M. Science 2014, 346,

1247390. doi:10.1126/science.1247390
4. Sánchez, S.; Soler, L.; Katuri, J. Angew. Chem., Int. Ed. 2015, 54,

1414–1444. doi:10.1002/anie.201406096
5. Matsumura, Y.; Maeda, H. Cancer Res. 1986, 46, 6387–6392.
6. Maeda, H.; Nakamura, H.; Fang, J. Adv. Drug Delivery Rev. 2013, 65,

71–79. doi:10.1016/j.addr.2012.10.002
7. Bar-Zeev, M.; Livney, Y. D.; Assaraf, Y. G. Drug Resist. Updates 2017,

31, 15–30. doi:10.1016/j.drup.2017.05.002
8. Jain, R. K.; Stylianopoulos, T. Nat. Rev. Clin. Oncol. 2010, 7, 653–664.

doi:10.1038/nrclinonc.2010.139
9. Nichols, J. W.; Bae, Y. H. J. Controlled Release 2014, 190, 451–464.

doi:10.1016/j.jconrel.2014.03.057
10. Nehoff, H.; Parayath, N. N.; Domanovitch, L.; Taurin, S.; Greish, K.

Int. J. Nanomed. 2014, 9, 2539–2555. doi:10.2147/ijn.s47129
11. Netti, P. A.; Baxter, L. T.; Boucher, Y.; Skalak, R.; Jam, R. K.

Cancer Res. 1995, 55, 5451–5458.
12. Khawar, I. A.; Kim, J. H.; Kuh, H.-J. J. Controlled Release 2015, 201,

78–89. doi:10.1016/j.jconrel.2014.12.018
13. Paris, J. L.; Mannaris, C.; Cabañas, M. V.; Carlisle, R.; Manzano, M.;

Vallet-Regí, M.; Coussios, C. C. Chem. Eng. J. 2018, 340, 2–8.
doi:10.1016/j.cej.2017.12.051

14. McKee, T. D.; Grandi, P.; Mok, W.; Alexandrakis, G.; Insin, N.;
Zimmer, J. P.; Bawendi, M. G.; Boucher, Y.; Breakefield, X. O.;
Jain, R. K. Cancer Res. 2006, 66, 2509–2513.
doi:10.1158/0008-5472.can-05-2242

15. Villegas, M. R.; Baeza, A.; Vallet-Regí, M. ACS Appl. Mater. Interfaces
2015, 7, 24075–24081. doi:10.1021/acsami.5b07116

16. Villegas, M. R.; Baeza, A.; Noureddine, A.; Durfee, P. N.; Butler, K. S.;
Agola, J. O.; Brinker, C. J.; Vallet-Regí, M. Chem. Mater. 2018, 30,
112–120. doi:10.1021/acs.chemmater.7b03128

17. Egeblad, M.; Nakasone, E. S.; Werb, Z. Dev. Cell 2010, 18, 884–901.
doi:10.1016/j.devcel.2010.05.012

18. Ediriwickrema, A.; Saltzman, W. M. ACS Biomater. Sci. Eng. 2015, 1,
64–78. doi:10.1021/ab500084g

19. Lee, K. Y.; Seow, E.; Zhang, Y.; Lim, Y. C. Biomaterials 2013, 34,
4860–4871. doi:10.1016/j.biomaterials.2013.03.029

20. Martínez-Carmona, M.; Baeza, A.; Rodriguez-Milla, M. A.;
García-Castro, J.; Vallet-Regí, M. J. Mater. Chem. B 2015, 3,
5746–5752. doi:10.1039/c5tb00304k

21. Vaillant, O.; El Cheikh, K.; Warther, D.; Brevet, D.; Maynadier, M.;
Bouffard, E.; Salgues, F.; Jeanjean, A.; Puche, P.; Mazerolles, C.;
Maillard, P.; Mongin, O.; Blanchard-Desce, M.; Raehm, L.;
Rebillard, X.; Durand, J. O.; Gary-Bobo, M.; Morere, A.; García, M.
Angew. Chem., Int. Ed. 2015, 54, 5952–5956.
doi:10.1002/anie.201500286

22. Yang, K. S.; Budin, G.; Tassa, C.; Kister, O.; Weissleder, R.
Angew. Chem., Int. Ed. 2013, 52, 10593–10597.
doi:10.1002/anie.201304096

23. Villaverde, G.; Baeza, A.; Melen, G. J.; Alfranca, A.; Ramirez, M.;
Vallet-Regí, M. J. Mater. Chem. B 2015, 3, 4831–4842.
doi:10.1039/c5tb00287g

24. Feng, G.; Qin, W.; Hu, Q.; Tang, B. Z.; Liu, B. Adv. Healthcare Mater.
2015, 4, 2667–2676. doi:10.1002/adhm.201500431

25. Weissleder, R.; Kelly, K.; Sun, E. Y.; Shtatland, T.; Josephson, L.
Nat. Biotechnol. 2005, 23, 1418–1423. doi:10.1038/nbt1159

26. Vivek, R.; Thangam, R.; NipunBabu, V.; Rejeeth, C.;
Sivasubramanian, S.; Gunasekaran, P.; Muthuchelian, K.; Kannan, S.
ACS Appl. Mater. Interfaces 2014, 6, 6469–6480.
doi:10.1021/am406012g

27. Chen, F.; Hong, H.; Zhang, Y.; Valdovinos, H. F.; Shi, S.; Kwon, G. S.;
Theuer, C. P.; Barnhart, T. E.; Cai, W. ACS Nano 2013, 7, 9027–9039.
doi:10.1021/nn403617j

28. Yu, M. K.; Park, J.; Jon, S. Theranostics 2012, 2, 3–44.
doi:10.7150/thno.3463

29. Agarwal, P.; Bertozzi, C. R. Bioconjugate Chem. 2015, 26, 176–192.
doi:10.1021/bc5004982

30. Mazzucchelli, S.; Colombo, M.; De Palma, C.; Salvadè, A.;
Verderio, P.; Coghi, M. D.; Clementi, E.; Tortora, P.; Corsi, F.;
Prosperi, D. ACS Nano 2010, 4, 5693–5702. doi:10.1021/nn101307r

31. Field, L. D.; Delehanty, J. B.; Chen, Y.; Medintz, I. L. Acc. Chem. Res.
2015, 48, 1380–1390. doi:10.1021/ar500449v

32. Lin, R.-Y.; Dayananda, K.; Chen, T.-J.; Chen, C.-Y.; Liu, G.-C.;
Lin, K.-L.; Wang, Y.-M. Contrast Media Mol. Imaging 2012, 7, 7–18.
doi:10.1002/cmmi.457

33. Chen, W.; Jarzyna, P. A.; van Tilborg, G. A. F.; Nguyen, V. A.;
Cormode, D. P.; Klink, A.; Griffioen, A. W.; Randolph, G. J.;
Fisher, E. A.; Mulder, W. J. M.; Fayad, Z. A. FASEB J. 2010, 24,
1689–1699. doi:10.1096/fj.09-139865

34. Sugahara, K. N.; Teesalu, T.; Karmali, P. P.; Kotamraju, V. R.;
Agemy, L.; Girard, O. M.; Hanahan, D.; Mattrey, R. F.; Ruoslahti, E.
Cancer Cell 2009, 16, 510–520. doi:10.1016/j.ccr.2009.10.013

35. Alberici, L.; Roth, L.; Sugahara, K. N.; Agemy, L.; Kotamraju, V. R.;
Teesalu, T.; Bordignon, C.; Traversari, C.; Rizzardi, G.-P.; Ruoslahti, E.
Cancer Res. 2013, 73, 804–812. doi:10.1158/0008-5472.can-12-1668

https://orcid.org/0000-0002-9042-8865
https://doi.org/10.1097%2Fppo.0000000000000123
https://doi.org/10.1021%2Fjacs.5b09974
https://doi.org/10.1126%2Fscience.1247390
https://doi.org/10.1002%2Fanie.201406096
https://doi.org/10.1016%2Fj.addr.2012.10.002
https://doi.org/10.1016%2Fj.drup.2017.05.002
https://doi.org/10.1038%2Fnrclinonc.2010.139
https://doi.org/10.1016%2Fj.jconrel.2014.03.057
https://doi.org/10.2147%2Fijn.s47129
https://doi.org/10.1016%2Fj.jconrel.2014.12.018
https://doi.org/10.1016%2Fj.cej.2017.12.051
https://doi.org/10.1158%2F0008-5472.can-05-2242
https://doi.org/10.1021%2Facsami.5b07116
https://doi.org/10.1021%2Facs.chemmater.7b03128
https://doi.org/10.1016%2Fj.devcel.2010.05.012
https://doi.org/10.1021%2Fab500084g
https://doi.org/10.1016%2Fj.biomaterials.2013.03.029
https://doi.org/10.1039%2Fc5tb00304k
https://doi.org/10.1002%2Fanie.201500286
https://doi.org/10.1002%2Fanie.201304096
https://doi.org/10.1039%2Fc5tb00287g
https://doi.org/10.1002%2Fadhm.201500431
https://doi.org/10.1038%2Fnbt1159
https://doi.org/10.1021%2Fam406012g
https://doi.org/10.1021%2Fnn403617j
https://doi.org/10.7150%2Fthno.3463
https://doi.org/10.1021%2Fbc5004982
https://doi.org/10.1021%2Fnn101307r
https://doi.org/10.1021%2Far500449v
https://doi.org/10.1002%2Fcmmi.457
https://doi.org/10.1096%2Ffj.09-139865
https://doi.org/10.1016%2Fj.ccr.2009.10.013
https://doi.org/10.1158%2F0008-5472.can-12-1668


Beilstein J. Nanotechnol. 2019, 10, 168–181.

180

36. Negussie, A. H.; Miller, J. L.; Reddy, G.; Drake, S. K.; Wood, B. J.;
Dreher, M. R. J. Controlled Release 2010, 143, 265–273.
doi:10.1016/j.jconrel.2009.12.031

37. Darmostuk, M.; Rimpelova, S.; Gbelcova, H.; Ruml, T. Biotechnol. Adv.
2015, 33, 1141–1161. doi:10.1016/j.biotechadv.2015.02.008

38. Keefe, A. D.; Pai, S.; Ellington, A. Nat. Rev. Drug Discovery 2010, 9,
537–550. doi:10.1038/nrd3141

39. Melancon, M. P.; Zhou, M.; Zhang, R.; Xiong, C.; Allen, P.; Wen, X.;
Huang, Q.; Wallace, M.; Myers, J. N.; Stafford, R. J.; Liang, D.;
Ellington, A. D.; Li, C. ACS Nano 2014, 8, 4530–4538.
doi:10.1021/nn406632u

40. Bates, P. J.; Laber, D. A.; Miller, D. M.; Thomas, S. D.; Trent, J. O.
Exp. Mol. Pathol. 2009, 86, 151–164. doi:10.1016/j.yexmp.2009.01.004

41. Ma, X.; Gong, N.; Zhong, L.; Sun, J.; Liang, X.-J. Biomaterials 2016,
97, 10–21. doi:10.1016/j.biomaterials.2016.04.026

42. Rajendran, L.; Knölker, H.-J.; Simons, K. Nat. Rev. Drug Discovery
2010, 9, 29–42. doi:10.1038/nrd2897

43. Yoong, S. L.; Wong, B. S.; Zhou, Q. L.; Chin, C. F.; Li, J.;
Venkatesan, T.; Ho, H. K.; Yu, V.; Ang, W. H.; Pastorin, G. Biomaterials
2014, 35, 748–759. doi:10.1016/j.biomaterials.2013.09.036

44. Smith, R. A. J.; Porteous, C. M.; Gane, A. M.; Murphy, M. P.
Proc. Natl. Acad. Sci. U. S. A. 2003, 100, 5407–5412.
doi:10.1073/pnas.0931245100

45. Sakhrani, N. M.; Padh, H. Drug Des., Dev. Ther. 2013, 7, 585.
doi:10.2147/dddt.s45614

46. D'Souza, G. G.; Weissig, V. Expert Opin. Drug Delivery 2009, 6,
1135–1148. doi:10.1517/17425240903236101

47. Li, L.; Hou, J.; Liu, X.; Guo, Y.; Wu, Y.; Zhang, L.; Yang, Z.
Biomaterials 2014, 35, 3840–3850.
doi:10.1016/j.biomaterials.2014.01.019

48. Kotula, J. W.; Pratico, E. D.; Ming, X.; Nakagawa, O.; Juliano, R. L.;
Sullenger, B. A. Nucleic Acid Ther. 2012, 22, 187–195.
doi:10.1089/nat.2012.0347

49. Sandvig, K.; van Deurs, B. Annu. Rev. Cell Dev. Biol. 2002, 18, 1–24.
doi:10.1146/annurev.cellbio.18.011502.142107

50. Acharya, S.; Hill, R. A. Nanomedicine (N. Y., NY, U. S.) 2014, 10,
329–337. doi:10.1016/j.nano.2013.07.015

51. Sahay, G.; Alakhova, D. Y.; Kabanov, A. V. J. Controlled Release
2010, 145, 182–195. doi:10.1016/j.jconrel.2010.01.036

52. Varkouhi, A. K.; Scholte, M.; Storm, G.; Haisma, H. J.
J. Controlled Release 2011, 151, 220–228.
doi:10.1016/j.jconrel.2010.11.004

53. Moreira, C.; Oliveira, H.; Pires, L. R.; Simões, S.; Barbosa, M. A.;
Pêgo, A. P. Acta Biomater. 2009, 5, 2995–3006.
doi:10.1016/j.actbio.2009.04.021

54. Miller, D. K.; Griffiths, E.; Lenard, J.; Firestone, R. A. J. Cell Biol. 1983,
97, 1841–1851. doi:10.1083/jcb.97.6.1841

55. Hatakeyama, H.; Ito, E.; Akita, H.; Oishi, M.; Nagasaki, Y.; Futaki, S.;
Harashima, H. J. Controlled Release 2009, 139, 127–132.
doi:10.1016/j.jconrel.2009.06.008

56. Schloßbauer, A.; Sauer, A. M.; Cauda, V.; Schmidt, A.; Engelke, H.;
Rothbauer, U.; Zolghadr, K.; Leonhardt, H.; Bräuchle, C.; Bein, T.
Adv. Healthcare Mater. 2012, 1, 316–320.
doi:10.1002/adhm.201100033

57. Dai, Q.; Wilhelm, S.; Ding, D.; Syed, A. M.; Sindhwani, S.; Zhang, Y.;
Chen, Y. Y.; MacMillan, P.; Chan, W. C. W. ACS Nano 2018, 12,
8423–8435. doi:10.1021/acsnano.8b03900

58. Wu, X.; Chen, J.; Wu, M.; Zhao, J. X. Theranostics 2015, 5, 322–344.
doi:10.7150/thno.10257

59. Kydd, J.; Jadia, R.; Velpurisiva, P.; Gad, A.; Paliwal, S.; Rai, P.
Pharmaceutics 2017, 9, 46. doi:10.3390/pharmaceutics9040046

60. Wang, A. Z. Sci. Transl. Med. 2015, 7, 294ec112.
doi:10.1126/scitranslmed.aac8108

61. Kobayashi, H.; Watanabe, R.; Choyke, P. L. Theranostics 2014, 4,
81–89. doi:10.7150/thno.7193

62. Yang, Z.-Z.; Li, J.-Q.; Wang, Z.-Z.; Dong, D.-W.; Qi, X.-R. Biomaterials
2014, 35, 5226–5239. doi:10.1016/j.biomaterials.2014.03.017

63. Pardridge, W. M. Drug Discovery Today 2007, 12, 54–61.
doi:10.1016/j.drudis.2006.10.013

64. Elsadek, B.; Kratz, F. J. Controlled Release 2012, 157, 4–28.
doi:10.1016/j.jconrel.2011.09.069

65. Takara, K.; Hatakeyama, H.; Ohga, N.; Hida, K.; Harashima, H.
Int. J. Pharm. 2010, 396, 143–148. doi:10.1016/j.ijpharm.2010.05.002

66. Kibria, G.; Hatakeyama, H.; Ohga, N.; Hida, K.; Harashima, H.
J. Controlled Release 2011, 153, 141–148.
doi:10.1016/j.jconrel.2011.03.012

67. Doolittle, E.; Peiris, P. M.; Doron, G.; Goldberg, A.; Tucci, S.; Rao, S.;
Shah, S.; Sylvestre, M.; Govender, P.; Turan, O.; Lee, Z.;
Schiemann, W. P.; Karathanasis, E. ACS Nano 2015, 9, 8012–8021.
doi:10.1021/acsnano.5b01552

68. Wang, S.; Huang, P.; Chen, X. Adv. Mater. 2016, 28, 7340–7364.
doi:10.1002/adma.201601498

69. Wang, Y.; Kohane, D. S. Nat. Rev. Mater. 2017, 2, 17020.
doi:10.1038/natrevmats.2017.20

70. Paris, J. L.; Manzano, M.; Cabañas, M. V.; Vallet-Regí, M. Nanoscale
2018, 10, 6402–6408. doi:10.1039/c8nr00693h

71. Wang, J.; Wang, F.; Li, F.; Zhang, W.; Shen, Y.; Zhou, D.; Guo, S.
J. Mater. Chem. B 2016, 4, 2954–2962. doi:10.1039/c5tb02450a

72. Xiao, D.; Jia, H.-Z.; Zhang, J.; Liu, C.-W.; Zhuo, R.-X.; Zhang, X.-Z.
Small 2014, 10, 591–598. doi:10.1002/smll.201301926

73. Zhao, D.; Yi, X.; Yuan, G.; Zhuo, R.; Li, F. Macromol. Biosci. 2017, 17,
1700150. doi:10.1002/mabi.201700150

74. Li, J.; Liu, F.; Shao, Q.; Min, Y.; Costa, M.; Yeow, E. K. L.; Xing, B.
Adv. Healthcare Mater. 2014, 3, 1230–1239.
doi:10.1002/adhm.201300613

75. Schellekens, H.; Hennink, W. E.; Brinks, V. Pharm. Res. 2013, 30,
1729–1734. doi:10.1007/s11095-013-1067-7

76. Yang, Q.; Lai, S. K. Wiley Interdiscip. Rev.: Nanomed. Nanobiotechnol.
2015, 7, 655–677. doi:10.1002/wnan.1339

77. Fang, J.; Nakamura, H.; Maeda, H. Adv. Drug Delivery Rev. 2011, 63,
136–151. doi:10.1016/j.addr.2010.04.009

78. Nakamura, H.; Jun, F.; Maeda, H. Expert Opin. Drug Delivery 2015, 12,
53–64. doi:10.1517/17425247.2014.955011

79. Zhang, J.; Yuan, Z.-F.; Wang, Y.; Chen, W.-H.; Luo, G.-F.;
Cheng, S.-X.; Zhuo, R.-X.; Zhang, X.-Z. J. Am. Chem. Soc. 2013, 135,
5068–5073. doi:10.1021/ja312004m

80. Villaverde, G.; Nairi, V.; Baeza, A.; Vallet-Regí, M. Chem. – Eur. J.
2017, 23, 7174–7179. doi:10.1002/chem.201605947

81. He, W.; Yan, J.; Sui, F.; Wang, S.; Su, X.; Qu, Y.; Yang, Q.; Guo, H.;
Ji, M.; Lu, W.; Shao, Y.; Hou, P. ACS Nano 2018, 12, 11664–11677.
doi:10.1021/acsnano.8b07079

82. Sakhrani, N. M.; Padh, H. Drug Des., Dev. Ther. 2013, 7, 585.
doi:10.2147/dddt.s45614

83. López, V.; Villegas, M. R.; Rodríguez, V.; Villaverde, G.; Lozano, D.;
Baeza, A.; Vallet-Regí, M. ACS Appl. Mater. Interfaces 2017, 9,
26697–26706. doi:10.1021/acsami.7b06906

84. Kang, B. H.; Plescia, J.; Song, H. Y.; Meli, M.; Colombo, G.; Beebe, K.;
Scroggins, B.; Neckers, L.; Altieri, D. C. J. Clin. Invest. 2009, 119,
454–464. doi:10.1172/jci37613

https://doi.org/10.1016%2Fj.jconrel.2009.12.031
https://doi.org/10.1016%2Fj.biotechadv.2015.02.008
https://doi.org/10.1038%2Fnrd3141
https://doi.org/10.1021%2Fnn406632u
https://doi.org/10.1016%2Fj.yexmp.2009.01.004
https://doi.org/10.1016%2Fj.biomaterials.2016.04.026
https://doi.org/10.1038%2Fnrd2897
https://doi.org/10.1016%2Fj.biomaterials.2013.09.036
https://doi.org/10.1073%2Fpnas.0931245100
https://doi.org/10.2147%2Fdddt.s45614
https://doi.org/10.1517%2F17425240903236101
https://doi.org/10.1016%2Fj.biomaterials.2014.01.019
https://doi.org/10.1089%2Fnat.2012.0347
https://doi.org/10.1146%2Fannurev.cellbio.18.011502.142107
https://doi.org/10.1016%2Fj.nano.2013.07.015
https://doi.org/10.1016%2Fj.jconrel.2010.01.036
https://doi.org/10.1016%2Fj.jconrel.2010.11.004
https://doi.org/10.1016%2Fj.actbio.2009.04.021
https://doi.org/10.1083%2Fjcb.97.6.1841
https://doi.org/10.1016%2Fj.jconrel.2009.06.008
https://doi.org/10.1002%2Fadhm.201100033
https://doi.org/10.1021%2Facsnano.8b03900
https://doi.org/10.7150%2Fthno.10257
https://doi.org/10.3390%2Fpharmaceutics9040046
https://doi.org/10.1126%2Fscitranslmed.aac8108
https://doi.org/10.7150%2Fthno.7193
https://doi.org/10.1016%2Fj.biomaterials.2014.03.017
https://doi.org/10.1016%2Fj.drudis.2006.10.013
https://doi.org/10.1016%2Fj.jconrel.2011.09.069
https://doi.org/10.1016%2Fj.ijpharm.2010.05.002
https://doi.org/10.1016%2Fj.jconrel.2011.03.012
https://doi.org/10.1021%2Facsnano.5b01552
https://doi.org/10.1002%2Fadma.201601498
https://doi.org/10.1038%2Fnatrevmats.2017.20
https://doi.org/10.1039%2Fc8nr00693h
https://doi.org/10.1039%2Fc5tb02450a
https://doi.org/10.1002%2Fsmll.201301926
https://doi.org/10.1002%2Fmabi.201700150
https://doi.org/10.1002%2Fadhm.201300613
https://doi.org/10.1007%2Fs11095-013-1067-7
https://doi.org/10.1002%2Fwnan.1339
https://doi.org/10.1016%2Fj.addr.2010.04.009
https://doi.org/10.1517%2F17425247.2014.955011
https://doi.org/10.1021%2Fja312004m
https://doi.org/10.1002%2Fchem.201605947
https://doi.org/10.1021%2Facsnano.8b07079
https://doi.org/10.2147%2Fdddt.s45614
https://doi.org/10.1021%2Facsami.7b06906
https://doi.org/10.1172%2Fjci37613


Beilstein J. Nanotechnol. 2019, 10, 168–181.

181

85. Hickey, J. L.; Ruhayel, R. A.; Barnard, P. J.; Baker, M. V.;
Berners-Price, S. J.; Filipovska, A. J. Am. Chem. Soc. 2008, 130,
12570–12571. doi:10.1021/ja804027j

86. Chen, M.; Bhattarai, N.; Cong, M.; Pérez, R. L.; McDonough, K. C.;
Warner, I. M. RSC Adv. 2018, 8, 31700–31709.
doi:10.1039/c8ra05484c

87. Luo, G. F.; Chen, W. H.; Liu, Y.; Lei, Q.; Zhuo, R.-X.; Zhang, X.-Z.
Sci. Rep. 2014, 4, 6064. doi:10.1038/srep06064

88. Jin, Z.-H.; Furukawa, T.; Waki, A.; Akaji, K.; Coll, J.-L.; Saga, T.;
Fujibayashi, Y. Biol. Pharm. Bull. 2010, 33, 370–378.
doi:10.1248/bpb.33.370

89. Rosca, E. V.; Stukel, J. M.; Gillies, R. J.; Vagner, J.; Caplan, M. R.
Biomacromolecules 2007, 8, 3830–3835. doi:10.1021/bm700791a

90. Nguyen, T. Q. N.; Lim, K. W.; Phan, A. T. Sci. Rep. 2017, 7, 11969.
doi:10.1038/s41598-017-10583-9

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.10.16

https://doi.org/10.1021%2Fja804027j
https://doi.org/10.1039%2Fc8ra05484c
https://doi.org/10.1038%2Fsrep06064
https://doi.org/10.1248%2Fbpb.33.370
https://doi.org/10.1021%2Fbm700791a
https://doi.org/10.1038%2Fs41598-017-10583-9
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.10.16

	Abstract
	Introduction
	Review
	Passive targeting based on the EPR effect
	Active targeting: from cellular to organelle vectorization
	Double targeting solutions, a real alternative?
	Simultaneous targeting of tissue and cells
	Hierarchical and encrypted sequential targeting – novel strategies for dual targeting
	Double targeting cellular–intracellular trafficking
	Double targeting with the same motive: multivalence effect

	Conclusion
	Acknowledgements
	ORCID iDs
	References

