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Nanocarriers are designed to specifically accumulate in diseased tissues. In this context, 
targeting of intracellular compartments was shown to enhance the efficacy of many 
drugs and to offer new and more effective therapeutic approaches. This is especially 
true for therapies based on biologicals that must be encapsulated to favor cell 
internalization, and to avoid intracellular endosomal sequestration and degradation 
of the payload. In this review, we discuss specific surface modifications designed to 
achieve cell cytoplasm delivery and to improve targeting of major organelles; we 
also discuss the therapeutic applications of these approaches. Last, we describe some 
integrated strategies designed to sequentially overcome the biological barriers that 
separate the site of administration from the cell cytoplasm, which is the drug’s site of 
action.
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Nanocarriers have recently emerged as versa-
tile tools with which to increase the half-life, 
bioavailability, targeting and safety of vari-
ous classes of therapeutics [1–5]. An important 
advance in the field of nanomedicine was the 
development of nanocarriers able to respond 
to the physical and chemical stimuli of the 
biological environment so as to maximize 
the efficacy of the loaded therapeutics and 
drive their delivery in function of the sur-
rounding milieu [6–8]. To be effective, carri-
ers must overcome several biological barriers 
that are encountered during transit from the 
site of administration to the final target [5]. 
Clearance action by the major filtering 
organs (lung, liver, spleen and kidney), and 
the physical (vascular wall and extracellular 
matrix), cellular (circulating and resident tis-
sue phagocytic cells) and enzymatic (serum 
and intracellular digestive enzymes) barriers 
that characterize the structure of our tissues, 
have evolved to control the diffusion of exog-
enous materials within our body. These very 
efficient biological barriers are the greatest 
obstacle to the clinical translation of many 

promising platforms designed for targeted 
therapy [9].

Depending on their size, shape and surface 
chemistry, nanoparticles are internalized by 
the target cells through different pathways 
(Figure 1) [10,11]. After internalization, nanocar-
riers and their payload are usually sequestered 
in endosomal vesicles (caveolin-driven endo-
cytosis pathway excluded) [5,12]. Endosomal 
sequestration of nanotherapeutics is character-
ized by multiple membrane fusions in which 
the endocytic vesicles merge sequentially with 
early and late endosomes until they are com-
partmentalized in endolysosomal vesicles [13]. 
Each step is characterized by a progressive 
decrease of intravesicular pH and an increase 
of digestive enzymatic content (lipase, prote-
ases and nucleases) [13,14] that affect the effi-
cacy of the payload, in particular if it consists 
of such biological therapeutics as peptides, 
proteins and genetic material (Figure 2). For 
example, short interfering RNA (siRNA) 
technology has been extensively investigated in 
recent decades given its enormous therapeutic 
potential even at very low concentrations [5].
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While encapsulation within nanoparticles protects 
these therapeutics from the extracellular environ-
ment [15], after internalization the payload must be 
protected from intracellular endosomal digestion and 
be delivered to the cell cytoplasm. Methods devised to 
elude endosomal sequestration and ‘conquer’ the cyto-
plasmic space have led to a better understanding of cell 
physiology and trafficking, and to the development of 
therapeutic strategies aimed to specifically target and 
modulate the function of major subcellular compart-
ments. Here we describe the strategies used to access 
the cell cytoplasm after internalization and to achieve 
organelle targeting, which in turn provides new means 
with which to treat various diseases. Finally, we pro-

vide examples of integrated systems that were designed 
to sequentially overcome several biological barriers and 
deliver the payload in the cytoplasm.

Cell-penetrating peptides
Protein translocation domains, also known as cell-
penetrating peptides (CPPs), are short peptides able to 
cross biological membranes and deliver a wide variety 
of cargos into the cytoplasm [16,17]. They are usually 
divided into amphipathic peptides and polycationic 
peptides: the first contain an alternating pattern of 
polar and hydrophobic amino acids; while the second 
are rich in positively charged amino acids. In general, 
CPPs are characterized by an overall positive charge 
due to the abundance of arginine and lysine resi-
dues [16]. This positive charge favors their interactions 
with surface components of the cell membrane such 
as heparan sulfate and phospholipids that can act as 
CPP receptors [18,19], while hydrophobic residues like 
tryptophan increase the affinity for biological lipid 
structures [18]. Typical CPPs are the transactivator of 
transcription (TAT) peptide derived from HIV virus 
and the amphiphilic Antennapedia peptide derived 
from Drosophila [20].

The mechanism of CCP uptake is still unclear [21,22]. 
Various mechanisms have been proposed: energy-inde-
pendent internalization mediated by local destabiliza-
tion of the membrane structure rather than by intra-
cellular endosomal trafficking [23]; uptake involving 
membrane lipid rafts and subsequent escape from these 
vesicles [16,24]; and macropinocytosis- and caveolae-
mediated endocytosis [25]. However, CPP internaliza-
tion seems to depend on several factors, namely, their 
specific amino acid sequence [26]; the concentration of 

Figure 1. Particles internalization in the cell. Representation of different intracellular pathways of particle uptake. 
Uptake mechanisms differ depending on the size and nature of the nanoparticles.
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CPPs at the cellular interface (above a specific concen-
tration threshold, they are internalized through nonen-
docytic pathways [27]); and the size of cargo fused to the 
CPPs [28]. These findings indicate that the transport 
of nanoparticles modified with CPPs occurs through 
energy-dependent endocytic pathways, in particular 
macropinocytosis [21].

The CPP surface functionalization of metallic, sil-
ica or lipid particles can be easily obtained by cova-
lent modification or simple surface absorption driven 
by electrostatic bonds [29]. Using TAT-modified gold 
nanoparticles, Krpetic and co-workers were able to 
monitor and describe the intracellular trafficking of 
nanoparticles after endosomal escape [30]. They found 
that, after an initial phase of accumulation in the cyto-
plasm, nucleus and mitochondria, the particles were 
confined to vesicular bodies and eventually released 
again in the cytoplasm. The cytoplasmic delivery of 
specific payloads and materials was shown to enhance 
the anticancer properties of the system. Liu and col-
leagues showed that peritumoral injection of TAT-
modified silver nanoparticles efficiently inhibited mul-
tidrug resistance phenomena in vitro and in vivo [31]. 
Due to enhanced cellular uptake and a consequent 
increase in cellular drug accumulation, TAT-modified 
particles exerted a tumor growth inhibition power 
fourfold higher than unmodified particles [23].

CPPs have been also investigated for their capabil-
ity to deliver drugs to the central nervous system. In 
fact, nanoparticles modified with TAT in combination 
with polyethylene glycol (PEG) favored brain accumu-
lation and a higher penetration of the blood–brain bar-
rier [32,33]. Although surface modification of particles 
with TAT does not ensure specific targeting of nervous 
tissue, TAT-modified particles can be used to treat 
severe diseases like brain tumors, thanks to their ability 
to accumulate in abnormal tumor vasculature [34].

Antimicrobial peptides
Antimicrobial peptides (AMPs) are a group of small 
amphipathic molecules (15–45 amino acids) character-
ized by a positive charge and, like CCPs, they have the 
ability to translocate within the cell cytoplasm. AMPs 
are produced by a wide variety of organisms of marine 
and terrestrial origin (including human defensins) [35,36] 
as an essential component of their innate immune 
response [37]. Recently, Vale and co-workers [38] classi-
fied AMPs in function of their structure into four main 
categories: α-helical peptides without Cys residues 
characterized by the presence of several Lys and Arg 
residues and a significant number of hydrophobic resi-
dues; β-pleated peptides containing disulfide bridges, 
for example, human defensins that are characterized by 
six Cys residues [39–41]; peptides rich in Pro, Gly, His, 

Arg and Trp; and circular antimicrobial peptides. Anti-
microbial peptides preferentially target viruses, bacteria 
and eukaryotic pathogens that are usually less anionic 
than mammalian cell membranes [27]. Thanks to these 
properties, AMPs can be used to modify nanoparticles 
designed to target microorganisms and achieve more 
efficient antibiotic effects.

To our knowledge, there are only two reports 
describing the production of AMP bioconjugates with 
nanoparticles [42,43]. Golubeva and coworkers [42] 
designed a nanoparticle with antimicrobial properties 
against Staphylococcus aureus and Pseudomonas aeru-
ginosa by conjugating silver nanoparticles to peptide 
G-Bac3.4 (RFRLPFRRPPIRIHPPPFYPPFRPFL) 
modified from the natural peptide Bac3.4, which 
belongs to the bactenecin family. They showed that the 
modification process affected the membranolytic prop-
erties of the peptides. Yang et al. [43], on the other hand, 
produced liposomes conjugated with the antimicrobial 
peptide WLBU2 and loaded with the photosensitizer 
temoporfin. These liposomes effectively inhibited the 
proliferation of S. aureus and P. aeruginosa. Despite 
these promising results, the use of AMPs in the clinical 
setting is still limited by issues related to toxicity [44,45].

Surface modification to avoid endosomal 
sequestration & degradation
Endosomal sequestration of nanocarriers
Despite many improvements in delivery systems [1–4,46], 
the set-up of methods for the effective delivery of ther-
apeutic biological agents such as proteins and nucleic 
acids remains a challenge [5,47,48]. One of the main 
limiting factors is that the endocytic pathway is the 
major uptake mechanism by which nanocarriers enter 
the cell [5]. This pathway is composed of endosomes 
that have an internal acidic pH. These vesicles undergo 
a maturation process that, from early endosomes with 
a pH around 6, leads to late endosomes that have a pH 
around 5. Late endosomes can fuse with lysosomes that 
contain many digestive enzymes, namely, nucleases, 
proteases, glycosidase, lipases, phosphatases, sulfatases 
and phospholipases [12–14]. After entering the cell, nan-
ovectors together with their payload become entrapped 
in endosomes after which they can enter lysosomes, 
where enzymatic processes degrade the payload espe-
cially if it comprises biological molecules (Figure 2). 
This route prevents efficient delivery of therapeutic 
agents to intracellular targets.

pH-responsive polymers as components of 
endosomolytic nanocarriers
Many types of surface modifications of nanocarri-
ers have been used to elude endosomal sequestration. 
The most frequently used procedures are based on 
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molecules that induce osmotic lysis of the endosome 
through a pH-buffering effect known as the ‘proton 
sponge effect’ (Figure 3) [49,50]. The proton sponge 
effect of these molecules is based on their ability to 
accept H+ ions at the acidic pH of the endosomes. The 
most promising candidate molecules in this context 
contain protonable secondary and/or tertiary amine 
groups that have a pKa close to the endosomal/lyso-
somal pH [12,43,44]. Acidification of these endolyso-
somal vesicles occurs through specific endosomal H+ 
transmembrane pumps that work in symport with 
chlorine ions [43,44]. Molecules containing groups like 
tertiary amines that accept protons at a low pH are able 
to contrast vesicle acidification and to inhibit the nega-
tive molecular feedback that blocks the action of the 
endosomal pumps [49,50]. In response to the increased 
chloride concentration within the vesicle lumen, 
the osmotic pressure of endosomes increases [49,50] 
with a consequent incorporation of large amounts of 
water that, in turn, affects the endosomal ultrastruc-
ture thereby leading to osmotic swelling [15,49,50] and 
subsequent membrane rupture. Poly(ethyleneimine) 
(PEI) [51,52], poly(amidoamine) (PANAM) [53,54] and 
poly(N,N-dimethylaminoethyl methacrylate) [55–

58] are among the polymers most often used to coat 
nanoparticles [56,59] to obtain delivery systems endowed 
with buffering properties that enable endosomal escape 
by the proton sponge effect.

Cytoplasmic delivery of biologicals can be improved 
even further by using other moieties to enhance the 
buffering ability of polymeric systems. A case in 
point is histidine, which is endowed with buffer-
ing properties thanks to its imidazole ring that has a 
pKa of around 6, and that is protonated at a mildly 
acidic pH [12,60–63]. Interestingly, polymers like poly-
lysine and chitosan enriched in histidine significantly 
increased cytoplasmic delivery of nucleic acids [61].

Notably, in the case of polymers containing pro-
tonable amine groups (e.g., PEI and PANAM) or 
histidine residues, the proton sponge model may not 
be the only mechanism of endosomal escape. In fact, 
after protonation, the positively charged aminic groups 
could electrostatically bind the negatively charged 
endosomal membrane, which results in a physical inter-
action and subsequent fusion between the polymer and 
the endosomal membrane – a process that triggers the 
release of the payload into the cytoplasm [61–64]. For 
example, once protonated in an acidic environment, 
the pH-sensitive polymer poly(histidine) acquires 
fusogenic properties thereby resulting in endosomal 
escape [12,62]. Other strategies to enable nanocarriers 
to elude endosomal sequestration are based on poly-
mers with pH-responsive properties resembling those 
of fusogenic peptides. For example, poly(propylacrylic 
acid) changes its conformation at a low pH thereby 
destabilizing the endosomal membrane and favoring 
delivery of the payload into the cell cytoplasm [65–67].

Conjugation with peptides as a means to 
enable nanocarriers to elude endosomal 
sequestration
Endosomal escape can be obtained by destabilizing the 
endosomal membrane. Various approaches to obtain 
destabilization of the endosomal membrane are based 
on the finding that viruses have evolved specific fuso-
genic proteins or peptides that mediate mechanisms for 
endosomal membrane penetration. These mechanisms 
consist in the fusion of the viral envelope with the lipid 
bilayer of the endosomal vesicles or the formation of 
pores through which the viral genome enters the cyto-
sol [68,69]. In bacteria, the formation of pores in the endo-
somal membrane is the main mechanism of endosomal 
escape and it is mediated by bacterial exotoxins [70]. Also 
some animal and plant proteins are endowed with these 

Figure 3. Endosomal escape by the proton sponge (pH-buffering) effect. Nanoparticles enter the cell and are 
trapped in endosomes. The membrane proton pumps continuously translocate protons into the endosomes. 
Particles become protonated and resist endosome acidification, thus more protons will be pumped into the 
endosomes thereby acidifying the environment. The proton pumping action is followed by passive entry of 
chloride ions into the endosomes, thereby increasing the ionic concentration and hence water influx. Due to the 
high osmotic pressure, the endosomes swell and break and consequently release their contents.
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types of fusogenic or membrane pore-forming proper-
ties [12]. In these mechanisms operating in nature, the 
acidic pH of endosomes triggers endosomal escape by 
inducing a change in the protein/peptide conformation 
and enabling interactions between the peptide and the 
lipid bilayer of the endosomal vesicles. In some cases, 
these peptides and protein domains form a random coil 
structure at physiological pH, while at acidic pH, some 
amino acid residues become protonated and peptides 
acquire an amphipathic α-helical conformation [12]. 
In this condition, peptides can strongly interact with 
phospholipid membranes and can form pores or cause 
membrane fusion or lysis [71]. For example, Listeriolysin 
O is a toxin produced by the bacterium Listeria mono-
cytogenes, which at acidic pH induces pore formation 
in cholesterol-containing lipid bilayers [72]. Listeriolysin 
O has been successfully used to favor the endosomal 
escape of liposomal nanocarriers [72]. The cationic pep-
tide melittin is a component of bee venom, and forms 
amphipathic α-helical structures that enter and destabi-
lize the lipid membranes [73,74]. This peptide conferred 
endosomolytic properties to polymeric polyplexes [75].

Diphtheria toxin is secreted by Corynebacterium 
diphtheria. At acidic pH, the T domain of this toxin 
changes its conformation and acquires fusogenic prop-
erties [70]. The conjugation of this peptide to poly-
plexes enhances their endosomal escape capability [76]. 
The pH-responsive fusogenic peptides KALA, GALA 
and INF-7 are derived from the N-terminal domain 
of influenza virus hemagglutinin HA-2 subunit. They 
have been successfully used to facilitate the endosomal 
escape of lipidic and polymeric carriers of nucleic acids, 
proteins and drugs [54–58,77-85,115,117–119].

pH-responsive lipids as components of 
endosomolytic nanocarriers
Some nanoformulations of lipids are used to obtain 
nanocarriers able to escape from endosomes and to 
deliver active payloads in the cell cytoplasm. Cationic 
lipids can electrostatically interact with negatively 
charged lipids of the cytosolic layer of the endosomal 
vesicle and exert a moderate fusogenic effect [60,61]. 
To increase their efficiency in endosomal membrane 
destabilization, helper lipids like l-α-di-oleoyl phos-
phatidyl ethanolamine can be added to the lipid 
formulation [86]. The ethanolamine head group of 
l-α-di-oleoyl phosphatidyl ethanolamine has a high 
tendency to form an inverted hexagonal phase at acidic 
pH which, in turn, improves fusogenicity [60,61].

Also lipids with histidine or imidazole moieties 
can increase the pH-responsiveness of nanovectors 
and endow them with proton sponge abilities, fuso-
genic properties or both. For example, nanocarriers 
constituted by 1,5-distearyl N-(N-a-(4-mPEG2000) 

butanedione)-histidyl-l-glutamate [87], or by imidaz-
ole-bearing 1,4,7,10-tetraazacyclododecanes (cyclen)-
based cationic lipids [88] increased the efficacy of the 
cytoplasmic delivery of a payload and enabled endo-
somal escape mainly through a proton sponge mecha-
nism [82]. Liposomes made with dioleyl succinyl paro-
momycin: O,O-dioleyl-N-histamine phosphoramidate 
[89], or with O,O-dioleyl-N-[3N-(N-methylimidazo-
lium iodide)propylene] phosphoramidate and O,O-
dioleyl-N-histamine phosphoramidate [90] can release 
their cargo outside endosomes probably by both proton 
sponge and fusogenic mechanisms.

Organelle targeting
In many cases, the success of any delivery system 
greatly depends on the capability of the carrier to 
transport the cargo to its specific site of action within 
the cell cytoplasm. For instance, all DNA carriers must 
overcome the nuclear membrane to exert their func-
tion. Consequently, the development of approaches 
aimed at effectively targeting the cellular organelles 
(nucleus, mitochondria and endoplasmic reticulum 
[ER]) and subsequently, delivering the payload in its 
active status directly to its intracellular site of action is 
a fundamental step in the development of more effec-
tive therapeutics (Figure 4). In the following sections, 
we discuss the strategies used to modify the surface of 
nanoparticles in order to ensure subcellular delivery 
of payloads. Nuclear, mitochondrial and ER targeting 
is particularly complex given the importance of these 
organelles for cell physiology. In fact, loss of function 
of one of these organelles causes various pathological 
conditions (see Table 1).

Nuclear targeting
The nucleus is surrounded by a double-layered mem-
brane punctured by protein channels, known as the 
nuclear pore complex, that determine the ‘in and 
out’ trafficking between the nucleus and the cyto-
plasm [91,92]. Learning how to enhance nuclear delivery 
has great scientific and translational relevance because 
the nucleus governs cell physiology by controlling rep-
lication and transcription processes, and it is the final 
functional target of many therapeutic approaches 
(e.g., gene therapy). In fact, the nucleus is responsible 
for all diseases derived from a mutation of a gene (at the 
level of both the promoter and the splicing site), includ-
ing heart dysfunction [93], muscular dystrophy [94] and 
neurodegenerative disease [95]. In addition, transport 
through the nuclear membrane is essential for all anti-
cancer agents whose cytotoxic action is based on DNA 
intercalation (e.g., doxorubicin and cyclophosphamide).

Unfortunately, the nuclear membrane is difficult to 
penetrate and nanoparticles rarely accumulate in this 
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organelle [96–99]. Indeed, the small pore size of the 
nuclear membrane (≈ 10 nm) prevents the passage of 
molecules larger than 40 kDa even when the pores are 
dilated [100]. Consequently, large molecules must be 
actively transported beyond the membrane by proteins. 
The functionalization of nanoparticles with nuclear 
localization signals (NLS), which are characterized by 
basic amino acid residues, implies the recognition of the 
NLS by its cytoplasmic receptors, such as importins. 
Subsequently, the NLS peptide binds the nuclear pore 

complex and the cargo is released into the nucleus via 
translocation through the pores [101]. Considering that 
the pore size of nuclei is usually smaller than that of 
typical drug delivery systems, it appears that the dif-
fusion of nanoparticles (not confined in intracellular 
vesicles) depends on the carrier size in the case of passive 
transport, and on the inclusion of an NLS in the case 
of active transport [102]. An example of a drug delivery 
system developed to target the nucleus by passive trans-
port is represented by malonodiserinolamide fullerene 
C

60
 (C60-ser, 3–4 nm) nanoparticles, fabricated to 

treat liver cancer in vivo. Thanks to their small size, 
they were found to localize in the nucleus by diffusion 
through the nuclear pore complex [103]. Also nanopar-
ticles surface-modified with NLS have been widely 
used to target genes to the nucleus. Particles modified 
with the KKKRKV peptide from the Simian virus 40 
large tumor antigene, or peptide KRPAATKKAGQA-
KKKKL from nucleoplasmin (an enzyme involved 
in nucleosome assembly) accumulated in much larger 
amounts in the nuclear membrane than did unmodified 
controls. [97,104–110]. Nuclear localization signals exerted 
an efficient translocation function also when they were 
integrated in a classical PEG coating that enabled gold 
nanoparticles to inhibit the division of cancer cells [111] 
as well as to avoid unspecific interactions with other 
biological entities. Notably, Mackey and collaborators 

Table 1. Organelle-associated diseases.

Organelle Associated diseases Ref.

Nucleus
 
 

Heart dysfunction
Muscular dystrophy
Neurodegenerative 
disease

[93]

[94]

[95]

Mitochondrion
 
 
 

Neurodegeneration
Cancer
Diabetes mellitus and 
deafness
Cardiomyopathy

[123,124]

[122]

[125]

[121]

Endoplasmic 
reticulum
 
 
 

Neurodegeneration
Cancer
Diabetes 
Cardiovascular 
disease

[149]

[150]

[151]

[152]

Figure 4. Intracellular drug delivery. Cytosolic delivery and targeting of the nucleus, the mitochondrion and the 
endoplasmic reticulum. 
ER: Endoplasmic reticulum; NP: Nanoparticle; NLS: Nuclear localization signal.
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showed that NLS-labeled gold nanoparticles had a spe-
cifically enhanced cytotoxic effect on cancer cells [112]. 
The HIV-1 TAT peptide is a well-known nuclear mem-
brane translocator, which when applied on the surface 
of nanoparticles enables them to elude endosomal 
sequestration and to accumulate in the nucleus [18,113]. 
Notably, doxorubicin exerted stronger anticancer activ-
ity when it was encapsulated in mesoporous silica 
particles whose surface was modified with the TAT 
peptide [97,104–106,114,115]. Nuclear targeting can also be 
accomplished by exploiting the high affinity of acridin 
to DNA. Acridine-based compounds can reversibly 
bind DNA through intercalation and act as phototrig-
gers for the controlled release of drugs. Acridin-9-meth-
anol-functionalized nanoparticles were shown to accu-
mulate in the nucleus of HeLa cells [109]. Consequently, 
photoresponsive acridin-conjugated nanoparticles can 
be used to control drug release into nuclei [116]. In 
other nuclear targeting strategies, a positive charge was 
applied to the particle surface. Cationic polymers such 
as PEI and poly (l-tartaramidoamine) increased the tar-
geting of particles to the nuclear membrane, probably 
thanks to their ability to permeabilize the nuclear enve-
lope – a process that favors proper delivery of pDNA 
payloads to the nuclei of target cells [117,118].

Finally, an interesting approach was based on the 
targeting of specific cell receptors to induce both cel-
lular internalization and nuclear translocation. EGFR 
is located on the cell membrane and once activated it 
accumulates in the cell nucleus thanks to the action 
of karyopherin-β67, a protein responsible for the trans-
port of cytoplasmic material to the nucleus. Impor-
tantly, EGFR has great clinical relevance because its 
nuclear translocation occurs mainly in cancer cells. 
Fe

3
O

4
@TiO

2
 nanoparticles conjugated with EGFR-

binding peptides showed better nuclear localiza-
tion in EGFR-expressing HeLa cells than control 
nanoparticles [119].

Mitochondrial targeting
Mitochondria are characterized by an outer and an 
inner membrane enriched in protein. The two mem-
branes determine the formation of two separate com-
partments: the intermembrane space and the mito-
chondrial matrix. These organelles possess their own 
DNA, which is organized in several copies of a single, 
circular chromosome [120]. Mitochondria are involved 
in apoptotic cell death, adenosine triphosphate synthe-
sis, production of reactive oxygen species and calcium 
metabolism. Consequently, mitochondrial dysfunction 
has been associated with a variety of disorders (cancer, 
neurodegenerative diseases, cardiovascular disease and 
diabetes) [121–125] and they have been extensively stud-
ied as therapeutic intracellular targets. The main rea-

son why strategies to achieve targeted mitochondrial 
drug delivery were developed is that chemotherapeu-
tics act directly on mitochondrial function and favor 
apoptosis. Two generalized requirements for mito-
chondrial localization are lipophilicity and delocalized 
positive charge. Increasing doxorubicin lipophilicity by 
introducing a nitric oxide into the molecule (nitroxy-
doxorubicin) [126] shifts the intracellular localization to 
mitochondria and to the ER [127].

The large mitochondrial membrane potential (nega-
tive inside) can be exploited to target mitochondria-
modifying particles or bioactive molecules using posi-
tively charged molecules; Schiller-Szeto peptides are a 
combined series of hydrophobic and positively charged 
tetrapeptides that severely localize to mitochondria [128]. 
Lipophilic cations such as rhodamine, triphenylphos-
phonium (TPP) and stearyl triphenylphosphonium 
were shown to increase liposome mitochondria target-
ing [129,130]. To avoid issues of the nonspecific cyto-
toxicity of stearyl triphenylphosphonium liposomes, 
Biswas et al. synthesized a novel coating of polyethyl-
ene glycol-phosphatidylethanolamine conjugated with 
the TPP group attached to the distal end of the PEG 
block (TPP-PEG-PE) [104]. Similarly, Marrache et al. 
designed a mitochondria-targeted polymeric nanopar-
ticle system by blending a targeted poly(d,l-lactic-co-
glycolic acid)-block (PLGA-b)-poly(ethyleneglycol) 
(PEG)-triphenylphosphonium (TPP) polymer (PLGA-
b-PEG-TPP) with b-poly(lactide-co-glycolide)-suc-
cinic acid (PLGA-COOH) or with PLGA-b-PEG-OH. 
They varied the size and the surface charge of nanopar-
ticles in an attempt to understand the effect of these 
properties on mitochondrial uptake [131]. Mitochon-
drial uptake was studied by qualitative and quantita-
tive investigations of the cytosolic and mitochondrial 
fractions of cells treated with these blended nanopar-
ticles [131]. Evaluation of the mitochondrial uptake of 
nanoparticles measuring 80–330 nm revealed a trend 
toward a maximum uptake of particles between 80 
and 100 nm in diameter. Among hydrodynamic par-
ticles of a similar diameter but with different surface 
charges, mitochondrial uptake increased significantly 
with the more positively charged nanoparticles.

Strategies inspired by intracellular trafficking of 
mitochondrial proteins were developed by modifying 
nanoparticles with the mitochondrial targeting signal, 
10–70 amino acids). In the cell, the mitochondrial tar-
geting signal directs newly synthesized proteins to the 
mitochondria. Hoshino et al. described the ability to 
direct the uptake and localization of CdSe/ZnS Quan-
tum Dots to the mitochondria using the mitochondrial-
targeting peptide (Mito-8, sequenced MSVLTPLLL-
RGLT-GSARRLPVPRAKIHWLC) derived from 
cytochrome-c oxidase (a component of the electron 
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transport chain) [132]. Various approaches, based on 
specific materials, have been used to deliver DNA to 
mitochondria in the attempt to improve therapies for 
mitochondria-associated diseases. For example, the 
liposome-like vesicles delocalized lipophilic cation 
dequalinium (DQA)-somes, which are characterized 
by a positive charge, showed high affinity for the mito-
chondrial membrane [133,134]. These vesicles are made of 
dequalinum chloride, a mitochondiotropic delocalized 
cation that severely accumulates in the mitochondria 
of carcinoma cells [135].

Similar strategies are based on surface-modified 
resveratrol liposomes co-conjugated with dequal-
inium polyethylene glycol-distearoylphosphatidyleth-
anolamine (DQA-PEG2000-DSPE). This delivery 
platform exerted antitumor effects in various tumor 
models in vitro and in vivo [136]. Yamada et al. devel-
oped a liposome with fusogenic properties called 
‘MITO-porter’ designed for mitochondrial gene deliv-
ery that enabled efficient targeting of the innermost 
mitochondrial space [137,138]. More recently, the same 
group increased the efficacy of this system by produc-
ing liposomes with a double lipid shell to sequentially 
penetrate cell and mitochondrial membranes, thereby 
avoiding endosomal sequestration (dual function 
MITO-Porter) [139]. Xia Yang et al. synthesized a new 
kind of fluorescent core-shell ellipsoidal-ionic liquid 
nanoparticle that has anticancer activity and that can 
be used in imaging techniques [29]. These particles 
were taken up by HeLa cells through a mitochondria-
associated pathway favored by a functional ionic liq-
uid (acetyl-N-butyl pyridinium hexafluorophosphate) 
conjugated to rhodamine B isothiocyanate-doped sil-
ica-coated [29]. Agemy et al. developed iron oxide nano-
worms modified in their surface with a tumor-homing 
peptide (CGKRK), which enabled mitochondrial tar-
geting, and a proapoptotic peptide (D[KLAKLAK]2), 
which ensured tumor cell killing in a murine glio-
blastoma [140]. Wang et al. observed that Au nanorods 
coated with a cetyltrimethylammonium bromide 
bilayer and serum components was preferentially 
uptaken by cancer cells (compared with normal cells) 
and mitochondrial targeting ability [46]. Mo and colleg-
ues reported that pH-sensitive liposomes (HHG2C

18
-L 

and PEGHG2C18-L) based on zwitterionic oligopep-
tide lipids as anticancer drug carriers were developed 
and evaluated for effective intracellular delivery and 
enhanced antitumor activity [87]. Liposomes modi-
fied with 1,5-dioctadecyl-l-glutamyl 2-histidyl-hexa-
hydrobenzoic acid (HHG2C

18
-L) and 1,5-distearyl 

N-(N-a-(4-mPEG2000) butanedione)-histidyl-l-glu-
tamate (PEGHG2C18) are able to escape endosomal 
sequestration and target mitochondria by reversing 
their surface charge in function of the difference in 

pH between endosomal vesicles and cytoplasm [87]. 
The His groups play a key role in endosomes/lyso-
some escape. The imidazole ring of histidine is a weak 
base that has the ability to acquire a cationic charge 
when the pH of the environment drops below 6. The 
accumulation of histidine residues in acidic vesicles 
can increase their osmolarity and their swelling [141–

144]. HHG2C18 and PEGHG2C18 liposomes exploit 
the property to develop the proton sponge effect that 
enables liposomes to be released from the endosome 
membrane-bound compartments [87].

ER targeting
The ER is organized in a membrane network of sac-like 
structures called ‘cisternae,’ and an intra- and extra-cis-
ternae space is discernible in its volume. The ER gov-
erns such important cell functions as protein folding 
and lipid biosynthesis [145]. In addition, it controls cal-
cium homeostasis [146], apoptosis [147] and drug detoxi-
fication biochemical pathways [148]. ER stress leads 
to protein misfolding and/or aggregation, and these 
phenomena are often associated with such disorders 
as neurodegeneration [149], cancer [150], diabetes [151] 
and cardiovascular disease [152], which highlights the 
importance of targeting this organelle. Physiologically, 
protein trafficking to the ER is mediated by the KDEL 
sequence and its receptor (KDEL-R) expressed on this 
organelle. This sequence is an ER localization signal 
and was used to improve the intracellular targeting of 
these organelles [153]. Acharya and Hill developed gold 
nanoparticles conjugated with the KDEL peptide for 
the delivery of siRNA that inhibits the expression of 
reduced nicotinamide adenine dinucleotide phosphate 
oxidase 4 [154]. This strategy was shown to be more effi-
cient than lipofectamine in transfecting differentiated 
myotubes. Delie and coworkers developed anti-KDEL 
functionalized polymeric nanoparticles loaded with 
paclitaxel for the treatment of prostate cancer [155]. 
They demonstrated that ER targeting significantly 
increased paclitaxel sensitivity in prostate cancer cells 
overexpressing G-protein-coupled receptor 78. There 
is evidence that ER targeting improves vaccine formu-
lations for cancer immunotherapy [156]. In fact, in anti-
gen-presenting cells, the antigens bind the major histo-
compatibility complex class-I molecules in the ER [157]. 
The research group of Nakagawa assembled fusogenic 
liposomes loaded with tumor antigen peptides coated 
with an ER-insertion signal sequence, which efficiently 
induced in vivo tumor immunity [158]. Compared with 
untargeted peptide-loaded fusogenic liposomes, these 
carriers prolonged epitope presentation in antigen-
presenting cells for up to 140 h [158]. Finally, Pollock 
and coworkers developed a biomimetic approach based 
on liposomes synthesized with the same phospholipid 
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composition as ER vesicles (57% phosphatidyl choline, 
24% phosphatidyl-ethanolamine, 13% phosphatidyl-
inositol, 3% phosphatidyl-serine and 3% sphingomy-
elin [159]), and demonstrated significant co-localization 
of these particles with the ER compartment within 
30 min [160].

Integrated approaches
As mentioned above, to reach the cytosol, nanocarriers 
must usually overcome several biological barriers that 
differ in terms of architecture, working mechanism 
and composition [5]. Traditional injectable delivery 
platforms are designed to accumulate in the diseased 
area by exploiting the enhanced permeability and 
retention effect [161]. Particle surface modification with 
PEG is the most common way to exploit this effect 
since PEG enables the formation of a hydrodynamic 
radius that shields and protects the particles from inti-
mate interaction with biological entities [162,163]. In 
particular, PEG proved to be very efficient in delay-
ing particle opsonization, which favors the entrapment 
of particles into reticulo-endothelial system organs 
and their clearance [164]. Unfortunately, the stealth-
ing action of PEG hinders the targeting and penetrat-
ing action of the molecules applied on the surface of 
the particles. Multiple surface modifications (with, 
e.g., PEG + targeting molecules + cell-penetrating 
peptides) to sequentially overcome the biological bar-
riers separating the administration site from the target 
area can be made by appropriately dosing the differ-
ent particle constituents and applying, when possible, 
synthesis approaches that preserve the structure of bio-
logical molecules, such as surface absorption through 
electrostatic interactions [165]. On the other hand, the 
use of multiple surface modifications to confer several 
functionalities to the carriers could increase the com-
plexity of chemical synthesis, production costs and the 
number of potential side effects of the system, thereby 
making the translation of these technologies to the 
clinical setting extremely difficult [166]. The advent of 
polymers or particles with buffering properties could 
overcome these issues because endosomal escape is 
achieved through a mechanism that resides in the 
polymer/particle structure rather than on their surface. 
In addition, the surface of polymeric particles can be 
modified with shielding molecules to prolong particle 
circulation time, or with targeting agents.

Few attempts have been made to enable synthetic 
particles to sequentially overcome different biological 
barriers. Multistage silicon systems developed by the 
group of M. Ferrari for example are constituted by a 
first stage of nanoporous silicon that can be loaded 
with second-stage nanocarriers [167]. The shape of 
these particles was designed to marginate within 

tumor capillaries where the blood flow decreases and 
their structure dissolves in the biological fluid so that 
the second-stage nanoparticles are released within the 
tumor vasculature. These particles can be endowed 
with an endosomal escape mechanism and efficiently 
deliver siRNA to the tumor cell [168]. In addition, there 
is evidence that porous silicon and silica could exert a 
proton sponge effect thereby favoring the cytoplasmic 
delivery of siRNA. However, the integration of these 
multistage particles with pH-responsive polymers 
improved the delivery of biologicals [169], which shows 
successful integration of functions.

The negotiation of biological barriers through bio-
inspired approaches has recently gained momentum. 
These strategies are typically based on viral peptides 
with fusogenic and intracellular targeting proper-
ties [170]. Our group proposed a biomimetic approach 
based on coating synthetic particles with purified cell 
membrane of infiltrating leukocytes [171]. Using this 
strategy, the surface of nanocarriers was enriched, in a 
single step, with a natural membrane coating enriched 
with more than 150 leukocyte membrane-associated 
proteins [172] that determine reduced unspecific bind-
ing of opsonizing agents, improved biocompatibility 
and self-tolerance and local increase of inflamed vas-
culature targeting and permeability. In addition, once 
internalized within endothelial cells, particles coated 
with the leukocyte cell membrane were able to avoid 
endolysosomal sequestration (Figure 5), probably as a 
result of fusogenic phenomena of the membrane coat-
ing toward endosomal vesicles or of the activation of 
an alternative internalization pathway (e.g., caveolin-

Figure 5. Intracellular trafficking of nanoparticles and 
leuko-like vectors. Human umbilical vein endothelial 
cells seeded on fibronectin and activated for 24 h 
with TNF-α were treated with (A) nanoparticles and 
(B) LLVs. Transmission electron micrographs showing 
lysosomal sequestration and cytoplasmic accumulation 
of nanoparticles and LLVs, respectively, 6 h after 
treatment with the particles. High-magnification 
images are shown on the right. Scale bars: 10 mm (main 
boxes), 500 nm (left insets) and 100 nm (right insets). 
NP: Nanoparticle; LLV: Leuko-like vector. 
Adapted with permission from Parodi et al. [173] 
© Nature Publishing Group (2013).
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driven internalization; data under investigation). As 
shown in Figure 5, leukolike vectors (LLVs) retain their 
leukocyte membrane (black arrow, right inset) and are 
in contact with the cytoplasm, while nanoparticles are 
trapped in the endolysosomal compartment (black 
arrow, left insert). This phenomenon was quantified 
by measuring the internalization of the specific probe 
Lysotracker Red. As shown by our group and oth-
ers [173–176], internalization of nanoparticles induces 
increased accumulation of this dye within the cells 
(Figure 6). A higher uptake of Lysotracker Red (or other 
probes specific for the endosomal compartment) was 
observed a few hours after internalization of uncoated 

particles, whereas treatment with LLV did not induce 
the same effect (Figure 6A & B). At longer time points 
after treatment, accumulation of the dye did not dif-
fer between cells treated with uncoated particles and 
LLV-treated cells because the internalization process 
returned to basal level (Figure 6C & D).

In this context, Harashima’s group developed a 
tetra-lamellar multifunctional envelope-type nano-
device [176], inspired by the biology of adenovi-
rus [107,108,177,178]. Thanks to the bioactivity of its 
surface, the system efficiently negotiated multiple 
extra- and intra-cellular barriers to delivery and to 
diagnostic applications.

Figure 6. Lysosomal activity after incubation in an endothelial monolayer in inflammatory conditions. 
(A) Quantification of the Lysotracker Red lysosomal staining detected in the confocal samples after 3 h of 
incubation. Experiments were performed in triplicate and three fields were randomly chosen and analyzed 
for each condition. Significance was calculated with one-way Anova followed by Dunnett’s test. All standard 
deviations refer to three independent experiments with **p < 0.01. (B) Confocal images of inflamed endothelial 
cells seeded on fibronectin and incubated with NPs and LLVs for 3 h. The intensity plots show the cellular 
lysosomal activity of untreated and NPs- and LLV-treated cells. Scale bar = 5 μm. (C) Quantification of the 
Lysotracker Red lysosomal staining detected in the confocal samples after 24 h of incubation. Experiments were 
performed in triplicate and three fields were randomly chosen and analyzed for each condition. Significance was 
calculated with one-way ANOVAs followed by Dunnett’s test. All standard deviations refer to three independent 
experiments. (D) Confocal images of inflamed endothelial cells seeded on fibronectin and incubated with 
nanoparticles and LLVs for 24 h. The intensity plots showed the cellular lysosomal activity of untreated and NPs- 
and LLV-treated cells.  
Scale bar = 5 μm. 
CTRL: Control; LLV: Leuko-like vector; NP: Nanoparticle. 
Adapted with permission from Parodi et al. [173] © Nature Publishing Group (2013).
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Conclusion
A plethora of strategies have been devised to enable 
synthetic particles (and their payload) to escape 
endosomal sequestration and target different subcel-
lular compartments. These strategies can be achieved 
through nanoformulation of pH-responsive polymers 
or lipids or the conjugation of pH-responsive polymers 
or peptides on the surface of drug delivery carriers 
thereby endowing them with the ability to respond to 
the surrounding environment. Here we describe sev-
eral approaches that can be used to enable particles to 
easily access the cytoplasm, and to target the nucleus, 
mitochondria and ER. Organelle targeting is usually 
mediated by peptide sequences that increase the affin-
ity of carriers toward the intracellular compartments 
(Table 2). Nonetheless, endosomal escape and intracel-
lular targeting are only the final steps of the delivery 
process. Targeting approaches can be classified in three 
main categories: primary targeting defined as accumu-
lation of the delivery system in the tissue of interest; 
secondary targeting defined as accumulation in the cell 
of interest; and tertiary targeting defined as targeting 
specific subcellular compartments. Tertiary targeting 
is the ultimate challenge of nanomedicine and so far, 
strategies that enable particle diffusion in the cytosol 
have resulted in a deeper understanding of the biologi-
cal processes that govern intracellular trafficking, but 
their clinical application remains limited because of 
the difficulty in designing nanocarriers that combine 
all the targeting steps.

Future perspective
Enormous effort is still required to integrate in a single 
technology the various approaches to sequentially over-
come all the biological barriers that are encountered 
in the route to the target. In addition, these technolo-
gies must have a high reproducibility and cost-effective 

standards of production in order to favor their clinical 
translation. The development of new synthesis tech-
niques as well as the new bio-inspired approaches could 
play a key role in the clinical translation of technolo-
gies designed to achieve cytoplasmic delivery of the 
payload and organelle targeting.

Summary
This review is devoted to the most recent advances 
in subcellular targeting and the development of new 
therapeutic strategies able to specifically target and 
modulate the function of major subcellular com-
partments. We also describe the approaches used to 
access the cell cytoplasm after particle internaliza-
tion and to achieve organelle-targeting, and provide 
some examples of novel integrated systems designed 
to sequentially overcome more than one biological 
barrier. In this context, we review recent data about 
the new strategies used to enable nanocarriers to cross 
cellular barriers using cell-penetrating peptides, and 
to avoid endosomal sequestration through smart poly-
mer modification. Last, we describe recent discoveries 
in the field of nuclear, mitochondrial and ER target-
ing. Considering that these organelles are the final 
target for a wide variety of therapeutic molecules, spe-
cific subcellular targeting is the ultimate challenge of 
nanomedicine and much effort is being spent to shed 
light on the processes that govern the intracellular 
trafficking of nanoparticles.
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Table 2. Peptides and their targeting organelles reported in this review.

Organelle Peptide sequence Ref.

Nucleus (SV40 T antigene) KKKRKV [97,104–110]

 KRPAAT KKAGQAKKKKL  

 (HIV-1 TAT) GRKKRRQRRRPQ [18,113]

 DOPAC-MYIEALDKYAC-COOH [119]

Mitochondrion MSVLTPLLLRGLT-GSARRLPVPRAKIHWLC [132]

 GKRK [140]

 D[KLAKLAK]2

 SCHILLER-SZETO (SS) tetrapeptides. SS-02: (Dmt-RFK); SS-20 (FRFK); 
SS-31 (R-Dmt-KF)

[128]

Endoplasmic reticulum KDEL [153]

DMT: 2,6-dimethyltyrosine; DOPAC: 3,4-dhydroxyphenylacetic acid; TAT: Transactivator of transcription. 
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Executive summary

Cell-penetrating peptides
•	 Nanoparticles modified with cell-penetrating peptides (CPPs), for example, transactivator of transcription-

modified nanoparticles, are able to enhance cellular uptake and increase cellular drug accumulation thereby 
improving the anticancer proprieties of the described systems. CPP modifications can favor penetration of the 
blood–brain barrier.

Surface modification to avoid endosomal sequestration & degradation
•	 pH-responsive molecules used as constituents of nanocarriers favor the rupture of the endo/lysosomal 

membrane thereby resulting in the release of the carriers and their payload into the cell.
Nuclear targeting
•	 The pore size of nuclei is usually smaller than drug delivery systems, some nanoparticles, for example, C60, are 

small enough to diffuse through these pores. Another approach to nuclear targeting is to functionalize the 
nanoparticle with nuclear localization signals. Nuclear targeting can also be accomplished by exploiting the 
high affinity of acridine for DNA or by applying a positive charge to the nuclear membrane.

Mitochondrial targeting
•	 Requirements for mitochondrial targeting are lipophilicity and delocalized positive charge. Nitroxy-

doxorubicine, Shiller-Szeto peptides, lipophilic cations and DQAsomes, overcome the need for these 
characteristics. Other strategies are based on modifying nanoparticles with the mitochondrial target 
signals, in other words, small peptides from 10 to 70 amino acids. Another approach, peptide-based, is the 
MITO-porter system, which was designed for mitochondrial gene delivery.

Endoplasmic reticulum targeting
•	 Strategies to target the endoplasmic reticulum (ER) are based on conjugating ER localization signals (small 

peptides) or antibodies against its receptor to nanoparticles. Recent studies show that ER targeting improves 
the efficacy of vaccines for cancer immunotherapy. The latest biomimetic strategies devised to target the ER 
are based on liposomes that have the same phospholipid composition as ER vesicles.

Integrated approaches
•	 New strategies to overcome biological barriers are based on multiple surface modifications that confer several 

functionalities on the carrier. The main strategies are based on polymers or particles that have buffering 
proprieties, and multistage systems that sequentially overcome various biological barriers. Another strategy 
is based on biomimetic approaches; the surface of nanocarriers can be modified with natural membrane 
coating, which improves their biocompatibility, self-tolerance and local increase in inflamed vasculature.
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