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Abstract Over the last decades, magnificent progress
in the field of nanopharmaceuticals mostly with sizes
smaller than 100 nm has led to the development of novel
delivery systems and brightened the hope of finding
new approaches to combat threatening diseases includ-
ing cancer. So far, numerous efforts have been made to
develop appropriate delivery systems with favorable
features such as acceptable toxicity profile, high cellular
uptake, low immunogenicity, and stable physicochemi-
cal properties along with distribution of the therapeutic
molecule specifically to the site of action, without af-
fecting healthy organs and tissues. Non-viral delivery
systems have always been suitable options for delivery
purposes. Polymers, liposomes, and inorganic delivery
systems are all of the available choices in non-viral
delivery systems, with each possessing their own ad-
vantages and pitfalls. This current review presents the
recent advances about the application of various non-
viral nanocarriers in the delivery of diverse therapeutic

agents especially in cancer treatment. Targeting ligands
as an important part of designing targeted nanocarriers
to the site of interest or intra-cellular environment and
opportunities and challenges of nano-based systems for
drug and gene delivery are also discussed.

Keywords Nanopharmaceuticals . Polymeric
nanocarriers . Lipid-based delivery systems . Inorganic
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Introduction

The odyssey of transferring from the macro-sized world
to the nano-sized world has been one of the most im-
portant events of recent decades. The journey reveals the
surprising features of substances and their creating units:
molecules/atoms. Supported by thousands of papers and
studies, more than ever, this expedition seems to change
the way we think about treatments and solutions. The
rapidly expanding field of nanotechnology offers a great
deal of chances and wide range of applications in the
fields of engineering, medicine, and life sciences. Fo-
cusing on medical applications, nanotechnology has
provided the opportunity of designing delivery systems
containing the drug of interest to treat cancer in a safer
and more effective way. Nanocarriers loaded with anti-
cancer agents have several advantages over the conven-
tional use of their free form: (1) nanocarriers could have
the ability to escape from the recognition of the reticu-
loendothelial system (RES) which results in prolonged
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circulation time, increasing the chance of higher drug
accumulation at the site of interest; (2) targeted nano-
delivery systems can be developed with the aid of
targeting moieties, enhancing anti-tumor outcomes as
well as reducing off-target effects. This would also
result in the need of lower administrated doses of the
therapeutic agent; (3) in the case of oral delivery of
therapeutic agents prone to degradation within the gas-
trointestinal tract, nanocarriers enable the oral route of
administration and increase the oral bioavailability of
the conventional chemotherapeutic agents; (4)
nanocarriers can improve the physicochemical proper-
ties of drugs with solubility problems; (5) nano-delivery
systems can be employed to decrease drug resistance
and treat many resistant cancers as most recently, co-
delivery systems have been proposed for this aim; (6)
and last but not least, the smart design of nanocarriers
leads to higher patient compliance (Freimann et al.
2018; Wang et al. 2018; Tezgel et al. 2018; Wong
et al. 2017; de Groot et al. 2017; Eftekhari et al. 2019;
Baradaran Eftekhari et al. 2020).

Considering the above-mentioned advantages, an
ideal drug delivery system must perform 3 functions:
(Freimann et al. 2018) (1) it must efficiently load the
therapeutic agent; (2) the designed delivery systemmust
protect the incorporated agent from physicochemical or
enzymatic degradation, and (3) effectively enter the
cells, escape from endosomes, and release the intact
cargos to execute their functions. In executing these
functions, however, it should be noted that there is no
perfect nanocarrier, but the perfect ones each has their
own characteristic indicating their empirical, theoretical,
and practical advantages while possessing their intrinsic
challenges (Eftekhari et al. 2019; Janagam et al. 2017;
Lawrence et al. 2003; des Rieux et al. 2013).

In the case of non-viral delivery systems, polymers,
liposomes, dendrimers, and inorganic materials can be
proposed as four of the most widely used options in
delivery systems. Polymers and lipids have played a
crucial role in the advancement of drug delivery tech-
nology. Natural and synthetic forms of polymers and
lipids have been demonstrated in many studies to in-
crease the overall outcome of cancer therapy by either
using novel therapeutic anti-cancer agents or providing
controlled release of the therapeutic materials, targeted
delivery to the site of interest, and significantly reduced
side effects (Samimi et al. 2019). Moreover, in recent
years, the increasing knowledge of chemical engineer-
ing has enabled the rational design of smart polymers

and lipids responsive to several stimuli such as temper-
ature, pH, ultrasound, and light (Liu et al. 2016a). Inor-
ganic materials have attracted scientists’ interest in the
delivery of anti-cancer agents since many of these nano-
based systems have promising potentials for both the
therapeutic and diagnostic purposes. Regarding the can-
cer treatment, the possibility of real-time imaging of the
nanosystem is of utmost importance as it enables mon-
itoring the whole drug/gene delivery processes within
the cancer tissues (Kim et al. 2013; Huang et al. 2011).
New advancement in the field of inorganic delivery
systems presents inorganic materials with unique fea-
tures such as magnetic nanosystems resulting in targeted
delivery to the cancer cells and improved anti-cancer
effects. The newly emerged 3D structures, dendrimers,
are also considerable options as nano-based delivery
systems due to their interesting properties such as high
surface positive charges of free amine groups along with
the ease of modifications (Jain et al. 2020).

Many attempts have been devoted to attach the
targeting moieties to guide the therapeutic agents to the
cells and even organelles in tissues of interest. Targeting
moieties provide specific delivery in cells/tissues with
some also reduced off-target effects and improving the
pharmacokinetic profile of the therapeutic agents. Nota-
bly in cancer therapy, these targeting moieties transform
the drug/gene delivery system into a Trojan horse to be
taken up more by the tumor cells (Biffi et al. 2019). In a
brief look, structures of nanomaterials used as delivery
systems and targeting moieties discussed in the manu-
script are described in Fig. 1.

In this review, the overall picture of these numerous
attempts in the way of designing the promising drug/
gene nano-delivery systems, opportunities, chances,
possible clinical uses, and challenges are described and
discussed with diverse examples.

Polymers

A polymer is a macromolecule, composed of many
repeated subunits forming its unique structure and pro-
viding its characteristics.Many important properties of a
given polymer are related to the architecture and micro-
structure feature of the repeating units of the macromol-
ecule possessing different advantages and drawbacks in
case of delivery of therapeutic agents. A deep under-
standing of this concept is crucial for designing a suit-
able delivery system since it encourages scientists to
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employ different polymers and copolymers as well as
searching for synthesis of new ones. In this section,
some of the widely used polymers in gene(s)- and
drug(s)-loaded delivery systems are summarized in Ta-
ble 1. Structures of widely used polymers as
nanocarriers are described in Fig. 2.

PEI

In light of abundant evidences obtained so far, we have a
much better understanding of polyethyleneimine (PEI),

a cationic synthetic polymer, and its properties in drug
delivery and, more than ever, we understand the high
potentials of this gold standard polymer, especially in
gene delivery. PEI-based systems have been employed
to deliver active agents including drugs, nucleic acids,
and bioactive molecules, and the feasibility and the
possibility of clinical applications of these delivery sys-
tems have been explored so far (Vinogradov et al. 2005;
Qiu and Bae 2007; Dong et al. 2013; Chen et al. 2015).

Mostly two kinds of PEIs (branched and linear
polyethylenimines) have been broadly used to deliver

Fig. 1 Schematic structures of nano-delivery systems and targeting moieties
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Table 1 The most recent gene(s)-loaded and drug(s)-loaded nanosystems based on polymeric carriers

Nanosystem Gene(s) loaded Result(s) Ref.

Carbon dots passivation by branched
PEI 25 kDa (bPEI25k CD)

Tumor necrosis factor–related
apoptosis–inducing ligand (plasmid
TRAIL–GFP)

NPs internalized in human
mesenchymal stem cell successfully
and induced apoptosis in A549 cells.
Lower cytotoxicity was seen with
bPEI25k CDs than the raw branched
PEI25k. After 10 days of treatment
on human mesenchymal stem cells,
TRAIL concentration was about
60 ng/mL for bPEI25k CDs con-
taining the plasmid as compared
with less than 10 ng/mL for
plasmid-loaded bPEI25k and the
plasmid alone. Cell viability of
A549 cells after 10 days of cell
treatment was 40% for bPEI25k
CD-pTRAIL while more than 80%
of cells were alive for both
bPEI25k-pTRAIL and free
pTRAIL.

(Han and Na
2019)

Polyethyleneimine
(PEI)/heparin/Ca2+ nanoparticles

(CPH–siH nanoparticles)

AIB1siRNA (targeting the oncogene
nuclear receptor coactivator 3 which
its high expression in lung cancer is
associated with the patient’s overall
survival)

No toxicity was observed with the
blank nanoparticles in cancer cells
while more than 60% of the cell
population died in the case of
treatment with CPH–siH NPs at
siRNA concentration of approxi-
mate 100 nm. The obtained nano-
particles at the same concentration
also induced apoptosis in nearly
~ 35% of cells while as expected,
blank nanoparticles did not induce
any apoptosis in cancer cells. Re-
duced AIB1 expression was ob-
served along with induction of apo-
ptosis in non-small cell lung cancer
cells.

(Hao et al.
2019)

PEI–PEG–anti-HER2
nanobody (Nb–PEI–PEG) conjugates

Transcriptionally targeted tBid killer
gene construct

Transfection efficiencies in
HER2-positive cell lines were 1.58
and 1.36 times higher using
Nb-modified nanoparticles com-
pared with non-modified nanoparti-
cles in BT-474 and SK-BR-3 cells,
respectively.

The obtained nanoparticles had lower
cytotoxicity than free PEI (32 and
38% using Nb–PEI–PEG and 50
and 55% using PEI in BT-474 and
SKBR-3 cells, respectively)

(Saqafi and
Rahbarizadeh
2019)

PEGylated PLGA/polyethyleneimine
(PEI) nanoparticles

pDNA expressing
HSV1–sr39TK–NTR and
ganciclovir

and CB1954 as the prodrugs

Increased expression of NTR enzyme
within the tumor cells could trigger
cell death upon the administration of
prodrugs in triple-negative breast
cancer mice model.

In vivo analysis revealed that
untreated-control mice and untreated
ultrasound-exposed mice had simi-
lar amounts of tumor growth, while
meaningful reduction in tumor
growth was seen in animals treated

(Devulapally
et al. 2018)
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Table 1 (continued)

with NP-DNA targeted using ultra-
sound and microbubble and
prodrugs compared with untreated
mice (2.3-fold) as well as NP-DNA-
and prodrug-treated mice without
ultrasound (1.5-fold).

Organic–inorganic hybrid
nanoparticles composed of stearic
acid-modified polyethyleneimine

and calcium phosphate

Minicircle DNA encoding
anti-IGF1R/CD3 bispecific T cell
engagers

Cells treated with PEI600 did not show
any green fluorescence signal while
in cells treated with stPEI and CaP,
24.27 ± 1.5% and 12.6 ± 5.49% cells
were green fluorescence protein
(GFP) positive at 48 h, respectively.
Obtained nanoparticles containing
expressing eGFP reporter gene had a
positive rate of 64.87 ± 0.86% after
48 h of treatment.

High expression of IGF1R/CD3 anti-
bodies was observed and resulted in
enhancement in immune apoptosis.

(Chen et al.
2018a)

PEGylated PEI nanoparticles miR-221/222 (seems to play an
important role in the initiation and
progress of prostate cancer)

At an N/P ratio of 10, high transfection
efficiency with low carrier cytotox-
icity was observed in PC-3 cells
in vitro. Viability rates of the cells
treated with PEG–PEI containing a
scrambled miRNA sequence (miR--
scr), PEG–PEI/miR-221, and
PEG–PEI/miR-222 polyplexes were
95.49 ± 4.77%, 67.83 ± 3.39%, and
61.49 ± 3.07%, respectively.

SIRT1 expression was increased due to
the function of miR-221/222, which
resulted in cell death in PC-3 cells.
Prepared nanoparticles even showed
better function in terms of miR-221
and miR-222 transfection than the
positive control lipo2000 with
SIRT1 expression of 70.85. ± 3.54%
vs 46.37. ± 2.32% and
55.58. ± 2.78% vs 44.2. ± .2.21%,
respectively.

(Chen et al.
2018b)

Linear PEI-coated siRNA–PLGA hy-
brid micelles

Glypican-3 specific siRNA The designed hybrid micelles
effectively inhibited GPC3
expression in vitro in HM-1 cells
compared to free siRNA solution.

Cell viability rate of treatment groups is
as follows: control (100.0 ± 1.2%),
siRNA Gpc3 (99.7 ± 0.5%),
siRNA–PLGA hybrid micelles
(86.5 ± 0.9%), linear PEI 25k-coated
siRNA–PLGA hybrid micelles
(58.5 ± 2.5% and 56.2 ± 5.4 at
N/P = 20 and 40, respectively) and
linear PEI 2.5k-coated
siRNA–PLGA hybrid micelles
(74.7 ± 1.9% and 70.6 ± 0.3% at
N/P = 20 and 40, respectively).

In vivo studies demonstrated decreased
number of tumor nodes in the
mesentery in intraperitoneal

(Hazekawa
et al. 2019)
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Table 1 (continued)

administration of micelles.
PEI-RRRRRRRR(R8)-heparin (HPR)

nanogel
Heparin and phTRAIL pDNA

(encoding human TNF-related apo-
ptosis inducing ligand)

Cytotoxicity of carrier was
significantly decreased due to the
shielding effect of heparin. R8
peptide resulted in enhanced cellular
uptake. Transfection efficiency of
more than 64.3 ± 1.5% was
observed with HPR/pGFP (20:1,
mass ratio) complex at 24 h com-
pared with PEI25K/pGFP (1:1, mass
ratio) with less than 37.8 ± 1.6%.

pDNA induced significant cell
apoptosis in HCT-116 cells
(42.5 ± 1.8% for HPR/phTRAIL
complex versus 18.9 ± 2.1% for
PEI25K/phTRAIL).

(Song et al.
2018)

Dehydroascorbic acid
(DHA)–PEG–disulfide bonded PEI

(pOEI)-modified anti-miR21
nanopompons

Anti-miR21(it is well established that
the inhibition of function of this
oncogenic miRNA is associated
with the tumor suppression through
different pathways)

DHA modification resulted in
significant accumulation at the
tumor site. Injection of
nanopompons resulted in noticeable
tumor growth inhibition compared
with control group in mice. Tumor
volume as biomarker of treatment
response was recorded less than
300 mm3 for DHA-targeting mice
group while non-targeting and con-
trol group had tumor volumes of
approximately 1000 mm3 and more
than 2000 mm3, respectively.

(Guo et al.
2019)

Arginine–glycine–aspartate
(RGD)-targeted PEGylated

chitosan-poly (ethyleneimine) hy-
brid nanoparticles

Dicer substrate 25/27-mer siRNA
targeting GFP (DsiRNA GFP)

About 90% EGFP inhibition was
observed at 150 nM DsiRNA
concentration with RGD-targeted
nanoparticles while non-targeted
nanoparticles induced less than 50%
inhibition into human non-small cell
lung carcinoma cell line H1299.

(Ragelle et al.
2015)

Nanosystem Drug(s) loaded Result(s) Ref.

HA/PEI nanoparticles Docetaxel (DTX) and
α-napthtoflavone (ANF, a CYP1B1
inhibitor)

NPs downregulated the expression of
CYP1B1 resulting in reversing the
multidrug resistance in breast
cancer.

Apoptotic rates of treatment groups
were as follows: DTX group
(40.40%), DTX +ANF (45.42%),
PLGA NPs (54.73%), HA/PEI NPs
(60.02%). The IC50 of DTX on
MCF-7/1B1 cells (2.89 ± 0.21 μg/-
mL) was decreased with addition of
ANF (1.77 ± 0.17 μg/mL on
MCF-7/1B1 cells) with a further
decline to 0.81 ± 0.11 μg/mL with
the aid of HA/PEI NP.

(Zhang et al.
2019)

RGD peptide targeted-PEGylated
PLGA NPs

Paclitaxel PEGylated PLGA NPs could
efficiently deliver the drug to tumor
endothelium cells. Cell viability was
significantly lower for PTX-loaded
nanoparticles group than for Taxol®
group with IC50 values of 5.5 vs
15.5 μg/mL, respectively.

(Danhier et al.
2009)
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Table 1 (continued)

AuNPs–PLA–PEG–PLA
nanoconjugates (AuNPs-Pol)

Caffeine Caffeine–AuNPs–PLA–PEG–PLA
nanoconjugates showed a significantly
higher anti-inflammatory response than
caffeine alone in fresh human blood
samples. Inhibition rate of protein de-
naturation was recorded 55% at
200 μg/mL for the caffeine group, 18–
63% at 5–200 μg/mL for caffeine-
loaded AuNP nanoconjugates, and 22–
69% at 5–200 μg/mL for caffeine-
loaded AuNPs-Pol nanoconjugates.

(Kamalakannan
et al. 2017)

PLGA NPs loaded with antigen Ovalbumin The obtained NPs were capable of
inducing potent and specific humoral
and cellular immune responses in
BALB/c mice.
The cells treated with the prepared

nanoparticles containing ovalbumin
had considerably lower dextran
uptake, while cells treated with
ovalbumin alone possessed a high
antigen uptake ability. Significant
production of IFN-g from the T cells
was observed with the cells treated
with ovalbumin-loaded nanoparti-
cles (> 150 pg/mL) compared with
the control group, ovalbumin alone
group and mixture of blank nano-
particles and ovalbumin (all less
than 50 pg/mL).

(Wang et al.
2008)

N-(2-Hydroxypropyl)methacrylamide
copolymer) (HPMA) coated

trymethylchitosan nanoparticles

Insulin HPMA copolymer-coated NPs showed
a 9.6-fold higher mucus diffusion rate
than the non-coated nanoparticles.
Both coated and non-coated NPs sig-

nificantly enhanced the cellular up-
take of insulin compared with the
free insulin solution and it was 1.4-
fold higher than non-coated NPs
with HPMA copolymer coated NPs.

(Liu et al.
2016b)

HA-IR-780 nanoparticles IR imaging agent (IR-780) The NPs could well accumulate in the
tumor cells and due to their high
photothermal effect were able to
effectively destroy orthotopic bladder
cancer cells. Mice with orthotopic
bladder cancer were subjected to
treatment with injection and laser
therapy. 6 min of 808 nm laser (1 W/
cm2) was applied to animals after 48 h
of injection of PBS or HA-IR-780 NPs
(5 mg/kg of IR-780).
The tumor sizes in the PBS alone, PBS

plus laser irradiation, and IR-780-
loaded NP-treated groups were
about 784.75 mm3, 707.5 mm3, and
711.37 mm3, respectively.

(Lin et al. 2017)

PEGylated HA NPs DOX (doxorubicin) The NPs demonstrated effective tumor
suppression effects along with their
low toxicity. In vivo studies
demonstrated that after 16 days of
treatment, mice group treated with

(Han et al. 2013)

Page 7 of 41     245J Nanopart Res (2020) 22: 245



nucleic acids both in vitro and in vivo. Because of the
high cationic charge, the branched polymers exhibit
high transfection efficiency; PEIs especially with mo-
lecular weight (MW) of 25 kDa perform excellently in
gene delivery (Ansari et al. 2017).

The highly cationic charge of PEI makes it a suitable
carrier for gene delivery. Endocytosis is the dominant
mechanism responsible for nanoparticles entering a cell,
during which the introduced nanoparticles become
surrounded by an area of the cell membranes, forming
endosomes, to be further joined with lysosomes for
destruction and enzymatic degradation. Therefore, the
introduced nanoparticles must escape from the
endosomes in order to perform their functions
(Gormally et al. 2009; Wang et al. 2014a; Hu et al.
2007). One of the unique features of PEI is a phenom-
enon called proton sponge effect in which upon the
acidification of the endosomes, PEI absorbs H+ from
the cytoplasm causing osmotic pressure, absorption of
water, swelling of the endosome, and its eruption and,
eventually, releasing the trapped nanoparticles (Ishida
et al. 2006; Nosova et al. 2019). In addition, the high
cationic charge also leads to interaction with negatively
charged molecules, drugs, and nucleic acids such as
small interfering RNAs (siRNAs), microRNAs
(miRNAs), and DNAs which results in electrostatic
interaction to either absorb them onto the PEI surface
or entrap them into the PEI complexes. PEI nanocarriers
can perfectly interact with the proteoglycan of cell
membranes and consequently increase the uptake of
the drug by endocytosis pathway (Ginn et al. 2013;

Kievit et al. 2009). Nevertheless, the high positive sur-
face charge is well established to be related to higher
toxicity in vivo since negatively charged components in
blood could form aggregates with PEI (Sajid et al.
2016). It is reported that a lower positive surface charge
contributes to increased safety of the delivery system,
but decreases the intracellular transfection and the over-
all delivery efficiency. Thus, a balance between efficien-
cy and toxicity might be a solution to the problem. In the
case of DNA delivery in one study, an optimal PEI
concentration was defined at which successful transfec-
tion and toxicity were in balance. The study concludes
that the lower PEI concentration is attributed to the
lower transfection efficiency when at decreased PEI
concentration, the zeta potential measurements show a
net negative charge, resulting in poor complexation and
protection of DNA against nucleases and overall gene
transfection efficiency (Florea et al. 2002).

Another solution for the toxicity problem is surface
coating of free amine groups which are strongly corre-
lated with PEI toxicity. Several materials can be used for
this aim such as albumin, polyethylene glycol (PEG),
folate (Iannazzo et al. 2017; Shi et al. 2013), hyaluronic
acid (HA) (Ito et al. 2008), chitosan (Kievit et al. 2009),
cellulose (Zhao et al. 2015), and cholesterol (Furgeson
et al. 2004).

PEGylated PEI is one the most used modified forms
of PEI. Several mechanisms have been proposed for the
impact of PEGylation on PEI toxicity: (Freimann et al.
2018) PEGylation of PEI complexes provides an aque-
ous shield around the complexes which can reduce the

Table 1 (continued)

DOX-loaded M-PEG-HANPs had tu-
mor volume of less than 2000 mm3,
while those treated with DOX alone (at
the same concentration) had tumor
volume of around 5000 mm3.

PEG–PCL–HA nanoparticles DOX (doxorubicin) As compared with free DOX, the NPs
could reduce the tumor size 2.6 times
higher in 20 days in Ehrlich ascites
tumor (EAT)–bearing mice.

(Grossen et al.
2017)

Self-assembled PCL–PEG micelles Dexamethasone The NPs showed a better anti-
rheumatoid response than free dexa-
methasone in arthritis rats, indicating
that employment of safe and human-
friendly systems with more curative
effects could be a better option in
treatment of rheumatism.

(Wang et al.
2016a)
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Fig. 2 Chemical structures of widely used polymers in nano-delivery systems
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detection of the obtained complexes by immune systems
and thus avoiding RES (Wang et al. 2018),
and incorporation of hydrophilic PEG can decrease the
surface charge of the PEI and thus reducing the interac-
tion of PEI complexes with negatively charged blood
components (Liang et al. 2008). Nevertheless, excessive
PEGylation leads to reduced transfection efficiency
mostly due to the fact that a longer PEG side chain can
strongly decrease the surface potential resulting in poor
interaction with cell membranes. This problem can be
addressed by taking a balance between toxicity and
transfection either using a lower proportion of PEG or
employing a combination of modifications. In the case
of the latter, branched polyethylenimine modified with
HA via a PEG spacer was designed and examined for
the delivery of doxorubicin. Modified PEG chains
(NH2–PEG–COOH) play a connective role in bringing
the high drug delivery properties of PEI and targeting
feature of HA, while benefiting from unique features of
PEG. The PEI–PEG–HA/DOX complexes could differ-
entially target CD44 receptor expressing on cancer cells
(Almalik et al. 2013) (Fahmy et al. 2005).

Other studies use different biocompatible materials
for this matter. Polyethylenimine–graft–chitosan (PEI–
g–chitosan) was reported to have much lower toxicity
than free PEI. MTT assay was carried out to determine
the cytotoxicity of PEI–g–chitosan, and it demonstrated
that PEI–g–chitosan complexes had a significantly low-
er cytotoxicity as compared to PEI (25 K) in HeLa cells
(Pandey and Sawant 2016). In a study done by Sahiner
et al., 25 kDa PEI–cholesterol showed reduced cytotox-
icity reflecting the role of the incorporation of natural
organic molecules found within human blood
(Gusachenko Simonova et al. 2009). PEI–HA com-
plexes also demonstrated lower toxicity when compared
with unmodified PEI (Sahiner et al. 2017). Zhao et al.
designed polyethyleneimine-grafted cellulose
nanofibrils (CNFs-PEI) for the delivery of water-
soluble sodium salicylate as a model drug. The designed
nanofibrils demonstrated excellent biodegradability and
biocompatibility along with the release profile depen-
dent on pH and temperature allowing the controlled
release at the site of interest (Zhao et al. 2015). Com-
pared to PEI (25 kDa), conjugation of dextran to linear
800 Da PEI enhanced the transfection ability of nano-
particles (NPs) (Sun et al. 2008). A different approach to
modify the surface charge of PEI complexes was devel-
oped by Johal et al.; they used polystyrene sulfonate
(PSS), a polyanion layer, on the surface of PEI

complexes that resulted in diminished toxicity com-
pared with PEI nanoparticles (Gormally et al. 2009).
Pullulan–PEI–folate was reported to be a promising
candidate for gene delivery into the cancer cells while
demonstrating much lower toxicity compared to PEI
(Wang et al. 2014a).

PEG

Polyethylene glycol has a long history of use in drug
delivery fields. This synthetic polymer is widely
employed to cover the surface of the main delivery
system, the process called PEGylation, to modify the
properties of the designed carrier. The so-called
PEGylation process can significantly reduce the toxicity
of the delivery system, especially in the case of highly
cationic polymers since, as mentioned previously, cat-
ionic charges interact with blood components. It also
prolongs blood circulation time providing more chance
of the drug/gene accumulation at the tumor site.

However, drug delivery systems coated with PEG
polymers might have some obstacles. Wang et al. ar-
gued that cellular uptake of NPs can be notably affected
by PEGylation (Hu et al. 2007). They discussed this
view by some previous confirmatory evidences which
suggest that particle size and surface charge play essen-
tial roles in cellular uptake of designed delivery systems.

PEGylated delivery systems demonstrated lower cel-
lular uptake and endosomal escape. Therefore, there
should be a balance between extending the blood circu-
lation time and reduction of cellular uptake or
endosomal escape. The rational design of the PEGylated
delivery systems using mild modifications might be the
easily achievable solution along with more innovative
approaches such as using cleavable PEGylated lipo-
somes which PEG moieties dissociate upon penetration
into tumor tissues and surrounding extracellular area
due to the abnormal properties existing in the tumor site.
Lower pH values within the tumor environment or
hyperthermia induced by pyrogen action can act as
stimuli for the cleavable PEG moieties to dissociate
from the nanosystem, and thus, endosomal escapemight
be reserved to the previous optimum level. Moreover, it
is reported that PEG polymers might induce immuno-
genicity differed from direct interaction with blood com-
ponent. It results from anti-PEG IgM production pro-
duced in the spleen as a consequence of the first injected
dose which activates the complement system and further
serum factor binding to PEG moieties and the
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subsequent capture by Kupffer cells in the next expo-
sures (Ishida et al. 2006). Cleavable PEG chains can also
address the anti-PEG IgM-induced immunogenicity as
reported by studies; the distribution in the liver and
spleen of cleavable PEG nanosystems remained at a
consistent level after repeated administration (Nosova
et al. 2019).

Chitosan

Chitosan, a linear natural polysaccharide, possesses in-
teresting features. The current literature on this polymer
abounds with a great deal of examples in many fields
such as agriculture, water filtration, weight loss prod-
ucts, wine making, food preservation, bio-printing, and
biomedical uses. The employment of chitosan in drug
delivery fields actually has been reported in many re-
searches; thus, we have a way deeper understanding on
this polymer more than ever. Chitosan is a highly bio-
compatible and biodegradable polymer with a very low
toxicity both in vitro and in vivo (Ali and Ahmed 2018;
Baradaran Eftekhari et al. 2019). Chitosan polymers
seem to have high affinity to cell membranes. Along
with permeation-enhancing properties, this polymer
might be the first choice in drug delivery fields. Data
yielded by some studies provide some evidences that
chitosan polymer has a sort of mucoadhesive property
which makes it a promising candidate in mucosal drug
delivery (Howard et al. 2006; Ways et al. 2018). More-
over, as appeared in many studies, chitosan seems to
have high endosomal escape indicating it is a favorable
carrier in drug/gene delivery (VanWoensel et al. 2016).
At physiologic pH, chitosan polymers are positively
charged and they are able to highly load negatively
charged molecules as nucleic acids. Presenting of both
hydroxyl and primary amine group in chitosan units
allow generating diverse chitosan derivatives to take
advantage of intended features in other ligands
(Dmour and Taha 2017). In an interesting design
of carrier, chitosan chains were incorporated to the
surface of lipid vesicles to investigate their cellular
uptake which demonstrated these novel carriers actually
had higher stability in extreme pH (pH 1 or 11), and
also, rate of penetration and the retention time in bio-
logical tissues were increased by employing chitosan
which most possibly was due to mucus-adhesive and
permeation-enhancing features (Bugnicourt and
Ladaviere 2017). Due to biocompatibility and biode-
gradability properties, chitosan nanoparticles could be

applied as a potential carrier for different therapeutic
agents such as anticancer agents, proteins/peptides,
growth factors, antibiotics, and anti-inflammatory and
other drugs, as well as in both vaccine delivery and gene
delivery (Ahmed and Aljaeid 2016).

With these fascinating features in mind, on the other
hand, there is a notable drawback in the use of chitosan
in drug/gene delivery which is its poor solubility due to
its low protonation percent at the physiologic pH. This
limitation should be considered especially in industrial
scope (Elgadir et al. 2015). One of the important issues
in drug delivery by chitosan carriers is the molecular
weight as some studies focused on this issue and found
significant differences between diverse MW of chitosan
and their interaction with biomaterials (Almalik et al.
2013). Taking everything together, the results from
various studies suggest that there seems to be a big
advantage in use of chitosan as a carrier in drug/gene
delivery.

PLA, PGA, PLGA

Poly (D, L-lactic acid) (PLA), poly (glycolic acid)
(PGA), and poly (lactic-co-glycolic acid) (PLGA) seem
to have some similar properties that a number of studies
have decided to argue about them and treat them as they
are in a united group. Indeed, the key properties that
have been seen in these three synthetic polymers are
their high biocompatibility, biodegradability, and non-
toxic features on which a lot of research have beenmade
and which also brightened the hope of more clinical
trials with these polymers. Thanks to their old history
of application, a massive data is now available in the use
of these polymers in drug delivery systems (Fahmy et al.
2005; Kapoor et al. 2015). PLGA has versatile degrada-
tion kinetics, and due to the high flexibility of PLGA,
the physical properties of the obtained nanoparticles can
be easily controlled by adjusting the suitable L:G ratio
(lactate to glycolic acid ratio) (Kapoor et al. 2015).
PLGA NPs have been successfully proven to be effi-
cient carriers of large biomolecules such as vaccines and
proteins (Chereddy et al. 2014). An active pharmaceu-
tical ingredient (API) appears to be dispersed homoge-
neously within the PLA matrix (Lee et al. 2016). In a
comparison between PLGA and PGA, PGA polymers
possess amide groups which make modification with
biologically active moieties possible and easier (Jaimes-
Aguirre et al. 2017).
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Considering the advantages of using PLGA, PLA,
and PGA in the delivery of therapeutic molecules, it
seems fair enough to conclude that there is a high
potential lying in these polymers as they have some
interesting features desirable in a given drug/gene carri-
er. However, like any polymers, the limitations in the
way of employing them should be also taken into ac-
count as for instance one of the notable drawbacks
observed by PLA is its high initial burst release that
could make it hard to get the repeatable results from the
pharmacokinetic-related tests (Lee et al. 2016).

Hyaluronic acid

Hyaluronic acid (HA) is a linear high molecular weight
natural biopolymer which consists of repeating d-
glucuronic acid and N-acetyl-d-glucosamine disaccha-
ride units. This natural polymer actually exists in the
human body mainly found in the extracellular matrix of
connective tissues, indicating the possible non-toxic
features that can be expected from hyaluronic acid-
based NPs (Quiñones et al. 2017). HA is highly bio-
compatible and biodegradable and is gradually degraded
by enzymes such as hyaluronidases in the body. This
unique polymer has been widely applied in medicine for
tissue engineering, drug delivery, and molecular imag-
ing, indicating a massive data is available on it and the
toxicity profile of the polymer has been well studied
(Yadav et al. 2008). It is well established by many
studies that tumor cells overexpress CD44 receptors on
them which is actually a potent receptor for HA (Lin
et al. 2017).

Wrapping everything up, HA possesses some inter-
esting features to encourage designing HA-based car-
riers. Along with a perfect toxicity profile, the tumor-
targeting properties of this polymer make it a promising
drug/gene carrier.

PCL

Polycaprolactone (PCL) is a synthetic biodegradable
polyester approved by the Food and Drug Administra-
tion (FDA) as a drug delivery system. The application of
PCL as a device in biomedical implants has almost an
old history of use, but the use of this polymer as a
compartment of a drug delivery system has attracted a
great deal of attention, recently. Indeed, the acceptable
toxicity profile of PCL encourages the attempts for
clinical applications. The presence of ester linkage

groups in PCL structure opens the ways of hydrolysis
in the human body resulting in such biodegradability
which is favorable in a given drug/gene carrier. PCL-
based NPs appear to have a prolonged circulation prop-
erty, bringing more chances for the medicine to reach
the action site. They also seem to have a high drug–
loading capacity which widens the choices of selected
drugs/genes (Wang et al. 2016a). PEG–PCL NPs were
reported to have high biocompatibility and biodegrad-
ability and long circulation time in the delivery of a wide
range of therapeutic agents (Wang et al., 2016b).

Other polymers

Several other polymers also have been synthesized and
used in some studies. Though a few of them showed
acceptable properties and potentials in drug/gene deliv-
ery, still the literature on them is not sufficient enough to
draw firm conclusions about their features, advantages,
and limitations. In this part, some of these polymers and
the designed delivery systems will be discussed.

Polyorthoester (POE)

POE with the general structure –[–R–O–C(R1, OR2)–
O–R3–]n– is a synthetic biodegradable and highly hy-
drophobic polymer that follows a zero-order drug re-
lease kinetics in the physiological environment. The
release profile of POE can be adjusted by choosing the
appropriate molar ratio of latent acid in the polymer
chains as well as lipophilicity of the diol and polymer
molecular weight, indicating the degradation time of
POE-based polymers can be easily controlled
(Einmahl et al. 2000).

Monica M. Jablonski et al. designed POE nanoparti-
cles to investigate their drug delivery potentials to the
human eye. They encapsulated various molecules such as
epinephrine and rhodamine 6G. They also investigated
the encapsulation ability of bovine serum albumin (BSA)
as a representation for large molecules. They found that
POE-based NPs could efficiently improve the intraocular
bioavailability and decrease the dosing frequency, conse-
quently minimizing the dose-dependent adverse effects
(Palamoor and Jablonski 2013).

Poly (methyl methacrylate) (PMMA)

PMMA is the synthetic polymer of methyl methacrylate
approved by the Food and Drug Administration (FDA)
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for medical applications. The highlighting feature of
PMMA is its biocompatibility. To take advantage of
this feature in one study, PEI–PMMA were synthetized
for gene delivery and the obtained NPs efficiently de-
livered DNA into HeLa cells (Feng et al. 2006). In
another report, cellulose–graft–poly (methyl methacry-
late) nanoparticles loaded with betulinic acid (BA) dem-
onstrated perfect biocompatibility in vitro and in vivo
and better anti-tumor efficiency with reduced side ef-
fects (Dai and Si 2017).

Polyvinylpyrrolidone (PVP)

PVP with synthetic origin has been also used in some
studies to investigate its drug delivery features. In a
study, Praseetha et al. coated magnetic nanoparticles
with PVP polymer and then coated the whole carrier
with folic acid (FA) for specific targeting of an antican-
cer drug (epirubicin hydrochloride) to cancer cells. They
revealed that PVP-coated NPs had a better anti-tumor
response than PVP uncoated NPs (Rose et al. 2013).

Dendrimers

Dendrimers are synthetic 3D hyperbranched globular
and monodispersed nanopolymeric architectures with
multivalent functional end groups. They are typically
used as well-defined scaffolding or nanocontainers to
conjugate, complex or encapsulate therapeutic drugs or
imaging moieties.

Innovation in polymer synthesis and advances in the
design of biodegradable polymeric macromolecules have
made dendrimers as new applications for nanodrug de-
livery systems. The attractive features of dendrimers such
as nanoscopic size, narrow polydispersity index, excel-
lent control over molecular structure, availability of mul-
tiple functional groups at the periphery and cavities in the
interior, high branching points, three-dimensional globu-
lar shape, and well-defined molecular weight have char-
acterized them as new nanoagents in drug delivery. The
structure of dendrimers consists of three distinct domains:
a core at the center of the dendrimer consisting of an atom
or a molecule having at least two identical chemical
functions, branches consisting of repeat units having at
least one branch junction that results in a series of con-
centric layers called “generations,” and terminal function-
al groups located at the surface of dendrimers that deter-
mine the properties of dendritic macromolecules and

provide a platform for covalent conjugation of the drugs
and targetingmoieties through biodegradable linkers sug-
gesting controlled release of the drugs.

Bioactive agents and drugs can be also encapsulated
into the interior cavities of dendrimers. The maximum
amount of entrapped guest molecules is directly propor-
tional to the shape and the size of the guest molecules, as
well as to the amount, shape, and size of the internal
cavities of dendrimers (Tomalia 1990). The diameter of
dendrimers increases systematically at a rate of approx-
imately 1 nm per generation with the range of 10 to
130 Å from generation 0 through generation 10
(Jonathan et al. 2000). The structure of lower genera-
tions (0.5–4.0G) is planner and asymmetric shape with
fewer inner pockets and high polarity range whereas
higher generations (5.0–10.0G) show the densely
packed shape and star-like pattern (Kaur et al. 2016).

Dendrimers have been studied from gene delivery to
magnetic resonance imaging. They are used in drug
delivery systems because they have some excellent fea-
tures such as increasing bioavailability, cellular uptake
and therapeutic efficacy, and reducing the systemic
toxicity (Yavuz et al. 2016). In this wide range of using
dendrimers, PAMAM and PPI are the most available
agents in drug delivery systems.

PAMAM dendrimers

The f i rs t synthesis and character izat ion of
polyamidoamine dendrimers (PAMAM) using ammo-
nium (NH3) or ethylenediamine (EDA) as the core were
reported by Tomalia et al. in 1985 (Tomalia et al. 1984).

PAMAM dendrimers are generally available in gen-
erations ranging from 0.5 to 10G (Kaur et al. 2016).
There are primary amine groups (positively charged at
physiological pH) as poly amide branches (pKa = 6.85)
on the PAMAM dendrimer surface and tertiary amine
groups within the core (pKa = 3.86) (Sadekar and
Ghandehari 2012). Therefore, PAMAM dendrimers
have a high buffer capacity owing to protonable amine
groups that enable them to act as a weak base and
retarding degradation caused by acidification within
the endosome–lysosome called as “protone sponge ef-
fect” (Jonathan et al. 2000). Drug delivery by PAMAM
dendrimers could be achieved through simple encapsu-
lation, electrostatic interactions, and covalent conjuga-
tions to the surface groups suggesting controlled drug
release systems (Ma et al. 2015). Encapsulation in the
interior cavities of PAMAM dendrimers can improve
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the water solubility and bioavailability of hydrophobic
drugs and permeability of poorly absorbable drugs act-
ing as penetration enhancers (Zhong et al. 2016).

PAMAM dendrimers are non-immunogenic and ex-
hibit low mammalian toxicity especially when their
surface contains anionic or neutral groups such as car-
boxylic or hydroxylic functionalities (Cea 1996).

Toxic behavior of PAMAM dendrimers is due to the
presence of surface amine groups depending on concen-
tration and generation. Cationic generations cause tox-
icity in lower concentrations compared with negative-
charged dendrimers (Kaur et al. 2016). Anionic
dendrimers have exhibited lower liver concentrations
and higher circulation time in the blood than the cationic
ones that resulted from studies on the in vivo intrave-
nous administration of 125I-labeled-PAMAM
dendrimers in rats (Sadekar and Ghandehari 2012). In
general, PAMAM dendrimers represent lower toxicity
as compared to linear polymers due to lower attachment
to the cellular surfaces (Kaur et al. 2016). The toxicity
profile of PAMAM dendrimers can be improved by
surface modifications such as PEGylations, acetyla-
tions, or hydroxylation (Duncan and Izzo 2005).

PAMAMdendrimers have been the most appreciably
studied dendritic polymers for oral delivery purposes.
They can permeate across the gut epithelial barrier by a
combination of paracellular and transcellular routes due
to their especial structure. In the paracellular route,
PAMAM dendrimers can internalize by opening the
tight junctions of epithelial cells. In transcellular trans-
port, they can permeate into the cells by a variety of
endocytic mechanisms. Higher generations of cationic
dendrimers show more intestinal membrane damage
than lower generations and anionic ones (Sadekar and
Ghandehari 2012). The reason for this difference may
be the strong interaction between the negatively charged
cell membranes and dendrimers resulting in membrane
disruption via nanohole formation, membrane thinning,
and erosion (Kesharwani et al. 2015).

One of the ways to increase the transepithelial trans-
port of PAMAM dendrimers and reduce their toxicity is
surface modification. Lauric acid is a biocompatible mol-
ecule that enhances membrane permeability, uptake and
transport through the gut (Aungst 2000). Lauroyl chains
were conjugated to cationic PAMAM dendrimers gener-
ation 2.0 to 4.0 by Jevprasesphant and cytotoxicity and
permeability across Caco-2 cell monolayers were mea-
sured. The experiment resulted in reducing the toxicity
and improving the permeability that was increased with

an increase in generation, the number of lipid chains and
concentration (Jevprasesphant et al. 2003). The unique
globular architecture, large diversity of surface groups,
empty internal cavities and high aqueous solubility have
made PAMAM dendrimers one of the most available
agents in drug delivery systems (Yavuz et al. 2016).

DNA transfection is enhanced with application of
amine terminated PAMAMdendrimers as non-viral gene
transfer agents due to their well-defined features (Kaur
et al. 2016). PAMAM dendrimers can make complexes
with genes by electrostatic interactions between negative-
ly charged phosphate groups of the nucleic acid and
protonated (positively charged) primary amino groups
on the dendrimer surface. It has been shown that
PAMAM dendrimers are more efficient than other cat-
ionic polymers (such as PEI, PLL,…) or cationic lipo-
somes for gene delivery in a wide array of primary cells
of various origins including human fibroblasts (HF1) and
human lung epithelial cells (Jonathan et al. 2000). Higher
generations of dendrimers (G5 or above) have higher
transfection activity in gene delivery, and the extent of
in vitro transfection depends on cell specificity in combi-
nation with the dendrimer and DNA concentrations used
to form the complex. It has been studied that complexes
consisting of G5-PAMAM dendrimers and DNA expres-
sion plasmids were more efficient in transfection than
over naked plasmid DNA in many cells particularly cell
lines derived from monkey and human neoplasms
(Haensler JaS Jr 1993). PAMAM dendrimers have been
also studied as a new promise in siRNA delivery. Perez
et al. identified various polymeric nanocarriers for anti-
TNF-α siRNA with optimal efficacy and minimal off-
target effects in vitro. Among these nanocarriers,
PAMAM dendrimers showed high gene silencing with
minor toxicity and were recognized to be suitable for
siRNA delivery systems (Jensen et al. 2012).

Examining the features, advantages, and challenges
of PAMAMdendrimers, it seems fair enough to say that
these carriers are just on their first steps in the develop-
ment road. Due to their interesting properties, PAMAM
dendrimers might be one of the promising candidates in
the field of drug/gene delivery. Future studies of these
delivery systems would reveal the chances of PAMAM-
based NPs for clinical trials.

PPI dendrimers

Polypropyleneimine dendrimers (PPI) have two types of
nitrogen atoms: nitrogen of primary amines and nitrogen
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of tertiary amines of which the primary amines are more
basic having a pKa around 10 (Kesharwani et al. 2014).

Lower generations of PPI dendrimers like 0.0, 1.0,
and 2.0G have an open structure and show a high
polarity range. PPI dendrimers are more hydrophobic
in nature and larger than PAMAM dendrimers (Kaur
et al. 2016). The maximum amount of entrapped mole-
cules into PPI dendrimers depends on the shape and the
size of the molecules, as well as on the amount, shape,
and size of the internal cavities of PPI dendrimers
(Esfand and Tomalia 2001).

PPI dendrimers exhibit charge-based, generation and
concentration-dependent cytotoxicity effects similarly
as PAMAM dendrimers (Svenson 2009). Masking
could reduce the cytotoxicity. Modification of peripher-
al amines with various biocompatible molecules such as
glycine, phenylalanine, mannose, and lactose signifi-
cantly improves the toxicity profile of PPI dendrimers,
making them biocompatible drug vehicles for controlled
and targeted drug and gene delivery (Agashe et al.
2006). Dufes et al. indicated that intravenous adminis-
tration of G3-PPI dendrimers gene complexes could
result in intratumoral transgene expression and decrease
of the established tumors in all the experimental animals
(Nanjwade et al. 2009).

PLL dendrimers

Poly-L-lysine dendrimers (PLL) have several carborane
moieties on the periphery and a peptide spacer at the
core including cysteine residue with a reactive thiol for
selective coupling to targeting molecules. They are used
as vaccine, antiviral, and antibacterial candidates by
suitable peripheral modifications (Gillies and Frechet
2005). For example, poly (L-lysine)-PLL dendrimers
surface modified with mannosyl groups have demon-
strated antibacterial effects (Svenson and Tomalia
2012).

Improvement in the biocompatibility properties of
PLL dendrimers could be achieved by surface modify-
ing with molecules such as PEG and polyoxazolines
(POZ). One major benefit of POZ over PEG is main-
chain ester functionalities that can be deprotonated to
give carboxyl groups (England et al. 2016).

PLL dendrimers due to the excellent features of
dendrimers and biodegradable property unlike
PAMAM and PPI dendrimers could be used in drug
and gene delivery systems.

Various applications of dendrimers as drug and gene
delivery systems are exhibited in Table 2, and FDA-
approved polymeric nanosystems are reviewed in
Table 3.

Liposomes

Traditional and stealth liposomes

Liposomes are vesicles formed through spherical assembly
of phospholipid bilayers. Categorization is commonly
based on size, number of lamellae, and charge (Patil and
Jadhav 2014). Liposome properties such as biocompatibil-
ity, biodegradability, and low toxicity have led to their
widespread usage as a pharmaceutical drug delivery sys-
tem (DDS) (Samimi et al. 2019; Xu et al. 2012). The
ability to carry both hydrophilic and lipophilic molecules
simultaneously, DNA molecules, proteins, and peptides is
another feature which has put these structures in the spot-
light (Torchilin 2005). Surface modification by poly-(eth-
ylene glycol) (PEG) has yielded to stealth liposomes show-
ing longer circulation time due to lesser phagocytosis.
PEGylated liposomal doxorubicin (PLD) (DOXIL/
Caelyx) was the first stealth liposome to be approved by
the FDA (Food andDrugAdministration).Modification of
the aforementioned polymer chain can be employed to
obtain targeted liposomes. PEG-lipids are considered as
the most dominant material in formulating stealth lipo-
somes. Vinyl-based lipopolymers, poly (2-oxazoline)-
based lipopolymers, poly (amino acid)-based
lipopolymers, and zwitterionic lipopolymers are alterna-
tives to PEG-lipids. These surface modifications can be
achieved through pre-insertion, post-insertion, post-
modification by chemical reaction, or physical adsorption
methods (Nag and Awasthi 2013). FDA-approved lipo-
some formulations have been mentioned in Table 4.

Targeted liposomes

Immunoliposomes (antibody-mediated liposome
targeting)

Immunoliposomes prepared via attachment of im-
munoglobulins to vesicles’ lipids have been used
a s a t a rge t ed DDS. Fu r t he rmore , u s e o f
immunoliposomes as immunodiagnostic agents has
been investigated. Classic methods for obtaining
these systems include crosslinking techniques and
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Table 2 The most recent gene(s)-loaded and drug(s)-loaded nanosystems based on dendrimers

Nanosystem Gene(s) loaded Result(s) Ref.

PAMAM dendrimers Luciferase
receptor gene

The expression levels of luciferase were one or two
orders of magnitude higher than commercial
lipid preparations such as Lipofectamine.

(Jonathan et al.
2000)

α-Cyclodextrin-conjugated G3 PAMAM
dendrimer

siRNA It showed higher siRNA specific gene silencing
effects than commercial transfection reagents
such as Lipofectamine 2000 TransFast, and
Lipofectin in various cells. The inhibition ratio
(pGL2/pGL3) was 6.6, 1.3, 2.5, and 0.2 for
dendrimer, Lipofectamine™ 2000, TransFast™,
and Lipofectin™, respectively.

(Tsutsumi et al.
2006)

Internally quaternized and surface-acetylated G4-
-PAMAM dendrimer (QPAMAMNHAc)

siRNA QPAMAMNHAc dendrimer showed lower
cytotoxicity and enhanced cellular
internalization. Quaternization of inside the
dendrimer protected siRNA from degradation.

(Patil et al.
2008)

Triblock poly (amidoamine)-poly (ethylene
glycol)-polyLlysine(PAMAM–PEG–PLL)

siRNA The complexes between siRNA and this triblock
were stable in human plasma and taken up
effectively by cancer cells and made the
knockdown of the target BCL-2 gene (down to
20% from the control value).

(Patil et al.
2011)

Modified G5/G6 PAMAM dendrimer with
MPEG5000

GFP-siRNA The results were knockdown of
adenovirus-mediated GFP expression in both
transiently adenovirus-infected C57BL/6 mice
and GFP transgenic mice.

(Liu et al.
2012)

G5-TEA-core PAMAM dendrimer siRNA The results were achieving gene silencing of Hsp27
efficiently in prostate cancer. Hsp27 mRNA
expression was reduced to less than 50% than its
control amount following treatment in the PC-3
cell xenografted nude mice. Similar reduction in
Hsp27 protein level was observed indicating the
efficiency of the NPs in siRNA transfection.

(Wu et al.
2013)

Nanosystem Drug(s) loaded Result(s) Ref.

Dexamethasone (DEX)–PAMAM conjugates for
retinal delivery

Dexamethasone The ocular permeability and ocular tissue levels of
DEX were enhanced by DEX–PAMAM conju-
gates. The conjugates also prolonged the drug
presence in retina and the duration of DEX
release. Release rate was less than 8% after
6 days of incubation in cornea. Following
1 mg/mL intravitreal conjugate injection,
DEX-loaded dendrimers were present in vitre-
ous for 24 h while previous works reported that
about half of the drug is cleared within the first
3 h following intravitreal DEX injection.

(Yavuz et al.
2016)

Lauroyl chain-modified PAMAMG0.0–naproxen
conjugates

Naproxen Naproxen transport was significantly enhanced
resulting from permeability groups on the
dendrimer surface significantly contributing to
the cellular uptake. Moreover, measurements of
the transepithelial electrical resistance values
showed a value of around 70% for the PAMAM
G0.0–naproxen conjugates while less than 10%
decrease in the value was observed with
naproxen alone. This observation is justified by
the fact of high presence of amines in
dendrimer.

(Najlah et al.
2007)

Propranolol–PAMAM G3 conjugates Propranolol Conjugation of the drug showed the increasing of
its solubility and bypassing P-gp-mediated se-
cretory efflux.

(Menjoge et al.
2010)

Carboxylate-terminated PAMAM dendrimers Cisplatin
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antibody derivatization (Jenkins et al. 2016). Anti-
HER2 immunoliposomes were developed for co-
delivery of paclitaxel and rapamycin to HER2 (+)
breast cancer cells (Eloy et al. 2017). Use of more
than one ligand would lead to multi specific sys-
tems. The anti-transferrin receptor monoclonal anti-
body (OX26MAb) and the anti-amyloid beta peptide
antibody (19B8MAb) conjugation to PEG-liposomes

are investigated as a dual ligand system for delivery
across blood brain barrier (BBB) (Loureiro et al.
2015). It has been showed that a new drug-loaded
immunoliposome using a polyclonal antibody
against plasmodium falciparum-parasitized red
blood cells (pRBCs) had been more successful in
treatment of severe malaria in vitro (Moles et al.
2016). Endoglin (CD105) and fibroblast activation

Table 2 (continued)

The results showed sustained release behavior of
the drug due to hydrolysis from the dendrimers
(< 1% after 80 h), higher accumulation in solid
tumors, and lower side effects compared to free
cisplatin.

(Noriega-Luna
et al. 2014)

Fifth-generation PPI dendrimers,
t-Boc–glycine-conjugated (TPPI) and

mannose-conjugated dendrimers (MPPI) for
targeted delivery to macrophages

Efavirenz (EFV) The toxicity of t-Boc–glycine-conjugated
dendrimers and mannose-conjugated
dendrimers was found to be negligible, and the
hemolytic activity was reduced due to masking
of cationic terminal amino groups responsible
for the hemolytic activity of PPI dendrimers.
Moreover, use of dendrimer systems resulted in
significant cellular uptake of the drug (12 and
5.5 times higher than that of free drug with
MPPI and TPPI, respectively).

(Dutta et al.
2007)

Mannosylated fifth-generation PPI dendrimers
(MPPI)

Lamivudine
(3TC)

The results indicated that 3TC-loaded PPI and
MPPI formulations possess higher anti-HIV ac-
tivity due to the enhanced cellular uptake of 3TC
in formulation and prolonged drug delivery as
compared to that of free drug. The proposed
carrier was suggested to increase the efficacy
and reduce the toxicity of antiretroviral therapy.

(Dutta and Jain
2007)

Folate-modified PPI dendrimers Docetaxel
(DTX)

Engineered PPI dendrimers could be used as a
controlled and targeted delivery system for the
delivery of anticancer drugs like DTX.

(Thakur et al.
2013)

Apolipoprotein B (ApoB)-specific
siRNA-PLL-G6 dendrimers conjugate

Apolipoprotein
B
(ApoB)--
specific
siRNA

Later knockdown of ApoB in healthy mice without
hepatotoxicity resulted from intravenous
delivery of apolipoprotein B (ApoB)-specific
siRNA-PLL G6 dendrimer conjugate.

(Watanabe
et al. 2009)

G3-[PEG-RGD peptide]-[DOX] nanoglobular
PLL dendrimers conjugate complexed with

siRNA

Doxorubicin
(DOX)

These PLL/siRNA complexes exhibited much
higher gene silencing efficiency in U87-Luc
cells than those of control conjugates including
G3-[PEG-RGD] and G3-[DOX].

(Wu et al.
2013)

Sixth-generation cationic poly-L-lysine
dendrimers

Doxorubicin
(DOX)

Doxorubicin–dendrimer (DOX–DM) complexes
achieved a significantly higher cytotoxicity in
DU145 multicellular tumor spheroid (MTS)
system compared to the free drug, and the pen-
etration of DOX into MTS was increased due to
making complexes with DM in vivo solid tu-
mors.

(Khuloud et al.
2013)

PEGylated poly-L-lysine dendrimers Methotrexate
(MTX)

Methotrexate (MTX) conjugated to PEGylated
poly-L-lysine dendrimers has been reported to
accumulate in solid Walker 256 and HT1080
tumors in rats andmice and reduce accumulation
in RES organs with extended circulation times.

(Khuloud et al.
2013)
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protein (FAP) have been hired in creation of doxo-
rubicin loaded immunoliposomes providing an in-
crease in cytotoxicity against target tissue in com-
parison with mono specific liposomes (Rabenhold
et al. 2015).

Folate-mediated liposome targeting

Due to overexpression of folate receptors (FRs) on
tumor cells, folate derivatives have been used as a
targeting ligand for nanoparticles. FR mediated en-
docytosis is used to bypass multidrug resistance.
F o l a t e – p o l y e t h y l e n e g l y c o l – c h o l e s t e r o l
hemisuccinate (F–PEG–CHEMS), folate–PEG–cho-
les te ro l (F–PEG–Chol) , and F–PEG–DSPE
(distearoylphosphatidylethanolamine) have been suc-
cessfully used for enhancing the cytotoxicity at tumor
site of melanoma and lung cancer. Although folate
conjugated liposomes exhibit higher uptake by mac-
rophages (Xiang et al. 2008).

Transferrin-mediated liposome targeting

Transferrin (Tf) receptors are another common
overexpressed receptors on tumor cells (Torchilin
2005). The Tf–PEG–liposomes had been used for de-
livery of oxaliplatin (Suzuki et al. 2008) and doxorubi-
cin (Li et al. 2009). Tf-modified liposomes

encapsulating mastoparan developed with a pH-
sensitive fusogenic peptide (GALA) has shown effec-
tive internalization and endosomal escape (Yamada
et al. 2005).

Miscellaneous targeting strategies

Vitamin E d-α-tocopherol acid–polyethylene glycol
1000-succinate (TPGS) has been hired for enhanced
tumor accumulation of hydrophobic drugs such as
luteolin (Li et al. 2016). A formulation of RGD conju-
gated TPGS (RGD–TPGS) liposome containing doce-
taxel (DTX) and quantum dots (QDs) was investigated
for theranostic application in brain tumors and showed
promising results regarding targeted delivery to cancer
cells across BBB (Sonali et al. 2016).

Coating liposomes with hyaluronic acid through
electrostatic adsorption has yielded a promising carrier
for specific drug delivery to tumor tissues, e.g., pacli-
taxel for breast cancer (Ravar et al. 2016).

Stimuli-responsive (stimuli-sensitive) liposomes

pH-sensitive liposomes (PSLs)

PSLs are one of the most investigated stimuli-sensitive
formulations with the main purpose of cancer drug
delivery. These liposomes are more stable in

Table 3 Most recent FDA-approved polymeric nanosystems (Patra et al. 2018)

Nanosystem Description Indications Year
approved

Cimzia®/certolizumab
pegol (UCB)

PEGylated antibody fragment
(certolizumab)

Crohn’s disease 2008

Rheumatoid arthritis 2009

Psoriatic arthritis 2013

Ankylosing spondylitis 2013

Krystexxa®/pegloticase
(Horizon)

Polymer–protein conjugate
(PEGylated porcine-like uricase)

Chronic gout 2010

Plegridy® (Biogen) Polymer–protein conjugate
(PEGylated IFN beta-1a)

Multiple sclerosis 2014

Adynovate® (Baxalta) Polymer–protein conjugate
(PEGylated factor VIII)

Hemophilia 2015

Zilretta® Triamcinolone acetonide with a poly
lactic-co-glycolic acid (PLGA)
matrix

microspheres

Osteoarthritis (OA) of the knee 2017

Rebinyn® Coagulation fator IX (recombinant)
glyco-PEGylated

Control and prevention of bleeding episodes and prevention of
bleeding in the perioperative setting for hemophilia B
patients

2017
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physiological pH (pH = 7.4) compared to sub-acidic pH
that exists at tumor sites (pH = 5). Materials used in pH-
sensitive liposomes have the property to be changed in
conformation when delivering in acidic environment
(pH = 5) (Fan et al. 2017; Wang et al. 2014b). Methods
of obtaining PSLs include:

1. Using a combination of polymorphic lipids: unsat-
urated phosphatidylethanolamine (PE), such as
diacetylenic-phosphatidyl-ethanolamine (DAPE),
palmitoyl-oleoyl-phosphatidyl-ethanolamine
(POPE), and dioleoyl-phosphatidyl-ethanolamine
(DOPE) with oleic acid (OA), linoleic acid (LA),
and cholesteryl hemisuccinate (CHEMS) which are
amphiphilic molecules acting as stabilizers (Fan
et al. 2017; Liu and Huang 2013).

2. Using “cage” lipid derivatives: e.g., N-citraconyl-
dioleoyl-phosphatidyl- ethanolamine (C-DOPE),
N-citraconyl-dioleoyl-phosphatidylserine (C-
DOPS ) , and po l y ( e t hy l e n e - g l y co l ) -N -
distearolyphosphatidyl-ethanolamine (PEG-DSPE)
that are able to reversibly form a non-bilayer phase
which promotes delivery by release in acidic pH
and/or fusion with cell membrane (Liu and Huang
2013).

3. Using synthetic fusogenic pH-sensitive peptides/
proteins: such as GALA, N-terminus of
hemaglutinin (INF peptides from influenza), or
listeriolysin O. These peptides are inactive when
liposomes are in the neutral pH environment. How-
ever, in the acidic environment, the change in con-
formation of said materials will increase the leakage
and liposome–cell membrane fusion resulting in
release of pH-sensitive liposome contents to the cell
environment. For instance, this issue could be

taking place in pH = 5 for GALA peptide as its
repeat unit (EALA) undergoes a pH-dependent con-
formational change from random coil at pH = 7.5 to
an amphipatic helix at pH = 5 (Liu and Huang
2013).

4. Using pH-sensitive polymers: materials including
poly (alkyl acrylic acid)s, succinylated PEG, N-
isopropylacrylamide (NIPAM) copolymers, and
hyperbranched poly (glycidol) (HPG) derivatives
are used to enhance the fusogenic properties of
liposomes (Liu and Huang 2013).

5. Newer formulations have been prepared using
structures such as octylamine-graft-PASP (PASP-
g-C8)-modif ied l iposomes (OPLPs) and
glucosylated pH-sensitive amphiphile moieties act-
ing as both targeting agent and pH-sensitive agents
simultaneously, thus creating a multifunctional sys-
tem against cancerous tissues (Wang et al. 2014b;
Giansanti et al. 2016).

Redox-sensitive liposomes

These systems operate via reduction with high concen-
trations of glutathione (GSH)—a reducing agent found
in high concentration (1–10 mM) in cytosol of normal
cells and 4 times more than the mentioned amount in
tumor cells—destabilizing the liposome structure
(Araujo et al. 2017). A novel cationic liposome formu-
lation using PEG2000–Chol conjugation by means of
bio-reducible disulfide linker (Chol-SS-mPEG) and
HA coating (for CD-44 targeting) has been employed
for delivery of DOX. The results in rats showed a more
than ten fold increase in half-life while mouse models
showed minimal hepatocyte uptake, better tumor

Table 4 Most recent FDA-approved liposome systems (Patra et al. 2018)

Nanosystem Description Indications Year
approved

Doxil®/Caelyx™
(Janssen)

Liposomal doxorubicin Karposi’s sarcoma 1995

Ovarian cancer 2005

Multiple myeloma 2008

Marqibo® (Onco
TCS)

Liposomal vincristine Acute lymphoblastic leukemia 2012

Onivyde®
(Merrimack)

Liposomal irinotecan Pancreatic cancer 2015

Vyxeos (Jazz
Pharma)

Liposomal combination of
daunorubicin and cytarabine

Acute myeloid leukemia (AML) or AML with
myelodysplasia-related changes (AML-MRC)

2017
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suppression, and a higher overall survivability com-
pared to free drug (Chi et al. 2017).

Thermosensitive liposomes (TSLs)

TSLs were first introduced by Yatvin et al. in 1978
(Mannaris et al. 2013). These formulations are based
on enhanced permeability of lipid bilayers at tempera-
tures above the average transition temperature of mix-
ture of lipids leading to rapid drug release. Thermo-
DOX is the only thermo-sensitive liposome that has
reached clinical phase. The lysolipid 1-stearoyl-2-hy-
droxy-sn-glycero-3-phosphatidylcholine (MSPC or S-
lyso-PC) used in this formulation will lead to pore
formation at above transition temperature (42 °C which
is achieved bymeans of radiofrequency ablation (RFA))
resulting in an 80% drug release within 20 s. To have a
sharp transition temperature, Thermo-DOX is a Chol-
free liposome (Dou et al. 2017).

Multi-modal thermo-sensitive polymer-modified li-
posomes (MTPLs) compounded by application of 2-(2-
ethoxy) ethoxyethyl vinyl ether (EOEOVE) in the lipid
mixture as the thermo responsive moiety has been in-
vestigated for theranostic purposes. EOEOVE, a hydro-
philic molecule, turns hydrophobic upon reaching lower
critical solution temperature (LCST). In this case, mag-
netic resonance from MRI machine was recruited for
triggering the release of drugs and contrast materials
(Kokuryo et al. 2015).

High intensity focused ultrasound (HIFU) and alter-
nating magnetic fields (AMF) are common TSL’s trig-
gers (Tai et al. 2010). TSLs are used in delivery of
variety of pharmaceuticals such as DOX (Mannaris
et al. 2013; Dou et al. 2017; Kokuryo et al. 2015),
manganese sulfate (MnSO4) (Kokuryo et al. 2015),
and zwitterionic diazeniumdiolate, a precursor of nitric
oxide (Tai et al. 2010).

Ultrasound-responsive liposomes

Low-frequency ultrasound (LFUS) and HIFU have been
used in the control of drug release from liposomes.
LFUS acts in a non-thermal manner and induces tran-
sient pore formation in liposomes. Also, it promotes ion
permeation through the lipid bilayer due to disruption of
lipids’ hydrophobic ends (Schroeder et al. 2009). An
ultrasound-responsive liposome formulation including
HSPC, DSPC, Chol, and DSPE-PEG2000 was investi-
gated for control release of poly(lactic-co-glycolic acid)

nanoparticles (PLGA-NPs) and exhibited promising re-
sults as a new anti-cancer delivery system (Xin et al.
2017).

Magnetically responsive liposomes

Incorporation of magnetic nanoparticles (mostly iron
oxides) has yielded novel liposome formulations that
can be manipulated by external magnetic fields to en-
hance localization in target tissues. Moreover, they can
be used as contrast media in MRI and to enhance trans-
fection efficacy by increasing liposome temperature
using alternative magnetic fields (Movahedi et al.
2015). Dextran-magnetic layered double hydroxide-
fluorouracil liposomes (DMFLs) have been developed
as a targeted delivery system deploying ferrous chloride
and ferric chloride as magnetic agents (Huang et al.
2013). Manganese ferrite-based magnetic liposomes
displayed auspicious result in the field of thermo-
chemotherapy (Pradhan et al. 2007). Thermo-sensitive
magnetic liposomes (TML) were prepared using Fe3O4-
NPs as magnetic agent. TML magnetic properties come
handy for targeted delivery while its thermal response
acts as the trigger for controlled drug release (Hsu and
Chen 2017).

Photosensitive liposomes

Use of near-infrared (NIR)-absorbing inorganic
nanomaterials leads to a hybrid class of liposomes trig-
gered via NIR. Gold nanoparticles (AuNPs) entrapped
in a liposome can produce heat if exposed to NIR, thus
disrupting the said liposome’s bilayer membrane. Fur-
thermore, hollow gold nanoshells (HGNs) can be teth-
ered or encapsulated in liposomes leading to a
photoresponsive system in the same way. HGNs’ ultra-
sonic cavitation effect can be employed to control the
release of liposome contents (Cho et al. 2015).

Liposomes can be used in the delivery of photosen-
sitizers such as m-THPC (Foscan) used in photodynam-
ic therapy (PDT). Specific wavelengths of visible light
can trigger a reaction leading to production of reacting
oxygen species (ROS) and cell death (Shah et al. 2016).
Poly (vinylalcohol) with a malachite green moiety
(PVAMG) has been used to trigger liposomes with
UV light exposure. PVAMG-positive sites (formed up-
on exposure) disrupt and destabilize anionic surfaced
liposomes with no sign of lipid solubilization (Uda et al.
2016).
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Enzyme-responsive liposomes

This triggering mechanism is based on the enzyme
localization, e.g., extracellular enzymes such as cathep-
sin (exuded by neutrophils) can be found in inflamma-
tion sites. Cell-associated proteases can mediate
fusogenicity through different mechanisms such as pro-
teolytic cleavage. N-Acetylated alanyl alanine DOPE
( N - A c - A A – D O P E ) a n d N -
methoxysuccinylalanylalanylprolylvalyl–DOPE (MeO-
suc-AAPV–DOPE) can be cleaved by elastase leaving
only DOPE that leads to liposomal fusion. Phospholi-
pase C, phospholipase-A, trypsin, alkaline phosphatase,
cathepsin B, and other enzymes have been investigated
as triggers for these systems (Rose et al. 2013). Phos-
pholipase A2 (PLA2) has been found in high concen-
trations in tumor cells and during inflammations and
infections. Polymer-coated liposomes having a 1-O-
phospholipid formation can be substrate of PLA2. (R)-
1 -O -Hex ade c y l - 2 - p a lm i t o y l - s n - g l y c e r o - 3
phosphocholine (1-O-DPPC) and PEG tethered phos-
pholipids (1-O-DPPE-PEG) have been investigated as
materials for composition of such liposomes (de la Rica
et al. 2012). Poly (hydroxyethyl l-glutamine)–N-succi-
nyl-dioctadecylamine (PHEG–DODASuc) was also
used for enhancing the circulation time and being trig-
gered by protease (Romberg et al. 2008).

Niosomes and proniosomes

Niosomes are vesicles formed by self-assembly of
non-ionic surfactants. Hydrophilic–lipophilic bal-
ance (HLB) and molecule geometrical characteris-
tics, i.e., the critical packing parameter (CPP), are
principal factors in niosome formation. A typical
niosome formulation includes non-ionic surfactants
(polyglycerol monoalkyl ethers, polyoxylate, etc.),
cholesterol, and charged molecules (negatively
charged such as dicetyl phosphate (DCP) and
phosphatidic acid molecules, and positively
cha rged such a s s t e a ry l amine (SA) and
cetylpyridinium chloride) which are employed to
prevent aggregation and stabilize the system
(Marianecci et al. 2014). Niosome application has
been investigated as a DDS for a variety of mol-
ecules such as peptides, vaccines, and genes. The
more stable structure of niosomes in comparison to
liposomal vesicles regarding encapsulation of mac-
romolecules and hydrophobic agents has made

them viable systems. Proniosomes—the dry (hence
more stable) formulation of a surfactant-coated
water-soluble core—can be reconstituted to
niosomes simply by adding water above mean
phase transition temperature of system and agitat-
ing the system for a short time period (Mahale
et al. 2012). Span, Tween, and Brij are among
the most common surfactants used in preparation
of niosomes (Moghassemi and Hadjizadeh 2014).

Cationic liposomes

Cationic liposomes have been investigated as gene de-
livery systems due to their ability to stabilize negatively
charged nucleic acids. Cationic lipids—with a positively
charged head—such as N′, N′-dioctadecyl-N-4,8-diaza-
10-aminodecanoyl glycine amide has been recruited for
production of such structures. Neutral helper lipids, e.g.,
DOPE and Chol, are commonly used beside cationic
lipids for enhanced transfection (Shim et al. 2013). The
DNA/cationic liposome complexes also known as
lipoplexes have been first introduced in 1987. 1,2-
Dioleoyl-3-trimethylammoniumpropane (DOTAP),
2,3-dioleyloxypropyl-1-trimethylammoniumbromide
( D O T M A ) , a n d 3 β ( N ( N
′,Ndimethylaminoethane)carbamoyl)cholesterol (DC-
CHOL) are among the most common cationic lipids
(Madeira et al. 2011). Lipoplexes has been used for a
variety of purposes; as an example, the production of
mRNA lipoplex vaccines can be mentioned (De
Beuckelaer et al. 2016).

Inorganic-based delivery systems

Metal-based nanostructures

Functionalization of inorganic nanoparticles (INPs) and
their role in drug and gene delivery, molecular diagnos-
tics, and biomedical engineering due to their unique
features has made INPs as suitable candidates in phar-
maceutical products. Some of the more studied metals
recruited in delivery systems are as follows:

Au-based nanoparticles

Au-NP synthesis occurs through reduction (via agents
such as NaBH4 and citrate) of gold salts (e.g., AuCl
(PPh3) and HAuCl4) in attendance of suited stabilizing
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agents (for instance phosphine, alkanethiol, and citrate).
Reduction of AuCl (PPh3) with NaBH4 alongside phos-
phine as stabilizer yields to NPs in the vicinity of 1 to
2 nm. These particles can be applied in fields such as
gene (through electrostatic absorption of DNA leading
to stabilization of nucleic acids) and drug delivery,
targeting, photothermal and radiation therapy, and diag-
nostic imaging. The conjugation of just one gold nano-
particle (with 2 nm core diameter) to about a hundred
molecules can be hired for controlled release of mole-
cules. Promoting the hydrophobicity of these particles
can lead to higher transfection efficacy and cellular
internalization (Ghosh et al. 2008; Her et al. 2017;
Papasani et al. 2012).

Au nanorods (Au NR) formed by a variety of
methods such as template, electrochemical, or seeded
growth method (with/without AgNO3) have unique
size- and shape-dependent optical properties. AgNO3

could have effects on the yield and aspect ratio control
of AuNR as well as determining crystal structure, mor-
phology, and optical properties (Perezjuste et al. 2005).
Au NR can be engineered for maximum optical absorp-
tion in wavelengths ~ 700–1200 nm (known as “water
window”which is the best region for diagnostic imaging
and therapy) and enhanced electric field in the said
range due to localized surface plasmon resonance
(LSPR) phenomenon. Thermal properties and optical
characteristics (extensive light absorption/scattering) of
these particles can be used for photothermal therapy
(PTT), bio-imaging and chemo-sensing (Alkilany et al.
2012). NR size and volume to size ratio make these
particles capable of being targeted by both passive (by
means of the enhanced permeation and retention (EPR))
and active (through functionalization with targeting
moieties) pathways (Alkilany et al. 2012; Wang et al.
2017a). Although thermal and photothermal properties
of these particles are the most common means for con-
trolled drug release, multi-responsive systems (such as
pH, redox, and photothermal tri-responsive systems)
have been developed for more efficient therapy (Wang
et al. 2017a).

Layer-by-layer (LbL) nanoassembly methods have
been a pivotal means in the production of nanoshells
(de Villiers and Lvov 2011). Studies on novel NIR-
triggered gold nanoshell–coated betulinic acid lipo-
somes (AuNS-BA-L) have shown promising results
(Liu et al. 2017). Recently, chitosan incorporated
AuNP-YIGSR (laminin peptide) dry powder formula-
tion has been developed and studied as a pulmonary

DDS for targeted delivery to lung cancer cells (Silva
et al. 2017). Other NP shapes such as star, cage, and
sphere have been investigated as well (Her et al. 2017).

Fe-based nanoparticles

Iron oxides especially Fe3O4 can be used in the synthe-
sis of magnetic nanoparticles (MNPs) which can be
recruited for tasks such as magnetic cell and gene ther-
apy, generation of magnetic fluid hyperthermia (MFH),
and magnetic targeting of tumor cells (Sekhon and
Kamboj 2010; Wang et al. 2016c). The large surface
of porous Fe3O4 structures facilitates delivery of large
number of drugs via surface absorption. Their release
controlled with an AC/DC field has been studied
(Mustapić et al. 2016). Fe3O4/CS/INH (Fe3O4/chito-
san/isoniazid) nanoparticles and a mesoporous Fe3O4/
hydroxyapatite (HA) composite containing DOX were
studied as targeted delivery systems for tuberculosis and
cancer, respectively (Zhao et al. 2017; Gu et al. 2014).

Ti- and Zn-based nanoparticles

Zinc oxide nanoparticles (ZnONPs) have been used due
to their large surface area, biocompatibility, stability,
and low toxicity (much like other metal-based DDSs).
ZnO NPs functionalized using 3-mercaptopropionic
acids (MPA) have been hired as carriers for curcumin
as an anticancer formulation (Ghaffari et al. 2017). A
core–shell hybrid of poly diethyl aminoethyl methacry-
late (PDEAEMA) as the pH-sensitive shells and modi-
fied TiO2 and ZnO nanoparticles as core has been de-
veloped for controlled drug delivery (Ensafi et al. 2017).
It has been shown that ZnONPs have anti-microbial and
anti-cancer activities with no virtual cytotoxicity for
normal cells. ZnO NPs, nanotubes, nanorods, and nano-
rings have been exploited for an array of tasks from drug
delivery to bio-imaging (Flak et al. 2017). TiO2 photo-
cytotoxicity resulting from ROS generation upon expo-
sure to UV has been the premise of TiO2-based PDT.
Zinc phthalocyanine deposition on TiO2 has been ap-
plied for development of ZnPc@TiO2 nanoparticles and
nanotubes for a variety of objectives including usage in
PDT, bio-imaging, and cancer DDSs by modification
via folic acid (FA) for targeted delivery (Awad et al.
2017). Titanium bone implants with TiO2 NP-modified
surface have been investigated for bone-related diseases
(Awad et al. 2017). Studies showed better results with
FA-conjugated TiO2 NPs compared to bare TiO2 NPs
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on the human osteosarcoma cell line (MG-63) (Ai et al.
2017). A novel montmorillonite/insulin nanocomposite
coated with TiO2 displayed promising results as an oral
DDS (Kamari et al. 2017).

Ag-based nanoparticles

AgNPs among other functions are famous for their anti-
microbial effect (Sekhon and Kamboj 2010). Silver
nanoclusters (Ag NCs) encapsulated within porous sil-
ica (pSiO2), loaded with N-(2-mercaptopropionyl) gly-
cine (MPG), and capped using Ag NPs which acted as a
gatekeeper for this novel redox-responsive nanosphere
showed promising GSH-sensitive release, antimicrobial
and drug-dependent fluorescence effects (Qiu et al.
2016). Fe3O4@C@Ag NPs (~ 200 nm) created by sur-
face modification of Fe3O4@C with Ag NPs exhibited
a near gram per gram loading capacity for DOX, NIR-
triggered release, and applicability as MRI contrast
agents and fluorescent probes (Chen et al. 2013). Ag
NP emending of nanocapsules assembled layer by layer
has yielded to a new ultrasound-responsive system
(Anandhakumar et al. 2012). A functionalized formula-
tion of DOX-loaded Ag NP deposited on graphene
oxide (GO) showed about eight to nine fold increase in
DOX uptake. Moreover, this designed delivery system
showed promising effects as a powerful tumor diagnos-
tic X-ray contrast agent and a strong candidate for
photothermal therapy in tumor cells (Shi et al. 2014).

Silicon-based nanostructures

Mesoporous silica nanoparticles (MSNPs) have been
investigated for biomedical applications (e.g., drug and
gene delivery) due to their special structures. Loading
squaraine dyes into MSNP and wrapping the particle
with GO nanosheets can be used as a formulation for
PDT and bio-imaging process. MSNPs and hollow
mesoporous silica nanoparticles (HMSNPs) with differ-
ent capping can be utilized for drug/gene co-delivery
and controlled-release systems via different stimuli
based on their capping methods (Ma et al. 2017).
Grafting oxidized glutathione (GSSG) into porous
SiO2 capped by pH-sensitive ZnO quantum dots
(QDs) was used to develop ZnO-gated pSiO2-GSSG
nanospheres responsive to protease/redox/pH as an an-
ticancer DDS (Qiu et al. 2017). Hollow silica nanoshells
are of utmost interest due to their capacity for delivering
a larger quantity of therapeutic agents. The high surface

area, pore volume along with in storage, in vivo stabil-
ity, and their ability as diagnostic and imaging agents
have made them interesting to the scientific community
(Mendez et al. 2017). A transferrin-modified MSNP
encapsulating DOXwhich can be triggered by reduction
of the disulfide bond through reduction properties of
GSH presented new inspiration on the design ofMSNPs
(Chen et al. 2017a).

An array of redox-responsive biodegradable SiO2

NPs has been developed using disulfide and tetrasulfide
bonds displaying the pivotal role of porosity and core
composition in the biodegradation rate of nanoparticles
(Hadipour Moghaddam et al. 2017).

Carbon-based nanostructures: nanotubes and graphene

Carbon nanotubes (CNTs) due to their electrical, me-
chanical, and optical features along with their
functionalization ability (which allow them to be soluble
in physiological fluids) have been investigated for deliv-
ery of a vast range of therapeutics (both macromolecules
and small molecules). CNTs can be categorized into
single-wall (SWCNTs) or multi-wall (MWCNTs) struc-
tures. They need to be functionalized if they are going to
be vectors for double-strand DNAs (dsDNAs). Ammo-
nium is commonly used (as positively charged group) for
functionalizing oxidized CNTs preparing them for bind-
ing to negatively charged nucleic acids (Caoduro et al.
2017). SWCNTs can be used in vaccine delivery sys-
tems. SWCNT-PPD (tuberculin purified protein) showed
greater Th-1 response in comparison to PPD in Freund’s
adjuvant which predominantly exhibits Th-2-mediated
response. The Wilm’s tumor protein (WT1)—a weak
immunogenic protein proposed as a cancer vaccine—
has been formulated via SWCNT usage for better immu-
nization results (Scheinberg et al. 2013).

Graphene is a 2D sheet of carbon atoms in honey-
comb arrangements which are a cornerstone for building
other structures, i.e., carbon nanohorns, CNTs, and so
on. Graphene-based nanomaterials can be used for a
vast number of applications such as bio imaging, drug
delivery, and theranostic purposes. Ultra-high surface
area, functionalization veritably, and other unique char-
acteristic of these structures have made them interesting
candidates. Graphene, graphene oxide (GO), reduced
graphene oxide (rGO), and graphene quantum dots
(GQDs) have been investigated for bio-imaging and
drug delivery purposes. GO composites with metallic
compounds and elements such as iron oxide, gold, and
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silver can be used for X-ray CT imaging (Lin et al.
2016). Nanographene-based DDSs have been hired for
stimuli-responsive delivery of therapeutic agents. For
example, light/pH-sensitive GO-PEG or ATP-
responsive GO formulation has been investigated as
nanocarriers for DOX delivery (Yang et al. 2016). FA-
GO@Au-loaded DOX nanocomposites releasing DOX
and Au-NPs at the tumor site via NIR mediation were
studied as well (Chauhan et al. 2017).

Considering every available aspect of inorganic
delivery systems, it seems logical to conclude that
like any other strategies for drug/gene delivery,
these systems have their fascinating features as well
as their limitations, too. Some inorganic targeting
devices seem to have dual applications in the human
body since they can behave as therapeutic molecules
and as imaging/diagnosis tools at the same time.
Some also showed perfect cell transfection accord-
ing to evidences provided by many studies. On the
other hand, several inorganic carriers still suffer
from their toxicity profile; thereby, modifications
should be well employed to arm these systems with
sufficient safety for in vivo application. The high
potentials of inorganic delivery systems observed in
researches have encouraged the scientific society to
think up solutions and novel strategies to mask the
limitations of these systems.

Targeting ligands

In recent years, nanoparticles have promoted the effica-
cy of drugs significantly and successfully. Developing
nanoparticles to an ideal drug delivery system could be
achieved by targeting to the right site that drug must be
released. Especially, when it comes to cancer chemo-
therapy, this matter is more notable because of side
effects leading to delay and discontinuance of therapy.
Tumor cells overexpress many receptors and bio-
markers which can be used as potential targets.
Nanocarriers with targeting moieties on their surfaces
increase the localization of drugs in sites of interest and
reduce the side effects due to the specific delivery not to
the whole body. Nanoparticles containing drug/gene
should be conjugated to targeting moieties via a suitable
linker that must be stable in circulation and be easily
cleaved to deliver the drug/gene by incorporation in the
interest cells (Jaracz et al. 2005).

Heretofore, the data gathered from a huge number of
studies and researches suggest diverse targeting ligands
can be used to deliver the drug/gene. Herein, some of the
most widely used ones are categorized:

Carbohydrates

Carbohydrate ligands can target endogenous protein re-
ceptors such as lectins at the site of localization and have
high ability to undergo site-specific modification; there-
fore, their interactions with receptors are more special
than other ligand-binding systems allowing the further
enhancement of the targeting efficacy (Kumar 2012).

C-type lectin receptors (CLRs) are a large group of
lectin receptor family including lymphocyte lectins,
collectins, selectins, and proteoglycans. They have a ho-
mologous carbohydrate-recognition domain (CRD) that
can bind to carbohydrate structures on pathogens to ini-
tiate a protective immune response or they may also have
the ability for binding to self-antigens to induce self-
tolerance in a Ca2+-dependent manner. Various
carbohydrate-based targeting delivery systems such as
g lyconanopa r t i c l e s , g lycodendr imer s , and
glycoliposomes have been utilized specifically for a num-
ber of CLRs including asialoglycoprotein receptors
(ASGPR) in the liver, myeloid CLRs such as DC-SIGN,
mannose receptors (MR) and DEC-205 on dendritic cells
(DCs), and macrophages. Targeting myeloid CLRs is not
only helpful for cell-specific delivery but may also dem-
onstrate as a tool to either stimulate or modulate immune
functions (Lepenies et al. 2013). Regulating antigen-
presenting cell (APC) functions can be employed by
targeting DCs to deliver antigens specifically into APCs
(Maglinao et al. 2014). For instance, oligomannose-
coated liposomes were employed as antigen-delivery ve-
hicles into DCs and the result was induction of Th1-
specific immune response (Kojima et al. 2011). As an-
other example for carbohydrate-targeted delivery, galac-
tose can be used as a targeting moiety against
asialoglycoprotein receptor (ASGP-R, C-type lectin re-
ceptor) in liver indicating employing galactose on a given
drug delivery system could deliver the intended API to
the liver tissue (Brannon-Peppas and Blanchette 2012).

Folic acid

The expression of folate receptors is low in normal
tissues, but they are differentially overexpressed in
cancer tissues including breast, ovary, brain, and
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lung malignancies. Therefore, folic acid (FA) can be
used as a targeting moiety for anticancer drugs in
different formulations such as polymeric nanoparti-
cles, nanotubes, liposomes, micelles, and emulsions.
Since today, researches have demonstrated that drug
conjugates of folic acid have much lower cytotoxic-
ity in non-cancer cells and a better response in
tumor tissues due to the more specific cellular up-
take (Jennifer Sudimack et al. 1999). One more
unique property of folic acid is its small size that
provides favorable pharmacokinetic properties and
lower immunogenicity (Wenjin Guo 2001). In a
study, Goren et al. attached Doxil (liposomal form
of doxurubicin) to folic acid. Confocal fluorescence
microscopy of rhodamine-labeled doxorubicin en-
capsulated inside the liposome showed rapid inter-
nalization into folate-receptor-positive cells (Jaracz
et al. 2005). Studies have shown that vaccines
against the folate receptor also can be used to treat
folate-receptor-positive tumors (Brannon-Peppas
and Blanchette 2012). Noncovalent complexes of
FA and PEI demonstrated better efficiency and more
specialty in gene delivery to human oral carcinoma
KB cells (Wenjin Guo 2001). Folic acid-conjugated
gelatin nanoparticles of cisplatin (Cis–GNs–FA)
showed higher delivery in cervical cancer cells
(Dixit et al. 2015).

Peptides

Interaction of cell-targeting peptides (CTP) conju-
gated to a drug carrier with receptors overexpressed
in some tumor cells allows tumor-specific targeting
of cytotoxic agents and exhibits strong affinity for
given targeted cell lines (Vives et al. 2008). Evi-
dences suggest that application of peptides in drug/
gene carriers could specifically target the drug/gene
to the site of interest, increase cell transfection in the
intended cells, and reduce off-target effects. Yet, it
should be noted that one of the limitations of using
peptides as targeting moieties is their instability in
circulation; however, this can be improved by ap-
propriate modifications such as cyclization and
multimerization of the peptides(Jaracz et al. 2005).
RGD (Arg–Gly–Asp) peptide presents a specific
interaction with the αvβ3 integrin receptors which
play a notable role in angiogenesis of solid tumors.
EGF-R peptide (D4Leu–Ala–Arg–Leu–Leu–Thr)
ligand-conjugated liposomes have been shown to

bind specifically to EGF-receptor high-expressing
cancer cells (Vives et al. 2008). Somatostatin pep-
tide has high binding affinity to SSTR1–5 mem-
brane receptors expressed at significantly elevated
levels in GI tumor cells. Some other gastrointestinal
peptides such as bombesin (BBN), bombesin-like
peptide and gastrin-releasing peptide (GRP) function
as growth factors and modulate tumor proliferation.
Bombesin-like peptides interact with four different
receptors (BBNR1–4) located in different cancer
cells such as small cell lung, breast, prostatic and
pancreatic cancers. Therefore, bombesin-like pep-
tides and GRP antagonists can be used as potential
tumor-targeting anticancer agents (Jaracz et al.
2005). Luteinizing hormone-releasing hormone
(LHRH) can be used as a targeting moiety to LHRH
receptors which are overexpressed in several types
of cancers such as breast, ovarian, and prostate
(Dharap et al. 2005). Various cytotoxic drugs (doxo-
rubicin, camptothecin, etc.), cytotoxic genes, small
interfer ing RNA (siRNA), and microRNAs
(miRNA) can be conjugated with LHRH peptide in
therapeutic nanocarriers for specific delivery to the
interest cells (Ghanghoria et al. 2016). In the last
decades, using peptides in DDSs as targeting moie-
ties has attracted much attention from researchers
that are gathered in Table 5. The most important
peptide sequences with their mentioned targets are
provided in Table 6 (Vives et al. 2008).

Monoclonal antibodies

Monoclonal antibodies (mAbs) can specifically target
the delivery of a cytotoxic agent to the tumor sites by
binding to an antigen that is overexpressed on tumor
cells but has low expression on normal tissues (Alley
et al. 2010). There are many potential targets involved in
angiogenesis for mAbs such as vascular endothelial
growth factor (VEGF), basic fibroblast growth factor,
platelet derived growth factor and certain matrix metal-
loproteinases in cancer cells (Brannon-Peppas and
Blanchette 2012). The efficacy of mAbs targeted deliv-
ery systems in cancer cells treatment depends on the
tumor specificity of monoclonal antibodies (mAbs), the
potency of the cytotoxic agents, immunogenicity of the
delivery system and determination of the right size of
the mAbs targeted systems that can penetrate into tu-
mors but not to be cleared by kidneys too fast (Jaracz
et al. 2005). Therapies based on mAbs are now among
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the most successful and important strategies for cancer
treatment but they have some significant disadvantages
such as too high cost of production for developing new
mAbs and having large size that limits their penetration
into tumor cells (Heo et al. 2016).

The topoisomerase-I inhibitor SN-38 incorporated in
polymeric nanoparticles (NPs) surface-decorated with
the anti-GD2 (a disialoganglioside antigen) mouse
mAb 3F8 demonstrated higher amount of tumor local-
ization of SN-38 in mice compared to non-targeted
delivery system (Monterrubio et al. 2017). A chemo-
therapeutic agent, rapamycin, and a photosensitizer,

polypyrrole, loaded in trastuzumab-conjugated lipo-
somes (LRPmAb) showed notably enhanced uptake
and higher therapeutic efficacy in BT-474 cells, a natu-
ral HER2/neu expressing receptors breast cancer cell
line compared with cells not overexpressing these re-
ceptors (Nguyen et al. 2017).

Hyaluronic acid

A wide range of receptors for HA, a natural anionic
polysaccharide, has been established including cell sur-
face glycoprotein CD44, receptor for hyaluronic acid-

Table 5 Nanodrug delivery systems decorated with peptide-targeting moieties

Peptide Target Nanosystem Drugs and/or
genes loaded

Result(s) Ref.

HIV-1 TAT (a
nuclear
localization
signal (NLS)
peptide)

Import receptors (importin
α and β karyopherin)
and nuclear pore
complexes (NPCs)

TAT-conjugated
mesoporous--
silica
nanoparticles
(MSNs-TAT)

Doxorubicin MSNs-TAT delivered doxorubicin
efficiently into the targeted nucleus.

(Pan
et al.
2012)

Peptide-22 (PNP) LDLR (low-density
lipoprotein receptor)

Dual-targeting
paclitaxel-loaded
nanoparticles
(PNP-PTX)

Paclitaxel PNP–PTX treatment significantly
increased the transport ratio of PTX
across the BBB and induced more
cell apoptosis in C6 glioma cells
compared with other treatments.

(Zhang
et al.
2013)

Luteinizing
hormone--
releasing
hormone
(LHRH)

LHRH receptors Camptothecin
attached to
LHRH via PEG
as a carrier

Camptothecin The results showed high accumulation
of the drug in ovarian carcinoma
cells.

(Dharap
et al.
2005)

Table 6 The most important peptide sequences and their targets used in studies

Peptide sequence Targeted tissue Cellular target Ref.

TSPLNIHNGQKL Human head and neck solid tumors Unknown (Vivès et al. 2008)

CGKRK Tumor neo-vasculature Heparan sulfate (Vivès et al. 2008)

CGNKRTRGC Breast carcinoma Unknown (Vivès et al. 2008)

SMSIARL Prostate vasculature Unknown (Vivès et al. 2008)

FQHPSFI Hepatocellular carcinoma cell line Unknown (Vivès et al. 2008)

NGR Tumor neo vasculature Amino peptidase-N (Vivès et al. 2008)

VHSPNKK Endothelial VCAM-1-expressing cells VCAM-1 (Vivès et al. 2008)

RRPYIL Adenocarcinoma cells Neurotensin receptor (Vivès et al. 2008)

EDYELMDLLAYL Various carcinomas Unknown (Vivès et al. 2008)

LTVSPWY Breast carcinoma ErbB2 (Vivès et al. 2008)

ATWLPPR Tumor neo-vasculature VEGF receptor (Vivès et al. 2008)
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mediated motility (RHAMM), trans-membrane protein
layilin, hyaluronic acid receptor for endocytosis
(HARE), lymphatic vessel endocytic receptor (LYVE-
1), and intracellular HA-binding proteins such as
CDC37, RHAMM/IHABP, P-3, and IHABP4. Various
tumors such as epithelial, ovarian, colon, stomach, and
acute leukemia overexpress HA-binding receptors
(CD44 and RHAMM). Therefore, delivering a cytotoxic
agent-conjugated HA can provide a non-toxic and
tumor-targeting prodrug. The higher concentration of
HA in cancer cells form a less dense matrix; thus, the
motility of cancer cells enhances achieving the invasive
ability into other tissues. HA also provides an immune-
protective coat to cancer cells (Jaracz et al. 2005).

Application of HA in drug/gene carrier has its own
advantages due to some specific features of HA, such as
b i o compa t i b i l i t y , b i o d eg r a d ab i l i t y , n on -
immunogenicity of HA-conjugated nanoparticles, me-
diating specific and efficient drug/gene delivery to site
of interest (Zhong et al. 2015), enhancing bioavailability
by increasing the water solubility of low soluble or
insoluble drugs, and protecting drugs from deactivation
during circulation (Dosio et al. 2016). The HA-
containing DOX liposomes showed better cytotoxicity
than the drug alone and more than two orders of mag-
nitude better activity than non-targeting liposomes
against B16F10 melanoma cells (Jaracz et al. 2005).
Hyaluronic acid electrostatistically attracted to the sur-
face of liposomal formulation of paclitaxel exhibited
higher cellular localization (Ravar et al. 2016).
Hyaluronic acid (HA)-modified RNase A (RNase A-
HA) nanocomplex with cationic lipid-like molecules
(lipidoids) carriers resulted in targeted inhibition of can-
cer proliferation via interaction with overexpressed
CD44, increasing the supramolecular interaction with
carrier lipidoids and promoting protein encapsulation
efficacy due to modification with HA (Wang et al.
2017b).

Aptamers

Aptamers are long single-stranded structured oligonu-
cleotides (DNA or RNA) with three-dimensional con-
formations that can bind to a wide range of targets
(apatopes) with high affinity and specificity. Therefore,
aptamers can increase the therapeutic efficacy in cancer
treatments as a targeting moiety in nanodelivery sys-
tems. The charge of the nanoparticle surface is very
important for conjugation to aptamers due to their

negative charge. Aptamers also known as “chemical
antibodies” have more advantages in comparison with
traditional antibodies such as smaller size, low immu-
nogenic potential, easier to synthesize and modify
in vitro, higher affinity and specificity, structural flexi-
bility, and stronger stability. The limitation of using
aptamers as targeting moieties is their degradation by
intracellular nucleases. To overcome this limitation,
non-natural bases such as LNA (locked nucleic acid)
can be used. Various chimeras such as aptamer–
aptamer, aptamer–siRNA, aptamer–miRNA, aptamer–
enzyme, aptamer–antibody, and aptamer–drug have
been established. All of these chimeras showed better
stability and functional capability than the parent mole-
cules. The most characterized chimeras are the aptamer–
siRNA chimeras (Kanwar et al. 2011).

PSMA is a cell-surface receptor overexpressed in pros-
tate cancer cells and tumor vascular endothelium. In a
research, an aptamer–siRNA chimera was developed.
The aptamer portion had affinity for binding to PSMA,
and the siRNA portion targeted the expression of tumor
survival genes polo-like kinase 1 (Plk1) and BCL-2 (Zhou
2010). In another study, the aptamer targeting PSMA was
conjugated to small hairpin RNA (shRNA) against anti-
apoptotic factor BCL-XL and doxorubicin into a polyplex
of (PEI-PEG) for specific delivery to prostate cancer cells
(Kim et al. 2010). Paclitaxel was incorporated into the
PLA–PEG copolymer which was then attached to A10
PSMA aptamer, and it showed efficient uptake in human
prostate cancer cells (LNCAP and PC3) (Tong et al. 2010).
The anti-gp120 aptamer–siRNA chimera was developed
in which both aptamer and siRNA had potent anti-HIV
activities and provided more potent inhibition of HIV
infectivity (Zhou et al. 2008). An RNA aptamer, having
binding ability and inhibitor of the tyrosine kinase receptor
Axl (GL21.T) expressed on non-small cell lung cancer
(NSCLC) cells, was utilized as a means to deliver miR-
212 leading to inhibition of anti-apoptotic protein PED/
PEA-15 in human NSCL cells. The results demonstrated
efficient delivery of miRNA due to the cell-targeting func-
tion of GL21.T aptamer (Iaboni et al. 2016).

Intracellular delivery

One of the ways to achieve maximum therapeutic effect
and minimum side effects is organelle-specific delivery
such as nucleic acids to the nucleus, pro-apoptotic com-
pounds to the mitochondria, or lysosomal drugs and
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enzymes to the lysosomes. However, a major challenge
is intracellular trafficking of bio-agents to organelles of
interest. To overcome this problem, modifying
nanocarriers with organelle-specific ligands can im-
prove the intracellular targeting to achieve efficient de-
livery (Biswas et al. 2012).

Mitochondria-targeted delivery systems

Mitochondria are intracellular organelles that maintain
cellular calcium homeostasis, produce ATP for cellular
energy via oxidative phosphorylation, play a role in the
production of reactive oxygen species, and participate in
the intrinsic apoptosis pathway, tricarboxylic acid cycle,
and fatty acid metabolism. (Biswas et al. 2012). Mito-
chondrial dysfunction has been linked to a variety of
diseases including neurodegenerative and neuromuscu-
lar disorders, cancer, cardiac ischemia–reperfusion inju-
ry, metabolic diseases such as diabetes and obesity, and
chronic autoimmune inflammatory diseases. Therefore,
the ability to target therapeutics to mitochondria may
represent new developments for the effective treatment
of mitochondrial-related diseases and minimize side
effects associated with present therapeutic molecules.
As mitochondria are a key regulator in programmed cell
death, targeting mitochondria for inducing apoptosis or
delivering chemotherapeutic anti-tumor agents can
promise a novel treatment in cancer.

Delocalized lipophilic cations (DLC)

Studies have found that DLCs are potential agents ca-
pable of localizing in mitochondria. This observed phe-
nomenon is proposed to be grounded on the assumption
that DLCs have interactions with highly negatively
charged mitochondrial membranes resulting in distur-
bance in integrity of membranes leading to mitochon-
drial localization. Conjugation of DLCs with
nanocarriers such as liposomes, poylmers and
dendrimers develops new drug delivery systems
targeted to mitochondria, enhancing the therapeutic ef-
fects of drugs in mitochondrial dysfunctions (Chen et al.
2016).

Triphenylphosphonium (TPP) is a common example
of DLCs, an amphiphilic cation, which accumulates
within the mitochondria at the concentration of a
hundred fold greater compared to the cytoplasm. Lipo-
philic nature and delocalized positive charge allow TPP
to accumulate efficiently by permeating through

membrane hydrophobic bilayers of mitochondria that
have large negative potential (Chen et al. 2016). It has
been demonstrated that TPP conjugates have low toxic-
ity and a high level of uptake in vivo even to cross the
blood–brain barrier (BBB) (Rin Jean et al. 2014).
Dequalinium (DQA) is also a delocalized lipophilic
cation that accumulates in mitochondria. In aqueous
medium, its amphiphilic nature promotes liposome-
like structures known as DQAsomes with a positively
charged surface that provides high encapsulation ability
of negatively charged APIs (Wen et al. 2016; Yu et al.
2013).

Dendrimers

Poly (amidoamine) (PAMAM) dendrimers are very rel-
evant nanocarrier candidates for mitochondrial delivery
due to their large density of surface functional groups
with highly positive charge that can interact with mito-
chondria membranes. TPP can conjugate to PAMAM
dendrimers in a direct way or through a flexible linker
such as PEG (dendrimer–PEG–TPP). The direct conju-
gation of anti-cancer drug–TPP to dendrimers has been
recently demonstrated as a potential strategy to fight
multi-drug-resistant cancers (Wen et al. 2016). In a
research, a mitochondria-targeted nanocarrier
“PAMAMdendrimer-G (5)-acetylated-TPP”was devel-
oped. Conjugation of the TPP molecule with the surface
of PAMAM dendrimer-G (5) (de Groot et al. 2017)
expressed a mitochondria-targeting property and acety-
lation of dendrimer neutralized the positive charge on
the surface resulting in lower toxicity. This non-toxic
nanocarrier exhibited an efficient vehicle for delivery of
bioactive agents loading in dendrimer by electrostatic
interactions or surface conjugation (Biswas et al.
2012). In another study, PAMAM (G5)-TPP conjugated
nanoparticles exhibited mitochondrial localization for
microRNA let-7b del ivery in NSCLC cel ls
(Maghsoudnia et al. 2020).

Aptamers

Aptamers appear to have the potential to deliver APIs to
mitochondria as well. Recent studies provide compel-
ling evidences that RP aptamer is able to target mito-
chondrial membrane efficiently. Harashima et al. report-
ed a novel dual-ligand liposomal carrier composed of
octaarginine (R8) and RP aptamer (RP/R8-modified
MITO-Porter) to take advantage of both these ligands
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in cell transfection. Since previous efforts for mitochon-
drial targeting seemed to suggest that employing RP
aptamer alone does not meet the need of sufficient
intracellular delivery; therefore, octaarginine (R8) was
also used to enhance the cellular uptake and also func-
tion as a mitochondrial-targeting peptide through elec-
trostatic interactions with negatively charged mitochon-
dria membranes. The obtained NPs seemed to efficient-
ly localize in mitochondria that could be a promising
drug delivery system for further studies (Yamada et al.
2016).

Mitochondria-targeting peptides (MTPs)
and mitochondria-penetrating peptides (MPPs)

Proteins that are synthesized in cytosol are transported
into mitochondria through a cleavable N-terminal
targeting sequence known as mitochondrial targeting
signal peptide (MTS) that is recognized by the mito-
chondrial import machinery. Therefore, a variety of
molecules including nucleic acids, proteins, and endo-
nucleases can be delivered by the mitochondrial import
machinery due to conjugating with MTS effectively
(Chen et al. 2016). Combining cell-penetrating peptides
as a short cationic oligopeptide composed of histidines
and arginines (H3R9) to MTS has demonstrated much
facilitated intracellular uptake and localization to mito-
chondria (Yu et al. 2013). Flierl et al. combined an N-
terminal mitochondrial-targeting peptide covalently to a
peptide nucleic acid (PNA), encoding a portion of the
sequence to be introduced into the mitochondria. This
targeting peptide–PNA conjugate then was recombined
to an oligonucleotide that was delivered efficiently to
mitochondrial matrix both in vitro and in vivo (Chen
et al. 2016).

Mitochondria-penetrating peptides (MPPs) possess
both lipophilicity and cationic charges due to presence
of cationic (lysine and arginine) and hydrophobic (phe-
nylalanine and cyclohexylalanine) amino acids (Lu et al.
2016). Several studies have supported this function of
MPPs and have taken advantages of these peptides to
deliver anti-cancer drugs within mitochondria, especial-
ly the ones that interact with mtDNA such as
chlorambucil, doxorubicin, and cisplatin (Fonseca
et al. 2011; Wisnovsky et al. 2013; Chamberlain et al.
2013).

Miscellaneous

It is founded on gathered data from some studies that
guanidinium-based molecules demonstrate cell perme-
ability ability and a tendency for mitochondrial locali-
zation (Lu et al. 2016). In one study, gamitrinib which
possesses 1 to 4 tandem repeats of cyclic guanidinium
was investigated for its effect on inhabitation of Hsp90
network in mitochondria. It accumulated significantly in
the organelle indicating the role of guanidine in locali-
zation of APIs in mitochondria (Kang et al. 2009).

Other studies also have found small molecules with
affinity for mitochondria such as sulfonylureas,
anthracyclines, benzodiazepines, resveratrol, KLA
(KLAKLAKKLAKLAK) and porphyrin-based sys-
tems. KLA (KLAKLAKKLAKLAK), mitochondria
membrane disrupting peptide, was combined by a cell-
penetrating domain R7 (RRRRRRR). This potent cyto-
toxic peptide (R7-KLA) induced rapid apoptosis and
cell death both in vitro and in vivo, therefore it can be
potentially used as an anti-tumor agent. In another
study, a cell-targeting peptide (RGD) was attached to
KlA and growth of breast carcinoma was reduced effec-
tively in vivo. Anti-HER-2 peptide was also attached to
KLA in order to target HER-2-overexpressing human
breast cancer cells specifically and it showed efficient
internalization in mitochondria both in vitro and in vivo
(Law et al. 2006).

Recently a liposome-based nanocarrier, designed for
delivering therapeutic agents into mitochondria, known
as MITO porter, has attracted researchers’ attentions.
Some additional modifications on it were also investi-
gated to aim higher localization in the organelle. In one
study for instance, the conjugation of R8 on the MITO
porter led to a better cell uptake and following mito-
chondrial localization (Yamada et al. 2011). Genistein
(Gen) is a soy isoflavone that induces mitochondrial
damage by opening mitochondrial permeability transi-
tion pore (mPTP) leading to mitochondrial depolariza-
tion and influx of solutes resulting in outer membrane
damage and activation of intrinsic apoptotic pathway
markers including cytochrome c and caspass-9. There
are some studies that genistein was incorporated in
nanoformulations such as micelles and nanoemulsions
for specific delivery to mitochondria and resulted in
targeted accumulation in mitochondria and enhanced
cancer cell inhibition (Pham et al. 2013).
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Mitochondrial targets

Taking everything together, mitochondrial drug/gene
delivery seems to be a novel solution to most of our
unsolved problems since the functions of mitochondria
are diverse to the extent that the footmarks of this
organelle can be seen in cancers, neurodegenerative
diseases, and metabolic disorders. Mitochondrial
targeting offers some advantages such as (Freimann
et al. 2018) (1) appropriate drug delivery systems could
lead to minimized off-target effects, brightening the
hope of killing cancer cells without harming normal
cells (Amadou et al. 2010), and (2) providing new
approaches to treat diseases, especially when it comes
to cancer therapy, various mechanisms of killing tumor
cells is a critical issue to prevent drug resistance as
mitochondrial delivery is a novel mechanism with pos-
sible huge curative responses (Rin Jean et al. 2014).

Mitochondria consists of two bilayer membranes: the
inner mitochondria membrane (IMM) and the outer
mitochondria membrane (OMM); therefore, two spaces
including the inter-membrane space (IMS) and mito-
chondrial matrix (MM) exist in this unique organelle
(Wen et al. 2016).

Outer mitochondria membrane (OMM)

Several targets are presenting on OMM including
protein translocators, pore-forming proteins, and fis-
sion and fusion proteins of mitochondria encoded by
nucleus and produced by cytosolic ribosomes.
Voltage-dependent anion channels (VDAC) are
protein-based channels in OMM that transport mol-
ecules to IMS non-specifically. The roles of VDAC
can be summarized as follows: (1) providing a plat-
form for interaction of pro- and anti-apoptotic mem-
bers of B cell lymphoma-2 (BCl-2) family that are
overexpressed in various cancer types, (2) releasing
cytochrome c in the apoptosis process, (3) contrib-
uting enhanced cholesterol contents in cancer cells
compared to normal cells (Wen et al. 2016)), and (4)
controlling uptake of Ca2+ from cytosol to mito-
chondria and release of ROS from mitochondria to
the cytosol (Luo 2013; Suleiman and Griffiths
2001). Another target on OMM is the BCl-2 family
that consists of both pro- and anti-apoptotic proteins
controlling permeabilization of mitochondrial mem-
branes, thus indirectly regulating the programmed
cell death. Many cancer cells take advantage of

anti-apoptotic effects of the BCL-2 protein family
by overexpressing them. Therefore, occupying the
active site of the BCL-2 protein family might open
avenues to a better therapy against cancer (Wen
et al. 2016). Based on a theory presented in some
reports, one of the mechanisms of atherosclerosis is
the disruptive internalization of cholesterol from
OMM to IMM. Mitochondrial cholesterol transport-
er steroidogenic acute regulatory protein also known
as StAR is the main player in this process as it binds
to cholesterol letting it cross the membranes. Thus,
StAR might be a candidate in finding a solution to
atherosclerosis (Korytowski et al. 2014).

Inner mitochondria membrane (IMM)

High protein to phospholipid ratio in IMM restricts the
entrance of molecules into the matrix which might be an
obstacle in mitochondrial delivery (Wen et al. 2016).
Considerable attention has been paid to IMM and its
compartments including electron transport chain (ETC),
metabolite transporters such as the adenine nucleotide
translocase (ANT), mitochondrial calcium uniporter
(MCU) and ATP synthase which are all critical for cell
normal functions. Oxidative damage to electron trans-
port chain (ETC) can be either a cause of a disease or a
hope to survive; to more clarify, epileptic seizures as an
example, which the abnormal function of complex 1
was reported or cancer as an instant, that the ETC
dysfunction may be a way to kill tumor cells (Wen
et al. 2016).

Mitochondrial matrix (MM)

MM contains various molecules such as ions, proteins,
enzymes of the Krebs and fatty acid cycles, ribosomes,
and mtDNA. However, to the authors’ best knowledge,
very few publications can be found on this subject
which makes it hard to reach a precise conclusion.
Among these publications, one reported the use of
MitoQ to mimic the endogenous antioxidant CoQ10
since it is well established that CoQ10 can accumulate
in mitochondrial matrix. Thus, MitoQ can be a
mitochondria-targeted antioxidant candidate to deliver
the intended APIs and NPs to the mitochondrial matrix
(Wen et al. 2016).

Regarding what was mentioned above, mitochondri-
al drug/gene delivery faces its own challenges such as
the following: in order to reach the mitochondrial
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matrix, first, the delivery system has to cross the cell
membrane which itself alone is an end for many studies.
Additionally, the inner membrane of mitochondria is
excessively hydrophobic and possesses a strong nega-
tive charge (− 180 mv), making the transfection of many
drugs tedious entailing specific modifications to over-
come the challenge (Yu et al. 2013).

Nucleus-targeted delivery systems

Treatment efficacy of diseases by novel methods
would be enhanced greatly by the efficient transport
of materials such as drugs or nucleic acids to living
cell nuclei where gene transcription and DNA rear-
rangements take place in the cell (Alexander et al.
2003). Notably, as many anticancer drugs induce
cell apoptosis by DNA damage or inhibiting topo-
isomerase involved in DNA replication, they have to
localize in the nucleus but only a very low percent-
age of drugs can finally reach the nucleus due to
many intracellular drug-resistance mechanisms. To
overcome this problem, nuclear delivery is an effec-
tive approach for enhancing the therapeutic effect of
cytotoxic drugs (Zhou et al. 2009). A targeted nu-
clear delivery system should have a tendency to
localize within the nucleus and be small enough (<
30 nm) to cross the nuclear membranes that is a
critical limiting step (Alexander et al. 2003). Among
various approaches for nuclear targeting, two most
widely strategies of nuclear delivery systems are
described here as efficient nucleus targeted drug/
gene carriers.

NLS-mediated nuclear-targeted delivery

Nuclear-localization signals (NLSs) are basic amino
acids that can be used to deliver various molecules
(genes/drugs) from the cytosol to the nucleus (Zhou
et al. 2009). Many studies since today have provided
evidences that NLSs can efficiently localize in the nu-
cleus. PEG-NLS nanoparticles loaded with carboplatin
analogues were investigated for anti-tumor responses in
wild-type M109 cancer cells. The NPs showed high
localization within the nucleus and efficientcytotoxic
effects in tumor cells (Olga Aronov et al. 2004). In
one study, NLS was conjugated to psoralen in order to
non-covalently attach to DNAmolecules and the results
indicated that conjugation of NLS could significantly
increase nuclear localization of DNA molecules (Yoo

and Jeong 2007). NLS was also incorporated to
PAMAM dendrimers containing DNA molecules. As
the obtained NPs (PAMS/DNA/10NLS) enter the cyto-
sol, the NLS particles contact with importins facilitating
the efficient accumulation of NPs within the nucleus
(Chen et al. 2017b).

However, it should be taken into account that since
NLS peptides usually consist of positively charged ami-
no acids such as lysine and arginine, they possess strong
non-specific interactions with negatively charged cell
membranes resulting in serious side effects in vivo
(Sui et al. 2011).

Cationic polymeric-based nuclear-targeted delivery

Cationic polymer nanoparticles such as poly
(ethyleneimine) and poly (L-lysine) (PLL) have the abil-
ity to localize in the nucleus. However, they also cannot
be used in vivo for targeting the nucleus because of non-
specific cellular uptake, high interaction with negatively
charged blood components, recognition by the immune
system, and rapid elimination from the plasma compart-
ment. If there was a smart polymer which can mask its
surface charge and regenerate it within the cancer cells,
it would be considered as an ideal nuclear delivery
system (Zhou et al. 2009). In one attempt for instant to
smarten the delivery system, PLL’s positive charges
were masked by converting them to latent amides.
When amidized PLL was transferred to the cell lyso-
somes, the amines were regenerated by amides’ pH-
dependent hydrolysis and, thus, the PLL’s nuclear-
localization ability was recovered (David et al. 1998).

Challenges and opportunities

The advent of nanotechnology has broadened the po-
tential options in the effective treatment of diseases.
Modern technologies along with developments in mate-
rial science offer several approaches, each possessing
itself advantages and limitations. Among the available
options, polymers, liposomes, dendrimers, and inorgan-
ic delivery systems might be exploited to serve multiple
functions as improving physicochemical properties of
the therapeutic or diagnostic agent, specific targeting of
the selected agent to the sites of interest, using lower
doses of the drug, and reducing side effects (Eftekhari
et al. 2019; Samimi et al. 2019; Pillai 2019). However,
as was the case with many new technologies, the
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emerging field of drug delivery faces some practical
limitations. Regarding safety as an instance, many
nanocarriers employed in delivery systems lack an ac-
ceptable safety profile to be clinically evaluated while
the matter is one of the vital criteria for approval con-
sideration by regulatory bodies. Attempts to reduce
intrinsic toxicity of many nanocarries often result in
considerable loss of activity of the therapeutic agent
against cancer cells. Physical and chemical features of
the NPs play a critical role in their toxicity. Among
which, size, shape, surface charge, and stability deter-
mine a considerable part of the intrinsic toxicity of a
given DDS. The surface area and size of the NPs largely
affect NP interaction with living systems. In comparison
with the cell membrane with thickness of about 10 nm,
NPs ranging from 1 to 100 nm can easily enter cells and
cell organelles. NPs with sizes less than 10 nm are able
to penetrate the cell nucleus intercalating between DNA
base pairs (Huo et al. 2014). Moreover, NPs with the
same size and cationic nature can interact with the
negatively charged DNA backbone and interfere with
the natural transcription process (Soenen et al. 2011).

One of the most practical approaches to control toxic-
ity is adjusting the administrated dose. The toxicity pro-
file of many DDS revealed a dose-dependent cytotoxicity
and genotoxicity. This strategy might be the perfect one
in the case of aluminum-based NPs as reported by one
study that aluminum oxide NPs with N/P ratios of 400 or
lower had no significant effect on mammalian cells
(Radziun et al. 2011). Regarding gold NPs, the toxicity
can be controlled using a suitable stabilizer as well as the
sequence of the employed cationic/anionic side-chains
(Boisselier and Astruc 2009; Goodman et al. 2004).
Silver NPs can pose severe risk to human body. Studies
have shown that application of silver NPs can result in
production of reactive oxygen species and lactate dehy-
drogenase leakage, both are proposed to damage various
organs, including spleen, kidney, lungs, liver, and brain
(Tang et al. 2009). However, a dose-dependent toxicity
profile of functionalized silver NPs has been reported in
the literature. Coating silver NPs with polysaccharides for
example, resulted in significant reduction in cytotoxicity
(Miao et al. 2009). Zinc oxide and iron oxide NPs also
demonstrated a decrease in cell viability on variety of cell
lines (Bahadar et al. 2016).

Size of NPs significantly affects pharmacokinetic
parameters of the NPs including their distribution and
accumulation within the tissues (Zhang et al. 2015).
Larger NPs with size of more than 50 nm are largely

found in blood, liver, and spleen while smaller NPs can
rapidly reach all organs and tissues within the human
body. This highlights the role of RES in clearance of
larger NPs. Shape of the NPs is also connected with
toxicity issues. It is reported that NPs with spherical
shape are more dependent on endocytosis for cell entry
(Champion andMitragotri 2006). Compared with spher-
ical fullerenes, carbon nanotubes are found to more
specifically block calcium channels (Park et al. 2003).
Thus, changes in NP size and shape significantly con-
tribute to the overall efficacy and efficiency of the DDS.

It is well evident that surface charge is directly con-
nected with toxicity, since interaction of NPs with bio-
logical systems are highly dependent on surface charge
(El Badawy et al. 2011). Dendrimers could target neg-
atively charged cell membranes as they are highly pos-
itive charged and induce cell toxicity. Surface charge
can be modified by grafting various ligands and poly-
mers such as PEG. NPs modifications can be employed
for enhancing physicochemical properties of DDS as
well as improving toxicity profile of the NPs.

As per manufacturing process, scaling-up of some
delivery systems demand a range of complex expensive
processes casting doubts on cost-effectiveness of the
designed product. Regulatory challenges associated
with drug delivery systems might play as another obsta-
cle in the way of their commercialization. Physicochem-
ical control of drug delivery systems needs establishing
sufficient stability data as well as clear determination of
final product specifications to cover all the quality as-
pects, which are critical for clinical outcomes. Currently,
pharmaceutical companies, scientific societies, and reg-
ulatory bodies are collaborating to define a rational
transformation process from the conventional therapy
to the almost newly emerged “personalized medicine”;
the process might remarkably pave the way for drug
delivery systems’ commercialization. Despite these ob-
stacles, a number of currently marketed nano-based
medicines such as Abraxane®, Caelyx®, and Myocet®
and some other nanosystems currently being investigat-
ed in clinical studies suggest the high potential of this
field in the treatment of cancer (Jain et al. 2016). As a
last remark, it should be taken into account that the
superior current position of the conventional medicines
over nanomedicines (as not in all, but in many diseases)
stems from decades of researches and owes to the nu-
merous attempts by researchers and clinicians; there-
fore, the continuing efforts in the field of drug delivery
might brightens the future of diseases cure.
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Conclusion

Nanotechnology indeed has changed significantly the
way we think about medicines and, in general, thera-
peutic agents. Armed with thousands of empirical expe-
riences and a great number of evidences, we are now
courageous enough to rationally design the NPs
targeting the intended cells and tissues. Not to mention
about tedious battlefield patients with cancers are having
to fail their disease, it is indeed of great account to think
up medicines with specific delivery, lower prescribed
dose and much higher efficacy, all the things that nano-
technology seems to be capable to provide us. Studies
and researches more than ever appear to suggest that the
dream of safe, effective, and targeted delivery systems
can be real. Several strategies have been used to date in
designing an appropriate delivery system. Biodegrad-
ability and biocompatibility are of great importance in
the field of drug/gene delivery, since today, many ap-
proaches have been proposed to design safer delivery
systems, as a simple one is to employ biodegradable and
biocompatible carrier and a smarter one is to conjugate
several agents to have a combination with acceptable
toxicity profile. By attaching biodegradable and bio-
compatible ligands or coating the core carrier by a safer
option, it might be possible to have more feasible NPs.

Moreover, controlling NP properties such as shape,
size, surface charge, and stability that have significant
effects on toxicity of the desired delivery system could
open another way in creating prospered DDS.

Targeting the cells and tissues of interest has huge
advantages such as lower needed dose, higher efficacy,
reduced toxicity, and improved response to treatment.
Drug delivery to inner cellular organelles is of the most
novel subject in the field of drug delivery that seems to
be a promising way in the treatment of many diseases.
Considering aspects of nanotechnology, it seems logical
enough to say that this nano-sized world has had a
significant effect in medical sciences.

Acknowledgments None declared.

Compliance with ethical standards

Conflict of interest The authors declare that they have no con-
flict of interest.

References

Agashe HB, Dutta T, Garg M, Jain NK (2006) Investigations on
the toxicological profile of functionalized fifth-generation
poly (propylene imine) dendrimer. J Pharm Pharmacol
58(11):1491–1498

Ahmed TA, Aljaeid BM (2016) Preparation, characterization, and
potential application of chitosan, chitosan derivatives, and
chitosanmetal nanoparticles in pharmaceutical drug delivery.
Drug Design Dev Ther 10:483

Ai JW, Liu B, Liu WD (2017) Folic acid-tagged titanium dioxide
nanoparticles for enhanced anticancer effect in osteosarcoma
cells. Mater Sci Eng C Mater Biol Appl 76:1181–1187

Alexander G, Tkachenko HX, Coleman D, Glomm W, Ryan J,
Anderson SF MF, Feldheim DL (2003) Multifunctional gold
nanoparticle-peptide complexes for nuclear targeting. Am
Chem Soc 125(16):4700–4701

Ali A, Ahmed S (2018) A review on chitosan and its nanocom-
posites in drug delivery. Int J Biol Macromol 109:273–286

Alkilany AM, Thompson LB, Boulos SP, Sisco PN, Murphy CJ
(2012) Gold nanorods: their potential for photothermal ther-
apeutics and drug delivery, tempered by the complexity of
their biological interactions. Adv Drug Deliv Rev 64(2):190–
199

Alley SC, Okeley NM, Senter PD (2010) Antibody-drug conju-
gates: targeted drug delivery for cancer. Curr Opin Chem
Biol 14(4):529–537

Almalik A, Donno R, Cadman CJ, Cellesi F, Day PJ, Tirelli N
(2013) Hyaluronic acid-coated chitosan nanoparticles:
Molecular weight-dependent effects on morphology and
hyaluronic acid presentation. J Control Release 172(3):
1142–1150

Amadou KS, Camara EJL, Stowe DF (2010) Potential therapeutic
benefits of strategies directed to mitochondria. Antioxid
Redox Signal 13(3):279–347

Anandhakumar S, Mahalakshmi V, Raichur AM (2012) Silver
nanoparticles modified nanocapsules for ultrasonically acti-
vated drug delivery. Mater Sci Eng C 32(8):2349–2355

Ansari M, Bigham A, Hassanzadeh-Tabrizi SA, Abbastabar AH
(2017) Synthesis and characterization of Cu 0.3 Zn 0.5 Mg
0.2 Fe 2 O 4 nanoparticles as a magnetic drug delivery
system. J Magn Magn Mater 439:67–75

Araujo RS, Silveira ALM, de Sales ESEL, Freire RH, de Souza
CM, Reis DC et al (2017) Intestinal toxicity evaluation of
long-circulating and pH-sensitive liposomes loaded with cis-
platin. Eur J Pharm Sci 106:142–151

Aungst BJ (2000) Intestinal permeation enhancers. J Pharm Sci
89:429–442

Awad NK, Edwards SL, Morsi YS (2017) A review of TiO2 NTs
on Ti metal: electrochemical synthesis, functionalization and
potential use as bone implants. Mater Sci Eng C Mater Biol
Appl 76:1401–1412

Bahadar H, Maqbool F, Niaz K, Abdollahi M (2016) Toxicity of
nanoparticles and an overview of current experimental
models. Iran Biomed J 20(1):1

Baradaran Eftekhari R, Maghsoudnia N, Samimi S, Abedin DF
(2019) Application of chitosan in oral drug delivery. In: Jana

Page 33 of 41     245J Nanopart Res (2020) 22: 245



S, Jana S (eds) Functional chitosan: drug delivery and bio-
medical applications. Springer Singapore, Singapore, pp 43–
73

Baradaran Eftekhari R, Maghsoudnia N, Dorkoosh FA.
Chloroquine: a brand-new scenario for an old drug. Taylor
& Francis; 2020

Biffi S, Voltan R, Bortot B, Zauli G, Secchiero P (2019) Actively
targeted nanocarriers for drug delivery to cancer cells. Expert
Opin Drug Deliv 16(5):481–496

Biswas S, Dodwadkar NS, Piroyan A, Torchilin VP (2012)
Surface conjugation of triphenylphosphonium to target
poly(amidoamine) dendrimers to mitochondria .
Biomaterials. 33(18):4773–4782

Boisselier E, Astruc D (2009) Gold nanoparticles in
nanomedicine: preparations, imaging, diagnostics, therapies
and toxicity. Chem Soc Rev 38(6):1759–1782

Brannon-Peppas L, Blanchette JO (2012) Nanoparticle and
targeted systems for cancer therapy. Adv Drug Deliv Rev
64:206–212

Bugnicourt L, Ladaviere C (2017) A close collaboration of chito-
san with lipid colloidal carriers for drug delivery applications.
J Control Release 256:121–140

Caoduro C, Hervouet E, Girard-Thernier C, Gharbi T, Boulahdour
H, Delage-Mourroux R et al (2017) Carbon nanotubes as
gene carriers: focus on internalization pathways related to
functionalization and properties. Acta Biomater 49:36–44

Cea RJ (1996) Preliminary biological evaluation of
polyamidoamine (PAMAM) starburst dendrimers. J
Biomed Mater Res 30:53–65

Chamberlain GR, Tulumello DV, Kelley SO (2013) Targeted
delivery of doxorubicin to mitochondria. ACS Chem Biol
8:1389–1395

Champion JA, Mitragotri S (2006) Role of target geometry in
phagocytosis. Proc Natl Acad Sci 103(13):4930–4934

Chauhan G, Chopra V, Tyagi A, Rath G, Sharma RK, Goyal AK
(2017) "Gold nanoparticles composite-folic acid conjugated
graphene oxide nanohybrids" for targeted chemo-thermal
cancer ablation: in vitro screening and in vivo studies. Eur J
Pharm Sci 96:351–361

Chen J, Guo Z, Wang HB, Gong M, Kong XK, Xia P et al (2013)
Multifunctional Fe3O4@C@Ag hybrid nanoparticles as dual
modal imaging probes and near-infrared light-responsive
drug delivery platform. Biomaterials. 34(2):571–581

Chen JX,WangM, TianHH, Chen JH (2015) Hyaluronic acid and
polyethylenimine self-assembled polyion complexes as pH-
sensitive drug carrier for cancer therapy. Colloids Surf B:
Biointerfaces 134:81–87

Chen ZP, Li M, Zhang LJ, He JY, Wu L, Xiao YY et al (2016)
Mitochondria-targeted drug delivery system for cancer treat-
ment. J Drug Target 24(6):492–502

Chen X, Sun H, Hu J, Han X, Liu H, Hu Y (2017a) Transferrin
gated mesoporous silica nanoparticles for redox-responsive
and targeted drug delivery. Colloids Surf B: Biointerfaces
152:77–84

Chen K, Guo L, Zhang J, Chen Q, Wang K, Li C et al (2017b) A
gene delivery system containing nuclear localization signal:
Increased nucleus import and transfection efficiency with the
assistance of RanGAP1. Acta Biomater 48:215–226

Chen P, Liu Y, Zhao J, Pang X, Zhang P, Hou X et al (2018a) The
synthesis of amphiphilic polyethyleneimine/calcium

phosphate composites for bispecific T-cell engager based
immunogene therapy. Biomaterials science 6(3):633–641

Chen C, Li G, Zhang L, Huang X, Cheng D, Wu S et al (2018b)
Mic r oRNA de l i v e r y med i a t e d by PEGy l a t ed
polyethylenimine for prostate cancer therapy. Open
Chemistry 16(1):1257–1267

Chereddy KK, Her CH, Comune M, Moia C, Lopes A, Porporato
PE et al (2014) PLGA nanoparticles loaded with host defense
peptide LL37 promote wound healing. J Control Release
194:138–147

Chi Y, Yin X, Sun K, Feng S, Liu J, Chen D et al (2017) Redox-
sensitive and hyaluronic acid functionalized liposomes for
cytoplasmic drug delivery to osteosarcoma in animal models.
J Control Release 261:113–125

Cho HJ, ChungM, ShimMS (2015) Engineered photo-responsive
materials for near-infrared-triggered drug delivery. J Ind Eng
Chem 31:15–25

Dai L, Si C-L (2017) Cellulose- graft -poly(methyl methacrylate)
nanoparticles with high biocompatibility for hydrophobic
anti-cancer drug delivery. Mater Lett 207:213–216

Danhier F, Lecouturier N, Vroman B, Jérôme C, Marchand-
Brynaert J, Feron O et al (2009) Paclitaxel-loaded
PEGylated PLGA-based nanoparticles: in vitro and in vivo
evaluation. J Control Release 133(1):11–17

David A, Jans CKC, Huebner S (1998) Signals mediating nuclear
targeting and their regulation: application in drug delivery
John Wiley & Sons, Inc. Med Res Rev 18(4):189–223

De Beuckelaer A, Pollard C, Van Lint S, Roose K, Van Hoecke L,
Naessens T et al (2016) Type I interferons interfere with the
capacity of mRNA lipoplex vaccines to elicit cytolytic t cell
responses. Mol Ther 24(11):2012–2020

de Groot AM, Du G, Monkare J, Platteel ACM, Broere F,
Bouwstra JA et al (2017) Hollow microneedle-mediated
intradermal delivery of model vaccine antigen-loaded
PLGA nanoparticles elicits protective T cell-mediated immu-
nity to an intracellular bacterium. J Control Release 266:27–
35

de la Rica R, Aili D, Stevens MM (2012) Enzyme-responsive
nanoparticles for drug release and diagnostics. Adv Drug
Deliv Rev 64(11):967–978

de Villiers MM, Lvov YM (2011) Layer-by-layer self-assembled
nanoshells for drug delivery. Adv Drug Deliv Rev 63(9):
699–700

des Rieux A, Pourcelle V, Cani PD, Marchand-Brynaert J, Preat V
(2013) Targeted nanoparticles with novel non-peptidic li-
gands for oral delivery. Adv Drug Deliv Rev 65(6):833–844

Devulapally R, Lee T, Barghava-Shah A, Sekar TV, Foygel K,
Bachawal SV et al (2018) Ultrasound-guided delivery of
thymidine kinase–nitroreductase dual therapeutic genes by
PEGylated-PLGA/PEI nanoparticles for enhanced triple neg-
ative breast cancer therapy. Nanomedicine. 13(9):1051–1066

Dharap SS,Wang Y, Chandna P, Khandare JJ, Qiu B, Gunaseelan
S et al (2005) Tumor-specific targeting of an anticancer drug
delivery system by LHRH peptide. Proc Natl Acad Sci U S A
102(36):12962–12967

Dixit N, Vaibhav K, Pandey RS, Jain UK, Katare OP, Katyal A
et al (2015) Improved cisplatin delivery in cervical cancer
cells by utilizing folate-grafted non-aggregated gelatin nano-
particles. Biomed Pharmacother 69:1–10

Dmour I, TahaMO (2017) Novel nanoparticles based on chitosan-
dicarboxylate conjugates via tandem ionotropic/covalent

245    Page 34 of 41 J Nanopart Res (2020) 22: 245



crosslinking with tripolyphosphate and subsequent evalua-
tion as drug delivery vehicles. Int J Pharm 529(1–2):15–31

Dong DW, Tong SW, Qi XR (2013) Comparative studies of
polyethylenimine-doxorubicin conjugates with pH-sensitive
and pH-insensitive linkers. J Biomed Mater Res A 101(5):
1336–1344

Dosio F, Arpicco S, Stella B, Fattal E (2016) Hyaluronic acid for
anticancer drug and nucleic acid delivery. Adv Drug Deliv
Rev 97:204–236

Dou Y, Hynynen K, Allen C (2017) To heat or not to heat:
Challenges with clinical translation of thermosensitive lipo-
somes. J Control Release 249:63–73

Duncan R, Izzo L (2005) Dendrimer biocompatibility and toxicity.
Adv Drug Deliv Rev 57(15):2215–2237

Dutta T, Jain NK (2007) Targeting potential and anti-HIV activity
of lamivudine loaded mannosylated poly (propyleneimine)
dendrimer. Biochim Biophys Acta 1770(4):681–686

Dutta T, Agashe HB, Garg M, Balakrishnan P, Kabra M, Jain NK
(2007) Poly (propyleneimine) dendrimer based
nanocontainers for targeting of efavirenz to human
monocytes/macrophages in vitro. J Drug Target 15(1):89–98

Eftekhari RB, Maghsoudnia N, Samimi S, Zamzami A, Dorkoosh
FA (2019) Co-delivery nanosystems for cancer treatment: a
review. Pharm Nanotechnol 7(2):90–112

Einmahl S, Behar-Cohen F, Tabatabay C, Savoldelli M,
D'Hermies F, Chauvaud D et al (2000) A viscous bioerodible
poly (ortho ester) as a new biomaterial for intraocular appli-
cation. J Biomed Mater Res 50(4):566–573

El Badawy AM, Silva RG, Morris B, Scheckel KG, Suidan MT,
Tolaymat TM (2011) Surface charge-dependent toxicity of
silver nanoparticles. Environ Sci Technol 45(1):283–287

Elgadir MA, Uddin MS, Ferdosh S, Adam A, Chowdhury AJK,
Sarker MZI (2015) Impact of chitosan composites and chito-
san nanoparticle composites on various drug delivery sys-
tems: a review. J Food Drug Anal 23(4):619–629

Eloy JO, Petrilli R, Chesca DL, Saggioro FP, Lee RJ, Marchetti
JM (2017) Anti-HER2 immunoliposomes for co-delivery of
paclitaxel and rapamycin for breast cancer therapy. Eur J
Pharm Biopharm 115:159–167

England RM, Hare JI, Kemmitt PD, Treacher KE, Waring MJ,
Barry ST et al (2016) Enhanced cytocompatibility and func-
tional group content of poly(l-lysine) dendrimers by grafting
with poly(oxazolines). Polym Chem 7(28):4609–4617

Ensafi AA, Khoddami E, Nabiyan A, Rezaei B (2017) Study the
role of poly(diethyl aminoethyl methacrylate) as a modified
and grafted shell for TiO 2 and ZnO nanoparticles, applica-
tion in flutamide delivery. React Funct Polym 116:1–8

Esfand R, Tomalia DA (2001) Poly(amidoamine) (PAMAM)
dendrimers: from biomimicry to drug delivery and biomed-
ical applications. DDT. 6:427–436

Fahmy TM, Fong PM, Goyal A, Saltzman WM (2005) Targeted
for drug delivery. Mater Today 8(8):18–26

Fan Y, Chen C, Huang Y, Zhang F, Lin G (2017) Study of the pH-
sensitive mechanism of tumor-targeting liposomes. Colloids
Surf B: Biointerfaces 151:19–25

Feng M, Lee D, Li P (2006) Intracellular uptake and release of
poly(ethyleneimine)-co-poly(methyl methacrylate)
nanoparticle/pDNA complexes for gene delivery. Int J
Pharm 311(1–2):209–214

Flak D, Yate L, Nowaczyk G, Jurga S (2017) Hybrid ZnPc@TiO2
nanostructures for targeted photodynamic therapy,

bioimaging and doxorubicin delivery. Mater Sci Eng C
Mater Biol Appl 78:1072–1085

Florea BI, Meaney C, Junginger HE, Borchard G (2002)
Transfection efficiency and toxicity of polyethylenimine in
differentiated Calu-3 and nondifferentiated COS-1 cell cul-
tures. AAPS PharmSciTech 4(3):1–11

Fonseca SB, Pereira MP, Mourtada R, Gronda M, Horton KL,
Hurren R, Minden MD, Schimmer AD, Kelley SO (2011)
Rerouting chlorambucil to mitochondria combats drug deac-
tivation and resistance in cancer cells. Chem Biol 18:445–
453

Freimann K, Arukuusk P, Kurrikoff K, Pärnaste L, Raid R, Piirsoo
A et al (2018) Formulation of stable and homogeneous cell-
penetrating peptide NF55 nanoparticles for efficient gene
delivery in vivo. Mol Ther - Nucl Acids 10:28–35

Furgeson DY, Yockman JW, Janat MM, Kim SW (2004) Tumor
efficacy and biodistribution of linear polyethylenimine-cho-
lesterol/DNA complexes. Mol Ther 9(6):837–845

Ghaffari SB, Sarrafzadeh MH, Fakhroueian Z, Shahriari S,
Khorramizadeh MR (2017) Functionalization of ZnO nano-
particles by 3-mercaptopropionic acid for aqueous curcumin
delivery: Synthesis, characterization, and anticancer assess-
ment. Mater Sci Eng C Mater Biol Appl 79:465–472

Ghanghoria R, Kesharwani P, Tekade RK, Jain NK (2016)
Targeting luteinizing hormone-releasing hormone: a poten-
tial therapeutics to treat gynecological and other cancers. J
Control Release 269:277–301

Ghosh P, Han G, De M, Kim CK, Rotello VM (2008) Gold
nanoparticles in delivery applications. Adv Drug Deliv Rev
60(11):1307–1315

Giansanti L, Mauceri A, Galantini L, Altieri B, Piozzi A, Mancini
G (2016) Glucosylated pH-sensitive liposomes as potential
drug delivery systems. Chem Phys Lipids 200:113–119

Gillies E, Frechet J (2005) Dendrimers and dendritic polymers in
drug delivery. Drug Discov Today 10(1):35–43

Ginn SL, Alexander IE, EdelsteinML,AbediMR,Wixon J (2013)
Gene therapy clinical trials worldwide to 2012 - an update. J
Gene Med 15(2):65–77

Goodman CM, McCusker CD, Yilmaz T, Rotello VM (2004)
Toxicity of gold nanoparticles functionalized with cationic
and anionic side chains. Bioconjug Chem 15(4):897–900

Gormally MV, McKibben RK, Johal MS, Selassie CR (2009)
Controlling tyrosinase activity on charged polyelectrolyte
surfaces: a QCM-D analysis. Langmuir. 25(17):10014–
10019

Grossen P,Witzigmann D, Sieber S, Huwyler J (2017) PEG-PCL-
based nanomedicines: a biodegradable drug delivery system
and its application. J Control Release 260:46–60

Gu L, He X, Wu Z (2014) Mesoporous Fe3O4/hydroxyapatite
composite for targeted drug delivery. Mater Res Bull 59:65–
68

Guo Q, Li C, Zhou W, Chen X, Zhang Y, Lu Y et al (2019)
GLUT1-mediated effective anti-miRNA21 pompon for can-
cer therapy. Acta Pharm Sin B 9(4):832–842

Gusachenko Simonova O, Kravchuk Y, Konevets D, Silnikov V,
Vlassov VV, Zenkova MA (2009) Transfection efficiency of
25-kDa PEI-cholesterol conjugates with different levels of
modification. J Biomater Sci Polym Ed 20(7–8):1091–1110

Hadipour Moghaddam SP, Saikia J, Yazdimamaghani M,
Ghandehari H (2017) Redox-Responsive polysulfide-based
biodegradable organosilica nanoparticles for delivery of

Page 35 of 41     245J Nanopart Res (2020) 22: 245



bioactive agents. ACS Appl Mater Interfaces 9(25):21133–
21146

Haensler JaS FC Jr (1993) Polyamidoamine cascade polymers
mediate efficient transfection of cells in culture. Bioconjug
Chem 4:372–379

Han J, Na K (2019) Transfection of the TRAIL gene into human
mesenchymal s t em ce l l s us ing b iocompa t ib l e
polyethyleneimine carbon dots for cancer gene therapy. J
Ind Eng Chem 80:722–728

HanHS, Lee J, KimHR, Chae SY, KimM, Saravanakumar G et al
(2013) Robust PEGylated hyaluronic acid nanoparticles as
the carrier of doxorubicin: mineralization and its effect on
tumor targetability in vivo. J Control Release 168(2):105–
114

Hao Y, Gao Y, Wu Y, An C (2019) The AIB1siRNA-loaded
hyaluronic acid-assembled PEI/heparin/Ca2+ nanocomplex
as a novel therapeutic strategy in lung cancer treatment. Int J
Mol Med 43(2):861–867

Hazekawa M, Nishinakagawa T, Kawakubo-Yasukochi T,
Nakashima M (2019) Glypican-3 gene silencing for ovarian
cancer using siRNA-PLGA hybrid micelles in a murine
peritoneal dissemination model. J Pharmacol Sci 139(3):
231–239

HeoK,Min SW, SungHJ, KimHG, KimHJ, KimYH et al (2016)
An aptamer-antibody complex (oligobody) as a novel deliv-
ery platform for targeted cancer therapies. J Control Release
229:1–9

Her S, Jaffray DA, Allen C (2017) Gold nanoparticles for appli-
cations in cancer radiotherapy: mechanisms and recent ad-
vancements. Adv Drug Deliv Rev 109:84–101

Howard KA, Rahbek UL, Liu X, Damgaard CK, Glud SZ,
Andersen MO et al (2006) RNA interference in vitro and
in vivo using a novel chitosan/siRNA nanoparticle system.
Mol Ther 14(4):476–484

Hsu H-L, Chen J-P (2017) Preparation of thermosensitive mag-
netic liposome encapsulated recombinant tissue plasminogen
activator for targeted thrombolysis. J MagnMagnMater 427:
188–194

Hu Y, Xie J, Tong YW, Wang C-H (2007) Effect of PEG confor-
mation and particle size on the cellular uptake efficiency of
nanoparticles with the HepG2 cells. J Control Release
118(1):7–17

Huang H-C, Barua S, Sharma G, Dey SK, Rege K (2011)
Inorganic nanoparticles for cancer imaging and therapy. J
Control Release 155(3):344–357

Huang J, Gou G, Xue B, Yan Q, Sun Y, Dong LE (2013)
Preparation and characterization of "dextran-magnetic lay-
ered double hydroxide-fluorouracil" targeted liposomes. Int J
Pharm 450(1–2):323–330

Huo S, Jin S, Ma X, Xue X, Yang K, Kumar A et al (2014)
Ultrasmall gold nanoparticles as carriers for nucleus-based
gene therapy due to size-dependent nuclear entry. ACS Nano
8(6):5852–5862

Iaboni M, Russo V, Fontanella R, Roscigno G, Fiore D,
Donnarumma E et al (2016) Aptamer-miRNA-212 conjugate
sensitizes NSCLC cells to TRAIL. Mol Ther Nucleic Acids
5:e289

Iannazzo D, Pistone A, Salamo M, Galvagno S, Romeo R, Giofre
SV et al (2017) Graphene quantum dots for cancer targeted
drug delivery. Int J Pharm 518(1–2):185–192

Ishida T, Ichihara M, Wang X, Kiwada H (2006) Spleen plays an
important role in the induction of accelerated blood clearance
of PEGylated liposomes. J Control Release 115(3):243–250

Ito T, Iida-Tanaka N, Koyama Y (2008) Efficient in vivo gene
transfection by stable DNA/PEI complexes coated by
hyaluronic acid. J Drug Target 16(4):276–281

Jaimes-Aguirre L, Morales-Avila E, Ocampo-Garcia BE, Medina
LA, Lopez-Tellez G, Gibbens-Bandala BV et al (2017)
Biodegradable poly(D,L-lactide-co-glycolide)/poly(L-gam-
ma-glutamic acid) nanoparticles conjugated to folic acid for
targeted delivery of doxorubicin.Mater Sci Eng CMater Biol
Appl 76:743–751

Jain S, Edwards M, Spensor L. Advances and challenges in the
development of drug delivery systems-a European perspec-
tive. Regul Rapp. 2016;13

Jain K, Mehra NK, Jain VK, Jain NK. (2020). IPN Dendrimers in
drug delivery. Interpenetrating Polymer Network:
Biomedical Applications: Springer p. 143–81

Janagam DR, Wu L, Lowe TL (2017) Nanoparticles for drug
delivery to the anterior segment of the eye. Adv Drug Deliv
Rev 122:31–64

Jaracz S, Chen J, Kuznetsova LV, Ojima I (2005) Recent advances
in tumor-targeting anticancer drug conjugates. Bioorg Med
Chem 13(17):5043–5054

Jenkins SI, Weinberg D, Al-Shakli AF, Fernandes AR, Yiu HH,
Telling ND et al (2016) 'Stealth' nanoparticles evade neural
immune cells but also evade major brain cell populations:
Implications for PEG-based neurotherapeutics. J Control
Release 224:136–145

Jennifer Sudimack BA, Jennifer Sudimack BA, Lee RJ: Advanced
drug delivery reviews; 1999. DF-1.6%âãÏÓ 593 0 obj
<</Linearized 1/L 447076/O 595/E 35872/N 9/T 6392/H [
510 440]>> endobj 614 0 obj <</DecodeParms<</Columns
4 / P r e d i c t o r 1 2 > > / F i l t e r / F l a t e D e c o d e /
ID [<FD3BCC17BBA0F5DD1E5769EE281C2 -
D31><943441E0BA42AE4CBFADE111669A159E>]/
Index[593 46]/Info 592 0 R/Length 101/Prev 446393/Root
594 0 R/Size 639/Type/XRef/W[1 2 1]>>stream hÞbbd “b”^
$ Ó@Ä ÁV s , @‚ƒ DT p

Jensen LB, Griger J, Naeye B et al (2012) Comparison of poly-
meric siRNA nanocarriers in amurine LPS-activated macro-
phage cell line: gene silencing, toxicity and off-target gene
expression. Pharm Res 29(3):669–682

Jevprasesphant R, Penny J, Attwood D, McKeown NB,
D'Emanuele A (2003) Engineering of dendrimer surfaces to
enhance transepithelial transport and reduce cytotoxicity.
Pharm Res 20:1543–1550

Jonathan D, Eichman AUB, Jolanta F, Kukowska-Latallo JF,
Baker JR Jr (2000) The use of PAMAM dendrimers in the
efficient transfer of genetic material into cells. PSTT. 3:232–
245

Kamalakannan R, Mani G, Muthusamy P, Susaimanickam AA,
KimK (2017) Caffeine-loaded gold nanoparticles conjugated
with PLA-PEG-PLA copolymer for in vitro cytotoxicity and
anti-inflammatory activity. J Ind Eng Chem 51:113–121

Kamari Y, Ghiaci P, Ghiaci M (2017) Study on montmorillonite/
insulin/TiO2 hybrid nanocomposite as a new oral drug-
delivery system. Mater Sci Eng C Mater Biol Appl 75:822–
828

Kang BH, Plescia J, Song HY,Meli M, ColomboG, Beebe K et al
(2009) Combinatorial drug design targeting multiple cancer

245    Page 36 of 41 J Nanopart Res (2020) 22: 245



signaling networks controlled by mitochondrial Hsp90. J
Clin Invest 119(3):454–464

Kanwar JR, Roy K, Kanwar RK (2011) Chimeric aptamers in
cancer cell-targeted drug delivery. Crit Rev Biochem Mol
Biol 46(6):459–477

Kapoor DN, Bhatia A, Kaur R, Sharma R, Kaur G, Dhawan S
(2015) PLGA: a unique polymer for drug delivery. Ther
Deliv 6(1):41–58

Kaur D, Jain K, Mehra NK, Kesharwani P, Jain NK (2016) A
review on comparative study of PPI and PAMAM
dendrimers. J Nanopart Res 18(6):146

Kesharwani P, Jain K, Jain NK (2014) Dendrimer as nanocarrier
for drug delivery. Prog Polym Sci 39(2):268–307

Kesharwani P, Banerjee S, Gupta U, Mohd Amin MCI, Padhye S,
Sarkar FH et al (2015) PAMAM dendrimers as promising
nanocarriers for RNAi therapeutics. Mater Today 18(10):
565–572

Khuloud T, Al-Jamal KT, Al-Jamal WT, Wang JT, Rubio N,
Buddle J, Gathercole D, Zloh M, Kostarelos K (2013)
Cationic poly-L-lysine dendrimer complexes doxorubicin
and delays tumor growth in vitro and in vivo. Am Chem
Soc 7(3):1905–1917

Kievit FM, Veiseh O, Bhattarai N, Fang C, Gunn JW, Lee D et al
(2009) PEI-PEG-chitosan copolymer coated iron oxide nano-
particles for safe gene delivery: synthesis, complexation, and
transfection. Adv Funct Mater 19(14):2244–2251

Kim EJY, Choi H, Yang J, Suh JS, Huh YM, Kim K, Haam S
(2010) Prostate cancer cell death produced by the co-delivery
of Bcl-xL shRNA and doxorubicin using an aptamer-
conjugated polyplex. Biomaterials 31:4592–4599

Kim CS, Tonga GY, Solfiell D, Rotello VM (2013) Inorganic
nanosystems for therapeutic delivery: status and prospects.
Adv Drug Deliv Rev 65(1):93–99

Kojima N, Kawauchi Y, Ishii M (2011) Development of novel
carbohydrate-coated liposome-based vaccines. Trends
Glycosci Glycotechnol 23(134):257–271

Kokuryo D, Nakashima S, Ozaki F, Yuba E, Chuang KH,
Aoshima S et al (2015) Evaluation of thermo-triggered drug
release in intramuscular-transplanted tumors using
thermosensitive polymer-modified liposomes and MRI.
Nanomedicine. 11(1):229–238

Korytowski WWK, Pabisz P, Schmitt JC, Girotti AW (2014)
Macrophage mitochondrial damage from StAR transport of
7-hydroperoxycholesterol: implications for oxidative stress-
impaired reverse cholesterol transport. FEBS Lett 588:65–70

Kumar KV (2012) Targeted delivery of nanomedicines. ISRN
Pharmacol 2012:571394

Law B, Quinti L, Choi Y, Weissleder R, Tung CH (2006) A
mitochondrial targeted fusion peptide exhibits remarkable
cytotoxicity. Mol Cancer Ther 5(8):1944–1949

Lawrence L., Garber A EMH Jr, Richard G. Starr Jr. Measuring
consumer response to food products. Food Quality and
Preference. 2003

Lee BK, Yun Y, Park K (2016) PLA micro- and nano-particles.
Adv Drug Deliv Rev 107:176–191

Lepenies B, Lee J, Sonkaria S (2013) Targeting C-type lectin
receptors with multivalent carbohydrate ligands. Adv Drug
Deliv Rev 65(9):1271–1281

Li X, Ding L, Xu Y, Wang Y, Ping Q (2009) Targeted delivery of
doxorubicin using stealth liposomes modified with transfer-
rin. Int J Pharm 373(1–2):116–123

Li J, Cheng X, Chen Y, HeW, Ni L, Xiong P et al (2016) Vitamin
E TPGS modified liposomes enhance cellular uptake and
targeted delivery of luteolin: an in vivo/in vitro evaluation.
Int J Pharm 512(1):262–272

Liang B, He ML, Xiao ZP, Li Y, Chan CY, Kung HF et al (2008)
Synthesis and characterization of folate-PEG-grafted-
hyperbranched-PEI for tumor-targeted gene delivery.
Biochem Biophys Res Commun 367(4):874–880

Lin J, Chen X, Huang P (2016) Graphene-based nanomaterials for
bioimaging. Adv Drug Deliv Rev 105(Pt B):242–254

Lin T, Yuan A, Zhao X, Lian H, Zhuang J, Chen W et al (2017)
Self-assembled tumor-targeting hyaluronic acid nanoparti-
cles for photothermal ablation in orthotopic bladder cancer.
Acta Biomater 53:427–438

Liu X, Huang G (2013) Formation strategies, mechanism of
intracellular delivery and potential clinical applications of
pH-sensitive liposomes. Asian J Pharm Sci 8(6):319–328

Liu J, Zhou J, Luo Y (2012) SiRNA delivery systems based on
neutral cross-linked dendrimers. Bioconjug Chem 23(2):
174–183

Liu D, Yang F, Xiong F, Gu N (2016a) The smart drug delivery
system and its clinical potential. Theranostics. 6(9):1306

Liu M, Zhang J, Zhu X, Shan W, Li L, Zhong J et al (2016b)
Efficient mucus permeation and tight junction opening by
dissociable "mucus-inert" agent coated trimethyl chitosan
nanoparticles for oral insulin delivery. J Control Release
222:67–77

Liu Y, Zhang X, Liu Z,Wang L, Luo L,WangM et al (2017) Gold
nanoshell-based betulinic acid liposomes for synergistic
chemo-photothermal therapy. Nanomedicine. 13(6):1891–
1900

Loureiro JA, Gomes B, Fricker G, Cardoso I, Ribeiro CA, Gaiteiro
C et al (2015) Dual ligand immunoliposomes for drug deliv-
ery to the brain. Colloids Surf B: Biointerfaces 134:213–219

Lu P, Bruno BJ, Rabenau M, Lim CS (2016) Delivery of drugs
andmacromolecules to themitochondria for cancer therapy. J
Control Release 240:38–51

Luo MAM (2013) Mechanisms of altered Ca2+ handling in heart
failure. Circ Res 113:690–708

Ma P, Zhang X, Ni L, Li J, Zhang F,Wang Z et al (2015) Targeted
delivery of polyamidoamine-paclitaxel conjugate functional-
ized with anti-human epidermal growth factor receptor 2
trastuzumab. Int J Nanomedicine 10:2173–2190

Ma X, Feng H, Liang C, Liu X, Zeng F, Wang Y (2017)
Mesoporous silica as micro/nano-carrier: from passive to
active cargo delivery, a mini review. J Mater Sci Technol
3310:1067–1074

Madeira C, Loura LM, Aires-Barros MR, Prieto M (2011)
Fluorescence methods for lipoplex characterization.
Biochim Biophys Acta 1808(11):2694–2705

Maglinao M, Eriksson M, Schlegel MK, Zimmermann S,
Johannssen T, Gotze S et al (2014) A platform to screen for
C-type lectin receptor-binding carbohydrates and their poten-
tial for cell-specific targeting and immune modulation. J
Control Release 175:36–42

Maghsoudnia N, Eftekhari RB, Sohi AN, Norouzi P, Hamid
Akbari 1, Mohammad Hossein Ghahremani 3, Masoud
Soleimani 4, Mohsen Amini 5, Hamed Samadi 6, Farid
Abedin Dorkoosh (2020) Mitochondrial delivery of
microRNA mimic let-7b to NSCLC cells by PAMAM-based
nanoparticles. J Drug Target

Page 37 of 41     245J Nanopart Res (2020) 22: 245



Mahale NB, Thakkar PD, Mali RG, Walunj DR, Chaudhari SR
(2012) Niosomes: novel sustained release nonionic stable
vesicular systems–an overview. Adv Colloid Interf Sci
183–184:46–54

Mannaris C, Efthymiou E, Meyre ME, Averkiou MA (2013)
In vitro localized release of thermosensitive liposomes with
ultrasound-induced hyperthermia. Ultrasound Med Biol
39(11):2011–2020

Marianecci C, Di Marzio L, Rinaldi F, Celia C, Paolino D,
Alhaique F et al (2014) Niosomes from 80s to present: the
state of the art. Adv Colloid Interf Sci 205:187–206

Mendez N, Liberman A, Corbeil J, Barback C, Viveros R,Wang J
et al (2017) Assessment of in vivo systemic toxicity and
biodistr ibution of iron-doped sil ica nanoshells.
Nanomedicine. 13(3):933–942

Menjoge AR, Kannan RM, Tomalia DA (2010) Dendrimer-based
drug and imaging conjugates: design considerations for
nanomedical applications. Drug Discov Today 15(5–6):
171–185

Miao A-J, Schwehr KA, Xu C, Zhang S-J, Luo Z, Quigg A et al
(2009) The algal toxicity of silver engineered nanoparticles
and detoxification by exopolymeric substances. Environ
Pollut 157(11):3034–3041

Moghassemi S, Hadjizadeh A (2014) Nano-niosomes as nanoscale
drug delivery systems: an illustrated review. J Control
Release 185:22–36

Moles E, Moll K, Ch'ng JH, Parini P, Wahlgren M, Fernandez-
Busquets X (2016) Development of drug-loaded
immunoliposomes for the selective targeting and elimination
of rosetting Plasmodium falciparum-infected red blood cells.
J Control Release 241:57–67

Monterrubio C, Paco S, Olaciregui NG, Pascual-Pasto G, Vila-
Ubach M, Cuadrado-Vilanova M et al (2017) Targeted drug
distribution in tumor extracellular fluid of GD2-expressing
neuroblastoma patient-derived xenografts using SN-38-
loaded nanoparticles conjugated to the monoclonal antibody
3F8. J Control Release 255:108–119

Movahedi F, Hu RG, Becker DL, Xu C (2015) Stimuli-responsive
liposomes for the delivery of nucleic acid therapeutics.
Nanomedicine. 11(6):1575–1584

MustapićM, Al Hossain MS, Horvat J, Wagner P, Mitchell DRG,
Kim JH et al (2016) Controlled delivery of drugs adsorbed
onto porous Fe 3 O 4 structures by application of AC/DC
magnetic fields. Microporous Mesoporous Mater 226:243–
250

Nag O, Awasthi V (2013) Surface engineering of liposomes for
stealth behavior. Pharmaceutics. 5(4):542–569

Najlah M, Freeman S, Attwood D, D'Emanuele A (2007) In vitro
evaluation of dendrimer prodrugs for oral drug delivery. Int J
Pharm 336:183–190

Nanjwade BK, Bechra HM, Derkar GK, Manvi FV, Nanjwade
VK (2009) Dendrimers: emerging polymers for drug-
delivery systems. Eur J Pharm Sci 38(3):185–196

Nguyen HT, Tran TH, Thapa RK, Phung CD, Shin BS, Jeong JH
et al (2017) Targeted co-delivery of polypyrrole and
rapamycin by trastuzumab-conjugated liposomes for com-
bined chemo-photothermal therapy. Int J Pharm 527(1–2):
61–71

Noriega-Luna B, Godínez LA, Rodríguez FJ, Rodríguez A,
Zaldívar-Lelo de Larrea G, Sosa-Ferreyra CF et al (2014)

Applications of dendrimers in drug delivery agents, diagno-
sis, therapy, and detection. J Nanomater 2014:1–19

Nosova A, Koloskova O, Nikonova A, Simonova V, Smirnov V,
Kudlay D et al (2019) Diversity of PEGylation methods of
liposomes and their influence on RNA delivery.
MedChemComm. 10(3):369–377

Olga Aronov ATH, Gabizon A, Fuertes MA, Perez JM, Gibson D
(2004) Nuclear localization signal-targeted poly(ethylene
glycol) conjugates as potential carriers and nuclear localizing
agents for carboplatin analogues. Bioconjug Chem 15:814–
823

PalamoorM, JablonskiMM (2013) Poly(ortho ester) nanoparticle-
based targeted intraocular therapy for controlled release of
hydrophilic molecules. Mol Pharm 10(2):701–708

Pan L, He Q, Liu J, Chen Y, MaM, Zhang L et al (2012) Nuclear-
targeted drug delivery of TAT peptide-conjugated monodis-
perse mesoporous silica nanoparticles. J Am Chem Soc
134(13):5722–5725

Pandey AP, Sawant KK (2016) Polyethylenimine: a versatile,
multifunctional non-viral vector for nucleic acid delivery.
Mater Sci Eng C Mater Biol Appl 68:904–918

Papasani MR, Wang G, Hill RA (2012) Gold nanoparticles: the
importance of physiological principles to devise strategies for
targeted drug delivery. Nanomedicine. 8(6):804–814

Park KH, Chhowalla M, Iqbal Z, Sesti F (2003) Single-walled
carbon nanotubes are a new class of ion channel blockers. J
Biol Chem 278(50):50212–50216

Patil YP, Jadhav S (2014) Novel methods for liposome prepara-
tion. Chem Phys Lipids 177:8–18

Patil ML, ZhangM, Betigeri S, Taratula O, He H, Minko T (2008)
Surface-modified and internally cationic polyamidoamine
dendrimers for efficient siRNA delivery. Bioconjug Chem
19(7):1396–1403

Patil ML, Zhang M, Minko T (2011) Multifunctional triblock
nanocarrier (PAMAM-PEG-PLL) for the efficient intracellu-
lar siRNA delivery and gene silencing. ACS Nano 5(3):
1877–1887

Patra JK, Das G, Fraceto LF, Campos EVR, del Pilar Rodriguez-
Torres M, Acosta-Torres LS et al (2018) Nano based drug
delivery systems: recent developments and future prospects.
J Nanobiotechnol 16(1):71

Perezjuste J, Pastorizasantos I, Lizmarzan L, Mulvaney P (2005)
Gold nanorods: synthesis, characterization and applications.
Coord Chem Rev 249(17–18):1870–1901

Pham J, Brownlow B, Elbayoumi T (2013) Mitochondria-specific
pro-apoptotic activity of genistein lipidic nanocarriers. Mol
Pharm 10(10):3789–3800

Pillai G. (2019) Nanotechnology toward treating cancer: a com-
prehensive review. Applications of Targeted NanoDrugs and
Delivery Systems: Elsevier. p. 221–56

Pradhan P, Giri J, Banerjee R, Bellare J, Bahadur D (2007)
Preparation and characterization of manganese ferrite-based
magnetic liposomes for hyperthermia treatment of cancer. J
Magn Magn Mater 311(1):208–215

Qiu LY, Bae YH (2007) Self-assembled polyethylenimine-graft-
poly(epsilon-caprolactone) micelles as potential dual carriers
of genes and anticancer drugs. Biomaterials. 28(28):4132–
4142

Qiu L, Zhao Y, Cao N, Cao L, Sun L, Zou X (2016) Silver
nanoparticle-gated fluorescence porous silica nanospheres

245    Page 38 of 41 J Nanopart Res (2020) 22: 245



for glutathione-responsive drug delivery. Sensors Actuators
B Chem 234:21–26

Qiu L, Zhao Y, Li B, Wang Z, Cao L, Sun L (2017) Triple-stimuli
(protease/redox/pH) sensitive porous silica nanocarriers for
drug delivery. Sensors Actuators B Chem 240:1066–1074

Quiñones JP, BrüggemannO, Covas CP, OssipovDA (2017) Self-
assembled hyaluronic acid nanoparticles for controlled re-
lease of agrochemicals and diosgenin. Carbohydr Polym 173:
157–169

Rabenhold M, Steiniger F, Fahr A, Kontermann RE, Ruger R
(2015) Bispecific single-chain diabody-immunoliposomes
targeting endoglin (CD105) and fibroblast activation protein
(FAP) simultaneously. J Control Release 201:56–67

Radziun E, Wilczyńska JD, Książek I, Nowak K, Anuszewska E,
Kunicki A et al (2011) Assessment of the cytotoxicity of
aluminium oxide nanoparticles on selected mammalian cells.
Toxicol in Vitro 25(8):1694–1700

Ragelle H, Colombo S, Pourcelle V, Vanvarenberg K,
Vandermeulen G, Bouzin C et al (2015) Intracellular
siRNA delivery dynamics of integrin-targeted, PEGylated
chitosan-poly(ethylene imine) hybrid nanoparticles: a mech-
anistic insight. J Control Release 211:1–9

Ravar F, Saadat E, Gholami M, Dehghankelishadi P, Mahdavi M,
Azami S et al (2016) Hyaluronic acid-coated liposomes for
targeted delivery of paclitaxel, in-vitro characterization and
in-vivo evaluation. J Control Release 229:10–22

Rin Jean S, Tulumello DV, Wisnovsky SP, Lei EK, Pereira MP,
Kelley SO (2014) Molecular vehicles for mitochondrial
chemical biology and drug delivery. ACS Chem Biol 9(2):
323–333

Romberg B, Flesch FM, Hennink WE, Storm G (2008) Enzyme-
induced shedding of a poly (amino acid)-coating triggers
contents release from dioleoyl phosphatidylethanolamine li-
posomes. Int J Pharm 355(1–2):108–113

Rose PA, Praseetha PK, Bhagat M, Alexander P, Abdeen S,
Chavali M (2013) Drug embedded PVP coated magnetic
nanoparticles for targeted killing of breast cancer cells.
Technol Cancer Res Treat 12(5):463–472

Sadekar S, Ghandehari H (2012) Transepithelial transport and
toxicity of PAMAM dendrimers: implications for oral drug
delivery. Adv Drug Deliv Rev 64(6):571–588

Sahiner N, Sagbas S, Sahiner M, Ayyala RS (2017)
Polyethyleneimine modified poly(hyaluronic acid) particles
with controllable antimicrobial and anticancer effects.
Carbohydr Polym 159:29–38

Sajid MI, Jamshaid U, Jamshaid T, Zafar N, Fessi H, Elaissari A
(2016) Carbon nanotubes from synthesis to in vivo biomed-
ical applications. Int J Pharm 501(1–2):278–299

Samimi S, Maghsoudnia N, Eftekhari RB, Dorkoosh F. (2019)
Lipid-based nanoparticles for drug delivery systems.
Characterization and biology of nanomaterials for drug de-
livery: Elsevier. p. 47–76

Saqafi B, Rahbarizadeh F (2019) Polyethyleneimine-polyethylene
glycol copolymer targeted by anti-HER2 nanobody for spe-
cific delivery of transcriptionally targeted tBid containing
construct. Artif Cells Nanomed Biotechnol 47(1):501–511

Scheinberg DA, McDevitt MR, Dao T, Mulvey JJ, Feinberg E,
Alidori S (2013) Carbon nanotubes as vaccine scaffolds. Adv
Drug Deliv Rev 65(15):2016–2022

Schroeder A, Kost J, Barenholz Y (2009) Ultrasound, liposomes,
and drug delivery: principles for using ultrasound to control

the release of drugs from liposomes. Chem Phys Lipids
162(1–2):1–16

Sekhon BS, Kamboj SR (2010) Inorganic nanomedicine–part 1.
Nanomedicine. 6(4):516–522

Shah SA, Aslam Khan MU, Arshad M, Awan SU, Hashmi MU,
Ahmad N (2016) Doxorubicin-loaded photosensitive mag-
netic liposomes for multi-modal cancer therapy. Colloids
Surf B: Biointerfaces 148:157–164

Shi J, Zhang H,Wang L, Li L, Wang H,Wang Z et al (2013) PEI-
derivatized fullerene drug delivery using folate as a homing
device targeting to tumor. Biomaterials. 34(1):251–261

Shi J, Wang L, Zhang J, Ma R, Gao J, Liu Y et al (2014) A tumor-
targeting near-infrared laser-triggered drug delivery system
based on GO@Ag nanoparticles for chemo-photothermal
therapy and X-ray imaging. Biomaterials. 35(22):5847–5861

Shim G, Kim M-G, Park JY, Oh Y-K (2013) Application of
cationic liposomes for delivery of nucleic acids. Asian J
Pharm Sci 8(2):72–80

Silva AS, Sousa AM, Cabral RP, Silva MC, Costa C, Miguel SP
et al (2017) Aerosolizable gold nano-in-micro dry powder
formulations for theragnosis and lung delivery. Int J Pharm
519(1–2):240–249

Soenen SJ, Rivera-Gil P, Montenegro J-M, Parak WJ, De Smedt
SC, Braeckmans K (2011) Cellular toxicity of inorganic
nanoparticles: common aspects and guidelines for improved
nanotoxicity evaluation. Nano Today 6(5):446–465

Sonali SRP, Sharma G, Kumari L, Koch B, Singh S et al (2016)
RGD-TPGS decorated theranostic liposomes for brain
targeted delivery. Colloids Surf B: Biointerfaces 147:129–
141

Song L, Liang X, Yang S, Wang N, He T, Wang Y et al (2018)
Novel polyethyleneimine-R8-heparin nanogel for high-
efficiency gene delivery in vitro and in vivo. Drug Delivery
25(1):122–131

Sui M, Liu W, Shen Y (2011) Nuclear drug delivery for cancer
chemotherapy. J Control Release 155(2):227–236

Suleiman MSHA, Griffiths EJ (2001) Mitochondria: a target for
myocardial protection. Pharmacol Ther 89:29–46

Sun Y-X, Xiao W, Cheng S-X, Zhang X-Z, Zhuo R-X (2008)
Synthesis of (Dex-HMDI)-g-PEIs as effective and low cyto-
toxic nonviral gene vectors. J Control Release 128(2):171–
178

Suzuki R, Takizawa T, Kuwata Y, Mutoh M, Ishiguro N,
Utoguchi N et al (2008) Effective anti-tumor activity of
oxaliplatin encapsulated in transferrin-PEG-liposome. Int J
Pharm 346(1–2):143–150

Svenson S (2009) Dendrimers as versatile platform in drug deliv-
ery applications. Eur J Pharm Biopharm 71(3):445–462

Svenson S, Tomalia DA (2012) Dendrimers in biomedical
applications—reflections on the field. Adv Drug Deliv Rev
64:102–115

Tai LA, Wang YC, Yang CS (2010) Heat-activated sustaining
nitric oxide release from zwitterionic diazeniumdiolate load-
ed in thermo-sensitive liposomes. Nitric Oxide 23(1):60–64

Tang J, Xiong L, Wang S, Wang J, Liu L, Li J et al (2009)
Distribution, translocation and accumulation of silver nano-
particles in rats. J Nanosci Nanotechnol 9(8):4924–4932

Tezgel O, Szarpak-Jankowska A, Arnould A, Auzely-Velty R,
Texier I (2018) Chitosan-lipid nanoparticles (CS-LNPs): ap-
plication to siRNA delivery. J Colloid Interface Sci 510:45–
56

Page 39 of 41     245J Nanopart Res (2020) 22: 245



Thakur S, Tekade RK, Kesharwani P, Jain NK (2013) The effect
of polyethylene glycol spacer chain length on the tumor-
targeting potential of folate-modified PPI dendrimers. J
Nanopart Res 15(5):1625

Tomalia DA (1990) Starburst dendrimers: molecular level control
of size, shape, surface chemistry, topology and flexibility
from atoms to macroscopic matter. Angew Chem Int Ed
Eng 29:138–175

Tomalia DA, Baker H, Dewald J et al (1984) A new class of
polymers: starburst-dendritic macromolecules. Polym J 17:
117–132

Tong RYL, Fan TM, Cheng J (2010) The formulation of
aptamercoated paclitaxel-polylactide nanoconjugates and
their targeting to cancer cells. Biomaterials 31(11):3043–
3053

Torchilin VP (2005) Recent advances with liposomes as pharma-
ceutical carriers. Nat Rev Drug Discov 4(2):145–160

Tsutsumi T, Arima H, Hirayama F, Uekama K (2006) Potential
use of dendrimer/cyclodextrin conjugate as a novel carrier for
small interfering RNA. J Inclusion Phenomena Macrocyclic
Chem 56(1–2):81–84

Uda RM, Kato Y, Takei M (2016) Photo-triggered release from
liposomes without membrane solubilization, based on bind-
ing to poly(vinyl alcohol) carrying a malachite green moiety.
Colloids Surf B: Biointerfaces 146:716–721

Van Woensel M, Wauthoz N, Rosiere R, Mathieu V, Kiss R,
Lefranc F et al (2016) Development of siRNA-loaded chito-
san nanoparticles targeting Galectin-1 for the treatment of
glioblastoma multiforme via intranasal administration. J
Control Release 227:71–81

Vinogradov SV, Zeman AD, Batrakova EV, Kabanov AV (2005)
Polyplex Nanogel formulations for drug delivery of cytotoxic
nucleoside analogs. J Control Release 107(1):143–157

Vives E, Schmidt J, Pelegrin A (2008) Cell-penetrating and cell-
targeting peptides in drug delivery. Biochim Biophys Acta
1786(2):126–138

Vivès E, Schmidt J, Pèlegrin A (2008) Cell-penetrating and cell-
targeting peptides in drug delivery. Biochimica et Biophysica
Acta (BBA)-Reviews on. Cancer. 1786(2):126–138

WangX,Uto T, Akagi T, AkashiM, BabaM (2008) Poly(gamma-
glutamic acid) nanoparticles as an efficient antigen delivery
and adjuvant system: potential for an AIDS vaccine. J Med
Virol 80(1):11–19

Wang J, Dou B, Bao Y (2014a) Efficient targeted pDNA/siRNA
de l i v e r y w i t h f o l a t e – l ow -mo l e c u l a r -w e i g h t
polyethyleneimine–modified pullulan as non-viral carrier.
Mater Sci Eng C 34:98–109

Wang L, Geng D, Su H (2014b) Safe and efficient pH sensitive
tumor targeting modified liposomes with minimal cytotoxic-
ity. Colloids Surf B: Biointerfaces 123:395–402

Wang Q, Jiang J, Chen W, Jiang H, Zhang Z, Sun X (2016a)
Targeted delivery of low-dose dexamethasone using PCL-
PEGmicelles for effective treatment of rheumatoid arthritis. J
Control Release 230:64–72

Wang D, Zhou J, Chen R, Shi R, Xia G, Zhou S et al (2016c)
Magnetically guided delivery of DHA and Fe ions for en-
hanced cancer therapy based on pH-responsive degradation
of DHA-loaded Fe3O4@C@MIL-100(Fe) nanoparticles.
Biomaterials. 107:88–101

Wang Y, Zhang Z, Xu S, Wang F, Shen Y, Huang S et al (2017a)
pH, redox and photothermal tri-responsive DNA/

polyethylenimine conjugated gold nanorods as nanocarriers
for specific intracellular co-release of doxorubicin and
chemosensitizer pyronaridine to combat multidrug resistant
cancer. Nanomedicine. 13(5):1785–1795

Wang X, Li Y, Li Q, Neufeld CI, Pouli D, Sun S et al (2017b)
Hyaluronic acidmodification of RNase A and its intracellular
delivery using lipid-like nanoparticles. J Control Release
263:39–45

Wang L, Yao J, Zhang X, Zhang Y, Xu C, Lee RJ et al (2018)
Delivery of paclitaxel using nanoparticles composed of
poly(ethylene oxide)-b-poly(butylene oxide) (PEO-PBO).
Colloids Surf B: Biointerfaces 161:464–470

Watanabe K, Harada-Shiba M, Suzuki A et al (2009) In vivo
siRNA delivery with dendritic poly(L-lysine) for the treat-
ment of hypercholesterolemia. Mol BioSyst 5(11):1306–
1310

Ways TM, Lau W, Khutoryanskiy V (2018) Chitosan and its
derivatives for application in mucoadhesive drug delivery
systems. Polymers 10(3):267

Wen R, Banik B, Pathak RK, Kumar A, Kolishetti N, Dhar S
(2016) Nanotechnology inspired tools for mitochondrial dys-
function related diseases. Adv Drug Deliv Rev 99(Pt A):52–
69

Wenjin Guo RJL (2001) Efficient gene delivery via non-covalent
complexes of folic acid and polyethylenimine. J Control
Release 77:131–138

Wisnovsky SP, Wilson JJ, Radford RJ, Pereira MP, Chan MR,
Laposa RR, Lippard SJ, Kelley SO (2013) Targeting mito-
chondrial DNA with a platinum-based anticancer agent.
Chem Biol 20:1323–1328

Wong CY, Al-Salami H, Dass CR (2017) Potential of insulin
nanoparticle formulations for oral delivery and diabetes treat-
ment. J Control Release 264:247–275

Wu J, Huang W, He Z (2013) Dendrimers as carriers for siRNA
delivery and gene silencing: a review. SciWorldJ. 2013:
630654

Xiang G, Wu J, Lu Y, Liu Z, Lee RJ (2008) Synthesis and
evaluation of a novel ligand for folate-mediated targeting
liposomes. Int J Pharm 356(1–2):29–36

Xin Y, Qi Q, Mao Z, Zhan X (2017) PLGA nanoparticles intro-
duction into mitoxantrone-loaded ultrasound-responsive li-
posomes: in vitro and in vivo investigations. Int J Pharm
528(1–2):47–54

Xu Z, Jin J, Siu LK, Yao H, Sze J, Sun H et al (2012) Folic acid
conjugated mPEG-PEI600 as an efficient non-viral vector for
targeted nucleic acid delivery. Int J Pharm 426(1–2):182–192

Yadav AK, Mishra P, Agrawal GP (2008) An insight on
hyaluronic acid in drug targeting and drug delivery. J Drug
Target 16(2):91–107

Yamada Y, Shinohara Y, Kakudo T, Chaki S, Futaki S, Kamiya H
et al (2005) Mitochondrial delivery of mastoparan with trans-
ferrin liposomes equipped with a pH-sensitive fusogenic
peptide for selective cancer therapy. Int J Pharm 303(1–2):
1–7

Yamada Y, Furukawa R, Yasuzaki Y, Harashima H (2011) Dual
function MITO-Porter, a nano carrier integrating both effi-
cient cytoplasmic delivery and mitochondrial macromolecule
delivery. Mol Ther 19(8):1449–1456

Yamada Y, Furukawa R, Harashima H (2016) A Dual-ligand
liposomal system composed of a cell-penetrating peptide
and a mitochondrial RNA aptamer synergistically facilitates

245    Page 40 of 41 J Nanopart Res (2020) 22: 245



cellular uptake and mitochondrial targeting. J Pharm Sci
105(5):1705–1713

Yang K, Feng L, Liu Z (2016) Stimuli responsive drug delivery
systems based on nano-graphene for cancer therapy. Adv
Drug Deliv Rev 105(Pt B):228–241

Yavuz B, Bozdag Pehlivan S, Sumer Bolu B, Nomak Sanyal R,
Vural I, Unlu N (2016) Dexamethasone - PAMAM dendri-
mer conjugates for retinal delivery: preparation, characteriza-
tion and in vivo evaluation. J Pharm Pharmacol 68(8):1010–
1020

Yoo HS, Jeong SY (2007) Nuclear targeting of non-viral gene
carriers using psoralen-nuclear localization signal (NLS) con-
jugates. Eur J Pharm Biopharm 66(1):28–33

Yu GS, Han J, Ko KS, Choi JS (2013) Cationic oligopeptide-
conjugated mitochondria targeting sequence as a novel car-
rier system for mitochondria. Macromol Res 22(1):42–46

Zhang B, Sun X, Mei H, Wang Y, Liao Z, Chen J et al (2013)
LDLR-mediated peptide-22-conjugated nanoparticles for
dual-targeting therapy of brain glioma. Biomaterials.
34(36):9171–9182

Zhang S, Gao H, Bao G (2015) Physical principles of nanoparticle
cellular endocytosis. ACS Nano 9(9):8655–8671

Zhang J, Song J, Liang X, Yin Y, Zuo T, Chen D et al (2019)
Hyaluronic acid-modified cationic nanoparticles overcome
enzyme CYP1B1-mediated breast cancer multidrug resis-
tance. Nanomedicine. 14(4):447–464

Zhao J, Lu C, He X, Zhang X, Zhang W, Zhang X (2015)
Polyethylenimine-grafted cellulose nanofibril aerogels as
versatile vehicles for drug delivery. ACS Appl Mater
Interfaces 7(4):2607–2615

Zhao C, Liu X, Zhang X, Yan H, Qian Z, Li X et al (2017) A facile
one-step method for preparation of Fe3O4/CS/INH nanopar-
ticles as a targeted drug delivery for tuberculosis. Mater Sci
Eng C Mater Biol Appl 77:1182–1188

Zhong Y, Zhang J, Cheng R, Deng C, Meng F, Xie F et al (2015)
Reversibly crosslinked hyaluronic acid nanoparticles for ac-
tive targeting and intelligent delivery of doxorubicin to drug
resistant CD44+ human breast tumor xenografts. J Control
Release 205:144–154

Zhong Q, Bielski ER, Rodrigues LS, Brown MR, Reineke JJ, da
Rocha SR (2016) Conjugation to poly(amidoamine)
dendrimers and pulmonary delivery reduce cardiac accumu-
lation and enhance antitumor activity of doxorubicin in lung
metastasis. Mol Pharm 13(7):2363–2375

Zhou JRJ (2010) Aptamer-targeted cell-specific RNA interfer-
ence. Silence 1(1):4

Zhou JLH, Li S, Zaia J, Rossi JJ (2008) Novel dual inhibitory
function aptamer-siRNA delivery system for HIV-1 therapy.
Mol Ther 16(8):1481–1489

Zhou Z, Shen Y, Tang J, Fan M, Van Kirk EA, Murdoch WJ et al
(2009) Charge-reversal drug conjugate for targeted cancer
cell nuclear drug delivery. Adv Funct Mater 19(22):3580–
3589

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.

Page 41 of 41     245J Nanopart Res (2020) 22: 245


	Application of nano-based systems for drug delivery and targeting: a review
	Abstract
	Introduction
	Polymers
	PEI
	PEG
	Chitosan
	PLA, PGA, PLGA
	Hyaluronic acid
	PCL
	Other polymers
	Polyorthoester (POE)
	Poly (methyl methacrylate) (PMMA)
	Polyvinylpyrrolidone (PVP)

	Dendrimers
	PAMAM dendrimers
	PPI dendrimers
	PLL dendrimers

	Liposomes
	Traditional and stealth liposomes
	Targeted liposomes
	Immunoliposomes (antibody-mediated liposome targeting)
	Folate-mediated liposome targeting
	Transferrin-mediated liposome targeting
	Miscellaneous targeting strategies

	Stimuli-responsive (stimuli-sensitive) liposomes
	pH-sensitive liposomes (PSLs)
	Redox-sensitive liposomes
	Thermosensitive liposomes (TSLs)
	Ultrasound-responsive liposomes
	Magnetically responsive liposomes
	Photosensitive liposomes
	Enzyme-responsive liposomes

	Niosomes and proniosomes
	Cationic liposomes

	Inorganic-based delivery systems
	Metal-based nanostructures
	Au-based nanoparticles
	Fe-based nanoparticles
	Ti- and Zn-based nanoparticles
	Ag-based nanoparticles

	Silicon-based nanostructures
	Carbon-based nanostructures: nanotubes and graphene

	Targeting ligands
	Carbohydrates
	Folic acid
	Peptides
	Monoclonal antibodies
	Hyaluronic acid
	Aptamers

	Intracellular delivery
	Mitochondria-targeted delivery systems
	Delocalized lipophilic cations (DLC)
	Dendrimers
	Aptamers
	Mitochondria-targeting peptides (MTPs) and mitochondria-penetrating peptides (MPPs)
	Miscellaneous

	Mitochondrial targets
	Outer mitochondria membrane (OMM)
	Inner mitochondria membrane (IMM)
	Mitochondrial matrix (MM)

	Nucleus-targeted delivery systems
	NLS-mediated nuclear-targeted delivery
	Cationic polymeric-based nuclear-targeted delivery


	Challenges and opportunities
	Conclusion
	References


