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Abstract

Nanoparticulate drug/gene carriers have gained much attention in the past decades because of their versatile and tunable properties. However,
efficacy of the therapeutic agents can be further enhanced using naturally occurring materials-based nanoparticles. Polysaccharides are an
emerging class of biopolymers; therefore, they are generally considered to be safe, non-toxic, biocompatible and biodegradable. Considering
that the target of nanoparticle-based therapeutic strategies is localization of biomedical agents in subcellular compartments, a detailed under-
standing of the cellular mechanism involved in the uptake of polysaccharide-based nanoparticles is essential for safe and efficient therapeutic
applications. Uptake of the nanoparticles by the cellular systems occurs with a process known as endocytosis and is influenced by the physico-
chemical characteristics of nanoparticles such as size, shape and surface chemistry as well as the employed experimental conditions. In this
study, we highlight the main endocytosis mechanisms responsible for the cellular uptake of polysaccharide nanoparticles containing drug/gene.
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Introduction

One significant obstacle for the development of effective drug/gene
therapies, particularly anticancer therapies, has been their inability to
cross the plasma membranes of cells. Plasma membrane provides a

boundary between the cell and its environment to maintain the activi-
ties that are critical for the normal functioning of different types of
cells [1]. Biological membranes may block or limit specific accumula-
tion of the therapeutic agents in an intracellular organelle of interest
[2]. On the other hand, the endosome or lysosome degradative com-
partment is not the final therapeutic goal; therefore, a search for
effective strategies that are able to deliver therapeutic agents across
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the biological membranes and subsequently protect against the hos-
tile hydrolytic environment of the lysosomes is necessary[3]. This is
achieved using novel systems with high encapsulation capacity for
targeted delivery of drugs, genes and diagnostic agents to specific
cells or to particular intracellular components and release of their
cargo in a sustained and time-dependent profile [4].

Many polymeric nanoparticulate systems have been investigated
to be appropriate for cell research and applications. Polymeric
nanoparticles are ultrafine colloidal particles with the size range
between 1–1000 nm and have different properties compared to their
source materials, in which the therapeutic agents can be entrapped
intra-nanoparticles or can be incorporated via adsorption or chemical
conjugation to the surface [5]. Not only the synthetic polymers such
as poly(lactide-co-glycolide) [6], polyacrylates [7], polycaprolactones
[8] and polyethylenimine [9] but also natural polymers such as pro-
teins [10], nucleic acids [11] and polysaccharides [12] have been
used to prepare nanoparticulate drug/gene carriers. Over the years, it
has been highlighted that nanoparticles frequently exhibit improved
properties for easier translocation across biological barriers as they
have the advantages of high surface area/volume ratio and increased
mobility, and hence a great interactive potential with the biological
surfaces [13, 14]. Nanoparticles also offer the potential to protect the
encapsulated molecules from both extracellular and intracellular
degradation, resulting in improved intracellular bioavailability [15]. In
addition, surface conjugation of specific ligands allows nanoparticles
to interact with a particular group of receptors at the cell and tissue
surfaces, thereby favourably modifying the intracellular disposition of
nanoparticles [16].

Following incorporation into the body, nanocarriers can translo-
cate from their site of deposition to the elsewhere, such as the brain
and bone marrow, by blood circulation system [17]. The surface of
nanoparticles is commonly coated with a layer of dissolved extracellu-
lar molecules in body fluids, such as proteins, sugars and lipids
before their encounter with the cellular membranes, the so-called pro-
tein corona [18]. When reach the site of action, the loaded cargo may
be released outside or cells take up nanoparticles and unload cargo at
the desired intracellular compartment [19]. Generally, the transport of
macromolecular carriers such as nanoparticles from the cell surface
to the lysosomal vesicles occurs with a process known as endocyto-
sis [20]. Following the nanoparticles uptake, they are able to signifi-
cantly increase the drug concentration and act as an intracellular drug
reservoir for long-term release [4]. Therefore, the use of natural poly-
mer-based nanoparticles seems to be advantageous as they are found
virtually in all living organisms and their application does not exhibit
toxic effects to the organisms owing to their intrinsic biocompatibility
and biodegradability that ensure safe therapies [21].

Among natural polymers, proteins and polysaccharides tend to be
associated with cells, rapidly internalized and degraded, thus enabling
the intracellular release of the incorporated drug/gene from the trans-
porter [22]. As the use of polysaccharide-based nanoparticles becomes
more prevalent, it is necessary to address the interaction and uptake of
this class of delivery vehicles by cellular systems [23]. Therefore, in
this review we discuss the recent progress on our understanding of the
interaction between polysaccharide nanoparticles and cell membranes
as well as the main endocytic pathway involved in their uptake.

Mechanisms of nanoparticle
endocytosis

The plasma membrane is a highly selective and effective barrier that
protects all living cells from the surrounding environment and
strongly limits the entry and exit of large macromolecular substances
[24]. Therefore, nanoparticulate systems need to overcome this bar-
rier to intrude living cells [25].

It is well known that nanoparticulate systems are capable to enter
live cells, often through the several endocytic pathways. However,
passive penetration of the plasma membrane may occur as an alter-
native route. Upon endocytosis, nanomaterials are enclosed within
the early endocytic vesicles and are thus not directly carried into
the cytosol. In contrast, the nanomaterials internalized via mem-
brane penetration are directly transferred into the cytoplasm, which
can be the preferred choice particularly for the targeted drug delivery
[26].

The term ‘endocytosis’ can be broadly divided into pinocytosis
(cell drinking) and phagocytosis (cell eating). Pinocytosis is com-
monly involved in the internalization of fluids and molecules by small
vesicles, and phagocytosis is the process by which the cells such as
monocytes/macrophages, neutrophils and dendritic cells engulf large
particulate matter and are able to form intracellular phagosomes [27].
Pinocytosis can be further subdivided into four different basic cate-
gories namely macropinocytosis, clathrin-mediated endocytosis,
caveolin-mediated endocytosis and clathrin- and caveolin-indepen-
dent endocytosis [18]. These endocytosis mechanisms are found in
specific types of cells and subsequently have a key role in the intracel-
lular trafficking and fate of the captured particles [27]. In addition,
they are different in view of the coating composition, size of the
detached vesicles and intracellular trafficking of the internalized mate-
rial [28].

Macropinocytosis is a form of actin-driven endocytic mechanism
by which extracellular fluid and its debris are internalized in a non-
specific manner within large, heterogeneous vesicles, called macropi-
nosomes [29]. Each clathrin-mediated internalization pathway is
started by the specific interactions between ligands and extracellular
receptors. Following entry into the cell, the internalized nanoparticles
are typically trapped inside the endosomal/lysosomal vesicles, result-
ing in the degradation of the sequestered cargo material by the lyso-
somal enzymes [30]. Caveolae/raft-dependent endocytosis is involved
in clustering of the lipid raft domains at the plasma membrane into
the flask-shaped invaginated structures called ‘caveolae’ and formed
through the interaction of cellular membranes with the different types
of proteins, especially caveolin [31]. Endocytosis by clathrin-coated
pits or uncoated pits traffics the material to the lysosomal degradative
compartment, while caveolae-mediated endocytosis mediates the
translocation to the Golgi apparatus, to endoplasmic reticulum or
through the cell via trancytosis [32]. Therefore, it is useful to develop
other strategies such as caveolae-mediated pathway and
macropinocytosis which are somewhat non-specific, and neither
acidic nor digestive and can preferentially internalize nanoparticles
through an alternative pathway, preventing lysosomal degradation
after internalization [28].
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Notably, for in vitro quantitative assessment of cellular uptake, the
nanoparticles could be labelled by fluorescent dyes or radioisotopes
[33]. On the other side, selective inhibition of the various endocytic
process has been found to be a strong way for evaluating the cellular
uptake of nanocarriers, although it is not complete in specificity [34].
The main pathways ofnanoparticle endocytosis are illustrated in
Figure 1.

Factors affecting the efficacy of
nanoparticle uptake

The efficiency of endocytosis depends on not only the size of
nanoparticles, but also the charge, and surface coating [35]. On
the other side, culture medium and cell-specific uptake properties
could play a significant role in determining the interaction of
nanoparticles with cell membranes [36]. Optimization of the
physicochemical parameters is required, in a specific model to
each type of nanoparticles, to improve the efficiency of cellular
uptake and intracellular drug delivery [28]. In addition, the effects
of various possible combinations of the nanoparticle characteristics
must be evaluated to predict the nanotoxicity or prepare ideal

nanoparticulate drug/gene carriers [37]. Considering that each
parameter can be changed, a large number of nanoparticle formu-
lations could be designed.

Size

The size of nanoparticles is of high importance for the evaluation of
the performance and biological fate, particularly for addressing the
efficacy of cellular internalization mechanism [38] as the size of
nanoparticles is implicated in elimination by the mononuclear phago-
cytic system [39]. The smaller the particle size, the easier they can be
internalized by cells [14] as smaller particles have a larger surface
area than same mass of larger particles, allowing them more contact
with the biological membranes [40].

Shape

Likewise, shape has been found to dictate the biodistribution, blood
residence time as well as the cellular uptake of nanoparticles [35].
Elongated nanoparticles have been reported to yield a higher effi-
ciency in adhering to the cells as compared to the spherical

Fig. 1 Scheme for the main pathways of nanoparticle endocytosis.
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nanoparticles, especially after surface modification as elongated
nanoparticles have a higher surface area and the ability to interact
more efficiently with the cell surface membranes with respect to their
shape [41]. The interaction of elongated and spherical nanoparticles
with cell membrane is presented in Figure 2A.

Charge

The cell’s plasma membrane interacts differently with positively or
negatively surface-charged nanoparticles. Generally, positively
charged nanoparticles exhibit better internalization level (Fig. 2B) as a
result of attractive electrostatic interaction with the negatively charged
cell membrane that has a profound effect supporting the uptake of
nanoparticles [41].

Surface modification

Surface modification of the nanoparticles by cell-specific targeting
molecules has been reported as a powerful tool for increasing the cellu-
lar uptake [42]. A wide range of ligands are available as a basis to
improve targeted drug/gene delivery. The use of a specific ligand
depends on several different parameters including the nature of target
cell, the material used in the formulation of nanoparticles and the chem-
istry available for conjugating ligands to the nanoparticle surface [22].

Besides, intrinsic properties of some biomacromolecules, such as
cell-penetrating peptides (CPPs), for freely passing through the cell
membranes in a non-toxic manner suggests that they can be used for
improving the intracellular availability of various cargoes such as
small molecules, plasmid DNA (pDNA) and nanoparticles. Therefore,
CPPs attached to the nanoparticles have been reported as an appeal-
ing strategy to enhance drug/gene delivery to and across biological
barriers when compared with the non-modified CPPs-based nanopar-
ticles [43]. In addition, the coupling of CPP could offer the benefits of
endosomal escape of its cargo [44].

Experimental conditions

Cell type
Effective delivery of drug-loaded nanoparticles into specific cells and
subcellular targets under different conditions is of high importance in

the field of biomedicine. For example, the main challenge in the treat-
ment methods of cancer is to translocate pharmaceutical agents into
cancer tumours without damaging healthy tissues [45]. Cancer cells
are different to non-cancerous cells in various ways and divide at an
unregulated pace, and most of the nanoparticles show different endo-
cytic mechanisms in cancer and normal cells, offering a chance to
design nanoparticles with high selectivity for targeted drug delivery
[46].

Cell culture
Beyond the physicochemical characteristics of nanoparticles, the
composition of common cellular culture media and the origin of
serum mediate the nanoparticles uptake and cellular distribution [47].
Nanoparticles do not behave as inert materials or soluble small mole-
cules in solution phase. But rather, nanoparticles have been observed
to undergo some aggregation/agglomeration processes and as a
result they often show a tendency to form new classes of multisized
molecular entities [48]. Following entry into a biological fluid, the sur-
face of nanoparticles is coated by a layer of biomolecules such as
proteins and lipids that is usually referred to as bio-corona and has
been reported to have a key role in assessing the effective size, sur-
face charge and aggregation state of the nanobiomaterials, and hence
in determining of their biological behaviours such as biodistribution,
complement activation, interaction with receptors at the cell surface
and cellular uptake [41].

Polysaccharide nanoparticles

Polysaccharides have been extensively used in pharmaceutics for
development of drug/gene delivery systems. Polysaccharide materials
can be classified in two groups including polyelectrolytes and non-
polyelectrolytes. Polyelectrolytes can be additionally divided based on
their intrinsic charge including cationic (chitosan), anionic (alginate,
heparin, pectin, hyaluronic acid) and neutral (pullulan, dextran) [49].
The chemical structure of these polysaccharides has been shown in
Figure 3.

Because of the amphiphilic nature, polysaccharide-based materi-
als can self-assemble into ordered aggregates within aqueous envi-
ronment and have various derivable groups on their molecular chains
which can be easily adopted and modified with other chemical agents
[21]. Polysaccharides show a high affinity for mucosal surfaces

Fig. 2 The effect of shape (A) and surface charge (B) on the nanoparticle–cell membrane interaction.
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covering the nasal, pulmonary and gastrointestinal tract. Besides,
polysaccharides such as hyaluronic acid, pectin and heparin are cap-
able of binding with cellular receptors at several levels [16]. These
properties of polysaccharides can be engineered to prepare desired
type of nanoparticles with prolonged residence time at the target site,
leading to enhanced permeation and bioavailability of the loaded bio-
molecules such as proteins and peptides in the absorption site.

Alginate

Alginate is an anionic polysaccharide comprised of linear copolymers
of guluronic and mannuronic acid residues and is now known to be a
whole family of safe and haemocompatible polymers which do not
show any significant accumulation within major organs and have pro-
vided evidence of in vivo degradation [50]. In the presence of calcium
ions, ionic interactions may occur between the glucuronic acid resi-
dues of alginate with the divalent calcium ions, leading to the gelation
of alginate. Such property has allowed to the use of calcium alginate
gel beads as one of the most frequently utilized materials in the phar-
maceutical and medical fields [51]. The effect of size and size distri-
bution on the permeability and cellular internalization of the vitamin
E-loaded oleoyl alginate ester (OAE) nanoparticles has been demon-
strated in an in vitro study (Caco-2 cell line) and also an ex vivo study

(excised rat jejunum). The authors reported that the loading capacity
increased with increasing particle size, while transport of nanoparti-
cles through Caco-2 cells and also the cellular uptake in excised rat
jejunum reduced (Fig. 4). Besides, results revealed that endocytic
pathway of the OAE nanoparticles is size dependent and the main
endocytic mechanisms are clathrin-mediated endocytosis, caveolae-
mediated endocytosis and macropinocytosis [38]. Similarly, kinetics
and cellular uptake mechanism of nanoparticles formulated using
dioctyl sodium sulfosuccinate (Aerosol OTTM; AOT) and sodium algi-
nate were evaluated in vitro using a model breast cancer cell line, for
intracellular delivery of rhodamine. It was observed that incorporation
of phospholipid into AOT–alginate nanoparticles can significantly
enhance their uptake/intracellular accumulation, and metabolic inhibi-
tion studies suggested that cellular internalization of nanoparticles is
mediated by endocytosis [52].

Folate–phytosterol–alginate nanoparticles have gained consider-
able attention as an ideal carrier of selective targeting drugs to cancer
cells that overexpress the folate receptors, avoiding the possible cyto-
toxicity. Self-assembled core/shell nanoparticles of phytosterol–algi-
nate were prepared using the water-soluble alginate substituted by
hydrophobic phytosterols for delivery of doxorubicin (DOX). In vitro
cellular tests showed that DOX-loaded nanoparticles had a high bind-
ing affinity to the folate receptors and primarily located at the outer
portion of the plasma membrane. It was observed that the

Fig. 3 The chemical structure of polysaccharides.
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nanoparticles are internalized by the folate receptor–mediated endo-
cytosis mechanism, and this endocytosis pathway may result in a sig-
nificant increase in the cellular uptake efficiency [53].

Alginates can electrostatically interact with the positively charged
entities as a result of their negative charge, so they can be success-
fully used as an platform for delivery of cationic drugs and molecules
[54]. On the other side, formation of polyelectrolyte complex between
the carboxyl groups of alginate and the amine groups of chitosan
(CS) has been exploited to be suitable for the controlled release of
drugs and other biological agents as compared to the alginate/CS for-
mulation, alone [50]. Folate-conjugated CS–alginate complex
nanoparticles were proven to efficiently mediate improved cellular
uptake in HepG2 liver cells. The reason could be that folate was easily
recognized by folate receptors on the surface of the HepG2 cells [55].
Besides, the experiment showed that the transfection rate of pDNA into
HEK293 cell could be increased when using alginate nanoparticles for
gene delivery when compared to the CS/alginate- and CS nanoparticles,
alone. Actually, not only alginate exhibits ‘proton sponge effect’, but
also its degradation promotes the osmotic pressure, thereby increasing
the endosomal release of cargo. Besides, swelling properties of the
alginate owing to hydrogel property may mediate the cellular uptake
and the release of pDNA into the cytosol [56].

Chitosan

Chitosan (CS) is a naturally occurring linear polysaccharide com-
posed primarily of repeating units of D-glucosamine [17]. It is struc-
turally similar to the cellulose, and the presence of highly reactive

amino groups renders the polymer a net positive charge [57]. Chi-
tosan is the most common polymer currently used for drug/gene
delivery because of excellent properties such as good biocompatibility
and natural antibacterial, anti-inflammatory and neuroprotective beha-
viours, which ensure safe therapies [58]. It can be enzymatically
degraded in vivo by enzymes such as lysozyme and chitosanase, into
oligomers and finally to N-glucosamine, which is endogenously pre-
sent in the human body [59].

The most common method to prepare CS nanoparticles is ionic
gelation. This method offers a simple and rapid preparation technique
in the aqueous environment and is based on the electrostatic interac-
tion of the amine groups of CS and the negatively charged groups of
a polyanion such as tripolyphosphate (TPP). The size and surface
characteristics of particles can be easily adjusted by varying the ratio
between the polymer and polyanion [60].

It has been shown that CS nanoparticles with positive charge tend
to make interactions with the negatively charged proteins at the cell
surface to form clathrin vesicles. Whenever vesicles fall off from the
plasma membrane into the cytoplasm, they can fuse with endo-
somes/lysosomes compartments. Then, acidity of the environment
enhances the breaking of chemical bonds and structure of particle by
enzymes, leading to the rapid release of cargo. In vitro data demon-
strated that CS nanoparticles with positive surface and good spherical
monodispersity enhanced the cellular uptake of the molecular cargos,
including the anti-cancer drug gefitinib and the lysosomal targeting
drug chloroquine through the caveolae-mediated endocytosis and
macropinocytosis pathway [61].

Comparing the cellular uptake of CS molecules and nanoparticles
and hence their capability to mediate insulin passage through Caco-2
cell monolayers showed two times higher interaction with nanoparti-
cles than that of CS molecules upon 2-hrs incubation at the loading
concentration of 1 mg/ml. Using chlorpromazine to reduce the num-
ber of coated pit-associated receptors on the cell surface by disrupt-
ing the regulation of clathrin assembly/disassembly, it was concluded
that clathrin is the major route for cellular uptake of the CS nanoparti-
cles. These findings suggest that the structural transformation of CS
molecules arranged in microscale linear chains into the condensed
nanoscale particle results in a greatly improved cellular interaction
and transport across the Caco-2 cell monolayers [62]. In another
study, uptake of CS nanoparticles into Caco-2 cells was reported to
take place through a similar pattern to that of CS molecules, and the
uptake of approximately 95.1% of CS nanoparticles and 86.0% of CS
molecules was mediated through an energy-dependent endocytosis.
It was indicated that CS nanoparticles can cause stronger changes in
the distribution of membrane proteins, fluidity of membrane lipids
and general membrane composition [63]. Besides, mechanism of
uptake of CS nanoparticles, in contrast to CS molecules, exhibits sat-
urable kinetics and their uptake capacity decreases with decreasing
molecular weight and also degree of deacetylation [59].

The effectiveness of CS at absorption site is limited because of
poor water solubility at pH > 9. As the pH increases above 6, CS
starts to lose its positive charge density, induces rapid formation of
aggregates and precipitates. To solve the issue above, thiolated CS
(TCS) have been developed as a new generation of bioadhesive poly-
mers [64]. TCS binds to the mucosal surfaces with a higher avidity,

Fig. 4 Permeability of vitamin E loaded in OAE nanoparticles across the
Caco-2 cell monolayers (A), accumulation of vitamin E loaded in OAE

nanoparticles in jejunum at 37°C and 4°C (B) (with permission from

authors and Carbohydrate Polymers)[38].
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which is based on the disulphide bond formation between thiol
groups of the polymer and cysteine-rich subdomains of glycoproteins
in the mucus. These covalent bonds are very stronger than non-cova-
lent bonds, ultimately leading to an increase in cellular uptake [65].
The experiment reported that the degree of uptake of TCS–sodium
alginate (SA) nanoparticles into the human corneal epithelium was
importantly higher than that of CS–SA nanoparticles. This may be of
more emphasis on the fact that TCS–SA nanoparticles are more
mucoadhesive and so more efficient as a drug carrier for ocular deliv-
ery as compared to the CS–SA nanoparticles [64].

Glycol CS is commercially available as another derivative of CS
with enhanced water solubility and has been reported in a large scope
in the field of diagnostic imaging and drug delivery [66]. To evaluate
the uptake mechanism of hydrophobically modified glycol CS (HGCS)
nanoparticles, HeLa H2B-GFP cells were preincubated with the selec-
tive inhibitors of caveolae formation, clathrin association and Na+/H+

exchange to block the specific endocytic pathways. The results
showed that HGCS nanoparticles do not forcefully follow one of the
main endocytic pathways and the majority of them were taken up
through the macropinocytosis which is a non-destructive route as
compared to the clathrin-mediated endocytosis. Notably, HGCS
nanoparticles exhibited different internalization efficiencies and also
intracellular behaviours depending on their uptake route and were
able to impair the lysosomal degradation process via fusion [19]. In
an alternative study, HGCS nanoparticles had a globular shape with
the mean diameter of 359 nm and exhibited an increased distribution
in the whole cells through several non-destructive endocytic path-
ways when compared to the parent HGCS polymers [32]. HGCS
nanoparticles with the physically entrapped chlorin e6 (HGC-Ce6)
as well as the chemically entrapped chlorin e6–conjugated GCS
nanoparticles (GC-Ce6) were synthesized as two kinds of tumour-
targeting nanoparticles containing photosensitizers for photody-
namic therapy. Both nanoparticles had a spherical morphology
(Fig. 5A and B) and a small particle size (300–350 nm), but HGC-
Ce6 showed a burst of drug release in the buffer condition as com-
pared to the GC-Ce6. Tumour cells incubated with HGC-Ce6 or GC-
Ce6 nanoparticles exhibited efficient cellular uptake of both
nanoparticles. However, in the case of cells treated with GC-Ce6,
fluorescent spots of Ce6s were more than those HGC-Ce6, demon-
strating that Ce6 of GC-Ce6 was chemically conjugated to the GC
polymers and could not be released from the nanoparticles. When
injected into HT-29 tumour-bearing mice through the tail vein,
HGC-Ce6 did not accumulate efficiently in tumour tissue, as a
result of rapid release of the physically loaded drug, while GC-Ce6
exhibited a more prolonged circulation profile and higher tumour
accumulation, resulting in high therapeutic efficacy in cancer treat-
ment (Fig. 5C) [67]. Similarly, nanoparticles prepared from N,O-car-
boxymethyl CS, a water-soluble derivative of CS, were more
efficient in promoting cellular uptake and apoptosis in breast cancer
cell lines against normal cells [68].

CS has also been explored as a means to enhance mucoadhesive
and absorption-enhancing characteristics. This property is based on
the interaction between the positively charged amino groups of CS
and negatively charged residues in the mucin [69]. A different study,
by Behrens et al., compared the interaction of hydrophobic

polystyrene-, mucoadhesive CS- and stealth-like PLA–PEG nanoparti-
cles with cellular membranes using two intestinal cell culture models:
Caco-2 as a suitable model for enterocytes in the small intestine
which are lack in the mucus layer and also MTX-E12 cells as mucus-
secreting goblet cells. The results demonstrated that the cellular inter-
action of nanoparticles was significantly different depending on their
physicochemical features and type of the cell line. The following rank
order was obtained in Caco-2 cell line: Polystyrene > CS ≫ PLA–
PEG and in MTX-E12 cells: CS > polystyrene ≫ PLA–PEG. In this
case, the mucus layer covering enterocytes and goblet cells is a major
barrier for nanoparticle absorption and CS nanoparticles displayed a
stronger association and internalization with mucus-secreting cells
MTX-E12 than with Caco-2 cell monolayers as a result of its electro-
static interactions [70]. In addition, chuah et al. [14] reported that the
mucoadhesive interaction and uptake of the model molecule cou-
marin into the colorectal cancer cells could be increased when using
CS-based nanoparticles.

CS has been extensively studied as a vehicle for gene transfer into
a wide range of cells because of its high efficiency to condense DNA
and siRNA [71]. Positively charged CS can compact negatively
charged nucleic acids in the form of nanoscale complexes, resulting
in protection of the nucleic acids from degradation and improved cel-
lular uptake as compared to the naked nucleic acids [34]. After self-
assembly, the highly negative charged nature of nucleic acids
becomes neutralized rapidly, and the surface charge of the obtained
polyplex gets positive at higher N/P ratio. In fact, this positive charge
is required for effective binding to the anionic cell surface, and conse-
quently leading to greater cellular uptake [71]. In addition to electro-
static complexation with the negatively charged nucleic acids, CS
alone is able to promote endosomal escape of the loaded cargos into
the cytosol by ‘proton sponge’ effect [72]. An attempt was made to
optimize the transfection efficiency of CS in HeLa cells by a new gen-
eration of self-branched trisaccharide-substituted CS oligomers
(SBTCO). The uptake of linear CS (LCO) was approximately 10 times
lower than that of the SBTCO polyplexes. It is because of this that the
SBTCO polyplexes are taken up by a clathrin-independent endocytic
mechanism and escape from endosomal vesicles, successfully. On
the other hand, LCO polyplexes, which aggregate into bigger nanopar-
ticles and associate strongly to the cell surface, are internalized to a
less amount through different endocytic pathways and are unable to
escape to the cytosol [34].

However, it is important to note that strong electrostatic interac-
tion between CS and nucleic acid prevents dissociation of the nucleic
acids within cells, thus precluding the nucleic acids transcription and
resulting in poor transfection efficiency [73]. The strength of this can
be reduced in the presence of a secondary anionic polymer [74].
Application of various anionic synthetic polymers such as Poly(l-
lysine) [75] or Polyethylenimine [76] have been previously reported.
In this context, alginate can be used as a non-toxic and biocompatible
secondary polymer in combination with CS. Further supporting this
hypothesis, we observed that CS/alginate nanoparticles mediated cel-
lular uptake of antisense better than naked antisense in T47D cells
[74]. CS and CS/alginate nanoparticles showed better capacity to load
pDNA and had the higher transfection efficacy into HEK293 cells than
alginate nanoparticles [56].
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The surface modification of CS nanoparticles by ligands having
high affinity to the specific cell surface receptors such as lactose,
transferrin, folate and mannose promotes their cell specificity and
binding/transfection efficiency through receptor-mediated endocyto-
sis [77]. For example, mannose receptor which is a transmembrane
glycoprotein abundantly expressed on the surface of antigen-present-
ing cells could be recognized by mannose residues of molecules [78].
Observations have confirmed that the ability to bind specifically to
macrophages and transfection efficiency of mannosylated CS nanopar-
ticles containing gastrin-releasing (pGRP) peptide were significantly
higher than those of uncoated particles [77] as macrophages (such as
Kupffer cells) express a range of mannose specific membrane recep-
tors which uptake glycoproteins bearing high mannose chains by cla-
thrin-coated vesicles for delivery into the endosomal system [79].
Furthermore, mannosylated CS nanoparticles exhibited a much higher
transfection efficiency into Raw 264.7 cells (bears mannose receptors)
than HeLa cells and successfully found as an ideal targeting gene deliv-
ery vehicle to the macrophages [71]. Oleoyl CS nanoparticles have
been employed as another promising system for the delivery of
hydrophobic antitumour agents. In vitro studies demonstrated that the
cellular uptake of oleoyl CS nanoparticles was probably caused by

adsorptive endocytosis, which is preceded by non-specific interaction
of ligand with the cell membrane [4]. Another research focus has been
to study the cellular uptake of both trimethyl CS nanoparticles and their
goblet cell-targeting CSK (CSKSSDYQC) peptide–modified nanoparti-
cles in Caco-2/HT29-MTX-cocultured cells as well as in Caco-2 cells. It
was reported that both treated and untreated nanoparticles can deliver
a remarkably higher quantity of FITC-insulin through caveolae-mediated
endocytosis and macropinocytosis routes as compared to free FITC-
insulin solution in both cell models. However, the amount of uptake of
CSK-modified nanoparticles in cocultured cells was 2.21-times higher
than that of un-modified nanoparticles, while there was no significant
alteration between the two nanoparticles in Caco-2 cell. These data
suggested that the improved uptake of modified nanoparticles was
mediated via specific interaction between the CSK peptide and the
mucus-producing goblet cell-like HT29-MTX cells [80]. To improve the
ability of CS nanoparticles to efficiently transform hepatic cells, galacto-
sylated CS nanoparticles were prepared. Surface modification of CS
nanoparticles demonstrated that they have a significantly enhanced
efficiency in the intracellular delivery of silymarin for the treatment of
liver cirrhosis by hepatic asialoglycoprotein receptor-mediated binding
[81]. Consequently, alginate-coated CS nanoparticles have been used

C A

B

Fig. 5 TEM images of HGC-Ce6 (A) and GC-Ce6 nanoparticles (B). In vivo time-dependant whole-body imaging of athymic nude mice bearing HT-29

tumours after i.v. injection of saline, free Ce6, HGC-Ce6 or GC-Ce6 (2.5 mg/kg of Ce6) (C) (with permission from authors and Journal of Controlled
Release) [67].
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to allow crossing of the membrane barriers as well as being taken up
into the rat Peyer’s patches [82].

Besides, conjugation of CS with CPP is expected to drastically
promote the cellular uptake of nanoparticles as a result of the intrinsic
features of CPP to translocate across the plasma membrane and,
therefore, could be used for delivery of bioactive molecules into dif-
ferent types of cells [83]. For example, the CS nanoparticles attached
with trans-activating transcriptional activator (TAT) protein of HIV-1
exhibited significant increased cellular accumulation when compared
with un-modified nanoparticles [84]. A similar study was also
employed to the Tat-related peptide so that nanoparticles prepared by
combination of CS–HIV-1 Tat peptide and CS–thioglycolic acid conju-
gates showed an enhanced transfection efficiency of pDNA in HEK293
cells, 7.12- and 67.37-times greater than that of the unmodified CS
and pDNA alone [85].

Heparin

Heparin is a water-soluble anionic and extremely sulphated
polysaccharide coupled with a variety of biological activities such
as anticoagulation, anti-inflammatory and antiangiogenesis effects
[86]. In addition, the antitumour effects of heparin and its deriva-
tive, low molecular weight heparin (LMWH), has been reported by
several authors [87–89]. The antitumour activity of heparin may
be related to its ability to suppress the tumour angiogenesis and
metastasis processes via disruption in the activity of VEGF and
bFGF [90]. Therefore, the use of chemical and biological activi-
ties of heparin to develop more efficient nanoparticulate deliv-
ery systems opens the door for novel safe therapeutic
applications.

Heparin has been described to design self-assembled micelle-
like nanoparticles after its conjugation with hydrophobic polymer or
moieties, and the size of micellar structures can be precisely opti-
mized using a controlled coupling ratio of that hydrophobic moiety.
Heparin nanoparticles have a large number of reactive functional
groups and can be engineered to provide a large ratio of surface
area for introducing various types of tumour-targeting ligands, opti-
cal imaging agents and biomolecules [91]. On the other hand,
some protein components such as different growth factors contain
the heparin-binding domains that mediate their interaction with
heparin-based nanoparticle surfaces [92]. Therefore, heparin
nanoparticles can serve as a useful system to protect the heparin-
binding growth factors against the proteolytic and chemical degra-
dation and enhance the interaction between the growth factors and
their receptors [93].

Self-assembled nanoparticles were prepared using LMWH–steary-
lamine (SA) conjugates (LHSA) for cell uptake of anticancer drug,
docetaxel, wherein the LMWH was the hydrophilic segment and SA
as its hydrophobic counterpart. A hydrophobic minor core could facil-
itate interaction with the plasma membrane and enhance cellular
uptake efficiency. As a result, the LHSA nanoparticles loaded with
coumarin 6 exhibited significantly increased accumulation in 6 MCF-7
and MDA-MB-231 human breast cancer cells when compared with
the coumarin 6 solution [94].

Hyaluronic acid

Hyaluronic acid (HA), also called hyaluronan, is one of the main con-
stituent components of the extracellular matrix, present abundantly in
the various organs including connective, epithelial and neural tissues
[95]. It is a biocompatible and biodegradable linear polysaccharide
with good chemical stability and considerable water-absorbing capa-
bilities [96]. The carboxylic acid groups in the structure of HA provide
one of the best functional moieties to be conjugated to an optimal
number of drugs or targeting ligands [97].

Core–shell polymeric structures can be prepared by conjuga-
tion of hydrophobic moieties such as tetradecylamine or bile
acids with the carboxylic acid groups of HA through carbodiimide
chemistry, thereby encapsulating of therapeutic and/or imaging
molecules into inner hydrophobic cores [98]. These outstanding
properties allow HA potential applications in pharmaceutical and
medical sciences.

It was reported that HA nanoparticles are capable of crossing
Caco-2 cell monolayers and increasing the cellular uptake of the insu-
lin as compared to the insulin solution [99]. Notably, HA shows high
binding affinity towards the CD44 and hyaluronan-mediated motility
(RHAMM) receptors overexpressed by a number of tumour cells and
hence the high passive targeting ability towards tumour cells [100,
101]. Therefore, HAs are taken up into the cells by receptor-mediated
endocytosis and then are transported to the lysosome, where they are
ultimately degraded by lysosomal enzyme, Hyal-1[102]. HA-based
nanoparticles are considered to be an effective system to easily deli-
ver anticancer drugs into the CD44-overexpressing tumour cells
through the receptor-mediated endocytosis, and the subsequent
enzymatic degradation results in the sustained release of the nanopar-
ticle’s content [103, 104]. In a primary study, Hua et al. [105] demon-
strated experimental evidence for binding and uptake of HA by
chondrocytes through the CD44-mediated endocytosis mechanism.
Similarly, authors exhibited experimental data for binding and uptake
of the near-infrared Cy5.5–labelled 5b-cholanic acid–conjugated HA
(HACA) nanoparticles by liver sinusoidal endothelial cells expressing
HA receptors as well as phagocytic cells of the reticuloendothelial
system. Meanwhile, this study compared the tumour targetability of
PEGylated- and non-PEGylated HA nanoparticles as application of HA
nanoparticles for tumour therapy and diagnosis is limited because of
their preferential accumulation in the liver site after systemic adminis-
tration. The experiment revealed that PEGylated HA nanoparticles
resulted in a 1.6-fold higher accumulation in the cancer cells (SCC7,
MDA-MB-231 and HCT116) when compared to the bare HA nanoparti-
cles [100]. Another study namely by Huang et al. [106] showed that
accumulation level of polyelectrolyte nanocomplexes designed by HA-
grafted polycaprolactone (HA-g-PCL) nanoparticles in cancer cells
(EC109) was significantly greater than by normal fibroblasts (NIH3T3).
Nanoparticles composed of various concentrations of HA, ceramide
and Pluronic 85 (HA-CE/P85) were formulated for intravenous doc-
etaxel (DCT) delivery. P85 is referred to as an efficient block copolymer
that likely interacts with biological cell membranes upon increasing the
length of the hydrophobic block from 30 to 60. Intracellular uptake effi-
ciency was evaluated by Cy5.5–labelled HA-CE–based nanoparticles in
the three cell lines including U87MG (low CD44 expression), MCF-7
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Fig. 6 In vitro cellular uptake studies of coumarin 6-loaded nanoparticles in U87MG, MCF-7 and MCF-7/ADR cells observed by CLSM. Green and

blue colours indicate coumarin 6 and DAPI, respectively (with permission from authors and Biomaterials) [95].
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(high CD44 expression) and MCF-7/ADR (high CD44 expression and
showing MDR to anti-cancer agents). The fluorescence signals from
the HA-CE/P85 = 12:0 and HA-CE/P85 = 12:3 groups in MCF-7 cells
were higher than those of U87MG cells. However, blocking of the CD44
receptor by HA treatment decreased cellular uptake in MCF-7 cells
(Fig. 6). The in vivo tumour targetability of nanoparticles was also
demonstrated in MCF-7/tumour-bearing mice by non-invasive near-
infrared fluorescence imaging (Fig. 7) [95].

HA has also been used to enhance the transfection efficiency of
CS by facilitating interaction with cell surface receptors, such as
CD44 [107].

A new non-viral gene vector to primary chondrocytes consisting
of hybrid HA/CS nanoparticles was described by Hua et al. In this
study, HA/CS nanoparticles were found to be far more effective in

transporting biologically active pDNA into cells and fluorescence
intensity of EGFP also increased significantly than that of CS nanopar-
ticles under the same conditions, as shown in Figure 8 [108]. A simi-
lar strategy was described for bioadhesive HA/CS nanoparticle, which
was found to form stable complexes with pEGFP or pb-gal, and to
promote its cellular uptake in different cell lines [109]. Besides, it was
observed that pDNA-loaded HA/CS nanoparticles can enter into both
corneal and conjunctival cells and are located at the cellular periphery
by hyaluronan receptors through a caveolin-dependent endocytic
mechanism [110]. In 2013, So et al. demonstrated that nanoparticles
containing HA and TCS could be used as a powerful tool for gene
delivery to spinal cord. It was shown that HA/CS nanoparticles are not
cytotoxic and able to efficiently deliver pDNA into neuronal cell as a
result of hyaluronan receptor mediation [111].

Fig. 7 Fluorescence imaging of DCT-loaded HA-CE/P85-based nanoparticle in a tumour-bearing mouse. Time-dependent in vivo images of mouse

bearing MCF-7/ADR tumours after intravenous injection of nanoparticles (A). In vivo fluorescence intensity profiles according to time in tumour tis-

sues (B). Ex vivo fluorescence intensities of dissected tumours one day after the injection of nanoparticles. Inset indicates ex vivo fluorescence

image. Error bar means S.D. (n ¼ 3) (C) (with permission from authors and Biomaterials) [95].
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Dextran

Dextran is an unbranched water-soluble polysaccharide and has been
used in a range of biomedical applications because of its excellent
biocompatibility, biodegradability, non-antigenicity and non-immuno-
genicity properties [112]. Hydroxyl groups at the dextran chain allow
further chemical conjugation with targeting ligands and biomedical
agents (i.e., proteins, aptamers or pharmaceutical agents), and its
disintegration occurs mainly by dextranase enzyme which is found in
liver, spleen, kidney and bottom section of the gastrointestinal tract
[113]. Besides, dextran can be considered as an interesting alterna-
tive choice to PEG hydrophilic segments when designing the amphi-
philic block copolymers [114]. Therefore, dextran has now been the
subject of numerous studies to design the stealth nanoparticles as a
result of the escape from RES and as it enhances blood circulation
time [115].

Mannosylated dextran nanoparticles have been shown to involve
enhanced cellular association as well as higher antigen delivery to
dendritic cells (DCs) when compared to unmodified particles or parti-
cles modified with a non-specific sugar residue for design and devel-
opment of optimally modulated vaccine delivery system [116]. In
addition, Yu et al. [117] demonstrated that cross-linked nanoparticles
generated by dextran–lipoic acid derivatives were able to cross cell
membranes and to translocate DOX into the nuclei of cancer cells
(HeLa and RAW264.7) as compared to the free DOX.

Dextran–spermine is a biodegradable and water-soluble cationic
polymer which is prepared by reductive amination synthesis between
oxidized dextran and the naturally occurring tetramine spermine. Dex-
tran–spermine complexes have been found to be active in transfect-
ing a wide range of cell lines in vitro through their electrostatic
interactions with cell membranes [118]. It was reported that

positively charged dextran–spermine nanoparticles were able to inter-
act with the anionic substances on the cell surface and can be used
for gene delivery [119]. These results were in agreement with other
study performed in COS-7 cell line, which revealed that dextran–sper-
mine nanoparticles containing pDNA are internalized mainly by elec-
trostatic interaction [120]. Another experiment showed that mixing
PEG with cationic dextran–spermine nanoparticles resulted in a new
class of non-viral vectors that significantly improve transfection effi-
ciency with a marked reduction in the amount of cytotoxicity in the
leukaemic cells. Here, PEG seems to be very efficient to mediate the
protection of pDNA/dextran–spermine complexes from interaction
with enzymatic degradation and plasma proteins [114].

Pullulan

Pullulan is a highly water-soluble linear neutral polysaccharide pro-
duced from the fermentation activity of strains of fungus Aureobasid-
ium pullulans [121]. Several advantages have been experimentally
reported about pullulans that make them suitable for drug delivery
applications such as ability to adhere and form fibres as well as thin
biodegradable films. Adhesion of pullulan-based carriers to cell sur-
faces may be advantageous in drug/gene delivery applications with
increasing the retention time and consequently allowing for timely
absorption of the entrapped cargos [122]. In addition, pullulan exhi-
bits high affinity for asialoglycoprotein receptors overexpressed on
hepatocyte cells and hence can be specifically internalized by hepato-
cytes through the receptor-mediated endocytosis [123]. A compara-
tive study, by Li et al., performed recently to assess intracellular
distribution of pullulan–DOX conjugate nanoparticles in HeLa, HepG2
and L929 cells. It was observed that uptake of nanoparticles by

A B C D

E F G H

Fig. 8 Images of chondrocytes transfected with HA/CS–plasmid nanoparticles, CS–plasmid nanoparticles, naked plasmid DNA and LipofectamineTM

2000 as observed under fluorescence microscope (1009 magnification for (A)–(D); 2009 magnification for (E)–(H)). HA/CS–plasmid nanoparticles
(A and E); CS–plasmid nanoparticles (B and F); naked DNA (C and G); and LipofectamineTM 2000 (D and H) (with permission from authors and

International Journal of Pharmaceutics) [95].
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HepG2 cells was significantly higher than HeLa and L929 cells. These
results provide evidence that pullulan residues of nanoparticle shell
act as targeting moieties and are able to mediate uptake of nanoparti-
cles by receptor-mediated endocytosis through ASGPR receptor
recognition on HepG2 cells. The ASGPR is not highly expressed at the
surface of HeLa and L929 cells [42]. A similar experiment was also
applied to the folic acid–decorated maleilated pullulan–DOX (FA–MP–
DOX) conjugates. When FA–MP was conjugated to the DOX, it
showed an increased efficiency of drug delivery in ovarian cancer cell
line A2780 which was an FA receptor expressing cancer cell line. The
possible mechanism is that DOX conjugates would transport many
DOX molecules, when they were taken up by cells through receptor-
mediated endocytosis, resulting in the higher concentration of DOX
than that of passive diffusion [124].

Carboxymethyl pullulan (CMP) was reported as a polyanion for
the first time to prepare composite nanoparticles for delivery of vacci-
nes [125]. The process of carboxymethylation enhances solubility of
pullulan in cold water, and adding carboxylate groups along the poly-
mer backbone provides a negative charge which is then allowed to

react with polycations to form stable nanocomplexes during polyion
complexation [126]. In contrast to other organs, CMPs exhibit higher
binding affinity to the spleen and lymph nodes [127]. Nanoparticles
made by electrostatic interaction between negatively charged CMP
and positively charged CS derivatives (N-trimethyl CS chloride, CS
glutamate, CS chloride) showed a significantly low cytotoxic activity
in respiratory cells (Calu-3 cells) than that of the CS derivatives,
alone. Much stronger complexation between N-trimethyl CS chloride
and CMP resulted in smaller particle size when compared with CS
salts. In mouse macrophages (J774A.1), the highest uptake efficiency
was found with N-trimethyl CS chloride–CMP composite particles
after 2-hrs incubation which could be explained by their smaller
dimension and more narrow particle size distribution [125].

Cholesteryl pullulan (CHP) is the naturally occurring polysaccha-
ride, pullulan, which chemically modified with hydrophobic choles-
teryl moieties [128]. In aqueous solution, CHPs gather together to
form self-assembled nanoparticles and their interior cavity allows for
the encapsulation of pharmaceutical payloads through the hydropho-
bic interactions [129]. It has been found that CHP nanoparticles are

Fig. 9 Schematic representation of the intranasal vaccine delivery by CHP nanoparticles.
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effectively transferred to antigen-presenting cells such as DCs and/or
macrophages, allowing for a stronger immune response [130].
Besides, CHP nanoparticles have been widely exploited in the nasal
vaccine delivery because of their ability to adhere to the nasal epithe-
lium [125]. Figure 9 shows the uptake of vaccine antigen-loaded CHP
nanoparticles by nasal dendritic cells as a result of the induction of
antigen specific responses. Daiki et al. reported on the immune-
enhancing ability of the tumour necrosis factor-a–encapsulated CHP
nanoparticles to act as a vaccine adjuvant for inducing systemic IgG1
as well as mucosal IgA via the nasal route of administration. As a
result, these nanoparticles promoted antigen uptake by DCs and mod-
erately increased the expression of inflammation-related genes in the
nasopharynx lymphoid tissue, the inductive site of common mucosal
immune responses [131]. Similarly, CHP nanoparticles enhanced effi-
ciency of drug delivery in human hepatocellular carcinoma (HepG2).
The findings of in vitro experiments suggested that clathrin-mediated
endocytosis and macropinocytosis were involved in the uptake of
CHP nanoparticles and the degree of uptake was clearly concentra-
tion-, time- and temperature-dependent. Besides, it was found that
nanoparticles were mostly entrapped within the lysosomal apparatus.
So, these nanoparticles are a good choice for drug delivery for the
treatment of lysosomal storage diseases, cancer and Alzheimer’s
disease [32].

Pullulan acetate (PA) is known as another important hydropho-
bized pullulan, which can form self-aggregated nanoparticles having
small particle size, with a narrow size distribution, and a low precipita-
tion rate. In vitro study on human nasopharyngeal epidermal carci-
noma cell line demonstrated that PA nanoparticles enhanced cellular

uptake and mainly intracytoplasmic distribution of epirubicin (EPI)
under the same condition when compared with free EPI. As, PA/EPI
nanoparticles were taken up by the cells through an endocytic mecha-
nism, hence these particles escape from the endosome/lysosome
compartment to enter the cytosol [132].

Pectin

Pectins typically consist of a complex family of structural polysaccha-
rides present in all plant primary cell walls and contain large quanti-
ties of poly-(d-galactouronic acid) linked by a-1,4-glycosidic bonds.
They are random and heterogeneous moieties in terms of chemical
composition and molecular mass and can be subdivided as high
methoxy (HM), low methoxy (LM) and amidated pectins [133, 134].
Pectins remain intact through the stomach and small intestine, while
they are degraded by pectinolytic enzymes secreted from bacteria
present in the large intestine; therefore, pectin has long been emerged
for development of biodegradable carriers for colon-targeted drug
delivery or local treatment of a variety of diseases such as colitis,
Crohn’s disease and colon carcinomas [22, 135].

Ionotropic gelation and gel coating have been especially sug-
gested to produce pectin-based drug delivery carriers [134]. Pectin
nanoparticles are considered as hydrophilic gel nanoparticles which
can efficiently encapsulate water-soluble drugs [136]. However,
high hydrophilic nature of pectin-based nanosystems may limit their
ability to protect the loaded cargos during gastrointestinal tract
[22]. This problem can be bypassed by thickening of coating

AB

C

Fig. 10 TEM image of pectin-based nanoparticles (A). Content-time profile of free 5-FU (B) and 5-FU nanoparticles (C) in various tissues at a prede-

termined time after tail vein i.v. injection at a dose of 5-FU equivalents to 35 mg/kg (n = 3 for each time-point) (lg) (with permission from authors

and Molecular Pharmaceutics) [138].
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polymer, inactivation of pectinases, application of cross-linking cal-
cium ions and incorporation of the physical layers that separate
drug and pectin [137].

Recently, citrus pectin and pH-responsive polymer Eudragit S-100
have been used to manufacture nanoparticulate carriers for the site-
specific delivery of 5-fluorouracil (5-FU) for treatment of colorectal
cancer. The results confirmed the ability of nanoparticles to protect
the drug loss in the upper parts of GI tract and to deliver 5-FU when
they reach colon owing to the amiable pH of the colonic fluid.
Besides, citrus pectin is a specific ligand for galectin-3 receptors
overexpressed in colorectal cancer cells and enhances cellular uptake
of the nanoparticles through receptor-mediated endocytosis [137].
Consequently, self-assembled pectin nanoparticles were examined for
delivery of honokiol (HK) in HepG2 expressing high levels of ASGRs
and A549 cells. In HepG2 cells, a competitive binding assay in the
presence of free galactose showed that uptake mechanism of pectin
nanoparticles was significantly dependent on the ASGR-mediated
recognition and endocytosis. In contrast, uptake in A549 cells was
not attributed to the ASGR, as the inclusion of free galactose did not
show an inhibitory effect on the amount of uptake. Therefore, uptake
in A549 cells may be referred to as the non-specific binding of
nanoparticles to the cell surface [136]. Another study showed that
cellular uptake could be increased when using pectin nanoparticles
(Fig. 10A) for delivery of 5-FU in HepG2 cell line, as compared to free
drug. Besides, analysis of tissue distribution after tail vein i.v. injec-
tion into healthy mice demonstrated the highest 5-FU content in the
liver, while the distribution of 5-FU in heart, lung, spleen and kidney
was less than that in the liver. Increasing with time, the content of 5-
FU within the body’s various tissue was apparently decreased in two
free 5-FU and 5-FU nanoparticle groups. Eight hours later, no 5-FU
could be found in the free 5-FU group, but in the 5-FU nanoparticles

group, 24 hrs later the distribution of 5-FU to various tissues was
very low except in the liver and kidney (Fig. 10B and C). It confirmed
that the 5-FU nanoparticles has a prolonged cycle effect compared to
that of free 5-FU[138].

Conclusion

Many nanotechnology-based delivery systems have been designed
for the intracellular delivery and subcellular localization of drug/gene.
Among these, polysaccharide-based nanoparticles appear to be a
promising carrier in delivering their contents to intracellular targets.
The mucoadhesive nature of polysaccharides can provide an opportu-
nity to improve the residence time and to increase binding/uptake
properties of the nanoparticles at the absorption site. Moreover,
receptor-targeted polysaccharide nanoparticles can be further applied
to enhance the preferential uptake and intracellular accumulation of
the pharmaceutical agents. However, a few studies have been con-
ducted to evaluate interaction of the polysaccharide nanoparticles
with cell membranes as well as to address their uptake mechanism
and their intracellular fate that must be considered.

Ethical issues

No ethical issues to be promulgated.

Conflict of interest statement

The authors declare that there are no conflicts of interests.

References

1. Yameen B, Choi WI, Vilos C, et al. Insight
into nanoparticle cellular uptake and intra-
cellular targeting. J Con Rel. 2014; 190:

485–99.
2. Janes K, Calvo P, Alonso M. Polysaccha-

ride colloidal particles as delivery systems
for macromolecules. Adv Drug Del Rev.

2001; 47: 83–97.
3. Kong M, Park H, Cheng X, et al. Spatial–

temporal event adaptive characteristics of
nanocarrier drug delivery in cancer therapy.

J Con Rel. 2013; 172: 281–91.
4. Zhang J, Chen XG, Peng WB, et al. Uptake

of oleoyl-chitosan nanoparticles by A549
cells. Nanomed Nanotechnol Biol Med.

2008; 4: 208–14.
5. Mundargi RC, Babu VR, Rangaswamy V,

et al. Nano/micro technologies for deliver-

ing macromolecular therapeutics using

poly (D, L-lactide-co-glycolide) and its

derivatives. J Con Rel. 2008; 125: 193–
209.

6. Wang Y, Li P, Kong L. Chitosan-modified

PLGA nanoparticles with versatile surface
for improved drug delivery. Aaps Pharm.

2013; 14: 585–92.
7. Barros SS, Silva JR, Azevedo RB, et al.

Polyacrylate nanoparticles mediated cytotoxic
process in breast cancer 4T1 cell line. MRS

Proceedings. United Kingdom: Cambridge

Univ Press; 2014. p. mrsf13-1625-i06-19.

8. Guilherme MR, Mauricio MR, Ten�orio-
Neto ET, et al. Polycaprolactone nanoparti-
cles containing encapsulated progesterone

prepared using a scCO 2 emulsion drying

technique. Materials Lett. 2014; 124: 197–
200.

9. Eslaminejad MB, Bagheri F, Mollarazi E,
et al. Effect of chitosan grafted
polyethylenimine nanoparticles as a gene

carrier on mesenchymal stem cells viability.

J Paramed Sci. 2013; 4: 63–9.
10. Sebak S, Mirzaei M, Malhotra M, et al.

Human serum albumin nanoparticles as an

efficient noscapine drug delivery system

for potential use in breast cancer: prepara-
tion and in vitro analysis. Int J Nanomedi-

cine. 2010; 5: e32.

11. Kerkmann M, Costa LT, Richter C, et al.
Spontaneous formation of nucleic acid-
based nanoparticles is responsible for high

interferon-a induction by CpG-A in plasma-

cytoid dendritic cells. J Biolog Chem. 2005;

280: 8086–93.
12. Muhammed R, Junise V, Saraswathi P,

et al. Development and characterization

of chitosan nanoparticles loaded with isoni-

azid for the treatment of tuberculosis.
Res J Pharm Biol Chem Sci. 2010; 1: 383–
90.

13. Mansourpour M, Mahjub R, Amini M,
et al. Development of acid-resistant algi-

nate/trimethyl chitosan nanoparticles con-

taining cationic b-cyclodextrin polymers for

insulin oral delivery. Aaps Pharm. 2015;
16: 952–62.

1682 ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



14. Chuah LH, Roberts CJ, Billa N, et al. Cel-
lular uptake and anticancer effects of

mucoadhesive curcumin-containing chi-

tosan nanoparticles. Coll Surf B Biointer-

faces. 2014; 116: 228–36.
15. Iyer R, Hsia CC, Nguyen KT. Nano-thera-

peutics for the lung: state-of-the-art and

future perspectives. Curr Pharm Des. 2015;
21: 5233–44.

16. Lemarchand C, Gref R, Couvreur P.
Polysaccharide-decorated nanoparticles.

Eur J Pharm Biopharm. 2004; 58: 327–41.
17. Zhou Y, Li J, Lu F, et al. A study on the

hemocompatibility of dendronized chitosan

derivatives in red blood cells. Drug Des

Develop Therapy. 2015; 9: 2635.
18. Treuel L, Jiang X, Nienhaus GU. New

views on cellular uptake and traffick-

ing of manufactured nanoparticles. J
Royal Society Interface. 2013; 10:

20120939.

19. Park S, Lee SJ, Chung H, et al. Cellular
uptake pathway and drug release character-
istics of drug-encapsulated glycol chitosan

nanoparticles in live cells. Microscopy

ResTechnique. 2010; 73: 857–65.
20. Zhang H-z, Gao F-p, Liu L-r, et al. Pullulan

acetate nanoparticles prepared by solvent dif-

fusion method for epirubicin chemother-

apy. Coll Surf B Biointerfaces. 2009; 71:

19–26.
21. Fojan P, Schwach-Abdellaoui K, Tommer-

aas K, et al. Polysaccharide based

Nanoparticles and Nanoporous matrices.
Nsti-nanotechnology. 2016; 13: 15.

22. Mart�ınez A, Fern�andez A, P�erez E, et al.
Polysaccharide-based nanoparticles for

controlled release formulations. Thousand
Oaks, California: INTECH Open Access Pub-

lisher; 2012.

23. Rodrigues S, Dion�ısio M, L�opez CR, et al.
Biocompatibility of chitosan carriers with
application in drug delivery. J Func Bioma-

terials. 2012; 3: 615–41.
24. Madani F, Lindberg S, Langel €U, et al.

Mechanisms of cellular uptake of cell-pene-

trating peptides. J Biophys. 2011; 2011:

414729. doi: 10.1155/2011/414729

25. Shang L, Nienhaus K, Nienhaus GU. Engi-
neered nanoparticles interacting with cells:

size matters. J Nanobiotechnol. 2014; 12:

b26.

26. Wang T, Bai J, Jiang X, et al. Cellular
uptake of nanoparticles by membrane pen-

etration: a study combining confocal micro-

scopy with FTIR spectroelectrochemistry.
ACS Nano. 2012; 6: 1251–9.

27. Kuhn DA, Vanhecke D, Michen B, et al.
Different endocytotic uptake mechanisms

for nanoparticles in epithelial cells and

macrophages. Beilstein J Nanotechnol.
2014; 5: 1625–36.

28. Nam HY, Kwon SM, Chung H, et al. Cellu-
lar uptake mechanism and intracellular fate

of hydrophobically modified glycol chitosan
nanoparticles. J Con Rel. 2009; 135: 259–
67.

29. Commisso C, Davidson SM, Soydaner-
Azeloglu RG, et al. Macropinocytosis of

protein is an amino acid supply route in

Ras-transformed cells. Nature. 2013; 497:

633–7.
30. Watson P, Jones AT, Stephens DJ. Intra-

cellular trafficking pathways and drug deliv-

ery: fluorescence imaging of living and

fixed cells. Adv Drug Del Rev. 2005; 57:
43–61.

31. Dos Santos T, Varela J, Lynch I, et al.
Effects of transport inhibitors on the cellu-
lar uptake of carboxylated polystyrene

nanoparticles in different cell lines. PLoS

One. 2011; 6: e24438.

32. Jiang L, Li X, Liu L, et al. Cellular uptake
mechanism and intracellular fate of

hydrophobically modified pullulan

nanoparticles. Int J Nanomedicine. 2013;

8: 1825.
33. Huang M, Ma Z, Khor E, et al. Uptake of

FITC-chitosan nanoparticles by A549 cells.

Pharm Res. 2002; 19: 1488–94.
34. Garaiova Z, Strand SP, Reitan NK, et al.

Cellular uptake of DNA–chitosan nanoparti-

cles: the role of clathrin-and caveolae-

mediated pathways. Int J Biolog Macro-
molecules. 2012; 51: 1043–51.

35. Hu J, Liu Y. Cyclic strain enhances cellular

uptake of nanoparticles. J Nanomaterials.

2015; 2015: 1–8.
36. Zhang L, Hou S, Mao S, et al. Uptake of

folate-conjugated albumin nanoparticles to

the SKOV3 cells. Int J Pharm. 2004; 287:

155–62.
37. Bannunah AM, Vllasaliu D, Lord J,

et al. Mechanisms of nanoparticle inter-

nalization and transport across an
intestinal epithelial cell model: effect of

size and surface charge. Mol Pharm.

2014; 11: 4363–73.
38. Li Q, Liu C-G, Yu Y. Separation of

monodisperse alginate nanoparticles and

effect of particle size on transport of vita-

min E. Carbohyd Poly. 2015; 124: 274–9.
39. Jo DH, Kim JH, Lee TG, et al. Size, surface

charge, and shape determine therapeutic

effects of nanoparticles on brain and retinal

diseases. Nanomed Nanotechnol Biol Med.
2015; 11: 1603–11.

40. De Jong WH, Borm PJ. Drug delivery and

nanoparticles: applications and hazards. Int

J Nanomedicine. 2008; 3: 133.

41. Salatin S, Maleki Dizaj S, Yari Khos-
roushahi A. Effect of the surface modifica-

tion, size, and shape on cellular uptake of

nanoparticles. Cell Biol Int. 2015; 39: 881–
90.

42. Zhang H, Yamazaki T, Zhi C, et al. Identifi-
cation of a boron nitride nanosphere-bind-

ing peptide for the intracellular delivery of
CpG oligodeoxynucleotides. Nanoscale.

2012; 4: 6343–50.
43. Li H, Tsui TY, Ma W. Intracellular Delivery

of Molecular Cargo Using Cell-Penetrating
Peptides and the Combination Strategies.

Int J Mol Sci. 2015; 16: 19518–36.
44. Layek B, Lipp L, Singh J. Cell penetrating

peptide conjugated chitosan for enhanced
delivery of nucleic acid. Int J Mol Sci.

2015; 16: 28912–30.
45. Ding H-m, Ma Y-q. Controlling cellular

uptake of nanoparticles with pH-sensitive

polymers. Sci Rep. 2013; 3: 2804.

46. Saha K, Kim ST, Yan B, et al. Surface

functionality of nanoparticles determines
cellular uptake mechanisms in mammalian

cells. Small. 2013; 9: 300–5.
47. Maiorano G, Sabella S, Sorce B, et al.

Effects of cell culture media on the dynamic
formation of protein� nanoparticle com-

plexes and influence on the cellular

response. ACS Nano. 2010; 4: 7481–91.
48. Murdock RC, Braydich-Stolle L, Schrand

AM, et al. Characterization of nanomaterial

dispersion in solution prior to in vitro expo-

sure using dynamic light scattering tech-
nique. Toxicol Sci. 2008; 101: 239–53.

49. Liu Z, Jiao Y, Wang Y, et al. Polysaccha-
rides-based nanoparticles as drug delivery

systems. Adv Drug Del Rev. 2008; 60:
1650–62.

50. Gazori T, Khoshayand MR, Azizi E,
et al. Evaluation of Alginate/Chitosan

nanoparticles as antisense delivery vec-
tor: formulation, optimization and in vitro

characterization. Carbohyd Poly. 2009;

77: 599–606.
51. Sangeetha S, Deepika K, Thrishala B,

et al. Formulation and in vitro evaluation

of sodium alginate nanospheres contain-

ing ofloxacin. Int J Appl Pharm. 2010; 2:
1–3.

52. Chavanpatil MD, Handa H, Mao G, et al.
Incorporation of phospholipids enhances

cellular uptake and retention of surfactant-
polymer nanoparticles. J Biomed Nan-

otechnol. 2007; 3: 291–6.
53. Wang J, Wang M, Zheng M, et al. Folate

mediated self-assembled phytosterol-algi-

nate nanoparticles for targeted intracellular

anticancer drug delivery. Coll Surf B Bioint-

erfaces. 2015; 129: 63–70.

ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

1683

J. Cell. Mol. Med. Vol 21, No 9, 2017

https://doi.org/10.1155/2011/414729


54. Sun J, Tan H. Alginate-based biomaterials
for regenerative medicine applications.

Materials. 2013; 6: 1285–309.
55. Wang F, Yang S, Yuan J, et al. Effec-

tive method of chitosan-coated algi-
nate nanoparticles for target drug

delivery applications. J Biomaterials

Appl. 2016; 31: 3–12. 0885328216648
478.

56. Rafiee A, Alimohammadian MH, Gazori T,
et al. Comparison of chitosan, alginate and

chitosan/alginate nanoparticles with
respect to their size, stability, toxicity and

transfection. Asian Pacific J Trop Dis.

2014; 4: 372–7.
57. Dutta PK, Dutta J, Tripathi V. Chitin and

chitosan: chemistry, properties and appli-

cations. J Sci Indust Res. 2004; 63: 20–31.
58. Wu J, Liu G, Qin Y-X, et al. Effect of low-

intensity pulsed ultrasound on biocompati-

bility and cellular uptake of chitosan-tripo-

lyphosphate nanoparticles. Biointerphases.

2014; 9: 031016.
59. Huang M, Khor E, Lim L-Y. Uptake and

cytotoxicity of chitosan molecules and

nanoparticles: effects of molecular weight

and degree of deacetylation. Pharm Res.
2004; 21: 344–53.

60. Kamat V, Bodas D, Paknikar K. Chitosan
nanoparticles synthesis caught in action

using microdroplet reactions. Sci Rep.
2016; 6: 22260. doi: 10.1038/srep22260

61. Zhao L, Yang G, Shi Y, et al. Co-delivery of
Gefitinib and chloroquine by chitosan
nanoparticles for overcoming the drug

acquired resistance. J Nanobiotechnol.

2015; 13: 57.

62. Ma Z, Lim L-Y. Uptake of chitosan and
associated insulin in Caco-2 cell monolay-

ers: a comparison between chitosan mole-

cules and chitosan nanoparticles. Pharm

Res. 2003; 20: 1812–9.
63. Zheng A-p, Liu H-x, Yuan L, et al. Compre-

hensive studies on the interactions between

chitosan nanoparticles and some live cells.
J Nanopart Res. 2011; 13: 4765–76.

64. Zhu X, Su M, Tang S, et al. Synthesis of

thiolated chitosan and preparation

nanoparticles with sodium alginate for ocu-
lar drug delivery. Mol Vis. 2012; 18: 1973–
82.

65. Bernkop-Schn€urch A, Krauland AH, Leitner
VM, et al. Thiomers: potential excipients
for non-invasive peptide delivery systems.

Eur J Pharm Biopharm. 2004; 58: 253–63.
66. Dufes C, Sch€atzlein AG, Tetley L, et al.

Niosomes and polymeric chitosan based

vesicles bearing transferrin and glucose

ligands for drug targeting. Pharm Res.

2000; 17: 1250–8.

67. Lee SJ, Koo H, Jeong H, et al. Compara-
tive study of photosensitizer loaded and

conjugated glycol chitosan nanoparticles

for cancer therapy. J Con Rel. 2011; 152:

21–9.
68. Anitha A, Maya S, Deepa N, et al. Cur-

cumin-loaded N, O-carboxymethyl chitosan

nanoparticles for cancer drug delivery. J
Biomaterials Sci Poly Edit. 2012; 23: 1381–
400.

69. Amidi M, Mastrobattista E, Jiskoot W,
et al. Chitosan-based delivery systems for
protein therapeutics and antigens. Adv

Drug Del Rev. 2010; 62: 59–82.
70. Behrens I, Pena AIV, Alonso MJ, et al.

Comparative uptake studies of bioadhesive
and non-bioadhesive nanoparticles in

human intestinal cell lines and rats: the

effect of mucus on particle adsorption
and transport. Pharm Res. 2002; 19: 1185–
93.

71. Shilakari Asthana G, Asthana A, Kohli DV,
et al. Mannosylated chitosan nanoparticles
for delivery of antisense oligonucleotides

for macrophage targeting. BioMed Res Int.

2014; 2014: 1–17.
72. Zaki NM, Nasti A, Tirelli N. Nanocarriers

for cytoplasmic delivery: cellular uptake

and intracellular fate of chitosan and hya-

luronic acid-coated chitosan nanoparticles

in a phagocytic cell model. Macromol
Biosci. 2011; 11: 1747–60.

73. Peng S-F, Yang M-J, Su C-J, et al. Effects
of incorporation of poly (c-glutamic acid)
in chitosan/DNA complex nanoparticles on

cellular uptake and transfection efficiency.

Biomaterials. 2009; 30: 1797–808.
74. Gazori T, Haririan I, Fouladdel S, et al.

Inhibition of EGFR expression with chi-

tosan/alginate nanoparticles encapsulating

antisense oligonucleotides in T47D cell line

using RT-PCR and immunocytochemistry.
Carbohyd Poly. 2010; 80: 1042–7.

75. Yu H, Chen X, Lu T, et al. Poly (L-

lysine)-graft-chitosan copolymers: synthe-
sis, characterization, and gene transfec-

tion effect. Biomacromolecules. 2007; 8:

1425–35.
76. Wong K, Sun G, Zhang X, et al. PEI-g-chit-

osan, a novel gene delivery system with

transfection efficiency comparable to

polyethylenimine in vitro and after liver

administration in vivo. Bioconj Chem.
2006; 17: 152–8.

77. Peng Y, Yao W, Wang B, et al. Mannosy-

lated chitosan nanoparticles based macro-
phage-targeting gene delivery system

enhanced cellular uptake and improved

transfection efficiency. J Nanosci Nan-

otechnol. 2015; 15: 2619–27.

78. Yao W, Peng Y, Du M, et al. Preventative
vaccine-loaded mannosylated chitosan

nanoparticles intended for nasal mucosal

delivery enhance immune responses and

potent tumor immunity. Mol Pharm. 2013;
10: 2904–14.

79. Takakura Y, Mahato RI, Nishikawa M,
et al. Control of pharmacokinetic profiles
of drug—macromolecule conjugates. Adv

Drug Del Rev. 1996; 19: 377–99.
80. Zhang J, Zhu X, Jin Y, et al. Mechanism

study of cellular uptake and tight junction
opening mediated by goblet cell-specific

trimethyl chitosan nanoparticles. Mol

Pharm. 2014; 11: 1520–32.
81. Venugopal V, Kumar J, Muralidharan S.

Targeted delivery of silymarin to liver cells

by galactosylated nanoparticles: in-vitro &

in-vivo evaluation studies. Alb J Pharm Sci.
2015; 2: 4–8.

82. Borges O, Cordeiro-da-Silva A, Romeijn
SG, et al. Uptake studies in rat Peyer’s

patches, cytotoxicity and release studies of
alginate coated chitosan nanoparticles for

mucosal vaccination. J Con Rel. 2006; 114:

348–58.
83. Brooks H, Lebleu B, Viv�es E. Tat peptide-

mediated cellular delivery: back to basics.

Adv Drug Del Rev. 2005; 57: 559–77.
84. Katas H, Dzulkefli NNSN, Sahudin S. Syn-

thesis of a new potential conjugated TAT-
peptide-chitosan nanoparticles carrier via

disulphide linkage. J Nanomaterials. 2012;

2012: 63.
85. Rahmat D, Khan MI, Shahnaz G, et al.

Synergistic effects of conjugating cell pene-

trating peptides and thiomers on non-viral

transfection efficiency. Biomaterials. 2012;
33: 2321–6.

86. Young E. The anti-inflammatory effects of

heparin and related compounds. Thrombo-

sis Res. 2008; 122: 743–52.
87. Niers T, Klerk C, DiNisio M, et al. Mecha-

nisms of heparin induced anti-cancer activ-

ity in experimental cancer models. Crit Rev
Oncol Hematol. 2007; 61: 195–207.

88. Kim J-y, Al-Hilal TA, Chung SW, et al.
Antiangiogenic and anticancer effect of an

orally active low molecular weight heparin
conjugates and its application to lung can-

cer chemoprevention. J Con Rel. 2015;

199: 122–31.
89. Sudha T, Phillips P, Kanaan C, et al. Inhi-

bitory effect of non-anticoagulant heparin

(S-NACH) on pancreatic cancer cell adhe-

sion and metastasis in human umbilical
cord vessel segment and in mouse model.

Clin Exp Metastasis. 2012; 29: 431–9.
90. Li L, Moon HT, Park J-Y, et al. Heparin-

based self-assembled nanoparticles for

1684 ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

https://doi.org/10.1038/srep22260


photodynamic therapy. Macromol Res.
2011; 19: 487–94.

91. Nurunnabi M, Khatun Z, Moon W-C, et al.
Heparin based nanoparticles for cancer tar-

geting and noninvasive imaging. Quantita-
tive Imag Med Surg. 2012; 2:

219–26.
92. Chung Y-I, Tae G, Yuk SH. A facile method

to prepare heparin-functionalized nanopar-

ticles for controlled release of growth fac-

tors. Biomaterials. 2006; 27: 2621–6.
93. Volpato FZ, Almod�ovar J, Erickson K,

et al. Preservation of FGF-2 bioactivity

using heparin-based nanoparticles, and

their delivery from electrospun chitosan

fibers. Acta Biomater. 2012; 8: 1551–9.
94. Kim D-h, Termsarasab U, Cho H-J, et al.

Preparation and characterization of self-

assembled nanoparticles based on low-
molecular-weight heparin and stearylamine

conjugates for controlled delivery of doc-

etaxel. Int J Nanomedicine. 2014; 9: 5711–
27.

95. Cho H-J, Yoon HY, Koo H, et al. Self-

assembled nanoparticles based on hyaluro-

nic acid-ceramide (HA-CE) and Pluronic�

for tumor-targeted delivery of docetaxel.
Biomaterials. 2011; 32: 7181–90.

96. Jin Y-J, Ubonvan T, Kim D-D. Hyaluronic
acid in drug delivery systems. J Pharm

Invest. 2010; 40: 33–43.
97. Varnamkhasti BS, Hosseinzadeh H, Azh-

darzadeh M, et al. Protein corona hampers

targeting potential of MUC1 aptamer func-
tionalized SN-38 core–shell nanoparticles.
Int J Pharm. 2015; 494: 430–44.

98. Yadav AK, Mishra P, Mishra AK, et al.
Development and characterization of
hyaluronic acid–anchored PLGA

nanoparticulate carriers of doxorubicin.

Nanomed Nanotechnol Biol Med. 2007;

3: 246–57.
99. Han L, Zhao Y, Yin L, et al. Insulin-loaded

pH-sensitive hyaluronic acid nanoparticles

enhance transcellular delivery. Aaps
Pharm. 2012; 13: 836–45.

100. Choi KY, Min KH, Yoon HY, et al. PEGyla-
tion of hyaluronic acid nanoparticles

improves tumor targetability in vivo. Bio-
materials. 2011; 32: 1880–9.

101. Cho H-J, Yoon I-S, Yoon HY, et al. Poly-
ethylene glycol-conjugated hyaluronic acid-

ceramide self-assembled nanoparticles for
targeted delivery of doxorubicin. Biomateri-

als. 2012; 33: 1190–200.
102. Choi KY, Saravanakumar G, Park JH,

et al. Hyaluronic acid-based nanocarriers

for intracellular targeting: interfacial inter-

actions with proteins in cancer. Coll Surf B

Biointerfaces. 2012; 99: 82–94.

103. Liu Y, Kong M, Cheng XJ, et al. Self-
assembled nanoparticles based on amphi-

philic chitosan derivative and hyaluronic

acid for gene delivery. Carbohyd Poly.

2013; 94: 309–16.
104. Jin Y-J, Termsarasab U, Ko S-H, et al. Hya-

luronic acid derivative-based self-assembled

nanoparticles for the treatment of mela-
noma. Pharm Res. 2012; 29: 3443–54.

105. Hua Q, Knudson CB, Knudson W. Internal-
ization of hyaluronan by chondrocytes

occurs via receptor-mediated endocytosis.
J Cell Sci. 1993; 106: 365–75.

106. Huang P, Yang C, Liu J, et al. Improving

the oral delivery efficiency of anticancer

drugs by chitosan coated polycaprolac-
tone-grafted hyaluronic acid nanoparticles.

J Materials Chem B. 2014; 2: 4021–33.
107. Almond A. Hyaluronan. Cel Mol Life Sci.

2007; 64: 1591–6.
108. Lu H-D, Zhao H-Q, Wang K, et al. Novel

hyaluronic acid–chitosan nanoparticles as

non-viral gene delivery vectors targeting
osteoarthritis. Int J Pharm. 2011; 420:

358–65.
109. de la Fuente M, Seijo B, Alonso MJ. Novel

hyaluronic acid-chitosan nanoparticles for
ocular gene therapy. Inv Ophthalmol Visual

Sci. 2008; 49: 2016–24.
110. Contreras-Ruiz L, de la Fuente M, P�arraga

JE, et al. Intracellular trafficking of hya-
luronic acid-chitosan oligomer-based

nanoparticles in cultured human ocular

surface cells. Mol Vis. 2011; 17: 279–90.
111. Gwak S-J, Jung JK, An SS, et al. Chitosan/

TPP-hyaluronic acid nanoparticles: a new

vehicle for gene delivery to the spinal cord.

J Biomaterials Sci Poly Edit. 2012; 23:
1437–50.

112. Tang M, Dou H, Sun K. One-step synthesis

of dextran-based stable nanoparticles

assisted by self-assembly. Polymer. 2006;
47: 728–34.

113. Hornig S, Bunjes H, Heinze T. Preparation
and characterization of nanoparticles based
on dextran–drug conjugates. J Coll Inter-

face Sci. 2009; 338: 56–62.
114. Amini R, Jalilian FA, Abdullah S, et al.

Dynamics of PEGylated–Dextran–Spermine
Nanoparticles for Gene Delivery to Leuke-

mic Cells. Appl Biochem Biotechnol. 2013;

170: 841–53.
115. Deng W, Li J, Yao P, et al. Green prepara-

tion process, characterization and antitu-

mor effects of doxorubicin–BSA–dextran
nanoparticles. Macromol Biosci. 2010; 10:
1224–34.

116. Cui L, Cohen JA, Broaders KE, et al. Man-

nosylated dextran nanoparticles: a pH-sen-

sitive system engineered for

immunomodulation through mannose tar-
geting. Bioconj Chem. 2011; 22: 949–57.

117. Li YL, Zhu L, Liu Z, et al. Reversibly stabi-
lized multifunctional dextran nanoparticles

efficiently deliver doxorubicin into the
nuclei of cancer cells. Ang Chem Int Edit.

2009; 48: 9914–8.
118. Hosseinkhani H, Aoyama T, Yamamoto S,

et al. In vitro transfection of plasmid DNA

by amine derivatives of gelatin accompa-

nied with ultrasound irradiation. Pharm

Res. 2002; 19: 1471–9.
119. Abedini F, Hosseinkhani H, Ismail M, et al. In

vitro intracellular trafficking of biodegradable

nanoparticles dextran-spermine in cancer cell

lines. Int J Nanotechnol. 2011; 8: 712–23.
120. Abdullah S, Wendy-Yeo WY, Hos-

seinkhani H, et al. Gene transfer into the

lung by nanoparticle dextran-spermine/
plasmid DNA complexes. BioMed Res Int.

2010; 2010: 1–10.
121. Na K, Bae YH. Self-assembled hydrogel

nanoparticles responsive to tumor extracel-
lular pH from pullulan derivative/sulfon-

amide conjugate: characterization,

aggregation, and adriamycin release

in vitro. Pharm Res. 2002; 19: 681–8.
122. Grenha A, Rodrigues S. Pullulan-based

nanoparticles: future therapeutic applica-

tions in transmucosal protein delivery.

Therap Del. 2013; 4: 1339–41.
123. Kaneo Y, Tanaka T, Nakano T, et al. Evi-

dence for receptor-mediated hepatic uptake

of pullulan in rats. J Con Rel. 2001; 70:
365–73.

124. Zhang H, Li F, Yi J, et al. Folate-decorated
maleilated pullulan–doxorubicin conjugate

for active tumor-targeted drug delivery. Eur
J Pharm Sci. 2011; 42: 517–26.

125. Cevher E, Salomon SK, Makrakis A, et al.
Development of chitosan–pullulan compos-

ite nanoparticles for nasal delivery of vacci-
nes: optimisation and cellular studies. J

Microencapsulation. 2015; 32: 755–68.
126. Tsuji K, Fujimoto M, Masuko F, et al. Car-

boxymethylated pullulan and method for

producing same. US Patent. 1978;

4090016: Pat. No. 3 993 840.

127. Horie K, Sakagami M, Kuramochi K, et al.
Enhanced accumulation of sialyl Lewis X-

carboxymethylpullulan conjugate in acute

inflammatory lesion. Pharm Res. 1999; 16:

314–20.
128. Prajapati VD, Jani GK, Khanda SM. Pullulan:

an exopolysaccharide and its various appli-

cations. Carbohyd Poly. 2013; 95: 540–9.
129. Shimizu T, Kishida T, Hasegawa U, et al.

Nanogel DDS enables sustained release of

IL-12 for tumor immunotherapy. Biochem

Biophys Res Commun. 2008; 367: 330–5.

ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

1685

J. Cell. Mol. Med. Vol 21, No 9, 2017



130. Kobiyama K, Aoshi T, Narita H, et al. Non-
agonistic Dectin-1 ligand transforms CpG

into a multitask nanoparticulate TLR9 ago-

nist. Proceed Nat Acad Sci. 2014; 111:

3086–91.
131. Nagatomo D, Taniai M, Ariyasu H, et al.

Cholesteryl pullulan encapsulated TNF-a
nanoparticles are an effective mucosal vac-
cine adjuvant against influenza virus.

BioMed Res Int. 2015; 2015: 1–15.
132. Na K, Lee TB, Park K-H, et al. Self-

assembled nanoparticles of hydrophobi-
cally-modified polysaccharide bearing vita-

min H as a targeted anti-cancer drug

delivery system. Eur J Pharm Sci. 2003;
18: 165–73.

133. BeMiller JN. An introduction to pectins: struc-
ture and properties. ACS Symposium series-

American Chemical Society (USA); 1986.
134. Birch NP, Schiffman JD. Characteriza-

tion of self-assembled polyelectrolyte

complex nanoparticles formed from chi-
tosan and pectin. Langmuir. 2014; 30:

3441–7.
135. Morris GA, K€ok SM, Harding SE, et al.

Polysaccharide drug delivery systems
based on pectin and chitosan. Biotechnol

Gen Eng Rev. 2010; 27: 257–84.

136. Zhang Y, Chen T, Yuan P, et al. Encap-
sulation of honokiol into self-assembled

pectin nanoparticles for drug delivery to

HepG2 cells. Carbohyd Poly. 2015; 133:

31–8.
137. Mishra R, Banthia A, Majeed A. Pectin

based formulations for biomedical applica-

tions: a review. Asian J Pharm Clin Res.
2012; 5: 1–7.

138. Yu C-Y, Wang Y-M, Li N-M, et al. In vitro

and in vivo evaluation of pectin-based

nanoparticles for hepatocellular carcinoma
drug chemotherapy. Mol Pharm. 2014; 11:

638–44.

1686 ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.


