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ABSTRACT
Polymer nano-sized hydrogels (nanogels) as drug delivery carriers have been investigated over the last
few decades. Pullulan, a nontoxic and nonimmunogenic hydrophilic polysaccharide derived from
fermentation of black yeast like Aureobasidium pullulans with great biocompatibility and biodegrad-
ability, is one of the most attractive carriers for drug delivery systems. In this review, we describe the
preparation, characterization, and ‘switch-on/off’ mechanism of typical pullulan self-assembled nanogels
(self-nanogels), and then introduce the development of hybrid hydrogels that are numerous resources
applied for regenerative medicine. A major section is used for biomedical applications of different
nanogel systems based on modified pullulan, which exert smart stimuli-responses at ambient condi-
tions such as charge, pH, temperature, light, and redox. Pullulan self-nanogels have found increasingly
extensive application in protein delivery, tissue engineering, vaccine development, cancer therapy, and
biological imaging. Functional groups are incorporated into self-nanogels and contribute to expressing
desirable results such as targeting and modified release. Various molecules, especially insoluble or
unstable drugs and encapsulated proteins, present improved solubility and bioavailability as well as
reduced side effects when incorporated into self-nanogels. Finally, the advantages and disadvantages
of pullulan self-nanogels will be analyzed accordingly, and the development of pullulan nanogel
systems will be reviewed.
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Introduction

The use of nanodrug delivery systems has resulted in signifi-
cant advances in reduced toxicity, modified release, and
enhanced treatment efficiency (Mura et al., 2013). The devel-
opment of nanocarriers, including nanoparticles, liposomes,
vesicles, carbon nanotubes, polymeric micelles, nanoemul-
sions, microspheres, nanogels, and prodrug-nanosystems has
provided alternative options for the prevention, treatment,
and diagnosis of diseases (Pehlivan, 2013). Nanogels are
endowed with unique physicochemical and biological prop-
erties that enable them to encapsulate and protect many
payload drugs, confer high stability for prolonged circulation,
and participate in versatile drug release protocols; addition-
ally, they possess stimuli-responsive behavior potential,
tunable size, and can assist with facile removal of empty
devices (Maya et al., 2013). Hence, there has been enormous
interest in nanogel systems (Varshosaz et al., 2017).

Nanogel is a gel with a nonfluid colloidal/polymer network
but a diameter less than 100 nm (Tahara & Akiyoshi, 2015).
Because of their hydrophilic three-dimensional macromolecu-
lar networks, polymer nanogels have been extensively
studied as functional materials in biotechnological and bio-
medical fields (Zhang et al., 2015; Yahyaei et al., 2017).
Similar to other polysaccharides such as chitosan (Huang &

Lapitsky, 2017), hyaluronic acid (Wei et al., 2013), mannan
(Ferreira et al., 2010), cycloamylose (Tahara et al., 2015), dex-
trin (Molinos et al., 2012), and enzymatically synthesized gluc-
ogen (Takeda et al., 2013), pullulan also has played a critical
role in nanogel systems in recent years (Sasaki & Akiyoshi,
2010; Chacko et al., 2012). Pullulan is one of the commer-
cially emerging aqueous polysaccharides synthesized by
the yeast-like fungus Aureobasidium pullulans. It consists of
hundreds of repeated units of the maltotriose trimer a-D-glu-
copyranosyl-(1 ! 6)-a-D-glucopyranosyl-(1 ! 4)-a-D-glucopyr-
anosyl-(1 ! 4)- (Figure 1(A)). The relative molecular mass can
reach more than 1� 104 Da (1� 105 Da and 2� 105 Da are
most frequently used). Although many active sites of pullulan
may be modified and grafted, some evidence has revealed
that extrinsic groups preferably introduce at the C-6 hydroxyl
groups of pullulan (Bruneel & Schacht, 1994).

Innumerable examples demonstrate that partial modifica-
tion of water-soluble polymers affects the solution properties
(Zhu et al., 2017). Furthermore, chemical derivatization can
control pullulan’s solubility with reactive groups accordingly
(Jung et al., 2003; Singh et al., 2008). If modified by a hydro-
phobe such as cholesterol, pullulan becomes an amphiphilic
molecule in the form of cholesterol-bearing pullulan (CHP,
Figure 1(A)), which could act as an excellent nanogel carrier
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(Akiyoshi et al., 1993). CHP nanogels present great biocom-
patibility and biodegradability, nontoxicity, ease of prepar-
ation, reversible connections, thermal stability, and
suppression of massive aggregation of proteins (Ayame et al.,

2008; Boridy et al., 2009; Sawada & Akiyoshi, 2010; Yuki et al.,
2013; Wang et al., 2014). Additionally, pullulan or CHP can be
modified by other pharmaceutical agents to achieve superior
applications in the biomedical field (Ferreira et al., 2011;

Figure 1. Chemical structures of (A) pullulan, (A) cholesterol-bearing pullulan (CHP), (B) CHPNH2, and (C) CHPOA-PEGSH; (D) Pullulan-based nanogels and hybrid
hydrogels; and (E, F) schematic representation of chaperone-assisted refolding.
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Nakahashi-Ouchida et al., 2017). The text below mainly intro-
duces the origin, concept, mechanism, and application of
major pullulan nanogels and related hybrid hydrogels and
will assist researchers in understanding the development of
the nanogel field and other relevant delivery systems.

Concept and mechanism of typical pullulan
nanogels

Synthesis, preparation, and characterization of typical
pullulan nanogels

The nanogel system based on CHP backbone is the most
popular object of study, and accordingly, an introduction
explaining cholesterol-modified pullulan is below. Other pul-
lulan nanogels or reactive group-modified pullulan nanogels
will be explained and analyzed in the specific chapter of this
article when necessary.

Figure 1(A) illustrates the basic structures of pullulan and
proportional CHP. CHP is synthesized by acylation between
cholesterol and pullulan with N-(6-isocyanatohexyl) carba-
mate as a transition. Akiyoshi et al. discovered that CHP
spontaneously formed a monodispersed spherical nanogel in
water without adding any other adjuvants (Akiyoshi et al.,
1993; Akiyoshi & Sunamoto, 1996). A single nanogel con-
sisted of approximately 4-6 CHP macromolecules, and the
contour length of a CHP molecule was at 44.59 ± 18.13 nm
(Lee & Akiyoshi, 2004). The main driving force of amphiphilic
nanogel formation is hydrophobic interaction. Fluorescence
experiments suggested that CHP produces two domains, one
consisting of a hydrophilic polysaccharide skeleton and the
other domain consisting of the hydrophobic cholesterol moi-
eties that form physical cross-links within the aggregate
(Figure 1(D)). The size of the self-aggregates decrease with
an increase in the degrees of substitution of the cholesteryl
moiety (13.7 nm ! 8.4 nm) (Akiyoshi et al., 1997). There are
usually approximately 1–2 cholesterol molecules grafted to
per 100 anhydroglucoside units of pullulan for colloidal sta-
bility (Akiyoshi et al., 1996). The critical aggregation concen-
tration was very low (�10 lg/ml). Additionally, the molecular
weight (MW) and concentration of pullulan also influences
the mechanical properties and gelation behavior of CHP
nanogels. CHP nanogel made from 1.0� 105 or 4.0� 105MW
pullulans preferred to form a macrogel over 3.0wt%, whereas
CHP nanogel consisting of 0.55� 105MW pullulan did not
form a macrogel (Sekine et al., 2014). Recently, details regard-
ing the spatial structure of CHP nanogels have been reported
via contrast variation small-angle neutron scattering. The
effective spherical radius of the skeleton formed by pullulan
chains was found to be 8.1 nm, which is slightly smaller than
that of the hydrodynamic (10 nm). There were approximately
19 cross-linking points, one of which was formed by the
aggregation of 3.4 cholesterol groups in the CHP nanogel
(Inomoto et al., 2009; Sekine et al., 2016).

Mechanism of molecular capture and release from
CHP nanogels

As described above, hydrophobic interaction between choles-
teryl groups of the nanomatrix and hydrophobic domain of

the encapsulated protein is the primary capture motivation.
Kinetic analysis suggested that a two-step process of captur-
ing bovine serum albumin (BSA) occurs, where initially, there
is the fast pre-equilibrium of looser binding of BSA to the
self-nanogel followed by the slower process of tighter inclu-
sion into the hydrogel network (Nishikawa et al., 1996). This
illustrates that the stabilization of protein molecules within
nanogel depends on molecular interactions, and when
troubled in a segregated nanomatrix, the protein molecules
will be more stable (Ayame et al., 2008).

Despite the architectural merits of CHP nanogels, it is a
challenge to determine how to unload their cargo when they
carry proteins into a living body. In general, molecular chap-
erones like heat shock protein (HSP, called GroEl/ES, Figure
1(E)) become involved in the procedure of intracellular pro-
tein folding in a living system (Horwich, 2014). Not only do
the chaperones prevent aggregation from occurring, but
they also permit proteins to maintain unfolded conforma-
tions or native activity, and additionally, they allow the assist-
ance of ATP and another co-chaperone when necessary.
Similarly to natural molecular chaperones, the nanogel chap-
erone system plays an essential role in the release of pro-
teins. Akiyoshi put forward the concept of ‘artificial
chaperone’ that interacts with CHP nanogels and also con-
firmed the chaperone-like mechanism (Asayama et al., 2008).
It was thought that as a host, CHP nanogels prevented
aggregation of denatured proteins or intermediate proteins
upon refolding, while cyclodextrin (CD) served as the role of
ATP in the formed inclusion complexes. After adding CD, by
virtue of a hydrophobic cavity, CD could dissociate interac-
tions between nanogels and proteins by vigorously combin-
ing with the hydrophobic cholesteryl groups of CHP (Gao
et al., 2013), and then CHP nanogels were dissociated into
individual CHP chains. Figure 1(F) illustrates that the folded
(refolded) proteins were released in a native and active form
(Nomura et al., 2003; Takahashi et al., 2015). Another explan-
ation for the release of proteins is the protein-exchange
mechanism, in which BSA, with its stronger hydrophobicity, is
able to displace protein encapsulated from the nanogel
(Shimoda et al., 2012a).

Different types and concentrations of CD can control the
release rate of protein drugs. Although b-CD exhibits the
highest refolding efficiency compared with a-CD and c-CD,
methyl-b-CD is even more useful (Gao et al., 2013). CHP
nanogels are easily dissociated as the concentration of CD
increases (Inomoto et al., 2009). However, all types of b-CD
enable nanogels to dissociate entirely beyond a specific con-
centration (Nomura et al., 2005; Sawada et al., 2011). The
optical interferometric technique indicated that methyl-b-CD
induced the largest swelling changes, whereas a-CD led to
the smallest swelling changes in the same CHP gels, arising
from the capability of supermolecular self-assembly (Gao
et al., 2013). Table 1 shows recent studies of CHP nanogels.

What are hybrid hydrogels?

Hybrid hydrogels can be defined as a complex composed of
hundreds of chemical cross-linking nanogels. The porous
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(Yamane et al., 2008) or raspberry-like (Hasegawa et al., 2009)
hydrogels showed high mechanical properties (Ma et al.,
2017; Maeda et al., 2017), two well-defined networks such as
a nanogel intranet work structure of less than 10 nm (physic-
ally cross-linking), and an internetwork structure of several
hundred nanometers (chemical cross-linking) (Morimoto
et al., 2005a) (Figure 1(C,D)). The network of hydrogels main-
tains stability depending on crosslinkers such as PEGSH.
Furthermore, the well-dispersed nanogels still revealed high
chaperone-like activity, and drugs were mostly trapped in
the nanogel domains (Hirakura et al., 2010; Sekine et al.,
2012). Nanogel crosslinked hydrogels that are produced via a
bottom-up method are useful as novel scaffold materials for
controlling drug release and preparing multi-functional nano-
particles (Sekine et al., 2012; Shimoda et al., 2012a,b; Tahara
et al., 2013; Yokota et al., 2014; Hashimoto et al., 2015).
Notably, hybrid hydrogels have promising applications in tis-
sue engineering, especially regenerative medicine including
bone regeneration (Kato et al., 2007; Hayashi et al., 2009;
Kamolratanakul et al., 2011; Fujioka-Kobayashi et al., 2012;
Shimoda et al., 2016). Table 2 describes recent studies of
nanogel crosslinked hydrogels, of which cholesterol-bearing
pullulan acryloyl modified–polyethylene glycol thiol modified
(CHPOA-PEGSH), a representative composition, is illustrated
in Figure 1(C).

For instance, hyaluronan modified with 2-aminoethyl
methacrylate, which was cross-linked via Michael addition in
the presence of CHP nanogels (termed CHP-HA shown in
Table 2), could spontaneously trap glucagon-like peptide-1,
insulin, and human recombinant erythropoietin into the
nanogel while hyaluronan was the biocompatible controlled

release matrix outside (Hirakura et al., 2010). Recombinant
human bone morphogenetic protein (BMP2) (or tumor necro-
sis factor receptor 2 (TNFR2)) was applied to a skull bone
defect for bone repair by increasing the number of osteo-
blasts (Nagano et al., 2011; Fujioka-Kobayashi et al., 2012).
Shimoda designed a novel hybrid hydrogel with acryloyl
group-modified CHP (CHPOA) nanogels as crosslinking
domains, which were incubated with PEGSH at 37 �C for 24 h
under humidified conditions. The reason that sustained-
release is used is because it enhances half-life due to the
presence of crosslinker PEG chains, which prevent nonspecific
protein absorption and exhibit slow hydrolysis kinetics
(Shimoda et al., 2012b). CHPOA-PEGSH hydrogels for bone or
skin repair could prolong the interval of prostaglandin E2 or
prostaglandin E1, which are produced in the injection site
against systemic effects (Kato et al., 2007). The combination
of the CHPOA-PEGSH hydrogel with growth factors FGF18
and BMP2 strongly enhanced and stabilized BMP2-dependent
bone repair (Fujioka-Kobayashi et al., 2012).

Multi-functional hybrid hydrogels revealed the potential of
sequential dual release (Shimoda et al., 2012a) and multidrug
co-administration (Sekine et al., 2012). For example, choles-
terol moieties of CHP incorporated into liposomes through
hydrophobic interaction and Figure 1(C) shows that the final
formed hydrogels may be attributed to Michael addition
between the acryloyl group of CHPOA and the thiol group of
PEGSH. It has been proven that nanogel-trapped agents such
as liposome (Sekine et al., 2012), insulin (Shimoda et al.,
2012b), and mouse embryonic fibroblasts (Hashimoto et al.,
2015) were released from the hydrogel by degradation of
CHPOA-PEGSH hydrogels that occurred by hydrolysis of the

Table 1. Summary of recent studies of CHP nanogels.

Loaded objects Types Applications References

Doxorubicin Antitumor drug Sustained-release (Akiyoshi & Sunamoto, 1996)
Methacrylate random copolymer Antimicrobial agent Tunable activity (Takahashi et al., 2015)
Prostaglandin E1 Anabolic agent Wood healing (Kobayashi et al., 2009)
Prostaglandin E2 Anabolic agent Bone repair (Kato et al., 2007)
Green fluorescent protein Protein Tunable release (Asayama et al., 2008; Sasaki et al.,

2010)
Bovine serum albumin Protein Tunable release (Nishikawa et al., 1996)
Insulin Protein Enhanced stability (Akiyoshi et al., 1998)
Oncogene erbB-2/neu/HER2 Protein Induced cellular and humoral immune

responses
(Gu et al., 1998)

amyloid b-protein Protein Alzheimer’s disease therapy (Ikeda et al., 2006)
Truncated HER2 protein 1-146 Protein Specific T cell immune responses (Kitano et al., 2006)
NY-ESO-1 protein Protein T cell immunomonitoring and tumor

responses
(Uenaka et al., 2007)

146HER2/Recombinant human granulo-
cyte-macrophage colony-stimulating
factor

Protein Humoral immune responses (Kageyama et al., 2008)

Melanoma antigen gene-A4 protein Protein Clinical cancer vaccination therapy (Kyogoku et al., 2016)
Carbonic anhydrase B, Citrate synthase,

Horseradish peroxidase
Enzyme Molecular chaperone (Nomura et al., 2005; Sawada et al.,

2006, 2011)
a-Chymotrypsin Enzyme Tunable activity and thermal stability (Nishikawa et al., 1994)
Lipase Enzyme Colloidal and thermal stabilization (Sawada & Akiyoshi, 2010)
Synthetic long peptide antigen Antigen Antitumor vaccine of targeting

macrophages
(Muraoka et al., 2014)

Interleukin-12 Cytokine Sustained-release for tumor immune
therapy

(Shimizu et al., 2008)

Tumor necrosis factor (TNF)-a Cytokine Protecting bone resorption (Nagano et al., 2011)
Tumor necrosis factor (TNF)-a Cytokine Vaccine adjuvant against influenza virus (Nagatomo et al., 2015)
9-mer HER2p63-71 peptide Peptide Tumor immune therapy (Ikuta et al., 2002)
DNA DNA DNA separation (Kondo et al., 2010)
Dex Dye Reduced cytotoxicity (Gupta & Gupta, 2004)
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ester bonds within the acryloyl group. Additionally, the
release rate of nanogel accelerated along with increasing pH;
the hydrogel was wholly degraded within 20 days at pH 8.0,
which was two times faster than that of pH 6.0 (Shimoda
et al., 2012b).

In addition to the graft of organic agents, combinations
with inorganic substances may produce a novel nanomaterial
(Sugawara et al., 2006; Yamane et al., 2008; Katagiri et al.,
2013; Tsuchido et al., 2015). For instance, organic–inorganic
hybrid nanogels with dual network structures were prepared
by condensation of silanol groups grafted to CHP. They
showed a narrow particle size distribution of approximately
90 nm in diameter, and colloidal stability in the presence of
methyl-b-CD (Yamane et al., 2008). Another exciting develop-
ment is that the coordination of zinc ions contributed to the
successful preparation of protein nanogels using vitamin B6
(pyridoxal)-bearing pullulan as a bio-crosslinker and anionic
bovine serum albumin (BSA) as a model protein (Tsuchido
et al., 2015).

Functionality of pullulan nanogels

According to these superior properties, investigators
designed various functional pullulan nanogels such as those
with cation-modified surface, stimulating sensitivity (pH-
responsive, thermo-responsive, photo-responsive, and redox-
responsive), modified-release and targeting properties.
Therefore, these nanogels that entrapped drugs (paclitaxel,
doxorubicin, carmofur, clonazepam, diphenhydramine, and
pregabalin), proteins (enzymes, insulin, antigen, cytokines,

peptides), and nucleic acids were used for cancer chemother-
apy, protein delivery, and artificial vaccines. The nanogels
could be combined with liposomes (Sekine et al., 2012;
Hashimoto et al., 2015), emulsions (Akiyoshi & Sunamoto,
1996), particles (Sugawara et al., 2006; Shimoda et al., 2016),
and even cells (Hashimoto et al., 2015, 2016) and then
administered. Herein, we will demonstrate pullulan nanogel
systems in detail in response to different functional
classifications.

Cation-modified

Cationic CHP (called cCHP or CHPNH2, shown in Figure 1(B)
and Table 3) nanogels containing drugs were prepared by
simple mixing and incubation (Hasegawa et al., 2005;
Watanabe et al., 2011). In general, cCHP nanogels composed
of a dozen ethylenediamine groups interact strongly with
proteins, and this mechanism is the molecular basis for intra-
cellular protein (Ayame et al., 2008; Boridy et al., 2009;
Watanabe et al., 2011; Shimoda et al., 2014) or quantum dot
(QD) (Hasegawa et al., 2005; Toita et al., 2008) delivery sys-
tems and nasal vaccines (Nochi et al., 2010; Kong et al., 2013;
Yuki et al., 2013; Shimoda et al., 2014; Fukuyama et al., 2015).

Although CHPNH2 was toxic to cortical neurons, linkage
with both monomeric and oligomeric b-amyloid (Ab1-42) sig-
nificantly reduced toxicity (Boridy et al., 2009). The enormous
potential of nanogel scaffolds for protein encapsulation has
been widely recognized. Loading BSA or b-galactosidase
(b-Gal) helped CHPNH2 to form colloidally stable monodis-
persed nanoparticles (<50 nm) that are capable of effective

Table 2. Summary of recent studies of nanogel crosslinked hydrogels.

Hybrid hydrogels Nanogel/crosslinkers Loaded objects Applications References

CHPOA-PEGSH CHPOA: R: H or Cholesteryl
group or AOI(1); PEGSH(2)

Liposome Dually controlled-release (Sekine et al., 2012)

CHPOA-PEGSH BMP2 protein, FGF18
protein

Multidrug delivery for bone
repair

(Fujioka-Kobayashi et al.,
2012)

CHPOA-PEGSH Insulin hydrolysis mechanism and
exchange reactions

(Shimoda et al., 2012b)

CHPOA-PEGSH sFGFR2S525W cytokine therapy (Yokota et al., 2014)
CHPOA-PEGSH W9 peptide Bone repair, sustained-

release
(Sato et al., 2015)

CHPOA-PEGSH Vitronectin, mouse embryo
fibroblast cells

Artificial extracellular
matrices

(Hashimoto et al., 2016)

CHPOA-PEGSH Insulin Longer elimination half-life (Shimoda et al., 2012a)
CHPOA-PEGSH Silicone sheet Wound healing (Maeda et al., 2017)
CHPA-PEGSH CHPA: R: H or Cholesteryl

group or� COCH¼ CH2;
PEGSH(2)

Prostaglandin E2, BMP
protein, PDGF protein

Bone repair (Kato et al., 2007; Hayashi
et al., 2009;
Kamolratanakul et al.,
2011; Miyahara et al.,
2012)

CHPA-PEGSH Interleukin-12 Long-term stability (Hasegawa et al., 2009)
CHPOA-PEGDA CHPOA; PEGDA(3) Insulin Tunable activity (Tahara et al., 2013)
CHPOA-P(MAA-g-EG) CHPOA; P(MAA-g-EG) Pregabalin pH-responsive release (Cinay et al., 2017)
CHPMA-MPC CHPMA: R: H or Cholesteryl

group
or� COC(CH3)¼CH2;
MPC(4)

Insulin, Carbonic
anhydrase B

Molecular chaperone (Morimoto et al., 2005a,b)

CHP-HA CHP: R: H or Cholesteryl
group; HA(5)

Peptide-1, insulin,
erythropoietin

Molecular chaperone, sus-
tained-release

(Hirakura et al., 2010)

PHD Pullulan-collagen; 1,2,7,8-
diepoxyoctane

1,2,7,8-diepoxyoctane Tissue filler materials (Ma et al., 2017)

AOI: 2-(acryloyloxy)ethyl isocyanate; PEGSH: pentaerythritol tetra (mercaptoethyl)polyoxyethylene; PEGDA: polyrthylene glycol diacrylate; MPC: 2-methacryloylox-
yethyl phosphorylcholine; HA: chemically cross-linked Haluronan.
Important structures marked with consecutive numbers (1)–(5) are redrawn within the Supplemental File ‘Numbered Structures’.
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transportation into HeLa cells even in the presence of
serum (Ayame et al., 2008). Afterwards, Shimoda explored
the mechanism of internalization into cells via clathrin-medi-
ated endocytosis, specifically macropinocytosis and caveolae-
mediated endocytosis. He noted that a portion of cationic
nanogels escaped from the endosomes after a 24 h incuba-
tion (Shimoda et al., 2011). Just as important, the protein-
loaded cCHP nanogels were able to functionally regulate cells
even under the condition of low heparin sulfate expression.
For example, staurosporine was able to induce apoptosis in
J558L cells through reduced mitochondrial membrane poten-
tial, but the percentage of cells with normal mitochondrial
membrane potential was sharply increased by treatment with
a complex of the anti-apoptotic protein Bcl-xL and cCHP
nanogel (Watanabe et al., 2011).

With the assistance of cationic liposomes, QDs have been
applied in the long-term intracellular imaging field for a few
years, but they readily formed aggregates of several hundred
nanometers in diameter in the cytoplasm (Derfus et al.,
2004). Therefore, scientists designed CHPNH2 to deliver QDs
into cells. In the case of CHPNH2-QD hybrid nanoparticles,
the fluorescence observed in normal cells, living cells, and
cancer cells appeared to uniformly spread in the cytoplasm.
Additionally, the fluorescence intensity was comparable with
that in the cationic liposome (Hasegawa et al., 2005; Toita
et al., 2008). It indicates that CHPNH2-QD hybrid nanopar-
ticles may be a promising fluorescent probe for bioimaging
and regenerative medicine.

Self-nanogels that load biomolecules such as proteins
have been well studied because they are an attractive

Table 3. Summary of recent studies of responsive pullulan nanogels.

Nanogel Typical structures Loaded objects Applications References

CHPNH2 R: H or Cholesteryl group
or� CONH(CH2)2NH2

Quantum dots, Bovine
serum albumin

Live cell imaging (Hasegawa et al., 2005;
Toita et al., 2008)

CHPNH2 b-galactosidase, amyloid
b-protein, green fluores-
cent protein, TAT-GFP
protein, Bcl-xL protein

Intracelluar protein delivery,
inhibition of Ab aggrega-
tion, cancer therapy and
immune regulation

(Ikeda et al., 2006; Ayame
et al., 2008; Watanabe
et al., 2011)

RGD-cCHP Bovine serum albumin Targeted protein delivery (Shimoda et al., 2011)
cCHP Pneumococcal surface

protein A
Nasal vaccine (Kong et al., 2013;

Fukuyama et al., 2015)
HA/DPNG R: H or� COCH3 or PEI

(6) Paclitaxel Treatment of heteroge-
neous tumor

(Yim et al., 2013)

PA/SDM R: H or� CH3COCH3 or
Succinylated sulfadime-
thoxine group

Doxorubicin pH-responsive for targeted
tumor

(Na & Bae, 2002; Na et al.,
2003a)

PUL-DO/bHis R: H or Deoxycholic acid
group or N-Boc-L-histi-
dine group

Doxorubicin pH-responsive for targeted
tumor

(Na et al., 2007)

acL-CHP R: H or acid-labile group(7) Bovine serum albumin pH-sensitive for tunable
release

(Morimoto et al., 2013)

CMP-PNIPAM CMP: Carboxymethyl pullu-
lan; PNIPAM(8)

Diphenhydramine
hydrochloride

Thermo- and pH-responsive
release

(Asmarandei et al., 2013)

PLP R: H or Poly(L-lactide)(9) Doxorubicin Thermo-responsive for long-
term release

(Seo et al., 2012)

SPL R: H or Succinyl group or
Poly(L-lactide)(9)

Lysozyme, etanercept Thermo-responsive for
long-term release

(Jung et al., 2013, 2014)

SpP R: H or Spiro form or
Merocyanine form(10)

Citrate synthase, pyrene Photo-responsive for pro-
tein delivery

(Hirakura et al., 2004; Wang
et al., 2014)

PL/phA R: H or phA(11) – Photodynamic therapy (Bae et al., 2010)
PFP R: H or phA or Folic acid

group
– Photodynamic therapy (Bae & Na, 2010)

CHP-o-NB R: H or o-NB(12) Insulin Patterned film (Nishimura et al., 2016)
NIR-PNG R: H or NG(13) IRDye800 Lymph node mapping (Noh et al., 2012; Kong

et al., 2015)
Gd-CHPOA R: H or Cholesteryl group or

Acryloyl-moiety(14); Gd-
chelating crosslinker(15)

– Tumor imaging (Chan et al., 2015)

ImCHP R: H or Cholesteryl group or
Imidazolyl group(16)

– Redox sensitivity (Sasaki et al., 2011)

PulSTS-PNIPAM R: H or STS(17) or PNIPAM(8) – Thermo- and redox-respon-
sive system

(Morimoto et al., 2008b,c)

PA R: H or –COCH3 Clonazepam Sustained release (Jung et al., 2003)
BPA R: H or –COCH3 or Vitamin

H group
Doxorubicin Targeted tumor (Na et al., 2003b; Park

et al., 2006)
PUL/DOCA R: H or Deoxycholic acid

group
Doxorubicin Sustained release (Na et al., 2006)

PUL/FA R: H or Folic acid group Doxorubicin Anticancer (Kim et al., 2008)
PUL/LLA R: H or L-lactic acid

oligomer(18)
Carmofur; Peostaglandin E2 Antitumor; Induced

immunological tolerance
(Miyazaki & Tabata, 2009;

Okamoto et al., 2011)
CAP R: H or Modified

carborane(19)
Carborane Boron neutron capture

therapy
(Kawasaki et al., 2017)

PEI: polyethyleneimine; PNIPAM: poly-N-isopropylacrylamide; phA: pheophorbides-A group; o-NB: ortho-Nitrobenzyl-substituted cholesteryl group; STS: sulfanylth-
iocarbonylsulfanyl group.
Important structures marked with consecutive numbers (6)–(19) are redrawn within the Supplemental File ‘Numbered Structures’.
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application for vaccines (Tahara & Akiyoshi, 2015; Kyogoku
et al., 2016). Likewise, remarkable strides have been made in
the creation of artificial vaccines based on cCHP nanogels
(Yuki et al., 2013). The nanogel-based pneumococcal surface
protein A (PspA) nasal vaccine (cCHP-PspA) was observed to
induce PspA-specific Th17 and antibody responses against
Streptococcus pneumoniae (Kong et al., 2013). Clostridium
botulinum type-A neurotoxin (BoHc/A) released from cCHP
nanogel without co-administration of mucosal adjuvant could
simultaneously induce vigorously specific systemic humoral
immunity, cellular immunity, and mucosal immunity. cCHP-
BoHc/A continuously adhered to the nasal epidermal mem-
brane and then was gradually released, and BoHc/A was
taken up by mucosal dendritic cells. After exocytosis, BoHc/A
was uptaken by CD11þ, which triggered respiratory system
immunity (Nochi et al., 2010). There was no deposition in the
olfactory bulbs or brain after nasal administration in maca-
ques (Fukuyama et al., 2015). These findings support a safe,
effective, and practical strategy for mucosal immunity to
infectious diseases in the respiratory tract.

The tumor microenvironment with leaky vasculature,
impaired lymphatic drainage, and a high density of cells as
well as extracellular matrix are the biggest barriers that pre-
vent nanoparticles from penetrating into interstitial tumor
space (Hui & Chen, 2015). However, cationic nanogel may
overcome such physical blocks via electrostatic interaction
with negatively charged pores of the vessel wall
(Stylianopoulos et al., 2013). Hyaluronic acid-coated degrad-
able cationic nanogel (HA/DpNG-PTX, Figure 2(A) and
Table 3) was responsible for the highest anticancer efficacy
through a synergic effect between PTX and DpNG. It should
be noted that most healthy tissues remain undamaged fol-
lowing treatment due to the reduced physical electrostatic
pressure of cationic charge after degradation. At the high
concentration, the cationic charge of DpNG disrupted the cell
membrane and induced necrosis. The electrostatic interaction
between DpNG and the plasma membrane absorbed the
anionic charged lipid bilayer, which led to lateral phase sep-
aration via increased lipid flip/flop. At the low concentration,
the DpNG-PTX was internalized into the cytosol through
endocytosis, while apoptosis was induced by the PTX (Yim
et al., 2013). Additionally, liver and kidney sections did not
exhibit any abnormal signs when the backbone ((a-(1–4) or
(a-(1–6) linkages in pullulan) of DpNG was degraded by
hydrolysis either enzymatically or chemically under physio-
logical conditions.

pH-responsive

The measured acidic pH (approximately 6.5–7.2) of the extra-
cellular fluid of solid tumors has extensively been docu-
mented for a few decades (Offerman et al., 2014). The
endosomes and lysosomes in tumor cells are more acidic (pH
approximately 5.0) as compared to physiological conditions.
A mechanism has been developed whereby pH-induced anti-
cancer drugs release from pullulan nanogels that are respon-
sive to tumor acidic condition, and this could be an excellent

mode for tumor targeting (Na & Bae, 2002; Na et al., 2003a,b,
2007; Morimoto et al., 2013).

A pH-responsive polymer hydrogel, pullulan acetate/sul-
fonamide (PA/SDM) (Table 3), exhibited good stability upon
dilution and remained at pH 7.4 for over 10 days. However,
PA/SDM nanogels shrank and aggregated below pH 7.4, and
this would be significantly aggravated in the tumor micro-
environment. The author assumed that the deionized SDM in
the nanoparticles below pH 7.4 formed new hydrophobic
domains, which perturbed the internal structure and led to
conformational changes and the dehydration of the PA/SDM
nanoparticles (Na & Bae, 2002). Furthermore, doxorubicin
(DOX)-loaded PA/SDM exhibited higher cytotoxicity that may
be attributed to the rapid release of DOX triggered by tumor
pH as well as enhanced interaction with cells (Na et al.,
2003a,b). Similarly, a research group introduced N-Boc-histi-
dine (bHis) as a pH-sensitive moiety into pullulan-deoxycholic
acid conjugate. PUL-DO/bHis (Table 3) nanogel accelerated
the release of DOX via the deformation of the inner core,
which was induced at pH values below 6.8. The author dem-
onstrated that ionized imidazole in the gel at lower pH might
create charge� charge repulsions between His-grafted chains
or the swelling of the core by hydrophilization of the
histidine part, resulting in interior structural changes of the
PUL-DO/bHis nanogels (Na et al., 2007). Nobuyuki Morimoto
prepared acid-labile CHP (acL-CHP) nanogels at neutral pH,
derived from grafting vinyl ether-cholesterol groups onto a
pullulan backbone. Size-exclusion chromatography (SEC) ana-
lysis demonstrated that these acL-CHP nanogels remain sta-
ble at physiological pH, but the grafts were nearly 80%
degraded after 24 h at pH 4.0, whereas 18.2 ± 7.1% and
3.9 ± 0.9% free cholesterol were found in acL-CHP nanogel
solutions that had been exposed to pH 4.0 and 7.4 for 24 h,
respectively (Figure 1(D)). Surprisingly, the observed trapped-
FITC-BSA release rate was slower than that of acL-CHP
hydrolysis at pH 4.0, and the author hypothesized that BSA
exhibited a reversible N-F transition via an intermediate form
that participated in a stable complex with nanogels; the for-
mation of acetal byproducts may be another reason for the
slow release rate (Morimoto et al., 2013).

Thermo-responsive

Among the internal and external stimuli, thermo-responsivity
is one of the best signals for ensuring ease and safety in
medical applications. Temperature-sensitive materials have
been used to enhance the physical stability of proteins by
rendering protein structures to be more rigid, which creates
a controlled microenvironment around the protein (Shakya
et al., 2010). Also, thermo-sensitive hydrogels can swell and
de-swell, alternating in response to human body temperature
changes (Asmarandei et al., 2013).

Poly-N-isopropylacrylamide (PNIPAM, Table 3), exhibiting a
lower critical solution temperature (LCST) of 32 �C, is one of
the most widely investigated thermo-responsive materials
used for thermally triggered delivery (Berndt et al., 2006;
Blackburn & Lyon, 2008). Furthermore, the phase transition
temperature modestly depends on the structure, location
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along the chain, and level of incorporation of hydrophobic
groups (Akiyoshi et al., 2000; Blackburn & Lyon, 2008;
Morimoto et al., 2008a,b). As a result, a certain ratio of
NIPAM grafted onto (or mixed with) pullulan has been exten-
sively found in the past years (Morimoto et al., 2006, 2007,
2008a,b). For example, hydrogel releases 50% diphenhydra-
mine hydrochloride in phosphate buffered saline (PBS,
pH 7.4) in 0.5 h at 20 �C and in approximately 3.5 h at 37 �C

(Asmarandei et al., 2013). Interestingly, CMP-PNIPAM
(Table 3) nanogels of suitable composition exhibited two dis-
tinct volume transitions during heating/cooling cycles, and
both steps in this temperature response were reversible
(Morimoto et al., 2007). As shown in Figure 2(B), the hydro-
dynamic radius (Rh) of nanogels reproducibly changed from
approximately 70–60 nm in the 30–35 �C temperature
domain, followed by a sharp increase in Rh from

Figure 2. (A) Schematic illustration showing the composition of the degradable deep penetrating cationic nanoparticle (HA/DpNG-PTX, Table 3), and how it can be
used to penetrate into tissue; (B) temperature-induced changes in the morphology and association of CHPMA-PNIPAM nanogels and SPL complexes; swollen nano-
gels formed by the association of a few CHPMA nanogels, shrunken nanogels, and botryoidal nanogels are shown; (C) aqueous condition at 4 �C but hydrogel con-
dition at 37.5 �C is shown; (D) schematic illustration of SpS nanogel under UV–Vis light. HA/DpNG-PTX: hyaluronic acid-coated degradable cationic
nanogel–paclitaxel; CHPMA-PNIPAM: methacryloyl-substituted CHP-poly-N-isopropylacrylamide; SPL: succinated pullulan-poly(L-lactide).
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approximately 60–100 nm in a 35–50 �C window. The author
postulated that the primary reason for these changes was
that PNIPAM gels shrank as a consequence of increased
hydrophobicity upon dehydration of the PNIPAM chains
when heated through LCST of PNIPAM, and then the gels
swelled upon further heating because of a growing aggrega-
tion number of associated nanogels by grafted PNIPAM
chains (Akiyoshi et al., 2000; Morimoto et al., 2007).
Additionally, the shrinking half-time of the gels was above
2min, which might be useful in many fields where the
release of substances such as hydrophobic drugs and pro-
teins is desired (Morimoto et al., 2008a,b).

However, clinical application of PNIPAM in drug delivery
systems is limited due to its nonbiodegradability. For this
reason, Seo et al. applied L-lactide for polymerizing with pul-
lulan, which resulted in a heat-related behavior (Seo et al.,
2012; Jung et al., 2013, 2014). The particle size of poly(L-lac-
tide) (PLP) (Table 3) nanogels with relatively higher lactide
content enlarged rapidly over 32 �C. Moreover, the amount
of DOX released within DOX-loaded PLP nanogels at 42 �C
was more than that at 37 �C after 6 h, which indicated that
more HeLa cells were killed at 42 �C, providing the potential
application of hyperthermia therapy for solid tumors (Seo
et al., 2012). Thermo-sensitive succinylated pullulan-g-oligo(L-
lactide) (SPL) (Table 3) complexes were readily dissociated at
4 �C but remained stable at 37.5 �C via electrostatic attraction
and hydrophobic interaction even in the presence of 150mM
salt and 10% serum. A schematic illustration of SPL complex
is shown in Figure 2(C). Fluorescence images in vivo revealed
that the signal intensity was apparent for longer (11 days)
than that of the polyelectrolyte complex. It indicated that
SPL complexes could maintain the bioactivity of encapsu-
lated lysozyme in vitro while lysozyme was released from SPL
complexes in a sustained manner in vivo. These results sug-
gest the potential for long-term delivery of therapeutic
proteins (Jung et al., 2014).

Photo-responsive

Compared with other stimuli such as pH and temperature,
light offers a milder activation, more precise remote spatio-
temporal control, and easier use (Bertrand & Gohy, 2017).
Light-sensitive nanogels can accurately deliver doses specific
to individual patients through wavelength adjustments. This
property would be beneficial for driving the accumulation of
photodynamic agents in tumor sites by the enhanced perme-
ability and retention (EPR) effect, thereby controlling photo-
activity. Also, tumor imaging can be another useful
application (Yue et al., 2017).

Spiropyrane-bearing pullulan (SpP) nanogels provide
cross-linking points similar to CHP nanogels (Hirakura et al.,
2004). The type of light (UV, Vis-, or dark) and irradiation
time could affect the conversion among the amphiphilic
Mer-Sp-form, hydrophobic Sp-form, and hydrophilic Mer-
form (Figure 2(D) and Table 3) that controls the capacity
of citrate synthase-trapped refolding activity (Hirakura
et al., 2004) or pyrene-trapped release (Wang et al., 2014).
The release amount and rate decreased in the following

order: Mer-Sp-form>Mer-form> Sp-form. The author con-
sidered that the lowest release might be due to the hydro-
phobic core structure of the Sp-form. The second low
release was attributed to the diffusion of proteins from the
hydrophilic shell of the Mer-form structure when the
Sp-form transferred into the Mer-form under UV irradiation,
whereas the disappearance of electrostatic interaction dur-
ing the transformation into the Mer-Sp-form may induce
less interaction with proteins to promote the release from
nanogels. Pullulan esterified with folic acid and pheophor-
bide-A (phA, Table 3) subsequently could prepare self-
organized pentafluorophenyl (PFP) nanogels in water or
PBS, which led to the self-quenching effect among phAs,
but phA in nanogels restored photoactivity when co-incu-
bated with HeLa cervical carcinoma cells. The author
inferred that nanogels were internalized into the cancer
cells by folate-mediator endocytosis and then degraded by
various enzymes in the endosome and lysosome (Bae &
Na, 2010; Bae et al., 2010;). Furthermore, photoactivity did
not immediately appear but was detected after 30min; a
significant increase over 12 h was observed (Bae & Na,
2010). This may contribute to the possibility for
photodynamic therapy of tumors with minimal unfavorable
phototoxicity. Tomoki Nishimura constructed a photo-
responsive cholesteryl pullulan (termed CHP-o-NB, as shown
in Table 3) by linking ortho-nitrobenzyl that could be
partly cleaved under the irradiation of 365 nm light, which
resulted in the decomposition of nanogel-based materials
at the masked site. This can be used for the preparation
of protein patterning on nanogel-based film towards bio-
chip (Nishimura et al., 2016).

Nanoprobes called near-infrared polymer nanogel
(NIR-PNG), which are NHS-terminated IRDye800 (or IRDye900)
conjugated with aminated CHP (NIR-PNG, Table 3), could dra-
matically enhance the photostability of dye. NIR-PNG nanop-
robes (nearly 30 nm) were easily uptaken into the lymph
system of animals, as discovered during experiments con-
ducted by (Noh et al. (2012). The NIR-PNG signal was still
detected in the canine stomach when evaluated one week
after injection. This can be used as active molecular imaging
probes for sentinel lymph node mapping, which will furnish
potential utility in cancer surgery such as sentinel node navi-
gation surgery in gastric cancer (Kong et al., 2015).
Surprisingly, the presence of acryloyl groups on CHPOA
nanogels allowed easy attachment of Gd-chelating cross-link-
ers (Table 3) through photoinitiation, endowing stable and
longer-lasting tumor imaging. The clear tumor delineation
could aid in accurate and precise tumor excision.
Additionally, there was no toxicity observed in mice up to
3months after injection of Gd-CHPOA (Chan et al., 2015).

Redox-responsive

The redox potential gradient between normal cells and
tumor cells has been extensively explored (Huo et al.,
2014). Compared to normal cells, tumor cells contain a
strongly reducing environment due to the overproduction
of intracellular glutathione and reactive oxygen species
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(Luo et al., 2016). At present, redox-responsive pullulan
nanogels are being intensively researched. Yoshihiro Sasaki
et al., reported a novel redox-sensitive CHP (ImCHP) nano-
gel with redox couple Co(II) and Co(III) (Sasaki et al., 2011).
When the labile Co(II) was oxidized to inert Co(III) by add-
ition of 0.3% w/w H2O2, there was no obvious change in
the MW and radius of ImCHP. This phenomenon indicated
that ImCHP nanogels were crosslinked by coordinative
interactions with Co(III) to form inter-nanogel crosslinking
or intra-nanogel crosslinking. Even in the presence of b-CD,
ImCHP nanogels with Co(III) were slightly swelled without
dissociation. This suggested that ImCHP formed dual net-
work nanogels with physically crosslinked and coordinative
crosslinked points. Grafting sulfanylthiocarbonylsulfanyl (STS,
Table 3) groups onto a pullulan framework (termed PulSTS)
could produce easily oxidized thiols that are linked to the
end of each PNIPAM chain. The PulSTS-PNIPAM nanogel
exhibited dual stimuli-responsive parameters that may con-
trol the release of active agents entrapped in nanogel via
simultaneous stimuli of temperature and redox (Morimoto
et al., 2008a,b).

Modified-release and targeting

Pullulan esterified with carboxylate could become a more
stable carrier that can accept increased drug loading with
larger encapsulation efficiency if there is an increase of the
number of substituents such as deoxycholic acid (Na et al.,
2006), folic acid (Kim et al., 2008), and polylactic acid
(Miyazaki & Tabata, 2009; Okamoto et al., 2011). Drugs are
released in a modified manner, and even an increased
degree of acetylation of pullulan could decrease the release
rate (Jung et al., 2003). Shimizu successfully incorporated
recombinant murine interleukin-12 (IL-12) (rmIL-12) into CHP
nanogel by co-incubation at room temperature. The rmIL-12
within the nanogel slowly released after subcutaneous injec-
tion into mice. However, the intravenous or intraperitoneal
injection of CHP/rmIL-12 led to a rapid release of rmIL-12
due to frequent encounters with a high concentration of
serum proteins such as BSA, as well as phagocytosis by

hepatic and splenic macrophages (Shimizu et al., 2008).
Afterwards, cross-linking of acrylate group-modified CHP
nanogel (CHPANG) with PEGSH by Michael addition solved
the problem described above (Hasegawa et al., 2009).
Administration of W9, which is a bone resorption inhibitor
peptide, at 24mg/kg/day significantly prevented low cal-
cium-induced reduction of bone mineral density in the long
bones and lumbar vertebrae. An osteoclastogenesis inhibition
assay in vitro confirmed the delayed release profile of W9
from hybrid hydrogels as compared to conventional CHP
nanogels (Sato et al., 2015).

Targeting the desired site of action would not only
enhance the therapeutic efficacy of drugs but also allow
reductions in the dosage and undesirable side effects.
Therefore, some researchers prepared targeted carriers on
the basis of characteristics of tumor stroma (Hirakura et al.,
2010). It has been demonstrated that the content of vitamin
H in cancerous tumors is higher than that in normal tissue,
and rapid proliferation of tumor cells may require extra vita-
min H (biotin) (Chen et al., 2010). Na prepared biotinylated
pullulan acetate (BPA), which was able to interact with
HepG2 cells by vitamin-receptor recognition. The content
and release rate of DOX encapsulated in the BPA nanopar-
ticles decreased along with an increasing degree of vitamin
H substitution due to a lower hydrophobicity (Na et al.,
2003a,b; Park et al., 2006). High activity of hyaluronidase in
tumors presents a unique tumor microenvironment (Benitez
et al., 2011). Hyaluronic acid (HA)-coated cCHP was converted
to uncoated cCHP by the hyaluronidase-mediated degrad-
ation of the HA coating. Consequently, the HA/DpNG-PTX-
treated group exhibited significantly smaller tumor volumes
compared with the control group treated with PTX (Yim
et al., 2013). Recently, there has been some exploration of in
vivo vaccine delivery of the CHP nanogel via ‘immunological
stealth mode’. For example, CHP nanogel can efficiently
travel to a draining lymph node due to the small size and
uncharged surface after subcutaneous injection. The CHP
nanogel was preferentially engulfed by medullary macro-
phages but not sensed by other macrophages and dendritic
cells. As a result, nanogel-based vaccine significantly

Table 4. Clinical studies of CHP nanogels.

Loaded objects Cancer type and clinical cases References

HER2 Solid tumors; well tolerated, CD4þ T-cell response in 5/9 patients, CD8þ T-cell responses in
4/9 patients

(Kitano et al., 2006)

HER2 plus GM-CSF 146HER2-specific IgG antibody response in 14 patients; fastly reached plateau levels vacci-
nated with CHP-HER2 plus GM-CSF

(Kageyama et al., 2008)

NY-ESO-1 NY-ESO-1 antibody response in all 9 patients (Kawabata et al., 2007)
CD4þ T-cell response in 7 including 3 esophageal cancer, 1 malignant melanoma and 3 pros-

tate cancer of 9 patients
(Uenaka et al., 2007)

Melanoma cell; CD4þ and CD8þ T-cell responses, detecting CD4þCD25þ Foxp3þ Tregs and
CD68þ immunoregulatory macrophages

(Tsuji et al., 2008)

Esophageal cancer; antibody, CD4þ and CD8þ T-cell responses in 7,7 and 6 of 8 patients (Wada et al., 2008)
Lung adenocarcinoma; antibody, CD4þ and CD8þ T-cell responses (Isobe et al., 2009)
Non-small cell lung cancer; spontaneously remission for one patient (Nakamura et al., 2009)
Esophageal and prostate cancer; antibody responses in 8/9 patients (Kawada et al., 2012)
Advanced/metastatic esophageal cancer; 100-lg cohort inducing antibody responses in 3/13

patients and 200-lg cohort in 7/12 patients
(Kageyama et al., 2013)

NY-ESO-1 plus HER2 Esophageal cancer; comparable antibody response with CHP/NY-ESO-1 and CHP/HER2 (Aoki et al., 2009)
MAGE-A4 Advanced esophageal, stomach or lung cancer; MAGE-A4-specific humoral immune response

in 4/20 patients, CD4þ and CD8þ T-cell responses in 3/20 and 6/20 patients
(Saito et al., 2014)

MAGE-A4 5 colon, 1 esophageal, 1 papilla of Vater, 1 breast, 1 pancreatic cancer; IgG response in 7/9
patients, IgE response in 4/7 patients

(Kyogoku et al., 2016)
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inhibited in vivo tumor growth in the prophylactic and thera-
peutic settings, and this new strategy can be used to
enhance vaccine efficacy (Muraoka et al., 2014).

Discussion

From the description above, we know that self-nanogels
based on pullulan derivatives could carry drugs and/or pro-
teins. As the schematic diagram described in Figure 1(D)
shows, abundant distinctive scaffolds of pullulan nanogel can
be conceived, including the incorporation of environmentally
responsive groups, controlling the change of surface charge
and morphology, and coupling or chelating the metallic ele-
ments. Interestingly, CHP nanogel itself was found to effect-
ively accelerate wound healing (Kobayashi et al., 2009;
Miyahara et al., 2012). Additionally, nanogel crosslinked
hydrogel promoted the rate and extent of wound healing
when it was combined with a silicone sheet (Maeda et al.,
2017). When CHP nanogels carried tumor necrosis factor
(TNF)-a, there was a minimization of the influence of inflam-
matory cytokines other than TNF-a (Nagano et al., 2011).
Importantly, protein cancer vaccines based on pullulan nano-
gels have made great progress (Tahara & Akiyoshi, 2015).
After complexing with CHP nanogels, immunogenic proteins
including HER2, NY-ESO-1, and MAGE-A4 induced various
immune responses at different levels, as shown in Table 4.
Furthermore, the vaccines mainly induced CD4 T-cell
response, CD8 T-cell response, and antigenic protein-related
antibody responses. Relevant clinical trials are primarily in
phase I and are progressing with safe and well-tolerated vac-
cines (Kitano et al., 2006; Aoki et al., 2009; Saito et al., 2014).

Despite the benefits of nanogels, we have to acknowledge
that there are some important issues to be considered. First,
safety is still the primary problem. Although molecule-encap-
sulated nanogels formed by hydrophobic interactions of
physical cross-linking are feasible in lab tests, unpredictable
toxicity and undiscovered side effects still exist. It has been
reported that drug-encapsulated nanogel may interact with
normal cells and change their normal functions (Na et al.,
2003a,b). The strong cation-based material exhibits several
undesirable characteristics, including the aggregation of
erythrocytes and platelets (Yim et al., 2013). CHPNH2 nano-
gels are toxic to the central nervous system, particularly in
primary cortical cultures (Boridy et al., 2009). Accurate target-
ing of the delivery may be one effective method to reduce
toxicity. For instance, PGE2/CHP induced new bone formation
only at the site of injection instead of at distant sites of
the skeleton (Kato et al., 2007). Similarly, carborane-bearing
pullulan (CAP, Table 3) formed stable self-nanogel through
hydrophobic interactions with carborane. Compared to con-
ventional boron neutron capture therapy, the CAP nanogels
successfully reduced the cytotoxicity of carborane, were inter-
nalized into tumor cells by endocytosis, acted as a dual-deliv-
ery mode of therapy, and accumulated in tumors in vivo
(Kawasaki et al., 2017).

Second, as previously mentioned, many protein-loaded
CHP nanogels are prepared by dialysis. The procedure is
quite time-consuming, and activities of encapsulated drugs

may be influenced as well. However, hybrid hydrogel loads
drugs with a simple mixing method that obtains higher
encapsulated efficiency (Hasegawa et al., 2009), although
hybrid hydrogels are not suitable for intravenous administra-
tion because of their size of several hundred nanometers. On
the contrary, they are well suited to tissue engineering,
including bone regeneration (Kato et al., 2007; Fujioka-
Kobayashi et al., 2012; Yokota et al., 2014; Sato et al., 2015).
Third, low encapsulation efficiency and low levels of drug
loading are other two vital problems that must be solved for
pullulan nanogels if they are to accommodate materials as
efficiently as other polymer loading systems (Na et al.,
2003a,b, 2006; Wang et al., 2014). Efficient therapeutic effects
cannot be guaranteed when low concentrations of the
desired substance are used. Fourth, CHP nanogels are only
effective for a relatively short period, with limited long-term
protein delivery. For example, vaccination with CHP-NY-ESO-1
did not prevent tumor growth in esophageal cancer patients
(Wada et al., 2008). Similarly, lung adenocarcinoma
restarted to progress after three years of vaccination with
CHP-NYESO-1 (Isobe et al., 2009). Because of numerous prob-
lems, every effort has been made to improve the processes
including development of hybrid hydrogel and combinations
of various nanostructures. For example, CHPOA nanogels and
gelatin hybrid fibers were constructed as a new platform for
stable encapsulation of proteins. The potential advantages
compared with hybrid hydrogels are that fibers can be pre-
served for a long time (Shimoda et al., 2016).

Last but not least, there is some evidence that choles-
terol-modified hydrogels increased cell adhesion and prolifer-
ation (Kubinova et al., 2009). This result reminds us that
cholesterol is useful for tissue engineering but it may not be
suitable for delivery of antitumor agents. It was reported that
docetaxel in vivo was degraded into stereoisomer 7-epidoce-
taxel, which may cause severe toxicity (Manjappa et al., 2013;
Luo et al., 2017). Hence, as a chiral molecule, cholesterol
might elicit isomerization and further influence the bioactiv-
ity of loaded drugs in vivo. These issues require further stud-
ies if additional approvals for clinical applications are to be
obtained.

Conclusions

Many investigations have revealed that pullulan nanogel is a
facile and efficacious delivery system. Thus far, there has
been significant progress with pullulan nanogel in wide fields
including protein delivery, vaccine development, cancer
chemotherapy, tissue engineering, and biological imaging.
Significantly, pullulan can be modified by various functional
groups in a simple method of synthesis and thereby express
desirable activities in response to environmental factors such
as pH, heat, light, and redox, to achieve satisfying objectives
at specific sites. At the same time, this method may maintain
the intrinsic or more strongly physicochemical properties of
loaded agents than that of chemical modifications such as
covalent bonding. In particular, the molecular chaperone-like
activity of pullulan nanogel enables the possibility of achiev-
ing potent intracellular delivery.
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Indeed, precision medicine will be the crucial window in
future research. The development of carriers should be asso-
ciated with the idea of ‘quality by design’, and tailor-made
functional nanogels should be viewed as novel intelligent
nanobiomaterials. More efficient targeting therapy and syner-
gistic effects, multiple responses, and co-administration of
various molecules, especially gene-based, should be consid-
ered for pullulan nanogel as the next focus of study. At pre-
sent, there has been some progress on aspects of the
polysaccharide nanogel gene delivery system investigated.
However, clinical trials are still in phase I or II only for cancer
vaccines, indicating that more preclinical studies are needed
to provide convincing resources for supporting advanced
clinical applications. We believe that there are promising
potential applications for pullulan nanogel systems.

Disclosure statement

No potential conflict of interest was reported by the authors.

References

Akiyoshi K, Deguchi S, Moriguchi N, et al. (1993). Self-aggregates of
hydrophobized polysaccharides in water. Formation and characteris-
tics of nanoparticles. Macromolecules 26:3062–8.

Akiyoshi K, Deguchi S, Tajima H, et al. (1997). Microscopic structure and
thermoresponsiveness of a hydrogel nanoparticle by self-assembly of
a hydrophobized polysaccharide. Macromolecules 30:857–61.

Akiyoshi K, Kang E-C, Kurumada S, et al. (2000). Controlled association of
amphiphilic polymers in water: thermosensitive nanoparticles formed
by self-assembly of hydrophobically modified pullulans and poly(N-
isopropylacrylamides). Macromolecules 33:3244–9.

Akiyoshi K, Kobayashi S, Shichibe S, et al. (1998). Self-assembled hydrogel
nanoparticle of cholesterol-bearing pullulan as a carrier of protein
drugs: complexation and stabilization of insulin. J Control Release
54:313–20.

Akiyoshi K, Sunamoto J. (1996). Supramolecular assembly of hydrophob-
ized polysaccharides. Supramol Sci 3:157–63.

Aoki M, Ueda S, Nishikawa H, et al. (2009). Antibody responses against
NY-ESO-1 and HER2 antigens in patients vaccinated with combina-
tions of cholesteryl pullulan (CHP)-NY-ESO-1 and CHP-HER2 with OK-
432. Vaccine 27:6854–61.

Asayama W, Sawada SI, Taguchi H, et al. (2008). Comparison of refolding
activities between nanogel artificial chaperone and GroEL systems. Int
J Biol Macromol 42:241–6.

Asmarandei I, Fundueanu G, Cristea M, et al. (2013). Thermo- and pH-
sensitive interpenetrating poly(N-isopropylacrylamide)/carboxymethyl
pullulan network for drug delivery. J Polym Res 20:13.

Ayame H, Morimoto N, Akiyoshi K. (2008). Self-assembled cationic nano-
gels for intracellular protein delivery. Bioconjug Chem 19:882–90.

Bae BC, Li F, Ling D, et al. (2010). Self-organized nanogel from pullulan/
pheophorbide – a conjugate as a macromolecular photodynamic
agent. J Porphyrins Phthalocyanines 14:851–8.

Bae BC, Na K. (2010). Self-quenching polysaccharide-based nanogels of
pullulan/folate-photosensitizer conjugates for photodynamic therapy.
Biomaterials 31:6325–35.

Na K, Bae YH. (2002). Self-assembled hydrogel nanoparticles responsive
to tumor extracellular pH from pullulan derivative/sulfonamide conju-
gate: characterization, aggregation, and adriamycin release in vitro.
Pharm Res 19:681–8.

Benitez A, Yates TJ, Lopez LE, et al. (2011). Targeting hyaluronidase for
cancer therapy: antitumor activity of sulfated hyaluronic acid in pros-
tate cancer cells. Cancer Res 71:4085–95.

Berndt I, Popescu C, Wortmann F-J, et al. (2006). Mechanics versus ther-
modynamics: swelling in multiple-temperature-sensitive core–shell
microgels. Angew Chem Int Ed 45:1081–5.

Bertrand O, Gohy JF. (2017). Photo-responsive polymers: synthesis and
applications. Polym Chem 8:52–73.

Blackburn WH, Lyon LA. (2008). Size controlled synthesis of monodis-
persed, core/shell nanogels. Colloid Polym Sci 286:563–9.

Boridy S, Takahashi H, Akiyoshi K, et al. (2009). The binding of pullulan
modified cholesteryl nanogels to Abeta oligomers and their suppres-
sion of cytotoxicity. Biomaterials 30:5583–91.

Bruneel D, Schacht E. (1994). Chemical modification of pullulan: 3.
Succinoylation. Polymer 35:2656–8.

Chacko RT, Ventura J, Zhuang JM, et al. (2012). Polymer nanogels: a ver-
satile nanoscopic drug delivery platform. Adv Drug Deliv Rev
64:836–51.

Chan MN, Lux J, Nishimura T, et al. (2015). Long-lasting and efficient
tumor imaging using a high relaxivity polysaccharide nanogel mag-
netic resonance imaging contrast agent. Biomacromolecules
16:2964–71.

Chen SY, Zhao XR, Chen JY, et al. (2010). Mechanism-based tumor-target-
ing drug delivery system. Validation of efficient vitamin receptor-
mediated endocytosis and drug release. Bioconjug Chem 21:979–87.

Cinay GE, Erkoc P, Alipour M, et al. (2017). Nanogel-integrated pH-
responsive composite hydrogels for controlled drug delivery. ACS
Biomater Sci Eng 3:370–80.

Derfus AM, Chan WCW, Bhatia SN. (2004). Intracellular delivery of quan-
tum dots for live cell labeling and organelle tracking. Adv Mater
16:961.

Ferreira SA, Coutinho PJG, Gama FM. (2010). Self-assembled nanogel
made of mannan: synthesis and characterization. Langmuir
26:11413–20.

Ferreira SA, Coutinho PJG, Gama FM. (2011). Synthesis and characteriza-
tion of self-assembled nanogels made of pullulan. Materials (Basel)
4:601–20.

Fujioka-Kobayashi M, Ota MS, Shimoda A, et al. (2012). Cholesteryl
group- and acryloyl group-bearing pullulan nanogel to deliver BMP2
and FGF18 for bone tissue engineering. Biomaterials 33:7613–20.

Fukuyama Y, Yuki Y, Katakai Y, et al. (2015). Nanogel-based pneumococ-
cal surface protein A nasal vaccine induces microRNA-associated Th17
cell responses with neutralizing antibodies against Streptococcus
pneumoniae in macaques. Mucosal Immunol 8:1144–53.

Gao M, Toita S, Sawada S, et al. (2013). Cyclodextrin triggered dimen-
sional changes of polysaccharide nanogel integrated hydrogels at
nanometer resolution. Soft Matter 9:5178–85.

Gu XG, Schmitt M, Hiasa A, et al. (1998). A novel hydrophobized polysac-
charide/oncoprotein complex vaccine induces in vitro and in vivo cel-
lular and humoral immune responses against HER2-expressing murine
sarcomas. Cancer Res 58:3385–90.

Gupta M, Gupta AK. (2004). In vitro cytotoxicity studies of hydrogel pul-
lulan nanoparticles prepared by AOT/n-hexane micellar system.
J Pharm Pharm Sci 7:38–46.

Hasegawa U, Nomura SIM, Kaul SC, et al. (2005). Nanogel-quantum dot
hybrid nanoparticles for live cell imaging. Biochem Biophys Res
Commun 331:917–21.

Hasegawa U, Sawada S, Shimizu T, et al. (2009). Raspberry-like assembly
of cross-linked nanogels for protein delivery. J Control Release
140:312–17.

Hashimoto Y, Mukai S, Sawada S, et al. (2015). Nanogel tectonic porous
gel loading biologics, nanocarriers, and cells for advanced scaffold.
Biomaterials 37:107–15.

Hashimoto Y, Mukai S, Sawada S, et al. (2016). Advanced artificial extra-
cellular matrices using amphiphilic nanogel-cross-linked thin films to
anchor adhesion proteins and cytokines. ACS Biomater Sci Eng
2:375–84.

Hayashi C, Hasegawa U, Saita Y, et al. (2009). Osteoblastic bone forma-
tion is induced by using nanogel-crosslinking hydrogel as novel scaf-
fold for bone growth factor. J Cell Physiol 220:1–7.

Hirakura T, Nomura Y, Aoyama Y, et al. (2004). Photoresponsive nanogels
formed by the self-assembly of spiropyrane-bearing pullulan that act
as artificial molecular chaperones. Biomacromolecules 5:1804–9.

Hirakura T, Yasugi K, Nemoto T, et al. (2010). Hybrid hyaluronan hydrogel
encapsulating nanogel as a protein nanocarrier: new system for

DRUG DELIVERY 289



sustained delivery of protein with a chaperone-like function. J Control
Release 142:483–9.

Horwich AL. (2014). Molecular chaperones in cellular protein folding: the
birth of a field. Cell 157:285–8.

Huang Y, Lapitsky Y. (2017). On the kinetics of chitosan/tripolyphosphate
micro- and nanogel aggregation and their effects on particle polydis-
persity. J Colloid Interf Sci 486:27–37.

Hui LL, Chen Y. (2015). Tumor microenvironment: sanctuary of the devil.
Cancer Lett 368:7–13.

Huo M, Yuan J, Tao L, et al. (2014). Redox-responsive polymers for drug
delivery: from molecular design to applications. Polym Chem UK
5:1519–28.

Ikeda K, Okada T, Sawada S, et al. (2006). Inhibition of the formation of
amyloid beta-protein fibrils using biocompatible nanogels as artificial
chaperones. FEBS Lett 580:6587–95.

Ikuta Y, Katayama N, Wang LJ, et al. (2002). Presentation of a major
histocompatibility complex class 1-binding peptide by monocyte-
derived dendritic cells incorporating hydrophobized polysaccharide-
truncated HER2 protein complex: implications for a polyvalent
immuno-cell therapy. Blood 99:3717–24.

Inomoto N, Osaka N, Suzuki T, et al. (2009). Interaction of nanogel with
cyclodextrin or protein: study by dynamic light scattering and small-
angle neutron scattering. Polymer 50:541–6.

Isobe M, Eikawa S, Uenaka A, et al. (2009). Correlation of high and
decreased NY-ESO-1 immunity to spontaneous regression and subse-
quent recurrence in a lung cancer patient. Cancer Immun 9:8.

Jung SW, Jeong YI, Kim SH. (2003). Characterization of hydrophobized
pullulan with various hydrophobicities. Int J Pharm 254:109–21.

Jung YS, Park W, Na K. (2013). Temperature-modulated
noncovalent interaction controllable complex for the long-term deliv-
ery of etanercept to treat rheumatoid arthritis. J Control Release
171:143–51.

Jung YS, Park W, Na K. (2014). Succinylated polysaccharide-based ther-
mosensitive polyelectrostatic complex for protein drug delivery.
J Bioact Compat Polym 29:81–92.

Kageyama S, Kitano S, Hirayama M, et al. (2008). Humoral immune
responses in patients vaccinated with 1-146 HER2 protein complexed
with cholesteryl pullulan nanogel. Cancer Sci 99:601–7.

Kageyama S, Wada H, Muro K, et al. (2013). Dose-dependent effects of
NY-ESO-1 protein vaccine complexed with cholesteryl pullulan (CHP-
NY-ESO-1) on immune responses and survival benefits of esophageal
cancer patients. J Transl Med 11:246.

Kamolratanakul P, Hayata T, Ezura Y, et al. (2011). Nanogel-based scaffold
delivery of Prostaglandin E-2 receptor-specific agonist in combination
with a low dose of growth factor heals critical-size bone defects in
mice. Arthritis Rheum 63:1021–33.

Katagiri K, Ohta K, Koumoto K, et al. (2013). Templated nucleation of
hybrid iron oxide nanoparticles on polysaccharide nanogels. Colloid
Polym Sci 291:1375–80.

Kato N, Hasegawa U, Morimoto N, et al. (2007). Nanogel-based delivery
system enhances PGE2 effects on bone formation. J Cell Biochem
101:1063–70.

Kawabata R, Wada H, Isobe M, et al. (2007). Antibody response against
NY-ESO-1 in CHP-NY-ESO-1 vaccinated patients. Int J Cancer
120:2178–84.

Kawada J, Wada H, Isobe M, et al. (2012). Heteroclitic serological
response in esophageal and prostate cancer patients after NY-ESO-1
protein vaccination. Int J Cancer 130:584–92.

Kawasaki R, Sasaki Y, Akiyoshi K. (2017). Intracellular delivery and passive
tumor targeting of a self-assembled nanogel containing carborane
clusters for boron neutron capture therapy. Biochem Biophys Res
Commun 483:147–52.

Kim S, Park KM, Ko JY, et al. (2008). Minimalism in fabrication of self-
organized nanogels holding both anti-cancer drug and targeting moi-
ety. Colloid Surface B 63:55–63.

Kitano D, Kageyama S, Nagata Y, et al. (2006). HER2-specificT-cell
immune responses in patients vaccinated with truncated HER2 protein
complexed with nanogels of cholesteryl pullulan. Clin Cancer Res
12:7397–405.

Kobayashi H, Katakura O, Morimoto N, et al. (2009). Effects of choles-
terol-bearing pullulan (CHP)-nanogels in combination with prostaglan-
din E1 on wound healing. J Biomed Mater Res 91B:55–60.

Kondo K, Kaji N, Toita S, et al. (2010). DNA separation by cholesterol-
bearing pullulan nanogels. Biomicrofluidics 4:8.

Kong IG, Sato A, Yuki Y, et al. (2013). Nanogel-based PspA intranasal vac-
cine prevents invasive disease and nasal colonization by Streptococcus
pneumoniae. Infect Immun 81:1625–34.

Kong SH, Noh YW, Suh YS, et al. (2015). Evaluation of the novel
near-infrared fluorescence tracers pullulan polymer nanogel and
indocyanine green/c-glutamic acid complex for sentinel lymph node
navigation surgery in large animal models. Gastric Cancer 18:55–64.

Kubinova S, Horak D, Sykova E. (2009). Cholesterol-modified superporous
poly(2-hydroxyethyl methacrylate) scaffolds for tissue engineering.
Biomaterials 30:4601–9.

Kyogoku N, Ikeda H, Tsuchikawa T, et al. (2016). Time-dependent transi-
tion of the immunoglobulin G subclass and immunoglobulin E
response in cancer patients vaccinated with cholesteryl pullulan-mel-
anoma antigen gene-A4 nanogel. Oncol Lett 12:4493–504.

Lee I, Akiyoshi K. (2004). Single molecular mechanics of a cholesterol-
bearing pullulan nanogel at the hydrophobic interfaces. Biomaterials
25:2911–18.

Luo C, Sun J, Liu D, et al. (2016). Self-assembled redox dual-responsive
prodrug-nanosystem formed by single thioether-bridged paclitaxel-
fatty acid conjugate for cancer chemotherapy. Nano Lett 16:5401–8.

Luo L, Wang X, Chen Q, et al. (2017). A parenteral docetaxel-loaded lipid
microsphere with decreased 7-epidocetaxel conversion in vitro and in
vivo. Eur J Pharm Sci 109:638–49.

Ma XX, Zhang L, Fan DD, et al. (2017). Physicochemical properties and
biological behavior of injectable crosslinked hydrogels composed of
pullulan and recombinant human-like collagen. J Mater Sci
52:3771–85.

Maeda H, Kobayashi H, Miyahara T, et al. (2017). Effects of a polysacchar-
ide nanogel-crosslinked membrane on wound healing. J Biomed
Mater Res 105:544–50.

Manjappa AS, Goel PN, Vekataraju MP, et al. (2013). Is an alternative
drug delivery system needed for docetaxel? The role of controlling
epimerization in formulations and beyond. Pharm Res 30:2675–93.

Maya S, Sarmento B, Nair A, et al. (2013). Smart stimuli sensitive nano-
gels in cancer drug delivery and imaging: a review. Curr Pharm Des
19:7203–18.

Miyahara T, Nyan M, Shimoda A, et al. (2012). Exploitation of a novel
polysaccharide nanogel cross-linking membrane for guided bone
regeneration (GBR). J Tissue Eng Regen Med 6:666–72.

Miyazaki N, Tabata Y. (2009). Anti-tumor activity of carmofur water-solu-
bilized by lactic acid oligomer-grafted pullulan nanogels. J Nanosci
Nanotechnol 9:4797–804.

Molinos M, Carvalho V, Silva DM, et al. (2012). Development of a hybrid
dextrin hydrogel encapsulating dextrin nanogel as protein delivery
system. Biomacromolecules 13:517–27.

Morimoto N, Endo T, Iwasaki Y, et al. (2005a). Design of hybrid hydrogels
with self-assembled nanogels as cross-linkers: interaction with pro-
teins and chaperone-like activity. Biomacromolecules 6:1829–34.

Morimoto N, Endo T, Ohtomi M, et al. (2005b). Hybrid nanogels with
physical and chemical cross-linking structures as nanocarriers.
Macromol Biosci 5:710–16.

Morimoto N, Hirano S, Takahashi H, et al. (2013). Self-assembled ph-sen-
sitive cholesteryl pullulan nanogel as a protein delivery vehicle.
Biomacromolecules 14:56–63.

Morimoto N, Ohki T, Kurita K, et al. (2008a). Thermo-responsive hydrogels
with nanodomains: rapid shrinking of a nanogel-crosslinking hydrogel
of poly(N-isopropyl acrylamide). Macromol Rapid Commun 29:672–6.

Morimoto N, Qiu X-P, Winnik FM, et al. (2008b). Dual stimuli-responsive
nanogels by self-assembly of polysaccharides lightly grafted with
thiol-terminated poly(N-isopropylacrylamide) chains. Macromolecules
41:5985–7.

Morimoto N, Qiu XP, Winnik FM, et al. (2006). POLY 275-Temperature-
dependence of the structure and association of cholesteryl-modified
pullulan-poly-(N-isopropylacrylamide) hybrid nanogels. J Am Chem
Soc 232:1.

290 T. ZHANG ET AL.



Morimoto N, Winnik FM, Akiyoshi K. (2007). Botryoidal assembly of cho-
lesteryl-pullulan/poly(N-isopropylacrylamide) nanogels. Langmuir
23:217–23.

Morimoto N, Winnik FM, Akiyoshi K. (2008c). POLY 187-Design of dual
stimuli-responsive nanogels by self-assembly of thiol-terminated
poly(n-isopropylacrylamide)-graft pullulan. J Am Chem Soc 236:1.

Mura S, Nicolas J, Couvreur P. (2013). Stimuli-responsive nanocarriers for
drug delivery. Nat Mater 12:991–1003.

Muraoka D, Harada N, Hayashi T, et al. (2014). Nanogel-based immuno-
logically stealth vaccine targets macrophages in the medulla of lymph
node and induces potent antitumor immunity. ACS Nano 8:9209–18.

Na K, Lee ES, Bae YH. (2003a). Adriamycin loaded pullulan acetate/sul-
fonamide conjugate nanoparticles responding to tumor pH: pH-
dependent cell interaction, internalization and cytotoxicity in vitro.
J Control Release 87:3–13.

Na K, Lee ES, Bae YH. (2007). Self-organized nanogels responding to
tumor extracellular pH: pH-dependent drug release and in vitro cyto-
toxicity against MCF-7 cells. Bioconjug Chem 18:1568–74.

Na K, Lee TB, Park KH, et al. (2003b). Self-assembled nanoparticles of
hydrophobically-modified polysaccharide bearing vitamin H as a tar-
geted anti-cancer drug delivery system. Eur J Pharm Sci 18:165–73.

Na K, Park KM, Jo EA, et al. (2006). Self-organized pullulan/deoxycholic
acid nanogels: physicochemical characterization and anti-cancer drug-
releasing behavior. Biotechnol Bioprocess Eng 11:262–7.

Nagano K, Alles N, Mian AH, et al. (2011). The tumor necrosis factor type
2 receptor plays a protective role in tumor necrosis factor-alpha-
induced bone resorption lacunae on mouse calvariae. J Bone Miner
Metab 29:671–81.

Nagatomo D, Taniai M, Ariyasu H, et al. (2015). Cholesteryl pullulan
encapsulated TNF-alpha nanoparticles are an effective mucosal vac-
cine adjuvant against influenza virus. Biomed Res Int 2015:15.

Nakahashi-Ouchida R, Yuki Y, Kiyono H. (2017). Development of a nano-
gel-based nasal vaccine as a novel antigen delivery system. Expert
Rev Vaccines 16:1231–40.

Nakamura Y, Noguchi Y, Satoh E, et al. (2009). Spontaneous remission of
a non-small cell lung cancer possibly caused by anti-NY-ESO-1
immunity. Lung Cancer 65:119–22.

Nishikawa T, Akiyoshi K, Sunamoto J. (1994). Supramolecular assembly
between nanoparticles of hydrophobized polysaccharide and soluble
protein complexation between the self-aggregate of cholesterol-bear-
ing pullulan and.alpha.-Chymotrypsin. Macromolecules 27:7654–9.

Nishikawa T, Akiyoshi K, Sunamoto J. (1996). Macromolecular complex-
ation between bovine serum albumin and the self-assembled hydro-
gel nanoparticle of hydrophobized polysaccharides. J Am Chem Soc
118:6110–15.

Nishimura T, Takara M, Mukai S, et al. (2016). A light sensitive self-
assembled nanogel as a tecton for protein patterning materials. Chem
Commun (Camb) 52:1222–5.

Nochi T, Yuki Y, Takahashi H, et al. (2010). Nanogel antigenic protein-
delivery system for adjuvant-free intranasal vaccines. Nat Mater
9:572–78.

Noh YW, Kong SH, Choi DY, et al. (2012). Near-infrared emitting polymer
nanogels for efficient sentinel lymph node mapping. ACS Nano
6:7820–31.

Nomura Y, Ikeda M, Yamaguchi N, et al. (2003). Protein refolding assisted
by self-assembled nanogels as novel artificial molecular chaperone.
FEBS Lett 553:271–76.

Nomura Y, Sasaki Y, Takagi M, et al. (2005). Thermoresponsive controlled
association of protein with a dynamic nanogel of hydrophobized
polysaccharide and cyclodextrin: heat shock protein-like activity of
artificial molecular chaperone. Biomacromolecules 6:447–52.

Offerman SC, Verma AVK, Telfer BA, et al. (2014). Ability of co-adminis-
tered peptide liposome nanoparticles to exploit tumour acidity for
drug delivery. RSC Advances 4:10779–90.

Okamoto T, Saito T, Tabata Y, et al. (2011). Immunological tolerance in a
mouse model of immune-mediated liver injury induced by 16,16
dimethyl PGE2 and PGE2-containing nanoscale hydrogels. Biomaterials
32:4925–35.

Park KH, Kang D, Na K. (2006). Physicochemical characterization and car-
cinoma cell interaction of self-organized nanogels prepared from

polysaccharide/biotin conjugates for development of anticancer drug
carrier. J Microbiol Biotechnol 16:1369–76.

Pehlivan SB. (2013). Nanotechnology-based drug delivery systems for tar-
geting, imaging and diagnosis of neurodegenerative diseases. Pharm
Res 30:2499–511.

Saito T, Wada H, Yamasaki M, et al. (2014). High expression of MAGE-A4
and MHC class I antigens in tumor cells and induction of MAGE-A4
immune responses are prognostic markers of CHP-MAGE-A4 cancer
vaccine. Vaccine 32:5901–7.

Sasaki Y, Akiyoshi K. (2010). Nanogel engineering for new nanobiomateri-
als: from chaperoning engineering to biomedical applications. Chem
Rec 10:366–76.

Sasaki Y, Hirakura T, Sawada S, et al. (2011). Metal coordinative-cross-
linked polysaccharide nanogels with redox sensitivity. Chem Lett
40:182–3.

Sasaki Y, Nomura Y, Sawada S, et al. (2010). Polysaccharide nanogel-
cyclodextrin system as an artificial chaperone for in vitro protein syn-
thesis of green fluorescent protein. Polym J 42:823–8.

Sato T, Alles N, Khan M, et al. (2015). Nanogel-crosslinked nanoparticles
increase the inhibitory effects of W9 synthetic peptide on bone loss
in a murine bone resorption model. Int J Nanomed 10:3459–73.

Sawada S, Akiyoshi K. (2010). Nano-encapsulation of lipase by self-
assembled nanogels: induction of high enzyme activity and thermal
stabilization. Macromol Biosci 10:353–8.

Sawada S, Nomura Y, Aoyama Y, et al. (2006). Heat shock protein-like
activity of a nanogel artificial chaperone for citrate synthase. J Bioact
Compat Polym 21:487–501.

Sawada S, Sasaki Y, Nomura Y, et al. (2011). Cyclodextrin-responsive
nanogel as an artificial chaperone for horseradish peroxidase. Colloid
Polym Sci 289:685–91.

Sekine Y, Endo H, Iwase H, et al. (2016). Nanoscopic structural investiga-
tion of physically cross-linked nanogels formed from self-associating
polymers. J Phys Chem B 120:11996–2002.

Sekine Y, Moritani Y, Ikeda-Fukazawa T, et al. (2012). A hybrid hydrogel
biomaterial by nanogel engineering: bottom-up design with nanogel
and liposome building blocks to develop a multidrug delivery system.
Adv Healthc Mater 1:722–8.

Sekine Y, Okazaki K, Ikeda-Fukazawa T, et al. (2014). Microrheology of
polysaccharide nanogel-integrated system. Colloid Polym Sci
292:325–31.

Seo S, Lee CS, Jung YS, et al. (2012). Thermo-sensitivity and triggered
drug release of polysaccharide nanogels derived from pullulan-g-
poly(L-lactide) copolymers. Carbohydr Polym 87:1105–11.

Shakya AK, Sami H, Srivastava A, et al. (2010). Stability of responsive pol-
ymer–protein bioconjugates. Prog Polym Sci 35:459–86.

Shimizu T, Kishida T, Hasegawa U, et al. (2008). Nanogel DDS enables
sustained release of IL-12 for tumor immunotherapy. Biochem
Biophys Res Commun 367:330–5.

Shimoda A, Chen Y, Akiyoshi K. (2016). Nanogel containing electrospun
nanofibers as a platform for stable loading of proteins. RSC Adv
6:40811–17.

Shimoda A, Sawada S-i, Akiyoshi K. (2014). Intracellular protein delivery
using self-assembled amphiphilic polysaccharide nanogels. In: Prokop
A, Iwasaki Y, Harada A, eds. Intracellular delivery II: fundamentals and
applications. Dordrecht: Springer, 265–74.

Shimoda A, Sawada S, Akiyoshi K. (2011). Cell specific peptide-conju-
gated polysaccharide nanogels for protein delivery. Macromol Biosci
11:882–8.

Shimoda A, Sawada S, Kano A, et al. (2012a). Dual crosslinked hydrogel
nanoparticles by nanogel bottom-up method for sustained-release
delivery. Colloids Surf B Biointerfaces 99:38–44.

Shimoda A, Yamamoto Y, Sawada S-i, et al. (2012b). Biodegradable nano-
gel-integrated hydrogels for sustained protein delivery. Macromol Res
20:266–70.

Singh RS, Saini GK, Kennedy JF. (2008). Pullulan: microbial sources, pro-
duction and applications. Carbohydr Polym 73:515–31.

Stylianopoulos T, Soteriou K, Fukumura D, et al. (2013). Cationic nanopar-
ticles have superior transvascular flux into solid tumors: insights from
a mathematical model. Ann Biomed Eng 41:68–77.

DRUG DELIVERY 291



Sugawara A, Yamane S, Akiyoshi K. (2006). Nanogel-templated mineral-
ization: polymer-calcium phosphate hybrid nanomaterials. Macromol
Rapid Commun 27:441–6.

Akiyoshi K, Taniguchi I, Fukui H, Sunamoto J. (1996). Hydrogel nanopar-
ticle formed by self-assembly of hydrophobized polysaccharide.
Stabilization of adriamycin by complexation. Eur J Pharm Biopharm
42:5.

Tahara Y, Akiyoshi K. (2015). Current advances in self-assembled nanogel
delivery systems for immunotherapy. Adv Drug Deliv Rev 95:65–76.

Tahara Y, Kosuge S, Sawada S, et al. (2013). Nanogel bottom-up gel bio-
materials for protein delivery: photopolymerization of an acryloyl-
modified polysaccharide nanogel macromonomer. React Funct Polym
73:958–64.

Tahara Y, Yasuoka J, Sawada S, et al. (2015). Effective CpG DNA delivery
using amphiphilic cycloamylose nanogels. Biomater Sci 3:256–64.

Takahashi H, Akiyoshi K, Kuroda K. (2015). Affinity-mediated capture and
release of amphiphilic copolymers for controlling antimicrobial activ-
ity. Chem Commun (Camb) 51:12597–600.

Takeda S, Takahashi H, Sawada S, et al. (2013). Amphiphilic nanogel of
enzymatically synthesized glycogen as an artificial molecular chaper-
one for effective protein refolding. RSC Adv 3:25716–18.

Toita S, Hasegawa U, Koga H, et al. (2008). Protein-conjugated quantum
dots effectively delivered into living cells by a cationic nanogel.
J Nanosci Nanotechnol 8:2279–85.

Tsuchido Y, Sasaki Y, Sawada S, et al. (2015). Protein nanogelation using
vitamin B-6-bearing pullulan: effect of zinc ions. Polym J 47:201–5.

Tsuji K, Hamada T, Uenaka A, et al. (2008). Induction of immune response
against NY-ESO-1 by CHP-NY-ESO-1 vaccination and immune regula-
tion in a melanoma patient. Cancer Immunol Immunother
57:1429–37.

Uenaka A, Wada H, Isobe M, Saika T, et al. (2007). T cell immunomonitor-
ing and tumor responses in patients immunized with a complex of
cholesterol-bearing hydrophobized pullulan (CHP) and NY-ESO-1 pro-
tein. Cancer Immun 7:9.

Varshosaz J, Taymouri S, Ghassami E. (2017). Supramolecular self-
assembled nanogels a new platform for anticancer drug delivery. Curr
Pharm Design. doi: 10.2174/1381612823666170710121900. [Epub
ahead of print]

Wada H, Sato E, Uenaka A, et al. (2008). Analysis of peripheral and local
anti-tumor immune response in esophageal cancer patients after NY-
ESO-1 protein vaccination. Int J Cancer 123:2362–9.

Wang B, Chen KF, Yang RD, et al. (2014). Photoresponsive nanogels syn-
thesized using spiropyrane- modified pullulan as potential drug car-
riers. J Appl Polym Sci 131:9.

Watanabe K, Tsuchiya Y, Kawaguchi Y, et al. (2011). The use of cationic
nanogels to deliver proteins to myeloma cells and primary T lympho-
cytes that poorly express heparan sulfate. Biomaterials 32:5900–5.

Wei X, Senanayake TH, Warren G, et al. (2013). Hyaluronic acid-based
nanogel-drug conjugates with enhanced anticancer activity designed
for the targeting of CD44-positive and drug-resistant tumors.
Bioconjug Chem 24:658–68.

Yahyaei M, Mehrnejad F, Naderi-manesh H, et al. (2017). Follicle-stimulat-
ing hormone encapsulation in the cholesterol-modified chitosan
nanoparticles via molecular dynamics simulations and binding free
energy calculations. Eur J Pharm Sci 107:126–37.

Yamane S, Sasaki Y, Akiyoshi K. (2008). Siloxane-crosslinked polysacchar-
ide nanogels for potential biomedical applications. Chem Lett
37:1282–3.

Yim H, Park SJ, Bae YH, et al. (2013). Biodegradable cationic nanoparticles
loaded with an anticancer drug for deep penetration of heteroge-
neous tumours. Biomaterials 34:7674–82.

Yokota M, Kobayashi Y, Morita J, et al. (2014). Therapeutic effect of nano-
gel-based delivery of soluble FGFR2 with S252W mutation on cranio-
synostosis. PLoS One 9:12.

Yue XL, Zhang Q, Dai ZF. (2017). Near-infrared light-activatable polymeric
nanoformulations for combined therapy and imaging of cancer. Adv
Drug Deliver Rev 115:155–70.

Yuki Y, Nochi T, Kong IG, et al. (2013). Nanogel-based antigen-delivery
system for nasal vaccines. Biotechnol Genet Eng Rev 29:61–72.

Zhang XJ, Malhotra S, Molina M, et al. (2015). Micro- and nanogels with
labile crosslinks – from synthesis to biomedical applications. Chem
Soc Rev 44:1948–73.

Zhu Z, Kang WL, Sarsenbekuly B, et al. (2017). Preparation and solution
performance for the amphiphilic polymers with different hydrophobic
groups. J Appl Polym Sci 134:9.

292 T. ZHANG ET AL.


	Research progress of self-assembled nanogel and hybrid hydrogel systems based on pullulan derivatives
	Introduction
	Concept and mechanism of typical pullulan nanogels
	Synthesis, preparation, and characterization of typical pullulan nanogels
	Mechanism of molecular capture and release fromCHP nanogels

	What are hybrid hydrogels?
	Functionality of pullulan nanogels
	Cation-modified
	pH-responsive
	Thermo-responsive
	Photo-responsive
	Redox-responsive
	Modified-release and targeting

	Discussion
	Conclusions
	Disclosure statement
	References



<<
	/CompressObjects /Tags
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 150
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects true
	/DownsampleMonoImages true
	/PassThroughJPEGImages false
	/ColorSettingsFile (None)
	/AutoRotatePages /All
	/Optimize true
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 600
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.6
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Warning
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Bicubic
	/EmitDSCWarnings false
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 150
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/DetectCurves 0.1
	/PDFXTrapped /False
	/ColorImageFilter /DCTEncode
	/TransferFunctionInfo /Preserve
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage true
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NOR <>
		/DEU <>
		/SVE <>
		/DAN <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/JPN <>
		/SUO <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/ESP <>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


