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The therapeutic efficacy of most drugs is greatly depends on their ability to cross the cellular barrier and
reach their intracellular target sites. To transport the drugs effectively through the cellular membrane
and to deliver them into the intracellular environment, several interesting smart carrier systems based
on both synthetic or natural polymers have been designed and developed. In recent years, hyaluronic acid
(HA) has emerged as a promising candidate for intracellular delivery of various therapeutic and imaging
agents because of its innate ability to recognize specific cellular receptors that overexpressed on diseased
cells. The aim of this review is to highlight the significance of HA in cancer, and to explore the recent
advances of HA-based drug carriers towards cancer imaging and therapeutics.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Significant research efforts have been devoted over the past few
decades to design carrier systems that could specifically deliver
active agents to the disease sites, and thereby minimizing the lethal
side-effects [1-3]. Recent exciting advances in nanotechnology and
our understanding in molecular biology have enabled us to develop
avariety of efficient nanocarriers to deliver diagnostic and/or ther-
apeutic agents to the tumor tissue [4-11]. In particular, polymeric
nanoparticles have been extensively used for targeted cancer diag-
nosis and therapy [8,12]. Macromolecules and nanoparticles have
been found to passively accumulate into tumor sites after systemic
administration due to their abnormally leaky vasculature and lack
of an effective lymphatic drainage system, and this phenomenon is
referred to as the enhanced permeation and retention (EPR) effect
[13]. However, a number of nanoparticles have not been able to
show desirable therapeutic efficacy in vivo because the EPR effect
cannot guarantee internalization of the nanoparticles. Even, con-
siderable portion of drugs may be released from the nanoparticles
before they are taken up by the tumor cells. Since the therapeutic
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targets of many anticancer drugs are found inside the cells, effec-
tive cancer therapy requires development of nanoparticles that
can accumulate in a tumor tissue, penetrate into cancer cells, and
release the drugsinside the cells. Intracellular delivery of anticancer
drugs is important for enhanced therapeutic effect.

Intracellular delivery has been improved by conjugating tumor-
interacting moieties, such as antibodies [14-16], nucleic acids
[17,18], proteins [19-22], and various other ligands [23-25], onto
the surface of the nanoparticles. Because such nanoparticles can
recognize, bind to, and internalize into tumor cells through endocy-
tosis, diagnostic or therapeutic agents loaded within the targetable
nanoparticles can be release inside of the tumor cells [10,11,26,27].
However, many of the tumor-targeting moieties are associated
with various complications. For example, the use of antibodies is
limited by its immunogenicity, and decrease in the activity due to
chemical conjugation processes.

In recent years, hyaluronic acid (HA) has attracted much atten-
tion in tumor-targeted delivery because of its ability to specifically
bind to various cancer cells that overexpress CD44 receptor [28].
Moreover, HA also possess numerous desirable physicochemical
and biological properties such as biocompatibility, biodegradability
and non-immunogenicity, for drug delivery applications. Already,
a number of drug delivery systems such as drug-conjugates,
nanocomplexes, and nanoparticles, using HA as the primary (tar-
geting) constituent have widely investigated. This review consists
of three parts: introduce of physicochemical and biological char-
acteristics of HA, including the synthesis, physiological functions,
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cellular interactions, and degradation in the human body; exam-
ination of significant roles of HA in cancer; and comprehensive
discussion of the recent advances of HA-based drug delivery sys-
tems.

2. Hyaluronic acid - chemical structure, biosynthesis,
cellular interactions, and biodegradation

2.1. Chemical structure of HA

In 1934, HA was first isolated from the vitreous of bovine eyes
by Meyer and co-worker [29]. The name “hyaluronic acid” was
coined by them as a conjugation of two words, hyaloid (vitreous)
and uronic acid. After nearly 20 years of research, Meyer’s group
determined the precise chemical structure of HA [30]. They found
that HA is a linear polysaccharide composed of a repeating dis-
accharide of N-acetyl-p-glucosamine (GlcNAc) and p-glucuronic
acid (GlcA) with 1— 4 interglycosidic linkages, while the disac-
charide repeating units are linked by 8 (1 — 3) linkages (Fig. 1).
In normal physiological conditions, the number of repeating dis-
accharides in a HA molecule ranges from 2000 to 25,000, which
corresponds to a molecular mass of 108-107 — Da (as molecular
mass of single disaccharide unit is approximately 400 — Da). As the
pK of the carboxyl groups on the GIcA residue is found to be 3-4,
the carboxyl groups are predominantly ionized under physiologi-
cal conditions (pH 7.4) [31]. Thus, HA exists as a polyanion in vivo,
and therefore is referred to as hyaluronan. In addition, HA shows an
expanded random coil structure in physiological solution. Because
of its random-coil structure and high molecular weight (HMW), HA
forms very viscose and elastic solution with a large hydrodynamic
volume.

2.2. Synthesis of HA by HA synthases

HA is synthesized in the inner face of the plasma membrane by
enzyme HA synthases (HASs): HAS-1, HAS-2 and HAS-3, which are
multipass transmembrane proteins that composed of hydrophobic
amino acid clusters and large cytoplasmic loops. These trans-
membrane enzymes sequentially link GlcA and GlcNAc using their
activated nucleotide sugars, UDP-GIcA and UDP-GIcNAc substrates,
in alternating 3-1,3 and 3-1,4 linkages [28,32,33]. During this syn-
thetic process, HA is secreted outside of the cells onto the cell
surface, or into the extracellular matrix (ECM)[28,34].In addition to
cell surface and ECM, HA is also found inside the cell. The pericellu-
lar HA, which is anchored to the cell surface by the interaction with
the HASs or HA receptors, allows the incorporation of extracellular
hyaladherins such as aggrecan into the cell surface.

2.3. Hyaluronic acid-binding proteins: hyaladherins

Besides being an important structural component of tissues in
all vertebrates, HA is also implicated in several biological functions
including intracellular signaling. The unique biological functions
of HA is largely attributed to the specific binding and interaction
with HA-binding proteins referred to as hyaladherins [35]. Most
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Fig. 1. Chemical structure of HA. The arrows represent principal sites for chemical
modification.

hyaladherins contain a specific binding domain, also called a link
module, which is composed of two a-helices and two antiparallel
[B-sheets [36]. The HA-binding proteins containing the link mod-
ules include diverse proteoglycans, HA receptors and a link protein.
The proteoglycan molecules can bind to the HA polymer, to form
huge proteoglycan complexes, which can acts as a structural com-
ponents of diverse tissues such as articular cartilage, blood vessels,
skin and brain [37-39]. The best-identified HA receptors, contain-
ing the link module, are CD44 and lymphatic vessel endothelial HA
receptor (LYVE-1). CD44 is known to have a variety of significant
biological roles including maintaining tissue structure via cell-cell
and cell-matrix adhesion. It also mediates cell migration during
morphogenesis, angiogenesis, and tumor invasion and metastasis.
CD44 not only organizes matrix signaling related to cell survival and
death, but also mediates the adhesion and rolling of lymphocytes
[40-46]. The other HA receptor LYVE-1, expressed on the lymph
vessel endothelium, is known to participate mainly in HA degrada-
tion [47-49]. In addition to the above hyaladherins, tumor necrosis
factor-stimulated gene-6 (TSG-6) has also been well identified as a
HA-binding protein. TSG-6 is abundantly found in the synovial flu-
ids of arthritis patients and also detected in the serum of patients
with inflammatory or autoimmune diseases. It is also known to be
involved in inflammation, leukocyte migration and ECM remod-
eling [50]. In addition, hyaladherins that do not contain the link
module have been also identified. The representative examples
include inter-a-inhibitor (Ial), CD38, and receptor for HA-mediated
motility (RHAMM) that is also known as CD168. Unlike the other
hyaladherins, RHAMM is present in the cytoplasm and nucleus and
transiently expressed on the surface of activated leukocytes and
fibroblasts. RHAMM is known to mediate cell migration and prolif-
eration [45,51-53].

2.4. Interactions between HA and CD44

CD44 is a principal cell-surface receptor for HA, which is widely
responsible for the interaction between HA and the surface of spe-
cific cells. The interaction between the HA and CD44 has been
extensively investigated because of its involvement in a wide vari-
ety of cellular functions. In particular, CD44 is closely involved in
a variety of significant cellular events, including cell proliferation,
cell differentiation, cell migration, angiogenesis, and arrangement
of cytokines, chemokines and growth factors to the correspond-
ing receptors. The interaction between HA and CD44 is known to
mediate signaling for cell survival and endocytosis of HA for its
degradation [40,54,55].

2.4.1. HA-CD44 in cell-cell aggregation

In early 1980, it was recognized that the interaction between HA
and a membrane receptor was known to mediate cell-cell aggre-
gation via cross-bridging among pericellular HA matrices and the
receptors on the surface of other cells. But the subsequent stud-
ies discovered that an integral membrane glycoprotein of 85 kDa
was responsible for the HA-cell binding and cell-cell aggregation
[56,57]. Later, the membrane glycoprotein, referred as gp85 [58],
was finally defined to be identical to a leukocyte homing receptor
antigen CD44 [59].

2.4.2. HA-CD44 in cell-matrix signaling

The transmembrane CD44 regulates signaling between cell and
the matrix HA. The interaction between cell and the matrix acti-
vates intracellular signal via the transmembrane receptor CD44.
Conversely, the intracellular signals also regulate changes in the
ECM. In some cells, binding of the HA molecule to multiple CD44
receptors activate the receptors and induce the extracellular clus-
tering of the receptors. These extracellular clustering of CD44
regulates intracellular organization of cytoskeleton, resulting in
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the activation of diverse kinases. The secondary signaling finally
induces subsequent changes in cellular behavior. However, the
multiple binding of HMW HA to CD44 may inactivate CD44. In this
case, the disassociation of interactions between HMW HA and CD44
is likely to be result in the clustering of CD44, and thereby initiates
CD44 signaling. This disruption of HA-CD44 interaction may occur
by presence of Hyals or LMW HA oligomers. Thus, most impor-
tantly, the molecular weight (MW) of HA is the crucial factor in
CD44-mediated cell-signaling. The monovalent binding of LMW HA
fragments can induce different signals from those produced by the
multivalent binding of HMW HA to multiple receptors. For example,
a study on cell-signaling pathways in macrophage demonstrated
LMW HA fragments containing 6-20 saccharide units, but not the
native HMW HA, can activate cell-signaling pathways, and induce
the expression of various cytokines including IL-1 (interleukin-1),
TNF-a (tumor necrosis factor-alpha), IGF-1 (insulin-like growth
factor-1) and iNOS (nitric oxide synthase), which are associated
with inflammation [31].

2.4.3. HA-CD44 in cell-survival and apoptosis signaling

The HA-CD44 interaction is also significantly involved in cell-
survival and apoptosis. In particular, the interaction between CD44
on the cell surface and matrix HA enables to transduce cell-
survival signaling. However, when HA oligomer is added to cells
that is known to express CD44, such as chondrocyte, the release
of nitric oxide (NO) was induced from the cells, resulting in
down-regulation of phosphoinositide 3 (PI 3)-kinase and thereafter
induce apoptosis [60]. But the addition of HMW HA of 500-760 kDa
resulted in the reduction of anti-Fas induced apoptosis in chon-
drocytes. These findings clearly suggest that the survival of cell is
highly associated with the clustering of CD44 resulting from the
binding of matrix HA. However, when the LMW HA is added, it
competitively binds to the CD44, which simultaneously perturbs
the binding of endogenous HMW HA to CD44. The disruption of
the matrix HA-CD44 interaction by the LMW HA fragments atten-
uates vital cellular signals, consequently, inducing apoptosis of the
cell. HA oligomers have also been known to stimulate caspase-3
and induce apoptosis in various cancer cell lines, such as breast
cancer, colon cancer [61] and glioma cells [62]. It has been demon-
strated that treatment of a tiny amount (0-150 pg/ml) of the HA
oligomer (approximately 2500 Da) could inhibit PI 3-kinase activ-
ity. Besides phosphorylation of serine/threonine-protein kinase
(Akt), Bcl-2-associated death promoter (BAD) and forkhead in rhab-
domyosarcoma (FKHR) was also inhibited by treatment of the LMW
HA. However, the unique biological effect induced by treatment
of the HA oligomer was not observed after treatment of HMW
HA or chitin, chondroitin sulfate oligomers of similar MW to HA
oligomers.

2.4.4. CD44-mediated endocytosis of HA

Several studies have suggested that the interaction between HA
and the cell-surface receptor CD44 promotes endocytosis of HA. The
distinct internalization of HA is observed in CD44-overexpressing
various cell lines, which includes chondrocytes [63], keratinocytes
[54] and diverse cancer cells. In an early study, Hua et al. [63]
demonstrated experimental evidence for CD44-mediated endocy-
tosis mechanism of HA in chondrocytes. In that study, the uptake
of exogenous fluorescein-labeled HA was monitored after incu-
bating with adult bovine articular chondrocytes. And they found
that labeled HA was effectively bound to and internalized into the
cells. After removal of the surface bound HA, by treatment with
either trypsin or Streptomyces Hyals, the internalized labeled HA
was clearly observed inside small intracellular vesicles through-
out the cytoplasm. However, fluorescein-labeled dextran of similar
MW was not able to internalize into the same cells. Similarly, when
CD44 on the chondrocytes was blocked with anti-CD44 antibody

or HA hexasaccharide, endocytosis of HA into chondrocytoes was
significantly inhibited. Thus, they clearly demonstrated that the
internalization of HA into chondrocytes occurred predominantly
through the CD44-mediated endocytosis and not by non-specific
pinocytosis. The subsequent studies demonstrated that CD44-
mediated endocytosis of HA could also mediate the HA turnover
[54]. In a study, after selective suppression of CD44 expression
in skin keratinocytes and corneal epithelium of mice, abnormal
increase in HA accumulation was observed in superficial dermis
and corneal stroma of mice. These observations indicated that HA
turnover is highly associated with CD44. The results from the above
studies and others clearly indicate that internalization/degradation
of HA could undergo the following process. First, HA is internalized
into the cells that overexpress CD44 via receptor-mediated endo-
cytosis. Second, the internalized HA is delivered to the lysosome.
And finally, HA is degraded within the lysosomes by the lysosomal
enzyme, Hyal-1.

2.5. Catabolism of hyaluronic acid by hyaluronidases

HA is degraded and removed very fast in the vertebrates. In the
human body, approximately 30% of HA is removed and replaced
every day [64]. The half-life of HA considerably varies depend-
ing on the type of tissues. For instance, the half-life of HA in the
human skin is nearly a day [65], whereas it is further extended to
20 days in the cartilage [66] and to 70 days in the vitreous [64].
Circulating HA in the blood stream is mainly catabolized in the
liver sinusoidal endothelial cells after internalized by a HA recep-
tor for endocytosis (HARE) receptor [67]. The HA turnover also
occurs within the lymph node following internalization of HA into
the lymphatic cells by LYVE-1, a lymphatic vessel endothelial HA
receptor-1 [47]. This unique degradation process is mainly regu-
lated by specific enzyme known as hyaluonidase (Hyals), which
cleave the (3-N-acetyl-D-glucosaminidic linkages in the HA back-
bone [68]. There are six hyaluronidase genes, including HYALI,
HYAL2, HYAL3, HYAL4, HSPAM1 and HYALP1, have been charac-
terized in the human genome. Of the genes, four hyaluronidase
genes can express active Hyal proteins. To date, Hyal-1, Hyal-2
and PH-20 have been well characterized. Among the Hyals, Hyal-
1 is widely expressed in various somatic tissues. Hyal-1 is also
known as lysosomal enzymes due to its sharp optimum pH of
around 3.7 although it is found in the human plasma. Hyal-1
exhibits high specific activity, and degrades HA oligomers into
small sized fragments such as tetrasaccharides in the lysosome [69].
Although some Hyals, including Hyal-2 and PH-20, account for the
extracellular cleavage of HMW HA, the main catabolism of HA is
attributed to the intracellular degradation by lysosomal Hyal, i.e.,
Hyal-1. In particular, the considerable portion of HA degradation
is predominantly followed by receptor-mediated internalization
into the cells by CD44. Also, there is strong evidence that both
the intracellular and extracellular degradation of HA by Hya-1 and
Hyal-2 occurs only when CD44 is expressed on the cell surface
[44].

3. HA in cancer

In late 1970s, an early study revealed a close relation between
HA and tumor invasion [70]. It showed that the higher concentra-
tion of HA was present in the adjacent tissues surrounding invasive
tumors than in the corresponding tissues of non-invasive tumors.
While an another study indicated that HA is highly concentrated
in the connective tissues surrounding human breast tumors as
compared with HA level in benign regions [71]. In some types of
tumors, this abnormal increase in the HA level was found to result
from the overproduction of HA in fibroblast cells by the interaction
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with adjacent cancer cells [72-74]. Similarly, HA also overproduced
in the cancer cells themselves possibly due to overexpression of
HA in the cancer cells [75]. Consequently, the high level of HA
in the tissues can be a significant predictor for estimating malig-
nancy and invasiveness of tumor [76-78]. In some specific types
of tumors, such as bladder cancer, the urinary level of HA can also
be a marker for detecting cancer as well as for evaluating its grade
[79].

To investigate the effect of HA on the tumor progression, studies
have manipulated the expression of HA by transfection of HAS-
2 and HAS-3 into various cancer cell lines. Several studies have
exhibited that the increasing HA level induces the in vitro human
fibrosarcoma cell growth [80] and as well as in vivo breast tumor
growth of transgenic mice [81]. HAS-3 overexpression also showed
promotion of the growth of TSU prostate cancer cells [82]. Some
studies have demonstrated that the tumor growth in the nude mice
xenografts bearing prostate cancer cells is suppressed by overex-
pression of HAS-2 and HAS-3 [83]. Interestingly, it was also shown
that a slight increase in the production of HA promotes tumor
progression; however, excessive HA production suppresses tumor
growth [84]. Although many studies suggested that the ectopic
overproduction of HA facilitates tumorigenesis and tumor invasion,
the implications of HA in tumor progression are very complex and
still remains controversial.

The interaction and disruption of endogenous HA and cell
surface glycoproteins may induce various intracellular signaling
pathways. In particular, there are strong evidences that the pertur-
bation of HA-protein binding inhibits tumor growth and metastasis
in vivo. Since LMW HA oligomers of 10-100kDa can disrupt
the HA-protein binding, treatment of LMW HA prevents growth
and metastasis of various types of tumor, including lymphoma,
melanoma [85], glioma [62,86], breast cancer and colon cancer cells
[61]. The inhibitory effect is likely due to apoptosis of cancer cells
by the disruption of the binding between matrix-HA and recep-
tors on the cancer cells, inducing down regulation of cell survival
mechanisms such as PI 3-kinase/Akt signaling pathway. However,
LMW HA fragments also show opposite functions in tumor progres-
sion. It was also reported that LMW fragments of 20-30 saccharide
units generated by tumors stimulate endothelial cell proliferation,
promote angiogenesis, and therefore facilitate tumor growth [87].
Moreover, the implications of HA in tumor progression can be sig-
nificantly dependent on the MW of HA. For instance, it has been
reported that the LMW HA oligomer of 8-50 saccharide units stimu-
late angiogenesis, but HMW HA even inhibits angiogenesis [88-90].
In many cases, only the LMW HA, but not HMW HA, can stimulate
intracellular signaling.

3.1. CD44 in cancer

CD44 is closely involved in a variety of cellular events, including
cell proliferation, cell differentiation, cell migration, and angiogen-
esis as well as signaling for cell survival and endocytosis of HA
for its degradation, by interacting with HA. Surprisingly, some ini-
tial studies have revealed that expression of the CD44 is elevated
in many types of malignancies as compared with CD44 levels in
the corresponding normal tissues [91,92]. Furthermore, it has been
proven that overexpression of CD44 level is closely implicated in
tumorigenesis and tumor metastasis in vivo [93,94]. In particular, a
specific isoform of CD44 variant, termed CD44v6 was determined
as the major CD44 isoform that is overexpressed in various types of
malignancy. Overexpression of CD44v6 was detected in metastatic
malignancies but was not found in non-metastatic tumors and the
corresponding benign tissues [95]. The implication of CD44v6 in
tumor metastasis was represented in a preclinical study [96]. In
the study, transfection of CD44v6 enhanced the metastatic effi-
ciency of non-metastatic tumor cells; conversely, the metastatic

behavior including the growth of lymph node was efficiently inhib-
ited by adding anti-CD44 monoclonal antibody. In a number of
clinical studies, direct implication of CD44v6 expression in tumor
progression has been proven in various types of tumors, includ-
ing non-Hodgkin’s lymphoma [97], colorectal [98,99], gastric [100],
pancreatic [95], renal [101], hepatocellular [102], cervical [103],
ovarian [104], non-small lung [105], breast carcinoma [106,107]
and melanoma [108]. This increased CD44v6 expression in vari-
ous tumors may facilitate internalization of HA into the tumor cells
via CD44-mediated endocytosis and subsequent degradation of HA
by intracellular Hyals. The enhanced internalization and degra-
dation of matrix-HA have been reported to promote metastasis
eventually [109,110]. Owing to the overexpression of CD44v6 in
diverse malignancies, it has been considered as a useful marker
for detecting cancer and further as a potential target for cancer
therapy.

3.2. Hyalin cancer

As discussed above, HMW HA plays pivotal roles as a
structural component of ECM and synovial fluid, in which it
contains a great amount of proteoglycans. And HMW HA also
interacts with the glycoproteins expressed on the cell surface
, regulating cell-cell aggregation. The interaction between matrix-
HA and cell surface proteins can mediate significant intracellular
signaling pathways for cell survival. The abundant expression
of HMW HA is also crucial for maintaining homeostasis in the
vertebrate. LMW HA formed from degradation of HMW HA by
Hyals, mainly by Hyal-1 and Hyal-2, is also found in the ver-
tebrate. Overexpression of LMW HA in the mammalian tissues
often indicates high incidence of various diseases. Among mam-
malian Hyals, Hyal-1 is most commonly expressed in various
malignancies, such as bladder [111], prostate [112], and head and
neck tumor cells [113]. Furthermore, early studies have shown
the positive correlation between the Hyal levels and the tumor
progression. For instance, a study has demonstrated elevated
Hyal levels in prostate cancer tissues, approximately 3-8 times
higher than those in both corresponding normal prostate and
benign prostate hyperplasia tissues. In addition, the Hyal levels
in high-grade tumors were significantly higher than those in low-
grade tumors (36.6 +2.9 vs. 9.4 + 1.4 units/mg protein). Similarly,
elevated levels of Hyals were detected in variety of malignant
tumors, including prostate [114,115], bladder [116-119], head
and neck [113,120], colorectal [121], lung [122], brain [122,123],
non-Hodgkin lymphoma [124], and metastatic breast cancers
[42,125-128]. The expression level of Hyal was found to be ele-
vated in the metastatic tumors compared to the non-metastatic
tumors [112,115]. For example, the Hyal levels of breast metastatic
tumors were found to be 4 times higher than the primary breast
tumors [125]. Therefore, HA is more rapidly catabolized in malig-
nant tissues [28,69,129]. As a result, LMW HA fragments are found
in much greater amounts at tumor sites than in normal tissues
[112,130].

The effect of Hyal on the tumor progression still remains
controversial. In some studies, it has been suggested that the over-
expression of Hyal promotes the tumor progression. As discussed
earlier, LMW HA, generated by Hyals, can promote angiogenesis
and thereby facilitate the tumor growth. Since the LMW HA is abun-
dantly present in high grade and metastatic tumor tissues, Hyals
can be considered as the tumor promoters. This concept was also
supported by some transfection studies [131,132].

Bladder cancer cells were transfected with different cDNA
constructs involved in the Hyal production. The study demon-
strated that expression of Hyal-1 stimulates tumor invasiveness,
vascular development and tumor growth [131]. The other studies
demonstrated a direct correlation between the tumor progression
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Fig. 2. Schematic illustration of CD44-mediated signaling transduction and cellular uptake pathways.

and coexpression of both Hyal-1 and HAS-2 [132]. Hyals have
also been considered as the tumor suppressor. Several studies
have confirmed the effect of Hyal on the tumor suppression. In a
study, it was demonstrated that the transfection of HAS-2 induces
overproduction of HA, causing an increase in the growth of tumor
cells. However, as Hyal-1was overexpressed, the growth rate of
the tumor cells was significantly suppressed [133]. Another study
also showed the effect of Hyal on the suppression of tumor growth
in SCID-bearing xenograft models [134]. Recently, a new concept
on the role of Hyals in the tumor progression has been suggested.
In a study, the Hyal effect on the tumor progression was examined
by varying the concentration of Hyals. More interestingly, at a
moderate concentration of Hyal expression, Hyals function as the
tumor promoters that stimulate the tumor growth and invasive-
ness; however, at a high concentration of Hyal, they act as the
tumor suppressor. [114]

Although a great number of studies have proved the close rela-
tion between HA and cancer, the implications of HA, CD44 and
Hyals on tumor progression are complex and remains controver-
sial to date. However, it is clear that CD44 and Hyals are more
predominantly expressed in most tumor tissues or cells than in
the corresponding normal tissues or cells. Thus, those cancer cells
that overexpress CD44 and Hyals can specifically internalize HA
via the receptor-mediated endocytosis, and then catabolize it into
tetrasaccharide by concerted action of CD44, Hyal-2 and Hyal-
1 (Fig. 2). Furthermore, this unique interaction between HA and
tumors may provide a design clue of potential carriers for tumor
diagnosis and therapy.

4. HA-based carrier system for cancer therapy and imaging
4.1. HA-drug conjugates

The concept of polymer-drug conjugate (or macromolecular-
prodrug) was first introduced by Ringsdorf in 1975. In general,
polymer-drug conjugates are prepared by covalent conjugation of
small molecule drugs to the water soluble polymers via cleavable
linkers. Such conjugates could improve solubility, pharmacokinetic
profile, and in vivo plasma half-life of the drugs to be conju-
gated. The linkers are designed to be robust in the bloodstream
and cleaved after reaching the target site by simple hydrolysis or
by enzymatic degradation. More importantly, these polymer-drug
conjugates also take advantage of the EPR effect to accumulate on
the tumor.

One of the prerequisites for the polymer drug-conjugate is
the availability of adequate functional groups on the polymer for
chemical conjugation. Owing to the presence of multiple func-
tional (hydroxyl and carboxylic acid) on the HA backbone, diverse
anti-cancer drugs were chemically conjugated to produce HA-drug
conjugates. For example, a highly hydrophobic anti-cancer drug
paclitaxel (PTX) was chemically conjugated to the adipic dihy-
drazide modified HA [135]. The resulting HA-PTX conjugate was
selectively internalized into the human cancer cell lines including
breast, colon and ovarian cancer cells that are known to overex-
press HA receptors, but not into mouse fibroblast cell lines that do
not overexpress HA receptors. Similarly, the conjugates exhibited
selective cytotoxicity to the cancer cells, whereas they did not show
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significant cytotoxicity to the fibroblast cells. In another study,
in vivo anti-tumor activity of the HA-PTX conjugates was evaluated
in mouse xenograft models bearing intraperitoneally implants of
ovarian cancer cells [136]. The results showed that an intraperi-
toneal injection of HA-PTX could remarkably improve the survival
of the mice implanted with PTX-resistant ovarian cancer cells. Fur-
ther the conjugate also reduced tumor burdens of the mouse tumor
models bearing either NMP-1 or SKOV-3ip cells.

Because of the poor solubility of HA in most organic solvents, the
facile conjugation of drug molecules to the HA was often found to
be challenging task. Recently, a simple nanocomplexing method,
by dissolving HA in dimethylsulfoxide using poly(ethylene gly-
col), was set up for the preparation of HA-PTX conjugates [137].
Using this method, about 10.8% (w/w) of PTX were able to con-
jugated to the HA polymer chain. Similarly, HA-PTX (referred as
ONCOFID™.-P) with about 20% (w/w) PTX was prepared by react-
ing HA-thiobarbituric acid and 2’-PTX-4-bromobutyrate [138].
ONCOFID™-P exhibited higher dose-dependent inhibitory effect
against RT-4 and RT-112/84 bladder carcinoma growth than the
free PTX. Currently, ONCOFID™-P is undergoing phase II clinical

studies in six European countries for the treatment of refractory
bladder cancer.

HA-butyric ester (HA-But) conjugate, another type of macro-
molecular prodrug, was prepared by chemical conjugation of
sodium butyrate to HA polymer [139]. Interestingly, bioavailabil-
ity of sodium butyrate was significantly improved by the chemical
conjugation when compared to free sodium butyrate (6 days vs.
5min). In another study, the pharmacokinetics and anti-tumor
activity of HA-But was investigated using tumor-bearing mice
[140]. The results demonstrated accumulation of HA-But conjugate
in the liver and spleen after intravenous (i.v.), intraperitoneal (i.p.)
and subcutaneous (s.c.) administration. When HA-But was given
by i.p. or s.c. injection to the mouse models bearing intrasplenic
implants of Lewis lung carcinoma (LL3) or melanoma (B16-F10)
cells, the liver metastases were successfully inhibited in both
tumor models. The administration routes did not affect the anti-
tumor efficacy. Interestingly, the inhibition efficacy was positively
related with expression level of CD44 on the cell surface. The inhi-
bition efficacy of a group bearing B16-F10 cells, which express
CD44 in a higher level than those bearing LLC3 cells (68 vs. 87%,

Table 1
Amphiphilic HA derivatives for imaging or drug delivery.
Carrier Additional hydrophilic Hydrophobic moiety Structure of hydrophobic moiety Drug Ref.
substituent
*
~
HA-g-TDA - TDA ';{/\Ivho\ - [142]
HA-g-CA -/PEG CA - [143,144,148]
H
N H
HA-g-PEG-PCL PEG PCL 0 DOX [145]
o
o
HA-g-PEG-PLGA PEG PLGA " h/\o h(\ou DOX [141]
o o
(0] o]
0 0
HA-g-PLGA - PLGA * o/ﬁr OH DOX [146]
[\]
H
NN H
n
HA-g-Oligo(VBODENA) - Oligo(VBODENA) PTX [147]
(o] 0]
-\
N SN
~ I
Z

HA-b-PBLG - PBLG

0
H
* N N
A{./\HE/\H],
0" N0 DOX, DTX [150,151]

Abbreviations: TDA: tertradecylamine; CA: 5b-cholanic acid; PCL: poly(caprolactone); PLGA: poly(lactic-co-glycolic acid); PEG: poly(ethylene glycol); oligo(VBODENA):
oligo(2-(4-(vinylbenzyloxy)-N,N-diethylnicotinamide)); and PBLG: poly(y-benzyl-glutamate).
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respectively), was significantly higher than that bearing LLC3 cells
(87% vs. 100%).

4.2. HA-based self-assembled nanoparticles

Polymeric amphiphiles have received enormous attention as
drug carrier because they could self-assemble into core-shell
nanoparticles, and exhibit distinct physicochemical characteristics
in aqueous media. The inner hydrophobic cores were utilized as
reservoir for non-covalent encapasulation of therapeutic and/or
imaging molecules. The outer hydrophilic shell prevents the
unwanted protein adsorption, and thereby evade non-specific
uptake by the reticuloendothelial system (RES). Amphiphilic
HA derivatives have been prepared by chemical conjugation
of hydrophobic moieties including liphophilic molecules such
as tetradecylamine or bile acids, oligomers such as oligo(2-(4-
(vinylbenzyloxy)-N,N-diethylnicotinamide)) (oligo(VBODENA)),
and polymers (poly(caprolactone) (PCL) and poly(lactic-co-glycolic
acid) (PLGA)) [141-147]. In most of these studies, these hydropho-
bic moieties were coupled through the carboxylic acid group of HA
through carbodiimide chemistry. The size and the zeta potential of
HA nanoparticles, which are important parameters affecting the
biodistribution in vivo, have been controlled by varying the degree
of substitution (DS) of the hydrophobic moieties. In all the cases,

increasing the hydrophobic moieties has resulted in decrease in
the size of nanoparticles, due to the enhanced hydrophobicity of
the cores. The self-assembled HA-based systems that have been
investigated are summarized in Table 1.

Effectiveness of any drug carriers largely depends on the abil-
ity to perform effectively under in vivo conditions. Hence, it
is necessary to understand and characterize the in vivo behav-
ior of nanocarriers. Recently, the in vivo characteristics of near
infrared Cy5.5-1abeled 53-cholanic acid conjugated HA nanopar-
ticles (HACA-NPs) were examined in tumor bearing mice using
non-invasive imaging techniques (Fig. 3a) [143,144]. The parti-
cle sizes of HACA-NPs used for the study were in the range of
237-424nm, which were controlled by varying the DS of CA.
The results from the study demonstrated that all HACA-NPs were
selectively accumulated on the tumor site, where the smaller size
HACA-NPs were able to reach the tumor site more effectively than
the larger particles (Fig. 3b). The ex vivo imaging of the dissected
major organs and tumors after 48 h showed stronger fluorescent
signals for all HACA-NPs, while HACA-NP10 (with particle smaller
size) exhibited 1.5-fold higher signal intensity than the larger par-
ticles (Fig. 3c and d). At the same time, all the HACA-NPs showed
significant fluorescent signals in the liver, and this was attributed
by the uptake of HACA-NPs by phagocytic cells of the RES and
by liver sinusoidal endothelial cells expressing HARE receptor.
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Fig.4. (a) Chemically HA-conjugated liposome (HAL); (b) a representative component structure of HAL, e.g. HA-conjugated palmitoyl oleoyl phosphatidylglycerol (HA-POPE);
(¢) non-covalently HA modified polymeric nanoparticle; and (d) covalently HA modified polymeric nanoparticle.

This non-specific uptake may seriously limit the practical appli-
cation of HA nanoparticles for cancer therapy. One of the ways
to evade non-specific uptake is imparting stealth characteristics
to the nanoparticles. Therefore, in our subsequent study, we pre-
pared a series of PEGylated HA nanoparticles (P-HA-NPs) by varying
the grafting density of PEG [148]. To gain clear insights of P-HA-
NPs, whether it could overcome preferential liver accumulation,
we carried out in vivo biodistribution study for P-HA-NPs in tumor-
bearing mice. More interestingly, all P-HA-NPs exhibited lower
liver uptake and higher tumor accumulation compared to the bare
HA nanoparticles.

The other critical drawbacks of nano-sized drug carriers are
low drug loading capacity and low stability in physiological condi-
tions. To address these issues, amphiphilic hydrotropic hyualuronic
acid (HydroHA) conjugate were synthesized by conjugation of
diethylnicotinamide based hydrotropic oligomer to the HA back-
bone [147]. Hydrotropic polymers and oligomers were known for
increasing the water-solubility of poorly soluble drugs by several
orders of magnitudes. In particular DENA based hydrotropes were
identified as specific agent for PTX [149]. The resulting HydroHA
nanoparticles effectively encapsulated 20.7wt.% PTX by simple
dialysis method.

Very recently, Upadhyay et al. [150] prepared HA-block-poly(-y-
benzyl-glutamate) (HA-b-PBLG) copolymer by conjugating PGBLG
homopolymer to the reducing end group of HA via Huisgen 1,3-
dipolar cycloaddition. This approach is highly advantageous for
HA-based drug carriers because it could preserve the integrity and
physicochemical characteristics of HA polymer, which is highly

influenced in the uptake of the resulting nanocarriers. Interest-
ingly, HA-b-PBLG copolymers formed polymersome structures in
aqueous conditions, and loaded up to 12 wt.% of doxorubicin (DOX)
and 10 wt.% of docetaxel [150,151]. The DOX loaded polymersomes
exhibited significant tumor regression compared to the free DOX
in breast cancer model.

4.3. HA-based nanocomplexes and nanogels

In an attempt to improve bioavailability of biological thera-
peutic agents such as proteins [152,153], oligodeoxynucleotide
(ODN) [154], and small interfering RNA (siRNA) [155] for a pro-
long period of time and to deliver them to the target site, several
nanocomplex systems based on HA have been developed. Owing to
strong negative charge, HA could readily form ionic nanocomplexes
with positively charged polymers. For instance, HA formed ionic
nanocomplexes with a positively charged protein referred to as the
tumor necrosis factor-related apoptosis inducing ligand (TRAIL) by
simply mixing HA and TRAIL [153]. The HA-TRAIL complexes stabi-
lized TRAIL for a longer period of time when compared with native
TRAIL. Furthermore, the bioavailability was circulated in the blood
stream for a prolonged period of time (5 days) as compared with
the native TRAIL (less than 12 h) after they were subcutaneously
injected into the rats. To improve the stability and gene inhibition
efficiency of ODN, HA was conjugated with ODN via reducible disul-
fide bonds, and the resulting HA-ODNA conjugates were complexed
with protamine to form HA-ODN/protamine nanocomplexes
of size about 200nm. The HA-ODN/protamine nanocomplexes
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exhibited the improved stability and cellular uptake as compared
to naked ODN. In addition, the gene inhibition effect of HA-
ODN/protamine nanocomplexes was comparable with PEI/ODN
complexes.

Besides polymeric nanocomplexes, HA-based nanogels with a
size in the range of 200-500 nm were prepared by an inverse water-
in-oil emulsion method [156]. In this method, within aqueous
emulsion droplets, HA modified with thiol groups was crosslinked
via formation of disulfide bond to form nano-sized gel capable
of physically entrapping siRNA. The siRNA entrapped nanogels
showed glutathione sensitive release profile, due to the cleavage
of the disulfide bonds. The above nanogels were readily taken by
CD44 overexpressing cancer cells (HCT-116), and also efficiently
transfected to the cancer cells.

4.4. HA-conjugated colloidal nanoparticles

Several colloidal nanoparticles have been surface modified with
HA to impart targeting characteristics. For example, many drug-
loaded liposomes have been conjugated with HA as a targeting moi-
ety (Fig. 4a and b). These HA-bound liposomes (HALs) containing
anti-cancer agents such as DOX [25,157] and mitomycin C (MMC)
[158] exhibited enhanced targeting ability to the cancer cells and
higher therapeutic efficacy compared to free drugs. Like other

systems based on HA, HALs also readily bound to and thereafter
were taken up by the CD44-overexpressing cancer cells (B16-F10),
but not by the fibroblast cells (CV-1) known as CD44 negative cells
[25].In addition, DOX loaded HALs showed potent anticancer effect
at relatively low DOX concentration as compared with free DOX or
DOX loaded non-targeted liposomes. And the IC50 value of DOX-
loaded HALs were significantly lower by more than 100 and 5 times
as compared to those of free DOX and DOX-loaded non-targeted
liposomes, respectively. Similarly, HA-conjugated liposomes
(HALs) loaded with MMC showed 100-fold higher anticancer activ-
ity in CD44-overexpressing cancer cells [158]. In tumor bearing
mouse models, MMC-loaded HALs were able to circulate for a pro-
longed period of time. With regard to therapeutic responses, tumor
progression, metastatic burden and survival, the group treated with
MMC-loaded HALs were significantly superior to the other groups
without treatment or treated with free MMC (p <0.001). Similarly,
drug loaded colloidal nanoparticles prepared from synthetic poly-
mers have also modified with HA either by covalent conjugation of
HA or through physical immobilization of HA derivatives (Fig. 4c
and d) [159]. Obviously, chemically functionalized nanoparticles
have shown better colloidal stability and higher amount of HA on
the surface of the nanoparticles. DOX loaded PLGA nanoparticles
chemically conjugated with HA have demonstrated specific uptake
in the CD44 expressed human breast cancer cells [160].
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4.5. Hyaluronic acid-based imaging probe

Besides the drug delivery systems based on HA, a few imag-
ing probes based on HA have been developed for detection of
tumor cells or various molecular events in the tumor tissues or
cells [146,161-163]. Magnetic resonance imaging (MRI) is a pow-
erful non-invasive diagnostic technique, which is currently limited
by the drawbacks of the non-specific imaging agents. To improve
the specificity, a HA based tumor-targetable magnetic nanoprobe
(HA-MNP) with an average size of 15 nm was prepared by immo-
bilizing HA on the surface of the magnetite nanocrystals using
mussel-inspired method (Fig. 5a) [162]. The in vitro study showed
selective uptake of HA-MNP to the CD44-positive colon cancer cells
(HCT-116) but not to the fibroblast cells (NIH-3T3) (Fig. 5b).

Since highly metastatic tumors and rheumatoid arthritis are
known to overproduce Hyals and reactive oxygen species (ROS),
respectively. To detect Hyals and ROS, an activatable HA-based gold
nanoprobe (HA-GNP) was prepared by immobilizing the NIRF dye
labeled HA oligomer (8-20 nm length) on to the surface of gold
nanoparticles (16 nm diameter) (Fig. 5¢) [163].

In vivo studies have demonstrated a time-dependent fluores-
cence enhancementin both inflammation and tumor sites, followed
by systemic administration. This time dependent increase in the
fluorescence signals was attributed to the cleavage of HA oligomer
by Hyal and ROS. For example, after tail vein-injection of HA-GNP in
normal and human ovarian tumor (OVCAR-3) tumor bearing mice,
detectable fluorescence signals were observed nearly after 3 h post-
injection and the signals gradually increased in the tumorupto24 h
post-injection (Fig. 5d). Recently, HA-based MR/optical dual imag-
ing nanoprobe, sensitive to the Hyal, have been prepared [164]. The
in vitro Hyal activity has been demonstrated using NIRF technique.

Early and effective monitoring of clinical response is critical in
cancer chemotherapy because we could obtain critical information
for future medical intervention. As conventional imaging methods
like MRI are mainly focused on assessing change in the tumor vol-
ume, it is difficult to obtain therapeutic response at the initial stage
of the treatment [165]. On the other hand, measuring changes at the
molecular or cellular level could be beneficial and more valuable.
Since most anticancer drugs kill cancer cells by initiating apopto-
sis, monitoring the activity of enzymes that involved in apoptotic
process could be an effective tool to follow the early therapeutic
responses. Caspases, intracellular cysteine proteases, play a criti-
cal role in apoptosis. To target caspases, the imaging probe needs
to be delivered into the cytoplasm of the cell. As HA nanoparti-
cles can effectively internalize into cells and deliver their cargos
into the intracellular compartments, a novel activatable polymeric
nanoprobe (HA-PNP) based on self-assembled HA nanoparticles
were developed by chemically labeling the nanoparticles using
dual-quenched caspase-3-sensitive fluorogenic peptides[161]. The
results from the study demonstrated that HA-PNP could efficiently
transport caspase-3-sensitive fluorogenic peptides into cells, and
thereby allowing strong fluorescence amplification for imaging in
apoptotic tumor cells in real-time. More interestingly, the tumor
apoptosis in tumor-bearing mice was clearly imaged by a non-
invasive real-time NIRF imaging technique.

5. Conclusion and perspectives

Owingtoits versatile physicochemical and biological properties,
such as biocompatibility, biodegradability, non-immunogenicity,
and selective uptake by specific cancer cells, HA has been widely
utilized as an important constituent in the development of diverse
carrier systems for cancer diagnostics and therapeutics. Each of
the HA-based systems that have been investigated, so far, has its
own advantages and disadvantages that need to be overcome. For
example, HA-drug conjugates are limited by the lack of the facile

chemical conjugation methods. Moreover, excess amount of drug
conjugation to the HA polymer chain also affects the receptor medi-
ated uptake process of the resulting drug conjugate, due to the
significant loss of the HA characteristics by the chemical modifi-
cation. Hence, it is important to produce the drug-conjugates in
such a way that it should not alter the HA binding affinity to the
receptors.

Similarly, in vivo studies performed using self-assembled
nanoparticles have shown preferentially accumulation of HA-
nanoparticles at the liver site due to the presence HA receptor on
the liver endothelial cells. Currently, PEGylation strategy has been
proposed to address this non-specific uptake. In vivo studies have
demonstrated reduced liver uptake and higher tumor targetability
of PEGylated HA nanoparticles. However, one should also criti-
cally consider the density of the PEGylation because excess PEG
on the surface of the HA nanoparticles may reduce the targeting
affinity of the resulting nanoparticles. Therefore, development of
smart PEGylated HA nanoparticles, which could shield the HA sur-
face during circulation and expose them before uptake, could be
more beneficial to improve the therapeutic efficacy. As described in
this review, several parameters such as molecular weight, chemical
modification, size of the nanoparticles and its surface charac-
teristics significantly affect the cellular uptake behavior of the
resulting HA formulation. Despite the significant promise, only
few drug delivery products based on HA is in the clinical trials.
For example, the HA-PTX drug conjugate, ONCOFID™-P, is cur-
rently undergoing phase II clinical evaluation for the treatment of
refractory bladder cancer. In conclusion, HA-based drug delivery
systems have great potential for imaging and treatment of several
cancers.
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