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ABSTRACT 
Hyaluronic acid (HA) is widely used in anticancer drug delivery, since it is biocompatible, 
biodegradable, non-toxic, and non-immunogenic; moreover, HA receptors are overexpressed on many 
tumor cells. Exploiting this ligand-receptor interaction, the use of HA is now a rapidly-growing 
platform for targeting CD44-overexpressing cells, to improve anticancer therapies. The rationale 
underlying approaches, chemical strategies, and recent advances in the use of HA to design drug 
carriers for delivering anticancer agents, are reviewed. Comprehensive descriptions are given of HA-
based drug conjugates, particulate carriers (micelles, liposomes, nanoparticles, microparticles), 
inorganic nanostructures, and hydrogels, with particular emphasis on reports of preclinical/clinical 
results. 
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hydroxysuccinimide; OVA, ovalbumin; PDT, photodynamic therapy; PE, phosphatidylethanolamine; 
PEG, polyethylene glycol; PEI, polyethylene imine; PHis, poly(L-histidine); PLGA, poly(lactic-co-
glycolic acid); PTT, photothermal therapy; PTX, paclitaxel; PVA, poly(vinyl alcohol); QD, quantum 
dots; RHAMM, receptor for hyaluronan-mediated motility; SA, sodium alginate; SAL, salinomycin; 
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1. Introduction 
 

Hyaluronic acid (HA) is the main component of the extracellular matrix (ECM) and is ubiquitously 
distributed in vertebrate tissues. Over half of the total body HA occurs in the skin [1, 2] where it plays 
a structural role that depends on its unique hydrodynamic properties and its interactions with 
other ECM components. Conversely, HA has an instructive, cell signaling role during dynamic 
cell processes such as morphogenesis [3], inflammation [4], wound repair [5, 6], and cancer [7], 
wherein HA–receptor interactions are activated and collaborate in driving numerous signaling 
pathways [8, 9]. 
HA is a nonsulfated glycosaminoglycan, comprising a relatively simple linear structure of alternating 
units of D-glucuronic acid and N-acetyl-D-glucosamine, linked via β-1,3- and β-1,4-glycosidic bonds 
(Figure 1). This chemical structure is fairly regular, with the exception of occasional deacetylated 
glucosamine residues [10]. It is synthesized by three transmembrane hyaluronan synthases (HAS1, 
HAS2, and HAS3) on the inner surface of cell membrane, and secreted in the ECM. These enzymes 
mediate the transglycosilation of D-glucuronic acid and N-acetyl-D-glucosamine, using their activated 
nucleotide sugars, uridine-5’-diphosphate-D-glucuronic acid, and uridine-5’-diphosphate-N-acetyl-D-
glucosamine, as substrates [11-13]. The degradation of HA is due to hyaluronidases (HYALs), a 
family of enzymes that catalyze degradation of the β-N-acetyl-D-glucosaminidic linkages in the 
polymer [4]. The main uptake of HA from the blood takes place, in humans, in the liver endothelial 
cells, and HA has a half-life of about 2-5 min in the bloodstream, less than 1 day in skin, and 2-3 
weeks in cartilage [14]. The daily turnover is extremely rapid, and in an adult of 70 kg amounts to 5 g. 
The pKa value of the carboxyl groups on the D-glucuronic acid residues ranges between 3-4, thus these 
groups are dissociated at physiological pH, and HA is a negatively-charged polymer associating with 
extracellular cations (Na+) to form sodium hyaluronate. The term “hyaluronan” was introduced to 
encompass the different forms the molecule can take [15]. In mammalian organisms, native HA is 
present as a linear high-molecular-weight (HMW) polymer (106-107 Da), and this large molar mass 
gives it its unique physicochemical properties, and accounts for the important roles it plays in living 
organisms. HA is highly hydrophilic, and can absorb water and expand its solid volume by up to 1000 
times, forming a very viscous and elastic gel with a large hydrodynamic volume [16]. 
 
The cluster of differentiation (CD) protein CD44 is the main hyaluronan binding receptor [17]. CD44 
is responsible for the interaction between HA and the surface of specific cells. This interaction has 
been studied in depth, being involved in various cellular functions (both physiological and pathological 
processes). In particular, in normal physiology CD44 is involved in cellular adhesion processes 
(aggregation and migration), in inflammatory responses, and in repair systems. Conversely, the CD44 
receptor is also associated with human cancer, being involved in tumor invasion and metastasis [7, 18]. 
CD44 is a family of transmembrane glycoproteins that are encoded by a single gene on the short arm 
of chromosome 11 [19, 20]. The phenomenon of extensive alternate splicing results in multiple 
variants of CD44 isoforms. The CD44 gene is composed of 20 exons, known as constant and variable 
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exons. The smallest CD44 isoform with no variable exons is called the CD44 standard form, or 
CD44s, while the others are known as variant CD44, or CD44v. It has been reported that CD44s is 
ubiquitous, while CD44v are mainly expressed in cancer cells [21]. CD44 is endogenously expressed 
in low levels in normal tissues [22], and its structure is modified in cancer cells [23]. Pathological 
conditions stimulate alternate splicing and post-translation modifications, producing diversified CD44 
molecules with enhanced HA binding, which leads to increased tumorigenicity [21, 24]. Thus, CD44v 
are up-regulated on the surface of cancer cells. A specific CD44v isoform, named CD44v6, has been 
identified as the major isoform of the receptor that is overexpressed in various types of cancer, but not 
in corresponding normal tissues [25]. A number of clinical studies have demonstrated the correlation 
between CD44v6 expression and tumor progression in different types of tumors [24, 26]. Additionally, 
many studies in recent years have identified the role of CD44 in a subpopulation of tumor cells having 
self-renewal capacity, the so-called cancer stem cells (CSCs) or tumor initiating cells [27].  
Several other HA-specific cellular receptors have been identified, such as the receptor for hyaluronan-
mediated motility (RHAMM), recently designated as CD168 [28, 29]. This receptor mediates cell 
migration and proliferation; as is the case for CD44, it may be expressed in multiple splice variants. 
RHAMM is poorly expressed in most normal tissues, while its expression is increased in human 
tumors [30]. High expression of RHAMM is associated with metastases [31], and predicts shorter 
patient survival rates [32]. Additionally, HA also interacts with HARE (hyaluronan receptor for 
endocytosis), LYVE-1 (lymphatic vessel endothelium receptor-1), and ICAM-1 (intracellular 
adhesion molecule-1), SHAP (for serum-derived hyaluronan-associated protein), Brevican and 
Neurocan (brain and nervous tissue-specific HA and proteoglycan binding proteins), HABP1 
(for hyaluronan-binding protein 1) and TLRs (tool-like receptors) all of which have specific 
functions [33]. 
The several roles played by HA in cancer progression have been investigated in depth. It has 
been reported that HA accumulates in the stroma of different tumors and activates signaling 
pathways that modulate cell proliferation, motility and invasiveness [24]. HA modulates 
angiogenesis, which is involved in tumor growth and metastasis and also induces the epithelial-
mesenchymal transition, which is involved in the initiation of metastasis [34]. Moreover HA 
concentrations are higher in malignant tumors than in corresponding benign or normal tissues 
and in some tumor types the high level of HA [35], or in more recent findings, of a fragmented 
HA is predictive of malignancy [36].  
It is noteworthy that the size of HA affects its biological functions. High molecular weight HA (4-20 
MDa), which is present in intact tissue, is biocompatible, biodegradable, non-toxic, and non-
immunogenic polymer [16].  In the presence of HYALs [4], HA undergoes rapid metabolism, giving 
molecules of various sizes, ranging from oligosaccharides (o-HA; <4 kDa or <10 disaccharide units), 
LMW (4-100 kDa) and HMW (>100 kDa) with different biological activities. It is significant that a 
progressive weight reduction of fragmented hyaluronan strongly stimulates inflammation and 
angiogenic processes, tumor invasion, growth, and P-glycoprotein-mediated multidrug resistance 
[37-40]. Conversely, o-HA has been reported to possess tumor suppressive ability [41]; however 
it is difficult to determine the MW threshold responsible for one or other of these effects [4]. 
The potential applicability of nonimmunogenic HA as drug carrier for parenteral and non-
parenteral delivery is testified by the rapidly increasing number of reports on this topic over the 
last 15 years (Figure 2). Different strategies have been developed, either associating HA to drugs 
forming conjugates to improve their solubility, stability and efficacy, mainly in the case of 
anticancer drugs, or producing hydrogels, for the local delivery of various drugs, including 
antitumoral agents. However, one of the main applications employs coating of nano- and micro-
technologies with HA for the delivery of anticancer drugs and nucleic acids, such as DNA or small 
interfering RNA (siRNA). A variety of strategies using organic or inorganic-based particles and 
targeting the hyaluronan–CD44 system have been proposed [42]. 
In the present review data concerning the rationale of the systems from the chemistry standpoint, and 
the choice of active agents, will be highlighted. As in vivo studies are imperative for estimating the 
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clinical feasibility of a drug delivery system, particular emphasis will be given to approaches reporting 
preclinical/clinical data, and/or to those showing a progression in research during recent years.  

 
2. Rationale for the use of HA in drug delivery 
 

For biomedical purposes, HA is mainly produced by microbial fermentation; it can also be extracted 
from rooster combs and umbilical cords [43]. HA depolimerization can be achieved in batch 
cultures through either by enzymatic reaction or physical or chemical degradations [44-46]. 
HA can be linked chemically to drugs or to drug carriers. The formation of HA drug conjugates, or the 
association of HA to colloidal carriers such as micelles, or to nanotechnology-derived particles, give 
several advantages. The most significant advantage is the ease of associating drugs with the 
polysaccharide, either directly or through a drug carrier, thus solving any solubility problems. A 
second advantage concerns HA’s biopharmaceutical properties: it has been suggested that, in many 
cases, HA might improve a drug’s blood plasma half-life, slowing the clearance mechanism, and thus 
playing a similar role to polyethylene glycol (PEG) [47]. Thirdly, concerning anticancer therapy, the 
possibility of tumor targeting is a significant advantage. Thanks to their enhanced pharmacokinetic 
properties, some HA-conjugates or HA-drug carriers may encounter the well-known enhanced 
permeation and retention (EPR) effect, leading to improved drug distribution in tumor tissues [48, 49]. 
Moreover, since CD44 is overexpressed in tumor cells and, particularly, in cancer stem or circulating 
cells, drug selectivity versus target cells may be improved [24, 50]. The possibility of overcoming the 
multidrug resistance (MDR) effect, which is sometimes related to overexpression of the efflux 
transmembrane Phospho-glycoprotein (P-gp), has also been reported [51]. 
At high concentrations in solution, HMW-HA can form viscoelastic entangled molecular networks 
known as hydrogels, in which drugs can be loaded either by association or via covalent linkage [52]. 
These hydrogels can be used for local delivery of antitumor drugs. However, solutions of HA do not 
have long-lasting mechanical integrity, particularly in physiological conditions [53]: HA hydrogels can 
swell by water absorption, or shrink on degradation. Covalent crosslinking is thus necessary to impart 
stability and improve functality. Thanks to the versatility of HA, a variety of chemically-modified 
forms of this polysaccharide have been developed, for use as tissue repair and regeneration materials, 
and also for the delivery of desired molecules in therapeutics; in particular, this latter concerns 
anticancer agents. 
The reactivity of HA, and the principal chemical techniques used in developing drug delivery systems, 
will now be briefly described. The carboxylic groups and the primarily hydroxyl groups provide 
appropriate sites for conjugation, and are the most widely used groups for chemical modification. 
Comprehensive reviews by Schanté et al. [54] and Collins et al. [55] provide a full description of the 
variety of chemical modification methods and synthetic routes to obtain HA derivatives. 
The carboxylic groups are involved in amidation and esterification reactions, and the primary hydroxyl 
residues in ester or ether bond formation (Figure 1) The acetyl group may be enzymatically removed 
from the N-D-acetylglucosamine, making it a potential site for conjugation [56]. When carboxylate 
and hydroxyl groups are modified, multiple attachments occur, and the groups are randomly linked to 
the polysaccharide chain, whether they are drugs, lipids, or polymers. Especially when the carboxylate 
group is selected as bridging point, it is important to determine the degree of substitution (DS) (ratio 
between the number of substituted reactive groups and the number of repeating disaccharide units of 
the polysaccharide) in order to maintain HA’s overall charge and targeting properties: it has been 
found that a DS ratio above 25% decreased HA’s ability to target CD44 receptors [57]. 
Amidation in water with carbodiimides is one of the most widely applied methods for HA 
modification; the most widely used carbodiimide is 1-ethyl-3-[3-(dimethylamino)-propyl]-
carbodiimide (EDC), owing to its water solubility. The active intermediate, obtained at acidic pH 
values, does not easily react with amines. Replacing reacting amines by hydrazides, which have much 
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lower pKa values, higher coupling degrees can be achieved: one of the most widely used reactants is 
adipic acid dihydrazide (ADH) [58]. To obtain more stable and more hydrolysis-resistant 
intermediates, N-hydroxysuccinimide (NHS) or 1-hydroxybenzotriazole (HOBt) are also commonly 
used. The obtained active esters show great reactivity towards the amines [59].  
The hydroxyl groups of HA are commonly transformed into ester derivatives, by reacting them with 
the corresponding anhydride [60]. Alternatively, acyl-chloride-activated carboxylate compounds can 
be grafted through ester bonds [61]. 
The terminal reducing end of HA, which can react as an aldehyde group, may be involved so as to 
achieve a 1:1 stoichiometric ratio between polymer and reacting molecule. This approach involves the 
reductive amination reaction, usually using sodium cyanoborohydride as reducing agent, with an 
amino group of the reacting molecule (Figure 1, B). Further aldehyde groups may be obtained by 
reaction with sodium periodate, which oxidizes the hydroxyl groups of the glucuronic acid moiety of 
HA to dialdehydes, thereby opening the sugar ring. However, this reaction leads to a significant 
decrease of HA’s molecular weight (Figure 1, C). 
Thanks to the high hydrophilicity of HA, chemical modification can be performed in water; however, 
in the aqueous phase, some reactions require acidic or alkaline conditions that might induce significant 
HA chain hydrolysis, or entail the use of reagents sensitive to hydrolysis. Alternatively, organic 
solvents, such as dimethylformamide or dimethylsulfoxide (DMSO), can be used but, in this case, the 
HA sodium salt must be converted to its acidic form, or to a tetrabutylammonium salt, to make it 
soluble in organic solvents. The use of dimethoxy-polyethylene glycol (dmPEG) to solubilize HA in 
DMSO has also been reported [62]. 

3. HA drug-conjugates 
 

The approach of producing polymeric macromolecule–drug conjugates was first proposed by 
Ringsdorf for the delivery of small hydrophobic drug molecules to their sites of action [63]. These 
drug-delivery systems basically comprise a water-soluble polymer, bearing a number of drug 
molecules, covalently linked.  
The main advantages of this approach are that is i) increases the water solubility of low soluble or 
insoluble drugs, and therefore enhances drug bioavailability; ii) protects drugs from deactivation and 
preserves their activities during circulation; and iii) most importantly, that it actively targets the drug 
specifically to the site of action. 
The benefit of using HA to design produgs is that it can act both as a hydrophilic carrier, available in a 
variety of molecular dimensions, and as a CD44 ligand targeting moiety. However, polymer-drug 
conjugates do not exist in solution, as the Ringsdorf “washing line model” implies; particularly when 
hydrophobic drugs are employed, aqueous solution conjugates tend to form micelles, nanoaggregates, 
or even gels, with the drug in the interior and a hydrophilic HA shell layer. Many structures also 
dynamically change their conformations in solution, depending on local salt concentration, 
polyelectrolyte counterions, and local pH, and/or during degradation of the components [64]. In 
addition, because HA behaves as an acidic polyelectrolyte, it can form complexes with molecules 
possessing an appropriate basic group. Non-covalent interactions with some drugs are reported [65].  
During the chemical synthesis of HA conjugates, selection of the hinge component joining the two 
building blocks is of paramount importance: the conjugate must remain stable in vivo, while providing 
efficient release of the active moiety when the target cell or tissue is reached. This is essential to 
improve the therapeutic index of the prepared conjugates [66, 67]. 
The first reports of drug-HA conjugates were published in 1996: Akima et al. [68] conjugated HA with 
a fluorescent probe, mitomycin C (MTC), or with epirubicin. In a metastatic lung carcinoma model, 
HA-MTC decreased the number of metastatic lung nodules compared with free drug, whereas HA-
epirubicin showed no activity. The HA conjugates with antitumor agents developed in recent years 
will now be presented; their principal characteristics have been summarized in Table 1. 
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3.1 Butyrate 
 
In the late 1990s, POLYtech Srl (now Sigea Srl), developed the derivative HA-butyrate (HA-BA) 
(Figure 3, A). Butyrate is a histone deacetylase inhibitor (HDAC) which, after conjugation with HA, 
shows increased in vitro cell growth inhibition and apoptosis, and resulted in a decreased tumor burden 
in vivo [69]. Conjugates with DS ranging from 0.1 to 2% were prepared and tested; the most potent 
compound in vitro was composed of HA with MW of 85 kDa and a DS of 0.2, corresponding to a drug 
loading (DL) of 4% w/w butyrate. Intratumoral treatment of xenografted lung carcinoma showed HA-
BA to have marked efficacy on primary tumor growth and on Lewis lung metastasis formation [60]. 
Interestingly, fibroblasts that expressed CD44 receptors to an extent very similar to that of tumor cells 
(83%) were completely unaffected by scalar doses of the compound, suggesting that, in normal slowly-
proliferating cells, i.e. fibroblasts, HA-BA was completely ineffective notwithstanding the expression 
of CD44 [60]. 
Different administration routes were also tested, but after intravenous injection (i.v.), in just a few 
minutes there was a substantial accumulation of 99mTc-labeled HA-BA in the liver (45% of the injected 
dose); this uptake was considerably lower when the conjugate was administered intraperitoneally (i.p.) 
or subcutaneously (s.c.).  
Using the s.c. route, HA-BA was also tested on a TLX5 lymphoma model, which induces both ascites 
and brain metastases. Treatment for 7 days demonstrated a 69% reduction in tumor cells in the 
peritoneal ascites, although without any increase in survival time, probably due to the inability of HA-
BA to cross the blood–brain barrier and thus affect the brain metastases [70]. Interesting results were 
also obtained in HA-BA-treated mice in which intrahepatic lesions had been induced by intrasplenic 
inoculation of aggressive Lewis lung carcinoma LL3, or of melanoma B16/F10 cells. Complete 
regression of the melanoma occurred and, with regard to LL3 cells, 86% of s.c or i.p. treated animals 
were free of macroscopically-detectable metastases [70]. Similar effects were obtained on a pancreatic 
cancer model, in which antiproliferative, proapoptotic, and antiangiogenic activities were observed 
[71]. Further development of HA-BA has been proposed, in which other small molecules, such as 5-
aza-2-deoxycytidine 3, retinoic acid, or 1α,25-dihydroxyvitamin D, are simultaneously bound to the 
same HA backbone. These molecules act through different mechanisms, but their biological activity 
might be potentiated by the presence of BA [70].  
Finally, an HA conjugate with retinoic and butyric esters (HBR, MW ~ 85 kDa) was proposed, [72] to 
overcome retinoic acid resistance in acute promyelocytic leukemia patients. The conjugate was had DS 
ratios, with butyric acid and with retinoic acid, of 1.0 and 0.028% w/w respectively. In vivo 
antileukemic activity was evaluated in mice xenografted with NB-4 or P388 tumor cells after i.p. 
administration of HA conjugate, and the results showed that HBR blocks cell growth, and provides a 
significant increase in overall survival [72]. 
 
3.2 Paclitaxel 
 
Paclitaxel (PTX) is a powerful drug recommended for ovarian, breast, lung, bladder, prostate, and 
esophageal cancers, melanoma, and other types of solid tumors, as well as Kaposi's sarcoma [73]. 
However, PTX administration is problematic owing to its poor solubility and relevant side effects, and 
also due to the poor tolerability of Cremophor®, the excipient typically used in its standard 
formulation. For these reasons, conjugation with hydrophilic polymers has been attempted since the 
late 1990s. Two research groups, one at Fidia Farmaceutici S.p.A., and the second coordinated by G. 
D. Prestwich, have used similar approaches to produce and characterize interesting HA-PTX 
conjugates.  
The conjugates prepared by Fidia Farmaceutici were obtained by linking HA (~ 200 kDa) to PTX 
through 4-bromobutyric acid [74]. The compound denominated ONCOFID-P, with PTX loading of 
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20% (w/w), was initially developed for treating superficial bladder cancer [74]. Biodistribution studies 
of a 99mTc-radiolabeled ONCOFID-P, administered by different routes (i.v., i.p., intravesical, or oral), 
[75] showed that, after i.v. injection, rapid and marked liver uptake (around 80% of the injected dose) 
occurred. In contrast, imaging of the bladder, abdomen, and gastrointestinal tract after i.p. or 
intravesical administration showed that the radiolabeled conjugate remained compartmentally confined 
to the cavities. On oral administration, the greater part of the ONCOFID-P remained within the 
gastrointestinal tract, apparently not undergoing degradation. The study authors concluded that these 
approaches may be of interest, respectively, for the loco-regional treatment of transitional bladder cell 
carcinomas, ovarian cancers, and gastric tumors [75]. ONCOFID-P was subsequently evaluated by i.p. 
administration in nude mice, on ovarian cancer targeting xenografted CD44 overexpressing cells 
OVCAR-3 and SKOV-3. The studies demonstrated high tolerability of ONCOFID-P, with a maximum 
tolerated dose (MTD) of 100 mg/kg of PTX equivalent [76, 77]. In addition, i.p. administration of 
ONCOFID-P was overall more efficient than free PTX. In a schedule of 100 mg/kg PTX equivalent, 
injected weekly, ONCOFID-P inhibited intra-abdominal tumor dissemination, abrogated ascites, and 
prolonged survival by 1.8 to 3 times compared to free PTX (at MTD of 20 mg/kg), and even produced 
remission in some animals. 
Based on these promising data, phase I studies have been started to investigate the MTD and safety 
profile of ONCOFID-P, following i.p. infusion, in patients affected by intraperitoneal carcinosis in 
ovarian, breast, stomach, bladder, or colon cancers [78-80]. Although in 2009 a phase II study was 
initiated on marker lesions, in the intravesical therapy of patients with non-muscle invasive cancer of 
the bladder (EudraCT 2009-012274-13), no conclusive data are yet available. 
The approach followed by Prestwich involved the presence of an adipic dihydrazide (ADH) spacer 
between HA (~ 11 kDa) and the PTX-NHS ester (Figure 3, B)[81]. Klostergaard and coworkers carried 
out in vitro and in vivo studies, on different cancer models, of a similar conjugate using a higher MW 
HA (40 kDa) and achieving a PTX DL of 15-20% (w/w). On a xenografted human ovarian carcinoma, 
SKOV-3ip, the single i.p. administration of this conjugate (180 mg/kg of PTX equivalent dose) 
induced a markedly reduced tumor burden, while multiple-dose regimens of Taxol® at 10 or 15 mg/kg 
(MTD) were essentially inactive [82]. More recently, the i.p. administration with metronomic dosing 
(i.e., the frequent administration of chemotherapeutics at substantially lower-than-normal doses) of 
HA-ADH-PTX on taxane-sensitive (SKOV3ip1) and resistant (HeyA8-MDR) ovarian cancer models 
in mice has been investigated. The study showed that this regimen (9 doses for 20 mg/kg PTX 
equivalent, compared to a single dose of 180 mg/kg) had a substantial antitumor activity against 
taxane-resistant ovarian carcinoma, likely via a predominant antiangiogenic mechanism [83].   
When tested by i.v. administration on a human squamous cell carcinoma of the head and neck, 
orthotropic CD44-expressing human xenografts OSC-19, and HN5 [84], a growth reduction of 86.2% 
for HA-ADH-PTX in comparison with 63.8% in the group receiving PTX was observed. Interestingly, 
the study authors reported relatively poor efficacy for i.p. administration in the same models. 
Taking into account the stability of the linkage between HA and the drug, two opposing approaches 
are possible. Xin et al. reported that a direct ester bond between carrier and drug was hard to 
hydrolyze. Thus, following experience on PTX prodrugs, amino acids (aa) were proposed as spacers 
between the two compounds: an aa was first linked via the carboxylic group to the 2'-hydroxyl group 
of PTX, and then conjugated with LMW-HA (9.8 kDa) using EDC/NHS condensation [85]. HA-aa-
PTX prodrugs with higher DL (10-15% w/w) spontaneously assembled into nanoparticles/micelles 
with size range 270-280 nm, having neutral charge. Owing to better recognition by the esterase 
enzymes, the presence of an amino acid spacer accelerated both the hydrolysis rate and the release of 
PTX, compared to HA–ADH–PTX conjugates. 
Direct conjugation of the 2'-hydroxyl group of PTX to the carboxylate groups of HA is not easily 
achieved, due to the steric hindrance of the backbone. However, using HA with MW 64 kDa, and 
EDC/NHS condensation, Lee et al. [62] obtained conjugates with a DL up to 10 % (w/w) that 
spontaneously assembled into micelles of 200 nm. The same procedure was recently employed using a 
LMW-HA (5 kDa), and the resulting conjugate was tested in vitro and in vivo on brain metastasis 
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mouse models [86]. This low mass was selected due to its ability to cross the blood-tumor barrier, and 
penetrate metastatic lesions. This conjugate, with a PTX DL of 8% (w/w), in aqueous solution led to 
the formation of two different particle populations, of 2–3 nm and 80 nm. With an i.v. administration 
schedule of 6 mg/kg (PTX equivalent), once a week for five weeks, the conjugate improved the 
standard chemotherapeutic drug’s efficacy in a preclinical model of brain metastases of breast cancer 
(231-Br cell line). The promising results on brain metastasis were attributed to the small size of the 
particles, and to the ability of the HA conjugate to diffuse and accumulate in lesions more markedly 
than conjugates containing HMW-HA. In addition, this approach also seems to circumvent the blood 
brain barrier efflux transporter P-gp, enhancing cytotoxic activity within lesions. The study authors 
stated that the ‘ultra-low’ molecular weight HA used in the study meant that it retained the ability to be 
internalized into the cell by receptor-mediated endocytosis.  
 
3.3 Camptothecin   
 
Camptothecin (CPT) is a cytotoxic compound that inhibits the DNA enzyme topoisomerase I. CPT is 
poorly soluble in water, and tends to open the lactone ring to generate the water-soluble CPT 
carboxylate, which has low cell uptake and is thus much less effective. To improve the stability and 
solubility of the compound, CPT prodrugs (including topotecan and irinotecan) or analogs have been 
developed, and are now being used in cancer chemotherapy [87]. Fidia Farmaceutici SpA conjugated 
one of these analogs, SN-38 (7-ethyl-10-hydroxycamptothecin), the active metabolite of irinotecan,  
through a butyric spacer to HA; the resulting compound was named ONCOFID-S (Figure 3, C) The 
conjugate, prepared starting from HA with MW of 200 kDa with a DL of 8% (w/w), showed strong in 
vitro cytotoxicity against several different CD44+ cell lines: colon adenocarcinoma, and gastric, breast, 
esophageal, ovarian, and human lung cancers [88]. In vivo evaluation was on a xenografted colon 
adenocarcinoma in syngeneic rats. ONCOFID-S was administered by intralesion injection, or i.p.. 
ONCOFID-S at a weekly dose of 2.5 mg/kg (0.2 mg/kg SN-38), given intralesionally, totally 
suppressed tumor growth, while the same protocol for SN-38 given i.v. (5.7 mg/kg) was ineffective. 
After i.p. injection, a seven times higher concentration of SN-38 was required to exert the same 
antitumoral effect as the conjugate. Immunohistochemical analysis revealed that CD44v6 was highly 
expressed both on subcutaneous tissue and on the cells constituting the intraperitoneal tumor tissue. 
Pharmacokinetic evaluation and tolerability studies, as for ONCOFID-P, demonstrated low local 
toxicity, even after the i.p. administration of an extremely high dose (100 mg/kg) in rats. Because SN-
38 was poorly diffused into the systemic circulation, this approach provided the rationale for applying 
ONCOFID-S in the loco-regional treatment of peritoneal carcinomatosis [89].  
Further updates on the anticancer activity of both ONCOFID-P and ONCOFID-S have recently been 
reported [90]: mice with peritoneal carcinomatosis from HT-29, MKN-45, and OE-21 cell lines 
(respectively colorectal, esophageal, and gastric adenocarcinomas) were treated by i.p. administration 
with HA-linked conjugates or free drugs. The results confirmed the enhanced activity of these 
formulations compared to the free drug, corroborating the validity of this strategy to improve the loco-
regional treatment of peritoneal carcinomatosis. 
Xu et al. obtained CPT conjugates through an ADH spacer using HA of different MWs (100 and 8 
kDa) and a DL of 1% (w/w). The MW affected CPT’s water solubility and stability, but only to a 
negligible extent its antitumor activity [91].   
Finally, Yang et al. described a novel chemical approach, in which 5% of HA carboxylate was 
replaced by aldehyde groups, by reaction with tartaric acid dihydrazide and mild oxidation. CPT was 
linked to HA (7.5 kDa) through a self-immolating disulfide linker to produce self-assembling 
structures; a reactive cholesterol derivative was also added at the same time and with the same linkage 
[92].  
 

3.4 Doxorubicin 
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Doxorubicin (DOX) is among the most effective chemotherapeutics used in treating cancers. However, 
its use can be severely limited by its renal, hepatic, and most importantly cardiac toxicity [93]. Several 
formulations have thus been developed to improve DOX’s efficacy and reduce its toxicity, including 
by employing liposome technology (Myocet® and Caelyx®).  
DOX has been coupled to HA (35 kDa) through an ADH linker, obtaining a hydrazone-acid-labile 
linkage (Figure 3, D) and DL values ranging from 5% to 15% (w/w) [94]. Extended in vivo 
evaluations (renal and cardiac toxicity, pharmacokinetics, tumor model) were reported. The 
peritumoral injection of 3.5 mg/kg equivalent DOX dose of HA-DOX led to efficient intralymphatic 
delivery, which delayed tumor progression by approximately 10 weeks, and increased the animals’ 
survival in comparison to treatment with DOX given i.v.. Furthermore, histological studies 
demonstrated that the injection site was devoid of inflammation or necrosis after HA–DOX injection, 
in contrast to what is generally described for free DOX. 
A comparison between non-releasable amide (by direct linkage to 3'-amino group) and an acid-
sensitive hydrazone bond linkage, was recently reported [95]. Using HA of 150 kDa and a low DL 
(0.2%–0.3% w/w), self-assembly occurred, generating nanoparticles of broad size distribution (581–
1600 nm). It is significant that, although the DOX conjugate with a stable amide linkage has been 
described as active, it has more generally been reported to be less active than hydrazone or ester 
linkages [96-98]. To allow the release of free DOX from a carrier after 3'-amine reaction, a protease-
sensitive and self-immolating linker is commonly preferred [99].   
To further modulate DOX release from the conjugate, HA-ADH (320 kDa) has been fortified with up 
to 0.7 % w/w of thiol groups. At exposure to the air, self-gelation in occurred in aqueous solutions 
[100]. The conjugated DOX was released from the gel substantially in double pH and reduction-
responsive modes. This approach was proposed for the loco-regional treatment of peritoneal 
dissemination of ovarian or gastric cancers.  
A synergistic combination of topoisomerase I and II inhibitors (CPT and DOX) both linked to HA was 
recently proposed [101]. HA (250 kDa) was sequentially derivatized with CPT and DOX, using the 
carbodiimide method, obtaining DL of 5.9 %mol CPT and 1.8 %mol DOX. Although not yet 
completely characterized, the CPT-HA-DOX conjugate, after 5 daily i.v. injections of 2 mg/kg CPT 
and 1.05 mg/kg DOX, was able to reduce the size of a 4T1 orthotopic breast tumor by 70% in a mouse 
model. 
 

3.5 Cisplatin 
 
Cisplatin (cis-diamminedichloroplatinum (II) or CDDP) is the first member of an important class of 
platinum-containing anticancer drugs, which also includes carboplatin and oxaliplatin. CDDP is used 
clinically to treat different types of cancers, including sarcomas, and cancers of the soft tissue, bone, 
muscle, and blood vessels [102]. While highly effective, the use of platinum derivatives is limited by 
their severe dose-dependent side effects, particularly nephrotoxicity, neurotoxicity, and 
myelosuppression. In order to circumvent toxicity and increase tumor delivery, several approaches to 
HA-CDDP conjugates have been proposed. 
HA-CDDP conjugates were first considered, and studied in depth, by Laird Forrest's group. In this 
research CDDP was linked to the carboxyl groups of HA (35 kDa) using silver nitrate as activating 
agent; the optimal DL dose was 0.25% w/w. It was demonstrated that the intralymphatic delivery 
model (by s.c. administration) of HA-CDDP conjugate not only significantly increased drug 
concentrations in loco-regional nodal tissues compared to the standard CDDP formulation, but also 
exhibited sustained release kinetics. Increased uptake by the liver, spleen, and kidney was also 
observed [103]. Sustained release was also observed in a lung instillation protocol of HA-CDDP [104]. 
Concerning efficacy, a selective anticancer effect in an in vitro model of non-small-cell lung cancer 
overexpressing CD44 was reported for these conjugates [105]. 
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Further, in a recent in vivo study, a significant improvement in HA-CDDP antitumor efficacy was 
reported, together with reduced toxicity, when the formulation was administered in locally-advanced 
squamous cell carcinoma of the head and neck (SCCHN) [106]. More recently, a comparison between 
i.v. and s.c. administration protocols of CDDP and HA-CDDP, in a melanoma cell line A-2058 
xenograft model, was reported [107]. Only the peritumoral administration of HA-CDDP dosing slowed 
tumor growth, and it was thus proposed as a potential therapeutic option in treating certain types of 
melanoma. 
The HA-CDDP conjugate was also tested on dogs affected by soft-tissue sarcoma [108]. Tumor 
growth remained stable for 96 h after the intratumoral injection of HA-CDDP. No systemic CDDP-
induced toxic effects were detected in any of the 5 dogs studied. More recently, the same group 
reported in vitro and in vivo studies on CD44+ SCCHN, corroborated the targeting and slow release 
advantages for higher tumor Pt concentration of HA-CDDP administered s.c. [109]. Further studies 
demonstrated that the s.c. delivery of HA-DOX plus HA-CDDP conjugates (co-administered at 75% 
MTD, on a weekly schedule), in models of breast cancer, was significantly active, achieving complete 
pathologic tumor response, and showed decreased toxicity [110]. In the same trial, when injected 
systemically, the conjugate deposited in the liver and was cleared more rapidly than when it travels 
through the lymphatics.  
Production of prodrugs that can release the active species inside the cell is a promising approach to 
reducing the toxicity of Pt (II). The oxidized species Pt (IV) can be activated in the reducing 
environment of cancer cells, and converted to the active CDDP. Recently, [111] the synthesis has been 
proposed and the in vitro and in vivo characterization described of a HA-ethylenediamine (EDA) 
conjugate of Pt (IV) (Figure 3, E). Using a succinic spacer, a DL of 14% (w/w), as Pt (IV), was linked 
to a HA of MW 11 kDa. The conjugate spontaneously assembled into nanoparticles of ≈180 nm in 
diameter. Tolerability of HA-EDA-Pt (IV) conjugates in mice was enhanced 30-fold versus CDDP. 
Anticancer activity was tested on melanoma B16-F10 implanted s.c. with daily injections of 6 mg/kg 
Pt(IV) of conjugate until the end of the experiment. Marked tumor-mass reduction and increased 
survival were achieved. Unusually, biodistribution analysis found the kidney as the principal organ of 
clearance. 

 
3.6 Miscellaneous 
 
HA has been proposed as an alternative to PEG, to improve the pharmacokinetic properties of 
therapeutic proteins. As a proof of concept, conjugates with trypsin, epidermal growth factor, and 
interferon-α (IFNα) were obtained [112].  
In an interesting study, the targeting ability of HA was exploited to develop a conjugate with 
ovalbumin (OVA), in order to stimulate a cytotoxic T lymphocyte (CTLs) immunological rejection of 
tumor cells presenting the foreign antigen [113]. HA (35 kDa) was linked to OVA through reductive 
amination (Figure 1, scheme B). In vivo, an antitumoral effect was obtained (on a mouse cervical 
cancer model, TC-1, implanted s.c., highly expressing CD44) on mice previously immunized with 
vaccinia virus encoding recombinant OVA. The conjugate was injected i.v. daily for five days, and 
although liver uptake was strong, a large number of CTLs appeared, and thus significant tumor 
regression occurred. 
HA has also been proposed as hydrophylic carrier for quercetin (QT), a potential anticancer agent with 
poor solubility. HA-ADH-QT conjugates behaved as micelles of about 170 nm. When tested on the 
hepatoma H22 model, the HA-QT conjugate, administered daily i.v. for the duration of the test, 
showed stronger antitumor activity than the free drug [114].  
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Table 1. Summary of the principal HA-drug conjugates with preclinical/clinical data available. 

 
 
 

 
HA, hyaluronic acid; i.t., intratumoral; s.c., subcutaneous; i.p., intraperitoneal; i.v., intravenous; SCCHN, human squamous cell carcinoma of the head and 
neck; mtn, metronomic therapy 

HA MW 
(kDa) Drug Administration 

route Disease  Pharmacokinetic/ 
Biodistribution Tumor Model  Reference 

85 butyric acid i.t., s.c., i.p. Lewis lung, 
melanoma   NCI-H460, B16F10, MCa, LL3 [60, 70] 

85 butyric acid , retinoic 
acid i.p. Leukemia - P388 [72] 

200  paclitaxel i.p., intravesical Ovarian, bladder 
cancer  OVCAR-3, SKOV-3, Phase II [74, 76, 77] 

40  paclitaxel i.p., mtn Ovarian cancer  NMP-1, SKOV-3ip, HeyA8-
MDR [82, 83] 

40 paclitaxel i.v.  SCCHN - OSC-19, HN5 [84] 

5  paclitaxel i.v. Brain metastasis, 
breast cancer - 231Br [86] 

200  camptothecin i.p. Peritoneal cancer  HT-29, MKN-45, OE-21, 
DHD/K21/Trb [88, 90] 

35 doxorubicin s.c. Breast cancer  MDA-MB-468LN [94] 
35 cisplatin s.c. Breast cancer  MCF-7, MDA-MB-231 [103] 
35 cisplatin i.t. SCCHN - MDA-1986 [106] 
35 cisplatin i.t. Melanoma - A-2058 [107] 
35 cisplatin i.t. Sarcoma (dog)   [108] 
35 cisplatin/doxorubicin i.t. Breast cancer - MDA-MB-468LN [110] 
11 cisplatin prodrug i.v. Melanoma  B16-F10 [111] 
35 ovalbumin i.v. Myeloma  TC-1 [113] 
10 quercetin i.v. Hepatoma  H22 [114] 
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4. Organic nanostructured materials 
 

4.1 Micelles 
 
Amphiphilic hydrophobized polysaccharide polymeric micelles have been extensively studied for 
the delivery of water-insoluble anticancer drugs, since they possess small particle size, core-shell 
structure, high solubilization capacity, good in vitro stability, passive targeting for the EPR effect, 
active targeting through linkage with a specific ligand, and prolonged circulation [115]. Moreover, 
thermo- or pH-sensitive components may be added to the self-assembling copolymer structure, to 
control drug release upon an external or endogenous stimulus. The hydrated outer shell is normally 
helpful to avoid unwanted uptake by the RES. Poorly-water-soluble drugs may be physically 
entrapped or covalently linked to the polymeric backbone, at concentrations exceeding their 
intrinsic water solubility, thus improving bioavailability, achieving sustained release, and reducing 
toxicity. Hydrophobized polysaccharide polymers can also form complexes with charged 
molecules, and thus transport peptides, proteins, or nucleic acids. 
Many factors may influence the properties of micelles, including the ratio of hydrophilic to 
hydrophobic parts of the structure, particle size, and compatibility of the drug with the copolymer 
[116]. 
Although micelles may greatly increase a drug’s water solubility, they present some limitations. 
The principal barriers are low drug loading and encapsulation efficiency, poor in vivo stability (due 
to dissociation in conditions of dilution below the critical micelle concentration, and to interactions 
with blood components). Thus, suitable copolymers with certain specific properties must be chosen 
to prepare multifunctional polymeric micelles, to overcome these limitations. Additionally, 
excipients may also be added to the formulation.  
HA-associated micelles are particularly attractive, since in these carriers HA may be employed in a 
dual capacity: as the hydrophilic polymer forming the outer shell of the micelle, and as the ligand to 
achieve active targeting of the micelle to CD44+ cancer cells. As will now be reported, thanks to the 
reactive groups in its structure, HA can be employed to construct complex systems, in which the 
drug and other segments can be covalently linked to the polymer (see also Table 2). 
 Several biomolecules have been tested as the hydrophobic moiety in these conjugates; the 
characteristics of a micelle may be controlled by varying the degree of substitution. HA has also 
been used to stabilize drug loading onto micelles made of different materials. However, an 
important limitation in the use of HA-micelles is their preferential uptake by the liver after in vivo 
administration [117]. 
HA may be linked via its carboxylic groups to the amino functions of poly(L-histidine) (PHis) (a 
pH-sensitive polymer with endo-lysosomal escape properties), forming a tumor-targeted copolymer 
(HA-PHis) that can self-organize into micelles and carry anticancer drugs, such as DOX with a DL 
of 4-6% (w/w) [118] (Figure 4). The resulting HA-PHis copolymer contained pH-responsive blocks 
in its structure, due to the protonation of PHis, enabling DOX to be released in a pH-dependent 
manner, exploiting the lower pH of cancer cells. This system was then further developed to 
overcome the multidrug resistance of DOX: DOX-loaded micelles were obtained starting from a 
pH-sensitive mixed copolymer, composed of HA-PHis and D-α-tocopheryl PEG 2000, an inhibitor 
of P-gp-mediated drug efflux. These mixed systems (having a DL of 10% w/w) displayed stronger 
cytotoxicity than HA-PHis micelles against drug-resistant breast cancer MCF-7 cells. In vivo assays 
in mice showed that binary micelles accumulated in both liver and tumor, the concentration in the 
latter gradually increasing over time [119]. 
Another stimulus-responsive micelle material was prepared by conjugating deoxycholic acid 
(DOCA), as amphiphilic moiety, to HA (Figure 4). In the conjugate, cystamine was coupled via 
amidic linkages to HA and DOCA, and was exploited as a bioreducible linkage to prepare PTX-
loaded redox-sensitive HA-deoxycholic acid (HA-ss-DOCA) micelles. The degradation of these 
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carriers depends on the glutathione (GSH) activity on the disulfide bond, and on the fact that a GSH 
concentration gradient exists between the intra- and extra-cellular compartments. Moreover, the 
GSH concentration in cancer cells is at least 4-fold that of normal cells. PTX was physically 
entrapped at high DL (up to 34.1% w/w), and anticancer activity both in vitro and in vivo in mice 
was higher than that of insensitive micelles (HA-DOCA carriers lacking the disulfide bond). HA-
DOCA micelles also showed decreased systemic toxicity compared with Taxol® [120, 121].  
HA redox-sensitive micelles have also been used for co-delivery of a hydrophobic and a hydrophilic 
compound, namely PTX and aurora kinase A (AURKA) siRNA, for breast cancer treatment. In this 
example of combined drug/gene treatment, a self-assembling amphiphilic conjugate was designed 
to form cationic polymeric micelles, in aqueous solutions known as HSOP (HA-ss-(OA-g-bPEI); in 
this system, octandioic acid (OA) and branched polyethyleneimine (bPEI) were linked to HA 
through cystamine (Figure 4). OA and bPEI respectively formed the hydrophobic core and the 
cationic segment for the encapsulation of PTX (DL 13% w/w) and siRNA. PTX and siRNA were 
simultaneously delivered into MDA-MB-231 breast cancer cells via HA-receptor-mediated 
endocytosis, thus reaching the cytosol. The in vitro and in vivo antitumor efficacy of the HSOP 
micelle in mice was compared to that of single-drug-loaded micelles, and non-sensitive co-loaded 
micelles. The HSOP micelles were found to possess the highest antitumor efficacy. Concerning the 
biodistribution profile, 2h after i.v. administration into MDA-MB-231 tumor-bearing nude mice, 
HSOP micelles had accumulated in both liver and tumor, whereas after 24 h preferential tumor 
accumulation was observed [122]. 
siRNAs to suppress cyclooxygenase-2 (COX-2) gene expression, used as model system, were 
encapsulated into micelles formed by hydrophobized HA-spermine conjugates (HHSCs) (Figure 4). 
In vitro tests showed that the cytotoxicity of these micelles on human gastric adenocarcinoma SGC-
7901 cells was lower than that of siRNA complexes with PEI and Lipofectamine®, because of the 
negatively-charged HA, which reduced the positive charge density of the complexes. The results 
showed that siRNA/HHSC-1 (the complex with the lowest degree of substitution of spermine) was 
preferentially internalized into CD44+ SGC-7901 cells (HA receptor-mediated endocytosis) by 
caveolae-mediated endocytosis, via nonacidic and nondegradable intracellular compartments [123]. 
Attention has also been paid to the chemical stability of drugs encapsulated in HA micelles. In 
particular, it has been reported that PTX may even change its phase (from crystalline to amorphous) 
when it is incorporated into drug carriers [124]. The physical and chemical structure of PTX was 
thus analyzed after its incorporation into micelles, obtained from HA hydrophobized by coupling it 
with C6 or C18:1 acyl chains. The results showed that PTX in HA micelles (DL 2-14% w/w) 
changed its form from crystalline to amorphous, and then isomerized; HA micelles containing PTX 
isomer were more strongly cytotoxic than the same micelles loaded with non-isomerized PTX 
[125]. 
Phospholipids are biodegradable and biocompatible components normally used to prepare 
liposomes but that can be also employed for the core part of micelles. HA, activated with 
EDC/NHS, have been linked to phospholipids (1,2-dimiristoyl sn-glycero-3-
phosphatidylethanolamine (DMPE) and 1,2-distearoyl-sn-glycero-3-phosphatidyl ethanolamine 
(DSPE) via an amidic bond, obtaining micelles that can incorporate PTX (Figure 4). The resulting 
HA-DMPE and HA-DSPE micelles showed prolonged drug release in vitro. Differential scanning 
calorimetry studies again revealed that PTX had been converted into its amorphous form inside 
these micelles. After in vivo administration in rats, HA-DMPE and HA-DSPE micelles mostly 
accumulated in the liver, spleen, heart, and bladder [126]. 
PTX was also loaded into micelles formed by HA modified with 5β-cholanic acid (DL 7.7% w/w) 
for targeting CD44-overexpressing SCCHN model (SCC7 cell line). HA was conjugated to a 
derivative of 5β-cholanic acid (aminoethyl 5β-cholanoamide) through formation of an amide bond. 
When injected into SCC7 tumor induced mice, HA micelles accumulated in the liver, kidneys, 
spleen, lung, and heart, tumor accumulation increasing at the later time-points. In vivo studies also 
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showed that HA-5β-cholanic acid micelles inhibited tumor growth, with minimal side effects 
compared to free PTX [127]. 
PTX has also been successfully encapsulated into micelles, characterized by a dual-targeting 
strategy [128]: folic acid (FA) was conjugated to HA linked to hydrophobic octadecyl moieties 
(FA-HA-C18) to give self-assembling compounds [129]. In particular, grafting of the hydrophobic 
chains exploited the reaction between the HA carboxyl group and octadecylamine, while FA was 
linked via an ester bond to the 6'-hydroxyl groups of HA (Figure 4). PTX was physically 
incorporated into the hydrophobic core of the developing micelles, by an ultrasonic method in a 
dispersion of polymers. Nanosized micellar aggregates displayed DL values of up to 18% w/w. The 
dual targeting resulted in excellent uptake into cancer cells, by the clathrin- and caveolae-mediated 
endocytosis pathways. Moreover, these HA-PTX micelles were more cytotoxic for HA-receptor-
overexpressing MCF-7 cancer cells than they were for HA-receptor-negative A549 cells. Further, 
dual-targeting micelles displayed a better MDR-overcoming performance, and higher PTX tumor 
accumulation, than did either single-targeting micelles or Taxol®, in MCF-7 tumor-bearing mice, 
although the micelles also showed high distribution in the liver, spleen, and lung [130]. The 
pharmacokinetic behavior of PTX-loaded HA-octadecyl micelles was studied in rats, showing that, 
after i.v. administration, the micelles possessed a longer elimination half-life in the blood 
circulation, and a larger AUC than Taxol® solution [131]. 
The grafting of HA to biodegradable copolymers to form CD44-actively targeted DOX-loaded 
micelles has been reported. In the first such study, HA was conjugated to hydrophobic poly(lactic-
co-glycolic acid) (PLGA), using the PEG-assisted solubilization method in anhydrous DMSO; the 
terminal hydroxyl group of PLGA was conjugated to the carboxylic acid groups of HA via an ester 
linkage. The resulting amphiphilic copolymer self-assembled to form multi-cored micellar 
aggregates [132]. DOX was entrapped during micelle formation (DL 4-7% w/w, depending on the 
conjugate), and the carriers exhibited higher cellular uptake and greater cytotoxicity on CD44+ 
HCT-116 cells than the free drug. In a similar approach, the carboxylic end group of PLGA was 
conjugated with hexamethylenediamine, and the terminal amino group was then coupled with the 
carboxylic function of HA. DOX-loaded micelles (DL 5-10% w/w) were prepared by the dialysis 
procedure [133]. In another study, HA was grafted onto hydrophobic polylactic acid (PLA) and 
amphiphilic PEG-PLA copolymers, to obtain a hydrophobic/hydrophilic balance appropriate to 
form DOX-loaded polymeric micelles in an aqueous medium. PEGylated micelles, which exhibited 
greater stability and had a higher drug-loading capacity (10.2% w/w) than non-PEGylated ones 
(4.8% w/w), were less sensitive to the adsorption of proteins from the culture medium. Moreover, 
as shown by cytotoxicity tests with PEGylated and non-PEGylated micelles, the presence of PEG 
on the carrier surface did not interfere with CD44 receptor recognition [134].   
HA has been used as a tumor-specific shielding material on the surface of self-assembled cationic 
amphiphilic polymer micelles, formed of the hydrophobic all-trans-retinoic acid (ATRA) 
conjugated with a hydrophilic low-MW PEI. HA not only shielded the positive charges on the 
carrier surface, but also increased the micelle’s stability. After systemic administration to CT-26 
tumor-bearing mice, HA-shielded micelles accumulated selectively at tumor sites [135]. 
As reported above, HA has been used in micelle manufacturing processes not only as an 
amphiphilic hydrophobized polysaccharide, but also to stabilize drug loading. In a recent study, HA 
was used to load DOX onto amphiphilic apogossypolone (ApoG2, a compound that can induce 
autophagy and apoptosis in tumor cells) starch micelles; in particular, HA and DOX formed 
nanoparticles that were loaded by electrostatic absorption onto the ApoG2-starch micelles, forming 
mulberry-like dual-drug carriers (MLDC) (DL 13% w/w for both agents). This approach allowed 
the two drugs to be associated at optimal doses, with adjustable ratio and different release pathways. 
In vivo tests showed that these carriers had efficient active targeting, and accumulated in the tumor 
tissue when injected i.v. in PC-3 tumor-bearing mice. One-fifth normal dosage of the two drugs in 
MLDC exhibited significantly higher antitumor efficiency compared with a free-drug combination, 
or with two single-drug-loaded carriers given individually [136]. 
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4.2 Liposomes 
 
Liposomes have been investigated extensively as carriers for targeted drug delivery to specific cells, 
and major developments have been achieved in their pharmaceutical development, aimed at 
improving the efficacy of antitumor agents. Liposomal forms of DOX have been marketed, as 
Myocet® or Caelyx® (Doxil®), since they show improved anticancer efficacy compared to free 
DOX, giving enhanced drug accumulation in tumors [137-139]. Liposomes present several 
advantages as drug delivery systems. They can encapsulate both lipophilic and hydrophilic active 
drugs, respectively in the lipid bilayer and in the aqueous core. If they are made of natural 
compounds, they are highly biocompatible and biodegradable, and display low toxicity and 
immunogenicity [140, 141]. Further, they are very versatile vesicles, since their structure, 
particularly their surface, can be tuned to control their in vivo fate. Using cationic lipids in the 
liposome formulation affords complexation of nucleotides by ionic interaction, a strategy that has 
been extensively used for nucleotide delivery and in gene therapy [142].  
Liposomes modified with HA have been investigated in depth, for drug targeting to CD44-
expressing cells. Current work on the design of HA-liposomes has focused mainly on the selective 
delivery of antitumor drugs (small or large molecules) (see also Table 2).  
Basically, there are two different preparation methods whereby HA can be inserted into the 
liposomal membrane. In the first, HA is linked to the surface of preformed liposomes by covalent 
conjugation. In this method [143], carboxylic residues of HA are pre-activated, by incubation with 
the condensing agent EDC in an aqueous acid medium. The activated HA is then added to the 
liposomal formulation at basic pH, when an amidic bond forms with the lipid amine groups. This 
method appears to yield coating efficiencies that afford efficient CD44-binding [144-151], which is 
desirable since a minimal amount of HA is necessary to target the receptors [152]. The drawback of 
this technique is that post-conjugation must be achieved on each batch, which is time-consuming, 
since the reaction lasts for more than 24 h [143]. In the second method, a HA-lipid is synthesized, 
the lipid anchor permitting insertion of the conjugate into the bilayer. LMW-HA can be linked to an 
aminated lipid, such as phosphatidylethanolamine (PE) [153], dipalmitoyl-sn-glycero-3-
phosphatidylethanolamine (DPPE) [154], or diphytanoyl glycerophosphatidyl-sn-glycero-3-
ethanolamine (DiPhPE) [155], by reductive amination (Figure 1, B). This gives a conjugate in 
which only one lipid molecule is linked to HA, and which will interact with other lipids within the 
bilayer structure. HMW-HA can be coupled to 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE) by means of an amidation reaction, in which the amino group is randomly linked to the 
carboxylic residues of the polymer and then introduced into the liposome bilayer [156, 157]. This 
method affords faster preparation of HA-vesicles, since the conjugate can be synthesized and stored 
for further preparations. It also yields coating efficiencies that give efficient CD44-binding [155-
159]. However, since most studies do not quantify the association efficiency of HA to liposomes, 
comparison of these two methods is difficult. Rather than being conjugated to phospholipids, HA 
may also be chemically coupled to other lipids, such as ceramide (CE) [158] or stearylamine [160]. 
The efficacy of HMW-HA bound to liposomes was first demonstrated by Peer and Margalit [161, 
162]. Mitomycin C was encapsulated into these liposomes, and tested principally on BALB/c mice 
bearing C-26 solid tumor, and on C57BL/6 mice bearing B16F10.9 melanoma and D122 lung 
metastasis. Tumor progression, metastatic burden, and survival were superior in animals receiving 
MTC-loaded HA-liposomes. Moreover, with HA-modified liposomes, 30 times as much drug 
accumulated in the tumor as when the drug was administered in free form and 4 times as much as 
when delivered via unmodified liposomes. Interestingly, liver uptake was significantly reduced 
when the drug was delivered via HA-modified liposomes, which helped to reduce the subacute 
toxicity associated with MTC administered as free drug [161]. Similar results were achieved with 
different experimental models of tumors and HA-modified liposomes, in which MTC was replaced 
with DOX, thus demonstrating that the targeting process is carrier-specific rather than drug-specific 
[162]. In this latter study, the HA-modified formulation was compared to free DOX, DOX 
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encapsulated in unmodified liposomes, and PEGylated liposomes (Caelyx®). Drug accumulation in 
tumor bearing lungs, as well as key indicators of therapeutic response, such as tumor progression, 
metastatic burden, and survival, were superior in animals receiving DOX-loaded HA-modified 
liposomes, compared to controls [162]. A liposome formulation coated with HA was also developed 
for MDA-MB-231 targeted delivery of DOX and Magnevist (gadopentetate dimeglumine), a 
contrast agent for magnetic resonance imaging of breast cancer [158]. HA-modification reduced the 
liposomes’ toxicity, increased serum stability, and promoted tumor accumulation. While plain 
liposomes immediately aggregated in the presence of 50% fetal bovine serum, the in vitro stability 
of HA-liposomes was maintained during 24 h. The in vivo diagnostic and tumor treatment 
capabilities of the formulation were evaluated in a MDA-MB-231 tumor-xenografted mouse model. 
The fluorescence signal in the tumor region, indicating the presence of the particles, was 2.6 times 
higher than with plain liposomes, and increased by up to 89% 2 h after injection, compared to the 
free drug distribution. The study authors attributed liposome accumulation in the tumor region to 
the serum stability of the particles and, more importantly, to its slow clearance in vivo and 
prolonged circulation in the blood stream [158]. 
In two other studies, [154] [159], HA-liposomes were prepared with LMW-HA, to target strongly 
CD44-expressing MiaPaCa2 pancreatic adenocarcinoma cells. The first study demonstrated a 
selective uptake of HA-liposomes by CD44+ MiaPaCa2 cells, compared to CD44- VIT1 cells; the 
second study investigated cellular uptake and in vitro and in vivo anti-tumoral activity of HA-
liposomes carrying gemcitabine. Both cellular internalization of liposomes carrying HA, and in 
vitro and in vivo sensitivity towards gemcitabine-containing HA-liposomes, were increased. In 
MiaPaCa2 cells treated with sufficient free HA to saturate the receptor, a significant reduction of 
the uptake of liposomes bearing HMW-HA was observed, suggesting that their internalization in 
MiaPaCa2 cells was mainly mediated by HA [159]. 
Dual-functional liposomes, with HA targeting and a pH-responsive cell-penetrating peptide, were 
prepared [163] for tumor-targeted drug delivery to hepatocellular carcinoma cells. HA was utilized 
to decrease liposome interaction with plasma proteins and, once at the tumor site, its degradation by 
HYAL exposed the R6H4 peptide. These PTX-containing liposomes displayed stronger 
cytotoxicity, efficient intracellular trafficking, and preferential tumor accumulation. 
HA-liposomes have also been designed to deliver nucleic acids. A study [156] found that the 
transfection of DNA HA-lipoplexes on the CD44-expressing MDA-MB-231 cells was strongly 
inhibited by the anti-CD44 Hermes-1 antibody [164], but not by the nonspecific anti-ErbB2 
antibody. Conversely, the transfection of MCF-7 cells, which express CD44 weakly, was not altered 
regardless of the presence of the Hermes-1 antibody. Another study tested the intracellular pathway 
for green fluorescent protein (GFP)-expressing DNA-cationic lipoplexes modified by HA. Cells 
were treated with 50 fold HA, which saturates CD44, or with HA-blocking CD44 antibody. In both 
cases, GFP expression decreased by 40% [157].  
Other studies have used liposomes composed of neutral lipids to avoid the toxicity related to 
the cationic lipids. An anti Polo-Like Kinase 1 (PLK1) siRNA entrapped in such vesicles was 
found to reduce the protein level by more than 80% in an orthotopic model of U87MG tumor. 
In addition, survival of treated mice was also prolonged [165]. 
HA-based liposomes have also been designed containing miR-34a beacons (bHNCs) for the 
intracellular recognition of miR-34a levels in metastatic breast cancer cells. Upon blocking CD44 
receptors with free HA, uptake of HA-coated liposomes was suppressed in both MCF-7 and MDA-
MB-231 cell lines, although most markedly in the latter cell line. HA-liposomes afforded the 
targeted delivery of beacons via CD44 receptor-mediated endocytosis. In vitro and in vivo optical 
imaging, using bHNCs, also allowed the measurement of miR-34a expression levels, thanks to 
selective recognition of the beacons released from the internalized bHNCs [144]. 
Cell internalization of liposomes covered by HA has been studied in detail. Incubation of HA-
liposomes with cells at 4 °C, a temperature that inhibits all active energy-mediated processes, 
significantly reduced the uptake in MiaPaCa2 cells, suggesting that HA-liposomes entered cells via 
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an endocytic pathway. These results were also confirmed in another study [166], that reported 
inhibition at 4 °C of HA-liposome uptake in A549 cells, compared to the uptake at 37 °C. This 
finding confirms that HA-liposomes are taken up inside the cells through an energy-dependent 
endocytosis pathway. The effects of several membrane entry inhibitors on the uptake of HA-
liposomes have been examined by preincubating A549 cells with the inhibitors, before treatment 
with HA-liposomes. When blocking lipid rafts using methyl-β-cyclodextrin, uptake of HA-
liposomes was reduced by nearly 45% compared to untreated cells, suggesting that HA-liposomes 
are taken up into the cells via lipid-raft-mediated endocytosis, which is cholesterol-dependent [145]. 
In a similar study, [154] MiaPaCa2 cells were pre-treated with increasing amounts of individual 
membrane entry inhibitors, before incubation with 4.8 or 12 kDa HA-liposome formulations. Flow 
cytometry analyses showed that methyl-β-cyclodextrin (MβCD) markedly decreased HA-liposome 
uptake, in a concentration dependent manner, while treatment with chlorpromazine, nystatin, and 
amiloride (respectively inhibitors of clathrin-mediated uptake, caveolae-mediated uptake, and 
macropinocytosis) did not alter cell fluorescence compared to controls. Regarding lipoplexes, 
incubation with the caveolae-inhibitor filipin of HMW-HA-bearing DNA lipoplexes reduced the 
transfection efficiency of A549 cells by 60%, using a plasmid coding for the GFP. Moreover, when 
genistein, another inhibitor of this internalization pathway, was used, GFP expression was lowered 
by 90% [157]. Both caveolin [167] and CD44 [168] are present in lipid rafts domains; it is therefore 
likely that inhibition of CD44 by an excess of HA or CD44 antibody blocks one of the pathways for 
caveolin phosphorylation, which is necessary to start caveolae-dependent endocytosis [169].  
Regarding the pharmacokinetics of HA-liposomes, a systematic study has been carried out with 
three different HA polymer lengths (5-8, 50-60, and 175-350 kDa) and compared with that of 
PEGylated liposomes. Clearance of HA-liposomes was shown to be dependent on HA polymer 
length: the addition of HMW-HA to the surface of liposomes accelerated clearance of the particles 
from the blood compared to LMW-HA. This finding was related to the strong affinity of the 
particles for other HA receptors, such as HARE and LYVE-1, which are abundantly expressed in 
normal sinusoidal endothelial cells of the liver, spleen, and activated tissue macrophages [146, 170, 
171], which are responsible for active clearance of liposomes from the circulation. 
Lastly, HA-liposomes appear to be very safe, despite the fact that LMW-HA is considered to be 
proangiogenic, and to display proinflammatory properties. Indeed, a study that prepared liposomes 
with different MW HA reported that none of the vesicles had any apparent effect on the 
proliferation of highly CD44-expressing NCI/ADR-RES (for DOX-resistant cell line), TK-1, or 
RAW 264.7 cells. These nanocarriers did not appear to cause any macrophage activation or 
complement activation. Additionally, no cytokine induction was observed, regardless of the HA 
MW anchored to the surface of liposomes [148]. 
 
 
4.3 Nanoparticles 
 
Nanoparticles form a very heterogeneous class of carriers, which have the submicron size in 
common but differ in composition, structure, preparation methods, and matrix degradability. They 
have been extensively studied for drug delivery and imaging, with several goals including 
controlled release, protection from degradation, enhanced bioavailability and better 
pharmacokinetic profile, passive and active targeting, and greater pharmacological efficacy. A 
nanoparticle-based PTX formulation is already on the market (Abraxane®); however, despite 
considerable research efforts in this field, drug-loaded nanoparticles are still associated with adverse 
effects, although they are less toxic than conventional therapies. In order to further enhance 
nanocarrier anticancer activity and reduce side effects, HA has been proposed as an active targeting 
agent [172]. Many studies report the use of HA to actively target nanoparticles towards CD44-
overexpressing cancer cells, and/or to increase carrier blood-circulation half-life. The principal 
approaches to obtain HA-associated nanoparticles are described below; they have been subdivided 



 

 19 

into two classes: HA-decorated nanoparticles, and HA-based nanogels. Table 2 summarizes the 
principal pharmacological characteristics of nanosystems described in the following pages. 
 

4.3.1 HA-decorated nanoparticles 

4.3.1.1 Polymeric nanoparticles 
Ligand-directed polymeric nanoparticles have been explored in depth as drug carriers in anticancer 
therapy, since in some cases they exhibit enhanced in vivo stability compared to liposomes. They 
are also versatile carriers, thanks to the wide range of polymers and nanoparticle preparation 
methods. Moreover, many biodegradable synthetic and natural polymers are considered safe for 
pharmaceutical use [173]. Aliphatic polyester polymers, such as polylactide (PLA) [174], 
poly(lactide-co-glycolide) (PLGA), polycaprolactone (PCL), and poly(butylcyanoacrylate) (PBCA), 
have been conjugated to HA (Figure 5). HA-polymer conjugation has been achieved through direct 
procedures, or by adding linkers; a number of examples follow. Coupling procedures between 
PLGA and HA have been reported, in which suitable functional groups were added to the 
polysaccharide structure. Thanks to their amphiphilic properties, HA-PLGA polymers could then 
form nanoparticles with a core–shell structure, i.e., the hydrophilic HA domain formed the outer 
part of the nanoparticles, while the hydrophobic PLGA domain formed their inner-core. To this end, 
aminated 7.5 kDa HA (obtained by reduction and further coupling to hexamethylendiamine) was 
reacted with NHS-activated PLGA, and the amphiphilic conjugate was then used to form core-shell 
type nanoparticles containing DOX (DL up to 11.7% w/w). Anticancer activity assays on CD44+ 
HCT-116 cells showed selective uptake via receptor-mediated endocytosis [175]. A similar 
approach was used to deliver docetaxel (DTX), a drug approved for the treatment of advanced or 
metastatic breast, head and neck, gastric, hormone-refractory prostate, and non-small-cell lung 
cancers. This in-depth investigation of HA-PLGA copolymers (HA MW 5.6-8.9 kDa, and DL up to 
3.1% w/w) developed nanoparticles having longer circulation time in rats, and that in vivo 
efficiently delivered DTX to MDA-MB-231 breast cancer grown in mice [176]. 
In another study, HA-modified PLGA nanoparticles were prepared by adding longer linkers 
between the polymer chain and the HA backbone. DOX-loaded nanoparticles were formed by 
covalent conjugation of HA to PLGA via a diamine PEG-2kDa spacer. Both PLGA and HA (5.7 
kDa) were first activated with EDC and NHS, then mixed with the diamine PEG linker. HA-PEG-
PLGA nanoparticles were found to be more effective than PEG-PLGA carriers. Biodistribution 
studies showed high liver uptake, but also a significant concentration of HA-PEG-PLGA 
nanoparticles in the tumor mass of Ehrlich-ascites-bearing mice [177]. A similar approach was 
employed to load DOX into HA-PCL nanoparticles [178], and 5-fluorouracil (5FU), a pyrimidine 
analog used in treating several cancers, into HA-PEG-PLGA nanoparticles. Significant tumor 
uptake, and thus significant anticancer activity, were reported [179]. 
HA-PEG-PLGA nanoparticles have also been used to deliver letrozole, a potent aromatase inhibitor, 
to letrozole-resistant cells. HA nanoparticles were more efficient at inhibiting tumor growth in 
mice, reducing in vitro cellular and in vivo tumor aromatase enzyme activity, compared to the 
corresponding letrozole-PEG-PLGA nanoparticles or the free drug [180]. 
In a study designed to obtain redox-responsive DOX-loaded actively-targeted nanoparticles, a 
disulfide bond was introduced into HA-PLGA polymer prior to nanoparticle preparation, by adding 
cystamine to 7.5 kDa HA, which was then reacted with NHS-PLGA. DOX-loaded nanoparticles 
were then formulated (DL 4-7% w/w) and it was observed that, in the presence of GSH, drug 
release was facilitated [181]. A redox-responsive HA (6.4 kDa)-PLGA copolymer containing 
disulfide bond was also used to co-deliver DOX and cyclopamine (a primary inhibitor of the 
hedgehog signaling pathway of cancer stem cells) through water-oil-water HA-PLGA 
nanoemulsions. The unique interior structure of these carriers allowed two drugs, with different 
solubilities, to be efficiently encapsulated. Following this approach, PLGA was firstly 
functionalized with cystamine, and then reacted with NHS-HA. In vivo combination therapy 
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demonstrated a remarkable synergistic antitumor effect and prolonged survival, compared to 
monotherapy, using the orthotopic mammary fat pad tumor growth mouse model [182]. 
A reducible disulfide linkage was also used to obtain a cross-linked 12 kDa HA shell on DOX-
loaded HA-PCL nanoparticles. The block copolymer was synthesized through a click-chemistry 
(azide-alkyne cycloaddition) approach: an alkyne group was introduced at the reducing end of HA, 
and then reacted with PCL-N3. A disulfide linker was bound onto the HA backbone. After 
nanoparticle preparation, crosslinking of HA was achieved by the addition of a catalytic amount of 
dithiothreitol. Crosslinking of the nanoparticles markedly minimized the initial burst release of the 
drug. Moreover, HA-PCL nanoparticles displayed enhanced antitumor activity in tumor-bearing 
mice [183]. 
Nanocapsules with an oily core were prepared with HA-PEG-PCL to encapsulate DTX. The amine 
PEG/PCL was conjugated with HA (11.6 kDa) using a carbodiimide coupling reaction prior to 
nanocapsule formation. HA-PEG-PCL formed a thin polymer layer surrounding the inner core. 
DTX-loaded HA-PEG-PCL nanocapsules enhanced cellular uptake and anticancer activity, 
compared to PEG-PCL nanocapsules, in MDA-MB-231 cells [184]. 
HA was also grafted onto preformed PEG-PLGA nanoparticles loaded with SN-38, to target ovarian 
cancer. Both cellular uptake and cytotoxicity of HA-PEG-PLGA nanoparticles were higher in 
CD44+ SKOV-3 and OVCAR-8 cell lines, than they were in CD44- cells [185]. 
Another approach to coating preformed polymeric nanoparticles has been reported: a mitoxantrone 
dihydrochloride-sodium deoxycholate complex and an efflux transporter inhibitor were embedded 
into nanoparticles prepared with Eudragit RL 100 and cetyl trimethyl ammonium bromide; HA was 
then deposited onto the carrier surface by electrostatic interaction; it gave the drug-loaded particles 
long-circulation properties in rats [186]. 
Another polymer suitable for drug delivery, PBCA, may be covalently derivatized with HA. In one 
study, nanoparticles were obtained through radical emulsion polymerization of n-butyl 
cyanoacrylate monomers, initiated by cerium ions in the presence of HA (18 kDa). HA-PBCA 
nanoparticles entrapping PTX were found to be more potent in suppressing S-180 tumor growth, 
following i.v. administration to tumor-bearing mice, than either PTX-loaded PBCA nanoparticles or 
PTX injection [187]. 
A multifunctional drug-delivery system based on 10 kDa HA-PBCA and D-α-tocopheryl 
polyethylene glycol succinate (TPGS) (a water-soluble derivative of natural vitamin E) was 
conceived to deliver morin hydrate, a naturally-occurring bioflavonoid identified in a number of 
fruits, vegetables, and herbs of the Moraceae family. The addition of TPGS during nanoparticle 
preparation increased  the loading of morin hydrate (from 4.7 to 7.5% w/w) and enhanced its 
therapeutic efficacy in vitro and in vivo [188]. 
To obtain a photochemically-triggered cytosolic drug delivery system combined with tumor-
targeting, acetylated 5.8 kDa HA was conjugated to poly((2-diisopropylaminoethyl)aspartamide), a 
pH-responsive moiety, and to the hydrophobic photosensitizer chlorin e6 (Ce6). Encapsulated DOX 
(DL 14% w/w) was released, as a consequence of protonation of the pH-responsive moiety inside 
the cell, and thus of the nanoparticles’ disassembly. Low-intensity laser irradiation stimulated the 
free photosensitizer to produce reactive singlet oxygen, which released DOX into the cytosol of 
cancer cells, thus improving the anticancer efficacy both in vitro and in vivo in mice [189]. 
Finally, PLGA nanoparticles have been found able to load HA-drug amphiphilic derivatives: 
baicalein and PTX prodrugs were obtained by linkage to HA and to folic acid, respectively, and 
were then associated to the PLGA matrix during nanoparticle formation. This dually-targeted 
system showed enhanced synergistic anticancer effects, and overcame the MDR of PTX in vitro and 
in vivo [190]. 
 

4.3.1.2 Lipid nanoparticles 
Lipid nanoparticles are widely employed in drug delivery, because of the biocompatibility of the 
lipid matrix [191]. HA has been linked to various lipid molecules. It may be conjugated prior to 
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nanoparticle formation, resulting in an amphiphilic molecule that self-assembles, producing a nano-
sized carrier exposing HA moieties on the surface. Following this approach, HA (4.7 kDa) was 
conjugated via an ester linkage to ceramide, a component of cell membranes composed of 
sphingosine and fatty acid (Figure 5). The amphiphilic conjugate was formulated using Pluronic 85 
as nanoparticles, to encapsulate DTX (DL up to 10.7% w/w). In vitro studies have shown that HA-
CE nanoparticles enhance intracellular drug uptake in the CD44+ MCF-7 cell line. Moreover, 
cytotoxicity tests showed that these carriers overcame MDR. In vivo studies after i.v. administration 
of DTX-loaded HA-CE nanoparticles, in MCF-7 tumor-bearing mice, confirmed their targeting 
ability for CD44+ tumors [192]. In another study, DOX was successfully encapsulated into HA-CE 
nanoparticles for the treatment of melanoma (DL up to 7.8% w/w); DOX-loaded nanoparticles 
significantly inhibited tumor growth in a B16F10 tumor-bearing mouse model [193]. The HA-CE 
conjugate was then linked to PEG via the carboxyl groups of HA. PEGylation resulted in prolonged 
nanoparticle circulation in the bloodstream, and reduced the drug clearance rate, in an in vivo rat 
model [194]. In further research, HA-CE was used to encapsulate DTX-loaded PLGA 
nanoparticles. These hybrid lipid-polymeric nanoparticles were obtained by self-assembling HA-CE 
onto pre-formed DTX-PLGA nanocarriers. The mean diameter and zeta potential of the coated 
nanoparticles increased slightly (approx. 10%), confirming the surface deposition of HA-CE, which 
gave the nanoparticles in vitro and in vivo tumor targeting capabilities [195]. Other hybrid carriers 
have been produced for ginsenoside rg3 delivery, by combining HA-CE and lipids 
(phosphatidylcholine (PC) and DSPE-PEG) [196]. 
In another approach, HA (234 kDa) was used as drug carrier in HA-based nanoparticles; it was 
chemically linked to 5β-cholanic acid and PEG, to form tumor-targeted nanoparticles (P-HA-NPs); 
anticancer drugs (including DOX and camptothecin) were successfully encapsulated into the 
lipophilic inner core, and their release was increased in the presence of HYAL, which is abundant in 
the cytosol of tumor cells [197]. In the light of the encouraging in vitro cell-specific activity results 
and in vivo tumor-targeting characteristics, further studies were performed in order to encapsulate a 
number of different molecules, including for simultaneous tumor-targeted photodynamic imaging, 
and therapy with Ce6, or a near-infrared fluorescence imaging dye plus irinotecan [198, 199].  
HA-NPs were also used to deliver siRNA. In this case, siLuc, a siRNA that targets the firefly 
luciferase gene, was used as a model compound; it was encapsulated in HA-NPs in which HA was 
modified with ZnII–dipicolylamine complexes, which are highly selective for phosphate-containing 
molecules in aqueous solution. Unlike the cationic derivatives used to complex siRNAs, ZnII–
dipicolylamine-HA-NPs are expected to show lower toxicity and nonspecific accumulation, which 
are typically associated with polycationic-based formulations [200]. Moreover, to improve the in 
vivo stability of P-HA-NPs, photo-crosslinked nanoparticles loaded with PTX were prepared by 
UV-triggered chemical crosslinking with acrylate groups in the polymer structure. The release 
profile of PTX (DL 6% w/w) from nanoparticles was much slower than that from uncrosslinked P-
HA-NPs. In addition, the photo-crosslinking procedure did not inhibit in vitro CD44 receptor-
mediated endocytosis, and enhanced in vivo targeting ability in SCC7 tumor-bearing mice, as a 
consequence of the carriers’ higher stability [201]. Alternatively, in an original approach, the 
stability of P-HA-NP was improved through mineralization: the DOX-loaded P-HA-NP surface was 
coated by means of the controlled deposition of inorganic calcium and phosphate ions, through a 
sequential addition method. Mineralization led to the formation of more compact nanoparticles; 
moreover, DOX (DL 8% w/w) was slowly released from the nanoparticles under physiological 
conditions, whereas its release rates were much higher in mildly acidic environments. DOX-loaded 
mineralized nanoparticles displayed excellent antitumor efficacy in SCC7 tumor-bearing mice, 
compared to both DOX-loaded bare nanoparticles and free DOX [202]. 
Reversibly-cross-linked polymeric DOX-loaded nanoparticles have been developed by conjugating, 
through a lysine, HA (35 kDa) with lipoic acid, a natural antioxidant produced by the human body. 
The lipoic ring is prone to ring-opening polymerization, forming a linear polydisulfide in the 
presence of a catalytic amount of dithiothreitol, under aqueous conditions; rapid drug release occurs 



 

 22 

in the presence of 10 mM GSH. These multifunctional nanoparticles possess complete 
biocompatibility and biodegradability, and have the ability to uncross-link and become destabilized 
under cytoplasmic reductive conditions, resulting in an enhanced antitumor effect in CD44+ drug-
resistant human breast MCF-7 tumor xenografts in nude mice [203]. 
An interesting targeted co-delivery system was obtained from an amphiphilic 10 kDa HA-all-trans 
retinoic acid (HRA) conjugate, forming nanoparticles for potentially synergistic combination 
chemotherapy of PTX and retinoic acid. The HRA conjugate was obtained by reacting aminated 
retinoic acid with HA carboxyl groups. While all-trans retinoic acid was covalently linked to the 
HA backbone, PTX was encapsulated into HRA nanoparticles, which showed greater in vitro and in 
vivo anticancer activity, together with reduced toxicity, compared to the free drugs [204]. In a 
similar approach, another anticancer agent, gambocic acid (the main active ingredient of gamboge 
resin, which exudes from the Garcinia hanburyi tree in SE Asia) was encapsulated into HRA 
nanoparticles, achieving effective tumor-targeted co-delivery of gambocic acid and all-trans retinoic 
acid [205]. 
In another study, multifunctional nanoparticles, consisting of vitamin E analogues [α-tocopheryl 
succinate (α-TOS) linked to 7.8 kDa HA and TPGS], were prepared to encapsulate DTX (DL up to 
7.3%). These nanoparticles displayed tumor-targeted delivery of DTX in a MCF-7/ADR 
xenografted nude mice models, overcoming MDR and enhancing the antiresistance therapeutic 
efficacy. It was expected that TPGS and α-TOS would serve, respectively, as an inhibitor of P-gp to 
overcome MDR, and to activate mitochondrial apoptotic pathways inside tumor cells [206]. 
An amphiphilic conjugate was obtained by reacting 10 kDa HA with aminated glycyrrhetinic acid 
(GA), a metabolite of the natural product glycyrrhizin exhibiting several pharmacological activities: 
it is anti-inflammatory, immune-modulating, and reverses MDR to anticancer agents. The HA-GA 
conjugate was formulated as PTX-loaded nanoparticles (DL 31.2% w/w) actively targeted towards 
liver tumors. HA-GA carriers displayed enhanced cytotoxicity on cells that overexpress both HA 
and GA receptors. In vivo assays showed it to accumulate in both tumor and the liver of MDA-MB-
231 tumor-bearing mice [207]. This dually-targeted HA-GA system was also used to deliver DOX, 
in stimuli-responsive nanoparticles, to hepatocellular carcinoma cells. To this end, a reduction-
cleavable disulfide bond was inserted between HA and GA; this meant that drug release was 
dramatically accelerated in the presence of intracellular levels of GSH [208]. 
The synthesis has been described of a series of functional variants of self-assembling CD44-
targeting HA-based macrostructures, in which HA (20 kDa) was functionalized with lipids differing 
in carbon chain length, nitrogen content, and polyamine side chain, the goal being to achieve active 
targeting of siRNA to solid tumors. Using the EDC/NHS synthetic procedure, monofunctional and 
bifunctional fatty amines, multiple nitrogen-containing derivatives, and polyamines were coupled 
onto HA. The various derivatives showed differing abilities to form siRNA delivery systems, and to 
deliver it in vitro and in vivo [209]. A functional variant HA derivative, obtained by reaction with 
1,8-diamineoctane, was used to encapsulate CDDP (DL 18-20% w/w) and to evaluate loaded 
nanoparticle biodistribution in mice, using various ultra-sensitive methods. The results showed that 
the most exposed organs were the liver, kidney, and spleen, while CDDP levels were very low in 
the heart and brain. Tumor, lung, and plasma accumulations were intermediate [210]. 
HA of different MW was associated to pre-formed DTX-loaded nanoparticles, prepared with 
cholesteryl hemisuccinate (CHEMS); this is an acidic cholesterol ester that self-assembles into 
bilayers in neutral or basic media, whereas in acidic conditions it undergoes a phase transformation, 
from the stable lamellar phase at neutral pH, to the unstable inverted hexagonal phase. Increasing 
the MW of HA from 35 to 1,490 kDa led to a significant increase in the size of HA-CHEMS 
nanoparticles, and a significant decrease in the zeta potential, as a function of the thickness of the 
HA layer. pH-responsive drug release occurred under different pH conditions. Compared to the 
commercial Taxotere®, in vivo HA-CHEMS nanoparticles exhibited higher tumor accumulation and 
antitumor activity in the MCF-7 mouse model [211].  The same research group applied a different 
approach to obtain DTX-loaded HA-CHEMS nanoparticles: HA (7.6 kDa) was first conjugated to 
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CHEMS, by an esterification reaction, after which DTX-containing nanoparticles were obtained by 
self-assemby of this amphiphilic derivative in an aqueous environment. Drug loading was higher 
than that of the previous HA-CHEMS nanoparticles (about 10% vs. 3% w/w). The degree of 
substitution of the hydrophobic moiety on HA greatly influenced the behaviour of nanoparticles: 
increasing the content of the hydrophobic group not only improved the stability of the nanoparticles 
in plasma, but also prolonged circulation time. Excellent tumor-targeting properties and efficient 
antitumor effects were obtained, with extremely low systemic toxicity [212]. 
Several studies report examples of HA-associated solid lipid nanoparticles (SLN). SLN are 
nanocarriers made from lipids that are solid at room temperature; they are used as an alternative to 
polymeric nanoparticles, thanks to their low toxicity, high stability, and scalability [191]. In most 
cases, HA has been associated to pre-formed cationic SLN by electrostatic interaction; the resulting 
formulation has given the loaded drug (generally a low-water-soluble molecule) stronger anticancer 
activity than when carried by non-coated SLN or as free drug. In addition, HA on the surface 
prolonged the half-life in the blood circulation. To give some examples: SLN coated with 3 kDa 
HA were tested for tumor-targeted delivery of vorinostat, a histone deacetylase inhibitor [213]; 300 
kDa HA-SLN successfully delivered PTX inside melanoma stem-like cells [214]. A more complex 
SLN-based system has also been proposed: the surface of negatively-charged SLN was covered 
with a layer-by-layer coating of chitosan and 3kDa HA, to obtain hybrid nanoparticles containing 
DOX [215]. 
Nanostructured lipid carriers (NLC) are lipid nanoparticles, characterized by a core consisting of a 
mixture of solid and liquid lipids, in which the resulting matrix has a lower melting point than the 
original solid lipid, while still remaining solid at body temperature [216]. Compared to SLN, NLC 
generally have the advantage of offering increased drug loading and decreased drug leakage. 
Different approaches have been used to associate HA onto the surface of NLC: ionic conjugation 
[217]; grafting an alendronate sodium-11 kDa HA polymer by calcium-assisted mineralization [218, 
219] to deliver irinotecan; and electrostatic interaction to co-transport a lipophilic prodrug of 5FU 
and CDDP [220] or PTX [221]. In these studies, HA decreased the carriers’ toxicity, and increased 
NLC stability, tumor accumulation, and the in vitro and in vivo anticancer effect. 
Gagomers (glycosaminoglycan clusters of particles; GAGs) are lipid-based non-liposome 
forming nanostructures that self-assemble into nanoparticle-like clusters, which are then 
covalently coated with HA by carbodiimide activation of carboxyl groups. HA is the main 
component of the GAGs surface; their inner structure can contain large quantities of nucleic 
acids and small (hydrophilic or hydrophobic) molecules. The HA coating naturally targets 
GAGs to cells expressing specific receptors and gives these particles stealth properties without 
triggering an immune response.  
PTX-loaded GAGs with 500-1200 kDa HA were prepared and their structure and 
physicochemical properties were characterized. The cytotoxicity of PTX-GAGs was evaluated 
in vitro on the mouse colorectal carcinoma cell line CT-26, expressing CD44; it was 
demonstrated to be the same as that of free PTX. Pharmacokinetics, biodistribution and 
therapeutic properties of PTX-GAGs were evaluated in vivo after administration to CT-26 
colon adenocarcinoma-bearing mice: the results showed a good safety profile, marked tumor 
accumulation, and antitumor potency superior to that of the FDA-approved PTX 
formulations (Taxol® and Abraxane®) [222]. 
GAGs with 750 kDa HA were tested in vitro on primary head and neck cancers and normal 
cells taken from the same patients; the results demonstrated a selective binding of GAGs to 
the cancerous cells, although the CD44 expression level was high in both normal and 
malignant cells. MTC was then encapsulated into GAGs and the cytotoxicity was tested on the 
same cell lines; the anticancer effect of MTC-GAGs on head and neck cancer cells was 
significantly higher than that of the free drug, whereas the viability of normal cells was not 
affected [223]. 
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GAGs have been proposed as an alternative to cationic lipid-based formulations to efficiently 
deliver siRNAs and to induce gene silencing in cancer cells. siRNA against P-gp was 
encapsulated into GAGs coated with 700 kDa HA. After incubation with NCI-ADR/Res 
(NAR) cells that highly express P-gp, the results showed that siRNA-GAGs efficiently and 
specifically reduced mRNA and P-gp protein levels compared with controls [150]. In another 
approach GAGs were used to deliver siRNA into fluorescence-assisted cell sorting (FACS)-
purified acute myeloid leukemia (AML) CD44+ cells from two patients. In vitro analysis 
showed high transfection efficiency and co-localization of fluorescent siRNA and GAGs within 
the AML cell cytoplasm. Functional knockdown was detected using a qualitative polymerase 
chain reaction [224]. 
In order to bypass the drug resistance mechanism, DOX was encapsulated into GAGs bearing 
700 kDa HA on the surface. In vitro the drug associated to the GAGs accumulated in the P-gp-
overexpressing human ovarian adenocarcinoma cell line and dramatically decreased cell 
viability to a gretaer extent than either free drug or Doxil®; moreover, it overcame the P-gp-
mediated resistant mechanism of these cells. A superior anticancer effect was also shown in 
vivo: in a mouse model of resistant ovarian adenocarcinoma where DOX associated to GAGs 
was shown to accumulate into the tumor more markedly than the free drug, and to 
significantly diminished the tumor growth compared with either free drug or the control 
treatments, without any observed clinical toxicity [225]. 
LMW-HA (˂10 kDa) and HMW-HA (700 kDa) were conjugated onto the surface of lipid-
based nanoparticles. The results showed that in vitro HMW-HA-conjugated particles had a 
higher affinity for CD44+ B16F10 cancer cells than LMW-HA-linked nanoparticles. In vivo, 
neither types of carriers had any effect on triggering an immune response in healthy mice. 
The MW of HA influenced the nanoparticle circulation time and tumor targeting specificity, 
which were higher for HMW-HA-decorated carriers. MTX was then encapsulated into 
HMW-HA nanocarriers: after administration to B16F10 melanoma bearing mice these 
systems produced a better therapeutic outcome compared with any tested control [226]. 
 

4.3.1.3 Nanogels 
Nanogels are nanosized networks with high water content; they belong to the class of soft drug 
delivery systems. Nanogels are usually biocompatible, stable and, as for hydrogels, they can be 
modified by linkage with various molecules. In nanogels, a hydrophilic polymer is either physically 
or chemically crosslinked [227]. Physically-crosslinked nanogels are the result of non-covalent 
attractive forces (hydrophobic or ionic interactions, hydrogen bonds) between the polymer chains; 
in chemically-crosslinked nanogels, the chains are covalently linked. The stability of covalently- 
bonded nanogels is due to crosslinkages that are obtained through different synthetic approaches 
[228]. 
With regard to HA-covered nanogels, HA-chitosan nanoparticles (HACTNP) containing 5FU have 
been designed to target colon tumors. 5FU-loaded chitosan nanoparticles were prepared by the 
ionotropic gelation method; using carbodiimide chemistry, their surface was coupled to the 
carboxylic group of HA (1.5 MDa), with the chitosan amine groups forming an amide linkage. 
HACTNP cellular uptake and cytotoxicity were evaluated in vitro on the human colorectal 
adenocarcinoma HT-29 cell line, which overexpresses the CD44 receptor. The results suggested 
that the 5FU-loaded HACTNP formulation had increased uptake compared to HA-uncoupled 
chitosan nanoparticles (CNTPs), and that it possessed enhanced cytotoxicity on the HT-29 cell line, 
compared with either CNTPs or free 5FU [229]. The same research group prepared HACTNPs 
containing oxaliplatin, to investigate anticancer activity and biodistribution in vivo after oral 
administration in a murine colon-tumor model. The biodistribution studies indicated that HACTNPs 
effectively reached the tumor, and were more effective in treating colon tumors than CNTPs or free 
oxaliplatin [230]. 
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In a different approach, HA (170 kDa) and chitosan were used to form polyionic nanocomplexes, to 
co-encapsulate positively-charged DOX and negatively-charged microRNA-34a (MiR-34a), against 
triple-negative breast cancer. In this case, HA was not coupled onto the surface of the nanoparticles, 
but formed the matrix of the particles themselves, together with chitosan. The carriers were 
obtained by the ionotropic gelation method through a self-assembling procedure, and both DOX and 
MiR-34a were successfully associated through electrostatic interactions; the two drugs produced a 
synergistic antitumor effect in vitro and in vivo [231]. 
 

4.3.1.4 Complexes between nucleic acids and polycation polymers 
HA was associated onto the surface of nucleic acid-polycation polymer complexes, to confer active 
targeting ability and to shield positive charges, thus increasing the stability and lowering the 
toxicity of nucleic acid vectors. To this end, HA (1000 kDa) was associated by electrostatic 
interaction to poly-L-lysine-graft-imidazole (PLI)-based polyplexes, containing Bcl-xL-specific 
shRNA-encoding plasmid DNA (HA/PLI/pDNA) for CD44-targeted gastric cancer therapy. Gel 
electrophoresis and cell viability experiments demonstrated that the ternary polyplexes had high 
stability and no cytotoxicity, thanks to the HA on the surface of the polyplexes [232]. 
In another approach, PEI was conjugated with HA to efficiently deliver MDR1 siRNA into 
OVCAR8TR (established PTX-resistant) tumors. The association of negatively-charged HA and 
PEI not only reduced the cytotoxic effects of PEI, through electrostatic neutralization of its positive 
charge, but also contributed to the formation of a protective hydrophilic surface. A HA-PEG 
derivative was co-formulated in these multi-component siRNA nanoparticles to give the carriers 
non-immunogenicity and stealth characteristics. HA-PEI/HA-PEG nanoparticles loaded with 
MDR1 siRNA efficiently down-regulated the expression of MDR1 and P-gp, inhibited the 
functional activity of P-gp, and subsequently increased cell sensitivity to PTX [233, 234]. 
PCL-graft-poly(N,N-dimethylaminoethyl methacrylate) is an amphiphilic cationic copolymer, 
which self-assembles into nanoparticles that efficiently condense DNA. Since these binary 
complexes are toxic and not stable in the blood, 46 kDa HA with grafted PEG side chains was 
synthesized to coat binary complexes by electrostatic interaction. Coating with HA-PEG improved 
the biocompatibility without reducing cell uptake or transfection efficacy, and resulted in higher 
accumulation and gene expression in mouse tumors [235]. 
An ATP-responsive system has been designed, in which a DNA scaffold was prepared by 
hybridizing an ATP aptamer and its cDNA, which has a 27-base pair with GC-rich motif, for 
loading anthracyclines. The DOX/Duplex was then mixed with protamine, to prepare a positively-
charged DOX-loaded complex, onto which HA was deposited, and then crosslinked to give a 
nanogel. This system selectively releases the intercalated DOX via a conformational switch, when 
in an ATP-rich environment [236]. 
 

4.3.2 HA-based  nanogels 
Whereas, in the case of HA-decorated nanogels, HA is mainly located on the carrier surface, in HA 
nanogels HA forms part of the biocompatible and biodegradable matrix encapsulating the drug. The 
formation of nanogels can reduce the rapid degradation of HA in the blood. 
PTX-loaded crosslinked nanoparticles were prepared with LMW-HA, using a desolvatation method 
with polymer crosslinking through glutaraldehyde. PTX molecules entrapped in the hydrophobic 
HA inner core did not significantly alter the average diameter of the HA nanoparticles. The 
resulting carriers had cytotoxicity similar to that of free PTX in vitro, with superior antitumor 
efficacy in vivo when administered by intratumor injection, for the treatment of mammary tumors in 
rats [237]. 
A methacrylation strategy has been proposed to functionalize 7 kDa HA with vinyl groups. The 
methacrylated HA was copolymerized with di(ethylene glycol) diacrylate to prepare enzyme-
sensitive DOX-loaded crosslinked HA nanogels, in a completely aqueous medium. Lipase and 
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HYAL were found to de-crosslink the nanogels and release the drug. In vivo tests showed that HA 
nanogels enhanced DOX tumor accumulation, circulation time, and antitumor efficacy in H22 
tumor-bearing mice [238]. 
HMW-HA (5000 kDa) with various degrees of acetylation was synthesized to prepare self-
organized nanogels loaded with DOX. During a dialysis procedure, the acetyl groups formed the 
nanogel hydrophobic core, which may control pharmacokinetic properties, drug loading, and 
release. In vitro DOX-loaded nanogels showed selective cytotoxicity towards CD44+ cancer cells 
[239]. 
o-HA (2 kDa) nanogels were obtained starting from the synthesis of conjugates between drugs (i.e. 
etoposide, salincomycin) and membranotropic cholesteryl-HA (CHA). The nanogel particles 
formed after ultrasonication, and demonstrated sustained drug release following hydrolysis of the 
biodegradable ester linkage. In vitro, after nanogel unfolding cholesterol moieties became anchored 
in the cell membrane, leading to more efficient drug accumulation in drug-resistant human breast 
and pancreatic adenocarcinoma cells, compared to nonmodified HA-drug conjugates [49]. CHA 
was also conjugated to curcumin; pharmacokinetic analysis revealed improved circulation 
parameters of CHA-curcumin after oral, i.p. and i.v. administration in mice; curcumin nanogels also 
efficiently accumulated in tumors in vivo and inhibited tumor growth [240]. 
 
 
5 Inorganic nanostructured materials 
 
A number of types of nanoparticles composed of inorganic materials have been associated with HA. 
These include semiconductor nanoparticles or so-called quantum dots (typically cadmium sulphide 
and cadmium selenide), metals or metals oxides, and carbonaceous materials such as fullerenes and 
carbon nanotubes. No inorganic nanoparticle for drug delivery has yet achieved marketing 
approval; however, some promising clinical trials are producing robust data. Some examples are: 
NanoTherm®, an iron oxide nanoparticle coated with aminosilane, used in magnetic hyperthermia 
of glioblastoma [241]; gold nanoparticles (CYT-20000), manufactured by covalently linking TNFα 
and a thiolated PTX prodrug onto the surface [242].  
 
5.1 Quantum dots 
 
Quantum dots (QDs) are nanocrystals made of semiconductor materials (CdTe/CdSe, Cd3P2, 
InAs/ZnSe, and InAs/InP/ZnSe) with unique light-emitting properties. QDs, with emission 
wavelength 650 and 800 nm, have been tested in vivo. In order to achieve stable and improved 
molecular imaging, and to reduce their inherent toxicity, a coating may be applied around the QDs, 
using various ligands or organic compounds [243]. Only one research group has coated QDs with 
HA [244, 245]: the conjugation process involved HA with MW of 20, 234 and 3000 kDa, and 
linkage onto QDs was achieved through activated carboxyl terminals, using an ADH linker (Figure 
3, A). An interesting correlation between ADH content (35 and 68 mol%), amount of HA, and liver 
uptake was observed. Using HA of 130 kDa, it was found that HA-QDs conjugated with a lower 
degree of derivatization, maintained sufficient binding sites for HA receptors, and accumulated 
principally in the liver, whereas those with higher ADH content were evenly distributed throughout 
the body [244].  
Analogously, cysteamine-modified HA (7.5 kDa) was employed to coat QDs, through a convenient 
one-step reverse micelle method [246]. About 42% of HA carboxyl groups were converted into 
thiols, and that ensured strong binding to the QD surface, demonstrating long-term stability in 
buffers, excellent fluorescence stability in cell culture medium, and no significant cytotoxicity.  
More recently, QDs were coated with HA (1000 kDa) linked to a melphalan derivative [247]. The 
drug release rate was much faster under acidic conditions (pH = 5.8) and in the presence of HYAL 
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(70%); in vitro tests showed rapid internalization (intense fluorescence) in CD44+ MDA-MB-453 
cells, compared to normal breast cells.    

 
5.2 Metal (gold and iron oxide) nanoparticles 
 
Gold nanoparticles (AuNPs) have a number of physicochemical properties that distinguish them 
from other inorganic nanocarriers, principally chemical inertness, simplicity of surface 
modification, and interesting optical properties. An increasing number of experimental studies 
concern AuNPs exploited for drug and gene delivery, immunotherapy, photo-ablation treatment, as 
well as for use as biosensors and in imaging [248]. 
Coating and targeting with HA has mainly been limited to imaging uses [249]. A hybrid 
nanomaterial was recently developed in which AuNPs were linked in a lattice of thiolated HA 
bearing pheophorbide-A (PheoA), a photodynamic agent. This approach successfully combined 
photothermal therapy (PTT, AuNPs), photodynamic therapy (PDT, PheoA), and a cancer-targeting 
agent [250]. Nanohybrids of 90 nm showed cytotoxicity only after laser irradiation. Photothermal 
images after i.v. injection and irradiation demonstrated pronounced tumor localization. In vivo 
studies on A549 cancer cells implanted subcutaneously showed that, when the tumors were exposed 
to i.v. administration of PheoA-HA/AuNPs every 2 days, for a total of 24 days, and concomitant 
laser irradiation, no tumor growth occurred throughout that period, and significant lesions were 
observed in the tumor tissues [250].  
Other types of metal particles, such as iron oxide or superparamagnetic iron oxide nanoparticles 
(SPIONs), were associated to HA for imaging purposes; among anticancer agents, only DOX has to 
date been linked to HA–coated SPIONs (31 kDa). Through an ADH linker, DOX was conjugated to 
HA (31 kDa) and to amine-containing SPIONs (Figure 6, A). Nanoparticles having a solid core of 5 
nm and a hydrodynamic diameter of 114 nm carried DOX at a DL of 2.1% w/w. Increased magnetic 
resonance imaging of cancer cells, combined with increased cytotoxicity compared to the free drug, 
were reported [251]. 
Another study described the preparation of PEI-stabilized iron oxide nanoparticles, coated with HA 
of two different MW (6 and 31 kDa) [252]. In vitro analyses demonstrated that the nanoparticles are 
specifically taken up by HeLa cells overexpressing CD44 receptors. In addition, the nanoparticles 
with HA of 31kDa had a better targeting ability than those with HA of lower MW. A biodistribution 
study in mice xenografted with HeLa tumor revealed good tumor targeting, although the liver and 
spleen with both types of nanoparticles took up most of the iron.  
Different formulations of SPIONs with surface functionalized with HA (6.8 kDa), with or without 
PEG 10 kDa, have recently been compared in in vitro hyperthermia and in vivo MRI studies. The 
findings showed that HA-SPIONs had better T2 contrast efficiency, with a similar hyperthermia 
effect, compared to the particles containing PEG [253].  

 
5.3 Carbon-based nanoparticles 
 
Among the inorganic nanomaterials, carbonaceous nanomaterials are attracting interest due to their 
excellent mechanical, thermal, and optical properties. These characteristics may allow the 
development of promising platforms, combining diagnosis and therapy into one device. For 
instance, most of these nanomaterials possess strong absorption in the infrared or near infrared 
regions, which is useful for PTT. Some of them (carbon nanotubes or nanodots) can also produce 
fluorescence in the visible and infrared regions, for fluorescence imaging. In addition, carbonaceous 
nanomaterials are able to transform laser-irradiated energy into acoustic signals, making them 
promising agents for photoacoustic imaging. The properties of nano-carbon-based materials vary 
with the dimensions and shape of the particles. Depending on these parameters, they can be 
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subdivided into fullerenes, nanotubes, nanohorns, nanoonions, nanodiamond, nanodots, and 
graphene derivatives [254, 255]. 
The inert composition of these materials is highly beneficial, making them biocompatible and thus 
highly desirable for biological applications; however, since most pristine carbonaceous 
nanomaterials are highly hydrophobic (due to the sp2 carbon structure), appropriate 
functionalization is necessary before they may be used in biomedical applications. The hydrophobic 
interaction, or π–π stacking, enables multiple copies of drugs or DNA/RNA molecules to be 
absorbed. Moreover, the addition of stimulus-responsive polymers (e.g., to light or heat) to 
carbonaceous nanomaterials can also be extremely useful for selective and controllable drug 
release.  
However, the limited data yet available on toxicity means that further efforts are required to 
evaluate in depth not only the potency but also the in vivo fate of these formulations (e.g. 
biodistribution, elimination from the body), and a complete toxicology evaluation must be made, 
before they can be administered safely.   
 

5.3.1 Fullerenes 
The smallest known carbon-based nanostructure, buckminsterfullerene (C60), has received 
considerable attention also in the oncological field, because it is regarded as being an excellent 
photosensitizer for use in PDT. Fullerenes possess almost 100% generation yield of 1O2, and have 
attracted considerable attention as photosensitizers in antitumor applications; however, they can 
also act as “radical sponges”, demonstrating anticancer properties in themselves [256]. 
HA may be a system of choice to improve the solubility in water and biological media of C60. In a 
recent study, the preparation was described of hyaluronated fullerenes [121], produced in the 
presence of lithium hydroxide as catalyst. This reacted with the fullerene to break the π–π carbon 
bonds, after which it was combined with the HA hydroxyl group, yielding various forms of carbon–
oxygen conjugates [257] (Figure 6, B). Using HA (4 kDa) within nanoparticles of 30–60 nm 
induced strong NIR fluorescence. However, fluorescence intensities gradually decreased as the 
degree of C60 substitution increased (from 0.05 to 0.78 C60 per one sugar unit of HA). After 
irradiation, the compounds were found to be cytotoxic to CD44+ cells. After i.v. administration to 
mice bearing HCT-116 human colon cancer cells, C60-HA effectively accumulated in the tumor 
tissue, although high fluorescent intensity was also noted in the liver. 24 h after injection of C60-HA 
(0.05 C60 per one sugar unit of HA) and laser irradiation, significant tumor volume regression 
continued for 7 days.  
The same research group recently proposed a double-targeting conjugate for C60, in which HA and 
Hoechst 33258 (capable of detecting necrotic tumor cells) were linked [258]. In vitro phototoxicity 
and in vivo tumor inhibition both increased after multiple photodynamic treatments. 
Although different products (PDT agents, DOXO, genes) have been described as being successfully 
delivered by C60, no reports of HA-coated C60 loading drugs have yet been published.  

 

5.3.2 Carbon nanotubes  
Carbon nanotubes (CNTs) are graphite-like structures that are inert in nature. In terms of 
biomedical applications, CNTs have shown important potential in several areas, from tissue 
engineering to drug delivery [259].  
Single-walled CNTs (SWCNTs) consist of a single graphene cylinder, with diameter varying between 
0.4 and 2 nm, whereas multi-walled CNTs (MWCNTs) consist of two to several coaxial cylinders, 
each made of a single graphene sheet, surrounding a hollow core. The outer diameter of MWCNTs 
ranges from 2 to 100 nm, and their length from 0.2 to several μm.  
With regard solely to CNTs as drug delivery agents, their major advantages are their inertness, their 
intrinsic imaging properties (fluorescence and Raman scattering), and their high surface area. 
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SWCNTs also exhibit strong absorbance in the near-infrared region, and generate significant 
amounts of heat upon excitation. This photothermal effect can induce the local thermal ablation of 
tumor cells. Further, this effect can also be combined with the concomitant release of CNT-loaded 
drug. Some progress in these techniques has been achieved in recent years, which have been shown 
to be feasible for clinical applications [260]. 
There are three ways in which the carrier can be loaded with drugs. Firstly, the drug can be 
chemically linked onto the surface of CNTs, either permanently or through cleavable linkers. 
Secondly, drugs that possess conjugated aromatic ring systems can be physically adsorbed onto the 
surface of CNTs, through non-covalent π–π and hydrophobic interactions. Thirdly, some drugs can 
be encapsulated within the interior cavity of CNTs.  
Many anticancer drugs have been used with functionalized CNTs, exploiting different chemical 
linkages or entrapping the drug onto/inside the tubes; examples are epirubicin, DOX, cisplatin, 
methotrexate (MTX), QT, and PTX. 
In the attempt to improve water solubility and stability, the effects of coating the surface of CNTs 
have been examined. SWCNTs functionalized by collagen, proteins, polymers, PEGylated lipids, or 
block copolymers, single-stranded DNA, Pluronic copolymers, and HA, have all been described 
[261].  
The selectivity and targeting properties of CNTs can be improved by attaching ligands to their 
surface, for example folic acid, peptides, epidermal growth factor, or antibodies. HA has been 
exploited to increase the solubility of CNTs and to obtain an active targeting effect. Several strategies 
have been developed, whereby HA was covalently linked or adsorbed onto the surface of CNTs.  
A “complete covalent” approach, in which HA bearing drugs was linked to SWCNTs, has been 
described. HA (5 kDa) was functionalized with amino groups at the primary hydroxyl groups, and 
then these were reacted with the carboxylic groups of SWCNTs. The free amino groups of the HA 
chains were then further functionalized with the anti-inflammatory drug ibuprofen, and with MTX 
[262].  
The covalent linkage of HA onto MWCNTs, followed by adsorption of DOX, has also been 
described [263]. After oxidation of MWCNTs, the carboxyl functions were interchanged with 
amine groups, in excess 2,2'-(ethylenedioxy) bis(ethylamine) (Figure 7, A). HA of different MWs 
(120 and 5 kDa) were then condensed to amine groups, and the resulting HA-MWCNTs were 
successively loaded with DOX, obtaining a DL of 33% w/w. Biodistribution studies in the Ehlrich 
ascites tumor-bearing mouse model indicated that HA-MWCNTs were chiefly distributed in the 
liver, lung, and spleen, although to a lesser extent than occurred with uncoated nanotubes. LMW-
HA coated MWCNTs accumulated in tumors with greater efficiency (5.79 and 3.18 times) than did 
free DOX and uncoated MWCNTs, respectively. The efficacy and toxicity were assessed in 
Sprague Dawley rats, with chemically-induced mammary tumors. A single dose of 5 mg/kg 
demonstrated slightly higher antitumoral activity than that of free DOX. 
A similar approach has been described [264] in which HA-decorated SWCNTs were used to deliver 
hematoporphyrin monomethyl ether (HMME, Hemoporfin®), a photosensitizer that has been in 
clinical trials in China since the early 1990s; the goal was to obtain a nanoparticle PDT agent. 
Moreover, PTT-capable CNTs in the NIR region (808 nm), and PDT-capable HMME in the visible 
light region (532 nm), were administered simultaneously to reinforce the antitumor effect. A very 
high DL (70% w/w) was reported. The anticancer activity of these compounds was tested on mouse 
melanoma tumor models (B16F10 cells) by i.v. administration every 2 days, plus laser irradiation. 
Tumors in mice in the irradiated HMME-HA-SWCNTs arm showed the slowest growth (15% vs. 
saline controls). 
A double polymer coating process involving SWNTs was recently proposed, in which chitosan was 
first adsorbed onto carboxyl SWNTs after which HA (MW 6 kDa) was grafted by amidation to the 
wrapping layer (Figure 7, B). Finally, a good quantity of DOX was loaded (48 % w/w) [265]. When 
administered to Sprague Dawley rats, there was a significant modification of blood parameters, 
although it was similar to that occurring with DOX. Pathological alterations were found in spleen 
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and lung tissues, indicating some response to the materials. These effects were more evident for the 
SWNT–chitosan. In a similar approach SWCNTs were considered for the delivery of salinomycin 
(SAL), a polyether antibiotic recently identified as a selective inhibitor of human breast cancer stem 
cells. In this system, SAL-SWCNT complexes were firstly prepared and then non-covalently 
wrapped with chitosan. HA was finally bonded to the outer chitosan layer. The resulting system was 
tested on CD44+ subpopulations of human gastric cancer stem cells. Although the loading dose was 
around 40% (w/w) and the maximum release of SAL was 60%, HA-coated SWCNTs reduced 
growth of the tumosphere, inhibited the self-renewal capacity of CSCs, and enhanced apoptosis and 
necrosis, to a greater extent than did SAL-SWNTs-chitosan or free SAL, on this population [266]. 
Alternatively, PEI was also proposed to covalently coat MWCNTs. Improved activity of loaded 
DOX was observed on CD44+ cell line [267].  
It has also been proposed that SWCNTs be coated with HA, exploiting the hydrophobic properties 
of cholanic-derivatized HA (234 kDa) (see micelle section). Probe sonication was required to induce 
the hydrophobic interaction of cholanic acid with the SWCNT surface, and in turn disrupt the 
intertube van der Waals interactions. The HA chain was also chemically labeled with fluorescent 
dyes and a PET probe, to confirm selective CD44 receptor uptake in cells and in vivo. 
Biodistribution studies on an SCC7 tumor-bearing mouse model demonstrated rapid uptake by the 
RES organs, but long-term accumulation of HA-SWCNTs in the tumor regions [268]. An analogous 
approach, in which HA (750 kDa) was linked to phospholipids (DOPE, DLPE and DPPE), (Figure 
7 , C), confirmed the increased solubility and reduced liver toxicity of SWCNT derivatives [269].  
Interestingly, semiconducting SWCNT loaded with DOX have been compared with a HA-cholanic 
or phospholipid-PEG coating [270]; the nanoparticles were tested against MDR ovarian OVCAR8 
cells. In vitro DOX nuclear localization demonstrated the superiority of HA-coated SWCNTs 
compared to untargeted particles. Mice xenografted with MDR OVCAR8 were given a single dose 
of targeted nanotubes (corresponding to 12 mg/kg DOX) and laser irradiation (808 nm) was applied 
after 24 h. Although biodistribution studies, by Raman spectroscopy, showed high liver and spleen 
localization, the targeted nanotubes combined with PTT afforded complete tumor eradication. 

 

5.3.3 Graphene 
Graphene oxide sheets (GO) possess a unique 2D structure (thickness 0.8-1.3 nm, lateral width 50-
500 nm) and bear functional groups, including epoxy, hydroxyl, and carboxylic acid moieties, via 
which they can be conjugated with biomolecules [271]. Li et al. were the first to employ HA-
conjugated GO in PDT studies. The GO was linked with HA (5.8 kDa), by reaction with ADH and 
conjugation with EDC (Figure 6, C). The nanomaterial afforded physical loading of the 
photosensitizer agent Ce6. When tested on HeLa cells, HA–GO/Ce6 demonstrated excellent 
solubility and improved photodynamic efficacy compared to free Ce6 [272]. Successively, HA (12 
kDa) linked to GO through an EDA linker was used to deliver mitoxantrone (MIT), in order to 
mediate the photothermal effect and simultaneous drug release [273]. The biodistribution study 
showed prolonged circulation of HA-GO and prevalent excretion via the kidneys. Significantly 
enhanced antitumor efficacy for MIT/HA-GO plus laser irradiation, versus other groups, was 
reported although tumor growth was only monitored for six days. Other studies have reported that 
HA-GO can deliver DOX, without adding any photothermal effect [274]. 
Hybrid systems, such as HA/GO composite hydrogels, have been proposed to improve loading and 
release of small drugs. In particular, a larger amount of DOX can be loaded in HA-GO hydrogels 
than in HA hydrogels, thanks to the inclusion of GO in the gel network. Sustained release and 
prolonged anticancer activity were also reported [275]. 
Graphene quantum dots (GQDs) are nanometer-sized fragments of graphene have attracted great 
interest in the biomedical field, because of their performance in bioimaging: they possess stable and 
strong fluorescence, along with electrical and thermal conductivity. In comparison to colloidal QD, 
GQD do not possess intrinsic toxicity, and are highly stable to conjugation. To assess GQDs for 
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efficient receptor-mediated delivery as theranostic agent, HA-coated and DOX-loaded composite 
were proposed.  
After anchoring HA through catechol linkage, the size of GQDs increased from 5–12 nm to 35–55 
nm, but strong blue luminescence was observed in both cases. HA-GQDs can load ~75% of the 
DOX initially applied. On CD44+ A549 cells, the native toxicity of GDQs was reduced after HA-
derivatization. However, compared to DOX-loaded material, there was a significant increase in 
cytotoxicity. After i.v. administration in tumor bearing mice, both native GQDs and HA-modified 
GQDs were found in the liver and kidney, although the quantity of HA-GQD accumulating in tumor 
tissues was double that with native GDQs [276].  
 
5.4 Mesoporous silica nanoparticles  
 
Mesoporous silica nanoparticles (MSNPs) are now attracting attention as promising components of 
multimodal inorganic nanoparticle systems, owing to their straightforward synthesis, tunable pore 
size and shape, large loading capacity, good chemical stability, and good biocompatibility [277]. 
‘Smart’ MSNPs can be further designed to be sensitive to internal stimuli (pH, GSH concentration, 
enzymes, or small molecules) or external stimuli (light, temperature, or magnetic field) [277]. In a 
recent development, MSNPs with pores of average diameter 2.9 nm were modified with 3-(2-
aminoethylamino)propyltrimethoxysilane, after which HA (100 kDa) was conjugated by a 
carbodiimide reaction [278]. HA covered the MSNP pores, and complete release of rhodamine B, 
used as model drug, was achieved, but only after treatment with HYAL (Figure 6, D). Cytotoxicity 
assays of MSNP-HA loading DOX (at 68.5 µg/g SiO2), using both CD44-expressing and control 
cell lines, showed a small but significant increase in activity on the CD44+ cells.  
A dual-stimulus responsive delivery system was achieved, by first loading DOX on MSNPs bearing 
thiol groups, then capping the surface through an amino-disulfide, and finally reacting the exposed 
amino groups with HA through EDC. Interestingly, a higher DOX DL (20% w/w) was reached 
using thiol MSNPs, whereas when NP-amino derivatives were used, due repulsive interactions 
reduced the loading dose to 3%. As expected, release was accelerated in the simultaneous presence 
of GSH and HYAL [279]. 
An improved technique has been described in which multifunctional silica mesoporous 
nanocapsules (MSNCs) decorated with HA demonstrated in vivo theranostic ability [280]. MSNCs 
with ultrasound-sensitive perfluorohexane and irinotecan encapsulated within, and a redox-
responsive copolymer of PEG-disulfide linked to HA decorated on the outer surface, were 
produced. In vitro studies on targeting, followed by ultrasound imaging, demonstrated that binding 
to the CD44 receptor facilitates the accumulation of nanoparticles within cells. The ultrasound 
external pulsed stimulus afforded rapid release of the encapsulated drug. Nanoparticles with a 
hydrodynamic volume of 850 nm were then i.v. injected, and in vivo intensified ultrasound-guided 
high-intensity focused ultrasound (HIFU) ablation therapy was conducted on subcutaneously 
implanted HeLa tumor-bearing nude mice. The biodistribution study revealed elevated 
concentrations of nanoparticles in the lung, spleen, liver, and tumor. A synergic effect between 
HIFU ablation and HIFU-triggered release of irinotecan was achieved, with significant tumor 
regression. 
Silica can also be employed to generate multi-structured solid core-shell nanoparticles (SNPs) with 
theranostic capacity. For example, SNPs with a fluorescent (FITC) core were produced using 3-
(aminopropyl)-triethoxysilane, co-polymerized with tetraethylorthosilicate in an oil–water 
microemulsion. A coating of HA (31 kDa), covalently linked through an amide bond, increased the 
SNP’s solubility, and produced CD44 targeting. In the latest step, DOX was linked to HA using 
conjugation with ADH, obtaining a DL of 0.6% (w/w) [281]. The activity and specificity were 
assayed on cell lines and in 3D cell models (SKOV-3 spheroids); it was found that the HA coating 
significantly enhanced the SNP’s tumor penetration ability and activity, including against DOX-
resistant ovarian cancer cells, compared to free drug [282]. 



 

 32 

A recent article describes a strategy whereby several properties can be collected into a single 
vehicle. Tubular shaped silica particles (SNTs) with a porous structure contained a compact SPION 
layer, loaded DOX, and could be coated with HA (SNT@SPION-DOX-HA) [283]. Briefly, the 
SNTs were fabricated by silica coating on a nickel-hydrazine complex, followed by acid etching. A 
deposit of SPION layer (average particle size 7 nm) was placed by thermodecomposition. The iron 
surface was then modified with a layer of dopamine, which enabled the subsequent adhesion of HA 
by electrostatic attraction. DOX was finally loaded into the hollow interior of SNT (pore size 0.8-
2.5 nm) in a DL of 18.7% (w/w). Theranostic properties were evaluated by i.v. injection of 
SNT@SPION-DOX-HA into mice bearing 4T1 breast tumor on both flanks. MRI was first 
performed, applying a magnet only to the left flank. The magnetic field enhanced MR contrast 
(50% T2 signal intensity decrease) on the left flank, 24 h after administration. Biodistribution data 
revealed considerable accumulation in tumor tissue, although less marked than in the liver and 
spleen. On applying the magnetic field, there was a significant increase of nanocomposite 
localization in the tumor, together with a decrease in the RES organs.  

 
6. Microparticles 
 

Microparticles are solid particles in the size range 1-1000 µm, which that can be used as drug 
carriers; many different drugs may be incorporated into microparticles, and different materials may 
be adsorbed or chemically bonded onto them, for various purposes [284]. These carriers are used 
for a number of applications, including: to protect a drug, to achieve controlled release, to decrease 
toxic side effects, and to mask taste. Like nanoparticles, microparticles exist as microspheres, which 
are matrix systems in which the drug is dispersed within the polymer throughout the particle. At the 
same time they are also like microcapsules, which are vesicular systems in which the drug is located 
in an inner cavity surrounded by a continuous, thin polymer layer. The large number of materials 
and manufacturing methods available for microparticle production make them attractive and 
versatile tools for drug delivery. 
Among the reported microcarriers, HA-associated microparticles are a heterogeneous family of 
structures, in which HA may be a constituent of the carrier (alone or associated to other agents), one 
of the components of the inner core, or even the polymeric material that modifies the microparticle 
surface. HA-microparticles have been studied extensively as long-lasting injectable soft tissue 
fillers, and as carriers in degenerative joint diseases, thanks to their ability to ensure sustained 
delivery and provide a high concentration of the active agent at the site of action [285, 286]. 
With regard to anticancer drug delivery, prolonged drug release is of especial importance, and thus 
HA-associated microparticles have been widely proposed as antitumor drug carriers. HA-
microparticles are not only able to tune the release of the active agent, but can also promote targeted 
delivery of the antitumor drug. Moreover, the enhanced antitumor effect that these systems have 
shown, both in vitro and in vivo, compared to the free drug, has given HA-associated microparticles 
great potential for anticancer drug delivery, as many studies have reported.  
HA was conjugated through its carboxylic groups to CDDP at a high temperature, to obtain 
“Hyplat” microparticles, in which HA was cross-linked to the drug. In these carriers, HA serves as a 
biodegradable and biocompatible polymeric matrix, onto which the drug may be linked, and at the 
same time as a targeting agent for the CD44 receptor. It was observed in vitro that OV2008 and 
A2780 CD44+ cells internalized Hyplat more efficiently than did UCI101 CD44- cells. This 
microparticulate system had favorable pharmacokinetic characteristics since, after i.p. 
administration in mice, clearance of Hyplat from the peritoneum was reduced to one seventh, and 
tumor uptake was enhanced 2-3-fold in the CD44+ tumor model compared to free drug. Moreover, 
Hyplat particles were more effective than the parent drug in inhibiting the growth of i.p. inoculated 
A2780 ovarian cancer cells [287]. 
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MTX was encapsulated into a mixture of HA and sodium alginate (SA), with the goal of limiting its 
side effects, modulating its release, and protecting it from oxygen, pH, and other interactions. The 
microcapsules were prepared using the vibrational nozzle technique, by dropping a mixture of HA, 
alginate, and MTX into a calcium chloride solution; HA, alginate, and calcium chloride generated 
the encapsulating cross-linked barrier containing MTX; drug loading depended on the preparation 
conditions. HPLC analysis showed that the combination of SA and HA provided microcapsule 
stability. Encapsulated MTX showed controlled release and enhanced cytotoxicity in 5RP7 rat 
fibroblast cancer cell line [288]. 
A similar approach was adopted to prepare of radiosensitive liquid core microcapsules, composed 
of HA and SA, and encapsulating carboplatin. In the manufacturing procedure, a mixture of HA, 
SA, carboplatin, and a fluorescent marker was added to a calcium chloride solution supplemented 
with yttrium, to achieve calcium- and yttrium-induced polymerization. The addition of yttrium lead 
to microcapsules that more easily rupture. The antitumor effect was evaluated after microcarrier 
subcutaneous injection plus irradiation, on an inoculated Meth A fibrosarcoma in mice. The 
microcapsules exhibited a synergistic antitumor effect when combined with 2-Gy irradiation, 
showing increased intratumoral carboplatin concentration and prolonged drug release, which was a 
consequence of the decomposition of HA by radiation-induced superoxides [289]. 
For the purpose of gene delivery, HA was conjugated onto bPEI by the reductive amination 
reaction, to formulate plasmid DNA complexes encapsulated into PLGA microparticles. This 
approach aimed to diminish the cytotoxicity of bPEI and, at the same time, to achieve higher 
nucleic acid entrapment and more prolonged expression of DNA. The HA negative charges mitigate 
the positive charges associated with bPEI; moreover, the presence of HA oligosaccharides may 
increase DNA loading, since they stabilize the DNA/bPEI complexes. Lastly, the incorporation of 
an acid, HA, into the microparticulate system accelerated degradation of the PLGA, thus 
accelerating the release of DNA from the microparticles incorporating bPEI-HA, and enhancing cell 
transfection of the complexes [290].  
HA was also used to modify the surface of microparticles, to obtain targeted drug delivery to tumor 
cells. In one approach, microbubbles (microparticles with a gas core) were prepared with poly(vinyl 
alcohol) (PVA), a polymer used in biomedicine as a bioinert support material [291]. In this system, 
cross-linked PVA chains formed the shell of microbubbles that contained an air-filled core, so that 
these carriers could be used as ultrasound contrast agents. To add HA to microbubbles, different 
aldehyde group-bearing HA derivatives were obtained by oxidation, and were then coupled onto the 
surface of PVA microbubbles by acetalization. DOX was also loaded into PVA-shelled 
microbubbles, deriving liquid-filled PVA microcapsules, with the goal of obtaining a new 
theranostic tool. Analysis of the in vitro behavior of these microcarriers on a CD44+ HT-29 cell line 
showed that endocytosis was increased by the presence of the HA coating, which was characterized 
by a higher degree of oxidation. Moreover, drug release was prolonged when the HA-coating was 
present [292]. The same research group prepared injectable microgel particles of PVA coated with 
HA. Microgels are a class of three-dimensionally cross-linked hydrogels, confined within 
micrometer-sized particles. In this study, PVA derivatives (azide-bearing PVA and alkyne-bearing 
PVA, molar ratio 1:2) were cross-linked through click chemistry (azide-alkyne cycloaddition), and 
microgels were formed by combining the synthetic approach with the inverse emulsion droplet 
technique. The PVA-based microparticles were then coated with HA using the click chemistry 
approach, by reacting residual alkyne groups on the microgel surface with HA-azide. Click 
chemistry is a well-known synthetic strategy that presents several positive features, including high 
yields, mild reaction conditions, and the absence of toxic by-products [293]. In vitro tests showed 
that HA-coated microgels were internalized into HT-29 cells to a greater extent than uncoated 
microgel particles. DOX was then adsorbed onto the HA-coated microgel surface; drug adsorption 
was stabilized by the presence of the negative charges of HA, and the HA network also lead to 
sustained in vitro drug release [294]. 
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7. Hydrogels 
 

As well as the HA-based drug delivery systems described above, HA hydrogels formulation have 
found numerous biological applications in medicine and in cosmetic preparations, thanks to their 
high water content and consequent biocompatibility. Hydrogels have been successfully used as non-
immunogenic filler, in cell delivery for tissue regeneration, as 3D cultures for cell expansion and 
recovery, in the study of tumor models, wound healing, and molecule delivery; the market is 
continuously increasing world-wide [295-298].  
HA hydrogels are complex 3D cross-linked matrixes, that swell with water absorption and shrink on 
degradation, in which drugs can be loaded by either association or through covalent linkage [299]. 
HA hydrogels fall into the category of “living” HA derivatives, i.e. conjugates able to form further 
covalent bonds in the presence of other molecules or cells. The mechanical properties (stiffness, 
viscosity), drug content, and rate of biodegradation of HA hydrogels can be tuned by varying 
different parameters, such as HA MW, cross-linkages, and the percentage of derivatization. 
Injectable hydrogels are of considerable interest, presenting a number of advantages: they can take 
on the shape of the target cavity, and only require minimally-invasive surgery, thus reducing the 
risk of infection and complications. Nevertheless, despite their versatility, tenability, and the wide 
range of applications of these systems, some biological properties of hydrogels (such as non-
toxicity and ability to incorporate molecules) must be taken into account if they are to be used for 
biomedical applications. The production of hydrogels must consider the biological compatibility of 
the different strategies of cross-linking chemistry, including the choice of reagents and by-products, 
which must be non-toxic and non-immunogenic. Moreover, appropriate molecule loading and 
gradual release must be achieved: for example, the incorporation of small drug molecules may limit 
applicability for the passive diffusion of such drugs out of highly porous hydrogels, or drug-
polymer interactions may decrease drug release. Lastly, the rate of degradation is another crucial 
point: in some cases, multi-stimulus responsive degradation is required to assure complete drug 
release [299]. 
With regard to the chemical approach, HA hydrogels can be formed using addition and 
condensation reactions, usually through disulfide, hydrazide, enzymatic, and click reactions; 
additionally, HA hydrogels can be obtained by photopolymerization and electropolymerization, or 
by the combination of different techniques. For a complete review see Burdick J.A. et al. [299].  
With regard to HA-based drug delivery, there is much interest in the field of anticancer therapy, 
since HA hydrogels can be employed to achieve both slow, controlled release of the drug, and 
enhanced antitumor activity. Sustained-release systems can increase local drug concentrations, and 
thus reduce systemic drug levels. Several of the above synthesis strategies have been applied to 
obtain HA cross-linked matrixes loaded with anticancer drugs. Moreover, some approaches have 
produced more complex structures, so as to further improve the efficacy of HA hydrogels, by 
preparing HA copolymers and hybrid matrixes. 
Among anticancer drugs, CDDP was incorporated into an in-situ cross-linkable HA hydrogel, 
obtained from two polymers: HA-ADH and HA-aldehyde (200 and 10 kDa). In-vitro tests on the 
HA hydrogel showed that the speed of gelation and the period of sustained release of CDDP could 
be controlled by changing the concentration of the polymers. After i.p. administration in a mouse 
model of peritoneal carcinomatosis, the CDDP-HA hydrogel released the drug through matrix 
degradation mediated by peritoneal HYAL, and produced a stronger antitumor effect than the free 
drug [300]. CDDP was also loaded into a thermosensitive HA hydrogel, grafted first to poly(N-
isopropylacrylamide) (PNIPAM) and then to gelatin, for intravesical administration in rats. The 
resulting hydrogel presented a highly fibrous structure, thanks to the addition of gelatin. This 
system can act as drug depot, owing to its bioadhesion to the bladder mucosa, enabling it to extend 
drug exposure in the bladder cavity beyond the voiding of urine. In vivo, the hydrogel doubled the 
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drug concentration in the bladder wall compared to a CDDP aqueous solution [301], probably 
because of the strong interactions between CDDP and the copolymers that reduce the delivery rate. 
Other research groups have developed anticancer drug-loaded thermoresponsive HA hydrogels, 
which undergo sol-gel phase transition under the stimulus of body temperature; in particular, 
hexamethylene diisocyanate and Pluronic F127 were added to HA to form an injectable DOX-
loaded hydrogel, which self-assembled into a micellar structure at 37 °C, and maintained that 
structure for 30 days. The hydrogel degradation time could be extended and tuned by varying the 
concentration of hexamethylene diisocyanate and Pluronic F127. This system showed in vitro and 
in vivo sustained drug release [302]. A similar approach was reported by another research group 
[303]. 
A HA-based hydrogel was prepared to incorporate PTX in microparticulate form (diameter > 100 
µm), then compared to a Taxol®-based hydrogel (PTX micelles of 14 nm). The microparticulate 
PTX hydrogel gradually released PTX in vitro when degraded by HYAL, while the Taxol®-based 
formulation showed low drug retention. After i.p. administration to tumor-bearing nude mice, the 
microparticulate HA-PTX gel lead to prolonged drug retention in the peritoneal cavity, but had a 
comparable anticancer effect to the Taxol®-based formulation. The study authors suggested these 
results were probably due to the limited dissolution of PTX in the small volume of the peritoneal 
region [304]. 
Four-arm PEG cross-linked HA hydrogels were prepared to load tumor necrosis factor-related 
apoptosis-inducing ligand (TRAIL), a type II transmembrane protein, which in humans has 281 
amino acids, and its PEGylated analogue (PEG-TRAIL). The negative charge of HA, due to the 
carboxylic acids, strongly binds to the positive charge of TRAIL. In vitro, PEG-TRAIL was more 
stable in HA hydrogels than was TRAIL (14 and 3 days, respectively); PEGylation probably 
decreased the initial burst release. The antitumor activity of loaded hydrogels was evaluated in 
MiaPaca-2 cell-xenografted mice. PEG-TRAIL release was faster in vivo than it was in vitro; 
however, antitumor activity was stronger than that of HA-associated TRAIL. This system may be 
considered safe, since it consists of only HA and PEG, which are both suitable for in vivo use in 
humans [305, 306] .  
Tyramine was added to HA injectable hydrogels, through the oxidative coupling reaction of the 
tyramine moieties, catalyzed by hydrogen peroxide and horseradish peroxidase; a protein, 
interferon-α2a (IFN-α2a), was incorporated into these hydrogels, which are of varying stiffness, for 
liver cancer treatment. After subcutaneous injection in HAK-1B bearing mice, HA-tyramine 
hydrogels produced higher IFN-α2a concentrations in both plasma and tumor tissue (up to 3-fold) 
than did an IFN-α2a solution. Moreover, in tumor-bearing mice, loaded hydrogels effectively 
inhibited tumor growth and angiogenesis [307]. 
An example of a molecule covalently linked to a HA hydrogel for anticancer treatment is bovine 
serum amine oxidase; this molecule induces cytotoxicity through the oxidative stress caused by 
polyamine metabolites. To covalently immobilize the enzyme, cholesterol moieties were covalently 
linked to HA chains; carbodiimide chemistry was then used to link bovine serum amine oxidase 
lysine groups. The enzyme-loaded HA nanostructured injectable hydrogel showed increased 
anticancer activity on the M14 melanoma cell line than the free enzyme [308]. 
An acid-labile hydrazone linkage was formed to conjugate DOX to thiolated HA, so as to obtain 
dual-stimulus-response drug release. Once exposed to the air, an aqueous solution of the HA-DOX 
conjugate formed a thixotropic hydrogel. DOX could be released in pH- and reduction-responsive 
modes, under conditions mimicking the intracellular environment of cancer cells. In particular, the 
cumulative release of conjugated DOX was significantly accelerated at a mildly acidic pH of 5.0–
6.0, and in the presence of GSH. The DOX-HA hydrogel was tested in vitro on human 
nasopharyngeal carcinoma CNE2 cells, and showed good anticancer activity [309]. 
Bisphosphonate was conjugated to cross-linked HMW-HA, and the activity of this injectable 
hydrogel was evaluated in vitro, on the more-CD44+ HCT-116 cells, and the less-CD44+ HEK-
293T cells. Preliminary results showed that the specific drug release was triggered by degradation 
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of the HA-bisphosphonate conjugate mediated by HYAL, and that the smaller fragments of the HA-
bisphosphonate prodrug were cell internalized by receptor-mediated endocytosis [310]. 
HA hydrogel scaffolds have also been studied to encapsulate DNA and siRNA for anticancer 
therapy. In one approach, DNA/PEI polyplexes were loaded into PEG, HA, and protein fibrin cross-
linked hydrogels (all materials that are currently used in the clinic) through a process called “caged 
nanoparticle encapsulation” (CnE); this technique allowed the incorporation of stable, non-
aggregated polyplexes, which displayed in vivo activity, as shown using a chorionic chick embryo 
assay. These systems avoid the aggregation and inactivation of the polyplexes that often occur 
inside hydrogel scaffolds, since the CnE technique utilizes neutral saccharides (sucrose) and 
polysaccharides (agarose), which protect the polyplexes from aggregation and inactivation, during 
lyophilization and hydrogel formation, respectively. The study authors hypothesize this protection 
came about thanks to an increase in the viscosity of the gel precursor solution, and a caging effect 
of the agarose polymers to the polyplexes [311, 312]. 
 
8. HA as an excipient for anticancer drugs 
 

The unique tertiary structure of HMW-HA (825 kDa) has been exploited, in association with 
specific ionic formulation components, to entangle different anticancer drugs (irinotecan, DOX, 
5FU, MTX) into the HA meshwork, in an approach known as HyACT® technology (Alchemia Ltd.) 
[313, 314]. From the regulatory standpoint, the main advantage of this formulation is the absence of 
chemical modification of either HA or the drug. Preclinical data demonstrated anticancer activity 
and an improved safety profile. Clinical trials have been carried out on 5FU-refractory patients with 
metastatic colorectal cancer. Phase I trials, on twelve patients, showed that HA-irinotecan was safe, 
well-tolerated, and that the therapeutic effectiveness of irinotecan was not compromised [314]. A 
phase II trial, involving 41 patients, confirmed the benefits of the HA formulation, in terms of 
progression-free survival and safety [315]. A phase II trial of FOLF (folinic acid, 5FU) and HA-
irinotecan plus cetuximab, is currently recruiting (NCT02216487). Unfortunately, (October 2014) 
Alchemia Ltd. announced that its pivotal Phase III trial in the treatment of patients with metastatic 
colorectal cancer (NCT01290783) had not met its primary endpoint of statistically-significant 
improvement in progression-free survival [316].    
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Table 2. Selected HA-based drug delivery systems with the most advanced in vivo results available. 
 
Type HA constituents Drug(s) D.L. 

(E.E.)% 
Administration 
route 

Disease (site of 
growth) 

Application Tumor model  Ref 

Micelles HA-
PHis/TPGS2k 

doxorubicin 10 i.v. Breast cancer (s.c.) Imaging MCF-7/ADR [119] 

Micelles HA-ss-DOCA paclitaxel 34 i.v. Breast cancer (s.c.) Imaging, antitumor effect, 
toxicity 

MDA-MB-
231 

[120, 
121] 

Micelles HA-ss-(OA-g-
bPEI) 

paclitaxel, 
AURKA siRNA 

13 (PTX) i.v. Breast cancer (s.c.) Imaging, antitumor effect MDA-MB-
231 

[122] 

Micelles HA-5β-cholanic 
acid 

paclitaxel 7.7 i.v. Squamous cell 
carcinoma (s.c.) 

Antitumor effect SCC7 [127] 

Micelles FA-HA-C18 paclitaxel 15 i.v. Breast cancer (s.c.) Pharmacokinetics, 
biodistribution 

MCF-7 [130, 
131] 

Micelles HA/ATRA-PEI ATRA - i.v. Colon cancer (s.c.) Antitumor 
effect/immunomodulator 

CT-26, HCT-8 [135] 

Micelles MLDC doxorubicin, 
ApoG2 

13 i.v. Prostatic cancer 
(s.c.) 

Biodistribution, antitumor 
effect 

PC-3 [136] 

Liposomes  HA, 
phospholipids, 
cholesterol 

mitomycin (53) i.v. Different human 
models in mice 

Toxicity, pharmacokinetics, 
biodistribution, antitumor 
effect 

Different 
cancer cell 
lines 

[161] 

Liposomes HA, 
phospholipids, 
cholesterol 

doxorubicin (78)  i.v. Different human 
models in mice 

Pharmacokinetics, 
biodistribution 

Different 
cancer cell 
lines 

[162] 

Liposomes HA-ceramide, 
phospholipids, 
cholesterol 

doxorubicin -
Magnevist 

1.6  i.v. Breast cancer (s.c.) Imaging, pharmacokinetic MDA-MB-
231 

[158] 

Liposomes HA-DPPE, 
phospholipids, 
cholesterol 

Gemcitabine 
prodrug 

(89) i.p. Pancreatic cancer 
(s.c.) 

Antitumor effect MiaPaca2 [154, 
159] 

Liposomes HA, 
phospholipids, 
cholesterol 

paclitaxel (97) i.v. Hepatocellular 
cancer (s.c.) 

Imaging, antitumor effect HepG2 [163] 
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Liposomes HA, 
phospholipids, 
cholesterol 

miR34a beacon - i.v. Breast cancer (s.c.) Imaging MDA-MB-
231 

[144] 

Liposomes HA, 
phospholipids, 
cholesterol 

3H-lipids, cyanine  i.v. Breast cancer (s.c.) Pharmacokinetics, 
biodistribution, imaging 

MDA-MB-
231 

[146] 

Polymeric 
nanoparticles 

HA-PLGA docetaxel 3 i.v. Breast cancer (s.c.) Pharmacokinetics, 
biodistribution, antitumor 
effect 

MDA-MB-
231 

[176] 

Polymeric 
nanoparticles 

HA-PEG-PLGA doxorubicin  (> 88)  i.v. Ehrlich ascites 
tumor (s.c.) 

Toxicity, biodistribution, 
antitumor effect 

EAT [177] 

Polymeric 
nanoparticles 

HA-PEG-PCL doxorubicin (> 85) i.v. Ehrlich ascites 
tumor (s.c.) 

Toxicity, biodistribution, 
antitumor effect 

EAT [178] 

Polymeric 
nanoparticles 

HA-PEG-PLGA 5fluorouracil (80)  i.v. Ehrlich ascites 
tumor (i.p. 

Toxicity, biodistribution, 
antitumor effect 

EAT [179] 

Polymeric 
nanoparticles 

HA-ss-PLGA doxorubicin 8 i.v. Breast cancer (s.c.) Biodistribution MDA-MB-
231 

[181] 

Polymeric 
nanoparticles 

HA-ss-PLGA doxorubicin, 
cyclopamine 

(71 DOX, 
58 CYC) 

i.p. Breast cancer (s.c.) Antitumor effect MDA-MB-
231 

[182] 

Polymeric 
nanoparticles 

HA-PCL doxorubicin 9 i.v. Squamous cell 
carcinoma (s.c.) 

Biodistribution, antitumor 
effect 

SCC7 [183] 

Polymeric 
nanoparticles 

HA-PBCA paclitaxel (90)  i.v. Sarcoma (s.c.) Antitumor effect S-180 [187] 

Polymeric 
nanoparticles 

HA-PBCA/TPGS morin 7 i.v. Sarcoma (s.c.) Antitumor effect S-180 [188] 

Polymeric 
nanoparticles 

HA-PDIPASP doxorubicin, 
chlorin e6 

14 (DOX) i.v. Colon cancer (s.c.) Tumor accumulation, 
antitumor effect 

CT-26 [189] 

Polymeric 
nanoparticles 

PLGA folate- paclitaxel, 
HA-baicalein 

(91  PTX, 
88 
baicalein) 

i.v. Lung cancer Antitumor effect A549 [190] 

Lipid 
nanoparticles 

HA-ceramide docetaxel 8 i.v. Breast cancer (s.c.) Tumor targeting MCF-7-ADR [192] 

Lipid 
nanoparticles 

HA-ceramide doxorubicin 6 i.t., i.v. Melanoma (s.c.) Antitumor effect B16F10 [193] 
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Lipid 
nanoparticles 

HA-ceramide-
PEG 

doxorubicin 12 i.v. Squamous cell 
carcinoma (s.c.) 

Tumor targeting, 
pharmacokinetics, 
antitumor effect 

SCC7 [194] 

Lipid 
nanoparticles 

HA-5β-cholanic 
acid-PEG 

doxorubicin, 
camptothecin 

32 (DOX), 
34 (CPT) 

i.v. Breast cancer (s.c.) Antitumor effect MDA-MB-
231 

[197] 

Lipid 
nanoparticles 

HA-5β-cholanic 
acid-PEG 

Irinotecan 21 i.v. Colon cancer (s.c.) Antitumor effect HT-29 [199] 

Lipid 
nanoparticles 

HA-5β-cholanic 
acid-PEG-APMA 

paclitaxel 6 i.v. Squamous cell 
carcinoma (s.c.) 

Biodistribution, antitumor 
effect 

SCC7 [201] 

Lipid 
nanoparticles 

HA-5β-cholanic 
acid-PEG/CaP 

doxorubicin 8 i.v. Squamous cell 
carcinoma (s.c.) 

Biodistribution, antitumor 
effect 

SCC7 [202] 

Lipid 
nanoparticles 

HA-lipoic acid doxorubicin 12 i.v. Breast cancer (s.c.) Biodistribution, antitumor 
effect 

MCF-7-ADR [203] 

Lipid 
nanoparticles 

HA-all-trans 
retinoic acid 

paclitaxel 29 i.v. Melanoma (s.c.) Antitumor effect B16F10 [204] 

Lipid 
nanoparticles 

HA-tocopheryl 
succinate/TPGS 

docetaxel 6 i.v. Breast cancer (s.c.) Biodistribution, antitumor 
effect 

MCF-7/ADR [206] 

Lipid 
nanoparticles 

HA-
glycyrrhetinic 
acid 

doxorubicin 34 i.v. Hepatocellular 
carcinoma (s.c.) 

Biodistribution, antitumor 
effect 

HepG2 [208] 

Lipid 
nanoparticles 

HA-aminooctane, 
HA-PEG 

cisplatin 18-20 i.v. Lung cancer (s.c.) Biodistribution A549 [210] 

Lipid 
nanoparticles 

HA-CHEMS docetaxel 3 i.v. Breast cancer (s.c.) Biodistribution, antitumor 
effect 

MCF-7 [211] 

Lipid 
nanoparticles 

HA-CHEMS docetaxel 10 i.v. Breast cancer Pharmacokinetics, 
biodistribution, antitumor 
effect 

4T1 [212] 

Solid lipid 
nanoparticles 

HA/lipids paclitaxel 4 i.v. Melanoma i.v. Biodistribution, antitumor 
effect 

B16F10 [214] 

Nanostructured 
lipid carriers 

HA-alendronate, 
lipids 

Irinotecan - i.v. Ehrlich ascites 
tumor (s.c.) 

Biodistribution, antitumor 
effect 

EAT [219] 

Nanostructured 
lipid carriers 

HA/lipids 5fluorouracil-
stearic acid + 
cisplatin 

(90 5FU-
stearic 
acid, 89 

i.v. Gastric cancer Antitumor effect BGC823 [220] 
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CDDP) 
Nanostructured 
lipid carriers 

HA/lipids paclitaxel 4 i.v. Melanoma (s.c.) Pharmacokinetics, 
biodistribution, antitumor 
effect 

B16 [221] 

GAGs HA, 
phospholipids paclitaxel (100) i.v. Colon cancer 

(s.c.) 

Biodistribution, 
pharmacokinetics, 
antitumor effect 

CT-26 
[222] 

GAGs HA, 
phospholipids doxorubicin (60) i.v. Ovarian cancer 

(s.c.) 

Biodistribution, 
pharmacokinetics, 
antitumor effect 

NAR-GFP 
[225] 

GAGs 
HA, 
phospholipids, 
cholesterol  

methotrexate (>60) i.v. Melanoma (s.c.) Biodistribution, 
antitumor effect B16F10 

[226] 

Coated 
nanogels 

HA-chitosan + 
Eudragit S100 

Oxaliplatin (40)  Os Colon cancer Biodistribution, antitumor 
effect 

HT-29 [230] 

Nanogels HA/chitosan doxorubicin + 
MiR-34a 

(48 DOX, 
91 MiR-
34a) 

i.v. Breast cancer (s.c.) Antitumor effect MDA-MB-
231 

[231] 

Complexes HA-PEI/HA-PEG MDR1 siRNA - i.v. Ovarian (s.c.) Antitumor effect OVCAR8TR [233] 
Complexes HA-PEI/HA-PEG MDR1 siRNA - i.v. Ovarian (s.c.) Antitumor effect SKOV-3TR [234] 
Complexes HA-g-PEG, PCL-

g-PDMAEMA 
pDNA - i.v. Hepatocellular 

carcinoma 
Gene expression HepG2 [235] 

Complexes DNA, 
methacrylated 
HA and 
protamine  

doxorubicin - i.v. Breast cancer (s.c.) Biodistribution, antitumor 
effect 

MDA-MB-
231  

[236] 

HA-nanogels Glutaraldheyde-
crosslinked HA 

paclitaxel 1- 8 i.t. DMBA-induced 
mammary tumor 

Antitumor effect DMBA-
induced 
mammary 
tumor 

[237] 

HA-nanogels  Methacrylated 
HA 

doxorubicin 16 i.v. Hepatoma (s.c.) Biodistribution, antitumor 
effect 

H22 [238] 

HA-nanogels HA-cholesteryl-
drug 

curcumin - i.v., i.p., os Pancreatic (s.c.), 
mammary 

Biodistribution, 
pharmacokinetics, 

MiaPaCa2, 
4T1 

[240] 
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antitumor effect 
AuNPs Oligo-HA-thiol -  i.t., iv Ovarian cancer, 

(s.c) 
Imaging OVCAR-3 [249] 

AuNPs  Thiol-HA-drug pheophorbide A  Iv Lung cancer, (s.c.) Imaging+ PTT+ PDT A549 [250] 
Fe3O4 NPs PEI-F-HA fluorescein  Iv Cervix 

adenocarcinoma 
(s.c) 

Imaging (MRI), 
biodistribution 

U87MG, 
HeLa 

[252] 

C60 HA-C60 -  i.v. Colon cancer (s.c.) Imaging+ PDT HCT-116, KB [257] 
MWCNTs HA-PEG-CNT doxorubicin 26-32% i.v. SD rats Antitumor effect, 

biodistribution, toxicity 
EAT [263] 

SWCNTs HA-CNT Hemoporfin 70% i.v. Melanoma (s.c.) Antitumor effect (PDT, 
PTT) 

B16F10 [264] 

SWCNTs Chitosan + HA  doxorubicin 48% i.v. Toxicity on SD 
rats 

Toxicity - [265] 

SWCNTs Cholanic Fluorescent+PET 
probes 

 i.v. Squamous cell 
carcinoma (s.c.) 

Biodistribution SCC7 [268] 

GO HA-GO mitoxantrone 45% i.v. Breast cancer (s.c.) Imaging+ PTT, pharmaco-
kinetics on SD.   

MCF-7 [273] 

GQD HA-dopamine doxorubicin - i.v. Lung cancer  Imaging, biodistribution A549 [276] 
MSNP PEG-c-s-HA Irinotecan + PFH  34% (drug) i.v. Hepatocellular, 

ovarian cancer 
Imging+ HIFU HepG2, HeLa [280] 

SNT@SPION  doxorubicin 18.7% i.v. Breast cancer (s.c.) Imaging, biodistribution 4T1 [283] 
Microparticles Crosslinked HA- 

cisplatin (Hyplat) 
cisplatin 27 i.p. Ovarian carcinoma 

(i.p.) 
MTD, pharmacokinetics, 
biodistribution, survival  

A2780 [287] 

Microparticles  HA-alginate carboplatin  - s.c. Fibrosarcoma 
(s.c.) 

Antitumor effect Meth A [289] 

Hydrogel  HA-ADH/HA-
aldehyde 

cisplatin - i.p. Gastric cancer 
(i.p.) 

Antitumor effect MKN45P [300] 

Hydrogel HA-PNIPAM-
gelatin 

cisplatin  - intravesical - Drug permeation, safety - [301] 

Hydrogel HA/HDI-PF127 doxorubicin - i.t. Breast cancer (s.c.) Antitumor effect MCF-7 [302] 
Hydrogel HA-ADH/HA-

aldehyde 
paclitaxel - i.p. Ovarian cancer 

(i.p.) 
Antitumor effect SKOV-3 [304] 

Hydrogel HA-PEG TRAIL, PEG- - i.t. Pancreatic cancer Antitumor effect Mia Paca-2 [306] 
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TRAIL (s.c.) 
Hydrogel HA-tyramine IFN-α2a - s.c. Hepatic cancer 

(s.c.) 
Pharmacokinetics, 
antitumor effect 

HAK-1B [307] 

Proprietary 
Formulation 

HyACT Irinotecan, 
doxorubicin, 5-
fluorouracil 

- i.v. Refractory 
Metastatic 
Colorectal Cancer 
Patients 

Phase II - [314, 
315, 
317] 

 
i.p., intraperitoneal administration or implant; i.t., intratumoral; i.v., intravenous; s.c., subcutaneous; SPI, polymeric micellar immunomodulator; ATRA, all-trans-
retinoic acid; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; EAT, Ehrlich ascites tumor; SD, breast-tumor-induced Sprague-Dawley female rats; PFH, 
perfluorohexane; HIFU, high-intensity focused ultrasound; MTD, maximum tolerated dose; PCL-PDMAEMA, (polycaprolactone-graft-poly(N,N-dimethylaminoethyl 
methacrylate); PDIPASP, poly((2-diisopropylaminoethyl)aspartimide), PBCA, poly(butyl cyanoacrylate); ApoG2, apogossypolone. 
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9. Conclusions and perspectives  
 
Hyaluronic acid is a very attractive molecule for use as a vehicle, which can overcome the limitations 
upon the administration of conventional anticancer drugs. It has also been used as a targeting moiety, 
as it can reach the CD44 receptor, which is overexpressed in many tumors and on CSCs. In terms of 
clinical trials, the most advanced technologies are conjugates and injectable formulations: as the 
literature shows, in both cases, products have reached phase II or III clinical trials.  
The formulation of conjugates has both advantages and limitations. Starting with preparation, this 
approach is feasible to obtain a clearly-characterized drug product with a mean value of derivatization, 
and little variability between batches. From the pharmaceutical standpoint, these features allow the 
process to be scaled up. The solubility profile of highly hydrophobic drugs is improved, and the native 
drug can be released after degradation of the linkage between drug and polymer. In most cases this 
reduces drug toxicity permits to increase the dosage, providing sustained release with clear anticancer 
benefits. Finally, by using HAs of different MWs, binding to CD44 is maintained, at least judging 
from what has been demonstrated in vitro. Certainly, in the case of parenteral routes, further studies 
will be needed to limit off-targeting to healthy tissue, in particular to the liver, which is the principal 
elimination organ of HA.  
From the regulatory standpoint, HA-conjugates are new chemical entities, thus physico-chemical 
characterization, starting with the drug release profile, is mandatory. To circumvent some regulatory 
problems, the interesting approach proposed by Alchemia Ltd, i.e. the non-covalent interaction 
formulation composed of HMW HA and drugs, appears more feasible. Clinical results demonstrated a 
marked reduction of side effects, but efficacy is apparently not improved over that of standard 
protocols. This is one of the major challenges for all novel delivery systems compared with well-
consolidated protocols: the majority of HA-conjugates, and also the dispersed systems reviewed here, 
employed the most conventional cytotoxic drugs as payload. 
In the light of the preclinical evaluation of Bivatuzumab-mertansine (a monoclonal antibody directed 
to CD44, linked to a very toxic payload) [318] one solution might be to improve the activity of the 
HA-conjugate, especially to overcome tumor MDR, by linking more toxic/potent agents. Appropriate 
linkers to fine-tune drug release will be necessary to improve the therapeutic window. Furthermore, for 
all the reasons mentioned above, it currently appears likely that HA-conjugates, like hydrogels, will be 
reserved for intracavitary or locoregional administration. 
Regarding dispersed systems, from micelles to microparticles, a large body of research produced by 
many groups in the last few years demonstrates the vitality of this field; these studies have explored 
different approaches to find candidates for further clinical evaluation. 
Naturally, each of the systems offers advantages, confirmed by promising in vivo results, but also 
raises many questions, such as the effect of particle size on biodistribution, their strong or weak 
stability, or drug burst release, which likely impacts on pharmacokinetics, tissues distribution, and 
drug efficacy. However, the goal of the review was to discuss how HA could improve pharmacological 
effects. It is believed that, like PEG, HA can form a corona surrounding the particles, which can 
repulse opsonins and, as a consequence, increase nanoparticles’ blood half-life. Few studies have 
investigated the effect of HA on particle pharmacokinetics. It appears that nanosystem blood 
circulation is critically important for active tumor targeting [146]. Studies in this field show HA to be 
much less efficient than PEG to increase circulation time, but fail to demonstrate any complement 
activation effect, as reported for PEG. Further, HA affects tumor targeting, but although in many cases 
this effect is clearly shown in in vitro models, in vivo there is little evidence that tumor targeting is 
closely related to the CD44 targeting effect. More work must be done in this field to properly evaluate 
the advantages of the HA corona in terms of tumor targeting.  
Combining the high intracellular internalization, due to HMW HA’s multivalent binding to receptors, 
with an appropriate degree of PEGylation to provide long circulation and HA charge shielding, while 
carefully balancing the two, will improve the in vivo characteristics of all nanosystems [319] (Figure 
8).  
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By exploiting both the EPR effect and HA targeting capacities, interesting tumor localization 
concentrations have been achieved (i.e. the percentage of injected dose/mass tissue). The organ and 
tumor distribution of nanosystems can readily be determined using NIR dyes, although the 
concentration of the drug in tumor/organs is the true measure of the system’s potency: achieving 
locally-elevated drug concentrations is a requirement to improve efficacy over that of standard drug 
solution and, by saturating the cellular drug efflux pumps, it may overcome MDR. Preclinical trials 
that quantify both pharmacokinetics and tumor accumulation will be important to clearly assess the 
effect of EPR on the uptake of a drug into solid tumors [320]. 
However, an important point is that most studies only compare the effectiveness of drug-loaded 
nanosystems with their respective free drugs, whereas very few attempts have been made to make 
head-on comparisons with clinically-available nanoparticulate formulation counterparts (such as 
Caelyx®, Myocet®, Abraxane®). These systems provide the best balance currently available between 
drug loading, in vitro binding, in vivo stability, and clinical safety. These are all points to be 
considered in depth at the development stage of a novel nanosystem.   
From the results reviewed here, a picture has emerged that organic nanosystems composed of HA may 
function as promising anticancer tools. However, especially for the most promising systems, validated 
studies on toxicity, biodistribution, dosing schedules, and dose intensities must be awaited, as has 
occurred with Caelyx®, and HA-PTX [83, 321], before the true clinical advantages clearly emerge.  
Concerning gene therapy HA is a useful tool to reduce the positive charge density of nucleic acid-
polycation polymer complexes. However, although they give nucleic acid vectors improved stability 
and decreased toxicity, the complexity of these systems is further increased. 
Lastly, inorganic particles are attracting rapidly-increasing attention. These systems can offer 
outstanding DL values (e.g. for DOX), combining therapeutic, diagnostic, and trigger-release 
properties in a single agent. It is clear that magnetic, light, heat, and other external stimuli can increase 
the specificity to the target, and give rapid drug release. Particular promise is shown by CNTs, in 
which the photothermal effect can significantly enhance the anticancer effect [270]. However, the 
combination of different components in a single system increases its complexity, and detracts from 
industrial feasibility. Furthermore, it is by no means obvious that these systems can overcome 
difficulties concerning toxicity, and meet regulatory standards, in order to be applied in the clinic. 
In conclusion, the examples reported in the present review indicate that many interesting approaches 
involving HA are now evolving. Although additional research will be required before they can reach 
patients’ beds, the promising results obtained thus far fully justify further multidisciplinary efforts, in 
terms of increased investment and further investigations in this field. 
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Figures captions 
 
Figure 1. Structure of hyaluronic acid and scheme of main reactions producing derivatives. 
 
Figure 2. Publications over the last 25 years, and citations of the topic ‘Hyaluronic acid AND drug 
delivery’. Source: Elsevier's Scopus®. 
 
Figure 3: Structures of the principal drug derivatives described in the text. R’= A) Butyrate. R= B) 
paclitaxel linked in 2'-position by a succinic ester to ADH linker; C) ONCOFID-S; D) doxorubicin 
linked at 13-carbonyl through an ADH linker; E) cis,cis,trans-dichloro-hydroxyl-succinato- 
platinum(IV) linked with ethylenediamine spacer. 
 
Figure 4.  HA derivatives involved in micelle preparation. Anticancer drugs or siRNA can be loaded 
and delivered in micelles made by HA linked to different hydrophobic moieties. 
 
Figure 5. Principal HA derivatives involved in nanoparticle preparation. 
 
Figure 6. Inorganic nanocomposites with HA. A) Graphene oxide sheet linked to HA through ADH 
linker; B) C60-HA derivatives; C) HA-bearing doxorubicin linked to SPION; D) Mesoporous silica 
nanoparticle coated with HA; release induced by HYAL is depicted. 
 
Figure 7. Examples of different approaches to conjugate HA to carbon nanotubes. A) linkage using a 
hydrophilic spacer (doxorubicin as loaded drug); B) a double layer with non-covalent adsorption of 
chitosan and then HA (salincomycin as loaded drug); C) phospholipids as linking arm. 
 
Figure 8. Illustration of the in vivo biodistribution of HA-based nanosystems. The key to achieving 
optimal antitumor efficacy is to find a favorable balance between long circulation and targeted cellular 
uptake exploiting the EPR effect. A high local drug concentration can overcome cell MDR. 
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