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Abstract

The cluster-determinant 44 (CD44) receptor has a high affinity for hyaluronic acid (HA) binding 

and is a desirable receptor for active targeting based on its overexpression in cancer cells 

compared with normal body cells. The nanocarrier affinity can be increased by conjugating drug-

loaded carriers with HA, allowing enhanced cancer cell uptake via the HA-CD44 receptor-

mediated endocytosis pathway. In this review, we discuss recent advances in HA-based 

nanocarriers and micelles for cancer therapy. In vitro and in vivo experiments have repeatedly 

indicated HA-based nanocarriers to be a target-specific drug and gene delivery platform with great 

promise for future applications in clinical cancer therapy.
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Introduction

One of the greatest challenges of modern medical practice is the successful treatment of 

cancer, a disease forecast to have nearly 1.7 million new diagnoses in the USA in 2016 alone 

[1]. However, survival rates are on the rise for many cancers, and the overall 5-year cancer 

survival in the USA is now 69%, up from only 49% during the 1970s [1]. Yet despite the 

progress in this area, cancer remains a formidable disease with lower than desirable survival 

rates. Several fundamental challenges exist that limit the efficacy of cancer chemotherapy, 

namely the poor solubility of anticancer therapeutics and the limited selectivity of drug 

delivery within the body. The former prevents chemotherapeutics from freely circulating in 

the blood to reach the tumor site; the latter increases adverse effects, such as bone marrow 

toxicity, immune system impairment, hair loss, vomiting, and cardiotoxicity, because the 

drugs elicit cytotoxic effects in nontarget areas [2]. Therefore, advanced drug delivery 

systems are being tested to address these challenges and to find innovative means to 

overcome them.

One such solution is the use of nano-sized micelles as delivery vehicles for cancer 

therapeutics. Amphiphilic polymers self-assemble under aqueous conditions to form water-

soluble micelles with a hydrophobic core. Hydrophobic drugs can then be chemically or 

physically incorporated into the micelle core for parenteral administration. This micelle drug 

delivery strategy has been applied to a variety of medical conditions, from hepatic fibrosis to 

knee osteoarthritis [3,4]. However, the micelle technique renders itself particularly relevant 

for the treatment of different types of solid tumor because of selective accumulation at the 

target site resulting from an enhanced permeability and retention (EPR) effect [5–7]. EPR is 

a phenomenon by which macromolecules, notably nanoparticles (NPs) and micelles, are 

delivered to, and accumulate at, the tumor site in higher concentrations than are observed in 

healthy tissue because of anatomical and pathophysiological abnormalities or the leaky 

tumor vasculature of the tumor tissues [7,8]. However, angiogenesis is not always uniform 

throughout a tumor, leading to disproportional drug distribution by EPR; additionally, in 

some cases, tumors can exist with little or no evidence of EPR [9]. Passive targeting by the 

EPR effect is a promising means of overcoming the specificity challenge of modern 

chemotherapeutic agents in many cases; furthermore, newer active targeting strategies have 

been developed that add to the selectivity of the EPR effect to overcome the limitations 

discussed above.

A key to selective toxicity in cancer therapy is to actively target cancerous tumors by 

exploiting the anatomical, pathophysiological, and microenvironmental differences between 

malignant tumors and healthy body tissue. One such difference is the expression levels of 

cellular uptake receptors for HA; these receptors are overexpressed in many cancer cells, 

especially in aggressive cancer stem cells (CSCs) or cancer stem-like cells (CSLCs) [10,11]. 

In particular, the CD44 receptor has a high affinity for HA binding and is a desirable 
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receptor for the active targeting of cancers based on its overexpression in cancers compared 

with normal body cells [12]. Therefore, the nanocarrier affinity for cancer cells can be 

increased by conjugating drug-loaded micelles and/or NPs with HA, allowing enhanced 

uptake through the HA-CD44 receptor-mediated endocytosis pathway [11]. In this review, 

we discuss recent advances in HA-based micelles and nanocarriers for cancer therapy. In 
vitro and in vivo experiments have repeatedly indicated HA-based nanocarriers to be a 

target-specific drug and gene delivery platform with great promise for future applications in 

clinical cancer therapy.

HA and the CD44 receptors

HA is a natural mucopolysaccharide that was discovered in bovine eyes by Meyer and 

Palmer in 1934 [13]. The structure of HA (Figure 1) has since been found to be both present 

and conserved in many animal species, including all vertebrates [14–16]. The molecular 

weight of this polymer macromolecule varies with chain length, from thousands to millions 

of Daltons [15,17]. HA, in combination with its receptors, is well known to be a crucial 

player in the extracellular matrix (ECM), contributing to angiogenesis, tissue structure, cell 

signaling, wound healing, and tissue hydration [15,16,18]. One principle receptor for HA is 

the transmembrane CD44, a glycoprotein found on the surface of many cells, and is highly 

overexpressed in many tumors [19]. The CD44 receptor exists in many isoforms because of 

variable exon splicing and post-transcriptional modifications in gene expression [20]. CD44 

contains a HA-specific binding domain near the N terminus, and HA binding is an initiating 

step for most functions of the CD44 receptor [21,22].

HA–CD44 interactions in cancer progression

CD44 overexpression is regarded as the hallmark of the development of tumor cells, with 

several studies demonstrating the presence of this receptor on CSCs or tumor-initiating cells 

(CSCs or TICs) [23] [24,25]. HA is the main ligand for the CD44 receptor and is 

predominantly found in the ECM and is synthesized by HA synthase (HAS) proteins. 

Hyaluronidase catalyzes the degradation of HA, forming different fragments of varying 

molecular weights. The low-molecular-weight form of HA catabolite is known to have 

procancerous activity, whereas the high-molecular-weight form has anticancer activity [26]. 

Studies have revealed the role of HA in tumor metastasis, with HA variably expressed in 

different tumor milieu [27].

In addition, the interaction between HA and CD44 triggers a cascade of events that result in 

aggressive tumor progression and cancer metastasis. This represents an interplay between an 

array of signaling pathways that dictate the adhesion, metastasis, and growth of cancer cells. 

Such pathways resulting in cancer progression were reviewed in detail by Karbownik and 

Nowak [17], who explained the role of ankyrin, RhoA, Rac1, Cdc42, receptor tyrosine 

kinases, and MMP-9, which are activated following interactions between HA and CD44, 

leading to downstream signaling pathways [17]. Furthermore, Anttila et al. demonstrated the 

relevance of the accumulation of stromal hyaluronan in tumor progression by evaluating HA 

levels and expression of CD44 [28]. The authors suggested that the accumulation of HA was 

independent of expression of CD44 on the surface of human ovarian cancer cells [28].
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Another important aspect is CD44 expression observed in both its natural and variant forms, 

both of which are shown to have a pivotal role in HA binding and cancer. Studies have 

shown the involvement of CD44 and its variants in tumor environments, underlining the role 

of HA binding to CD44 and its variants. A variant of CD44, CD44v6, activates the Wnt/β-

catenin pathway and has a role in metastasis in colon CSCs [29]. Zhao et al. showed that 

CD44 is responsible for triggering cell proliferation through MAPK signaling in lung cancer 

cells and that a deletion in the gene encoding CD44 led to inhibition of the proliferation of 

Kras-mediated lung adenocarcinoma in mice [30]. In addition, HA–CD44 interactions 

initiate a series of events leading to binding of ankyrin to MDR-1, which in turn effluxes 

chemotherapeutic drugs, rendering the cancer cells chemoresistant [31]. In another study, 

Chen and Bourguignon suggested a pathway via which HA interacts with CD44 leading to 

the induction of c-Jun signaling and upregulation of Bcl-2/IAP, as a result of which 

chemoresistance is displayed in triple-negative breast cancer cells [32].

CD44 as a biomarker in cancer diagnosis

CD44 is a transmembrane glycoprotein with a molecular weight of 85–200 kDa, expressed 

on the cell surface of almost every cell in the body. Heralding the onset of cancer 

progression is the presence of CD44 on the surface of several CSCs [34]. It is by virtue of 

several tumorigenic functions portrayed by CD44 that it is considered as an early indicator 

for cancer cell proliferation. Hence, in a variety of cancer cells, the presence of CD44 or its 

isoforms can be relied upon as a biomarker for the diagnosis of cancer.

In a study by Desai et al. on prostate cancer PC3 cell lines, the expression of the CD44 

variants CD44v and CD44s on the cell surface was high and was increased in PC3/OPN 

clones expressing high levels of full-length osteopontin [35]. The tumorigenic potential of 

variant splice exons of CD44 has also been studied. It was shown that CD44v6 has a pivotal 

role in lymph node infiltration. Furthermore, the CD44v6–10 variants have a significant role 

in metastasis and the development of hematological malignancies, such as lymphoma [36]. 

Studies establishing the relevance of CD44 as a biomarker in cancer diagnosis mainly 

depend on the reliability of suitable detection techniques, such as ELISA. The expression of 

soluble CD44 is elevated in patients with head and neck squamous cell carcinoma, and can 

be used as a biomarker for cancer detection [37].

The interactions between CD44 and other cell markers have been studied to determine 

possible mechanisms either supporting or preventing tumor growth in vivo. Together with 

CD44s, insulin-like growth factor 2 mRNA-binding protein 3 (IMP3) has been investigated 

as a biomarker for predicting the risk of hepatocellular carcinoma at initial diagnosis in 

cases of recurrence [38]. In another study, the correlation between expression levels of 

PTEN and CD44 was revealed, in which the survival of patients who were PTEN positive 

but CD44 negative was higher than in patients who were PTEN negative but CD44 positive 

[39].

In addition, Xu et al. reported the relation between higher expression levels on CD44 in 

basal-type breast cancer at the mRNA and protein levels, highlighting the greater 

dependency on CD44 as a biomarker for diagnosing basal-type breast cancer [40]. The 

presence of CD44v9 serves as a biomarker to detect upper tract urothelial cancer for 
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incidences of recurrence and mortality [41], whereas CD44v6 has a crucial role in the 

identification of patients with distant metastasis of ovarian cancer, based on large-scale 

immunohistochemically analysis [42]. Not only are the variants of CD44 established as 

biomarkers for cancer prevalence, but they also serve as early detection tools to predict the 

recurrence of cancer. Studies have shown that the presence of CD44v9, a marker in primary 

gastric cancer tissue, has the potential to detect the recurrence of gastric cancer in patients 

who have been treated for multiple early gastric cancers [43]. Considering the cases 

described herein, it is clear that both CD44 and its variants, either alone or in interactions 

with another protein, have an important role in the detection of tumor cells.

HA-based micelles as a Trojan horse for cancer therapy

One function of the CD44 receptor is to internalize high-molecular-weight HA for 

degradation in the cytosol [15]. The discovery of this pathway in 1979, when HA was 

demonstrated for first time to bind specifically to variety of cells, was the catalyst for the 

development of HA-decorated micelles [44]. Attaching high-molecular-weight HA to the 

surface of micelles enables the latter to bind to the CD44 receptor and be internalized by the 

cell, as shown in Figure 2. Once encapsulated in an endosome within the cell cytosol, the 

micelle is disassembled and the drug is released. Lee et al. synthesized HA-based micelles 

from HA-PEG conjugate copolymers, linking paclitaxel (PTX) to HA by an ester bond [45]. 

The authors used dynamic light scattering (DLS), transmission electron microscopy (TEM), 

and atomic force microscopy (AFM) to confirm the self-assembly of the conjugates into 

micelles under aqueous conditions. Notably, Lee et al. isolated and characterized released 

PTX, confirming that the structure of PTX was unmodified in the encapsulation process 

[45].

Three essential concerns in micelle formulation development are water solubility, particle 

size, and drug loading. For micelles to reach the tumor site, they must be highly soluble in 

water. Many anticancer agents are insoluble in free form; however, successful micelle 

encapsulation allows for the excellent solubility of hydrophobic drugs [7,46]. The diameter 

of micelles is also important because it contributes to EPR accumulation and subsequent cell 

permeability. Micelles with small diameters will not selectively accumulate at the tumor site 

by EPR, as shown in Figure 2. Large micelles (>500 nm) are unable to penetrate the cell 

membrane. Most micelle formulations reviewed herein have acceptable diameters in the 

range of 100–200 nm and were internalized via clathrin-dependent endocytosis. The third 

major consideration is drug loading, which is expressed as wt/wt% milligram drug per 

milligram overall formulation. Higher percent drug loading enables a greater concentration 

of chemotherapeutic agent to be released at the target site. Saadat et al. produced and 

optimized self-assembling targeted micelles for the in vivo transport of PTX. Their 

systematic approach to the optimization of encapsulation efficiency (EE%) in HA micelles 

revealed that EE% was inversely proportional to the drug:polymer ratio used during micelle 

synthesis. As Saadat et al. added more drug per milligram of HA-conjugated phospholipid 

polymer, they observed a lower EE% for both HA-DMPE and HA-DSPE; accordingly, they 

proposed that this points to a possible maximum drug-loading percentage achievable in 

micelle formulation [47]. Furthermore, their observed inverse correlation between the 
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drug:polymer ratio and EE% is consistent with the results of other reports on micelle 

formation [48,49].

Confirmation of HA–CD44 cell entry mechanism

To evaluate the cellular mechanism used to internalize their HA-decorated micelle 

formulation, Qiu et al. systematically treated CD44-overexpressing cells individually with 

inhibitors of receptor-mediated endocytosis, inhibitors of micropinocytosis, inhibitors of 

caveolae-mediated endocytosis, or an HA blockade before treatment with their HPHM19 

HA-decorated micelle formulation. Their results showed a strong inhibition of cellular 

uptake when pretreated with an excess of HA or with an inhibitor of receptor-mediated 

endocytosis. Uptake was decreased by 64% and 43%, respectively, as shown through 

fluorescent imaging. These combined data suggest that micelles utilize the interaction of HA 

with CD44 receptors to enter the cytosol via receptor-mediated endocytosis [50]. Similar HA 

blockade studies by other groups have repeatedly confirmed this finding [51–53].

Blood compatibility

Blood compatibility is crucial for micelle formulation, because formulations are 

administered parenterally. To this end, Pang et al. tested the potential of their HA-QT 

formulation for hemolytic toxicity by mixing it with red blood cells extracted from whole 

blood. At varying concentrations up to 100 MM, HA-QT micelle treatment resulted in less 

than 1% hemolysis at any concentration. The hemocompatibility of the HA-QT micelles was 

further confirmed by an assay of vein irritation in rabbit ears treated with the HA-QT 

formulation. During 3 consecutive days of administration, no irritation was observed that 

was any different from that occurring in the saline-treated control rabbits. Conversely, 

rabbits treated with free QT exhibited significant irritation, possibly because of the DMSO 

solvent required to dissolve the compound, which was shown to cause irritation and 

hemolysis in a previous study [54]. From the results of hemolysis and vein irritation studies, 

Pang et al. suggested HA-based micelles as a drug delivery system that successfully 

enhances biocompatibility compared with free-form drugs for the treatment of CD44-

expressing cancers [55]. Liu et al. observed that, when compared with Taxol, PTX remained 

in blood circulation significantly longer when administered in HA-based micelles because of 

an increased half-life [56].

Cancer specificity and toxicity

HA-based micelles have been tested for efficacy against a variety of cancer cell lines with 

great success, including encapsulation of chemotherapeutic agents, such as PTX, 

doxorubicin (DOX), docetaxel, and novel drugs. The various formulations are listed in Table 

1. Each of the following cancers is known to exhibit overexpression of the CD44 receptor, 

rendering them ideal targets for successful HA-based micelle treatment.

Breast cancer

Breast cancer is one of the most lethal cancers to women, second only to lung cancer. In 

2015, it was the cause of 40 000 deaths in the USA [57–59]. Additionally, 12–17% of breast 

cancer diagnoses are triple-negative breast cancer (TNBC), an aggressive subtype that is less 
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responsive to conventional therapeutic methods [60–62]. The CD44 receptor is 

overexpressed in many breast cancer subtypes and is markedly overexpressed in TNBC [60].

Zheng et al. synthesized HA-conjugated hexadecylamine micelles for the delivery of 

docetaxel to breast cancer cells. Their engineered HA-C16 copolymer self-assembled in an 

aqueous solution to form micelles of 150 nm or less, with drug loading of 8–16%. Drug 

uptake was then compared in vitro between CD44-positive MDA-MB-231 breast cancer 

cells and CD44-negative CT-26 colorectal cancer (CRC) cells after treatment with drug 

alone and HA-C16 micelle formulation, respectively. Both cell lines exhibited a similar 

content of internalized docetaxel per milligram of protein when treated with free drug; 

however, when treated with the same dose of docetaxel encapsulated in targeted micelles, 

the authors found MDA-MB-231 cells to have a docetaxel concentration greater than twice 

that of the CD44-negative cells and nearly four times the uptake of free docetaxel. Their 

results indicated that the HA conjugation of micelles successfully increased cellular uptake, 

utilizing the CD44 receptor pathway to gain entry to cells via receptor-mediated endocytosis 

[63].

Zhong et al. demonstrated the efficacy of PTX delivery in HA-conjugated micelles for the 

successful treatment of MCF-7 human breast cancer in vivo by the active targeting of CD44 

receptors. Targeted micelles with a measured diameter of 155 nm and 20% drug loading of 

PTX were self-assembled from dendritic oligoglycerol (dOG)–HA-conjugated polymers. 

The efficacy of their HA–dOG formulation was tested in vivo to treat mice bearing xenograft 

MCF-7 human breast cancer tumors overexpressing the CD44 receptor. Results showed that 

their engineered micelle formulation stagnated tumor progression completely, with limited 

adverse health effects and 100% mouse survival at 55 days. Control mice were treated with 

PBS during this same period, but none survived past day 45. Additionally, Zhong et al. 
treated mice with fluorescent DIR-loaded HA-dOG micelles and used fluorescent imaging to 

monitor the biodistribution after intravenous injection. Their images revealed that targeted 

micelles had high accumulation and retention in the tumor tissue 4–48 h after treatment; 

organs, such as heart, kidneys, liver, and spleen, showed lower intensity and shorter duration 

of micelle concentration during the same time interval. From this study, the authors 

concluded that HA-targeted micelles are a promising drug delivery method for the treatment 

of CD44-expressing tumors because of their selective accumulation at the target site [64]. 

Furthermore, targeted micelles with an average diameter of 120 nm were synthesized by Li 

et al. from a HA–deoxycholic acid (DOCA) copolymer and loaded with PTX, achieving 

34% drug loading. The cytotoxicity of this formulation compared with clinically used Taxol 

was tested by using an MTT assay against MDA-MB-231 breast cancer cells as well as 

normal fibroblast (HELF) cells. PTX-loaded HA micelles showed a stronger cytotoxicity 

toward CD44-positive cancer cells compared with Taxol. However, when tested against 

HELF cells, the formulation was less toxic than Taxol at the same concentrations. The 

combination of these in vitro data indicates a promising formulation with both greater 

potencies to target tumors and increased safety for normal cells. In vivo data were 

concurrent with this preliminary result, as shown in Figure 3. Additionally, tests of liver and 

kidney function after 20 days showed greater organ damage in Taxol-treated mice than in 

those treated with the HA-conjugated PTX formulation. The target specificity of HA-
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conjugated micelles in this study suggests a favorable candidate for active tumor targeting 

[65].

Colorectal cancer

CRC is currently the third most common cancer diagnosis. Women in the USA have a 4.7% 

probability of CRC diagnosis in their lifetime; for men, there is a 5.0% lifetime probability 

[66]. Several isoforms of CD44 are overexpressed in CRC tumors, and HA-based micelles 

have proven to be effective in vitro, rendering CRC a promising target for further HA 

micelle studies [67].

Lee et al. synthesized an amphiphilic HA-grafted poly [(D,L-lactic)-co-(glycolic acid)] 

(PLGA) polymer for the delivery of DOX to colorectal tumor carcinomas in self-assembling 

micelles. For DOX loading in HA-g-PLGA micelles, the authors achieved a drug loading of 

7.2%. DLS and TEM were used to measure the micelle diameter, giving an average diameter 

of 118.2 nm for the formulation. Lee et al. used the CCK-8 assay to quantify the cell 

viability after treatment with either free DOX or a DOX-loaded HA-g-PLGA formulation. In 

HCT-116 human colon cancer cells, HA-g-PLGA NPs exhibited greater cytotoxicity than 

free DOX, with IC50 values of 0.67 mg DOX/ml and 3.48 mg DOX/ml, respectively. They 

attributed this difference in toxicity to the interaction between the HA of the micelle 

polymer and the overexpressed CD44 receptor in HCT-116 cells, resulting in the rapid 

internalization of HA-g-PLGA micelles through receptor-mediated endocytosis. Lee et al. 
confirmed that this pathway is utilized by the micelles through fluorescent cellular uptake 

studies under normal and under cold conditions (4°C). Free DOX showed similar cellular 

uptake in both conditions because that it passively diffuses through the membrane over time. 

However, DOX-loaded micelles showed a marked decrease in uptake at 4°C compared with 

at normal physiological temperature (37°C). Lee et al. concluded that this inhibition was a 

result of the energy dependence of receptor-mediated endocytosis, confirming the efficacy of 

the HA-targeting strategy for enhanced cellular uptake by CD44 receptors [68].

Pitarresi et al. engineered a new micelle formulation for the treatment of colon cancer based 

on the CD44-targeting strategy. A copolymer was formed by conjugating polylactic acid 

(PLA) to HA, which was then aggregated into micelles via self-assembly in an aqueous 

solution based on the amphiphilic nature of the molecule. Additionally, they formed HA-

PLA micelles by linking to polyethylene glycol (PEG), resulting in HA-PLA-PEG micelles. 

Both HA-PLA and HA-PLA-PEG micelles were loaded with the anticancer drug DOX; 

however, further testing revealed that the HA-PLA-PEG micelles showed an increased drug 

loading percentage compared with the non-PEGylated formulation. Pitarresi et al. treated 

CD44-positive and CD44-negative cells with their developed DOX-loaded formulations to 

compare cytotoxicity between the two cell types. HCT-116 human colon cancer cells were 

used as the CD44 target because of their overexpression of the CD44 receptor, and normal 

human fibroblast cells were used as a comparison. After conducting a MTT cell proliferation 

assay, the authors concluded that both the HA-PLA and HA-PLA-PEG micelle formulations 

exhibited targeted cytotoxicity. The cell viability of HCT-116 colon cancer cells was 

significantly decreased compared with normal tissue treated with the drug-loaded micelles. 

Pitarresi et al. attributed this difference to an increase in micelle uptake via HA–CD44 
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interactions, presenting the HA-PLA formulation as a promising means of cancer treatment 

in vitro [69].

Liver cancer

In the USA, the incidence of, and death rates from, liver cancer have been increasing over 

the past 10 years [1]. Son et al. engineered CD44-targeted micelles using a PLGA polymer, 

the terminal carboxylic end of which was then coupled with hexamethylenediamine to 

achieve an amine group on which to attach HA. This HA-conjugated PLGA-amine 

copolymer then formed the shell of docetaxel-loaded micelles with diameters of 50–200 nm 

for CD44 targeting of HegG2 liver carcinoma. They achieved 50% or better drug efficiency, 

with drug loading of 5–11%. Results of a MTT cell viability assay after treatment with 

docetaxel-loaded HA micelles showed a concentration-dependent decrease in the viability of 

CD44-positive HepG2 liver carcinoma cells. However, when pretreated with an excess of 

free HA, these cells showed higher proliferation, even when treated with the same 

concentrations of the formulation. Son et al. proposed that the increased cell viability was 

because of the excess HA blocking CD44 receptors, thereby inhibiting micelle uptake via 

receptor-mediated endocytosis. Their results were further confirmed by tagging micelles 

with fluorescein isothiocyanate (FITC) and observing fluorescence after internalization. The 

fluorescent intensity observed in the initial treatment of HepG2 cells was more than eight 

times greater than when pretreated with a blockade of free HA. These observed results 

confirmed that HA-conjugated micelles gain cell entry utilizing the CD44 pathway, 

indicating a promising means of targeting cancerous liver tumors overexpressing CD44 [51].

Pancreatic cancer

Kesharwani et al. conjugated copoly(styrene maleic acid) (SMA) with HA, forming self-

assembling HA-SMA micelles in aqueous solution. Targeted micelles with an average 

diameter of 114 nm were loaded with a novel drug, 3,4-difluorobenzylidene curcumin 

(CDF), to treat CD44-positive MiaPaCa-2 and AsPC-1 pancreatic cancer cell lines. Free 

CDF showed a high level of toxicity to pancreatic cancer cells in a MTT assay, and this 

potency was further increased by targeted delivery in the HA nanomicelle formulation. By 

comparing targeted HA-SMA-CDF micelles with nontargeted SMA-CDF micelles, the 

authors found that there was an increased cellular uptake and in vitro carcinoma toxicity 

resulting from conjugation with HA [53]. Their results indicate a potential for targeted 

treatment of CD44-expressing pancreatic CSCs, which are known to contribute to the 

resistance of a tumor to conventional cancer therapy [53,70,71]. Therefore, pancreatic cancer 

stem cells are an ideal target for effective therapy, and their overexpression of the CD44 

receptor renders them responsive to treatment with HA-conjugated micelles.

Head and neck cancer

Thomas et al. synthesized and tested HA-conjugated cholanic acid (CA) micelles in 

delivering PTX to treat SCC7 squamous cell carcinoma [4,72]. The HA-CA formulation had 

a significantly greater cytotoxic effect on SCC7 cells in vitro compared with free PTX, as 

shown through a MTT cell proliferation assay. Thomas et al. confirmed the targeting of their 

formulation in vivo by tagging HA-CA micelles with a fluorescent dye and subsequently 

imaging the biodistribution at specific time intervals after intravenous injection into tumor-
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bearing mice. Their results indicated high micelle accrual at the tumor site from 0 to 2 days 

post injection. Importantly, most nontarget organs exhibited little or no accumulation of the 

targeted formulation, with only two exceptions. Accumulation was high in the liver; 

additionally, the authors observed some accumulation in the kidney, which is known to 

express CD44 [73]. Furthermore, in vivo studies of the targeted HA-CA formulation in nude 

mice showed significantly reduced tumor progression and less overall negative health effects 

compared with free PTX (Figure 4). These results indicate that HA conjugation effectively 

increases specific drug delivery to the target site for head and neck cancer [72].

Drug release

For the systemic administration of HA micelles, drugs must be firmly encapsulated within 

the micelle core. Premature drug leakage leads to decreased activity at the target site as well 

as increased adverse effects in nontarget tissue. However, once internalized by the target cell, 

the percentage of drug released and the rate of release are key factors in the overall efficacy 

of the treatment strategy. To this end, many studies have focused on inducing drug release 

within the cytosol by exploiting the differences between the internal and external 

environments of the nanostructured micelles, or by the post-treatment application of external 

stimuli.

pH sensitive

Wu et al. studied the release pattern of DOX from micelles under different external pH 

conditions, observing that greater release was seen in more acidic environments. At a pH of 

7.4, 37.9 wt % was released during the first 48 h compared with 67.9 wt % at pH 5.5. Given 

that 7.4 is the physiological pH of the human body, whereas 5.5 is the pH of the lysosomal 

environment, the authors proposed that this acid activation of drug release was favorable for 

drug delivery into the targeted carcinoma cells without premature drug leakage [74]. Wang 

et al. engineered a pH-sensitive HA micelle formulation utilizing an established click 

reaction concept to attach thiolated HA (HA-SH) to a side chain double bond of 

phosphorylcholine [75]. This copolymer was self-assembled into DOX micelles with 10% 

drug loading. The drug release from this formulation was studied at pH 7.4 and pH 5.0. 

After 48 h, the DOX release under acidic conditions (pH 5.0) was nearly double that of the 

release from micelles in a pH 7.4 physiological buffer [76].

Redox sensitive

Han et al. engineered a reduction-sensitive targeted micelle formulation by conjugating 

alkylated HA to poly(pyridyl disulfide methacrylate) via click chemistry. The crosslinked 

core of their micelles was to used increase the micelle stability in blood as well as to create a 

disulfide bond that can be reduced by glutathione (GSH) for controlled drug release at the 

target site. This reduction-sensitive approach is based on the known dissimilarity of GSH 

levels between the bloodstream (2μM) and the cell cytosol (1–10 mM) [77]. This CC-HA 

micelle formulation was loaded with 8.7 wt % DOX and tested against SCC7 human head 

and neck cancer. Drug-release studies confirmed that the DOX release time was reduced in 

the presence of GSH; additionally, less DOX release was observed from CC-HA micelles 

than their noncrosslinked HA micelle counterparts in a physiological buffer (pH 7.4). GSH 

Wickens et al. Page 10

Drug Discov Today. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



levels of 10 mM induced 90% drug release from CC-HA micelles within the first 12 h of 

treatment. Han et al. observed strong selective accumulation of released drug at the tumor 

target site in vivo, because of the combination of HA targeting of CD44 receptors and GSH 

reduction of micelles for rapid drug release [78].

Li et al. noted that the two common shortcomings of the micelle drug delivery strategy in 

cancer research are lack of specificity to the target site in addition to slow release of the 

hydrophobic drug [79,80]. Together, these increase adverse effects while limiting the 

anticancer effect. To overcome these challenges, Li et al. synthesized HA-ss-XXXX 

(DOCA) polymers for the formation of micelles as a delivery system for the anticancer drug 

PTX. By conjugating with HA, they anticipated increased specificity by active targeting of 

CD44 receptors. By connecting the copolymer through a disulfide bond, they anticipated 

faster drug release induced by the reducing action of GSH in the cytosol. Li et al. achieved 

remarkable drug loading of PTX, with 34.1 wt% PTX at an entrapment efficiency of 93.2%. 

They established the ability of GSH to induce rapid PTX release from HA-ss-DOCA 

micelles, observing that only 6.3% of PTX was released in the first 4 h in the presence of 

10μM GSH, while at 20 mM GSH, a remarkable 55.2% was released in the same time 

period. Li et al. confirmed the importance of the disulfide bond in this formulation by 

additionally synthesizing and testing HA-DOCA micelles (no disulfide connection) in the 

presence of the highest concentration (20 mM) GSH; in this test, only 6% of PTX was 

released in the first 4 h. Results of a MTT cell proliferation assay were in line with their 

preliminary findings, because the IC50 values after 72-h treatment with HA-ss-DOCA and 

HA-DOCA were 25.6 and 56.6 ng/ml, respectively. The authors used flow cytometry to 

determine that HA targeting increased cellular uptake in CD44-expressing MDA-MB-231 

human breast cancer cells compared with MDA-MB-231 cells pretreated with an excess of 

HA. Thus, based on these results, Li et al. highlighted the promising potential applications 

of HA-ss-DOCA micelles in active targeting of CD44-positive tumors and engineered drug 

release in a cytosol reducing environment [52].

High-intensity focused ultrasound

Zheng et al. investigated the use of high-intensity focused ultrasound (HIFU) to control drug 

release from their HA-C16 micelle formulation. The impact of the focused waves of HIFU 

has the ability to induce drug release by disrupting the polymer bonds in the shell of 

polymeric micelles [81,82]. Without treatment with HIFU, drug release in vitro was 

observed to be a steady process during which only 37% of the drug was released over the 

first 120 h. When HIFU was applied, 60% of the encapsulated docetaxel was released in the 

first 40 h after treatment. Additionally, Zheng et al. observed an increased cellular uptake 

when exposed to HIFU, suggesting that HIFU increases permeability through the cell 

membrane. Overall, the authors found the application of HIFU to induce drug uptake and 

release in vitro, with possible applications in enhanced drug delivery to tumors [63].

Innovative delivery packages

In terms of cancer therapy, the complexity of cancer as a disease cannot be overstated. 

Cancers vary in tissue type, subtype, progression rate, and gene expression, as well as many 
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other factors. The same initial diagnosis might require different treatment regimens in 

different patients. Even within the same patient, cancerous tissue might adapt over time to 

become unresponsive to a previously promising treatment method. This phenomenon is 

referred to as multidrug resistance (MDR). Therefore, the development of HA-based micelle 

formulations has been expanded, with several HA-micelles ingeniously designed to 

specifically overcome the challenges of MDR and/or P-glycoprotein (P-gp) or pump-related 

transporters (which otherwise would pump out the drug and decrease their effectiveness). 

Therefore, clinical outcomes for patients with cancer in cases of MDR will improve

Dual targeting

Liu et al. designed and synthesized HA-octadecyl (HA-C18) conjugates for the formation of 

self-assembling micelles for cancer treatment. Given that the expression of cellular surface 

receptors can adjust over time in response to drug treatment, they further conjugated with 

folate (FA) to form dual-targeted FA-HA-C18 micelles for the delivery of PTX, because 

conjugation with multiple targeting ligands has shown greater consistency in targeted 

delivery [83]. By targeting both the FA and CD44 receptors, the authors aimed to more 

effectively combat MDR even when the cellular surface morphology is altered. To this end, 

cytotoxicity was compared between HA-C18 single-target micelles, FA-HA-C18 dual-target 

micelles, and commercial Taxol solution. Their formulations were tested against MCF-7 

breast cancer cells and MCF-7/Adr MDR breast cancer cells, both of which overexpress FA 

and HA receptors on the cell surface. Against MCF-7 human breast cancer cells, all three 

PTX formulations were cytotoxic at low doses, with FA-HA-C18 being the most cytotoxic at 

an IC50 of 0.404μg/ml. The IC50 values of HA-C18 and Taxol were 1.16 and 1.37μg/ml, 

respectively. However, Liu et al. observed remarkable differences in cytotoxicity against 

MCF-7/Adr MDR breast cancer cells. The IC50 of PTX-loaded HA-C18 micelles increased 

to 2.99μg/ml, whereas the dual-targeted FA-HA-C18 micelles showed 50% cytotoxicity at a 

PTX concentration of only 0.866μg/ml. Their results indicated a strong advantage of dual 

targeting to improve efficacy against MDR cells. Furthermore, the IC50 of Taxol solution 

against MCF-7/Adr cells was an astonishing 38.44μg/ml, suggesting that the targeted 

micelle drug delivery strategy drastically improves cytotoxicity to cells with MDR 

phenotypes [84].

In response to the low survival rates of patients with liver cancer, Wu et al. set out to 

synthesize a micelle drug delivery system that actively targets hepatic cancers beyond the 

scope of HA targeting alone. They synthesized two polymer conjugates: HA-L-histidine 

(Ha-His) and HA-glycyrrhetinic acid (HA-GA). From these, ultrasonic dispersion was used 

to form a HA-GA/HA-His mixed micelle formulation for the delivery of DOX. Wu et al. 
achieved 8.64% loading with an average micelle diameter of 162 nm. The active targeting 

strategy was twofold. HA was used to target CD44 receptors overexpressed on the cellular 

surface of a variety of tumor carcinomas [85,86]. Additionally, GA-conjugated polymer drug 

delivery systems have recently been shown to actively target the liver to halt the progression 

of hepatic tumors [87–89]. To evaluate their HA-GA/HA-His dual-targeting strategy, Wu et 
al. tested the toxicity of their DOX-loaded formulation to HepG2 liver cancer cells in vitro 
through the MTT colorimetric cell proliferation assay. Results showed that dual-targeted 

Wickens et al. Page 12

Drug Discov Today. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



micelles had greater toxicity than free DOX, with IC50 values of 1.19 and 1.46μg/ml, 

respectively [74].

Liu et al. engineered a dual-targeting micelle drug delivery system by conjugation of 

octadecyl-grafted HA (HA-C18) with folic acid (XX) to produce FA-HA-C18 polymers for 

the micelle encapsulation of PTX. Cellular uptake of PTX in drug-loaded micelles was 

fourfold greater than with the commercial formulation Taxol in both MCF-7 human breast 

cancer (overexpression of HA and FA receptor) and A549 human lung cancer 

(overexpression of HA receptor) cells. In a comparison of the cellular uptake between 

single-targeted and dual-targeted micelles, Liu et al. observed a 36.7% increase in uptake of 

FA-HA-C18 micelles over HA-C18 micelles in MCF-7 cells. However, in A549 cells 

exhibiting overexpression of only the HA receptor, a significant difference in uptake was not 

observed. MTT assay results showed that dual-targeted micelles were more cytotoxic than 

both HA-C18 micelles and the Taxol to MCF-7 cell line at all concentrations tested between 

0.001 and 100 MM PTX. In CD44-overexpressing A549 cells, HA-C18 and FA-HA-C18 

micelle formulations were more cytotoxic than Taxol at low concentrations only (<1 MM). 

By combining HA micelles with additional FA targeting, Liu et al. showed increased cellular 

uptake and subsequent cytotoxicity for improved treatment of certain receptor-

overexpressing cell lines, such as MCF-7 breast cancer [90].

Drug–gene combinations

Yin et al. utilized HA tumor-targeted micelles for the codelivery of the anticancer drug PTX 

and small interfering (si)RNA specific to the inhibition of aurora kinase A (AURKA) to treat 

aggressive triple-negative breast cancer. Recently, siRNA was used with substantial success 

in silencing cancerous gene expression to treat various carcinomas [91]. Additionally, 

previous studies have revealed that the inhibition of AURKA in breast cancer cells increases 

their susceptibility to the cytotoxicity of the drug class taxanes, among which are docetaxel 

and PTX [92–94]. The MTT cell viability assay confirmed the synergistic effects of the 

dual-loaded HA micelle therapy against CD44-positive MDA-MB-231 breast cancer cells. 

In vivo fluorescent studies of tumor-bearing mice confirmed the selective tumor targeting of 

the target formulation. By codelivery of AURKA inhibitors and PTX in HA micelles, Yin et 
al. showed the significant anticancer effect of their drug–gene dual treatment formulation 

(Figure 5) [95].

Yang et al. synthesized and characterized HA-PEI/HA-PEG NPs. These HA-based self-

assembling NPs can target CD44 receptors overexpressed on MDR ovarian cancer. The 

authors then evaluated the cellular uptake and knockdown efficiency of HA-PEI/HA-PEG/

MDR1 siRNA NPs and found that HA-PEI/HA-PEG NPs successfully targeted CD44 and 

delivered MDR1 siRNA into OVCAR8TR (established PTX-resistant) tumors. In addition, 

HA-PEI/HA-PEG NPs loaded with MDR1 siRNA efficiently downregulated the expression 

of MDR1 and Pgp. Thus, cell sensitivity to PTX was increased and HA-PEI/HA-PEG/

MDR1 siRNA NP therapy followed by PTX treatment inhibited tumor growth in MDR 

ovarian cancer mouse models [96,97]. These results indicated that this CD44 targeted 

HAPEI/HA-PEG NP nanostructured might be a clinically relevant gene delivery system for 

systemic siRNA-based anticancer therapeutics for the treatment of MDR ovarian cancers.
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In another study, Ganesh et al. developed a near infrared (NIR) dye-loaded HA NP, which 

was applied to image the whole-body localization of NPs after intravenous injection into live 

mice bearing human lung tumors that were sensitive and resistant to cisplatin. Ganesh et al. 
quantified the siRNA duplexes and cisplatin dose distribution in various tissues and organs 

using an ultrasensitive quantitative PCR method and inductively coupled plasma-mass 

spectrometry (ICP-MS) (Figure 6). They found that the distribution pattern of the siRNA 

and cisplatin using customized engineered CD44-targeting HA NPs corresponded well with 

the tumor targeting capability as well as the activity and efficacy procured from combination 

treatments [98].

SPIONs

Smejkalova et al. engineered a novel approach to micelle drug delivery by combining HA 

micelles with superparamagnetic iron oxide NPs (SPIONs). They synthesized a sodium oleyl 

hyaluronate (HAC18:1) amphiphilic polymer to encapsulate hydrophobic oleic acid-coated 

SPIONs into self-assembling micelles. Interestingly, HAC18:1 micelles loaded with 1–2% 

SPION were cytotoxic to the cancer cell line HT-29 selectively over normal human cells in a 

MTT assay. Notably, SPION treatment was more selective to cancer cells than was the 

HAC18:1 PTX-loaded micelle. This apparent selectivity of SPIONs was further confirmed 

by observing the selectivity of the effect of the treatment on HT-29 cancer cells and normal 

cells when mixed together. Smejkalova et al. attributed this selectivity in part to observations 

of different cellular release mechanisms in the two cell lines. SPIONs were imaged in 

clusters within the cytoplasm of normal cells; however, they did not aggregate in cancer cells 

[99].

Active polymers

One known aspect of MDR in a variety of cancers is the action of P-gp in pumping an 

internalized drug from within the cytoplasm back to the extracellular space. Thus, Qiu et al. 
synthesized self-assembling micelles from HA-g-poly(I-histidine) copolymers mixed with d-

α-tocopheryl polyethylene glycol 2000 (TPGS2k). Incorporation of TPGS (2%) into the 

targeted micelles was used. to inhibit the action of P-gp, thus allowing for both the delivery 

and retention of active drug. Their mixed HPHM/TPGS2k micelles were loaded with DOX 

at 9.93 wt % DOX. Furthermore, DOX-loaded HPHM/TPGS2k micelles were found to be 

more cytotoxic than were HPHM (non-TPGS2k) micelles to MDR MCF-7/ADR cancer cells 

in vitro. Qiu et al. ascribed this observation to the successful inhibition of P-gp drug efflux 

by TPGS2k [100].

In another study, Jung et al. synthesized a copolymer polypropylene glycol-HA (PPG-g-HA) 

conjugate, forming mixed micelles from the combination of a PPG-g-HA polymer and 

pluronic L61. Given its low hydrophilic-lipophilic balance, pluronic acid might act in the 

cytosol and cell membrane to reduce ATP levels and combat MDR, making it a desirable 

vehicle for drug delivery [101]. DOX-loaded PPG-g-HA and PPG-g-HA/L61 micelles were 

formed and analyzed with 0%, 3%, 15%, or 40% pluronic L61 to determine the optimal 

percentage of pluronic L61 to be incorporated into the micelle structure. The authors found 

that 3% pluronic L61 increased micelle stability and allowed for greater drug loading 

compared with other formulations. PPG-g-HA and PPG-g-HA/L61-3% formulations were 
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selected for further cytotoxic analysis, with a DOX loading of 2.2% and 3.1%, respectively. 

Treatment of L929 normal human fibroblast cells with DOX-loaded micelles showed no 

significant decrease in viability at low concentrations, whereas treatment with free DOX at 

the same concentrations was highly cytotoxic. Furthermore, Jung et al. found that the 

treatment of a MCF-7 MDR breast cancer cell line with drug-loaded formulations showed 

that PPG-g-HA/L61 exhibited greater cytotoxicity than did PPG-g-HA micelles, suggesting 

that pluronic L61 contributed to the cytotoxicity in MCF-7 cells. The greatest toxicity to 

MCF-7 was affected by treatment with free DOX; however, free DOX is neither specific to 

the target site, as shown by its high toxicity to L929 normal cells, nor soluble for parenteral 

administration. Therefore, PPG-g-HA/L61 micelles were the most selective cytotoxic 

delivery system tested by Jung et al. for the selective treatment of cancer cells. Furthermore, 

by mixing the functional pluronic L61 polymer with CD44-targeted PPG-g-HA copolymers, 

Jung et al. were able to create a novel formulation that utilizes both the targeting strategy of 

HA and the ability of pluronic L61 to combat MDR cancers via ATP depletion [102].

Recent patents with HA as the targeting moiety

US Patent no. 7,897,584 B2, issued to De Luca et al. [103], describes the water-soluble 

taxanes covalently bonded to HA or HA derivatives, and in particular to PTX and docetaxel, 

which are useful for the preparation of pharmaceutical compositions to be used in the field 

of oncology in the treatment of autoimmune disorders and restenosis. As stated in the patent, 

the authors also discussed the process for preparing taxanes covalently bonded to HA or HA 

derivatives by direct synthesis between molecules of HA and taxane or by indirect synthesis 

by the introduction of a spacer between the HA or HA derivative and the taxane. This 

invention has many advantages, including the provision of instantaneous solubility in the 

blood stream. In addition, there is no need to mix taxenes with cremophore®EI, which 

causes adverse effects; and the conjugate will take advantage of esterase enzymes that are 

commonly present in plasma for drug release.

As per patent US 8,895,069 B2 [104], Hahn et al. provided a drug delivery composition 

comprising drug-loaded, HA-peptide conjugate micelles applicable to hydrophobic or water-

insoluble drugs. Moreover, this micelle has a therapeutic effect because of the peptide it 

contains, which can act in combination with the drug. Thus, the drug delivery system and its 

production method can be utilized to produce a sustained-release formulation with an 

extended duration of the medicinal effect.

According to patent US 2005/0123505 A1 [105], a biodegradable HA derivative when 

dissolved in a hydrophilic medium can form micelles and can be used to entrap a 

pharmaceutically active or bioactive molecule. This patent highlights the process of making 

a novel biodegradable HA derivative by substituting a short chain group on the hydroxyl 

position via a urethane linkage.

In addition, Hunter et al. reported in US 2006/0040894 A1 patent, compositions, devices, 

and methods for prolonging the activity of HA-based platforms, which can be utilized in the 

drug delivery, cancer therapy, and the treatment of interstitial cystitis [106]. They provided 

examples of HA-containing materials for use in drug delivery, which can be combined with 
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an HA-including Hyaluronic-Induced Targeting (HIT) gel, such as the NASHA gel (Q-Med) 

from SkyePharma. Also, topical formulations, such as SOLARESE and SOLARASE, from 

Meditech (Australia), are gels used in the treatment of skin cancer.

Patent US 2010/0316682 A1 [107] disclosed a biodegradable HA derivative including at 

least one modified HA repeating unit represented by the formula (HA)- [O(C:O) NH-M]p, in 

which HA is a unit including N-acetyl-D-glucosamine and D-glucuronic acid, M is a 

modifying moiety containing a C2-16 hydrocarbyl group, and p is an integer of 1–4. 

Furthermore, Yang et al., in US patent no. 2014/0199349 A1, disclosed a pH-sensitive HA 

derivative, comprising at least one repeat unit in which the HA derivative is biodegradable 

and pH sensitive, and linkages are broken under acidic conditions [108]. The disclosure also 

provides a micelle formed in the hydrophilic medium. Furthermore, it provides a drug 

delivery system that comprises a carrier and a bioactive ingredient encapsulated within the 

carrier. In addition, the disclosure provides a flavor enhancer for encapsulating a bioactive to 

mask the flavor thereof, in which the flavor enhancer comprises the new HA derivative. In 

addition, Amiji and Iyer in US20110244048 A1 patent developed libraries of NPs 

comprising therapeutic agents and/or imaging agents, as well as disclosing methods of 

making, customizing, and using HA as one example of targeting a ligand to CD44 [109].

HA in preclinical and clinical cancer trials: challenges and promises

HA is a promising molecule for utilization as a vehicle, which can circumvent problems 

faced by conventional cancer chemotherapy. It has also been utilized as a targeting moiety, 

because it can target and bind to the CD44 receptor overexpressed in several cancers. In 

terms of preclinical and/or clinical trials, the most recent drug delivery technologies are 

polymer drug conjugates and injectable formulations. As shown in the literature, several 

products have reached Phase 2 or Phase 3 clinical trials. One of the hurdles for HA 

conjugates for their utility in cancer therapeutics is because of their classification as new 

chemical entities (NCEs); therefore, physicochemical characterizations, such as the drug 

release patterns, drug loading, particle size, and morphology, must be optimized. Most of the 

clinical data have shown a remarkable reduction of adverse effects, but their efficacy still 

needs to be improved significantly. One option might be to enhance the activity of the HA 

conjugates, particularly to overcome tumor MDR, by coloading or linking more toxic and/or 

potent anticancer agents. To this end, suitable linkers to fine tune drug release will be 

mandatory to enhance the therapeutic outcomes further. Multiple anticancer drugs (e.g., 

irinotecan, DOX, 5FU, and MTX) have been investigated in clinical trials by utilizing HA as 

a targeting moiety [19]. A subset of these preclinical data revealed modest anticancer 

efficacy and an improved safety profile. Also, Phase 1 clinical trials have been conducted on 

12 patients and the results showed that HA-irinotecan was safe and well tolerated, and that 

the anticancer activity of irinotecan was not compromised [19]. Another Phase 2 trial, 

involving 41 patients, emphasized the advantages of the HA nanoformulation in terms of 

progression-free survival and safety [20]. In 2014, another Phase 2 trial of 5-FU and HA-

irinotecan plus cetuximab, was initiated (NCT02216487) by Alchemia Oncology. This trial 

aims to investigate the use of HA-Irinotecan in a single-arm trial of FOLF(HA) plus 

cetuximab in irinotecan-naïve second-line patients with KRAS wildtype metastatic CRC. 

Also, these studies aim to confirm the safety and efficacy of FOLF(HA) plus cetuximab as 
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second-line therapy in irinotecan-naïve patients with metastatic (m)CRC. Table 2 provides 

examples of ongoing trials in which HA is utilized as an excipient and/or targeting ligand in 

cancer drug delivery.

Concluding remarks and prospects

The incorporation of HA onto the exterior surface of micelles and NPs has repeatedly shown 

improvement in the targeting of therapeutic agents to cancer cells in vitro and in vivo. In 

combination with the passive targeting or the EPR effect, this active targeting strategy is a 

promising platform for delivering chemotherapeutic drugs to CD44-overexpressing cancers. 

In particular, this technique enables the targeting of CSCs or CSLCs and aggressive cancer 

cells that contribute to cancer proliferation and metastasis. HA-based nanomicelles and 

nanocarriers are biologically safe for drug delivery and show great potential for drug 

loading, blood compatibility, and systemic tumor targeting. Additionally, recent advances in 

HA-based nanoformulation developments have shown improvement in combating multidrug 

resistance. Together, these data make a strong case for the continuation of research into the 

use of HA for future clinical cancer therapy.
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Highlights

• CD44 receptor is overexpressed in highly invasive stem-like cancer cells 

(SLCS)

• CD44 receptors have high affinity towards hyaluronic acid (HA) binding.

• Recent advances using HA based nanocarriers for cancer therapy are 

discussed.

• HA decorated nanocarries shown great promise for future applications in 

cancer therapy.
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Figure 1. 
Hyaluronic acid (HA) structure and function. HA is a natural mucopolysaccharide that was 

discovered to have excellent properties for utilization in drug delivery as a targeted moiety.
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Figure 2. 
Hyaluronic acid (HA)-decorated nanomicelle-mediated active and passive targeting. The 

accumulation of targeted nanomicelles at the tumor site occurs via cluster-determinant 44 

(CD44) receptor-mediated endocytosis. This results from the speci c binding of HA to CD44 

receptors overexpressed on cancer cells. This represents active or passive targeting through 

the enhanced permeation and retention (EPR) effect. Abbreviation: IV, intravenous.
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Figure 3. 
In vivo antitumor efficacy assay. (a) Tumor volumes of tumor-bearing mice as a function of 

time (day). The arrows indicate the time points of the drug injection. (b) Tumor-bearing 

mice at the end of the tests (the 20th day post-treatment) imaged by the IFLUOR™ in vivo 
imaging system (inset: excised tumor tissues after imaging). Paclitaxel (PTX)-hyaluronic 

acid (HA)-ss- deoxycholic acid (DOCA) micelles (iv) exhibited the highest tumor growth 

inhibition efficacy compared with saline (i), Taxol® (ii) and PTX-HA-DOCA micelles (iii). 

Reproduced, with permission from [65].
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Figure 4. 
In vivo tumor inhibition study. (a) Balb/c nude mice were injected with PBS, free paclitaxel 

(PTX) and hyaluronic acid (HA)-cholanic acid (CA)-PTX at Day 0 (n = 3). Comparison of 

tumor size on Day 8 of (b) Control, (c) PTX, (d) HA-CA-PTX (2 mg/kg), and (e) HA-CA-

PTX (5 mg/kg). Tumor inhibition data show mean tumor volume, of triplicate samples ± SD. 

*P <0.05 relative to HA-CA-PTX (2 mg/kg) and **P <0.05 relative to control group. 

Reproduced, with permission, from [72].
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Figure 5. 
(a) In vivo imaging of tumor-bearing mice after administration of DiR/FAM-small 

interfering RNA (siRNA) co-loaded HSOP micelles (i) and HOP micelles (ii) at 2 h, 12 h, 

and 24 h under DiR channel (720 nm for excitation and 790 nm for emission). (b) Ex vivo 
fluorescence images of tissues including: lung (1), heart (2), tumor (3), liver (4), spleen (5), 

and kidneys (6) collected at 2 h, 12 h and 24 h post-injection of DiR/FAM-siRNA co-loaded 

HSOP micelles (DiRHSOPFAM-siRNA) and HOP micelles (DiRHOPFAM-siRNA) under 

DiR channel [(i) 720 nm for excitation and 790 nm for emission) and FAM channel [(ii) 470 

nm for excitation and 530 nm for emission), respectively. Reproduced, with permission, 

from [95].
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Figure 6. 
(a) Whole-body optical imaging. The distribution of indocyanine green-encapsulated 

hyaluronic acid (HA)-poly(ethylenimine)/HA-poly(ethylene glycol) self-assembled 

nanoparticles (ICG/HA-PEI/PEG NP) in A549/A549DDP non-small cell lung cancer- (i) 

and H69/H69AR small cell lung cancer- (ii) bearing mice. Mice bearing A549 

andA549DDP and H69/H69AR tumors were injected with ICG/HA-PEI/PEG NPs and 

imaged at different time points using the IVIS live imaging system. To see the half-life of 

ICG alone in circulation, the free dye ICG was injected into A549 tumor-bearing mice and 

imaged at different time points (iii). (b) Biodistribution of NPs throughout different organs 

in the mice tissues. Reproduced, with permission, from [98].
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Table 2

Examples of current ongoing clinical trials utilizing HA as excipient/targeting ligand in cancer drug delivery

Year (NCT) Clinical trial Intervention Condition

2014 (NCT02216487) Trial of FOLF(HA)Iri with cetuximab in 
mCRC

HA-Irinotecan mCRC

2016 (NCT02753595) Study of eribulin mesylate in combination 
with PEGylated recombinant human 
hyaluronidase (PEGPH20) versus eribulin 
mesylate alone in subjects with (HER2)-
negative, high-hyaluronan (HA) metastatic 
breast cancer (MBC)

Drug: eribulin mesylate; 
biologic: PEGylated 
recombinant human 
hyaluronidase 
(PEGPH20)

Metastatic breast cancer

2015 (NCT02346370) A Phase 1b study of PEGylated 
recombinant human hyaluronidase 
(PEGPH20) combined with docetaxel in 
subjects with recurrent previously treated 
locally advanced or metastatic non-small 
lung cancer

Drug: PEGPH20; drug: 
docetaxel

Non-small cell lung cancer

2016 (NCT02715804) A study of PEGylated recombinant human 
hyaluronidase in combination with Nab-
PTX plus gemcitabine compared with 
placebo plus Nab- PTX and gemcitabine in 
participants with hyaluronan-high stage IV 
previously untreated pancreatic ductal 
adenocarcinoma

Biological: PEGylated 
recombinant human 
hyaluronidase 
(PEGPH20); drug: 
placebo; drug: Nab-
PTX; drug: gemcitabine

Pancreatic ductal adenocarcinoma

2016 (NCT02910882) PEGPH20 plus gemcitabine with 
radiotherapy in patients with localized, 
unresectable pancreatic cancer

Drug: PEGylated 
recombinant human 
hyaluronidase 
(PEGPH20); drug: 
Gemcitabine; radiation: 
radiation

Pancreatic adenocarcinoma (nonresectable)
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