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Hyaluronic acid (HA) is a natural mucopolysaccharide and has many useful advantages, including biocompatibility, non-
immunogenicity, chemical versatility, non-toxicity, biodegradability, and high hydrophilicity. Numerous tumor cells
overexpress several receptors that have a high binding affinity for HA, while these receptors are poorly expressed in
normal body cells. HA-based drug delivery carriers can offer improved solubility and stability of anticancer drugs in
biological environments and allow for the targeting of cancer treatments. Based on these benefits, HA has been widely
investigated as a promising material for developing the advanced clinical cancer therapies in various formulations,
including nanoparticles, micelles, liposomes, and hydrogels, combined with other materials.

Keywords: hyaluronic acid ; cancer therapy ; anticancer agent

| 1. Introduction

Cancer is a leading cause of death in the United States and numerous other parts of the globe. The new cancer cases
worldwide are predicted to increase from approximately 14 million in 2012 to more than 22 million in 2030. The number of
deaths from cancer is expected to continue rising and to reach 13.1 million in 2030 WRIEI4 Therefore, successful cancer
treatment is one of the most important goals of current medical science. Recently, advances in nanotechnology have
made it possible to understand the fundamental biology of cancer, and to develop new and promising therapies (2!,
Various materials and methods have been reported for producing drug carriers that can protect and deliver therapeutic
molecules to tumors (€,

Hyaluronic acid (HA) is a natural mucopolysaccharide comprising alternately repeating disaccharide units of D-glucuronic
acid and N-acetyl-D-glucosamine (Figure 1a) and is the main constituent of the extracellular matrix (ECM). The HA plays
a significant role in cell growth and in maintaining the structural stability of tissue [E!E, |n the body, these structural roles
are affected by their hydrodynamic properties and interactions with other ECM components. As HA is biocompatible, non-
immunogenic, non-toxic, biodegradable, chemically modifiable, highly hydrophilic, and can absorb water, producing
viscoelastic gel, HA has attracted considerable interest from researchers for biomedical applications, including drug
delivery systems [£QII11],
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Figure 1. (a) The structure of hyaluronic acid, composed of alternating units of D-glucuronic acid and N-acetyl-D-
glucosamine, (b) hyaluronic acid receptors in the cell: cluster of differentiation 44 (CD44), lymphatic vessel endocytic
receptor (LYVE-1), and the receptor for hyaluronic acid-mediated motility (RHAMM).

In addition, there are several overexpressed HA binding receptors in cancer cells compared to normal cells, such as
cluster of differentiation 44 (CD44) 1234l ymphatic vessel endocytic receptor (LYVE-1) 231 and the receptor for
hyaluronic acid-mediated motility (RHAMM) 28] (Figure 1b). These receptors can offer selective tumor targeting. The role
of CD44 in the interactions between HA and specific cells has been extensively explored. The CD44 family of proteins
belongs to transmembrane glycoproteins and play a crucial role in extracellular adhesion, cell activities, and signal
transduction X4, The CD44 receptor is involved in tumor invasion and metastasis in cancer cells, and has been
associated with the cellular adhesion process, including aggregation and migration in normal biological systems 181191,



There are some differences between normal cells and tumor cells concerning the HA and CD44 receptors. In normal
tissue, the CD44 receptor is endogenously expressed with low levels on different cells and requires activation 2%,
However, tumor-derived cells do not require an activation process because the expressed CD44 receptor has a high
affinity. In this case, HA binding and internalizing are possible without additional procedures. These interactions can

encourage tumor cell migration, which is linked with HA levels; HA levels are high at the edges of rapidly growing tumors
21

As mentioned above, CD44 receptors are overexpressed on the surfaces of various tumor cells, including breast cancer
(22123] gnd lung cancer 24, therefore, CD44 can be utilized as a cancer-targeting biomarker. RHAMM is another well-
known HA-specific receptor that mediates cell proliferation and migration and is poorly expressed in the majority of

common normal tissues. Conversely, RHAMM shows increased expression in tumor cells, which is related to metastases
[25][26]

HA-based drug delivery carriers provide several advantages. First, HA can improve the stability of anticancer drugs in
physiological conditions . Secondly, HA can solve the drawbacks of current anticancer drugs, such as low specificity,
via several overexpressed receptors that selectively bind to HA 2822 Finally, HA can be chemically modified through
functional groups. The carboxyl groups on the glucuronic acid unit and the primarily hydroxyl groups on the N-acetyl-D-
glucosamine unit are commonly used groups for chemical modification to obtain HA derivatives 39311,

In this review, we discuss the approaches that utilized various formulations of HA to design drug carriers and advances in
HA-based drug delivery systems for improved cancer treatment. Moreover, we present a brief overview of the recent
findings and progression in the research to show the promising aspects of HA-based cancer therapies.

| 2. HA-Drug Conjugates

In anticancer therapy, there are various treatment methods, the most basic of which is chemotherapy using anticancer
drugs, such as paclitaxel (PTX), doxorubicin (DOX), cisplatin (cis-diamminedichloroplatinum (Il) or CDDP), SN-38, etc.
For cancer therapy, these drugs administered into the body can act on cancer cells or tissues by reducing cell viability or
expediting a specific immune reaction for the elimination cancer tissues. However, these effects can cause damage to
normal cells as well as cancer cells, resulting in various side effects. Furthermore, they can be easily eliminated by
physiological or immune reactions in the body, since these drugs are external substances administered into the body.

Therefore, it is necessary that administered drugs act on the cancerous tissue without affecting other normal cells and
maintain a stable state in in vivo microenvironments until they are delivered. To this end, HA, with the various advantages
discussed earlier, has been applied for drug delivery of anticancer drugs B23SI34I351(36] | general, anticancer drugs have
been conjugated with HA at the carboxyl group and hydroxyl group through functional groups of the drug itself or
conjugate linkers, such as ester linkers and amide linkers (Figure 2).
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Figure 2. Hyaluronic acid (HA) and small molecule conjugates. Arrows indicate chemical modification sites of HA and R is
link between HA and the anticancer drugs. Anticancer drugs are conjugated with HA at the carboxyl and hydroxyl groups
of HA through ester linkages or amide linkages.

2.1. HA-Conjugated Paclitaxel

Paclitaxel (PTX) is the most well-known anticancer drug for the treatment of numerous tumors, such as breast, ovarian,
and melanoma cancer. However, it has several limitations due to poor water solubility, nonselective toxicity, and inactivity
against drug-resistant cell lines 7. For these reasons, HA conjugation can offer improvements to these problems.



Rosato’s group synthesized ONCOFID™-P, a novel PTX-HA (MW 200 kDa) conjugate, using 4-bromobuyric acid, which
can form two ester linkages between PTX and HA, for treating superficial bladder cancer B8] A subsequent imaging
biodistribution analysis of **mTc-radiolabeled ONCOFID™-P by the intravascular method was conducted. As a result,
abdominal and gastroenteric tissue after injection showed that the radiolabeled conjugate remained in the cancer tissue.
Therefore, these methods can be relevant to local treatment for bladder cancer cells.

Xin et al. conjugated PTX with HA using amino acids between PTX and HA (MW 9.8 kDa), which showed more stability in
in vivo conditions 2. Amino acid linkers were conjugated to the carboxyl group with the hydroxyl group of PTX. Then,
intermediates were conjugated to the amino group of the amino acid with the carboxyl group of HA, using carbodiimide
activation, and the HA-PTX prodrug was successfully synthesized. Prodrugs exhibited increased cytotoxicity compared to
free paclitaxel against the MCF-7 cell line in an in vitro model. Mittapalli et al. conjugated HA (MW 4~5 kDa) and PTX
using a polyethylene glycol (PEG)-linker-forming ester linkage, and applied this conjugation to human breast cancer cells
(MCF-7) B9 As a result, the HA-PTX treated group showed that nanoconjugate remained in the body for a longer time
compared with the pure PTX treated group. Therefore, HA—PTX improved the drug efficacy in a preclinical model of breast
cancer. Moreover, Zhong et al. developed paclitaxel prodrug micelles based on HA (MW 9.5 kDa)-b-dendritic oligoglycerol
nanoparticles (HA-dOG-PTX-PM NPs) encapsulating fluorescence dye (DiR) for effective targeting and treatment of
xenografted human breast cancer in vitro and in vivo. Through in vivo biodistribution analysis for 48 h, it was confirmed
that DIR was significantly accumulated in tumor tissue compared to other organs at 4 h post injection. This demonstrated
that a theranostic system via these NPs is possible based on tumor-targetability through HA conjugation and the anti-
cancer effect of PTX and bio-imaging through DiR loading 41!,

2.2. HA-Conjugated Doxorubicin

Doxorubicin (DOX) is one of the most well-known anthracycline antibiotics utilized for cancer therapy. Despite its wide
clinical use for chemotherapy, it can cause a dose-dependent toxicity. Oommen et al. prepared HA-DOX conjugates via
covalent linkages between DOX and HA. As HA plays a critical role in cancer targeting, such polymer—drug conjugates
can be an effective method to treat metastatic tumors. The HA-DOX particles are stable in serum, as it is known that
hyaluronidase activity is significantly reduced in the blood serum of cancer patients. This method could also reduce the in
vivo toxicity caused by early release of the drug in vivo [42],

Cai et al. developed HA-DOX conjugates using the HA (MW 35 kDa)-adipic acid dihydrazide (ADH) derivative 43, In this
study, the HA-DOX treatment group showed delayed cancer progression for approximately 10 weeks, and compared with
the free DOX treatment group, increased the animals’ survival. HA-DOX showed significant efficacy combined with
decreased toxicity, achieving a complete pathologic tumor response. In addition, an antitumor theranostic system using
HA (MW 100 kDa)-DOX conjugates was reported by Kim et al. 44, The HA-DOX conjugates were prepared by chemical
reaction between carboxylic groups of HA and amine groups of DOX and formed micelle-like NPs through self-
assembling. In this research, the antitumor effect of HA-DOX micelles in in vitro anti-proliferation tests of cancer cells and
successful formation of the micelles coated with gold (Au) half-shells to take advantage of NIR-absorbing and
electromagnetic properties of Au half-shell for theranostic applications to cancer treatment were demonstrated.

2.3. HA-Conjugated Cisplatin

CDDP is the drug that can be applied to most cancer therapy. However, there are serious side effects such as
neurotoxicity, myelosuppression, and nephrotoxicity, which limits its use. To improve tumor targeting and avoid side
effects, several approaches have been developed for conjugation with HA. In 2008, Cai et al. reported HA-CDDP
conjugates produced by hydrolysis of chloride on CDDP and replacement with carboxylates on HA (MW 35 kDa) using
silver nitrate (AgNO3). The resulting conjugates exhibited an increase in local concentration in the drain lymph node basin
without decisively affecting the target organ in an intralymphatic delivery model ¥2l. Xie et al. also demonstrated that the
lung instillation of HA (MW 35 kDa)-CDDP conjugates increased Pt accumulations in the lung tissue and peripheral lymph
nodes compared to conventional CDDP i.v. infusion and show a sustained-release plasma profile €. Moreover,
compared with pure CDDP, HA conjugated CDDP has a targeting effect on cancer cells, which can selectively increase
the concentrations in cancer cells and tissues. Cohen et al. applied HA-CDDP to head and neck squamous cell carcinoma
(HNSCC), and confirmed a significant improvement in the antitumor efficacy, with a lower toxicity compared to free CDDP
47 |n the study, each experimental group was measured for weight loss and given a body conditioning score. The HA-
CDDRP treated group exhibited the least weight loss compared to the CDDP-only treated group. In addition, the body score
was decreased below 2 points in all control groups, but not in any HA-CDDP treated group. Therefore, the HA conjugated
groups had no toxic problems compared to the control group.



| 3. HA-Based Nanomaterials

HA has several functional groups that enable the encapsulation of active pharmaceutical ingredients or adsorption of
macromolecular substances “8. On the other hand, nanomaterials possess excellent potential for cancer therapy owing
to their unique physicochemical properties 49, Therefore, several approaches have been developed to synthesize
functional nanomaterials using HA BYBEUGEZ HA jtself can be synthesized into conjugated polymers, such as dendrimers,
micelles, liposomes, and hydrogels. Furthermore, HA can be incorporated into nanomaterials for enhanced water
solubility, biocompatibility, and targetability by their specific binding to CD44 overexpressed cancer cells. Moreover, HA
does not induce immune reactions and is biocompatible, suggesting that HA can be potentially applied for improved
theragnosis probes for cancer treatment.

3.1. Dendrimers

Dendrimers are highly branched synthetic polymers with layered structures around an internal core. Each branch that
extends from the internal core has different terminal groups, which determine the characteristics of the dendrimer 33,
Dendrimers have uniform and controllable size/chemical composition and a high loading capacity of payloads but have
limited chemical synthesis methods 4. Therefore, many studies focused on developing new synthesis methods to induce
various modifications of the terminal groups of HA dendrimers for cancer therapy.

Wang et al. encapsulated Au NPs with a G5.NH, dendrimer, functionalized with an Mn chelator, 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), fluorescein isothiocyanate (FI), and HA with Mw 6 kDA
{(Au®)109G5.NH,-FI-DOTA(Mn)-HA}. The prepared {(Au®)100G5.NH,-FI-DOTA(Mn)-HA} NPs endowed encapsulated Au
NPs with several advantages, such as enhanced water solubility, stability under different conditions, and cytocompatibility.
The prepared NPs were utilized as an imaging probe for tumor cell imaging B2, The HA modified Au dendrimers were
accumulated 2-fold higher in tumors compared to pure Au-dendrimers, indicating the tumor specificity of HA (Figure 3) 221,
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Figure 3. (a) Schematic diagram of the synthesis of {(Au®);09G5.NH,-FI-DOTA(Mn)-HA} nanoparticles (NPs). (b) In vivo
CT images and (c¢) CT values (Hounsfield units, HU) of orthotopic liver tumors at different times after a 0.3 mL intravenous
injection of a {(Au®)109G5.NH,-FI-DOTA(Mn)-HA} NP solution (0.3 mL in PBS, [Au] = 120 mM). (d) In vivo MR images and
(e) signal-to-noise ratio (SNR) of orthotopic liver tumors at different times after an intravenous injection of 0.3 mL of a
{(Au®)10oG5.NH,-FI-DOTA(Mn)-HA} NP (300 pg Mn) solution in PBS. (f) Biodistribution in the major organs of the mice
and tumors at 24 h after the intravenous injection of a PBS solution containing {(Au®);00G5.NH,-FI-DOTA(Mn)-HA} NPs
(0.3mL in PBS, [Au] = 120 mM). Reproduced from reference 551, copyright open access by Creative Commons Attribution
4.0 International License 2016.

On the other hand, there have been many studies utilizing dendrimer-based drug-delivery strategies exploiting HA as a
targeting ligand for the targeted delivery of drugs for cancer. Kesharwani et al. successfully reduced the cationic surface
charge of native poly(amidoamine) (PAMAM) by conjugation of HA (10 kDa) with the peripheral amino groups of PAMAM
dendrimers through N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) coupling chemistry B8 Then, 3.4-
difluorobenzylidene curcumin (CDF) was encapsulated in HA-PAMAM dendrimers and efficiently transferred into the
nucleus of tumor cells by CD44 receptor mediated endocytosis 28,



3.2. Micelles

HA also can be formed into polymeric micelles. Polymeric micelles are synthesized by the self-assembly of amphiphilic
copolymers in aqueous solution and have a spherical structure with hydrophilic heads at the shell and hydrophobic tails at
the core B4, Owing to their amphiphilic structure, micelles can effectively load water-insoluble drugs and slow down in
vivo degradation processes such as uptake by the reticuloendothelial system and blood clearance B2, Moreover, drug
release can be controlled by external stimuli such as pH, temperature, enzymes, ultrasound, etc. [S8I59[60I61] The
advantages of micelles for drug delivery are the high dissolution capacity, stability, sustained release, long-term
circulation, and the ability to remain in the tumor for a long time due to the enhanced permeability and retention effect
(EPR effect), which is the abnormal molecular and fluidic dynamic of certain macromolecules and lipids caused by the
specific nature of tumor tissues, such as imperfect vascularization, lack of lymphatic drainage, wider lumen, and so on.

Lee et al. synthesized hydrophobic poly(lactic-co-glycolic acid) (PLGA) multi-cores for doxorubicin encapsulation by the
self-assembly of PLGA grafted HA (low and high MW: 17 and 64 kDa, respectively) copolymers. DOX-loaded HA-PLGA
micelles exhibited enhanced cellular uptake and greater cytotoxicity to human colon cancer cells (HCT116) 52, Redox-
sensitive amphiphilic HA-deoxycholic acid conjugates were developed for the targeted intracellular delivery of paclitaxel
631 The conjugates were self-assembled into nanosized micelles in aqueous media and exhibited high drug loading
capacity and encapsulation efficiency (€3, HA-deoxycholic acid micelles were sufficiently stable in physiologic conditions
but quickly disassembled in the presence of a reducing agent, suggesting that their drug release can be controlled by
redox-sensitivity [63],

Similarly, pH-responsive HA-g-poly(L-histidine) (HA-PHis) copolymer micelles were developed with HA (MW 11 kDa) for
intracellular DOX delivery 4. DOX was efficiently loaded into self-assembled HA-PHis-conjugated micelles in aqueous
conditions 4. These micelles were up-taken to the cancer cells by receptor-mediated endocytosis, and drug release
could be controlled by pH differences of the intra/extra cellular environments 841,

3.3. Liposomes

Liposomes are vesicles composed of 50-100 nm phospholipid bilayers, similar to biological membranes. The unique
amphiphilic properties of liposomes make it possible to transport hydrophilic drugs in aqueous solutions and to dissolve
hydrophobic drugs through membranes 2, |n addition, liposomes are synthetic carriers approved by FDA (Food and
Drug Administration) and have excellent circulatory, penetration, and controllable diffusion properties depending on their
chemical composition [B8IE7 However, polymeric liposomes generally have poor in vivo stability and it is difficult for them
to maintain their loaded drugs until they reach the targeted site 7,

Taetz et al. synthesized cationic HA modified 1,2-dioleoyl-3-trimethyllammoniumpropane/
dioleoylphosphatidylethanolamine (DOTAP/DOPE) liposomes using an ethanol injection method for the targeted delivery
of anti-telomerase small interfering RNAs (siRNAs) to CD44+ lung cancer cells. The presence of HA upregulated siRNA
delivery into lung tumor tissues by the enhancement of siRNA conjugation, the protection of siRNA in the presence of
RNase V1, and complex stability in the presence of serum €8 To improve the cancer cell targetability, dual-
functionalization, such as pH-responsive cell penetration peptide (CPP)-HA core-shell liposomes, can be utilized €2, The
HA shell primarily delivers liposome complexes to the tumor site and is then removed by hyaluronidase to expose the
inner pH-responsive CPP to promote cellular uptake.

| 4. HA-Coated NPs

Inorganic nanomaterials such as Au nanoparticles, quantum dots, magnetic nanoparticles, ceramic nanoparticles, and
carbon-based NPs have attracted considerable attention in the treatment of cancer 9; however, these systems have
drawbacks, including cytotoxicity and non-cell specificity. Therefore, surface modification with biopolymers has been
widely investigated to develop further functionalized cancer theranosis probes 2] | jkewise, surface coating with HA
on inorganic NPs has been studied for biocompatibility and biofunctionality, as well as targetability.

4.1. HA-Coated Au NPs

Au NPs can be potentially used in selective photothermal therapies induced by lasers, owing to their surface plasmon
resonance. Au NPs are biocompatible and can easily provide surface modification due to their ability to bind amine and
thiol groups, optical properties that can be adjusted according to size and shape, and optical quenching ability Z4IZSI[Z6],
However, since Au NPs are typically cleared slowly, they exhibit longer-term whole-body retention in some cases 4,



Other challenges of the application of Au NPs are their low stability, reactivity, and capacity to load hydrophilic drugs.
Therefore, the surface functionalization of Au NPs to solve these problems is currently one of the most intensively
researched topics.

HA coatings have several advantages, such as antifouling effects on the prevention of protein adsorption and
opsonization due to the hydrophilic and polyanionic characteristics in physiological environments (8798 HA-conjugated
Pheophorbide-A (PheoA) and Au NPs could serve as multifunctional theranostic nanoagents for photodynamic and
photothermal therapy. Thiolated HA (MW 7 kDa) was conjugated with PheoA first, then Au NPs were encapsulated within
PheoA-HA conjugated by the Au-thiol reaction. This PheoA-HA-Au nanoagent showed excellent colloidal stability under
physiological conditions and restored photoactivity in intracellular environments.

Furthermore, tumor specificity and therapeutic efficacy in tumor-bearing mice were significantly increased 8. On the
other hand, HA-Au NPs can be used as protein drug delivery carriers. Lee et al. investigated HA-Au NPs by chemical
binding of thiolated HA (MW 12 kDa) and physical binding of interferon o to Au NPs (HA- Au NP/IFNa). Prepared HA-Au
NP/IFNa showed enhanced stability and efficiency compared to Au/IFNa and PEGylated IFNa, which is a conventional
IFNa carrier [82],

4.2. HA-Coated Quantum Dot

A quantum dot (QD) is a colloidal nano-sized single crystal exhibiting fluorescence. The center of a QD is generally
composed of semiconductor materials, such as CdSe, CdTe, CdS, PbSe, ZnS, ZnSe, GaAs, GaN, InP, and InAs. QDs
have excellent light stability and show a tunable emission spectrum and high quantum yield depending on their size and
composition. In addition, QDs have been widely used in biological applications as imaging contrast agents and labeling
agents due to their low photobleaching and low photo- and chemical degradation B3, However, clinical applications of
QDs are still limited because of their composition of toxic heavy materials and low water solubility [B3][841[85],

Wang et al. investigated HA-coated QD as a CD44+ cancer cell-targeted imaging probe. A cysteamine-modified HA
polymer was employed to coat CdSe (CdZnS) QDs through a convenient one-step reverse micelle method. Prepared HA-
QDs showed enhanced stability in PBS and fluorescence stability, and excellent targeting ability to CD44+ breast cancer
cells without cytotoxicity, indicating that the stability and low-toxicity of QDs could be achieved through an HA coating (88!,
Meanwhile, Yongbo et al. prepared QDs coated by HA-magnetic Prussian Blue conjugates (HA-PB@QDs) for cancer
theranosis (Figure 4). The targeting efficiency of HA-PB@QD to lung cancer cells was enhanced by the coexistence of a
magnetic core and CD44 ligand HA, which was found to significantly improve the specific uptake by CD44-overexpressed
Hela cells upon external magnetic fields. Moreover, enhanced in vivo photothermal therapy (PTT) efficacy upon NIR laser
illumination was observed, indicating the tumor growth inhibition was more than 89.95% (&7,
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Figure 4. Schematic illustration of the (a) Fe30,@PB@PEI@BQDs-HA (FPPBH) NPs fabrication procedure and (b) NIR
fluorescence/MR bimodal imaging-guided cancer photothermal therapy (PTT) through intravenous injection. (c) Infrared
thermal images of Hela-bearing nude mice under the 808 nm laser irradiation taken at different time intervals. (d)
Therapeutic effectiveness expressed as tumor volume in each group after treatment in HeLa-bearing nude mice. Data
shown as mean SD, n = 8. (e) Photographs of representative mice of the four different groups taken before and after
treatment for 9 and 18 days. Reproduced from reference 84, copyright open access by Ivyspring 2017.

4.3. HA-Coated Superparamagnetic Iron Oxide NPs

Superparamagnetic iron oxide NPs are characterized by biocompatibility, controllable size and shape, and clinically
available contrast agents for MRI. However, their clinical application is quite limited due to the poor stability under
aqueous conditions, such as the tendency to aggregate due to the large surface area and strong magnetic properties [88].
In addition, magnetic NPs with superparamagnetic properties should be able to maintain a colloidal state for a long time
and change surface properties through covalent bonds and be well dispersed in water. However, finding the ideal
combination is challenging.



To solve these problems, HA coatings have emerged as a novel method. To prepare HA-coated iron oxide NPs,
polyethyleneimine (PEI) drug conjugates were investigated 9. PE| stabilized Fe;0, NPs were prepared via a one-pot
hydrothermal method, and modified with HA and fluorescein isothiocyanate (HA/FI-Fe3O4 NPs) to be utilized as a cancer
diagnosis probe. The HA/FI-Fes04 NPs were water-dispersible and cyto/hemo-compatible. The prepared NPs showed
enhanced cellular uptake of HelLa cells through CD44 receptor-mediated active targeting pathways and exhibited
intracellular green fluorescence.

4.4, HA-Coated Carbon-Based NPs

A wide variety of different nanomaterials based on the allotropic forms of carbon, such as nanotubes, nanohorns, and
nanodiamonds, have been explored towards different biomedical applications 29. To enhance the cancer cell specificity
and water stability of carbon-based nanoparticles, HA coatings were performed with several methods. A reduced
graphene oxide (rGO) with an HA-based amphiphilic polymer was produced by grafting HA onto poly(maleic anhydride-
alt-1-octadecene) (PMAO) 1. On the other hand, HA-coated rGO nanosheets were obtained by coating with cholesteryl
hyaluronic acid (CHA), which was synthesized using cholesteryl-2-aminoethylcarbamate (CAEC) with the carboxyl group
of HA 22, Both nanoprobes exhibited improved stability and cytocompatibility and could potentially be utilized for targeted
cancer PTT. Other carbon-based nanomaterials, such as single-walled carbon nanotubes (SWNT), graphene oxide (GO),
and fullerene (Cgg) for anticancer activity, could be HA-surface modified. Prepared HA-SWNT, HA-GO, and HA-Cgq
showed significantly enhanced water solubility, biocompatibility, and tumor-targeting capacities 231,
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