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Abstract

:

Hyaluronic acid (HA) is a non-sulfated glycosaminoglycan (GAG) that is a versatile material whose biological, chemical, and physical characteristics can be deeply tuned to modifications. However, HA is easy to decompose by hyaluronidase in vivo, and this process will reduce its structure and function stability during application. The sulfonation of HA can improve its stability under the action of hyaluronidase. Sulfated hyaluronic acid (S-HA) can be synthesized by many methods, and it shows significantly slower degradation by hyaluronidase compared with HA. In addition, negatively charged S-HA has other advantages such as anti-adhesive activity, anti-inflammatory, macromolecules by electrostatic interactions, stable site absorption of positively charged molecules, and enhancement of growth factor binding ability. It has numerous applications in medical (anti-aging, inflammation, tissue regeneration, cancer therapy, wound healing, and drug delivery) and cosmetics as biomaterials and coatings. In this article, the advances of S-HA for potential application of biomaterials and biomedical coatings will be reviewed and comprehensively discussed.






Keywords:


sulfonated hyaluronic acid; hyaluronidase; surface modification; biocompatibility












1. Introduction


Hyaluronic acid (HA) is a non-sulfated glycosaminoglycan (GAG) [1,2]. It is a versatile material whose biological, chemical, and physical characteristics can be deeply tuned to modifications [3]. Chemically, HA is a negatively linear polysaccharide. Its disaccharide repeating unit contained N-acetyl-D-glucosamine and D-glucuronic acid. It exists in various parts of the human body; thus, it is a natural molecule that can be regenerated and decomposed in vivo [4,5]. Numerous studies show that HA and its derivatives with different molecular weights have different effects on cells, CD44 targeting, anti-aging, and retention [6]. HA is widely used to prepare nano-gels for drug delivery and scaffold for tissue engineering, and it is used in cosmetics, wound healing, ophthalmology and cancer treatment [7,8,9]. HA has good lubricating and anti-inflammatory properties [10]. HA has a large molecular weight that affects its penetration into the skin and its natural activity. A considerable amount of modification to HA was proposed to improve mechanical properties, viscosity, chemical or enzymatic stability, and biocompatibility [11]. It is reported that intra-articular injections of an HA solution give pain relief and enhance joint motion in osteoarthritis (OA) patients [12]. However, retention and localization of injected HA in joints are normally poor because of the non-crosslinked nature of injectants and degradation by enzymes. The main drawback of HA is that it is easy to decompose by hyaluronidase in vivo [13]. Furthermore, due to the lack of negatively charged sulfate groups, HA cannot bind protein with high affinity and with the presence of hyaluronidase (HAase) in humans, which is involved in the fast degradation of HA by cleaving the structure of β-1, 4-glycosidic bonds [14], but the sulfonation of HA can improve its stability under the action of HAase [15]. In addition, Feng et al. reported that adding sulfur to the medicine will endow them with stronger biological activities, including antiviral, antibacterial, anti-allergic, antimalarial, and cytotoxic properties [16]. Olivito et al. also demonstrated that synthesizing medicine into unsaturated disulfides will enhance its anticancer activity [17].



1.1. Hyaluronidase Action


Hyaluronidase (HAase) is a class of enzymes that is capable of degrading HA [18]. Hyaluronidases are endoglycosidases that can depolymerize HA and create many effects in tissues [19]. They reduce the lubricating quality of HA; they decrease the normal high viscosity of HA and act as a “spreading factor” that can enable the diffusion of many substances subcutaneously injected such as antiviral vaccines and dyes [20]. It is reported that the action of these proteins was discovered before and categorized the HAase into three groups. With respect to its mechanism of action, every group is different from each other [21]. The first group is the mammalian HAase (testis tube). They are endo-β-nacetlyhexosaminidases that degrade the β-1, 4 glycosidic linkages of HA. The second group is the hookworm/leech HAase. They contained endo-β-D glucuronidases. These HAase degrade the β-1,3 glycosidic bond, resulting in tetra- and hexasaccharides [22]. These enzymes only degrade HA and remain inert toward other GAGs as compared with mammalian glycosidase. The third group is the microbial HAase [23]. They are classified as hyaluroate lyases. They are different from other HAase because they do not use hydrolysis, but at β-1, 4 glycosidic linkages, β-elimination reaction happens [24].



It is reported that HAase is involved in the spread of toxins/infection, cancer progression, and ovum fertilization. It cleaves internal β-N-acetyl-D-glucosaminidic linkages in HA. Complete digestion of hyaluronic acid by HAase produces tetrasaccharides, and limited digestion produces angiogenic HA fragments [25]. In humans, six HAase genes group into two tightly linked triplets on chromosomes 3p21.3 (HYAL-1, HYAL-2, and HYAL-3) and 7q31.3 (HYAL-4, HYALPI, and PH20). HYAL-1 HAase is present in human urine and serum, and PH20 is the testicular HAase [26]. It is present on the sperm cell surface and is required for penetration through the follicle cell layer. However, it has been revealed that HYAL-1 is a major tumor-derived HAase that is expressed in the bladder [27], neck, prostate, and head cancer cells [12].




1.2. Effect of S-HA on Hyaluronidase Activity and S-HA Synthetic Techniques


It is reported that sulfation of HA inhibits both testicular and urinary HAases. In a previous study, the effect of sulfonated hyaluronic acid (S-HA) on the activity of HAYAL-1, bee, testicular, and Streptomyces HAases was tested [28]. The study showed that various numbers of sulfation on S-HA affect the ability to inhibit HAase activity. Previously, it was reported that S-HA inhibits urinary HAase activity through noncompetitive and competitive mechanisms. Since S-HA is more effective as an uncompetitive inhibitor than as a competitive inhibitor, it would be more effective in vivo because its efficacy will be liberated of HA [29] concentration present in tissue fluid and target tissues. This is very important for designing anti-HAase treatment for cancer because in several tumor tissues, HA concentration is high. HAase inhibitors exhibiting varied inhibition may prove to be effective in inhibiting HAase activity in many pathophysiologic circumstances [30].



Sulfation is one of the most common modifications of HA, which includes adding sulfate groups to its structure. This modification can enhance the biological activity of HA and change its chemical and physical properties. These numerous methods for sulfating of HA include chemical sulfation, enzymatic sulfation, radiation-induced sulfation, and plasma-induced sulfation [31]. It is reported that in enzymatic sulfation, sulfotransferases are enzymes that are used to transfer the sulfate group to HA. This method is highly specific and allows for the degree and location of sulfation. In the radiation-induced sulfation method, ionizing radiation is carried out to introduce the sulfate group into the HA molecule [32]. This method is highly efficient but can result in the degradation of the HA molecule if not properly controlled [13]. In the plasma-induced sulfation method, plasma is used to introduce the sulfate group into the HA molecule. Moreover, in the chemical sulfation method, sulfur trioxide-pyridine is used to introduce the sulfate group into the HA molecule. This method is highly efficient and also prevents HA from fast degradation [15].



Chemically, S-HA can be synthesized by the modification of hydroxyl groups [33]. S-HA (sulfated) shows significantly slower degradation by HAase as compared with HA (non-sulfated) [34]. In addition, negatively charged S-HA has other advantages such as anti-adhesive activity, anti-inflammatory, macromolecules by electrostatic interactions, stable site absorption of positively charged molecules, and enhancement of growth factor binding ability [35]. Cell adhesion, growth on scaffold surface, and viability can be enhanced by absorption of proteinaceous growth factors of polycationic biomolecules [36]. It prevents cartilage decomposition; osteoarthritis (OA) [37] is categorized by metabolic variations and progressive structure in joint tissues, synovial membrane inflammation, and subchondral sclerosis of the bone [27]. Previous research has shown that sulfation of HA can prevent the degradation of HA. The effect of sulfation on the enzymatic degradation of HA was analytically investigated [38]. Moreover, the study of the regeneration of injured tissues, cell-based repair of scaffold materials, and mainly articular cartilage has been carried out for HA-based hydrogels [29]. Keeping a suitable dosage of transforming growth factor (TGF) in the hMSC-laden hydrogels is important for the stability of subsequent cartilage maturation and chondrogenic phenotype. However, hyaluronic acid hydrogels have limited ability to hold laden proteinaceous growth factors due to the deficiency of the affinity of HA toward these growth factors. S-HA is recognized as a sequester proteinaceous growth factor through electrostatic interaction. It was verified that hydrogels composed of S-HA showed a reduced release rate of the encapsulated stromal-cell-derived factor (SDF). Consequently, in hydrogel, retention of TGF can be improved by sulfated HA hydrogels, thus suppressing the hypertrophy of the encapsulated hMSCs and enhancing chondrogenesis. The summary scheme of sulfation methods, functional advantages, and action pathways of S-HA is displayed in Figure 1.



In previous studies, HA macromeres were prepared with various sulfation levels to evaluate the influence of sulfation on HA degradation by HAase treatment. Their results showed that sulfate groups were implanted on the HA backbone, which productively reduced the degradation level of HA in a prescribed amount. The growth factor binding capacity of HA-based hydrogels can be improved by sulfation. Furthermore, studies showed that in sulfated HA hydrogels, chondrogenic differentiation of hMSCs has been summarized [39]. In vivo and in vitro hydrogel sulfation overpowers the chondrogenic hypertrophy of hMSCs and encourages chondrogenesis. Moreover, these sulfation results of osteoarthritis (OA) animal model experiments showed that the sulfated HA hydrogels are able to relieve the OA signs in damaged animal knee joints.



It is also reported that a shortcoming of HA is high-molecular-weight HA polymers [40], which can be easily cleaved by HAase to form low-molecular-weight fragments, and they can promote migration and proliferation of a tumor [13]. In order to prevent these disadvantages and cleavage by HAase, S-HA was synthesized by presenting sulfation to the –OH groups of HA; thereby, invasion of tumor cells, motility, and inhibiting proliferation was prevented [41]. Furthermore, some researchers proved that S-HA can effectively be reduced in angiogenesis, which can be used to treat solid tumors, retinitis pigmentosa, and wet age-related macular degeneration (wet-AMD) [42]. S-HA has numerous applications such as arthrology, cancer therapy, wound healing, atherosclerosis, tissues regeneration, drug delivery, urology, ophthalmology, pneumology, arthrology, and rhinology [11].



Before 1990, some researchers reported that S-HA was obtained with 3 S    O   3   −     groups for each disaccharide unit [43]. Mainly, S-HA was synthetized by a sulfur trioxide pyridine complex with HA. It was also synthesized by changing hydroxyl groups into RO-SO3H with a sulfur pyridine complex in dimethylformamide and synthesized by sulfonation with amidation/oxidation process, and sulfonate groups (R-SO3H) are combined into the hyaluronic acid backbone because they prevent enzyme activity by steric hindrance [34]. In spite of advanced functionalization, some examples that deal with HA sulfation and sulfonation need the use of toxic solvents [13] and reactants as well as laborious techniques for water organic purification and careful solvent exchange [14]. Synthesis of different types of S-HAs with various sulfation degrees and different molecular weights such as 17 K Dalton, 150 K Dalton, and 1000 K Dalton was reported [44]. The sulfation degrees were controlled by adding various molar ratios of sulfur trioxide (SO3) to the pyridine (C5H5N) complex per repeating unit of HA [13]. The 1:1 ratio of moles of the sulfur trioxide pyridine complex to moles of HA repeat units was reported in S-HA-1 (least sulfated); a 2:1 ratio of moles of the sulfur trioxide pyridine complex to moles of HA repeat units was reported in S-HA-2; a 5:1 ratio of moles of the sulfur trioxide pyridine complex to moles of HA repeat units was reported in S-HA-3; and an 8:1 ratio of moles of the sulfur trioxide pyridine complex to moles of HA repeat units was reported in S-HA-4 (most sulfated). The C-6 position of sulfation is the most reactive hydroxyl in HA [45]. S-HA usually exists in the form of sodium salts in solution; Figure 2 shows the structural diagram of S-HA sodium salt.





2. Selective Binding Characteristics of S-HA


As a synthetic sulfated polysaccharide, S-HA has the capacity to block the binding of P-selection and, in vivo, the cobra venom factor, which was shown to inhibit P-selection-dependent infiltration of leukocytes in acute lung damage. By inhibiting P-selection-dependent leukocyte infiltration, S-HA exhibits therapeutic and preventive effects in glomeruli [35]. In vitro, S-HA has showed good inhibitory impacts on the binding of L-selection and P-selection. Moreover, S-HA can be produced at low cost due to a huge amount of HA availability from a streptococcal culture medium [46]. For clinical use, S-HA is the best candidate of blocking agents. S-HA is a hyaluronidase (HAase) inhibitor. A previous study showed that S-HA is a strong inhibitor of prostate cancer. It blocked the motility, proliferation, Du145, LNCaP-AI, attack of LNCaP and LAPC-4 prostate cells, and phospho-Bad. It inhibited Akt signaling, nuclear factor kB (NFkB) activation, AR activity, and VEGF expression. Due to their low pKa ~ 1.7, sulfate or sulfonated groups have low pH in anionic forms, while the carboxylic group is completely protonated [47]. Along the HA chain, negatively sulfate or sulfonated groups have shown direct effect on few biological processes such as anti-adhesive activity, anti-inflammatory, and growth on scaffold surfaces [32].



One of the main selective binding properties of S-HA is its high affinity for different cytokines and growth factors, including fibroblast growth factor (FBG), vascular endothelial growth factor (VEGF), and transforming growth factor-beta (TGF-β) [48]. These growth factors perform important roles in wound healing, tissue repair and angiogenesis, and S-HA capability to selectively bind to, and sequestering these factors can improve their bioactivity and support tissue regeneration [49].



Another selective binding property of S-HA is its capability to interact with cell surface receptors, such as RHAMM and CD44. For cell migration and cell adhesion, CD44 is used, and it is called surface receptor. It is also used for HA. Sulfation of HA increases its binding affinity to CD44, and this interaction can control cell signaling pathways and promote cellular responses such as differentiation and proliferation [50].



S-HA was produced by the O-sulfation of HA [32]. Many years ago, it showed to be inhibited with both testicular and urinary HAases. It was shown for cell adhesion, fibroblast motility [51], astrocytes, gene expression in keratinocytes, and proliferation of osteoblasts [25]. Many studies have showed the antitumor activities of S-HA [52]. Sulfated HA supports the variation in osteoblasts from human bone marrow stromal cells. Furthermore, sulfated HA has been recommended to promote basic fibroblast growth factor (bFGF) signaling. Sulfated HA shows that it has the ability to maintain the homogeneous state of hips cells by enabling bFGF signaling [15].



In addition to growth factors and cell surface receptors, S-HA can also selectively bind to extracellular matrix (ECM) components such as fibronectin and collagen [53]. It can interact with these ECM components through its sulfate groups and cell ECM interaction, which are important for tissue organization [54]. The scheme of selective binding characteristics of S-HA is displayed in Figure 3.




3. Applications of Sulfonated Hyaluronic Acid (S-HA)


S-HA is a more established form of hyaluronic acid that is designed to last longer in the body, providing more sustainable results [1]. It is usually injected into the skin using a fine needle, and the technique is relatively rapid and painless. The results are visible immediately, and there is little to no downtime after the procedure. On the basis of biocompatibility, biological action, physiochemical, and safety profile, S-HA has numerous applications such as arthrology, cancer therapy [55], wound healing, atherosclerosis, tissue regeneration, drug delivery, urology, ophthalmology, pneumology, arthrology, and rhinology [56] (Figure 4).



3.1. Drug Delivery


In a drug delivery system, S-HA has taken a growing amount of attention. It has very outstanding tendencies such as biodegradability [57], biocompatibility [58], extremely low toxicity [59], and non-immunogenicity. It has been extensively useful in nano-sized carriers. The surface modification of S-HA can help to improve its drug-loading capacity [60], stability, and controlled release properties, which are important factors for the effective delivery of drug to targeted tissues. To preserve the cellular structure and component of ECM, S-HA is used. Due to its negative charge, it can interact with protein in the ECM [61]. S-HA is used as a reducing and stabilizing agent in drug delivery systems [56]. It is used for prodrug development. For target drug delivery, S-HA and nanoparticles are prepared with other substances. The solubility of drug molecules can be improved by S-HA conjugates during targeted drug delivery in tumor or cancer cells. Due to outstanding hydrophilicity [62] and volume, it can be used to inhibit the unwanted interactions with plasma proteins and cells. Furthermore, due to its hydrophilicity and biocompatibility, it has been used in the progress of nano-carriers to improve target drug delivery for intravenous administration. HA hydrogel is the usually used format for effective drug delivery [63,64], while another usual application of HA for drug delivery is the nanoparticle carrier, which benefits the specific CD44 interaction and nano-effect (Figure 5) [65,66]. Sulfonation will continue to be retained or even strengthen these advantages of HA, and its biggest advantage is to inhibit the degradation effect of HAase on HA and improve molecular stability.




3.2. Tissue Engineering


Tissue engineering is a very outstanding biomedical application of S-HA. Engineering and biomedical methods are used to find novel biomaterials. These biomaterials are used to replace the injured organ and tissue or to enhance, repair, and maintain its damaged functions. For examples in nerve regeneration, conductive nerve scaffold was used to enhance nerve tissue engineering.



In bone tissue engineering, S-HA can also be used as scaffold materials [67]. The surface modification of S-HA can help improve its mechanical properties, biocompatibility, and bioactivity, which are the most important factors for the successful regeneration of bone tissue [68]. In bladder tissue engineering, collagen-derived hydrogels were used. Furthermore, the basis of bioactivity and biocompatibility of biomaterials can be decided for tissue engineering [69].



Surface modification of cardiovascular implants with S-HA is a feasible strategy to enhance the biocompatibility and stability compared with HA coatings [14]. Sulfonic groups or sulfur content plays an important role in enhancing coating functionality [70]. The use of sulfonated proteoglycan such as S-HA as a coating is mainly inspired by the design and research of chondroitin sulfate coating [71]. This sulfonated molecule endows stainless-steel vascular stent with more powerful anticoagulant, antiproliferative, anti-inflammatory, and pro-endothelialization promoting functions, thus making the vascular patency better [72]. On the basis of S-HA, corresponding nanoparticles can be prepared. S-HA nanoparticles have a smaller particle size and better zeta potential and dispersion coefficient range than HA nanoparticles, which proved that the prepared coatings have stronger functions [41]. Recently, we designed a composite coating with S-HA nanoparticles on the magnesium (Mg) alloy surface for cardiovascular application (Figure 6), and our data indicated that this composite coating significantly improved the corrosion resistance and biocompatibility of the Mg alloy (Figure 7) [73]. The composite coating even showed stronger pro-endothelialization and anti-hyperplasia functions compared with the rapamycin coating prepared by the same method, which suggests a better substitute of rapamycin by S-HA nanoparticles. Carbon quantum dots (CDs) have broad prospects in the field of biomedical diagnosis and treatment [74]. We combine CDs with S-HA to form nanoparticles, which not only endow cardiovascular implant coatings with good biocompatibility but also endow nanoparticles and their composite coatings with novel tracing properties due to the spontaneous fluorescence function of CDs, thereby obtaining diagnostic and therapeutic functions. We have applied for List of Chinese inventions patent for relevant parameters, and the specific method and results will be published in the near future.




3.3. Treatment for Osteoarthritis


Sulfonated hyaluronic acid (S-HA) is most beneficial for the treatment of osteoarthritis. Osteoarthritis is mainly cartilage degradation, inflammation of synovial membrane and joint tissues, and subchondral sclerosis. S-HA is used to prevent and slow down joint degradation [75]. It is used to reduce pain and increases joint mobility. S-HA has been investigated as a potential treatment for osteoarthritis [52], a degenerative joint disease characterized by the breakdown of cartilage and inflammation [76]. Studies have shown that S-HA can have several beneficial effects on osteoarthritic joints. For example, S-HA can reduce inflammation by inhibiting the production of inflammatory cytokines and enzymes. S-HA can also promote the regeneration of cartilage by stimulating the proliferation and differentiation of chondrocytes, the cells that produce cartilage. S-HA injections have been shown to reduce joint pain [77] and inflammation in people with osteoarthritis [78]. It works by cushioning the joints and providing lubrication, which can reduce friction and improve mobility.



One study investigated the use of S-HA as a treatment for knee osteoarthritis [79]. The study found that S-HA injections into the knee joint improved pain and function in patients with osteoarthritis, and that the effects were sustained for up to six months after treatment [4]. Overall, these studies suggest that S-HA has potential as a treatment for osteoarthritis by reducing inflammation and promoting cartilage regeneration. However, more research is needed to fully understand the mechanisms underlying these effects and to determine the optimal conditions for using S-HA in osteoarthritis therapies [80].



One important aspect noticed in the treatment of osteoarthritis is the anti-bacterial function. Thus, how to give consideration to both anti-bacterial and anti-inflammatory Dwifungsi is the key problem of S-HA in the treatment of osteoarthritis. Metal-organic frame structures (MOFs) are effective materials for anti-bacterial and anti-inflammation, even drug delivery. Therefore, combining MOFs and S-HA will endow the treatment of osteoarthritis with stronger anti-bacterial and anti-inflammatory functions. In addition, the S-HA hydrogels or nanoparticles can be prepared as the ink of bioprinting technology, which can also be applied for the precise treatment of osteoarthritis [81,82].




3.4. Treatment for Inflammatory Diseases


Sulfated hyaluronic acid (S-HA) plays an important role in various selection inhibitors that are important for inflammatory diseases. Many selection inhibitors are produced for human inflammatory disease treatment. For example, Efomycin M is proved as a new selection inhibitor, which reduces skin inflammation [83]. The therapeutic and protective effect of TBC-1269 showed a new blocker for a renal ischemia reperfusion injury model. In vitro S-HA exhibits L-selection and P-selection binding with interfaces. Moreover, in vivo S-HA enhanced the rat progressive mesangial proliferative glomerulonephritis, but these properties were not detected by HA [84]. That is why due to inhibitory effects on binding, S-HA was used for the treatment of inflammatory diseases. S-HA is a very beneficial material for the treatment of crescentic glomerulonephritis. Studies demonstrated that in renal tissues, leukocytes have infiltrated, and they create difficulty in the pathogenesis of different glomerulonephritis. An early event in the process of leukocyte infiltration is categorized by selection-mediated leukocyte rolling on the endothelial surface. By inhibiting P-selection-dependent leukocyte infiltration, S-HA exhibits therapeutic and preventive effects in glomeruli.



S-HA injections have also been used to treat rheumatoid arthritis. They can help reduce joint pain and inflammation [85] and improve joint function. It is reported that S-HA is used as potential treatment of inflammatory bowel disease (IBD). It may help to reduce inflammation in the gut and improve symptoms such as abdominal pain and diarrhea. S-HA has shown to reduce inflammation in the skin in people with psoriasis and anti-inflammatory effects. For the potential treatment of asthma patients, S-HA has proved to reduce inflammation and improve breathing.




3.5. Wound Healing


HA is a natural substance found in the body that plays an important role in tissue repair and wound healing [86]. S-HA is a stabilized form of HA that has been modified to enhance its durability and stability. In recent years, S-HA has been used as a wound-healing agent due to its ability to enhance the body’s natural healing process. S-HA can help to reduce inflammation, stimulate collagen production, and promote cell proliferation; all of these factors are important in wound healing [72]. S-HA can be used to treat a variety of wounds [87], including burns [8], surgical incisions, and chronic ulcers [88]. It can be applied as dressing, directly injected into the wound, and it can be topically administered. Previous studies showed that S-HA is used in the healing process and enhances the overall quality of wound healing. It showed the reduction in risk of scarring and infection.



Overall, S-HA is a promising wound-healing agent that has the potential to improve outcomes for patients with a variety of wounds. However, further research is needed to fully understand its effectiveness and optimal use in wound healing.





4. Summary and Perspective


Compared with hyaluronic acid (HA), sulfonated hyaluronic acid (S-HA) presents stronger stability for hyaluronidase, which proved that S-HA will show better in vivo performance as biomedical materials and coating materials. Obtaining benefit from the sulfonic acid group, S-HA has better functions on anticoagulation, antihyperplasia, anti-inflammation, and pro-endothelialization. Even the S-HA nanoparticles may show smaller size and cytocompatibility than HA nanoparticles in equivalent preparation conditions. S-HA hydrogels also presented better drug-controlled delivery compared with HA due to higher stability. S-HA can be combined with more new materials such as CDs, MOFs, etc. to achieve more compatibility functions. It can also be applied as materials of novel technologies, such as the ink of the bioprinting for wider application of biomaterials and coatings. In the future, S-HA will play more important roles in the biomaterial fields as nanoparticles, hydrogels, coatings, and other composite formats.
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Figure 1. The scheme of sulfation methods, functional advantages, and action pathways of S-HA. 
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Figure 2. Sodium salt of S-HA. 






Figure 2. Sodium salt of S-HA.



[image: Coatings 13 01345 g002]







[image: Coatings 13 01345 g003 550] 





Figure 3. Selective binding characteristics of S-HA. 
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Figure 4. Applications of sulfonated hyaluronic acid (S-HA). 
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Figure 5. (A) Western blot of CD44 expressed on the Het-1A, L929, Eca109, and TE1 (mean ± SD, n = 3). (B) Fluorescence images of Het-1A, L929, Eca109, and TE1 stained with FITC labeled HA nanoparticles with drugs (FITC-NP, green color), PI (apoptosis marker, red color), and DAPI (nucleus marker, blue color). (C) Mechanism diagram of targeted killing tumor cells by HA nanoparticles with drugs [66]. 
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Figure 6. Scheme of preparing PLLA/NP@S-HA coating (S-HA nanoparticle composite coating) on the ZE21B (Mg alloy) surface [73]. 
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Figure 7. (a) SEM images of all samples after soaking in Hanks’ solution for 1 day, 3 days, and 7 days; (b) XRD spectrum; (c) FTIR spectrum of samples after soaking in Hanks’ solution for 200 h [73]. 
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