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Abstract

:

Cancer is a genetic disorder and its treatment usually requires a long time and expensive diagnosis. While chemotherapy is the most conventional approach in treating most cancers, patients often suffer from undesired side effects due to various pharmacokinetic aspects. To address this issue, target-oriented drug-delivery systems (DDS) or pulsatile drug-delivery systems (PDDS) have recently been developed as an alternative tool that takes care of the entire pharmacodynamic activities of drug action. Hydroxyethyl starch (HES) has emerged as an effective clinical tool for delivering anticancer agents into target cells. These systems have demonstrated significant potential as anticancer drug carrier conjugates through their innate pharmacokinetic properties with their safety profile. This review focuses primarily on the structural aspect during the use of HES or HES-based polymers as carriers for delivering well-known anticancer drugs. This review also indicates a perspective on the long-term research needed for the sake of improving modern drug-delivery systems based on HES polymers and in the form of nanocarriers.






Keywords:


hydroxyethyl starch; drug delivery; cancer; anticancer; clinical trials












1. Introduction


Cancer is an ailment of genetic disorder that is associated with altered DNA morphology, aberrant cell division, and spreading into surrounding tissues. It is the deadliest disease, claiming many lives each year, and remains a global health concern due to its severity, mortality, and morbidity [1,2]. The hallmark of cancer is malignancy. Tumors often commence typical malignancy in humans as characterized by accelerated cell cycle and cell mobility, invasive growth, anaplasia, chemotaxis, and metastasis, which ultimately progress into leading causes of cancer worldwide. Nowadays, lifestyle, food habits, climate change, and pollution are being criticized as primary causes of most cancers [2,3,4,5,6]. Clinically, cancer treatments include surgery, radiation, gene therapy, immunotherapy, systemic chemotherapies, bacterial therapy, and virotherapy [7]. Among them, chemotherapies have been extensively employed to date. However, the widespread application of routine chemotherapy or anticancer agents has certain limitations. Most anticancer drugs have low molecular weight and are hydrophobic, low bioavailable, less selective towards tumor cells than other therapies, toxic to normal cells, subject to multidrug resistance, and limited by dose-dependent toxicity for clinical practice [8,9,10]. The administration of a low-molecular-weight anticancer drugs frequently causes a variety of toxicities owing to poor accessibility to the tumor environment. Even a drug that reaches the site of action through various conveyance passages must encounter several physiological and biochemical events to circumvent chemical barriers [11]. Thus, the drug delivery framework must correlate with the pharmacodynamic activities of the drug molecules [12,13,14]. A recognizable, target-oriented, and pulsatile drug-delivery system (DDS) is needed to control the spread of cancer cells by ensuring a high dose of that drug.



The development of DDS is a remarkable breakthrough in medical science. Many DDSs have been developed over the decades. DDS is further considered as a macromolecular drug carrier conjugate (DCC). Biopolymers and polysaccharide-based DDSs have recently drawn special attention as potential drug carriers [15,16,17] due to their tolerance of multifunctional groups, biocompatibility, requisite physiochemical properties, and biodegradability [18,19]. The biodistribution of DCC is realized by the enhanced permeability and retention (EPR) effect of long-circulating macromolecules with rising vascular permeability that allows prodrugs or non-targeted drugs to accumulate in the sites of tissues of cancer or inflammation.



Over the decades, hydroxyethyl starch (HES)-based polymers have shown a robust DDS, owing to their application in nanomedicine [20,21]. HES possesses essential pharmacokinetic parameters, including easy water solubility, no adverse accumulation, low toxicity, controlled release profile, lack of cytotoxicity, acceptable in vitro and in vivo properties for drug delivery, and biodegradability [18,22,23,24]. Additionally, HES is responsible for cell–cell and cell–matrix interactions [25] by reducing the protein adsorption on nanocarriers while drawing out their circulation time within the bloodstream. This review focuses on non-invasive approaches to the chemotherapeutic treatment of well-known anticancer drugs in recent time, applying HES-functionalized polymers that consist of exclusive molecular weight to the degree of substitution as promising drug delivery candidates for the future anticancer drug conveyance strategy. Our study is also extended to the application of HES-based nanoconjugates and the comparative analysis of anticancer drug action with and without delivery systems for sustaining a drug following an in vivo experiment.




2. Hydroxyethyl Starch (HES)


HES is a versatile non-ionic starch derivative with modified branched-chain glucose polymer from amylopectin sources such as potatoes, maize, and sorghum. The molecule contains α―(1,4)-glycosidic linkages to anhydroglucose units and a branching chain with (1,6)-glycosidic links, making it a flexible and functional polymer (Figure 1) [20]. HES is primarily used in intravenous therapy and fluid management for critically ill patients in intensive care units to maintain vascular volume in the circulatory system [24,25,26,27,28]. The polyhydroxylated nature of HES turns it into a potential replacement for polyethylene glycol (PEG). It is available in different formulations, including HES 200/0.5 [29,30] and HES 130/0.42 [31,32,33], which is represented as the molecular weight/degree of substitution [34]. The molecular weight of the HES solution plays a crucial role in determining its effects on blood coagulation during hemodilution [35]. HES (200/0.5) is known to impair coagulation and is used in large volumes as preoperative infusion. In contrast, lower substituted HES (130/0.4) causes less impact on coagulation in major orthopedic surgery than HES (200/0.5) [36]. The C2/C6 ratio of HES backbone also influences hemorheology and coagulation, with larger ratios causing higher serum concentration and plasma viscosity increment during hemodilution therapy [37].The goal of hemodilution therapy with HES infusion is to improve hemodynamics and rheology by providing better tissue oxygen tension (tpO2). HES 130/0.4 has been found to be a promising candidate for improving skeletal muscle tpO2 as compared to HES 70/0.5 or 200/0.5. In vivo studies have revealed that HES 130 with ideal molecular sizes improves rheology and tissue oxygenation within an hour after infusion [38].



In contrast to starch, HES has increased solubility, a longer in vivo half-life, and diverse structural variation. It can be ingested by the human body up to 1.20 g/kg per day and is degraded by endogenous amylase and excreted through the kidneys [39]. HES-based nanoparticles have been studied as potential eco-friendly materials in recent decades [40]. HES is now approved as a plasma substitute and medication for shock and low blood volume [41]. In clinical research, HES serves as a nano conjugate for a potential nanocarrier of various medicinal drugs [42,43,44,45].



2.1. Synthesis


The synthesis of HES entails a series of chemical reactions following structural modification of natural starch to improve solubility, flexibility, and other desirable properties. The synthesis of hydroxyethyl starch (HES) involves the reaction of potato or corn starch with ethylene oxide in the presence of NaOH and NaCl [46]. The process uses three molar ratios of starch and ethylene oxide, which are 7:1, 7:2, and 7:3 [47]. In this process, starch is first dispersed in water and heated to 40–70 °C. NaOH and NaCl are added to the mixture to adjust the pH and to enhance the reaction rate. Ethylene oxide is then added slowly to the mixture with continuous stirring (Scheme 1) [48]. The reaction is allowed to proceed for several hours until the desired degree of substitution is achieved. However, the degree of hydroxy ethyl substitution augments the solubility of HES. With this method, the hydroxyethyl groups in the HES molecule are acetylated using acetic anhydride and pyridine. The degree of substitution can then be calculated based on the amount of acetyl groups present in the molecule. Typically, the degree of substitution ranges from 0.02 to 0.20 per glucose unit, with the most probable position of attachment of the hydroxyethyl group being at the C2 position of the glucose unit [49]. In contrast to that at the C6 position, the substitution of hydroxyethyl groups at C2 position more efficiently inhibits the access of α-amylase toward the substrate molecule. Thus, the synthesis of HES with high C2/C6 ratio is expected to be stable under proteolytic degradation.




2.2. Synthesis of HES Based Polymers for Drug-delivery system


Hydroxyethyl starch (HES) can be synthesized through various methods, including self-assembly, layer-by-layer assembly, and nanoprecipitation [50,51,52,53,54,55].



2.2.1. Self-Assemble


The self-assembly is a feasible approach for creating 2D or 3D colloidal particles using gravity sedimentation, vertical deposition, electrophoresis, and crystallization. It is achieved by adjusting reaction parameters such as temperature, weight of reactants, solvent, stickiness, contact time, and high-quality colloidal particles [50,51]. HES can also be modified with hydrophobic particles or oligomers to create nanoparticles or nano-gels suitable for drug delivery [56]. Micelle-shaped thermo-responsive polymers in the aqueous medium have been studied for drug delivery [17,57,58,59,60,61,62]. Self-assemblies of twelve novel poly(allylamine) (PAA)-based, comb-shaped amphiphilic polymers with positive zeta potential have been reported in aqueous solution [63]. Esterified HES undergoes self-assemble with lauric, palmitic, and stearic acids using dicyclohexylcarbodiimide (DCC) and dimethylaminopyridine (DMAP) [64].




2.2.2. Layer-by-Layer Assembly


The layer-by-layer approach has been used in numerous therapeutics and biomaterials, by consolidating layer-by-layer films non-covalently under physiological conditions without compromising their natural properties. The layer-by-layer assembly of polyelectrolyte nanoparticles (NPs) plays a promising role in developing polyelectrolyte-based nano-sized delivery systems for biomedical applications. Layer-by-layer NPs have been utilized to deliver different active substances, allowing for the controlled discharge of each captured substance [52]. Initially, it was used for creating thin polyelectrolyte layers on solid surfaces. This approach has long been used in bio-sensing, regenerative medicine, tissue construction, and biomimetic research [52,53]. This strategy relies on electrostatic interactions and alternative adsorption among the opposite-charged particulate of polyelectrolytes. The film structure can be controlled to 1 nm accuracy with an extension from 5 to 1000 nm. The approach involves incubating charged solid support in an oppositely charged particle of polyelectrolyte solution [65]. The polyelectrolyte adsorption at each layer is accomplished to a level of immersion, and the terminal charge is rotated after each subsequent layer deposition [65]. It emerges during the adsorption of the primary layer, which acts to expel abundance-free polyelectrolytes. It is submerged in a solution containing a second polyelectrolyte to form the second layer. The method is repeated until the desired thickness is attained [52,65].




2.2.3. Nanoprecipitation


The nanoprecipitation method or solvent migration strategy for nanoparticle fabrication was patented by Fessi and co-workers [54] and then modified by Yadav et al. [66]. This strategy is advantageous for its direct, fast, and simple nanoprecipitation process. The nanoparticle solution is created instantly, and the whole method is carried out in one step. This method requires two miscible solvents in which both the polymer and the drug must be dissolved fast. Nanoprecipitation occurs via a rapid desolvation of the polymer when the polymer solution is added to the non-solvent. As long as the polymer-containing solvent condition has been diffused into the scattering medium, the polymer accelerates, including quick drug entanglement. The Marangoni effect represents the temporal nanoparticle arrangement through interfacial turbulences at the interface of the solvent and the non-solvent, resulting from stream dissemination, surface pressure variations, etc. [67]. Besheeret al. esterified distinct molar masses of HES with lauric acid to induce diverse molar substitutions to produce a fully biodegradable amphiphilic polymer. These polymers and Pluronic F68 and F127 were nano-precipitated into poly(lactic-co-glycolic acid) nano-spheres [25].




2.2.4. Graft Copolymerization


The development of functional polymeric materials for DDS often involves graft copolymerization, which allows for the combination of the best properties of two or more polymers in one backbone unit. There are different polymerization strategies that can be employed to synthesize tailor-made graft copolymers, depending on the specific needs and end-use [55]. One common method is “grafting-to”, which attaches espre-formed polymers to the backbone of a biopolymer. However, this approach is limited by the swarming of chains at the surface, which hinders the diffusion of the chains and subsequently limits the ultimate graft density. Another method is “grafting-from”, which initiates polymerization from reactive groups on the backbone of a biopolymer. This approach leads to higher graft densities and includes free radical polymerization (FRP), controlled radical polymerization (LRP), and ring-opening polymerization (ROP) [55,56]. The most widely used polymerization strategy is FRP, which includes three steps: initiation, propagation, and termination. In initiation, the initiator initiates chain-derived radicals and adds to monomers. Propagation occurs when the expanding monomers react with the propagating radical, which is a crucial step for chain propagation. Chain termination takes place when the propagating radicals react by combination, disproportionation, or transfer. Almost 60% of all available polymers are still obtained by this strategy due to its various attractive characteristics [68,69,70].



In the “grafting-from” approach, the development of polymer chains originates from the initiating sites on the biopolymer backbone. This approach allows for a higher graft density because the receptive groups are more accessible to the chain ends of the growing polymers. It can also involve an end-functional pre-formed polymer with its reactive end-group coupled with the valuable groups on the biopolymer backbone. A schematic representation of the “grafting-to” approach and “grafting-from” approach is shown in Figure 2.



In contrast to “grafting-to” and “grafting-from”, the “grafting-through” or macromonomer is a widely employed method in polymer chemistry for synthesizing graft copolymers with a well-defined side chain. In this approach, a preformed polymer backbone (macroinitiator) is prepared initially, which is then used as a platform for grafting polymer chains. For instance, a low-molecular-weight (LMW) monomer is typically copolymerized with a (meth)acrylate functionalized macromonomer via a radical pathway. By controlling the reaction conditions and monomer incorporation, the “grafting-through” approach allows for precise control over the length, density, and architecture of the grafted chains, enabling the creation of complex polymer structures or multifunctional macromonomers with tailored properties for various applications [71]. Naturally, both the homogeneous and the heterogeneous distributions of grafts are possible to synthesize, which turn out to be different characteristic physical properties of the materials. Macromonomers such as polyethylene, poly (ethylene oxide) and polysiloxanes can be inserted in a polystyrene or poly(methyl acrylate) backbone following the “grafting-through” technique. Despite analogous composition, the material properties invariably vary owing to phase separation as modified by polymer topology. In the context of NP synthesis, the “grafting-through” approach is useful where NPs anchor polymerizable groups onto their surface following the initiation of polymerization in the solution containing the initiator, monomers, and modified crosslink NPs.



Noga et al. synthesized a graft copolymer HES-PEI by using a coupling reaction with HES20 and HES70 involving direct polyamine PEI22 in PBS at pH 7.4. This involved using an excess of HES (molar proportion 25:1) to ensure Schiff’s base formation between a terminal aldehyde function of HES and the amine groups in PEI. Modified HES–PEI copolymers were also synthesized by grafting HES onto linear PEI by a condensation pathway through an unstable aminol intermediate that was rapidly converted to an enamine. The reduction of sodium cyanoborohydride of enamine transformed it to secondary or tertiary amine groups [72]. The synthesized HES-PEI is usually applied to produce polyplexes with the luciferase-expressing plasmid DNA pCMVluc [73]. Starch-graft-poly (N, N-diethyl amino ethyl methacrylate-co-poly (ethylene glycol) methyl ether methacrylate) [starch-g-P(DEAEMA-co-PEGMA)] was successfully synthesized by Wang et al. using living radical polymerization (LRP), and it is applied to a hydrophobic DDS like Doxorubicin(DOX). Yu et al. synthesized HES-g-PLA copolymers using an esterification reaction between terminal carboxyl groups of PLA and hydroxyl groups of HES to enhance Doxorubicin delivery towards tumor cells [74,75].





2.3. Commonly Used Anticancer Drugs


The World Health Organization (WHO) maintains a list of essential medicines for cancer treatment, which includes several crucial anticancer drugs. The WHO recommended list of essential medicine for cancer treatment (2021) are shown in Table 1.



Table 1 highlights that many drugs have not been recommended by expert committees or working groups due to their potential adverse effects on the human body. However, doxorubicin (DOX) is considered to be a valuable therapeutic option for non-metastatic rhabdomyosarcoma and may play a significant role in cases where standard chemotherapy regimens are unavailable. This has led researchers to investigate various ways to improve the effectiveness and minimize the side effects of the DDS for DOX. DOX is a cytotoxic anthracycline antibiotic produced by cultures of Streptomyces peucetius var. caesius. It works by selective binding of the planar anthracycline nucleus with the DNA double helix, thereby disrupting DNA replication and leading to cell death. However, DOX causes significant side effects, such as cardiotoxicity, myelosuppression, and mucositis.



To minimize these side effects, researchers have focused on developing DDS to improve the pharmacokinetics and bio-distribution of DOX by reducing toxicity. One approach is to encapsulate DOX into nanoparticles, such as liposomes, polymeric micelles, or dendrimers. These nanoparticles can improve drug stability, prolong drug circulation time, and enhance drug accumulation in tumor tissues by exploiting the enhanced permeability and retention (EPR) effect. Additionally, some nanoparticles can be functionalized with targeting ligands, such as antibodies or peptides, to improve the specificity of drug delivery to cancer cells.



Another approach is to modify DOX itself by conjugating it with different moieties, such as PEG, to improve its pharmacokinetic profile and reduce its immunogenicity. Furthermore, conjugating DOX with certain ligands, such as folic acid or hyaluronic acid, can enhance its specificity for cancer cells that overexpress the corresponding receptors.




2.4. Drug-Delivery Systems (DDSs)


Macromolecules offer a promising targeted drug delivery method for essential medications due to their significant drug-loading capacity, continuous drug-release capability, nontoxicity, biocompatibility, immunogenicity, and delayed pharmacokinetic activity. DDSs and other macromolecules increase the selectivity, efficiency, sustainability, and safety of therapeutic agents while controlling the rate and location of drug administration. Several DDS templates have been developed, including liposomes, dendrimers, cyclodextrin, micelles, calix[n] arenas, carbon nanotubes, azo polymers, and polymer–drug conjugates. Most of these DDS function as drug encapsulation strategies to accommodate hydrophobic drugs into the inner hydrophobic/hydrophilic core through non-covalent interactions.



The use of macromolecular DDSs in the non-invasive treatment of various cancers has recently increased, in contrast to the traditional use of chemotherapeutic drugs where a lack of selectivity in targeting tumor cells and dose-limiting toxicity are persistent. However, these macromolecules may disintegrate due to proteolysis or nucleases. Chemical modifications are necessary to keep them stable in the systemic circulation. A sustainable chemical modification is also required to allow the whole macromolecule-drug species to cross the membranes of the tumor cells without adverse effects. Diverse macromolecular DDS strategies based on cationic polymer, exosome, membrane-camouflage, lipid, smart patch, and nano-gel have been reported, and macromolecular drugs that inhibit tumor growth or destroy malignant cells directly have been rationally applied to treat cancers.



Selective chemotherapy using macromolecular prodrugs involves rearranging linkages between drug molecules and macromolecules. The advantage is not only that it keeps the drug stable in the circulation but also that it allows for fast release of the drug soon after accumulation in tumor locations or through tumor cell endocytosis. Polysaccharides such as dextran, chitosan, pullulan, and hyaluronic acid have been extensively studied for DDS or DCC by covalent or non-covalent chemical conjugation physical encapsulation inside polysaccharide backbones or as polysaccharide-oriented nanoparticles. Drug conjugation is considered the most reliable strategy for producing stable prodrugs with reduced systematic toxicity induced by other foreign substances [76,77].



EPR Effect on DDS


The macromolecular prodrug conjugated with polysaccharides can assemble in solid tumors during circulation in blood vessels following an ”enhanced permeability and retention effect” (EPR effect) [78]. The EPR effect is a unique pathophysiological mechanism of progressive accumulation of macromolecular compounds in the tumor-vascularized tissues’ resulting cancer-targeted drug delivery with the retention of anticancer agents in the solid tumors [79,80]. It is considered as a productive modality for ensuring cancer targeted delivery and entrapment inside tumor tissues for a prolonged period, with many macromolecular compounds, including drug-loaded nanocarriers. The EPR effect originates from the increased permeability of tumorous blood vessel, endothelium to macromolecules, coupled with limited lymphatic drainage within the tumor interstitium. EPR effect acts more efficiently via (1) strong irregular neovascularization in tumors with abnormalities in tumor blood vessels; (2) elevated expression of inflammatory factors; and (3) a lack of efficient drainage of lymphatic systems in solid tumor tissue [81]. When low-molecular-weight drugs are conjugated with high-molecular-weight carriers, their removal by lymphatic drainage becomes inefficient, resulting in their accumulation within tumors. Solid stress or interstitial fluid pressure often obstructs the anticancer penetration agent inside the center of the tumor tissue. However, it does not hamper macromolecular compounds in oozing out and accumulation in the peripheral region of the tumor tissue [82,83]. The EPR effect thus principally crops up in the peritumoral region, which potentially brings forth the suppression of the tumor or eliminating neoplasia even if it is not inside the tumor cell. Literally any water-soluble high-molecular-weight drug carrier, such as water-soluble polymers or liposomes, can exhibit this effect. The existence of the EPR effect has been experimentally confirmed in various macromolecular anticancer drug-delivery systems [84]. Furthermore, the EPR effect strongly depends upon the size, surface charge, and physico-chemical properties of drug-loaded nanocarriers [81]. NPs with a size of 100–200 nm; neutral or negative surface-charge; and cylindrical, discoidal, or ellipsoidal shape usually exhibit an optimal EPR effect with longer plasma half-life in circulation by accumulating in neoplastic tissues. It is worth noting that the targeted delivery of macromolecular drugs into neoplastic tissues can be augmented by modulating EPR effect by introducing antibody photosensitizers, adjuvants, or inflammatory factors. Despite, the nanomedicine delivery occasionally suffers from serious criticism owing to the choice of animal model for preclinical development, usually in a small mice xenograft model, which is dissimilar in human tumor tissues as a result of the knocking-in or knocking-out of certain genes for initiating tumors. Naturally, pharmacodynamic activities involving biodistribution in regard to nanodrug delivery into neoplastic cells are different in both mice and human model [82].



In current research, hydroxyethyl starch (HES) has replaced most polysaccharides, as it meets the criteria required for a suitable DCC. HES has been applied to conventional anticancer drugs and drugs undergoing clinical trials in various cancer treatments (as shown in Table 2). The therapeutic efficacy of drugs conjugated to polysaccharide macromolecules includes advantages such as improved antitumor activity and repressed systematic toxicity.



The HES-DOX prodrug has shown exceptional potential in the precise chemotherapy of cancer [86]. Amphiphilic HES conjugated with DOX can self-assemble into micellar nanoparticles in an aqueous solution, as shown in Figure 3. A recent study reported the synthesis and selective use of the HES-polycaprolactone-DOX-indocyanine green drug for the selective clinical treatment of liver cancer [88]. Additionally, polysaccharide-based stimuli-sensitive graft copolymers have been developed for drug delivery [93]. PEGs have been observed to effectively reduce the hyper-aggregation of red blood cells (RBC) in the presence of HES solution, with variations in RBC morphology and conglomeration as measured using a radiation microscope [94]. Amphiphilic HES grafted with polylactides (HES-g-PLA) was prepared using graft copolymerization procedures and used for lipophilic docetaxel drug delivery [95].



Owing to the use of artificial plasma and having a long circulation time by HES, the pH-responsive hydrazone bond linked to HES–DOX conjugates was explored for antitumor activity with a promising increase in the circulation time and minimization of side reactions. The percentage of the cumulative release of DOX conjugated to HES via pH-sensitive functional group was significantly lower at pH 7.4 than pH 5.3. pH-sensitive linkers such as hydrazone (hyd) and pH-insensitive linkers such as succinic anhydride (SAD) were triggered differently to render a faster release rate of DOX for self-assembled NPs of HES-hyd-DOX than HES-SAD-DOX. The DOX conjugated with amphiphilic HES with a Schiff base linkage can be assembled into polymeric micelles, which showed a rate of survival in mice about 30% higher than that of free DOX. HES-DOX-conjugated polymeric prodrug could self-assemble into well-organized structural micelles that was triggered by pH to convert charge from negative to positive.





2.5. Hydroxyethyl-Starch-Based Drug-Delivery System


Hydroxyethyl starch (HES) is a natural polymer commonly used as a plasma expander due to its ability to increase blood volume. However, HES has also been explored as a potential DDS for its biocompatibility, biodegradability, and ability to be functionalized with various groups for improved properties. One approach to functionalizing HES is through crosslinking with suitable groups to produce multifunctional polymers such as hydrogels or nanocapsules. Crosslinking involves the formation of covalent bonds between different polymer chains or within the same polymer chain, resulting in a three-dimensional network structure. This crosslink structure can improve the mechanical properties of HES, making it more suitable for various biomedical applications. Furthermore, by introducing crosslinks between HES and drug molecules, drug-release properties can also be improved. For example, crosslinked HES hydrogels have been studied as a potential DDS for the sustained release of various drugs, including anticancer drugs. The hydrogel structure allows for controlled drug release over an extended period, potentially reducing the frequency of drug administration and improving patient compliance. Similarly, HES nanocapsules have also been explored as a potential DDS. These nanocapsules can encapsulate drug molecules within their core and have exhibited sustained release properties under physiological conditions [96,97,98].



2.5.1. HES as DDS for Doxorubicin


Doxorubicin (DOX) is a type of anthracycline chemotherapy drug that is used to treat a wide range of cancers, including liver, bladder, breast, stomach, esophagus, endometrial, lymphoma, and lymphocytic leukemia [99]. DOX and its major metabolites such as doxorubicinol bind to plasma proteins and receptors and thus enter the cell via passive diffusion. DOX inhibits the function and genomic integrity of topoisomerase II (Top2) including DNA replication, DNA transcription, and chromosome segregation. DOX interferes Top2 through forming lesions via DNA strand-breaking, trapping the intermediate, and enhancing the level of Top2: DNA covalent complex, resulting in the deceleration of the growth of cancer cells. The discovery of DOX was an effective strategy for cancer chemotherapy as a result of enzyme-induced DNA damage. However, both Top1 inhibitors such as irinotecan and topotecan and Top2 inhibitors, including etoposide, teniposide, and anthracyclines (such as idarubicin, daunorubicin, and doxorubicin/DOX), exert inhibitory effects by targeting the activities of topoisomerases. These inhibitors disrupt the normal function of topoisomerases, leading to the formation of DNA strand-breaking and interfering with DNA replication processes and apoptosis [100]. DOX also demonstrates anticancer activity by acting as intercalator Top2 poison. However, the therapeutic use of DOX is limited to its nonspecific distribution, significant side effects such as gastrointestinal issues, hematopoietic depression, and cardiotoxicity. To address these limitations, a redox-sensitive hydroxyethyl starch doxorubicin (HES-DOX) conjugate has been developed. This conjugate can be used as a biodegradable prodrug, with a diameter of 19.9±0.4 nm, that can mediate safe intracellular DOX release in response to glutathione (GSH) levels in the target cell, which minimizes side effects and improves antitumor efficacy [87]. The HES-DOX conjugate is stable in the presence of extracellular GSH levels (~2 μM), but it rapidly releases DOX when exposed to intracellular GSH levels (2−10 mM). To modify HES, it was initially subjected to esterification reactions with the DTDPA-linker (Diethylenetriaminepentaacetic acid) to yield HES-DTDPA. This reaction involves the esterification of the carboxyl groups of DTDPA with the hydroxyl groups of HES. Subsequently, DOX (doxorubicin) was conjugated to HES-DTDPA to generate HES-SS-DOX through the formation of amide bonds. Compared to free DOX, HES-DOX or HES-SS-DOX exhibits a relatively longer plasma half-life and enhances tumor accumulation (Figure 4). In vitro cell studies have also shown that HES-DOX exhibits GSH-mediated cytotoxicity.



DOX binds to the HES backbone via a pH/redox responsive linker bearing disulfide and hydrazone groups. The formed conjugates (HES-Linker) were self-assembled into HES-Linker-DOX nanoparticles (NPs). HES-Linker-DOXNPs showed the ability to accumulate tumor-orientated drug and were also capable of releasing DOX into target cells. The tumor-containing mice model revealed that the application of pH/redox-responsive linkers instead enabled the HES-Linker-DOX NPs to bestow fast and sufficient release of DOX. The use of hydrazine bond and hydrazine-sulfide bond in conjugation were synergistically triggered for rapid and sufficient drug release. The lysosomal pH is 4.5–5.0, while the cytosolic pH is usually 7–7.5. The pH of early endosomes is maintained at about 6.5, while late endosomes are at about 5.5. When endosomes mature fully into lysosomes, the pH is about 4.5 [101]. Since endosomes (pH~5.5) and lysosomes (pH~5.0) in tumor matrix (pH~6.5) are moderately acidic, the photoresponsive HES-Linker-DOX in the form of NPs could effectively deliver DOX at pH~5 even when the given DL-dithiothreitol (DTT) dose was fixed as 0 mmol and 10 mmol during initial 24 h of release period in in vivo circulation. HES-Linker-DOXNPs exhibited a considerably advanced growth inhibition on HepG2 cells with IC50 2.22, 1.97, and 7.12 times lower than HES-hydrazine-DOX, HES-sulfur-DOX, and HES-DOX, respectively. Between 40 and 150 nm sizes of HES-Linker-DOXNPs were typically found to accumulate in tumors through the EPR effect and subsequently exerted adequate DOX release. In another study, the loading and encapsulation of drug efficiencies of DOX-loaded-micelles were found 9.96% and 55.31%, respectively. This result demonstrated that the antitumor property of HES-Linker-DOX NPs inhibits the progress of the advanced tumors with considerable efficacy in contrast to free DOX or unresponsive or single responsive bonds.



The tumor-containing mice model suggests that HES-Linker-DOX NPs exhibited adequate safety for other parts of the treated mice. The tissue sections of the histopathological examination of heart, kidney, liver, spleen, and lung from different groups were analyzed by hematoxylin and eosin (H&E) staining, and the results are shown in Figure 4b. The result is consistent with mice intravenous injection with free DOX in which histopathological alteration were observed in heart, kidney tubules, liver, and glomerulus. In contrast to free DOX, the conjugated HEX-DOX and HES-SS-DOX display insignificant pathological alteration on heart, kidney, spleen, and lungs underlying lowered cardiac and renal impairment. Considering the analogous distribution of free DOX and conjugated HES-DOX and HES-SS-DOX in the heart, the conjugated form can attenuate nonspecific cellular uptake than free DOX. Histopathological analysis confirms that the conjugated HES-DOX and HES-SS-DOX shows very low cardiotoxicity and nephrotoxicity compared with that of free DOX. The investigation of subcutaneously transplanted H22-tumor mice model indicated remarkable in vivo antitumor activity of conjugated HES-DOX and HES-SS-DOX with extended plasma half-life time, which enhanced the tumor-targeting capacity with GSH-mediated cytotoxicity.




2.5.2. HES as DDS for Methotrexate


Methotrexate (MTX) is an antifolate drug that has been commercially available for a long time and is widely used to treat cancer, rheumatoid arthritis, and many other diseases. To form a covalent linkage, the carboxyl groups of MTX are coupled with the hydroxyl group of HES, resulting in HES-MTX. The HES-MTX conjugate, which serves as a drug–carrier conjugate (DCC) of methotrexate, has been characterized in terms of hydrodynamic size, MTX content, zeta potential, and drug release kinetics. The negative charge on the surfaces of HES-MTX conjugates results in a prolonged half-life in plasma and, thus, greater tumor accumulation of HES-MTX conjugates via the enhanced permeability and retention (EPR) effect. In vivo investigations using the MV-4-11 leukemia model demonstrated that the HES-MTX conjugate had a higher antitumor activity than non-conjugated HES. Analogously, the in vivo antitumor effect was tested in NOD/SCID mice. It was inoculated subcutaneously both with MV-4-11human leukemia cells and CDF1 mice intraperitoneal with P388murine leukemia cells. The in vivo results revealed that a significantly high antitumor efficacy was obtained from the HES-MTX conjugate rather than unconjugated drug. The in vitro antiproliferative activities on human (MV4-11) and murine (P388) leukemia cell lines indicates about 10-fold weaker cytotoxic activity of HES-MTX than unbound MTX [91]. Similarly, in a murine leukemia P388 model, the controlled and sustained release of MTX in conjugation with HES was more pronounced than that of unbound MTX. Further, in vivo experiments in murine leukemia P388 model demonstrated that the survival time of leukemia-induced mice treated with conjugated HES-MTX DDS was essentially longer than that of mice treated with unbound MTX (ILS = 38%, p < 0.05) and untreated animals (ILS = 55%, p < 0.05). The HES-MTX conjugate diminished the volume of the MV4-11 human leukemia cell line to a considerable extent (p < 0.05) in contrast to MTX from day 8 to day 22. HES thus acts with a high level of anticancer-drug-carrier potential with improved treatment efficacy. Figure 5 shows the probable structure of the conjugated HES-MTX [20,91].




2.5.3. HES as DDS for Hydroxychloroquine


Chloroquine (CQ) and hydroxychloroquine (HCQ) are well-known antimalarial agents that have been used for several decades. These compounds are derivatives of 4-aminoquinoline and are weak bases. They undergo protonation in acidic vacuoles, which allows them to accumulate in lysosomes and neutralize lysosomal pH. The buffer effect of CQ and HCQ exhibits potential chemotherapeutics by disrupting endolysosomal trafficking and autophagy [102]. To enhance the therapeutic efficacy and selectivity of HCQ, it can be covalently attached to HES using a linker approach by adjusting the degree of substitution. Carbonyl diimidazole (CDI) can be used to create covalent bonds between the main hydroxyl groups of HCQ and HES, generating HES-HCQ conjugates. The resulting conjugates for pharmacokinetics and pharmacodynamics of HCQ prolong its half-life, enhance its solubility, and improve its bioavailability. The conjugation of HCQ with HES may also improve its selectivity towards cancer cells by exploiting the enhanced permeability and retention (EPR) effect, which leads to preferential accumulation of drugs in tumor tissues [102]. Figure 6 shows a possible structure of the HES-HCQ conjugate.



The stability of the HES backbone and carbonate linker was evaluated under various conditions such as incubation with PBS or in 0.01 N HCl, acetate buffer (pH 2, 5.0, 7.0, or 7.4, respectively), or water for 72 h at 37 °C, and they were found to be hydrolytically stable. The HES-HCQ conjugate, synthesized using the carbonyl diimidazole (CDI) linker approach, was shown to inhibit the autophagy, migration, and invasion of pancreatic cancer cells more effectively than isolated HCQ. The conjugate exhibited a sustained drug-release profile, indicating the presence of a polymeric drug. In vitro cytotoxicity studies using the CellTiter-Blue viability assay revealed that the polycationic HES-HCQ conjugate did not produce any discernable cytotoxicity.



The study on HCQ-DDS reveals that HCQ conjugated polymers retained autophagy-inhibitory activities of HCQ for better anticancer activity. HES-HCQ DDS-assembling moiety displays substantial autophagy inhibition in PC cells and safe drug HCQ release. In cells, CXCL 4, a chemokine ligand 4, assists intracellular trafficking of HES-HCQ conjugates through endocytosis to retain autophagy inhibition. At the molecular level, amine protons at moderately high concentrations of HCQ neutralize the acidic lysosome and thus inhibit protease activity followed by autophagosome fusion with lysosome and autophagy inhibition. The process can be corroborated with cytotoxicity studies using Cell Titer-Blue viability assay. The result suggests that there is no such difference in the cytotoxicity of HCQ and HES-HCQ and also no such discernible cytotoxicity of HES-HCQ until 300 μM [102]. The stable conjugation of HCQ to HES preserves the biological activity of HCQ, including CXCR4 antagonism and autophagy inhibition (Figure 7). The pH-dependent propensity of HES-HCQ to form rapid nanoparticles demonstrated a similar effect in blocking the local invasion of cancer cells, making it a potential multifunctional drug-delivery vehicle. Overall, these findings suggest that HES-HCQ conjugates hold promising effect and safe therapeutic option for the treatment of pancreatic cancer and other diseases.




2.5.4. HES as DDS for 5-Fluorouracil-1-acetic Acid


5-Fluorouracil (5-FU) is a widely used low-molecular-weight drug for the treatment of solid tumors. However, its low selectivity toward cancer cells leads to systemic toxicity, and its short half-life limits its therapeutic efficacy. To address these issues, a macromolecular prodrug carrier based on HES was developed to selectively deliver FU to solid tumor cells. Initially, FU was converted to 5-Fluorouracil-1-acetic acid (FUAC), which was covalently linked to HES through the appended hydroxyl group of the alkoxy glycosyl unit at the C-2 position, resulting in the formation of HES-FUAC conjugates (Figure 8). The coupling reaction was performed using a conventional DCC-DMAP coupling agent to yield a typical ester bond. The HES-FUAC conjugates were found to be stable in acidic buffer solutions (pH 5.8) and released FUAC slowly. However, FUAC was rapidly released upon hydrolysis under elevated temperature and pH. The conjugates were shown to improve the cytotoxicity and in vivo half-life of FUAC in human and rat plasma, thereby providing sustained therapeutic effects. In vitro and in vivo drug-release studies indicated that the sustained release of FUAC from HES-FUAC conjugates inhibited the colony formation of leukemia cells and demonstrated antitumor activity.



Where the delivery of most chemotherapeutic drugs results in systematic toxicity to critical organs in the form of different side reactions owing to their nonselective nature in an unbound state, the encapsulation of these agents in a vehicle acts as magic bullet to reduce systemic toxicity [103]. The Ns form of drug conjugate system delivers more drugs specifically into a tumor to reduce the drug systemic toxicity. Alternatively, NP systems can influence immune cells to foil tumor cells by reducing systemic toxicity in cancer treatment. HES-FUAC conjugates hold promise as a DDS for treating solid tumors, offering targeted therapy with reduced systemic toxicity [104]. The cell-penetrating peptide (CPP) of epithelial growth factor receptor (EGFR) displayed on hepatitis B virus-like nanoparticle (VLNP) exhibited targeted delivery of FUAC [105]. By leveraging the enhanced permeability and retention (EPR) effect, these conjugates can accumulate within the tumor microenvironment, potentially enhancing the effectiveness of FUAC release [104].




2.5.5. HES as DDS for 10-Hydroxy Camptothecin


HCPT is a highly potent and effective anticancer drug that is widely used for the treatment of various types of cancers. Its mode of action involves the inhibition of DNA topoisomerase I in cancer cells, which results in the arrest of DNA replication and cell division, ultimately leading to cancer cell death. However, the therapeutic potential of HCPT is limited by its low aqueous solubility and poor stability, particularly of its active lactone form. In PBS buffer and PBS-containing BSA, the rate of hydrolysis of free camptothecin consists of a half-life (t1/2) of about 24 and 13 min between carboxylate to lactone form to achieve an optimal equilibrium ratio of 83:17 and 99:1, respectively. Analogously, under physiological conditions (pH: 7.4, 37 °C), HCPT undergoes a pH-dependent equilibrium between its carboxylate and lactone forms, with the lactone form being the active one for its antitumor activity, though it is present in low percentage in the equilibrium. A preliminary experiment indicated that the lactone ring of camptothecin became partly stabilized by keeping the agents within lipid vesicles at lower internal pH of 5, in which camptothecin remained in lactone form and the lipid bilayers in gel phase exerted a certain barrier to interrupt drug–serum-albumin interactions. Naturally, HCPT remains predominantly in the form of active lactone structure in acidic tumor cells (endosome pH~5, lysosome pH~5.5, and inside tumor matrix pH~6.5) to wield its antitumor activity (Figure 9). The half-life (t1/2) of carboxylate form under physiological pH was reported to be a few minutes, indicating a lower proportion of the active lactone form of HCPT in plasma. Fugit et al. deduced a mechanism-based mathematical model citing liposomal release of Topotecan, whose permeability was relied on pH involving drug’s ionization state, binding to the membrane and kinetics of ring-opening interconversion [106]. They also demonstrated ring-closing and ring-opening reactions by varying pH from low to neutral pH (3.5–7.50) following the principle of microscopic reversibility. The delivery of the active lactone form of HCPT is thus challenging for its existence in pH-dependent equilibrium with an inactive open carboxylate. This lactone form is unstable and often converts to the inactive carboxylate form through ring opening, which reduces its therapeutic efficacy. Furthermore, serum albumin has the propensity to bind with the active lactone form of HCPT, thereby lowering the drug concentration. HCPT has low aqueous solubility, which further limits its clinical application. Consequently, there is a need to develop novel DDSs that can overcome these limitations and enhance the therapeutic potential of HCPT [40,107].



HES is a biocompatible polymer that has shown promising results in developing conjugates with different anticancer drugs. In the case of HCPT, HES conjugation has demonstrated a significant improvement in its pharmacological properties, such as enhanced biological half-life, improved drug absorption, distribution, and bioavailability. This conjugation also resulted in higher cytotoxicity effects on Hep-3B and SMMC-7721 cell lines compared to free 10-HCPT.The conjugation of HES with HCPT was achieved via covalent bonding through a glycine amino acid spacer, forming an amide bond. The aliphatic secondary hydroxyl group (10-OH) was involved in the conjugation process (Figure 10). Interestingly, 10-OH conjugation suggests water solubility, while 20-OH conjugation is responsible for the solubility and stability of the lactone. Despite the stereo protective effect of HES to 10-HCPT, the sustained release of 10-HCPT from the conjugate is exclusive to the variation in pH. In vitro studies have shown that the release of HCPT is faster in PBS solution or in rat plasma and liver homogenate, and in vivo release is predominant over in vitro due to faster esterase or starch hydrolysis enzyme degradation. These results suggest that HES-HCPT conjugates can potentially improve the therapeutic efficacy of HCPT by allowing sustained release and improving the drug delivery to target tumor cells [40].




2.5.6. Carboxylated HES as DDS for Doxorubicin


HES is a useful hyperbranched DDS that can covalently be modified by functionalizing with carboxylic groups. Carboxylated HES can be used to accompany chemotherapeutic compounds through non-covalent interactions, with appended carboxylic groups forming either ionic salts or amides with the therapeutic compounds’ primary or secondary amino groups. This approach allows for the effective encapsulation of drugs such as doxorubicin (DOX), a well-known anticancer drug, within the carboxylated HES carrier. The encapsulated DOX in carboxylated HES has exhibited significant cytotoxicity against DU145 human prostate cancer cells in vitro. The carboxylated HES-DOX conjugate has also demonstrated controlled drug release, which is inevitable owing to solid electrostatic interactions between the drug and the carbohydrate scaffold of HES.



This result suggests that the HES polysaccharide can function as a DDS that not only conjugates but also modulates the transport of the drug across cell membranes. The use of carboxylated HES as a drug-delivery system demonstrates a great potential for improving the pharmacological activities of anticancer drugs through enhanced drug absorption, distribution, and bioavailability, as well as sustained release for better therapeutic efficacy (Figure 11) [108].




2.5.7. HES as DDS for Paclitaxel


Paclitaxel (PTX) is a highly potent antineoplastic agent that shows broad-spectrum antitumor activity in cancer therapy [109]. However, its clinical application is limited due to its hydrophobic nature and poor aqueous solubility, which leads to undesired neurotoxic side effects, such as hypersensitivity, peripheral neuropathy, and neutropenia. To overcome these limitations, various strategies have been developed, including the encapsulation method of DDS and water-soluble polymer-PTX conjugates with natural polymers, PEG, poly(L-glutamic acid), and poly N-(2-hydroxypropyl) methacrylamide (PHPMA) [110].



HES has also been explored as a promising tumor-targeted delivery system for PTX. In this approach, PTX is chemically conjugated onto HES through a redox-sensitive disulfide bond, leading to the formation of HES−SS-PTX (as shown in Figure 12). This conjugate is stable in the bloodstream due to the disulfide bond’s protection, which prevents PTX release in the blood plasma. However, in the presence of high levels of glutathione (GSH), which are typically found in tumor cells, the disulfide bond is cleaved, leading to the release of PTX. This results in targeted delivery of PTX to tumor cells while minimizing the drug’s toxicity to normal cells. Studies have revealed that HES−SS-PTX exhibits superior antitumor activity and lower toxicity than free PTX in various cancer cell lines [110].



The HES−SS-PTX conjugates have the ability to form monodispersed nanoparticles that are degraded by α-amylase in plasma, leading to the release of active drug at the tumor site. The redox-sensitive disulfide bond facilitates the extravasation and penetration of the HES−SS-PTX nanoparticles into the tumor microenvironment (as shown in Figure 13) [109]. These α-amylase and redox-responsive nanoparticles offer significant advantages in cancer chemotherapy and have great potential for clinical translation.



A pharmacokinetic study revealed that HES−SS-PTX nanoparticles exhibit an extended half-life, resulting in increased accumulation at the tumor site compared to free Taxol or commercial PTX formulations. The disassembly of HES−SS-PTX nanoparticles under reducing conditions results in burst drug release and increased cytotoxicity against 4T1 tumor cells. In addition to PTX, HES has been used to develop stimuli-responsive nanoplatforms for targeted delivery of various anticancer drugs or drug combinations. These drugs can be encapsulated or conjugated onto the nanoparticles to enable combination therapy for a wide range of cancers.




2.5.8. HES-HEMA as DDS for Fluorescein Isothiocyanate


HES can be combined with hydroxyethyl methacrylate (HEMA) to form the photocrosslink polymer HES-HEMA, which provides a favorable hydrophilic environment for biological drugs [111]. This is likely due to the formation of a sponge-shaped hydrogel structure. Such a structure can interact with proteins and drugs, leading to appreciable influences on drug release kinetics. Polyethylene glycol methacrylate (PEG-MA) has also been employed to obtain the HES-P(EG)n MA polymer, which displays higher hydrophilicity and biodegradability than the HES-MA polymer. The facile increase in the hydrophilicity of HES-MA conjugates originates in the presence of oligoethylene glycol spacer units to improve the inherent properties of the DDS, including its production with regard to clear aqueous solutions and the formulation of highly concentrated prepolymers. The introduction of PEG groups into HES-MA further increases the hydrophilicity and relatively lacks the hydrolytic cleavage, leading to an altered drug-release profile. The hydrophilic nature of HES-MA enables it to readily dissolve and interact with water and aqueous environments, making it suitable for various applications, including drug delivery. For example, HES-P(EG)nMA loaded with fluorescein isothiocyanate (FITC) imparts a higher rate of FITC release than HES-HEMA loaded with FITC [112]. FITC was attached to HES, producing HES-FITC conjugates as a model DCC-based drug delivery for detection (Figure 14). The rate of release is more significant when the conjugates were transformed into self-assembled NPs. The modified HES-PEG-methacrylate (HES-P(EG)6MA) has been reported to exhibit continuous and sustained release of protein drugs due to its smaller hydrodynamic diameter and smaller pores [113]. PEG-modified HES-HEMA hydrogel microparticles are expected to satisfy the requirements of a drug-delivery system considering biodegradability and biocompatibility [111].




2.5.9. HES-PLGA as DDS


A novel hydrogel composite was synthesized by grafting HES onto PLGA polymer through an acryloyl-mediated reaction. This resulted in the formation of a network of interconnected polymer chains with HES as a hydrophilic component, which provided a suitable environment for the encapsulation and release of protein drugs. The researchers found that this hydrogel composite exhibited improved drug-loading capacity and release kinetics compared to pure PLGA polymer. This is expected due to the hydrophilic nature of HES, which eventually increases the water uptake and swelling properties of the hydrogel, allowing for more efficient diffusion of the protein drug. Hydrogel microparticles derived from HES-grafted poly(2-hydroxethyl methacrylate) (PHEMA) were synthesized via typical free radical polymerization, and protein release was studied. The outcome of the study revealed the protein release to be dependent upon the size of the entrapped proteins and hydrogel network density. Moreover, the PLGA-HES-acryloyl composite showed good biocompatibility, making it a promising material for use in biomedical applications. It can potentially be used for the controlled and sustained delivery of protein drugs, since the rapid release of protein drugs can lead to a short therapeutic effect and potential side effects [114].






3. Limitations and Future Scope


Limitations:




	
Although HES-based DDSs have shown promise in preclinical studies, there are still some challenges that need to be addressed before they can be translated into clinical applications.



	
One limitation of HES-based DDS is associated with its immunogenicity. It might cause unknown or adverse immune response in some patients.



	
The relatively short half-life of HES-DDS in the bloodstream may limit its effectiveness as a drug carrier.



	
The variability in the properties of different HES formulations may affect their pharmacodynamic feasibility in the application of drug delivery.








Future scope:




	
Future research could focus on improving the biocompatibility of HES-based DDS to minimize potential immune reactions.



	
Efforts could also be made to optimize the properties of HES formulations to enhance their efficacy as drug carriers.



	
Future research could involve by exploring the use of HES-based DDSs for targeted drug delivery to specific tissues or cells.



	
The combination of HES with other natural or synthetic polymers can be investigated to develop more advanced delivery systems with improved properties.









4. Conclusions


In conclusion, the utilization of HES-mediated drug-delivery systems (DDSs) has shown great potential in addressing the limitations of the conventional use of anticancer therapies. HES-based polymers can serve as effective carriers for a wide range of therapeutic substances, which has been supported by numerous results from preclinical and clinical studies. However, there are still some limitations that need to be addressed, such as the immunogenicity of HES and the need for further optimization of the drug-loading and release kinetics. Nevertheless, the utility of HES-based drug carriers has been demonstrated in various applications, including hydrogels, micro- and nano-particle carriers, and transmucosal delivery systems. The standard protocol for HES-mediated drug-delivery frameworks has been outlined, providing a roadmap for designing and implementing HES-derived innovative DDS. HES-based drug carriers is promising, with potential applications in a broad range of therapeutic areas beyond cancer.
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Figure 1. A part of the probable structure of HES. 
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Scheme 1. Common synthetic route of hydroxyethyl starch. 






Scheme 1. Common synthetic route of hydroxyethyl starch.



[image: Scipharm 91 00032 sch001]







[image: Scipharm 91 00032 g002 550] 





Figure 2. Schematic representation of the (a) grafting-to, (b) grafting-from, and (c) grafting-through approaches [71]. Copyright 2016; reproduced with permission from Elsevier Ltd. 
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Figure 3. Schematic representation of the self-assembly of pH-responsive HES-DOX conjugates and their in vivo circulation, accumulation in tumor tissue, and pH-triggered intracellular DOX release after intravenous injection [86]. Copyright 2012; reproduced with permission from Royal Society of Chemistry. 
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Figure 4. (a) The hypothetical formation of HES-MTX conjugates. (b) Histopathological examination of heart, kidney, liver, spleen, and lung sections from different groups using hematoxylin and eosin (H&E) staining [87]. Copyright 2016; reproduced with permission from American Chemical Society. 
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Figure 5. The hypothetical formation of HES-MTX conjugates. 
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Figure 6. The hypothetical formation of HES-HCQ conjugates. 
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Figure 7. The hypothetical pathway of HES-HCQ [102]. Copyright 2017; reproduced with permission from American Chemical Society. 






Figure 7. The hypothetical pathway of HES-HCQ [102]. Copyright 2017; reproduced with permission from American Chemical Society.



[image: Scipharm 91 00032 g007]







[image: Scipharm 91 00032 g008 550] 





Figure 8. The hypothetical structure of HES-FUAC conjugates. 
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Figure 9. A pH-dependent equilibrium between carboxylate and lactone form of HCPT. 
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Figure 10. The chemical synthesis of hypothetical HES-HCPT conjugates. 
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Figure 11. The hypothetical formation of carboxylated HES-DOX conjugate salt. 






Figure 11. The hypothetical formation of carboxylated HES-DOX conjugate salt.



[image: Scipharm 91 00032 g011]







[image: Scipharm 91 00032 g012 550] 





Figure 12. Synthesis of hypothetical HES-SS-PTX conjugates. 






Figure 12. Synthesis of hypothetical HES-SS-PTX conjugates.



[image: Scipharm 91 00032 g012]







[image: Scipharm 91 00032 g013 550] 





Figure 13. The fate of HES−SS-PTX NP in vivo [109]. Copyright 2017; reproduced with permission from American Chemical Society. 
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Figure 14. Synthesis of hypothetical HES-FITC conjugates. 
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Table 1. WHO-recommended list of essential medicine for cancer treatment (2021).






Table 1. WHO-recommended list of essential medicine for cancer treatment (2021).











	
	Medicines and Therapy
	Applications
	Working Group Conclusions





	1.
	Azacitidine
	Acute myeloid leukemia
	Not support



	2.
	Cancer medicines for children up to 12 years old, EMLc: carboplatin, cisplatin, cyclophosphamide, vinblastine and vincristine
	Low-grade glioma
	Supports



	3.
	CAR-T cell therapy
	Acute lymphoblastic leukemia
	Supports



	4.
	Cyclin-dependent kinase (CDK) 4/6 inhibitors
	Metastatic breast cancer
	Not support



	5.
	Daratumumab
	Multiple myeloma
	Not support



	6.
	Doxorubicin
	Rhabdomyosarcoma
	Supports



	7.
	Enzalutamide
	Metastatic castration-resistant prostate cancer
	Supports



	8.
	Everolimus
	Subependymal giant cell astrocytoma
	Supports



	9.
	Fulvestrant
	Metastatic breast cancer
	Not support



	10.
	Ibrutinib
	chronic lymphocytic leukemia with 17p deletion
	supports



	11.
	Osimertinib
	Lung cancer
	Not support



	12.
	Pembrolizumab
	Locally

advanced and metastatic non-small

cell lung cancer
	Supports



	13.
	Pertuzumab
	HER2+ metastatic breast cancer
	Supports



	14.
	Rasburicase
	Tumor lysis syndrome
	Supports



	15.
	Tislelizumab
	Hodgkin lymphoma
	Not support



	16.
	Tislelizumab
	Urothelial carcinoma
	Not support



	17.
	Tyrosine kinase inhibitors
	Ph+ acute lymphoblastic leukemia
	Supports



	18.
	Vinorelbine
	Rhabdomyosarcoma
	Supports



	19.
	Zanubrutinib
	chronic lymphocytic leukemia, small lymphocytic lymphoma
	Not support



	20.
	Zanubrutinib
	Mantle cell lymphoma
	Not support
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Table 2. Recent report on biopolymer-based drug delivery.
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	Sl No
	Biopolymers/Biopolymer-Based Polymers
	Conjugated with Drug
	Utilize for
	IC50 (µg/mL)

(Cell Line)
	References





	1.
	HES-polydopamine
	Doxorubicin
	Cancer chemotherapy
	0.89

(HepG2)
	[85]



	2.
	HES-Doxorubicin
	Doxorubicin
	Chemotherapy of malignancy
	7.12

(HepG2)
	[86]



	3.
	HES-SS-Doxorubicin
	Doxorubicin
	Safe cancer chemotherapy
	1.97

(HepG2)
	[87]



	4.
	HES-polycaprolactone-Doxorubicin-indocyanine green
	Doxorubicin and indocyanine green mixture
	Liver cancer
	-
	[88]



	5.
	LHRH-conjugated HES-doxorubicin
	Doxorubicin
	Clinical chemotherapy of metastatic prostate cancer
	0.79

(RM-1)
	[89]



	6.
	HES-coated polydopamine nanoparticles
	Doxorubicin
	Antitumor drug for cancer chemotherapy
	0.46

(HepG2)
	[85]



	7.
	HES-g-Polylactide
	Doxorubicin
	Clinical cancer chemotherapy
	-
	[90]



	8.
	HES-MTX
	Methotrexate
	Clinical cancer chemotherapy
	106

(MV4-11)
	[91]



	9.
	HES-10-HCPT-SS-Lysine
	10-Hydroxy camptothecin (10-HCPT)
	Liver cancer chemotherapy
	9.9

(HepG2)
	[92]
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