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This comprehensive review examines the latest developments in improving the blood compatibility of hemoperfusion adsorbents. By leveraging advanced coating and modification techniques, including albumin-collodion, cellulose, hydrogel, and heparin coatings, notable enhancements in blood compatibility have been achieved across diverse adsorbent types, such as carbon-based, resin-based, and polysaccharide-based materials. Despite promising laboratory results, the intricate manufacturing processes and elevated costs present significant challenges for broad clinical application. Therefore, future endeavors should focus on cost-benefit analysis, large-scale production strategies, in-depth exploration of blood-material interactions, and innovative technologies to propel the development of safer and more effective blood purification therapies.
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INTRODUCTION
Hemoperfusion technology is an efficient blood purification strategy that eliminates harmful substances from the bloodstream using specialized extracorporeal adsorbent materials. This approach mimics the body’s natural detoxification processes and plays a crucial role in enhancing patient safety (Ricci et al., 2022; Ronco and Bellomo, 2022). With advancements in science and technology, the variety of adsorbent materials has significantly expanded, improving their performance and facilitating the development of hemoperfusion methods.
The selection of adsorbent materials is critical; ideal candidates must possess safety, non-toxicity, mechanical strength, stable chemical properties, low allergic reactions, and excellent blood compatibility. Significant differences in biocompatibility exist among materials like activated carbon, silica gel, resins, and carbon nanotubes (Li et al., 2019).
Blood compatibility is vital for the clinical efficacy of hemoperfusion adsorbents, as it minimizes adverse reactions with blood components and enhances the longevity of the materials (Wang et al., 2021; Gao et al., 2022; Damianaki et al., 2023).
The chemical properties and physical structure of adsorbents are foundational to achieving optimal biocompatibility (Nakane, 2004; Weber et al., 2018). Specifically, surface chemistry, hydrophilicity, and biodegradability directly influence interactions with blood components, thereby affecting overall biocompatibility (Maitz et al., 2019; Li et al., 2023). Recent studies highlight the importance of refining surface chemistry to improve both toxin adsorption and blood compatibility. Furthermore, physical attributes such as porosity and particle size significantly impact blood flow and interactions with blood cells (Wu et al., 2023; Bhattacharjee et al., 2024). Understanding the interactions between adsorbent materials and blood components remains a key research area. These interactions affect clinical safety by influencing platelets, coagulation factors, and immune cells (Zhang et al., 2023). Researchers can utilize surface modification techniques to reduce adverse effects on blood components and enhance biocompatibility, employing various experimental methodologies such as in vitro cultures and clinical trials (Zhou et al., 2023). As research progresses, novel adsorbents, such as protein-polysaccharide complexes and metal-organic frameworks (MOFs), are emerging. MOFs, with their high surface area and tunable pore structures, represent a promising frontier in hemoperfusion (Gan et al., 2021).
In recent years, review studies on hemoperfusion adsorbent materials have primarily focused on aspects such as material types, modification techniques, and biocompatibility evaluations. However, these reviews tend to emphasize the performance and applications of the materials, while lacking in-depth exploration of how modification techniques specifically influence the mechanisms of blood compatibility. This article aims to bridge this gap by systematically reviewing the latest research progress on various modification techniques (such as surface coating and chemical modification) for enhancing the blood compatibility of adsorbent materials. It will provide an in-depth analysis of their mechanisms of action and offer new insights and directions for future research.
Understanding blood compatibility and coagulation mechanisms for hemoperfusion adsorbents
Blood compatibility is a critical factor for assessing biomedical materials, defined as a material’s ability to avoid adverse reactions upon contact with blood (Bowry et al., 2021). Materials with poor blood compatibility can trigger harmful physiological responses, such as thrombosis, hemolysis, and immune reactions, undermining the functionality of medical devices and posing significant health risks to patients (Sharma, 2001). Thus, developing materials with excellent blood compatibility is essential in biomedical engineering (Brash et al., 2019).
The coagulation pathway, which leads to clot formation after injury or foreign material exposure, involves two main routes: the intrinsic and extrinsic pathways. The intrinsic pathway initiates from interactions between specific blood factors and foreign materials, involving factors XII, XI, IX, and VIII. Conversely, the extrinsic pathway begins with tissue factor (TF) binding to factor VII, engaging factors VIIa and Xa (Camire, 2021). Both pathways ultimately activate factor X, converting it to thrombin, which triggers fibrin clot formation (He et al., 2021). Materials with inadequate blood compatibility may activate either pathway, promoting harmful coagulation reactions and thrombus formation. Understanding and effectively modulating these activation mechanisms is essential for developing superior blood-compatible materials. The mechanism of coagulation cascade induced by blood adsorption materials is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Blood adsorption material-induced coagulation cascade reaction mechanism diagram. The contact surface is responsible for generating activation factor XII, which initiates the intrinsic coagulation pathway, leading to the generation of thrombin and the conversion of fibrinogen into cross-linked fibrin. Thrombin also acts as a platelet agonist, causing platelet activation and aggregation. The complement pathway is activated on the surface of the biomaterial, enhancing the common coagulation pathway. The adhesion and activation of platelets on the foreign surface release platelet agonists, which, along with C3a and C5a from the complement pathway, directly activate receptors on the surface of inflammatory cells, triggering the release of cytokines. This stimulates the extrinsic coagulation pathway, enhancing the formation of thrombin and clot formation. Red blood cells undergo shear-induced fragmentation, releasing adenosine diphosphate. (ADP), which activates platelets.
During hemoperfusion, adsorbent materials directly interface with blood, which can activate the coagulation system due to their non-physiological properties, potentially leading to thrombosis or hemolysis (Kuchinka et al., 2021). To ensure safety and efficacy, high-performance adsorbents must adhere to stringent requirements (Erturk et al., 1987; Chandy and Sharma, 1993):
1) Non-toxicity to Humans: The material must not provoke allergic reactions, immune responses, or any harmful effects upon contact with blood.
2) Excellent Biocompatibility: It should not induce hemolysis, coagulation, or other adverse reactions.
3) Stable Chemical Properties and Mechanical Strength: The material must maintain chemical stability, resist fragmentation, and avoid damaging blood cells throughout the hemoperfusion process.
4) Superior Adsorption Performance: The material should have a rapid adsorption rate and high capacity.
Enhanced blood compatibility of hemoperfusion adsorbents through advanced coating technologies
Coating technology plays a crucial role in improving the blood compatibility of materials used in blood perfusion adsorption (Pagel and Beck-Sickinger, 2017). This technology utilizes methods such as physical adsorption, chemical bonding, and surface modification to create protective coatings. These coatings prevent the adhesion of blood proteins and cells, reducing coagulation and immune responses, thereby enhancing biocompatibility (Wei and Haag, 2015).
The selection of coating technology is guided by the substrate characteristics and intended application. Carbon-based materials, like graphene and carbon nanotubes, are favored for their high conductivity and chemical stability, often coated using chemical vapor deposition (CVD) and physical vapor deposition (PVD) (Rokosz et al., 2020). Resin-based materials, such as polyurethane and polyethylene, are commonly found in medical devices and are typically coated via spraying or dip coating (Chen et al., 2021). Polysaccharide-based materials, including chitosan and hyaluronic acid, are popular in drug delivery and tissue engineering, often utilizing microencapsulation and layer-by-layer assembly (Redolfi Riva et al., 2022).
Effective coating technology must ensure good blood compatibility and adsorption efficiency. Therefore, choosing the right coating involves evaluating both substrate properties and application requirements. Advancements in coating technologies have demonstrated the potential to enhance not just biocompatibility but also add properties like antibacterial and anti-inflammatory effects (Wen et al., 2024).
Key considerations in implementing coating strategies include (Ursino et al., 2022; Xiong et al., 2024):
Material Selection: The choice of coating materials is vital; for instance, electroporation technology can apply coatings that enhance anti-inflammatory and antibacterial properties.
Process Control: Conditions such as temperature, pH, and reaction time must be controlled to ensure uniform coatings and stability. High-molecular-weight polymers can promote even particle deposition, avoiding issues like the coffee-ring effect.
Performance Metrics: Biocompatibility and anti-biofouling capabilities are critical measures of coating effectiveness. Antifouling peptide coatings, for example, have shown substantial stability and efficacy in biological fluids.
Microencapsulation technology is effective for sustained, targeted drug delivery, particularly for porous polysaccharide-based materials (Bale et al., 2016). While it has advantages like preventing leakage and controlling adsorption rates, its complexity and cost pose challenges (Ma, 2014).
Surface modification alters substrate properties to improve biocompatibility and functionality, mainly suited for smooth resin-based materials (Ren et al., 2015). However, its effectiveness may be limited by the material’s chemical nature (Sun et al., 2020).
Composite preparation combines different materials to enhance mechanical properties and durability, though the complexity of preparation and compatibility issues must be considered (Xing et al., 2023).
Research by Qiang Wei et al. emphasizes the significance of coating-substrate interactions, crosslinking, and functional design in improving stability (Wei and Haag, 2015). Innovations in universal coatings and bioinspired technologies have expanded applications and enhanced blood compatibility and adsorption efficiency.
Large specific surface area substrates, such as porous spheres and nanofibers, are prevalent in adsorption materials due to their unique structural properties (Dong et al., 2024). Porous spheres possess a high specific surface area and favorable pore structure, enhancing adsorption efficiency and capacity (Zhao et al., 2023). Nanofibers, prepared via electrospinning technology, exhibit high specific surface areas and excellent mechanical properties, making them versatile for filtration and adsorption applications. The incorporation of these large specific surface area substrates into adsorption materials can significantly improve their performance.
Applying coating technology to large specific surface area substrates can further enhance their adsorption performance and stability. For example, coating the surface of porous spheres with functional polymers can improve their adsorption capacity for organic pollutants (Zhao et al., 2023). Simultaneously, coating nanofibers with antibacterial layers can significantly enhance their antibacterial performance and biocompatibility (Jo et al., 2014). Such application examples illustrate that careful selection and optimization of coating technologies can substantially improve the adsorption performance and efficacy of large specific surface area substrates.
Heparin-mimetic coatings - a form of biomimetic coating technology - enhance the blood compatibility and anticoagulation properties of adsorption materials by applying substances akin to heparin onto their surfaces (Riesenfeld et al., 1995; Biran and Pond, 2017). This technology has wide applications in blood purification and medical devices, significantly minimizing thrombosis and inflammatory responses while enhancing material safety and biocompatibility. The use of heparin-mimetic coatings introduces novel strategies for utilizing adsorption materials in the biomedical field (Patel, 2021).
Novel hydrogel microsphere blood adsorbents are characterized by their high specific surface area and excellent biocompatibility (Song et al., 2021). Coating the surfaces of these hydrogel microspheres with specialized functional coatings can greatly enhance both their adsorption performance and stability (Wu et al., 2020). With favorable mechanical properties and biocompatibility, these materials find extensive application in blood purification and medical devices. Recent studies indicate that the application of functional coatings on hydrogel microspheres can significantly augment their adsorption capacity for toxins and pathogens (Buhrman et al., 2013).
While numerous adsorption materials are available, activated charcoal, resins, and polysaccharides are prevalent in blood perfusion applications. An in-depth understanding of their biocompatibility is essential for optimal coating material selection, as discussed in the following sections.
Characteristics and improvement of blood compatibility of inorganic adsorbents
Carbon-based materials
Carbon-based materials, obtained through the carbonization of organic precursor materials, are porous and have received considerable attention in the field of blood perfusion due to their unique properties. These materials primarily include activated carbon, mesoporous/multi-level porous carbon-based materials, carbon nanotubes, and graphene-based materials. Known for their high specific surface area and excellent adsorption performance, they effectively remove a variety of toxin molecules (Gupta et al., 2019). Activated carbon, the earliest carbon-based material used in blood perfusion, is currently widely used in clinical practice (Lie et al., 1976; Cheah et al., 2017). However, it exhibits poor blood compatibility and mechanical strength, which can lead to adverse reactions such as hemolysis, coagulation, and microthrombosis. To enhance its blood compatibility, surface coating technology is often employed. The choice of embedding materials is crucial as it affects the adsorption rate, necessitating the selection of appropriate coating materials (Davenport, 2017). Given the diversity of activated carbon coating technologies, this article discusses several representative ones.
Albumin-collodion coating technology in carbon-based materials
Espinosa-Meléndez utilized the principle of artificial cells to create an ultra-thin film of albumin-collodion coated activated carbon directly on the surface of individual particles, thereby microencapsulating the carbon. This method seals the particles with a membrane that prevents any free powder from entering the bloodstream while retaining platelets. Activated carbon coated with a collodion (nitrocellulose) membrane exhibits sufficient blood compatibility, making it suitable for treating uremia and acute poisoning. In vivo experiments have shown that, even in cases of platelet sensitivity (such as liver failure), adsorbing albumin onto collodion achieves high blood compatibility with a low platelet destruction rate. Therefore, the research team believes that albumin-collodion coated activated carbon is an ideal coating membrane material (Chang, 1984). This coating technology has demonstrated promising results in enhancing the blood compatibility of activated carbon.
Cellulose nitrate and cellulose acetate coating technologies in carbon-based materials
Cellulose nitrate and cellulose acetate are commonly used coating materials. To determine which coating is more effective, the Denti E team conducted a series of experiments using Norit RBXS 1 activated carbon with different coating treatments (Denti et al., 1975). The trials were divided into three groups: cellulose acetate, cellulose acetate + formamide, and cellulose acetate + KOH. Despite having the same thickness, these cellulose acetate coatings had varying structures due to different treatment methods.
To evaluate the performance of these coating materials, the researchers used a closed recirculation system. They tested coated and uncoated charcoal particles (20 g) in this system using an aqueous solution containing creatinine (initial concentration of 100 mg/L), uric acid (initial concentration of 500 mg/L), and vitamin B-12 (initial concentration of 20 mg/L). The charcoal particles were placed in a cylindrical column. Simultaneously, to assess the impact on blood, they used bovine blood in the same artificial circuit to test platelet loss. The experiment was conducted at a constant system temperature of 37°C with a flow rate of 200 mL/min.
The in vitro experimental results showed that the hematocrit remained constant during the experiment, except for the uncoated carbon. No platelet loss was observed in the empty column. However, in the uncoated charcoal-filled column, platelet loss was as high as 70%–80%. In contrast, cellulose acetate treated with KOH caused the greatest platelet loss, which was consistent with previous discussions on membrane structure. Considering the simplicity of the coating process and the high toxin removal rate, cellulose nitrate coating appears to be the preferred choice (Denti et al., 1975; Pişkin et al., 1981).
Hydrogel as a coating material in carbon-based materials
Research progress on hydrogels as a coating technology for activated carbon has not been smooth. Back in 1971, Andrade et al. suggested that hydrogels, as a coating material applied to activated carbon, could enhance its mechanical strength, improve adsorption performance, facilitate processing and handling, provide waterproof protection, adapt to various substrates, and improve regeneration performance. These advantages make hydrogel coatings have broad prospects and potential in the application of activated carbon (Andrade et al., 1971). However, research and development progress seemed slow until 2017 when Cai et al. (2017). developed activated carbon with a zwitterionic polycarboxybetaine (PCB) hydrogel coating, marking a breakthrough in this technology. Zwitterionic hydrogels are water-rich polymer networks composed of zwitterionic materials, which exhibit excellent anti-biofouling properties, bio/blood compatibility, high water content, and large mesh sizes. They provide mechanical strength similar to biological tissues and high permeability to molecules, making them an ideal coating material for activated carbon. This research also confirmed that the PCB hydrogel coating significantly improved the blood compatibility of activated carbon, greatly stimulating interest in the research and development of hydrogels. In 2018, Zhang L used polycarboxybetaine methacrylate hydrogel (pCBMA) to modify activated carbon (AC) to improve its biocompatibility and adsorption capacity in biological environments. A self-made device was used to prepare hydrogel beads and hydrogel-coated activated carbon (pCBMA-AC) with controllable sizes, and the preparation conditions were optimized. The physical and biological properties of pCBMA-AC with different diameters were then studied. The research confirmed that 2 mm pCBMA-AC exhibited good stability, with a leakage rate of only 0.16% after 72 h of oscillation incubation. It also showed significant biocompatibility, with a hemolysis rate and cell death rate of only 0.13% and 3.41%, respectively, compared to 14.72% and 70.11% for bare AC. According to ISO 10993 standards, this coated adsorbent material has low hemolysis and cytotoxicity (Zhang et al., 2018).
Heparin as a coating material for carbon-based adsorbents
Although Chang successfully developed a method using collodion and albumin to encapsulate charcoal for blood perfusion (Chang, 1975; Chang, 1976), and P. Lesche replicated this technique, Lesche’s attempt to integrate heparin into the encapsulation layer of charcoal particles to avoid localized heparinization was unsuccessful (Lesche et al., 1976). The reasons for the failure may be that the anticoagulant effect of heparin was weakened or inactivated after binding with collodion and albumin. Additionally, the binding stability of heparin with these materials could also be a problem, especially considering that heparin has a metabolic cycle of only 3–4 h in the human body, and this instability may exacerbate the reduction of anticoagulant effect. Although heparin anticoagulant coatings are widely used in medical materials (Biran and Pond, 2017), their application in blood adsorption materials remains limited due to unsolved key technical challenges. However, in recent years, there seems to have been some breakthroughs in this issue. In 2015, the Wei H team developed a heparin-modified chitosan/graphene oxide hybrid hydrogel (hep-CS/GH) using a freeze-drying, neutralization, and modification strategy for bilirubin adsorption. The prepared hybrid hydrogel exhibited a unique foam-like porous structure and excellent mechanical flexibility. After modifying the hydrogel with heparin, protein adsorption, platelet adhesion, and hemolysis were reduced, and the plasma coagulation time was extended from 4.1 min to 23.6 min, indicating that hep-CS/GH had good blood compatibility. Therefore, this study can lay a foundation for improving the performance of adsorbents in removing blood toxins (Wei et al., 2015). Ye Yang reported on the construction of Kevlar nanofiber/graphene oxide composite beads as safe, self-anticoagulant, and highly efficient hemoperfusion adsorbents. They first prepared Kevlar nanofiber-graphene oxide (K-GO) beads through liquid-liquid phase separation. Then, sodium p-styrenesulfonate (SS) was adsorbed onto the K-GO interface through π-π interactions and initiated to obtain composite gel (K-GO/PSS) beads with an interfacial cross-linked structure. These composite gel beads had excellent mechanical strength and self-anticoagulant ability due to their double network structure and heparin-like gel structure (Yang et al., 2020). In 2019, Qi Dang successfully fixed heparin as a molecular spacer onto microspheres, thereby significantly improving blood compatibility during blood perfusion (Dang et al., 2019). The research team deeply recognized the structural function of heparin as a macromolecular spacer to be crucial. Based on this, they used heparin as a spacer, covalently fixed it onto chloromethylated polystyrene microspheres (Ps), and further connected it with L-phenylalanine to construct a Ps-Hep-Phe structure, which performed well in the adsorption of endotoxins. When the initial concentration of the heparin solution was 5 mg/mL, the grafting density of heparin reached an optimum. The research results showed that the adsorbent with heparin as a spacer not only prolonged the coagulation time but also reduced protein adsorption and hemolysis rate, which fully proved that the heparin-modified adsorbent had excellent blood compatibility. In dynamic adsorption experiments, Ps-Hep-Phe had an adsorption capacity for endotoxins as high as 25.15 EU/g, which was significantly higher than that of Ps. In summary, this study strongly indicates that heparin has great potential as a modified material for adsorbents in blood perfusion.
In summary, carbon-based materials are still the most commonly used adsorption materials.
Silica-based materials
Silica-based materials, often in the form of nanoparticles, exhibit high specific surface area and large pore volume. These characteristics, coupled with their good mechanical stability, make them highly suitable for use in dialysate or plasma perfusion (Asano et al., 2008). However, early reports indicated that amino/methyl-modified silica exhibited a hemolysis rate exceeding 80% (Tang et al., 2011). In recent years, research on the biocompatibility of silica-based blood perfusion adsorbents has been insufficient. While modified silica particles have been used for bilirubin adsorption, their overall biocompatibility still requires further improvement.
Characteristics and improvement of blood compatibility of organic adsorbents
Resin adsorbents
Resin adsorbents are widely used in blood purification due to their excellent chemical stability and adjustable pore structure (Rosenbaum et al., 1971; Raja, 1986). In the field of blood purification today, the use of adsorption materials derived from resins has become one of the most dominant methods (Asgharpour et al., 2020; Borazjani et al., 2023). These materials exhibit good plasticity and adjustability, allowing for the design of specific adsorption sites for particular toxins. However, a major challenge lies in nonspecific protein adsorption, which may reduce the material’s biocompatibility and therapeutic efficiency. Therefore, the research and development focus on resin materials primarily centers on modifying the resins to reduce nonspecific protein adsorption while enhancing their blood compatibility.
Human serum albumin (HSA) coating technology in resin adsorbents
In the early 1970 s, researchers conceived the idea of using albumin-coated resin materials to reduce blood damage. They employed a specialized extracorporeal circulation circuit to evaluate the blood compatibility of HSA-coated Amberlite XAD-7 resin. Within 2 hours after perfusion with uncoated resin, the average platelet loss (44 ± 5.6) % was greater than that after perfusion with HSA-coated resin (17 ± 2.2) % (p < 0.01). The average white blood cell loss was similar for both resins (55%). No increase in Swank filter pressure, which is used to detect the presence of cell aggregates in blood, was observed. Therefore, coating XAD-7 resin with HSA improved its blood compatibility in terms of platelet loss (Hughes et al., 1978). Subsequently, the team conducted in vivo experiments using HSA-coated XAD-7 resin for a single blood perfusion in four patients with acute liver failure. At the end of the 4-h blood perfusion, the average platelet count was (116 ± 16.3) % of the initial arterial value, and the average white blood cell count was (96 ± 6.5) % of the initial value. These results indicated that HSA-coated Amberlite XAD-7 resin was blood-compatible and capable of removing protein-bound substances and medium-sized molecules from the bodies of patients with acute liver failure (Hughes et al., 1979). However, due to the high cost of albumin as a coating material and the strict limitations on the production of human blood-derived albumin, it cannot be widely used clinically as a low-cost method. Therefore, there is a preference for finding adsorption materials with better blood compatibility, scalability, and cost-effectiveness.
While HSA coating showed promise, researchers continued to explore other coating technologies to improve blood compatibility and cost-effectiveness. One such technology is zwitterionic polymer (carboxybetaine) (PCB) hydrogel coating.
Zwitterionic polymer (carboxybetaine) (PCB) hydrogel coating in resin adsorbents
In Li et al. (2019) developed a blood adsorbent that is highly blood-compatible and effective, referred to as PCB-H103. This material was prepared by encapsulating polystyrene resin (H103) microparticles within a zwitterionic poly (carboxybetaine) (PCB) hydrogel matrix, which exhibits antifouling properties. To validate its performance, the research team not only tested the mechanical stability of PCB-H103 but also conducted thorough investigations into its adsorption efficiency in phosphate-buffered saline, bovine serum albumin solution, and 100% fetal bovine serum (FBS). Additionally, the team evaluated the blood compatibility of this novel adsorbent, PCB-H103. Benefiting from the antifouling capabilities of the PCB hydrogel, PCB-H103 exhibited excellent blood compatibility with a hemolysis rate of only approximately 0.64%. This result is significantly better than many existing blood adsorbent materials, indicating that PCB-H103 offers high safety and reliability in blood-contacting applications (Li et al., 2019).
Polymer-based materials (MIP)
Molecularly imprinted polymer-based materials (MIP) are special porous materials that contain recognition sites specific to certain toxin molecules, enabling highly selective adsorption of these molecules. Currently, MIP materials targeted at specific toxins have been successfully prepared and have shown a certain level of blood compatibility and adsorption efficacy. In Wu et al. (2017) combined electrospinning technology with molecular imprinting technology to prepare bilirubin-imprinted polydopamine on the surface of polyethersulfone (PES) sheets obtained through electrospinning, resulting in a bilirubin-imprinted polydopamine/PES composite material. This material induced minimal hemolysis, exhibited slight intrinsic anticoagulant activity, and had the ability to selectively adsorb bilirubin from cholesterol/bilirubin or testosterone/bilirubin biphasic solutions (Wu et al., 2017). In Osman et al. (2019) prepared uric acid-imprinted P(HEMA-MAC)-Fe3+ nanoparticles and subsequently polymerized these nanoparticles with acrylamide, methyl methacrylate, and methylene bisacrylamide at −18°C to obtain a cryogel. This cryogel did not induce significant coagulation and had a uric acid adsorption capacity of 148.6 mg·g−1 in serum (Osman et al., 2019), also demonstrating excellent blood compatibility. Research on MIP materials remains limited due to restricted clinical application scenarios, resulting in a paucity of related studies in this area.
Mixed matrix membrane (MMM) materials
Mixed matrix membrane (MMM) materials are membrane materials that contain embedded adsorbent particles, primarily achieving the adsorption process through these particles. In clinical practice, blood perfusion is often used in conjunction with hemodialysis; however, achieving a “smooth” transition between the two processes remains challenging. MMMs combine the “adsorption” process and the “diffusion” process, making it possible to integrate blood perfusion and hemodialysis into a single process. In Tijink et al. (2013) prepared hollow fiber MMMs using a dry-wet spinning technique based on immersion precipitation. These MMMs did not induce significant hemolysis and exhibited a certain level of cell compatibility and good mechanical stability. However, currently, research in this area is still in the exploratory stage.
Composite adsorbent materials
Composite adsorbent materials, which combine inorganic and organic materials, possess the advantages of both and have been widely used in blood perfusion technology in recent years. These composite materials not only exhibit efficient adsorption performance but also significantly enhance blood compatibility. Zhou W et al. designed and synthesized collagen (Col) and collagen-polyethyleneimine (Col-PEI) microspheres for bilirubin adsorption in patients (Zhou et al., 2023). Initially, pure collagen microspheres were synthesized through suspension polymerization using water-soluble carbodiimide (WSC) as a crosslinking agent. Subsequently, to improve the performance of Col microspheres, PEI was immobilized on their surface, forming collagen-PEI (Col-PEI) microspheres. The blood compatibility of the microspheres was assessed through routine blood tests, hemolysis tests, coagulation tests, and plasma recalcification time (PRT) tests. The results demonstrated that the hemolysis rate of the microspheres was less than 3%, which is lower than the standard set by ASTM (5%). Notably, the hemolysis rate of Col microspheres was only 0.61%, indicating excellent blood compatibility. Routine blood tests also showed no significant difference in the impact on blood cells compared to the control group. Compared to the control group, there was no significant decrease in APTT, PT, or TT levels for Col microspheres. However, the APTT of Col-PEI microspheres was significantly prolonged, indicating good anticoagulant capacity. Fibrinogen (FIB) is converted into insoluble fibrin under the action of enzymes, and fibrin is the main component of coagulation activation. The study found that the amount of FIB in Col-PEI microspheres was reduced compared to Col microspheres, which may be attributed to the enhanced anticoagulant capacity of Col-PEI microspheres due to PEI grafting. The PRT test assessed the anticoagulant capacity of the microspheres, and the results showed that the PRT of Col microspheres and Col-PEI microspheres was 2.30 min and 3.1 min, respectively, which was consistent with that of Col microspheres. Based on the results of biocompatibility and blood compatibility, the researchers believed that microspheres designed based on collagen are suitable for blood perfusion applications.
In Yang et al. (2021) prepared novel polymyxin B (PMB) engineered polystyrene-divinylbenzene microspheres. PMB is a cyclic and highly cationic decapeptide extracted from Bacillus polymyxa, and the endotoxin-PMB complex is very stable with an association constant (Ka) ranging from 1.8 × 10−6 to 2.3 × 10−6 M−1. The research team successfully grafted 11-mercaptoundecanoic acid (MA) onto the microspheres using thiol-ene click chemistry as a linker and then immobilized PMB on the surface of the microspheres through EDC/NHS coupling reaction.
To verify the biosafety of these engineered microspheres, the research team successfully grafted MA onto the microspheres using thiol-ene click chemistry as a linker. Subsequently, they immobilized PMB on the surface of the microspheres through an EDC/NHS coupling reaction. To verify the biosafety of these engineered microspheres, the research team conducted a series of biocompatibility and blood compatibility tests. The Cell Counting Kit-8 assay (CCK-8) revealed that the cytotoxicity of P-PMB microsphere extracts towards L929 and HUVEC cells was negligible compared to the culture medium, similar to PS-DVB and P-MA microspheres, demonstrating their excellent biocompatibility.
In blood compatibility tests, the team initially performed a hemolysis test. The results indicated no visible hemolysis in the P-PMB microsphere extracts. Quantitative analysis further confirmed a hemolysis rate of only 2.20% for P-PMB microspheres, indicating good blood compatibility according to the ISO 10993-5:1992 standard (hemolysis rate less than 5%). Anticoagulation tests further substantiated the blood compatibility of the microspheres. The in vitro coagulation time tests showed that the APTT of the P-PMB microsphere group was slightly lower than that of the PS-DVB group, though the difference was not statistically significant. Similarly, there were no significant differences in PT and TT between the original PS-DVB and engineered P-PMB microspheres, suggesting that the engineered microspheres did not adversely affect endogenous coagulation. Furthermore, they also found that both the original microspheres (PS-DVB) and the engineered microspheres (P-MA and P-PMB) had no effect on the adsorption of fibrinogen (FIB). These results collectively demonstrated the biosafety of PMB engineered microspheres during application and showed their great potential as blood-contacting materials in blood perfusion.
Additionally, materials such as MXenes and metal-organic frameworks (MOFs), as novel composite adsorbents, have received widespread attention in blood perfusion technology in recent years due to their highly tunable pore structures and excellent adsorption performance (Naguib et al., 2011). MXenes stand out as typical representatives of novel adsorbents with their unique two-dimensional nanostructure and good biocompatibility (Meng et al., 2018). They exhibit excellent biological and blood compatibility and can effectively adsorb and remove urea from aqueous solutions and dialysis fluids. MOFs, on the other hand, demonstrate remarkable adsorption performance due to their high specific surface area, tunable pore size, and functional diversity, particularly in adsorbing toxins such as p-cresyl sulfate, indoxyl sulfate, and hippuric acid (Zhao et al., 2020; Yao et al., 2023). Hemolysis tests, coagulation time tests, and cytotoxicity tests have confirmed that bilirubin adsorbents based on UiO-66 and UiO-66-NH2 exhibit good blood compatibility and biocompatibility (Liu et al., 2023). Since MXenes and MOFs are emerging materials in recent years, research on their blood compatibility is still limited due to immature technology.
Polysaccharide-based adsorbent materials
Polysaccharide-based adsorbents primarily include agarose, chitosan, and cellulose (Wu et al., 2019; Li et al., 2023). These materials exhibit excellent biocompatibility and adsorption properties, effectively removing harmful substances from the blood. Due to their high modifiability, chemical modifications of these polysaccharide-based adsorbents can further enhance their adsorption selectivity for specific substances, thereby improving the effectiveness of blood perfusion. Wang Y et al. developed an advanced technology for carboxymethyl chitosan-based heparin-mimetic cross-linked bead adsorbents (Wang et al., 2018). The team initially used safe and efficient carboxymethyl chitosan as the raw material and then utilized hydrogen bonding interactions for in-situ crosslinking with 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) to prepare a polymer molecular adsorbent using heparin as the raw material for low-density lipoprotein-cholesterol (LDL-C) removal during blood purification. They employed various methods such as Fourier transform infrared spectroscopy, two-dimensional correlation infrared spectroscopy, thermogravimetric analysis, and energy-dispersive X-ray spectroscopy (EDS) to confirm the feasibility of this technology. Due to their good hydrophilicity, these beads exhibit excellent blood compatibility when in contact with blood. The research results demonstrate that the hemolysis rate of all beads is less than 5%, and the platelet aggregation time for ccm/PAMPS beads exceeds 600 s, effectively inhibiting contact activation and supplementary activation. Furthermore, these microbeads do not exhibit significant cytotoxicity towards endothelial cells, making them a safe adsorbent for blood purification. Song et al. (2018) also designed “Design of Carrageenan-Based Heparin-Mimetic Gel Beads as Self-Anticoagulant Hemoperfusion Adsorbents”. Based on natural polysaccharides, this process uses carrageenan phase inversion technology combined with post-crosslinking treatment with polyacrylic acid (PAA) to construct a stable cross-linked network between carrageenan and polyacrylic acid. Experimental data show that this material has a high adsorption capacity for exogenous toxins such as heavy metal ions, reaching up to 560.34 mg/g, and also exhibits significant adsorption effects on endogenous toxins such as creatinine, bilirubin, and low-density lipoprotein, achieving adsorption capacities of 14.83 mg/g, 228.16 mg/g, and 18.15 mg/g, respectively. Additionally, its low protein adsorption capacity, low hemolysis rate, and low cytotoxicity further demonstrate its advantages in biocompatibility. It is particularly worth mentioning that this novel adsorbent exhibits exceptional performance in coagulation. Experimental results indicate that the activated partial thromboplastin time, prothrombin time, and thrombin time of the gel beads are significantly higher than those of the control group, with respective extensions of 13 times, 18 times, and four times. This finding suggests that the material has excellent self-anticoagulant properties, which can significantly reduce the risk of coagulation during blood perfusion, thereby enhancing the safety and efficiency of treatment. This characteristic makes the material highly promising for applications in the field of blood purification. To clearly understand the coating methods used for hemoperfusion adsorbent materials and their advantages and disadvantages, the author has created a simple table to more clearly express the differences and advantages of different coating technologies (see Table 1).
TABLE 1 | A summary of adsorbent materials and coating technologies for enhanced blood compatibility in hemoperfusion applications.
[image: Table 1]CONCLUSION
Recent advancements in blood purification adsorbents have significantly improved their blood compatibility. A variety of materials—including carbon-based, silica-based, resin, molecularly imprinted polymers, mixed matrix membranes, novel composites, and polysaccharide adsorbents—have been extensively researched and optimized through advanced coating techniques. These innovations have enhanced the safety and efficacy of blood purification in clinical applications, reducing adverse reactions.
However, challenges remain. Complex fabrication processes and high production costs hinder the widespread clinical adoption of several innovative materials. Additionally, while laboratory studies show promising results, the long-term stability and safety of these materials in real-world clinical settings require further validation.
Looking ahead, the field of blood purification adsorbents presents significant opportunities for growth and innovation. Key research directions include.
1) Cost-Effectiveness and Scalability: Developing affordable and scalable manufacturing processes is essential for broader clinical use, especially in resource-limited settings.
2) Understanding Blood-Material Interactions: A deeper understanding of the mechanisms governing these interactions will aid in designing materials with superior blood compatibility.
3) Interdisciplinary Collaboration: Encouraging collaboration among materials scientists, biomedical engineers, and clinicians can accelerate the translation of laboratory findings into clinical applications.
4) Emerging Technologies: Investigating the potential of emerging technologies, such as metal-organic frameworks (MOFs) and biomimetic coatings, offers promising avenues for enhancing performance and compatibility.
In conclusion, achieving optimal blood compatibility in purification adsorbents requires ongoing interdisciplinary collaboration. By addressing current challenges and leveraging emerging technologies, we anticipate that future advancements will lead to safer and more effective blood purification therapies for patients worldwide.
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Imprinting combined with adsorption, good applications, polydopamine/ selectivity adsorbents
Technology molecular imprinting | blood compatibility | relatively few studies | polyethersulfone composite | for specific toxins
to prepare specific ‘materials

recognition sites

Mixed Matrix Embedding Achieving adsorption | Combines Research is still in the | Not specified Exploring integrated
Membranes Adsorbent Particles | by embedding “adsorption” and exploration stage “adsorption” and
in Membranes adsorbent particles | “diffusion”, “diffusion” processes

promising potential

Novel Composite | Inorganic-Organic | Combining inorganic | High adsorption Technology relatively | Collagen (Col) and Col-PEI | Combining
Adsorbents Composites and organic materials | performance and immature, needs microspheres advantages of
for combined excellent blood further research different materials,
advantages compatibility enhances overall
performance
Polysaccharide Chemically Improving adsorption | Excellent Complex Heparin-mimetic Lecithin coating to
Adsorbents Modified selectivity and biocompatibility and | maodification process, | crosslinked beads based on | enhance stability and
Polysaccharide biocompatibility adsorption requires optimization | carboxymethyl chitosan, | functionality
Materials through chemical performance of modification heparin-mimetic gel beads
modification conditions based on carrageenan

PAA, polyacrylic acid; PVA, polyvinyl alcohol; PMC, poly methyl cellulose; PEG, polyethylene glycol.
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