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Cell encapsulation in biocompatible microbeads offers a promising strategy for cell-based therapy in acute liver failure (ALF). This study evaluates the use of immortalized hepatocyte cells (imHCs) encapsulated in click-arginyl glycyl aspartic acid (click-RGD)-modified alginate microbeads, focusing on their biocompatibility and therapeutic potential. In vitro assessments showed that click-RGD microbeads significantly enhanced cell viability on day 4, spatial distribution, and hepatocyte function, evidenced by increased albumin on day 14 and alpha-fetoprotein (AFP) secretion compared to unmodified alginate microbeads. For in vivo testing, ALF was induced in Sprague-Dawley male rats using D-galactosamine (D-gal), followed by intraperitoneal administration of imHCs-loaded click-RGD microbeads in the treated group and CMRL medium injection in the control group. Treated rats exhibited faster reductions in aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels, higher albumin production, and improved liver histology, characterized by reduced necrosis and the absence of inflammation, on day 14 after treatment. No adverse host responses were observed, confirming the biocompatibility of the microbeads. These findings support the potential of click-RGD microbeads as a therapeutic platform for ALF, warranting further studies on long-term implantation, immune response, and co-encapsulation strategies.

[image: Diagram illustrating liver regeneration using immortalized hepatocytes encapsulated in a click microbead. The microbead's membrane includes RGD integrin for immune response, oxygen, and nutrient exchange. Test subjects, like mice, show outcomes such as improved tissue histology, biocompatibility, anatomical stability, and degradability through peritoneal injection. Annotations highlight decreased aspartate aminotransferase and alanine aminotransferase levels, increased albumin production, reduced necrosis, restored liver architecture, and liver regeneration support.]GRAPHICAL ABSTRACTKeywords: cell encapsulation, immortalized hepatocytes, click-RGD microbeads, acute liver failure, in vivo
1 INTRODUCTION
The liver exhibits remarkable regenerative capacity, with rodents capable of restoring up to two-thirds of their hepatic mass within 7–10 days post-resection. In humans, liver mass restoration after hepatectomy typically takes about 3 months (Yagi et al., 2020). Considering the liver’s notable regenerative capacity, there has been increasing interest in strategies, such as cell-based therapies, to enhance its healing process for critical conditions in liver failure (Bhatt et al., 2024). However, the biocompatibility of the biomaterials used in cell-based therapies is essential for tissue engineering and liver regeneration. Cell-based therapies also present promising solutions to address organ shortages, mitigate surgical complications, and reduce the need for lifelong immunosuppression (Zhang et al., 2021). Furthermore, encapsulating hepatocytes within a biocompatible, semipermeable membrane offers an immunoprotective barrier, thereby maintaining hepatocyte viability and functionality (Somo et al., 2018). This membrane permits the bidirectional diffusion of essential molecules, including oxygen, nutrients, and metabolic waste, while restricting the passage of immune components such as antibodies and immune cells (Orive et al., 2003). This strategy not only obviates the need for immunosuppressive treatments but also facilitates essential cellular exchanges with the host environment (Saimok et al., 2023).
Among various cell encapsulation technologies, alginate-based microbeads are extensively employed. However, their long-term applicability in transplantation is limited by poor degradability, suboptimal biocompatibility, and insufficient mechanical strength. These challenges highlight the need for advanced biomaterials to ensure sustained hepatocyte function in vivo. RGD peptides offer a promising strategy to address these issues.
Building on these advancements, click microbeads functionalized with RGD provide significant advantages in encapsulating cells while maintaining their structure and function. Encapsulating imHCs in these microbeads enhances cell survival and interactions (Abbas et al., 2025). In this study, click chemistry ensures precise functionalization and crosslinking, thereby creating a stable environment for cell growth and differentiation. Moreover, this study evaluates the biocompatibility of click-RGD microbeads encapsulating imHCs and their potential application in liver regeneration therapies. In Figure 1, bifunctional click-RGD microbeads were synthesized using copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction, combining polyethylene glycol-azide, alginate-alkyne, and alginate-RGD to form stable 1,2,3-triazole bonds. These microbeads enhanced hydrophilicity, mechanical strength, and cellular adhesion. Firstly, in vitro assessments demonstrated improved hepatocyte survival, albumin secretion, and AFP secretion, confirming the enhanced viability and performance of the modified microbeads. In vivo, imHCs were encapsulated in click-RGD microbeads for hepatic regeneration and injected peritoneally into an ALF rat model. Various physiological, biochemical parameters, and histological examinations were assessed to evaluate the therapeutic efficacy of imHCs encapsulated in click-RGD microbeads. This study provides insights into the potential of imHCs-encapsulated click-RGD microbeads for liver regeneration after acute liver failure.
[image: Flowchart depicting the encapsulation of immortalized hepatocytes (imHCs) using a click chemistry system composed of PEG-azide, Alginate-alkyne, and Alginate-RGD. The schematic highlights the microbead components and their advantages, including protection from macrophages and immune responses, facilitation of nutrient and oxygen exchange, and enhanced localization and cell attachment via RGD. In this work, we fabricated the microbeads using a cell encapsulator with calcium chloride and evaluated their stability, cell viability, cell distribution, and hepatocyte functionality, supported by confocal microscopy analysis.]FIGURE 1 | Schematic overview of the encapsulation and evaluation process for immortalized hepatocytes (imHCs) within click-crosslinked microbeads for liver regenerative therapy. imHCs were encapsulated in a bio-orthogonal click-crosslinking solution composed of PEG-azide, alginate-alkyne, and alginate-RGD using a cell encapsulator system. The microbeads were formed via extrusion through a nozzle into a calcium chloride bath, creating uniformly sized constructs for in vitro and in vivo testing. The inset (top right) illustrates the microenvironment within a click-RGD microbead, showing imHCs supported by an RGD-modified alginate matrix that facilitates integrin binding, allowing for nutrient and oxygen exchange, albumin and alpha-fetoprotein (AFP) secretion, and minimized immune activation due to the biocompatible membrane (created with Biorender.com).2 MATERIALS AND METHODS
2.1 Materials
D-galactosamine (Atomax Chemicals, China), sodium alginate (BUCHI, Switzerland), and calcium chloride (Ajax Finechem, Australia) were used. Poly (ethylene glycol) 6 kDa (Sigma-Aldrich, Germany), tosyl chloride, sodium azide, and sodium ascorbate (Tokyo Chemical Industry, Japan) were purchased for synthesis. RGD peptide (Biomatik, United States) and sodium hydroxide, tetrahydrofuran, diethyl ether, dichloromethane, dimethylformamide, N-Hydroxysuccinimide (NHS), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), propargylamine, and HEPES (Sigma-Aldrich, United States), Hoechst 33342 and Propidium iodide (PI) (Sigma-Aldrich, St. Louis, MO, United States) were purchased. Cell culture media, including DMEM/F12, Fetal Bovine Serum (FBS), GlutaMAX, PBS, penicillin-streptomycin, and TrypLE™ Express Enzyme (Gibco, United States), were used. CMRL-1066 medium (initially developed by Connaught Medical Research Laboratories) (Pan Biotech GmbH, Germany) was used. imHCs were provided by Assistant Professor Khanit Sa-ngiamsuntorn (Mahidol University, Thailand; Ethical approval: MUSC66-048-678).
2.2 Synthesis of click components
To encapsulate imHCs within click-RGD microbeads, three core components were synthesized: PEG-azide, alginate-alkyne, and alginate-RGD conjugates. The encapsulation matrix was constructed using copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC), a widely employed bioorthogonal click reaction known for its efficiency and biocompatibility. These synthesized conjugates served as the primary building blocks for the formation of microbeads. Detailed procedures for the chemical reaction of each component are provided in the supporting information in Supplementary Figure S1.
2.2.1 PEG-azide synthesis
PEG-azide was synthesized through a two-step procedure. In the first step, hydroxyl-terminated polyethylene glycol (PEG) (30 g) was dissolved in dichloromethane, and triethylamine and tosyl chloride were added. The reaction mixture was stirred at 0°C for 36 h in an ice bath. The solvent was removed by rotary evaporation, yielding PEG-tosyl as a solid powder. In the second step, PEG-tosyl (22 g) was dissolved in ethanol at 50°C, and sodium azide (NaN3) was added. The reaction was refluxed at 85°C for 16 h. After completing the reaction, the ethanol was evaporated, and acetone was added to remove unreacted sodium azide. The mixture was centrifuged at 3,000 rpm for 10 min to isolate PEG-azide (Edward Semple et al., 2016). Experimental details are in the supporting information in Supplementary Figure S2.
2.2.2 Alginate-alkyne and alginate-RGD synthesis
Alginate-alkyne and alginate-RGD conjugates were synthesized by activating alginate’s carboxyl groups using NHS and EDC. This activation enabled the conjugation of alkyne and RGD to the alginate backbone. The alkyne conjugation was achieved via amide bond formation with propargylamine, using EDC and NHS to activate the carboxyl groups and form an NHS-ester intermediate (Jain et al., 2021; Sandvig et al., 2015). RGD conjugation was carried out similarly. For the conjugates, 10 mL of a 1% alginate solution was mixed with 147 mg of NHS and 500 mg of EDC, stirred for 30 min, and then reacted overnight with propargylamine for the alginate-alkyne conjugate or with RGD peptide for the alginate-RGD conjugate. The mixtures were dialyzed in deionized water using a 50 kDa dialysis membrane for 4 days and freeze-dried.
2.3 In vitro characterization of imHCs encapsulated click-RGD microbeads
2.3.1 Characterization of click components
The chemical compositions of the click components were analyzed by 1H NMR spectroscopy (BRUKER, 600 MHz, Cryo probe). PEG-azide (15 mg) was dissolved in 600 µL chloroform-D, while alginate-alkyne and alginate-RGD (15 mg each) were dissolved in 600 µL deuterium oxide. This analysis confirmed the chemical identity and purity of the reactants, ensuring the reliability of the subsequent click-RGD microbead synthesis.
2.3.2 Fabrication of imHCs encapsulated click-RGD microbeads
Microbeads were fabricated using the Encapsulator B-395 Pro (BUCHI, Ireland) through an electrostatic extrusion technique (Win et al., 2024). Firstly, imHCs were cultured in DMEM/F12 medium with 10% FBS and 1% penicillin-streptomycin at 37°C in a 5% CO2 atmosphere. The encapsulation components listed in Supplementary Table S1 in the supporting information were dissolved in 5 mL of 0.9% sodium chloride solution and filtered with a 0.4 µm syringe filter to ensure sterility. imHCs were suspended at a concentration of 1 × 105 cells/mL and extruded through a 300 µm nozzle into a 115 mM CaCl2 solution. The mixture was agitated for 15 min to facilitate the formation of crosslinked microbeads. The encapsulator settings were as follows: a flow rate of 7.5 mL/min, a frequency of 700 Hz, a voltage of 2.2 kV, and a stirring speed of 25%, ensuring stable microbead formation for subsequent evaluations. Microbeads were washed with sterile HEPES solution after fabrication.
2.3.3 Stability assessment
An in vitro degradation and stability assay was performed to evaluate the structural integrity of click-RGD microbeads under physiological conditions. The 1.5% and 3% click-RGD blank microbeads without cells were suspended in a CaCl2 solution and incubated at 37°C with 5% CO2 in a humidified incubator. Their structural integrity was monitored using an inverted light microscope (Sky brand, Model: MT. 02. DS. 3). Size measurements were taken at days 0, 1, 3, 6, 10, 14, and 17 to evaluate degradation and stability. The medium was replaced every 3 days to ensure consistent conditions. For each time point, images were captured from three different fields of view, and the size of 10 microbeads per image (n = 10) was measured using ImageJ software.
2.3.4 Cell viability and cell distribution of encapsulated imHCs in alginate and click-RGD microbeads
Viability and distribution of encapsulated imHCs in alginate and click-RGD microbeads were evaluated using a dual-fluorescence staining method under a confocal microscope. Two types of microbeads, imHCs encapsulated alginate microbeads and imHCs encapsulated click-RGD microbeads, were fabricated via electrostatic extrusion to encapsulate imHCs (1 × 105 cells/mL). The microbeads were cultured in DMEM/F-12 medium with essential nutrients and incubated in a CO2 incubator. At different time points on days 0, 1, 2, 3, 4, 7, 10, and 14, the culture medium was collected, with medium replacement every 3 days. Hoechst 33,342 (6.5 μL/mL) was applied in DMEM/F12 and incubated at 37°C for 10 min. PI staining (10 μL/mL) was then performed with a 10-min incubation at room temperature in light-protected conditions. This allowed the differentiation of viable and non-viable cells. For distribution analysis, imaging was examined using a confocal microscope (LSM 800, Carl Zeiss, Jena, Germany).
2.3.5 Functionality of encapsulated imHCs in alginate and click-RGD microbeads
To evaluate hepatocyte functionality, the released albumin and AFP from the encapsulated imHCs were quantified using human albumin and AFP ELISA kits. Firstly, the microbeads were cultured in a DMEM/low-glucose medium supplemented with necessary nutrients and incubated in a CO2 incubator. The culture supernatant was harvested on days 0, 1, 3, 7, 10, and 14 for further analysis. These assays provided a quantitative measure of hepatic function throughout the culture period.
2.4 Treatment of ALF in rats with imHCs encapsulated click-RGD microbeads
After inducing ALF in rats with D-gal (625 mg/kg dose) according to the dose-response evaluation in the supporting information in Supplementary Figure S3, imHCs (3 × 106 cells/mL) were encapsulated in click-RGD microbeads using the same method as in the in vitro studies before injection into rats with ALF. The microbeads were resuspended in 3 mL of CMRL medium and administered to the treated group (n = 7). The control group received 3 mL of CMRL medium. The experimental design is shown in Figure 2. On day 0, baseline blood chemistry was recorded. On day 1, D-gal was injected to induce ALF. The following day, blood chemistry analysis confirmed ALF in rats, characterized by elevated AST and ALT levels, and reduced albumin levels. On day 3, CMRL medium and imHCs encapsulated in click-RGD microbeads were injected into the animals. On days 8 and 17, blood samples (0.6 mL) were collected via a 23-gauge butterfly needle from the rats’ facial veins for blood chemistry analysis. At the study endpoint on day 17, animals were euthanized using carbon dioxide. Blood chemistry, changes in body weight, survival rate, clinical score, and histological examination were evaluated to assess the efficacy of imHCs encapsulated in click-RGD microbeads.
[image: Timeline diagram illustrating an experimental procedure involving Sprague-Dawley male rats. Phases include baseline blood chemistry on Day 0, acute liver failure induction on Day 1, and blood chemistry analysis on Days 2, 3, and 8. CMRL or microbead injections occur on Day 3. Euthanization and histological examination are on Day 17. Additional elements depict blood analysis, body weight change, survival rate, clinical score, and histological examination. Two experimental groups are randomized: a control group receiving CMRL and a treated group receiving imHCs-click-RGD microbeads.]FIGURE 2 | Schematic representation of the in vivo experimental timeline for evaluating the therapeutic efficacy of immortalized hepatocytes encapsulated in click-RGD microbeads in a D-galactosamine-induced acute liver failure rat model. Male Sprague-Dawley rats were randomly assigned to two groups (n = 7 per group): Group 1 received intraperitoneal injection of CMRL medium (control group), and Group 2 received intraperitoneal injection of imHCs-click-RGD microbeads (treated group). Day 0 represents the baseline blood chemistry assessment; Days 1–2 correspond to ALF induction via D-Gal administration; and Days 3–17 comprise the treatment period. (Created with BioRender.com).2.4.1 Blood chemistry analysis in rats
Biochemical analysis of blood parameters was performed to monitor liver injury, assess liver function, and evaluate the therapeutic efficacy of encapsulated imHCs after transplantation. Blood samples were collected from rats on days 0, 2, 8, and 17 to assess acute liver failure, liver function, and encapsulated hepatocyte functionality after transplantation. Samples were obtained from the facial veins using a 23-gauge butterfly needle and immediately placed into heparinized and EDTA-coated tubes for biochemical analysis. After centrifugation at 3,500 rpm for 10 min, the supernatant was aliquoted and analyzed for AST, ALT, and albumin levels using the VETSCAN VS2 Chemistry Analyzer.
2.4.2 Assessment of body weight change, survival rate, and clinical score in rats after treatment
To evaluate the in vivo therapeutic efficacy and safety of the encapsulated imHCs-click-RGD microbeads, physiological and behavioral parameters, including body weight, survival rate, and clinical score, were assessed. The survival rate provides insight into the mortality associated with the disease and treatment, offering a direct measure of the potential therapeutic benefit of the microbeads in improving survival outcomes. Weight gain indicates healthy physiological recovery in rats, reflecting the regeneration of liver function. This parameter is crucial for demonstrating the therapeutic efficacy of the imHCs encapsulated click-RGD microbeads in promoting liver regeneration and recovery from acute liver failure. The clinical score also assesses the disease severity and quantifies the treatment’s impact on the animals. This scoring system serves as a comprehensive tool to evaluate the therapeutic efficacy of the treatment and its ability to reduce clinical symptoms associated with liver failure (Boongird et al., 2011).
Body weight was recorded daily throughout the study. Toxicological effects were considered to occur if weight loss exceeded 10%, accompanied by abnormal behavior, signs of pain, or mortality. The weight recorded on day 0 was used as the baseline, and subsequent weight changes were expressed as percentage variations relative to this baseline (Mazumder et al., 2019). Weight changes were recorded on days 1 (post-D-gal injection) and 3 (post-sample injection). Additional weight monitoring occurred on days 2, 8, and 17 after blood collection for chemistry analysis. At the end of the study, rats were euthanized, and body weight changes were evaluated (Manaspon et al., 2016). In addition, the survival of the rats was monitored daily for 17 days to assess morbidity and mortality. Observations focused on treatment effects, including clinical symptoms, disease progression, and potential adverse effects. Survival data were analyzed to determine the therapeutic efficacy of imHCs-encapsulated click-RGD microbeads in enhancing hepatic recovery (Boongird et al., 2011).
Moreover, the evaluation of clinical scores is essential for quantifying the severity of liver failure and for monitoring the therapeutic impact of the administered treatment, enabling early detection of adverse effects and the overall well-being of the animals throughout the study. The clinical scores were assigned based on physiological and behavioral parameters: standard condition (score = 0), abnormal posture (1), bruising (2), distress or pain (3), significant weight loss (4), and mortality (5). This scoring system provided an objective measure of disease progression and treatment response (Boongird et al., 2011).
2.4.3 Histological analysis
Histological analysis was performed to evaluate liver tissue morphology using hematoxylin and eosin staining and pathology after induction of acute liver failure and treatment (Jitraruch et al., 2014). After euthanasia, rat livers were fixed in 10% neutral buffered formalin, dehydrated through graded alcohol (70, 80, 95, and 100%), cleared with xylene, and embedded in paraffin. Tissue samples (n = 14) were oriented in molds, and paraffin blocks were sectioned (4 µm) using a rotary microtome. Sections were mounted on glass slides and air-dried. For examination, sections were deparaffinized with xylene, rehydrated, stained with hematoxylin for nuclear staining, differentiated with acid alcohol, and blued with an alkaline solution. Eosin counterstaining enhanced cytoplasmic contrast. Stained sections were dehydrated, cleared, and mounted. Microscopic evaluation was conducted using a Nikon Eclipse Ni-U light microscope to assess tissue morphology and pathological changes (Rioja et al., 2016).
2.4.4 Data analysis and statistical methods
All data were expressed as mean ± standard deviation of the mean. Statistical comparisons between groups were conducted using a two-way analysis of variance (ANOVA) with repeated measures and multiple comparisons. A p-value ≤ 0.05 was considered statistically significant unless otherwise specified. The adequate sample size was calculated using G Powder software.
3 RESULTS AND DISCUSSION
3.1 In vitro evaluation of imHCs encapsulated click-RGD microbeads
3.1.1 Characterization of click reaction
In this study, hydroxyl-terminated PEG was functionalized with a tosyl group, which was then converted to an azide group to synthesize the click-RGD microbeads (Singh et al., 2023). After preparing PEG-azide, it was reacted with alkyne from alginate-alkyne and alginate-RGD to form a crosslinked hydrogel via CuAAC reaction (Haldón et al., 2015). Sodium ascorbate and copper (II) sulfate were added to reduce Cu2+ to Cu+, thereby facilitating the click reaction. The efficiency and functionality of this reaction were analyzed using 1H NMR spectroscopy, confirming the successful tosylation of PEG, conjugation of RGD to alginate, and the formation of two stable 1,2,3-triazole rings, which indicates successful crosslinking. The spectra of normal and functionalized alginate are shown in Supplementary Figures S4–S7 (Deng et al., 2021; Edward Semple et al., 2016).
3.1.2 Stability assessment
The stability of 1.5% and 3% click-RGD blank microbeads without cells was assessed by monitoring their size over 17 days, as shown in Figure 3. A detailed bright-field image of the microbeads is shown in Supplementary Figure S8. At day 0, the mean diameter of 1.5% microbeads was 551.12 ± 12.10 µm, while the 3% microbeads measured significantly larger at 956.63 ± 76.68 µm. By day 1, the 1.5% microbeads showed a reduction in size to 466.69 ± 11.98 µm, whereas the 3% microbeads exhibited swelling, increasing to 873.92 ± 83.62 µm. On day 3, the 1.5% group further decreased to 453.27 ± 19.41 µm, while the 3% group remained relatively stable at 883.26 ± 106.13 µm. On day 6, 1.5% microbeads expanded slightly to 457.88 ± 22.08 µm, whereas 3% microbeads decreased to 851.69 ± 110.6 µm. By day 14, both groups showed signs of stabilization, with sizes of 433.47 ± 9.42 µm and 724.77 ± 67.04 µm for 1.5% and 3% microbeads, respectively. On day 17, the final recorded sizes were 432.81 ± 12.73 µm (1.5%) and 687.80 ± 45.09 µm (3%), indicating that both formulations reached a plateau with minor fluctuations. Despite the larger and more variable size profile of the 3% microbeads, both formulations demonstrated overall stability. However, due to the potential complications associated with microbeads exceeding 500 µm for intraperitoneal injection, the 1.5% click-RGD microbeads were selected for further investigation (Dhawan et al., 2020; Gasperini et al., 2013; Mazzitelli et al., 2008; Rana et al., 2016). Statistical analysis revealed a highly significant change in microbead size over time (p < 0.0001), and all data are reported as mean ± standard deviation.
[image: Line graph showing the microbead size in micrometers over 18 days for two concentrations of Click-RGD microbeads: 1.5 percent (teal line) and 3 percent (maroon line). The 1.5 percent microbeads decrease slightly from about 550 to 500 micrometers, while the 3 percent microbeads decrease from about 1000 to 800 micrometers.]FIGURE 3 | Size stability of click-RGD microbeads with 1.5% and 3% concentration without encapsulated imHCs over 14 days. Microbeads were incubated in CaCl2 solution, and diameters were measured at specified time points. The 3% click-RGD microbeads showed greater swelling and size fluctuation, while the 1.5% click-RGD microbeads maintained a stable diameter. Data are presented as mean ± SD (n = 10).3.1.3 Viability of encapsulated imHCs in click-RGD microbeads
The viability of imHCs encapsulated in alginate and click-RGD microbeads was evaluated by confocal microscopy using fluorescent dyes and is summarized in Figure 4A. On day 0, both groups showed nearly 100% viability. Over time, imHCs in click-RGD microbeads maintained significantly higher viability than those in alginate microbeads. In comparison, a significant difference was observed on day 1 (imHCs in click-RGD microbeads: 139% ± 0.82% vs. imHCs in alginate microbeads: 120% ± 1.25%, p < 0.001), and viability in the click-RGD group remained superior on day 4 (111% ± 0.82% vs. 89% ± 0.82%; p < 0.0001), on day 7 (76% ± 0.82% vs. 49% ± 0.82%; p < 0.0001), and on day 14 (11% ± 0.82% vs. 0%; p < 0.05). The enhanced viability is attributed to improved cell adhesion in click-RGD microbeads. Figure 4B presents the number of cells per microbead. The click-RGD microbeads exhibited consistently higher cell counts than the alginate microbeads at all the time points, with statistically significant differences observed on days 1, 4, and 7 (p < 0.01 and p < 0.05). Although a substantial difference persisted on day 14 (p = 0.05), the magnitude of the difference was minimal. Confocal images showed more uniform cell distribution in click-RGD microbeads in Supplementary Figure S9. These findings indicate that click-RGD microbeads enhance imHCs’ viability and retention, supporting their potential for liver cell therapy and regenerative medicine.
[image: Bar graphs comparing cell viability and cells per microbead over 14 days for imHCs-Alginate and imHCs-click-RGD microbeads. Graph A shows cell viability percentage with significant differences at days 1, 4, 7, and 14, marked by asterisks. Graph B depicts the number of cells per microbead with statistical differences indicated by asterisks at days 1, 4, and 7.]FIGURE 4 | Viability and cell density of imHCs encapsulated in alginate and click-RGD microbeads. (A) Cell viability (%) comparison between imHCs in alginate and click-RGD microbeads at days 0–14, assessed using Hoechst and propidium iodide staining. (B) Comparison of cell density (cells per microbead) at corresponding time points. Data are presented as mean ± SD (n = 30). Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.3.1.4 Functionality of encapsulated imHCs in the microbeads
To assess the hepatic functionality of encapsulated imHCs, the secretion levels of albumin and AFP were quantified, as these proteins serve as critical indicators of liver-specific metabolic activity and cellular maturation. Albumin, a primary plasma protein synthesized by hepatocytes, plays a crucial role in maintaining colloidal osmotic pressure and facilitating the transport of both endogenous and exogenous compounds. AFP, a well-established marker of fetal liver development, reflects the differentiation status and early hepatic lineage commitment of hepatocyte-like cells (Jeng et al., 2023; Sala-Trepat et al., 1979).
The cumulative release of albumin and AFP from imHCs encapsulated in alginate and click-RGD microbeads was assessed on days 1, 3, 7, 10, and 14. Albumin secretion was significantly elevated in the click-RGD microbeads group compared to the alginate microbeads group at all assessed time points, indicating enhanced hepatic functionality in Figure 5A. On day 1, albumin levels were 1,399 ± 0.82 ng from the alginate microbeads compared to 2,202 ± 1.63 ng from the click-RGD microbeads (p < 0.0001). This trend continued on day 3 (1,599.67 ± 1.25 vs. 2,602.33 ± 2.05 ng, p < 0.0001) and day 14 (1702.33 ± 1.7 vs. 2,901 ± 2.16 ng, p < 0.0001).
[image: Bar graphs comparing cumulative release of albumin and AFP over 14 days. Graph A shows higher albumin release from imHCs-click-RGD microbeads than imHCs-alginate. Graph B shows similar trends for AFP. Statistical significance is indicated with asterisks.]FIGURE 5 | Cumulative release of hepatic markers from imHCs encapsulated in alginate and click-RGD microbeads. (A) Albumin release was significantly higher in the click-RGD microbeads group on days 1, 3, and 14, indicating enhanced hepatic function. (B) AFP release was also elevated in the click-RGD group, with significant differences on days 1 and 14. Data are presented as mean ± SD (n = 3). Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.AFP secretion was consistently higher in the click-RGD microbeads group than in the alginate group in Figure 5B. On day 1, AFP levels were significantly elevated in the click-RGD group (64.67 ± 1.25 ng) relative to alginate (55 ± 0.82 ng; p < 0.01). By day 3, the difference between the groups was not statistically significant (71 ± 0.82 ng vs. 62.67 ± 2.05 ng; p = 0.3). However, on day 14, AFP secretion was again significantly higher in the click-RGD group (73 ± 0.82 ng) compared to alginate (62.33 ± 1.7 ng; p < 0.05). These findings demonstrate that encapsulation of imHCs in click-RGD microbeads significantly enhances albumin and AFP secretion compared to alginate microbeads, likely due to improved cell-matrix interactions from PEG and RGD modification. The click-RGD system provides a more supportive microenvironment for imHCs, showing strong potential for liver cell-based therapies.
3.2 Treatment of ALF in rats with imHCs encapsulated click-RGD microbeads
In this study, seven male Sprague-Dawley rats, aged 8–12 weeks and weighing between 300–480 g, were used in each experimental group. Rats were acclimated for 3–5 days before the experiment and maintained under standardized conditions: a 12-h light/dark cycle, a temperature of 22°C ± 3°C, and humidity between 30% and 70%. They had continuous access to food and 5–7 ppm chlorinated water. Body weight was monitored daily throughout the study. The research adhered to the guidelines of the Mahidol University National Laboratory Animal Centre (Ethical approval: MUSC66-048-678) and the National Institutes of Health’s protocol for the care and use of laboratory animals. A D-galactosamine (D-gal) dose-response study was conducted to establish an effective concentration for inducing ALF in rats, as illustrated in Supplementary Figure S3.
3.2.1 Evaluation of hepatic biomarkers after injection with CMRL medium and imHCs encapsulated click-RGD microbeads
After the injection of medium and microbeads (400-700 μm) in Supplementary Figure S10, blood chemistry was assessed in both the CMRL medium-injected rats (control group) and imHCs-encapsulated click-RGD microbead injected rats (treated group) at days 0, 2, 8, and 17, with albumin, AST, and ALT levels serving as markers for liver function in Figure 6. The reference ranges for albumin (3.2–4.62 g/dL), AST (94.34–228.28 U/L), and ALT (9.78–50.55 U/L) are used as a baseline for evaluating hepatocellular integrity and functionality (Mazumder et al., 2019). On day 0, baseline albumin levels (control group: 3.3 ± 0.05 g/dL, treated group: 3.3 ± 0.05 g/dL) showed no significant differences. By day 2, both groups exhibited a decrease in albumin levels (control group: 2.83 ± 0.05 g/dL, treated group: 2.9 ± 0.05 g/dL), reflecting acute liver injury. On day 8, the treated group showed significantly higher albumin levels (3.3 ± 0.1 g/dL, p < 0.0001) compared to the control group (3.10 ± 0.1 g/dL, not significant), indicating an improved hepatic function in the treated group after implantation of microbeads. By day 17, the treated group maintained stable albumin levels (3.33 ± 0.05 g/dL, p < 0.05), while the control group showed a slightly increased albumin level (3.20 ± 0.05 g/dL, p < 0.0001).
[image: Bar graphs depict changes over time in albumin, aspartate aminotransferase, and alanine aminotransferase levels after injections in mice. Green bars represent control medium injections, and red bars represent imHCs-click-RGD microbead injections. Significant differences are marked with asterisks. Charts show measurements taken at days zero, two, eight, and seventeen.]FIGURE 6 | Serum biochemical analysis of liver function following CMRL medium or imHCs-click microbeads injection in D-gal-induced rats. (A) Serum albumin levels were stable in both groups but increased significantly in the treated group by day 8. (B) AST levels peaked on day 2 in the CMRL group, indicating acute liver injury, and decreased significantly in the treated group. (C) ALT levels increased on day 2 in the control group, while the treated group showed significantly lower ALT levels on days 2, 8, and 17, indicating improved recovery. Data are presented as mean ± SD (n = 3). Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.AST levels were nearly similar between the groups on day 0 (control group: 97 ± 1.14 U/L, treated group: 101 ± 12.3 U/L). On day 2, AST increased significantly in the control group (1,532 ± 54.68 U/L) compared to the treated group (568.33 ± 53.39 U/L), indicating the presence of acute liver injury. By day 8, AST levels decreased in both groups (control group: 195.92 ± 1.3 U/L, p < 0.001; treated group: 125.33 ± 2.49 U/L, p < 0.05), with the treated group showing improved liver function. On day 17, both groups showed decreased AST levels (control group: 101.67 ± 0.94 U/L, p < 0.001; treated group: 91.33 ± 2.49 U/L, p < 0.05), with the treated group showing better recovery.
ALT levels were similar on day 0 (control group: 29 ± 2.2 U/L, treated group: 29.3 ± 2.1 U/L). After the D-gal injection on day 2, the control group exhibited a significant rise in ALT (883.3 ± 99.9 U/L) compared to the treated group (433.7 ± 47.6 U/L), indicating liver damage. On day 8, ALT levels in the treated group (27.3 ± 0.9 U/L) were lower than the control group (36.3 ± 0.9 U/L), indicating better recovery. By day 17, ALT levels in the control group significantly increased to (48.7 ± 13 U/L), whereas the treated group exhibited a consistent reduction to (27.7 ± 1.2 U/L). All differences were statistically significant (p < 0.05), demonstrating the therapeutic efficacy of encapsulated microbeads in promoting liver recovery.
The treated group consistently showed better recovery of hepatic biomarkers, including significantly lower AST and ALT levels and sustained albumin production, compared to the control group. These results demonstrate that imHCs-encapsulated click-RGD microbeads effectively attenuate liver injury and support hepatic regeneration in the D-galactosamine-induced acute liver failure model.
3.2.2 Survival rate and body weight change (%) and clinical score
This study assessed survival rate, body weight change, and clinical score on days 0, 2, 8, and 17 after the injection of CMRL medium in the control group and imHCs-encapsulated click-RGD microbeads in the treated group in Figure 7. Clinical scores, ranging from 0 (normal) to 5 (death), were used to assess disease severity and treatment response. The scoring system was based on predefined physiological and behavioral parameters as follows: standard condition (score = 0), abnormal posture (score = 1), presence of bruising (score = 2), signs of distress and pain (score = 3), significant weight loss (score = 4), and mortality (score = 5). (Boongird et al., 2011).
[image: Graphs depicting (A) survival rate (%), (B) body weight change(%), and (C) clinical score over 17- days. Two treatments compared: control medium and imHCsclick-RGD microbead injections. Graph A shows consistent survival, B shows increasing weight change, and C illustrates clinical score variations, with both treatments showing differences over time.]FIGURE 7 | Survival rate, body weight change, and clinical score were evaluated in rats treated with CMRL medium injection (control group) and imHCs-click microbeads injection (treated group). (A) Survival rate, (B) Body weight change, and (C) Clinical score over time (n = 3). Data are presented as mean ± standard deviation.At day 0, before injection, both groups began with comparable baseline parameters across all measured indices, including survival rate (100%), body weight (100%), and clinical score (0), indicating similar initial physiological states. By day 2, after the D-gal injection, both groups maintained complete survival. However, differences in clinical scores emerged: the treated group exhibited a slightly higher clinical score than the control group, suggesting increased physiological stress or symptom severity. Body weight changes were minimal and similar between groups at this early time. On day 8, after the treatment, the survival rate remained 100% for both groups. The control group showed a more significant increase in body weight (120%) compared to the treated group (112%, p < 0.01), suggesting better overall recovery and growth. Clinical scores decreased in both groups; however, the control group demonstrated a more rapid reduction in symptoms, with scores closer to baseline than those of the treated group. By day 17, survival continued to be unaffected in both groups. The divergence in body weight gain became more pronounced: the control group approached a 140% increase, whereas the treated group reached only 125% (p < 0.0001). Clinical scores further declined in both groups, with the control group maintaining lower scores, indicating sustained recovery, while the treated group still presented with mild residual symptoms in some animals.
Both groups maintained full survival throughout the study period, indicating the safety of the treatment. Although the treated group exhibited slightly delayed weight gain and higher clinical scores during the early recovery phase, these parameters gradually improved over time. The persistent but mild symptoms in the treated group may reflect ongoing hepatic regeneration facilitated by the transplanted encapsulated imHCs. These findings suggest that imHCs-encapsulated click-RGD microbeads are a safe and potentially effective therapeutic approach, supporting gradual recovery from acute liver failure.
3.2.3 Histological evaluation of liver tissue
Histological analysis of liver tissue using H&E staining was performed at the study endpoint, as shown in Figure 8. Four groups were compared: (1) negative control rats with normal liver morphology, (2) positive control rats with D-gal injection, (3) control group rats receiving CMRL medium, and (4) treated rats with imHCs-encapsulated click-RGD microbeads. The negative control group exhibited well-preserved liver architecture, with intact hepatocytes, sinusoids, and portal triads, indicating normal function. In contrast, the positive control group showed severe liver disruption, including necrosis, inflammatory cell infiltration, and apoptotic cells, confirming acute liver failure (Chen and Xu, 2014; Zhang et al., 2011). The CMRL medium-injected group displayed partial recovery but showed persistent necrosis and structural abnormalities, indicating incomplete regeneration (Éboli et al., 2016). The treated group demonstrated substantial liver regeneration, characterized by restored architecture, well-organized lobules, and reduced inflammation. These histological findings suggest that imHCs-encapsulated click-RGD microbeads effectively promote liver regeneration after acute liver failure, offering potential as a therapeutic strategy for liver tissue repair.
[image: (A,B) Normal liver morphology showing intact architecture, hepatocytes (HC), central vein (CV), and portal triads (PT). (C,D) Acute liver failure (ALF) rats exhibit portal triads (PT) with inflammatory cell infiltration (IF). (E,F) Rats receiving CMRL medium after D-galactosamine show moderate hepatocellular necrosis (NC) and IF. (G,H) Rats treated with imHCs-click-RGD microbeads display improved liver architecture, reduced necrosis and inflammation, and preservation of normal HC and CV. Scale bars: 1 cm (gross morphology) and 100 μm (histology).]FIGURE 8 | Histological evaluation of liver tissues in D-gal-induced ALF rats after intraperitoneal transplantation of imHCs encapsulated in click-RGD microbeads. (A,B) Normal liver morphology with intact architecture, hepatocytes (HC), central vein (CV), and portal triads (PT). (C,D) ALF rats show inflammatory cell infiltration (IF) and portal triads (PT). (E,F) Rats administered CMRL medium post-D-gal show moderate necrosis and inflammation, characterized by hepatocellular necrosis (NC) and inflammatory cell infiltration (IF). (G,H) Rats treated with imHCs-click-RGD microbeads demonstrate enhanced liver architecture, reduced necrosis and inflammation, and preserved normal hepatocytes (HC) and the central vein (CV). Images taken with H&E staining at 100× magnification. Scale bars: 1 cm (gross morphology), 100 µm (histology).4 DISCUSSION
Compared to conventional therapeutic strategies for acute liver failure, such as orthotopic liver transplantation, our approach offers a less invasive and potentially more scalable solution. While liver transplantation remains the gold standard, it is limited by donor shortages, high costs, and the need for lifelong immunosuppression (Dhawan et al., 2020; Jitraruch et al., 2014). Although the encapsulation of primary hepatocytes in alginate microbeads has shown therapeutic promise in the treatment of acute liver failure, their clinical applicability is often hindered by poor post-transplant cell viability, inadequate mechanical stability of the encapsulation matrix, and a rapid decline in hepatocyte-specific functions in vivo (Yu et al., 2012). In contrast, our click-RGD microbeads demonstrated enhanced biocompatibility, improved cell viability, and significantly higher albumin and AFP secretion in vitro, as well as supporting liver function in vivo. Notably, the imHCs used in this study offer a consistent and renewable cell source compared to primary hepatocytes, which are limited and highly variable. Throughout this period, no signs of abnormal tissue growth, tumor formation, or cellular overproliferation were observed in the peritoneal cavity or on the liver surface by gross anatomical and histological assessment. Nonetheless, the rigorous evaluation of genetic stability, karyotype integrity, and tumorigenic potential is essential before considering clinical translation. Moreover, the inclusion of RGD peptides facilitated better cell-matrix interactions compared to alginate microbeads in Supplementary Figure S12, while the click-chemistry crosslinking ensured structural stability and minimal immunogenic response (Magalhães et al., 2024).
In this study, intraperitoneal (IP) injection was intentionally selected as a localized delivery method to place the encapsulated imHCs click-RGD microbeads in proximity to the liver, allowing them to support hepatic function during the regeneration phase after acute liver failure. The aim was to assess local therapeutic efficacy and biocompatibility rather than systemic biodistribution. While clinical translation may require intraportal or intrahepatic administration, IP delivery in rodent models provides a reproducible and practical route for initial in vivo evaluation of encapsulated constructs. Notably, recent reports (Dhawan et al., 2020; Fitzpatrick et al., 2023) demonstrate that IP delivery of hepatocyte-loaded microbeads has progressed into early-phase clinical trials, showing safety, tolerability, and preliminary efficacy in patients with acute liver failure.
In microbead fabrication, the click-functionalized components (PEG-azide, alginate-alkyne, and alginate-RGD) are extruded into a calcium chloride bath; however, the primary crosslinking mechanism is covalent, initiated by Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC). Although transient ionic interactions may occur during bead formation, we minimized residual calcium by thoroughly washing the microbeads twice with autoclaved deionized water. Importantly, no calcification or signs of inflammation were observed at the implantation site by gross anatomy or histological analysis. The microbeads also fully degraded within 14 days, indicating minimal long-term calcium retention or toxicity.
For biocompatible materials, the acute inflammatory phase is followed by a brief chronic inflammatory response, primarily involving mononuclear cells, which typically resolves within approximately 2 weeks (Anderson et al., 2008). This study was conducted as a short-term in vivo evaluation to investigate the biocompatibility and therapeutic efficacy of imHCs-encapsulated click-RGD microbeads in a rat model of acute liver failure. The microbeads were specifically engineered to provide temporary, localized hepatic support during the liver regeneration process and to undergo complete biodegradation within a 14-day implantation period, as shown in Supplementary Figure S11. In line with this design, neither fibrotic tissue formation nor residual microbead material was observed on the liver surface during gross anatomical examination, and no evidence of fibrosis was detected in histological analysis at the study endpoint. These findings indicate favorable short-term biocompatibility and functional integration. Nevertheless, it is recognized that the current timeframe may be insufficient to capture delayed immunological reactions, fibrotic encapsulation, and prolonged tissue remodeling. As such, future studies will include extended implantation periods to thoroughly evaluate chronic host responses, the kinetics of microbead degradation, and the progression of tissue remodeling.
Future work will incorporate bioluminescence imaging using luciferase-expressing encapsulated imHCs and in vivo Imaging System (IVIS) to non-invasively track cell localization and viability. (Strohschein et al., 2015). This will clarify whether transplanted cells migrate to the liver or act locally in the peritoneal cavity. Additionally, vinculin immunostaining will be used to assess focal adhesion and integrin-RGD interactions, offering insight into cell-matrix engagement and the role of RGD in enhancing cell retention (Re’em et al., 2010). Future studies should integrate in vivo tumorigenicity assays, extended implantation durations, and comprehensive genomic analyses to further assess the long-term safety profile of imHCs.
5 CONCLUSION
This study demonstrated the therapeutic potential of imHCs-encapsulated click-RGD microbeads in a D-galactosamine-induced acute liver failure rat model. Compared to conventional alginate microbeads, the click-RGD system showed enhanced in vitro cell viability, uniform distribution, and sustained albumin and AFP secretion. In vivo, the microbeads improved liver function (lower AST and ALT), supported hepatic regeneration, and fully degraded without adverse effects. Histological analysis confirmed restored liver architecture and reduced inflammation, whereas controls showed fibrosis and immune infiltration. These findings support the use of click-RGD microbeads as a biocompatible and functional platform for bridging liver regeneration or transplantation. Future work should investigate long-term efficacy, immune response, and co-encapsulation with stem cells and growth factors to further enhance therapeutic outcomes.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was approved by the Faculty of Science, Mahidol University, Thailand. (Ethical approval number: MUSC66-048-678). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
SW: Conceptualization, Formal Analysis, Investigation, Methodology, Validation, Visualization, Writing – review and editing, Writing – original draft. PN: Conceptualization, Formal Analysis, Investigation, Validation, Writing – review and editing, Resources. JN: Investigation, Writing – review and editing. MC: Writing – review and editing, Investigation. CT: Writing – review and editing, Investigation. KS-n: Writing – review and editing. SH: Writing – review and editing. NN: Investigation, Writing – review and editing, Conceptualization, Formal Analysis, Funding acquisition, Methodology, Project administration, Resources, Supervision, Validation, Visualization.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This research project has been supported by Mahidol University (Fundamental Fund: fiscal year 2025 by National Science Research and Innovation Fund (NSRF)). The Thailand Research Fund and the Thailand International Cooperation Agency (TICA) supported the first author through the Royal Golden Jubilee Ph.D. Program under Grant Ph.D./0052/2561.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that Generative AI was used in the creation of this manuscript. Declaration of AI and AI-assisted technologies in the writing process. While preparing this work, the authors used ChatGPT-4 to rewrite the manuscript using the scientific paper’s writing style. After using this tool, the authors reviewed and edited the content as needed and took full responsibility for the content of the published article.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2025.1629228/full#supplementary-material
REFERENCES
	Abbas, S. E. M., Maged, G., Wang, H., and Lotfy, A. (2025). Mesenchymal stem/stromal cells microencapsulation for cell therapy. Cells 14 (3), 149. doi:10.3390/cells14030149

	Anderson, J. M., Rodriguez, A., and Chang, D. T. (2008). Foreign body reaction to biomaterials. Seminars Immunol. 20, 86–100. doi:10.1016/j.smim.2007.11.004

	Bhatt, S. S., Krishna Kumar, J., Laya, S., Thakur, G., and Nune, M. (2024). Scaffold-mediated liver regeneration: a comprehensive exploration of current advances. J. Tissue Eng. 15, 20417314241286092. doi:10.1177/20417314241286092

	Boongird, A., Nasongkla, N., Hongeng, S., Sukdawong, N., Sa-Nguanruang, W., and Larbcharoensub, N. (2011). Biocompatibility study of glycofurol in rat brains. Exp. Biol. Med. 236 (1), 77–83. doi:10.1258/ebm.2010.010219

	Chen, X.-G., and Xu, C.-S. (2014). Proteomic analysis of the regenerating liver following 2/3 partial hepatectomy in rats. Biol. Res. 47, 59–11. doi:10.1186/0717-6287-47-59

	Deng, Y., Shavandi, A., Okoro, O. V., and Nie, L. (2021). Alginate modification via click chemistry for biomedical applications. Carbohydr. Polym. 270, 118360. doi:10.1016/j.carbpol.2021.118360

	Dhawan, A., Chaijitraruch, N., Fitzpatrick, E., Bansal, S., Filippi, C., Lehec, S. C., et al. (2020). Alginate microencapsulated human hepatocytes for the treatment of acute liver failure in children. J. Hepatol. 72 (5), 877–884. doi:10.1016/j.jhep.2019.12.002

	Éboli, L. P., Netto, A. A., Azevedo, R. A., Lanzoni, V. P., Paula, T. S., Goldenberg, A., et al. (2016). Evaluating the best time to intervene acute liver failure in rat models induced by d-galactosamine. Acta Cir. Bras. 31 (12), 783–792. doi:10.1590/s0102-865020160120000002

	Edward Semple, J., Sullivan, B., Vojkovsky, T., and Sill, K. N. (2016). Synthesis and facile end-group quantification of functionalized PEG azides. J. Polym. Sci. Part A Polym. Chem. 54(18), 2888–2895. doi:10.1002/pola.28174

	Fitzpatrick, E., Filippi, C., Jagadisan, B., Shivapatham, D., Anand, H., Lyne, M., et al. (2023). Intraperitoneal transplant of hepatocytes co-Encapsulated with mesenchymal stromal cells in modified alginate microbeads for the treatment of acute liver failure in pediatric patients (HELP)—An open-label, single-arm Simon’s two-stage phase 1 study protocol. PloS one 18 (7), e0288185. doi:10.1371/journal.pone.0288185

	Gasperini, L., Maniglio, D., and Migliaresi, C. (2013). Microencapsulation of cells in alginate through an electrohydrodynamic process. J. Bioact. Compatible Polym. 28 (5), 413–425. doi:10.1177/0883911513501599

	Haldón, E., Nicasio, M. C., and Pérez, P. J. (2015). Copper-catalysed azide–alkyne cycloadditions (CuAAC): an update. Org. Biomol. Chem. 13(37), 9528–9550. doi:10.1039/c5ob01457c

	Jain, E., Neal, S., Graf, H., Tan, X., Balasubramaniam, R., and Huebsch, N. (2021). Copper-free azide–alkyne cycloaddition for peptide modification of alginate hydrogels. ACS Appl. Bio Mater. 4(2), 1229–1237. doi:10.1021/acsabm.0c00976

	Jeng, L.-B., Chan, W.-L., and Teng, C.-F. (2023). Prognostic significance of serum albumin level and albumin-based mono-and combination biomarkers in patients with hepatocellular carcinoma. Cancers 15 (4), 1005. doi:10.3390/cancers15041005

	Jitraruch, S., Dhawan, A., Hughes, R. D., Filippi, C., Soong, D., Philippeos, C., et al. (2014). Alginate microencapsulated hepatocytes optimised for transplantation in acute liver failure. PloS one , 9(12), e113609. doi:10.1371/journal.pone.0113609

	Magalhães, M., Débera, N., Pereira, R., Neves, M., Barrias, C., and Bidarra, S. (2024). In situ crosslinkable multi-functional and cell-responsive alginate 3D matrix via thiol-maleimide click chemistry. Carbohydr. Polym. 337, 122144. doi:10.1016/j.carbpol.2024.122144

	Manaspon, C., Nasongkla, N., Chaimongkolnukul, K., Nittayacharn, P., Vejjasilpa, K., Kengkoom, K., et al. (2016). Injectable SN-38-loaded polymeric depots for cancer chemotherapy of glioblastoma multiforme. Pharm. Res. 33, 2891–2903. doi:10.1007/s11095-016-2011-4

	Mazumder, A., Assawapanumat, W., Dwivedi, A., Reabroi, S., Chairoungdua, A., and Nasongkla, N. (2019). Glucose-targeted therapy against liver hepatocellular carcinoma: in vivo study. J. Drug. Deliv. Sci. Technol. 49, 502–512. doi:10.1016/j.jddst.2018.12.036

	Mazzitelli, S., Tosi, A., Balestra, C., Nastruzzi, C., Luca, G., Mancuso, F., et al. (2008). Production and characterization of alginate microcapsules produced by a vibrational encapsulation device. J. Biomater Appl. 23 (2), 123–145. doi:10.1177/0885328207084958

	Orive, G., Hernández, R. M., Gascón, A. R., Calafiore, R., Chang, T. M., Vos, P. D., et al. (2003). Cell encapsulation: promise and progress. Nat. Med. 9 (1), 104–107. doi:10.1038/nm0103-104

	Rana, D., Tabasum, A., and Ramalingam, M. (2016). Cell-laden alginate/polyacrylamide beads as carriers for stem cell delivery: preparation and characterization. RSC Adv. 6 (25), 20475–20484. doi:10.1039/c5ra26447b

	Re’em, T., Tsur-Gang, O., and Cohen, S. (2010). The effect of immobilized RGD peptide in macroporous alginate scaffolds on TGFβ1-induced chondrogenesis of human mesenchymal stem cells. Biomaterials 31 (26), 6746–6755. doi:10.1016/j.biomaterials.2010.05.025

	Rioja, A. Y., Annamalai, R. T., Paris, S., Putnam, A. J., and Stegemann, J. P. (2016). Endothelial sprouting and network formation in collagen-and fibrin-based modular microbeads. Acta Biomater. 29, 33–41. doi:10.1016/j.actbio.2015.10.022

	Saimok, W., Iyaraganjanakul, P., Kreeporn, P., Phuanghom, W., Sa-ngiamsuntorn, K., Hongeng, S., et al. (2023). Co-encapsulation of bFGF-loaded microspheres and hepatocytes in microbeads for prolonging hepatic pre-transplantation. J. Drug. Deliv. Sci. Technol. 87, 104784. doi:10.1016/j.jddst.2023.104784

	Sala-Trepat, J. M., Dever, J., Sargent, T. D., Thomas, K., Sell, S., and Bonner, J. (1979). Changes in expression of Albumin and.alpha.-fetoprotein genes during rat liver development and neoplasia. Biochemistry 18 (11), 2167–2178. doi:10.1021/bi00578a006

	Sandvig, I., Karstensen, K., Rokstad, A. M., Aachmann, F. L., Formo, K., Sandvig, A., et al. (2015). RGD-peptide modified alginate by a chemoenzymatic strategy for tissue engineering applications. J. Biomed. Mater. Res. A 103(3), 896–906. doi:10.1002/jbm.a.35230

	Singh, G., Majeed, A., Singh, R., George, N., Singh, G., Gupta, S., et al. (2023). CuAAC ensembled 1, 2, 3-triazole-linked nanogels for targeted drug delivery: a review. RSC Adv. 13(5), 2912–2936. doi:10.1039/d2ra05592a

	Somo, S. I., Langert, K., Yang, C.-Y., Vaicik, M. K., Ibarra, V., Appel, A. A., et al. (2018). Synthesis and evaluation of dual crosslinked alginate microbeads. Acta. Biomater. 65, 53–65. doi:10.1016/j.actbio.2017.10.046

	Strohschein, K., Radojewski, P., Winkler, T., Duda, G., Perka, C., and Von Roth, P. (2015). In vivo bioluminescence Imaging–A suitable method to track mesenchymal stromal cells in a skeletal muscle trauma. Open Orthop. J. 9, 262–269. doi:10.2174/1874325001509010262

	Win, S. Y., Chavalitsarot, M., Eawsakul, K., Ongtanasup, T., and Nasongkla, N. (2024). Encapsulation of cyclosporine A-Loaded PLGA nanospheres in alginate microbeads for anti-inflammatory application. ACS. Omega 9 (6), 6901–6911. doi:10.1021/acsomega.3c08438

	Yagi, S., Hirata, M., Miyachi, Y., and Uemoto, S. (2020). Liver regeneration after hepatectomy and partial liver transplantation. Int. J. Mol. Sci. 21 (21), 8414. doi:10.3390/ijms21218414

	Yu, Y., Fisher, J. E., Lillegard, J. B., Rodysill, B., Amiot, B., and Nyberg, S. L. (2012). Cell therapies for liver diseases. Liver Transplant. 18 (1), 9–21. doi:10.1002/lt.22467

	Zhang, J., Chan, H. F., Wang, H., Shao, D., Tao, Y., and Li, M. (2021). Stem cell therapy and tissue engineering strategies using cell aggregates and decellularized scaffolds for the rescue of liver failure. J. Tissue Eng. 12, 2041731420986711. doi:10.1177/2041731420986711

	Zhang, L., Kang, W., Lei, Y., Han, Q., Zhang, G., Lv, Y., et al. (2011). Granulocyte colony-stimulating factor treatment ameliorates liver injury and improves survival in rats with D-galactosamine-induced acute liver failure. Toxicol. Lett. 204 (1), 92–99. doi:10.1016/j.toxlet.2011.04.016


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Win, Nittayacharn, Ngernmark, Chavalitsarot, Thedrattanawong, Sa-ngiamsuntorn, Hongeng and Nasongkla. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-13-1629228-g004.jpg
=

Cell Viability (%)

150

-
(=4
o

(3]
o

I imHCs-Alginate microbead Ml imHCs-click-RGD microbead

Aok (B)
M
Aokdok

o
o
*
*
*
*
*

[=2]
o

*dkk

Cells per microbead
N S
o (=]






OPS/images/fbioe-13-1629228-g005.jpg
B imHCs-Alginate microbead Hl imHCs-click-RGD microbead

(A) (B)
Hokiok ko Aok *% ns
[ I M 80

1+

3000

2000 60

1000
20

Cumulative release of Albumin
(ng)
Cumulative release of AFP
(ng)
D
o

0 1 3 7 10 14 0 1 3 7 10 14
Time (Days) Time (Days)





OPS/images/fbioe-13-1629228-g002.jpg
N CMRL injection into
control group &
imHCs-click-RGD
/ microbeads into
treated group
\ol 4, ‘ .
é o

Sprague- . )
Dawley male rats ’ ‘ . &/—4
4@ Cgile g o y
i\ > /?Cher?I?stry Induction Analysi;y 2 < Analysis cl{‘:;?)l/:tl;y
¥ g‘:/ Day 0 DEVA Day 2 Day 3 DEVR: Day 17
Blood Body Weight Survival Clinical Histological
Analysis Change Rate Score Examination
)
-
~8 i, i s

\ Low Risk Score
- N j_\_lﬁgh Risk Score

o Clinical Score .
me

[ 3/ - A £
VL w ¢ N B

Animals were randomized into two experimental groups (n = 7 per group):

Group 1 (Control Group): Intraperitoneal injection of CMRL medium.

Group 2 (Treated Group): Intraperitoneal injection of imHCs-click-RGD microbeads.

Day 0 is baseline, Day 1-2 is ALF induction time, and Day 3-17 is treatment period (14 days treatment)

ALF; Acute Liver Failure, D-Gal; D-galactosamine, CMRL; Connaught Medical Research Laboratories medium,
imHCs; immortalized hepatocytes, RGD; Arginine-Glycine-Aspartic acid peptide
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