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Abstract
BACKGROUND
Liver organoids have recently been applied as models for liver disease and drug screening, especially when combined with liver-on-a-chip technologies. Compared to hepatocyte-like cells, primary hepatocytes have high functionality but cannot maintain their function when cultured in vitro. Mesenchymal stem cells (MSCs) enhance hepatocyte function and maintain hepatocyte metabolism when co-cultured with hepatocytes. MSCs can help induced pluripotent stem cells to generate an organoid structure via the MSC-based traction force triggered by extracellular matrix (ECM) proteins. In this study, primary hepatocytes were co-cultured with MSCs on a liver-derived ECM to generate liver organoids within a short duration.

AIM
To create hepatocyte organoids by co-culturing primary hepatocytes with MSCs on a porcine liver extracellular matrix (PLECM) gel. 

METHODS
Perfusion and enzymatic hydrolysis were used to form the PLECM gel. Rat hepatocytes and human MSCs were mixed and plated on pre-solidified PLECM gel in a 48-well plate for 48 h to generate organoids. Generated organoids were evaluated through hematoxylin and eosin, periodic acid-Schiff, immunohistological, and immunofluorescence staining, and quantitative PCR for alb, CYP450 gene markers, and urea cycle genes. Culture medium was collected to detect albumin (ALB) and urea production on days 2, 4, 6, 8, 14, and 20.

RESULTS
The whole porcine liver was perfused and enzymatically hydrolyzed to form a PLECM gel. The structural components and basement membrane composition of the ECM, such as collagen type I, collagen type IV, fibronectin, and laminin, were demonstrated to be retained. Through interaction of human MSCs with the liver-derived ECM, primary hepatocytes and human MSCs assembled together into a 3D construction and generated primary hepatocyte organoids for 48 h. The mRNAs of the gene alb, the CYP450 gene markers cyp1a1, cyp1a2, and cyp3a2 as well as urea cycle genes arg-1, asl, ass-1, cps-1, nags were highly expressed in hepatocyte organoids. Long-term survival of the primary hepatocyte organoids, as well as stable functionality, was demonstrated via ALB and urea production in vitro.

CONCLUSION
Our new method of creating primary hepatocyte organoids by co-culturing hepatocytes with MSCs on liver-derived ECM hydrogels could be used to develop models for liver disease and for drug screening. 
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Core tip: Mesenchymal stem cells (MSCs) can help primary hepatocytes to create hepatocyte organoids by interacting with a liver-derived extracellular matrix. MSCs and hepatocytes self-assembled together into hepatocyte organoids via MSC-derived condensation related to myosin-II regulatory light chain. The hepatocyte organoids can survive for a long time and maintain the functionality of the hepatocytes while avoiding the limitation of rapid function loss of primary hepatocytes in vitro. This hepatocyte organoid technology can also be used to develop models for liver disease and drug screening. 

INTRODUCTION
Organoid technologies have been used recently to build models for disease and drug screening in recent years[1-6], especially when combined with organ-on-a-chip technologies[7,8]. In terms of a model to be used for liver disease and drug screening, fresh primary hepatocytes are the best choice because of their incomparable advantages in functionality and cell characteristics that maintain drug-metabolizing capacity. However, a major challenge that has limited the use of hepatocytes in organoids is the propensity of hepatocytes to lose the ability to replicate and retain liver-specific functions in vitro[9,10]. So far, organoids have been generated with the use of adult stem cells (including progenitor cells)[4,11,12] or pluripotent stem cells[6,13,14]. However, these liver-like cells formed from stem cells are still different from primary hepatocytes with limited liver function and characteristics[10,15]. Therefore, we considered whether there is a way to generate liver organoids from primary hepatocytes within a short duration.
Mesenchymal stem cells (MSCs) can be easily isolated, cultured, and amplified in vitro, and can not only differentiate into a variety of tissue and cell types but also have immunomodulatory effects[16,17]. However, their mesenchymal properties, which are typically used to facilitate cell growth and tissue remodeling, are often underutilized. Previous studies have demonstrated that hepatocytes co-cultured with MSCs enhanced hepatocyte function and maintained hepatocyte metabolism[18,19]. A series of studies by Takebe et al[5,6,13] reported the generation of vascularized and functional liver organoids from various cells including induced pluripotent stem cell (iPSC)-differentiated hepatocytes, human umbilical vein endothelial cells (HUVECs), and MSCs. These studies emphasized that MSCs help in the generation of the organoid structure via an MSC-based traction force triggered by extracellular matrix (ECM) proteins[5]. To our knowledge, this is the first study wherein primary hepatocytes were co-cultured with MSCs to create organoids via interaction with a liver-derived ECM hydrogel and showed long-term survival and stable function in vitro.

MATERIALS AND METHODS
Animals 
Three male Bama miniature pigs weighing 6 kg were purchased from the Animal Experiment Center of Sichuan University (Chengdu, China). Six male Sprague-Dawley (SD) rats were purchased from Dashuo Biotechnology (Chengdu, China). All animals were housed in singular standard cages in an air-conditioned room (21-25 °C), with a 12 h light/dark cycle. All experimental protocols were approved by the Institutional Animal Care and Use Committee of Animal Experiment Center of Sichuan University (IACUC protocol number: [2020007A]). All animals were cared for in accordance with the requirements of the Laboratory Animal Welfare Act and amendments.

Isolation and preparation of porcine liver extracellular matrix 
Methods used to isolate the porcine liver extracellular matrix (PLECM) have been described previously[20]. The male Bama miniature pigs were anesthetized with Zoletil 50 (10 mg/kg body weight, Virbac, France) and maintained with propofol, and the whole liver was harvested. The liver was infused, in vitro, with Triton X-100 (10 g/L) at a rate of 200 mL/min for 3 h, followed by infusion with deionized water for 3 h. After that, the liver was perfused with 10 g/L sodium dodecyl sulfate (SDS) and then deionized water for 3 h at 200 mL/min. To remove residual SDS, the liver was washed with 36 L of 10 g/L Triton X-100. Subsequently, the liver was washed with 20 L of distilled water to remove residual detergent, followed by PBS for 3 h at 200 mL/min.

Examination of porcine liver extracellular matrix characteristics
For histological examination, the PLECM was fixed in 40 g/L paraformaldehyde, dehydrated, and embedded in paraffin. The PLECM pieces were deparaffinized and stained with hematoxylin and eosin (HE), with 4,6-diamidino-2-phenylindole (DAPI) used for counterstaining. For the immunofluorescence (IF) analysis, slices were embedded in a 50 mg/mL bovine serum albumin (BSA) solution, incubated sequentially for 1 h at room temperature with diluted primary antibodies against collagen type I (cat#ab6308, Abcam, Cambridge, MA, United States), collagen type IV (cat#ab6586, Abcam), fibronectin (cat#ab6328, Abcam), laminin (cat#ab11575, Abcam), followed by incubation with secondary antibodies and DAPI counterstaining. Fresh and PLECM samples (30 mg) were analyzed to quantify DNA content using a commercially available kit (Tiangen Biotech Corporation, Beijing, China) according to the manufacturer’s instructions. PLECM samples were fixed in 25 g/L glutaraldehyde. The samples were dehydrated using a graded ethanol series, dried using the critical point drying method, and then sputter-coated with gold to obtain electrical conductivity. The samples were then observed using a scanning electron microscope. 

Preparation of porcine liver extracellular matrix gels 
The PLECM was cut into small pieces and then lyophilized for 48 h. Following lyophilization, samples were ground into a powder with a freezer mill. The PLECM powders were mixed in a solution of 1 mg/mL porcine pepsin (Sigma-Aldrich, St. Louis, MO, United States) in 0.01 mol/L HCl for 48-72 h at room temperature stirring constantly until the ECM powder was fully digested. To form pre-PLECM gels, the pH of the PLECM digest was adjusted to 7.5 using NaOH at 4 °C. The pre-PLECM gel turns into a gel when kept at 37 °C.

Isolation of primary hepatocytes
SD rats were anesthetized with 45 mg/kg sodium pentobarbital by intraperitoneal injection. Hepatocytes were isolated using a two-step perfusion method as described previously[21]. Freshly isolated hepatocytes were suspended in serum-free medium (SFM). Primary hepatocytes showed a 95% viability when stained with 4 g/mL trypan blue. 

Culture and identification of human umbilical cord MSCs
Human umbilical cord MSCs (hUC-MSCs) were purchased from Zhongkeweixin Biotechnology (Chengdu, China) and maintained in complete medium (DMEM-LG with 10 mL/L FBS and 100 µg/mL penicillin and 50 µg/mL streptomycin) in an incubator supplied with a humidified atmosphere of 50 mL/L CO2 at 37 °C. For flow cytometric detection of surface antigens, hUC-MSCs were detached from flasks. Then, hUC-MSCs were washed and resuspended at a concentration of 1 × 106 viable cells/mL for 30 min in the dark at 2-8 °C in PBS containing saturation concentrations (1:100 dilution) of the following conjugated mouse or rat monoclonal antibodies against human antigens (BD Biosciences, San Jose, CA, United States): CD34-APC-A, CD45-FITC-A, CD90-PE, CD73-PCA, CD105 PE-A Isotype control, CD19-FITC Isotype control, CD11b-APC Isotype control, and HLA-DR-PC5.5 Isotype control. Cells were washed twice and resuspended in 500 μL of PBS for flow cytometry (FACS Aria, BD Biosciences) using FLOWJO TM software (TreeStar, Inc., Ashland, OR, United States). 

Organoid formation 
To generate a liver organoid in vitro, 7.5  105 hepatocytes and 1.5  105 MSCs were suspended in a mixture of DMEM-LG and hepatocyte SFM and plated on pre-solidified PLECM gel in a 48-well plate (H+M+E group). After approximately 36-48 h of culture, hepatocytes and MSCs self-organized into organoids. As a control, the same number of mixed hepatocytes and MSCs were seeded in PLECM gel-free plates (H+M group), and the same number of hepatocytes were seeded in PLECM gel-free plates (H group) or PLECM gel pre-coated plates (H+E group). The viability of cells was evaluated using the Fluoroquench fluorescence viability stain (One Lambda, Canoga Park, CA, United States). MSCs and hepatocytes were labeled using the Cell-Tracker Kit (Molecular Probes, Eugene, OR, United States) to identify their location in the 3D organoid. Hepatocytes were labeled green with CellTracker Green CMFDA (C2925), and MSCs were labeled red with CellTracker Red CMTPX (C34552) before seeding. The organoid was visualized using a laser confocal microscope (A1SI, Nikon, Tokyo, Japan).

Western blot analysis
Western blot analysis was performed to detect the presence of myosin-II regulatory light chain (MRLC) in the PLECM-gel MSC cultures (M+E group), PLECM gel-free MSC cultures (M group), hepatocyte organoids (H+M+E group), and a mixed culture of MSCs and hepatocytes on PLECM gel-free plates (H+M group). The cells were dissolved in RIPA lysis buffer (P0013B, Beyotime, Haimen, China) with PMSF (ST506, Beyotime, Haimen, China). Proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Tokyo, Japan), which were then probed with the MRLC antibody (cat#ab92721, Abcam). β-actin (cat#ab16039, Abcam, Cambridge) was used as a control for protein loading. Autoradiographs were quantified using Imagelab software.

Histological analysis 
Organoids were excised from the ECM gel using pipettes, and fixed in 4% paraformaldehyde at room temperature for 3 h. A graded ethanol series was then used to dehydrate the organoids, after which they were immersed in xylene and embedded in paraffin. The organoids were cut into 4 µm sections and then underwent HE, periodic acid-Schiff (PAS), and immunohistological staining. For immunohistological staining, sections were rehydrated, incubated in antigen retrieval solution, and stained using antibody against Ki67 (cat#ab15580, Abcam). For immunofluorescence analysis, sections were embedded in 50 mg/mL BSA solution and then incubated sequentially for 1 h at room temperature with diluted primary antibody against albumin (cat#ab106582, Abcam) and then secondary antibody, followed by DAPI counterstaining. 

Quantitative PCR analysis
Total RNA was isolated from the organoids and other culture conditions using Trizol reagent (Sigma-Aldrich) according to the manufacturer’s instructions. The Iscript cDNA synthesis kit (Bio-Rad) was used to synthesize cDNA by reverse transcription from RNA. Quantitative PCR for alb, the CYP450 gene markers cyp1a1, cyp1a2, and cyp3a2, and urea cycle genes arg-1, asl, ass-1, cps-1, and nags was performed with SYBR Premix Ex Taq ( Bio-Rad) in a 20 µL reaction system according to the manufacturer’s instructions. All data were obtained with at least three duplicates. β-actin gene was used as the endogenous internal control, and the results were normalized to the hepatocytes (H group) as ΔCt = Cttarget gene - Ctβ-actin; ΔΔCt = ΔCttreated - ΔCtcontrol, and fold = 2−ΔΔCt. Promoter sequences are shown in Table S1.

Albumin production assay 
Albumin (ALB) concentration was tested using an ELISA kit (Rat Albumin ELISA Quantitation set, E110-125; Bethyl, Montgomery, TX, United States) according to the manufacturer's instructions. 

Urea production assay 
Urea concentration in the culture medium was measured using a quantiChrome urea assay kit (BioAssay Systems, Cambridge, United Kingdom) according to the manufacturer’s instructions.

Statistical analysis
All statistical analyses were performed with SPSS 23.0 (IBM Corp, Armonk, NY, United States), and organized using GraphPad Prism v8.0 software (GraphPad, La Jolla, CA, United States). At least three parallel experiments were conducted using different samples. Data are presented as the mean ± SE, with at least three duplicates for each data. The t-test and one-way ANOVA were used for comparing differences between groups, and post-hoc tests were performed for multiple comparisons using least significant difference and Dunnett-T3 appropriately based on the test of homogeneity variances (P < 0.05, Dunnett-T3). A two-tailed P value of less than 0.05 was considered statistically significant for all analyses.

RESULTS
Formation and characterization of PLECM gel 
To obtain the PLECM gel, two steps were conducted: Decellularization and solubilization (Figure 1A). The whole liver was perfused from the portal vein using SDS and Triton X-100, which was expected to lead to the following: Destruction of the cellular structure, lysis of the cell membrane, cracking of the nuclear membrane, removal of cell debris, and retention of the collagen and protein structure. After perfusion, the liver became translucent (Figure 1A), and all DNA was removed, as evidenced by the absence of nuclei on both HE (Figure 1B) and DAPI-stained sections (Figure 1C). Scanning electron microscopic images of decellularized liver sections showed that the decellularized liver maintained the ultrastructure of the ECM (Figure 1D). Immunofluorescence test demonstrated that collagen type I, collagen type IV, fibronectin, and laminin, which are structural components, as well as basement membrane composition of the ECM, were retained (Figure 1E). After enzymatic hydrolysis, the ECM formed a transparent semi-gel (Figure 1A). Thus, we obtained an ECM gel with definite elasticity after neutralization. The residual DNA content in the PLECM sections was 1.04% of that in the fresh porcine liver (Figure 1F). 

Self-assembly of liver organoids via MSC-driven condensation
As described previously, hepatocytes were isolated from the portal vein in rat livers by a modified in situ collagenase perfusion technique with a high viability (Figure 2A and B). MSCs showed a homogenous fibroblastic morphology (Figure 2C). Since they were isolated from the human umbilical cord, we identified the cell characteristics by flow cytometry analysis. The cells were positive for the mesenchymal markers (CD73, CD105, and CD90) and negative or low in expression for hematopoietic markers (CD34, CD45, CD19, and CD11b). They also had low immunogenicity and almost no HLA-DR expression (Figure 2D). These results demonstrated that the MSCs were highly pure and expressed the surface marker profile typical of MSCs. Fresh isolated rat primary hepatocytes and P3-P5 MSCs were used in this study. Hepatocytes and MSCs were co-cultured at a ratio of 5:1. The mixed cell lineages on PLECM gel pre-coated plates began to self-aggregate after seeding for 12 h; after 36-48 h, the cells assembled to create organoids and maintained the same size in the culture for 20 d (Figure 2E). 3D reconstruction of the organoid showed that MSCs were scattered around primary hepatocytes (Figure 2F). Most of the primary hepatocytes in organoids were alive at day 2 (Figure 2G). However, the mixed cell lineages did not create organoids under the following conditions: Hepatocytes and MSCs cultured on PLECM gel-free plates, hepatocytes on PLECM gel-free plates, or hepatocytes on PLECM gel pre-coated plates alone. This implied that the lack of MSCs or PLECM gel in the co-culture system resulted in failure to create organoids. As the single MSC cultured on plates showed a homogenous fibroblastic morphology and did not show the capacity for self-condensation, we hypothesized that the co-culture system updated the “contraction mechanism”. Many conventional cellular activities, such as cell adhesion to the ECM and contractile forces produced during cell contraction, involve changes in the cytoskeleton structure[22]. The main protein associated with these changes is non-muscular myosin-II (NSM-II)[23]. We detected the expression of MRLC, which is related to MII activity. MRLC protein expression in PLECM-gel MSC cultures (M+E group) was higher than that in PLECM gel-free MSC cultures (M group), with the same result of higher MRLC protein expression in hepatocyte organoids than in a mixed culture of MSCs and hepatocytes on PLECM gel-free plates (H+M group) (Figure 2H). MSCs that were cultured on PLECM gel pre-coated plates (M+E group) assembled together into some small spheroids. Therefore, we concluded that the substrate matrix contributed to the self-assembly of liver organoids.

Liver organoids maintain hepatocyte function and prolong their survival time
PAS staining was positive and glycogen in the cytoplasm of hepatocytes was stained purple in organoids at day 2 (Figure 3A). Most primary hepatocytes expressed ALB protein as determined by immunofluorescence staining, which indicated that the primary hepatocytes in the liver bud organoids maintained glycogen synthesis and albumin synthesis function after 2 d (Figure 3A). Surprisingly, using immunohistochemistry, we found that some hepatocytes were proliferating and showed expression of Ki67 (Figure 3A). In addition, organoids at day 2 were harvested for gene expression analysis; the expression levels of the hepatic gene marker alb, CYP450 gene markers cyp1a1, cyp1a2, and cyp3a2, and urea cycle genes arg-1, asl, ass-1, cps-1, and nags increased compared to those in other culture conditions (P < 0.05). These values of organoids were 3.4-11.8 fold higher than those of the hepatocyte group (Figure 3B). We then continued to culture the different groups of cells, described earlier, to determine the duration for which the organoids effectively sustained their function. ALB production and urea detection were used as measures of hepatocyte function and survival time. Culture supernatants were collected on days 2, 4, 6, 8, 14, and 20. On each day, we observed that the production of albumin protein in organoids was significantly higher than that of the other groups (P < 0.05). Without PLECM gel or without MSCs, hepatocytes could not survive for a long time and exhibited rapid loss of function. On day 14, organoids showed significantly higher ALB production (193.31 ± 6.66 µg/106 cells) than the hepatocyte group (18.11 + 0.32 µg/106 cells, P < 0.05) (Figure 3C). Importantly, urea synthesis was improved when primary hepatocytes were co-cultured with MSCs on the PLECM gel to create organoids for up to 3 wk compared with other conditions (Figure 3D). These findings suggested that hepatocyte organoids generated by co-culture with MSCs on the PLECM gel maintained hepatocyte functions and had prolonged survival for at least 20 d.

DISCUSSION
The use of decellularized tissue PLECM hydrogel can lead to MSC-derived condensation by MRLC to create hepatocyte organoids. The hepatocyte organoids can survive for a long time and maintain their hepatocyte functionality while avoiding the limitation of rapid functional loss of in vitro primary hepatocytes, which are the best cell sources for models to be used for liver disease, drug screening, and cell therapy.
MSC-derived condensation by MRLC and the interplay between cell-hydrogel and cell-cell interactions were essential for the self-assembly of organoids. It was revealed that the MSC-based traction force produced by the actomyosin cytoskeletal axis plays an important role in the directed movements of the liver bud generated from three iPSC-derived lineages on the Matrigel[5]. Furthermore, in Drosophila embryos, gastrulation begins with mesoderm invagination, which is followed by germ-band extension, and both of these processes are morphogenetic movements that are regulated by polarized distribution of myosin II[23]. Similar to the published results, upon using a PLECM hydrogel, our study found that the hepatocyte organoid system updated the expression of MRLC, which is associated with myosin II activity. 
PLECM hydrogel provides primary hepatocytes with all necessary information for growth and expansion to generate primary hepatocyte organoids. Regarding the composition of the PLECM, ECM proteins are present in physiologically relevant amounts, and have types I, VI, VII, XI, and XIX collagen, biglycan, and fibronectin, which Matrigel does not have[24]. Matrigel, which is isolated from Engelbreth-Holm-Swarm mouse tumors, has been widely used to generate organoids in many studies rather than a specific decellularized tissue ECM hydrogel[5,11]. In our study, the decellularized liver ECM hydrogel was used to create stable functional organoids. The key advantage of using a decellularized liver ECM hydrogel is the preservation of liver-specific ECM and bioactive molecules, thus providing a microenvironment similar to that of the liver in vivo, which provides the necessary signals for hepatocyte survival and function[25,26].
For generation of organoids, MSCs and rat primary hepatocytes were mixed in a 1:5 ratio with approximately 1 × 106 cells in a 48-well plate. This is a large number of conventional cell cultures within the same base area; in other words, this organoid technique has advantages in function maintenance as well as high cell density culture. However, upon evaluation of cell numbers, we found that a lower number of total cells could not accommodate all cells in a single 48-well together in one organoid, and ended as several smaller ones with scattered distribution within the well. However, a larger number of cells may result in a large organoid, which may lead to poor oxygen supply to cells in the central region. When exploring the cell ratio, we used a series of MSC concentration gradients. We found that a ratio of two cells less than 1:6 resulted in no self-organization into organoids, and increasing the number of MSCs accelerated the generation of organoids (data not shown). Takebe et al[6,13] generated a vascularized and functional human liver by transplantation of liver bud organoids created by human iPSCs in vitro. They used a ratio of 10:2 (iPSCs-hep:MSC/iPSCs-MSC) in 24-well plates or large-scale cultures in one Omni (1: one)-well-array plate[6,13]. Moreover, in a study by Liu et al[18] exploring different co-culture ratios of MSCs and hepatocytes in a scaffold, a co-culture ratio of 1:5 (MSC: Hep) was suggested to be optimal for MSCs to support hepatocellular metabolism and function in vitro, which also could provide better restoration of damaged liver function. Based on these studies, we selected the current ratio of 1:5. 
Compared to hepatocyte cultures in sandwich Matrigel, PLECM gel, other hydrogels, or matrices, hepatocyte organoids were similar to the source of the tissue or organ, could show cell-cell interactions and cell-matrix interactions, maintained high quality liver function of primary hepatocytes, and prolonged the survival time of hepatocytes in vitro. Using primary human hepatocytes, such as liver cancer cells, cryopreserved mature human hepatocytes, and human hepatocytes derived from Fah-/-/Rag2-/-/Il2rg-/- mice[27] to generate hepatocyte organoids by our method, hepatocyte organoid technology can also be used in models of liver disease and drug screening for individualized therapy. If this hepatocyte organoid technology is combined with liver-on-a-chip technologies, it can precisely deliver soluble factors to hepatocytes that can maintain prolonged hepatocyte functions in a continuously perfused manner, or even real-time monitoring of cell responses to drug reactions, which can be widely used for multiple tissue engineering applications.

ARTICLE HIGHLIGHTS
Research background
In all cell therapies for liver diseases, primary hepatocyte is accepted as the best cell source with high liver-specific functions compared to immortalized human hepatoblastoma cell lines, nonparenchymal cell, and differentiated cell. But a major challenge that has limited the advancement of these therapies is the propensity of hepatocytes to lose liver-specific functions and the ability to replicate in vitro without microenvironment. Recently, organoid technology has been applied to the study of human development and generation of models for disease and drug screening in different systems such as the brain, stomach, intestine, and kidney. Liver organoids are able to simulate liver development and differentiation, show interaction between cells and cells and between cells and matrix, and can be used in liver transplant, extracorporeal devices, and the generation of models for liver disease and drug screening.

Research motivation
Although many studies reported different liver organoids generated from Lgr5+ stem cells or induced pluripotent stem cell derived hepatocytes liver organoids, few studies have described the generation of liver organoids assembled using mesenchymal stem cells (MSCs) and primary hepatocytes. Besides, almost all studies used Matrigel to create organoids, and we attempted to find a new and reproducible method to generate hepatocytes organoids by co-culture with MSCs on an extracellular matrix (ECM) hydrogel from decellularization porcine liver.

Research objectives
The present study aimed to create hepatocyte organoids by co-culture of hepatocytes with MSCs on a porcine liver extracellular matrix (PLECM) hydrogel.

Research methods
Porcine liver was infused with Triton and sodium dodecyl sulfate to obtain the porcine liver extracellular matrix (PLECM) scaffold material. After perfusion and enzymatic hydrolysis, PLECM scaffold material formed hydrogel, which was pre-coated in 48 well plate for organoid culture. Rat primary hepatocytes were obtained by two step perfusion method. To create primary hepatocytes organoids, MSCs and rat primary hepatocytes were co-cultured on a PLECM-gel pre-coated plate. HE, PAS, and immunohistological staining, albumin detection, urea production assay, and quantitative PCR for alb, CYP450 gene markers, and urea cycle gene markers were performed to evaluate organoids function.

Research results
Decellularized liver maintained the ultrastructure of the extracellular matrix and most important components. MSCs and rat primary hepatocytes generated primary hepatocyte organoids on the PLECM-gel pre-coated plate in 48 h after seeding. MSC condensation on the extracellular matrix hydrogel contributed to the hepatocyte organoids generation. Primary hepatocyte organoids maintained high quality of liver special function of primary hepatocytes and prolonged the survival time of hepatocytes in vitro.

Research conclusions
This is the first study to create primary hepatocytes organoids by co-culture of hepatocytes and MSCs on a liver-derived extracellular matrix hydrogel. Hepatocyte organoids show long-term survival and stable function in vitro.

Research perspectives
In this study, we used rat hepatocytes to create hepatocytes organoids on a liver-derived extracellular matrix hydrogel. If this method is applied to patients’ liver cancer cells, cryopreserved mature human hepatocytes, and human hepatocytes derived from Fah-/-/Rag2-/-/Il2rg-/- mice, or combined with liver-on-a-chip technologies, it can also be used as models for liver disease and drug screening for individualized therapy. 
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Figure Legends
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[bookmark: OLE_LINK59][bookmark: _Hlk40388661][bookmark: OLE_LINK48]Figure 1 Formation and characterization of porcine liver extracellular matrix gel. A: Procedure for the formation of porcine liver extracellular matrix (PLECM) gels; B: Hematoxylin and eosin (HE) staining of PLECM (left) and porcine liver (right). Scale bars = 100 μm; C: 4,6-diamidino-2-phenylindole staining of PLECM (left) and porcine liver (right). Scale bars = 100 μm; D: Scanning electron microscopy of PLECM (left) and porcine liver (right). Scale bars = 20 μm; E: Immunohistochemistry (red) for liver extracellular matrix proteins (collagen type I, collagen type IV, fibronectin, and laminin) in PLECM. Scale bars = 200 μm; F: Relative DNA content. aP < 0.05 vs PLECM. ECM: Extracellular matrix; Col I: Collagen type I; Col IV: Collagen type IV; PLECM: Porcine liver extracellular matrix.
[image: D:\文章\相关图\最终图片\新建文件夹 (2)\新建文件夹\新建文件夹\figure-2.jpgfigure-2]
[bookmark: OLE_LINK51][bookmark: OLE_LINK35]Figure 2 Self-assembly of liver organoids via mesenchymal stem cell-driven condensation. A: Gross view of rat liver before (left) and after (right) perfusion via hepatic portal vein; B: Image of freshly isolated primary hepatocytes. Scale bars = 100 μm; C: Images of mesenchymal stem cells (MSCs). Scale bars = 500 μm; D: Expression of cell surface markers on MSCs. MSCs were positive for the mesenchymal markers CD73, CD105, and CD90, and negative or with low expression for hematopoietic markers CD34, CD45, CD19, and CD11b, and no expression of HLA-DR; E: Gross view of organoid. Scale bars = 1000 μm; F: Confocal images of the organoids. Green: Hepatocytes; red: MSCs. Top: A single layer; bottom: 3D reconstruction. scale bars = 200 μm; G: Staining for cell viability with Fluoroquench. Scale bar = 100 μm; H: Western blot analysis of myosin-II regulatory light chain. 3D: Three dimension; MRLC: Myosin-II regulatory light chain; H+M+E group: Hepatocytes and MSCs seeded on ECM-gel pre-coated plate; H+E group: Hepatocytes seeded on ECM-gel pre-coated plate; M+E group: MSCs seeded on ECM-gel pre-coated plate; M group: MSCs seeded on ECM-gel free plate; ECM: Extracellular matrix.
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[bookmark: OLE_LINK52][bookmark: OLE_LINK54][bookmark: OLE_LINK53]Figure 3 Liver organoids maintain the function of hepatocytes and prolong their survival time. A: Hematoxylin and eosin (HE) staining, periodic acid-Schiff (PAS) staining, immunofluorescence staining for albumin (ALB; green), and immunohistochemical staining for Ki67. The nuclei were counterstained with DAPI (blue). Scale bars = 100 μm; B: Gene expression analysis by q-PCR. Data were normalized to hepatocytes (H group);  C: Secretion of albumin was measured by ELISA on days 2, 4, 6, 8, 14, and 20; D: Urea synthesis was measured on days 2, 4, 6, 8, 14, and 20. aP < 0.05 vs the organoid (H+M+E group). H+M+E group: Hepatocytes and MSCs seeded on ECM-gel pre-coated plate; H+E: Hepatocytes seeded on ECM-gel pre-coated plate; H+M: Hepatocytes and MSCs seeded on ECM-gel free plate; H group: Hepatocytes seeded on ECM-gel free plate; ECM: Extracellular matrix.
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