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Introduction: Over recent years, 3D bioprinting has changed dramatically. The articles related to liver 3D bioprinting have not been quantitatively analyzed. In this article, we screen all articles related to liver 3D bioprinting until January 2022 and analyzed them using bibliometric citation analysis to characterize the current trends in liver 3D bioprinting.
Methods: The articles were identified and analyzed from the Clarivate Analytics Web of Science Core Collection database.
Results: Until 1 January 2022, 71 articles focusing on liver 3D bioprinting were identified. There was an increase in the number of articles in 2015. Most articles came from the USA (n = 27), followed by South Korea (n = 22), China (n = 16), and Japan (n = 5). The printing technology of liver 3D printing was the most studied topic (n = 29). Biofabrication published the highest number of papers (n = 16) with 1,524 total citations.
Conclusion: Based on bibliometric analysis of the articles until January 2022, a comprehensive analysis of the liver 3D bioprinting articles highlighted the current trends and research topics of this field. The data should provide clinicians and researchers insight into future directions relative to the liver 3D bioprinting.
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1 INTRODUCTION
The liver is a major metabolic organ in the body and plays an important physiological role in bile secretion, blood clotting, and immunity. Meanwhile liver is also an important organ for detoxification of exogenous or endogenous substances in the body. Although the liver has a strong regenerative capacity, when liver cell damage exceeds a certain level, the regenerative capacity of liver cells is disrupted, resulting in irreversible damage to liver cells. Severe impairment of liver function is mainly caused by various causes of liver diseases as well as drug-induced liver injury. Therefore, in vitro hepatocyte models are an important way to study the physiological functions of hepatocytes and to perform drug screening (Guguen-Guillouzo et al., 2010; Bhatia et al., 2014). In addition, liver transplantation is an effective treatment for various end-stage liver diseases. However, the problem of organ shortage is becoming more and more prominent, and many researchers have proposed the use of tissue engineering techniques for in vitro culture of tissues and organs to solve the problem of solid organ donor shortage. Therefore, in vitro hepatocyte models are an important basis for conducting liver cultures.
Before the advent of 3D printing technology, in vitro cell experiments were often performed using 2D culture systems and common 3D culture systems. Among them, the traditional 2D cell line model is overly simplistic and severely detach from the biological system of the organism in culture, ignoring the fact that in vivo hepatocytes are 3D structures both morphologically and histologically. Sandwich culture was an early 3D culture method used (Swift et al., 2010). The morphology of hepatocytes in this culture system is flatter compared to hepatocytes in vivo. Meanwhile the cells lack cell-to-cell interactions, while the maintenance of albumin and related enzyme secretion in hepatocytes is relatively short (Berthiaume et al., 1996). Therefore, the results of physiological and pharmacological studies of hepatocytes using this culture mode are not satisfactory. In recent years, 3D bioprinting technology has developed rapidly. 3D printing is also known as Additive Manufacturing (AM). It is based on computer modeling and combines material processing and molding technologies to build three-dimensional structures by stacking materials layer by layer through different methods. Among them, 3D bioprinting is the most cutting-edge field of 3D printing technology, using cells and biological materials as bio-ink, and precisely controlling the spatial layout of cells and surrounding microenvironment according to pre-design, which simulates the real environment in vivo to the maximum extent and provides new possibilities for building in vitro hepatocyte experiments (Sun et al., 2020a). The 3D bioprinting studied in this paper refers to 3D printing using living cells.
Bibliometric citation analysis is a widely used method of literature mapping analysis that can help us understand where 3D bioprinting is headed in the future. The citation number of an article indicates the importance of the study and reflects the direct impact on the understanding and treatment of the disease. In this study, we analyzed all past articles on liver 3D printing to provide an overview of the development of 3D bioprinting. In turn, these data provide clinicians and researchers with a comprehensive understanding of evolution and meaningful insights into the future direction of 3D bioprinting.
2 METHODOLOGY
2.1 Literature search and screening
Until January 2022, The Clarivate Analytics Web of Science Core Collection database was systematically searched. A summary of key words and the search strategy is shown in online Supplementary Table S1. Only original articles which focused on the 3D bioprinting of liver were included. Reviews were excluded; meeting abstracts, editorial materials, book chapters, and were also excluded to limit selection of articles to only those with high scientific merit in the field. Two reviewers (B.J. and Y.T.L.) independently identified the articles, and any disagreement between the 2 reviewers was resolved by consensus involving a third reviewer H.Y.Y.
2.2 Data analyses and visualization
After identifying all the articles, we downloaded the records and cited references including all available information from the Web of Science Core Collection database. The bibliographic information of the selected publications was converted and analyzed automatically by using the bibliometric package (Version 3.0.0) in R software (Version 3.6.1), as reported previously (Aria and Cuccurullo, 2017). The information was extracted and analyzed using the bibliometric package including authors, title, countries, institutions or regions, year of publication, number of TC, impact factor and journal. The main topic, sub topic, and article type of each article were also determined by reading the title, abstract, and full text, if necessary.
All the information and data for each article were inserted into a spreadsheet and manipulated using Microsoft Excel 2019 (Microsoft Corp., Redmond, WA, USA). We created the graphs and figures using R software (Version 3.6.1) and EChart.js package (Version 4.5.0; https://echarts.apache.org/en/index.html), which is based on JavaScript.
3 RESULTS
3.1 Publication period and citation count
Until 1 January 2022, 71 articles focusing on liver 3D bioprinting were identified by consensus in the Web of Science Core Collection database. All articles are listed in online Supplementary Table S2 in descending order according to the article’s TC number. The number of citations varied from each paper and ranged from 565 (“The 3D printing of gelatin methacrylamide cell-laden tissue-engineered constructs with high cell viability”) to 0 (“Bile duct reconstruction using scaffold-free tubular constructs created by Bio-3D printer”). Figure 1 presents the annual number of publications and cumulative number of publications. Between 2005 and 2015, the literature grew slowly, whereas the number of published articles increased relatively fast over the past 6 years. The earliest article in the list, which focused on printing technology of liver 3D bioprinting, was published on BIOMATERIALS in 2005 (Yan et al., 2005). The first author of this article was Yongnian Yan from Tsinghua University. The researchers developed an organ manufacturing technique that enables to form cell/biomaterial complex three-dimensional (3D) architectures in designed patterns. As of February 2022, this article has been cited 211 times in the WOS Core Collection database.
[image: Figure 1]FIGURE 1 | Literature growth curve.
3.2 Countries or regions, institutions, and authors
In analyzing countries (or regions) and institutions of the authors, the articles were originated from 25 countries or regions (shown in Figure 2). Three countries and regions contributed >10 articles, and 14 countries contributed 1 article (shown in online Supplementary Table S3). Among all the articles, the USA contributed the most articles (n = 27), follow by South Korea (n = 22), China (n = 16), Japan (n = 5), Germany (n = 4), and UK (n = 4). Figure 3 depicts the partnership among countries that published articles, which demonstrated close cooperation among the various countries and regions.
[image: Figure 2]FIGURE 2 | Number of publications by country or region.
[image: Figure 3]FIGURE 3 | The cooperation relationship of countries or regions that published articles.
As noted in Table 1, the top 10 institutions which published the most articles included the Tsinghua University, Drexel University, and Korea Polytechnic University with 8, 7 and 5 papers, respectively, with 634 citations, 348 citations, and 192 citations, respectively. The ratio of TC to publications reflects the TC numbers of each article. Harvard University has the highest ratio of TC (796), followed by the Tsinghua University (634) and University of California San Diego (571) (shown in Table 1). The cooperation among different countries, institutions, and authors is a critical driving force to promote the development of most successful large-scale trials. To this point, there seemed to be close cooperation among different institutions from various countries and regions (Figures 3, 4). Moreover, authors were classified into >10 clusters in the authors’ collaboration network analysis; several major research teams were identified, mainly including Sun W, Dokmeci MR, Atala A, Kang HW, Shim JH, Kang KS, Choi D, Chen SC (shown in Figure 5).
TABLE 1 | Top 10 institution with the most publications.
[image: Table 1][image: Figure 4]FIGURE 4 | The cooperation relationship of institutions that published articles.
[image: Figure 5]FIGURE 5 | The cooperation relationships of authors that published articles.
3.3 Journals
The articles were published in 40 journals. According to the number of the articles published, the top 10 journals are listed in Table 2. Biofabrication published the articles with 16 papers. Biofabrication generated the largest quantity of TC with 1,524 citations. There were 3 journals with the ratio of TC to publications exceeding 100, namely, Biomaterials (TC/publications 174.43), Tissue Engineering Part A (TC/publications 148.00), and Plos One (TC/publications 109.50).
TABLE 2 | Top 10 journals with the most publications.
[image: Table 2]3.4 Topics
Of the 71 articles so far, they can be broadly classified into 3 categories based on the topic, which are exploring printing technology, studying bio-ink, and biological applications. As showed in Table 3 (Kim et al., 2020), articles examine printing technology, 19 articles examine bio-ink, and 23 articles examine biological applications. The first articles on liver 3D bioprinting was published in 2005 by XiaoHong Wang’s team at Tsinghua University in BIOMATERIALS (Yan et al., 2005). This is the first step in the development of an implantable bioartificial liver. Among the nine recently published articles, studies on printing technology and biological applications accounted for eight of them.
TABLE 3 | The number of different topics.
[image: Table 3]As shown in Figure 6, the discussion of topic in this review is roughly sketched.
[image: Figure 6]FIGURE 6 | Abstract figure.
When categorizing articles thematically, the authors classified them according to which aspect the article focused more.
3.4.1 Printing technology
3D bioprinting technology has developed relatively quickly and a variety of printing methods have emerged, the most used in liver-related 3D printing articles are extrusion-based printing and inkjet printing. Among them, inkjet 3D bioprinting is the earliest bioprinting technology used in the screen-out articles, and the basic principle is similar to 2D printing, which a droplet of bio-ink is first printed to a set specific location, followed by cross-linking and gelation between the droplet and the substrate upon contact (Angelopoulos et al., 2020). This printing method has a high resolution, which can achieve single cell level, and is extremely cost effective, but this approach is limited by the choice of bio-ink and the number of cells, and the print nozzle is usually limited to a low viscosity material to prevent clogging of the nozzle. In addition the relatively slow printing speed due to the point-by-point deposition approach has resulted in fewer applications in building more complex tissue models. Inkjet bioprinting is a method for constructing liver tissue scaffolds. The use of biocompatible surfactants can enhance the ability of HepG2 cells to form droplets for inkjet bioprinting (Parsa et al., 2010). Arai et al. (2017) constructed a 3D culture system of hepatocytes using alginate hydrogel as a scaffold by droplet-based printing technique, preserving the specific functions of hepatocytes.
Extruded 3D printing is currently the most used approach when constructing liver tissue models. This is done by encapsulating cells in a bio-ink and then extruding the biomaterial into a continuous filamentary form by external extrusion and stacking it layer by layer into a three-dimensional structure. Extruded 3D bioprinting bio-ink are more compatible and can be selected from a wide range of options, including suspensions, decellularized extracellular matrix solutions and hydrogels with a wider range of viscosities, such as polyethylene glycol-based hydrogels, gelatin, hyaluronic acid and alginates (Jia et al., 2016; Ozbolat and Hospodiuk, 2016; Rastogi and Kandasubramanian, 2019). The multiple selective bio-ink make extruded 3D bioprinting more flexible compared to inkjet printing, allowing the construction of a variety of heterogeneous tissue models.
Wu et al. used micro-extrusion-based 3D printing technology to construct hepatic lobule-like mock structures using a combination of hepatocellular carcinoma cell lines and fibroblast cell lines (NIH/3T3) and two types of bio-ink, and showed that complex constructs with multiple cell types and different extracellular matrices could be constructed by an extrusion-based 3D printing process, and that the multicellular liver constructs exhibited albumin enhanced secretion (Wu et al., 2020). It has been shown that extrusion-based 3D printing can construct vascularized liver lobule structures by pre-designing and printing liver lobule-shaped pre-designed cartridges containing three chambers, namely hepatocyte chambers, endothelial cell chambers, and hollow chambers. And multicellular vascularized liver lobule structures were constructed by this pre-designed extrusion-based bioprinting, and the engineered liver lobules have synthetic, secretory, and drug metabolism (Kang et al., 2020). Although extrusion printing also has advantages over inkjet printing in terms of cell viability, bio-ink deposition speed, and scale up. However, the resolution of extrusion printing can be relatively low and needs to be improved (Ma et al., 2020).
Meanwhile, bioprinting in a core-shell fashion is also a promising option to spatially determine the arrangement of several cell types. Two or even more bio-inks can be simultaneously extruded through a coaxial needle to form strands with two discrete compartments, with an internal core completely enclosed within an external (possibly stable) shell (Perez and Kim, 2015). Thus, this technique could in principle imprint different cell types together so that they interact with each other. Taymour et al. (2021) have established a functional co-culture model with independently adjustable compartments for different cell types by core-shell bioprinting. This provides the basis for more complex in vitro models that allow hepatocytes to be co-cultured with other liver-specific cell types to closely resemble the liver microenvironment.
In addition, the print shape set during the printing process is mainly rectangular, while some articles print in a circular or hepatic lobule-like hexagonal shape. The basic building block of the liver is the hepatic lobule, which resembles a square hexagon with a central vein in the center and a portal vein containing the confluent area at the edge, and the hepatocytes are polarized (van Grunsven, 2017; Ma et al., 2020). In vitro fabrication of liver lobules is challenging, and 3D bioprinted liver tissue is gradually progressing from shapeless to hexagonal shapes that mimic liver lobules. In the rectangular model, when the 3D bioprinted liver tissue is large, the central region may be in a hypoxic and undernourished state, resulting in slow and weak metabolism of drugs and toxins (Kang et al., 2021). So kang et al. constructed a hexagonal bioprinted liver construct and combined rotational regulation with continuous media stimulation and found that HepG2 exhibited enhanced proliferative capacity and biological function. It has also been shown that the geometry of the liver construct may affect liver function. Lewis et al. found that the angle of the extruded 3D bioprinted grid lines affected liver tissue function, as evidenced by the fact that liver tissue with a 60° angle secreted better levels of albumin than liver tissue with a 90° angle, as well as higher gene expression and activity of CYP3A4 and CYP2C9 than the latter, suggesting that 3D bioprinting pattern conformation on liver tissues not only in appearance mimicry, but also affects functional mimicry (Lewis et al., 2018).
3.4.2 Bio-ink
Bio-ink contains two parts, which are biomaterials and cells. During actual printing process, these two parts are mixed and printed according to different proportions and densities, and then fixed under different curing conditions or not to obtain the desired 3D-printed bodies for further related experiments.
3.4.2.1 Biomaterials
Biomaterials are used to encapsulate cells in 3D bioprinting and need to have good printability, biocompatibility and mechanical properties. Printability is the assessment of the formability of the bio-ink, which needs to have adjustable viscosity, fast transition from solution to gel state and a wide range of printing parameters (Gu et al., 2020). Biocompatibility requires that the bio-ink resembles the real microenvironment in the body as much as possible, and that the bio-printed small can maintain high viability and biological function without affecting the diffusion of nutrients and oxygen. Mechanical properties are required for the bio-ink to maintain a good 3D structure after 3D printing for subsequent in vitro culture and in vivo inhibition. Therefore, balancing printability, biocompatibility and mechanical properties is a key consideration for bio-ink development.
In the screened liver-related 3D printing articles, the commonly used bioinks are alginate, GelMA, Gelatin, collagen, etc. The commonly used curing methods are CaCl2, LAP + UV, temperature, etc., which are cured in different ways at different stages of printing to form gel-like constructs (Heinrich et al., 2019). Among them, Alginate is the most used bio-ink with good printability and mechanical properties, generally fixed by CaCl2, with the relative shortcoming of weak biocompatibility, which affects cell adhesion. Gelatin is a water-soluble protein extracted from connective tissue, which is the main component of human tissue and contains a variety of amino acids required by the human body, thus its biocompatibility is better. GelMA has become a popular bio-ink in recent years because of good printability, biocompatibility and mechanical properties. Bertassoni et al. (2014) bioprinted cell-loaded GelMA at 7%–15% and found that the encapsulated HepG2 cells maintained cell viability for at least 8 days after the bioprinting process. Grix et al. (2018) used GelMA as bio-ink loaded with HepaRG cells and human hepatic stellate cells to construct liver-like organs by DLP-based bioprinting and found that 3D printed liver tissue had better liver function compared to 2D cultured cells. Collagen is a water-insoluble fibrous protein in the extracellular matrix with good biocompatibility, but its mechanical properties are poor, and collagen scaffolds are prone to collapse, and their mechanical properties can be enhanced by combining with other biomaterials. Mazzocchi et al. (2018) investigated the properties of bio-ink containing different ratios of collagen and hyaluronic acid, and found that liver tissue constructs could maintain albumin secretion and urea synthesis, and that the drug response of liver constructs to acetaminophen (APAP) could be maintained for 2 weeks when the collagen/hyaluronic acid ratio in the scaffold was 3/1. In addition, a recent study has developed liver dECM as a specific bio-ink for 3D printing of liver tissue. Compared with other bio-ink, liver dECM bio-ink not only retains the major components of liver extracellular matrix and enhances its biocompatibility, but in addition, its printability and mechanical properties are significantly improved (Lee et al., 2017; Ma et al., 2018; Lee et al., 2019; Yu et al., 2019; Kim et al., 2020; Lee et al., 2020; Mao et al., 2020; Jeong et al., 2021).
3.4.2.2 Cells
In the selected articles on 3D bioprinting, the selection of cells can be divided into single cell printing and multicellular printing according to the number of cells types. For single cell printing, HepG2, HepaRG, PMH and so on are the main cells used. Some studies use these single cells to test the biocompatibility of bioink (Baniasadi et al., 2021), and some research on printing methods (Hong and Song, 2021). In multicellular printing, two types of cells are mainly used, main cells and co-culture cells. Main cells refer to cells that have the role of hepatocytes or can be differentiated into hepatocytes. There are four main categories: cell line, primary cell, stem cell, induced hepatocyte. Co-culture cells refer to cells that are mixed with or printed near main cells, mainly to better mimic the liver environment in vivo. They mainly include human umbilical vascular endothelial cells (HUVEC), fibroblast cells, and fibroblast cells. Kupffer cell and so on. The specific cell classification of each item can be seen in Figure 7.
[image: Figure 7]FIGURE 7 | Cell type on liver 3D Bioprinting.
When talking about the choice of cells, many researchers tend to use cell lines, because they are usually high proliferation and easier to cultivate and transfection. Most of the cell line has been training for decades, which can better adapt to the conditions. However this led to cell lines are genetically and phenotypically different from tissue origin (American Type Culture Collection Standards Development Organization Workgroup ASN, 2010; Lorsch et al., 2014). Primary cells often have normal cell morphology and maintain many important markers and functions in vivo, which can better simulate the environment in vivo. However, comparing with cell lines, primary cells isolated directly from tissues often have a limited lifespan, limited expansion capacity, and require additional nutrients which are not available in conventional culture media. This has hindered researchers from using primary cells for research. Although it may be more difficult to use primary cells, the data obtained using primary cells are more relevant and reflective of the in vivo environment (Alge et al., 2006; Pan et al., 2009). Optimizing the culture conditions of primary cells has become an urgent problem to be solved for the use of primary cells for 3D bioprinting.
3.4.3 Biological application
Among the screened liver-related 3D bioprinting articles, the biological application aspects can be mainly divided into drug research, regenerative medicine, and disease modeling.
Among the drug studies include studies on drug toxicity, drug metabolism, drug screening, etc. Gori et al. (2020) applied 3D bioprinted liver tissue models for drug toxicity studies. They constructed 3D bioprinted liver tissue from HepG2/C3A using Pluronic/alginate semisynthetic hydrogels and demonstrated the high viability and liver-specific metabolic activity of the printed bodies. It was also found that the sensitivity of 3D printed bodies to the hepatotoxic drug acetaminophen was significantly increased compared to 2D cultured cells, making 3D liver tissue models an alternative to in vitro animal models for studying drug-induced hepatotoxicity. Similarly, Lee et al. and Bhise et al. developed liver constructs by 3D bioprinting which exhibited similar drug response to acetaminophen (Bhise et al., 2016; Lee et al., 2019).
In regenerative medicine, Zhong et al. (2016) constructed a hydrogel scaffold containing the human normal hepatocyte line HL-7702 and transplanted it into liver-injured nude mice, and found that the liver function of the transplanted group of nude mice was superior to that of the control group, and the survival time was prolonged compared to the control group, which revealed the great potential of 3D bioprinting for liver function reconstruction and liver tissue regeneration. Kang et al. (2018) constructed 3D liver tissue model using mouse embryonic fibroblast-transformed hepatocytes (miHep), and the expression of liver-specific markers albumin, ASGR1, and HNF4a gradually increased during in vitro culture. And increased proliferation and higher albumin expression were observed when this construct was transplanted into liver-injured mice. This work demonstrates the potential of using 3D bioprinted liver stent as an effective option for liver regeneration therapy. Yang et al. (2021) constructed a liver tissue model using HepaRG cells, which were demonstrated to have albumin secretion, drug metabolism, and glycogen storage under in vitro culture conditions, and subsequently transplanted into Fah gene-deficient chronic liver-injured mice, which acquired human-specific drug metabolism activity, and transplanted prints in which also formed functional vascular system that enhanced substance transport and liver function. Most importantly, the results showed transplant significantly improved the survival of mice with chronic liver failure.
In addition, 3D bioprinting technology has promoted the improvement and application of hepatocellular carcinoma models. Many researchers have constructed single-cell liver cancer models such as hepatocellular carcinoma cell lines HepG2 and Huh7 based on extrusion-based 3D bioprinting. The hepatocellular carcinoma cell lines maintain high viability and retain some functions associated with hepatocytes and were used for liver tissue studies in early studies (Billiet et al., 2014; Jeon et al., 2017; Lewis et al., 2018). Further, Sun et al. characterized the differences between 3D bioprinted hepatocellular carcinoma models and traditional 2D culture models in detail and found that 3D bioprinted hepatocellular carcinoma models have unique gene expression profiles, not only superior to 2D cells in the expression of liver function-related genes, but also enhanced expression of tumor-related characteristic genes, such as proliferation, invasion, stemness, and autophagy (Sun et al., 2020b). In addition, Xie et al. (2021) also made a breakthrough in constructing individualized liver cancer models using 3D bioprinting. They constructed six individualized tumor models of liver cancer patients using 3D bioprinting technology and found that the 3D bioprinted primary liver cancer tissues retained the characteristics of the primary generation such as gene mutation profile, biomarker expression and specific gene expression profile, demonstrating the value of 3D bioprinting in clinical precision therapy applications.
In parallel, advances in 3D bioprinting of liver tissue have led to the development of liver fibrosis models. Norona et al. (2019) used 3D bioprinting of liver tissue containing primary hepatocytes, hepatic stellate cells, and endothelial cells in a typical activated state of stellate cells to mimic compound- and factor-induced liver injury and fibrosis by repeated low-level exposure to methotrexate, thioacetamide, and TGF-β1. Cuvellier et al. (2021) constructed lattice-like liver fibrosis models using hepatic parenchymal cells HepaRG, LX-2, and HUVEC, which were able to settle on the surface of the structures and reconstruct endothelial-like barriers, while protofibrillar collagen deposition was observed. Thus 3D bioprinted liver fibrosis models provide a new platform to study the mechanisms of fibrosis development.
4 DISCUSSION
In recent years, 3D bioprinting technology has developed rapidly, going through different stages from the printing of simple biological materials to the printing of living cells, from the printing of pure biomaterials to the printing of living cells. 3D printing of living cells uses cells and biomaterials as bio-ink, which can precisely control the spatial layout of cells and surrounding microenvironment to maximize the simulation of the real environment in vivo, and is used to build in vitro tissue or organ models, which has great potential for application in organ reconstruction, drug screening, mechanism research, etc. (Sun et al., 2020a).
As mentioned earlier, researchers have been actively exploring the use of 3D bioprinting technology for more than a decade, resulting in breakthroughs in 3D bioprinted liver tissue from scratch, from simple to complex, but there is still much more for exploration. Among them, most of the initial 3D bioprinting used only single cells as cell seeds to verify the feasibility of 3D bioprinted liver tissues, for example, several groups constructed HepG2 lattice-like liver tissues using extrusion-based 3D bioprinting. Jeon et al. (2017) found that HepG2 could proliferate stably in the model constructed by this method, and the expression of genes such as albumin, CYP1A2 and tyrosine aminotransferase in liver tissues was enhanced gradually with the culture time for 14 consecutive days. Zhong et al. (2016) Used the human hepatocyte line LO2 to print lattice-like liver tissue, which showed no significant difference in proliferation from 2D at 1, 3, 5, and 7 days in vitro. Cai et al. constructed in vitro hepatocytes using light-cured 3D bioprinting and human hiHep cells (derived from human fibroblast transdifferentiation), and survival staining showed that most of the cells were in good condition (Mao et al., 2020). Using HepRG cells, Yang et al. (2021) printed lattice-like models as cell seeds, and after a modified process, cell viability was maintained at about 90% from days 1–10 and up to more than 80% after 3 weeks. These single-cell 3D bioprinting have investigated the feasibility of 3D bioprinting and have made an active exploration for the continuous improvement of the process. There is a trend from single cell printing to multicellular printing, and more research is currently being conducted on the construction of multicellular liver tissue. In co-cultures of two types of cells, the most added non-parenchymal cells are vascular endothelial cells, the addition of which contributes to tissue vascularization (Rouwkema and Khademhosseini, 2016). In addition, umbilical vein endothelial cells are the most widely used, followed by stellate cells, which play a key role in liver fibrosis (Grix et al., 2018). Lewis et al. (2019) co-printed mouse bile duct epithelial cells and human Huh7 cells to form liver tissue with bile ducts. Nguyen et al. used human primary hepatocytes/HepaRG, stellate cells and umbilical vein endothelial cells to co-create liver tissue (Nguyen et al., 2016; Cuvellier et al., 2021). In addition, as in the previous discussion about the choice of liver related aspects, although the primary cell life and expansion capacity are limited, and require additional nutrients which are not available in conventional culture media, the primary cell can better simulate the environment of the organism (Alge et al., 2006; Pan et al., 2009). Therefore, it is necessary to solve these shortcomings and use primary cells for 3D bioprinting research.
Before the advent of 3D bioprinting, 2D culture systems and 3D culture systems were often used for constructing in vitro tissue or organ models, conducting drug screening, and studying physiological mechanisms. Compared with the latter, 3D bioprinting has obvious advantages. Among them, the 2D culture system is simple to operate and the technology is more mature, so it is widely used in early research. An important principle of in vitro cell culture is the need to mimic the in vivo cell growth environment as much as possible, but traditional 2D cell line models are overly simplistic and severely detached from the biological system of the organism in culture, ignoring the fact that in real in vivo hepatocytes are 3D structures both morphologically and histologically. It has been shown that the biological behavior and cell-cell information exchange of hepatocytes are greatly affected in a 2D culture system (Treyer and Musch, 2013). In contrast to 3D bioprinting, traditional 2D cell culture lacks complex cell-cell interactions and cell-matrix interactions, and cells grow as a monolayer on the culture dish. Also, it has been found that cells cultured in 3D structures express more liver-specific genes and have better liver architecture than cells cultured in 2D structures (Sun et al., 2020b).
In addition, sandwich culture was an early 3D culture method used. The sandwich culture method was the first 3D culture method developed, which placed tumor cells in a 3D environment and overcame the growth space limitations of 2D flat culture (Swift et al., 2010). However, this culture method still has limitations. Despite more available space, the morphology of hepatocytes in this culture system is flatter compared to hepatocytes in vivo, and the cells lack gap junctions and do not establish spatial structure between each other, lacking cell-to-cell interactions, as well as the relatively short maintenance of albumin and related enzyme secretion by hepatocytes (Berthiaume et al., 1996). Therefore, the physiological and pharmacological studies of hepatocytes using this culture model are not satisfactory.
Meanwhile, organoid has become a hot topic of research, and researchers have constructed various bionic tissue and organ models by inducing stem cells to grow into organoids in vitro, which has led to great progress in tissue engineering, and tumor organoids derived from primary tumor stem cells have become a hot topic in oncology research (Drost and Clevers, 2018). Since organoids must be cultured from stem cells through a complex induction process, it is relatively complicated to conduct relevant studies using this system. In addition, the culture system requires various expensive growth factors and small molecule compounds, resulting in a high cost of the culture process, and more importantly, the diameter of the induced organoid varies due to the in vitro suspension culture, so the pharmacodynamic results obtained in drug screening may be unreliable and poorly reproducible.
There have been many studies using 3D bioprinting to construct liver tissues. For example, a related study used a 3D bioprinting system to construct liver structures from HepG2 cells, and after 3 weeks of culture, the expression of liver-specific markers was quantified by histological, immunohistochemical assays at days 1, 7, 14, and 21, and it was found that compared to 2D culture, the cells in 3D culture grew well (Jeon et al., 2017). In addition, Yang et al. (2021) used HepaRG cells and bioink to construct liver tissues according to a specific 3D printing procedure. And transplanted them into Fah-deficient mice with chronic liver failure and found that 3D-printed bodies acquired a wide range of liver functions such as albumin secretion, drug metabolism and glycogen storage after 7 days of differentiation. The survival rate of Fah-deficient mice transplanted with 3D-printed bodies was also significantly improved, demonstrating that the 3D bioprinted constructed liver tissue has in vivo liver function.
In contrast, 3D bioprinting technology has greater advantages when cells are grown under 3D conditions, both in terms of cellular arrangement and expression of cell-associated genes, more closely resembling biological behavior in vivo. Many 3D printed culture systems are now thought to predict cellular responses more accurately than 2D culture. 3D bioprinting technology is used in the liver field primarily for regenerative medicine, disease modeling and drug research.
As mentioned above, there is a growing organ shortage and tissue-engineered livers have the potential to be a promising alternative. In addition, personalized drug screening for specific patients still needs to be addressed. Currently, 2D cell culture and animal models are commonly used for new drug development and testing, but 2D cell culture cannot simulate the 3D environment in vivo, and animal models are expensive, time-consuming, and differ from human metabolism (Arrowsmith and Miller, 2013). Therefore, it is necessary to develop a new model to simulate the real environment of human liver to achieve stable drug development and testing, and to facilitate research related to liver diseases. 3D bioprinting, an emerging technology, may be a possible alternative to organoid and other bioartificial liver systems, characterized by a high degree of refinement and feasibility in reconstructing the desired tissue or organ, which could potentially replace missing donors in the future or serve as a bridge in the liver transplantation process (Xie et al., 2020).
5 CONCLUSION
Since the first article on 3D bioprinting of the liver appeared in 2005, the authors have sifted through only 71 articles on 3D bioprinting of the liver (Yan et al., 2005). And as mentioned earlier, research on 3D bioprinting in the liver field is still in the preliminary exploration stage. Of these 71 articles, roughly two-thirds are explorations of printing technology, bio-ink, and very few biological application. At present, we can initially apply 3D bioprinting technology to liver-related printing, and preliminarily conduct printing block construction, drug screening, and mechanism research. However, limitations related to the printing process, bio-ink, and cell source still exist during the experimental process. Although the application of liver bioprinting in transplantable functional liver (artificial) organs is still a long way off and needs further development and expansion, the current research shows that liver 3D bioprinting is promising.
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