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INTRODUCTION
Organoids and organ-on-a-chip devices fall under the umbrella of microphysiological systems (MPS), which, in general, can be defined as miniature cell cultures—usually three dimensional (3D) models—that recapitulate aspects of human physiology (Skardal et al., 2016; Clevers, 2019). Today, our field has made significant progress since the days where 2D cell cultures and animal models were our only options as preclinical and basic science experimental model systems. We are privileged to have access to countless cell lines that we can increase the utility of by implementing them in 3D (Prestwich et al., 2007). We have generated biomaterial approaches to create a variety of methods by which to support human patient–derived primary cell–based 3D organoids and tissue constructs. (Mazzocchi et al., 2017). We have merged microfluidic device technology with 3D cell cultures to generate tissue- and tumor-on-a-chip platforms (Bhise et al., 2014). This is a rapidly evolving field. However, adoption of these models—while growing—is still limited given the reliance of biomedical research on 2D cell cultures and animal models. (Maltman and Przyborski, 2010). In this Specialty Grand Challenge, we consider the benefits, the hurdles, and the current implementation and future directions of MPS.
EMBRACING COMPLEXITY
Three dimensional approaches to cell cultures, such as organoids, hydrogel-based constructs, and tissue chips, allow for unprecedented support of cell types that previously were not easy to maintain in 2D cell cultures. As a prime example, only 10–15 years ago, primary human hepatocytes (PHH) were seen as the gold standard for pharmaceutical drug compound toxicity screening. However, the cultures used at the time were either 2D cultures on tissue culture plastic or collagen hydrogel sandwich cultures. Previously, cells would die in about 10 days, during which their functional capabilities (drug metabolism, albumin, and urea production, etc.) would deteriorate drastically within a day or two. In the latter, the collagen sandwich cultures further extended PHH viability, but after 2 or 3 weeks, viability and functionality would quickly deteriorate also. Circa 2012–2015 and onwards, numerous novel biomaterial and 3D culture techniques were invented and deployed, which have made PHH culture relatively straightforward. Examples include integration of decellularized liver extracellular matrix (ECM) into hydrogel biomaterials to provide supporting extracellular matrix (ECM) components and biochemical factors to PHHs (Skardal et al., 2012). Spheroid cultures—both PHH alone and PHHs combined with other liver cells—enabled crucial cell-cell interactions that dramatically improved PHH viability and function (Skardal et al., 2017; Rajan et al., 2020a; Skardal et al., 2020). Today, we have seen numerous liver-on-a-chip devices with impressive in vivo liver-like functionality, albeit appropriately volumetrically scaled down (Kang et al., 2015; Knowlton and Tasoglu, 2016; Bauer et al., 2017). These advancements were made by efforts to move past simplistic cell cultures, and to rather recapitulate the complexities of native tissue microenvironments. Today our MPS portfolio comprises a range of form factors, including relatively simple 3D models such as homogeneous cell spheroids, organoids maintained in ECM hydrogels, organ- and tumor-on-a-chip systems, and integrated multi-tissue “body-on-a-chip” platforms (Figure 1).
[image: Figure 1]FIGURE 1 | Current microphysiological systems (MPS) span a range of form factors. They range from relatively simple (A) spheroids to (B) self-organizing organoids to (C) engineered microfluidic device-based organ-on-a-chip platforms (a blood-brain barrier system is shown) and finally to (D) microfluidic device-based platforms that incorporate multiple tissue types to enable secreted factor or cellular communication between multiple tissue types (a metastasis-on-a-chip platform is shown).
We have seen similar significant advances in other areas of biomedical research, but probably most impressively in the field of cancer research. The adoption of organoids, alternative 3D cultures, and organ-on-a-chip systems have rapidly accelerated in cancer research, perhaps more than in any other disease-specific research space (Shroyer, 2016; Devarasetty et al., 2018; Gr et al., 2019). In vitro cancer MPS occupy spaces in a wide range of cellular, physical, biomaterial, and device-based complexities. Simply moving a common cancer cell line from a 2D tissue culture plastic to a 3D ECM hydrogel matrix can do wonders. A cell line thought to be somewhat artificial can take on highly relevant disease-specific characteristics and serve as a useful research tool (Aleman and Skardal, 2018; Dedhia et al., 2023; Nairon and Skardal, 2023). This is particularly true in rare cancers where patient-derived biospecimen availability for research might be limited.
Utilization of patient-derived cell populations—inherently heterogeneous and more complex than cell lines—can further enhance MPS, in cancer and elsewhere (Vlachogiannis et al., 2018; Ooft et al., 2019). In cancer, the heterogeneity of patient-derived tumor samples can be embraced. The tumor microenvironment (TME) contains many types of cells that are not derived from the tumor itself. These include fibroblasts, immune cells, and many others (Votanopoulos et al., 2019a; Li et al., 2020). As a result, heterogeneous biospecimens from tumors and other tissues are a gift to researchers. They enable the generation of organoids and organ-on-a-chip systems where one can now query biological phenomena such as inflammation and fibrosis (Nairon et al., 2022), and how changes from these phenomena influence disease progression, such as metastasis in the case of cancer (Devarasetty et al., 2017; Devarasetty et al., 2020; Dominijanni et al., 2020). One challenging aspect of in vitro tumor models has been integrating immune cells. This has traditionally been difficult, as many of the immune cells would die off, while tumor cells and stromal cells would survive in cell culture conditions of years past. However, more advanced ECM hydrogel systems, new tissue culture media formulations, and increased cellular heterogeneity have provided increased support for various immune cell types. For example, our hyaluronic acid hydrogel platform has successfully supported T cell maintenance and function within melanoma, sarcoma, Merkel cell carcinoma, and appendiceal cancer patient-derived tumor organoids (Votanopoulos et al., 2019a; Votanopoulos et al., 2019b; Forsythe et al., 2022a; Forsythe et al., 2022b). With resident immune cells, immunotherapies such as immune checkpoint blockade therapies can be explored (Votanopoulos et al., 2019a; Forsythe et al., 2022a; Forsythe et al., 2022b). Likewise, cellular immunotherapies have been assessed using such in vitro model systems (Dominijanni et al., 2020; Yuki et al., 2020). Both chemotherapies and immunotherapies therapies can be tested in such systems, the results of which can potentially be used in the clinic to inform patient-specific therapeutic decisions, something that we have been fortunate to have performed (Votanopoulos et al., 2019a). Efforts are underway at numerous institutions and medical centers to integrate MPS-based diagnostics with clinical decision making.
Ultimately, we can also use these platforms to combine multiple organoids or 3D cultures into serial or parallel recirculating fluid circuits, enabling crosstalk by secreted factors between 3D constructs, or even cellular transport through circulation to different tissue types (Esch et al., 2014; Esch et al., 2016; Skardal et al., 2017; Aleman and Skardal, 2018; Skardal et al., 2020). These multi-tissue MPS have been relatively limited compared to single tissue type MPS, but are rapidly advancing. To date, there have been several interesting studies demonstrating the potential of these technologies. A clever “body-in-a-cube” system comprised of stacked planar tissue chips supported GI tract, liver, bone marrow, and kidney cell lines, with viability percentages ranging from 80% to 95% (Chen et al., 2020). Ronaldson-Bouchard et al. recently demonstrated the development of a liver, heart, bone, and skin body-on-a-chip connected by vascular flow. Importantly, this system moved away from cell lines, instead using a mix of induced pluripotent stem cell (iPSC)-derived cells and primary cells for the most part. This platform remained viable with appropriate tissue-specific phenotypes for 4 weeks and was used to evaluate pharmacokinetic and pharmacodynamic profiles of doxorubicin (Ronaldson-Bouchard et al., 2022). Our lab was fortunate to be part of a team of researchers that first produced a three-tissue liver, lung, and cardiac platform, in which we showed several examples of crosstalk between tissue types following the introduction of several drug compounds (Skardal et al., 2017). Later, we expanded to a six-tissue “body-on-a-chip” platform housing liver, lung, cardiac, vascular, testis, and brain organoids and tissue constructs. This represented a significant increase in biological complexity, which we initially anticipated to be a significant hurdle for keeping each tissue type viable in the integrated system. Interestingly, despite being comprised of over 15 distinct iPSC-derived or primary cell types, a relatively simple tissue culture media could be used. After some inflammatory biomarkers were observed in the initial days of culture, over time the system self-regulated itself through conditioning of the media, and the viability and functionality remained high for 4 weeks (Skardal et al., 2020). These multi-MPS highlight the advancements in complexity that have been made in the field of organ-on-a-chip technology.
LIMITATIONS HOLDING US BACK
Biomaterials
While modern biomaterials have been available for over a decade and a half for tissue engineering applications, the development of new, truly biomimetic biomaterials has lagged behind advances in other areas of science, such as tools for genomics and molecular biology. The term “modern” refers not to biomaterials that are not inert, like metals and ceramics for medical devices of the past, but to biomaterials that mimic the extracellular matrix and dynamically interact with cells (Williams, 2019; Williams, 2022). Despite the fact that advances are being made regularly in the realm of ECM-mimicking hydrogel biomaterials, the fact remains that the vast majority of users fall back on outdated or problematic materials. These include overly simplistic single component collagen or gelatin hydrogels that fail to provide a heterogeneous ECM composition, alginate biomaterials that mammalian cells do not recognize, as well as Matrigel and other basement membrane extract-based biomaterials (Prince et al., 2022). The latter are derived from murine sarcomas and are thus inconsistent and essentially black boxes in terms of composition. As a result, they can introduce countless confounding variables into otherwise well-designed experiments (Li et al., 2010). To be successful, our field requires engineered biomaterial systems that are well-defined, while also recapitulating some aspects of the heterogeneity of native ECM composition.
Biofabrication technologies
When we use the term “biofabrication” many in our field immediately think 3D bioprinting (Mazzocchi et al., 2019; Sun et al., 2020). 3D bioprinting is certainly a mainstay within biofabrication, which can be used to rapidly bioprint small sized 3D tissue and tumor organoids and constructs. However, in the context of 3D models such as organoids and organ-on-a-chip platforms, there exist a much broader collection of engineering techniques that can be—and indeed are—deployed to generate 3D in vitro models. For example, 3D extrusion or inkjet bioprinting is essentially useless if one is working with an already fabricated closed loop microfluidic device-based tissue chip. Fortunately, other creative techniques have been used to introduce 3D cellular constructs within such devices, despite the lack of direct access to the interior volumes of the devices. Specific examples include in situ photopatterning of cell-containing hydrogel precursors within the device channels or chambers using photomasks or direct injection through the device walls or roof with very small diameter syringe needles (Skardal et al., 2015; Rajan et al., 2020a; Rajan et al., 2020b). We can expect a wide variety of creative solutions to biofabricate 3D tissue and tumor constructs in easily accessible environments such as well plates, as well as in more limited environments such as organ-on-a-chip-supporting microfluidic devices.
Regulatory policies
Utilization of organoid and organ-on-a-chip platforms is increasing for a variety of applications. As evidenced by the decision of the United States’ Federal Drug Administration (FDA) to remove the requirement for animal model testing in the drug development pipeline, interest in using bioengineered human cell-based models has become far more widespread than in the past (Teli et al., 2023). However, outside of drug development, MPS can also be used in the context of personalized medicine, as alluded to above. Indeed, we and others have used treatment-response data from tumor organoids to influence patient care, even extending the lifespan of patients (Votanopoulos et al., 2019a). However, despite demonstrating such a powerful use of MPS, due to regulatory hurdles, these occurrences remain rare and are often limited to when a patient has no alternative options. If we could deploy organoid technologies for more patients sooner, one could envision improvements in clinical treatments based on empirical data generated using patient-specific diagnostic treatment screening. However, organoid-based diagnostics are still rare. Such practices need to be approved by regulatory bodies, such as the FDA in the United States or the European Medicines Agency in Europe, and such approval processes are complicated and difficult. Moreover, even if approved, such diagnostic practices require designated facilities that are federally regulated. In the United States, these facilities are Clinical Laboratory Improvement Amendments (CLIA)–regulated laboratories, and not all institutions or medical centers have these facilities. While these regulations exist to keep patients safe, they also serve as barriers that limit the deployment of new technologies that have the potential to make significant positive clinical impacts.
Organoids versus organ-on-a-chip
In addition, it should be noted that the different MPS form factors that have been discussed here—spheroids, organoids, organ-on-a-chip, and body-on-a-chip—come with additional challenges that vary between them. For example, a cell line–based spheroid is simple to create, is generally inexpensive, and is often a more generic representation of a given human physiology or disease state. It enables easy adoption by researchers. However, since the different MPS form factors are quite homogeneous, and again, somewhat generic, they fail to represent individual humans when they are deployed in applications such as drug development or toxicity testing. Organoids can solve this problem as they often do represent a particular tissue of a particular human patient from whom the cells were isolated. When deployed in the applications above, the outcomes stand a much higher chance of representing individual humans, although it should be noted that genetic drift can occur over time in an organoid culture, as with any other cell culture. However, new challenges arise. A patient-derived organoid only represents that patient, and perhaps other genetically similar persons. As a result, to understand how a new drug compound or toxin impact the population, organoids from a large pool of individuals are needed. At this point, logistical challenges can arise. Access to biospecimens from many individuals are needed, which can be significantly difficult, requiring institutional approval to perform human subject research, as well as the facilities necessary to process human tissue. Lastly, these primary cell-based organoids and 3D tissue constructs are generally more difficult to maintain in vitro for long periods of time and often require tissue culture media recipes specific to tissue or even cell type or biomaterial support systems.
Organ-on-a-chip and multi-tissue organ-on-a-chip systems, or “body-on-a-chip” systems, rely on microfluidic devices, which creates additional specific challenges to manage. Beyond the cell-based challenges described above, which certainly still apply, the device hardware adds additional requirements. The first and foremost is fabrication of the microfluidic devices. Traditional microfluidics require the use of soft lithography molding of intricate fluid handling channels in clean rooms, followed by precise alignment of structures with expensive mask aligners (Xia and Whitesides, 1998). Large institutions may have access to such facilities, but not all laboratories do. Fortunately, most organ-on-a-chip devices do not require such high-resolution features, as they largely house and provide media flow to organoids or tissue constructs within. Therefore, lower resolution techniques can be used. This still includes soft lithography molding, but without the need for expensive equipment or other device fabrication methods such as stacking and folding of adhesive film layers or polymethylmethacrylate acrylic sheets with laser cut fluid channel and chamber features (Cooksey and Atencia, 2014; Aleman et al., 2019; Rajan et al., 2020a; Rajan et al., 2020b). Regardless of the fabrication technique, to operate organ-on-a-chip devices, there is often a need to connect tissue culture media reservoirs, tubing, and pumps, resulting in systems with many more moving parts and increased complexity compared to static organoid cultures that may simply be maintained in multi-well plates. Lastly, these microfluidic devices can occasionally have bubbles introduced, which can become lodged in regions of the devices, occluding flow and thus interrupting fresh tissue culture media availability to the cells, often resulting in decreased viability or complete experimental failure. In summary, as one moves from static organoid cultures to more dynamic organ-on-a-chip cultures, many new useful capabilities arise, but along with them come additional challenges to consider and manage.
FINAL THOUGHTS
Microphysiological systems are poised to make a significant contribution to how medicine and biomedical research are performed. In the United States, the FDA decision to remove the absolute requirement for animal model testing in the drug development pipeline serves as a loud signal that the world is open to new technologies and model systems to evaluate the toxicity and efficacy of therapeutics in development. Already, laboratories throughout the world have shown that, in organoids and organ-on-a-chip platforms, we can recapitulate toxicity outcomes observed caused by drug compounds that were removed from the market due to harming or killing human patients, as well as toxicity associated with environmental toxins (Forsythe et al., 2018; Skardal et al., 2020).
Personalized medicine is a clinical area where MPS can make a significant impact. For those of us actively working in this field, this is not a new concept, but for most, it is. We can readily see a clinical workflow where we utilize patient-derived cells to generate MPS specific to a patient. These patient-specific MPS will then be used to test multiple therapeutics to generate empirical data to inform clinicians on which therapeutic should be prescribed to achieve the most effective result with the least amount of side effects. We have already done this in select cases (Votanopoulos et al., 2019a), but there is much red tape to work through to make this standard practice at medical centers throughout the world.
Nevertheless, while organoid, organ-on-a-chip, and similar technologies have hurdles to overcome before universal acceptance and utilization, those of us working in-depth with these technologies stand poised to make a major impact in both biomedical research and clinical enterprises.
AUTHOR CONTRIBUTIONS
AS: Conceptualization, Writing–original draft, Writing–review and editing.
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.
REFERENCES
 Aleman, J., George, S. K., Herberg, S., Devarasetty, M., Porada, C. D., Skardal, A., et al. (2019). Deconstructed microfluidic bone marrow on-A-chip to study normal and malignant hemopoietic cell-niche interactions. Small 15, e1902971. doi:10.1002/smll.201902971
 Aleman, J., and Skardal, A. (2018). A multi-site metastasis-on-a-chip microphysiological system for assessing metastatic preference of cancer cells. Biotechnol. Bioeng. 116, 936–944. doi:10.1002/bit.26871
 Bauer, S., Wennberg Huldt, C., Kanebratt, K. P., Durieux, I., Gunne, D., Andersson, S., et al. (2017). Functional coupling of human pancreatic islets and liver spheroids on-a-chip: towards a novel human ex vivo type 2 diabetes model. Sci. Rep. 7, 14620. doi:10.1038/s41598-017-14815-w
 Bhise, N. S., Ribas, J., Manoharan, V., Zhang, Y. S., Polini, A., Massa, S., et al. (2014). Organ-on-a-chip platforms for studying drug delivery systems. J. Control Release 190, 82–93. doi:10.1016/j.jconrel.2014.05.004
 Chen, L., Yang, Y., Ueno, H., and Esch, M. B. (2020). Body-in-a-Cube: a microphysiological system for multi-tissue co-culture with near-physiological amounts of blood surrogate. Microphysiol Syst. 4, 1. doi:10.21037/mps-19-8
 Clevers, H. C. (2019). Organoids: avatars for personalized medicine. Keio J. Med. 68, 95. doi:10.2302/kjm.68-006-ABST
 Cooksey, G. A., and Atencia, J. (2014). Pneumatic valves in folded 2D and 3D fluidic devices made from plastic films and tapes. Lab. Chip 14, 1665–1668. doi:10.1039/c4lc00173g
 Dedhia, P. H., Sivakumar, H., Rodriguez, M. A., Nairon, K. G., Zent, J. M., Zheng, X., et al. (2023). A 3D adrenocortical carcinoma tumor platform for preclinical modeling of drug response and matrix metalloproteinase activity. Sci. Rep. 13, 15508. doi:10.1038/s41598-023-42659-0
 Devarasetty, M., Dominijanni, A., Herberg, S., Shelkey, E., Skardal, A., and Soker, S. (2020). Simulating the human colorectal cancer microenvironment in 3D tumor-stroma co-cultures in vitro and in vivo. Sci. Rep. 10, 9832. doi:10.1038/s41598-020-66785-1
 Devarasetty, M., Mazzocchi, A. R., and Skardal, A. (2018). Applications of bioengineered 3D tissue and tumor organoids in drug development and precision medicine: current and future. BioDrugs 32, 53–68. doi:10.1007/s40259-017-0258-x
 Devarasetty, M., Skardal, A., Cowdrick, K., Marini, F., and Soker, S. (2017). Bioengineered submucosal organoids for in vitro modeling of colorectal cancer. Tissue Eng. Part A 23, 1026–1041. doi:10.1089/ten.tea.2017.0397
 Dominijanni, A., Devarasetty, M., and Soker, S. (2020). Manipulating the tumor microenvironment in tumor organoids induces phenotypic changes and chemoresistance. iScience 23, 101851. doi:10.1016/j.isci.2020.101851
 Esch, M. B., Smith, A. S., Prot, J. M., Oleaga, C., Hickman, J. J., and Shuler, M. L. (2014). How multi-organ microdevices can help foster drug development. Adv. Drug Deliv. Rev. 69-70, 158–169. doi:10.1016/j.addr.2013.12.003
 Esch, M. B., Ueno, H., Applegate, D. R., and Shuler, M. L. (2016). Modular, pumpless body-on-a-chip platform for the co-culture of GI tract epithelium and 3D primary liver tissue. Lab. Chip 16, 2719–2729. doi:10.1039/c6lc00461j
 Forsythe, S. D., Devarasetty, M., Shupe, T., Bishop, C., Atala, A., Soker, S., et al. (2018). Environmental toxin screening using human-derived 3D bioengineered liver and cardiac organoids. Front. Public Health 6, 103. doi:10.3389/fpubh.2018.00103
 Forsythe, S. D., Erali, R. A., Laney, P., Sivakumar, H., Li, W., Skardal, A., et al. (2022b). Application of immune enhanced organoids in modeling personalized Merkel cell carcinoma research. Sci. Rep. 12, 13865. doi:10.1038/s41598-022-17921-6
 Forsythe, S. D., Sivakumar, H., Erali, R. A., Wajih, N., Li, W., Shen, P., et al. (2022a). Patient-specific sarcoma organoids for personalized translational research: unification of the operating room with rare cancer research and clinical implications. Ann. Surg. Oncol. 29, 7354–7367. doi:10.1245/s10434-022-12086-y
 Granat, L. M., Kambhampati, O., Klosek, S., Niedzwecki, B., Parsa, K., and Zhang, D. (2019). The promises and challenges of patient-derived tumor organoids in drug development and precision oncology. Anim. Model Exp. Med. 2, 150–161. doi:10.1002/ame2.12077
 Kang, Y. B., Sodunke, T. R., Lamontagne, J., Cirillo, J., Rajiv, C., Bouchard, M. J., et al. (2015). Liver sinusoid on a chip: long-term layered co-culture of primary rat hepatocytes and endothelial cells in microfluidic platforms. Biotechnol. Bioeng. 112, 2571–2582. doi:10.1002/bit.25659
 Knowlton, S., and Tasoglu, S. (2016). A bioprinted liver-on-a-chip for drug screening applications. Trends Biotechnol. 34, 681–682. doi:10.1016/j.tibtech.2016.05.014
 Li, H., Dai, W., Xia, X., Wang, R., Zhao, J., Han, L., et al. (2020). Modeling tumor development and metastasis using paired organoids derived from patients with colorectal cancer liver metastases. J. Hematol. Oncol. 13, 119. doi:10.1186/s13045-020-00957-4
 Li, J., Bardy, J., Yap, L. Y. W., Chen, A., Victor, N., Cool, S. M., et al. (2010). Impact of vitronectin concentration and surface properties on the stable propagation of human embryonic stem cells. Biointerphases 5, FA132–142. doi:10.1116/1.3525804
 Maltman, D. J., and Przyborski, S. A. (2010). Developments in three-dimensional cell culture technology aimed at improving the accuracy of in vitro analyses. Biochem. Soc. Trans. 38, 1072–1075. doi:10.1042/bst0381072
 Mazzocchi, A., Soker, S., and Skardal, A. (2019). 3D bioprinting for high-throughput screening: drug screening, disease modeling, and precision medicine applications. Appl. Phys. Rev. 6, 011302. doi:10.1063/1.5056188
 Mazzocchi, A. R., Soker, S., and Skardal, A. (2017). Tumor organoids. Berlin, Germany: Springer Nature, 51–70.
 Nairon, K. G., DePalma, T. J., Zent, J. M., Leight, J. L., and Skardal, A. (2022). Tumor cell-conditioned media drives collagen remodeling via fibroblast and pericyte activation in an in vitro premetastatic niche model. iScience 25, 104645. doi:10.1016/j.isci.2022.104645
 Nairon, K. G., and Skardal, A. (2023). Tissue engineering and regenerative medicine international society. North America Chapter 2023 Annual Conference and Exhibition. 
 Ooft, S. N., Weeber, F., Dijkstra, K. K., McLean, C. M., Kaing, S., van Werkhoven, E., et al. (2019). Patient-derived organoids can predict response to chemotherapy in metastatic colorectal cancer patients. Sci. Transl. Med. 11, eaay2574. doi:10.1126/scitranslmed.aay2574
 Prestwich, G. D., Liu, Y., Yu, B., Shu, X. Z., and Scott, A. (2007). 3-D culture in synthetic extracellular matrices: new tissue models for drug toxicology and cancer drug discovery. Adv. Enzyme Regul. 47, 196–207. doi:10.1016/j.advenzreg.2006.12.012
 Prince, E., Cruickshank, J., Ba-Alawi, W., Hodgson, K., Haight, J., Tobin, C., et al. (2022). Biomimetic hydrogel supports initiation and growth of patient-derived breast tumor organoids. Nat. Commun. 13, 1466. doi:10.1038/s41467-022-28788-6
 Rajan, S. A. P., Aleman, J., Wan, M., Pourhabibi Zarandi, N., Nzou, G., Murphy, S., et al. (2020a). Probing prodrug metabolism and reciprocal toxicity with an integrated and humanized multi-tissue organ-on-a-chip platform. Acta Biomater. 106, 124–135. doi:10.1016/j.actbio.2020.02.015
 Rajan, S. A. P., Skardal, A., and Hall, A. R. (2020b). Multi-domain photopatterned 3D tumor constructs in a micro-physiological system for analysis, quantification, and isolation of infiltrating cells. Adv. Biosyst. 4, e1900273. doi:10.1002/adbi.201900273
 Ronaldson-Bouchard, K., Teles, D., Yeager, K., Tavakol, D. N., Zhao, Y., Chramiec, A., et al. (2022). A multi-organ chip with matured tissue niches linked by vascular flow. Nat. Biomed. Eng. 6, 351–371. doi:10.1038/s41551-022-00882-6
 Shroyer, N. F. (2016). Tumor organoids fill the niche. Cell Stem Cell 18, 686–687. doi:10.1016/j.stem.2016.05.020
 Skardal, A., Aleman, J., Forsythe, S., Rajan, S., Murphy, S., Devarasetty, M., et al. (2020). Drug compound screening in single and integrated multi-organoid body-on-a-chip systems. Biofabrication 12, 025017. doi:10.1088/1758-5090/ab6d36
 Skardal, A., Devarasetty, M., Soker, S., and Hall, A. R. (2015). In situ patterned micro 3D liver constructs for parallel toxicology testing in a fluidic device. Biofabrication 7, 031001. doi:10.1088/1758-5090/7/3/031001
 Skardal, A., Murphy, S. V., Devarasetty, M., Mead, I., Kang, H. W., Seol, Y. J., et al. (2017). Multi-tissue interactions in an integrated three-tissue organ-on-a-chip platform. Sci. Rep. 7, 8837. doi:10.1038/s41598-017-08879-x
 Skardal, A., Shupe, T., and Atala, A. (2016). Organoid-on-a-chip and body-on-a-chip systems for drug screening and disease modeling. Drug Discov. Today 21, 1399–1411. doi:10.1016/j.drudis.2016.07.003
 Skardal, A., Smith, L., Bharadwaj, S., Atala, A., Soker, S., and Zhang, Y. (2012). Tissue specific synthetic ECM hydrogels for 3-D in vitro maintenance of hepatocyte function. Biomaterials 33, 4565–4575. doi:10.1016/j.biomaterials.2012.03.034
 Sun, W., Starly, B., Daly, A. C., Burdick, J. A., Groll, J., Skeldon, G., et al. (2020). The bioprinting roadmap. Biofabrication 12, 022002. doi:10.1088/1758-5090/ab5158
 Teli, P., Kale, V., and Vaidya, A. (2023). Beyond animal models: revolutionizing neurodegenerative disease modeling using 3D in vitro organoids, microfluidic chips, and bioprinting. Cell Tissue Res. 394, 75–91. doi:10.1007/s00441-023-03821-2
 Vlachogiannis, G., Hedayat, S., Vatsiou, A., Jamin, Y., Fernández-Mateos, J., Khan, K., et al. (2018). Patient-derived organoids model treatment response of metastatic gastrointestinal cancers. Science 359, 920–926. doi:10.1126/science.aao2774
 Votanopoulos, K. I., Forsythe, S., Sivakumar, H., Mazzocchi, A., Aleman, J., Miller, L., et al. (2019a). Model of patient-specific immune-enhanced organoids for immunotherapy screening: feasibility study. Ann. Surg. Oncol. 27, 1956–1967. doi:10.1245/s10434-019-08143-8
 Votanopoulos, K. I., Mazzocchi, A., Sivakumar, H., Forsythe, S., Aleman, J., Levine, E. A., et al. (2019b). Appendiceal cancer patient-specific tumor organoid model for predicting chemotherapy efficacy prior to initiation of treatment: a feasibility study. Ann. Surg. Oncol. 26, 139–147. doi:10.1245/s10434-018-7008-2
 Williams, D. F. (2019). Challenges with the development of biomaterials for sustainable tissue engineering. Front. Bioeng. Biotechnol. 7, 127. doi:10.3389/fbioe.2019.00127
 Williams, D. F. (2022). Biocompatibility pathways and mechanisms for bioactive materials: the bioactivity zone. Bioact. Mater 10, 306–322. doi:10.1016/j.bioactmat.2021.08.014
 Xia, Y., and Whitesides, G. M. (1998). Soft lithography. Annu. Rev. Mater Scie 28, 153–184. doi:10.1146/annurev.matsci.28.1.153
 Yuki, K., Cheng, N., Nakano, M., and Kuo, C. J. (2020). Organoid models of tumor immunology. Trends Immunol. 41, 652–664. doi:10.1016/j.it.2020.06.010
Conflict of interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2024 Skardal. 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/xhtml/nav.xhtml
Contents

		Cover

		Grand challenges in organoid and organ-on-a-chip technologies		Introduction

		Embracing complexity

		Limitations holding us back		Biomaterials

		Biofabrication technologies

		Regulatory policies

		Organoids versus organ-on-a-chip





		Final thoughts

		Author contributions

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-12-1366280-g001.gif
A
iostuce
o










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





