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Abstract
Objective
Bioprinting is a tissue engineering technique that is rapidly evolving to include complex clinical applications. However, there is limited evidence describing how far bioprinting has progressed past the pre-clinical stage. Thus, we conducted a scoping review to assess the landscape of clinical studies, including interventional and observational trials, involving bioprinting by charting trends in general characteristics, bioprinting application, and trial design.

Methods
The term “bioprint” and its variants were searched in five trial databases (ICTRP, ScanMedicine, CENTRAL, NIHCC, HCCTD) and two registries (ClinicalTrials.gov, PHRR) on 22 February 2024. This was followed by duplicate removal and dual independent review to finalize the inclusion list. We included trials published in or translated to English mentioning “bioprint” in their design, while we excluded those that did not adhere to our definition of bioprinting. Finally, data were charted and synthesized narratively.

Results
Of 36 total search records, 11 trials met the inclusion criteria. Registration dates ranged from 2016 to 2023, with China conducting the most trials globally. Four trials had published results, while the remaining were still in progress. Four interventional trials aimed to implant bioprinted tissues made with autologous cells, including blood vessels, trachea, external ear, and wound dressings. The other seven studies were interventional and observational trials aiming to bioprint autologous cell-laden in vitro models to study conditions such as cancer.

Conclusion
Bioprinting is still in the early stages of clinical research, with a focus on producing patient-specific tissues for cancer precision medicine and regenerative purposes. More standardized reporting of bioprinting-related information is needed to improve research transparency and replicability. As the body of evidence grows, our review may be used as a framework to monitor the clinical translation of bioprinting over the years.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s41205-025-00253-2.
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Introduction
There is a growing demand for tissue-engineered products to enter the clinical realm. Problems of organ donor shortage and transplant rejection have underlined the need for laboratory-generated implants [1]. Meanwhile, treatment failure in the clinic has emphasized the importance of using in vitro models that closely mimic human tissue for drug screening [2]. These have been the primary issues that tissue engineering has aimed to address over the years [3]. However, the traditional method of seeding cells manually into a scaffold often fails to replicate native human tissue due to low or uneven distribution of cells, presenting a hurdle for clinical translation [4, 5]. This limitation has been addressed in large part by the introduction of 3D printing to the field, birthing a technology known as bioprinting [6].
Bioprinting is the automated deposition of cells, embedded in a scaffold called a bioink, in a three-dimensional structure [7]. In contrast to manual cell seeding, bioprinting enables a uniform distribution of cells in the scaffold and a precise reconstruction of tissue architecture [5]. At the pre-clinical stage, implants have been bioprinted for connective tissue [8, 9], muscle tissue [10, 11], and skin [12]. Complex nerve structures and vasculature have also been integrated into bioprinted constructs [8, 13]. Furthermore, the automated printing process enables high-throughput production of in vitro models for disease simulation and drug screening [14]. Bioprinted models have been used to study cancer [15], liver toxicity [16], and cardiotoxicity [17].
While bioprinting has achieved clear success in the laboratory, its progress into the clinical stage is less known. Most existing reviews summarize pre-clinical bioprinting progress [18–20], with one narrative review focusing on clinical applications of bioprinting [21]. To the best of our knowledge, no review has provided a systematic framework for monitoring bioprinting efforts in clinical studies, which include interventional and observational trials that provide valuable information needed for clinical translation. Such a framework would be valuable for researchers to track the progress of bioprinting from bench to bedside. We have thus conducted a scoping review to answer the question: What is the landscape of clinical studies that have been conducted or are currently in progress involving bioprinting? Specifically, these sub-questions were addressed: 	1.
What trends exist in the general characteristics of clinical studies involving bioprinting, particularly in terms of year posted, recruitment status, and country of origin?

 

	2.
What is the number of clinical studies implementing bioprinting for implantation compared to in vitro modeling?

 

	3.
What conditions are being addressed by bioprinting at the clinical study stage, and how are clinical studies designed to achieve this?

 



Through this scoping review, we aim to provide current insight on the clinical translation of bioprinting, along with a replicable framework for monitoring progress in this field over time.

Methods
This scoping review was conducted based on the Preferred Reporting Items for Systematic reviews and Meta-Analysis extension for Scoping Reviews (PRISMA-ScR) [22]. The review protocol was registered on Protocol Exchange (https://​doi.​org/​10.​21203/​rs.​3.​pex-2552/​v1).
Definitions
We defined bioprinting as the automated printing of live cells, embedded in a biocompatible scaffold called a bioink, in a three-dimensional structure using a device called a bioprinter [7]. Cells must be mixed with the bioink prior to printing and not deposited into an acellular 3D-printed scaffold. While the American Society for Testing and Materials (ASTM) has included such acellular constructs under their definition of bioprinting, we have opted to exclude these to focus on bioprinting as a technique that incorporates cells distinctly from manual cell seeding.
We defined a clinical study as a research study involving human participants aiming to answer a health-related question [23]. Two types of clinical studies are interventional clinical trials and observational studies. We used the revised definition of a clinical trial by the National Institutes of Health (NIH) as published in notice number NOT-OD-15-015: “A research study in which one or more human subjects are prospectively assigned to one or more interventions (which may include placebo or other control) to evaluate the effects of those interventions on health-related biomedical or behavioral outcomes” [24]. Meanwhile, observational studies or trials are clinical studies where health-related outcomes are assessed without assigning participants to an intervention [25]. For simplicity, we refer to both clinical and observational trials as “trials” hereafter. We further defined two categories of trials by bioprinting application: in vitro modeling (or simply “modeling”) and implantation. In a modeling trial, the bioprinted construct is incorporated into the study without being integrated directly into the participant’s body. Meanwhile, in an implantation trial, the bioprinted construct is integrated directly into or onto the participant’s body.
Finally, we distinguished between two types of data sources: primary registries and databases. Primary registries are digital record collections where clinical studies are directly registered. Meanwhile, databases are secondary sources that extract clinical study data from multiple registries or publications.

Data sources and search strategy
Seven data sources were selected for this review (Table 1). Five sources were databases, namely: International Clinical Trials Registry Platform (ICTRP), ScanMedicine, Cochrane Central Register of Controlled Trials (CENTRAL), National Institutes of Health Clinical Center (NIHCC), and Health Canada Clinical Trial Database (HCCTD). ICTRP and ScanMedicine cover all primary registries meeting the World Health Organization (WHO) criteria, including ClinicalTrials.gov [26–28]. CENTRAL was included to capture publications discussing trials not registered in a publicly available database [29]. NIHCC and HCCTD were included to cover trials that may not have been listed elsewhere. Meanwhile, two data sources were primary registries: ClinicalTrials.gov and the Philippine Health Research Registry (PHRR). ClinicalTrials.gov was included as it is the largest trial registry to date [30] and is likely to be frequently updated. Finally, PHRR was included as it was not covered by any other data source at the time of our search.
Table 1Data sources


	Data source
	URL
	Region covered
	Data source type
	Wildcard accepted?

	ICTRP
	https://​trialsearch.​who.​int
	International
	Database
	Yes

	ScanMedicine
	https://​scanmedicine.​com
	International
	Database
	Yes

	CENTRAL
	https://​www.​cochranelibrary.​com/​central
	International
	Database
	Yes

	NIHCC
	https://​clinicalstudies.​info.​nih.​gov
	United States
	Database
	No

	HCCTD
	https://​health-products.​canada.​ca/​ctdb-bdec
	Canada
	Database
	No

	ClinicalTrials.gov
	https://​clinicaltrials.​gov
	International
	Primary registry
	No

	PHRR
	https://​registry.​healthresearch.​ph
	Philippines
	Primary registry
	No


ICTRP International Clinical Trials Registry Platform, CENTRAL Cochrane Central Register of Controlled Trials, NIHCC National Institutes of Health Clinical Center, PHRR Philippine Health Research Registry



Our complete search strategy was published on searchRxiv (https://​doi.​org/​10.​1079/​searchRxiv.​2024.​00466, https://​doi.​org/​10.​1079/​searchRxiv.​2024.​00476). For data sources that accept wildcards, only the term “bioprint*” was searched. For sources not accepting wildcards, the terms “bioprint”, “bioprinted”, and “bioprinting” were searched. While it is possible for a trial to conform to our definition of bioprinting without explicitly using the term “bioprint”, our preliminary searches found that including alternative terms such as “3D printing AND cells” returned too many irrelevant results.

Eligibility criteria and study selection
For a study to be eligible for inclusion, it must be a registered clinical study (i.e., interventional or observational trial) or a publication primarily discussing a clinical study not registered in the aforementioned data sources. The study must be published in or translated into English and must mention “bioprint” in the title, study design, or abstract. Furthermore, the study must employ bioprinting for either modeling or implantation, as defined above. We excluded studies that explicitly did not adhere to our definition of bioprinting. Only studies published before the search date, 22 February 2024, were included in the review. Otherwise, no exclusions were made based on date, location, or other study characteristics. Two authors independently assessed all studies for inclusion (i.e., dual independent review) according to these criteria using Rayyan [31]. In the case of conflicts, all authors met to reach a consensus on the inclusion decision.

Data charting and synthesis
Data from included studies were charted according to a pre-established extraction form (Supplementary Table 1). Items were selected for extraction based on three categories: general study characteristics, bioprinting-related items, and clinical study design. General study characteristics included trial identification (ID) or digital object identifier (DOI), title, URL, responsible party (i.e., sponsor or principal investigator), date first posted, date last updated, actual start date, estimated completion date, country (conducted by), country (conducted where), recruitment status, and status of results. Bioprinting-related items included the bioprinting application (i.e., model or implant), tissue type, cell type or source, and bioink. Clinical study design referred to the condition, study type, phase, description, objectives, types of intervention, inclusion/exclusion criteria, and primary/secondary outcome measures. Two authors manually extracted data from relevant sections of included studies while one author verified the form for accuracy.
Due to the low number of eligible studies, a narrative synthesis of the data was performed. We addressed the three sub-questions of our review, beginning with an analysis of general study characteristics, followed by a comparison of clinical studies for modeling and implantation, and ending with a summary of how each trial implemented bioprinting to address the target conditions.


Results
Study selection
Our search identified 36 records across all data sources, 17 of which were duplicates. The remaining 19 records were subjected to dual independent review. Two records found through CENTRAL were excluded for neither being nor primarily discussing clinical studies. Meanwhile, six records were excluded for not adhering to our definition of bioprinting; most commonly, these trials printed constructs with plastic rather than biocompatible material or did not print with cells. Our final inclusion list consisted of 11 clinical studies (Fig. 1). The ID and title of each included trial are listed in Table 2, while the complete extraction form is in Supplementary Table 1.[image: ]
Fig. 1PRISMA-ScR flow diagram

Table 2Final list of eligible clinical studies


	Trial ID/DOI
	Public title

	ChiCTR-IOR-16009658
	A precision medicine-based clinical study of screening targeted drug combined with chemotherapy for the treatment of primary advanced ovarian cancer

	NCT03832153
	Pan-Cardio-Genetics Clot Assessment in Acute Coronary Syndromes

	NCT03890614
	Novel 3D Hematological Malignancy Organoid to Study Disease Biology and Chemosensitivity (Organoid)

	NCT04755907
	3D Bioprinted Models for Predicting Chemotherapy Response in Colorectal Cancer With/Without Liver Metastases

	NCT04925323
	A dermo-epidermal autologous skin substitute for further therapeutic use (BIOPSKIN)

	ChiCTR2200066886
	Clinical application of 3D bioprinted organoid drug screen in adjuvant chemotherapy of pancreatic cancer

	NCT05955092
	Exploring the Application of 3D Bioprinting for Personalized Treatment in Pancreatic Ductal Adenocarcinoma

	NCT04399239
	AuriNovo for Auricular Reconstruction

	10.1177/15347346211045625
	Management of Diabetic Foot Ulcer with MA-ECM (Minimally Manipulated Autologous Extracellular Matrix) Using 3D Bioprinting Technology - An Innovative Approach

	ChiCTR2100049901
	Study of the safety and efficacy of autologous stem cell 3D bioprinted blood vessels for vascular replacement in patients with peripheral limb arterial disease

	NCT06051747
	Patient-Customized Bioprinting Technology for Practical Regeneration of the Respiratory Tract (Trachea)





General study characteristics
Of the 11 clinical studies included in our review, seven were interventional and four were observational. Ten trials were registered publicly, while one was registered with a local hospital and discussed in a published study (Table 3). Registered trials came from two primary registries, ClinicalTrials.gov (n=7) and Chinese Clinical Trial Registry (ChiCTR) (n=3). Registration dates ranged from 2016 to 2023, with at least one new trial posted every year from 2019 (Fig. 2). The highest number of newly posted trials was in 2021 (n=4).
Table 3General study characteristics


	Trial ID/DOI
	Registry
	Responsible Party
	Registration Year
	Estimated Completion Year
	Country (Conducted By)
	Recruitment Status
	Status of Results

	ChiCTR-IOR-16009658
	ChiCTR
	Department of Gynecology and Obstetrics, Renji Hospital Affiliated to Shanghai Jiao Tong University School of Medicine
	2016
	2019
	China
	Not yet recruiting
	None

	NCT03832153
	ClinicalTrials.gov
	Aristotle University Of Thessaloniki
	2019
	2022
	Greece
	Withdrawn
	None

	NCT03890614
	ClinicalTrials.gov
	Wake Forest University Health Sciences
	2019
	2025
	USA
	Recruiting
	None

	NCT04755907
	ClinicalTrials.gov
	Peking Union Medical College Hospital
	2021
	2023
	China
	Recruiting
	Nonea

	NCT04925323
	ClinicalTrials.gov
	Assistance Publique Hopitaux De Marseille
	2021
	2023
	France
	Recruiting
	Nonea

	ChiCTR2200066886
	ChiCTR
	Peking Union Medical College Hospital, Chinese Academy of Medical Sciences
	2022
	2025
	China
	Not yet recruiting
	None

	NCT05955092
	ClinicalTrials.gov
	Peking Union Medical College Hospital
	2023
	2024
	China
	Recruiting
	Nonea

	NCT04399239
	ClinicalTrials.gov
	3DBio Therapeutics
	2020
	2023
	USA
	Terminated
	None

	10.1177/15347346211045625
	Local hospital registry
	ROKIT Healthcare, Inc.
	2021b
	2021b
	South Korea
	Completed
	Published

	ChiCTR2100049901
	ChiCTR
	West China Hospital of Sichuan University
	2021
	2038
	China
	Recruiting
	None

	NCT06051747
	ClinicalTrials.gov
	Ja Seong Bae, MD, PhD, Seoul St. Mary’s Hospital
	2023
	2025
	South Korea
	Active, not recruiting
	None


ChiCTR Chinese Clinical Trial Registry
 aResults were published but not posted in the registry or database record identified by our search
 bYear of publication



[image: ]
Fig. 2Number of new trials posted per year


According to the recruitment status listed on the original trial records, the majority of trials appeared to be ongoing: either recruiting (n=5), active and not recruiting (n=1), or not yet recruiting (n=1) (Table 3). Meanwhile, one trial was terminated, one withdrawn, and one completed with published results. However, separate searching of each trial ID on Google Scholar and Dimensions AI revealed three associated publications for NCT04755907 [32], NCT05955092 [33], and NCT04925323 [34], all of which were marked as recruiting at the time of our search. Since these publications were identified outside of our search protocol, we have not included them in further analysis.
Trials were conducted by five countries worldwide, with most originating from China (n=5). Three Chinese trials were conducted by the same responsible party, Peking Union Medical College Hospital. Two trials were conducted by groups from South Korea, one of which was completed with published results but not publicly registered (Fig. 3). The United States recorded two trials, but one was terminated due to a company decision unrelated to safety. Although France and Greece also recorded conducting trials, the Greek trial was withdrawn as a result of inadequate funding.[image: ]
Fig. 3Sankey diagram showing relationships between country of trial origin and recruitment status



Applications of bioprinting in clinical studies
Seven trials aimed to bioprint in vitro models, while the remaining four aimed to implant bioprinted constructs into patients (Table 4). Most trials in the modeling category were conducted by groups in China (n=5). Meanwhile, two out of four trials in the implantation category were conducted by South Korean groups (Fig. 4). Most trials in the modeling category were in the recruiting stage according to the trial record (Fig. 5). Only one trial in the implantation category was recruiting, while one was active and not recruiting. The implantation category contained the only terminated trial along with the only trial that was completed with published results.
Table 4Clinical study design and bioprinting-related items


	Trial ID/DOI
	Study type
	Phase
	Application
	Condition/s
	Tissue type
	Cell type/source
	Bioink

	ChiCTR-IOR-16009658
	Interventional
	N/A
	Model
	Ovarian Cancer
	Tumor
	Autologous tumor cells
	Not specified

	NCT03832153
	Observational
	N/A
	Model
	STEMI, Thrombi, MicroRNA
	Not specified
	Not specified
	Not specified

	NCT03890614
	Observational
	N/A
	Model
	Hematologic Malignancy
	Tumor (organoid)
	Autologous myeloma and stromal cells
	Hyaluronic acid and gelatin-based hydrogel

	NCT04755907
	Observational
	N/A
	Model
	Colorectal Cancer, Colorectal Cancer Liver Metastasis
	Tumor (organoid)
	Autologous tumor tissue
	Not specified

	NCT04925323
	Interventional
	N/A
	Model
	Plastic Surgeries
	Skin
	Autologous keratinocytes, fibroblasts
	Not specified

	ChiCTR2200066886
	Interventional
	2
	Model
	Pancreatic Cancer
	Tumor (organoid)
	Autologous tumor tissue
	Not specified

	NCT05955092
	Observational
	N/A
	Model
	Pancreatic Ductal Adenocarcinoma
	Tumor
	Autologous tumor tissue
	Not specified

	NCT04399239
	Interventional
	1/2A
	Implant
	Microtia
	Auricle
	Autologous chondrocytes
	Collagen hydrogel

	10.1177/15347346211045625
	Interventional
	Unknown
	Implant
	Diabetic Foot Ulcer
	Adipose
	Autologous adipose tissue
	Extracellular matrix

	ChiCTR2100049901
	Interventional
	0
	Implant
	Peripheral Limb Arterial Disease
	Blood vessel
	Autologous stem cells
	Not specified

	NCT06051747
	Interventional
	1/2
	Implant
	Thyroid Cancer
	Trachea
	Autologous hNTSCs, hNCs
	Hydrogel matrices


STEMI ST-elevation Myocardial Infarction, hNTSCs nasal cavity stem cells, hNCs nasal septum cartilage cells



[image: ]
Fig. 4Sankey diagram showing relationships between bioprinting application and country of trial origin

[image: ]
Fig. 5Sankey diagram showing relationships between bioprinting application and recruitment status


To identify common themes across trials, we created a word cloud of the top 100 words used throughout all trial descriptions using Simplewordcloud.com (https://​simplewordcloud.​com/​). If a description was unavailable, the trial objective or article abstract was used. Prior to word cloud generation, all duplicate words in each individual description were removed to prevent a single trial from biasing results. Words were transformed to lower case, and common English words were removed. Notable top words included “cancer”, “personalized”, and “regenerative” (Fig. 6).[image: ]
Fig. 6Word cloud of top 100 words from trial descriptions (made with https://​simplewordcloud.​com/​). If a description was unavailable, the trial objective or article abstract was used. All duplicate words per description were removed. Common English words were removed



In vitro modeling
Most trials aiming to bioprint in vitro models targeted cancer (n=5), namely, ovarian (n=1), hematological (n=1), colorectal (n=1), and pancreatic (n=2) cancers (Table 4). Three of these listed the same responsible party, Peking Union Medical College Hospital. The trials aimed to bioprint tumor tissue or organoids, and many mentioned “precision”, “personalized”, or “patient-specific” in the title or study design. The exact cell type and bioink were often unstated, but the cell source was discerned to be autologous tumor tissue in most cases. Only one trial (NCT03890614), targeting hematological malignancy, specified that myeloma and stromal cells were to be printed in a hyaluronic acid and gelatin-based hydrogel bioink. Three trials were observational, aiming to use the bioprinted models to predict drug sensitivity. Primary outcome measures included the response of the model to drug treatment and its correlation with patient response. The trial targeting hematological malignancy also aimed to evaluate the proportion of live to dead cells and tumor-stroma interactions in the bioprinted model. Meanwhile, two trials were interventional, with one classified as phase 2. In these cases, bioprinted models were to be used as screening platforms to optimize the delivery of treatment regimens to participants. Primary outcome measures included one-year survival rate, progression-free survival, and objective response rate. We separately found that two of these trials had published results not linked to the original trial record; namely, NCT04755907 [32] and NCT05955092 [33].
Two trials in the modeling category were not cancer-related. One observational trial registered by Aristotle University Of Thessaloniki (NCT03832153) aimed to bioprint an in vitro model to improve risk stratification for ST Elevation Myocardial Infarction (STEMI) patients. The study did not clarify the cells or bioink to be used, nor the type of tissue to be printed. Primary outcome measures were patient-centric and did not involve the bioprinted model. This trial has since been withdrawn due to lack of funding. Meanwhile, one trial at the Assistance Publique - Hôpitaux de Marseille (NCT04925323) aimed to bioprint a skin substitute with an unspecified bioink using autologous fibroblasts and keratinocytes derived from skin removed during plastic surgery. While the ultimate purpose of the skin substitute product was implantation, the trial itself was an in vitro study. Although the trial was listed as interventional, the interventions referred only to blood and skin sample collection rather than a treatment to be assessed. Primary outcome measures included sterility of the skin and population doubling rate of cells. The study was listed as “recruiting” at the time of the search; however, we separately found that results had been published in July 2023 [34].

Implantation
All trials aiming to implant bioprinted tissues were interventional (Table 4). These trials often mentioned variants of the word “regenerative” in the title or description. Two trials addressed internal conditions, namely, peripheral limb arterial disease and thyroid cancer. The phase 0 trial targeting arterial disease was conducted by a Chinese hospital (ChiCTR2100049901), and it aimed to implant bioprinted blood vessels using autologous stem cells in an unspecified bioink. Primary outcome measures included device success rate, graft patency rate, and an unspecified “primary safety endpoint”. This trial was still recruiting at the time of the search. Meanwhile, the phase 1/2 trial targeting thyroid cancer was conducted by a South Korean hospital (NCT06051747), and it aimed to bioprint a personalized tracheal structure for implantation. Cells to be used were autologous nasal cavity stem cells and nasal septum cartilage cells, while the bioink was simply specified as “hydrogel matrices”. Primary outcome measures included airway lumen opening rate, degree of granuloma formation, and degree of inflammation. The study was marked as “active, not recruiting”.
Two trials in the implantation category targeted external conditions, namely, microtia and diabetic foot ulcers. The phase 1/2A trial targeting microtia was registered by an American company, then titled 3DBio Therapeutics and now PrintBio (NCT04399239). The trial aimed to implant AuriNovo™, an auricle bioprinted using autologous chondrocytes in a collagen bioink and customized to the patient’s ear dimensions. Additional research found that the bioink (ColVivo™) and bioprinter (GMPrint™) to be used were products of PrintBio [35]. Primary outcome measures were safety (based on adverse effects) and efficacy (based on satisfaction scores). However, the trial was terminated due to a company decision unrelated to safety. Finally, one completed trial conducted by a South Korean company (ROKIT Healthcare) bioprinted wound dressings for diabetic foot ulcers [36]. Autologous adipose tissue was lipoaspirated and fragmented to produce a “Minimally Manipulated Autologous Extracellular Matrix (MA-ECM)”. This was used to print custom-fitting wound patches with the Dr. INVIVO bioprinter (ROKIT Healthcare, Seoul, Korea). The patches contained adipose-derived stem cells in the native extracellular matrix, which served as the bioink. All subjects treated with MA-ECM showed complete wound healing at 12 weeks compared to only 50% of the control group. Results were published in a journal, but to our knowledge, the trial had not been posted on a public registry and only registered with the local hospital in India.


Discussion
This scoping review aimed to provide a systematic framework for monitoring the landscape of past and present clinical studies implementing bioprinting with cell-laden material. Other reviews have focused on pre-clinical bioprinting research [18–20] or have only provided a narrative summary of clinical trials involving bioprinting [21]. Through our review protocol, we identified 11 eligible interventional and observational trials, from which we extracted themes in general characteristics, bioprinting application, and trial design.
General trends in bioprinting-related trials can be compared to trends across all published studies on bioprinting as reported by Ding et al. (2023) [18]. Only 11 trials involving bioprinting were posted since 2016, which is small in comparison to over 3,000 published studies on bioprinting since 2007. This may be a reflection of the general difficulty of translating tissue engineering to the clinic [37], along with the relative newness of bioprinting as a technology. Scarcity of funding may be a challenge, with one trial having been withdrawn for this reason. However, the addition of new trials every year suggests a consistent effort to move bioprinting to the clinical stage. Most trials were conducted by groups in China, followed by the United States and South Korea. Notably, these countries were identified by Ding et al. as the global leaders in publishing and funding bioprinting research in general [18].
In vitro modeling was a more popular bioprinting application than implantation at the clinical study stage. This may be due to the added safety risks, regulations, and ethical considerations associated with implantation as an intervention [37]. Most in vitro modeling trials were observational studies targeting cancer, mirroring pre-clinical research where bioprinted cancer models have been extensively validated for drug screening and predictive purposes [38]. Importantly, two modeling trials were interventional, where information from the models was used to adapt the drug treatment administered to participants. In general, the trials in our study shared the primary aims of tissue engineering as a whole: to produce personalized disease models and regenerative implants [3].
All trials that specified cell type used autologous cells for bioprinting. The use of autologous cells is advantageous both in vitro and for implantation, as it allows for patient-specific modeling [38] and lowers the risk of implant rejection [39]. However, bioprinting with allogeneic cells at the clinical study stage remains unexplored. This presents a significant opportunity, as allogeneic cells are more efficient and economic to handle compared to autologous cells [40]. The major risk of using allogeneic cells is immune rejection; however, ways to minimize this effect are being explored [40]. Tissue engineering with allogeneic cells has been performed at the clinical study stage [41], and bioprinting with allogeneic cells has been studied preclinically [42, 43].
There were a number of limitations to consider in our study. First, our definition of bioprinting did not include acellularly printed constructs, which may be classified under bioprinting in other studies. Furthermore, several trials did not fully describe their bioprinting methods, making it unclear whether they adhered to our definition of bioprinting. Due to the limited available evidence, we decided to include all cases that did not explicitly violate our definition. We did not include grey literature sources as we wanted to prioritize registered or published trials. Furthermore, our search strategy limited results to studies mentioning variants of “bioprint” in the database entry. We encountered one instance where our search did not capture an otherwise eligible trial listed in ICTRP (JRCT2053200022) and CENTRAL [44], as it only used the term “bio 3D printer” in the entry. Finally, we encountered instances where published results were not linked to the original trial records (which classified the trials as still recruiting). Thus, these results were not captured by our review.
We can make several recommendations based on our findings. First, there is a need for more detailed reporting of bioprinting methods in clinical studies to enhance transparency and replicability. It is also best practice for researchers to publicly register clinical studies and keep trial records updated when results are published. Proper registration would help promote transparency and reduce publication bias or selective reporting in the field [45]. To capture any published results not linked to the original trial record, an additional step can be added to our review protocol where eligible trial IDs are inputted into scientific literature search engines. Alternative data sources may also be explored, such as grey literature (e.g., bioprinting company websites and press releases), roundtable discussions with experts, or surveys conducted at bioprinting conferences. Finally, as more eligible trials are registered, future scoping reviews may choose to focus on interventional trials  by checking the “Study type” section (when available as a data field in the searched database or registry) during the “﻿Identification”﻿ phase (Fig. 1) or by filtering during dual independent review in the ﻿“Screening”﻿ phase.

Conclusion
We have presented, to our knowledge, the first scoping review of bioprinting efforts at the clinical and observational trial stage. We identified 11 trials across five countries registered from 2016 to 2023. Seven trials aimed to use bioprinting to produce in vitro, patient-derived models of disease. Meanwhile, four interventional trials aimed to implant bioprinted tissues into participants, with statuses of recruiting, active, completed, and terminated. The objectives of these trials reflected general trends in tissue engineering, namely, a focus on using autologous cells for cancer precision medicine and regenerative purposes. The limited number of eligible studies shows that bioprinting is only beginning its transition from bench to bedside. In this early stage, we posit a need for more transparency among clinical researchers in registering trials and reporting bioprinting-related information. This would enable future studies to compare bioprinting methods across trials and draw connections to clinical outcomes, when available. While progress may be slower than at the pre-clinical stage, the body of bioprinting-related trials is growing, and our review framework may be used to monitor the evolution of this field over time.
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