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Abstract

Background: Satisfactory therapeutic strategies for cartilaginous lesion repair do not yet exist. This creates a challenge for
surgeons and biomedical engineers and leads them to investigate the role of bioprinting and tissue engineering as viable treatments
through orthopedic surgery, plastic surgery, and otorhinolaryngology. Recent increases in related scientific literature suggest that
bioprinted cartilage may develop into a viable solution.

Objective: The objectives of this review were to (1) synthesize the scientific advances published to date, (2) identify unresolved
technical problems regarding human application, and (3) identify more effective ways for the scientific community to transfer
their findings to clinicians.

Methods: This scoping review considered articles published between 2009 and 2019 that were identified through searching
PubMed, Scopus, Web of Science, and Google Scholar. Arksey and O'Malley’s five-step framework was used to delimit and
direct the initial search results, from which we established the following research questions: (1) What do authors of current
research say about human application? (2) What necessary technical improvements are identified in the research? (3) On which
issues do the authors agree? and (4) What future research priorities emerge in the studies? We used the Cohen kappa statistic to
validate the interrater reliability.

Results: The 13 articles included in the review demonstrated the feasibility of cartilage bioprinting in live animal studies. Some
investigators are already considering short-term human experimentation, although technical limitations still need to be resolved.
Both the use and manufacturing process of stem cells need to be standardized, and a consensus is needed regarding the composition
of hydrogels. Using on-site printing strategies and predesigned implants may allow techniques to adapt to multiple situations. In
addition, the predictive capacity of implant behavior may lead to optimal results.

Conclusions: Cartilage bioprinting for surgical applications is nearing its initial use in humans. Current research suggests that
surgeons will soon be able to replace damaged tissue with bioprinted material.

(JMIR Form Res 2019;3(3):e15017) doi: 10.2196/15017
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Introduction

Cartilage is a specialized connective tissue devoid of nerves,
blood, and lymph vessels. It has flexible characteristics and
consists of an abundant extracellular matrix and chondrocytes.
Articular cartilage lesions do not heal spontaneously and lead
to impaired function, progressive disability, and decreased
quality of life [1]. Traumatic and degenerative cartilage injuries
represent one of the most challenging and frustrating clinical
scenarios.

Medical specialties have a long history of adopting new
solutions for patient problems, including new techniques to
repair or replace damaged tissue, such as total joint replacement
by orthopedic surgeons, cornea replacement in ophthalmology,
and repairing malformations or congenital absence of the ear
(ie, microtia) [2]. Repairing or replacing damaged or absent
cartilage structures, such as the ear or nose, presents a significant
challenge in reconstructive plastic surgery; in these cases, a
clinically conceivable procedure needs to be created, because
current procedures often involve multiple surgeries [3] and
complications, such as infections, tissue necrosis, pain, and the
risk of an undesirable result [4].

Bioprinting technology (ie, three-dimensional [3D]) is a new
approach that allows the regeneration of cartilaginous structures
using cartilaginous cells in a biocompatible environment. The
3D shape of the bioprinting product can be exact, which is very
important in nasal septum or external ear reconstruction [5].

Tissue engineering and regenerative medicine are life science
fields that use the principles of tissue engineering to regenerate
damaged structures or create new ones [6]. Better understanding
of how to optimize patient care can improve outcomes and
quality of life, allowing more efficient use of health resources.
Results of previous research [7,8] suggest that the most logical
next step is to examine surgeons’ responses to this new
therapeutic possibility. Reviewing, analyzing, and categorizing
the different research activities in this new field [9] will help
define the scope and depth of future research and identify gaps
in critical knowledge [10]. This review synthesizes published
studies on bioprinted cartilage to accomplish the following: (1)
identify the current state of cartilage bioprinting, (2) identify
the technical issues associated with human application, and (3)
highlight the need to extend the advanced knowledge to
clinicians.

Methods

Overview
Previous literature in this field lacks specificity; therefore, a
scoping study methodology was chosen to correctly identify
information gaps and precisely illustrate future research needs.
The scoping review system creates a map of the published
literature to explore the methodological and empirical
differences in various knowledge areas.

Study Design

Overview
A scoping review methodology was chosen because it is more
exploratory and less methodological than systematic reviews;
this was essential to meet the study objectives. The research
strategy was modified according to Arksey and O'Malley’s [11]
methodological framework, which proposes a five-stage
transparent process for replicating research strategies to increase
the reliability of the results. The first stage clarifies and links
the study purpose and the research questions; stage two balances
feasibility with the breadth of the research process; stage three
includes study selection; stage four involves mapping the data;
and stage five summarizes the findings.

Clarifying and Linking the Purpose to Research
Questions
This study aimed to identify the current status of cartilage
bioprinting and the associated influence on clinical use, as well
as to subsequently improve the information that reaches
surgeons. The following research questions guided the search:

1. What do authors of current research say about
human application?

2. What necessary technical improvements are
identified in the research?

3. On which issues do authors agree?

4. What future research priorities emerge in the
studies?

After determining the research questions, we developed a
conceptual framework to define and map the key concepts of
bioprinted cartilage and to identify research gaps that may hinder
using bioprinting techniques in human applications (see Figure
1). The conceptual framework guided both the analysis and the
systematic presentation of the summarized data. The four
research questions comprised the main branches of the
framework, and the extracted data were categorized into four
blocks, which answer our research questions.

Balancing Viability With the Breadth of the Process
The bibliographic search was conducted between January and
March 2019 and included Scopus, Web of Science, and PubMed
databases. Choosing the correct key terms was critical to
facilitating maximum coverage of the related research literature
[12]. We used Medical Subject Headings (MeSH) terminology
to increase search sensitivity: “bioprinting” AND “surgery”
AND “cartilage” OR “surgical procedures.” We also examined
each article’s reference list and conducted additional Google
Scholar searches on research terms available in the gray
literature. This expanded the search by adding the following
terms: #bioprinting, #articular cartilage, #tissue engineering,
#cartilage, #stem cells, #scaffolding, #biofabrication, #cartilage
regeneration, #surgery, #transplantation, #cartilage tissue
engineering, and #clinical translation.
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Figure 1. Conceptual framework of the scoping review.

Study Selection
Bioprinted cartilage technology has changed in recent years;
consequently, only a limited number of articles, some of which
were already in the authors' bibliography archives, were
included. Scoping reviews [13] are used to map underlying
concepts; therefore, as in other types of knowledge synthesis
[14], it is essential to define the methods. In 2015, the Joanna
Briggs Institute published the methodological guidelines [15]
for presenting a broad view of the evidence, regardless of study
quality; clarifying key concepts; and identifying gaps [16]. This
methodology involves incorporating a checklist to increase
method transparency, judge validity and reliability, and
adequately handle the search [17]. Among the existing forms
of presentation, we focused on the revised and expanded
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses-Rapid Reviews (PRISMA-RR) [18]. Figure 2
illustrates the transparency of the article selection.

The electronic database search, the Internet hand search, and
the archive database search identified 418 articles; 275 were
excluded because the main concepts of our search were only
cited in the context of this work. A total of 81 duplicates were
also excluded as well as 31 articles due to exclusion criteria
(see Table 1). Interrater agreement was analyzed for the
remaining 31 articles using the Cohen kappa statistic [19-21],
which indicated a moderate level of agreement among our
evaluators and yielded a total of 13 articles for analysis.

Extracting and Charting the Results
Kok and Schuit [22] proposed a method to map research
contributions to improve the impact of research on the
population’s health. The method focuses on producing
anticipatory processes and extending, disseminating, and using
knowledge. The articles selected for analysis through evaluator
agreement were all published between 2016 and 2019.

The collected articles were organized by author, title, year,
country, and type of article (see Table 2). The selected articles
originated from the United States (4/13, 31%) [23-26], China
(2/13, 15%) [27,28], Korea (2/13, 15%) [29,30], Sweden (2/13,
15%) [31,32], Australia (2/13, 15%) [33,34], and Canada (1/13,
8%) [35].

Reporting the Findings
The articles were classified by following types of study design:

1. Live research (ie, carried out on animals).
2. Literature reviews.
3. Surgical applications.
4. Clinical translation (ie, a review methodology focused on

clinical application).

We also referenced the summarized information of each article
for future interpretations.

Availability of Data and Materials
The data used and analyzed in this study are available from the
primary author upon reasonable request.
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Figure 2. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram for the scoping review process.

Table 1. Inclusion and exclusion criteria.

Exclusion criteriaInclusion criteriaCriteria

Non-EnglishEnglishLanguage

Before 20092009-2019Year of publication

NoYesPeer reviewed

Study design •• Clinical trials in phase I/IIOriginal research
• •In vivo study Studies conducted in the laboratory environment
• Literature revision
• Description of surgical procedures

Not obtainedObtainedEthical permission
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Table 2. Selected articles.

Type of articleCountryYearTitleAuthors

Live researchAustralia2018In situ handheld three-dimensional bioprinting for cartilage regener-
ation

Di Bella et al [34]

Live researchAustralia2018Biofabrication of human articular cartilage: A path towards the de-
velopment of a clinical treatment

Onofrillo et al [33]

Live researchCanada2019Homogeneous hydroxyapatite/alginate composite hydrogel promotes
calcified cartilage matrix deposition with potential for three-dimen-
sional bioprinting

You et al [35]

Live researchSweden2018Skin grafting on 3D bioprinted cartilage constructs in vivoApelgren et al [31]

Literature reviewUnited States2018Three-dimensional bioprinting of articular cartilage: A systematic
review

Wu et al [25]

Literature reviewUnited States2019Three-dimensional bioprinting for bone and cartilage restoration in
orthopaedic surgery

Dhawan et al [26]

Literature reviewUnited States2017Concise review: Bioprinting of stem cells for transplantable tissue
fabrication

Leberfinger et al [24]

Surgical applicationKorea2017Chondrocytes and stem cells in 3D-bioprinted structures create hu-
man cartilage in vivo

Apelgren et al [30]

Surgical applicationKorea2019Three-dimensional printing of a patient- specific engineered nasal
cartilage for augmentative rhinoplasty

Yi et al [29]

Surgical applicationSweden2019A 3-dimensional bioprinted tracheal segment implant pilot study:
Rabbit tracheal resection with graft implantation

Kaye [32]

Surgical applicationChina2017In situ repair of bone and cartilage defects using 3D scanning and
3D printing

Li [27]

Surgical applicationUnited States2017Current strategies for integrative cartilage repairBoushell [23]

Clinical translationChina2017Recent progress in cartilage tissue engineering: Our experience and
future directions

Liu et al [28]

Results

Overview
Table 2 lists the articles included in this review. All reviewed
studies contributed to understanding the complexity of applying
cartilage bioprinting in humans. Table 3 summarizes the authors’
contributions regarding the first research question. This grouping
allowed us to identify the approach according to the lines of
research. The articles included in the group of in vivo studies
emphasized the applied aspects of technology development,
such as the elements that constituted the process (eg, bioink and
its composition, replicability and cell viability, and the
bioprinter), as well as bioprinting intervention strategies that
included the use of a Biopen (ie, a manual bioprinter) with
preclinical results in large animals. This is the strategy closest
to human experimentation, according to the authors who used
it.

Clinical Translation
Questions that arise from the studies cover a wide range of
possibilities. Key elements for clinical translation included
scalability and lesion characteristics, such as different lesion
geometries and measurements. Insights from surgical application

studies included problems specific to orthopedic, plastic, and
otorhinolaryngology surgery. To progress toward human
application, each surgical strategy must overcome these
application-specific challenges. In addition, Boushell et al [23]
opened debate on the scaffold versus cellular approaches. Li et
al’s [27] translational study provided specific reading aimed at
clinical professionals to establish synergies with basic research.
Its goal was to reach surgical professionals not directly involved
in the research.

Table 4 details the technical improvements identified in the
studies that were necessary to continue progressing toward
human application. In general, they involve two concepts:
cellular sources and biomaterials, including scaffolds and
hydrogels. Onofrillo [33], Apelgren et al [31], and Leberfinger
[24] prioritized the need to develop protocols for obtaining cells;
they also recognized that, despite variable sources, all cells must
maintain chondrogenic capacity, not cause morbidity at the
donor site, expand easily in the culture without losing phenotype,
and support the mechanical load in the joint case. Di Bella et
al [34], You et al [35], and Wu et al [25] presented disparate
technical aspects that should be improved, since they followed
different research paths. However, they all identified necessary
biomaterial and scaffolding improvements, although the types
of recommended improvements did not coincide.
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Table 3. Authors’ perspectives about current research for human application.

Details and authors’ perspectivesType of article, authors, year

Live research

Authors used the Biopen manual printing system in the operating room for implanting cartilage directly into the
bed of a lesion. They suggested that this system would improve the possibility of use in humans because it facilitates
in situ implant creation, and they have demonstrated clinical efficacy and safety in large animals. They have not
detected intraoperative or perioperative complications. The preliminary data obtained on the safety and stability
of the in vivo characteristics of the implanted cartilage suggest that use of the technique in humans may not be far
off.

Di Bella et al, 2018 [34]

Authors used the Biopen system and contributed to defining a possible clinical bioprinting protocol for application
in humans. They studied the cell viability and characteristics of bioinks to ensure that the created cartilaginous
tissue was similar to native tissue. They concluded that their discoveries allow customized repair of cartilaginous
lesions in humans.

Onofrillo et al, 2018 [33]

Authors studied hydrogel composition to improve the printing and dispersion of particles in situ. They reported
that their investigations represent a step toward implantation in humans because they improved the mimesis with
the osteochondral junction.

You et al, 2019 [35]

Authors in this mouse study investigated implanting skin-coated chondrocytes for application in auricular recon-
structive surgeries. They suggested that for human surgery applications, it is necessary to show that the reconstruction
procedure is clinically conceivable and replicable. The results increased the clinical potential in humans.

Apelgren et al, 2018 [31]

Literature reviews

 

Authors demonstrated that articular cartilage bioprinting is a tissue engineering strategy that has potential transla-
tional value.

Wu et al, 2018 [25]

Authors reported scalability, geometric, and lesion measurement problems that may pose barriers to human appli-
cation. They suggested the use of tomographic images for the design of the implant and its accuracy.

Dhawan et al, 2019 [26]

Authors analyzed the essential elements of the bioprinting process, the different cellular sources, the bioink, and
the implants with and without scaffolding. They conducted a cost-effectiveness study to evaluate the feasibility of
clinical translation.

Leberfinger et al, 2017 [24]

Surgical applications

 

Authors studied the creation of cartilage with human chondrocytes in vivo; they also quantified the chondrogenic
potential in combination with mesenchymal stem cells in bioprinting constructions implanted in mice for their ap-
plication in plastic surgery.

Apelgren et al, 2017 [30]

Authors established a procedure based on a 3D computer-aided model to generate a customized nasal implant design.
They reported that computer design is necessary for creating human implants.

Yi et al, 2019 [29]

In their pilot study, authors investigated the feasibility of introducing a functional in vivo tracheal replacement in
rabbits.

Kaye et al, 2019 [32]

Authors conducted a study to improve the cartilage defect imaging in orthopedic surgery for implementation in
humans; they concluded that it is necessary to optimize the imaging process.

Li et al, 2017 [27]

Authors defended the use of scaffolding versus the cellular approach in human applications for orthopedic surgery.
They noted that scaffolding requires fewer chondrocytes and that the functional mechanical properties of the tissue
are more easily achieved by scaffolding.

Boushell et al, 2016 [23]

Clinical translation

Authors identified key aspects in clinical translation for human use in orthopedic surgery: (1) integration with
subchondral bone for correct load distribution, (2) ensure the coincidence in the mechanical properties between
the native cartilage and the implant to avoid the degradation caused by the tensional disparity, (3) guarantee resistance
under deformations and movements, and (4) recapitulate different zonal architecture to achieve the structure-
function relationship of the native cartilage.

Liu et al, 2017 [28]
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Table 4. Needed improvements in the technical aspects.

Needed improvementsType of article, authors, year

Live research

The chemical characteristics of the biomaterial need to be improved to ensure adhesion of the implant in depth and
thickness at the site of the injury.

Di Bella et al, 2018 [34]

The ideal cell type for cartilage regeneration is still a matter of debate, as it has to be ensured that the cells obtained
have a proven chondrogenic capacity, do not cause morbidity in the donor site, and are easily expandable in the
culture without losing their phenotype.

Onofrillo et al, 2018 [33]

The properties of hydrogels must be improved. The authors’ findings show the promise of alginate/hydroxyapatite
hydrogel printed on 3D scaffolds with a porous structure for calcified and bioprinted cartilage formation.

You et al, 2019 [35]

A model of bioprinted cartilage for an atrium has the potential to have a very elaborate form; however, authors
state that they still need to obtain an adequate skin coverage that allows for highlighting of these high-resolution
forms in the in vivo application.

Apelgren et al, 2018 [31]

Literature reviews

The mechanical strength in bioprinting without scaffolding should be further investigated, along with the toxicity
in the implanted cells. For the authors, bioprinting without scaffolding offers many possibilities for the future since
it reaches a relatively high initial cell density without the inclusion of biomaterials; this translates into more space
for extracellular matrix deposition as well as facilitating better cell-cell interaction, generating biomimetics, pre-
serving cellular functionality, and eliminating tissue biodegradation.

Wu et al, 2018 [25]

The protocolization of technological manufacturing strategies of bioprinted cartilage needs improvement in order
to allow its scalability. This technology would have the ability to manufacture tissues in clinically relevant volumes
and address defects of different sizes and geometries.

Dhawan et al, 2019 [26]

To ensure the clinical safety of obtained cells, necessary manufacturing facilities must be created for processing,
including isolation facilities in hospitals, to facilitate the transition toward clinical use. Among the cellular sources
that could be used, the authors point out embryonic stem cells, induced pluripotent cells, and adult stem cells from
bone marrow and adipose tissue.

Leberfinger et al, 2017 [24]

Surgical applications

A significant challenge in reconstructive plastic surgery is the approach that allows the regeneration of cartilage
structures using autologous cells dispersed in biocompatible scaffolds. Several problems associated with this method
have not yet been investigated or resolved, including load-bearing capacities, shear strength, elastic characteristics,
and resistance to degeneration.

Apelgren et al, 2017 [30]

In patients who require a nasal implant, the postoperative characteristics of the skin that will cover the implant
must be improved to ensure that it is not affected by the external pressure generated later, nor by the degradation
of the biomaterials in the long term. The authors propose a pre- and postoperative control algorithm that calculates
all the variables.

Yi et al, 2019 [29]

In their in vivo study of the implantation of a trachea seeded with cells, authors detected the need to cover the implant
with a membrane to avoid inflammatory reactions and stenosis of the light when applied in humans. These findings
are essential for the future of reconstruction and implantation of tracheal grafts.

Kaye et al, 2019 [32]

It is necessary to visualize the cartilaginous defect with computed tomography, synthesize suitable biomaterials,
and print hydrogels in a personalized way in a short time. The use of a specific bioprinter to carry out this process
is necessary to achieve the objective of personalized implants in situ through bioprinting.

Li et al, 2017 [27]

The characterization, optimization, and standardization of models in large animals will be critical for the next phase
of the investigation for cartilage repair. In addition to the development of better culture models, more research is
needed to fully understand the long-term maintenance and homeostasis interface of the integration strategies to
ensure the success of the procedure.

Boushell et al, 2016 [23]

Clinical translation

Improving collaboration between materials scientists and experts from other fields related to tissue engineering is
of vital importance to obtain hydrogels with balanced mechanical properties, electrical conductivity, degradation
rate, biocompatibility, and chondro-inducing properties.

Liu et al, 2017 [28]

The surgical application studies focused on certain surgical
approaches and identified specific technical improvements
needed to obtain better results; improvements included an
algorithm to ensure that the nasal implant is not degraded or
subjected to excessive long-term pressure [29]; a process to
guarantee the characteristics of the skin of the ear in plastic
surgery [31]; and in otorhinolaryngology, the use of a membrane

trachea coating and image processing to optimize surgical results
[36].

Table 5 reflects those aspects that were identified as recurrent
among the different groups. An elaborate synthesis of the
elements shared across the studies was completed. Analyzing
these recurring elements allowed us to understand the group
positions and identify the main shared aspects.
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Table 5. Issues upon which the authors agreed.

IssuesType of article, authors, year

Live research

Once tested on animals, it is necessary to design a strategy to detect whether the implant has been kept in situ in
order to move on to human trials.

Di Bella et al, 2018 [34]

To guarantee stability in situ, a gradient of osteogenic and chondrogenic growth factors should be added to the
hydrogel to promote selective tissue differentiation that would allow the formation of bone and cartilage, acquiring
the complete osteochondral unit.

Onofrillo et al, 2018 [33]

To ensure that the skin regeneration characteristics obtained in mice can be extrapolated to humans, they will need
to perform the same experiment on large animals with regenerative capacities more similar to humans.

You et al, 2019 [35]

To ensure cell viability and optimal measurement of the implant to preserve atrial features, large animals must be
investigated.

Apelgren et al, 2018 [31]

Common opinion: the next steps are to expand the research on large animals and to prolong the monitoring time
to confirm the preliminary results of cell viability, in situ conservation of the implanted tissue, maintenance of the
mechanical characteristics, and long-term lateral integration.

All authors

Literature reviews

Advances so far have allowed the replication of the anatomical structures, the biological function, and the mechan-
ical properties of the implant; however, it is necessary to continue analyzing the viability and the autoimmune re-
sponse of the implanted cells before the various stimuli to which they are subjected in the living organism are acti-
vated.

Wu et al, 2018 [25]

These specific designs for the patient must be protocolized, not only concerning the geometry of the implant but
also at the anatomical level of defect.

Dhawan et al, 2019 [26]

The authors have found that the lack of standardized and efficient differentiation protocols of stem cells leads to
variable results among groups of researchers.

Leberfinger et al, 2017 [24]

Common opinion: the authors consider it essential to protocolize cell differentiation and to ensure viability, chon-
drogenic differentiation, scalability, and control of autoimmune reactions for implantation in humans.

All authors

Surgical applications

It is necessary to extend the control period in experimental animals to assess stability and long-term integration in
order to ensure the absence of malignancy.

Apelgren et al, 2017 [30]

It is necessary to ensure the long-term maintenance of the implant shape in large constructions and to control the
central hypoxia of the implant; this would avoid an insufficient supply of oxygen and nutrients to the cells through
the hydrogel that allows its diffusion.

Yi et al, 2019 [29]

When an ideal tracheal replacement graft is constructed, the ability to fully integrate in vivo depends on its immuno-
genicity and its ability to promote revascularization. Also, any tracheal replacement graft must be a mechanical
and functional complement similar to the native trachea.

Kaye et al, 2019 [32]

It is necessary to establish a methodology for in situ printing mediated by images for personalized implants. The
proportion of balanced hydrogel between the speed of printing and the maintenance of cell viability must be con-
sidered as an indispensable part of the bioprinting. The structural characteristics and zonal organization of normal
articular cartilage should be considered.

Li et al, 2017 [27]

Further exploration of appropriate culture models is required to obtain tissue integrity and prevent ectopic calcifi-
cations. A long-term solution for the treatment of full-thickness cartilage defects must be developed.

Boushell et al, 2016 [23]

Common opinion: long-term evaluation is essential to ensure the maintenance of the form, the mechanical and
functional resistance of the implant, as well as vascularization. A clinically relevant methodology must be established.

All authors

Table 6 reflects the lines that suggest prioritizing diverse groups.
These were derived from the specific research studies, and
therefore there was no shared opinion. At a general level,
however, more research on manufacturing strategies to establish

the role of scaffolding and accelerate integration of native and
newly formed cartilage is required. Finally, when the technology
is available to humans, the results obtained from bioprinted
cartilage should be compared to the traditional gold standard.
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Table 6. Future research priorities proposed by the authors.

Future research prioritiesType of article, authors, year

Live research

Authors propose the use of the Biopen for its ease of use, which does not require prior training by the surgeon.
They highlight the need for more trials to evaluate the biomechanical characteristics of cartilage.

Di Bella et al, 2018 [34]

Authors propose studying the phenotype, cell migration, matrix deposition, proteolytic activity, and the rate of
degradation of the construct; they propose this in order to evaluate and correlate with the formation of new cartilage
and to better understand the interaction between human adipose-derived stem cells and the gelatin methacry-
late/hyaluronic methacrylate cross-linked hydrogel.

Onofrillo et al, 2018 [33]

Authors propose that the combination of alginate/hydroxyapatite should be considered a critical component for the
regeneration of the osteochondral interface of the skeletal joints.

You et al, 2019 [35]

Authors propose a methodology capable of evaluating the in vivo proliferation of chondrocytes, alone and in a
combination with mesenchymal cells. They suggest that their technique is viable in that it maintains the proliferative
capacity of cartilage over time.

Apelgren et al, 2018 [31]

Literature reviews

Authors propose studying the mechanical forces that are applied to the knee and that a semiconfined compression
is a good way to mimic the native mechanical environment in future studies. Thus, it will be possible to study how
the mechanical stimuli regulate the cell activities in the bioprinted constructs.

Wu et al, 2018 [25]

Authors propose that when the technology is available for humans and once bioprinted cartilage implants are obtained,
they can be compared with the traditional gold standard.

Dhawan et al, 2019 [26]

Authors recommend carefully studying the growth factors that are part of the biomaterials before proceeding to
standardize the bioprinting and implantation of the graft.

Leberfinger et al, 2017 [24]

Surgical applications

Authors propose exploring other cellular sources from in vivo studies to compare before standardizing the bioprinting
process. Stem cells derived from adipose tissue that could support chondrogenesis are proposed. They propose
lengthening the study time in vivo to confirm the stability of the cartilage shape, elastic characteristics, and integrity.

Apelgren et al, 2017 [30]

Authors propose investigating algorithms for implant applications in other types of tissues, since they argue for
the high versatility of the technology; the availability of various extracellular matrix materials of the tissue; and
the pluripotency of the human adipose-derived stem cells. This contributes to the structural accuracy of the nasal
cartilage, and the hydrogel provides a favorable environment for chondrogenic differentiation and the formation
of neocartilage.

Yi et al, 2019 [29]

Authors propose that for uses of cartilage bioprinting where the implant should not be integrated (eg, the trachea),
the study of separating membranes that allow the implanted organ to remain isolated is recommended.

Kaye et al, 2019 [32]

Authors propose the use of bioprinting with assistance from a scanned image for significant segmental defects of
long bones and open chondral lesions. The technique allows a dual approach to cartilage and bone.

Li et al, 2017 [27]

Authors propose new strategies of clinical management based on research with personalized scaffolds combined
with chemotactic factors; these would give rise to a stable, functional repair with good long-term results.

Boushell et al, 2016 [23]

Clinical translation

Authors propose elaboration of a guide of Good Manufacturing Practice that allows the complete production of
cartilaginous grafts on a large scale. Most of the new developments in engineering of cartilage tissue have not yet
translated into measurable improvements for clinicians.

Liu et al, 2017 [28]

Discussion

Principal Findings
In recent years, there has been an increase in the annual
publication of articles on cartilage bioprinting, contributing to
the knowledge and management of this process. The
methodology adopted in this review allowed us to analyze 13
articles and present systematically summarized data. No clinical
trials in humans have been identified to date. Tests with large
animals presented some challenges and suggested possible
strategies [37]. In this context, the reviewed articles provided
polyhedral visions to the problem and proposed lines of research
to progress toward human application. Identifying four groups
based on research characteristics allowed us to establish

synergies, understand confluences across studies, and highlight
specific problems that surfaced as well as potential problems
that may emerge as the field advances.

The Biopen [33,34] is the technique most likely to be applied
in humans in the short term. The Biopen arose out of a
collaboration between researchers at the University of
Wollongong-based Australian Research Council Centre of
Excellence for Electromaterials Science and orthopedic surgeons
at St. Vincent’s Hospital in Melbourne. The Biopen technique
is based on a small bioprinter that is easy to handle and is loaded
with biological inks composed of stem cells inside a biopolymer,
which in turn is protected by a second layer of hydrogel. The
exchange of injectors allows different cells to be deposited at
different concentrations on the surface to be repaired and, thus,
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recreates the zonal anatomy of native cartilage. It is then
solidified by an ultraviolet light embedded in the pen. It is an
attractive proposition for surgeons since its use does not require
a long learning curve. The Biopen allows precise positioning
of cells and biomaterials, rapid placement at the defect site, and
minimal manipulation by the surgeon. Other authors advocate
the predesign rather than in situ design of the implant: Yi et al
[29], Apelgren et al [31], Li et al [36], Kaye et al [32], and
Boushell et al [23]. These five studies focus on surgical
applications in plastic surgery, otorhinolaryngology, and
orthopedics.

The characteristics of these approaches make it difficult to use
on-site technologies, while the preoperative design of the
implants is necessary. In Kaye et al’s study [32], tracheal
substitution started from a decellularized extracellular matrix
trachea and subsequently seeded cells. Currently, in situ
application of the technique appears to be restricted to joint
injuries, despite being in a more advanced state of research. The
image-mediated design, with algorithms such as those proposed
by Yi et al [29], allows an implant, as similar as possible, while
allowing for preoperative assessment of pressure and skin
growth effects in plastic surgery implants. For Li et al [36] and
Yi et al [29], the use of images is a line that must be exploited
to ensure functional transplants with preservation capacity in
both nasal and orthopedic applications. The Biopen technique
would make it possible to ignore image studies, which contain
a certain margin of error. This is evident in both Li et al’s [36]
and Yi et al’s [29] studies, where they recommended technical
improvements for obtaining and processing previous images to
guarantee the implant design and facilitate optimal implantation.

Both impression approaches face a series of challenges,
including maintenance of the implant form, cell viability, and
mechanical resistance. The interface between the implant and
adjoining native tissues also needs to be addressed. Form
maintenance encompasses different strategies, such as the use
of desacralized structures, as described by Kaye et al [32] with
tracheal implants.

Scaffolds can contribute rigidity and mechanical resistance to
the implant. In scaffolding, a structure with synthetic
biopolymers provides mechanical support to maintain shape
and load, while hydrogel provides a biological environment for
regeneration of bioprinted cartilage [5]. Boushell et al [23]
advocated the use of scaffolds insofar as they require a lower
cellular concentration and facilitate the mechanical properties
of the implant, which seems to adopt better
mechanical-functional behaviors. On the other hand, Biopen
techniques do not require a classic scaffold; however, they
should guarantee both peri- and postoperative safety,
functionality, and nondegradation of the construct, while
scaffolds must ensure lateral integration of the implant. There
is debate about the usefulness of scaffolds in orthopedic surgery.
To date, lateral integration of the implant has not been confirmed
with enough clarity.

Implant integration and fixation are aspects that can affect all
the analyzed proposals. Correct integration and fixation of the
neocartilage requires geometric measures of the osteochondral
lesion’s total volume. Resistance to implanted cartilage

degradation should be guaranteed in the long term, whether or
not scaffolding is used. Wu et al [25] proposed semiconfined
compression as an excellent way to mimic the native mechanical
environment in future studies, facilitating research on how
mechanical stimuli regulate cell activities in bioprinted
constructs.

The risk of inflammation or the contraction or deformation of
the implanted tissue, either with or without a scaffold, affecting
the end result should not be overlooked. Kaye et al’s [32] work
highlighted this difficulty in tracheal surgery; Yi et al [29]
advocated greater precision in the algorithm to ensure that there
is no modification of the postoperative nasal implant related to
external causes. Postoperative cellular viability, such as
maintaining cellular replication over time, must be analyzed by
methods such as those proposed by Apelgren et al [30]. To date,
the Biopen technique has not provided long-term viability results
in large animals.

The hydrogels used must respond to a variety of biological
needs, ensuring balanced mechanical properties, electrical
conductivity, degradation rate, biocompatibility, and
chondro-inducing properties [27]. Specific equilibria can be
found in the speed of printing and the maintenance of cell
viability [36]. In plastic surgery and otorhinolaryngology, they
must also allow the correct irrigation of the tissue to avoid
situations of hypoxia. The combination of biomaterials, such
as alginate/hydroxyapatite [35] or a cross-linked gelatin
methacrylate/hyaluronic methacrylate [33], should be considered
a critical component for regeneration of the osteochondral
interface in orthopedic surgery.

The cellular source of the implants is the last element of debate.
There are two issues: cellular origin and cell treatment. The
cells can be obtained from adult tissue-derived stem cells (ie,
fat cells, bone marrow, and others), mesenchymal stem cells,
autologous chondrocytes, and induced pluripotent cells.
Researchers used two types of cells in the reviewed works:
mesenchymal stem cells and stem cells derived from adipocytes.
Cells extracted from the patient encounter extraction problems,
but the chondrogenic capacity facilitates cellular processing and
regulatory requirements, which are much higher with stem cells.
Standardizing all steps in the process (eg, cell differentiation,
the composition of the hydrogels, and the speed of printing) is
necessary to enable translation to humans [27].

Identified Gaps
Although approaches differ depending on the study type and
the application, a series of gaps and challenges were identified
that were shared across studies, although there are differences
in the ease of resolution, functional technique, and surgical
strategies:

1. Optimum integration with the host subchondral bone and
cartilage must be achieved.

2. The biological, biomechanical, and degradation properties
of the bioprinted cartilage must be ensured.

3. A systematic manufacturing process must be developed
and implant preservation, cellular sources, and the role of
scaffolds must be optimized.
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4. Clinical safety related to the effects of implants on native
tissues must be examined.

Challenges

Overview
Surgical challenges similar to allogeneic organ transplants,
including cellular ischemia and size adjustment, will persist.
According to Li et al [36], the size match can be planned before
surgery with computed tomography and computer-aided design
images [38]. The implanted tissue must be composed of
biocompatible materials that are integrated into the native cells,
allowing growth and preventing an immune response. Ethical
dilemmas and regulatory problems are also likely to arise as
this technology advances.

Ethical Dilemmas
To avoid an immune response in current transplants and lifelong
treatment, adult stem cells offer the ability to produce autologous
tissue that prevents the need for immunosuppressive therapy
[24]. Support and biocompatible biological components must
have a low inflammatory response to prevent the appearance
of macrophages [39]. Even small changes in the chemical,
physical (ie, structure and degradation), and mechanical
properties of bioprinting materials can affect the integrity and
biocompatibility of the structural component and, ultimately,
the performance after it is implanted [40].

Two crucial nonclinical challenges will also affect
implementation of this technology: regulation and costs. The
reviewed studies focused primarily on specific technical aspects,
except for the Leberfinger et al study [24], which investigated
cost relationships. In addition, Liu et al [27] suggested a need
for useful practice manuals to facilitate both the translation and
regulation of the techniques.

Regulation
Currently, when cells are modified and combined with a scaffold
that provides physical support for the growth of new tissue, they
are regulated as biological products in the United States and as
advanced therapy drugs in the European Union (EU) [41]. The
regulatory aspects that align development of these combined
products lack clarity, both in the EU and in the United States.
There is also uncertainty regarding the potential impact of
current proposals to amend the EU directive on medical products
[42].

Costs
One concern associated with personalized regenerative medicine
is the uncertainty regarding the cost of obtained tissues [40].
Costs associated with cell acquisition and processing, scaffold
manufacturing, bioreactor maturation, surgical implantation,
and postoperative care are also likely to be substantial, but it is
not clear how they will compare with the current cost of
transplants [43]. As with any new scientific advance, costs will

probably decrease as technology evolves and becomes more
efficient.

Implications for Future Research
Bioprinting technologies are unique in that they allow a certain
pattern of multiple cell types and materials to recreate the native
structure of cartilage [44]. Future studies should evaluate other
sources of multipotent stem cells, such as stem cells derived
from adipose tissue or from mesenchymal or other cells, to
support chondrogenesis. These stem cells can be easy to collect,
and some studies report that they have substantial proliferative
potential [30].

Collectively, the analyzed studies demonstrate the feasibility
of cartilage engineering and underscore the need for a
continuous biological barrier between the neo-cartilage and the
bone region. It is likely that the biphasic design alone is not
sufficient to achieve consistent and functional cartilage, as well
as formation and integration into the subchondral bone [30].
Peripheral distribution in the matrix formation, as well as correct
orientation of the collagen fibers and mechanical resistance to
tension, are vital elements in cartilage tissue engineering [33].
Although in vivo testing has been conducted in large animals,
before progressing to human trials it is necessary to specify and
resolve the detected gaps to establish the necessary physical
and biomechanical characteristics, address potential implant
degradation, and ensure transverse integration of the graft in
the host.

Strengths and Limitations
One limitation is the heterogeneity of the selected articles.
Evaluating the methodological quality of the included studies
was not within the scope of this review, which aimed to identify
and synthesize the key concepts in cartilage bioprinting research.
There may be additional relevant works that were not identified
by the search strategy used in this review.

This concise review presented the evolving technology of
cartilage bioprinting and its main components, with a particular
focus on clinical translation. This work contributes a summary
and update of current research in this area, which can be made
available to clinicians to facilitate a better understanding of this
new technology.

Conclusions
Human applications for bioprinted cartilage are likely to emerge
in the near future. Advanced research on bioprinted cartilage
can become a spearhead for adapting the technology to bioprint
other types of tissue. On-site printing strategies and predesigned
models can adapt to different situations. In addition, as imaging
technology advances, processing implants and identifying the
predictive capacity of implant behavior will allow better results.
Regulation of the technology across different countries and
cost-effectiveness of the technique will also need to be addressed
in future studies.

Acknowledgments
We thank Luis Fernández-Luque for his contributions to clarity and structure and Francesc Lopez Seguí for his advice.

JMIR Form Res 2019 | vol. 3 | iss. 3 | e15017 | p. 11http://formative.jmir.org/2019/3/e15017/
(page number not for citation purposes)

Salvador Vergés et alJMIR FORMATIVE RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Authors' Contributions
ASV conducted the study and data analysis with MY. BS and FGC contributed to the writing and editing of the manuscript. All
authors read and approved the final version of the manuscript.

Conflicts of Interest
None declared.

References

1. Chen D, Shen J, Zhao W, Wang T, Han L, Hamilton JL, et al. Osteoarthritis: Toward a comprehensive understanding of
pathological mechanism. Bone Res 2017;5:16044 [FREE Full text] [doi: 10.1038/boneres.2016.44] [Medline: 28149655]

2. Frenzel H. Hearing rehabilitation in congenital middle ear malformation. Adv Otorhinolaryngol 2018;81:32-42. [doi:
10.1159/000485525] [Medline: 29794426]

3. Firmin F, Marchac A. A novel algorithm for autologous ear reconstruction. Semin Plast Surg 2011 Nov;25(4):257-264
[FREE Full text] [doi: 10.1055/s-0031-1288917] [Medline: 23115531]

4. Zopf DA, Iams W, Kim JC, Baker SR, Moyer JS. Full-thickness skin graft overlying a separately harvested auricular
cartilage graft for nasal alar reconstruction. JAMA Facial Plast Surg 2013 Mar 01;15(2):131-134. [doi:
10.1001/2013.jamafacial.25] [Medline: 23519340]

5. Kang HW, Yoo JJ, Atala A. Bioprinted scaffolds for cartilage tissue engineering. Methods Mol Biol 2015
Nov;1340(4):161-169 [FREE Full text] [doi: 10.1007/978-1-4939-2938-2_11] [Medline: 26445837]

6. Dzobo K, Thomford NE, Senthebane DA, Shipanga H, Rowe A, Dandara C, et al. Advances in regenerative medicine and
tissue engineering: Innovation and transformation of medicine. Stem Cells Int 2018;2018:2495848 [FREE Full text] [doi:
10.1155/2018/2495848] [Medline: 30154861]

7. Salvador Verges À, Fernández-Luque L, López Seguí F, Yildirim M, Salvador-Mata B, García Cuyàs F. Orthopedic
surgeons' perspectives on the decision-making process for the use of bioprinter cartilage grafts: Web-based survey. Interact
J Med Res 2019 May 15;8(2):e14028 [FREE Full text] [doi: 10.2196/14028] [Medline: 31094326]

8. Salvador Verges À, Fernández-Luque L, Yildirim M, Salvador-Mata B, Garcia Cuyàs F. Perspectives of orthopedic surgeons
on the clinical use of bioprinted cartilage: Qualitative study. JMIR Biomed Eng 2019 Feb 28;4(1):e12148. [doi:
10.2196/12148]

9. Moher D, Tetzlaff J, Tricco AC, Sampson M, Altman DG. Epidemiology and reporting characteristics of systematic reviews.
PLoS Med 2007 Mar 27;4(3):e78 [FREE Full text] [doi: 10.1371/journal.pmed.0040078] [Medline: 17388659]

10. Lang ES, Wyer PC, Haynes RB. Knowledge translation: Closing the evidence-to-practice gap. Ann Emerg Med 2007
Mar;49(3):355-363. [doi: 10.1016/j.annemergmed.2006.08.022] [Medline: 17084943]

11. Arksey H, O'Malley L. Scoping studies: Towards a methodological framework. Int J Soc Res Methodol 2005 Feb;8(1):19-32
[FREE Full text] [doi: 10.1080/1364557032000119616]

12. Jenkins M. Evaluation of methodological search filters: A review. Health Info Libr J 2004 Sep;21(3):148-163. [doi:
10.1111/j.1471-1842.2004.00511.x] [Medline: 15318913]

13. Tricco AC, Lillie E, Zarin W, O'Brien K, Colquhoun H, Kastner M, et al. A scoping review on the conduct and reporting
of scoping reviews. BMC Med Res Methodol 2016 Feb 09;16:15. [doi: 10.1186/s12874-016-0116-4] [Medline: 26857112]

14. Munn Z, Peters MDJ, Stern C, Tufanaru C, McArthur A, Aromataris E. Systematic review or scoping review? Guidance
for authors when choosing between a systematic or scoping review approach. BMC Med Res Methodol 2018 Nov
19;18(1):143 [FREE Full text] [doi: 10.1186/s12874-018-0611-x] [Medline: 30453902]

15. Peters M, Godfrey C, Khalil H, McInerney P, Parker D, Soares C. Guidance for conducting systematic scoping reviews.
Int J Evid Based Healthc 2015 Sep;13(3):141-146. [doi: 10.1097/XEB.0000000000000050] [Medline: 26134548]

16. Evensen AE, Sanson-Fisher R, D'Este C, Fitzgerald M. Trends in publications regarding evidence-practice gaps: A literature
review. Implement Sci 2010 Feb 03;5:11 [FREE Full text] [doi: 10.1186/1748-5908-5-11] [Medline: 20181079]

17. Daudt HM, van Mossel C, Scott SJ. Enhancing the scoping study methodology: A large, inter-professional team's experience
with Arksey and O'Malley's framework. BMC Med Res Methodol 2013 Mar 23;13:48 [FREE Full text] [doi:
10.1186/1471-2288-13-48] [Medline: 23522333]

18. Stevens A, Garritty C, Hersi M, Moher D. Developing PRISMA-RR, A Reporting Guideline for Rapid Reviews of Primary
Studies (Protocol). Oxford, UK: EQUATOR Network; 2018 Feb. URL: http://www.equator-network.org/wp-content/
uploads/2018/02/PRISMA-RR-protocol.pdf [accessed 2019-08-21]

19. McHugh ML. Interrater reliability: The kappa statistic. Biochem Med (Zagreb) 2012:276-282. [doi: 10.11613/BM.2012.031]
20. Landis JR, Koch GG. The measurement of observer agreement for categorical data. Biometrics 1977 Mar;33(1):159. [doi:

10.2307/2529310]
21. Fleiss JL. The Design and Analysis of Clinical Experiments. New York, NY: John Wiley & Sons; 1986.
22. Kok M, Schuit A. Contribution mapping: A method for mapping the contribution of research to enhance its impact. Health

Res Policy Syst 2012 Jul 02;10:21 [FREE Full text] [doi: 10.1186/1478-4505-10-21] [Medline: 22748169]

JMIR Form Res 2019 | vol. 3 | iss. 3 | e15017 | p. 12http://formative.jmir.org/2019/3/e15017/
(page number not for citation purposes)

Salvador Vergés et alJMIR FORMATIVE RESEARCH

XSL•FO
RenderX

http://europepmc.org/abstract/MED/28149655
http://dx.doi.org/10.1038/boneres.2016.44
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28149655&dopt=Abstract
http://dx.doi.org/10.1159/000485525
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29794426&dopt=Abstract
http://europepmc.org/abstract/MED/23115531
http://dx.doi.org/10.1055/s-0031-1288917
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23115531&dopt=Abstract
http://dx.doi.org/10.1001/2013.jamafacial.25
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23519340&dopt=Abstract
http://europepmc.org/abstract/MED/23115531
http://dx.doi.org/10.1007/978-1-4939-2938-2_11
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26445837&dopt=Abstract
https://dx.doi.org/10.1155/2018/2495848
http://dx.doi.org/10.1155/2018/2495848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30154861&dopt=Abstract
https://www.i-jmr.org/2019/2/e14028/
http://dx.doi.org/10.2196/14028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31094326&dopt=Abstract
http://dx.doi.org/10.2196/12148
http://dx.plos.org/10.1371/journal.pmed.0040078
http://dx.doi.org/10.1371/journal.pmed.0040078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17388659&dopt=Abstract
http://dx.doi.org/10.1016/j.annemergmed.2006.08.022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17084943&dopt=Abstract
https://www.tandfonline.com/doi/abs/10.1080/1364557032000119616
http://dx.doi.org/10.1080/1364557032000119616
http://dx.doi.org/10.1111/j.1471-1842.2004.00511.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15318913&dopt=Abstract
http://dx.doi.org/10.1186/s12874-016-0116-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26857112&dopt=Abstract
https://bmcmedresmethodol.biomedcentral.com/articles/10.1186/s12874-018-0611-x
http://dx.doi.org/10.1186/s12874-018-0611-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30453902&dopt=Abstract
http://dx.doi.org/10.1097/XEB.0000000000000050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26134548&dopt=Abstract
https://implementationscience.biomedcentral.com/articles/10.1186/1748-5908-5-11
http://dx.doi.org/10.1186/1748-5908-5-11
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20181079&dopt=Abstract
https://bmcmedresmethodol.biomedcentral.com/articles/10.1186/1471-2288-13-48
http://dx.doi.org/10.1186/1471-2288-13-48
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23522333&dopt=Abstract
http://www.equator-network.org/wp-content/uploads/2018/02/PRISMA-RR-protocol.pdf
http://www.equator-network.org/wp-content/uploads/2018/02/PRISMA-RR-protocol.pdf
http://dx.doi.org/10.11613/BM.2012.031
http://dx.doi.org/10.2307/2529310
https://health-policy-systems.biomedcentral.com/articles/10.1186/1478-4505-10-21
http://dx.doi.org/10.1186/1478-4505-10-21
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22748169&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


23. Boushell MK, Hung CT, Hunziker EB, Strauss EJ, Lu HH. Current strategies for integrative cartilage repair. Connect Tissue
Res 2017 Sep 06;58(5):393-406. [doi: 10.1080/03008207.2016.1231180] [Medline: 27599801]

24. Leberfinger AN, Ravnic DJ, Dhawan A, Ozbolat IT. Concise review: Bioprinting of stem cells for transplantable tissue
fabrication. Stem Cells Transl Med 2017 Oct 24;6(10):1940-1948 [FREE Full text] [doi: 10.1002/sctm.17-0148] [Medline:
28836738]

25. Wu Y, Kennedy P, Bonazza N, Yu Y, Dhawan A, Ozbolat I. Three-dimensional bioprinting of articular cartilage: A
systematic review. Cartilage 2018 Oct 29:1947603518809410. [doi: 10.1177/1947603518809410] [Medline: 30373384]

26. Dhawan A, Kennedy PM, Rizk EB, Ozbolat IT. Three-dimensional bioprinting for bone and cartilage restoration in
orthopaedic surgery. J Am Acad Orthop Surg 2019 Mar 01;27(5):e215-e226. [doi: 10.5435/JAAOS-D-17-00632] [Medline:
30371527]

27. Li L, Yu F, Shi J, Shen S, Teng H, Yang J, et al. In situ repair of bone and cartilage defects using 3D scanning and 3D
printing. Sci Rep 2017 Aug 25;7(1):9416 [FREE Full text] [doi: 10.1038/s41598-017-10060-3] [Medline: 28842703]

28. Liu Y, Zhou G, Cao Y. Recent progress in cartilage tissue engineering: Our experience and future directions. Eng 2017
Feb;3(1):28-35. [doi: 10.1016/J.ENG.2017.01.010]

29. Yi H, Choi Y, Jung JW, Jang J, Song T, Chae S, et al. Three-dimensional printing of a patient-specific engineered nasal
cartilage for augmentative rhinoplasty. J Tissue Eng 2019 Jan 16;10:2041731418824797 [FREE Full text] [doi:
10.1177/2041731418824797] [Medline: 30728937]

30. Apelgren P, Amoroso M, Lindahl A, Brantsing C, Rotter N, Gatenholm P, et al. Chondrocytes and stem cells in 3D-bioprinted
structures create human cartilage in vivo. PLoS One 2017 Dec 13;12(12):e0189428 [FREE Full text] [doi:
10.1371/journal.pone.0189428] [Medline: 29236765]

31. Apelgren P, Amoroso M, Säljö K, Lindahl A, Brantsing C, Stridh Orrhult L, et al. Skin grafting on 3D bioprinted cartilage
constructs in vivo. Plast Reconstr Surg Glob Open 2018 Sep;6(9):e1930 [FREE Full text] [doi:
10.1097/GOX.0000000000001930] [Medline: 30349794]

32. Kaye R, Goldstein T, Grande DA, Zeltsman D, Smith LP. A 3-dimensional bioprinted tracheal segment implant pilot study:
Rabbit tracheal resection with graft implantation. Int J Pediatr Otorhinolaryngol 2019 Feb;117:175-178. [doi:
10.1016/j.ijporl.2018.11.010] [Medline: 30579077]

33. Onofrillo C, Duchi S, O'Connell CD, Blanchard R, O'Connor AJ, Scott M, et al. Biofabrication of human articular cartilage:
A path towards the development of a clinical treatment. Biofabrication 2018 Aug 21;10(4):045006. [doi:
10.1088/1758-5090/aad8d9] [Medline: 30088479]

34. Di Bella C, Duchi S, O'Connell CD, Blanchard R, Augustine C, Yue Z, et al. In situ handheld three-dimensional bioprinting
for cartilage regeneration. J Tissue Eng Regen Med 2018 Mar 25;12(3):611-621. [doi: 10.1002/term.2476] [Medline:
28512850]

35. You F, Chen X, Cooper DML, Chang T, Eames BF. Homogeneous hydroxyapatite/alginate composite hydrogel promotes
calcified cartilage matrix deposition with potential for three-dimensional bioprinting. Biofabrication 2018 Dec
27;11(1):015015 [FREE Full text] [doi: 10.1088/1758-5090/aaf44a] [Medline: 30524110]

36. Li L, Yu F, Shi J, Shen S, Teng H, Yang J, et al. In situ repair of bone and cartilage defects using 3D scanning and 3D
printing. Sci Rep 2017 Aug 25;7(1):9416 [FREE Full text] [doi: 10.1038/s41598-017-10060-3] [Medline: 28842703]

37. Roseti L, Cavallo C, Desando G, Parisi V, Petretta M, Bartolotti I, et al. Three-dimensional bioprinting of cartilage by the
use of stem cells: A strategy to improve regeneration. Materials (Basel) 2018 Sep 17;11(9) [FREE Full text] [doi:
10.3390/ma11091749] [Medline: 30227656]

38. Ravnic DJ, Leberfinger AN, Koduru SV, Hospodiuk M, Moncal KK, Datta P, et al. Transplantation of bioprinted tissues
and organs: Technical and clinical challenges and future perspectives. Ann Surg 2017 Jul;266(1):48-58. [doi:
10.1097/SLA.0000000000002141] [Medline: 28594678]

39. Kzhyshkowska J, Gudima A, Riabov V, Dollinger C, Lavalle P, Vrana NE. Macrophage responses to implants: Prospects
for personalized medicine. J Leukoc Biol 2015 Dec 13;98(6):953-962. [doi: 10.1189/jlb.5VMR0415-166R] [Medline:
26168797]

40. Pink J. Medical Device and Diagnostic Industry (MD+DI). 2015 Mar 06. Risks of additive manufacturing: A product safety
perspective URL: https://www.mddionline.com/risks-additive-manufacturing-product-safety-perspective [accessed
2019-08-21]

41. Hourd P, Medcalf N, Segal J, Williams DJ. A 3D bioprinting exemplar of the consequences of the regulatory requirements
on customized processes. Regen Med 2015 Oct;10(7):863-883. [doi: 10.2217/rme.15.52] [Medline: 26565684]

42. Directive 2001/83/EC of the European Parliament and of the Council of 6 November 2001 on the Community Code Relating
to Medicinal Products for Human Use. Brussels, Belgium: European Commission; 2012 Nov 16. URL: https://ec.europa.eu/
health/sites/health/files/files/eudralex/vol-1/dir_2001_83_consol_2012/dir_2001_83_cons_2012_en.pdf [accessed 2019-08-21]

43. von Zur-Mühlen B, Wintzell V, Levine A, Rosenlund M, Kilany S, Nordling S, et al. Healthcare resource use, cost, and
sick leave following kidney transplantation in Sweden: A population-based, 5-year, retrospective study of outcomes: COIN.
Ann Transplant 2018 Dec 14;23:852-866 [FREE Full text] [doi: 10.12659/AOT.911843] [Medline: 30546003]

JMIR Form Res 2019 | vol. 3 | iss. 3 | e15017 | p. 13http://formative.jmir.org/2019/3/e15017/
(page number not for citation purposes)

Salvador Vergés et alJMIR FORMATIVE RESEARCH

XSL•FO
RenderX

http://dx.doi.org/10.1080/03008207.2016.1231180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27599801&dopt=Abstract
https://doi.org/10.1002/sctm.17-0148
http://dx.doi.org/10.1002/sctm.17-0148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28836738&dopt=Abstract
http://dx.doi.org/10.1177/1947603518809410
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30373384&dopt=Abstract
http://dx.doi.org/10.5435/JAAOS-D-17-00632
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30371527&dopt=Abstract
http://dx.doi.org/10.1038/s41598-017-10060-3
http://dx.doi.org/10.1038/s41598-017-10060-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28842703&dopt=Abstract
http://dx.doi.org/10.1016/J.ENG.2017.01.010
http://europepmc.org/abstract/MED/30728937
http://dx.doi.org/10.1177/2041731418824797
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30728937&dopt=Abstract
http://dx.plos.org/10.1371/journal.pone.0189428
http://dx.doi.org/10.1371/journal.pone.0189428
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29236765&dopt=Abstract
http://europepmc.org/abstract/MED/30349794
http://dx.doi.org/10.1097/GOX.0000000000001930
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30349794&dopt=Abstract
http://dx.doi.org/10.1016/j.ijporl.2018.11.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30579077&dopt=Abstract
http://dx.doi.org/10.1088/1758-5090/aad8d9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30088479&dopt=Abstract
http://dx.doi.org/10.1002/term.2476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28512850&dopt=Abstract
http://europepmc.org/abstract/MED/30728937
http://dx.doi.org/10.1088/1758-5090/aaf44a
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30524110&dopt=Abstract
http://dx.doi.org/10.1038/s41598-017-10060-3
http://dx.doi.org/10.1038/s41598-017-10060-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28842703&dopt=Abstract
http://www.mdpi.com/resolver?pii=ma11091749
http://dx.doi.org/10.3390/ma11091749
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30227656&dopt=Abstract
http://dx.doi.org/10.1097/SLA.0000000000002141
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28594678&dopt=Abstract
http://dx.doi.org/10.1189/jlb.5VMR0415-166R
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26168797&dopt=Abstract
https://www.mddionline.com/risks-additive-manufacturing-product-safety-perspective
http://dx.doi.org/10.2217/rme.15.52
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26565684&dopt=Abstract
https://ec.europa.eu/health/sites/health/files/files/eudralex/vol-1/dir_2001_83_consol_2012/dir_2001_83_cons_2012_en.pdf
https://ec.europa.eu/health/sites/health/files/files/eudralex/vol-1/dir_2001_83_consol_2012/dir_2001_83_cons_2012_en.pdf
https://www.annalsoftransplantation.com/download/index/idArt/911843
http://dx.doi.org/10.12659/AOT.911843
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30546003&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


44. Nguyen D, Hägg DA, Forsman A, Ekholm J, Nimkingratana P, Brantsing C, et al. Cartilage tissue engineering by the 3D
bioprinting of iPS cells in a nanocellulose/alginate bioink. Sci Rep 2017 Apr 06;7(1):658. [doi: 10.1038/s41598-017-00690-y]
[Medline: 28386058]

Abbreviations
3D: three-dimensional
EU: European Union
MeSH: Medical Subject Headings
PRISMA-RR: Preferred Reporting Items for Systematic Reviews and Meta-Analyses-Rapid Reviews

Edited by G Eysenbach; submitted 12.06.19; peer-reviewed by JA Sánchez Margallo, T Jiang; comments to author 04.07.19; revised
version received 05.07.19; accepted 21.07.19; published 28.08.19

Please cite as:
Salvador Vergés À, Yildirim M, Salvador B, Garcia Cuyas F
Trends in Scientific Reports on Cartilage Bioprinting: Scoping Review
JMIR Form Res 2019;3(3):e15017
URL: http://formative.jmir.org/2019/3/e15017/
doi: 10.2196/15017
PMID: 31464195

©Àngels Salvador Vergés, Meltem Yildirim, Bertran Salvador, Francesc Garcia Cuyas. Originally published in JMIR Formative
Research (http://formative.jmir.org), 28.08.2019. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work, first published in JMIR Formative Research, is properly cited. The
complete bibliographic information, a link to the original publication on http://formative.jmir.org, as well as this copyright and
license information must be included.

JMIR Form Res 2019 | vol. 3 | iss. 3 | e15017 | p. 14http://formative.jmir.org/2019/3/e15017/
(page number not for citation purposes)

Salvador Vergés et alJMIR FORMATIVE RESEARCH

XSL•FO
RenderX

http://dx.doi.org/10.1038/s41598-017-00690-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28386058&dopt=Abstract
http://formative.jmir.org/2019/3/e15017/
http://dx.doi.org/10.2196/15017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31464195&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

