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Organs-on-chips (OoC) are in vitro models that emulate key functionalities of
tissues or organs in aminiaturized and highly controlledmanner. Due to their high
versatility, OoC have evolved as promising alternatives to animal testing for a
more effective drug development pipeline. Additionally, OoC are revealing
increased predictive power for toxicity screening applications as well as
(patho-) physiology research models. It is anticipated that enabling
technologies such as biofabrication, multimodality imaging, and artificial
intelligence will play a critical role in the development of the next generation
of OoC. These domains are expected to increase the mimicry of the human
micro-physiology and functionality, enhance screening of cellular events, and
generate high-content data for improved prediction. Although exponentially
growing, the OoC field will strongly benefit from standardized tools to
upgrade its implementational power. The complexity derived from the
integration of multiple technologies and the current absence of concrete
guidelines for establishing standards may be the reason for the slower
adoption of OoC by industry, despite the fast progress of the field. Therefore,
we argue that it is essential to consider standardization early on when using new
enabling technologies, and we provide examples to illustrate how to maintain a
focus on technology standards as these new technologies are used to build
innovative OoC applications. Moreover, we stress the importance of informed
design, use, and analysis decisions. Finally, we argue that this early focus on
standards in innovation for OoC will facilitate their implementation.
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1 Introduction

Organs-on-chips (OoC) are microfluid-based physiologically inspired three-
dimensional (3D) in vitro models that are designed to mimic the key functionality of
tissues, organs, and/or organ systems. These complex miniaturized tools offer high control
of several variables, including cellular and physico-chemical micro-environments. OoC
hold great promise for the improvement of drug development/screening, toxicity
assessment, disease modeling, and personalized medicine, overcoming the shortcomings
of traditional in vitro and in vivo models at multiple levels (Leung et al., 2022).

OPEN ACCESS

EDITED BY

Josep Samitier Martí,
Institute for Bioengineering of Catalonia (IBEC),
Spain

REVIEWED BY

Sarah Spitz,
Massachusetts Institute of Technology,
United States
Eugenio Martinelli,
University of Rome Tor Vergata, Italy

*CORRESPONDENCE

L. Moreira Teixeira,
l.s.moreirateixeira@utwente.nl

†These authors have contributed equally to
this work

RECEIVED 26 January 2024
ACCEPTED 15 April 2024
PUBLISHED 15 May 2024

CITATION

Meneses J, Conceição F, van der Meer AD,
de Wit S and Moreira Teixeira L (2024), Guiding
organs-on-chips towards applications: a
balancing act between integration of advanced
technologies and standardization.
Front. Lab. Chip. Technol. 3:1376964.
doi: 10.3389/frlct.2024.1376964

COPYRIGHT

© 2024 Meneses, Conceição, van der Meer, de
Wit and Moreira Teixeira. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Lab on a Chip Technologies frontiersin.org01

TYPE Perspective
PUBLISHED 15 May 2024
DOI 10.3389/frlct.2024.1376964

https://www.frontiersin.org/articles/10.3389/frlct.2024.1376964/full
https://www.frontiersin.org/articles/10.3389/frlct.2024.1376964/full
https://www.frontiersin.org/articles/10.3389/frlct.2024.1376964/full
https://www.frontiersin.org/articles/10.3389/frlct.2024.1376964/full
https://crossmark.crossref.org/dialog/?doi=10.3389/frlct.2024.1376964&domain=pdf&date_stamp=2024-05-15
mailto:l.s.moreirateixeira@utwente.nl
mailto:l.s.moreirateixeira@utwente.nl
https://doi.org/10.3389/frlct.2024.1376964
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/lab-on-a-chip-technologies
https://www.frontiersin.org
https://www.frontiersin.org/journals/lab-on-a-chip-technologies
https://www.frontiersin.org/journals/lab-on-a-chip-technologies#editorial-board
https://www.frontiersin.org/journals/lab-on-a-chip-technologies#editorial-board
https://doi.org/10.3389/frlct.2024.1376964


Meanwhile, the rise of technologies such as biofabrication,
multimodality imaging, and artificial intelligence (AI) is expected to
offer opportunities for expanding the relevance and impact of OoC.
This will enable a higher degree of (bio)mimicry of organ micro-
physiology and functionality, screening for many events with cell-level
resolution, and using the derived high-content data to integrate with or
train AI-based algorithms (Moreira Teixeira and Mezzanotte, 2021;
Deng et al., 2023; Tabatabaei Rezaei et al., 2023). In turn, the latter will
lead to further amplification and extrapolation of the results in an
automated, objective, and unbiased fashion.Moreover, these technology
combinations are anticipated to accelerate the validation of results, thus
increasing the power and significance of these platforms. Such ever-
increasing possibilities will undoubtedly constitute fundamental
building blocks for the development of the next generation of OoC.
However, one of the challenges facing the field is the integration of such
advanced technologies with the establishment of standards and
guidelines (Piergiovanni et al., 2021a). Standardization is an essential
and urgent step for steering OoC toward broader industrial adoption, as
regulatory acceptance and qualification will enhance their significance
in pharmaceutical research and applications (Figure 1).

Therefore, we (i) provide an overview of recent advances in OoC
design, biofabrication, and methods for output generation and
automated analysis, (ii) emphasize the integration of large-scale
data mining procedures coupled with AI-based algorithms as a tool
that unveils a streamlined pathway to more swift and precise
detection and screening protocols, and (iii) explore the balance
between simplification, to drive standardization and
complexification and to advance the functionalities of OoC. We
thus provide a vision of the present and near-future expected
developments, applications, and technologies for broader OoC

implementation, facilitated by informed decisions on design, use,
and analysis, rooted in guidelines and standards.

2 Next generation of organs-on-chips
based on the convergence of advanced
technologies

Despite increased investment in research and development
over the past decade, drug development success rates reached a
10-year low of 6.3% in 2022 (Aitken et al., 2023). Such a low
success rate can be partially explained by failure to replicate human
disease features in pre-clinical animal models, which often lead to
approved clinical trials with harmful or ineffective drug candidates
(Loewa et al., 2023). Thus, the need for models with improved
biomimicry and predictive value has shifted attention from
conventional animal studies to complex human-based in vitro
models. To reproduce the inherent complexity of the human
body, the convergence of current OoC models with emerging
technologies provides high-content data for better informed
decisions in the drug development pipeline. In this section, we
will highlight recent advances and efforts in the combination of
bioprinting and multimodal imaging with OoC.

2.1 Bioprinting strategies and increased
cellular complexity

Bioprinting generally refers to the controlled, layer-by-layer
deposition of cells, biomaterials, scaffolds, and growth factors to

FIGURE 1
Emerging technologies including biofabrication, multimodal imaging, and AI modeling have the potential to expand the capabilities of OoC
platforms, thus accelerating model validation and facilitating regulatory acceptance to ultimately lead to standardized tools adopted by main
stakeholders in the drug development pipeline. Created with BioRender.com.
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form complex structures with a desired pore size and
interconnectivity. Different biomaterials and cells can be
simultaneously combined and printed to replicate the native
distribution of distinct cell types and biochemical cues across
three-dimensional (3D) space (Tabatabaei Rezaei et al., 2023).
Additional control over the construct structure can be achieved
by the inclusion of stimuli-responsive biomaterials and/or cells to
induce conformational changes in the printed tissue, even after the
printing process is finished, in the process of four-dimensional (4D)
bioprinting (Osouli-Bostanabad et al., 2022). Scientific and
industrial interest in 3D/4D bioprinting has increased
considerably in recent years: the 3D bioprinting market size
reached $2 billion in 2022 and is expected to grow at an annual
growth rate of 12.5% until 2030 (Research G. V, 2023). Nevertheless,
traditional 3D/4D bioprinting still has limitations. Current
bioprinted constructs are not suited for high-content screening
applications due to their relative complexity. In addition, most
bioprinted structures are cultured in static conditions which
result in uneven nutrient and oxygen diffusion throughout the
entire construct.

By converging bioprinting technology with OoC platforms, the
precise distribution of different cell types on physiologically relevant
extracellular matrices can be achieved to maximize biomimicry, while
allowing for fine control of biophysical culture parameters (Chliara
et al., 2022). Bioprinting andmicrofluidic devices have been combined
to establish a variety of humanized models, including tracheal (Park
et al., 2018), liver (Lee et al., 2020), tumor (Yi et al., 2019), vascular
(Zhang et al., 2016a), myocardium (Zhang et al., 2016b), kidney
(Homan et al., 2016), lung (Kim et al., 2023), and placenta (Mandt
et al., 1970) models. In addition to adjusted biomaterial complexity
and spatial organization for the reproduction of organ features, the use
of patient-specific primary cells is advantageous for capturing the
heterogeneity of disease progression, as often observed in clinical
settings (Loewa et al., 2023). These exciting possibilities have
interested both academia and industry in applications ranging
from disease modeling to personalized medicine and drug
screening (Tabatabaei Rezaei et al., 2023). Nonetheless, key issues
still need to be addressed before these methods will find widespread
adoption. Developing bioinks with appropriate mechanical properties
for printability while also keeping adequate biochemical cues for cell
survival and differentiation, specific to each organ, is not trivial. In
addition, bioprinting hardware and processes need to be adapted to
increase compatibility with OoC devices, and printing resolution is
not sufficient for the development of complex vascular networks
similar in vivo observation. Another significant challenge concerns
scalability and throughput since the manufacture of bioprinted,
biomimetic structures in OoC is still costly and time-consuming.
To that end, improving device monitoring and maintenance by
coupling advanced imaging techniques with sensors could be
crucial to achieving meticulous control of the bioprinting process.
For instance, real-time monitoring would allow the detection of any
irregularity or deviation from the desired bioprinted structure.
Simultaneously, integrating sensors could provide optimal
conditions over extended periods, ensuring the reproducibility and
reliability of bioprinted tissues. Overall, the synergy of advanced
imaging techniques and sensor technologies may be fundamental
to paving the way for high-throughput applications, which will be the
focus of the following section.

2.2 Resolving high-content data from multi-
sensors and imaging modalities

In the last decade, there has been significant progress in
multidisciplinary research on manufacturing, microelectronics, and
their application in the life sciences (Zhou et al., 2023). These have
had a remarkable impact on OoC development since the design
flexibility of microfluidic chips can now be further complemented
with analytical methods capable of probing small sample volumes or
even single-cell information (Pal et al., 2023). The integration of a
multitude of detection devices, such as electrodes and optics, in
microfluidic chips allows time-resolved analysis of environmental
factors for accurately monitoring cell culture state.

Imaging is one of the main outputs of OoC models, owing to the
outstanding optical access to cell culture chambers and perfusion
channels. The on-chip quantification of cell dynamics and
interactions is thus facilitated and could be instrumental for
progressing the state of the art in disease modeling and drug
development. Several imaging modalities have been successfully
applied to microfluidic systems, ranging from standard brightfield
and fluorescent imaging (Mencattini et al., 2022; Habibey, 2023),
multiphoton imaging (Mazzarda et al., 2020; Lohasz et al., 2021),
calcium signaling detection (Mazzarda et al., 2020), bioluminescence
imaging (Araújo-Gomes et al., 2023), and photoacoustic (Jin et al.,
2021) and light sheet microscopy (Fan et al., 2021). In addition, the
miniaturization of imaging chambers and channels presents significant
advantages: i) precise molecule manipulation, ii) control over the
physicochemical properties of the microenvironment, iii) higher
sample concentration (Miyake et al., 2008), and iv) increased signal-
to-noise ratio (Campos et al., 2011). Microfluidic systems can thus be
made suitable for single-molecule imaging modalities such as
fluorescent resonance energy transfer (FRET) and total internal
reflection fluorescence (TIRF) (Colson et al., 2023).

In addition to imaging outputs, sensor units can be accommodated
in OoC platforms for on-chip, online monitoring of dynamic tissue
responses. In particular, fluidic integration and perfusion is not only
advantageous for modeling drug bioavailability and diffusion into 3D
engineered tissues, but seamless fluidic connection between cell and
assay compartments offers unparalleled access to cellular states in real-
time. The rapid detection of metabolite release, changes in pH and
oxygen levels, and the determination of epithelial integrity is of
particular importance for toxicology screening, enabling the
assessment of drug response over time (Dornhof et al., 2022).
Microfluidic sensors can also be potential alternatives for standard
enzyme-linked immunosorbent assays (ELISA) by increasing detection
limits and circumventing the need for high sample volumes (Shin et al.,
2017). Potential applications of such systems include, but are not limited
to, the assessment of drug-induced kidney (Kann et al., 2023), cardiac
(Shin et al., 2016; Tanumihardja et al., 2021), gut (Khalid et al., 2022)
and liver (Busche et al., 2022) toxicity, screening oncology drug efficacy
screenings (Dornhof et al., 2022), and electrophysiology measurements
(Habibey, 2023).

Despite significant advances, the integration of sensing technologies
into OoC still has some challenges. For instance, the limit of detection
(LOD) for some sensors may not be appropriate for low-concentration
analytes, possibly affecting the sensitivity and specificity of assays
(Sabaté del Río et al., 2023). Another significant challenge regards
sensor stability over time, which may be compromised by chemical
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degradation or passivation due to biofouling (Sabaté del Río et al., 2023).
Overall, these challenges highlight the continuous need for innovative
solutions and approaches to balance simplification and the integration
of advanced technologies in current industrial and pre-clinical
applications.

3 AI as a tool for improved high
content analytics

The integration of AI techniques, particularly machine learning
(ML) and deep learning (DL) algorithms, has emerged as a pivotal
strategy for analyzing high-throughput data derived from OoC
platforms. The inherent complexity of these data requires
innovative approaches for its analysis and interpretation. In this
section, we discuss how AI can play a transformative role in
addressing OoC-derived imaging data and offer a novel pathway
toward standardization.

3.1 Integration of ML and DL models in
OoC platforms

Establishing a robust OoC-AI connection is not merely a choice
but a fundamental necessity for expediting the processes of drug

development/screening, toxicity assessment, and disease modeling.
OoC-derived imaging data serve as an illustrative case study,
exemplifying the transformative power of AI in specific
domains—particularly cell segmentation, tracking, and
classification (Figure 2).

Within this context, classical image segmentation techniques,
such as the Otsu and Watershed methods, have long been employed
for straightforward image data segmentation and are particularly
useful when dealing with well-defined structures (Kumar et al.,
2020). Moreover, conventional ML algorithms, such as random
forest and logistic regression, can incorporate contextual
information and learning from data, making it possible to
automate the segmentation of images with distinguishable
intensity values and textures (Oliver et al., 2019). Nonetheless,
such techniques tend to decrease their performance when applied
to complex image data or when faced with smooth variations in
intensity and textures.

DL techniques such as convolutional neural networks (CNNs)
are specifically designed for image processing, rendering them
essential for interpreting imaging data in OoC experiments
(Ronneberger et al., 2015). Notably, DL typically requires
extensive labeled data and substantial computational resources,
which can be a practical limitation. Thus, the AI technique
should be carefully selected considering the interplay between
data complexity and available resources.

FIGURE 2
Building blocks to standard integration of AI-based models into OoC platforms. 1) Problem definition. 2) Optimization of OoC experiments,
including OoC design, cell sources, and perfusing media. 3) Imaging data acquisition with consistent sample preparation, constant light/exposure
conditions, and same magnification settings. 4) Adjust to data “fit-for-use” for AI-based models by performing data pre-processing techniques, data
splitting, and adding metadata. 5) Training and validation of an explainable, interpretable, and unbiased AI-based model. 6) Generate new data of
control and treated cells to test the previously developedmodel. 7) Analyze the predicted outcomes and refine themodel according to suggestions from
both academic and industry stakeholders. 8) Implement and disseminate the model. Created with BioRender.com.
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In addition to CNNs, groundbreaking DL algorithms such as
You Only Look Once (YOLO) (Jiang et al., 2022) and the Segment
Anything Model (SAM) (Kirillov et al., 2023) are becoming widely
used by the scientific community in object detection and
segmentation, respectively. YOLO’s ability to process real-time
object identification and SAM’s adaptability and versatility in
segmenting diverse types of objects in slightly different image
conditions might represent significant advances in the analysis of
OoC-derived high-content data.

From a different point of view, the integration of Reinforcement
Learning (RL) techniques (Sutton and Barto, 2018)—an algorithm
that harnesses the power of interacting with the data through trial
and error—might lead to a more autonomous and standalone OoC
platform. For instance, an RL-based OoC platform to detect cells
could reward every cell correctly identified and penalize every cell
inappropriately identified, allowing for continuous improvement of
the platform.

3.2 AI-based algorithms with specific use for
OoC models

One of the first remarkable approaches for applying AI-based
models, specifically CNNs, to OoC-derived data was proposed by
Mencattini et al. (2020). In localizing and tracking breast cancer cells
(BT474 cell line) and prostate cancer cells (PC-3 cell line), they
demonstrated an outstanding ability to classify the cells in categories
of treated versus non-treated conditions (average accuracy
of 91.5%).

Recently, Paek et al. (2023) developed a high-throughput
biomimetic bone-on-chip assisted by a CNN for osteoporosis
drug testing. Using this model, they took advantage of several
hundred images per drug-treated and non-treated group to train
and validate a CNN model, thus demonstrating an outstanding
ability to categorize different cell types and groups (average accuracy
of around 98%).

Therefore, the following measures are recommendations to
researchers to achieve images compatible with fit-for-use AI
available tools: i) develop consistent sample preparation protocols
for microscopy images, ii) seek a homogeneous background, iii)
reduce object density to the minimum possible (e.g., cell number per
unit area), iv) use constant light or laser exposure, and, v) use the
same magnification settings in all acquisitions.

4 Towards implementation of
standardization modalities in OoC

Standards are norms, patterns, or models used for comparative
evaluations, typically established by standards developing
organizations which guarantee that products, services, and
processes are fit for purpose. They ensure product functionality
and interoperability and facilitate the design and enforcement of
legislation by policymakers (Piergiovanni et al., 2021b). Since OoC
models are fundamentally interdisciplinary, the standardization of
this technology is challenging. Several initiatives, together with
relevant stakeholders in the OoC field, have identified that
standardization is needed to advance the OoC field and have

supported regulatory acceptance and qualification. In 2019, a
strategy workshop on standards from the Organ-on-Chip In
Development (ORCHID) project brought together OoC
developers, end-users, and regulators to formulate an outlook
and recommendations (Mastrangeli et al., 2019).

Thence, a 2021 workshop organized by the European
Committee for Standardization (CEN) and the European
Committee for Electrotechnical Standardization (CENELEC)
gathered experts from relevant stakeholder institutions and
further explored the issues of the current OoC landscape, as well
as proposing priorities for successful regulatory acceptance
(Piergiovanni et al., 2021a; Piergiovanni et al., 2021b). For
instance, a consensus on OoC definitions and classification was
identified as a priority to initiate the qualification of OoC models.
Device material standardization is also seen as a priority since the
issue of the molecule adsorption of PDMS has still not been
uniformly addressed (Piergiovanni et al., 2021a). In addition, in
order to facilitate regulatory acceptance, the building of
standardized lists of assays/endpoints and reference compounds
for specific context of uses will help quantify the predictive value of
an OoC model and its applicability domain (Piergiovanni et al.,
2021a). Following the workshop, CEN/CENELEC established a
focus group on OoC with the aim of developing a roadmap for
standardizing OoC, identifying issues linked to European legislation,
and promoting crosstalk with different innovation projects that
impact the OoC field (CEN/CENELEC, 2021).

Similar initiatives are ongoing in the United States (US). The
Tissue Chip for Drug Screening program has been set up by the
National Institutes of Health Center for Advancing Translational
Sciences, in collaboration with the US Food and Drug
Administration and the Defense Advanced Research Projects
Agency (NCATS, 2024). Public–private agreements were
established to progress OoC development and move their
acceptance and implementation forward (Fitzpatrick and
Sprando, 2019). Standardization efforts should thus be
coordinated internationally to avoid competition between US and
European partners (Mastrangeli et al., 2019).

Previous successful examples from the electronics industry for
standardizing data communication protocols and compatibility
across peripherals and interfaces should be regarded as important
learning experiences (Mastrangeli et al., 2019). Improved
compatibility between different OoC devices is crucial since no
single model can satisfy the requirements of all applications in the
field. Instead, a modular approach was proposed whereby
standardized and simplified OoC modules could be assembled
according to end-user needs (Mastrangeli et al., 2019). Hence, a
new standard specifying the requirements for the integration of
different microfluidic components and systems was published (ISO
22916:2022). This standard prompted the development of a multi-
institutional approach that developed the Translational Organ-on-
Chip Platform (TOP). TOP employs a fluidic circuit board that
serves as a microfluidic platform that connects several independent
modules via standardized interfacing (Vivas et al., 2022). This
approach has already been applied to cardiac and vascular OoC
models (de Graaf et al., 2022; Vivas et al., 2022; de Graaf et al., 2023).
Another important component of TOP is the inclusion of accessible
software able to integrate control commands and sensor interfaces
(de Graaf et al., 2022). Data analysis could be improved by the
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inclusion of AI algorithms. However, no guidelines for AI use in
OoC systems are yet available.

Experts recognize that standardization must be addressed early
during OoC development and should be a community-driven
process to accelerate innovation. Among several standardization
modalities identified are i) materials, ii) dimensions, iii) flow rates,
iv) interconnections and interfaces, and v) cell sources and protocols
for cell differentiation (Mastrangeli et al., 2019). These modalities
can also be clustered into device characteristics and classification.
Overall performance should consider technical and biological
perspectives and, importantly, terminology.

5 Conclusion and prospects

The drug development pipeline is clearly suboptimal, with only 10%
of newly developed drug candidates being approved for clinical use.
This is highly concerning, not only for drug developers but also for
regulators, and, most importantly, for patients (Hay et al., 2014). The
lack of effectiveness in this process is partially due to the low predictive
power of the models used in preclinical evaluation, including animal
models. OoC are receiving increasing attention as they are proving their
value in achieving a more robust and efficient framework for drug
development and are contributing to a deeper understanding of human
(patho-) physiology. The fast development of OoC has resulted in the
conversion of advanced technologies, with the overall goal ofmimicking
native human organ or tissue functions in all their complexity with
accompanying advanced methodologies for analysis or full use of the
data derived. The ultimate collective aim is to increase their predictive
power, thus accelerating disease research and therapeutic discovery.
Nevertheless, a more extensive clinical application is hindered by the
current lack of thorough qualification processes, which may include
standardization and benchmarking against accepted references and/or
models (Piergiovanni et al., 2021a).

On the quest to achieve increasingly higher mimicry of human
tissues and/or organs with sufficient complexity, the field of OoC is
synergistically evolving with other advanced technologies. In
coming years, it is expected that standardization will impact the
field of bioprinting in OoC at the following levels: i) nomenclature
and classification of bioprinters and bioprinted constructs; ii)
standardized bioink composition, viscosity, printability and
cytocompatibility for each specific application that are fit for
purpose; iii) sterilization methods for bioprinting components; iv)
software and workflows; v) bioprinting hardware and interfaces with
OoC devices; vi) test methods and quality control. Currently,
standards for test methods of bioinks for extrusion-based
bioprinting are being proposed, but other bioprinting modalities
still lack adequate standards (Grijalva Garces et al., 2024).
Accelerating standard development should facilitate the adoption
of bioprinted OoC models in both academia and industry, as well as
improve regulatory acceptance of these models. With this in mind,
the development of novel bioprinting constructs coupled with OoC
devices should be concomitant with the ample characterization of
bioinks and hardware and analysis workflows and be shared by
multiple independent laboratories to confirm robustness and
reproducibility (Mladenovska et al., 2023). Finally, output
generation and data collection from such high-content models
needs to be standardized so that the performance of the different

models can be assessed and compared to currently accepted
references. Although the scientific development of imaging tools
and sensors for OoC is expected to rise in coming years, several
shortcomings still hamper their adoption in drug development
pipelines. For instance, while stage-top incubators for
environmental control during image acquisition are already
common in modern microscopes, most OoC models use in-house
hardware setup with nonstandard dimensions and/or
materials—potentially incompatible with existing industrial
infrastructure (Mazzarda et al., 2020). These devices often require
manual assembly processes and are likely overly complex and bulky
with difficult operability. Additionally, standardized biomarkers
and/or assays for sensors and imaging tools used in OoC should
be selected depending on the application in a fit-for-purpose
manner. As an example, urea and albumin are biomarkers that
reflect the functionality of hepatocytes and are extensively
characterized in both research and clinical settings (Baudy et al.,
2020). Developing sensors to automatically monitor urea and
albumin for liver-on-chip devices would be crucial for toxicology
screenings and would help build confidence in OoC platforms.

Altogether, establishing guidelines to achieve a standard design
interface for seamless integration with various analysis systems
might enhance interoperability between different OoC devices and
facilitate their adoption in industrial settings where reliable and
consistent data collection is essential. Regarding device fabrication,
polydimethylsiloxane (PDMS) is mostly used for prototyping
in academic settings due to its biological compatibility, gas
permeability, optical clearance, and mechanical properties. However,
the adsorption of small organic molecules remains a considerable issue
that limits its wide applicability in drug testing workflows
(Mukhopadhyay, 2007). Additionally, although the implementation
of high-content/throughput screening tools for OoC has the potential
to revolutionize the pharmaceutical industry, the nature and sheer
volume of generated data makes its analysis and interpretation
cumbersome (Zhou et al., 2023). The application of AI algorithms
in OoC, although still in its infancy, could play a role in standardizing
these tools. To this end, and to seamlessly integrate AI-based tools into
OoC platforms, the quality and quantity of imaging data must be
prioritized. To obtain “fit-for-use” data, we recommend leveraging the
findability, accessibility, interoperability, and reusability (FAIR) data
principles, as consistency in imaging and experimental conditions is
paramount to ensuring the effectiveness of AI-driven analysis.
Regarding the training, validation, and testing of custom AI-based
models, we recommend starting with a simple research question that
requires a small number of training instances and then increasing the
complexity as needed. Moreover, we consider it fundamental to add
metadata to the experiments, ensuring that essential information
accompanying the data is structured and adheres to universally
understandable formats. Altogether, as OoC technology continues to
advance, the collaboration between researchers from various domains
will be instrumental in harnessing the full potential of AI in driving
standardization and innovation within the field.

Undoubtedly, the next generation of OoC will be the result
of a seamless integration of technological advancements in
microfabrication, bioengineering, sensors, imaging, and digital
tools. However, to live up to its promise to advance the field of
drug development, adoption of these technologies will require the
establishment of standardization priorities.
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