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1. Introductio n

The poor predictability of preclinical testing has created an ulti-
mate need for new approach methods in translational drug and 
therapy development worldwide. Key reasons for this need include 
the phylogenetic distance between laboratory animals and 
humans, the biosimilarity gap between currently lower-complex-
ity in vitro methods and humans, and the early stage of in silico 
technologies. Complex in vitro human new approach methods, like
multi-organ microphysiological systems (MPSs), are recognized as
having the greatest potential to emulate human biology in vitro. A
recent report from the third stakeholder workshop of the global
MPS community outlined a five-year roadmap detailing what
chip-based single- and multi-organ engineering could achieve in
various user segments by following a proposed technology conver-
gence [1]. Furthermore, the twenty one authors, representing all 
relevant stakeholder groups from nine countries, envisioned the 
broad, informed authorization of new drugs and therapies based 
on data derived from human MPS by 2035. In this opinion paper, 
the authors highlight three major challenges remaining in the
development of MPS: ① organismoids on chips, ② pregnancy-
on-chips, and ③ automated artificial intelligence (AI)-assisted
MPS twin generation. Once these challenges are overcome, a para-
digm shift in drug and therapy development will occur.

2. Organismoids: how human-like can we become on a chip?

Over the past decade, MPS technology has rapidly advanced, 
with increasingly complex multi-organ platforms enabling the 
modeling of inter-organ interactions. These multi-organ MPS have
entered industrial use, significantly improving preclinical drug
testing and understanding on– and off-target effects [1]. However, 
systems capable of emulating entire organismal interactions—re-
producing patient-specific pathology and modelling clinical trials
on-chip—remain in early development.
A key framework addressing this goal is the organismoid con-
cept [2], which involves:

(1) The in vitro generation of an individual’s organismoid, con-
taining a minimal set of interconnected, self-sustained organ 
models that collectively maintain organismal homeostasis. 
Stem cell-based organoids of the same genetic background
are interconnected via capillary networks, circulating
immune cells and innervation on-chip, and matured through
organ cross-talk and ontogenic stimuli;

(2) The emulation of disease and healing processes by reproduc-
ing systemic pathophysiology, for example through simulat-
ing viral infections , triggering carcinogenesis via chemical
exposure, or inducing metabolic disorders with specific
diets.

Building on this platform, patient-derived organ sets enable the 
individualized study of disease progression and therapy response, 
while personalized multiorgan chips could be used in ‘‘on-chip
clinical trials,” capturing ethnic and genetic diversity in drug
reactions.

The generation of an individual’s organismoids include the on-
chip integration of vital organ systems such as the circulatory
system (heart [3] and bone marrow), respiratory (lungs), digestive
(intestine [4] and liver), endocrine (pancreatic islets), urinary (kid-
neys), integumentary (skin and adipose tissue), musculoskeletal 
(muscles), nervous (brain and nerves), and immune components,
with hormonal regulation simulated by dosing as alternatives to
physical endocrine organs (Fig. 1).

Successful emulation and downscale of such organismoid sys-
tems depend on closely replicating each organ’s smallest func-
tional units (Fig. 2 [3]) regarding cellular architecture, blood 
perfusion, physical stimuli, and stem cell niches [5].

The vascular system plays a major role by providing a special-
ized network of capillaries allowing for organ-specific functions 
and generation of local microenvironments. The development of 
these interconnected networks of microvascular beds embedded
within organ-specific stromal scaffolds has become a central focus
in mimicking organ complexity, aiming for organismoidal interac-
tions and homeostasis on-chip.
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Fig. 1. Schematic depiction of the minimal set of organ models composing a self-
sustained miniaturized organism.
Universal microfluidic multi-organ chip platforms such as the 
HUMIMIC® Chip system enable modelling of various human organs 
in different combinations. A bone marrow on-chip model for
example already demonstrated long-term hematopoietic stem cell
maintenance and continuous multilineage blood cell replenish-
Fig. 2. Alignment of prominent organoids with regard to their susceptibility and physiolo
the skeletal muscle (toluidine blue), liver (tomato lectin), and bone (unstained). Scale bar
1000 lm. Some areas in intestine, adipose tissue, skeletal muscle, bone marrow, ente
Reproduced from Ref. [3] with permission.
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ment, laying the groundwork for systemic integration [6]. Incorpo-
ration of stem and progenitor cell niches enable self-renewal and 
differentiation. On the same platform, successful interorgan com-
munication has been demonstrated through hormone-driven
cycles, metabolic feedback loops, and co-culture systems—such
as pancreatic islets and liver spheroids coordinating insulin-
glucose homeostasis [7], or thyroid–liver–skin pairings influencing
hormone metabolism [8]. Complex multiorgan assemblies with 
physiologic feedback loops show enhanced stability and function-
ality, with co-cultures lasting a month or longer. Yet, immune sys-
tem integration remains challenging when donor tissues differ in 
origin. Recent work with autologous induced pluripotent stem cell
(iPSC)-derived organ sets—coupling intestinal, liver, neural,
and kidney models—offers a path toward immune-compatible
systems [9]. 

3. Human pregnancy and maternal reproductive diseases on a
chip: another bioengineering challenge

The organismoids described in the previous chapter will enable 
a groundbreaking new approach to healthcare for adults of both 
sexes. However, they do not address health issues affecting women 
and their babies during pregnancy. Pregnancy induces dramatic 
metabolic changes in females, providing a basis for pregnancy-spe-
cific diseases in both mother and child. A recent metabolome study
on primates provides an impressive illustration of the complex
metabolic processes involved in embryo development in the womb
[10]. Such data are inaccessible from humans. How, then, can 
human microfluidic MPSs serve as an alternative research platform
for maternal and fetal health during pregnancy? Static organoid
gical cellular turnover. Hematoxylin-eosin staining was used in all cases, except for 
s represent 100 lm, except for the skin and mammary gland, where they represent
ric nervous system, and kidney have been artificially colored to amplify contrast.
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in vitro systems to model female reproductive tract have been
advanced in the past [11], however, these systems lack perfusion. 
Comprehensive overviews on female reproductive organ and pla-
cental barrier modelling on microfluidic chips has been provided
recently [12–14]. These models overcome a number of organoid 
model limitations. For example, a study constructed a humanized 
membrane/placenta decidua interface chip (FMi-PLA-OOC) con-
taining seven cell types, successfully verifying the efficacy of engi-
neered extracellular vesicle eIL-10 in inhibiting inflammation and
delaying premature birth, demonstrating the translational poten-
tial of this platform in drug evaluation and mechanism research
[15]. The MPSs described herein provide the first relevant human 
datasets for evaluating the pathological mechanisms of preg-
nancy-related diseases. However, none of these systems indepen-
dently support the autonomous circulation of nutrients (blood 
equivalents) in the neonatal compartment behind the placental 
barrier, apart from the maternal supply cycle. This is a crucial 
biological prerequisite for fetal development. To address this limi-
tation, a placental barrier was constructed by culturing human-
derived trophoblast organoids (derived from human chorionic 
tissue) on Matrigel-coated Transwell porous membranes in our 
lab. This type of organoid spontaneously forms a tightly connected 
biomimetic barrier and its three-dimensional structure accurately 
simulates the characteristics of human placental villi. This achieves 
physical isolation and selective substance exchange between the
maternal and fetal circulations. Our chip design incorporates Tran-
swell filters with porous membranes (pore size: 0.4 lm) as core
components, allowing small molecule solutes to pass through
while the trophoblast organoid barrier provides biologically selec-
tive permeability. We preliminarily observed an increasing trend
in resistance values with prolonged cultivation time, indicating
gradual improvement in barrier integrity. Based on these experi-
ences we propose the design of a ‘‘maternal pregnancy” chip plat-
form, which separates the two ‘‘blood” circulations of the mother
and the child from each other by the placental barrier (Fig. 3). 
The placental barrier should be composed of trophoblast cells, con-
nective tissue, and fetal capillary endothelium. These biological 
layers should form a closed barrier between the circuits. Its design
should reflect the physiological differences between maternal and
fetal flow rates as well as surface area for exchange. Among others,
Fig. 3. Schematic of the ‘‘maternal pregnancy” chip design. A human placental 
barrier model separates two circuits–one circuit integrating the fetal liver of the 
child and the other circuit integrating the adult liver of the mother. The number
maternal and fetal organs on each side of the placental barrier can be increased
according the intended fit for purpose.
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a key functional parameter for barrier integrity should be active 
transport of IgG molecules from the maternal to the fetal circuit. 
The proposed design is a multifunctional, multipurpose human 
platform that allows for the investigation of maternal and fetal 
aspects of pregnancy-associated diseases and the development of 
new drugs and therapies. The chips’ circulatory systems—the 
maternal and fetal sides—can be extended with additional organ 
compartments, up to and including the organismoid. Separating 
the blood circulatory systems based on pregnancy physiology 
should enable the stable, self-sufficient development of fetuses 
on the chips over longer periods. Disease development and suc-
cessful treatment can be mapped on this universal platform. Thus
the ‘‘maternal pregnancy” platform can for example focus on the
neonatal diseases originated from different stages of fetal develop-
ment. Extension of organ models, such as brain organoids com-
bined with the creation of hypoxic region, could allow for the
establishment of models for hypoxic-ischemic encephalopathy.
Each of the established disease models can then be used for sub-
stance testing including traditional Chinese medicines.
4. Combining biological with digital approaches to create
automated AI-assisted MPS twins

The ultimate challenge is to mimic human physiology and 
pathobiology at a degree which enables accurate prediction of 
drug/therapy efficacy and safety in patients. It is our firm belief
that MPS twin approaches are the final solution defined by the con-
vergence of three technological elements.

First, human in vitro-based biological MPS twins are the founda-
tion. Second, automation platforms like the HUMIMIC® AutoLab
will enable the generation of qualitative and quantitative data with
reproducibility and scalability [16]. Thirdly, this allows the devel-
opment of respective digital twins.

While progress in each of these fields has been remarkable, 
their integration into a closed-loop, AI-assisted platform could
transform drug development and precision medicine (Fig. 4).

Over the last decade, MPS have evolved into complex models 
that can capture human physiology on a chip. Platforms such as 
the HUMIMIC® Chip link multiple organ models through dynamic 
microfluidics, enabling systemic investigations of pharmacokinet-
ics, toxicity, and efficacy. These biological twins produce rich data-
sets, including chemical analyses, high-content imaging, and
defined culture conditions. The global MPS community’s published
roadmap predicts that, by 2035, MPS-derived data will form the
scientific basis for regulatory approval processes [1]. Another 
advantage of experiments conducted with biological MPS twins 
is that predictions can be validated without relying solely on path-
ways and modes of action that are not fully understood.

The second element of the trifecta is automation, which 
addresses the bottleneck caused by the laborious nature of the pro-
cess. Multi-week experiments require continuous medium 
exchange, dosing, and monitoring. Automation platforms, such as 
the HUMIMIC® AutoLab, bridge this gap by standardizing work-
flows, ensuring reproducibility, and generating high-quality, 
high-density datasets. Importantly, when deployed across global 
research networks, these platforms establish a distributed yet har-
monized infrastructure. This increases throughput and provides
the common findable, accessible, interoperable, and reusable
(FAIR)-compatible data basis required for the scalable training of
digital twins. Concepts such as federated learning enable AI models
to continuously improve while respecting data protection and
intellectual property in decentralized automation devices.

From a technical perspective, digital MPS twins require the inte-
gration of heterogeneous data sources, including high-throughput
experimental datasets, biochemical and pharmacological

move_f0015
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Fig. 4. Closed-loop digital AI MPS twin platform integrating biological and
computational models to enable AI-driven drug development and precision
medicine.
databases, and single-cell or spatial omics resources. These data 
can be used to initialize computational models and generate syn-
thetic training datasets, which are subsequently refined using 
high-resolution, longitudinal data generated from automated 
MPS experiments. This fine-tuning is essential to capture the 
MPS-specific cross-organ interactions and emergent system behav-
ior. These digital twins effectively function as ‘‘gray-box” models,
where mechanistic equations governing known mechanisms like
fluid dynamics and mass balance are augmented by machine learn-
ing to capture non-linear biological responses.

Some work has focused on constraint-based metabolic recon-
structions and whole-cell models, while more recent develop-
ments have integrated multi-omics and experimental data
streams into advanced, AI-driven models [17]. Bordukova et al.
[18] demonstrated how generative AI approaches can empower 
digital twins, improving the design of experiments and accelerat-
ing virtual screening pipelines. Digital MPS twins offer unprece-
dented opportunities to reduce the time and cost of drug
development by merging available experimental data with the
high-density data of automated assays and predictive modeling.

Together, MPS, digital twins, and automation create a closed-
loop learning cycle. Biological MPS provide validated, human-rele-
vant experimental data. Once established, digital MPS twins con-
tinuously incorporate this experimental data and iteratively 
refine computational representations of biological processes. 
Automation platforms execute these assays reproducibly, creating 
standardized feedback that improves the digital twin further. This
cycle ensures that each new data point improves prediction capa-
bility. Unlike most in silico predictions, this trifecta helps to miti-
gate the ‘‘black box problem” of AI, as every computational result
can be validated by an automated experiment with the biological
MPS twin.

The result is a system combining the speed of computational 
modeling, the reliability of experimental biology, and the scalabil-
ity of automation. Integrating these three domains represents 
more than incremental progress; it is a paradigm shift. By uniting 
biological MPS twins, digital MPS twins, and automation , the tri-
fecta promises to make drug development faster, safer, and more
cost-effective. Looking ahead, this approach could also enable per-
sonalized medicine, in which patient-derived MPS and individual-
ized digital MPS are integrated into clinical decision-making
processes.
4

5. Summary and outlook

We elaborated on the largest remaining breakthrough chal-
lenges in the field of microfluidic MPS–the organismoids, preg-
nancy-on-chips, and AI-assisted MPS twin platforms. The 
generation of organismoids and maternal pregnancy platforms on
the background of AI-assisted MPS twin solutions will significantly
accelerate understanding of organismal homeostasis, disease
mechanisms, and pharmacokinetics.

However, it must be acknowledged that none of these three 
areas has yet been realized. As of today, organismoids have only
a limited ability to replicate entire miniaturized organisms.

The cyclical formation and disappearance of tissues and organs 
during female reproduction, unique compared to all other organs,
illustrates the complexity of replicating pregnancy on a chip.

Finally, one of the biggest challenges for AI-powered digital MPS 
twins is the limited availability of data sets from biological MPS
twins to inform machine learning strategies.

Due to the unlimited source of iPSCs from each donor, one can 
generate an unlimited number of biological twins from each organ-
ismoid of an individual donor. This enables the conduct of preclin-
ical studies that match phases 1, 2, or 3 of clinical trials, using a 
relevant set of organismoids from donors of the same ethnicity 
and genetic background. Embedding disease models within these 
systems, supported by computational pharmacokinetic, pharmaco-
dynamic, absorption, distribution, metabolism, excretion, and in 
silico simulations, will underpin the development of digital MPS
twins—virtual models that mirror biological responses and predict
treatment outcomes with unprecedented accuracy. Such systemic,
regenerative, and highly personalized systems have the potential
to revolutionize drug discovery, reduce reliance on animal testing,
and enable on-chip clinical trials that reflect human genetic and
ethnic variability. The continuous progress in microfabrication,
bioengineering, sensors, and AI paves the way for a new era of drug
and therapy development, regenerative medicine, and systemic
disease research.
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