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Abstract

Animal-based preclinical testing is increasingly misaligned with the biological and regulatory
demands of modern drug development. Persistent failure of drug candidates underscores the
limitations of using animal models for human drug development. In oncology and
neurodegeneration, where disease mechanisms and therapeutic responses are largely human-
specific, clinical success remains low despite decades of refinement of rodent and xenograft
models. Meanwhile, the regulatory framework for human-relevant New Approach
Methodologies (NAMs) has become significantly more defined. In addition to the U. S. Food
and Drug Administration (FDA) Modernization Act 2.0 and 3.0 and the FDA's 2025 roadmap,
the FDA has issued draft guidance on the general use of NAMs in drug development and on
streamlined nonclinical programmes for monoclonal antibodies, while the UK Medicines and
Healthcare products Regulatory Agency (MHRA) and European Medicines Agency (EMA)
have each signalled more formal entry points for non-animal data. Here, we synthesise the
emerging NAM ecosystem - engineered 3D cultures, patient-derived organoids,
microphysiological systems (organ-on-a-chip), bioprinting, and Al-enabled in silico modelling
- and evaluate each platform's position within the drug development pipeline. We argue that
bioprinting should be viewed not as a standalone model class but as an enabling biofabrication
strategy that can improve the reproducibility, architectural control, and manufacturability of
organoids and organ-on-chip systems. Critically, we frame adoption as an engineering-
regulatory translation problem: scalable manufacturing, assay robustness, defined biomaterials,
and cross-site reproducibility must advance in parallel with biological fidelity. We propose a
practical readiness framework and a tiered deployment strategy that enable immediate
reductions in animal use in high-impact domains, notably safety testing and oncology triage,
while building toward replacing more complex and longitudinal endpoints through integrated
multi-organ and computational approaches.



1. Introduction

Modern drug discovery is experiencing a paradigm shift as New Approach Methodologies
(NAMs) and, more specifically, bioengineered human tissue models start to complement, and
in some cases, replace animal testing. ! The limitations of traditional rodent models are
increasingly apparent: more than 90% of drug candidates entering clinical development do not
reach approval, with failures dominated by lack of efficacy and unexpected human toxicities.>>
This poor translation is especially evident in complex diseases such as cancer and Alzheimer's
disease, where human-specific mechanisms are not adequately captured in animal models. In
oncology, only 3.4% of drugs entering Phase I ultimately achieve regulatory approval, while
Alzheimer's disease has remained marked by repeated clinical failure despite promising animal
data.>** Ethical concerns, soaring costs, lengthy study durations, and limited availability of
relevant animal models add further pressure to identify alternatives.® In late 2022, the United
States took a landmark step with the Food and Drug Administration (FDA) Modernization Act
2.0, explicitly stating that non-animal methods may be used to support Investigational New
Drug (IND)-applications, and in April 2025 the FDA issued a strategic roadmap to make animal
studies “the exception rather than the norm” in preclinical safety and toxicity testing over the
next three to five years.!” This policy trajectory has since become more specific. In December
2025, the FDA issued draft non-binding guidance on streamlined nonclinical safety studies for
certain monoclonal antibodies, and in March 2026 it issued draft guidance on general
considerations for using NAMs in drug development, positioning NAM data within a “weight-
of-evidence” approach.®’ In the same month, the UK Medicines and Healthcare products
Regulatory Agency (MHRA) published guidance allowing advance review of non-animal data
in Module 4, while the European Medicines Agency (EMA) opened consultation on virtual
control groups as the first qualification opinion for a NAM used in toxicity assessment.!®!! A
related piece of legislation, the FDA Modernization Act 3.0, which requires the FDA to
establish a process to qualify NAMs, has passed both the U.S. Senate and the House of
Representatives.!? These regulatory changes, along with major public, philanthropic, and
ecosystem-building initiatives in the U.S., Europe, the UK, Australia, and the UAE, have set
the stage for systematic adoption of bioengineered models in preclinical research.!3-2°
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Figure 1. Bioengineered human model platforms for preclinical drug discovery and the converging role of 3D
bioprinting. Schematic overview of three key in vitro platforms: 3D cell cultures, organoids and
microphysiological systems (organ-on-chip). These models offer complementary strengths but face limitations in
architectural complexity, reproducibility, and fabrication. 3D bioprinting can address these constraints by enabling
spatial control and reproducible, scalable fabrication. Together, these platforms form a modular toolkit for
reducing animal use in preclinical drug discovery. Created with BioRender.com.

2. Bioengineered human models come of age

With advances in tissue engineering, microfluidics and computational modelling, human-
relevant models can now replicate key aspects of human biology with high fidelity.?!>* These
NAMs include human-derived 3D cultures (organoids, spheroids, “tumouroids’), microfluidic
organ-on-a-chip devices (Figure 1), and sophisticated in silico modeling.
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Advanced 3D cell culture models, rooted in cutting-edge biomedical research and tissue
engineering, are foundational to preclinical drug discovery. These platforms often embed cells
in biomimetic engineered hydrogels that replicate key aspects of the human extracellular matrix
(ECM), providing essential biochemical and mechanical signals that influence cell
organisation, morphology, polarity, gene expression, and drug response. Compared with
traditional 2D monolayers, these 3D cultures more accurately mimic the microenvironment of
native tissues and are increasingly used in toxicity screening, epithelial barrier modelling, and
tumour biology.?>*® These 3D models are underpinned by tuneable semi-synthetic hydrogels,
enabling precise adjustment of their physical and biochemical properties while maintaining a
balance between complexity and scalability. For example, matrix stiffness, degradability, and
biofunctionality (e.g., inclusion of specific peptides or growth factors) can be tailored to mimic
specific tissue environments or disease states. Because they are easy to implement, these
engineered hydrogel-based 3D cultures scale well and are readily deployed in upstream
applications that require high-throughput microwell plates. As such, they integrate with
automated liquid-handling and imaging systems without requiring specialised equipment or
protocol overhauls. Their compatibility with robotic and automated workflows makes them
well suited for high-throughput drug screening, early-stage toxicity testing, and phenotypic
profiling, in which compound libraries of 100,000 to over 1 million molecules are routinely
screened in 384-well plates, yielding approximately 3,000 plates and over 1 million data points
per screening campaign.?’ Such 3D cell culture platforms are particularly valuable when full
tissue/organ complexity is not required, but a representative microenvironment is essential to
improve predictive accuracy. As such, they offer a practical, scalable alternative to animal
models in early drug development workflows and serve as a gateway to more complex in vitro
systems. Because these platforms rely on defined materials, simple geometries, and plate-based
workflows, they also align well with the current regulatory emphasis on specified inputs,
quantitative performance metrics, and cross-site reproducibility for fit-for-purpose NAM
deployment. %10

Organoids build on this foundation and are the next level of biological fidelity. These
“miniature organs”, grown from human stem or progenitor cells, self-organise into realistic
micro-anatomy and recapitulate key structural and functional aspects of native tissues.
Pioneered in 2009 for intestinal tissue®®, organoid technology has since expanded to numerous
organs and tumour types.? Patient-derived tumour organoids (PDTOs) can mirror the histology
and genetic landscape of patient tumours. Other patient-derived organoid (PDO) systems
incorporate relevant mechanical stresses: cardiac organoids can beat, and airway organoids can
be pressurised to simulate breathing.’*3? PDTOs derived from patient cancers have
demonstrated remarkable predictive power. In a systematic review of 17 studies, PDTOs
demonstrated 81% sensitivity and 74% specificity for predicting patient treatment responses,
outperforming traditional cell lines.>>* Indeed, accumulating evidence suggests that PDTOs
can be more predictive of cancer drug efficacy than animal xenograft models.?’ This human-
like complexity may enable organoids to better capture patient-specific responses to therapeutic
drugs, highlighting their potential as a more reliable preclinical tool for assessing anticancer
drug efficacy.



The establishment of PDTO biobanks has become pivotal in advancing preclinical drug
discovery. These biobanks, encompassing diverse cancer types, provide well-characterized,
renewable models that enable high-throughput drug screening and personalized medicine. For
instance, living organoid biobanks have enabled large-scale studies, allowing assessment of
drug efficacy across genetically diverse tumour models.>*>° Furthermore, integrating multi-
omic analyses with organoid biobanking enhances the precision of therapeutic targeting. By
thoroughly characterizing each PDTO through genomic, transcriptomic, and proteomic
profiling, pre-clinical scientists can match patient tumours to specific organoid lines with
closely aligned molecular features. This approach, potentially assisted by machine learning
algorithms, augments the predictive power of preclinical models and supports the development
of individualized treatment regimens.’” However, because of their spontaneous self-
organisation, biological complexity, and culture requirements, organoids face challenges in
scalability, standardisation, and batch-to-batch reproducibility compared with simpler 3D
models. These limitations make it difficult to incorporate organoids into high-throughput
screening workflows typical of early-stage drug discovery, in which compound libraries of
hundreds of thousands of molecules are tested in parallel. As a result, organoids are most useful
in the later stages of the drug development pipeline, such as hit validation, lead optimisation,
and patient stratification, where biological fidelity is prioritised over throughput. From a
regulatory perspective, this positions organoids best for later-stage translational decision-
making, patient stratification, and mechanistically anchored efficacy testing rather than the
earliest phases of ultra-high-throughput screening. Extrusion bioprinting can increase
automation, reduce variability, and control shape, which has proven beneficial for kidney
organoid maturation.*

“Organ-on-a-chip,” or microphysiological systems (MPS), which are relevant to
translational research, have emerged globally from many bioengineering laboratories. 2> These
bioengineered platforms use microfluidic chips lined with living human cells, cultured under
flow to mimic the mechanical and chemical environment of real organs. By incorporating
tissue-tissue interfaces and shear stress, organ-chips recapitulate organ-level physiology (and

pathology) that static cell cultures cannot.??

Multiple organ chips can be connected to create a
“body-on-a-chip” that simulates inter-organ interactions. For instance, linking a liver chip to a
heart chip enables concurrent study of drug metabolism and cardiotoxicity, and connecting a
liver chip to downstream tissue or tumour models enables assessment of the effects of liver-
activated prodrugs. Notably, these chips now exist for most major organs, including the liver,
heart, lung, kidney, gut, and brain, and even in integrated multi-organ setups.!*® They can be
as predictive as, or more so than, animal models in assessing human responses. For instance, a
human Liver-Chip was shown to predict drug-induced liver injury with 87% sensitivity and
100% specificity in a blinded study of 27 hepatotoxic and non-toxic compounds.®” This far
exceeds the predictive power of standard animal toxicology, which often omits consideration
of human liver vulnerability. Notably, the so-called Liver-Chip study - the largest of its kind
with 870 chips - demonstrated that human organ-chips can better predict drug safety than in
vivo animal models, thus preventing false assurances from animal data. Researchers have also
used these chips to model human disease states, from cancer to rare genetic disorders, and to
reproduce clinical responses to drugs and pathogens in vitro.?? Despite the potential of this
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cutting-edge technology, MPS often require dedicated infrastructure and microfluidic
expertise, creating barriers to rapid, large-scale adoption in industrial high-throughput
environments. Among current NAM classes, MPS are therefore the most obviously aligned
with near-term, endpoint-specific qualification in safety assessment, provided their engineering
performance is sufficiently stable, and their context of use is tightly defined.®!!:40-42

Bioprinting supports all three pillars in the initial phase of biofabrication of complex,
potentially vascularized tissue constructs and miniature organ-like structures on demand. Using
bioinks containing human cells, organoid-forming cells, or supportive matrices, 3D bioprinters
can create bioengineered tissues with precise geometries, targeted cell placement, and
consistent architecture. Unlike traditional organoids that form randomly, bioprinting enables
standardised organoid size, spacing, and multicellular composition, improving high-content

screening and mechanistic research. **44

Bioprinting can manufacture organoid arrays and incorporate multiple cell types directly into
organ-on-chip formats, making it increasingly relevant as a manufacturing layer for other
NAM s rather than a separate model category.****%¢ In this sense, the main translational value
of bioprinting lies in its ability to improve the manufacturability, traceability, and lot-to-lot
consistency of advanced human models, which are precisely the attributes that industry and
regulators require for broader uptake. Nevertheless, print fidelity, bioink standardisation, post-
print maturation, costs, and integration with automated assay workflows remain active

engineering bottlenecks.** ¢

Artificial intelligence (AI) and in silico modelling, alongside bioprinting, are emerging as
powerful tools in preclinical research, particularly when integrated with innovative NAMs. Al-
driven simulations and digital twins, which are virtual models of organs or whole-body
physiology, are being developed to combine multi-omic data from cell-culture studies,
organoids, organ-on-chip systems, and 3D-bioprinted tissues to predict human drug
responses.?’ For example, machine learning models trained on transcriptomic, genomic, and
high-content imaging data from patient-derived tumour organoids have been used to predict
drug response and stratify responders in colorectal and pancreatic cancer studies.>** Digital
twin approaches are being piloted to simulate patient-specific drug metabolism, immune
response, and toxicity using MPS outputs.*’** A notable recent example is Rentosertib
(formerly ISM001-055), a TNIK inhibitor discovered through generative Al, which has now
reported results from a randomized phase 2a trial in idiopathic pulmonary fibrosis.® AI also
improves reproducibility by identifying optimal assay parameters across NAM platforms.
Convolutional neural networks have been used to classify morphological outcomes in 3D
cultures,’! while Al-supported analysis is increasingly combined with automated image
capture, perfusion management, and multi-parameter decision-making. As trust in these
methods increases, Al-enhanced NAMs are expected to become essential to a more predictive,
reproducible, and ethical approach to drug development.

Recent policy signals suggest that not all NAMs are equally ready for immediate adoption. In

engineered 3D cultures, the main opportunity is in standardized, automation-friendly assays

with clearly defined use cases. For organoids, their immediate translational benefits include

patient stratification, late-stage efficacy assessment, and disease modeling, but wider
8



regulatory acceptance will require defined metrics, better manufacturing control, and more
consistent results. MPS applications mainly focus on safety endpoints, such as liver toxicity,
biologics safety, and dose ranges, as indicated by current FDA, MHRA, and EMA actions. For
Al and virtual control methods, their near-term purpose is to enhance interpretation, reduce
animal testing, and support qualification, rather than replace testing systems entirely. 3D
bioprinting overlaps with these areas by applying spatial regulation and manufacturing
discipline to otherwise variable tissues, making these systems more auditable and regulator-

ready platforms,5-11:23:41.44-46

3. Applications in oncology and immuno-oncology

Oncology has been at the forefront of adopting these bioengineered models. Traditional
preclinical cancer research has relied heavily on animal models, typically murine xenografts of
human cell lines or patient-derived xenograft tumours (PDX models). Indeed, in 2022, the
European Union reported using 8.39 million animals for research, with 954,702 utilised in basic
and translational cancer research, 95.5% of which were mice.’”> While these models have
provided valuable insights, they often fail to capture the true heterogeneity of human tumours
and immune interactions. In contrast, PDTOs can retain the histological architecture and
genetic profile of the original patient tumour. They can be grown from small biopsy samples
of colorectal, lung, pancreatic, breast, prostate and other cancers.?’ These tumoroids enable in
vitro testing of multiple therapies on a patient’s own cancer cells, offering a platform for
personalised medicine. Moreover, when stratified into diverse panels representing different
tumour subtypes and clinical histories, PDTOs facilitate human-relevant drug screening,
effectively serving as a “clinical trial in a dish”. This approach enables assessment of
therapeutic responses across a broad spectrum of tumour profiles, thereby aiding clinical trial
design. Indeed, studies in pancreatic and gastrointestinal cancers have shown that PDTO drug
sensitivities correlate strongly with patient outcomes.?’ In one report, ex vivo treatment
responses in gastrointestinal PDTOs predicted clinical response with 100% sensitivity and 93%
specificity®® - an incredible level of accuracy and predictive performance. This has spurred the
establishment of organoid biobanks and clinical trials using organoids for personalised
medicine. Worldwide, cancer centres and companies (e.g., HUB Organoids B.V., the Human
Cancer Models Initiative, Crown Bioscience, and Tempus Al) now screen drug candidates on
organoid panels representing diverse patient tumours to guide precision oncology and drug
discovery. Importantly, organoids frequently reveal treatment failures at an early stage. A drug
that may reduce a mouse xenograft but has no effect on human PDTOs is unlikely to be
effective in patients, potentially saving resources and reducing animal use. For 3D bioprinting,
the most immediate contribution in oncology may be producing standardised tumour arrays in
which organoid size, cell density, and stromal composition are controlled prospectively rather

than emerging stochastically, improving assay comparability across compounds and sites.*>**

Immuno-oncology faces a more complex challenge: modelling the human immune response to
cancer. Mice lack a human immune system, and even “humanised” mouse models with
engrafted human immune cells only partially recapitulate human immunology. Bioengineered
models are rising to this challenge by incorporating immune components in vitro. Researchers
have developed tumoroid—immune cell co-culture systems to recreate the tumour
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microenvironment, including autologous immune cells. For instance, patient T lymphocytes
can be co-cultured with PDTOs, enabling real-time observation of immune cell infiltration and
tumour cell killing.> In one study, T cells extracted from a patient’s blood selectively attacked
and destroyed matching colorectal cancer organoids, demonstrating the potential of organoid
assays to evaluate immunotherapy efficacy at an individualised level.* Similarly, co-cultures
of pancreatic cancer organoids with peripheral blood mononuclear cells revealed activation of
cancer-associated fibroblasts and immune infiltration, mirroring the complex immune—tumour
dynamics seen in vivo.® These systems enable testing of checkpoint inhibitors, CAR-T cells,
or bispecific antibodies by monitoring how effectively human immune cells engage and
eliminate the organoid tumour. Although still emerging, such immune-organoid platforms are
rapidly improving. Innovations include organoids that incorporate lymphoid structures or that
add engineered immune components to microfluidic chips. For instance, researchers have
created “immune organoids” that resemble lymph nodes or spleen tissue to assess vaccines and
immunotherapies in a human context.!>> Microfluidic “blood-on-a-chip” devices can perfuse
immune cells through organ constructs; one application is in vitro cytokine release assays for
safety testing of immunotherapies.'*® After the TGN1412 trial, in which a monoclonal antibody
caused a cytokine storm in humans despite appearing safe in monkeys, drug developers
routinely use human blood-cell assays to screen for such immunotoxicity.!>” Another notable
example is tebentafusp (Kimmtrak), a gpl00 peptide-HPA-directed CD3 T-cell engager
approved for HLA-A*02L01-positive unresectable or metastatic uveal melanoma. Since no
pharmacologically relevant animal species was available for toxicity studies, human-based in
vitro assays were used to assess cross-reactivity and potential organ-specific toxicity — and
these NAM-derived data played a central role in the regulatory decision making.”® In vitro
immune models are thus increasingly capable of reducing reliance on certain animal tests, with
the potential to replace them in specific contexts of use as their predictive validity is further
established. For example, assessing a new immuno-oncology drug’s ability to activate T cells
or elicit cytokines can often be performed using human blood or immune organoid systems,
rather than in vivo primate studies.! In the next few years, as these immuno-oncology models
become more sophisticated (incorporating multiple immune cell types, 3D tumour architecture,
and potentially patient microbiome factors), they will substantially reduce the need for animal
models in testing cancer immunotherapies. Here again, bioprinting offers a practical route to
defined multicellular geometry, enabling more reproducible placement of tumour, stromal, and
immune compartments and potentially reducing the experimental noise that currently limits

cross-study comparison of immune-organoid assays.**%

4. Applications in toxicology and safety testing

Perhaps the most immediate impact of bioengineered models lies in toxicology and drug safety
assessment, areas where animal use has traditionally been substantial. Regulatory safety testing
that evaluates a drug's potential to harm organs or cause side effects often requires multiple
animal studies across various species. However, animal toxicology is notoriously unreliable:
many compounds that appear safe in rodents or primates later prove toxic in humans.! Human-
based in vitro systems can detect human-specific toxic effects earlier, improving safety and
saving time and cost. For example, human liver organoids and liver-on-chip devices can model
drug metabolism and liver injury with human-specific accuracy. The Emulate Liver-Chip,
10



which contains human hepatocytes and supporting cells under flow, has shown strong
performance in detecting drug-induced liver injury in humans.*® This kind of endpoint-specific
performance is precisely the sort of evidence regulators are now beginning to consider within
clearer validation frameworks, particularly where human relevance can be benchmarked

against clinical or accepted reference data.®!!+40

Human MPS for other organs, including kidney, lung, gut, heart, and brain, are also being
utilised in safety and pharmacology studies. Integrated multi-organ platforms are under
development to assess systemic toxicology; for instance, connecting gut, liver, and kidney
compartments can simulate oral absorption, metabolism, and excretion within a single human-
relevant system.?>** Skin reconstructs and skin-on-chip systems have already displaced animal
tests in several domains, illustrating that regulatory adoption of NAMs often begins with
narrowly defined use cases rather than through wholesale substitution.!*® Bioprinting is
especially relevant here because it can fabricate perfusable channels, barrier layers, and
compartmentalised multicellular architectures that are difficult to achieve consistently by
manual assembly alone.** ¢ For biologics and immunotherapies, the most promising near-term
opportunity may be hybrid test batteries that combine blood-based cytokine release assays,
immune-enabled liver or vascular chips, advanced 3D immune co-cultures, and computational
models, thereby replacing the longest and least informative animal studies while preserving

human relevance.®°>3>7

Regulators are increasingly receptive to these human-based toxicology methods, but the bar is
now clearer and arguably higher: sponsors must define the regulatory question, the context of
use, the performance standards, and the decision criteria for each NAM.%!%11:38 [p practice, this
favours platforms that can generate reproducible quantitative data, integrate orthogonal
evidence such as physiologically based pharmacokinetic (PBPK) modelling, and transfer
across sites without major performance loss. For 3D cultures and organoids, that means defined
matrices, standardised workflows, and robust imaging or molecular readouts. For MPS, it
means engineering robustness, analytical quality control, and carefully selected reference
compounds. For bioprinted systems, it means treating printing parameters themselves as

critical quality attributes rather than purely technical settings.®1%4

Indeed, companies are finding that adopting these models earlier in their R&D strategies
enables them to “fail fast” on unsafe drugs, focus resources on safer candidates, and reduce
costly late-stage attrition.>® The potential economic gains are immense: the regular use of a
Liver Chip alone could save $3 billion annually in R&D by preventing late failures, and up to
$24 billion if organ chips for multiple organs are widely implemented.*’: Reduced failure rates
mean not only lower costs but also reduced the number of animals sacrificed for inaccurate
tests.

5. A roadmap to replace animal models: Now, next, and future

Given rapid progress in bioengineered models and a supportive regulatory environment, a clear
roadmap is emerging to minimise, and ultimately eliminate, animal use in preclinical research.
Different domains of drug discovery are at different stages of readiness. We propose a
segmented strategy:
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Areas to replace animal use today: These are areas in which validated non-animal methods
already offer clear value and, in some contexts, can provide sufficient predictive performance
to replace certain animal tests. /n vitro skin and eye irritation assays, pyrogen and endotoxin
assays using non-animal reagents, and cytokine release assays using human blood already
exemplify this principle.!*”** Routine hepatic liability screening can increasingly incorporate
human liver spheroids or Liver-Chips, which have demonstrated advantages over conventional
animal liver studies for selected liabilities.*® In oncology, human organoid panels can provide
a more human-relevant approach to prioritising candidate therapies, reducing the need for low-
value mouse screening in specific drug-development contexts, allowing residual animal studies

to be reserved for a much smaller number of highly prioritised candidates.?**>3

Recent FDA guidance makes this near-term opportunity more concrete. The 2025 draft
guidance on streamlined nonclinical safety studies for certain monoclonal antibodies explicitly
describes circumstances in which long-term animal toxicology studies are not warranted or
may be limited to short-term studies, aiming to avoid unnecessary use of non-human primates.
? The 2026 FDA draft guidance on general NAM use, together with the MHRA's new non-
animal pathway, means that sponsors can now discuss organ-chip, organoid, advanced 3D
culture, and computational evidence within a clearer validation framework than was available
even a year ago.>!” For 3D bioprinted models, the immediate regulatory role is less likely to
be a standalone replacement and more likely to be as a manufacturing enabler that turns
complex organoid or MPS assays into more reproducible and transferable submission

packages. 4446

Areas to replace animal use in 1-3 years: In the near term, the largest reductions will likely
come from hybrid strategies that use human-relevant models to significantly reduce animal
numbers rather than eliminate them outright. Oncology drug development falls squarely into
this category: organoids, immune co-cultures, and bioprinted tumoroid and organoid arrays can
triage larger candidate sets, interrogate mechanisms, and select only the most compelling
agents for any residual in vivo confirmation.***3% Similar logic applies to pharmacokinetics
and safety pharmacology, where in vitro human liver models, MPS, and PBPK simulations can
reduce the number, duration, and scope of rodent, dog, and primate studies.!"*'%% The next
one to three years should therefore be viewed as a platform-qualification phase: animal studies
will increasingly become targeted gap-fillers rather than the default backbone of every
programme.

Areas where animal use can be replaced in the long term: Some animal studies remain
difficult to fully recapitulate in vitro. Complex systemic interactions, chronic immune
remodelling, whole-body metabolism, reproductive biology, and long-duration toxicities are
not yet comprehensively modelled by current experimental or computational systems. Chronic
toxicity and carcinogenicity studies, such as two-year rodent bioassays, still lack validated non-
animal replacements.’ Likewise, modelling pregnancy, placental transfer, and embryo
development remains highly complex, although embryoid, placenta-on-chip, and
developmental systems are advancing.!**® Immuno-oncology modalities that depend on the full
adaptive immune repertoire, and neurodegenerative disease models that must reproduce long
biological time scales, remain particularly challenging.
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In these domains, the path forward is likely to depend on incremental integration rather than
single-platform replacement: more mature organoids, multi-organ MPS, better digital twins,
and biofabricated tissues with physiologically comparable vascular and immune architecture
will need to converge before broader replacement of animal studies can be considered with
confidence.?****7 In the meantime, refinement of any remaining animal studies, coupled with
deliberate investment in validation, standardisation, and regulatory science, remains essential.
The realistic near-term goal is therefore not absolute replacement across every endpoint, but a
progressive shift in which animal studies become exceptional, targeted, and increasingly
difficult to justify when robust human-relevant alternatives exist.

Steps and interactions for integrating NAMs into drug development,
from internal validation to regulatory acceptance

Py 2 5P — P ] m
B W—N (/) FDA
o . T . — ﬁ z-:] 5 4 QUALIFICATION
Pre-
Internal bmissi Data Regulator
Validation submission Submission Review
dialogue
« Identify suitable o Clarify regulatory e Submit NAM valida- e Regulator assesses e« Acceptance of
NAM technologies expectations tion data NAM data NAMSs into IND fil-
ings
« Conduct validation e Initiate early dia- « Provide comparative « Feedback or request « Reduced reliance
studies logue with regulator  analysis vs animal for revision on animal studies

data

----------------

Figure 2. Key regulatory steps for integrating NAMs into drug development. Develop a clear strategy to navigate
the FDA's Drug Development Tool (DDT) Qualification Programs, emphasising the approval of New Approach
Methodologies (NAMs) for a specific Context of Use (COU). An effective regulatory NAM strategy should
include parallel activities such as initiating FDA engagement and preparing the Letter of Intent (LOI) early,
alongside drafting the Qualification Plan. Afterwards, follow a sequential process by executing the approved
Qualification Plan and submitting a thorough Qualification Package to obtain the final Qualification Decision for
your COU. Created with BioRender.com.

6. Complexity versus scale: The trade-off in 3D tissue models

As bioengineered human models enter mainstream drug discovery, a critical challenge has
emerged: balancing biological complexity with manufacturability, scalability, and
reproducibility. While advanced models such as patient-derived organoids and multi-organ
chips offer unique physiological relevance, they are often labour-intensive, costly, and poorly
suited to high-throughput screening workflows, which can require upwards of 1.5 million assay
wells to screen 1 million compounds with appropriate controls.?” Thus, their complexity often
comes at the cost of reproducibility, throughput, and standardisation. In contrast, simpler 3D
culture technology platforms may offer a scalable path forward and be ideally suited for early
drug discovery. These systems can be readily integrated into high-throughput multi-well
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formats, automated liquid-handling systems, and industrial workflows without requiring major
capital investment or procedural overhauls. In this continuum, 3D bioprinting is valuable not
because it automatically solves the complexity—scale trade-off, but because it offers a
manufacturing language for controlling geometry, cell placement, and batch architecture across

platforms.#+46

Patient-derived organoids, for instance, are powerful tools for modelling tumour heterogeneity
and drug response. However, they often exhibit batch-to-batch variability, require prolonged
culture times, and depend on poorly defined matrices such as Matrigel®, derived from the
Engelbreth-Holm-Swarm mouse sarcoma. Matrigel® shows substantial batch-to-batch
variability, lacks tunable mechanical properties, and contains undefined growth factors that
obscure experimental outcomes.’! Similarly, despite their sophistication, organ-on-a-chip
systems often require manual fabrication, may incorporate multiple cell types that need
different media compositions, pose scaling challenges, and require microfluidic expertise that
limits adoption in high-throughput industrial environments. On the other end of the spectrum,
simpler 3D spheroids or scaffold-based models, often relying on immortalised cell lines and
standardised formats, offer greater reproducibility and throughput but lack the complex
architecture and dynamic tissue interactions necessary to fully recapitulate in vivo human
biology. These models may be sufficient for early toxicity or efficacy screens but are less useful
for mechanistic studies or precision medicine applications. This complexity—scalability trade-
off underscores a pressing need for standardised, scalable 3D platforms that retain key aspects
of human physiology while being amenable to automation, quality control, and regulatory
compliance. One key enabler of this balance is the choice of biomaterials used to fabricate
these 3D models. Recent organoid bioprinting work reinforces this point: spatial patterning and
controlled deposition can reduce stochasticity in organoid assembly, but only when paired with

defined biomaterials and tightly controlled post-print maturation.***

7. Biomaterial innovation: From natural and synthetic to semi-synthetic matrices

Historically, ECMs used in 3D cell culture have been naturally derived, including collagen,
fibrin, hyaluronic acid, and basement membrane extracts such as Matrigel®. These materials
are biologically active and typically offer cell-binding motifs and protease-sensitive
degradation sites that support cell differentiation and tissue morphogenesis. However, they
suffer from inherent limitations:

o Batch-to-batch variability, especially in tumour-derived products.

o Lack of tunability: mechanical stiffness, porosity, and degradation profiles are difficult
to customise.

o Contamination risks, especially for clinical translation.

o High-viscosity, temperature-sensitive precursor solutions impede effective integration
with high-throughput automated liquid handling.

In contrast, fully synthetic polymers (e.g., polyethylene glycol (PEG), polyacrylamide, PLGA)

provide excellent control over mechanical and chemical properties, batch consistency, and

manufacturability. However, they are often biologically inert unless extensively modified, and
14



even modified versions do not fully replicate the dynamic biological cues required for
organotypic function.’> Although several fully synthetic ECM products have been available
for decades, their adoption in complex tissue modelling has been limited by their inability to
support cell differentiation, matrix remodelling, and dynamic tissue responses—features
critical for in vitro modelling of native human biology.

To overcome these limitations, a new class of semi-synthetic materials has emerged. These
hybrid matrices combine synthetic backbones with bioactive components (e.g., peptides,
protein domains, ECM fragments) to achieve the precision of synthetic materials alongside the
biological richness of natural ECMs. Semi-synthetic hydrogels can be engineered with defined
stiffness, degradation profiles, and biofunctionality, enabling researchers to align the
mechanical and biochemical properties of specific tissues. Notably, semi-synthetic matrices are
tunable, reproducible, and compatible with automation and scaling, making them ideal for
industrial applications in 3D cell culture and organoid manufacturing.

For instance, click-chemistry-based hydrogels enable precise cross-linking under physiological
conditions, support both embedded and surface-seeded cultures, and provide
photocrosslinkable control over stiffness, which is critical for mimicking soft tissues such as
brain or tumour microenvironments, as well as the stiffer ECMs typically found in tumour
microenvironments. These matrices can be integrated into standard multi-well formats and
combined with machine learning tools to standardise matrix formulation based on cell type and
desired phenotype. These same properties are also central to 3D bioprinting, where precursor
rheological properties, cross-linking kinetics, stress shielding during deposition, and batch
consistency directly determine print fidelity and cell survival; defined semi-synthetic matrices
are therefore likely to become as important for regulatory-grade bioprinting as they already are

for advanced 3D culture.*+4°

As the field evolves, we envision a tiered model ecosystem featuring high-throughput,
standardised 3D models built on semi-synthetic matrices for early-stage screening, alongside
more complex, patient-specific or organ-chip systems for downstream validation at a
significantly smaller scale. This strategic layering of models will enable researchers to
maximise biological relevance where necessary and efficiency where possible, thus
accelerating the shift away from animal testing while maintaining scientific rigour, patient
safety, and commercial viability. From a translational perspective, this also suggests that
bioprinting should often be deployed as a downstream standardisation tool for the most
informative assays, rather than forced indiscriminately into early ultra-high-throughput settings
where simpler 3D cultures still offer the better engineering solution.**4

8. The Translation Challenge: Aligning Academic Innovation with Industrial and
Regulatory Requirements

A persistent challenge in advancing NAMs is the fundamental misalignment between academic
research practices and industrial operational realities. Academic research environments focus
on discovery, mechanistic insight, and technological innovation. These objectives have driven
remarkable progress in developing increasingly sophisticated human-relevant models.
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However, this emphasis often results in systems that are highly customised, dependent on
specialist expertise, tightly coupled to the laboratory in which they were developed, and often
lack reproducibility. Experimental platforms may rely on poorly defined biological materials,
bespoke protocols, or manual handling steps that limit reproducibility. As a consequence, many
academically developed NAMs are difficult to scale, automate, and transfer across laboratories.

By contrast, industrial and regulatory stakeholders approach NAMs from a fundamentally
different perspective: namely, biological relevance must be accompanied by operational
robustness. NAM platforms must function with clearly defined inputs and outputs, demonstrate
consistent performance across sites and over time, and integrate seamlessly into automated,
high-throughput workflows. Moreover, the data generated must be suitable for regulatory
evaluation, requiring traceability, documentation, and well-characterized sources of variability.
When these criteria are not met, even scientifically compelling NAMs struggle to gain traction
beyond exploratory or pilot use.

The absence of a shared framework to reconcile these divergent expectations has contributed
significantly to stalled adoption. Academic researchers, industry practitioners, and regulators
often operate with different implicit definitions of readiness and success, leading to misaligned
development trajectories. Without a common language to describe the maturity of NAM
platforms and their suitability for downstream use, promising innovations risk remaining
confined to proof-of-concept demonstrations rather than progressing toward meaningful
impact. The FDA iSTAND programme partially addresses this by providing a structured
pathway and common terminology or qualifying novel drug development tools, including
eligible NAMs, for a defined context of use. However, it does not provide a general framework
for describing maturity from early proof of concept through technical evaluation,
manufacturability, transferability through to routine adoption.

To address this gap, a structured approach to translational maturity is required. Traditional
Technology Readiness Levels (TRLs), while effective for conventional engineering systems,
are not fully applicable to NAMs. NAM platforms are inherently hybrid, integrating living
biological systems with engineered materials, devices, and computational tools. Their
translational challenges arise not only from technical feasibility but also from issues of
reproducibility, standardization, scalability, and regulatory alignment—dimensions that are
insufficiently captured by classical TRL frameworks.

In response, a Translational Readiness Level (TRL) framework tailored specifically to NAMs
(TRL-NAM) provides a more appropriate lens for assessing and guiding the progression from
academic research to industrial use (Figure 3). At the earliest stages, TRL-NAM levels 1 and
2 focus on biological feasibility. At this point, the primary objective is to demonstrate that a
system captures a relevant aspect of human biology. Experimental setups are typically
exploratory and bespoke, with limited consideration of scale, standardization, or transferability.
These stages align closely with traditional academic research goals and are essential for
establishing scientific credibility.

As technologies mature to TRL-NAM levels 3 and 4, the emphasis shifts toward reproducibility
and experimental control. Materials and protocols become more clearly defined, quantitative
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performance metrics are introduced, and initial benchmarking and repeatability assessments
are conducted. Although scalability may not yet be fully realized, it is entering the design
conversation, marking a transition from purely exploratory research toward translational intent.

TRL-NAM levels 5 and 6 mark a critical inflection point, where systems evolve from isolated
experiments into reusable platforms. At this stage, compatibility with standard multi-well
formats and automated workflows is a priority; components are selected based on
manufacturability and characterization data. Reproducibility across laboratories is particularly
important, as it signals that the platform no longer depends on tacit knowledge or local
expertise. This phase is often where many NAMs falter, highlighting the importance of
intentional platform-oriented design.

At higher levels, TRL-NAM stages 7 and 8 emphasise industrial and regulatory alignment.
Technologies are deployed in pilot industrial settings and evaluated against clinically or
regulatorily relevant endpoints. Considerations such as documentation, quality control, supply
chain robustness, and cost become central, reflecting the realities of routine use in regulated
environments. Finally, TRL-NAM level 9 corresponds to operational adoption, in which NAM
platforms are used routinely in industrial decision-making, incorporated into regulatory
submissions, and subject to continuous monitoring and improvement rather than experimental
iteration.

Importantly, the TRL-NAM framework serves as a tool for transparency and alignment. By
explicitly recognizing where a given NAM platform sits along the TRL-NAM spectrum,
researchers, funders, industry partners, and regulators can engage more productively, set
realistic expectations, and direct resources strategically. Awareness of translational readiness
enables informed collaboration and targeted investment, helping ensure that academic
innovation translates into practical, scalable solutions that support the broader transition away
from animal-based testing.

The transition from animal testing to NAMs requires deliberate alignment between applied
research, industrial implementation, and regulatory expectations. As shown in other industries
such as aerospace and automotive, adopting a TRL framework offers a practical mechanism to
accelerate this alignment. By integrating TRL-NAM thinking from the start of a project or grant
proposal into university-driven NAM development, stakeholders can help ensure promising
technologies advance beyond proof-of-concept and publications.

17



Exploratory Industrial
Research Adoption

* Biological feasibility Performance metrics Full documentation

¢ Human relevance Benchmarking Automation

* Custom Repeatability Regulatory submissions
Scalable , Routine

™
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Figure 3. The TRL-NAM (Translational Readiness Level for New Approach Methodology platforms) framework.
The framework defines nine stages that describe the progression from exploratory academic research to the
industrial and regulatory adoption of NAM platforms, including organoids, microphysiological systems, and
advanced 3D cultures. TRL-NAM emphasises scalability, reproducibility, platformisation, and regulatory
alignment as critical determinants of successful translation. Readiness increases as it progresses from blue (early
academic research) to orange to green (operational adoption). Created with BioRender.com.

9. Regulatory impact

Given the FDA's Roadmap to Reducing Animal Testing in Preclinical Safety Studies, it is now
essential to distinguish hypothesis-driven research from regulatory readiness. Preclinical
studies should not be judged by novelty or innovation (as academic projects are); they should
be assessed on whether the evidence is fit for purpose, reproducible, and interpretable in the
context of an existing regulatory question. This distinction matters in discussions of NAMs
because the recent policy shift is not a blanket endorsement of any human-based model. Rather,
it moves toward context-specific acceptance of validated technology platforms with clearly

defined performance boundaries. !:810-11:41

The FDA's March 2026 draft guidance on general NAM use is significant because it translates
the agency's 2025 roadmap into a more practical validation framework. For simple engineered
3D cultures, this framework favors assays with defined materials, explicit endpoints, controls,
and site-to-site reproducibility. For organoids, it supports applications where the biological
question is narrow enough to bound and report variability, such as patient stratification or
mechanism-based translational studies. For MPS, it offers a clearer path toward endpoint-
specific qualification in toxicology and pharmacology, as long as sponsors can show consistent
engineering performance and comparison against human or accepted reference data. For
bioprinted systems, the message is equally clear: print geometry, bioink composition, and most
importantly post-print maturation, and analytical readouts must all be treated as validated assay

components, not as flexible laboratory technique variables.®#446

The FDA's draft guidance from December 2025 on streamlined nonclinical safety studies for

certain monospecific monoclonal antibodies is significant because it clearly highlights a
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specific area where animal testing, especially involving non-human primates, can now be
minimized. This development is particularly relevant for technologies like immune-enabled
liver chips, blood-based cytokine release assays, advanced 3D immune co-cultures, and PBPK-
supported risk assessments. These approaches may substitute for some lengthy and expensive
animal studies that offer limited information. Moreover, the FDA's updated pyrogen and
endotoxin guidance in March 2026 reinforces the idea that non-animal methods are not just for
disease models or discovery stages. Instead, they are increasingly being incorporated into
release testing and CMC decision-making, especially when performance standards are well
defined.”

Outside the U.S., regulatory convergence is taking shape. The MHRA's March 2026 guidance
states that it is open to applications without animal studies if alternative methods sufficiently
ensure safety, and it introduces an option for early review of Module 4 alone. EMA's March
2026 consultation on virtual control groups is more limited but strategically important, as it
represents the first qualification opinion for a NAM used in toxicity assessment and shows
European regulators' willingness to endorse incremental, context-specific animal-reduction
tools. Alongside the approval of FDA Modernization Act 3.0 by both the Senate and the House
of Representatives, these developments indicate a progressive shift away from animal-centric

language towards a mechanism-based approach to nonclinical evaluation evidence.'?

The surrounding ecosystem has also evolved. NIH has introduced Complement-ARIE awards
to develop, standardise, and qualify NAMs. Europe has launched dedicated Horizon 2026
topics focused on NAM integration and coordination. Innovate UK and NC3Rs have initiated
a competition centered on industrial human-relevant drug models. Additionally, ARDF,
IAMPS, NAT-Net, UConn, and the Emirates Drug Establishment demonstrate a broader
institutional push towards validation infrastructure, training, and market development. 1*2° For
model systems, the implications vary but are significant: MPS now benefit from greater
industrial and regulatory backing; organoids are advancing further into translational and
precision-medicine applications; simple engineered 3D cultures continue to be the most
scalable for deployment; and 3D bioprinting is becoming more important in contexts where
standardised production, architectural precision, and supply-chain reliability are essential for
regulatory approval trust,!7-18:44-46

10. Conclusion

This article highlights the importance of matching NAMs to specific research or commercial
applications, understanding which endpoints are currently feasible, and integrating
biofabrication and validation standards from the outset. In this context, bioprinting is
particularly important in the NAM field. Its main short-term role may not be to replace all other
3D model platforms, but to improve the standardization, auditability, and transferability of
advanced models—especially organoids and MPS—across labs and ultimately in regulatory
submissions. Organoid and MPS production need greater standardization, and analytical
endpoints should be benchmarked with clinically relevant data. Acceptance criteria across
agencies also continue to evolve. However, the overall direction is now clearer than ever.
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Actions taken by the FDA, MHRA, and EMA, along with significant funding and coordination
efforts in the U.S., Europe, the UK, Australia, and the UAE, indicate a shift from advocacy to
practical implementation. Human 3D cell cultures and tissue models now lead this transition,
delivering more predictive data and driving broader adoption of bioprinting for its control and
reproducibility as part of a complex biofabrication technology platform.
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