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Executive summary

Engineered Living Materials (ELMs) are biomaterials composed entirely or partly by living cells capable
of self-replication and adaptation. Among other applications, ELMs can be leveraged for their potential
of producing therapeutic molecules in situ. This horizon scanning report describes current state of art
and emerging trends of ELMs development and explores challenges and opportunities related to their
ability to deliver, produce and release therapeutic substances within the body to treat the designated
area.

Engineered materials and synthetic biology are recognized by global bodies like the World Health
Organisation, the Organisation for Economic Co-operation and Development and the World Economic
Forum as transformative emerging technologies. Moreover, research and development of ELMs for
therapeutic purposes is supported by ongoing calls for action and grants such as the Pathfinder
challenge launched by the European Innovation Council.

Examples of potential applications include engineered bacteria embedded in hydrogels for localised
anti-cancer drug delivery, ELMs producing antimicrobial agents, ELMs that protect and promote skin
healing and ELMs releasing growth factors to stimulate tissue regeneration and repair.

Applications of ELMs for in situ production of therapeutics offer potential advantages such as
continuous production of molecules within the body, better stability of produced therapeutics, potential
increased efficacy and possible reduction of side effects.

Despite growing interest and research effort in this field, several challenges in the development of
ELMs are faced like ensuring batch consistency and scalability of manufacturing, maintaining viability
and functionality of cells over time, and addressing the biosafety of these products. From the
regulatory point of view, there is no official harmonised definition of engineered living materials nor a
dedicated framework.

The main recommendations to tackle these challenges include increasing clarity regarding terminology
and definitions of ELMs, increasing information on specifications for standardised testing procedures to
enhance reproducibility, reliability and stability as well as discussing specific requirements for clinical
trials.

More experience and exposure of the regulators to ELMs development will determine the need for a
dedicated regulatory framework and further guidance.
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1. Introduction

1.1. Rationale and objectives of the report

Horizon scanning is the systematic analysis of information to identify early indicators of scientific and
technological advancements that may present new regulatory challenges or public health opportunities.
The European Medicines Agency (EMA) conducts horizon scanning in collaboration with experts and
groups like the EU Innovation Network (EU-IN) (1). The main objective of horizon scanning activities is
to proactively anticipate and address upcoming challenges and opportunities by analysing and
forecasting the most relevant upcoming topics and reporting their estimated impact on the European
Medicines Regulatory Network (EMRN) over the next three to 10 years. Reports contain
recommendations for the EMRN, supporting developments and facilitating innovation reaching patients.
Horizon scanning is a key activity to achieve the strategic goals of the European Medicines Agencies
Network Strategy (EMANS) to 2028 (2).

Engineered living materials (ELMs) was identified as a relevant topic based on literature screening, the
result of a survey conducted among stakeholders and interactions with scientific groups of EMA, the
EMRN and the European Innovation Council (EIC).

This horizon scanning report describes current state of art and emerging trends of ELMs development
and explores challenges and opportunities related to their ability to deliver, produce and release
therapeutic substances within the body to treat the designated area.

1.2. Defining Engineered Living Materials (ELMs)

The definition of ELMs used in this report is engineered materials composed, either entirely or partly,
by living cells. The term “engineered” is used when biomaterials (e.g., cells, tissues, materials that
integrate living cells, etc.) do not retain their original function or if they have been subject to
substantial manipulation. ELMs can have a broad application in health (tissue engineering, wound
healing, targeted production of molecules, medical implants, diagnostic devices) and even beyond
(e.g., sustainable architecture, environmental remediation...) (3). Moreover, engineered living materials
can be leveraged to develop New Approach Methodologies (NAMs). Nevertheless, this report focuses on
one specific application of ELMs for health, the in situ production of therapeutics. The term in situ
refers only to a localised area within the body where the therapeutics are initially delivered, produced
and released and does not include bedside manufacturing. This definition is also used by other
European initiatives like the EIC Pathfinder challenge on engineered living materials (4).

Despite this definition, it should be noted that ELM is not a standardised term in most EU languages
and varies vastly from country to country. Currently, there is no official position of the European
Directorate for the Quality of Medicines & HealthCare (EDQM) on the matter. Moreover, the constant
evolution of the ELM field may change the most common definition of the term in the future.

ELMs use their components, living cells and scaffolding, to actively replicate and, possibly adapt to the
environment. ELMs utilize the energy and chemical cues provided by their environment to assemble
themselves into systems capable of responding and adapting to internal and external stimuli, and also
present several unique properties like regeneration, self-replication, self-organisation, self-repair and
sustainability (3).
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Modifying living materials and delivering them at various body sites holds significant potential for
managing a range of diseases, either directly or indirectly. ELMs can persist in different body regions
for extended periods and offer a promising platform for the targeted production of molecules (e.g.
biomolecules or chemicals), specifically in situ. These molecules could be leveraged for therapeutic and
diagnostic applications.

For example, currently, biological medicines in clinical settings are limited to the administration of
externally produced biomolecules from engineered cells. However, engineered living materials that can
be implanted and can produce or induce molecules directly within the body offer vast opportunities,
including better stability of biomolecules, increased efficacy, and possible reduction of side effects (5).
This report describes different types and applications of ELMs for in situ production of therapeutic
molecules and highlights challenges and opportunities related to their development.

1.3. Classification of ELMs

ELMs can be divided into two different main types, based on their composition. The first type is called
biological ELM (bio-ELMs) and includes all the materials that are entirely composed by living cells or by
living cells and material produced by cells (e.g. biomineralization). Bio-ELMs also retain the ability to
completely self-assemble without the need for other additional components (6,7). The second type,
hybrid engineered living materials (h-ELMs), are not entirely composed by living cells. They also
contain abiotic components, like scaffolds, and rely on top-down building processes, such as bio
casting, embedment in artificial matrices (8) and bioprinting in 2D, 3D and even 4D (9).

While the two categories of bio-ELMs and h-ELMs are the most prevalent in the literature, the
classification of ELMs is evolving towards a more granular classification like taxa inspired by Woese’s
system, a popular taxonomy for life, which uses three domains (Archaea, Bacteria and Eukaryotic living
materials), complemented with an additional domain for ELMs containing also synthetic cells (10,11).

2. Applications of ELMs for in situ production of therapeutics

This section provides a non-exhaustive overview of fabrication techniques and highlights applications of
ELMs that produce therapeutics in situ. Furthermore, relevant examples from the ongoing Pathfinder
challenge portfolio launched by the European Innovation Council on engineered living materials are
discussed.

2.1. ELMs fabrication

Living organisms can use their own secreted substances, and fungal hyphal structures, to create ELMs
(12-14). Examples of secreted substances include amyloid protein and extracellular polysaccharides.
Amyloid protein is a key part of the microbial extracellular matrix, and structural framework of biofilms
(15). Amyloid-secreting microbes can be leveraged for designing living functional materials through
bioengineering. The engineered biofilms produced can behave like hydrogels and can be precisely
tuned using 3D printing and microencapsulation techniques (16).

Extracellular polysaccharides can stabilise biofilms by interacting with each other. They can retain
water, are highly permeable, and biocompatible, and they can be tuned and leveraged to create living
functional materials through metabolic engineering (17,18). In addition to tuning proteins and
polysaccharides, novel assembly methods have been developed that modify the surface of microbial
cells with ligands and receptors capable of binding to facilitate self-assembly among microbes (19).
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Extracellular polymeric substances have limitations in their three-dimensional structure and mechanical
performance like low density, weak bonding, defect caused by unchecked internal microstructures and
long-term growth limitations (20). These limitations can be mitigated by adding external scaffolds
which can support long-term microbial growth and the co-cultivation of different microbial zones.
Examples of fabrication methods using exogenous scaffolds or inorganic components include the sol-
gel process (8) that allows the creation of hybrid ELMs for use as injectable materials or implant
coatings (21), 3D printing, encapsulation, and spinning.

3D printing allows the flexible assembly of living materials with complex geometric designs. Examples
of the mostly used techniques are inkjet, micro-extrusion, and laser-assisted printing (22). 3D
bioprinting ELMs allows precise spatial control over the positioning of biomaterials, essential for
mimicking natural tissue architectures (23), enables the incorporation of multiple cell types and
biomaterials (24), and provides a scalable and automatised method for producing ELMs. Bioprinting
can also improve reproducibility of ELMs production, which can ensure greater consistency in batch
manufacturing. The combined use of smart materials, biomaterials that can respond to stimuli, and
bioprinting has resulted in the development of 4D printing, i.e. the incorporation of stimuli-responsive
biomaterials in the printing process. This results in the creation of dynamic structures that can develop
and adapt over time (9,25).

The development of capsules made of polymeric shells that contain a liquid core can serve as
containers capable of regulating the diffusion of molecules, such as nutrients, metabolic products, and
oxygen. They also provide a suitable microenvironment for sustained microbial growth and co-
cultivation of diverse cell types. Moreover, their robust shell and the ability to tune their size facilitate
seamless integration with raw materials and bioprinting techniques, such as micro-extrusion (26,27).

Spinning is another technique used for ELM fabrication but requires the material to withstand harsh
conditions, which has limited its use with living organisms. Only wet spinning and electrospinning have
been used to create living materials (28).

2.2. ELM applications

ELMs for the production of therapeutics in situ have an increasing area of applications with current
focus on oncology, wound dressing, infectious diseases and regenerative medicine.

2.2.1. Oncology

There are several cancer treatments under development that leverage genetic engineering for the in
situ production of anti-cancer drugs, often based on bacterial strains of Salmonella (29,30) or
Clostridium (31,32). Suitable bacterial chassis plays a major role in the development of ELMs, or more
broadly, bacterial-based cancer therapies.

Some bacterial species are more suitable for engineering due to characteristics and features such as
well-characterised genetic tools, ease of genetic modification, innate anti-tumour activity, and the
ability to invade and colonise specific tumours. These attributes are exemplified by Gram-negative
bacteria like the Salmonella chassis and E. coli. Progress with Gram-positive bacteria has been slower
due to less established cloning protocols, incompletely annotated genomes, uncharacterised biological
components, and limited options for gene expression (33).

Many engineered bacteria-based therapeutic strategies for cancer consists of single bacterial strains
genetically modified to perform a therapeutic function such as secrete or metabolise a substance (33-
35). However, ELM systems with a defined extracellular structure and scaffold (a biomaterial) have
also been explored as therapeutical strategy in oncology. One example is the ELM consisting of a
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genetically modified E. coli strain, embedded in a hydrogel matrix, that can secrete the anticancer
molecule deoxyviolacein in a light-regulated manner for up to 42 days (36). The hydrogel matrix not
only supports the bacteria growth and containment in the desired site but also allows the regulated
diffusion of the secreted molecule in the microenvironment upon blue light stimulation (36).

Novel ELMs have the potential to improve treatment delivery. Activation and production of treating
agents directly into the target area, for example a malignant tumour, or its near proximity not only
increases the local concentration of the therapeutic but will also likely reduce the dosage of treatment
needed, improve pharmacokinetics, delay degradation of the payload thus potentially decreasing side
effects that usually appear following systemic exposure. This would result in a greater safety and cost-
effectiveness of therapeutics and could also enable the reintroduction and further development of
treatments that had been discontinued due to their side effects (34,35).

2.2.2. Infectious diseases

ELMs applications related to infectious diseases include physical protection, virus detection, drug
discovery, medical equipment, and instruments. This section will cover the elements related to in situ
production of therapeutics. ELMs can interact with the viral replication cycle and can be modified to
recognise and target specific antigens on the cell surface. Depending on their composition, ELMs can
also be susceptible to environmental conditions or stimuli such as light (36,37) or pH, enabling control
over in situ treatment delivery and possibly preventing side-effects like immune cytokine storm often
caused by rapid payload release (38). Furthermore, the possibility to integrate dyes in the bacteria not
only increases the chances of monitoring ELMs in vivo, but also allows the delivery of antigens and
adjuvants using second near-infrared (NIR-II) technology and bioluminescence (39).

One example of an ELM system for the treatment of infections is a genetically modified E. coli anchored
in a dextran-based hydrogel with large pores that reduces the risk of an unwanted bacteria release in
the body (40). E. coli is genetically modified to produce and secrete lysostaphin, a bacteriocin that
inhibits the growth of pathogens such as Staphylococcus aureus in vitro (40).

2.2.3. Wound dressing

Multiple studies have shown that ELMs can be a very effective and sturdy barrier to protect wounds
and absorb the excessive exudations that might cause infections, and maintain a level of moisture ideal
for healing (41,42). This is especially relevant for some partial deep dermal and full thickness burns
(>25%) that represent an unmet medical need. Products for treatment of such burns have been
granted EMA orphan designation. An example is the bilayer engineered collagen hydrogel-based skin
graft composed of autologous keratinocytes and fibroblasts that has been granted orphan designation
in April 2015 for the treatment of partial deep dermal and full thickness burns (43).

2.2.4. Regenerative medicine

Major advances have been made in regenerative medicine, especially growth factor engineering, the
development of robust peptidomimetics, and controlled release matrices. Injectable and implantable
ELMs that produce and release growth factors (e.g., pro-angiogenic proteins) have been developed and
have shown to be able to bind collagen and promote angiogenic network formation among vascular
endothelial cells, indicating their regenerative potential (44). These ELMs allow diffusion of nutrients,
gases, growth factors, cytokines and the metabolites of cellular activity.
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Additionally, the bio inductive qualities of ELMs not only allow the adhesion and differentiation of the
implanted cells and the production of extracellular matrix, but also favours the migration of
endogenous cells, thus favouring the regeneration of damaged tissue. Lastly, bacteria like genetically
modified E. coli have been leveraged to create living glues, stimuli-responsive ELMs capable of
autonomous mechanical work and damage repair. A relevant example includes an ELM system that can
sense blood and respond by repairing blood-leakage sites in a microfluidic device that mimics an
internal bleeding (45).

2.3. EIC projects

Over the past decade, national and international stakeholders have shown significant interest in
developing ELMs and their potential for public health has also been highlighted by the World Health
Organization report on emerging technologies and scientific innovation in 2023 (46-50), by the
Organisation for Economic Co-operation and Development with a dedicated report on synthetic biology
(51) and by the World Economic Forum that included engineered living therapeutics as one of the top
10 emerging technologies in 2025 (52). The main drivers of progress in this field are ongoing calls for
action and grants, with several EU-funded projects focusing on ELMs development (4,53). The most
relevant initiative is the Pathfinder challenge by EIC (HORIZON-EIC-2021-PATHFINDERCHALLENGES-
01-05) (4), aiming to develop breakthrough ELM technologies and make EU companies leaders in ELMs
production via coordinated actions. The EIC ELMs portfolio of projects are funded under this call and
the Pathfinder Open call (53). This initiative encourages collaboration among researchers in synthetic
biology, materials engineering, and artificial intelligence.

Key projects under the Pathfinder challenge include:

e Engineering a living human mini-heart and a swimming bio-robot (BioRobot MiniHeart) (54)

e  Producing multi-cellular mycelium-based ELMs with computational capability (Fungateria) (55)
e Supervised morphogenesis in gastruloids (SUMOQ) (56)

e Closed-loop control of fungal materials (LoopOfFun) (57)

e PRInted Symbiotic Materials for living tissues production (PRISM-LT) (58)

e Living therapeutic and regenerative materials with specialized layers (NextSkins) (59)

These projects aim to develop at least two ELMs with different compositions or uses, focusing on multi-
cellular ELMs and adaptable technologies for various cell types, and for application in two different
sectors.

Among them, NextSkins and PRISM-LT aim at developing ELMs capable of in situ therapeutics
production.

NextSkins focuses on mimicking skin layers to create two engineered living materials:

e Living therapeutic skin: a wearable patch for treating skin disorders, made of a bacterial
cellulose hydrogel matrix with sense-and-respond cells.

e Living regenerative material: a tough, impact-resistant material for protective garments,
capable of self-reinforcement and regeneration (59).

The PRISM-LT project aims to create a flexible platform for manufacturing living tissues using a
hybrid living materials concept. This involves bio-ink with stem cells and engineered helper bacteria or
yeast cells to form structured assemblies. The goal is to develop two symbiotic materials for biomedical
and food applications, demonstrating the platform's versatility (58).
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Five additional projects, not initially part of the call, were presented at subsequent events like the first
EIC ELMs Annual Meeting and an EIC-EMA meeting on the regulatory framework of ELMs, such as:

e Bio-Hybrid Hierarchical Organoid-Synthetic Tissues (Bio-HhOST) (60): developing bio-
hybrid materials with living and artificial cells that communicate dynamically to regulate living
cells.

o Implantable Ecosystems of Genetically Modified Bacteria for the Personalized
Treatment of Patients with Chronic Diseases (ISOS) (61): developing the first biomedical
product for the in situ fabrication and auto-renewed delivery of therapeutic compounds
employing complex ecosystems of probiotic genetically engineered bacteria integrated in a
biomaterial-based bioreactor.

e Bacteria Biofilm as bio-factory for tissue regeneration (BIOACTION) (62): developing
innovative bio-hydrogels by engineering the peri-implant orthopaedic and dental biofilm in situ
and transforming it into a producer of pro-regenerative factors to treat implant-associated
infections.

o Archibiome tattoo for resistant, responsive, and resilient cities (Remedy) (63):
developing compatible bio fabrication processes that allow personalised design in the
architectural context.

e ENable LIGHT- and synthetic biology-driven volumetric bioprinting of functional
human tissues (ENLIGHT) (64): combining synthetic biology, 3D printing, and photonics to
create optogenetic volumetric bioprinting, allowing ultra-fast production of high-resolution
living tissues and organoids, most notably bioprinted engineered pancreatic cells capable of
secreting insulin.

3. Challenges during ELMs development

This section provides an overview of current challenges related to ELMs development. The main
challenges have been summarised based on literature but also on regulatory interactions between
ELMs developers and European regulators.

3.1. Quality and manufacturing

The development of ELMs for the targeted delivery of therapeutics can present challenges to
manufacturing and quality control methods. The following subparagraphs highlight challenges related
to batch-to-batch consistency and quality standards, bioprinting, processing, and storage.

3.1.1. Batch-to-batch consistency and quality standards

The living components of ELMs may lead to a lack of batch-to-batch consistency. The fluctuating purity
and potency of organisms in ELM products may result in a lack of uniformity and standardisation, even
more when the ELM assembly takes place in situ (e.g., directly inside the body). These factors make it
difficult to define detailed specifications for each batch to ensure quality and safety. The quality and
safety of ELMs for therapeutic purposes, especially those with minimal processing, heavily depend on
donor screening and sample testing for pathogens.

Topics discussed with regulators include:
e Suitability of the proposed potency assays

e Batch release:
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» the proposed drug product release process
> the possibility of replacing routine batch tests for impurities

» potency assay for batch release testing
3.2. 3D printing

The process of 3D printing to produce ELMs can be challenging, especially if different facilities handle
raw materials and printing (65,66). Different approaches are being explored to overcome the
challenges of 3D bioprinting used during development and clinical translation of ELMs:

e Selecting suppliers with a strict quality control process towards all the bioprinting components,
including bioinks, printers, consumables and living organisms.

e Adopting a centralised management software. Using a robust management software can
streamline operations by allowing remote control and monitoring of multiple printers from a
single interface to manage print queues, reducing downtime, and ensure efficient use of
resources.

e Standardizing the types of 3D printers and materials used across facilities can simplify
maintenance and training. It also ensures consistency in the quality of printed parts (66).

¢ Regular maintenance and calibration to improve operational efficiency. Furthermore,
implementing a regular maintenance schedule for all printers can prevent unexpected
breakdowns and ensure consistent print quality.

e Standardised calibration routines to ensure that each printer operates at optimal performance
levels, reducing errors and rework (23).

¢ Introducing comprehensive training for staff on the use of 3D printers and management
software that includes troubleshooting common issues and understanding the workflow from
design to print (24).

e Establishing a centralised and regularly updated repository for design files and print settings to
maintain consistency and reducing errors that is accessible to all facilities (67).

e Planning for scalability (e.g., investing in scalable software solutions and ensuring that
infrastructure can support increased demand) (68).

During ELMs manufacturing, protocols may be considered to minimise the risk of contamination,
including the minimisation of reusable equipment while handling the raw materials and screening of
any potential printing cartridge produced by a third party.

3.3. Process and storage

The impact of processing and storage on ELMs also needs to be considered. Given their smart
properties, processing may significantly affect the living component of ELMs.

Conventional sterilization methods may be incompatible with ELMs. Standard techniques such as
autoclave, gamma irradiation, or ethylene oxide exposure could kill, or damage engineered living cells
and degrade bio-hybrid matrices. Alternative approaches are limited and even less destructive
techniques like filtration are able to reduce contaminants but often fail to provide long-term sterility
without affecting ELM performance.
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While some injectable liquid ELMs can be frozen without losing effectiveness, other, more sensible
materials may face issues around moisture, light and oxygen levels that do not fit their design. These
strict environmental requirements could also be a challenge for the transport and storage of ELMs.
Managing cold chain logistics, storage, and temperature monitoring throughout the supply chain is
crucial for temperature-sensitive ELMs.

3.4. Pre-clinical

Testing biocompatibility and tumorigenicity of the ELMs components are a common topic for discussion
during regulatory interactions, with a focus on:

e Validity of the tumorigenicity tests proposed

e Design of in vivo tumorigenicity study

e The use of the second development batch for toxicology studies

e Whether the 3-month toxicity data are sufficient to support the initiation of a clinical trial

e The ideal waiting period between the first and the second patient receiving ELMs containing
allogeneic cells as well as the safety period between two cohorts proposed for a clinical trial.

3.5. Clinical

For early phase clinical trials, conducting risk analysis for the ELM under development is well aligned
with the guidelines provided by applicable good practices, particularly chapters 2 and 9.7 of GMP part
IV, which emphasize a risk-based approach (69).

Additional risks may arise during subsequent stages of product development and the manufacturing
process. These emerging risks should be documented in an accompanying report that outlines the
Quality Risk Management strategy for innovative product development. Each identified risk should be
linked to a risk management plan and mitigation measures to address or reduce the identified risks.

3.6. Other challenges
3.6.1. Ethics

Key questions, such as the ethical implications of ELMs that display autonomous functionalities,
potential health risks, and issues related to the rightful ownership and liability of such materials
derived from donor cells, need attention. They mainly involve ensuring equitable access to the
technology and preserving individual autonomy. While protecting intellectual property can stimulate
innovation, it should be balanced with equitable access to ELMs benefits. Several applications of ELMs
may be linked to healthcare technologies, such as monitoring parameters in the human body or
serving as neural interfaces, functioning as active implantable devices with potential biofeedback
capabilities (70).

3.6.2. Design

Despite the growing interest in ELMs, there are hurdles that need to be addressed to maximise their
integration in the biomedical field. The following paragraph highlights challenges related to the design
and characterisation of ELMs and their functionalities.

One of the inherent challenges of ELMs implanted in situ for the production of therapeutics is related to
the interactions they have with the microenvironment and how they can influence each other. This is
especially true for rheological properties and can lead to great variability in the results (71,72). ELMs

Engineered living materials for in situ production of therapeutics Page 11/21
EMA/291569/2025/Rev. 1



intended for delivery and production of therapeutics in situ need to adapt to a particular environment
and a variety of new techniques have been introduced to expand the experimental scope and reliability
of future products (73).

Engineered cells can be developed and tested through polymer physics models, organoids, and organ-
on-a-chip technologies to investigate their behaviour when they are exposed to biochemical agents and
physical stress for a certain period of time, mimicking the in vivo environment (74-76). The
characterisation of other more complex elements like the embedded genetic circuits, which can be
used to tune gene expression and biomolecular interactions, are still not fully explored (77,78).

Another challenge of ELMs is to introduce more complex or varied engineered behaviour in ELMs to
transition to a higher level of smart material, for example to tailor ELMs responses to multiple or more
subtle stimuli. Challenges have been encountered in first generation stimuli-responsive ELMs. For
example, the use of temperature-responsive, physically cross-linked injectable hydrogels in tissue
engineering can be impaired by the temperature increase during room temperature subcutaneous
injection that causes clogging of needles and results in failure of injection (79).

Lastly, a current pressing challenge of ELMs development relates to mechanistic mathematical
modelling to quantify reaction kinetics (74). The scarcity of tools to efficiently measure dynamic
conditions in cells and hydrogels, combined with the increase in complexity, prevents the quantification
of functional parameters (80). Machine learning, data-driven modelling, transfer learning, and
autonomous experimentation for the discovery, design, and optimisation of soft and biological
materials offer opportunities to simplify this part of the product design (81).

3.6.3. Biosafety

A key factor for developing ELMs, especially those based on microbes, are the genetic tools available to
modify such organisms. This is already seen with engineered gut microbes, like probiotics, which have
natural elements such as curli fibers that help them reach and colonise specific body areas, like the
intestine, or the tumor microenvironment (33,82). However, using ELMs in clinical settings faces
challenges, including biosafety and meeting regulatory requirements, similar to other genetically
modified organisms (GMOs).

Biosafety concerns associated with the use of ELMs are mainly related to engineered cells. Most
notably the risk of immune rejection, tumorigenicity, and the potential for abnormal proliferation or
escape from the desired site. Imaging technologies like second near-infrared (NIR-II) fluorescence can
be used to monitor ELMs in vivo (39). Additional precautional measures include introducing
biocontainment circuit designs which typically involve an input that is specific to the permissive
environment and repressive to the killing circuit, but upon exit from the permissive environment,
causes the expression of lethal components (83). The most prominent examples of said circuits are
auxotrophic cells and genetic kill switches. Auxotrophic cells need constant external supplements of
specific molecules to survive and in case of escape, they would be extremely unlikely to survive in
another environment where the molecule is not supplied (84). However, the need for a continuous
supply of essential factors to their probiotic environment relies on external intervention which can limit
the applicability of this strategy.

The use of genetic kill switches induces lysis or the expression of toxins in case cells leave the desired
site. One example is a two-fold toxin/antitoxin kill switch system to limit the growth of a genetically
engineered strain of E. coli (85). This is achieved using a cold-inducible promoter to induce the
expression of toxin protein CcdB if the temperature falls below 37°C, resulting in microbial cell death
(86,87). However, appropriate modifications of intrinsic cellular DNA-repair and mutagenesis pathways
should be considered as a complementary measure of biocontainment approaches since innate
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mutagenesis can interfere with the expression of such kill switches (88). Therefore, genetically stable
kill switches could be very valuable for any future ELM application, as these materials may need to be
stored for long periods of time without compromising their safety.

Hence why the development of broad-host kill-switch systems able to adhere to these requirements
will be vital to large scale implementation of ELMs (17).

In addition to biological approaches, the physical encapsulation of bacteria in hydrogels can also act as
a biocontainment tool capable of both greatly reducing the chance of inadvertent escape and ensuring
the sustained viability of microbial cultures. Examples include the encapsulation of microbial cells in a
nonporous, highly crosslinked hydrogel matrix or the use of a bilayer thin film hydrogel (40,44,89).
Lastly, capsules with polymeric shells and liquid cores have been also explored as an alternative
approach for compartmentalising microbial cells for biosafety purposes (90).

3.7. Regulatory framework applicable to ELMs

ELMs often involve one or more complex manufacturing processes, a great variety of components,
including manipulated living cells, and different characteristic features. As a result, ELMs may require
defined quality standards and regulations for development, evaluation and approval processes.

The EU-Innovation Network (EU-IN) Borderline Classification Group (BLCG) works as a multidisciplinary
forum for informal discussions on innovative product classification between European competent
authorities (91).

ELM borderline classifications discussed by the BLCG include a keratinocyte-based product. The main
points discussed focussed on what constitutes substantial manipulation of cells and tissues. Cells or
tissues shall be considered ‘engineered’ only if they are not used for the same essential function as in
the donor or if they have been subject to substantial manipulation (92). The effects of mechanical and
enzymatic dissociation onto the cells have been debated and whether they should be considered a non-
substantial manipulation.

Other cases discussed including local sustained drug delivery systems, a wound dressing for the
prevention of microbial colonialisation, and hydrogels, focussed on defining and establishing the
principal mode of action, intended action and which of the component of a composite medical item is
ancillary. Based on their nature and mode of action, most ELMs would fall within the Advanced Therapy
Medicinal Products (ATMPs) regulatory framework (92). Currently, there is no agreed EU nor national
approach to classify ELMs.

Furthermore, there is currently no regulatory guidance specifically addressing ELMs-based products.
However, ATMP specific guidance can provide support to ELMs developers. These include:

e Guideline on quality, non-clinical and clinical requirements for investigational advanced
therapy medicinal products in clinical trials (EMA/CAT/852602/2018) (93)

e Guideline for human cell-based medicinal products (EMEA/CHMP/410869/2006) (94)

e Reflection paper on clinical aspects related to tissue engineered products
(EMA/CAT/573420/2009) (95)

EMA early discussion forum like the Innovation Task Force (ITF) (96,97) provide opportunities to
discuss early developments with European regulators. It is currently not certain whether a dedicated
regulatory framework and guidance for ELMs are needed. More experience and exposure of the
regulators to ELMs development will determine the need for further guidance.
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4. Recommendations

The following recommendations related to the development of ELMs for in situ production of
therapeutics are based on current regulatory requirements, experience and interactions between
regulators and ELMs developers, including a joint EIC-EMA meeting on ELMs that took place in
February 2025.

4.1. Regulatory classification frameworks

To support the development and authorisation of ELMs for in situ therapeutic production, increased
information on the applicable classification framework of different types of ELMs and the related
regulatory requirements would provide clarity and predictability for developers and alignment between
regulatory authorities. This could be achieved through the development of joint guidance documents of
regulatory authorities in charge of medicinal products and medical devices. Approaching EDQM to
propose a list of standardised terms to clarify ELMs-related vocabulary should also be considered.

4.2. Guidance on pharmaceutical requirements

Acknowledging that variability of ELMs presents pharmaceutical development challenges, guidance on
quality control and batch-to-batch consistency would be of relevance to developers and regulatory
authorities. This would include information on specifications for standardised testing procedures to
enhance reproducibility, reliability and stability.

4.3. Guidance on non-clinical and clinical requirements

To address the unique characteristics of ELMs, their development and use, specific guidance for the
non-clinical and clinical development should be considered. This would include setting out ELMs specific
requirements for clinical trials and genetically-modified organisms (GMO), including environmental
release.
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6. Appendix
6.1. Methodology

The current state of art and key emerging trends have been identified via a systematic literature
search using Web of science, PubMed, Embase, Cochrane and CINAHL.

Regulatory challenges and opportunities related to ELMs have been informed using relevant EMA
internal documents, mostly produced during Scientific Advice, Innovation Task Force, and Business
Pipeline Meetings, now Portfolio and Technology Meetings.
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