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Abstract

Neuronal optogenetics is a technique to control the activity of neurons with light. This is achieved by artificial expression
of light-sensitive ion channels in the target cells. By optogenetic methods, cells that are naturally light-insensitive can be
made photosensitive and addressable by illumination and precisely controllable in time and space. So far, optogenetics has
primarily been a basic research tool to better understand the brain. However, initial studies are already investigating the pos-
sibility of using optogenetics in humans for future therapeutic approaches for neuronal based diseases such as Parkinson’s
disease, epilepsy, or to promote stroke recovery. In addition, optogenetic methods have already been successfully applied
to a human in an experimental setting. Neuronal optogenetics also raises ethical and legal issues, e.g., in relation to, animal
experiments, and its application in humans. Additional ethical and legal questions may arise when optogenetic methods
are investigated on cerebral organoids. Thus, for the successful translation of optogenetics from basic research to medical
practice, the ethical and legal questions of this technology must also be answered, because open ethical and legal questions
can hamper the translation. The paper provides an overview of the ethical and legal issues raised by neuronal optogenetics.
In addition, considering the technical prerequisites for translation, the paper shows consistent approaches to address these
open questions. The paper also aims to support the interdisciplinary dialogue between scientists and physicians on the one
hand, and ethicists and lawyers on the other, to enable an interdisciplinary coordinated realization of neuronal optogenetics.
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Introduction xeno-) genetically modify the neuronal cells to be influenced
later so that they express light-sensitive ion channels or other
transporters, particularly in the cell membranes [12]. The

key breakthrough came with the discovery that light-gated

Neuronal optogenetics raises (medico-) ethical and legal
questions as well as questions of social acceptance due to the

investigated objects, the methods of research, and the pos-
sible application in humans. The biotechnological approach
of optogenetics is to specifically control cellular activities
by light. For this purpose, it is necessary to first (trans-/
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ion channels (so-called channelrhodopsins) from algae can
be integrated into cells of other organisms, including mam-
mals and human cells, making them light-sensitive [44].
The controllability of cells genetically modified in this way
is based primarily on the fact that the naturally occurring
and variable electrical polarity of the cell can be specifi-
cally influenced by the light stimulation of the optogenetic
process. With the use of natural channelrhodopsins and the
development of genetically modified channelrhodopsins,
optogenetics has advanced significantly.

By combining the methods of genetics and optics, optoge-
netics can be used to study the cell physiology in a cell-type
specific manner, e.g., in neuronal cells, especially neurons
in cell cultures as well as in animal models [30]. In basic
research, neuronal optogenetics approaches are expected to
advance knowledge about the functions and controllability
of specific neuronal classes. Optogenetic methods can also
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be applied to stem cells [45] or muscle cells [68]. However,
the application of optogenetics to neuronal cells (neuronal
optogenetics) is of greater practical interest than the appli-
cation to other cells, as neuronal optogenetics is intended
to be applied to humans as a therapy for neuronal diseases
[30]. In the last decade, the development of optogenetics
has made progress using it in human cerebral organoids and
in animal models, so that a transfer to human medicine is
being discussed [30]. In the meantime, optogenetic methods
have been used to partially recover visual function in a blind
patient [52].

However, given the technical successes of optogenetics,
why do ethical and legal questions arise about this technol-
ogy? Specifically, research and application of optogenetics
in animal models raise questions of animal ethics as well as
questions about the regulatory framework of animal experi-
ments for research on optogenetic issues. The further devel-
opment of cerebral (human) organoids may open up a new
sub-discipline of neural optogenetics. This could expand
the current research radius of neuronal optogenetics, which
has so far been based mainly on the viral introduction of
optogenetic DNA vectors into animals or the use of trans-
genic animals. However, the generation and use of human
cerebral organoids has raised questions about the ethical
and legal status of these organoids, among other questions
[24, 31, 64, 66, 74, 76]. The answer to this question has an
influence on the question in which way cerebral organoids
can or may be handled. Are cerebral organoids ethically and
legally ordinary things, such as any laboratory equipment, or
do cerebral organoids have a different ethical or legal status,
which might allow only a restricted use compared to things.

Ethical and legal questions also arise regarding the
(future) application of optogenetics in humans. The medico-
ethical issues concern questions of patient autonomy and
of the balance of safety and benefit of the application for
patients, as well as questions of access and justice. From a
legal perspective, it has not yet been clarified whether the
methods of neuronal optogenetics are adequately covered by
pharmaceutical law and medical device law to successfully
translate this technology into medical practice. Regarding
the economic protection of the therapeutic application of
optogenetics, questions also arise as to the extent to which
inventions for the therapeutic use of optogenetics can be
protected by patent law.

In view of the technical possibilities of optogenetics and
especially in view of the use of cerebral organoids, scien-
tists as well as legal scholars and ethicists have pointed out
these open ethical and legal questions and suggested their
clarification [e.g., 10, 13, 18, 29]. The article describes the
open ethical and legal questions of optogenetics and the
extent to which these open questions affect the translation
of optogenetics from basic research into medical practice.
The article also shows first, not yet final, approaches to
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answering these open questions. The paper particularly
addresses the scientific, medical and technical communi-
ties and aims to raise their awareness for the ethical and
legal issues of this technology, to promote the interdisci-
plinary discourse that is necessary for a smooth translation
of optogenetics.

The interplay of ethics and law
in the appraisal of new technologies

Optogenetics and the translation of optogenetics can ben-
efit from accompanying ethical and legal research, since
the translation of a technology requires an ethical backup
as well as the outline of a legal framework specific to the
technology. Weighing the consequences of technical inno-
vation therefore increasingly requires that the impacts of
this technology be considered holistically and not limited
to the merely technical benefits. In addition to techni-
cal research, especially ethical and legal accompanying
research is carried out. Accompanying research therefore
provides an essential contribution to the translation of a
new technology.

Regarding accompanying research on ethical and legal
issues, it should be noted that the research of these two dis-
ciplines in turn benefits from each other in terms of consist-
ent accompanying research. This is because although eth-
ics and law are different disciplines, they are nevertheless
interconnected.

Ethics and law—and thereby the corresponding accom-
panying research—are interconnected because ethics pro-
vides the moral foundations for the laws of a society. Legal
systems are based on moral principles and values that are
considered important in society. An interdisciplinary col-
laboration between ethics and law can help ensure that laws
reflect ethical standards and moral principles. In addition,
ethical issues arise in numerous areas of law. Ethicists and
lawyers can work collaboratively to examine these issues
and find consistent answers. Further, ethics can define
general principles and values, while law establishes spe-
cific rules and regulations. Interdisciplinary collaboration
between ethics and law can also help clarify how ethical
principles can be translated into specific legal provisions.
Finally, a coordinated dialogue between ethics and law can
help identify and resolve potential conflicts between legal
requirements and moral convictions. Overall, cross-discipli-
nary collaboration between ethics and law facilitates a more
comprehensive and balanced consideration of legal issues
and helps to promote fairer and more ethical legislation and
legal practices. This mutual benefit of both disciplines can
therefore also be achieved in the interdisciplinary study of
neuronal optogenetics.
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Ethics of optogenetics
Protective status of cerebral organoids in research

Within the ethical debate on the evaluation of cerebral
organoids, it has been argued that against the background
of further technical developments it might be necessary
to grant an ethical protective status to cerebral organoids,
as they might for example have pain perception in the
future [33]. This is because further technical develop-
ment could also lead to a greater practical significance of
cerebral organoids in research and application. From an
ethical perspective, calls for a protected status are made
when the challenged entities have certain capacities such
as pain perception or even forms of consciousness [33].
Such protected status could impact the ability to use cer-
ebral organoids in research and application if, for exam-
ple, ethics committees oppose research or application of
the technology. In addition, societal acceptance could also
decline due to emerging ethical issues. Both negative votes
from ethics committees and insufficient societal accept-
ance could hinder scientific research. It is therefore neces-
sary to develop appropriate recommendations for action
timely. This is because the morally desirable potential of
technology in relation to the therapy of sick people not only
obliges us to take a critical approach to technology and
possible aspects of uncertainty in its application. From an
ethical perspective, they also oblige us to investigate under
which circumstances the application of the technology to
humans can be approved on ethical grounds. Cerebral orga-
noids have already been used to investigate how the Zika
syndrome affects the fetal development of the brain, or how
microcephaly can be better understood [14]. It is also pos-
sible to test both the toxicity and effectiveness of drugs
[14]. A future goal is to obtain parts of brain tissue that
can by transplantation replace damaged parts of the brain
in patients [6, 60]. Against the background of these pos-
sibilities, there is therefore a moral obligation to continue
this research and thus make its potential usable, as well as
an obligation to ethically safeguard the research and appli-
cation of optogenetics. Ethical safeguarding is essential if
the technology is to be transferred to clinical application.
Despite the limitations in size and lifespan of the orga-
noids against the background of a lack of vascularization,
properties of the human central nervous system could
already be realized in cerebral organoids: Thus, cerebral
organoids have autonomous electrical activity, and one
study was able to show that EEG patterns comparable to
those of premature human infants are evident [67]. It can
be concluded that even in the absence of external stim-
uli, neuronal activities comparable to those of a human
brain are generated [33]. Here, too, it must be ethically

examined which conclusions can be drawn regarding the
ethical status of human cerebral organoids. The question
arises as to what further developments research on and
with cerebral organoids will yield and what properties or
capabilities cerebral organoids will develop in the further
course. From an ethical point of view, the lack of knowl-
edge about the further development of cerebral organoids
can be criticized, as well as the difficulty to reliably meas-
ure or recognize the consciousness or other functions or
abilities developed in a cerebral organoid. For even if
it were assumed that cerebral organoids can form basal
forms of consciousness, the question would remain to be
answered as to how their presence can be detected.

Epistemic objections

Objections to emerging technologies that concern knowl-
edge or non-knowledge are nothing new. Already from the
debates about green and red genome editing, arguments are
known that refer to knowledge or non-knowledge about the
short-, medium-, and long-term consequences of an appli-
cation of the technology in question [81]. Green genome
editing refers to the use of genetic engineering techniques in
agriculture, particularly in plants, while red genome editing
is defined as the use of these techniques in human medi-
cine. In connection with this, there is always the question
of the degree of knowledge about the relationship between
the risks and benefits of a technology that justifies its use. It
can be stated that conclusive knowledge about any area of
the world will probably never exist. Nor about the possibility
of cerebral organoids developing abilities that would make
us think about granting them a moral status based on their
capacity for suffering or even consciousness. For it must
be stated at this point that it makes a difference whether a
living being can percept pain or realizes higher functions
of consciousness. An argument for the fact that research on
and with cerebral organoids is ethically not acceptable can-
not be based on insufficient knowledge. For in this context,
the question also arises as to whether a renunciation of the
possible potentials can be ethically justified by incomplete
knowledge. In this context, only precise technology assess-
ments can be called for. Insofar as the clinical or therapeu-
tic application of organoid technology pursues the goal of
reducing or preventing human suffering and thereby increas-
ing human life chances, attention must be paid above all to
compliance with medico-ethical standards.

Consciousness, human consciousness,
and organoids with consciousness

The argument about the moral status of cerebral organoids
also concerns questions about their level of organization,
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because it is not up for discussion that human consciousness
is the highest form of an ability that other living beings on
this planet also possess. The emergence of consciousness is
explained by an evolutionary selection principle [10, 16].
Against this background, the question arises whether, at this
point in time, all living beings that have a basal conscious-
ness are actually part of human moral considerations. One
could easily undertake reflections on the scientific instru-
mentalization of animals here. Now, it is not fair to play off
the protective status of one group of entities against that
of the other. For this reason, it will not be shown here how
contradictory it appears when, on the one hand, it is con-
sidered to what extent and, above all, from what stage of
development human cerebral organoids require a protective
status when other animate entities, about whose capacity
for perception of pain there is no doubt, are used in scien-
tific research. Should the central problem that is seen in the
debate be the fact that human cerebral organoids are being
discussed? Proposals to give cerebral organoids the legal
status of animals in research are on the table [74]. The ethi-
cal status of human cerebral organoids remains unresolved.
The need for an interdisciplinary debate in a timely manner
is seen [54, 57, 74]. And indeed, ethical and legal reflec-
tion would do well to accompany the development of tech-
niques such as optogenetics or organoid technology as far
as possible from the outset. Not only can risks possibly be
identified in this way that cannot always be seen in the sci-
entific debates. The translation of basic research into applied
human medicine can also be facilitated by accompanying
ethical research.

Neurophysiological level of organization
and further conditions for consciousness

There is no doubt that the human brain is a necessary con-
dition for all mental states in which people can be in. The
experience of pleasure and suffering, the experience of an
own and private ego instance and connected with it the
remembering, feeling, but also the most complex thinking
about difficult facts would not be possible for humans if the
human brain had not reached the organizational level it has
during an evolutionary process.

However, at least two further factors appear to be of
importance for human consciousness: (1) The human brain
is located in a body that enables the brain to interact with its
environment and the objects in it [9]. This exchange shapes
the brain, as the complex interplay between the brain and its
surroundings influences cognitive development and sensory
perceptions. [50]. (2) Humans live in social associations that
enable development, which is called culture. Human culture
and the human brain are interrelated because human culture
shapes the environment in which humans or their brains
develop. And the objects of employment are also created

@ Springer

to a considerable extent by human cultural activity. Both
aspects can be seen as the condition of possibility for the
kind of consciousness that is present in humans. Cerebral
organoids will be not able to fulfill both conditions in the
foreseeable future.

A sensorium, which enables contact with the environ-
ment, is by no means sufficient. For the perception of pain,
for example, certain neurophysiological conditions must be
present in the corresponding brain and in the body to enable
the underlying stimulus to be transmitted or processed. An
evaluation of the stimulus then only turns it into pain in the
actual sense, which, for example, a person feels or perceives
qualitatively. It is therefore not excluded that cerebral orga-
noids could process and evaluate stimuli, which would then
be approximately what humans experience as impressions
between pleasure and displeasure. With regard to cerebral
organoids, the question arises what status they would have
ethically and legally if they could percept something like
pain.

The moral status of genetic engineering
interventions between naturalness and artificiality

At the level of principles, there are arguments that are based
more on the cosmological and ideological attitudes of their
authors than on ethically founded insights. For example,
it could go against various values to intentionally perform
genetic engineering interventions on humans. Values of life,
of divine creation, or of naturalness could be mentioned
here [81]. This last value will be discussed here: Natural-
ness as a normative value cannot be considered without its
conceptual counterpart, artificiality. Particularly prominent
within the cultural philosophical tradition is a distinction
between the two concepts on the following basis:

All entities are regarded as natural which have originated
or originate without human intervention, as artificial again
those entities are considered which were created intention-
ally or were brought into the world. Generally, one assumes
in this connection, even if not undisputed, that only humans
create entities intentionally, i.e., that only humans create arti-
ficial. It can now be stated that people encounter naturalness
with a moral bonus, which leads them to the conviction that
natural entities are less dangerous than artifacts [4]. The lat-
ter are met with skepticism regarding safety and the possible
dangers they could pose. Similarly justified concerns have
already been raised about green and red genetic engineering
[81]. Now there is no need for philosophical reflections on
the fact that the dangerousness of a poison depends on its
effect, e.g., on humans, and not on the origin of the poison
from nature or a laboratory. There is no doubt that a mul-
titude of ethically desirable human interventions in nature
can be enumerated: Medical measures, nature reserves, etc.
could be cited here. More profound statements about the
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question, why the natural for the human being is estimated
in such a way, are not to be made here.

At this point, it should be added that it remains to be
investigated whether organoids possibly defy categorization
as natural or artificial. This is because the cell assemblies
are created by autonomous division, while at the same time
the actual process is initiated by humans. However, since,
as explained, categorization has no ethical significance, it
does not seem necessary from an ethical point of view to
determine the extent to which organoids represent natural
or artificial entities.

The perspective of animal ethics

One application of neuronal optogenetics has animal ethi-
cal implications: Animal experimentation is related to ques-
tions about the moral status of animals, the human-animal
relationship, and the treatment of animals by humans [51].
Animal experiments are a necessity if basic research on neu-
ronal optogenetics is to be transferred to human applica-
tion. Therefore, in the context of neuronal optogenetics, the
question is not whether animal experiments are necessary,
but only how they should be ethically evaluated and how
or whether they can be ethically justified. There is a need
for ethical research because neuronal optogenetics aims to
manipulate animals not only physically but also in their psy-
che. Furthermore, the debate has changed in recent years
and the rights of nature and animals are being re-evaluated
in light of biocentric arguments. This change concerns the
transition from anthropocentric morality to the notion that
animals have their own moral rights. The questions that arise
in this context are as follows: (1) how can the interests of
humans and animals be mutually balanced in the context
of neuronal optogenetics? Within the discourse, there is
a debate between anthropocentrism, physiocentrism, and
preference utilitarianism. While anthropocentrism claims
that only humans are morally relevant, physiocentrism goes
beyond this and claims the intrinsic moral value of all com-
ponents or the totality of nature. Preference utilitarianism, in
turn, assumes that only living beings with preferences have
intrinsic moral value. Against this background, the prefer-
ences of animals and humans would have to be weighed
against each other. In this respect, the existing arguments
have to be weighed and, if necessary, new arguments must be
developed with respect to neuronal optogenetics. (2) What
knowledge gain and transferability can be expected from ani-
mal experiments in neuronal optogenetics and how should
they be morally evaluated? This question is relevant to jus-
tify the necessity of animal experiments. (3) What ethical
recommendations can be developed for the use of animals
for neuronal optogenetics in basic and preclinical research?
Again, further ethical research is needed. (4) To what extent
can animal replacement by organoids be achieved in basic

research? This would represent a desirable outcome from
an animal ethics perspective, as the instrumentalization of
animals in research holds potential for ethical conflict.

Medico-ethical considerations

Prognostically, there is also a need for ethical research
regarding an application of neuronal optogenetics in human
medicine. Only in this way can a translation of research from
basic research into clinical application be ethically secured
and thus made possible. Among other things, it seems
appropriate to conduct this against the background of the
four medico-ethical standards (autonomy, non-maleficence,
beneficence, and justice). This approach gives rise to the
following complex of questions:

1. What effects does the application of organoid technol-
ogy have on human autonomy or patient autonomy? In
this context, it is necessary to investigate the impact of
therapeutic applications of neuronal optogenetics in
the human brain on personality, freedom of choice and
autonomy. It should be noted that therapeutic approaches
aim to change the mental state of patients, e.g., in the
therapy of depression and post-traumatic disorders.
Therefore, on the one hand, it is necessary to ethically
examine and evaluate the possible effects on the auton-
omy or freedom of patients. Is it even possible to consent
to an intervention that has the goal of changing one’s
personality? On the other hand, this raises fundamental
philosophical questions about the relationship between
brain and personality, consciousness, authorship, and
self-perception and perception by others. It is to be
expected that such interventions will not be understood
as an attack on the patient’s autonomy, but as an attempt
to restore the patient’s autonomy through therapeutic
intervention. However, this makes it necessary to clearly
define what can and cannot be counted as a therapeutic
intervention.

In addition, it should be noted that an initial applica-
tion of neuronal optogenetics could be the treatment of
neurodegenerative diseases such as Tourette’s and Par-
kinson’s diseases [47]. Preserving the principle of auton-
omy in individuals with neurodegenerative diseases may
be associated with additional difficulties that require
ethical consideration [27]. The positive interpretation
of the autonomy principle places the decision-making
autonomy of the individual in the foreground. From this,
a plea can be derived for respect for autonomous deci-
sions for new and high-risk treatments, even if these
are viewed skeptically by medical experts under certain
circumstances [70].

2. Do both research and application of neuronal optogenet-
ics live up to the principle of non-maleficence? Here,
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above all, it must be examined in a forward-looking
manner whether the actions of the actors follow the prin-
ciple of primum non nocere. This reflection is future-
oriented, since above all the perspectives of a medical
application of the technology must be examined. Against
this background, it must be investigated how, with
regard to the immediate goals, such as use in observing
and studying the work of neurons or neuronal associa-
tions, and also the distant goals, such as application to
alter the physiology of neuronal cells in humans, it can
be ensured that both individual normative judgments can
be taken into account and (utilitarian) cost—benefit bal-
ances can be drawn up. A current cost-benefit balance
is thereby characterized by an uncertain data situation of
the risks of viral gene transfer in the brain, which cannot
be outweighed by the uncertain prospect of efficacy [70].

3. Are the actions of researchers and physicians funda-
mentally compatible with the principle of beneficence?
Medico-ethical reflection must raise the question of
the extent to which the principles of beneficence, life,
health, and quality of life are guaranteed by actions of
researchers and physicians. Are the goals of research
or application compatible with the human preference
for avoiding suffering? The principle of care must be
examined here for the possibility of coming into con-
flict with the principle of (patient) autonomy, since the
two principles might suggest different actions in certain
cases of medical application. In such cases, it would be
necessary to weigh both principles against each other
and to hierarchize them.

4. What is the relationship between the clinical application
of neuronal optogenetics and the principle of justice?
The question here is, among other things, whether an
application of the neuronal optogenetic technique can be
expected to result in a fair and appropriate distribution
of the health benefits arising from this application. The
admissibility of costly therapies can also be examined in
this context. It is likely that securing an ethical viability
in terms of equity standards will be a matter of legisla-
tive regulation. However, the need for such legislative
regulation can be worked out through ethical analysis.

5. What dangers of dual use are to be expected from neu-
ronal optogenetics and how are they to be dealt with
ethically? The ethical analysis must also address the
question of possible clinical and non-clinical applica-
tions of neuronal optogenetics that do not pursue the
goal of concrete therapies, but rather use the technology
in the military field, for example. These ethical questions
must be brought closer to an answer if the morally desir-
able potentials of the technology are to benefit patients
in the form of therapeutic approaches.

@ Springer

Regulation of optogenetics
Systematic legal analysis for translation

From a legal point of view, the successful transfer of basic
research results into regular medical application (so-called
translation) requires that the legal questions of a (new)
technology and thus also of (neuronal) optogenetics have
been systematically identified from basic research to appli-
cation and that it has been clarified how these questions
can be answered consistently. This is particularly due to
the fact that a legal obstacle to the translation in terms of
a legally unclear application at the end of the translational
process, i.e., with regard to its medical application, can
lead to basic research and applied research not taking place
and to investments in this research not being made because
the legal possibility of the translation is not guaranteed.
Vice versa, legally unclear questions of basic research
and applied research may lead to a situation where this
research, despite its therapeutic potential, does not take
place or possibly shifts to legal systems where these ques-
tions have already been answered. Since a consistent legal
analysis for the entire translational process of neuronal
optogenetics is not yet available, from a legal point of
view, neuronal optogenetics faces the risk that translation
will not be successful due to unanswered legal questions.

The methods of neuronal optogenetics are used today in
basic research as well as in preclinical studies. In this con-
text, these methods are used in 3D cell models (in vitro)
[20, 34, 42, 58], especially cerebral organoids [42, 58], or
animal models [43, 71]. In both fields, as in the context of
ethical analysis, independent but nevertheless interrelated
legal questions arise, for example concerning the (legal)
status of cerebral organoids or the handling of laboratory
animals. Given the results already achieved, especially in
studies on neuronal optogenetics in animals, the medical
application of neuronal optogenetics in humans is already
being discussed [1, 72, 73]. The partial recovery of visual
function using optogenetic methods in a blind patient is a
first clinical success of optogenetics [52]. However, due
to the higher complexity of the combination of genetic
intervention and neuronal stimulation compared to estab-
lished methods of gene therapy or deep brain stimulation,
the considerations on the legal classification of deep brain
stimulation [28, 39, 49, 55] cannot directly be applied to
neuronal optogenetics.

In the following, the legal questions concerning the
translation of neuronal optogenetics as well as the rel-
evant legal regulations are introduced. In addition, initial
approaches to addressing these hitherto unanswered ques-
tions will be outlined.
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Relevant fields of law and legal sources

The translation of neuronal optogenetics from basic research
into medical practice is governed by several areas of law,
such as genetic engineering law, pharmaceutical law, and
medical device law, as well as patent law. On the one hand,
the law of the European Union (EU) and other international
legal documents play a role within these areas of law, on the
other hand, the law of the respective EU Member State. In
the following legal description, the legal framework of neu-
ronal optogenetics is explained based on the requirements of
EU law, which thus applies in all EU Member States. How-
ever, a distinction must be made between EU regulations
and EU directives. Regulations from EU directives must be
adopted by the member states in national law. In contrast,
requirements from EU regulations have direct legal effect for
public and private actors throughout the EU. In addition, the
significance of other international legal documents relevant
to optogenetics is presented in the following legal assess-
ment of optogenetics. Exemplary national legal requirements
are explained using the case of Germany.

Optogenetic research on cerebral organoids

The advancement of cerebral (human) organoids can open up
a new branch of research for neuronal optogenetics, which
has its own legal questions. Until today, neither EU law nor
other international legal documents [69] impose any explicit
restrictions on research on human cerebral organoids. There-
fore, the use of optogenetic methods on cerebral organoids is
not subject to any specific regulation under European law or
international law. Currently, there are also no efforts known
to establish such a legal framework to deal with cerebral
organoids. Calls for an international (soft law) declaration to
regulate the use of cerebral organoids [69] have not yet been
implemented. The same applies to national legislation. Spe-
cific sub-constitutional law regarding (cerebral) organoids
does not exist in German law [64—66] and, to the best of
our knowledge, do not exist in any other European state.
However, the lack of regulations with explicit reference to
(cerebral) organoids does not mean that (cerebral) organoids
are in a legal vacuum.

The question of the legal framework for the generation
and use of cerebral organoids is significantly determined by
the legal status of these entities. In addition to the discus-
sion on the moral status of cerebral organoids presented in
the ethical part of this paper, a parallel discussion is also
ongoing in the field of law. The arguments in the ethical
and legal discourse revolve equally around potential con-
sciousness and sensitivity to pain of the organoids [31, 76].
However, at this point, it must be emphasized that ethical
concerns do not necessarily lead to a legal restriction or their
predominance over protected legal positions.

The question of the legal status of cerebral organoids
concerns the clarification of whether cerebral organoids
are things, i.e., res (legal objects) under current law or
whether cerebral organoids already have a legal status that
goes beyond, whereby the generation and use of cerebral
organoids would possibly be legally restricted compared to
things. In terms of an evidence-based technology assess-
ment, this legal assessment also must consider technical
progress, e.g., the fact that future cerebral organoids may
have physiological capabilities that are not present in today’s
cerebral organoids.

No specific (protective) status of cerebral organoids
results from the EU Charter of Fundamental Rights (EU
CFR). Due to the different legal traditions of the EU mem-
ber states with respect to the protection of dignity, only the
protection of born human beings can be indisputably derived
from the human dignity guarantee of Article 1 EU CFR (the
discussion about this is still ongoing) [26]. Consequently,
other entities, such as human cerebral organoids, are not
covered by the scope of protection of Article 1 EU CFR.
Furthermore, organoids are also not body parts protected
under Article 3(2) EU CFR [64—66]. Due to the lack of EU
law and the absence of further requirements under interna-
tional law, the question of whether they are to be treated as
things must therefore be derived from national law.

In countries with a constitution that provides a specific
protection of human dignity, such as Germany, the ques-
tion of whether legal restrictions on the handling of cerebral
organoids of human origin can be based on this is discussed
but cannot be justified persuasively according to the cur-
rent state of the development of organoids [19, 64-66].
Among other things, this can be explained by the fact that
cerebral organoids do not have the potential to develop into
a full human being [64-66, 76] or a holistic organism [19].
Despite the ethical arguments already mentioned, no other
constitutional protection can be justified based on current
law [74]. Cerebral organoids are in legal terms things i.e.,
res (legal objects) [19, 64-66]. The same applies to more
complex assembloids that are composed of several cerebral
organoids [19].

For the question of the legal handling of cerebral orga-
noids, however, international and European sources of law
on the one hand and national sources of law on biomedi-
cal and human genetic research on the other hand must be
considered. Regarding the generation and use of cerebral
organoids in basic research and preclinical studies, the gen-
eral legal requirements resulting from regulations on the use
of stem cells and genetic engineering must be observed in
particular [19, 64-66, 76]. Depending on the possibilities of
generating and using cerebral organoids, the requirements
for informed consent (e.g., concerning its specificity) for
cell donation in this regard must also be defined [13, 38,
62, 63, 74].
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In view of the technical advances in the generation and
research of cerebral organoids, however, future legislative
reassessments of the generation and use of cerebral orga-
noids are not generally ruled out. The regulations already
discussed in the ethical and legal literature range from the
obligation to have the research project evaluated in advance
by an ethics committee [74, 76], to bans of certain methods.
However, the scope of the constitutionally safeguarded sci-
entific freedom must always be considered when legislating
on potentially restrictive regulations for dealing with cer-
ebral organoids [64—66]. This includes both, the European
and the national levels. Freedom of research is enshrined in
numerous international as well as national legal sources and
is guaranteed in the EU according to Article 13 EU CFR.

Optogenetics in animal models

For a comprehensive legal consideration, it is essential,
among other things, to examine the legal relation between
research on cerebral organoids and animal experiments [74].
The relevance of this is shown with respect to the interna-
tionally recognized 3Rs principle (replace, reduce, refine)
laid down in Article 4 of Directive 2010/63/EU (directive on
the protection of animals used for scientific purposes). As far
as it is technically possible to replace animal experiments at
least partially by research on (cerebral) organoids, it could
therefore be legally mandatory, already according to today’s
European legal situation, to avoid respective animal experi-
ments [63, 74]. Additionally, legal aspects in the context of
the transfer of human cerebral organoids to animals and the
generation of chimeric organoids need to be examined [2,
19, 23, 74].

In the EU, legal regulations exist that base the legal clas-
sification as an animal experiment on the intervention in the
animal (cf. Art. 3 No. 1 of Directive 2010/63/EU). In the
case of an animal experiment within the meaning of the law,
official permits may be necessary—depending on the type
of animal and the context of the trial—to be able to legally
conduct the experiment. Because of the partially invasive
procedures of optogenetics, it can be assumed, even on a
summary examination, that such studies on living animals
are animal experiments as defined by the law. The implanta-
tion of cerebral organoids with optogenetic transformations
in animals would represent a special case of optogenetic
research from today’s perspective. However, in view of the
legal basis outlined here, this would constitute animal exper-
iments in the legal sense.

In the case of optogenetic research in the context of ani-
mal studies, the extent to which multilayered xeno-/transge-
netic cholerization is legally justifiable must also be exam-
ined. This concerns, for example, the generation of xeno-/
transgenic animals expressing a genetically modified light
receptor of plant origin in neuronal cells or the transfer of
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human cerebral organoids—or parts of them—in which a
genetically modified light receptor of plant origin, whose
DNA has been incorporated into animal cells to generate
the cerebral organoids, to an animal. The question of trans-
ferring genetically unmodified organoids to animals has
already been discussed numerous times [19, 64-66, 74, 76].
Although there are various legal aspects to consider, there is
no general prohibition [19, 23].

In view of this, it must be questioned whether the existing
legal framework for regulating animal experiments, optoge-
netic studies, and studies on the implantation of cerebral
organoids in animals adequately covers the opportunities
and risks or whether there is a need for legislative action.
It must therefore be clarified above all whether the permis-
sion, prohibition and official monitoring of such studies is
appropriate regarding animal protection. Article 13 of the
Treaty on the Functioning of the European Union (TFEU)
establishes the consideration of animal welfare as a man-
date for action for the EU and its Member States. However,
because the scope of application of the provision is limited,
it has only a minor legal effect [5]. In Germany, the consti-
tutional enshrinement of animal protection in Article 20a of
the Basic Law (Grundgesetz, i.e., the constitution) must be
considered.

The recent approaches to the attribution of legally rel-
evant dignity, corresponding dignity protection and rights
of their own to non-human entities such as animals or nature
as such, are discussed in the legal discourse as well as in the
ethical discourse (see above) [3, 29, 61] but have not yet
gained any practical legal significance.

Application in humans
Medical device legislation

From a technical point of view, the therapeutic use of neu-
ronal optogenetics is based on the stimulation of genetically
modified cells with light. Accordingly, the development of
suitable light sources, some of which are implantable, is a
challenge in the context of neuronal optogenetics. The cur-
rent work includes the further development of implantable
micro-LEDs suitable for application to the human brain [22,
56]. To stimulate neuronal retinal cells, non-invasive devices
such as special glasses [52] or headsets [59] may also be
suitable.

Since the application of optogenetics on humans also
requires the use of various objects and technical devices, a
classification under medical product legislation is necessary.
From a legal point of view, therapeutically used devices and
objects may be medical devices. However, the use of medi-
cal devices requires that they fulfil the legal requirements for
market access. Only such products may bear the CE (Con-
formité Européenne) mark, which indicates that the product
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in question fulfils the basic safety and performance require-
ments. Legal requirements for the manufacture, placing on
the market and operation of medical devices, can be found
in Regulation (EU) 2017/745, also known as the Medical
Devices Regulation (MDR).

The MDR classifies medical devices into different risk
classes. The classification is decisive for the requirements of
the pre-market conformity assessment procedure. It is based
on the health risks posed by a medical device when it is used
for its intended medical purpose for patients. Among other
things, the MDR differentiates between invasive and non-
invasive as well as implantable and non-implantable devices.

Because optogenetic methods were not specifically con-
sidered in the legislative process for the MDR, it is neces-
sary to review the extent to which the objects and technical
devices used find an appropriate legal framework in the cur-
rent MDR against the background of opportunities and risks
or whether there is a need for regulatory reform.

According to the current legal situation, implantable
micro-LEDs are active implantable medical devices in the
sense of the MDR [72]. According to the status quo, these
are regularly classified as medical devices of the highest
risk class (class III), also due to their contact with the cen-
tral nervous system. Within the framework of the conform-
ity assessment procedure to be carried out according to the
MDR the strictest requirements apply to them. In contrast,
non-invasive devices for optogenetic stimulation are regu-
larly assigned to class Ila or IIb. Compared to class III, they
are subject to less stringent requirements for the review of
the technical documentation [40]. In any case, however, the
involvement of a supervisory authority (notified body) is
mandatory for class Ila, IIb, and III devices. In contrast,
a clinical investigation according to Article 61(4) MDR is
in principle only mandatory for implantable devices and
devices of class III.

Pharmaceutical law

According to the current state of technology, the therapeu-
tic application of neural optogenetics is dependent on the
genetic modification of the cells to be influenced by light.
Genetic modifications in humans for therapeutic purposes
are typically associated with questions of pharmaceutical
law and genetic engineering law. Therefore, it must be clari-
fied to what extent the genetic modification of human cells
for medical purposes is regulated by pharmaceutical law
and/or by genetic engineering law.

Under the condition that recombinant nucleic acid is
required for the genetic transfer of the light-sensitive chan-
nelrhodopsins (virus vector including in particular suitable
promoter sequence, sequences for ensuring transcription and
translation, sequence for the required channelrhodopsins),
this is to be classified under medicinal product law as a Gene

Therapy Medicinal Product (GTMP). GTMPs fall within the
scope of Regulation (EC) No. 1394/2007, also known as the
Advanced Therapy Medicinal Products (ATMP) Regulation
[72].

In principle, the manufacture of ATMP is only allowed
in the EU if a manufacturing authorization has been granted
by national authorities. The requirement and prerequisites
of such a procedure result from Article 40-53 Directive
2001/83/EC. According to Article 46 Directive 2001/83/EC,
the holder of the manufacturing authorization is obliged to
comply with the principles and guidelines of the Good Man-
ufacturing Practice (GMP). For the manufacture of ATMP,
it is mandatory to follow the GMP guidelines specifically
defined for ATMP by the EU Commission according to Arti-
cle 6 Regulation (EC) 1394/2007.

Before being placed on the market, ATMPs generally also
must undergo the central European authorization procedure
according to Regulation (EC) No. 726/2004. The European
Commission is responsible for the authorization decision,
which is based on an authorization recommendation from
the European Medicines Agency (EMA).

In contrast to genetic modifications in the context of ani-
mal studies, genetic modifications of humans are not cov-
ered by the genetic engineering legislation harmonized in
the EU by Directive 2001/18/EC. Thus, medical applications
on humans are also not regulated by genetic engineering
law. According to the definition in Article 2(2) of Directive
2001/18/EC, a human being never becomes a genetically
modified organism (GMO) in the sense of the law. A differ-
ent question, however, is to what extent the application of
a GTMP to humans requires an environmental risk assess-
ment according to Directive 2001/83/EC in conjunction with
Directive 2001/18/EC.

Regardless of the legal classification of neuronal optoge-
netics according to current law, however, there is also a need
for further discourse as to whether the existing pharmaceuti-
cal law adequately cover optogenetics in view of the oppor-
tunities and risks or whether there is a need for regulatory
change. In this context, also the possibilities of dual use
and misuse, which have already been raised from an ethical
point of view, must be covered by the future discourse [25,
41, 46, 78].

Informed consent

In the case of optogenetic interventions on humans, legal
issues of informed consent are also relevant [72], because
the comprehensive information of a patient or test person
should enable a self-determined decision for or against an
intervention. The requirement of the informed consent is
generally recognized and safeguarded both in Article 3(2)
EU CFR and in international agreements such as the Euro-
pean Bioethics Convention (Article 5(2)) and the UNESCO

@ Springer



1514

Pfliigers Archiv - European Journal of Physiology (2023) 475:1505-1517

Declaration on Bioethics and Human Rights (Article 6) [11,
53]. In addition, the implications of the Helsinki Declaration
of the World Medical Association [77] are also relevant,
which in principle only permits medical research on people
who have voluntarily consented to it and, which, in addition
makes specifications for research on people who are incapa-
ble of giving consent. It is true that this declaration has no
direct legal effect. Nevertheless, the Declaration has legal
significance through references to and consideration of the
principles it establishes for biomedical research in national
and EU regulations [37]. Furthermore, informed consent is
legally protected in the legislation of individual countries.

Regarding the legal requirements of informed consent,
particular attention must be paid to possible differences
between interventions for research purposes in the context of
clinical studies, therapeutic application, and neuro-enhance-
ment imaginable in the context of optogenetics. Relevant
issues here include legal questions related to neural self-
determination. In the area of neurology, self-determination is
characterized on the one hand by the question of a person’s
free (and informed) decision for (positive dimension) and on
the other hand against (negative dimension) a possibly per-
sonality-changing intervention [79] on the central nervous
system [35]. For example, in the context of deep brain stimu-
lation [28, 49, 55], this is already a subject of jurisprudential
discourse [36, 49]. A further challenge in the application of
optogenetic methods is that, due to the severity or nature of
their illness, potential subjects or patients may often have
limited or no capacity to consent [72].

In the case of optogenetics, for example in comparison
with deep brain stimulation methods, it should be noted in
particular that the necessary genetic interventions are basi-
cally not reversible [72]. The irreversibility can also lead to
the fact that an adaptation, and thus, a deviation from the
usually internationally standardized phases of the clinical
trial is legally required [72].

In any case, the question of the extent to which such an
intervention can be consented to at all must also be con-
sidered in the light of the aspects of medical ethics already
described in the ethical section of this article. Regarding
optogenetic interventions on humans, it must therefore also
be clarified to what extent the existing set of standards is
adequate in terms of opportunities and risks, or whether
changes to the law are necessary.

Patent law

Furthermore, questions of patent law arise both in relation to
cerebral organoids [19, 75, 80] and in relation to the techni-
cal processes of optogenetics. The answer to these questions
requires an integrated assessment of the technical develop-
ment from basic research to the application in humans. This is
therefore also necessary regarding the successful translation
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of optogenetics from basic research to application. The reason
for this is that the translation of a technology typically requires
the patentability of the underlying invention in all phases of
product development because this is the only way the inventor
can be guaranteed exclusive commercial exploitation. There-
fore, issues of patentability must be considered already in basic
research—in which optogenetics is currently mostly conducted
regarding an envisaged application in humans.

As part of a patent law investigation, it must be clarified, for
example, to what extent and under what conditions inventions
related to cerebral organoids can be patented [19, 80]. This
raises questions such as the patentability of the cerebral orga-
noids themselves [75] as well as the technical devices used. In
this context, it might be necessary to differentiate between the
current state of the development and more complex organoids
that may be generated in the future [75].

Organoids generated from human embryonic stem cells
(heSCs) are generally not patentable. For both the EU harmo-
nized patent law and the patent regime of the European Patent
Convention (EPC), patent protection for inventions based on
heSCs is excluded because this use of heSCs has been consid-
ered contrary to the ordre puplic enshrined in patent law [7,
8, 17, 18]. In contrast, if the requirements for a patent are met,
inventions for the generation of neuronal organoids derived
from human induced pluripotent stem cells (hiPSCs) are in
principle patentable [75], because neither explicit patent exclu-
sions are relevant nor because even the commercial use of
hiPSCs is not generally regarded as a violation of the ordre
public principle [75].

However, regarding the therapeutic application of neuronal
optogenetics, it must also be clarified whether at least certain
uses of optogenetics such as targeted neuronal control and, based
on this, a mental controllability, have an influence on possible
patentability. First, it must be kept in mind that therapeutic
methods as such cannot be patented (see Article 53(c) EPC, in
Germany § 2a(1) No. 2 PatG); however, technical devices that
are necessary for the therapy can be patented, provided that the
patent requirements are met. Regarding the devices and objects
that are patentable in principle, however, it must then again be
taken into account that patent law can exclude the patentability
of an invention by means of the ordre public exception (see
Article 53(a) EPC; Article 6 of Directive 98/44/EC), consider-
ing ethical aspects [48, 75]. The extent to which the patentability
of inventions of neuronal optogenetics can be restricted based
on this patent exclusion will have to be clarified in the medico-
ethical and legal discourse of the coming years.

Outlook

It can be stated that from both an ethical and a legal per-
spective, that there is a need to clarify open questions of
neuronal optogenetics. To enable the use of the medical
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potential of neuronal optogenetics, for which translation
into clinical application is a prerequisite, it is necessary to
bring the open ethical and legal questions into a broad and
open discourse with all involved stakeholders.
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