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A B S T R A C T   

Integrating neural cultures developed through synthetic biology methods with digital computing has enabled the 
early development of Synthetic Biological Intelligence (SBI). Recently, key studies have emphasized the ad-
vantages of biological neural systems in some information processing tasks. However, neither the technology 
behind this early development, nor the potential ethical opportunities or challenges, have been explored in detail 
yet. Here, we review the key aspects that facilitate the development of SBI and explore potential applications. 
Considering these foreseeable use cases, various ethical implications are proposed. Ultimately, this work aims to 
provide a robust framework to structure ethical considerations to ensure that SBI technology can be both 
researched and applied responsibly.   

1. Introduction 

Advancements in hardware, software, and synthetic biology 
(wetware) have resulted in new methods for interacting with in vitro 
biological neural systems. The most advanced of these have sought to 
embody these neural systems into simulated environments to elicit dy-
namic goal-directed behavior, referred to as Synthetic Biological Intel-
ligence (SBI)(Kagan et al., 2022b). SBI systems can be broadly defined as 
the result of intentionally synthesizing a combination of biological and 
silicon substrates in vitro for the purpose of goal-directed or otherwise 
intelligent behavior.1 SBI is distinct from brain-computer interface (BCI) 
and similar approaches as it does not involve whole organisms, using 
only specific biological material, usually neural tissue derived typically 
through synthetic biology processes, as a biomimetic material within the 
larger system. 

It is only relatively recent that the ethics of experimenting with brain 
tissue has been seriously considered, with the overwhelming focus on 

cells from a human origin(Farahany et al., 2018). The majority of these 
ethical considerations also focus on the generation of 3-dimensional 
(3D) neural structures generally referred to as “organoids” derived 
from human stem cells(Hostiuc et al., 2019; Koplin and Savulescu, 2019; 
Lavazza, 2021; Lavazza and Massimini, 2018; Sawai et al., 2021, 2019). 
Typically, these discussions do not account for the significant variability 
amongst different organoids or that a continuum exists between simpler 
monolayers of neural tissue and various assemblies of more complicated 
organoids. The argument for more focused consideration on the orga-
noid structure is usually based on the assumption that greater 
complexity alone may lead to qualitatively different traits when 
compared to monolayers (Hostiuc et al., 2019; Koplin and Savulescu, 
2019; Lavazza, 2021; Lavazza and Massimini, 2018; Lavazza and 
Reichlin, 2023; Sawai et al., 2021, 2019). If so, it is also crucial that 
future work considers where this complexity reaches a level requiring 
such consideration. Contrary to the binary use of language where cell 
cultures are described either as ‘monolayers’ or ‘organoids’, the 

* Corresponding author. 
E-mail address: brett@corticallabs.com (B.J. Kagan).   

1 Here “goal-directed or otherwise intelligent behavior” is used in a broad sense to refer to patterns of activity elicited in the biological substrate in response to, or 
as a result of, external stimulation that achieves an otherwise arbitrary effect in the external environment (simulated or otherwise). In other words, does the activity 
of the biological substrate lead to an outcome that would otherwise not have occurred but for the environmental input? 
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structures can vary massively in terms of size, cellular diversity, and 
complexity – requiring far more nuanced considerations than what is 
typically adopted (Friston, 2023; Gabriel et al., 2021; Miller, 2023; 
Miura et al., 2020). This discourse is further complicated by in-
consistencies in terminology and nomenclature even when referring to 
similar cell structures, and uncertainties around the ontological and 
potential moral status of these structures(Hostiuc et al., 2019; Kagan 
et al., 2022a; Koplin and Gyngell, 2020; Koplin and Savulescu, 2019; 
Sawai et al., 2021). Here, we outline details of SBI as an emerging 
technology, along with the foreseeable applications and ethical con-
siderations that may arise. Finally, we propose a pathway for promoting 
constructive dialogue and adopting an ethical approach that balances 
potential utility with foreseeable risks of harm and the uncertainty 
inherent to novel technologies. 

2. The development of closed-loop systems to embody in vitro 
neural systems 

The use of closed-loop paradigms for in vitro neurons – whereby 
activity from a neural system is measured, applied to an environment, 
and updated environmental information communicated back to the 
neural system – has received relatively limited exploration. Early work 
supported the proposition that in vitro neurons would respond to 
incoming stimulation adaptively or engage in behaviors consistent with 
blind-source separation phenomena (Isomura et al., 2015; Shahaf and 
Marom, 2001). Following on from this, several studies developed tools 
for, or identified interesting neural response patterns from, in vitro 
closed loop stimulation paradigms, e.g.(Brewer et al., 2013; Müller 
et al., 2013; Newman et al., 2013; Pimashkin et al., 2013; Rolston, 2009; 
Tessadori et al., 2012). Preliminary investigations into goal-directed in 
vitro neural behavior displayed limited robustness or details which 
precluded any conclusion of goal-directed learning and/or did not pass 
through full independent peer review (e.g. (Aaser et al., 2017; George 
et al., 2015; Masumori et al., 2020; Reger et al., 2000)). Yet key work 
demonstrated that closed-loop stimulation resulted in significantly 
greater functional plasticity over time and potentially exhibited some 
other shaped behavior (Bakkum et al., 2008a, 2008b; George et al., 
2018; Tessadori et al., 2012). 

Building on this work, recent research has shown that in vitro bio-
logical networks of cortical cells, from either mouse or human origin via 
synthetic biology methods, were able to display real-time adaptive goal- 
directed learning in simulated environments(Kagan et al., 2022b). 
Importantly, this work outlines key methods and hypotheses which can 
identify the potential mechanism of actions behind goal-directed or 
intelligent behaviors in neural systems. Interestingly, the results accor-
ded with multiple electrophysiological changes that were also observed. 
’Intelligence’, displayed through the goal-directed behavior of 
embodied2 in vitro neurons, was termed SBI. As an umbrella term, SBI 
has unique properties that open key considerations previously less 
critical to consider. Three key factors can be identified as technological 
preconditions of SBI: 1) the scalable and diverse opportunities that arise 
from modern stem cell technology and synthetic biological methods; 2) 
the hardware and software applications which enable the interaction 
with the biological tissue; 3) the neurocomputational theories and 
subsequent inferences for eliciting behavior from the system and to 
better understand what the implications of this may be. 

2.1. Stem cell technology & synthetic biology 

Perhaps the largest advancement in experimental neurobiology 
related to SBI has occurred with the generation of renewable pluripotent 
stem cell cultures that can be differentiated to neural cells(Hu et al., 
2010). Early work was performed via embryonic stem cells(Dottori and 
Pera, 2008; Liu et al., 2018; Shi et al., 2012), yet the later generation of 
induced pluripotent stem cell (iPSC) lines, generated from consenting 
donations of adult tissue, provides an ethical and renewable process for 
generating neural tissue(Chambers et al., 2009; Kim et al., 2021; Pauly 
et al., 2018; Pawlowski et al., 2017; Shi et al., 2012). Most previous work 
interacting with neural tissue focused on primary cell culture, whereby 
neurons were obtained from living animals, disassociated, and grown 
under controlled conditions. While this does produce viable neural 
cultures and can be somewhat specific depending on the technical 
quality of those performing the work(Kaech and Banker, 2006; Lossi and 
Merighi, 2018; vanPelt et al., 2004; Wagenaar et al., 2006, 2004), it has 
distinct limitations. 

Firstly, primary cell culture is, at best, linearly scalable, which means 
to scale up systems would require a growing number of animals to be 
killed for tissue harvesting – an ethically fraught prospect (Lossi and 
Merighi, 2018). Secondly, there are limitations in accessing pure or 
specific populations of cell types. While broad regions, such as hippo-
campus or cortex, can be targeted, the ratio of cell types and almost any 
other factor are difficult to modify. Further, although some organotypic 
cultures can be generated from primary tissue, the scaling and 
complexity of these remain limited(Gogolla et al., 2006; Schukking 
et al., 2018). Finally, the need to breed, house, maintain and harvest 
neuronal tissue from animals creates a number of logistical, ethical and 
practical challenges. Deriving neuronal tissues from animals is thus not 
suited for widespread application and testing of SBI. 

In contrast, the use of iPSCs removes all these concerns while 
providing new opportunities. Techniques to exponentially scale up the 
production of iPSCs are well established(Schwedhelm et al., 2019). 
Neural cells can be generated from iPSCs using methods that follow 
natural ontogeny (i.e. (Chambers et al., 2009; Shi et al., 2012)), with 
direct differentiation techniques using viral vectors to modify gene 
expression (i.e. (Ho et al., 2016; Pak et al., 2018)), or through direct 
genetic modification to make cell lines overexpress these genes in 
response to small molecules (Pawlowski et al., 2017). Furthermore, 
increasingly complex 3D structures (organoids, see Fig. 1) can be 

Fig. 1. A schematic of key steps and differences between generating a culture 
of neurons from pluripotent stem cells to 2D (monolayers) compared to 3D 
(organoids). The essential difference is to allow organoid self-assembly in low- 
adherence plates after mild centrifugation of cells at early stage of 
differentiation. 

2 Here, embodied is taken to mean separated from the external environment. 
Here, embodiment means able to have an internal system to act and be acted 
upon via this external environment and which is enabled through a closed-loop 
system of information input and output. It does not denote any inherent ca-
pacity in and of itself. 
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reliably generated from iPSCs that open up yet further opportunities and 
challenges(Kim et al., 2020; Miura et al., 2020; Oliveira et al., 2019; 
Pollen et al., 2019; Sun et al., 2021; Yakoub and Sadek, 2018). Finally, 
although technical expertise and equipment is still required to generate 
these neural cultures, the logistical and space requirements are signifi-
cantly less than involving animal subjects. These advantages of using 
iPSC tissue for SBI are critical in providing a viable pathway towards 
wider research and development of the technology above what has 
previously been done. 

2.2. Enhanced hardware & software applications 

SBI technology must be able to record activity from living biological 
neurons, transmit this information to a virtual or physical system to 
allow action, and then provide information back to the biological neural 
network that can be altered according to the action performed. Ideally 
this closed loop occurs in real-time, so that the neural system is able to 
dynamically adapt to the effect of its actions on the environment. Im-
provements in hardware and software allow for more advanced and 
nuanced interactions with neural systems. 

The most prevalent method of interaction remains through electro-
physiological recording and stimulation via multielectrode arrays 
(MEA)(Jimbo et al., 2003, 1998; Shahaf and Marom, 2001; Wagenaar 
et al., 2004). However, optic approaches have also been explored(Sun 
et al., 2019). Previously, limitations in computational power or algo-
rithm efficiency required work to either make sacrifices as to what could 
be implemented computationally in these systems (i.e., (Tessadori et al., 
2012)) or were unable to implement real-time closed-loop systems, 
requiring relatively long latencies (i.e., (Bakkum et al., 2008b)). Ad-
vancements in computational processing power allow greater degrees of 
data management for signals both in and out of the neural system(Anden 
and Mallat, 2014; Gacic et al., 2004; Insel et al., 2013; Markiewicz et al., 
2021; Mboup, 2012; Smirnova et al., 2023). 

Further, while passive MEA are capable of being used in sophisti-
cated approaches(Jimbo et al., 2003; Newman et al., 2013; Rolston, 
2009), the development of high-density MEA (HD-MEA) utilizing CMOS 
technology enabled magnitudes more spatial resolution and flexibility 
(Heer et al., 2007, 2005, 2004; Jenkner et al., 2004). Future work now 
focuses on expanding from two-dimensional arrays to better record from 
and stimulate 3D structures such as organoids (Kalmykov et al., 2019; 
Park et al., 2021). These advances can be combined with better big data 
processing pipelines and tools to better analyze and interpret neural 
activity, including applying machine learning approaches in novel ways 
(Carlson and Carin, 2019; Insel et al., 2013; Unakafova and Gail, 2019; 
Yatsenko et al., 2021). The combination of these approaches provides a 
far greater ability to interact with biological neural networks and then 
analyze the subsequent outcomes to enable greater expressions of SBI. 

2.3. Neurocomputational theories and informatic analysis 

While the ability to generate neural tissue and interact with it via 
hardware and software is necessary for SBI, it is not sufficient. It is also 
critical to be able to understand mechanisms by which neural systems 
engage in intelligent and/or goal-directed behavior in order to elicit 
these functions in a meaningful way. Other works cover the myriad of 
theories postulated in greater detail (e.g. (Ebitz and Hayden, 2021; 
Friston, 2010)), so here we provide only a brief overview. 

Theories can either focus on organization or optimization, with the 
opportunity for overlap. The former attempts to explain the structural 
and/or functional patterns observed in neural systems (e.g. (Beggs and 
Plenz, 2003; Clawson et al., 2017; Ebitz et al., 2020; Ly et al., 2012; 
McDonnell and Stocks, 2008; Poirazi and Papoutsi, 2020; Shew et al., 
2015; Toyoizumi et al., 2014)). The latter focuses on why a neural 
system may exhibit such organization – i.e., why such features are 
optimal for a system to survive and thrive in a dynamic environment (e. 
g. (Barlow, 2012; Barto et al., 2013; Friston et al., 2012, 2018, 2009; 

Kangassalo et al., 2020; Madhav and Cowan, 2020; Schwartenbeck 
et al., 2019, 2015; Schwartz, 2016; Sinapayen et al., 2017)). One of the 
limitations of this area is that many theories about how internal states 
such as intelligence, cognition, sentience, consciousness et cetera may 
arise and the implications of this are exceedingly difficult to empirically 
test and interrogate in vivo(Friston, 2023; Goddard et al., 2023; Lobov 
et al., 2023; Pereira et al., 2023). Therefore, while enormous conceptual 
advancements have been made in this area that can potentially facilitate 
basic SBI, the ability to test these theories requires SBI techniques to co- 
develop more controlled research methods (Fig. 2). In turn, this will also 
lead to more advanced applications of SBI. 

3. Establishing synthetic biological intelligence as an ethical 
platform technology 

While development on each of these areas has been ongoing, the 
innovation through synthesis enabled by combining these technologies 
has exceptional promise on multiple fronts. Perhaps for this reason, 
numerous large national and international research consortia have 
recently arisen to investigate this area, including: The Mind in Vitro 
project, for which The National Science Foundation awarded a 7-year, 
$15 million project grant to the multi-university team led by the Uni-
versity of Illinois Urbana-Champaign (UIUC); the EU-funded NEU-ChiP 
project which received €3.5 million in funding from the European 
Commission; and the John Hopkins University-led Organoid Intelligence 
research focus group (An NSF Expedition in Computing Mind in Vitro 
Computing with Living Neurons | Mind in Vitro | UIUC [WWW Document], 
2022; Neuronal networks from Cortical human iPSCs for Machine Learning 
Processing- NEU-ChiP | NEU-ChiP Project | Fact Sheet | H2020 | CORDIS | 
European Commission [WWW Document], 2020; Hartung et al., 2023; 
Morales Pantoja et al., 2023; Smirnova et al., 2023). Industry-backed 
research interests have also arisen and are actively involved in pursu-
ing this research, such as Australian based Cortical Labs and USA based 
Koniku(Hernandez, 2022; Kagan et al., 2022b; Nerve cells in a dish can 
learn to play Pong, 2022). 

Preliminary studies have already attempted to integrate these neural 
systems into both real-world applications through robotics and into 
virtual environments (e.g. (Bakkum et al., 2008b; Kagan et al., 2022b; 
Tessadori et al., 2012)), although more work is required. Improvements 
in SBI technology could allow more useful interactions and processes in 

Fig. 2. Representation of co-development of theory and experimental tools 
which can be informed via theory development, identifying testable implica-
tions, and designing experiments to test these implications. Experimental tools 
can then be built and used to generate data which can be compared to the 
theory and the theory then refined so the process can be repeated. 
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these environments. While it is difficult to set likely timelines on when 
this technology will mature, there are compelling reasons to foresee SBI 
as a cornerstone of real-time autonomous systems. Biological systems 
display tremendous capacity to navigate complex and dynamic envi-
ronments with significant flexible storage, engage in highly sample 
efficient learning, recover functionality despite significant injury or 
disease to the brain, and achieve this with minimal power consumption 
(Herculano-Houzel, 2012; Orger and de Polavieja, 2017; Strubell et al., 
2019; Wu et al., 2020). Even current SBI, while rudimentary, has already 
demonstrated higher sample efficiency compared to deep reinforcement 
learning algorithms(Habibollahi et al., 2022). With future work planned 
to focus on moving towards utilizing organoids as a substrate for intel-
ligent processes, this potentially raises the capabilities even further 
(Smirnova et al., 2023). As such, the potential of SBI systems has already 
been recognised as a promising pathway to intelligent systems, espe-
cially when real-time, sample efficient, adaptive learning is required 
(Buchanan, 2018; Grozinger et al., 2019). 

Some ethical and regulatory issues raised by the development of SBIs 
will mirror those raised by brain organoids. This includes concerns 
around obtaining informed consent from donors(Boers and Bredenoord, 
2018; Greely, 2021), ensuring that the privacy and anonymity of donors 
is protected, developing fair arrangements in relation to the ownership 
and commercialization of results(Boers et al., 2016; Bredenoord et al., 
2017), and managing long-term storage of samples (Farahany et al., 
2018; Hyun et al., 2020). Given the potentially complex functionalities 
of SBI systems, informed consent will be particularly challenging. 
Ensuring donors are well-informed of the specific implications of SBI’s, 
having the opportunity to reflect on the risks and benefits, and being 
able to negotiate fair composition for their donation, will help address 
these concerns. 

However, these ethical restrictions should not be a barrier to 
research with SBIs, especially in the early stages. The non-invasive na-
ture of donating skin/saliva cells or the minimal risk of donating small 
amounts of blood, along with the potential to use a small number of 
donors to generate a large number of SBIs, should mean there is an 
adequate supply of samples. Yet other issues, such as the legal status of 
these devices, that are also currently under discussion for brain organoid 
research will still need to be considered (Jowitt, 2023; Kataoka et al., 
2023). 

Rather than looking deeper at the donor issues raised by SBIs, we will 
focus on other issues which have received less attention. These can be 
broadly broken down into two key subsets: 1) concerns about applica-
tions of SBI technology; 2) uncertainty around the potential of SBI 
technology to give rise to ‘conscious’ systems that may be worthy of 
special moral consideration. We discuss both below. 

4. Ethical considerations using SBI for disease modeling and 
drug testing 

A key short-term benefit could focus on potentially more advanced in 
vitro preclinical drug screening and modeling of brain-related diseases or 
disorders. Recently, in vitro testing drug targets has become increasingly 
more common, especially with the advent of organoids(Benam et al., 
2016; Fusco et al., 2019; Neužil et al., 2012, p.; Thodeson et al., 2018). 
Yet while this work can be very effective in some instances, ultimately 
for diseases where neurological and psychiatric factors are involved, 
they do not capture the essential function of a neural system. Simply put, 
the purpose of a neural system is not to express key markers or display 
electrophysiological action potentials, it is to process information and 
respond accordingly, typically in a dynamic fashion. 

For this reason, historically this work has been conducted on ani-
mals, specifically rodent models e.g., (Golyala and Kwan, 2017; Lossi 
and Merighi, 2018; Ma et al., 2019; Ocampo et al., 2016; Putnam and 
Merritt, 1937). Rodent models have some physiological similarities to 
humans, yet are extremely low throughput solutions and require 
expensive support personnel and infrastructure to maintain(Henry and 

Wlodkowic, 2019; Tomasello and Wlodkowic, 2022). Conversely, other 
models, such as zebrafish are much higher throughput, yet have fewer 
physiological linkages to humans(Henry and Wlodkowic, 2019; Toma-
sello and Wlodkowic, 2022). Brain organoid models have already been 
used as an alternative to animals in research on neurological diseases 
(Qian et al., 2017). Integrating lab-grown neurons into SBIs may enable 
a wider range of medical research to occur within in vitro models. SBI 
offers the potential to create high-throughput models of brain disease 
that are physiologically similar to humans, facilitating better research 
into brain disease and pre-clinical drug screening, and doing so while 
reducing the need for animal suffering(Fusco et al., 2019; Habibollahi 
et al., 2023; Haring et al., 2017; Myers, 2017; Tejavibulya and Sia, 
2016). Despite this promise, the translatability of this approach will still 
need to be carefully assessed to ensure safety and external predictive 
validity(Hyun et al., 2020). 

One challenge with using stem cell models for drug screening is a 
lack of diversity in stem cell lines(Ghosh et al., 2022). Current stem cells 
lines are predominately made from cells of people with European 
ancestry. As drug responses can differ amongst people of different ge-
netic backgrounds, results from stem cell models created from a single 
cell line may not be generalizable. This limitation raises concerns in 
relation to equity and justice. A short-term solution to this problem is to 
ensure SBIs are created using multiple stem cell lines from people with 
diverse genetic ancestries. A medium-term solution is to combine SBIs 
with personalized medicine approaches to the study and treatment of 
brain disease, by allowing SBIs to be grown from patients’ own cells 
which then exactly match their genotype. As drug responses can differ 
from individual to individual, the personalized medicine approach is 
particularly promising (Miller et al., 2001). 

In this manner, SBI offers benefits both in potentially providing 
advanced pathways in disease modeling and testing novel therapies with 
the chance to see how metrics related to information processing are 
impacted. While an equity issue may still exist around access to this 
personalized approach, here the early involvement of industry research 
is a potential advantage. Industry inherently has a predisposition to 
work towards more affordable solutions to enable access to broader 
markets. However, although industry research partners into SBIs may be 
incentivized to reduce access barriers through self-interest and reduce 
concerns around equity, further exploration of this issue is still required. 

Coupled with the above, a related ethical benefit is that SBIs may 
reduce the need for animal testing in certain cases. Given the animals 
whose cognition most closely resembles human cognition (non-human 
primates(Aguilera et al., 2021; DeGrazia, 2016; Phillips et al., 2014)) are 
also the animals whose use in testing raises the greatest moral concern 
(e.g. see (Carvalho et al., 2018)), this application of SBIs can be viewed 
as strongly ethically desirable (Gyngell et al., 2022; Kagan et al., 2022a). 
A general principle of research ethics is that we should aim to minimize 
risk of harm to research participants (World Medical Association 
Declaration of Helsinki, 2013). One of the ways in which this principle 
can be operationalized is by ensuring testing occurs in entities that have 
the lowest moral status. This is sometimes called the ‘subsidiarity prin-
ciple’ and has previously been used to argue that we only should avoid 
testing on embryonic stem cells where the same tests can be performed 
using other stem cells with fewer moral concerns to consider (Pennings, 
2004). This same principle can be used to argue that we should be 
testing on SBIs rather than animals wherever possible and would 
emphasize the ethical merit of this endeavor. 

5. Ethical considerations using SBI for computational or 
intelligent processes 

Developing SBI also offers the potential to better understand how 
computation or ‘intelligence’ arises in neural systems. This exploration 
offers both short- and long-term applications. Shorter term SBIs offer the 
chance to explore how neural systems process information and provide 
the potential to refine existing, or develop new, theories. Being able to 
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better understand how neural systems display traits such as ‘intelli-
gence’ also means that such traits could be leveraged in wider applica-
tions in the future. Such applications could focus on improving drug 
discovery, better understandings of neural function, or even advanced 
iterations of SBI technology, perhaps being leveraged for real-time 
autonomous tasks in robotics. 

As part of this work, from an ethical perspective, it is also necessary 
to consider neurocomputational and informatic approaches that try to 
quantify when a neural system may also display a trait requiring moral 
attention. Approaches such as the Integrated Information Theory (IIT), 
neuro-representationalism, active inference, global workspace theories 
(GWTs), et cetera., offer avenues to establish useful correlates of po-
tential states (Parr and Friston, 2017; Seth and Bayne, 2022; Tononi 
et al., 2016; Tononi and Koch, 2015). Moreover, compelling neural 
correlates of consciousness in humans have been previously proposed, 
such as the Perturbational Complexity Index (PCI) or neural criticality, 
which offer other approaches to consider(Habibollahi et al., 2023; 
Kagan et al., 2022a; Sinitsyn et al., 2020; Toker et al., 2022). Yet as-
sumptions behind these approaches means these metrics can have 
serious limitations in predictive validity if inappropriately applied to in 
vitro (or other) systems as similar mathematical criteria could be 
established in non-conscious systems (see Fig. 3 for examples)(Hab-
ibollahi et al., 2023; Kagan et al., 2022a; Sinitsyn et al., 2020). 

Further applications of SBI research are aimed at developing ap-
proaches to integrate broader theories of population dynamics with 
more reductive single cell processes, to allow a better understanding of 
neurobiology(Ebitz and Hayden, 2021; Mattar and Lengyel, 2022). For 
example, early work has already identified conditions which give rise to 
traits such as neural criticality in vitro, previously a contentious question 
(Habibollahi et al., 2023). Not only would this inform fundamental 
mechanisms underpinning intelligence and related states, it may pro-
vide insight into more efficient or powerful algorithms for machine 
learning and artificial intelligence research – consistent with calls from 
the research community(Zador et al., 2022). 

A potential longer-term benefit of SBI research is more sustainable 
computer systems which are less dependent on the availability of large 
amounts of power to operate. Climate change, driven by increasing 
carbon emissions, has been described as the greatest moral challenge of 
our time(MacDonald and Sloman, 2020). It results in direct harm to 
individuals through extreme weather events and supply disruptions for 
essential resources. Furthermore, the burden of climate change falls 
predominantly on those living in low-income countries and raises 
serious concerns about global justice. Biological intelligences are much 
more energy efficient than traditional computer systems, with a human 
brain approximately using 20 watts of energy, able to be distributed 
through a complex network (Balasubramanian, 2021; Palombit et al., 
2022; Raichle and Mintun, 2006; Ramchandran et al., 2019). In contrast, 
consider the K supercomputer produced by Fujitsu, which can perform 
8.2 billion megaflops (1,048,576 floating-point operations per second) 
but which requires 9.9 million watts to be powered. The increased use of 
computer systems in all aspects of our lives has led to increased carbon 
emissions coming from the IT industry(Freitag et al., 2021). These 
problems will be exacerbated by the increased use of machine learning 
algorithms and systems of generative artificial intelligence, which often 
require power intensive super-computers to operate (Jouppi et al., 
2020). As such, if even a small proportion of these information pro-
cessing tasks can be done with SBI, there is a compelling environmental 
reason to explore these alternatives. 

6. How to approach additional ethical considerations for SBI 

Foremost, it is imperative that a broadly agreed upon nomenclature 
for this field is adopted(Kagan et al., 2022b; Pereira et al., 2023; Rom-
melfanger et al., 2023). We use the words ‘conscious’ and ‘intelligence’ 
here in quotation marks precisely because there are different ways of 
understanding these terms with different implications for how we 

describe SBIs(Graziano, 2021; Pereira et al., 2023). It is preferrable that 
the field has agreed terms to describe the different aspects of SBI to 
enable constructive discussions and exploration of the technology, along 
with considering the ethical challenges. Without at least broad stan-
dardization3 of terms, constructive discourse will be greatly hampered. 
Previously, key terminology has been imprecise, with signifiers used 
interchangeably to represent one or another concept that are themselves 
seldom formally defined. Even in cases where a term may be defined in 
one paper, the lack of coherence in the field can give rise to semantic 
disagreements that may distract from underlying scientific efforts(Kagan 
et al., 2023; Rommelfanger et al., 2023; Wallis, 2022). Terms related to 
complex processes or internal states that are attributed various degrees 
of moral status are particularly challenging. These include, but are not 
limited to, “sentience”, “consciousness”, “intelligence”, “computation”, 
“cognition”, “qualia”, “agency” and “behavior”. 

Secondly, identifying reliable objective metrics which can track 
phenomena of ethical relevance should remain a focus of research going 
forward(Goddard et al., 2023; Pereira et al., 2023; Smirnova et al., 
2023). These can accord with challenges which fall under both the ap-
plications of SBI and the moral status of SBI as described above. It will be 
necessary to identify which candidates are necessary to consider for 
moral status. Functional markers such as being goal-directed, autono-
mously responsive, or showing learning can be considered as part of this. 
However, it should be noted that performing a function alone is not 
sufficient to identify a system as “phenomenologically conscious”. Ex-
amples of function without reported conscious experience have regu-
larly been observed in Type 1 blindsight patients, who can perform 
relatively complex behaviors with no perception of the relevant sensa-
tion (Brogaard, 2011; Burra et al., 2019; Kagan et al., 2022a). As such, 
determining the moral status of SBI will require development of metrics 
that can help researchers infer when a model might develop these 
properties. Further, deciding the moral relevance of this status for a 
given application will also require agreement on what properties give 
rise to moral status and how best to proceed. Such an approach should 
involve a meaningful dialogue with the broader public and stakeholders 
to determine where ethical boundaries may lie. 

Thirdly, once these understandings have been obtained, it will 
become crucial to identify areas and approaches that maximize benefits 
and minimize risks. Anticipatory approaches to the ethics and gover-
nance of emerging science and technologies could be useful here 
(Lysaght, 2022; Nielsen et al., 2015; Stahl, 2013). Anticipatory gover-
nance is one of several approaches to the ethics of emerging technolo-
gies, that aims to achieve socially and morally desirable outcomes from 
scientific research in the presence of high uncertainty(Kendal, 2022; 
Lysaght, 2022; Stahl, 2013). Anticipatory governance is most appro-
priate for technologies that are still in the process of emerging, where 
there is an absence of empirical models that can reliably predict risk and 
benefit (epistemic uncertainty) and where specialists in the field may 
not yet even agree on what the technology is (ontological uncertainty) to 
inform traditional ethical analyses. We favor this approach because, 
rather than reacting to uncertainty with overly precautious and pro-
hibitive measures, anticipatory frameworks seek to explore and respond 
to emerging ethical and moral implications as the technology evolves 
from within the wider societal contexts they are situated. 

For example, when considering what metrics may identify features 
worthy of moral consideration, it is likely that only through further 
development of SBI technology will the necessary knowledge to even 
identify these metrics be obtained. As described above, while currently 
some measures used in humans such as the PCI may have some merit, 
there is no evidence they are appropriate for in vitro systems. This 

3 This standardization effort should involve a public invitation to the broad 
scientific community to ensure a multi-disciplinary approach is adopted and to 
encourage widespread adoption. The authors have recently begun work into 
this endeavor and welcome collaborators to join. 
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inherent uncertainty further highlights the need for an approach that 
can reasonably anticipate morally significant properties and guide an 
ethical response as new evidence and knowledge emerges over 
obstructive precautionary measures that pay insufficient attention to the 
potential for beneficial outcomes. To manage the uncertainties and 
avoid polarizing the discussions, anticipatory approaches apply delib-
erative methods for engaging stakeholders and wider publics, as recently 
demonstrated with organoid research (Boyd and Sugarman, 2022)and 
human genome editing (Nelson et al., 2021). 

7. Conclusion 

Elucidating the full range of applications and associated ethical or 
moral issues raised by SBIs exceeds the scope of this work. Therefore, 
here we have proposed key steps to building a viable framework to 
explore these issues in a constructive manner. Researchers should 
engage with broader publics and stakeholders to generate meaningful 
dialogue on the moral boundaries and shape SBI applications towards 
achieving socially and ethically desired outcomes. 

Going forward, one key question will be: What, if anything, can we 
deduce about the moral status of these entities? For example, it has been 
argued that the most important feature of conscious systems that gives 
rise to moral status is not general, or domain specific, intelligence, but 
rather evaluative sophistication – the capacity to have a wide range of 
valanced subjective experiences(Shepherd, 2018). This builds on a view 
first articulated by Jeremy Bentham regarding the moral status of ani-
mals: “The question is not, Can they reason? nor, Can they talk? but, Can 
they suffer?”142 Following this perspective, even if SBIs produce human- 
like intelligence, this does not inherently imply they have moral status. 
Despite this, it is possible that the more sophisticated neural architecture 
required for human-like intelligence may facilitate more complex – and 
more morally valuable – conscious experiences and/or cognitive mental 
states. Determining measures that can help researchers infer when sys-
tems are likely to possess evaluative sophistication should be a goal of 
on-going research. 
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Oliveira, B., Çerağ Yahya, A., Novarino, G., 2019. Modeling cell-cell interactions in the 
brain using cerebral organoids. Brain Res. 1724, 146458 https://doi.org/10.1016/j. 
brainres.2019.146458. 

Orger, M.B., de Polavieja, G.G., 2017. Zebrafish behavior: opportunities and challenges. 
Annu. Rev. Neurosci. 40, 125–147. https://doi.org/10.1146/annurev-neuro- 
071714-033857. 

Pak, C., Grieder, S., Yang, N., Zhang, Y., Wernig, M., Sudhof, T., 2018. Rapid generation 
of functional and homogeneous excitatory human forebrain neurons using 
Neurogenin-2 (Ngn2). Protocol Exchange. https://doi.org/10.1038/ 
protex.2018.082. 

Palombit, A., Silvestri, E., Volpi, T., Aiello, M., Cecchin, D., Bertoldo, A., Corbetta, M., 
2022. Variability of regional glucose metabolism and the topology of functional 
networks in the human brain. NeuroImage 257, 119280. https://doi.org/10.1016/j. 
neuroimage.2022.119280. 

Park, Y., Franz, C.K., Ryu, H., Luan, H., Cotton, K.Y., Kim, J.U., Chung, T.S., Zhao, S., 
Vazquez-Guardado, A., Yang, D.S., Li, K., Avila, R., Phillips, J.K., Quezada, M.J., 
Jang, H., Kwak, S.S., Won, S.M., Kwon, K., Jeong, H., Bandodkar, A.J., Han, M., 
Zhao, H., Osher, G.R., Wang, H., Lee, K., Zhang, Y., Huang, Y., Finan, J.D., Rogers, J. 
A., 2021. Three-dimensional, multifunctional neural interfaces for cortical spheroids 
and engineered assembloids. Sci. Adv. 7, eabf9153. https://doi.org/10.1126/sciadv. 
abf9153. 

Parr, T., Friston, K.J., 2017. Uncertainty, epistemics and active inference. J. R. Soc. 
Interface 14, 20170376. https://doi.org/10.1098/rsif.2017.0376. 

Pauly, M.G., Krajka, V., Stengel, F., Seibler, P., Klein, C., Capetian, P., 2018. Adherent vs. 
free-floating neural induction by dual SMAD inhibition for neurosphere cultures 
derived from human induced pluripotent stem cells. Front. Cell Dev. Biol. 6, 3. 
https://doi.org/10.3389/fcell.2018.00003. 

Pawlowski, M., Ortmann, D., Bertero, A., Tavares, J.M., Pedersen, R.A., Vallier, L., 
Kotter, M.R.N., 2017. Inducible and deterministic forward programming of human 
pluripotent stem cells into neurons, skeletal myocytes, and oligodendrocytes. Stem 
Cell Rep. 8, 803–812. https://doi.org/10.1016/j.stemcr.2017.02.016. 

Pennings, G., 2004. The subsidiarity principle in the context of embryonic stem cell 
research. Hum. Reprod. 19, 1060–1064. https://doi.org/10.1093/humrep/deh142. 

Pereira, A., Garcia, J.W., Muotri, A., 2023. Neural stimulation of brain organoids with 
dynamic patterns: a sentiomics approach directed to regenerative neuromedicine. 
NeuroSci 4, 31–42. https://doi.org/10.3390/neurosci4010004. 

Phillips, K.A., Bales, K.L., Capitanio, J.P., Conley, A., Czoty, P.W., ‘t Hart, B.A., 
Hopkins, W.D., Hu, S.-L., Miller, L.A., Nader, M.A., Nathanielsz, P.W., Rogers, J., 
Shively, C.A., Voytko, M.L., 2014. Why primate models matter: why primate models 
matter. Am. J. Primatol. 76, 801–827. https://doi.org/10.1002/ajp.22281. 

B.J. Kagan et al.                                                                                                                                                                                                                                

https://doi.org/10.1080/21507740.2022.2048731
https://doi.org/10.1080/21507740.2022.2048731
https://doi.org/10.1016/j.neuron.2022.09.001
https://doi.org/10.1016/j.neuron.2023.02.008
https://doi.org/10.1016/j.neuron.2023.02.008
https://doi.org/10.1126/sciadv.aax0729
https://doi.org/10.1126/sciadv.aax0729
https://doi.org/10.1038/s41598-020-63828-5
https://doi.org/10.1038/s41598-020-63828-5
https://doi.org/10.1093/jlb/lsad007
https://doi.org/10.1007/s11673-022-10197-5
https://doi.org/10.1007/s11673-022-10197-5
https://doi.org/10.1038/s41580-020-0259-3
https://doi.org/10.1038/s41580-020-0259-3
https://doi.org/10.1111/cpr.13103
https://doi.org/10.1007/s40592-020-00124-y
https://doi.org/10.1177/1073110519897789
https://doi.org/10.1016/j.brainres.2020.147146
https://doi.org/10.1136/medethics-2017-104555
https://doi.org/10.1136/medethics-2017-104555
https://doi.org/10.1017/S096318012300021X
https://doi.org/10.1016/j.jneumeth.2018.07.005
https://doi.org/10.3390/math11010234
https://doi.org/10.3389/fvets.2018.00164
https://doi.org/10.3389/fncom.2012.00007
https://doi.org/10.1080/15265161.2021.2001111
https://doi.org/10.1016/j.neuron.2019.08.031
https://doi.org/10.1016/j.neuron.2019.08.031
https://doi.org/10.1111/1467-923X.12902
https://doi.org/10.1111/1467-923X.12902
http://refhub.elsevier.com/S0734-9750(23)00140-4/rf0450
http://refhub.elsevier.com/S0734-9750(23)00140-4/rf0450
http://refhub.elsevier.com/S0734-9750(23)00140-4/rf0450
https://doi.org/10.7554/eLife.71774
https://doi.org/10.7554/eLife.71774
http://refhub.elsevier.com/S0734-9750(23)00140-4/rf0460
http://refhub.elsevier.com/S0734-9750(23)00140-4/rf0460
http://refhub.elsevier.com/S0734-9750(23)00140-4/rf0460
https://doi.org/10.1016/j.neuron.2021.12.018
https://doi.org/10.1016/j.neuron.2021.12.018
https://doi.org/10.1109/MLSP.2012.6349733
https://doi.org/10.1109/MLSP.2012.6349733
https://doi.org/10.1103/PhysRevLett.101.058103
https://doi.org/10.3389/fsci.2023.1150594
http://refhub.elsevier.com/S0734-9750(23)00140-4/rf0485
http://refhub.elsevier.com/S0734-9750(23)00140-4/rf0485
https://doi.org/10.1038/s41587-020-00763-w
https://doi.org/10.3389/frai.2023.1116870
https://doi.org/10.3389/frai.2023.1116870
https://doi.org/10.3389/fncir.2012.00121
https://doi.org/10.14573/altex.1608081
https://doi.org/10.1080/23299460.2021.1957579
http://refhub.elsevier.com/S0734-9750(23)00140-4/rf0515
https://cordis.europa.eu/project/id/964877
https://doi.org/10.1038/nrd3799
https://doi.org/10.1038/nrd3799
https://doi.org/10.3389/fncir.2012.00098
https://doi.org/10.3389/fncir.2012.00098
http://refhub.elsevier.com/S0734-9750(23)00140-4/rf0535
http://refhub.elsevier.com/S0734-9750(23)00140-4/rf0535
https://doi.org/10.1016/j.cell.2016.11.052
https://doi.org/10.1016/j.brainres.2019.146458
https://doi.org/10.1016/j.brainres.2019.146458
https://doi.org/10.1146/annurev-neuro-071714-033857
https://doi.org/10.1146/annurev-neuro-071714-033857
https://doi.org/10.1038/protex.2018.082
https://doi.org/10.1038/protex.2018.082
https://doi.org/10.1016/j.neuroimage.2022.119280
https://doi.org/10.1016/j.neuroimage.2022.119280
https://doi.org/10.1126/sciadv.abf9153
https://doi.org/10.1126/sciadv.abf9153
https://doi.org/10.1098/rsif.2017.0376
https://doi.org/10.3389/fcell.2018.00003
https://doi.org/10.1016/j.stemcr.2017.02.016
https://doi.org/10.1093/humrep/deh142
https://doi.org/10.3390/neurosci4010004
https://doi.org/10.1002/ajp.22281


Biotechnology Advances 68 (2023) 108233

9

Pimashkin, A., Gladkov, A., Mukhina, I., Kazantsev, V., 2013. Adaptive enhancement of 
learning protocol in hippocampal cultured networks grown on multielectrode arrays. 
Front. Neural Circuits 7. https://doi.org/10.3389/fncir.2013.00087. 

Poirazi, P., Papoutsi, A., 2020. Illuminating dendritic function with computational 
models. Nat. Rev. Neurosci. 21, 303–321. https://doi.org/10.1038/s41583-020- 
0301-7. 

Pollen, A.A., Bhaduri, A., Andrews, M.G., Nowakowski, T.J., Meyerson, O.S., Mostajo- 
Radji, M.A., Di Lullo, E., Alvarado, B., Bedolli, M., Dougherty, M.L., Fiddes, I.T., 
Kronenberg, Z.N., Shuga, J., Leyrat, A.A., West, J.A., Bershteyn, M., Lowe, C.B., 
Pavlovic, B.J., Salama, S.R., Haussler, D., Eichler, E.E., Kriegstein, A.R., 2019. 
Establishing cerebral organoids as models of human-specific brain evolution. Cell 
176, 743–756.e17. https://doi.org/10.1016/j.cell.2019.01.017. 

Putnam, T.J., Merritt, H.H., 1937. Experimental determination of the anticonvulsant 
properties of some phenyl derivatives. Science 85, 525–526. 

Qian, X., Nguyen, H.N., Jacob, F., Song, H., Ming, G., 2017. Using brain organoids to 
understand Zika virus-induced microcephaly. Development 144, 952–957. https:// 
doi.org/10.1242/dev.140707. 

Raichle, M.E., Mintun, M.A., 2006. Brain work and brain imaging. Annu. Rev. Neurosci. 
29, 449–476. https://doi.org/10.1146/annurev.neuro.29.051605.112819. 

Ramchandran, K., Zeien, E., Andreasen, N.C., 2019. Distributed neural efficiency: 
Intelligence and age modulate adaptive allocation of resources in the brain. Trend. 
Neurosci. Edu. 15, 48–61. https://doi.org/10.1016/j.tine.2019.02.006. 

Reger, B.D., Fleming, K.M., Sanguineti, V., Alford, S., Mussa-Ivaldi, F.A., 2000. 
Connecting brains to robots: an artificial body for studying the computational 
properties of neural tissues. Art&Life 6, 307–324. https://doi.org/10.1162/ 
106454600300103656. 

Rolston, J.D., 2009. A low-cost multielectrode system for data acquisition enabling real- 
time closed-loop processing with rapid recovery from stimulation artifacts. Front. 
Neuroeng. 2 https://doi.org/10.3389/neuro.16.012.2009. 

Rommelfanger, K.S., Ramos, K.M., Salles, A., 2023. Conceptual conundrums for 
neuroscience. Neuron 111, 608–609. https://doi.org/10.1016/j. 
neuron.2023.02.016. 

Sawai, T., Sakaguchi, H., Thomas, E., Takahashi, J., Fujita, M., 2019. The ethics of 
cerebral organoid research: being conscious of consciousness. Stem Cell Rep. 13, 
440–447. https://doi.org/10.1016/j.stemcr.2019.08.003. 

Sawai, T., Hayashi, Y., Niikawa, T., Shepherd, J., Thomas, E., Lee, T.-L., Erler, A., 
Watanabe, M., Sakaguchi, H., 2021. Mapping the ethical issues of brain organoid 
research and application. AJOB Neurosci. 1–14 https://doi.org/10.1080/ 
21507740.2021.1896603. 

Schukking, M., Miranda, H.C., Trujillo, C.A., Negraes, P.D., Muotri, A.R., 2018. Direct 
generation of human cortical organoids from primary cells. Stem Cells Dev. 27, 
1549–1556. https://doi.org/10.1089/scd.2018.0112. 

Schwartenbeck, P., FitzGerald, T.H.B., Mathys, C., Dolan, R., Kronbichler, M., Friston, K., 
2015. Evidence for surprise minimization over value maximization in choice 
behavior. Sci. Rep. 5, 16575. https://doi.org/10.1038/srep16575. 

Schwartenbeck, P., Passecker, J., Hauser, T.U., FitzGerald, T.H., Kronbichler, M., 
Friston, K.J., 2019. Computational mechanisms of curiosity and goal-directed 
exploration. eLife 8, e41703. https://doi.org/10.7554/eLife.41703. 

Schwartz, A.B., 2016. Movement: how the brain communicates with the world. Cell 164, 
1122–1135. https://doi.org/10.1016/j.cell.2016.02.038. 

Schwedhelm, I., Zdzieblo, D., Appelt-Menzel, A., Berger, C., Schmitz, T., Schuldt, B., 
Franke, A., Müller, F.-J., Pless, O., Schwarz, T., Wiedemann, P., Walles, H., 
Hansmann, J., 2019. Automated real-time monitoring of human pluripotent stem 
cell aggregation in stirred tank reactors. Sci. Rep. 9, 12297. https://doi.org/ 
10.1038/s41598-019-48814-w. 

Seth, A.K., Bayne, T., 2022. Theories of consciousness. Nat. Rev. Neurosci. 23, 439–452. 
https://doi.org/10.1038/s41583-022-00587-4. 

Shahaf, G., Marom, S., 2001. Learning in networks of cortical neurons. J. Neurosci. 21, 
8782–8788. https://doi.org/10.1523/JNEUROSCI.21-22-08782.2001. 

Shepherd, J., 2018. Consciousness and Moral Status. Taylor & Francis. 
Shew, W.L., Clawson, W.P., Pobst, J., Karimipanah, Y., Wright, N.C., Wessel, R., 2015. 

Adaptation to sensory input tunes visual cortex to criticality. Nat. Phys. 11, 659–663. 
https://doi.org/10.1038/nphys3370. 

Shi, Y., Kirwan, P., Livesey, F.J., 2012. Directed differentiation of human pluripotent 
stem cells to cerebral cortex neurons and neural networks. Nat. Protoc. 7, 
1836–1846. https://doi.org/10.1038/nprot.2012.116. 

Sinapayen, L., Masumori, A., Ikegami, T., 2017. Learning by stimulation avoidance: A 
principle to control spiking neural networks dynamics. PLoS One 12, e0170388. 
https://doi.org/10.1371/journal.pone.0170388. 

Sinitsyn, D.O., Poydasheva, A.G., Bakulin, I.S., Legostaeva, L.A., Iazeva, E.G., Sergeev, D. 
V., Sergeeva, A.N., Kremneva, E.I., Morozova, S.N., Lagoda, D.Yu., Casarotto, S., 
Comanducci, A., Ryabinkina, Y.V., Suponeva, N.A., Piradov, M.A., 2020. Detecting 
the potential for consciousness in unresponsive patients using the perturbational 
complexity index. Brain Sci. 10, 917. https://doi.org/10.3390/brainsci10120917. 

Smirnova, L., Caffo, B.S., Gracias, D.H., Huang, Q., Morales Pantoja, I.E., Tang, B., 
Zack, D.J., Berlinicke, C.A., Boyd, L., Harris, T., Johnson, E.C., Kagan, B.J., Kahn, J., 
Muotri, A.R., Paulhamus, B.L., Schwamborn, J., Szalay, A.S., Vogelstein, J.T., 
Worley, P.F., Hartung, T., 2023. Organoid intelligence (OI): the new frontier in 
biocomputing and intelligence-in-a-dish. Front. Sci. 1 https://doi.org/10.3389/ 
fsci.2023.1017235. 

Stahl, B.C., 2013. Responsible research and innovation: The role of privacy in an 
emerging framework. Sci. Public Policy 40, 708–716. https://doi.org/10.1093/ 
scipol/sct067. 

Strubell, E., Ganesh, A., McCallum, A., 2019. Energy and Policy Considerations for Deep 
Learning in NLP. 

Sun, S., Zhang, G., Cheng, Z., Gan, W., Cui, M., 2019. Large-scale femtosecond 
holography for near simultaneous optogenetic neural modulation. Opt. Express 27, 
32228. https://doi.org/10.1364/OE.27.032228. 

Sun, N., Meng, X., Liu, Y., Song, D., Jiang, C., Cai, J., 2021. Applications of brain 
organoids in neurodevelopment and neurological diseases. J. Biomed. Sci. 28, 30. 
https://doi.org/10.1186/s12929-021-00728-4. 

Tejavibulya, N., Sia, S.K., 2016. Personalized disease models on a chip. Cell Syst. 3, 
416–418. https://doi.org/10.1016/j.cels.2016.11.002. 

Tessadori, J., Bisio, M., Martinoia, S., Chiappalone, M., 2012. Modular neuronal 
assemblies embodied in a closed-loop environment: toward future integration of 
brains and machines. Front. Neural Circuits 6. https://doi.org/10.3389/ 
fncir.2012.00099. 

Thodeson, D.M., Brulet, R., Hsieh, J., 2018. Neural stem cells and epilepsy: functional 
roles and disease-in-a-dish models. Cell Tissue Res. 371, 47–54. https://doi.org/ 
10.1007/s00441-017-2675-z. 

Toker, D., Pappas, I., Lendner, J.D., Frohlich, J., Mateos, D.M., Muthukumaraswamy, S., 
Carhart-Harris, R., Paff, M., Vespa, P.M., Monti, M.M., Sommer, F.T., Knight, R.T., 
D’Esposito, M., 2022. Consciousness is supported by near-critical slow cortical 
electrodynamics. Proc. Natl. Acad. Sci. U. S. A. 119, e2024455119 https://doi.org/ 
10.1073/pnas.2024455119. 

Tomasello, D.L., Wlodkowic, D., 2022. Noninvasive Electrophysiology: Emerging 
Prospects in Aquatic Neurotoxicity Testing. Environ. Sci. Technol. 56, 4788–4794. 
https://doi.org/10.1021/acs.est.1c08471. 

Tononi, G., Koch, C., 2015. Consciousness: here, there and everywhere? Philos. Trans. R. 
Soc. B 370, 20140167. https://doi.org/10.1098/rstb.2014.0167. 

Tononi, G., Boly, M., Massimini, M., Koch, C., 2016. Integrated information theory: from 
consciousness to its physical substrate. Nat. Rev. Neurosci. 17, 450–461. https://doi. 
org/10.1038/nrn.2016.44. 

Toyoizumi, T., Kaneko, M., Stryker, M.P., Miller, K.D., 2014. Modeling the dynamic 
interaction of hebbian and homeostatic plasticity. Neuron 84, 497–510. https://doi. 
org/10.1016/j.neuron.2014.09.036. 

Unakafova, V.A., Gail, A., 2019. Comparing open-source toolboxes for processing and 
analysis of spike and local field potentials data. Front. Neuroinform. 13, 57. https:// 
doi.org/10.3389/fninf.2019.00057. 

vanPelt, J., Wolters, P.S., Corner, M.A., Rutten, W.L.C., Ramakers, G.J.A., 2004. Long- 
term characterization of firing dynamics of spontaneous bursts in cultured neural 
networks. IEEE Trans. Biomed. Eng. 51, 2051–2062. https://doi.org/10.1109/ 
TBME.2004.827936. 

Wagenaar, D.A., Pine, J., Potter, S.M., 2004. Effective parameters for stimulation of 
dissociated cultures using multi-electrode arrays. J. Neurosci. Methods 138, 27–37. 
https://doi.org/10.1016/j.jneumeth.2004.03.005. 

Wagenaar, D., Pine, J., Potter, S., 2006. An extremely rich repertoire of bursting patterns 
during the development of cortical cultures. BMC Neurosci. 7, 11. https://doi.org/ 
10.1186/1471-2202-7-11. 

Wallis, P., 2022. Op-Ed: ‘DishBrain’ neurons play Pong – Sentient or not? [WWW 
Document]. Digit. Journal. URL https://www.digitaljournal.com/tech-science/op-e 
d-dishbrain-neurons-play-pong-sentient-or-not/article (accessed 10.30.22).  

World medical association declaration of helsinki, 2013. Ethical principles for medical 
research involving human subjects. JAMA 310, 2191. https://doi.org/10.1001/ 
jama.2013.281053. 

Wu, Z., Liu, Z., Lin, J., Lin, Y., Han, S., 2020. Lite Transformer with Long-Short Range 
Attention. 

Yakoub, A.M., Sadek, M., 2018. Development and characterization of human cerebral 
organoids: an optimized protocol. Cell Transplant. 27, 393–406. https://doi.org/ 
10.1177/0963689717752946. 

Yatsenko, D., Nguyen, T., Shen, S., Gunalan, K., Turner, C.A., Guzman, R., Sasaki, M., 
Sitonic, D., Reimer, J., Walker, E.Y., Tolias, A.S., 2021. DataJoint elements: data 
workflows for neurophysiology (preprint). Neuroscience. https://doi.org/10.1101/ 
2021.03.30.437358. 
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