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Abstract

Biotechnology holds the potential to drive innovations across various fields from agriculture

to medicine. However, despite numerous interventions, biotechnology education remains highly
unequal worldwide. Historically, the high costs and potential exposure to hazardous materials
have hindered biotechnology education. Integration of cloud technologies into classrooms has
emerged as an alternative solution that is already enabling biotechnology experiments to reach
thousands of students globally. We describe several innovations that collectively facilitate real-
time experimentation in biotechnology education in remote locations. These advances enable
remote access to scientific data and live experiments, promote collaborative research, and ensure
educational inclusivity. We propose cloud-enabled live-cell biotechnology as a mechanism for
reducing inequalities in biotechnology education and promoting sustainable development.

Towards inclusive and equitable biotechnology education

The United Nations Sustainable Development Goals (SDGS) prioritize inclusive and
equitable education globally [1]. However, access to quality education remains unequal,
particularly in the sciences [2,3]. Inadequate monitoring and assessment systems frequently
hinder policy development [1,4]. Achieving equitable biotechnology education for all will
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impact on other SDGs, including poverty eradication, food security, health, gender equality,
clean water and sanitation, and sustainable energy [5-7].

Biotechnology education is most effective when it includes hands-on projects focusing on
trending and relevant topics [8,9]. However, implementing education modules is limited by
at least three roadblocks: (i) advanced training for instructors, (ii) specialized biotechnology
equipment, and (iii) potential exposure to hazardous materials [10]. The integration of
cloud technology into biotechnology education emerges as a key innovation to overcome
these roadblocks owing to the scalability, flexibility, and efficiency of the technology [11].
Cloud technology facilitates practical, hands-on experiences into a theoretical curriculum
by enabling students to perform experiments remotely. Through this approach, students can
acquire novel skills, make new discoveries, and collaborate [12].

‘Cloud laboratories’, in which benchtop equipment is operated over the internet, have
enabled the collaborative study of cells, tissues, and organisms. This approach is driving
several multinational initiatives, including drug synthesis [13], protein engineering [14], and
brain observatories [15]. We define cloud-enabled live-cell biotechnology as the ability to
observe, analyze, and manipulate living tissue remotely. In biotechnology education, the use
of the cloud makes inquiry-based education possible, reaching a scale comparable to that of
massive open online courses (MOOCs) [16-20].

To increase the reach of live-cell biotechnology globally, several innovations need to
converge to enable the use of these technologies in the classroom, particularly in
underserved regions of the world (Figure 1). We review these technologies, including the
development of low-cost cloud laboratory equipment and educational modules that leverage
complex biological models. We propose that the complementation of these technologies with
new pedagogical tools and scalable options for internet access can transform the educational
landscape and accelerate the SDGs.

Leaving no one behind (LONB)

The LONB principle is central to the SDG agenda, and access to internet-based education
has been shown to improve academic performance [21]. However, 46.4% of the world
population is currently unconnected to the internet [22], including 1.3 billion children aged
3-17 years [23].

Traditionally, two structural roadblocks have hampered internet connectivity: lack of
infrastructure and limited affordability of the technologies [22]. We propose two additional
social-based roadblocks of equal importance for LONB: digital illiteracy and legal
limitations.

Lack of infrastructure
The majority of the offline population lives in areas of the world at least partially covered by
3G and 4G network connectivity [22]. However, ~11% of the population lives in regions
completely unconnected [22]. These populations are often in low-density areas in the
developing world, where traditional communications systems are economically unfeasible
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[22]. In the developed world, these populations are in rural and quasi-rural regions, which
leaves these people isolated from regional conversations, decision making, and education
[24].

Limited affordability

Even when the internet is available, high costs may make it inaccessible. In the developed
world, internet affordability represents an issue of racial equity because Black and Latinx
neighborhoods often have lower adoption rates [25]. In these situations, community
infrastructures, such as libraries, can help to fill the gap. In the developing world, where
community infrastructures are lacking, the adoption of low-cost mobile internet devices [26]
can become the bridge towards cloud-based education.

Digital illiteracy

Digital illiteracy is disproportionately observed in the elderly and the poor [27]. Simplifying
interfaces that enable human—computer interactions (HCIs) can make the adoption of cloud

biotechnology feasible for these vulnerable populations. Addressing digital literacy through
targeted education programs can further support these groups.

Legal limitations

The majority of the world population lives in countries with intermediate or high internet
censorship [28]. In addition, there are non-negligible populations in restricted areas, such as
the 10 million people currently incarcerated worldwide who could benefit from cloud-based
education [29]. People living near to radio quiet zones also face unique challenges regarding
internet access.

By addressing these roadblocks, cloud-based biotechnology education can adhere to the
LONB principle and contribute to the equitable dissemination of knowledge.

Cloud-enabled laboratory hardware

Microscopy

Cloud-connected laboratory devices encompass a broad range of instruments that are
essential for the practice of biology. They include microscopes, liquid-handling robots,
laboratory-on-a-chip (LoC) systems, and electrophysiology setups.

Although several commercially available cloud-enabled microscopes are available on the
market, they are prohibitively expensive for educational settings. Therefore, biotechnology
education programs have benefited from the use of 3D printing technologies and low-cost
off-the-shelf components.

Early work in cloud-enabled microscopy focused on simple benchtop experiments using
single-camera microscopes [18]. In this approach, the microscopes were developed using
fixed objectives and streaming cameras. Users controlled the camera on/off switch, the
microscope light, and the focal plane [18], and the systems streamed from a local router to a
custom-made server [30].
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Implementing these systems enabled remote experimentation in high school, undergraduate,
and graduate courses using biological specimens [17,18]. An early iteration of this work
used the slime mold in an education module of a graduate-level biophysics course to teach
multicellular biological pattern formation to students without a previous biology background
[17]. Although this course was small (four students), it provided the first proof of principle
of the feasibility of using cloud-controlled experiments in the classroom. During the course
the students discovered a previously unreported random self-avoidance pattern in the slime
mold [17].

A second level of innovation stemmed from the integration of cloud microscopes

and polydimethylsiloxane (PDMS)-based microfluidic chips [18]. These chips contained
Euglena gracilis cultures and featured four light-emitting diodes (LEDs) [18]. These
modifications allowed users to control the illumination intensity and duration to examine

the phototactic behaviors of £. gracilis [18]. The data were then annotated by a custom-made
interface [18]. Making a single module, the experiment was repeated >2300 times [19,31].
These experiments showed that live cloud-enabled biology experiments could be performed
at a large scale in an educational setting. However, this scalability came with the cost

of standardizing the experiment such that it could be repeated by more students without
increasing the operational costs [19,31].

A different approach has been to design context-aware microscopy modules that focus on
issues relevant to the students [16,32]. This approach has been shown to be effective at
transmitting knowledge and developing science, technology, engineering, and mathematics
(STEM) identity in students from under-represented backgrounds [8,33-35]. Two different
cloud-enabled microscopes have been used in education: the Picroscope [36,37] and the
Streamscope [16,32].

The Picroscope is a low-cost brightfield microscope consisting of an array of 24 cameras
mounted onto focal length lenses with zstack capabilities [36]. Each camera is controlled
by a Raspberry Pi computer and transmits information via WiFi [36]. It functions both on
the benchtop and inside tissue culture incubators. The microscope is primarily assembled
from 3D printed materials and off-the-shelf components. All 3D printing is done using black
polylactic acid (PLA) to reduce background illumination.

Several education programs have been performed using the Picroscope, ranging from the
integration of remote microscopy projects into the biology high school curriculum to
after-class college-level programs [16]. To date, the Picroscope has reached hundreds of
underserved students in seven countries on three continents [16]. Projects have included
survival and biocompatibility assays, drug screening, and developmental biology studies
[6,35]. For example, students in Latin America performed a toxicity study of chlorine
dioxide [16], a chemical that was promoted by pseudoscientific groups as a treatment

for COVID-19 [38,39]. In addition high school students in the agricultural community of
Salinas, California, performed drug screens on cells derived from neuroblastomas [16], a
common health problem in agricultural regions [40]. Using the Picroscope, Salinas students
also discovered that exposure to even low levels of ammonium nitrate delayed, but did
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not eliminate, fin formation in late-stage zebrafish embryos [16], which complemented the
scientific literature.

Similar to the Picroscope, the Streamscope is an array of cameras mounted on lenses
designed to work both outside and inside tissue culture incubators [16,32]. It captures
images in brightfield and has zstack capabilities. It can directly output information

to common streaming platforms, including YouTube [32], thereby simplifying the user
experience. The Streamscope has been used to introduce students to drug screening
experiments using brain organoids [32]. Given the steadily increasing demand for organoid
culturing skills in the biotechnology sector [41], the incorporation of cloud-enabled organoid
experiments can become a powerful tool to train the next generation of biotechnology
professionals.

Liquid-handling robots

The ability to manipulate experiments remotely through liquid-handling robots has often
complemented microscopy-based courses [17,20,42]. The majority of approaches have used
low-cost materials combined with Raspberry Pi computers with WiFi capabilities [17,43].
Early work used LEGO bricks to design a gantry for positioning a syringe in coordinates
determined by the user [17,44]. A LEGO-based actuator was then used to deliver liquid
volumes [17,44].

Newer alternatives have been developed to enable users to have more flexibility in the
experiments. One is the EvoBot, which has been built from off-the-shelf components and
laser-cut parts [45]. It consists of an experimental layer that can hold experiments and an
actuation layer which is modular and handles syringe, pump-based, and heavier payload
modules and can inject liquids with 100 pl precision [43]. The EvoBot has a cloud-based
interface that enables users to control the operations of the liquid-handling robot remotely
[48].

OpenLH, on the other hand, takes advantage of commercially available robotic arms and
complements them with custom-made liquid-handling attachments [47]. The attachments
have included syringe pumps and devices made of spare parts of micropipettes [47].

A custom interface enables users to manipulate the OpenLH remotely [47]. Several
experiments have been carried out, including teaching serial dilutions and targeting visual
designers using bacteria as a biological ink to produce art [47].

Laboratory-on-a-chip

LoC technology miniaturizes and consolidates various laboratory functions onto a single
chip, typically only a few square centimeters in size. LoCs have been used in several
biotechnology areas such as diagnostics [48,49] and environmental studies [50]. LoCs use
microfluidics for pumping, mixing, separating, and dispensing liquids [51].

LoCs have been used in chemistry, physics, and bioengineering courses to engage students
in engineering design and to introduce them to complex microfluidics concepts [52—

55]. However, all these courses were conducted in person. Integrating LoCs with cloud
technologies enables remote learning opportunities that now also include bioinformatics and
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other biological fields [56]. For example, biotechnology undergraduate students in Bolivia
used a remote LoC device that integrates microfluidics, optical detection, and internet-based
control to learn programming while assessing water quality. The devices incorporated
pneumatically controlled valves for precise fluid manipulation and used DNA dyes to detect
bacteria in the samples. The students, who had no computer programming experience, were
challenged to complete and execute code for staining and detecting bacteria contamination
in the water samples [56]. This approach highlighted the role of cloud technologies in
bridging gaps between scientific disciplines such as biology and computer science.

Electrophysiology devices

The transfer of electrical signals between cells is a fundamental concept in animal
physiology, heart function, and neuronal communication. Several pedagogical tools have
been developed to facilitate the learning of electrophysiology. For example, the SpikerBox is
a device designed for measuring electrical signals in insects [57,58]. This tool can be paired
with a cellphone for experiments where students use sewing pins to connect to the legs of
invertebrates. This equipment has been instrumental in teaching electrophysiology principles
using organisms such as cockroaches [8,57,58], crickets [59], grasshoppers [60], and mantis
shrimps [61]. Further modifications allowed the recording of electrical activity in human
muscles and in plants [8,62]. Amid the COVID-19 pandemic, SpikerBox-based experiments
were adapted for remote execution, with teachers sending kits to the students and having
them perform experiments at home [63]. Although innovative, these experiments have been
hampered by the logistics necessary to deliver instruments to each student rather than having
remote connectivity.

RoboRoach is a system that implants electrodes into the antennas of cockroaches and
enables their remote control through Bluetooth [64]. This system allows students to
manipulate cockroach movements through a cellphone app that delivers microstimulation
to the electrodes [64]. Coupling steady-state visual evoked potential (SSVEP)-based
electroencephalography (EEG) with the RoboRoach has been used to control cockroach
behavior with the human brain, effectively creating a brain-to-brain interface between
humans and cockroaches [65]. The RoboRoach has been used in a variety of courses in
Bolivia, Mexico, Spain, and the USA [8,33,34].

However, electrophysiological recordings are relevant not only in whole organisms but also
in cells, such as cardiomyocytes and neurons, growing in culture. Such techniques do more
than verify the functional viability of the neurons: they also provide information about the
complex patterns of communication and network dynamics inherent to neural assemblies.
Educational modules have benefited from the use of multielectrode arrays (MEASs) that
detect extracellular electrical signals generated by neurons [66,67]. Because MEAS are not
invasive, they allow longitudinal tracking of the development and adaptive changes within
neural networks over extended periods [68]. Furthermore, the ability to longitudinally track
neural network evolution allows open- and closed-loop manipulations of these systems
[69]. MEAs have been adapted to the cloud through a series of innovations. For example,
the PiPhys system is a cloud-enabled device that uses a Raspberry Pi computer with a
bioamplifier chip to facilitate voltage sampling [70]. This setup is compatible with several
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electrode probes, including rigid 2D and flexible MEAs, silicon probes, and tetrodes. The
system uses MQTT (message queuing telemetry transport) for messaging across networked
devices, complemented by data streaming to Amazon Web Services (AWS) for storage
[70,71].

Commercial systems such as MaxOne (Maxwell Biosystems) have been adapted to the cloud
for use in education [32]. MaxOne is a high-density MEA that has 26 000 electrodes in a
single well. On average, each neuron in contact with MaxOne is covered by 3-4 electrodes,
enabling precise spike sorting and network analysis. MaxOne has been used remotely in

the classroom in combination with brain organoids to introduce mathematics and computer
science concepts into neuroscience and stem cell biology [32]. Through this approach, the
students were able to design custom stimulation patterns in neuronal tissue and assess their
effect on neural plasticity and circuit behavior [32]. This approach was shown to develop

the interest of students from non-biomedical degrees in further training in neuroscience and
regenerative biology [32].

Biological tools for live-cell biotechnology

An advantage of cloud technologies is that they enable students to work with complex
models, including potentially pathogenic organisms and biohazardous materials that require
biosafety level 2 or 3 environments, which are inaccessible to most schools around the
world. The selection of the proper model organism is therefore no longer limited by
specialized training or biosafety measures. Classrooms have leveraged several models,
ranging from microorganisms and cell cultures to whole organisms. We review some
examples in the following sections.

Microorganisms

To date, bacteria have been the most common organisms used in cloud-enabled
biotechnology education owing to their rapid growth and low maintenance costs. For
example, Escherichia colihas been widely used in LoC systems to test for contamination

in water samples and create context-aware educational modules [56,72]. Bacteria have also
been labeled either with dyes [47] or through genetic engineering [20] to serve as ‘bioink’.
Combining these bacteria with cloud-enabled liquid-handling robots has enabled students to
print artistic renderings in Petri dishes and engage students without a biology background
[47].

Other unicellular organisms have been of interest to the education community. £. gracilis has
been often coupled to microscopy experiments owing to its phototactic behavior [18,19]. By
enabling users to visualize these algae through a microscope and control the function of a
light source remotely, educators have been able to introduce students to the scientific method
and quantitative aspects of biology. This approach has been used to test the scalability of
cloud technologies in the classroom, enabling >2300 remote experiments in 46 countries
[19].

Protists, such as the slime mold, have been used as models for multicellular assembly
[17]. This model has been used to supplement a theoretical graduate-level course taught to
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engineering and applied physics students [17]. This work served as a proof of principle for
the integration of mathematics concepts using live-cell biotechnology and provided strong
evidence for the preference of students for remote experiments over computer simulations
[17].

Mammalian tissue culture

Compared to microorganisms, maintaining mammalian tissue cultures is more challenging
and costly [73]. Consequently, most undergraduate biology and biotechnology programs
worldwide lack formal training in mammalian tissue culture [32]. Some in-person courses
use primary cell cultures [74-77] or established cell lines [78-81] to teach basic tissue
culture techniques. However, these courses often prioritize technical skills over enabling
students to design complex experiments and make novel scientific discoveries.

Internet-connected microscopes have been valuable for creating open-ended educational
modules that integrate cell culture models, such as neuroblastoma cells, into biology courses
in Salinas, California [16]. This approach enabled students to test the effects of various
drugs on neuroblastoma differentiation and survival [16]. Through this method, students
were introduced to key concepts in cell signaling, stem cell identity, and fate acquisition, all
of which are tested in standard biology exams.

Incorporating pluripotent stem cell (PSC) models into classroom settings has the potential
to revolutionize undergraduate and medical training worldwide. PSCs hold significant
promise in the medical field because patient-derived PSCs can provide insights into disease
emergence, progression, and treatment [82,83]. Although biotechnology students often
learn about the theory behind PSCs, hands-on experience with PSCs in the classroom

is rare. Currently, most undergraduate students only work with PSCs in extracurricular
research activities at select elite universities [32,35]. Recent technological advances have
facilitated the integration of PSC-derived models, and successful testing has been conducted
in community college and universities courses in Northern California.

PSC-derived organoids are particularly attractive in the pharmaceutical industry [41].
However, hands-on training in the generation and maintenance of organoids remains mostly
confined to research laboratories, and their use in the in-person classroom has only started
recently [84,85]. Using cloud-connected microscopes, undergraduate students have been
able to assess the effects of different drugs on organoid growth [32]. Furthermore, the use
of cloud-connected MEAs enabled mathematics students to design stimulation patterns to
study neural plasticity [32]. Interestingly, surveying both groups of students led to similar
conclusions: the students acknowledged that performing cloud experiments enabled them
to conduct experiments that would not normally be available to them. They all reported
increased interest in the topic and greater desire to pursue careers in stem cell research [32].

However, several key innovations will be necessary to expand the use of PSC-derived
models in education. Implementing protocols to accelerate the production speed of the target
cells while ensuring their homogeneity will facilitate the development of more complex
educational modules. One promising approach is the overexpression of transcription factors
(TFs) to manipulate stem cell fate [86]. For instance, NGN2 overexpression in PSCs triggers
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the rapid induction of neuronal genes [87]. Supplementing TFs with small molecules can
modulate additional pathways for fate refinement. This strategy has successfully induced
dopaminergic neurons [88] and glutamatergic neurons [89]. The introduction of previously
untested small molecules will give students the opportunity to engage in the discovery
process.

Genetically engineered cell lines

The use of genetically engineered tools has been a pivotal aspect of biotechnology
education. The first use of green fluorescent protein (GFP) in the classroom dates back to
the Protein Purification: Isolation, Analysis, and Characterization of GFP course at Rutgers
University in 1989 [90]. Since then GFP has been used in a variety of courses ranging

from cloning and protein isolation to tracking individual cells in small animals [90,91].
Indeed, genetic reporters have become favored tools to teach concepts in chemistry, genetics,
genome engineering, and bioethics [90,92].

To date, all cloud-enabled microscopy-based experiments in education have been conducted
using brightfield imaging [16,18,19,32]. However, several inexpensive microscopes capable
of fluorescent imaging could be adapted to the cloud [93-95]. The development of
internet-controlled fluorescent microscopes will democratize the use of genetic fluorophore
reporters in the classroom. For example, genetic reporters could be used to perform highly
complex experiments using mammalian cells, such as visualizing morphogens [96]. The
use of calcium indicators [97,98] could enable students to create models of networks

in neural cultures. Furthermore, the use of neurochemical-sensing G-protein-coupled
receptor activation-based (GRAB) sensors [99] could facilitate multimodal data analysis
and modeling in graduate-level courses.

Finally, the education field can benefit from the use of engineered cell lines with CRISPR-
mediated activation/inhibition (CRISPRa/i) systems [100]. This approach can incorporate
computational tools into the classroom and enable students to design guide RNAs for
testing [101]. Following this, students can analyze the impacts of CRISPRa/i manipulation
using microscopy and electrophysiology techniques. This strategy will empower students to
perform genetic screens to study cell signaling and complement current modules in drug
screens [16].

Multicellular organisms

Cloud technologies have been integrated into whole organisms in various classroom
contexts. For example, two separate groups utilized plants and cloud-connected equipment
to engage students [102,103]. In Spain, the Spike system has been used in agronomic
engineering courses to monitor environmental metrics such as carbon dioxide levels, light
intensity, temperature, and soil moisture [102]. In Israel, high school students measured
the same parameters in a smart greenhouse as an introduction to the scientific method

and experimental design [103]. In both scenarios, the students demonstrated an increased
understanding of the topic and high levels of comfort with the technologies [102,103].

Several small animals have been used with cloud microscopes to teach biological processes
and investigate the toxicity of different reagents [16]. For example, planaria worms
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have been used to study photophobic behavior, and Xenopus tropicalis has been used

to demonstrate the normal developmental process [36]. Zebrafish has been a preferred
model organism to examine the toxic effects of fertilizer byproducts, chlorine dioxide, and
graphene nanoparticles [16].

Connecting the unconnected

The majority of systems have used their own interfaces for enabling interaction [16,18,102].
Alternatively, some systems have relied on commercial streaming platforms such as
YouTube [32]. The use of these platforms benefits from adaptive streaming capabilities
[104], allowing their use even in regions with low internet bandwidth. Because internet
speed is a major impediment to remote education [105], this represents a significant advance
in reducing inequalities.

Several software architectures have been proposed for integrating multiple cloud-enabled
devices within a single system [71,106-108]. In these architectures, systems connect to
services that enable user control. Data is stored in external servers, and a custom-made
application allows users to interact with the devices. These architectures then facilitate data
streaming from the devices using services such as Redis [71].

Students from under-represented groups often live in areas where internet connectivity is
scarce or absent [109-111]. Solutions involve cost-effective communication infrastructures
(Box 1) and electromagnetic spectrum options (Box 2) to enable mobile network operators
to extend services to remote areas (Figure 2).

Considerations when designing cloud-based courses

Effectively delivering a cloud-based live-cell biotechnology course requires consideration of
several elements, including the length of the experiment and the teaching environment. For
instance, outreach experiments in informal settings such as museums may benefit from using
microorganisms and other rapidly responding biological systems such as optogenetically
responsive cells. By contrast, university courses taught in formal settings may gain more
from incorporating complex models such as organoids.

Cloud-based courses offer high customization. However, formal courses that leverage these
technologies must introduce students to experiments in a stepwise manner. Although many
approaches have been developed [16,20,31,56,112-114], the general design principles are
summarized in Table 1.

Although cloud technologies can provide access to models that are typically unavailable

in undergraduate labs, important regulatory and ethical considerations must be kept in

mind during course design. For example, the use of complex organisms such as vertebrates
requires Institutional Animal Care and Use Committee (IACUC) approval. Because IACUC
standards can vary between institutions [115], it is crucial to understand the specific
regulations applicable at the experimental site. Similarly, when using novel models such

as human neurons and brain organoids, incorporating ethical lessons into the curriculum is
beneficial.
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A significant aspect of course design is obtaining approval from the Institutional Review
Board (IRB). This is particularly important when data will be collected with the intention
of publication because the majority of users, including students and minors, are considered
to be susceptible populations. Traditional IRB applications may not be structured to address
the uncertainties inherent in cloud-based courses, such as the number of users accessing

the modules or the variability in user locations. Therefore, researchers should engage in
open conversations with their IRBs and be prepared to modify their experimental designs as
necessary.

Collaborative online international learning (COIL) is an effective approach for enabling
students from different cultures to work together [12]. However, implementing COIL in
practice can be challenging because it is often limited by language barriers and differences
in academic calendars between geographically distant education systems [116]. In addition,
training the teachers who interact directly with the students has been overlooked to

date. Ensuring that teachers are familiar with the technologies is crucial for facilitating
interactions [117]. We propose a multimodular course structure that can be adapted for
teacher training across different cloud technologies (Table 2).

International outreach projects in developing regions often encounter resistance from local
educators who may view these activities as neocolonial practices [8,35]. It is essential to
balance enabling students to perform cutting-edge experiments with the development of
projects relevant to the communities involved. Some approaches have used themes of mutual
interest, such as COVID-19 treatment combined with COIL methodologies [16]. Other
approaches may focus on indigenous plants or context-specific chemicals, such as fertilizers
for agricultural communities [16].

Bridging frugal science and virtual laboratories

Beyond cloud-based live-cell biotechnology, various educational approaches have been
proposed, each with their own advantages and disadvantages (Table 3). Frugal science,
for instance, involves the use of low-cost or repurposed equipment to perform laboratory
functions [118]. This provides hands-on training but is often hindered by high shipment
costs for equipment and reagents, as well as customs regulations concerning biological
materials [119].

At the other end of the spectrum are virtual labs which use computer simulations to

train students in basic techniques [85,120]. Although these simulations can create complex
laboratory environments, they are often unaffordable by most schools and cannot accurately
replicate the experience of scientific uncertainty and true discovery.

Importantly, frugal and virtual laboratories are often seen as alternatives but can be
complementary to cloud-based education. For example, the HCI interface between users

and cloud equipment could leverage virtual lab environments to enhance the user experience.
Similarly, frugal approaches could serve as introductory activities to familiarize students
with concepts that will be explored in more complex cloud-based experiments.
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Conclusion and future perspectives

Despite being in early stages, cloud-enabled live-cell biotechnology has been shown to be
effective in enabling scientific inquiry and discovery in students at multiple educational
levels. The combination of these technologies with pedagogical innovations, such as
project-based learning (PBL; Box 3), has led to improved STEM identity and knowledge
comparable to that provided by in-person hands-on courses among students from under-
represented backgrounds in the developing world [16]. An important lesson learned from
this work is that under-represented students were particularly interested in pursuing careers
after conducting PBL-based experiments that related to issues relevant to their own
community [16,56], highlighting the importance of personalizing educational material.

Biotechnology experiments using the cloud have been performed in four primary locations:
Northern California; Cambridge, MA; Madrid, Spain; and Haifa, Israel. However, students
conducting these experiments have been located >50 countries worldwide. This approach
implies that a few experimental ‘hubs’ can theoretically serve students in virtually every
region of the world, and could thus achieve the SDG4 mandate to ensure inclusive and
equitable quality education and promote lifelong learning opportunities for all. This marks
an important departure from other approaches, such as the major push by the United Nations
Development Program which has established 91 ‘Accelerator Labs’ globally [121].

The move towards using cloud technologies has the potential to save millions of dollars of
investment in laboratory infrastructure and operation [10,35]. However, it is important to
note that thus far the vast majority of remote students have been located in high- and upper
middle-income countries, while students in lower-income countries have been left behind
(Box 3). This is partly due to the lack of infrastructure, including internet delivery, which
would be crucial in bridging the digital divide between regions of the world.

An advantage of cloud technologies is that students can collaborate despite being located

in physically distant regions of the world. This opens up the possibility of conducting
comparative educational projects to understand the impact of different interventions on

the students and communities involved. However, there is still a crucial need to create
educational rubrics and tools to better measure the impact of educational projects [122-124],
which, in turn, will enable improvements in the curricula.

In summary, there is a growing momentum to use novel engineering, software, biological
tools, and pedagogical methods to deliver live-cell biotechnology education to students
across the world. This combination has the potential to create lasting impacts on society
and reduce educational inequalities in a scalable and sustainable manner (see Outstanding
questions).
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Highlights

Cloud-enabled live-cell biotechnology offers students the opportunity to participate in
real-time experiments using their own devices.

Advances in engineering internet-connected wet laboratory equipment to create new
biological models, and the use of open-source software architectures to integrate multiple
devices, have all contributed to the development of cloud-enabled live-cell biotechnology.

In addition, methods to extend internet access to remote areas and improvements in
pedagogical approaches for remote experimental education are crucial for expanding the
reach of biotechnology education.

Live-cell biotechnology holds promise for positively impacting on communities
worldwide and in contributing to the achievement of the United Nations Sustainable
Development Goals.
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Box 1.
Communication Infrastructures

The effectiveness of various communication infrastructures and solutions leveraging the
electromagnetic spectrum largely depends on the proximity of an area to an optical fiber
point of presence (PoP). A PoP is a hub or access point where different networks or
communication lines come together. The closer a remote area is to a PoP, the easier and
more cost-effective it is to extend high-quality internet services to that area.

Satellites (areas located >50 km from a PoP)

For internet gateways situated close to an optical fiber PoP, very small aperture terminals
(VSATSs) within these remote areas should be cost-effective and can potentially be
powered by renewable energy sources such as solar panels or wind turbines [125,126].
Geostationary satellites, that are fixed relative to the Earth, are ideal for broadcasting,
whereas non-geostationary satellites, that orbit closer to the Earth, provide broadband
internet with reduced signal latency [127,128].

High-altitude platform stations (HAPS; for areas located 40-400 km from a PoP)

HAPS are advanced aerial technologies operating within the stratosphere at altitudes
ranging from 17 km to 23 km [129,130]. These include fixed-wing gliders, blimps,
and balloons, are powered by solar energy, and can remain airborne for months

[131]. They offer extensive communication coverage compared to traditional terrestrial
communication infrastructure. HAPS are also cost-effective and rapidly deployable on
site. They are suitable in areas where terrestrial infrastructure is limited or non-existent
[132].

Networked tethered flying platforms (NTFPs; areas located 10-80 km from a PoP)

NTFPs include blimps, balloons, and drones that are anchored to the ground via a tether
that supplies continuous power and internet connectivity [133]. NTFPs offer a blend of
ease of deployment and cost-effectiveness, making them an attractive option for sustained
aerial operations. They are designed to remain airborne for extended periods (up to 1
month) before needing to be reeled in for maintenance or refueling, after which they can
be launched again [134,135].

Tower masts (areas located 5-15 km from a PoP)

Tower masts, which are the traditional terrestrial communication infrastructure, range in
height from 5 m to 100 m. Their internet coverage is influenced by the height of the
mast and the surrounding terrain. The masts are strategically placed to maximize internet
coverage and connectivity in remote areas [136].
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Box 2.
The electromagnetic spectrum

The electromagnetic spectrum is a finite resource in terms of the availability of specific
frequency bands for various applications, leading to high costs in the development of
digital and telecommunications infrastructure. Consequently, strategies such as the use

of licensed frequencies and infrastructure sharing among mobile network operators can
optimize resource utilization. In addition, exploring the unlicensed (free-to-use) spectrum
for access and backhaul segments offers a cost-effective alternative. ‘Access’ is the
segment that connects users to their service provider, and acts as the “last mile’ for
internet connectivity through WiFi, mobile networks (4G/5G), or broadband internet. It
enables activities such as browsing and streaming. ‘Backhaul’ refers to the infrastructure
that links the access network to the internet core, thereby functioning as a data highway.
It can transport vast amounts of data, often via optical fiber or wireless technologies,

thus ensuring a swift and stable internet connection. The different frequency segments are
listed in the following sections.

TV white space (TVWS; 470-790 MHz)

TVWS comprises underutilized frequencies located between TV channels, and offers a
unique capability for wireless communication in rural and underserved areas. With the
ability to cover long distances (typically 10 km or more) and penetrate obstacles, TVWS
is predominantly used for access networks that provide connectivity in areas lacking
traditional infrastructure [137].

Citizens broadband radio service (CBRS; 3.55-3.7 GHz)

CBRS is a regulatory framework that is designed to allow shared wireless access within
a specific portion of the spectrum. CBRS enables both licensed and unlicensed users to
coexist, offering a flexible and efficient use of the spectrum. Given its coverage range
from a few hundred meters to several km, CBRS is versatile, serving both as an access
solution in urban and rural settings and as a backhaul option, particularly in densely
populated areas [138].

E/V band (57-90 GHz)

This high-frequency band is tailored for point-to-point microwave links that can provide
high-speed internet over a short-distance. Owing to its range — from a few hundred
meters to ~2 km — and the necessity for line-of-sight, the E/V band is particularly suitable
for backhaul applications and enables robust connections between network nodes or
within mobile networks and broadband services [139].

Optical spectrum free space optics (FSO; 187-380 THz)

FSO uses light beams to transmit data through the air [140]. FSO offers a high-speed
alternative to traditional radio frequency communications, with the advantage of being
highly secure and immune to interference. It is particularly useful for creating quick-to-
deploy, point-to-point links between buildings or across short distances where laying
fiber is impractical [141]. Although atmospheric conditions such as fog and rain can
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affect its range (up to 2—-3 km is typically achievable under clear weather conditions), the
high throughput of FSO makes it an excellent choice for backhaul applications in urban
environments [142].
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Box 3.
Pedagogical innovations: bringing technologies to the classroom

Over recent years cloud-enabled live-cell biotechnology experiments have evolved

from simple, predetermined projects [18] to dynamic experiments that incorporate
scientific uncertainty and true discovery [16,20,32]. These experiments effectively
integrate project-based learning (PBL), a pedagogical approach that starts with real-
world problems and promotes inquiry-based learning. This student-centered method
encourages learners to actively engage in their educational journey. This approach has
been particularly beneficial for students from under-represented backgrounds, leading to
an increase in STEM identity and knowledge acquisition [8,143]. Similarly to in-person
PBL teaching [8], students have reported an increased level of STEM identity and
knowledge gained in the topic [16,102,103]. Importantly, many students reported they
see PBL-based education as “different’ and “exciting” compared to other remote teaching
techniques [16,56].

Large-scale education initiatives have demonstrated that access to technology alone does
not sufficiently enhance learning among underserved populations. The one laptop per
child (OLPC) project, for instance, distributed over 3 million low-cost laptops to students
in developing countries but often resulted in decreased academic performance and no
significant improvement in cognitive skills [144,145]. Similarly, analyses of MOOCs
such as Coursera and EdX indicate that these resources typically benefit students from
more advantaged backgrounds [146]. Therefore, although new technologies can lead to
innovative learning resources, much care needs to be taken to couple them with optimal
pedagogical techniques.

Cloud-based live-cell biotechnology education tools have already been deployed in >50
countries (Figure 1). A comprehensive set of collaboration tools and diverse resources,
aligned with well-established standards in educational systems, has become crucial for
effectively integrating cloud technologies into the educational sector.
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M Highincome M Upper middle income B Lower middle income

Figurel. Global distribution of cloud-enabled live-cell biotechnology initiatives.
Global student participation in cloud-enabled live-cell biotechnology initiatives

delineated by country income levels. Countries where the students were located are color-
coded based on income-level status, and red dots highlight cities where biotechnology
experiments using the cloud have been performed.
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Outstanding questions

What are the limitations to cloud-enabled live-cell biotechnology in the classroom? What
equipment and data-generation modalities remain to be explored?

Can algorithms be trained to assist in teaching students? For example, would pairing
artificial intelligence with live-cell biotechnology enable computer predictions that could
inform students to modify their experiments? Would this approach result in novel
scientific discoveries?

How would we integrate the data generated by the different data modalities in a manner
that makes multimodal files easily shareable and adaptable to open-source software?

What new metrics should be explored to measure the impact of cloud-enabled live-cell
biotechnology interventions in different communities?
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Figure 1. Overview of cloud-enabled live-cell biotechnology.
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Biological tools
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Cloud connectivity enables students worldwide to remotely access laboratory equipment,
including benchtop instruments and devices inside tissue culture incubators, such as
microscopes, liquid-handling robots, laboratory-on-a-chip technologies, and multielectrode
arrays. A diverse array of biological tools are utilized, ranging from single-cell organisms
and microorganism cultures to mammalian cell cultures and small multicellular organisms.
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Communication infrastructures and electromagnetic spectrum
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Figure 2. Solutionsto bridge the digital divide.
Cost-effective communication infrastructures and electromagnetic solutions. The

communication infrastructures include tower masts, networked tethered flying platforms
(NTFPs), high-altitude platform stations (HAPS), and satellites. The electromagnetic
solutions encompass access solutions such as TV white space (TVWS), backhaul solutions
including E/V bands and free space optics (FSO), and versatile options such as the citizens
broadband radio service (CBRS) which serve as both access and backhaul solutions.
Abbreviations: GEO, geostationary orbit; LEO, low Earth orbit; MEO, medium Earth orbit.
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Table 1.

Course design for cloud-enabled live-cell biotechnology courses

Module

Stepsto take

Module 1. Introduction

Begin with an introduction that can take the form of a passive observation, a lecture, or a tutorial
on operating the equipment. The aim is to familiarize students with the technology and the biological
phenomena they will study.

Module2. Experimentation

Engage students in experimentation, which can be either interactive (preferred) or scripted (suitable for
low-bandwidth scenarios). In the interactive mode, students explore biological phenomena freely. In the
scripted mode, students follow a prewritten set of commands executed by the cloud-enabled equipment.

Module 3. Qualitative data
analysis

Guide students through qualitative data analysis to help them to focus on specific phenomena. This step
primes them for more detailed study and observation.

Module 4. Hypothesis
generation

Encourage students to generate hypotheses that can be tested quantitatively. Examples include studying the
behavior of cells and organisms or the effects of drugs on tissue.

Module 5 (optional).
Introduction to analysis
software

If needed, introduce students to analysis software, such as ImageJ, depending on the hypotheses they
generate. This helps them to analyze their data effectively.

Module 6. Quantitative data
analysis

Task students with performing quantitative analysis ofthe data. Examples include measuring cell migration
distances, rates of mitosis or apoptosis, and morphologies induced by cell differentiation.

Module 7 (optional). Self-
guided explorations

Enable students to undertake self-guided experiments, reanalyze their data with new hypotheses, or analyze
data from their peers in several cloud-based courses.

Module 8. Summary and
reflections

Conclude with a summary and reflection session in which students validate or negate their hypotheses and
share their findings. This can include course discussions, posters, presentations, or creating YouTube videos
for the general public.
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Table 2.

Suggested syllabus for training teachers in cloud-based live-cell biotechnology

Module

Topicsto be covered

Module 1. Introduction to cloud laboratories

Overview of cloud labs and their importance in modern science education

Discussion of the benefits of using cloud labs for teaching biotechnology and other
sciences

Module 2. Exploring cloud lab platforms

Introduction to cloud lab platforms (e.g., microscopy, electrophysiology, liquid-
handling robots, lab-on-a-chip)

Demonstration of navigating the available interface and accessing experiments

Guided exploration of sample experiments

Module 3. Integrating cloud labs into the curriculum

Strategies for incorporating cloud labs into the existing curriculum

Discussion of aligning cloud lab activities with learning objectives and standards

Module 4. Q&A and wrap-up

Open forum for questions, discussion, and sharing of experiences

Recap of key takeaways and resources for further exploration
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Table 3.

Alternatives to cloud-based live-cell biotechnology

Page 31

Frugal science

Cloud-based live-cell
biotechnology

Virtual labs

Biotechnology equipment costs

Low-cost equipment

Can be either low-cost or
professional equipment

Not necessary

Computer equipment

Not necessary

Standard computers

May require computers with high
random access memory (RAM)

Reagents

Yes, although usually low-cost

Yes

Not necessary

Reagents and equipment
shipment

Can be costly for international
shipments

Not necessary

Not necessary

Enable complex experiments Usually only simple Yes Yes
experiments
Enable true scientific inquiry Yes Yes No, because of predesigned
modules
Enable collaborative online Usually no Yes Usually no
learning
Enable context-aware teaching Yes Yes Usually no, because of predesigned

modules
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