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Executive Summary

The modern biotechnology laboratory is undergoing a profound transformation driven by advances in automation,
digitization, and interdisciplinary integration. Traditional manual benchwork is being augmented or replaced by robotic
systems and cloud-based platforms, enabling high-throughput experimentation, remote operation, and vastly improved
data capture and analysis ("' www.axios.com) (! www.axios.com). For example, in fully “cloud” labs (such as Emerald
Cloud Lab, now operating from Austin, TX), hundreds of instruments run 24/7 largely unmanned, allowing researchers
anywhere to program experiments via a web interface (°! www.taipeitimes.com) (' www.taipeitimes.com). Industry surveys
confirm swift uptake of digital tools: by 2025 over 80% of labs report using electronic lab notebooks (up from 66% one
year prior) and 80% are on cloud data platforms (°) www.technologynetworks.com). Almost three-quarters of labs expect to
employ artificial intelligence for experiment design or analysis within two years (°! vwww.technologynetworks.com).
Meanwhile, fully autonomous “self-driving” laboratories — combining Al with robotic hardware to execute the entire
scientific method — are rapidly moving from concept to reality, with a March 2026 Nature feature documenting fleets of
50+ autonomous robots operating across multiple universities (°/ www.nature.com). These capabilities have clear impacts:
high-throughput automated COVID-19 test centers, for instance, processed vastly more PCR assays per day than
manual setups, improving speed and reproducibility (") pmc.ncbi.nim.nih.gov).

Nonetheless, this shift carries challenges and concerns. Academic labs in particular face cultural and funding barriers to
automation, as manual protocols have long dominated research environments (' pmc.ncbi.nim.nin.gov) (7
journals.plos.org). Legal and safety frameworks must adapt as well: high-containment biosafety (BSL-3/4) labs now
integrate cutting-edge electronic controls, raising novel cyber-security (“cyberbiosecurity”) issues where hackers could, in
principle, gain access to critical biological data or controls (*°) pmc.nebinim.nih.gov) (") pme.nebi.nim.nih.gov). Skill
shortages (especially in Al/engineering) and dispersity of data also create gaps ("**/ www.chemistryworld.com) (!
www.technologynetworks.com). Meanwhile, the carbon footprint of modern labs is drawing scrutiny: laboratories consume
5-10x more energy per square foot than ordinary offices (! www.sbydlab.com) , accounting for roughly 4-5% of global
energy use ([15] www.sbydlab.com).

In sum, the “21st century biotech lab” is a highly automated, data-centric environment — essentially a merger of wet and
digital infrastructure — with unprecedented capabilities in genomics, synthetic biology, drug discovery, and diagnostics. It
demands investments in robotics, Al, and secure IT, as well as new training and management paradigms (/¢!
www.chemistryworld.com) () pme.ncbi.nim.nih.gov). The following report provides a detailed examination of today’s
biotechnology laboratories: their design and equipment, digital transformation, regulatory context, case examples (e.g.
cloud labs and biofoundries), and the implications for science and society in years ahead. All claims are supported by
recent studies and expert analyses.

Introduction and Background

Biotechnology labs have evolved from the early experimental clinics of the 19th century to the cutting-edge “biofoundries”
of today. In the late 1800s and early 1900s biologists set up small wet labs to culture bacteria and develop vaccines
(Louis Pasteur, Robert Koch, Kitasato, etc.), but experiments were manually intensive. The 20th century saw the rise of
large-scale facilities: industrial enzyme and antibiotic production plants, government-funded research institutes, and
fledgling molecular biology readies. Landmark developments like Watson & Crick’s DNA discovery and the polymerase
chain reaction (PCR) in the 1980s began the age of molecular biotechnology.

By the 2000s, genomic sequencing, chromatography, and cell culture were standard in many labs, yet operations
remained largely paper-based and labor-intensive. The Human Genome Project (1990-2003) and Human Cell Atlas later
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underscored that scaling up biological data generation would require new tools. Indeed, as early as 2015 experts warned
that biology must industrialize like engineering did, to fully exploit its promise (! www.axios.com).

Definition and Scope. For this report, a biotech laboratory encompasses any facility conducting life-science experiments
— including pharmaceutical R&D labs, academic bio-labs, synthetic biology foundries, molecular diagnostics labs, bio-
manufacturing plants, and so forth. Modern biotech labs combine “wet lab” operations (working with cells, DNA,
chemicals) with “dry lab” components of computing, data analysis, and control systems. They are increasingly automated,
networked, and instrumented (loT-enabled).

Emerging Trends. Today’s laboratories integrate robotics, artificial intelligence (Al), big data analytics, and modular
design. Trends include Lab 4.0 or Digital Lab Transformation, borrowing from Industry 4.0 in manufacturing:
connectivity of instruments via the Internet of Things (IoT), cloud data platforms, and Al-driven experiment planning ("'
www.chemistryworld.com) (P! www.technologynetworks.com). “Continuous flow” processing and microfluidic lab-on-a-chip
enable miniaturized synthesis and testing pipelines. Synthetic biology labs design organisms using computational
“biobricks” and automated DNA assembly. Diagnostic labs like those for pandemic testing deploy high-throughput PCR
robots to handle thousands of samples per day (/! pme.ncbi.nim.nih.gov).

By contrast, older laboratories relied on manual pipetting, paper notebooks, and stand-alone equipment. Contemporary
readers should recognize several key shifts:

« Automation: Many steps (pipetting, colony picking, assay reading) are now done by robots. Integrated workstations
combine liquid handlers, plate readers, incubators, etc.

- Digitization: Data capture is electronic (ELNs, LIMS, instrument logs). LIMS (Laboratory Information Management
Systems) and cloud databases store and share data. Al and machine learning assist in identifying patterns in results
and in designing next experiments ([2] WWW.axios.com) (m www.technologynetworks.com).

« Scale and Throughput: High-throughput screening (HTS) methods allow thousands of parallel tests; genomic labs
can sequence millions of reads per run.

« Interdisciplinarity: Biotech labs increasingly involvecomputational scientists and engineers. People with software
and robotics expertise work alongside biologists to optimize workflows (% vaw.chemistryworld.com) (*¢!

pmc.ncbi.nim.nih.gov).

The result is a “Lab of the Future” that is part wet lab, part data factory. The rest of this paper explores these dimensions
in detail: the equipment and infrastructure of modern biotech labs, the software and data pipelines that run them,
regulatory and safety frameworks, plus real-world examples and case studies. Where possible, we provide specific
metrics (adoption rates, market size, performance data) and cite current expert sources.

Historical Context: Evolution of the Biotech Lab

Though the focus is on today, it's instructive to briefly trace the lineage of laboratory practices. Early biological
researchers often worked alone or in small groups; for example, Gregor Mendel’'s mid-1800s pea plant experiments or
Louis Pasteur’s vaccine development. The late 19th and early 20th centuries saw the rise of the modern research
laboratory: Koch’s microbiology lab, Morgan’s genetics experiments, and the establishment of national labs and research
universities. Equipment then was analog: microscopes, glassware, incubators, and rudimentary sterilization/autoclaves.
Data were recorded by hand in notebooks.

The mid-20th century introduced electronic devices (e.g. centrifuges, spectrophotometers, early computers for data).
Genentech’s first biotech lab (1970s) pioneered recombinant DNA techniques, but even then assays were manual. The
1980s and 90s brought personal computers and networked instrumentation (e.g. automated DNA sequencers,
chromatography systems). Some pharmaceutical labs introduced conveyor-belt liquid handlers for initial drug screening.
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Yet until very recently, most experimental protocols in both academic and corporate labs relied heavily on human
technique. A 2020 review noted that =<89% of published bioscience protocols were still fully manual or had manual
steps, despite many being automatable (*°! pmc.ncbi.nim.nih.gov). Short project timelines, diverse experimental needs,
and a culture of valuing skilled labor perpetuated this “automation gap” in academic settings (°/ pmc.ncbi.nim.nin.gov).

The true industrialization of lab work is now underway. Advances like CRISPR gene editing, high-throughput DNA
sequencing, and synthetic biology have raised the scale of experimentation. Concurrently, improvements in robotics,
cloud computing, and Al have made it feasible to mechanize and connect any lab process. Government initiatives (like
the U.S. National Institute of Standards and Technology’s Biolndustrial Manufacturing and Design Ecosystem, BioMADE,
with $87.5M funding) explicitly aim to modernize labs into manufacturing-scale, data-driven facilities (*°) www.axios.com).

Developments during the COVID-19 pandemic demonstrated this shift. In 2020—2021, labs at unprecedented scale were
mobilized: diagnostic centers with robotic PCR machines processed tens of thousands of tests per day, and vaccine R&D
labs leveraged distributed global pipelines. These high-pressure cases accelerated automation and data integration, and
validated that remote and 24/7 lab operations (as in cloud labs) are practical in biotech (1“1 www.axios.com) ()

pmc.ncbi.nim.nih.gov).

Table 1 (below) highlights some key differences between traditional labs and what might be considered today’s “lab of the

future”
Aspect | Capability Traditional Lab Modern Biotech “Lab of the Future”
7
Mostly manual tasks by High automation: robotic pipetting, plate handling, colony picking, etc. Many protocols executed by machines ([ ]
Automation technicians 29
(pipetting, culturing, analysis) pmc.ncbi.nim.nih.gov) 2 www, synbiobeta.com)
) . [5]
Electronic lab notebooks (ELNs) and lab information management systems (LIMS) used by >80% of labs (
Data Recording Paper notebooks, manual records
www.technologynetworks.com)
7
High-throughput: thousands of samples or assays automated concurrently (e.g., COVID-testing robots) ([ ]
Scale/Throughput Batch-wise, limited throughput

pmc.ncbi.nim.nih.gov)

c - Stand-alone instruments, minimal ~ Networked instruments (loT-enabled), cloud data integration (22 www.technologynetworks.com) 24
onnectivity

tworki H . .
networking journals.plos.org)
N ~ Notebook-based planning and [2] .
Experiment Planning intuition Al-assisted design of experiments (some labs use “Al copilots”) (*~ WWW.axX10S.COIM)
Accessibility On-site experimenters only Remote-access capabilities via cloud labs; scheduling online (13J www.taipeitimes.com) ([24J Jjou mals.plos.org)
o . : — . . [25]
Space and Larger modular spaces, often “clean” or controlled environments for robotics; biofoundries covering dozens of thousands of sq. ft. (
Inf Smaller, flexible bench spaces .
nfrastructure WWW. prnewswire.com)
. . . . . [26] dbi [10]

Standard biosafety cabinets Integrated high-biosafety labs (BSL-3/4) with digital controls; cyberbiosecurity concerns ( Www.mapl.com)(

Safety | Containment (BSL-172)

pmc.ncbi.nim.nih.gov)

Energy Use | Less standardized; fume hoods [15] www.sbydlab.com
Sustainability on demand Energy-intensive (see Table 2 below); emerging “green lab” designs to reduce footprint ( . Yy . )

Table 1: Characteristics of traditional vs. modern biotechnology laboratories. The modern lab is increasingly data-driven,
automated, and networked, reflecting an industry-wide shift akin to an “industrial revolution” in biology (! www.axios.com)

("1 www.axios.com).

Infrastructure and Design of Modern Biotech
Labs
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Modern biotechnology labs are complex facilities integrating specialized equipment, digital networks, and often stringent
environmental controls. These labs can be broadly categorized by application: pharmaceutical R&D, clinical diagnostics,
academic research, industrial biomanufacturing, synthetic biology foundries, etc. Each has tailored infrastructure, but
many trends are common.

Modular and Flexible Lab Spaces

Contemporary labs emphasize flexibility. Rather than fixed-purpose benches, labs use modular furniture that can be
reconfigured for different projects. For example, “flexible lab layouts” permit rapid repurposing of a workspace when
project priorities change or when new equipment arrives (*° www.sbydlab.com). This is especially important in biotech,
where new instruments (e.g. sequencers, robotic arms) may need to be added. Gas, water, and power lines are often
installed overhead or via movable trunking systems to allow reconfiguration without major construction.

More advanced designs incorporate imaging and computing infrastructure directly into the lab space. High-
performance computing (HPC) clusters or cloud gateways may be located adjacent to wet labs for real-time data
processing (e.g. of cryo-EM images). Open floor plans are sometimes used to facilitate collaboration between life
scientists and engineers.

Cleanrooms and Containment

Many biotech activities require cleanroom or controlled environments. For GMP-compliant manufacturing (e.g. cell
therapy production), labs may have ISO-classified zones with specialized HVAC to maintain sterility and avoid
contamination. Biotech labs working with pathogens adhere to BSL standards:

o BSL-1/2 (low-risk organisms, many academic cell biology labs) have Class Il biosafety cabinets and autoclaves.

« BSL-3/4 (high-risk pathogens) require negative-pressure facilities, sealed HEPA-filtered airflow, and restricted
access. Examples include national labs working on emerging viruses. Design of BSL-4 labs (like the US CDC Fort
Detrick or Chinese Wuhan labs) involves full-body suits and extensive backup systems (“° www.mdpi.com).

Each BSL level has detailed equipment and facility requirements. A recent Chinese standard (GB 19489-2004)
categorizes pathogens into risk levels and mandates that BSL-3 labs be isolated structures with specialized ventilation,
while BSL-4 labs have complete airlocks and medical quarantine capability (*°) www.mdpi.com). Globally, agencies like
WHO and CDC set biosafety guidelines, but newer discussions on biosecurity emphasize that compliance is only a
baseline; modern labs integrate “biosafety leadership” cultures that proactively exceed minimal standards (°!

www.labmanager.com).

Environmental Sustainability

It is now well-known that labs consume far more resources than typical offices. A Harvard sustainability report notes
laboratories use on average 5 to 10 times the energy per square foot of standard office space (**! www.sbydlab.com).
Reason: constant ventilation, refrigeration (—80°C freezers), and fume hoods. In fact, labs account for roughly 4-5% of
total global energy use (*°/ www.shydlab.com). A single fume hood can draw as much power as three average U.S.
homes (") www.sbydiab.com). These staggering numbers have prompted a “green lab” movement. Key design strategies
include:

« Energy-efficient equipment (e.g. variable-flow fume hoods, LED lighting).
« Heat recovery systems (capturing exhaust heat from cold rooms).

« Water recycling.
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« LIMS to track reagent expiration (reduces waste) and inventory sharing (fewer duplicate purchases) (*”

www.chemistryworld.com).

Table 2 summarizes some environmental metrics:

Metric Value for Labs Context/Notes

Energy use per sq. ft. vs. office buildings 5-10x higher (ll'll vvvvvv.sbydlab.com) Labs have continuous hoods, fridges
Portion of global energy use ~4-5% ([151 WWW. Sbycllab.com) Harvard Sustainability (2021)

Annual energy per fume hood Equivalent to ~3 typical US households ([15] www.sbydlab.com) Fume hoods are major energy draws
Hazardous Waste High (chemicals, bio-waste, plastic disposables) (L30J www.sbydlab.com) Labs generate more regulated waste outlets

Table 2: Energy and environmental impact of laboratories (selected metrics). Recognizing these demands, modern lab
designs often prioritize sustainability. For instance, the University of Massachusetts’s “UMass Chan Medical School”
research building is cited as a model of a resource-efficient lab, with advanced HVAC and green certifications (*°!
www.shydlab.com). Grant agencies increasingly encourage “green labs” compliance, and some governments tie research
funding to energy benchmarks.

Core Equipment and Automation Hardware

Biotech labs employ a blend of standardized and specialized instruments. Common core tools include:

« Liquid handlers (robotic pipettors): Stand-alone or integrated into platforms. Companies like Tecan, Hamilton,
Beckman Coulter supply chromosome-scale liquid handling robots for tasks from PCR setup to cell plating.

- Automated plate readers: for luminescence/fluorescence/absorbance assays at high throughput.

« Cell culture systems: including automated incubators and bioreactors. New “auto-sampling” bioreactors allow

parallel cell growth experiments under remote control.

« Sequencing machines: Next-generation sequencers (lllumina, Oxford Nanopore, PacBio) perform billions of reads
per run; analyzer robots automatically prepare libraries.

« Genome editing workstations: CRISPR labs may have integrated electroporation or transfection robots to create
cell libraries.

« Mass spectrometers and chromatography: Automated autosamplers run hundreds of samples, often with robotics
for injection scheduling.

« High-content imaging systems: Automated microscopes that image multi-well plates with robotics to change

slides, focus, and record images.

Beyond equipment, automation infrastructure itself is critical. This includes robotic arms (e.g. Universal Robots cobots),
overhead gantries moving samples, and custom hardware. Some concept labs even use industrial robotic cells:
enclosed modules with multiple instruments (liquid handler, shaker, plate reader) where plates travel via conveyor for
complete assay workflows (*“/ vwww.synbiobeta.com). The U.S. Department of Energy’s new AMP2 and M2PC
autonomous labs (built by Ginkgo Bioworks) illustrate this: AMP2’s anaerobic chamber houses 14 robots and 18
instruments linked together (°?! www.synbiobeta.com), while the M2PC lab will feature 97 robots and 100+ instruments
by 2030. Such scale is orders of magnitude beyond a conventional lab and shows how hardware integration is the next
frontier of lab design.

Laboratory Automation and Robotics
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Automation is perhaps the hallmark of modern biotech labs. It improves reproducibility, safety, and throughput, but must
be balanced against cost and flexibility considerations. Researchers distinguish levels of automation: Table 3 (adapted

from Holland & Davies 2020 (! pmc.nchi.nim.nih.gov)) categorizes research lab equipment by automation degree:

Automation Level Example in Bio Lab Typical Cost Comments

Level 1 (Manual) Pipetting by hand, manual mixing ~£0-100 Fully manual; human does all work.

Level 5 (Static Machine) Thermal cycler (PCR), centrifuge, spectrophotometer £500-£60,000 Single-purpose automated instrument; common in labs.

Level 6 (Flexible Machine) Automated microscope with motorized stage £70,000+ Can be reconfigured; e.g. robot arm that can service multiple devices.
Level 7 (Fully Automatic) Automated cell culture bioreactor, cloud lab robotic system £100,000-£1M Autonomous platforms that solve tasks end-to-end.

Table 3: Sample automation levels in biotechnology labs (adapted from (°?/ pme.ncbi.nlm.nih.gov) (°7
pme.nchi.nlm.nih.gov)). Note that true Level-7 systems (fully autonomous) remain rare and are usually found only in
national or industrial “biofoundries”. One review notes that most of an academic lab’s budget is spent on “Level 5”
equipment, whereas high-end “Level 7" automation is typically only available through shared facilities (°*/

pme.nchi.nim.nih.gov). Examples of Level 7 include distributed cloud labs and large-scale synthetic biology foundries.

Liquid Handling and Workflow Automation

A fundamental automation class in biotech is liquid handling. Robotics for pipetting enable protocols (PCR setup, ELISA
assays, drug screening) to run unattended. Modern liquid handlers can manipulate microliter volumes with precision and
schedule thousands of operations per day. Data from Grand View Research estimates the global /lab automation
hardware market at approximately $9.05 billion in 2025, growing at over 9% annually (°°! vwww.grandviewresearch.com). A
March 2026 SNS Insider report projects the market will reach $24.02 billion by 2035, driven by rising diagnostic volumes
and Al-powered laboratory innovation (°°/ www.globenewswire.com). Key drivers include demand for precision, throughput,
and elimination of human error. For instance, automated PCR pipetting removes sample-to-sample variability and frees
technicians for analysis tasks (") pmc.ncbi.nim.nin.gov).

Beyond individual tools, workflow automation systems (also called automation workstations or robotic workcells)
integrate multiple steps. A researcher might load samples and register an experiment in software, and then robots fetch
reagents, perform reactions, move plates between instruments, and feed data back to computers. Benchling and similar
platforms advertise “workflow orchestration” where protocols defined in software trigger corresponding hardware actions
(P www.axios.com) (57 www.taipeitimes.com). Benchling itself, a popular R&D data platform, has developed tools to ingest
instrument data directly, streamlining the lab information flow (°°! www.benchling.com). In late 2025, Benchling announced
deeper integrations with robotic systems — including HighRes Biosolutions’ workcells — enabling “zero-click” labs where
experiments run and analyze themselves, and partnered with GXL (Generative Expert Labs, a Stanford spin-out) to
develop domain-specific Al agents that operate natively inside the platform (°°) www.benchling.com). Scientists can now
run Python and R scripts directly in Benchling, automating data transformation and visualization without leaving the
platform.

A case study: During the COVID-19 crisis, several companies donated liquid handling robots to expand PCR testing.
Hamilton, Tecan, Beckman Coulter and others automated RNA extraction and PCR plate setup in national efforts (**!
pme.nchi.nim.nih.gov). In Chinese, Spanish, and UK labs, adoption of high-throughput automated screening
dramatically scaled capacity (\") pmc.nchi.nim.nih.gov). These systems eliminated hours of manual pipetting per day,

increased consistency, and allowed staff to focus on data analysis.

Collaborative “cobots” are another innovation: lightweight robots designed to safely work alongside humans. Chemistry
World notes some labs use cobots for repetitive dispensing or for moving heavy items between stations (/*!
www.chemistryworld.com). These robots can be taught by demonstration and often come with vision sensors for safety.
While cobots reduce manual labor, they maintain human judgment in the loop, addressing concerns that lab automation

might replace scientists (*?/ vww.chemistryworld.com).
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Instrumentation Integration and “Lab-in-the-Cloud”

The highest level of lab automation is realized when all instruments are networked and orchestrated centrally. This vision
is now being partly realized by “cloud laboratories” and self-driving labs.

Emerald Cloud Lab (headquartered in Austin, TX) and Strateos (formerly “Transcriptic”) exemplify this. Researchers write
protocols in software; robots and instruments execute the steps automatically. A Guardian/Taipei Times report describes a
typical Emerald setup: “more than 100 items of high-end bioscience equipment whirr away on workbenches
largely unmanned, 24 hours a day” (©°/ www.taipeitimes.com). Scientists can remotely log in from anywhere to queue
experiments. This model “democratizes access” to expensive equipment because users pay per experiment rather than
buying their own machines (“* journals.plos.org). Indeed, analysis suggests cloud labs could markedly improve
reproducibility and scalability of research (1?! journals.plos.org) (! journals.plos.org).

However, academic uptake has been limited by cost structures: as one commentary notes, general access to Emerald
Cloud Lab can exceed $250k/year (1! journals.plos.org), which does not fit typical grant budgets. Nonetheless,
collaborative projects (CMU, NIH) are pushing to incorporate cloud lab use in research grants, implying wider use ahead.
Over time, hybrid strategies may emerge: some experiments run on-site, others remote on robot platforms.

Moving a step further, fully autonomous ”self-driving labs” (SDLs) have rapidly matured from proof-of-concept to
operational reality. These combine robotics with on-the-fly Al decision-making. For example, Carnegie Mellon’s lab
developed an Al called Coscientist that not only designed a chemistry experiment but also executed it by robotic printing
(“*lwww.axios.com). A March 2026 Nature feature documented the acceleration of SDL adoption: chemist Alan Aspuru-
Guzik at the University of Toronto now supervises a fleet of 50 self-driving robots across several labs and universities
through the Acceleration Consortium, funded by a Can$200 million (US$146 million) grant (' www.nature.com).
Researchers report that Al-powered SDLs can collect 10x more data than traditional methods, drastically compressing
material-to-market timelines from 10—20 years to 1-2 years (*“! www.sciencedaily.com).

A major new entrant is Lila Sciences, unveiled by Flagship Pioneering in March 2025 with $550 million in total funding
(seed + Series A) at a valuation exceeding $1.3 billion. Lila is building a 235,500-square-foot autonomous “Al Science
Factory” in Cambridge, MA, with plans to expand to San Francisco and London, offering fully autonomous discovery
services across life sciences, chemistry, and materials (*° www.lila.ai) (' www.flagshippioneering.com). Similarly, Periodic
Labs launched in 2025 in San Francisco. These ventures underscore that self-driving labs are no longer confined to

government-funded projects but are attracting significant private capital.

The U.S. government’s “Genesis Program” has also recognized this: the Department of Energy is funding autonomous
lab projects (such as Ginkgo’s at PNNL) to harness Al and supercomputing for biotechnology (*’' www.synbiobeta.com).

Overall, robotics and lab automation hardware now encompass everything from simple liquid handlers to multi-robot
facilities. The market size reflects this: Grand View Research forecasts the global lab automation segment will reach
$18.4 billion by 2033 (from approximately $9B in 2025) (“° www.grandviewresearch.com), while SNS Insider projects $24
billion by 2035 (° www.globenewswire.com). Such growth is driven by pharma and biotech demand for faster, error-
resistant R&D, as well as rising automation in clinical labs (“°! www.globenewswire.com).

Data and Digital Transformation in Biotech
Labs

As crucial as the physical equipment is the digital backbone enabling modern labs. Data generated by sequencing
machines, spectrometers, and assays must be captured, stored, and analyzed. Moreover, instruments themselves often
contain computer components, and changing settings via software has become standard.
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Laboratory Information Systems

At the center of lab digitization are Electronic Lab Notebooks (ELNs) and Laboratory Information Management
Systems (LIMS). ELNs replace paper notebooks with cloud-based platforms for recording experiments, observations,
and storing protocols. LIMS track samples, reagents, and instrument usage, and enforce quality control. By 2025, ~81%
of labs use an ELN, up from 66% in 2024 (*°) vwww.technologynetworks.com). LIMS adoption is also rising (a 2025 market
report predicted ~7.5% CAGR for the LIMS sector to 2033 (1Y) www.fortunebusinessinsights.com)). These systems provide
searchable, structured records, aiding reproducibility and auditability. For regulated labs (GLP/GMP), robust LIMS can
automatically schedule instrument calibrations and document SOP adherence, saving time (°°! www.chemistryworld.com).

Cloud-based platforms (e.g. Benchling, LabWare, Labguru) aggregate experiment data across teams and geographies.
They often integrate directly with instruments via APIs. Benchling, for instance, offers a “Lab Automation” module
whereby it automatically ingests data files from liquid handlers, spectrometers, etc. (°°) www.benchling.com). This real-time
data capture circumvents transcription errors. The result is a more connected workflow: a researcher can query, “show
me all DNA constructs using promoter X,” across projects, because data are uniformly logged.

Data standards are becoming important. The FAIR principles (Findable, Accessible, Interoperable, Reusable) are being
applied to biological data (I°*) www.chemistryworld.com). Initiatives like BioSamples and data repositories for omics ensure
experimental metadata is published alongside raw data. Instrument vendors increasingly output standardized file formats
(e.g. mzML for mass spec, FASTQ for sequencing) to ease integration.

Big Data and Al in Analysis

Modern biotech labs generate massive data. Next-generation sequencers can output terabytes in a run. High-content
microscopes produce thousands of images. Biomanufacturing process sensors yield real-time time-series data. This “big
data” demands advanced analytics:

- Bioinformatics pipelines: Automated analysis (e.g. sequence assembly, variant calling, RNA-seq analysis) is now
routine. Cloud computing (AWS, Google Cloud, Azure) is often used for scalable compute. For example, during the
COVID-19 pandemic, labs uploaded viral sequences to cloud platforms for rapid comparative analysis.

« Machine Learning (ML): ML models assist in image analysis (cell counting, phenotyping), pattern recognition in
high-throughput screens, and drug-target prediction. For instance, Recursion Pharmaceuticals — which completed
its $688 million acquisition of Exscientia in late 2024 — uses deep learning on cellular images to discover drug
effects and achieved its first Al-enabled clinical proof of concept in early 2026, with its REC-4881 compound showing
a 43% median polyp reduction in familial adenomatous polyposis (FAP) patients (°%! ir.recursion.com). Recursion now
has five differentiated clinical programs advancing through development, demonstrating that Al-native drug discovery
platforms can generate clinical-grade candidates. Similarly, generative Al has been applied to chemical space
exploration.

« Robotics Al: Al algorithms plan robotic experiments. Bayesian optimization tools select the next set of conditions to
try (commonly used in materials and chemistry), effectively closing the loop between data analysis and experiment
execution (°’ www.axios.com) (?) vwww.axios.com).

However, there is a skills gap. A 2025 industry survey reports that while ~77% of labs intend to use Al shortly, a lack of
trained personnel (“Al skills gap”) is a major barrier (° www.technologynetworks.com). Many biologists lack formal data
science training, and interdisciplinary training programs are now emerging to fill this gap.

Cloud Computing and Collaboration
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As data volumes surge, labs rely on cloud infrastructure. Major sequencing and imaging centers upload data to cloud
data lakes for sharing. This allows global teams to collaborate in real time: a lab in Asia can outsource analysis to a
European data center and have results in hours. Cloud also supports remote instrumentation: some setups allow users
to control microscopes or sequencers over the internet. Commercial offerings (for example, the company NanoString
offers remote scanning services) exemplify this trend.

Beyond technical cloud use, “virtual physical labs” exist: as noted, companies like Emerald and Strateos provide fully
remote lab bench access. During COVID-19 lockdowns, some research teams pivoted to cloud labs to continue work
remotely. One commentary notes cloud labs “represent a new paradigm” whereby next-generation automation
becomes accessible beyond industry, potentially improving reproducibility ({531 journals.plos.org). The barriers (cost,
training) remain, but funding agencies (NIH, NSF) are beginning to fund pilot programs using cloud labs, signaling
broader acceptance.

Data Security and Cyberbiosecurity

With growing connectivity comes vulnerability. Biological labs now must contend with cybersecurity threats to data and
equipment. Frontiers in Bioengineering (Reed & Dunaway, 2019) argues that any networked lab instrument is a potential
cyber-attack surface (%' pmc.nchinim.nih.gov). For example:

« Unauthorized access to compute systems could manipulate experimental data or IP.
« Hackers could in theory disrupt equipment (e.g. alter temperatures or record false results).

« Data exfiltration could leak proprietary genetic sequences or patient data.

Reed & Dunaway warn that networked lab equipment and facility controls provide access to sensitive scientific
and business data, meaning cyber attacks could be “an existential threat to the life science enterprise” (*°
pme.ncbi.nlim.nih.gov) (M) pme.nebi.nim.nih.gov). Known incidents (laboratory connectivity breaches) are rare but
concerning. As labs become smatrter (e.g. programmable incubators, I0T sensors for reagent inventory, remote digital
locks for freezers), standard IT security measures become crucial. Industry is now talking of cyberbiosecurity — combining
cyber and biosecurity practices (°“! pmc.nchi.nim.nih.gov). This might include encrypted data links, hardened PLCs
(programmable logic controllers), and strict controls on portable devices in labs. (For instance, designs may forbid USB

connections on essential equipment to prevent malware injection.)

In regulated settings (e.g. pharmaceutical manufacturing), data integrity is already legislated (e.g. FDA 21 CFR Part 11
for electronic records). The regulatory landscape for Al in labs is now catching up: in January 2025, the FDA released its
inaugural draft guidance, "Considerations for the Use of Atrtificial Intelligence to Support Regulatory Decision Making for
Drug and Biological Products,” providing a risk-based framework for assessing Al model credibility in drug submissions
(*Twww.fda.gov). In January 2026, the FDA and EMA jointly published “Guiding Principles of Good Al Practice in Drug
Development” (°°) vw.fda.gov). Final guidance is expected in Q2 2026. These frameworks address the frontier of
ensuring that Al-driven experiments are secure: if an Al system adjusts experiment parameters, safeguards must ensure
it can’t be subtly tricked. The broader field of “secure lab robotics” is also gaining attention, with national labs adding
security audits for biotech facilities.

Quality Management, Safety, and Regulation

Modern biotech labs operate under rigorous quality and safety systems. The shift to digitization and automation must still
comply with Good Laboratory Practices (GLP), Good Manufacturing Practices (GMP), and bioethics/regulatory
requirements.
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Quality and Reproducibility

A perennial challenge in biology is reproducibility of experiments. Automation and standardized equipment help: the
Frontiers review emphasized that mechanization directly reduces human-induced variability, improving consistency (°’!
pme.nchi.nim.nih.gov). For example, automated pipetting has fewer volume errors than a technician who might slightly mis-
pipette after hours of work (°°/ pmc.nchi.nim.nih.gov). Controlled protocols ensure every sample is handled identically, and
instruments often auto-calibrate themselves.

However, automation is no guarantee of correctness. Optical misalignments, software bugs, or reagent issues can all
cause systematic errors. Hence modern labs place heavy emphasis on analytics and calibration. Lab information
systems typically enforce calibration schedules: instruments log serial numbers, calibrations, and maintenance checks
(essential for GLP/GMP). Many labs now implement chain-of-custody and barcoding for samples to prevent mix-ups.
For instance, when handling patient-derived materials, RFID tagging and electronic logging ensure traceability at each
step.

An emerging concept is the Digital Twin of experiments: simulation models of biological processes that predict outcomes
and flag anomalies. While still nascent, some synthetic biology efforts create in-silico models of microbial growth or gene
circuits, cross-checking actual results and thus validating automated runs.

To quantify the impact of automation, studies have found that fully automated workflows can increase throughput by 10x
or more and reduce error rates by 30-50% compared to manual execution, as demonstrated during COVID-19 high-
throughput testing campaigns where automated PCR setups processed over 10,000 samples daily with consistent

precision (I’ pme.ncbi.nlm.nih.gov).

Investment and Economics

While the benefits are clear, upgrading labs is capital-intensive. The Chemistry World article notes “cost will inevitably be
a huge factor” in adopting Lab 4.0 technologies (*°! www.chemistryworld.com). Vendors often offer short-term trials, but
buying an automation workstation or implementing a lab-wide LIMS can run into hundreds of thousands of dollars per
deployment. This favors well-funded pharma/biotech firms; smaller academic labs may rely on core facilities or shared
resources. The large capital expenditure (CAPEX) is offset by long-term gains: reduced labor costs, faster R&D cycles,
and less reagent waste.

Anecdotal evidence from universities suggests that investing in an electronic inventory system can save “thousands of
dollars per year” through reduced duplication (°”) www.chemistryworld.com). More broadly, the global market data (e.g. [6])
shows strong ROI drivers. For example, by 2035 the lab automation segment is expected to roughly double, implying
industry confidence that the investment pays off. Similarly, the global LIMS market is valued at approximately $1.5-2.9
billion in 2025 (depending on report scope), with an anticipated CAGR of 6-12% through 2034 (*°]

www.fortunebusinessinsights.com) (°°) www.marketsandmarkets.com), reflecting demand for lab informatics.

Safety and Ethics

Advanced biotech labs also face safety and ethical oversight. Standard occupational safety applies: for example, any
new robotics introduces pinch or crush hazards, so labs must institute training and kitting (e.g. light curtains on robotic
cells). Automated labs might reduce exposure to toxic agents, which is a plus: a carcinogenic compound can be handled
by a closed robotic arm instead of human hands.

On the biosafety front, the proliferation of gene editing and synthetic organisms has led to heightened scrutiny. Modern
labs often have biological safety officers (BSOs) and institutional biosafety committees (IBCs) to oversee recombinant
DNA work. These personnel ensure that research plans comply with NIH Guidelines or local regulations. Notably,
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leadership in biosafety means going beyond minimum standards: it encourages a culture where every staff member is
alert to potential hazards and empowered to stop a process if something seems unsafe (“°/ vww.labmanager.com).

Ethical considerations are emerging: labs that do human tissue engineering or gene modification now implement
additional protocols (e.g. consent tracking, IRB oversight). Clinics for biotech products (CAR-T therapy production labs)
are hybrid R&D-manufacturing sites and adhere to drug safety regulations. As one expert put it, ensuring ethical use of

biotech requires “making safety a core operational value” (°°' www.labmanager.com).

Case Studies and Examples

Concrete examples illustrate the above themes:

« Emerald Cloud Lab (Austin, TX, USA): This commercial lab (now headquartered in Austin, TX, having raised
$152M in total funding) runs >100 instruments on 24/7 robotics. In 2022, a reporter toured Emerald via robot, noting
that during weekends experiments were scheduled so machines at the lab ran autonomously (!
www.taipeitimes.com). A Carnegie Mellon researcher saved “years of bench work” by using Emerald’s platform,
exemplifying remote lab power ((°* vww.taipeitimes.com). The WMURL: “Cloud labs... can improve accessibility and
reproducibility” ([42] journals.plos.org).

« High-Throughput COVID Testing Centers: For example, UK’s national testing lab used Hamilton liquid handlers
and Tecan systems to process >10,000 PCR tests daily during the pandemic peak. A recent review reported that
automated workflows in Spain and UK “enable high-throughput screening, faster processing, exclusion of human
error, repeatability, and diagnostic precision” (' pmc.nchi.nim.nih.gov). The speed gains were so dramatic that tasks
taking weeks manually could be done overnight (1°”) www.taipeitimes.com).

« Ginkgo Bioworks (Boston, USA): Synthetic biology firm Ginkgo runs enormous “foundries” of automated biology.
Its BioFab1 facility — a 250,000+ sq. ft. purpose-built data generation center — launched in 2025 (1*°!
www.prnewswire.com). In 2025-2026, Ginkgo pivoted its strategy toward its Nebula Autonomous Lab System,
planning to expand to 100 autonomous racks in Boston by H1 2026. The company underwent significant
restructuring, cutting over 35% of its workforce while targeting adjusted EBITDA breakeven by end of 2026,
demonstrating both the challenges and commitment of scaling autonomous lab infrastructure (\°*/ www.investing.com).
Ginkgo’s collaboration with PNNL continues building two autonomous labs (AMP2 and M2PC) with a total of 111
robots in one site alone (1“?! www.synbiobeta.com). CEO Jason Kelly now frames the company’s offering as moving
“from lab automation to the autonomous lab” (°“! www.synbiobeta.com).

« Academic Biofoundries: Global Biofoundry Alliance (GBA) connects public biofoundries (e.g. University of Tokyo,
ANU Biofab in Australia, Imperial College London, MIT) that provide foundry services. These academic centers,
funded by gov't R&D, offer some automation capabilities (DNA assembly, analytical testing) to researchers. They
exemplify how bulky automation hardware (robotic arms, sequencers) can be shared accessibly.

« Pharma Innovation Labs: Major drug companies have “lab of the future” initiatives. Merck, Novartis, and others
have established collaborative Al labs where internal teams can access robotic platforms cloud-connected to Al
model pipelines, aimed at “reducing cycle times for preclinical screening.” By 2026, the FDA has reviewed over 500
submissions containing Al components, and in January 2025 released its first comprehensive draft guidance on Al in
drug development, followed by joint FDA-EMA “Guiding Principles of Good Al Practice in Drug Development” in
January 2026 (I°°) www.fda.gov). These regulatory frameworks directly align with industry reports projecting that Al
and automation could halve drug development timelines ((°°/ vwww.reuters.com).

These cases show the spectrum of modern labs: from fully proprietary mega-facilities to on-demand cloud resources, and
from emergency response sites to national strategic laboratories.

Implications and Future Directions
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The transformation of biotech labs has broad implications:

« Education and Workforce: Next-generation scientists must be trained in digital and engineering skills as much as bench science. The

Chemistry World article emphasizes that lab staff will need to know Python or lab automation setups ([12] www.chemistryworld.com).
Universities are already revamping curricula — offering courses in bioinformatics, laboratory automation engineering, and even
interdisciplinary “bio-robotics.” Automation also changes career roles: lab technicians may move into “automation engineers” or data

managers. The so-called “Al skills gap” is seen as a top hurdle ([5‘ www.technologynetworks.com). Addressing it requires new
programs and industry partnerships.

« Scientific Research: With labs operating like factories, the pace of discoveries should accelerate. Drug development could drop from

~15 years to ~7-8 years as one Reuters story projected using Al and automation ([651 www.reuters.com). At the same time, there may
be unintended consequences: if machines do more standard experiments, scientists must focus on designing better experiments. Some
worry (as Chemistry World notes) that by relying on smart equipment, trainees may learn less “hands-on” intuition. Balancing
mechanization with deep understanding is a challenge.

« Economic and Geopolitical: Countries see biotech as strategic infrastructure. Ginkgo’s citing “chip fabs and cloud data centers” shows

66]

that national biofoundries could underpin a bioeconomy ([ www.prnewswire.com). The US BioMADE and Department of Energy’s

Genesis program are examples of state-level initiatives. Conversely, regions lacking lab automation infrastructure risk falling behind.

Reports note that China is heavily investing in synthetic biology parks and biofoundries to catch up ([671 www.linkedin.com), and Europe
is likewise funding digital biology.

* Regulatory and Ethical: Faster lab cycles bring drugs and diagnostics to patients sooner, and regulators are actively adapting. The
FDA's January 2025 draft guidance and the joint FDA-EMA January 2026 guiding principles represent the first comprehensive

frameworks for Al in drug development, covering model credibility, validation, and risk-based assessment ([55] www.fda.gov). These
frameworks address fundamental questions: if Al suggests a new molecular entity, what validation standards apply? In manufacturing,
continuous monitoring by connected sensors generates reams of real-time data that must meet regulatory data integrity requirements. On
the ethical side, automation enables experiments (like large CRISPR screens) that could generate novel biological agents, necessitating
strict biosecurity oversight. Cyberbiosecurity frameworks will likely become formal parts of lab certification processes.

* Future Trends: Looking ahead, we anticipate more integration of Industry 5.0 concepts (human-centric automation) in labs ([Gm
www.chemistryworld.com). In practice, this means cobots and AR interfaces that assist rather than replace scientists. A novel “Al
advisor” model demonstrated in 2025 helps humans and machines share the driver’s seat in self-driving labs, achieving a 150%

improvement in mixed conducting polymer performance (“39} phys.org). Virtual reality (VR) simulations of experiments could be used for
training on new equipment before live use. The “digital twin” concept may extend to entire labs, where one can simulate workflow
changes virtually. Sustainability will be a constant theme: labs may increasingly harvest offshore renewables or implement zero-waste
protocols. The emergence of companies like Lila Sciences ($550M funding) and Periodic Labs signals that venture capital is now treating
autonomous labs as a distinct asset class alongside chip fabs and data centers.

The biotech lab of 2030 — once a distant vision — is materializing faster than expected. As of early 2026, researchers
are already uploading project plans to the cloud, contributing training data to shared Al models, and focusing on
innovation while routine tasks run in fully interconnected lab networks. However, realizing this vision at scale still relies on
solving current challenges: lowering costs of entry, standardizing data formats, ensuring cybersecurity, resolving
intellectual property questions around Al-generated inventions, and rethinking lab culture.

Conclusion

The modern biotech lab is a rapidly evolving ecosystem of automation, digital data, and collaborative infrastructure.
Driven by breakthroughs in robotics and Al, biotechnology laboratories are progressing from manual, isolated
workbenches into high-tech, interconnected research factories. This transition is supported by market forces — the lab
automation industry is growing at ~9-10% CAGR toward an estimated $24 billion by 2035 (1°°!
www.grandviewresearch.com) (P9 www.globenewswire.com) — and by urgent scientific needs (personalized medicine, bio-
based manufacturing, and accelerated drug development).

Our review detailed the hardware innovations (robotic pipettors, cloud labs, autonomous facilities), software systems
(ELNs, Al analytics), and organizational changes (new skills, safety culture) that define contemporary labs. We addressed
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multiple perspectives: the excitement of pharmaceutical productivity, the caution of academic researchers wary of losing
hands-on skills (1"? vw.chemistryworld.com), and the strategic view of policymakers investing in bioindustrial
infrastructure (‘°*) www.synbiobeta.com) (°°) www.prnewswire.com). We cited industry surveys indicating widespread
adoption of ELNs and Al ("°) vww.technologynetworks.com), market analyses forecasting growth to $24 billion by 2035 (°°!
www.globenewswire.com), and case studies (Emerald, Ginkgo, Lila Sciences, COVID labs) demonstrating real-world
impact (° www.taipeitimes.com) (??) www.synbiobeta.com). We also explored important implications: on data security (*°!
pme.nebi.nlm.nih.gov) (M) pme.nebi.nim.nih.gov), sustainability ("“°! www.shydiab.com), and human capital (%!

www.chemistryworld.com) ([13] www.technologynetworks.com).

Looking forward, modern biotech labs will continue to converge with computation. Synthetic biology, precision medicine,
and environmental biotech will all harness these advanced labs. With the FDA and EMA now providing regulatory
frameworks for Al in drug development, and companies like Recursion achieving first clinical proofs of Al-discovered
compounds, the path from automated lab to patient benefit is becoming clearer. We must ensure that the benefits —
faster discovery, better reproducibility, and safer workflows — are realized while managing the risks of cyber intrusions,
ethical missteps, and potential skill gaps. The era of the automated biotech laboratory is well underway, and its evolution
will profoundly shape science, medicine, and industry in the coming decades.

References: This report is based on an extensive review of recent literature, industry reports, and news sources,
including technology surveys, market analyses, and first-hand accounts of laboratory automation initiatives ("
www.axios.com) (%] www.grandviewresearch.com) (271 www.chemistryworld.com) (&1 www.taipeitimes.com) (!
www.technologynetworks.com) (1% www.sbydlab.com) (22 www.synbiobeta.com) (I’ pme.ncbi.nim.nih.gov) (2%

pme.nchi.nim.nih.gov), among others. All claims made above are supported by these cited sources.
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IntuitionLabs - Industry Leadership & Services

North America's #1 Al Software Development Firm for Pharmaceutical & Biotech: IntuitionLabs leads the US market
in custom Al software development and pharma implementations with proven results across public biotech and
pharmaceutical companies.

Elite Client Portfolio: Trusted by NASDAQ-listed pharmaceutical companies.

Regulatory Excellence: Only US Al consultancy with comprehensive FDA, EMA, and 21 CFR Part 11 compliance
expertise for pharmaceutical drug development and commercialization.

Founder Excellence: Led by Adrien Laurent, San Francisco Bay Area-based Al expert with 20+ years in software
development, multiple successful exits, and patent holder. Recognized as one of the top Al experts in the USA.

Custom Al Software Development: Build tailored pharmaceutical Al applications, custom CRMs, chatbots, and ERP
systems with advanced analytics and regulatory compliance capabilities.

Private Al Infrastructure: Secure air-gapped Al deployments, on-premise LLM hosting, and private cloud Al infrastructure
for pharmaceutical companies requiring data isolation and compliance.

Document Processing Systems: Advanced PDF parsing, unstructured to structured data conversion, automated
document analysis, and intelligent data extraction from clinical and regulatory documents.

Custom CRM Development: Build tailored pharmaceutical CRM solutions, Veeva integrations, and custom field force
applications with advanced analytics and reporting capabilities.

Al Chatbot Development: Create intelligent medical information chatbots, GenAl sales assistants, and automated
customer service solutions for pharma companies.

Custom ERP Development: Design and develop pharmaceutical-specific ERP systems, inventory management
solutions, and regulatory compliance platforms.

Big Data & Analytics: Large-scale data processing, predictive modeling, clinical trial analytics, and real-time
pharmaceutical market intelligence systems.

Dashboard & Visualization: Interactive business intelligence dashboards, real-time KPI monitoring, and custom data
visualization solutions for pharmaceutical insights.

Al Consulting & Training: Comprehensive Al strategy development, team training programs, and implementation
guidance for pharmaceutical organizations adopting Al technologies.

Contact founder Adrien Laurent and team at https://intuitionlabs.ai/contact for a consultation.
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DISCLAIMER

The information contained in this document is provided for educational and informational purposes only. We make no representations
or warranties of any kind, express or implied, about the completeness, accuracy, reliability, suitability, or availability of the information
contained herein.

Any reliance you place on such information is strictly at your own risk. In no event will IntuitionLabs.ai or its representatives be liable
for any loss or damage including without limitation, indirect or consequential loss or damage, or any loss or damage whatsoever arising
from the use of information presented in this document.

This document may contain content generated with the assistance of artificial intelligence technologies. Al-generated content may
contain errors, omissions, or inaccuracies. Readers are advised to independently verify any critical information before acting upon it.

All product names, logos, brands, trademarks, and registered trademarks mentioned in this document are the property of their
respective owners. All company, product, and service names used in this document are for identification purposes only. Use of these
names, logos, trademarks, and brands does not imply endorsement by the respective trademark holders.

IntuitionLabs.ai is North America's leading Al software development firm specializing exclusively in pharmaceutical and biotech
companies. As the premier US-based Al software development company for drug development and commercialization, we deliver
cutting-edge custom Al applications, private LLM infrastructure, document processing systems, custom CRM/ERP development, and
regulatory compliance software. Founded in 2023 by Adrien Laurent, a top Al expert and multiple-exit founder with 20 years of software

development experience and patent holder, based in the San Francisco Bay Area.

This document does not constitute professional or legal advice. For specific guidance related to your business needs, please consult
with appropriate qualified professionals.

© 2025 IntuitionLabs.ai. All rights reserved.
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