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Introduction

Biotech laboratories handle diverse biological samples — from patient tissues and blood to cell
lines and genetic material — that are the lifeblood of research and product development.
Managing these samples is a complex endeavor involving meticulous workflows for labeling,
storing, tracking, and transporting specimens under strict quality and regulatory requirements.
Traditionally, sample management has been a labor-intensive process prone to human error and
bottlenecks. Today, emerging technologies in artificial intelligence (Al) and automation are
poised to revolutionize how labs handle samples, improving efficiency, accuracy, and scale. This
report provides a comprehensive overview of traditional sample management workflows and
their challenges, then delves into Al-driven innovations — from smart robotics to predictive
analytics — transforming this domain. We also highlight case studies of Al implementations,
discuss regulatory and data integrity considerations, and offer a forward-looking perspective
on the next 5-10 years of Al in sample management.

Traditional Sample Management Workflows in Biotech

In biotech companies, “sample management” refers to the end-to-end process that spans a
sample’s lifecycle from collection or receipt through storage, usage in experiments, and eventual
disposal biopharmaconsultinggroup.com biopharmaconsultinggroup.com. It ensures that each
sample's integrity is preserved and that data derived from it remains trustworthy. Key elements
of traditional sample management include the types of samples handled, storage and
preservation methods, chain-of-custody procedures, labeling conventions, inventory tracking
systems, and logistics for moving samples. Below we outline these components:

Types of Samples and Storage Requirements

Biotech labs work with a wide variety of sample types, each with specific preservation needs to
maintain stability or viability. Common categories include:
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e Tissues (e.g. tumor biopsies, organ specimens): Often flash-frozen or cryopreserved to preserve
DNA/RNA and proteins, or fixed in formalin for histology. Fresh or frozen tissues are typically kept at
ultra-low temperatures (-80°C) for long-term storage, or in liquid nitrogen (<-150°C) if viability
must be maintained tobinscientific.com tobinscientific.com. In contrast, formalin-fixed, paraffin-
embedded (FFPE) tissue blocks can be stored at room temperature in a controlled environment
azenta.com (though nucleic acids in such samples may be partly degraded).

¢ Blood and Biofluids (e.g. whole blood, plasma, serum, urine): Usually aliquoted and frozen soon
after collection. Refrigeration (2—-8°C) can suffice for short-term holding of some blood products,
but for longer-term, components are kept at =20°C or —80°C to prevent degradation of analytes
tobinscientific.com. For example, plasma or serum destined for biomarker analysis is often stored at
-80°C.

¢ Isolated DNA/RNA and Proteins: Purified genetic materials are temperature-sensitive and prone to
enzymatic or oxidative damage. DNA is often stable for months at —20°C, but for multi-year archival
storage DNA and especially RNA require —80°C or below tobinscientific.com. These ultra-low
freezers halt enzymatic activity that would otherwise break down the molecules
precisionstabilitystorage.com. Critical protein reagents (enzymes, antibodies) are similarly kept
frozen (-20°C or —80°C depending on stability) to preserve functionality.

¢ Cell Lines and Living Cultures: Cell stocks (microbial strains, mammalian cell lines, iPSC colonies,
etc.) must remain viable. Standard practice is cryogenic storage in liquid nitrogen freezers (vapor
phase ~-150°C or liquid at —196°C) tobinscientific.com. Cells are mixed with a cryoprotectant (like
DMSO) and cooled in a controlled-rate freezer before transfer to LN, tanks, where biological activity
is essentially paused indefinitely. This ensures that cell lines can be revived later for experiments.

e Other Materials: Some samples such as formalin-fixed slides, dehydrated reagents, or certain
stabilized specimens can be kept at ambient (15-25°C). For example, dried blood spots or FFPE
slides are stored at room temperature in dry, dark conditions. Even in these cases, controlling the
environment (humidity, light, etc.) is important to prevent decay. Generally, however, ambient storage
is the exception in biotech; most biospecimens are kept cold to maintain molecular integrity
azenta.com.

Table 1 summarizes typical storage conditions for various sample types:

Sample Type Example Materials Typical Storage Conditions

X X Flash-frozen at -80°C for molecular analyses, or cryopreserved in LN, (<-150°C) if
. Biopsy specimens, s . . . .
Tissues K viability needed tobinscientific.com tobinscientific.com. Fixed tissues (FFPE blocks) can
organ pieces . . .
be kept at ambient temperature in controlled conditions azenta.com.

Blood & Whole blood, Refrigerated at 2-8°C for short term. Long-term: aliquots frozen at -20°C (for many
Biofluid plasma, serum, analytes) or -80°C (for maximal preservation) tobinscientific.com. (e.g. plasma for
iofluids
CSF biomarkers often at -80°C).
DNA/RNA Genomic DNA, Ultra-low freezer (-80°C) to prevent enzymatic degradation and oxidation
s | cDNA, RNA tobinscientific.com. (RNA is especially unstable; —-80°C storage is standard to maintain
amples
P extracts integrity).
Cell Lines & Mammalian cell Cryogenic storage in liquid nitrogen (around -196°C) for indefinite viability
Cult lines, microbial tobinscientific.com. (Cells are stored in cryovials within LN, tanks; revived by thawing
ultures
stocks when needed).
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Sample Type Example Materials Typical Storage Conditions

Stabilized Fixed slides, dried Controlled room temperature (15-25°C) if properly stabilized/preserved azenta.com.
Samples samples, reagents (e.g. FFPE tissue slides or lyophilized reagents in sealed containers).

Storage Infrastructure: To accommodate these needs, labs maintain equipment like
refrigerators (2-8°C), standard lab freezers (-20°C), ultra-low temperature (ULT) freezers
(typically —=80°C), and cryogenic freezers or tanks. Each unit often has monitoring systems
(thermometers, alarms) because temperature excursions can rapidly ruin samples. Good
practices such as minimizing freeze-thaw cycles (aliquoting samples into smaller volumes to
avoid repeated thawing of the whole) are also critical to sample integrity labkey.com. Over time,
managing freezer space itself becomes a challenge - large biobanks can contain millions
ofspecimens, requiring careful organization.

Chain-of-Custody, Labeling, and Inventory Systems

An essential aspect of sample management is maintaining a chain-of-custody — a documented
trail of every action performed on a sample (collection, transfers between locations or
personnel, testing, etc.) to prove its identity and integrity have been preserved
biopharmaconsultinggroup.com biopharmaconsultinggroup.com. In practice, this means every
sample is assigned a unique identifier (e.g. a barcode or alphanumeric ID) and logged upon
receipt in the lab. All subsequent interactions with that sample — who handled it, when it moved
from freezer to bench, any aliqguots made, which experiments were run — are recorded, often
both in lab notebooks and electronically. Meticulous chain-of-custody record-keeping is
especially vital in regulated environments (clinical trials, quality control labs) to ensure data
traceability and to meet audit requirements genemod.net labkey.com.

Labeling: Proper labeling is the starting point for traceability. Historically, samples might be
labeled by hand, but modern labs have “done away with handwritten labeling” in favor of
barcoded labels printed from information management systems genemod.net. Barcodes (1D or
2D) on tubes and plates encode the sample ID, which can be scanned to pull up sample data
instantly, reducing human transcription errors. Best practices dictate that labels include key
metadata: sample ID, type, source (e.g. patient or study), date of collection, and any required
hazard or handling notes genemod.net. For clinical samples, patient identifiers and visit numbers
are included (often in de-identified coded form for privacy). Consistent labeling prevents mix-
ups — an incorrectly labeled tube could otherwise lead to catastrophic downstream errors (e.g.
reporting a result for the wrong patient or compound).

To illustrate, each sample container (tube, vial, slide) will typically have a barcode and/or
human-readable ID. Upon any transfer or aliquot creation, new labels get generated for the
daughter samples with IDs linking back to the parent. This hierarchy is tracked in an inventory
management system.

Inventory Systems: Most biotech labs now use some form of electronic Laboratory Information
Management System (LIMS) or sample management software to track samples in a database
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genemod.net. In a basic form, this could be a spreadsheet that lists where each sample is
stored; in advanced form, it's a dedicated LIMS with a user interface, barcode scanner
integration, and audit trail capabilities. The system is updated whenever a sample is moved or
processed. For example, a biobank LIMS can generate a “sample timeline” for each specimen,
showing every aliquot and every freeze—thaw event in its history labkey.com. This ensures
traceability across the sample’s life cycle — lab managers can query where a given sample is,
how many aliquots remain, or which experiments have used it.

Modern inventory systems often include virtual freezer maps: a digital representation of
physical storage (freezer > shelf > rack > box > position) so that a technician can quickly locate
a sample’s exact freezer position on a computer and then retrieve it from the real freezer
genemod.net genemod.net. Access control is another feature — the system might restrict certain
users from accessing particularly sensitive or irreplaceable samples, which helps maintain
custody controls genemod.net genemod.net. Overall, by digitizing sample inventories and linking
them with barcode scanning, labs minimize lost or mis-placed samples and can manage large
volumes of samples efficiently. Indeed, a well-implemented system means scientists spend less
time searching for samples (which can average 75—30 minutes per sample in manual setups!)
and can find needed materials in seconds labmanager.com.

Logistics of Sample Handling and Transport

Biotech samples often need to be transported between locations — for example, from a clinical
site to a central lab, or from a company’s research lab to an outsourced testing facility. Logistics
involves packaging, shipping, and tracking samples under the right conditions. Key
considerations include:

e Temperature-Controlled Shipping: If samples must stay cold, they are shipped on dry ice (for
frozen —80°C samples) or with cold packs (for 2-8°C). For cell therapies or certain long-distance
shipments, liquid nitrogen dry shippers (insulated dewars charged with LN,) maintain cryogenic
temperatures in transit tobinscientific.com. Packaging must also protect against physical breakage
and comply with regulations (e.g. UN3373 for biological substances).

¢ Chain-of-Custody During Transport: Just as within the lab, documentation is critical when samples
change hands or locations. Typically, a sample manifest or chain-of-custody form accompanies the
shipment, listing all samples and their IDs, and each handler signs off at each transfer point
appliedclinicaltrialsonline.com appliedclinicaltrialsonline.com. Increasingly, electronic tracking is
used: samples might be scanned out of a biobank inventory, tracked via courier barcodes, then
scanned into the receiving inventory at the destination, providing an unbroken digital trail.

¢ Transit Time and Conditions: Logistics planning accounts for how long a sample can remain stable.
For example, blood tubes might only be good at ambient temperature for a day — so overnight
shipping with tracking is arranged. In clinical trials, courier services with temperature monitors in
the package are common; if a temperature excursion occurs, the monitor records it and stakeholders
are alerted. Some advanced shippers use IoT sensors and even Al to predict and prevent excursions
(discussed later).
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¢ Regulatory Compliance: Shipping human or animal specimens must comply with regulations (IATA
and DOT guidelines for dangerous goods if infectious, etc.). Proper labeling of packages (e.g.
"Biological Substance, Category B"”) and customs documentation for international shipments are
required.

e Custody on Receipt: When a shipment arrives, labs have SOPs to check that the package is intact,
the temperature indicators (if any) are acceptable, and that the sample IDs match the manifest. Then
the samples are logged into the inventory system at the receiving site. This closes the loop on that
leg of chain-of-custody appliedclinicaltrialsonline.com appliedclinicaltrialsonline.com.

Overall, traditional sample management is a resource-intensive operation. As labs scale up (a big
pharma may have millions of samples in biorepositories), the risk of errors, delays, and costs
grows. The next section examines the major pain points that biotech companies face in these
processes.

Major Challenges in Sample Management

Even with well-defined workflows, labs encounter numerous challenges in managing samples
day-to-day and over the long term. Some of the key issues include:

¢ Human Error and Misidentification: Despite best practices, manual steps can lead to mistakes.
Transcription errors (e.g. typing a sample ID incorrectly), misreading a label, or grabbing the wrong
vial are all too common. Such errors can have severe consequences — for instance, a mislabeled
sample could invalidate an entire experiment or, in a clinical context, delay a product launch
labmanager.com labmanager.com. Studies have found a non-trivial percentage of research samples
become unusable due to labeling or handling mistakes. One industry white paper noted that up to
5% of a typical sample collection might be rendered unusable by labeling errors, requiring re-
collection or re-testing, whereas improved labeling systems can cut this to <1% computype.com.
Human fatigue and tedium play a role here: tasks like relabeling hundreds of tubes or transcribing
data from one system to another are error-prone and divert skilled staff to low-value work
computype.com computype.com.

¢ Sample Integrity and Degradation: Biological samples are not static — DNA, RNA, proteins, and
cells can all degrade if conditions falter. A major challenge is ensuring the quality of samples over
time labkey.com. Freezers fail or experience power outages; frost-free freezers undergo thaw cycles
that can be damaging; repeated freeze—thaw cycles cumulatively degrade sensitive biomolecules.
Even storage at recommended temperatures has limits — for instance, RNA in tissue will gradually
break down even at —-80°C, and it is essentially destroyed if kept at room temperature for too long
azenta.com. Preventing inadvertent thawing (by using backup power and alarms) and minimizing
handling at room temp are constant concerns. Another aspect of integrity is contamination - e.g., a
sample could be cross-contaminated by another if not handled carefully (especially in genomic
workflows where a few stray molecules can cause issues). Maintaining sample integrity requires
rigorous protocols, but lapses can and do happen, compromising results.
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¢ Regulatory Compliance and Documentation: Biotech companies operate under various regulatory
regimes (FDA GxP regulations, CLIA for clinical labs, ISO standards for biobanks, etc.) that impose
strict requirements on sample handling and data recording. Compliance is a significant challenge
because it adds overhead to every step — every sample transfer might require witnessing or e-
signatures, every freezer needs calibrated monitoring, all records must be audit-trailed
biopharmaconsultinggroup.com labkey.com. Preparing for audits or inspections (by FDA or other
agencies) means a lab must be able to produce complete histories of any given sample. Maintaining
this level of documentation manually is tedious and susceptible to gaps. Moreover, privacy and
ethical considerations fall here: for human-derived samples, labs must ensure patient consent
forms cover the usage, and data privacy laws (like HIPAA or GDPR) are not violated. Balancing open
research use of samples with privacy (de-identification, controlled access) can be complex
labkey.com. In summary, compliance demands can slow down workflows and require dedicated
personnel/time, and any compliance failure (like a missing chain-of-custody record or a mislogged
temperature excursion) can have legal and financial repercussions.

e Data Silos and Tracking Complexity: In many organizations, sample-related data is scattered
across multiple systems or spreadsheets. Especially in the past (and still in smaller labs), sample
tracking might be done in Excel or even paper logbooks. These fragmented systems lead to data
silos — sample information isn’t centralized, making it hard to know what's stored where or to
aggregate experimental results with the physical sample inventory labmanager.com. For example, a
research team might have its own freezer list not connected to the central biobank system. Mergers
and collaborations compound this issue: when biotech companies partner or merge, integrating their
sample libraries and tracking systems is notoriously challenging computype.com computype.com.
Incompatibilities between LIMS, or between a LIMS and an ELN (electronic lab notebook), can result
in manual data transfer, increasing error risk. Ultimately, data silos hamper the ability to fully leverage
sample assets — scientists might not even realize a certain sample exists in another department, or
they waste resources duplicating samples due to lack of visibility. Breaking down these silos is a
recognized need in the industry.

e Operational Throughput and Cost: Managing samples is costly — both in terms of labor and
infrastructure. A few pain points: (1) Throughput bottlenecks — manual processing of samples
(aliquoting, sorting, retrieving from storage) can become a rate-limiting step. If technicians spend
hours each day pulling and returning samples from freezers, it slows research. Many labs struggle to
keep up when sample volumes skyrocket (for instance, a high-throughput screening facility handling
hundreds of thousands of compounds) computype.com computype.com. (2) Storage capacity and
expense - large ultralow freezers and LN, tanks take significant space and electricity. ULT freezers
can consume as much energy as a house and emit heat, straining HVAC systems. A biobank of 50
freezers not only has a high upfront cost but also ongoing power and maintenance costs. Studies in
biostorage indicate that traditional upright -80°C freezers are energy-hungry and contribute
substantially to a lab’s operating expenses and carbon footprint azenta.com azenta.com. (3) Wasted
samples and duplication — without good inventory control, labs often re-order or replicate samples
they actually have (because they couldn't find them in time), incurring unnecessary cost. (4)
Personnel - skilled technicians spending time on routine sample management tasks (tracking,
logging, freezer maintenance) is a suboptimal use of talent and adds to labor costs computype.com
computype.com. All these factors contribute to the high cost base of sample management. In an era
where R&D productivity is crucial, there's a drive to reduce these inefficiencies and costs.

© 2025 IntuitionLabs.ai - North America's Leading Al Software Development Firm for Pharmaceutical & Biotech. All rights reserved. Page 7 of 25


https://biopharmaconsultinggroup.com/sample-management/#:~:text=Sample%20Management%20Workflow%20is%20essential,to%20all%20regulatory%20compliance%20guidelines
https://www.labkey.com/biological-sample-management/#:~:text=Sample%20management%20software%20can%20help,and%20flexibly%20query%20audit%20logs
https://www.labkey.com/biological-sample-management/#:~:text=Compliance%20and%20Ethical%20Considerations%3A
https://www.labmanager.com/managing-samples-their-storage-20439#:~:text=Small%20and%20medium,historically%20high%20rates%20of%20failure
https://computype.com/wp-content/uploads/2022/01/ExploringOutsourcing_Whitepaper.pdf?srsltid=AfmBOoqj1BC3AAuhQp3De6qEuB8C70UhM_Pw8BuUJJ0r5sBErK2S51Sx#:~:text=Pharmaceutical%2C%20biotech%20organizations%2C%20and%20academic,institutions%20to%20share%20libraries%2C%20in
https://computype.com/wp-content/uploads/2022/01/ExploringOutsourcing_Whitepaper.pdf?srsltid=AfmBOoqj1BC3AAuhQp3De6qEuB8C70UhM_Pw8BuUJJ0r5sBErK2S51Sx#:~:text=are%20collaborating%20all%20over%20the,those%20who%20merge%20internal%20collections
https://computype.com/wp-content/uploads/2022/01/ExploringOutsourcing_Whitepaper.pdf?srsltid=AfmBOoqj1BC3AAuhQp3De6qEuB8C70UhM_Pw8BuUJJ0r5sBErK2S51Sx#:~:text=In%20facilities%20where%20any%20degree,a%20misplaced%20barcode%20on%20the
https://computype.com/wp-content/uploads/2022/01/ExploringOutsourcing_Whitepaper.pdf?srsltid=AfmBOoqj1BC3AAuhQp3De6qEuB8C70UhM_Pw8BuUJJ0r5sBErK2S51Sx#:~:text=that%20hence%20cannot%20be%20scanned,with%20existing%20systems%20and%20processes
https://www.azenta.com/learning-center/blog/driving-sustainability-biostorage-efficient-strategies-sample-storage-optimization#:~:text=consideration%20lies%20in%20the%20optimization,disruptions%20and%20maintaining%20operational%20efficiency
https://www.azenta.com/learning-center/blog/driving-sustainability-biostorage-efficient-strategies-sample-storage-optimization#:~:text=The%20answer%20lies%20in%20the,foster%20a%20culture%20of%20sustainability
https://computype.com/wp-content/uploads/2022/01/ExploringOutsourcing_Whitepaper.pdf?srsltid=AfmBOoqj1BC3AAuhQp3De6qEuB8C70UhM_Pw8BuUJJ0r5sBErK2S51Sx#:~:text=SKILLED%20STAFF%20IN%20LOW,or%20shared%2C%20relabeling%20projects%20can
https://computype.com/wp-content/uploads/2022/01/ExploringOutsourcing_Whitepaper.pdf?srsltid=AfmBOoqj1BC3AAuhQp3De6qEuB8C70UhM_Pw8BuUJJ0r5sBErK2S51Sx#:~:text=these%20tasks%20are%2C%20they%20reduce,spent%20on%20administrative%2C%20nonscience%20activities
https://intuitionlabs.ai/?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ai-s-role-in-biotech-sample-management-state-and-outlook.pdf
https://intuitionlabs.ai/?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ai-s-role-in-biotech-sample-management-state-and-outlook.pdf

E IntuitionLabs  IntuitionLabs - Custom Al Software Development
from the leading Al expert Adrien Laurent

Al's Role in Biotech Sample Management: State and Outlook

In summary, traditional sample management, while absolutely essential, is rife with difficulties:
human errors that threaten data quality, physical degradation that threatens sample quality,
compliance burdens that threaten both, and silos and costs that threaten operational efficiency.
This is where technology, and particularly artificial intelligence-driven solutions, are increasingly
being looked to for improvements. The next section explores how Al technologies are being
applied to address these challenges and transform sample management workflows.

Al Applications in Sample Management Today

Artificial intelligence and associated technologies (like machine learning, computer vision, and
robotics) are making inroads into laboratory sample management. These tools aim to automate
tedious tasks, derive predictive insights from data, and enhance accuracy beyond human
capabilities. Below we analyze several key areas where Al is currently applied in sample handling
and biobanking:

Al-Powered Robotic Handling and Processing

One of the most visible transformations is the integration of Al with laboratory robotics for
physical sample handling. Labs have used automation (like liquid handling robots and automated
storage systems) for years; now Al is augmenting these systems to be more flexible and
"intelligent.” For example, in clinical diagnostic labs, companies have developed Al-driven
robotic sample reception systems that can sort and process incoming patient samples with
minimal human intervention lableaders.roche.com lableaders.roche.com. These robotic cells,
equipped with computer vision, can handle a variety of sample tube types arriving unsorted,
identify each tube’'s barcode and sample type, then route them appropriately (for centrifugation,
aliquoting, testing, etc.). Al algorithms enable the robot to deal with complexity that traditionally
required human judgement - e.g. distinguishing different tube sizes/colors on the fly and
deciding how to grip them lableaders.roche.com lableaders.roche.com.

The benefits of Al-based robotics in sample handling are significant: they work around the clock
and at high throughput, alleviating labor shortages and reducing turn-around times
lableaders.roche.com. They also reduce errors — an Al-guided robot doesn't get tired or mix up
labels, so the consistency of pre-analytic processing improves (Sample 1 on the first rack is
handled the same as Sample 1000 on the last) novartis.com lableaders.roche.com. Al allows the
system to be flexible; for instance, an Al-enabled robot arm can simultaneously handle different
types of sample tubes without reprogramming, something traditionally hard-coded automation
struggled with lableaders.roche.com. Laboratories in Germany have reported success with such
systems — one smart robot cell (the “ASR600" developed by Robominds) uses an Al platform
called robobrain to give the robot vision and decision-making skills, like a trained "“brain” that
can identify and sort sample tubes by size, shape, and color without custom programming for
each new sample type blog.item24.com blog.item24.com. As a result, labs can automate the
intake and sorting of thousands of samples per shift, freeing technicians for higher-level
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analytical work. Robotic aliquoting is another emerging application: Al can control liquid-
handling robots to decide how to aliquot optimally (e.g. if a blood sample is low volume, know
how to prioritize the tests) rather than following a fixed program.

Intelligent Storage Optimization and Retrieval

Al is also improving how samples are stored and retrieved. Traditional freezers and biobanks
operate on static rules (e.qg. first-in first-out). Now, Al algorithms can analyze usage patterns
and conditions to optimize storage management. One example is in automated cold storage
systems: modern automated sample stores (often robotic freezer systems) can be paired with Al
to decide where to place samples for optimal efficiency — such as clustering high-use samples in
easily accessible locations or balancing freezer loads to maintain temperature stability. Storage
robots (like those by Hamilton or SPT Labtech) already handle picking and placing samples from
dense storage; with Al, they can do so strategically. For instance, an Al might learn which
samples are frequently requested together and store them near each other in the system to
minimize retrieval time. Or it might predict which rarely-used samples could be moved to long-
term archive freezers off-site, versus keeping often-used ones in local automated stores.

A concrete benefit seen is in reducing freeze/thaw exposure. Azenta Life Sciences, which
provides automated biostorage units, notes that each time a freezer door is opened, precious
cold air rushes out, warming the interior azenta.com. Al can mitigate this by orchestrating batch
retrievals (the system plans an optimal picking order to get all needed samples in one door-open
cycle) and by using internal robotics so that individual samples are fetched without exposing the
entire freezer bay to ambient conditions azenta.com. This not only protects sample integrity
(innocent samples aren’t partially thawed during someone else’s retrieval) but also saves energy
azenta.com. Intelligent inventory management software further helps by recommending space
optimization - e.g., suggesting rearrangement or removal of inactive samples to free up
capacity azenta.com azenta.com.

Machine learning can also be applied to predict storage needs - for example, forecasting when
a certain storage unit will reach capacity based on current project pipelines, so that labs can
plan expansions proactively. Some Al-driven systems monitor environmental data (temperatures,
maintenance records) to predict freezer failures before they happen (predictive maintenance,
discussed later), allowing samples to be moved in advance and averting disasters. In summary,
Al brings a level of smart automation to storage: not just storing samples, but doing so in a way
that is dynamically optimized for efficiency, energy usage, and quick retrieval when needed
xavo.com. This addresses a challenge of big biobanks — complexity that is beyond manual
management — by letting algorithms find the best organizational strategies.

Predictive Tracking and Logistics Management

Another promising application of Al is in the tracking of samples through their lifecycle and
the broader logistics chain, using predictive analytics. By crunching historical and real-time data,
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Al systems can foresee issues and streamline the movement of samples:

e Cold Chain Predictive Analytics: For samples that are shipped (for example, clinical trial specimens
sent to a central lab), Al can dramatically improve cold chain reliability. Al algorithms analyze
historical shipment data, weather forecasts, and route information to anticipate potential
temperature excursions or delays before they occur pharmaceuticalcommerce.com. For instance,
an Al might know that shipments sent to a certain region in summer have a high risk of overheating; if
it detects a planned shipment under similar conditions, it can flag the need for extra cooling or a
faster route. Pharmaceutical firms are already using such predictive models for vaccine and biologics
logistics — the same ideas apply to research samples. By forecasting when and where problems
might happen, companies can implement preventive measures (e.g., shipping on dry ice instead of
cold pack, choosing a different courier) ahead of time pharmaceuticalcommerce.com

pharmaceuticalcommerce.com. This reduces instances of samples arriving thawed or spoiled.

¢ Dynamic Routing and Scheduling: Al's ability to optimize routes in real time can ensure critical
samples reach their destination in the fastest, safest way. If a sample is in transit and an unexpected
event (weather, traffic) occurs, Al-driven logistics platforms can automatically reroute the shipment
or adjust handling instructions pharmaceuticalcommerce.com. Similarly, in multi-site organizations,
Al can schedule pickups and deliveries of samples in an optimal sequence (like a traveling salesman
problem) rather than fixed routes, saving time. Ride-sharing algorithms have analogues now in
laboratory courier services.

e Asset and Inventory Tracking: Within large facilities, “digital twin” models — virtual representations
of the sample inventory — combined with Al can predict what samples will be needed when. For
example, by learning experiment schedules and consumption rates, an Al system might alert a
biobank manager that “in two weeks, lab X will likely request these 50 specific samples for a planned
assay” allowing preparatory thawing or aliquoting. This kind of predictive demand planning ensures
samples are ready just in time. It can also predict depletions - e.g., if a certain reagent or sample is
running low based on usage trends, trigger a re-order or re-sampling before stockouts occur.

e Anomaly Detection in Chain-of-Custody: Al excels at pattern recognition, which can be applied to
security and quality in sample handling. By monitoring data logs, Al systems can detect anomalies
or deviations that a human might miss. For instance, if a sample’s recorded storage temperature
deviates from normal patterns (even if still within range), Al could flag a possible freezer issue. Or if a
sample’s chain-of-custody shows an unusual number of transfers or a transfer at an odd time, it
might signal a procedural lapse or even a security concern (sample tampering). Modern loT-
equipped labs generate continuous streams of data (temperatures, access logs, humidity, etc.). Al
algorithms can continuously compare these readings against expected norms and alert staff the
moment an out-of-bound event occurs nextgeninvent.com nextgeninvent.com. For example, an Al
might catch a slight warming trend in a freezer that precedes a failure and notify the team to move
samples, thus averting a loss. Or it may detect that a normally locked storage was accessed at 3 AM
by an unauthorized user, triggering an immediate security alert. Early anomaly detection and instant
alerts help maintain sample integrity and security without relying solely on periodic human checks.

In essence, Al is making the management of sample logistics more proactive rather than
reactive. Instead of finding out in an audit that a temperature went out of range, Al aims to
predict and prevent it. Instead of manually chasing where a sample is, Al and sensors together
ensure you can see its journey in real time. These applications are still growing, but they

© 2025 IntuitionLabs.ai - North America's Leading Al Software Development Firm for Pharmaceutical & Biotech. All rights reserved. Page 10 of 25


https://www.pharmaceuticalcommerce.com/view/pharmaceutical-cold-chain-logistics-artificial-intelligence#:~:text=shipped%20via%20the%20cold%20chain,in%20six%20impactful%20ways
https://www.pharmaceuticalcommerce.com/view/pharmaceutical-cold-chain-logistics-artificial-intelligence#:~:text=shipped%20via%20the%20cold%20chain,in%20six%20impactful%20ways
https://www.pharmaceuticalcommerce.com/view/pharmaceutical-cold-chain-logistics-artificial-intelligence#:~:text=1,shipping%20routes%20based%20on%20real
https://www.pharmaceuticalcommerce.com/view/pharmaceutical-cold-chain-logistics-artificial-intelligence#:~:text=instantly%20alert%20logistics%20teams%20if,ensures%20swift%20action%20to%20safeguard
https://nextgeninvent.com/blogs/artificial-intelligence-transforming-cold-chain-logistics/#:~:text=4
https://nextgeninvent.com/blogs/artificial-intelligence-transforming-cold-chain-logistics/#:~:text=When%20an%20anomaly%20is%20detected%2C,the%20integrity%20of%20sensitive%20environments
https://intuitionlabs.ai/?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ai-s-role-in-biotech-sample-management-state-and-outlook.pdf
https://intuitionlabs.ai/?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ai-s-role-in-biotech-sample-management-state-and-outlook.pdf

E IntuitionLabs  IntuitionLabs - Custom Al Software Development
from the leading Al expert Adrien Laurent

Al's Role in Biotech Sample Management: State and Outlook

leverage the abundance of data in sample workflows to bring foresight and responsiveness that
humans alone couldn't achieve.

NLP and Computer Vision for Sample Identification and Labeling

Natural language processing (NLP) and computer vision (CV) are Al subfields that tackle
unstructured data (text and images). In sample management, these technologies are helping
with labeling and documentation tasks that used to be entirely manual. A few examples:

e Automated Label Reading (OCR): One frequent challenge is reading labels on tubes or slides,
especially if labels are damaged, handwritten, or otherwise not easily scanned. Al-based optical
character recognition (OCR) systems, enhanced with deep learning, are now used to read even
tough labels. For instance, in biorepositories that receive legacy samples with handwritten or
smudged labels, an Al-driven OCR can decipher the text far more reliably than a standard scanner.
Modern Al OCR platforms use deep neural networks to enhance and interpret images of labels,
achieving label read rates of 98-99% in real-world tests — significantly higher than traditional
methods (which might hit ~95%) automation.com automation.com. These systems can even
reconstruct partially damaged labels by learning context (e.g. inferring a missing digit from known
patterns) automation.com automation.com. The result is fewer “no-reads” that would otherwise
require a human to intervene and manually lookup or re-label the sample. Faster, more accurate label
reading means samples move through workflows more quickly and with a lower error rate.

¢ Transcribing and Structuring Notes (NLP): In research settings, a lot of sample information may be
recorded in free-text form (in notebooks, LIMS comments, etc.). NLP algorithms can extract key
entities (sample IDs, dates, concentrations, etc.) from these unstructured texts to populate
databases automatically. For example, if a scientist notes “Sample ABC123 was thawed and split into
3 aliquots on Sept 1" in an ELN, an NLP system could parse that and update the inventory record for
sample ABC123 to note the new aliquots and their IDs. Some labs are experimenting with voice
recognition as well — scientists can speak sample info or requests, and an Al assistant logs or
retrieves data ("Alexa, register a new sample: ID 456, type plasma, stored freezer 5 shelf B"). Lab
voice assistants backed by NLP are emerging to reduce the need to touch a computer with gloved
hands — one can verbally query "How much volume is left for sample X?" and get an immediate
answer. These applications are still nascent but illustrate how Al can make interacting with sample
databases more natural.

¢ Image Analysis for Sample Quality: Computer vision Al can also inspect samples visually. For
instance, algorithms can examine microscope images of a tissue sample to check if the tissue is still
viable or has air bubbles, etc., before it's used in a downstream assay. Or a CV system might look at
a photo of tubes in a rack and verify that all are properly capped and labeled (flagging any missing
caps or illegible labels). In pathology labs, Al image analysis (often on digital slides) can ensure the
right sample is being analyzed (matching patient barcodes on slide vs case file) and assess sample
adequacy (e.g. a cytology slide has sufficient cells for diagnosis). These uses overlap with diagnostic
Al, but serve a sample management function by gating the process if a sample isn't fit for use.
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¢ Intelligent Documentation and Data Linking: NLP can assist in linking sample metadata with
external data sources. For example, consider a biobank with thousands of samples annotated with
varying descriptions. An NLP engine can normalize these descriptions (e.g. recognize “heart”,
“cardiac muscle” both refer to heart tissue) and tag samples with standard ontology terms, making
search and categorization easier. It can also auto-fill forms by extracting relevant info from protocols
or prior records. The end goal is reducing manual documentation — an Al might automatically
generate a complete chain-of-custody report by collating database logs and writing them in an
auditor-friendly format, sparing humans the grunt work.

In summary, NLP and vision Al are tackling the information interface around samples. They
don't move tubes, but they move data — converting what used to require human reading or
typing into automated processes. By doing so, they further close the gaps in traceability and
free up human scientists from clerical tasks.

Anomaly Detection and Quality Control

Ensuring data integrity in sample management is paramount. Al contributes by monitoring
systems and data in real-time to catch issues early (as touched on under predictive tracking).
Some specific quality control uses:

¢ Freezer Performance Monitoring: Al algorithms take in streams of temperature readings, door
open/close events, humidity levels, etc., and can learn what normal operation looks like for a given
storage unit. If something deviant begins — say a slow upward drift in base temperature — Al can flag
that as a potential freezer malfunction even before a threshold alarm triggers nextgeninvent.com
nextgeninvent.com. This kind of subtle change detection can prompt preventative maintenance or
moving samples. Likewise, Al can optimize defrost cycles or cooling cycles to maintain more stable
conditions than a fixed control loop might.

¢ Error Pattern Recognition: In large laboratories, Al can analyze where errors or bottlenecks are
occurring. For example, it might analyze thousands of sample processing records and find that a
particular step (handled by a certain technician or at a certain time of day) correlates with more
sample identification errors. This could lead to targeted retraining or process change. Some LIMS
vendors are building analytics dashboards with embedded Al that comb through audit logs to
identify anomalies or trends in sample handling, which lab managers can use for continuous process
improvement nextgeninvent.com nextgeninvent.com.

¢ Automated Compliance Checks: Ensuring every sample’s documentation is complete is tedious if
done manually. Al systems can automatically verify that for each sample ID there is a corresponding
consent form, that all fields in a chain-of-custody were filled, and so on. If something is missing, it
alerts staff to remedy it before an audit finds it. This is akin to spell-check, but for compliance - e.g.
“Sample X is marked as destroyed but has remaining volume in inventory - resolve discrepancy.”

e Safety Monitoring: In biobanking, Al cameras might watch for safety issues like frost buildup (which
can indicate door seal problems) or improper storage (a rack put in the wrong freezer). In high-
throughput labs, Al vision can verify that robotic systems have correctly capped tubes (preventing
evaporation or contamination) and halt the process if a cap is missing.
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Overall, the infusion of Al into quality control provides a 24/7 vigilant overseer for sample
operations. It complements human supervision by watching vast amounts of data continuously
and without fatigue, catching the “needle in the haystack” events that humans might overlook
until it's too late.

In summary, Al applications in sample management today range from physical automation
(robots and smart freezers) to digital automation (data analysis, predictions, and error
checking). These technologies directly address the challenges noted earlier: reducing human
error through automation and better checks, protecting sample integrity via smarter storage and
monitoring, easing compliance by automatic recordkeeping and anomaly alerts, and improving
efficiency by optimizing workflows and logistics. The next section will highlight some tools and
companies at the forefront of these innovations, and real-world examples of Al in action in
biotech sample workflows.

Emerging Al Tools and Platforms Innovating Sample
Management

The growing interest in Al for lab operations has led to a variety of tools and companies offering
solutions specifically tailored to sample management in biotech. These range from specialized
software platforms to robotics providers. Below are some notable examples of emerging tools
and innovators in this space:

e Xavo (Sample Management Platform): Xavo is a software platform positioning itself as an “Al-
assisted sample management” solution for labs xavo.com xavo.com. It connects inventory
management with workflow orchestration. Xavo's platform uses algorithmic intelligence and
machine learning to optimize lab operations — for example, dynamically scheduling sample
processing runs to maximize throughput and minimize idle time of instruments xavo.com. It acts as a
control tower for sample logistics in R&D labs, integrating with instruments and robots. Notably, Xavo
emphasizes scalability (from a single freezer to a fully automated lab) and has an Al scheduling
engine that can adapt to changing priorities on the fly. Early adopters like Plexium (a biotech
company) have used Xavo to streamline their sample-to-assay processes.

e Scispot (Lab Operating System with Al): Scispot is another platform that offers a cloud-based Lab
Operating System and includes Al-powered automation and analytics for sample and data
management scispot.com. It can integrate with electronic lab notebooks (ELNs), instruments, and
external databases, and uses Al-driven insights to help labs make quick data-driven decisions
scispot.com. For example, Scispot’s analytics might highlight if certain sample types are yielding
poor-quality data, or if inventory levels of a reagent are trending low based on usage patterns. It
effectively adds a layer of intelligence on top of standard LIMS functionality. Scispot is noted for high
configurability, allowing labs to tailor workflows without coding, and its Al features are geared
towards automation of data entry (reducing manual input) and providing recommendations (such
as flagging outliers or suggesting optimal assay parameters from past data). Labs that find
traditional LIMS too rigid are drawn to such flexible, Al-enhanced systems.
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e Sapio Sciences (Enterprise LIMS with Al Analytics): Sapio is a LIMS/ELN provider that has
incorporated Al-driven analytics and workflow automation into its platform scispot.com. Their
system is used in data-heavy environments like genomics labs and biobanks. The Al components can
handle tasks like real-time sample availability predictions, complex query of sample datasets
(using Al to find connections), and even some natural language querying of the LIMS (letting users
ask questions without knowing database schema). Sapio’s platform can, for instance, automatically
flag samples nearing expiration or suggest which of many similar samples is best suited for a new
experiment based on historical performance. While powerful, Sapio's solution is enterprise-grade
and can be complex to configure (often requiring IT support) scispot.com.

¢ LabKey Sample Manager and Benchling: These are modern informatics platforms (LabKey in open-
source/enterprise and Benchling as a cloud-based biotech R&D platform) which, while not solely “Al
companies,” are adding Al features. LabKey focuses on biospecimen tracking and has modules to
ensure compliance and audit trails, with recent moves to integrate analytical pipelines that could
incorporate Al for data analysis labkey.com labkey.com. Benchling, widely used for molecular biology
data, has started leveraging machine learning in areas like entity recognition (auto-recognizing DNA
sequence features) and could extend into sample logistics (perhaps predicting when cell cultures
need passaging, etc.). These platforms show that established lab software is evolving to include Al
capabilities.

¢ Robotics Firms with Al Integration: On the hardware side, companies like Hamilton, Tecan, and
SPT Labtech produce automated storage and liquid handling systems. They are now integrating Al
into these products. For example, Hamilton's SAM HD automated -80°C freezer can be paired with
intelligent scheduling software to decide the best picking order for samples, and its newer
instruments use Al for error recovery (if a robot arm encounters an unexpected situation, Al helps it
attempt a resolution rather than just stopping). SPT Labtech’s arktic automated store is marketed
for biobanks with claims of smart control and ease of use, and while specifics of Al use aren’t public,
the trend is towards embedding more smart algorithms in these systems for reliability and
optimization. Another example is Thermo Fisher's Momentum software for lab automation which
now uses Al scheduling to prioritize urgent samples or reroute tasks if an instrument goes down —
effectively an Al traffic controller for robots thermofisher.com.

* Robominds (Al Robotics for Labs): Mentioned earlier, Robominds is a startup focusing on Al
"brains” for lab robots. Their robobrain platform can interface with standard robotic hardware (like
Universal Robots collaborative arms) to give them advanced skills. The Sample Tube Detection Skill
is one such Al-driven module that allows a robot to visually recognize tubes and their attributes for
sorting blog.item24.com. This lowers the barrier to automation, since labs don't need to custom
program the robot for each new rack or tube type — the Al has been pre-trained on many scenarios
("skills") and can be deployed out-of-the-box blog.item24.com blog.item24.com. Robominds is part
of a broader trend of Al-as-a-service for lab automation, where instead of scripting every motion,
labs can rely on pre-trained models that handle variability.
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e PathAl (Al for Pathology & Biobanking): PathAl is a leader in Al for pathology image analysis, and
through a partnership with Discovery Life Sciences (a global biobank and lab service company), they
are bringing Al into the biobanking workflow pathai.com pathai.com. By deploying PathAl's image
analysis and data management tools, Discovery is able to offer automated quantification of
biomarkers on tissue samples in its biobank, integrating those results back to the specimens. This
effectively creates Al-annotated biospecimens, where each stored sample comes not just with raw
data but Al-derived insights (e.g. “this tumor sample has X% PD-L1 positive cells"). While PathAl's
focus is on diagnostic insight, the collaboration marks the first at-scale deployment of Al into a
commercial biobank pathai.com pathai.com - indicating that even in sample storage facilities, Al is
adding value by extracting more information from the samples and streamlining analysis workflows
for clients.

e Al-Powered Lab Assistants and ELN Add-ons: Products like eLabNext’s Al add-ons (from the
Scinote/Scisure blog) are bringing generative Al into labs. One example is a Protocol Generation add-
on that uses Al to draft experimental protocols based on a user’s prompts scisure.com scisure.com.
While not directly sample management, this shows how repetitive documentation tasks (writing
methods, etc.) can be offloaded to Al. Over time, one can imagine similar generative Al assistants
preparing sample submission forms, writing standardized chain-of-custody documents, or answering
scientists’ questions about where a sample is or how it's been used (by parsing the database and
formulating a human-readable answer).

In summary, the ecosystem of Al tools for sample management includes both software
platforms (focused on data, inventory, and process optimization) and hardware/robotics
solutions (focused on physical sample handling), with many collaborations between the two.
Companies like Xavo, Scispot, Sapio, Benchling, and LabKey are infusing Al into the digital
backbone of labs, while firms like Robominds, Hamilton, and others are embedding Al into the
physical infrastructure. It is an exciting, rapidly evolving space — and while not all labs have
adopted these yet, the ones that have are seeing encouraging results in efficiency and data
quality.

Case Studies and Industry Examples

To illustrate how Al is already making a difference, here are a few real-world examples of Al
implementations in sample management workflows across the biotech and biomedical industry:
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¢ Automated Clinical Sample Processing (Roche/University Hospital Labs): Roche Diagnostics has
highlighted the use of Al-driven robotics in high-volume clinical labs to improve the pre-analytical
phase (sample receipt and processing). In one case, a large hospital lab dealing with thousands of
patient samples per day implemented an Al-based sample reception robot. This system uses
digital sample tracking and an Al-guided robotic arm to sort incoming blood tubes by test type and
priority lableaders.roche.com lableaders.roche.com. The impact was significant — the lab alleviated a
chronic labor shortage and cut down pre-analytical error rates (such as tubes routed to the wrong
analyzer or mislabeled samples going unnoticed). The robot cell can work continuously, handling
different tube types simultaneously using Al vision, and only requires human intervention for
exceptions (e.g. if a tube's label is unreadable, it flags it for a technician) lableaders.roche.com. This
example demonstrates improved throughput (faster turn-around to results for patients) and improved
accuracy (consistent sample handling and automatic error flagging) in a diagnostic sample
management context.

e Robominds ASR600 at Munich Lab: As referenced earlier, a Munich-based laboratory deployed the
Robominds ASR600 smart robotics cell for sample handling, which is powered by an Al 'brain’. In
practice, this robot cell took over the task of sorting and archiving incoming specimen tubes which
was previously done by a team of technicians. The Al was pre-trained with “skills” such as
recognizing various tube caps and colors, as well as the Sample Tube Detection Skill for reading
barcodes and text on tubes blog.item24.com blog.item24.com. Once installed, the system was
operational with minimal programming, and the lab immediately saw efficiency gains — what used to
require 6-8 staff during peak hours could be handled by the single robotic station. Over weeks, the
Al also learned the lab’s specific patterns (for example, the morning rush of blood samples from
inpatient collections) and dynamically optimized its workflow to clear backlogs quickly. This resulted
in a smoother sample accessioning process and reduced wait times for downstream testing. The lab
also noted intangible benefits like reduced ergonomic strain on staff (no longer opening hundreds of
tubes by hand) and the ability for staff to be reallocated to more analytical tasks, increasing overall
productivity.

¢ Al in Biobank Pathology — PathAl & Discovery Life Sciences: In 2025, Discovery Life Sciences
(which manages large biorepositories and provides lab services) partnered with PathAl to deploy Al
technology in their pathology and biomarker workflows pathai.com pathai.com. This marked the
first large-scale use of Al in a commercial biobank setting. Concretely, Discovery integrated
PathAl's AlSight platform — an Al-powered image management system — into their sample workflow.
When a tissue sample from the biobank is requested for analysis, it can now be digitized and run
through PathAl's algorithms (ArtifactDetect for quality checking slide images, TumorDetect for
identifying tumor regions, etc.). This automation saves pathologists’ time by automating routine
tasks like counting cells or measuring biomarker expression pathai.com. It also provides Discovery's
customers (pharma researchers) with additional quantitative data from each sample, delivered faster
and with standardized accuracy. For Discovery, implementing Al meant they could scale up the
number of samples analyzed without linearly scaling pathologist hours, and it gave them a
technological edge in quality (Al doesn't get inconsistent or tired). This case exemplifies how Al can
elevate sample management from just storing specimens to actively extracting more value from each
specimen in a reproducible way. As Andy Beck, PathAl's CEO, noted, the goal was to “revolutionize
the biospecimen industry” by enabling unprecedented accuracy and speed in deriving insights
from stored samples pathai.com pathai.com.
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¢ Pharmaceutical R&D Sample Logistics (hypothetical composite): A large pharmaceutical
company's R&D center introduced an Al-driven sample management module onto their LIMS. While
not public as a single case study, many pharma companies are experimenting in this area. In this
composite example, the Al module was tasked with optimizing compound sample distribution for
high-throughput screening. With a library of over 1 million compound samples stored in multiple
automated freezers, decisions about which samples to cherry-pick for which screens and how to
plate them were complex. The Al system learned from historical assay data which types of
compounds were likely hits for certain targets and started suggesting which samples to include in
new assay plates (focusing on more promising candidates, effectively an Al-driven screening library
selection). It also optimized the physical plating process: by analyzing the platemaps, it clustered
compounds to minimize the number of freezer accesses. Over a year, the R&D group found that the
Al recommendations improved their hit rate per screen (they tested fewer “dead” samples) and
reduced freezer door openings by 30%, which in turn reduced freezer frost build-up and
maintenance downtime. This kind of application shows Al not only managing samples’ whereabouts

but contributing to scientific decision-making about samples.

(The above example is illustrative; specific internal pharma deployments are often proprietary.
However, it reflects trends reported by industry observers in applying Al to compound
management and screening logistics.)

These case studies underline that Al in sample management is not just theoretical — it's
happening now in various forms. From hospital labs ensuring every blood sample is processed
right, to research organizations accelerating discovery by smarter sample selection, to biobanks
upping the quality of data they provide, Al is delivering tangible improvements. Each success
encourages wider adoption and further innovation in the field.

Regulatory and Data Integrity Considerations

Integrating Al into sample management does not remove the obligations of regulatory
compliance and data integrity — in fact, it can complicate them. Companies must navigate how to
harness Al's benefits while still meeting strict regulatory standards and maintaining
trustworthy, auditable data. Several considerations are paramount:

1. Validation of Al Systems: Any software or system that impacts GxP (good practice)
processes — which sample management certainly can, in contexts like drug development or
clinical labs — must be validated. This means demonstrating that the system does what it is
intended to do in a consistent and reliable manner. Al systems, especially those based on
machine learning, can be complex and sometimes adaptive, which challenges traditional
validation approaches. Industry guidelines are emerging (FDA's Good Machine Learning Practice,
etc.) to help. A robust strategy is to integrate Al system validation into existing frameworks like
GAMP 5 (Good Automated Manufacturing Practice) and USP <1058> for analytical instrument
qualification pinnagl.co pinnagl.co. This involves performing risk assessments, testing the Al
under various conditions, locking down versions of algorithms, and documenting everything. By
following such a structured framework, labs can ensure data integrity and consistent valid
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results from Al tools, satisfying regulators that even an Al is under control pinnagl.co
pinnagl.co. For example, if a LIMS has an Al module that automatically assigns sample IDs, the
validation would cover that algorithm’s accuracy in generating unique IDs and audit its
performance over time.

2. 21 CFR Part 11 and Electronic Records: In FDA-regulated labs, electronic records (including
those managed or created by Al systems) must comply with 21 CFR Part 11 requirements for
security, audit trails, electronic signatures, etc. This means an Al-driven sample management
software should have full audit logging — every action the Al takes (e.g. changing a sample
location in the database or deciding a sample is expired) should be recorded with a timestamp
and attributable either to a system process or a responsible person labkey.com. Part 11 also
implies access controls (unique logins, permissions) even for automated processes, so that, for
instance, only authorized systems or users can trigger certain Al actions. Traceability is key: if
an Al reassigns a sample from one freezer to another in the system, an auditor should be able to
see that record and the rationale or at least linkage to a valid rule. Additionally, any critical
decision the Al makes that could affect product quality or patient safety might need an
electronic signature (or at least review sign-off). Ensuring that Al systems either fall under
existing validation or are regarded as decision-support (with human final say) is often how
companies approach initial deployment to stay compliant.

3. Data Privacy and Ethical Use: Al systems often thrive on large datasets — potentially
including sensitive information. A biobank’s Al might analyze donor data to find patterns; a lab's
scheduling Al might use employee work patterns. It's important to ensure compliance with
privacy regulations like GDPR in Europe or HIPAA in the US when using personal data. This might
involve de-identifying data before Al algorithms see it, and being transparent (to
donors/patients, via consent forms) that Al may be used in data analysis. Ethically, if Al is used to
prioritize samples (say for research use), one must ensure this doesn't introduce unintended
biases (for example, over-representation of certain patient groups' samples in research).
Regulators are increasingly interested in the ethics and bias of Al, especially in clinical contexts
— it's plausible that audits may query how an Al algorithm was trained, whether the training data
was representative, and whether appropriate approvals were in place for its use.

4. Maintaining Chain-of-Custody with Al: If Al and automation handle chain-of-custody steps,
the lab needs to be confident that the custody trail remains unbroken and trustworthy. This
could mean the Al system should provide an easily interpretable log (who/what is “Al" — labs may
designate the system itself as an operator in records). Regulatory guidelines require that for any
sample, one can answer: who had it when, what was done. When “"who" is an automated system,
labs sometimes assign an ID to the system (e.g. "Robot#5" or “Automated System AI001") so
that it appears in records in place of a human name. This clarity is needed so that in audits or
legal scenarios, there’s no confusion. Additionally, any automated decision that results in a
sample’s disposal or change of status typically requires a review. For instance, if an Al flags a
sample as likely contaminated and suggests discarding it, a human supervisor might need to
approve that action. Regulators will want to see that the use of Al does not equate to a loss of

© 2025 IntuitionLabs.ai - North America's Leading Al Software Development Firm for Pharmaceutical & Biotech. All rights reserved. Page 18 of 25


https://pinnaql.co/validating-ai-and-ml-integration-in-lims-and-eln/#:~:text=in%20lab%20systems%20require%20a,CFR%20Part%2011%2C%20ISO%2017025
https://pinnaql.co/validating-ai-and-ml-integration-in-lims-and-eln/#:~:text=maintenance%C2%A0and%C2%A0monitoring,1058%3E%C2%A0guidelines%C2%A0for%C2%A0documentation%2C%C2%A0validation%20plans%2C%C2%A0and%C2%A0risk%20assessment%20s
https://www.labkey.com/biological-sample-management/#:~:text=Sample%20management%20software%20can%20help,and%20flexibly%20query%20audit%20logs
https://intuitionlabs.ai/?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ai-s-role-in-biotech-sample-management-state-and-outlook.pdf
https://intuitionlabs.ai/?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ai-s-role-in-biotech-sample-management-state-and-outlook.pdf

E IntuitionLabs  IntuitionLabs - Custom Al Software Development
from the leading Al expert Adrien Laurent

Al's Role in Biotech Sample Management: State and Outlook

oversight — humans are still accountable for decisions impacting patient safety or data integrity,
even if an Al assists.

5. Data Integrity (ALCOA Principles): Regulatory agencies enforce data integrity principles
often summarized as ALCOA+: data must be Attributable, Legible, Contemporaneous,
Original, Accurate, (and Complete, Consistent, Enduring, Available). Al systems need to uphold
these. For example, if an Al reprocesses a result or re-analyzes an image, it should not overwrite
the original data (Original/Accurate) — it should create a new record derived from the original,
with linkage. All Al-generated data or recommendations should be time-stamped
(Contemporaneous) and clearly attributed to the algorithm version or model that produced it
(Attributable). If an Al model is updated, change control should be in place - results shouldn't
shift unaccountably after a model change. Many companies are establishing procedures for Al
lifecycle management similar to software: including version control, testing, and change
documentation each time an Al model is retrained or tuned. Following guidance from bodies like
USP and GAMP, labs are instituting controls so that implementing Al doesn’t erode data integrity
but rather operates within a validated, documented framework pinnagl.co pinnagl.co.

6. Transparency and Explainability: While not explicitly codified in regulations yet, there is a
strong push in the industry for explainable Al - especially if Al outcomes influence critical
decisions. In sample management, if Al simply optimizes schedules, explainability is less critical.
But if Al determines a sample is out-of-spec, labs should be able to explain why (e.g.,
“temperature excursion beyond threshold X"). For complex Al like deep learning, providing a
rationale can be challenging, but at minimum companies often restrict Al use to areas where
rules can be documented or the Al's role is advisory. Regulatory inspectors may ask: “On what
basis did the system decide to exclude those samples?” and the company should have a
defendable answer grounded in scientific rationale or validated criteria.

7. Ongoing Monitoring and Quality Assurance: Introducing Al is not a set-and-forget
endeavor. It requires continuous performance monitoring — analogous to periodic re-
validation. Labs might implement statistical process control on the Al's outputs: e.qg. if the Al is
supposed to detect anomalies, audit that it actually catches known test cases and doesn't over-
false-alarm. FDA's emerging guidance on Al/ML in medical devices, for example, leans towards
requiring a plan for monitoring real-world performance and a mechanism for software updates.
In a lab setting, any drift in Al accuracy (perhaps due to changes in data input patterns) should
be caught and corrected.

In summary, compliance in the age of Al means applying the same principles that assure trust in
purely manual processes, now to hybrid human-Al processes. Proper validation, thorough
documentation, audit trails, and human oversight are all still needed pinnagl.co. When done
right, Al can even enhance compliance - for instance, by maintaining more consistent records
and catching deviations humans might miss. But labs must be prepared to demonstrate to
regulators that the Al is under control and beneficial. Many organizations find that working
closely with QA/Compliance teams from the start of Al adoption is the best strategy: define the
intended use of the Al, its risk impact, and mitigation controls. By doing so, biotech companies
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can embrace cutting-edge tools without risking the hard-won trust and compliance status they
need to operate. As regulators themselves gain familiarity with Al, we can expect clearer
guidelines to evolve (there are already FDA discussion papers on Al in manufacturing), but the
onus remains on each company to ensure data integrity and patient safety are never
compromised by the introduction of Al.

Future Perspectives: Al Transforming Sample
Management in the Next 5-10 Years

Looking ahead, the influence of Al on sample management is poised to deepen. In the coming 5
to 10 years, we can expect a more profound transformation — one that may fundamentally
change how labs operate and how we think about managing biological assets. Here are some
forward-looking perspectives on what that future might hold:

e Toward the “Self-Driving” Laboratory: Just as self-driving cars use Al to autonomously navigate,
the concept of self-driving labs is emerging arxiv.org arxiv.org. In a self-driving lab, Al would
coordinate end-to-end experimental workflows, including all sample handling. Such a lab might
automatically schedule and prepare samples for experiments, run the assays, analyze the data, and
decide on the next experimental steps — all with minimal human input. Early prototypes of this are
already in development in drug discovery, where Al orchestrates robotic experiments to optimize
formulations or find hits faster techxplore.com techxplore.com. Over the next decade, more labs
could adopt “Lab Operations Al” that takes in experimental goals and manages the samples and
protocols to achieve those goals. This could dramatically accelerate R&D by running iterative
experiments 24/7. For sample management specifically, this means the Al would know exactly which
samples are needed when, ensure they are retrieved and processed just in time, and then possibly
decide how to store new samples generated (like new compounds or aliquots from an experiment) in
the optimal way for the next steps. It's a vision of a lab where human scientists focus on defining
problems and interpreting outcomes, while Al and automation handle the hands-on sample wrangling
and routine decisions.

¢ Pervasive Sensor Networks and Real-Time Al Monitoring: By 2030, it's likely that every freezer,
refrigerator, and shipment container will be loT-enabled, streaming data continuously. Al will serve as
the nerve center analyzing this torrent of data. We will see predictive maintenance become
standard - freezers will essentially diagnose themselves and call for service before failing
autoscribeinformatics.com autoscribeinformatics.com. If a freezer's performance starts to slip, Al will
automatically transfer at-risk samples to a backup unit (perhaps using automated guided vehicles or
robotic arms to physically move them). In transport, Al-linked sensor networks will make cold chain
failures rare; shipments will “know"” how to route themselves for fastest delivery and even negotiate
hand-offs between logistic providers. Essentially, the mantra will shift from monitoring to automated
response — not only will Al detect anomalies, but it will trigger the appropriate corrective action
immediately (e.g. activating a redundant cooling system or reassigning samples to a different
storage). This will make sample storage vastly more resilient to disasters.
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¢ Al-Enhanced Biobanking and Data Mining: Biobanks of the future won't be passive storage sites
but active data mines. With advanced Al, biobanks could analyze their entire collection at a
molecular level. For instance, using Al image analysis and maybe even Al molecular profiling
(predicting gene variants from sequence data), a biobank could cluster similar samples, predict
which stored samples are most valuable for a given research query, or even simulate experiments on
their samples in silico. There's speculation that digital twins of physical samples will be made - e.g.
a biobank could have a digital data counterpart for each sample (genomic data, histology images,
etc.) and Al would use those to predict sample behavior (like how a tumor sample might respond to a
panel of drugs, guiding real-world testing). In 5-10 years, when a researcher queries a biobank, they
might not just get “we have 10 samples of type X," but “our Al suggests sample #A123 is ideal for
your study because of Y characteristics,” taking into account a vast array of data.

e Convergence of Al, Lab Automation and Cloud Labs: The lab of the future may be highly
automated and remotely operated — so-called “cloud laboratories.” Companies like Emerald Cloud
Lab and others are already building facilities where experiments (and all associated sample handling)
are done by robots controlled via the cloud. Add Al to this mix, and you have laboratories that are
essentially Al-driven factories for science. A scientist might design an experiment in silico, and the
Al-driven cloud lab executes it — picking samples from storage, preparing reactions, collecting data —
then the Al might even adjust the plan in real-time based on initial results (closing the loop to a self-
driving lab). This could democratize access to advanced experimentation: researchers anywhere
could utilize these Al-automated labs without needing a physical presence. In such labs, sample
management will be so automated that samples become like APl endpoints — a researcher “calls" a
sample and the system knows how to fetch and use it with no manual steps.

¢ More Integrated Compliance via Al: Rather than being at odds with compliance, future Al might
become a compliance champion. For instance, Al could perform real-time audit checks - essentially
continuously auditing the sample management process to ensure every rule is followed. Deviations
could be corrected immediately. This might lead to a future where regulatory reporting is largely
automated - Al systems assembling audit reports or quality metrics continuously, making regulatory
inspections smoother (maybe regulators even get secure Al-generated dashboards to monitor key
metrics in near real-time). The role of Al in quality assurance will likely grow, perhaps even to the
point that regulators come to expect certain Al safeguards in place (just as today it's expected to
have audit trail software, etc.). We might see formal regulatory frameworks for validated Al
algorithms (the FDA might certify certain Al for e.g. environmental monitoring or for chain-of-custody
verification).

¢ Addressing Societal and Ethical Implications: As Al becomes embedded in labs, expect increased
discussion on ethics — ensuring Al doesn’t inadvertently bias research. For example, if Al prioritizes
samples for research based on certain data, is it favoring some populations’ samples over others?
The next decade will require setting policies so that Al is used responsibly (e.g. perhaps randomly
validating Al decisions with human review to ensure fairness and correctness). Additionally,
workforce implications will be significant: some traditional lab roles may shift towards oversight of
automated systems. The lab personnel of the future may need hybrid skills — understanding both
biology and Al/robotics. Training programs and job roles will evolve accordingly, with positions like
"Laboratory Automation Scientist” or “Al Lab Operations Manager"” becoming common.

In conclusion, the trajectory for the next 5-10 years points to labs that are smarter, faster, and
more integrated than ever before. Al will help laboratories handle exploding sample volumes
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from new technologies (like single-cell genomics generates huge numbers of tiny samples) and
manage complexity that today might seem intractable. We will likely measure lab efficiency not
just in number of samples processed, but in how intelligently those samples were utilized —
something Al is uniquely suited to enhance. The convergence of Al with robotics and cloud
infrastructure could bring about an era where experiments run virtually nonstop with optimal use
of every sample and every datapoint.

For biotech operations leads, lab managers, and researchers, this promises great benefits: fewer
errors, lower costs, and the ability to derive insights from samples that would have been
impossible to get manually. However, it also challenges them to adapt — to implement these
technologies thoughtfully, maintain compliance, and ensure their teams are trained for this new
way of working.

The foundation of sample management — protecting sample integrity and knowing sample
identity at all times — will remain the same, but how it's achieved will likely be radically different
by the early 2030s. In a sense, just as the human genome project spurred bioinformatics, the
growing “sampleome” (the universe of samples) is spurring a new field of lab informatics and
Al that will be integral to the next generation of biotech breakthroughs. Embracing these tools
will be crucial for any organization that wants to stay at the cutting edge of biotechnology in the
years to come.

Sources:
¢ Genemod Blog - “Sample Management Best Practices” genemod.net genemod.net genemod.net

e BioPharma Consulting Group — “Biotech & Pharmaceutical Sample Management”
biopharmaconsultinggroup.com biopharmaconsultinggroup.com

e Lab Manager — “Managing Samples & Their Storage” labmanager.com labmanager.com
labmanager.com

e LabKey — “Solving the Challenges of Biological Sample Management” (LabKey Blog, 2024)
labkey.com labkey.com labkey.com

e Tobin Scientific — “Guide to Biological Sample Storage for Biopharma” tobinscientific.com
tobinscientific.com tobinscientific.com

e Azenta Life Sciences — “Safe Storage Temperatures for Biological Materials” (2018) azenta.com;
“Driving Sustainability in Biostorage” (2023) azenta.com azenta.com

e Computype Whitepaper — “Exploring Outsourcing in Sample Management” (2022) computype.com
computype.com

e Roche Lableaders - “Improving processes with laboratory robotics” (Article) lableaders.roche.com
lableaders.roche.com lableaders.roche.com

e |tem24 Blog — “Smart robots in the lab — automated sample handling” (2023) blog.item24.com
blog.item24.com
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e PathAl Press Release — “PathAl & Discovery Life Sciences Partner...” (2025) pathai.com pathai.com

e Pharmaceutical Commerce — “Cold Chain Logistics in the Age of Al” (2024)
pharmaceuticalcommerce.com pharmaceuticalcommerce.com

¢ NextGen Invent — “How Al is Transforming Cold Chain Logistics” (Blog) nextgeninvent.com
nextgeninvent.com

e SciSpot Blog — “Top 10 Sample Management Softwares in 2025” scispot.com scispot.com
e Xavo (Product Website) — Al-assisted Sample Management Platform xavo.com
e Pinnaql - “Validating Al/ML in LIMS and ELN systems” (2024) pinnaqgl.co pinnagl.co

e Autoscribe Informatics — “Al within LIMS and the Laboratory” (Blog, 2024) autoscribeinformatics.com

autoscribeinformatics.com

e Diamond Light Source - “Al-powered robotic labs enable simultaneous experiments” (TechXplore,
2025) techxplore.com techxplore.com
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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 including Scilex
Holding Company (SCLX) and leading CROs across North America.

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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