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Dedicated for the people working
behind the scenes in bioprocessing,
who keep complex systems running
even when the tools around them
fall short. This book is for you.
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“COMPLEXITY. IS NOT THE ENEMY. o |
UNSTRUCTURED COMPLEXITY IS "

— ANONYMOUS PROCESS ENGINEER
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INTRODUCTION

Modern bioprocessing has reached a strange point in its evolution. Facilities carry more sensors,
analyzers, software tools, and automation components than ever before, yet the day-to-day
reality still leans heavily on manual work, tribal knowledge, and operator vigilance. The result is
a landscape where organizations believe they are digital, but the systems around them tell a
different story. Most plants operate across disconnected islands of technology, each optimized
locally but rarely designed to function as a coherent whole.

This book examines that gap with a clear objective: to explain how platforms like BioPilot can
support a more integrated, predictable, and vendor neutral bioprocessing environment. The
purpose here is not to promote a tool. It is to clarify the principles and patterns that allow any
modern facility to move from fragmented, reactive operations toward systems capable of real

time insight and predictive control. BioPilot is used simply as a practical reference point for
these ideas, because its architecture and use cases align well with the direction the industry
needs to move.

The conversation begins by looking at the reality many teams already know well. Data moves
through multiple unconnected systems. PAT results live in one place while offline analytics
live somewhere else. DCS and PLC controls run their own logic without awareness of the
broader process context. Operators become the glue that holds everything together, often
carrying the full weight of coordination across tools and timelines. These problems are not
new, but they have become more visible as the industry pushes toward greater consistency,
speed, and regulatory confidence.

We anchor these issues to the DPMM (Digital Plant Maturity Model, by BioPhorum). This
model, widely recognized across the industry, describes how plants progress from manual,
paper driven environments to adaptive operations where systems anticipate, adjust, and
learn. Many organizations today sit somewhere between Level 2 and Level 3, which reflects
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partial integration and isolated digital progress. Moving toward Level 4 (Integrated plant network,
pervasive real-time predictive analytics) and a maximum Level 5 (autonomous, self-optimizing,
plug-and-play) requires not just more automation, but a shift in how processes are connected,
orchestrated, and governed.

BioPilot enters the conversation as an example of how these challenges can be addressed in a
structured, practical way. It focuses on integration, workflow execution, real time monitoring, data
alignment, operator guidance, and predictive control. These are the pillars on which a modern
bioprocessing environment must be built regardless of vendor or platform. The emphasis
throughout this book is on the principles that matter most: interoperability, clarity, consistency, and
actionable insight.

This book is written for scientists, engineers, MSAT teams, digital leaders, and decision makers who
want a grounded understanding of what a digitally mature bioprocessing environment looks like and
how to get there. It is meant to be read sequentially, one chapter at a time, with each section
building on the last. The tone is direct but detailed, avoiding hype and focusing on real world
conditions that practitioners recognize.

The chapters that follow outline where the industry stands today, why digital maturity stalls, what a

predictive process looks like, and how integration and automation create the foundation required to
progress. The goal is not transformation for its own sake, but a predictable, transparent operational
environment that reduces risk, supports scale up, improves reproducibility, and lightens the human
burden.

If you are responsible for improving how your organization runs, this book will give you a clear,

practical framework for understanding where you are and where you can go.

Building the Modern Bioprocessing Environment
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Chapter 1

Building the Modern Bioprocessing Environment

THE REAL STATE OF DIGITAL
BIOPROCESSING TODAY

Digital transformation in bioprocessing is often described as a
steady march forward, with each new system, sensor, or
automation layer pushing the industry closer to a modern,
integrated future.

The reality on the ground looks very different. Most bioprocessing environments operate
with an impressive collection of tools, yet those tools rarely function together in a coherent
way. This creates an illusion of progress while teams continue to wrestle with the same
problems they faced years ago. The goal of this chapter is to set a clear, honest baseline for
the state of digital bioprocessing today, because any roadmap toward predictive operations
must begin with an accurate understanding of current conditions.

1. CONTEXT / PROBLEM

If you walk into a typical bioprocessing facility, you will see sophisticated instruments
scattered throughout the operation. Bioreactors from different vendors sit next to Raman
spectroscopy probes, cell counters, medium analyzers, and a mix of online and offline
measurement tools. A Distributed Control System (DCS) may manage core process
functions, while a Programmable Logic Controller (PLC) manages peripheral equipment.
Separate software environments run chemometric models, offline analytics, batch
execution, and data historians. Each of these systems serves a purpose, but they are rarely
designed to interact in a unified way.

Teams compensate for this fragmentation by relying heavily on manual intervention.
Operators flip between screens and software packages to collect data, compare trends,
verify measurements, and make adjustments.
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Scientists extract data from multiple sources after a run and stitch it
together manually to understand what happened. MSAT teams chase
inconsistencies and deviations that turn out to be byproducts of
disconnected systems rather than actual process failures. The burden is
high, and the human element becomes the default integration layer for
the entire plant.

2. STRUCTURAL CAUSES

The fragmentation is not the result of poor decision making. It is the
natural outcome of how bioprocessing technology has evolved. Most
tools were created to optimize a specific function rather than to serve as
part of an orchestrated whole. Bioreactors come with proprietary control
interfaces. PAT (Process Analytical Technology) tools are paired with
specialized software environments. Historians and MES (Manufacturing
Execution Systems) were designed to capture and govern execution
within their respective domains, not to interpret process behavior across
development, scale-up, and manufacturing systems. As organizations
scaled, they layered new tools on top of existing ones without rethinking
the underlying architecture.

Vendor diversity adds to the challenge. A single facility may operate
equipment from five or more manufacturers, each using different
communication protocols, data formats, and integration expectations.
Even when vendors support open connectivity, their implementations
differ enough to create inconsistencies. As a result, achieving seamless
integration requires custom engineering and ongoing maintenance. This
reality discourages teams from attempting deeper integration and
instead leads them to accept a fragmented environment as normal.

Building the Modern Bioprocessing Environment

3. BIOPILOT AND VENDOR AGNOSTIC
SOLUTION PRINCIPLES

While BioPilot is used throughout this book as an example, the principles it
reflects are broadly applicable across the industry. The idea is simple:
integration, automation, and real time coordination cannot be added as
afterthoughts. They must serve as a foundational layer that connects
instruments, analyzers, and control systems into a coherent operational
framework. A platform designed for this purpose acts as a neutral layer
above the equipment landscape, allowing scientists and engineers to treat
their process as one system rather than a collection of unrelated
components.

The vendor agnostic approach matters because it reflects reality.
Bioprocessing facilities do not get to standardize on a single vendor. They
inherit a diverse ecosystem of tools, especially across scale up, tech
transfer, and facility expansions. A platform like BioPilot is structured to sit
above these differences, offering consistent connectivity and enabling real
time orchestration. The value does not come from replacing equipment.
The value comes from turning existing equipment into a coordinated
system that behaves predictably.

4. IMPLICATIONS FOR STAKEHOLDERS

For upstream scientists, fragmentation makes reproducibility difficult. They
may run a well-controlled process at small scale only to have it behave
differently during scale up because the control landscape changes. MSAT
teams spend countless hours diagnosing issues caused by timing
differences, manual interventions, or poor data alignment. Operators
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experience unnecessary pressure as they not only perform their own
tasks but also resolve discrepancies between tools. Digital transformation
leaders struggle to demonstrate progress because scattered systems
produce scattered results.

Leadership teams feel this fragmentation in the form of slow
investigations, unpredictable batches, and inconsistent performance
across sites. Tech transfer becomes risky, with each receiving plant
adapting the process to its tools rather than adopting a unified
operational environment. Vendors, for their part, face high integration
costs when customers lack a standardized platform to plug into.

Each of these challenges reinforces the need for a unifying layer, because
without one the burden always falls back on people, who are already
stretched thin.

5. PRACTICAL MOVES AND SUMMARY

The first step in addressing the state of digital bioprocessing is
acknowledging that fragmentation is structural, not incidental.
Organizations should begin by mapping the current landscape. This
includes identifying every tool, analyzer, controller, and software system
involved in the process, then evaluating how data and logic flow between
them. Once this map is created, the gaps become clear. Manual
interventions stand out. Redundant data entry becomes visible. Missing
communication links are easy to spot.

A platform that supports neutral integration, structured workflows, data
alignment, and real time orchestration is the natural next step. Whether
the platform is BioPilot or another vendor agnostic system, the principles
remain the same. Bioprocessing improves when systems communicate,

Building the Modern Bioprocessing Environment

when workflows are executed consistently, and when operators have tools
that reduce rather than increase cognitive load.

This chapter sets the foundation for the rest of the book. The chapters that
follow explain why plants stall, what predictive operations look like, and
how integration and automation become the bridge between modern
ambition and day to day execution.

frﬂg
i
MORE TOOLS # BETTER OUTCOMES

« Plants are highly instrumented—Dbut still disconnected

DATA EXISTS OPERATORS FRAGMENTATION

EVERYWHERE... ARE THE IS STRUCTURAL
BUT INSIGHT INTEGRATION — NOT
DOESN’T LAYER ACCIDENTAL

« Systems store ; Hurtnans bridge gaps  It's how the industry
information, not ZyS .emsdvxf[erel NEVER evolved, not a one-off
understanding SIGNESLOICIOSE issue

WITHOUT ORCHESTRATION, PROGRESS STALLS

« Especially between Level 2 — Level 3 maturity
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Building the Modern Bioprocessing Environment

WHY PLANTS STALL BETWEEN
DPMM LEVEL 2 AND LEVEL 3

The Digital Plant Maturity Model offers a clear and widely
adopted way to understand where a facility sits along the
spectrum of digital capability. At first glance, the progression
appears straightforward.

Plants begin with manual, paper driven processes at Level 1, then gradually move
toward semi digital operations at Level 2, connected environments at Level 3, predictive
functionality at Level 4, and adaptive, autonomous behavior at Level 5. In practice, most
facilities find themselves stuck somewhere between Level 2 and Level 3, even after
investing heavily in new tools, sensors, and automation systems. This chapter explains

why that stall happens, why it persists, and what it means for teams operating inside
these environments.

1. CONTEXT / PROBLEM

Level 2 and Level 3 represent what many organizations describe as “digitally
progressing” environments. At Level 2, you see islands of automation, semi electronic
batch records, local instrument integrations, and pockets of laboratory digitization. Level
3 brings more formal connections between the MES, LIMS, DCS, and ERP layers, along
with increased standardization and improved monitoring. On the surface, it looks like
substantial progress. However, even at Level 3, most processes still depend on people to
tie everything together. This creates a ceiling on operational maturity that most plants
cannot break through without structural change.

YOKOGAWA
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The stall becomes clear when teams encounter recurring issues. They may
have invested in PAT tools, but the data lives in a separate software
environment. They may have invested in better bioreactors, but the
communication protocols differ from what the control system can handle.
They may have added new automation steps, but the workflows still
require manual verification. Digital work exists, but it is fragmented,
inconsistent, and dependent on the people who know how to navigate it.

2. STRUCTURAL CAUSES

The core reason plants stall between Level 2 and Level 3 is not the maturity
model itself, but the underlying architectural fragmentation described in
Chapter 1. Level 2 implementations typically improve local automation
without unifying it. Level 3 efforts often formalize enterprise-to-plant
connectivity, yet still leave real-time instrument, analyzer, and workflow
interactions fragmented at the operational layer.

Three structural barriers make the transition to Level 4 difficult.

First, integration is shallow.

Connecting MES to the DCS is not the same as integrating analyzers, PAT
tools, offline data streams, and operator workflows into a coherent control
fabric. Most Level 3 environments maintain multiple data silos with limited
awareness of one another. This results in partial visibility rather than
actionable insight, especially during real time operations.

Second, automation is inconsistent.

Some workflows may be digitized while others remain manual. Some
equipment is connected while other tools operate as stand-alone islands.
Operators compensate for these inconsistencies by filling the gaps
themselves. This human centric integration becomes a quiet barrier to
maturity, because if people can bridge the gaps, organizations feel less
pressure to resolve them at the system level.

Building the Modern Bioprocessing Environment

Third, data management is incomplete.

Level 3 improves record keeping, but it does not guarantee aligned,
contextualized, or standardized data across tools. For example, offline
analytics may be captured in one system, online measurements in another,
and PAT results in a third. Without a unified structure that consolidates and
synchronizes these sources, advanced analytics and predictive control
remain aspirational.

These structural barriers are not weaknesses of Level 2 or Level 3; they are
inherent to the way the maturity model is defined. Level 4 requires a shift
from local optimization to global orchestration, and that shift cannot be
achieved by extending Level 3 principles alone.

3. BIOPILOT AND VENDOR AGNOSTIC
SOLUTION PRINCIPLES

OpreX™ BioPilot is used here as a reference point because it is designed to
address exactly the barriers that prevent organizations from achieving
Level 4 behaviors. The principles it embodies, however, apply far beyond
any single platform. A facility must establish a neutral integration layer that
connects instruments from different vendors, automates workflows
consistently, aligns data across online and offline sources, and supports
the execution of real time control logic based on complete process context.

This neutrality is essential because bioprocess plants rarely operate on a
unified vendor stack. They inherited equipment over time, integrated new
tools with old infrastructure, and adapted workflows to suit whatever
systems were available. A vendor agnostic orchestration layer allows these
existing investments to function together in a coordinated manner. BioPilot
demonstrates how integration and automation can be structured so that
the plant behaves as a single operational environment, even though the
equipment is diverse.

YOKOGAWA 11



The goal is not to remove vendor diversity, but to remove the operational
penalties associated with it.

4. IMPLICATIONS FOR STAKEHOLDERS

The stall between Level 2 and Level 3 impacts every group inside a
bioprocessing organization.

Upstream scientists experience variation that does not stem from biology
but from the execution environment. They try to transfer their methods
across scales, only to find that the systems behavior at the receiving site
differs significantly. MSAT teams spend time diagnosing mismatches that
stem from inconsistent integration or partial automation rather than
actual process deviations. These distractions slow down progress and
increase operational risk.

Operators feel the burden most directly. They must navigate multiple
systems, interpret conflicting data sources, cross verify measurements,
and manually execute steps that could be automated. They become the
default bridge between islands of technology, and this responsibility
increases the chance of human error. Leadership teams feel the
downstream consequences in the form of slower throughput, variable
performance, and unpredictable batch quality. Vendors face longer
integration cycles and limited adoption of their more advanced
capabilities because customers lack a standardized environment to use
them effectively.

Each of these impacts reinforces the reality that plants cannot

meaningfully progress beyond Level 3 until the underlying fragmentation
is addressed.

Building the Modern Bioprocessing Environment

5. PRACTICAL MOVES AND SUMMARY

The first practical move for any organization seeking to move beyond
Level 3 is to acknowledge that integration and workflow consistency are
the real bottlenecks. Digital tools added on top of fragmented systems
provide limited value. The shift to Level 4 requires a foundational
platform that connects instruments, harmonizes data, and automates
execution across systems. This platform must act as a vendor agnostic
operational layer that sits between equipment and the higher-level
enterprise systems.

BioPilot's architecture offers one way to structure this environment, but
the principles apply broadly. A plant must create a unified operational
layer that can coordinate workflows, synchronize data, and support real
time control behaviors. Without this, Level 4 remains an aspiration rather
than a feasible target.

This chapter explains the digital maturity plateau that many organizations
face. The next chapter describes what a predictive plant looks like and
why achieving it requires a shift from isolated digital progress to

integrated operational intelligence.
¢ | @ | ¥
DATAIS

INTEGRATION IS AUTOMATION IS
INCONSISTENT

SHALLOW UNALIGNED

« Information exists
everywhere... but lacks
context and
synchronization

« Systems are connected... « Some workflows are
but not aware of each digital... others still rely
other on people to bridge the

gaps
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Chapter 3

Building the Modern Bioprocessing Environment

WHAT LEVEL 4 PREDICTIVE
BIOPROCESSING ACTUALLY
LOOKS LIKE

Most organizations talk about predictive operations as if it were a
destination reached through incremental improvements.

Add more sensors, deploy a new PAT tool, integrate another analyzer, and eventually the
process will somehow anticipate problems before they occur. The truth is more structural.
Predictive behavior does not emerge from more tools. It emerges from a specific kind of
environment where integration, data, workflow execution, and control logic function
together as one coordinated system. This is what the Digital Plant Maturity Model describes
as Level 4. a predictive plant capable of real time insight, proactive action, and repeatable
performance across scales. This chapter explains what Level 4 actually looks like in practice
so the gap between aspiration and reality becomes clear.

1. CONTEXT / PROBLEM

When people hear “predictive plant,” they often imagine an autonomous system that makes
decisions without human involvement. That is not what Level 4 requires. Predictive
operations are defined by the ability to identify trends, detect anomalies, align signals, and
recommend or execute adjustments before deviations grow into failures. It is less about
automation replacing humans and more about giving humans a process that behaves
consistently and transparently.

Today, most plants cannot support predictive behavior because data arises from
disconnected tools. Raman spectroscopy may identify glucose drift, but offline lactate
measurements may not be incorporated until hours later. Operators may see rising cell

YOKOGAWA 13



density, but the feed strategy may still follow fixed intervals because the
system lacks the context needed to adapt. In short, predictive behavior
requires real time understanding of the full process, not slices of it.

2. STRUCTURAL CAUSES

Predictive capability cannot emerge naturally from Level 2 or Level 3
environments because these maturity levels do not unify the components
required for proactive decision making. Each requirement below must be
present simultaneously. Missing even one collapses the system back into
reactive behavior.

First, Level 4 requires aligned, contextualized data.

Every measurement, whether online or offline, must be synchronized in a
single structured timeline. Values from sensors, analyzers, workflows, and
manual steps need to be “aware” of one another. Without this, the system
cannot detect patterns or anticipate outcomes.

Second, Level 4 requires integrated process analytics.

PAT outputs cannot live in isolation. Raman spectra, multivariate models,
chemometric calculations, and offline titer values must feed into a unified
operational layer. Predictive behavior only exists when analytics are not
just calculated but actively used in decision making.

Third, Level 4 requires automated workflow execution.

Predictive action is not simply predicting something will go wrong. It is
allowing the system to adjust workflows, prompt operators, or change
setpoints when appropriate. Manual SOP execution introduces lag,
inconsistency, and human bottlenecks.

Fourth, Level 4 requires real time control logic tied to analytics.
Fixed feed strategies, timer-based actions, or simple single loop control
cannot adapt predictively. Predictive plants rely on strategies like model

Building the Modern Bioprocessing Environment

predictive control (MPC) because MPC uses a mathematical model of the
process to anticipate future states and adjust proactively.

Finally, Level 4 requires process visibility across scales.

A predictive plant does not simply respond in a single reactor. It
demonstrates scalable behavior. This means that the logic linking process
signals to control actions must function at 2 liters, 20 liters, or 2000 liters
with minimal modification.

These structural characteristics define Level 4 more than any single tool or
technology.

3. BIOPILOT AND VENDOR AGNOSTIC
SOLUTION PRINCIPLES

BioPilot serves as a clear example of how Level 4 behaviors can be
implemented without requiring a monolithic vendor ecosystem. Its design
aligns with the structural requirements above, making it useful as a
practical reference.

Aligned, contextualized data.

BioPilot synchronizes online sensor data, offline analytics, workflow events,
and PAT outputs in a single real time view. This is a non-negotiable
requirement for predictive operations because insights depend on
relationships between signals, not isolated trends.

Integrated process analytics.

BioPilot does not replace Raman or chemometric models. Instead, it
connects to them and incorporates the results into the monitoring and
control environment. Vendor specificity disappears because the platform
handles diverse inputs consistently.

YOKOGAWA 14



Automated workflow execution.

SOPs become executable logic through the platform’s no code workflow
editor. This minimizes human variation, which is essential for predictive
consistency. When a step must occur based on a specific condition rather
than a timer, the system enforces it.

Real time, analytically informed control logic.

Whether an organization uses MPC, Raman based glucose estimates,
offline analyzers, or simple rules-based logic, BioPilot provides the
execution layer for these strategies. The plant becomes capable of
adjusting feed rates, pump balances, or sampling schedules based on
evolving conditions.

Scalable behavior.

Because the logic sits above the equipment layer, predictive behavior can
be applied across scales. The same model driven strategy that controls
glucose at 2 liters can be applied to 20 liters or 200 liters, assuming proper
modeling and calibration.

These principles apply to any predictive platform, but BioPilot illustrates
how they can be implemented in a vendor agnostic environment using
existing equipment.

4. IMPLICATIONS FOR STAKEHOLDERS
Achieving Level 4 changes how every group in the organization works.
Upstream scientists gain a more reliable environment where process

conditions respond dynamically to biological cues instead of fixed
schedules. Their experiments translate more faithfully across scales.

Building the Modern Bioprocessing Environment

MSAT teams spend less time diagnosing execution inconsistencies
because the automation layer ensures uniformity. Their efforts shift from
firefighting to optimization.

Operators experience a significant reduction in manual burden. Instead
of juggling multiple systems and timing steps by hand, they follow guided
logic and monitor overall health. The plant feels calmer and more
predictable.

Digital transformation leaders finally see the payoff from years of
incremental improvements, because the system shifts from fragmented
digitalization to true operational intelligence.

Leadership teams witness fewer deviations caused by execution errors,
more predictable batches, and smoother tech transfer outcomes.
Predictability becomes a tangible business advantage rather than a
theoretical goal.

Vendors benefit as well because their tools integrate more easily into an
environment capable of using their advanced features.

5. PRACTICAL MOVES AND SUMMARY

The path to Level 4 begins by recognizing that predictive behavior is not a
feature. It is the outcome of an integrated, coordinated operational
structure. Organizations must focus on building the environment that
makes predictive operations possible, not on purchasing isolated
advanced tools.

YOKOGAWA
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The practical moves include establishing a unified integration layer, digitizing and automating
workflows, aligning data across sources, and enabling control logic that responds to real time
analytics. These steps create the structural conditions necessary for predictive capability to emerge.

This chapter describes Level 4 from a functional and operational standpoint. The next chapter
examines the system landscape from another angle, explaining why fragmentation persists and why
unifying that landscape is the critical step toward predictive operations.

WHAT MAKES A PREDICTIVE PLANT POSSIBLE?

(@Y%

ALIGNED DATA INTEGRATED ANALYTICS AUTOMATED EXECUTION

Everything in context, in time Insights that don’t sit idle Workflows that act, not wait

* Online + offline signals « PAT, models, and analytics « SOPs become executable logic
synchronized connected « Conditional actions replace

« Workflow events embedded in  Signals interpreted in real time manual steps
the timeline * No separation between analysis « Consistency across runs and

« No gaps between measurement and operations scales

and meaning « It's how the industry evolved, not
a one-off issue

PREDICTIVE CONTROL IS NOT A FEATURE—IT'S THE OUTCOME
SEE = UNDERSTAND — ACT — ADAPT

L
See @M Understand Act }Adapt
* Full process visibility \_ 4. * Analytics interpret « System adjusts before \¢7 « Behavior improves

in real time what's happening deviation occurs run after run
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Chapter 4

Building the Modern Bioprocessing Environment

UNDERSTANDING THE SYSTEM
LANDSCAPE AND WHY IT
FRAGMENTS

Bioprocessing facilities did not become fragmented by accident.
They became fragmented because each tool, analyzer, control
system, and software package were introduced to solve a
specific problem at a specific moment in time.

Over years of expansions, retrofits, tech transfers, and shifting regulatory expectations,
plants accumulated layers of technology that were never designed to work together as a
single, coordinated system. This chapter examines that landscape in detail, showing why

fragmentation is not a temporary inconvenience but a structural outcome of how
bioprocess facilities evolve.

1. CONTEXT / PROBLEM

When people describe their plant environment, they often mention the complexity with
a kind of resigned humor. They know that the Raman tool only talks to its own software.
They know that the cell counter exports data into a CSV file that someone uploads
manually hours later. They know that their DCS is robust but lives in isolation from PAT
tools. They know that their MES provides batch records but does not meaningfully

connect real time measurements to workflow execution. These systems coexist, but they
do not collaborate.

The net effect is an operational environment built from islands, each productive on its
own but fundamentally unaware of the others. Data is scattered across systems that

YOKOGAWA

17



speak different languages. Control logic operates within narrow
boundaries. Operators make judgment calls based on whatever
information they can gather. Teams compensate for the limitations, but
the process never becomes more predictable or easier to scale. This
structural fragmentation is the invisible bottleneck that constrains digital
maturity across the industry.

2. STRUCTURAL CAUSES

Fragmentation is not the result of outdated technology. It persists
because the core systems inside a bioprocess plant have fundamentally
different design principles, vendor incentives, and architectural
expectations.

First, equipment vendors design inward, not outward.

Bioreactors, analyzers, and PAT tools are optimized for performance within
their own ecosystem. Vendors focus on accuracy, reliability, and usability
of their specific hardware and software. Integration with external systems
iS @ secondary concern, which means communication standards vary
widely. Even when an instrument supports open connectivity, it does so on
its own terms, requiring custom work to integrate meaningfully.

Second, control systems follow rigid operational boundaries.

A DCS or PLC is built to deliver deterministic, safety-oriented control. It
excels at managing actuators, interlocks, alarms, and core process
variables. However, it does not naturally incorporate high dimensional
data, evolving process models, or frequent external signals from analytics
tools. Expanding its functionality often requires engineering time, vendor
involvement, and validation cycles, which leads to gaps between what is
theoretically possible and what gets implemented.

Third, PAT and analytics systems operate in their own domains.
Raman spectroscopy, chemometric software, multivariate analysis tools,

Building the Modern Bioprocessing Environment

and offline lab systems were not designed to integrate directly with control
systems. They are analytical environments, not orchestration layers. Their
outputs are valuable, but they often sit on another layer of the stack and
require humans to interpret and act on the results.

Fourth, enterprise systems live on a different timeline.

MES, LIMS, ERP, and QMS platforms focus on documentation, scheduling,
quality, and compliance. They do not operate at the second-to-second
cadence of bioreactor dynamics. The speed mismatch creates natural
separation in both architecture and workflow.

Finally, data historians store information, but they do not unify it.
Historians reliably capture time series data, yet they lack awareness of
contextual events, workflow logic, or offline measurements. They store
information, but they do not create meaning. This means that even when
all the data exists in some form, it is rarely aligned or ready to support
predictive behaviors.

These structural causes create an environment where technological pieces
function independently but do not converge into coordinated behavior.

3. BIOPILOT AND VENDOR AGNOSTIC
SOLUTION PRINCIPLES

BioPilot serves as a practical example of how to unify this fragmented
environment without replacing existing tools. The principles it follows can
be generalized for any vendor agnostic approach.

A neutral integration layer.

Instead of attempting to force every tool into a single vendor ecosystem,
BioPilot sits above the equipment layer. It connects bioreactors, PAT tools,
analyzers, DCS, and PLC systems through configurable interfaces, allowing
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each component to contribute data and receive commands in a
standardized way.

Separation of control from coordination.

Control systems should continue managing safety, interlocks, and core
process variables. BioPilot handles the coordination logic that requires cross
system awareness. This division allows the environment to evolve without
jeopardizing validated control layers.

Data harmonization across sources.

The platform aligns online signals, offline analytics, and workflow events in
a single operational timeline. This allows teams to see relationships rather
than isolated data points.

Workflow execution across systems.

Instead of relying on MES or operators to orchestrate complex sequences,
BioPilot converts SOPs into executable logic that bridges equipment
boundaries. Each step becomes synchronized with process data, making the
entire sequence more accurate and reproducible.

Real time decision support and control.

By integrating analytics directly into the operational layer, BioPilot enables
adjustments that reflect what the biology is actually doing. This includes
Raman driven estimates, MPC based feed control, or condition triggered
sampling.

These principles break the pattern of fragmentation by creating a single
coherent layer that sits above the diverse system landscape.

4. IMPLICATIONS FOR STAKEHOLDERS

For scientists, fragmentation means that process changes must be tested
repeatedly because there is no guarantee that execution will match intent.
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This slows down experimentation and introduces variation that has
nothing to do with biology.

For MSAT, the root cause of many deviations becomes difficult to identify.

Was the issue analytical, procedural, or mechanical? Were samples taken
at the right time? Were feeds adjusted based on reliable data?
Fragmentation obscures answers.

Operators feel the consequences most directly. They are the ones
switching between screens, compensating for broken integrations, and
managing steps that should be automated. As systems multiply,
operators become responsible for managing their conflicts.

For digital transformation leaders, fragmentation undermines every
initiative. A new PAT tool cannot deliver value if it cannot influence
workflow execution. A model cannot drive control decisions if the signals
feeding it are unaligned. A dashboard cannot provide insight if data
sources disagree.

Leadership teams see the cost through delays, variability, and risk. They
invest in advanced tools, yet outcomes remain inconsistent because the
environment cannot support predictive behavior.

Vendors also feel the impact. Their most powerful capabilities, especially

those involving real-time analytics, remain underutilized because
customers lack a platform capable of orchestrating them effectively.

5. PRACTICAL MOVES AND SUMMARY

To overcome fragmentation, organizations must first map their current
system landscape. This includes identifying every analytic tool, control
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system, data environment, and workflow that contributes to the process. The goal is not to replace
these systems, but to understand how they interact. Once this map exists, the gaps become clear:
missing connections, inconsistent data pathways, manual interventions, and uncoordinated workflows.

The next move is to establish a neutral integration and workflow layer that sits above the equipment
ecosystem. BioPilot illustrates one such approach, but the principle is what matters: the plant needs a
functional layer that unifies integration, data alignment, analytics usage, and workflow execution.

Fragmentation will not resolve itself. The architecture must change deliberately. Predictive behavior is
only possible when the entire environment functions as a coordinated system rather than a collection
of isolated tools.

This chapter explains why fragmentation persists and why orchestration is essential. The next chapter
explores integration more deeply, focusing on how to unify instruments, analyzers, PAT tools, and
control systems into a coordinated operational environment.

FRAGMENTATION ISN'T A GAP IN TECHNOLOGY.
IT'S A GAP IN ORCHESTRATION.

SYSTEMS WEREN’T BUILT FRAGMENTATION IS DATA EXISTS—BUT
TO WORK TOGETHER REINFORCED OVER TIME CONTEXT DOES NOT

Each tool was designed to Every expansion, upgrade, or Information is captured
optimize itself— retrofit adds another everywhere...

not the process as a whole layer—not a unified system but meaning is lost between
systems

« Equipment is inward-focused « New tools are added, not
 Analytics live in separate re-architected * Signals are not time-aligned
environments  Integration becomes custom and « Events are not linked to outcomes
+ Control systems operate within fragile  Systems store data, not
strict boundaries « Complexity compounds with scale relationshipsa one-off issue
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INTEGRATION AS THE FIRST
BREAKTHROUGH: INSTRUMENTS,
PAT, AND CONTROL

If there is a single turning point that determines whether a
bioprocessing environment can move beyond fragmented,
reactive operations, it is the moment when integration
becomes intentional rather than incidental.

Chapter 5

Most facilities integrate out of necessity rather than design. A new analyzer needs to
report data somewhere, so an interface is built. A new reactor needs supervision, so a
connection is added to the DCS. These point integrations solve immediate problems but
never accumulate into a cohesive system. This chapter explains why deliberate, vendor
agnostic integration is the first breakthrough on the path toward predictable, Level 4
style operations.

1. CONTEXT / PROBLEM

Bioprocessing depends on many different types of equipment, each of which plays a
critical role. Bioreactors manage the biology, PAT tools measure key attributes, offline
analyzers confirm product and metabolite levels, and the DCS or PLC executes core
control logic. Each of these systems excel in its own domain, yet they rarely share a
unified operational context. The bioreactor may see dissolved oxygen and agitation
trends, while Raman spectroscopy identifies glucose drift in another software
environment. Offline lactate measurements arrive later and live in a LIMS. The DCS
continues issuing feed commands based on predetermined steps, unaware of the
evolving biology.
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This fragmentation creates blind spots that no amount of local
optimization can resolve. Operators and scientists must jump between
interfaces to form a mental model of what is actually happening.
Automation becomes limited because the system lacks the combined
understanding needed for dynamic adjustments. The facility may have
advanced tools, but it does not have an advanced environment.

2. STRUCTURAL CAUSES

The underlying causes of poor integration span several layers of the
technology stack.

First, equipment heterogeneity guarantees inconsistency.

Bioreactors, regardless of vendor, typically offer different communication
protocols, data structures, and configuration expectations. The same is
true for PAT tools. Raman providers, cell counters, and medium analyzers
all use different languages, making direct integration brittle and
inconsistent without a neutral intermediary.

Second, integration is usually built point to point.

Most plants have dozens of one-off connections. For example, a PAT tool
may export its output to a network drive. A historian may pull a few signals
from the DCS. A LIMS may receive some offline results. These links do not
scale because each new tool requires another custom bridge, eventually
producing an ecosystem that is too complex to maintain.

Third, the DCS and PLC are limited in analytic scope.

While they excel at deterministic control, they do not natively ingest
complex data such as Raman spectra, chemometric models, or high
dimensional analytics. Feeding these into the DCS often requires heavy
customization or is simply impractical given validation and safety
constraints.
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Fourth, enterprise tools do not operate in real time.

MES and LIMS systems capture information after the fact, not at the
cadence needed to drive real time decisions. They provide governance and
documentation, but they cannot act as operational integrators.

Finally, integration responsibilities are scattered across teams.
Automation engineers manage DCS logic, IT manages enterprise data
systems, MSAT works with PAT tools, and scientists interpret offline
analytics. No single function owns the operational fabric that links these
domains together.

These structural realities make predictable integration impossible without
a dedicated orchestration layer.

3. BIOPILOT AND VENDOR AGNOSTIC
SOLUTION PRINCIPLES

BioPilot offers a practical example of how to move from ad hoc integration
to purposeful, orchestrated connectivity. Its design reflects principles that
apply to any system that aims to unify diverse equipment landscapes in a
vendor neutral way.

A centralized integration layer.

Instead of relying on dozens of direct connections, BioPilot acts as a central
hub. Instruments connect to it, not to each other. This dramatically
simplifies architecture. When a new analyzer or bioreactor is added, it plugs
into a common environment rather than requiring custom work across
multiple systems.

Vendor agnostic connectivity.
Because BioPilot supports multiple communication drivers and protocols, it
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can connect to tools from different vendors without requiring plants to
standardize their equipment portfolios. This reduces integration cost and
increases flexibility during procurement and scale up.

Real time data collection from both online and offline sources.

The platform can ingest Raman outputs, online glucose or lactate
measurements, offline IgG titers, viable cell density results, or any other
analytic stream. By placing these in a common time aligned data model|, it
becomes possible to interpret signals in context instead of isolation.

Real time, analytically informed control logic.

Whether an organization uses MPC, Raman based glucose estimates,
offline analyzers, or simple rules-based logic, BioPilot provides the
execution layer for these strategies. The plant becomes capable of
adjusting feed rates, pump balances, or sampling schedules based on
evolving conditions.

Linking PAT to control execution.

This is where integration moves from passive to active. BioPilot does not
simply read Raman estimates or offline measurements; it can use them to
drive real time control decisions such as feed rate adjustments or pump
balancing. This is the bridge between analytics and action.

Seamless communication with DCS and PLC systems.

The system establishes an automation orchestration layer (physical
operations layer) above existing DCS and PLC systems. It communicates
seamlessly with the control layer by issuing commands, setpoints, and
adjustments without replacing it. This architecture preserves existing
safety, validation, and control strategies while enabling higher level
behaviors such as model driven control and dynamic, executable
workflows across equipment.
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These integration principles create an operational fabric that supports
predictive capability even if the equipment landscape remains diverse.

4. IMPLICATIONS FOR STAKEHOLDERS

Intentional integration changes the relationship between teams and
tools.

For upstream scientists, integration means a single view of all important
measurements. They no longer guess how offline results relate to
upstream signals. This strengthens hypothesis testing, design of
experiments, and scale up confidence.

For MSAT, integration means fewer mysteries. When feeding, glucose
levels, viable cell density, and metabolites can be seen together in real
time, troubleshooting becomes precise rather than exploratory. Root

causes become easier to identify because data is aligned.

For operators, integration reduces mental load. Instead of switching
between five systems to understand the process, they use one
environment that has already consolidated the necessary information.
Their role shifts from chasing data to supervising decisions.

For automation and digital teams, integration reduces infrastructure risk.
They maintain a cleaner architecture with fewer custom connectors and
less technical debt. New tools can be added more quickly, and advanced
analytics can be implemented without overhauling the control system.

For leadership, integration becomes visible through reduced deviations,

more predictable runs, and shorter investigations. It shows up in the form
of operational reliability, not technological hype.
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5. PRACTICAL MOVES AND SUMMARY

To begin the transition toward purposeful integration, organizations should start by mapping their
current connectivity landscape. Identify which instruments connect where, how data moves between
systems, and where operators act as intermediaries. This reveals the complexity and highlights the
gaps that centralized integration must fill.

Next, create a plan to consolidate integrations into a unified operational layer. A platform such as
BioPilot can serve this role, but the choice of technology matters less than the principle: integration
must be centralized, vendor agnostic, and designed to support real time coordination.

Finally, organizations must establish the practice of integrating new tools into the central layer rather
than adding more point connections. This prevents further fragmentation and lays the groundwork for
advanced capabilities like predictive control.

This chapter explains why integration is the first true breakthrough on the path to Level 4 maturity.

The next chapter explores how workflow execution changes once integration is in place, specifically
how SOPs shift from static instructions to executable logic that coordinates real time operations.

THIS IS THE FIRST REAL FIX.

INTEGRATION MUST BE CONNECT ONCE—SCALE FROM DATA
INTENTIONAL EVERYWHERE TO ACTION

Not added case by case— A central layer replaces Integration only matters
but designed as a system dozens of fragile point when it drives real-time
foundation integrations decisions
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WORKFLOW EXECUTION AND
THE SHIFT FROM SOPS TO
AUTOMATED LOGIC

Bioprocessing environments run on Standard Operating
Procedures, or SOPs. These instructions define what must be
done, when it must occur, and how it must be performed. They
exist to ensure consistency, compliance, and safety.

Yet, in most facilities, SOPs function as static documents interpreted by human
operators, not as dynamic logic executed by integrated systems. This reliance on manual
execution introduces variability, increases cognitive load, and prevents processes from
behaving predictably. This chapter explains why workflow automation represents a
foundational shift and how the move from SOPs to executable logic unlocks higher
maturity operations.

1. CONTEXT / PROBLEM

Even in highly automated facilities, a surprising amount of work remains manual.
Operators start timers, adjust pumps based on offline results, initiate sampling
procedures, monitor PAT outputs, and confirm conditions before taking action. SOPs
guide these steps, but operators interpret and reconcile instructions across systems in
real time. This creates inconsistency, because humans naturally vary in timing, attention,
and interpretation.

The complexity increases in cell and gene therapy workflows, where dozens of steps
occur in tightly controlled sequences. A delay in one step can affect viral vector integrity.
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A missed verification can impact product quality. When these SOPs are
executed by people coordinating multiple screens while responding to
alarms and sampling schedules, the risk of human error rises even when
operators perform exceptionally well.

Manual SOP execution also limits the use of advanced analytics. If Raman
spectroscopy indicates a glucose drift, but the workflow requires operator
confirmation before adjusting feed rates, the benefit of real time analytics
is diluted. A process can only act on what the execution environment can
support.

2. STRUCTURAL CAUSES

SOPs remain manual for reasons deeply embedded in how plants were
designed.

First, workflows evolved before integration existed.

Most SOPs were written at a time when instruments were disconnected, PAT
tools were rare, and control systems could not ingest complex analytics.
Operators were the natural choice for integrating process information and
executing logic.

Second, batch records prioritize documentation over execution.

MES platforms are excellent at capturing actions after they occur, but they
do not typically orchestrate multi system workflows at real time speed. They
document what happened, but they do not drive what will happen next.

Third, control logic is deliberately narrow.

DCS and PLC systems are validated environments designed for deterministic
control. They handle core functions well but were never intended to manage
branching workflow logic, multi system dependencies, or PAT informed
decisions.
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Fourth, equipment diversity prevents uniform automation.

Even within a single facility, different reactors, analyzers, and monitors
require different actions to perform the same step. This variability makes it
difficult to encode workflows directly into equipment or fixed automation
layers.

Finally, workflows depend on context that systems do not share.

A workflow step often depends on biological conditions, analytic trends,
operator checks, and system state. Without a unified view of the process,
no single system can make the correct decision consistently.

These factors keep SOPs locked in a manual paradigm and prevent
facilities from translating process knowledge into predictable, automated
execution.

3. BIOPILOT AND VENDOR AGNOSTIC
SOLUTION PRINCIPLES

BioPilot illustrates how workflow execution can shift from static to dynamic
without forcing plants to replace equipment. The principles behind its
approach reflect what any vendor agnostic orchestration layer must
deliver.

SOPs become executable flowcharts.

Instead of existing as PDFs or MES entries, SOPs can be converted into
logical steps using a no code workflow editor. Each block represents an
action, condition, verification, or decision. This structure ensures that
workflows follow the same logic every time.

Cross system coordination becomes automatic.
BioPilot can read data from PAT tools, reactors, offline analyzers, and

YOKOGAWA

26



operator inputs, then trigger actions accordingly. This eliminates the need
for operators to monitor multiple systems simultaneously or manually
align timing across devices.

Conditional logic replaces manual interpretation.

For example, if Raman glucose estimates rise above a threshold, the
workflow can automatically reduce feed rate or trigger a sampling step. If
an offline lactate measurement contradicts an online trend, the system can
prompt verification before continuing.

Real time monitoring synchronizes with workflow execution.

Because the workflow engine aligns with the integrated data environment,
each workflow step is contextualized by real time process signals. Actions
occur based on the actual state of the biology, not on rigid timers.

Operator guidance becomes built in.

When human involvement is needed, BioPilot provides clear prompts and
verification steps. This reduces variation in human execution by
embedding instructions directly into the operational flow.

These principles shift workflows from a manual, operator dependent
structure to a predictable, integrated execution model.

4. IMPLICATIONS FOR STAKEHOLDERS

For upstream scientists, workflow automation means greater
reproducibility. Experiments no longer depend on subtle operator
differences, which improves data quality and accelerates development.

For MSAT, automated workflows reduce the number of deviations caused
by timing, interpretation, or execution errors. Investigations become
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simpler because the workflow log provides a clear record of actions and
conditions.

For operators, workflow automation reduces cognitive burden. Instead of
juggling multiple systems, starting timers, and checking conditions
manually, they follow guided prompts and oversee a process that
executes much of the routine logic automatically.

For digital and automation teams, workflow automation creates a
maintainable logic layer that grows with the process. Instead of writing
custom scripts, they can use standardized building blocks to update
procedures when the process changes.

Leadership benefits through reduced operational risk, more predictable
performance, and greater confidence during tech transfer. SOPs become
portable as executable logic rather than narrative instructions, reducing
variability between sites.

Vendors benefit because their tools are integrated into workflows in a
way that showcases their capabilities. PAT tools, for example, have more
impact when their outputs drive real time actions rather than being
reviewed hours later.

5. PRACTICAL MOVES AND SUMMARY

To begin the transition from manual SOPs to automated workflows,
organizations should start by identifying processes with high operator
burden, high variability, or high downstream impact. These processes
often include fed batch feeding, sampling, metabolite monitoring, and
process operations.
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Next, pilot the translation of these SOPs into executable workflows within a centralized orchestration

layer. Begin with sequences that rely heavily on timing or condition checks, because these benefit

most from automation.

Finally, build a library of reusable workflow modules that can be applied across processes and scales.

These modules allow teams to grow their automation capabilities systematically rather than

rebuilding logic from scratch.

This chapter explains how workflow execution evolves from a manual process to a dynamic,
automated structure. The next chapter examines how data alignment and real time monitoring
support these workflows by offering visibility, context, and actionable insight.

WHY SOPS BREAK DOWN
-THIS IS HOW WORK ITSELF CHANGES

0 Ol
U =N

INTERPRETATION TIMING
VARIES IS MANUAL

Same SOP, Critical steps
different execution rely on vigilance

» Timing depends on the operator « Operators track time and

« Decisions rely on experience conditions

 Variability is built in « Delays and overlaps happen
 Precision is hard to sustain

LOGIC — TRIGGERS —
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SYSTEMS DON’T
COORDINATE

Workflows span
disconnected tools

 Actions triggered across multiple

systems

« No shared awareness of process

state

« Gaps filled by people

ORCHESTRATION
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DATA ALIGNMENT, REAL TIME
MONITORING, ANALYTICS, CONTROL,
OPTIMIZATION AND WHY CONTEXT
MATTERS

Bioprocesses do not fail because of a single signal. They fail
when multiple signals drift in a pattern that the operating
environment cannot see, interpret, or act upon in time.

Data alignment is foundational not only to real-time monitoring, but also to analytics,
control, and optimization. Real-time visibility is valuable only when it is grounded in
context, linking online measurements, offline analytics, workflow steps, and operator
actions into a coherent picture. Without context, data becomes noise. Without
alignment, trends become misleading, models become fragile, and control strategies
lose effectiveness.

This chapter explains why real-time visibility, analytics, and control must be grounded in
integrated data structures, not in dashboards layered on top of fragmented systems.

1. CONTEXT / PROBLEM

Most bioprocessing environments collect a tremendous amount of data. Online sensors
deliver second by second readings of pH, dissolved oxygen, agitation, aeration, and
temperature. PAT tools generate spectra or concentration estimates. Offline labs
measure metabolites, viable cell density, and product titers. Operators record
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procedural steps, verification checks, and observations as batch records
or digital entries. Each source is valuable, but the information is rarely
aligned in time, format, or context.

The result is a monitoring experience that requires interpretation rather
than providing insight. A scientist sees glucose trending downward in the
historian but must check a separate tool to interpret Raman predictions.
An operator may notice rising lactate but must wait for an offline
measurement to confirm. A supervisor reviewing a deviation may see the
sequence of events but not the relationship between signals that caused
the issue. Real time monitoring becomes a mosaic of partial information
rather than a window into the full process.

2. STRUCTURAL CAUSES

Poor data alignment and contextual gaps emerge from several structural
issues within typical bioprocessing environments.

First, data sources operate on different clocks.

Online measurements update constantly. Offline analytics may arrive
every hour. Raman predictions may be calculated every few minutes.
Workflow steps occur at variable intervals. Without a synchronized data
model, these sources cannot be compared accurately.

Second, systems use incompatible formats.

Historians store numeric time series. PAT tools may export files. Offline
labs provide discrete readings. MES platforms store event logs. These
formats cannot be aligned easily without a unified integration layer.

Third, events are not linked to data streams.
Critical moments such as feed initiation, sampling, or operator checks
rarely appear as contextual markers within real time trends. This makes it
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difficult to understand cause and effect.

Fourth, data ownership is fragmented.

Automation teams manage DCS data. MSAT teams handle PAT outputs.
Labs manage offline measurements. Quality owns the batch record. IT
manages enterprise data. No single function is responsible for unifying
these domains.

Finally, analysis tools are isolated.

Raman systems, chemometric engines, and multivariate analysis platforms
often run separately from monitoring screens. Even if they export values,
those values are not contextualized within the broader process timeline.

These structural issues ensure that even rich data environments remain
blind to the full process story.

3. BIOPILOT AND VENDOR AGNOSTIC
SOLUTION PRINCIPLES

BioPilot provides a practical example of how real time monitoring becomes
meaningful when it is grounded in aligned, contextualized data and stored.
Its approach highlights principles that matter for any vendor agnostic
integration layer.

A unified data model.

BioPilot aligns online signals, PAT outputs, offline measurements, and
workflow events into a single synchronized timeline. This transforms
isolated values into relational information. A glucose measurement is not
just a number; it becomes a point within a broader narrative of feed rate
changes, viable cell density growth, and metabolite accumulation.
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Event contextualization.

Workflow steps, operator actions, sampling events, and control
adjustments appear as markers within real time trends. This
contextualization allows teams to understand what actions preceded
variations and what conditions preceded events.

Bidirectional flow between analytics and monitoring.

Raman predictions, chemometric models, and external analytics engines
feed directly into BioPilot's monitoring environment. The platform
becomes aware not only of raw signals but also of interpreted analytics.

Real time dashboards reflect process behavior, not system boundaries.
Instead of separate screens for each tool, BioPilot creates a unified view
that reflects how the biology is actually responding. Signals that
traditionally lived in separate domains appear together, providing the
clarity needed for decision making.

Support for offline data without delay.

Even when offline tools perform measurements every few hours, BioPilot
integrates these values into the real time timeline as soon as they become
available. This reduces the lag that often weakens the connection between
monitoring and control.

These principles create a monitoring environment where data works
together rather than competing for attention.

4. IMPLICATIONS FOR STAKEHOLDERS

For scientists, aligned data enables clearer interpretation of process
behavior. Relationships between metabolites, cell growth, and feed
strategies become visible. This strengthens process understanding and
accelerates development.
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For MSAT teams, contextualized monitoring improves troubleshooting.
When events, signals, and workflow steps appear on the same timeline,
root causes become recognizable patterns rather than puzzles.

For operators, real time dashboards reduce the need to switch between
systems. They can monitor the full process from a single interface,
improving situational awareness and reducing stress.

For automation teams, aligned data reduces the need for custom
engineering. Control logic can draw from multiple sources without
manual intervention, enabling more advanced strategies.

Leadership gains confidence through improved visibility. Deviations
become easier to investigate. Performance becomes more predictable.
Across sites, monitoring standardization enhances transferability.

Vendors offering PAT tools or advanced analytics benefit because their
outputs become more impactful when they feed directly into a unified
environment,

5. PRACTICAL MOVES AND SUMMARY

Organizations seeking better monitoring must first acknowledge that
dashboards alone are insufficient. Real time visibility depends on aligned,
contextualized data structures. To achieve this, teams should identify
every incoming data source, map update frequencies, and evaluate where
signals enter the operational timeline.

Next, create a unified data layer through a vendor agnostic orchestration
platform. Whether that platform is BioPilot or another integration
solution, it must be capable of synchronizing online and offline signals,
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interpreting analytics, and aligning workflow events within a single context.

Finally, rebuild monitoring screens based on process behavior rather than system boundaries.
Dashboards should reflect the biology, not the architecture of the tools producing the data.

This chapter explains why real time monitoring must rest on unified data to provide true operational
insight. The next chapter explores how predictive control emerges from this foundation, specifically
how Raman spectroscopy, model predictive control, and real time analytics combine to influence
process behavior dynamically.

FROM DATA TO CONTEXT TO ACTION:
THIS IS WHERE DATA STOPS BEING “COLLECTED”
AND STARTS BECOMING UNDERSTOOD AND USABLE

DATAWITHOUT CONTEXT
IS NOISE

ALIGNMENT CREATES
UNDERSTANDING

CONTEXT ENABLES
ACTION

Context turns data
into meaning

More data doesn’'t mean
more insight

Aligned data drives
better outcomes

* Online + offline data
synchronized

« Events linked to process signals

« Timeline reflects the full process

 Signals arrive at different times
« Systems store data in isolation
» Trends are difficult to interpret

« Analytics become reliable

« Control responds to real
conditions

« Decisions happen in real time

NOISE — UNDERSTAND — ACTION
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INTRODUCING PREDICTIVE CONTROL:
PAT (EG. RAMAN), MPC, AND
CLOSED LOOP BEHAVIOR

Predictive control is often discussed as if it were a futuristic
capability reserved for fully autonomous plants. In reality,
predictive control is a practical next step once integration,
workflow automation, and aligned monitoring are in place.

At its core, predictive control means using real time analytics and process models to
adjust operations before deviations occur. It does not eliminate human expertise. It
amplifies it by allowing the system to act on insights that humans can observe but
cannot respond to quickly enough. This chapter explains how predictive control works in
bioprocessing, why it matters, and how it emerges from the structures built in earlier
chapters.

1. CONTEXT / PROBLEM

Most bioprocesses today are controlled by fixed logic. Feed rates are scheduled at
predefined intervals. Alarms trigger when thresholds are exceeded. Sampling plans
follow the same timing regardless of how the biology behaves. Single loop PID
(Proportional Integral Derivative) control may tune one variable, but it does not
understand multivariate interactions. These approaches work when the process behaves
predictably, but they fall short when biological systems shift, metabolites accumulate
unexpectedly, or nutrient demands change.

PAT tools such as Raman spectroscopy can detect these changes, but without a system
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to interpret and automate actions, insights remain trapped in dashboards.
A Raman probe may predict that glucose will drop within the next hour, but
the process continues feeding on a timer because no part of the execution
environment uses that prediction. The value of analytics is lost when it
cannot influence behavior in real time. Predictive control addresses this gap
by coupling analytics with actionable logic.

2. STRUCTURAL CAUSES

Predictive capability fails to emerge in most facilities because the
architecture is not designed to support it. Several structural constraints
block closed loop behavior.

First, control systems cannot ingest complex analytics directly.

A DCS or PLC is ideal for managing actuators and interlocks, but it is not
built to interpret Raman spectra, multivariate predictions, or offline
metabolite data. Without an intermediary, advanced analytics cannot
influence control signals.

Second, predictions lack operational context.

Even if a PAT tool estimates glucose concentration, the system may not
know what the feed pump is doing, what the sampling schedule looks like,
or which workflow step is active. Without context, analytic outputs cannot
drive meaningful decisions.

Third, fixed workflows prevent adaptive behavior.

Processes that follow rigid timers cannot respond dynamically, even when
conditions change. Predictive control requires workflows that can branch,
adjust, or execute conditionally.

Fourth, data is not aligned.
A prediction must be compared against real time trends, offline results, and
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recent control actions. If these sources are not aligned, the system cannot
determine whether a predicted drift is meaningful.

Finally, predictive control requires a platform that can coordinate
analytics and action.

Most facilities lack a central layer where PAT results, process models,
workflow logic, and actuator instructions converge. Without this
convergence, predictive behavior cannot occur.

These structural barriers ensure that even powerful analytical tools remain

passive observers rather than active participants in process control.

3. BIOPILOT AND VENDOR AGNOSTIC
SOLUTION PRINCIPLES

BioPilot demonstrates how predictive control becomes feasible within a
vendor diverse environment. Its approach reflects the broader principles
any predictive system must follow.

Consolidation of analytics and process data.

BioPilot ingests real time sensor data, Raman predictions, chemometric
outputs, offline measurements, and workflow events into a unified model.
Predictive control relies on this fusion, because models require complete
context to behave accurately.

Real time interpretation of PAT outputs.

Raman spectroscopy can estimate glucose or lactate levels based on
spectral signatures. Within BioPilot, these predictions are treated as live
inputs that inform control decisions. This allows control logic to reflect real
biological conditions rather than rigid schedules.
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Execution of model driven control.

Model predictive control (MPC) uses mathematical models to predict future
process states and determine optimal actions. BioPilot provides the
environment for MPC logic to operate, sending adjusted feed rates or pump
commands to the DCS or PLC without replacing those systems.

Closed loop behavior without system replacement.

BioPilot does not take over the DCS. Instead, it works on top of it, issuing
commands based on analytics while the DCS maintains safety and
deterministic control. This layered approach preserves validation and
reliability while enabling advanced behavior.

Multivariate awareness.

Predictive control considers relationships between variables. For example,
glucose control is rarely about glucose alone. Lactate, viable cell density, feed
composition, and metabolite levels all matter. BioPilot treats these signals as
part of one system, enabling more accurate adjustments.

Autonomous operation with human oversight.

Predictive systems do not eliminate operator involvement. BioPilot allows
operators to supervise logic, approve certain adjustments, or intervene when
necessary while still benefiting from automated predictive adjustments.

These principles enable predictive control without requiring a monolithic
vendor ecosystem.

4. IMPLICATIONS FOR STAKEHOLDERS

For upstream and downstream process scientists, predictive control
translates to greater reproducibility and more reliable scale up. If the system
maintains glucose levels based on real time biology rather than schedules,
the biological responses become more consistent. This strengthens
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experimental outcomes and reduces variability across scales.

For MSAT teams, predictive control reduces troubleshooting workload.
When the process anticipates deviations, fewer deviations occur.
Investigations become more straightforward because the system logs
exactly when and why adjustments were made. Multivariate control
reduces mysteries caused by interactions between metabolites and feed
strategies.

For operators, predictive control simplifies execution. They no longer

have to watch for subtle shifts in glucose levels or manually adjust feed
pumps during critical windows. The system executes these adjustments
based on analytics, while the operator maintains supervisory authority.

For digital transformation leaders, predictive control represents the
clearest demonstration of digital maturity. It quantifies the value of
integration and automation by producing fewer failures, smoother runs,
and higher productivity.

Leadership teams benefit from increased reliability, reduced batch failure
rates, and greater confidence in tech transfer. Predictive control is not
just a technical upgrade. It is an operational advantage that translates
directly into cost, speed, and quality improvements.

Vendors benefit as their tools are fully utilized. Raman providers, for

example, see their systems used not only for monitoring but for active
control logic, demonstrating the value of advanced analytics.

5. PRACTICAL MOVES AND SUMMARY

To begin implementing predictive control, organizations must first solidify
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integration, workflow automation, and data alignment. Predictive control cannot be layered on top of
fragmented architecture. Once foundational layers are in place, organizations should:

Identify processes with strong PAT signals.

NS

Glucose control is a natural starting point because Raman spectroscopy and offline
analyzers already provide actionable inputs.

Develop or adopt simple control models.
Start with rules-based logic before progressing to MPC. This builds confidence and reduces risk.

Establish a coordinated execution layer.

o s W

Use a platform such as BioPilot to connect analytics to control actions without rewriting DCS
logic.

i

Pilot predictive control in controlled environments.

8. Begin with small scale reactors where adjustments are less risky. Gradually scale up once
performance is validated.

9. Document logic, assumptions, and decision points.

10. Predictive control must be transparent so that scientists, operators, and quality teams
understand how decisions are made.

11. Expand to multivariate and larger scale behaviors.

12. Once glucose control is stable, move to amino acid feeds, perfusion balancing, or other
processes with significant biological interactions.

Predictive control is the operational hallmark of a Level 4 environment. It emerges only when analytics,
workflows, and control systems function as one. The next chapter explores tech transfer and digital
continuity, two areas where predictive capability and unified execution dramatically improve performance
across sites.

Building the Modern Bioprocessing Environment
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Chapter 9

Building the Modern Bioprocessing Environment

TECH TRANSFER, SCALE UP, AND
DIGITAL CONTINUITY ACROSS SITES

Tech transfer is where a bioprocess finally reveals whether its
digital infrastructure is real or just a collection of well-intentioned
tools. Processes that behave reliably at development scale often
behave unpredictably when transferred to manufacturing.

Likewise, processes transferred between manufacturing sites can diverge even when the
underlying science is identical. These inconsistencies rarely come from biology alone.
They emerge from differences in equipment, system integration, workflow execution,
data handling, and operator burden. This chapter explains how unified integration and
automated execution lay the groundwork for digital continuity, making tech transfer and
scale up more predictable across diverse environments.

1. CONTEXT / PROBLEM

Tech transfer exposes every structural weakness in a process. Development teams hand
over documented methods, experimental results, and batch instructions, only to find
that receiving sites interpret or execute those instructions differently. Equipment from
different vendors behaves differently. PAT tools may not be installed or may operate
within incompatible software environments. Offline analytics may have different
turnaround times. The DCS may support certain types of integrations while rejecting
others. Operators may follow the same SOPs but with different timing, sequencing, or
judgment calls.

Because of these differences, transferred processes often exhibit unfamiliar behaviors.
Glucose control may drift earlier than expected. Viable cell density may grow at a
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different rate. Offline metabolite measurements may arrive too late to
inform feed strategies. What was stable in development becomes variable
in manufacturing. Tech transfer teams must then troubleshoot
inconsistencies that are not the result of the biology but the operational
environment itself.

Scale up presents the same problem. A control strategy may perform
flawlessly at two liters but behave unexpectedly at twenty liters because
workflow timing, sensing frequency, and control interactions change.
Without digital continuity between scales, scaling becomes guesswork
rather than design.

2. STRUCTURAL CAUSES

The difficulty in tech transfer and scale up arises from several structural
gaps that exist in most bioprocessing environments.

First, processes depend on execution, not just parameters.

Development teams may document feed volumes, sampling windows, and
agitation profiles, but execution timing, decision logic, and data
interpretation still depend on people. Once a process moves to a new
environment, these execution elements vary even when the parameters do
not.

Second, integration differences create behavioral differences.

One site may have Raman spectroscopy connected to its control
environment. Another may rely entirely on offline glucose measurements. A
third may not have PAT tools at all. If the execution environment cannot
compensate for these differences, the process behaves differently across
sites.

Third, offline analytics disrupt timing.
Offline metabolite or titer measurements often arrive on different schedules
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schedules at different sites. If the process logic depends on timely results,
variability in turnaround times alters process behavior.

Fourth, workflow steps are not portable.

SOPs written for one set of tools may not translate to another. A sampling
step that takes two minutes at one site may take five at another. Without
executable workflows, the process cannot adapt to differences in local
equipment or operator capacity.

Finally, data structures differ between sites.

One site may store data in a historian, another in a PAT system, another in
spreadsheets, and another in an MES environment. These discrepancies
prevent meaningful comparisons, making troubleshooting slower and less
effective.

These structural issues ensure that tech transfer and scale up remain
unpredictable unless a unifying operational layer exists across sites and
scales.

3. BIOPILOT AND VENDOR AGNOSTIC
SOLUTION PRINCIPLES

BioPilot illustrates how digital continuity can be established across sites
without forcing identical equipment or complete standardization. The
principles it implements provide a roadmap for building tech transfer
environments that behave consistently.

Executable workflows replace narrative SOPs.

When SOPs exist as flowcharts within BioPilot, the logic can be deployed
across sites regardless of equipment vendor. The workflow ensures
consistent step timing, verification, branching logic, and decision criteria
even when the surrounding tools differ.
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Integration normalizes differences.

BioPilot connects to different analyzers, PAT tools, and control systems
through vendor agnostic interfaces. This means receiving sites can use the
same logic even when equipment is not identical. The platform abstracts
vendor differences behind a common operational layer.

Data alignment makes processes comparable.

When BioPilot synchronizes online signals, PAT outputs, and offline
analytics into a unified timeline, development and manufacturing teams
can compare runs across sites. Similar patterns become visible.
Differences become explainable. Troubleshooting accelerates.

Predictive control strategies become portable.

If a development site uses Raman based MPC to requlate glucose, that
logic can transfer to manufacturing if the platform exists to execute it. If a
receiving site lacks Raman, BioPilot can substitute offline measurements
with adjusted timing. The strategy remains intact even when inputs differ.

Operator guidance becomes consistent.

Guided steps ensure that operator involvement follows the same logic
across sites. This reduces human variation and strengthens
reproducibility.

Digital continuity extends across scales.

Because workflow logic and control strategies sit above the equipment
layer, they can be scaled with minor adjustments. The same predictive
logic used at benchtop scale can operate at manufacturing scale,
assuming adequate process modeling and PAT calibration.

These principles transform tech transfer from a fragile translation exercise
into a coordinated digital replication.

Building the Modern Bioprocessing Environment

4. IMPLICATIONS FOR STAKEHOLDERS

For development scientists, digital continuity ensures that their process
knowledge is executed faithfully rather than interpreted loosely.
Experiments become more transferable. Observations become more
reliable. Development aligns more closely with manufacturing reality.

For MSAT, tech transfer becomes less chaotic. Instead of rebuilding
workflows from scratch, teams deploy executable logic and adjust only
what changes between sites. Scale up troubleshooting becomes targeted,
because data alignment reveals exactly where behaviors diverge.

For operators, consistent guidance reduces anxiety. They follow the same
structured logic regardless of site, equipment, or shift. This prevents
performance drift across multiple manufacturing centers.

For digital and automation leaders, digital continuity provides a platform
for cross site standardization without forcing identical equipment
purchases. It creates a foundation for long term harmonization across
global networks.

Leadership gains confidence because tech transfer becomes predictable.
New products scale more smoothly. Process performance converges
across sites instead of drifting apart.

Vendors see their capabilities shine across a broader set of customers
when the operational layer can use their data effectively.
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5. PRACTICAL MOVES AND SUMMARY

To improve tech transfer and scale up, organizations should begin by converting narrative SOPs into
executable workflows within a centralized orchestration layer. These workflows form the backbone of
digital continuity.

Next, integrate key instruments, PAT tools, and control systems into a vendor agnostic environment.
This ensures that process logic can function regardless of site-specific hardware differences.

Align data structures across sites. Require each facility to feed its process data into a unified timeline.
This enables meaningful comparisons and faster root cause analysis.

Finally, deploy predictive control strategies wherever data supports them. Even simple rule-based
logic improves consistency when executed identically across sites.

Tech transfer becomes predictable when execution becomes consistent. This chapter outlines the
structural approach needed to achieve digital continuity. The next chapter explores the human side
of the process, focusing on operator burden, cognitive load, and the impact of automation on
day-to-day operations.

WITHOUT CONTEXT, DATA IS JUST NOISE
COLLECT — ALIGN = UNDERSTAND — ACT

Collect @ I Align @}]]ﬂ Understand Act
« Signals from sensors, I Synchronize data \_«._ * Reveal relationships “ * Enable real-time
= .

PAT, labs, and across time, format, between signals and decisions and
workflows and systems events control
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THE HUMAN BURDEN: OPERATORS,
MSAT, AND COGNITIVE LOAD

No matter how advanced a bioprocessing facility becomes,
the people on the floor ultimately bridge the gaps between
systems, tools, and workflows.

Operators, MSAT teams, and front-line scientists absorb the friction created by
fragmented environments. They are the connective tissue of the plant, filling in for
systems that cannot talk to one another and compensating for workflows that do not
execute reliably on their own. This hidden human burden is the cost of incomplete
digital maturity, and it becomes especially visible when facilities attempt to scale, adopt
PAT, or implement advanced control strategies. This chapter examines the human
impact of operational fragmentation and explains how integrated, automated
environments reduce cognitive load and improve overall performance.

1. CONTEXT / PROBLEM

Operators rarely work with a single system. A typical operator may simultaneously
monitor a bioreactor screen, a PAT software window, a historian trend display, a LIMS
entry queue, and a printed SOP or MES task list. Each tool reflects only a piece of the
process, requiring the operator to synthesize multiple streams of information under

time pressure. During critical phases such as feeding, sampling, infection, or harvest,
this cognitive load multiplies.

MSAT teams face similar strain. When a deviation occurs, they must reconstruct the
event from data stored in separate locations. They chase timestamps, reconcile offline
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measurements, interpret PAT predictions, and depend on operator notes to
understand what happened. Investigations stretch longer than necessary,
not because the root cause is complex, but because the data is scattered.

Scientists also carry operational burden. They may understand a feeding
strategy conceptually but must rely on operators to execute it precisely.
When results vary, they must determine whether the biology behaved
differently or if execution drifted. The lack of transparency turns every run
into a detective exercise.

This human load is invisible in most digital transformation narratives, yet it
determines whether a facility can achieve operational maturity. When
people must bridge gaps created by systems, predictability becomes
impossible.

2. STRUCTURAL CAUSES

The human burden in bioprocessing arises from deeper architectural issues
that place unrealistic expectations on operators and MSAT.

First, the operational environment lacks a single source of truth.
When each system provides a fragment of the full picture, humans must
integrate information manually. Even highly skilled operators cannot
maintain perfect situational awareness across disparate systems.

Second, workflows rely on memory and vigilance.

SOPs describe what must be done, but not necessarily when conditions
change unexpectedly. Operators must recognize deviations, decide on
adjustments, and verify results manually. This creates unpredictable
variation between shifts, teams, and sites.

Third, advanced analytics are disconnected from execution.
PAT tools generate valuable insights, yet operators must interpret and act
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themselves. If Raman predictions indicate rising lactate, the operator must
catch the signal, understand its meaning, and adjust process steps. This
requires time, concentration, and expertise that cannot be guaranteed
consistently.

Fourth, offline measurements disrupt flow.

Operators often wait for offline glucose or lactate results before adjusting
feed rates. If results arrive late, decisions occur late. If results arrive early,
operators may not be available to act. Offline analytics create timing
mismatches that demand human compensation.

Finally, deviations become personal burdens.

When processes depend heavily on human execution, deviations often
trace back to missed steps, timing errors, or misinterpretations. This places
emotional and professional weight on operators, who often feel
responsible for systemic issues outside their control.

These structural problems create an environment where cognitive load
becomes part of the job description, leaving little room for improvement
unless workflows and systems evolve.

3. BIOPILOT AND VENDOR AGNOSTIC
SOLUTION PRINCIPLES

BioPilot demonstrates how the human burden can be reduced without
removing people from the process. Instead, it restructures the
environment so that operators work with systems rather than against
them. The principles it follows apply broadly to any vendor agnostic
automation and integration layer.

Unified operational visibility.
By consolidating online data, PAT outputs, offline measurements, and
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workflow events, BioPilot gives operators one window into the full
process. This reduces the need to mentally combine information and
decreases the chance of missing important signals.

Executable workflows that remove guesswork.
Operators follow step by step guidance embedded directly into the
workflow. The system checks conditions, prompts for actions, verifies

data, and records steps automatically. Operators no longer juggle timers,

screen changes, or handwritten notes.

Built in decision support.

When conditions shift, BioPilot provides the relevant context, displays the
relationships between signals, and triggers workflow branches or control

actions as needed. Operators supervise decisions instead of generating
them from scratch under pressure.

Automation of repetitive or time critical tasks.

Feed adjustments, sampling triggers, and PAT driven actions occur
automatically. Operators are freed from routine steps, allowing them to
focus on oversight, exception handling, and higher value activities.

Consistent logic across shifts and sites.

The same workflow logic, timing, and conditions are used everywhere.
Operators perform within a structured environment that removes
variability caused by personal interpretation or site-specific habits.

Reduction of human bottlenecks.

When offline measurements feed directly into the workflow, the system
handles timing and interpretation. Operators no longer need to wait for
results, estimate feed adjustments manually, or intervene at
unpredictable intervals.

These principles make the process more humane. Operators become
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supervisors, not compensators. MSAT becomes problem solvers, not
forensic analysts. Scientists become innovators, not detectives.
Automation elevates people rather than replacing them.

4. IMPLICATIONS FOR STAKEHOLDERS

For operators, reduced cognitive load improves focus, confidence, and
performance. Instead of working across multiple disconnected systems,
they interact with a single environment that provides direction and
insight. This reduces stress and strengthens reliability.

For MSAT, a unified operational record eliminates the need to reconstruct
events from scattered sources. They gain a clearer view of cause and
effect, enabling faster troubleshooting and more effective optimization.

For scientists, consistent execution improves experimental reproducibility
and strengthens process understanding. They can trust that deviations
reflect biology rather than human interpretation.

For digital transformation leaders, reducing human burden is a
measurable outcome that demonstrates the value of integration and
automation. Improvements show up in fewer errors, faster response
times, and shorter deviation investigations.

Leadership benefits from a calmer, more predictable operating
environment. Employee satisfaction increases, turnover decreases, and
overall performance becomes more consistent.

Vendors also benefit, because their tools become easier to use and more
tightly integrated into everyday operations. This fosters broader adoption
and showcases the value of their products.

YOKOGAWA

43



5. PRACTICAL MOVES AND SUMMARY

To reduce human burden and cognitive load, organizations should begin by mapping the tasks
operators perform manually. Identify steps that rely heavily on timing, cross system interpretation,
or condition checks. These are ideal candidates for workflow automation.

Next, consolidate real time monitoring into a unified operational dashboard that reflects the entire
process. Reduce the number of systems operators must navigate during critical phases.

Then, implement automated workflows and conditional logic within a vendor agnostic orchestration
layer. This ensures that routine steps and timing-sensitive actions occur consistently, without relying
solely on human attention.

Finally, develop a culture where operators supervise automation rather than shoulder its absence.
Train teams to understand how automated logic works, when to intervene, and how to interpret
integrated dashboards.

This chapter highlights how deeply operational fragmentation affects people. The next chapter
explains how governance and compliance shift when data integrity, automation, and integration
converge, with specific focus on 21 CFR Part 11 and digital maturity frameworks.

WHEN SYSTEMS DON'T INTEGRATE, PEOPLE DO
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Chapter 11

Building the Modern Bioprocessing Environment

GOVERNANCE, COMPLIANCE,
AND 21 CFR PART 11 IN AN
INTEGRATED WORLD

Bioprocessing operates within one of the most regulated
environments in the world. Every action, measurement,
adjustment, and decision must be traceable, attributable, and
defensible. Compliance requirements influence how data is

captured, how workflows are executed, and how systems interact.

As facilities shift from fragmented operations to integrated, automated environments,
the governance landscape changes as well. This chapter explains how integration,
workflow automation, and predictive capability intersect with data integrity
requirements, including 21 CFR Part 11, and why a well-designed orchestration layer
strengthens rather than complicates compliance.

1. CONTEXT / PROBLEM

Compliance challenges often stem from the disconnect between how processes operate
and how they are documented. In many facilities, execution occurs across multiple
disconnected systems, but documentation lives primarily in the MES or in batch record
entries. Operators must manually record actions after they occur, and the details
depend on memory or hastily written notes. When deviations happen, investigators
must reconstruct events from sparse or inconsistent data.

This gap between execution and documentation creates the illusion of compliance
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rather than true compliance. Data is captured, but not always accurately.
Actions are recorded, but not always in real time. Audit trails exist, but they
reflect operator interpretation rather than system behavior. These
limitations become more pronounced as processes adopt PAT tools,
complex analytics, and multi-step automation. Without integrated
governance, these additions increase complexity and risk.

2. STRUCTURAL CAUSES

Several structural issues prevent organizations from achieving seamless
compliance in fragmented environments.

First, systems produce uncoordinated audit trails.

Each platform maintains its own record of what occurred. The historian
captures time series data. The MES captures operator actions. PAT systems
capture spectral analysis. Lab systems capture offline measurements. These
audit trails rarely align, making it difficult to produce a unified account.

Second, manual entries introduce ambiguity.

Operators often record observations or confirmations manually, which
introduces inconsistencies in timing, interpretation, and completeness.
Manual entries also increase the risk of transcription errors.

Third, workflows depend on human verification.

When SOP steps require operator checks, signatures, or approvals,
deviations in timing or execution can undermine data integrity. Humans
bridge gaps that systems cannot see, exposing the process to compliance
vulnerabilities.

Fourth, electronic records are fragmented across platforms.

A facility may have dozens of sources of electronic data, each with different
rules for access control, password expiration, audit trails, and change
tracking. These inconsistencies complicate validation and governance.
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Finally, predictive behaviors require reliable underlying data.

If analytics or control decisions are based on incomplete or unverified
signals, compliance risk increases. Predictive capability must be grounded
in traceable, validated data pathways.

These structural issues make it difficult to meet the spirit of 21 CFR Part 11,
which requires trustworthy, reliable, and controlled electronic records.

3. BIOPILOT AND VENDOR AGNOSTIC
SOLUTION PRINCIPLES

BioPilot demonstrates how an integrated orchestration layer can support
strong compliance without introducing additional burden. The principles it
follows reflect what any platform must deliver to maintain data integrity in
a modernized environment.

Unified, time aligned audit trails.

By consolidating online signals, PAT outputs, offline analytics, and workflow
events within a synchronized timeline, BioPilot creates an operational
record that reflects the true sequence of events. This reduces ambiguity and
simplifies deviation investigations.

Automated capture of actions and conditions.

When workflows execute algorithmically, the system records each step
automatically. Conditions, confirmations, alarms, and branch logic appear in
the audit trail without requiring manual entry. This increases accuracy and
reduces transcription errors.

Role based access and electronic signatures.

A compliant orchestration layer must enforce access controls, password
restrictions, and electronic signature requirements. BioPilot supports these
controls, allowing actions to be attributed to specific individuals with
reliable timestamping.
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Traceability across systems.

Because the platform connects to multiple instruments and control
systems, it records when data enters the environment, how it was used,
and what actions resulted. This provides end to end traceability that is
difficult to achieve with fragmented systems.

Controlled change management.

Workflow updates, integration changes, and control logic adjustments
must be logged automatically. BioPilot maintains change history that
aligns with Part 11 expectations, allowing quality teams to verify that
updates were properly authorized.

Context for predictive and automated decisions.

When predictive control makes adjustments, BioPilot documents why an
action occurred, what data informed it, and what model or threshold
triggered the behavior. This transparency is critical for regulatory
confidence.

These principles do not replace MES or QMS systems. They strengthen
them by providing clean, well-structured operational data those systems
cannot capture alone.

4. IMPLICATIONS FOR STAKEHOLDERS

For quality and compliance teams, integrated environments simplify
oversight. Instead of piecing together records from isolated systems,
they can review unified operational histories. Deviations become easier to
analyze because data relationships become visible.

For MSAT, accurate audit trails accelerate root cause analysis. When a
feeding step or PAT based adjustment occurs, the system documents
both the action and the condition that triggered it. Investigations become
faster and more accurate
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For operators, automation reduces the pressure of manual record
keeping. They perform fewer handwritten or manual MES entries,
reducing mistakes and improving focus during critical workflow steps.

For scientists, traceable data improves process understanding and
experimental reproducibility. They can review the full history of control
decisions, sampling events, and PAT predictions.

For digital transformation leaders, a strong compliance foundation
ensures that advanced capabilities such as real time analytics, MPC, and
adaptive workflows can be introduced without jeopardizing regulatory
standing.

Leadership benefits from reduced audit risk, faster response during
inspections, and greater alignment between documented and actual
process behavior.

5. PRACTICAL MOVES AND SUMMARY

Organizations seeking to strengthen governance and compliance should
begin by identifying where manual entries, disconnected audit trails, and
fragmented data environments pose risk. A unified operational layer can
then be introduced to bridge these gaps.

Next, workflows should be automated wherever possible so that actions,
conditions, and decisions are recorded automatically. This reduces
operator burden and increases accuracy.

Then, consolidate data into a single time aligned audit trail that integrates

signals, analytics, and workflow events. This offers quality teams and
regulators the transparency they expect.
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Finally, ensure that electronic signatures, change controls, and access restrictions are consistently
enforced within the orchestration layer and harmonized with broader QMS requirements.

Strong compliance is not the enemy of innovation. When systems integrate properly, data is aligned,
and actions are traceable, regulatory confidence increases. This chapter sets the stage for
understanding how integrated environments impact each stakeholder group. The next chapter
expands on this theme, examining the role of scientists, engineers, operators, vendors, and |
leadership in a digitally mature bioprocessing ecosystem.
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Chapter 12
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Building the Modern Bioprocessing Environment

STAKEHOLDER IMPACTS: SCIENTISTS,
ENGINEERS, OPERATORS,
LEADERSHIP

Digital transformation is often described in technical terms, but its
impact is ultimately human. Bioprocessing involves a wide
ecosystem of contributors, each with different responsibilities,
constraints, and ways of interacting with the process.

When integration and automation improve, each group experiences the change
differently. Understanding these impacts is essential for designing systems that
support—not disrupt—the people who keep operations running. This chapter examines
how unified data, automated workflows, and predictive capabilities reshape the
day-to-day experience of scientists, engineers, operators, vendors, and leadership
teams.

1. CONTEXT / PROBLEM

The fragmented environments described in earlier chapters force stakeholders to
operate in ways that do not reflect their true roles. Scientists spend time stitching data
together rather than analyzing process behavior. MSAT teams spend hours
reconstructing events instead of optimizing performance. Operators perform real-time
integration duties that systems should handle. Automation teams maintain dozens of
one-off connections instead of developing coordinated logic. Leadership navigates
uncertainty about which improvements will actually produce outcomes.

When systems do not support people effectively, the organization compensates. Extra
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meetings appear. Manual checks increase. SOPs grow longer.
Investigations multiply. Training becomes a patch for systemic gaps. These
workarounds hide deeper issues while increasing operational load across
roles.

Integrated, automated environments flip this dynamic. Systems take on the
burden of coordination, allowing people to focus on higher value activities
aligned with their expertise. The shift is subtle but transformative.

2. STRUCTURAL CAUSES

The different impacts on stakeholders come from structural misalignment
in traditional bioprocessing environments.

First, data fragmentation creates competing realities.

Scientists interpret trends one way. Operators see conditions differently.
MSAT sees offline measurements that may not align with online signals.
When stakeholders lack a unified view, collaboration becomes slower and
less certain.

Second, workflows depend on human interpretation.

Operators execute steps based on instructions, but timing and conditions
vary by person. Scientists must adjust expectations accordingly. Engineers
must troubleshoot inconsistencies caused by execution drift. Leadership
struggles to enforce standardization.

Third, control logic is isolated from analytics.

Engineers want to implement advanced strategies, but the control system
cannot ingest PAT outputs. Scientists want to use Raman predictions, but
the process cannot respond in real time. Operators want clearer guidance,
but workflows do not incorporate analytical insights.

Fourth, responsibility for integration is unclear.
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Automation teams own the DCS. IT owns enterprise systems. MSAT owns
PAT and offline analytics. Scientists own process characterization. Without
a unifying platform, each team’s contribution becomes siloed.

Finally, the pace of work is uneven.

Some groups must react quickly to real time changes, while others work
with delayed or incomplete information. This mismatch creates friction,
rework, and inefficiency.

Unified operational layers remove these structural barriers, enabling
smoother collaboration across roles.

3. BIOPILOT AND VENDOR AGNOSTIC
SOLUTION PRINCIPLES

BioPilot demonstrates how a neutral orchestration layer can align
stakeholders without forcing rigid standardization. The principles it
embodies are applicable across alternative platforms as well.

For scientists, integrated environments restore scientific focus.

With aligned data, scientists can analyze trends, correlations, and process
behavior without reconstructing datasets manually. Predictive control
ensures that experiments respond to biology rather than fixed schedules,
improving reproducibility and insight. Their hypotheses translate more
reliably across scales.

For MSAT teams, unified execution reduces noise.

When workflows are automated and data is contextualized, MSAT teams no
longer sift through conflicting records. Troubleshooting shifts from
speculation to targeted evaluation. They identify whether deviations stem
from instrumentation, process parameters, analytics, or workflow logic.
Optimization becomes more systematic.
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For operators, automation becomes a partner.

Operators interact with workflows that provide clear instructions,
condition checks, and guided steps. Instead of juggling screens and
timers, they supervise the process. The emotional burden of “keeping
everything aligned manually” diminishes. Their work becomes more
strategic and less reactive.

For automation and digital teams, architecture becomes manageable.
A vendor agnostic integration layer eliminates dozens of redundant point
connections. Control logic becomes modular. PAT tools plug into the
environment more easily. Engineering teams can finally focus on
developing higher level logic rather than shepherding unruly interfaces.

For quality and compliance teams, transparency increases.

Unified audit trails, automated event recording, and aligned data reduce
uncertainty during investigations. Quality teams gain confidence that
workflows are executed consistently and that electronic records reflect
actual behavior.

For leadership, digital maturity becomes measurable.

When integration, automation, and predictive control reduce variability,
leadership sees concrete outcomes: higher yields, fewer deviations, faster
release, and smoother tech transfer. Digital transformation moves from
aspiration to demonstrated capability.

For vendors, interoperability becomes a competitive advantage.
Advanced PAT tools and instrumentation deliver greater value when the
environment can use their outputs effectively. Vendors benefit from
simplified integration and increased adoption of their higher tier
functionalities.

Across all roles, the theme is the same: systems take on the burden of
coordination, freeing people to focus on value creation.

Building the Modern Bioprocessing Environment

4. IMPLICATIONS FOR STAKEHOLDERS

Each stakeholder experiences tangible improvements when the
operational environment becomes integrated and automated.

Scientists gain clearer insights and stronger control over experimental
variables. They can rely on consistent execution and reproducible
conditions.

Operators gain a calmer workspace. Their role shifts from reactive task
execution to supervisory oversight. They face fewer unexpected
situations, and their confidence grows.

MSAT teams gain analytical clarity. They can quickly diagnose issues and
continuously improve processes based on accurate, aligned data.

Automation and IT teams gain architectural stability. They maintain fewer
custom connectors and reduce technical debt.

Quality teams gain assurance. Investigations become faster, more
accurate, and less ambiguous.

Leadership gains predictability. Productivity rises. Risk declines. Strateqgic
initiatives move faster.

Vendors gain integration pathways. Their tools become easier to deploy
and more impactful across facilities.

Stakeholder alignment is not the byproduct of digital transformation, but
the prerequisite for implementing truly predictive operations.
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5. PRACTICAL MOVES AND SUMMARY

To create meaningful stakeholder alignment, organizations should begin by conducting a role-based
assessment of operational pain points. Identify what slows scientists, frustrates operators, burdens
MSAT, or complicates quality oversight.

Next, map how each role interacts with systems and data. This reveals where fragmentation creates
unnecessary effort or risk.

Then, introduce a neutral integration and workflow layer that supports collaboration across roles.
Use this environment to consolidate data, automate workflows, and coordinate analytics.

Provide training that focuses on how the system reduces cognitive load rather than how it replaces
tasks. Emphasize human oversight, not automation takeover.

Finally, measure improvements across roles. Evaluate reproducibility, operator load, deviation
frequency, troubleshooting time, and overall process stability.

This chapter shows how integrated environments reshape the experience of every stakeholder
group. The next chapter, Chapter 13, brings the book’s ideas together by outlining a practical
roadmap for organizations seeking to progress from fragmented operations to predictive, Level 4
style capability.

SCIENTISTS — MSAT — OPERATORS — LEADERSHIP

Scientists y @ lJ-IOperators gc Leadership
I]ul]u?- More reliable, ° Faster root cause, 0. Less burden, T + Predictable performance,

scalable experiments less guesswork more clarity reduced risk

Building the Modern Bioprocessing Environment

ALIGNMENT AT THE SYSTEM LEVEL DRIVES ALIGNMENT ACROSS TEAMS

—
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Chapter 13

Building the Modern Bioprocessing Environment

BUILDING A PRACTICAL ROADMAP
TOWARD PREDICTIVE OPERATIONS

Achieving predictive, Level 4 style bioprocessing is not an
overnight transformation. It requires a sequence of intentional
steps that build on one another and reshape the operational
environment from the foundation upward.

The journey is neither strictly linear nor identical across facilities, but the path is

consistent: integration first, workflow automation second, contextualized monitoring third,

and predictive control last. This chapter provides a practical roadmap based on the
principles discussed throughout this book. It offers a structured way to move from

fragmented, operator dependent processes to coordinated, predictable, and analytically
informed operations.

1. CONTEXT / PROBLEM

Organizations know they want to “digitize,” but most struggle to define the path clearly.
They make scattered investments in PAT tools, new reactors, automation upgrades, and
analytics platforms, hoping these pieces will naturally lead to maturity. Instead, the result
is often more complexity, more interfaces, and more operational burden. Without a
roadmap, digital initiatives become projects rather than capabilities. Plants stall between
Digital Plant Maturity Model Level 2 (“Digital Islands”) and Level 3 (“Connected Plant”),
unable to break through to Level 4 (“Predictive Plant”).

A roadmap provides direction. It defines what must be built first and why. It distinguishes
foundational layers from advanced capabilities. Most importantly, it ensures that each

improvement strengthens the entire operational environment rather than adding another
isolated tool.
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3. BIOPILOT AND VENDOR AGNOSTIC
SOLUTION PRINCIPLES

BioPilot is used here not as the only option but as a reference model for
structuring a predictive operations roadmap. Its architecture mirrors the
maturity progression organizations must follow integration, workflows,
monitoring, and control. A vendor agnostic approach ensures that facilities
can adopt these principles regardless of the tools they currently use.

2. STRUCTURAL CAUSES

The absence of a roadmap reflects deeper organizational challenges.

First, digital maturity is treated as a technology purchase, not an
architectural progression.

Plants invest in individual tools without considering how these tools interact.
This leads to fragmented gains rather than cohesive advancement.

Second, responsibilities for digital progress are split across functions.

Automation owns control systems. IT owns data. MSAT owns PAT. Scientists The roadmap below reflects these principles.

own process understanding. Without a unifying layer, each group moves
independently, reinforcing silos.

Third, governance frameworks reward local optimization.

Plants succeed by showing improvements in specific metrics. As a result,
they optimize their piece of the ecosystem rather than the system as a
whole.

Fourth, many organizations misunderstand what predictive operations
require.

Predictive control is impossible without integrated workflows, aligned data,
and coordinated execution. Investing in predictive tools before these
foundations exist leads to failure.

Finally, cultural expectations resist change.

Operators, quality teams, and leadership are often cautious about new
systems. Without clear structure and benefits, transformation becomes slow
and uncertain.

A roadmap resolves these structural problems by providing clarity,
alignment, and sequence.

Building the Modern Bioprocessing Environment

STEP 1:
ESTABLISH A UNIFIED
INTEGRATION LAYER

Predictive operations begin with
purposeful integration. Identify all
instruments, analyzers, PAT tools,
DCS/PLC connections, and offline
data sources. Map where data
originates, how it moves, and
where humans fill in the gaps.
Introduce a vendor agnostic
integration platform capable of
centralizing these connections.

Without this step, nothing else is stable.

* Elimination of point-to-point
integrations

» Consistent data acquisition
from diverse equipment

» Reduction in operator
mediated data transfers

« A foundation for automation,
monitoring, and control
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Workflow automation is the engine of reproducibility.

STEP 2:
CONVERT SOPS INTO
EXECUTABLE WORKFLOWS

Once integration is in place,
organizations must shift from
static documents to automated
execution. Translate SOPs into
stepwise logic using a no code * Embedded decision making
workflow editor. Define conditions, based on real time dats
transitions, checks, and branching + Foundation for adaptive
rules based on biological and behavior

operational requirements.

« Consistent execution across
shifts and sites

» Reduced operator burden

Monitoring is not about charts. It is about context.

STEP 3:
BUILD CONTEXTUALIZED
MONITORING

With data unified and workflows * Full visibility into process
automated, real time monitoring behavior

becomes meaningful. Construct
dashboards that combine online
data, PAT outputs, offline analytics, » Recognition of cross signal
and workflow events into a shared
timeline. Instrument every process data
with context.

 Faster troubleshooting

* Better scientific insight and
supervisory awareness

Building the Modern Bioprocessing Environment

interactions based on real time

Predictive control is the signature behavior of a Level 4 environment.

STEP 4:
IMPLEMENT PREDICTIVE
CONTROL CAPABILITIES

Predictive control becomes * Dynamic adjustment of feed
feasible only after integration, rates

automation, and contextualized
monitoring are established. Begin
with simple logic based on PAT
results or offline measurements, * More consistent growth and
then progress to model predictive productivity

control (MPC) or other advanced
strategies.

» Improved metabolite
stability

 Reduced deviation
frequency

Digital continuity becomes a network wide capability.

STEP 5:
HARMONIZE TECH
TRANSFER AND SCALE UP

Once predictive behavior
stabilizes, extend execution logic
and monitoring structures across
scales and sites. Deploy workflows
at multiple facilities. Adjust only
for hardware differences. Maintain
unified data structures across
environments.

* More predictable tech transfer

* Fewer surprises during scale
up

« Comparable performance
across manufacturing centers

 Faster deployment of new
processes
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Compliance becomes built in, not bolted on.

STEP 6:

EMBED GOVERNANCE,
COMPLIANCE, AND
CHANGE CONTROL

» Transparent operational data

 Simplified deviation
Investigations

 Reduced audit risk

» Strong foundation for
analytics and modeling

Automated environments must align

with 21 CFR Part 11, internal
governance policies, and quality
expectations. Standardize access
control, audit trails, electronic
signatures, and change management
across all integrated systems.

This stage transitions the organization from Level 4 aspiration to Level 4 reality.

STEP 7:
CONTINUOUSLY EXPAND
PREDICTIVE CAPABILITIES

With a stable digital foundation,
organizations can progress toward

» Ongoing capability expansion

 Stronger global process
control

more advanced analytics, adaptive
control, and semi-autonomous
operation. This includes multivariate
control strategies, advanced PAT
integration, automated root cause
detection, and eventually, partially
adaptive plant behavior

» Higher maturity across DPMM
dimensions

» Sustainable digital
transformation

Building the Modern Bioprocessing Environment

4. IMPLICATIONS FOR STAKEHOLDERS

A practical roadmap aligns every role with clear responsibilities.

Scientists gain a structured environment where process behavior becomes
predictable, making experimental design more reliable.

MSAT gains tools for troubleshooting, optimization, and cross site
harmonization.

Operators gain clarity, reduced cognitive load, and improved confidence.

Automation and digital teams gain architectural stability and the capacity
to focus on high value initiatives.

Quality teams gain cleaner audit trails and stronger data inteqgrity.

Leadership sees measurable progress, operational stability, and reduced
risk.

Vendors integrate more smoothly and deliver more value.

Everyone benefits when the organization moves toward maturity
intentionally rather than reactively.
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5. PRACTICAL MOVES AND SUMMARY

To implement this roadmap effectively, organizations should:

Assign a cross functional owner for digital maturity

Conduct a DPMM assessment to establish baseline capabilities
Select a pilot process for integration and workflow automation
Deploy a vendor agnostic orchestration layer for execution

Build success through incremental wins rather than all at once

Scale horizontally across similar processes before expanding vertically across entire sites

A roadmap is not a document. It is a sequence of architectural decisions that reshape how a plant

operates. When integration, workflow execution, and predictive control become the norm, digital
maturity becomes sustainable.

Building the Modern Bioprocessing Environment

YOKOGAWA 57



GLOSSARY

Adaptive Plant

A Level 5 Digital Plant Maturity Model (DPMM) environment where systems adjust,
learn, and optimize autonomously across the entire value chain. It represents the
furthest progression of digital maturity and requires advanced sensors, integrated
analytics, and fully automated workflows.

AAV (Adeno Associated Virus)
A commonly used viral vector in gene therapy manufacturing. AAV processes involve

highly sensitive and timing critical workflows, making them prone to variation when
executed manually.

Agitation
A controlled mixing action in bioreactors that ensures proper nutrient distribution, gas
transfer, and cell suspension. Often monitored through integrated control systems.

Analytics Platform

Software used to analyze process data, perform chemometric modeling, or generate
predictions about metabolites or cell behavior. Examples include Raman interpreters
or multivariate analysis tools.

Audit Trail

A secure, time stamped record of actions, data changes, decisions, and system events
required under 21 CFR Part 11. Audit trails provide traceability and support
investigations and regulatory compliance.

Batch Record

Documentation of all actions, parameters, materials, and steps during a process run.
Can exist as paper based or electronic (MES based) formats. Accuracy and
completeness are essential for compliance.

Building the Modern Bioprocessing Environment

Bioreactor
A vessel used to grow cells under controlled conditions using agitation, aeration,
temperature control, and nutrient feeds. It is a core component of bioprocessing.

BioPilot

An integration and automation platform used as an example throughout this book. It
connects instruments, analyzers, PAT tools, and control systems into a unified
orchestration layer to support consistent workflows, aligned data, and predictive control.

Cell Density

A measurement of the number of viable cells per milliliter of culture. It is monitored
online or offline and used to guide feeding, process phase transitions, and performance
evaluations.

Chemometrics
Analytical techniques that interpret spectral data to estimate biochemical or metabolite
concentrations. Often used in Raman spectroscopy and multivariate analysis.

CGT (Cell and Gene Therapy)

Therapeutic modalities that use modified cells or viral vectors. CGT workflows are highly
manual, multi-step, and timing sensitive, making them ideal candidates for workflow
automation and integrated control.

Condition Based Trigger
A workflow or control action initiated when a parameter crosses a predefined threshold.
Eliminates rigid timers and improves responsiveness to biological behavior.

Control Loop
A feedback system that adjusts process parameters based on sensor measurements.

Simple loops use PID control, while advanced loops use predictive or multivariate
models.

DCS (Distributed Control System)

An automated process control system commonly used in manufacturing. It manages
core control, interlocks, alarms, and deterministic actions. Often integrated with
bioreactors and utility systems.
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Deviation
An unexpected event or departure from approved procedures. Deviations require
investigation, documentation, and sometimes corrective or preventive actions.

Digital Plant Maturity Model (DPMM)

A widely used model created by BioPhorum that defines five levels of digital maturity
ranging from manual, paper-based plants (Level 1) to adaptive, autonomous plants
(Level 5). Used to evaluate plant capability and guide digital strategy. Digital Plant
Maturity Model V3 - BioPhorum

Executable Workflow
A digitized, stepwise logic sequence that replaces written SOP instructions. Executable
workflows guide operators, validate conditions, and execute actions automatically.

Feed Strategy
A method for delivering nutrients to cells during bioprocessing. Strategies may be
time based, condition based, or model driven (predictive).

Glucose Control

Maintaining stable glucose concentration in a bioreactor using online sensors, Raman
predictions, offline measurements, or integrated control strategies. Stability is
essential for productivity and cell health.

Historian
A database designed to store time series data (e.g., pH, dissolved oxygen, agitation).
Useful for trend analysis but limited in contextual awareness.

Integration Layer

The software environment that connects instruments, analyzers, control systems, and
workflows into a unified operational framework. A key enabler of Level 4 predictive
operations.

Lactate

A metabolite produced by cells. Excess lactate accumulation can indicate metabolic
stress. Raman and offline analyzers often measure lactate levels.

Building the Modern Bioprocessing Environment

LIMS (Laboratory Information Management System)
A software system that manages lab workflows, samples, testing, and results. Typically
used for offline analytics.

MES (Manufacturing Execution System)

A system for managing, documenting, and tracking batch execution. It provides
electronic batch records and ensures compliance but does not typically drive real time,
multi system workflows.

Model Predictive Control (MPC)

An advanced control method that uses mathematical models to predict future states of
the process and adjust actions proactively. Essential for dynamic processes with
multivariate interactions.

MSAT (Manufacturing Sciences and Technology)
A technical function responsible for process optimization, troubleshooting, scale up, and
tech transfer. MSAT teams rely heavily on accurate, aligned data.

Offline Analytics
Measurements taken outside the bioreactor using benchtop analyzers. Data typically
arrives intermittently and must be integrated with real time information.

Online Analytics
Measurements taken in real time from embedded sensors or PAT tools. Examples include
glucose estimates from Raman or dissolved oxygen readings from the bioreactor.

Operator Guidance
Real time instructions provided to operators during workflow execution. Ensures critical
steps occur consistently and at the correct time.

PAT (Process Analytical Technology)

A framework for measuring critical quality attributes and critical process parameters
during manufacturing. Includes tools like Raman spectroscopy, NIR sensors, and
multivariate models.
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Perfusion
A continuous culture method where fresh medium is added and spent medium
removed. Requires coordinated pump control to maintain stable conditions.

PLC (Programmable Logic Controller)
A rugged industrial controller used to automate equipment and processes. PLCs
handle deterministic, safety critical logic.

Predictive Plant (DPMM Level 4)
A facility where analytics, workflows, and control systems function together to
anticipate deviations and adjust process behavior before issues occur.

Raman Spectroscopy
A PAT technique that uses laser light scattering to estimate metabolite concentrations
such as glucose and lactate. A key enabling technology for predictive control.

Real Time Monitoring
Continuous visualization of process variables, analytics, and workflow events in a
single aligned interface. Enables proactive decision making.

Sampling Workflow
A procedure used to collect samples from the bioreactor for offline analysis. Often
automated through workflow logic to ensure timing consistency.

Scale Up
The transition of a process from small laboratory scales to larger manufacturing
scales. Requires continuity across workflows, data structures, and control logic.

SOP (Standard Operating Procedure)
A documented set of instructions that describes how to perform a process step. Often
converted into executable workflows for improved consistency.

Tech Transfer

The movement of processes, workflows, and supporting documentation from
development to manufacturing or from one site to another. Digital continuity
improves speed and reliability.

Building the Modern Bioprocessing Environment

21 CFR Part 11

A reqgulation from the United States Food and Drug Administration that defines the
standards for electronic records and electronic signatures. Requires traceability,
integrity, access control, audit trails, and reliable system behavior.
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APPENDIX A:

THE BIOPROCESS INTEGRATION READINESS
CHECKLIST

Use this checklist to assess whether your facility is prepared to establish a unified
integration layer.

A1. Instrument and System Mapping

Identify all bioreactors in use, along with vendor and model

List all PAT tools such as Raman, NIR, capacitance probes, and optical sensors
Document offline analytics systems and their measurement frequencies

Map DCS and PLC environments, including communication protocols
Document historians, MES, LIMS, QMS, ERP, and associated interfaces

Identify all current point to point integrations and where operators bridge gaps

A2. Data Flow Assessment

Document how data enters the environment and where it is stored
Identify latency between measurement and availability

Determine which systems rely on manual data entry

Identify missing or inconsistent timestamps

Evaluate how many sources provide conflicting signal values

A3. Governance and Validation Review

Confirm that audit trails exist for all systems

Identify inconsistencies in user access control and authorization

Determine how well system changes are logged across platforms

Review SOPs related to data transfer, verification, and operator responsibilities

A4. Integration Pain Point Summary

Note areas where operators perform integration manually

Identify redundant scripting or custom interfaces

Highlight areas where workflows are delayed by system incompatibility

If more than half the checklist reveals gaps, your environment will benefit significantly
from a unified integration layer.

Building the Modern Bioprocessing Environment

APPENDIX B:

WORKFLOW AUTOMATION DECISION
FRAMEWORK

A structured approach to determine which SOPs should be converted into executable workflows.

B1. Assess Process Criticality

Ask:

Does this step materially affect product quality or yield?
Does timing matter?

Do deviations from this step cause major investigations?

High criticality workflows should be automated early.

B2. Evaluate Human Burden

Rate the step based on:

Number of decisions an operator must make
How many systems the operator interacts with
Frequency of context switching

Cognitive load during execution

High burden steps benefit disproportionately from automation.

B3. Identify Condition-Based Logic

Ask:

Does this workflow require branching decisions?

Are conditions triggered by PAT signals or offline measurements?
Does the logic depend on comparing multiple signals?

If yes, automation increases consistency and reduces variation.

B4. Determine Data Dependencies
Ask:

Is online data required?

Are offline results involved?

Are PAT predictions used?

Workflows with multi-source dependencies should be automated to avoid misalignment.
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APPENDIX C:

REAL TIME MONITORING DESIGN
BLUEPRINT

A template for designing monitoring screens that reflect process
behavior rather than system boundaries.

C1. Identify Primary Variables

Common variables include:

Glucose, lactate, ammonia

Viable cell density

Dissolved oxygen, pH, temperature
Feed volumes and pump status
Raman predictions and model outputs

C2. Add Contextual Events
Include:

Sampling events

Feed adjustments
Workflow transitions
Operator confirmations
PAT recalibration markers

C3. Align Data on a Single Timeline

Ensure:

Online signals update consistently

Offline measurements are inserted with timestamps
Workflow steps appear as markers

Control actions are displayed in context

C4. Design User Views

Provide:

Operator view (real time, actionable)
Scientist view (trend and correlation focus)
MSAT view (diagnostic detail)

Leadership view (performance summary)

Building the Modern Bioprocessing Environment

APPENDIX D:

PREDICTIVE CONTROL DEPLOYMENT

GUIDE

A stepwise method for implementing predictive control using Raman, MPC, or

rule-based logic.

D1. Validate Foundational Layers
Before implementing predictive
control, confirm:

Integration layer is stable
Workflows are automated

Data streams are aligned
Monitoring is contextualized

D2. Identify Control Targets
Examples:

Glucose concentration
Lactate reduction

pH stabilization

Perfusion balance

Amino acid feeding

D3. Select Appropriate

Control Method

Rules based logic:

Suitable for clear thresholds
Raman informed adjustments:
Useful when inline spectra
are available

MPC: Best for complex,
multivariate interactions

D4. Build the Control Model

D5.

D6.

Collect historical aligned data

Validate model accuracy across scales
Simulate behavior using real world datasets
Establish acceptable adjustment ranges

Deploy in a Controlled Setting
Start at small scale

Compare model performance
against fixed logic

Monitor for stability, drift,

and responsiveness

Scale and Refine

Apply logic to pilot scale
Adjust tuning parameters
Document learnings for
manufacturing roll out
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APPENDIX E:

DIGITAL MATURITY
PROGRESS TRACKER

A tool for measuring progress across the journey to Level 4 predictive operations.

E1. Integration Layer Maturity
0 = No unified integration
1 = Partial integrations; many manual steps

3 = End to end vendor agnostic integration

E2. Workflow Execution Maturity
0 = SOPs executed manually

1 = Some automated steps

2 = Core workflows automated

E3. Monitoring Maturity

0 = Isolated dashboards

1 = Combined screens; limited alignment
2 = Contextual real time views

E4. Control Maturity

0 = Timer based operations

1 = Rules based logic

2 = PAT informed actions

3 = Full model predictive control

ES. Cross Site Continuity

0 = SOPs differ significantly across sites
1 = Harmonized documentation

2 = Shared workflows and datasets

Building the Modern Bioprocessing Environment

2 = Centralized integration for most instruments

3 = Full executable workflows with conditional logic

3 = Unified monitoring with full data alignment

3 = Predictive behavior standardized across sites

APPENDIX F:

ROLES AND RESPONSIBILITIES IN A

PREDICTIVE PLANT

A guide for internal alignment.

Scientists

« Define biological targets and constraints
« Validate multivariate relationships

« Support control model development

MSAT

* Troubleshoot process anomalies

« Translate development logic to manufacturing
« Maintain model and workflow consistency

Operators

« Supervise automated workflows
« Validate equipment readiness

« Respond to exceptions

Automation / Digital Teams
« Maintain integration layer
« Update workflow logic

« Validate control actions

Quality

* Review audit trails

* Ensure compliance with Part 11
« Approve workflow changes

Leadership

« Align budget and strategy

* Drive cross site harmonization
» Sustain culture change
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CLOSING REFLECTION

THE PATH FORWARD

Bioprocessing has always been a blend of science, engineering, and disciplined execution. For
decades, advancements in each domain moved independently, giving rise to a landscape filled
with sophisticated tools that rarely interacted in meaningful ways. The true challenge has
never been a lack of innovation. It has been a lack of coordination. Plants do not struggle
because they lack sensors, analyzers, or software. They struggle because those components
act alone.

The journey described in this book is not about replacing existing systems or reinventing
bioprocessing from scratch. It is about bringing order to an environment that evolved
organically and unevenly. Integration, workflow automation, contextualized monitoring, and
predictive control are not abstract digital concepts. They are structural elements that allow the
process to behave as a unified whole rather than a collection of isolated steps.

A fully integrated environment does more than stabilize operations. It creates space for
people to do their best work. Scientists gain a clearer view of the biology. MSAT teams
| ! : troubleshoot with confidence. Operators supervise rather than scramble. Automation teams

! | 1_ build sustainable architecture. Quality teams gain transparency. Leadership gains
' predictability. Vendors contribute more effectively. In short, the environment becomes a place
where people can focus on advancement rather than compensation.

e b

LT

Predictive operations are not achieved through a single technology, model, or project. They
emerge when the foundational layers of the process are aligned, digitized, and coordinated.
The moment analytics can inform action, workflows can respond to conditions, and control
strategies operate with context, the plant crosses a subtle but meaningful threshold. It

becomes anticipatory.
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The transition from reactive to predictive bioprocessing is not merely a technical upgrade. It is
a philosophical shift. It demands that organizations treat the operational environment with
the same rigor and intentionality that they apply to the biology itself. It requires patience,
discipline, and a willingness to rethink long standing assumptions about how work should be
done.

But the payoff is substantial. With the right architecture, bioprocesses become more stable,
scale up becomes more reliable, and tech transfer becomes less uncertain. Teams spend more
time improving and less time recovering. Digital maturity stops being a goal and becomes a
natural byproduct of an environment built on clarity, consistency, and coordination.

The future of bioprocessing belongs to organizations willing to build these foundations.
Whether they use BioPilot or another vendor agnostic platform, the principles remain the
same. Integration first. Automation next. Contextual awareness always. Predictive capability as
the natural outcome.

The work is not easy, but it is achievable. This book has shown the path. The next step belongs
to you.
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NEXT STEPS

PUTTING THIS BOOK INTO PRACTICE

This book is meant to give you clarity, not overwhelm you with technology. The ideas here are most
valuable when they translate into the day-to-day decisions your organization makes about
bioprocessing, operations, and digital strategy. Treat the content as a framework, not a prescription.
Every facility has different constraints, different equipment, and different levels of digital readiness.
The path forward should reflect your specific environment, your people, and your ambitions.

Begin by assessing where you are today. Use the maturity checkpoints, integration checklists, and
workflow guidance from the appendix. Identify which parts of your process rely most heavily on
manual work, fragmented systems, or operator vigilance. These are your leverage points.

Start small but be precise. Pick one workflow, one system boundary, or one process that consistently
strains your teams. Apply the principles of integration, workflow automation, and contextualized
monitoring to that area first. Demonstrate improvement. Use that momentum to expand.

Most importantly, build your transformation around people. No digital system succeeds unless it
makes work easier, safer, and more predictable. Operators, scientists, engineers, MSAT teams, and
quality groups should feel the improvement in their day-to-day work. Predictive capability becomes
sustainable only when people trust the environment they operate in.

Digital maturity is not a destination. It is an ongoing progression of small structural changes that
compound into meaningful capability. Whether you choose BioPilot or another vendor agnostic
platform, the principles remain universal. Integration creates clarity. Automation creates
consistency. Context creates insight. Prediction becomes possible.

The future of bioprocessing belongs to organizations willing to build deliberately. If you follow the
path laid out in this book, your plant will not just adopt technology. It will evolve.
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fosters well-being, and creates value, our solutions and instruments
provide life science professionals agility, scalability, and autonomy.

Yokogawa's robust information sharing tools transcend

conventional research organizations. They foster connections that
drive problem-solving efficiency and overall experimental
effectiveness. Digital solutions to monitor and consolidate complex
pharmaceutical manufacturing processes.

Talk to our experts about our OpreX Quality Management System,
OpreX Informatics Manager, and OpreX Laboratory Information
Management Systems solutions today!




