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Executive Summary

The biopharmaceutical industry is under mounting pressure: faster time to market, more complex
modalities, tighter regulatory scrutiny, increasing digital expectations leveraging Al and advanced
analytics, and CDMO network complexity are converging at a moment when most organizations
still manage tech transfer through static documents, tribal knowledge, and manual parameter re-
entry. The consequences are measurable, 18—36 month transfer cycles, avoidable deviations, PPQ
failures rooted in planning gaps, and Al investments that stall because the data foundation
underneath them is fragmented and ungoverned.

This white paper presents Stellix’s evolved thought ® Workforce & Digital Culture: Cross-functional skills,
leadership on the subject: the Digital CMC and Tech digital champions, role clarity, and change
Transfer Maturity Fabric. The Fabric defines six interwoven management to sustain the model.

capability threads, each with its own maturity progression,

that must develop in concert to produce a resilient, ® Insights & Advanced Analytics: Dashboards, anomaly

detection, transfer-risk prediction, digital twins, and
Al-assisted CMC authoring built on a trusted data

scalable, and compliant digital tech transfer capability.

The six threads of the Fabric are: foundation.
® Governance & Risk Management: GxP-compliant Each thread evolves across six maturity levels, from Ad
workflows, risk-to-control linkage, change control, Hoc (Level 1) through Defined, Digitized, Integrated, and
data stewardship, and audit readiness. Predictive, to Autonomous (Level 6), giving organizations a
clear path with measurable milestones and business
® Product Knowledge Lifecycle & Strategy: The outcomes at every Stage_

scientific backbone, QTPP, CQAs, CPPs, CMAs, and
control strategy as governed digital objects
throughout the product lifecycle.

® Data & Knowledge Foundation: Structured, FAIR-
compliant data products with metadata, lineage,
quality rules, and ownership.

® Digital Infrastructure & Integration: CMC platforms,
MES/eBR, LIMS, QMS, historians, and ERP connected
via governed APIs and event-driven integration.
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Current State of the Industry

The biopharmaceutical industry is becoming ever more
competitive and complex. Pressure to innovate, accelerate
speed to market, optimize global supply chains, and
demonstrate operational agility is higher than ever, from
patients, payers, regulators, and financial markets. The
modalities themselves are also more complex: biologics,
cell and gene therapies, RNA-based medicines, and
combination products each add process development and
manufacturing challenges that amplify the difficulty of
every tech transfer. Compounding this, the data these
processes generate is growing exponentially, every new
tool, sensor, and instrument produces more than teams
can reconcile by hand.

The problem is acute in small-volume and scale-up
processes, where instruments were never designed for
data to flow in and out and parameters are often locked or
baked into the equipment as a black box. The result is the
same everywhere: critical data that cannot be

of pharma manufacturing
respondents say data
fragmentation is hindering
their decision-making

average tech transfer cycle
time in biopharma
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analyzed at the speed it is created, and skilled scientists
spend hours manually reading outputs and retyping
numbers from one system to another system.

Alongside this backdrop, one foundational process
remains stubbornly analog: tech transfer. The International
Council on Harmonization (ICH) Q10 guideline defines
technology transfer as the process of transferring product
and process knowledge between development and
manufacturing, and within or between manufacturing
sites, to achieve product realization. Despite this clear
mandate, most organizations still execute this process
through a combination of static documents, meticulous
cross-functional reviews and approvals, endless alignment
meetings, manual parameter re-entry, and the institutional
memory of experienced scientists, a fragile and time-
consuming process that the industry can no longer afford.

average annual cost of of large biopharma
poor data quality per companies are currently
organization (Gartner) Al-ready
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CURRENT STATE OF THE INDUSTRY

Data is generated at every stage of a drug's lifecycle, from preclinical discovery through commercial manufacturing and
post-approval change management. Yet the predominant approach remains document-centric: data is captured in Excel
workbooks, Word documents, PowerPoint presentations, and PDFs, organized into stage gates, and passed forward at each
transition. The result is exponential data silo growth. Each stage generates its own documentation island, disconnected from
the next. Review and approval occur out of context. Knowledge accumulated by one team rarely follows the product into
the next phase in a form that is directly usable.

Process Knowledge is the Most Valuable Asset

KNOWLEDGE GAPS ACROSS THE LIFECYCLE

A g k= |

DISCOVERY DEVELOPMENT TECH TRANSFER COMMERCIAL MFG POST-APPROVAL
L] L] L] L]
Discovery to Dev: Dev to Tech Transfer: Tech Transfer to Mfg: Mfg to Post-Approval:
reports lost tribal knowledge parameter mismatch CAPA learning lost

Figure 1: Knowledge leakage across the drug development lifecycle — annotated loss points from Discovery through Post-Approval.

Seventy percent of biomanufacturing data is generated but never used, stored, not consumed (BioProcess
International, 2025). Meanwhile, 50—80% of data scientists’ time is spent on data preparation rather than
modeling (Industry survey). The industry is generating data at unprecedented scale while simultaneously failing
to make that data useful. This is the central tension that Digital CMC and Digital Tech Transfer must resolve.
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Why the Status Quo Fails

Regardless of whether a tech transfer involves a new
product introduction, a scale-up from pilot to commercial,
a site-to-site transfer within a network, or a CDMO
onboarding, the fundamental challenge is the same: too
much critical knowledge, captured in too many
disconnected formats, managed by too many separate
functional teams, with too much reliance on individual
expertise that cannot be systematically transferred.

2.1 The Document Wall

CMC development teams produce approved CPPs, CQAs,
and control strategies. Manufacturing teams operate on
master batch records, MES recipes, and EBR systems.
Quality operates within QMS and deviation management
systems. None of these systems share a common
language. Every handoff requires manual parameter re-
entry, document reconciliation, and expert interpretation,
a "document wall” that separates knowledge from
execution. Less than 50% of pharma quality professionals
report full integration between their QMS and EBR
systems.

2.2 Decision-Making on Tribal Knowledge

The most consequential decisions in a tech transfer,
receiver site selection, gap analysis, CPP risk ranking,
engineering run sizing, comparability acceptance, and
go/no-go gate calls, are still routinely made on gut feel,
SME experience, retrospective document review, and
steering committee slide decks.
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The table below illustrates how these critical decisions are

made today versus the data-driven target state:

KEY DECISION

Receiver Site
Selection

Sender-
Receiver Gap
Analysis

Risk-Ranked
CPPs at New
Site

Engineering
Run Sizing

Comparability
Acceptance

Go / No-Go
Gate Calls

TODAY
(Document-
Driven)

Gut feel,
relationships and
reputation, less
with capability
data

Static
Word/Excel files,
often months
out of date

SME FMEA
workshops,
rarely connected
to development
data

Rule of thumb,
batches set by
previous
experience and
risks

Compiling
disconnected
QC datasets

Steering
committee on
slide decks, not
on readiness
data

2.3 The CDMO Dimension

TARGET STATE
(Data-Driven)

Site capability
scorecard from a
facility fit
analysis

Real-time digital
gap analysis
against governed
process data

Risk model pre-
populated from
dev data and
prior transfer
history

Run count sized
to actual CPP
variability and
process
capability

Live
comparability
dashboard with
parameter-by-
parameter view

Data-driven
readiness gate
with full
contextual
evidence

For CDMOs, the challenge is compounded exponentially.

Managing multiple clients, each with their own product

portfolios, documentation formats, data standards, and

governance requirements, while simultaneously

onboarding new products and maintaining existing

commercial manufacturing creates a complexity burden

that manual processes simply cannot sustain.
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Tech Transfer Workstreams and Organizational
Complexity

Tech transfer is not a single-team activity, it is a coordinated program spanning multiple functional workstreams, each with

its own objectives, timelines, deliverables, and governance requirements. This structural complexity is one of the most

underappreciated barriers to digital transformation in this space.

Typical tech transfer workstreams include:

Product & Process Knowledge & Documentation: The ® Lab/Pilot Scale Process Development: Scale-up
central knowledge workstream — QTPP, CQAs, CPPs, models, process characterization, and development
design space, control strategy, and regulatory batch data.

commitments.
® Process Validation: PPQ readiness assessment,

Analytical Methods Development & Transfer: Method validation protocols, execution, and statistical
development, validation packages, LIMS integration, evaluation.

and cross-site method equivalence.
® Regulatory, Filings & Approvals: Module 3 authoring,

Manufacturing Process Transfer: Unit operation regulatory strategy, change control, and post-approval
transfer, process parameter translation, MES recipe variation management.
design, and batch record generation.

Integration Complexity
Each functional area (left) carries its color across to the workstreams it must engage (right)

FUNCTIONAL AREAS INVOLVED TYPICAL TECH TRANSFER WORKSTREAMS

R&D

Product Development —_—

MSAT

Product & Process Knowledge

8 of 8 functional areas

Analytical Methods Development & Transfer

6 of 8 functional areas

Manufacturing Process Transfer

7 of 8 functional areas

Lab / Pilot Scale Process Development

6 of 8 functional areas
Regulatory
Process Validation (PPQ)

5 of 8 functional areas

IT/OT

" Regulatory, Filings & Approvals
Manufacturing

7 of 8 functional areas

Figure 2: Integration complexity — functional areas involved across the tech transfer workstreams.
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Tech Transfer Workstreams and Organizational Complexity

The challenge of organizational accountability is equally
significant. In many biopharma organizations, no single
function owns the end-to-end tech transfer process. R&D
and PD own development. MSAT owns scale-up.
Manufacturing owns execution. Quality owns compliance.
Regulatory owns filings. IT and OT own systems. Each
functional area optimizes for its own objectives, and the
integration points between them, the handoffs, are where
knowledge is lost, time is wasted, and quality is
compromised. A comprehensive digital approach must
address not only the technology but the operating model,

including people and process.

3.1 Implementation Friction: Why Good Intent Is
Not Enough

Despite broad agreement across the biopharma industry
that Digital CMC and Tech Transfer is strategically
important, progress at most organizations remains
frustratingly slow. The barriers are not primarily technical.
They are organizational, cultural, and structural and they
are predictable. Understanding these friction points is not
an academic exercise; it is a prerequisite for designing an

implementation approach that actually succeeds.

The most pervasive friction is ownership ambiguity. Digital
tech transfer does not belong cleanly to any single
function, it spans R&D, PD, MSAT, CMC, Quality,
Regulatory, Manufacturing, and IT. In practice, this means
it often belongs to no one. Ownership remains contested,
accountability is dispersed, and teams wait for someone
else to act. Even when an initiative does launch, it may
stall when the informal champion moves on or when

organizational restructuring shifts priorities. Compounding
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this, legacy technology debt is frequently used as
justification for inaction, existing ELN, LIMS, and MES
landscapes are characterized as too fragmented or too
entrenched to reform, when in fact a well-designed
integration architecture can connect existing systems
without ripping them out. Limited data standards,
inconsistent naming conventions, and the absence of a
common CMC ontology across sites further obstruct
progress, making even foundational work feel

overwhelming in scope.

Beyond ownership and technology, organizational and
cultural resistance represents perhaps the most stubborn
friction of all. Digital tech transfer is not seen as critical by
every leader, competing business priorities consistently
crowd it out of the near-term agenda. Where it is
recognized as important, complexity itself becomes
paralyzing: the breadth of the transformation, spanning
people, process, and technology across multiple functions
and sites, makes it genuinely difficult to know where to
begin. Budget and resource constraints add further
pressure, particularly when the benefits are distributed
across functions and time horizons that do not align
neatly with annual planning cycles. And when digital
initiatives do get started, change fatigue from prior
transformation efforts can generate quiet resistance even
among teams that intellectually support the direction. The
organizations that successfully navigate these frictions
share a common approach: they treat them as design
constraints, not surprises, building governance, change
management, and executive sponsorship into the program
architecture from day one, rather than addressing them

reactively after momentum has already been lost.
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Introducing the Digital CMC & Tech Transfer Fabric

and Maturity Model

The Digital CMC and Tech Transfer Maturity Fabric (the Fabric) defines six interwoven capability threads that mature in

concert to produce a resilient, scalable, and compliant digital tech transfer capability.

Six interwoven capability threads maturing in concert

Strength comes from coherence, not from any single thread

Governance &
Risk Management

Product Knowledge
Lifecycle & Strategy

Data & Knowledge
Foundation

Digital Infrastructure
& Integration

Workforce &
Digital Culture

Insights &
Advanced Analytics

01 2
Ad Hoc efine

INDUSTRY TARGET ZONE

@ -

03 04 05 06

Digitized Integrated Predictive Autonomous

Figure 3: The Digital CMC & Tech Transfer Fabric — six interwoven capability threads maturing in concert.

This six maturity spectrum mirrors the known structure of
established BioPhorum Digital Plant Maturity Model
(DPMM), which progresses from paper-based process to a

fully autonomous, self-optimization process.

The Fabric defines six maturity levels, applicable to each
thread independently:

® 01 Ad Hoc Processes are document-centric. Knowledge
lives in static files and SME memory. Every transfer
requires significant re-interpretation. Data exists but is
poorly described and inconsistently structured.

® 02 Defined While processes are still manual, there is
organization and repeatability. Common templates and
terminology begin to emerge. Some digital tools are in
use but not integrated. Transfer playbooks exist but
are not systematically reused.

® 03 Digitized CMC knowledge is captured in structured
digital systems. Parameters, attributes, and risk
linkages are queryable data, not free text. Digital
systems (ELN, QMS, LIMS, MES) are operational.
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Introducing the Digital CMC & Tech Transfer Fabric and Maturity Model

® 04 Integrated Approved CMC knowledge flows assessment are Al-assisted with human oversight. The
directly into execution systems via governed APIs. The organization's digital knowledge compound with each
digital thread connects development, execution, transfer.

quality, and regulatory, with minimal manual

. . Most biopharma organizations today operate in the Ad
intervention.

Hoc-to-Defined range (Levels 1-2) for most threads and

® 05 Predictive Analytics and Al models deliver are moving to Digitized (Level 3). The industry target zone
actionable insights: transfer risk scores, comparability spans the Integrated-to-Predictive range (Levels 4-5) and
predictions, deviation triage, and process optimization is achievable today through genuine organizational
recommendations. Continuous Process Verification commitment. Full Autonomous operation (Level 6)
(CPV) feeds back to CMC knowledge in near real-time. remains the long-term vision (lighthouse) for the most

@ 06 Autonomous The system learns continuously. advanced players.

Routine transfer decisions, Master Batch Report (MBR)
generation, and risk assessment are Al-assisted with
human oversight. The organization's digital knowledge

compound with each transfer.
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The Six Threads of the Digital Fabric

Each thread represents a critical dimension of Digital CMC
and Tech Transfer maturity. Threads are not independent,
each creates the conditions for others to mature. A strong
Data & Knowledge Foundation amplifies the value of
Analytics. Robust Governance enables Integration to be
trusted for regulated decisions. Product Knowledge
Strategy gives Insights the scientific context they need to
be meaningful. The following sections describe each
thread: what it is, why it matters, what high maturity looks
like, and what it enables for the organization.

5.1 Thread 1: Governance & Risk Management

In a GxP environment, digital maturity is not simply about
speed and efficiency, it must be managed, controlled,
inspectable, and compliant at the organization level.
Thread 1 defines the overall DTT strategy and
management, decision rights, approval workflows, data
stewardship, GxP validation approach, auditability, change
control, and compliance expectations for digital CMC and

tech transfer capabilities.

Risk-to-Control Linkage as a Living Digital Object

Mature governance in this thread means that risk and
control strategy are not static artifacts created once for a
regulatory submission. They are living digital objects,
versioned, linked to process steps, parameters, methods,
MES variables, deviations, and regulatory commitments,
actively used in transfer gate decisions, deviation triage,
and lifecycle change assessment. RMP/FMEAs should be
reusable digital objects leveraged by multiple sites and
projects, reducing the typical months of expert effort.
Large cross-functional team tech transfer meetings are
minimized by centralizing and structuring process
knowledge and having it accessible on demand.

The governance cycle that underpins the Fabric follows:
Set Standards » Harmonize » Enforce Standards >
Continuously Improve.

Critical governance components include:

Executive Sponsorship: Single accountable sponsor
driving program ownership and cross-functional

alignment

Data Stewardship: Defined owners for each critical
CMC data object with clear accountability for quality,

currency, and lifecycle management

Approval Workflows: GxP-compliant digital approval
gates for CMC object changes, system updates, and

transfer readiness decisions

Validation Strategy: Risk-based GxP validation
approach for digital CMC platforms, integrations, and

analytics, inspection-ready by design

Change Control: Governed digital workflow for
propagating approved changes from CMC through to
MES, LIMS, and QMS with full audit trail

Data Integrity: ALCOA+ principles embedded in
platform design: Attributable, Legible,
Contemporaneous, Original, Accurate, Complete,

Consistent, Enduring, Available

5.2 Thread 2: Product Knowledge Lifecycle &
Strategy

Product Knowledge Lifecycle & Strategy defines how
product, process, analytical, regulatory, and lifecycle
knowledge is captured and managed, from first-in-human
studies through commercial manufacturing and post-
approval lifecycle management. It is the scientific

backbone of the entire fabric.

The QbD Knowledge Chain as Structured Digital
Objects

ICH Q@8-Q12 establishes the scientific rationale for this
thread. Every node in the Quality by Design (QbD)
knowledge chain, QTPP, CQAs, CPPs, CMAs, design
space, control strategy, and CPV, should exist as a
governed digital object with full traceability, not as free
text buried in a development report.
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THE SIX THREADS OF THE DIGITAL FABRIC

THE QbD KNOWLEDGE CHAIN: DIGITALLY CAPTURED, END TO END

Every node a structured, traceable, governed digital object. ICH Q8 / Q9 / Q10 / Q11/ Q12 aligned.

Patient Need QTPP

Quality Target
Product Profile

Clinical Inputs

Critical Quality

ICHQ8/Q9

CQAs CPPs & CMAs

Process Parameters &
Attributes Critical Material
Attributes

ICHQ8 /Q11 ICH Q10

Design Space Control
Strategy

Lifecycle & CPV

Continual
Improvement

Risk-justified
Operating Ranges End-to-end Process

Control

ICH Q10 / Q12

Quality risk management (ICH Q9) applied at every link, not only at criticality assignment

Knowledge management (ICH Q10)  the enabler that lets the chain be inherited rather than rebuilt

Figure 4: The QbD Knowledge Chain — digitally captured end to end. Each node a structured, traceable, governed digital object aligned to ICH

Q8-Q12.

Across the industry this capability goes by several names
— product knowledge management, CMC data
management, or an extension of product lifecycle
management. The label matters less than the function: a
governed place where CMC knowledge is held as
structured, versioned data rather than as documents, and
where the relationships between items of knowledge are
explicit rather than inferred by the reader. What separates
it from a document repository is structure, not storage. A
quality target product profile, a quality attribute, a process
parameter, and the rationale behind a criticality decision
each exist as a defined object with its own identity,
version history and owner. That is what allows them to be
queried, compared across products and sites, and
inherited by the next transfer.

Organizations evaluating this capability tend to converge
on the same requirements:

® Product attributes, process parameters, material
attributes, and their supporting rationale held as
governed data with consistent definitions

©® Explicit, traceable relationships from target product
profile through control strategy to regulatory
commitment

©® Platform process knowledge and analytical procedure
knowledge that can be reused across products,
modalities and sites

©® Complete change history and audit trail, supporting
the lifecycle and change management expectations
set out in ICH Q10 and Q12

©® Interfaces to the systems that already hold execution
data— ELN, LIMS, MES and electronic batch records,
QMS, and regulatory information management

12 | STELLIX

©® Adatafoundation of sufficient quality and context to
support analytics once definitions and ownership are
stable

High maturity signal: Governed CMC knowledge
objects are versioned, searchable, linked to product
lifecycle stages, and reusable across sites and
products. Teams can rapidly find QTPP, CQAs, CPPs,
CMAs, process rationale, control strategy, prior
transfer decisions, and lifecycle change history.

5.3 Thread 3: Data & Knowledge Foundation

Digital tech transfer depends not only on the existence of
data, but on the trustworthiness of that data. Thread 3
defines how CMC, process, analytical, batch, material,
equipment, and quality data are named, classified,
contextualized, versioned, and governed across the
organization.

FAIR Data as the Foundational Requirement

Al and analytics are often treated as the goal of digital
transformation. In reality, they are the consequence of
doing the unglamorous foundational work first. The FAIR
data principles, Findable, Accessible, Interoperable,
Reusable, provide the framework. Al works only when data
meets these criteria. Currently, only 14% of large
biopharma companies are Al-ready (Pharma IQ/Benchling,
2025). The gap is not Al capability, it is data foundation.
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The Six Threads of the Digital Fabric

The Al-Ready Data Foundation Stack

Skip a layer and the layer above fails. Only 14% of large biopharma are Al-ready.

Insights & Decision Layer
Dashboards - comparability - CPV monitoring

Governed Data Products

FAIR - versioned - owners, SLAs, lineage

Contextualized & Structured Data

Metadata - quality rules - classification

Source Systems

each layer
depends on
the one below

Figure 5: The Al-ready data foundation stack — from source systems to Al/ML consumption. Foundation dependency: skip a layer and Al fails.

The maturity threads most relevant to this thread include
Data & Metadata Management and Data Model &
Ontology (see Section 7). High maturity in this thread
means that critical data objects have owners, definitions,
metadata, quality checks, lineage, and retention rules, and
that data products are curated, versioned, and ready for
downstream systems and analytics without repeated
manual cleanup.

5.4 Thread 4: Digital Infrastructure & Integration

Digital knowledge has limited value if it cannot flow.
Thread 4 addresses how CMC platforms, ELN, LIMS, MES/
eBR, historians, QMS, RIM/EDMS, ERP, and data platforms
exchange governed data through APIs, events, and
integration layers.

From Document Handoffs to a Continuous Digital
Thread

The most operationally significant integration in digital
tech transfer is the connection between the CMC single
source of truth and the MES and/or related control
systems. Today, approved process parameters are
manually transcribed from CMC documents into MES
master batch records, a process that takes weeks to
months, introduces transcription errors, and creates
version-control risk. The target state: approved CMC
design automatically generates MES/eBR master batch
records via governed, ISA-88-aligned digital workflows.

WHITE PAPER | 13
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The Six Threads of the Digital Fabric

Approved Design to Recipe and Batch

CPV results and deviations return to the CMC knowledge model.

S

A

L

design recipe
CMC Knowledge SSOT —_— Governed Integration — Plant Execution MES / eBR
Recipe = parameters, attributes, API and event layer, Unified Resolves recipe variables from
CQAs and CPPs, risk and control Namespace, change control, full the governed source at design,
strategy. Governed, versioned, < lineage. management, and execution. In-
lifecycle-managed. process controls and batch.
control CPV

Control Strategy flows forward. Deviation and CPV results flow back.

Change propagation from CMC approval to MES update occurs in real time, not through months of paper chains.

Figure 6: CMC design to plant execution — and back. Approved CMC knowledge drives MES execution; CPV and deviations return to the CMC

knowledge model.

A Unified Namespace (UNS) architecture provides the
common integration platform for all systems, a publish/
subscribe model where each connected systems publish
to and subscribe from a single integration point. This
replaces point-to-point integrations with a scalable,
agnostic architecture that can accommodate new

systems without redesigning.

High maturity signal: Validated integrations
move approved CMC objects, parameters,
methods, sampling requirements, control
strategies, and status, to consuming systems with
full lineage, security, and change control. Change
propagation from CMC approval to MES update
occurs in real time through governed digital
workflow, not months of paper chains.

5.5 Thread 5: Workforce & Digital Culture

Technology alone does not solve the tech transfer
problem. Digital tech transfer is cross-functional by
definition, and even the most sophisticated platforms fail
when teams lack shared vocabulary, data literacy, clear
process ownership, and the change management
discipline to adopt new ways of working consistently.
Thread 5 assesses whether the people and operating
model can sustain the digital capabilities that Threads 1-4
create.

14 | STELLIX

The Most Common Point of Failure

Friction to digital tech transfer progress is real, and it is
predominantly organizational, not technical. Common
barriers include: unclear ownership of the digital tech
transfer initiative, legacy technology debt used as
justification for inaction, competing business priorities,
and cultural resistance to changing established workflows.
These barriers are predictable and manageable, but only

with an explicit, sustained change management strategy.

A comprehensive Organizational Change Management
(OCM) strategy for digital CMC and tech transfer
includes:

o Digital champions embedded within PD, MSAT, CMC,
QA, and IT functions, not confined to a central digital
team

o Role clarity defining who creates, approves, maintains,
and consumes digital CMC objects across the lifecycle

o Training programs addressing both platform-specific
skills and broader data literacy and QbD fluency

o Cross-functional ways of working, standard operating
procedures for digital knowledge workflows across
functional boundaries

o Leadership communication that consistently connects
digital investment to business outcomes (time to
market, quality, compliance)
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The Six Threads of the Digital Fabric

® Phased adoption approach with clear milestones, early
wins communicated broadly, and feedback loops to
refine the operating model

High maturity signal: Cross-functional users are
trained, accountable, and actively using common
digital workflows and data standards. The
organization has moved from SME-dependency
to systematic, platform-driven knowledge
management.

5.6 Thread 6: Insights & Advanced Analytics

Insights & Advanced Analytics is the outcome accelerator,
the thread that unlocks the full business value of the
Fabric. It evaluates the organization's readiness to deploy
dashboards, anomaly detection, transfer-risk prediction,
digital twins, and Al-assisted CMC authoring. Critically, it
is not the starting point. It is what becomes possible when

Threads 1-5 are mature enough to be trusted.

Al Use Cases Unlocked, When the Foundation is Right

The most cited challenge in biopharma Al adoption is not
a lack of Al capability, it is fragmented, unstandardized,
unlabeled data that makes Al models untrustworthy. The
sequence matters: Foundation -+ Governance > Use
Cases - Scale. Al without a data foundation is an
expensive failure. With a mature foundation, the use cases

are compelling:

Digital Twins for Scale-Up & Tech Transfer: Hybrid

mechanistic + ML models virtualize bioprocess scale-

L J

up, enabling parameter prediction and risk assessment

before engineering runs.

Predictive CPV & Anomaly Detection: Real-time
anomaly detection on historian tag-level data flags
process drift before deviations occur, preserving the
validated state. Aligned with ICH Q10 and ISPE Pharma
4.0 principles.

GenAl-Assisted CMC Authoring: Generative Al drafts
Module 3 regulatory sections, batch records, and SOPs
from structured CMC data objects, reducing authoring

time and improving consistency.

Transfer Risk Prediction: ML models pre-populated
with development data and prior transfer history
generate risk scores for CPPs at the receiving site,
replacing FMEA workshops that are rebuilt from

scratch for each project.

Live Comparability Dashboards: Parameter-by-
parameter comparability assessment assembled in real
time from integrated QC and process data, replacing

retrospective document compilation.

CMC Knowledge Search & Recommendation:
Semantic search and recommendation engines that
surface relevant prior transfer decisions, risk
assessments, and platform process knowledge across
the portfolio, reducing the time to prepare a transfer

package.
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6

The Maturity Progression: From Ad Hoc to
Autonomous

The table below provides a concise view of how organizational capability in each thread evolves across the six maturity
levels, from Ad Hoc to Autonomous. Organizations can use this as a self-assessment framework to identify their current
state and prioritize investment.

Digital CMC & Tech Transfer Maturity Progression
Six threads by six levels. The gold dashed border marks the Industry Target Zone (Levels 4 to 5).

INDUSTRY TARGET ZONE

02 03 04 05 06

UL 22 Defined Digitized Integrated Predictive Autonomous

Governance & Risk
Management

No digital
governance

Governance
defined; partial
adoption

GxP validation
in place for key
systems

Predictive
compliance risk
scoring

Autonomous
audit-ready
evidence
generation

Knowledge in S Sl Al-assisted Self-updatin
Product Knowledge wieage | templates; BPKMS/CMC ' upcating
. SME memory & . knowledge gap knowledge
Lifecycle & Strategy static doce some digital PLM detection from CPV
capture operational
Key data
Data Data standards : o Autonomous
Patals Kpowledge fragmented; no | defined; partial objects Predlg:tlve eeifa data quality
Foundation governed and quality alerts

Digital Infrastructure &
Integration

metadata

Point solutions;
ad-hoc
handoffs

compliance

Some system
integrations;
mostly manual

findable

BPKMS, LIMS,
MES
operational;
limited
integration

Event-driven
integration;
real-time CPV

enforcement

Self-healing
integrations;
autonomous
propagation

Digital .

SME- champions fui::(;isc?nal thjcgli'g/:n Continuous

Workforce & Digital Culture dependent; low identified; . learning
data literac trainin adoption Cultre organization

Y R growing embedded 9

Basic : Predictive Autonomous

|nsight§ & Advanced N:p?:zgt;ﬁ:(reis, dashboards; trSatralgfdearrgléeP% models; Al- insight
Analytics manual data assisted generation &

reporting

prep

dashboards

authoring

recommendation|

Figure 7: Digital CMC & Tech Transfer Maturity Progression — six threads x six levels. Gold dashed border marks the Industry Target Zone.
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7
Digital CMC & Tech Transfer Readiness

The fabric is woven from six interdependent threads. Pull one without the others and the fabric tears or is greatly
weakened, a connected data foundation with no governance, or analytics with no structured knowledge beneath it,
delivers little. Each thread advances along the same six maturity levels, Ad hoc, Defined, Digitized, Integrated, Predictive,
Autonomous. The goal is not to reach Autonomous everywhere; most of the value starts between Digitized and
Integrated. Each organization should establish an honest current state and select the next deliberate step.

The Six-Thread Maturity Fabric: What Breaks When a Thread Is Missing

Governance spans the full lifecycle. The remaining five threads build the capability beneath it.

@ GOVERNANCE AND RISK MANAGEMENT

The top layer. Owns and governs all six threads end to end,
from discovery to post-commercial.

WITHOUT IT

Tech transfer runs at the individual level.
Persistent gaps between sending and
receiving unit, and no end-to-end ownership.

o Product Knowledge e Data & Knowledge o Digital Infrastructure
Lifecycle & Strategy Foundation & Integration

Workforce & ° Insights &
Digital Culture Advanced Analytics

Strategy

® DO

Set the strategy. How
QTPP to CQA to CPP
knowledge is owned and
managed across the
lifecycle.

IF MISSING

Every transfer
reinvents the
approach; rationale
re-derived each time;
Nno reuse across sites
or products.

Pull one thread and the fabric tears.

Templates & Definitions

® DO

Build the foundation.
Standard definitions,
templates, controlled
vocabulary, and a common
data model.

IF MISSING

Parameters mean
different things by
site; data trapped in
documents; deviations,
OOS, not Al-ready.

Systems & Integration

® DO

Stand up and connect the
systems. ELN, LIMS, MES,
QMS, PLM via APIs and
event-driven UNS.

IF MISSING

Siloed systems; manual
re-keying into MES;
brittle point-to-point
links; pilots never
scale.

Figure 8: The Six-Thread Maturity Fabric: what breaks when a thread is missing.

Digital Workforce
® DO

Train people and shift
the culture. Defined
data-steward roles and

digital ways of working.

IF MISSING

Document habits
persist; reliance on
tribal knowledge;
tools are bought but
not actually used.

Governance is what holds the other five together.

Insights to Analytics

® DO

Start with insights
(KPIs, dashboards), then
advance to predictive
analytics and Al

IF MISSING

Retrospective
spreadsheet reporting;
Al on PDFs fails; no
predictive transfer-
readiness.

For each thread below: a definition, what low maturity looks like in practice, and what high maturity delivers.
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DIGITAL CMC & TECH TRANSFER READINESS

7.1 Governance & Risk Management

Definition. Overall DTT Management, The ownership,
decision rights, workflows, and quality-risk framework that
govern how parameters and attributes are defined,
approved, changed, and controlled across the lifecycle,
grounded in ICH Q9 (quality risk management), Q10
(pharmaceutical quality system), and Q12 (lifecycle
management).

Low maturity (Ad Hoc-Defined). Ownership is ambiguous
("who owns the CPP definition?"). Governance is informal;
risk assessments are performed once and never updated
as the process matures; change control is a paper exercise
disconnected from the underlying knowledge.

High maturity (Integrated-Predictive). Clear ownership
and decision rights exist for every parameter and attribute.
Risk assessments are living, versioned objects tied to
CQAs/CPPs. Change impact assessment is a structured
workflow; ICH Q12 established conditions and PACMPs
(Post-Approval Change Management Protocol) are
managed as connected knowledge, making post-approval
change faster and defensible.

7.2 Product Knowledge Lifecycle & Strategy

Definition. The structured capture and continuous
evolution of product and process knowledge, QTPP, CQAs,
CPPs, CMAs, design space, and control strategy, as
connected, traceable objects that persist and mature from
discovery through commercial and post-approval, rather
than being re-authored at every stage gate and handoff.

Low maturity (Ad Hoc-Defined). Knowledge lives in
documents (PDFs, Word, validation reports, personal
spreadsheets). The CQA-CPP-CMA rationale is re-derived
by each receiving unit; there is no single linked QbD chain;
transfer depends on tribal memory and Individual
availability. Critical-parameter designations are
inconsistent between development and the receiving site.

High maturity (Integrated-Predictive). Linked CMC
knowledge (QTPP > CQA - CPP/CMA - control strategy) is
maintained as structured, versioned, traceable data. The
digital tech-transfer package is a governed view of the
model, not a re-authored document. Platform and modality
knowledge is reused across molecules and sites; control
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strategy stays connected to the development intent
behind it.

7.3 Data & Knowledge Foundation

Definition. The standardized data models, controlled
vocabularies, parameter and attribute definitions, and
master data that make CMC knowledge consistent,
queryable, and reusable across sites and systems, the
distinction between structured knowledge and
documents.

Low maturity (Ad Hoc-Defined). Parameter definitions
vary by site and author (e.g., "hold time," "mixing endpoint”
mean different things). No controlled vocabulary or
standard data model; data is trapped inside attachments.
Site-to-site variation drives deviations and OOS (Out of
Specification) investigations; ALCOA+ is enforced
manually and unevenly.

High maturity (Integrated-Predictive). A harmonized
parameter/attribute library and standard data models to
make knowledge consistent across sites and modalities.
Data integrity (ALCOA+) is designed in rather than
inspected in. Knowledge is FAIR, findable, accessible,
interoperable, reusable, and genuinely Al-ready.

7.4 Digital Infrastructure & Integration

Definition. The connected system landscape, ELN, LIMS,
MES/EBR, QMS, PLM, historians, document systems, and
enterprise data platforms, and the integration patterns
(APIs, event-driven/UNS) that allow governed knowledge
to flow to where the work actually happens.

Low maturity (Ad Hoc-Defined). Digital systems are not
connected; data integration is done manually on demand
from spreadsheets, word, pdfs. Parameters are derived
manually and re-keyed into recipes row by row, with
transcription error and version drift during execution.
Digital initiatives if any, remain isolated and fail to scale
beyond a single use case.

High maturity (Integrated-Predictive). Governed
knowledge is integrated through an event-driven / unified
namespace pattern (publish/subscribe, standard data
models) and ingested into MES recipes at run time, zero
re-keying, full traceability. The pattern is vendor-agnostic
and scales across sites, modalities, and CDMOs.
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DIGITAL CMC & TECH TRANSFER READINESS

7.5 Workforce & Digital Culture

Definition. The roles, skills, and ways of working, plus the
organizational change management, required to operate
connected, governed knowledge rather than documents.
Technology alone does not deliver the outcome; people
and process must mature with it.

Low maturity (Ad Hoc-Defined). Document-centric
habits dominate; the organization depends on individual
and "tribal" memory. There are no defined data-steward or
knowledge-owner roles, and change resistance is high.

High maturity (Integrated-Predictive). Defined data
stewards and knowledge owners are embedded in CMC,
MSAT, and Quality. Cross-functional ways of working are
the norm; knowledge is captured as a by-product of doing
the work, not a separate task. Digital fluency is built into
role expectations and onboarding.

7.6 Insights & Advanced Analytics

Definition. The analytics, KPIs, and Al/ML capabilities built
on top of the governed knowledge foundation, transfer-
readiness prediction, deviation and root-cause pattern
analysis, process comparability, and knowledge retrieval
across CMC content.

Low maturity (Ad Hoc-Defined). Reporting is
retrospective and assembled by hand from spreadsheets.
The underlying knowledge is unstructured; analytics
outputs are not trusted enough to drive decisions.

High maturity (Integrated-Predictive). Predictive
transfer-readiness, structured-knowledge-grounded
retrieval, and proactive risk signals are in routine use.
Analytics are trusted because the foundation beneath
them is governed and consistent, the payoff of maturing
the first five threads.
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Digital CMC & Tech Transfer Readiness

Digital Infrastructure Data & Knowledge
& Integration 6 Autonomous Foundation

5 Predictive

4 Integrated

3 Digitized

2 Defined

1Ad Hoc

=

Governance &
Risk Management

Product Knowledge
Lifecycle & Strategy

\
/

Workforce & Insights &
Digital Culture Advanced Analytics
(0 current state (illustrative) (0 Target state (Integrated to Predictive)

Figure 9: Maturity is plotted on the six threads against the Ad Hoc to Autonomous scale (1to 6). The inner shape is illustrative current state; the
outer shape is the target operating state (typically Integrated to Predictive).
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8

The Path Forward: Building Digital CMC
Readiness

The window for competitive differentiation through Digital CMC and Tech
Transfer is open, now is the time to act.

Organizations that move now will build the data foundations, governance structures, and operating models that
compound in value with every transfer, every new product introduction, and every new site. Those that wait will find
the gap harder and more expensive to close, and will face increasing disadvantage as Al-capable competitors

accelerate their development and digital manufacturing operations.

The most common barrier is not budget, technology, or regulatory uncertainty. It is the friction of getting started:
unclear ownership, legacy debt used as justification for inaction, and the complexity of knowing where to begin.

In an era of accelerating biopharma discovery and digital enablement, the challenges are real,
and so are the solutions. Contact us today to begin your Digital CMC and Tech Transfer

Journey.
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Let's Talk

1-844-STELLIX (+1-844-783-5549)

contact@stellix.com | stellix.com
325 Foxborough Blvd | Foxborough, MA 02035

This white paper is intended for informational purposes and represents Stellix's perspective
on Digital CMC and Tech Transfer maturity as of 2026. Industry statistics are sourced from
publicly available benchmarks and case studies. All vendor references are directional
benchmarks; specific outcomes will vary by organization, maturity level, and implementation
approach. Copyright © 2026 Stellix. All rights reserved.
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